Currently, the non-reciprocal devices such as circulators and isolators have been shown as great potential for microwave and millimeter wave applications across the frequency spectrum from L to W band. They are used in several applications such as military and oceanographic radar, cellular mobile, space telemetry, satellite communication and weather, automobile and so on. Many of them used circulators

GENERAL INTRODUCTION

There is a large field of areas of applications of hexagonal ferrites. Applications are found under both their societal and technological aspects: for instance, hexagonal ferrites for permanents magnets are widely used for electrical motors in automobile industry, energy generation, medical devices, and for gyromagnetic devices (isolators, filters, circulators, and phase shifters). Large attention has also been payed to hexagonal barium ferrite in the field of recording material (in particular Fujifilm and IBM corporations). Nowadays, two families of magnets are produced on a large scale (figure 1) [1]: the ferrite family, and the rare earth permanent magnets. Two-thirds of the permanent magnet market is rare-earth permanent magnets, especially those based on Nd 2 Fe 14 B and SmCo 5 . Rare earth magnets are expensive (> 100 $.kg -1 ). In contrast, ferrites magnets represent about one-third of the permanent magnet market. The common phases are BaFe 12 O 19 and SrFe 12 O 19 , which have a hexagonal crystallographic structure. Unlike rare earth magnets, these ferrite magnets are cheap (prices are less than $5 kg -1 ) and quite easy to produce. Therefore there is now a need for magnets with intermediate performances between standard ferrite and rare earth magnets.

Figure 1 : Distribution of magnet production in terms of market value (2010 data) (from [1]) Hard ferrites show great potential for integration into non-reciprocal microwave devices at frequencies from 10 to 55 GHz. For such devices, the propagation of electromagnetic waves is different in direct (port 1 to port 2) and reverses (port 2 to port 1) directions of propagation. This is particularly true in the case of self-biased ferrites (which are magnets that remain in a magnetized state in the absence of an externally applied magnetic field). Non-reciprocal devices, such as circulators and isolators are among the most important applications of self-biased hexaferrites in the microwave frequency range. These devices make it possible to isolate the incoming signal from the outgoing signal in transmitter/receiver (Tx/Rx) modules.

Conventional microwave circulators use magnetized soft ferrite (spinel or garnet) biased by a permanent magnet. This feature is undesirable, as it makes it difficult to build miniaturized circulators and integrate them into Tx/Rx modules. So, ix the use of self-biased magnets was widely investigated in order to replace these permanent magnets.

In such self-biased magnetic materials, the high remanent to saturation magnetization ratio makes it possible to obtain non-reciprocal behavior without applying an external magnetic field. The stability of this remanent state is achieved naturally in these hard materials because of their high coercive field : A hard magnet is identified by its broad hysteresis loop. For a permanent magnet, the coercivity must exceed the saturation magnetization (that is H c > M s ), so that it can be fabricated in any desired shape. The desired self-biased properties must be obtained by stacking flat uniaxial magnetic particles.

As a consequence of their large magnetic anisotropy, Barium ferrites (BaFe 12 O 19 , or BaM) have been found to be very suitable for this purpose. Barium ferrite is a well-known permanent magnet material that shows large magnetocrystalline anisotropy along the c-axis of its hexagonal structure, a high Curie temperature, and a relatively large magnetization, an excellent chemical stability as well as corrosion resistivity. The barium ferrite particles are typically hexagonal platelets with a high diameter-to-thickness (or aspect) ratio. The easy magnetic axis corresponds to the crystallographic c-axis, is perpendicular to the surface of the platelets. Due to their high magnetocrystalline anisotropy, they exhibit a ferromagnetic resonance at mm-wavelengths. At the same time, they constitute a magnetic selfbiased material when they are magnetically oriented, ie when they are piled up. This is the reason why the topic of particle stacking has long been a subject of practical interest. Because of their small aspect ratio, the hexagonal platelets of BaM have the potential to be packed so as to form textured polycrystalline material. Such textured polycrystalline hexaferrites remain in a magnetized state without an external magnetic field. Remanence-biased anisotropic materials show high remanence magnetization and, in turn, low coercivity. It has been claimed that a hysteresis loop squareness value of 0.83 and coercivity of 187kA/m might be suitable for self-biased applications [2].

Then the primary attention in this work is paid to hexaferrite for millimeter (mm) wave devices which operate in the frequency range from about 10 GHz to 55 GHz. One important strategy for extension at these frequencies is to use M-type barium hexagonal ferrite BaFe 12 O 19 (BaM). To this end, significant efforts have been made in recent years that range from material preparations to structure and property characterizations and also to device applications. In particular, high coercivity polycrystalline hexagonal ferrites for the design of off-resonance non-reciprocal devices operating without any external bias magnetic field are considered.

x The barium ferrite particles are typically hexagonal platelets with a high diameter-to-thickness (or aspect) ratio. The easy magnetic axis corresponds to the crystallographic c-axis, perpendicular to the surface of the platelets. Due to their high magnetocrystalline anisotropy, they exhibit a ferromagnetic resonance at mmwavelengths. At the same time, they are magnetically self-biased when they are magnetically oriented. The question on how to get the orientation of such hexagonal platelets is for long a challenging task, and several processing techniques have been used to perform the alignment and compaction of plate hexaferrite particles. To the best of our knowledge, most conventional packing processes use magnetized particles. Indeed, using single-domain grains makes it possible to increase the coercivity.

Thereby, strong dipolar forces appeared, that were opposed to the orientation of the magnetic particles. Constraining techniques were therefore set up in order to counterbalance the magnetic dipolar energy that led to the spontaneous clustering of the magnetized particles. which are non-reciprocal microwave devices with ports arranged in order that energy entering a port is coupled to an adjacent port but not to the third port. Obviously, most of circulators are working with soft polarized and biased by a permanent magnet that provide the magnetic field necessary to bias the ferrite-loaded junction means in order to polarize ferrite pucks. Therefore, circulator is large, heavy and it makes it difficult to build miniaturized circulators.

To the best of our knowledge, with traditional circulators, size of permanent magnet increases with operating frequency f 0 = γ*(H -4πMr), so it is not easy to fit the system for applications above 20Hz. Our work is to manufacture pre-oriented polycrystalline hexagonal ferrites which are able to be biased themselves so that permanent magnets could be removed. Especially, they can be used in self-biased microwave applications at high frequency up to 55 GHz. In such self-biased magnetic materials, the high ratio of remanence and saturation magnetization makes it possible to obtain non-reciprocal behavior without applying an external magnetic field. The stability of this remnant state is achieved naturally in these hard materials because of their high coercive field. The desired self-biased properties must be obtained by stacking flat uniaxial magnetic particles. As a consequence of their large magnetic anisotropy, Barium ferrites (BaM) have been found to be very suitable for this purpose. The topic of particle stacking has long been a subject of practical interest. Because of their small aspect ratio, the hexagonal platelets of BaM have the potential to be packed so as to form textured polycrystalline material. Such textured polycrystalline hexaferrites remain in a magnetized state without an external magnetic field. Remanence-biased anisotropic materials show high remanence magnetization and, in turn, low coercivity. It has been claimed that a hysteresis loop squareness value of 0.83 and coercivity of 187kA/m might be suitable for self-biased applications [1].

Several processing techniques have been used to perform the alignment and compaction of plate hexaferrite particles. To the best of our knowledge, most conventional packing processes use magnetized particles. Indeed, using single-domain grains makes it possible to increase the coercivity. Thereby, strong dipolar forces appeared, that were opposed to the orientation of the magnetic particles. Constraining techniques were therefore set up in order to counterbalance the magnetic dipolar xii energy that led to the spontaneous clustering of the magnetized particles [1][2][3]. BaM compacts can be heated in a magnetic field before sintering so as to obtain anisotropic material [4]. Planar structures have been obtained by slip casting under high magnetic fields [2,4]. Addition of surfactant during the synthesis (by a chemical co-precipitation method) of nano-crystalline barium hexaferrite powder has been shown to prevent the agglomeration of particles and to control the formation of well-arranged grains [5,6].

This study investigates the opportunity to obtain self-polarized barium ferrite ceramics using a different, more direct, path. In contrast to the above methods, the present work demonstrates the feasibility of a simple alternative way to provide highly oriented bulk compacts made of BaM particles. We show that, by fulfilling particular conditions prior to the synthesis step, and without adding any additional steps to those required for a conventional sintering process, highly oriented materials can be realized, showing a very competitive extrinsic squareness of 0.87 and a coercivity of 290 kA/m, a very noticeable energy product of 23 kJ m -3 and the non-reciprocal ability. Furthermore, this efficient process uses more easily accessible and affordable technology than other methods that can produce these materials.

All in all, our studies significantly contribute on improvement of hard magnetic materials. Firstly, we found out a simple way in order to obtain very high orientation bulk compacts. To be more precise, after mechanical compactions and followed by sintering, self-biased textured polycrystalline compacts were obtained. Following our simple process for compaction, we do not need to use external field or chemical additive or steps required for a conventional sintering process. Secondly, our products show a great potential for self-biased microwave applications at high frequencies above 40 GHz. Last but not least, we explored the two different new processes (wet and dried mix) for obtaining such orientation compacts instead of traditional chemical co-precipitation method.
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BACKGROUND AND MOTIVATION 1.1 Introduction

Nowadays, permanent magnets have played an indispensable role in several areas.

They have been widely used for different purposes ranging from running domestic appliances to large-scale industry, military and commerce projects. For example, they are used in small motors, dynamos, medical devices, circulators, isolators, microwave application in general and so on. Due to the fact that incredible importance of such permanent magnets may expose the cost of the rare-earth magnets to escalation which in turn promote for development of new magnets. Indeed, in the permanent market there is exists of two major families produced on a large scale. The two-thirds of them go to rare-earth permanent magnet. This is particularly true for Nd-Fe-B magnets where have costs of more than $100 kg -1 as reported in 2012 [1]. Heavy element of the 4d, 4f or 5d series are expensive elements, as may be seen from the periodic table in The cost periodic table (November 2011) ) [1] It should be remarked that the 3-10 wt.% of the elements in Nd-Fe-B magnets is the major component of these grades (2011 data) . Then « the question has been asked, to what extent the industry is able to do without these elements » [2]. It can be said that this is a reason for which there is now a need for magnets with intermediate performances between standard ferrite and rare earth magnets

Even though the energy product of ferrite magnets is not higher than 38 kJ m -3 (> 200 kJ m -3 for Nd-Fe-B magnets) [1], they are much cheaper (< $5 kg -1 ) and relatively easy to fabricate.

Ferrite materials are a class of magnetic materials that potentially play an important role in the propagation of electromagnetic waves in microwave and millimeter wave devices. These components are an important part of a diverse range of commercial and military applications from radar to wireless communications [3]. Most of them used circulators which are defined as a nonreciprocal microwave device with ports arranged allowing incoming signal to be isolated to outgoing signal in transmit-receive modules.

Obviously, most of non-reciprocal devices, such as circulators and isolators are working with soft polarized and biased by a permanent magnet. For example, Stripline Y-junction circulator [4] (Fig. 1.2). Permanent magnets provide the magnetic field necessary to bias the ferrite-loaded junction means in order to polarize ferrite pucks. Therefore, circulator is large, heavy and makes it difficult to build miniaturized circulators. Then new ideas and technologies are needed to improve the integration of these devices. Removing permanent magnets is to decrease the size of circulators. Figure 1.2: Stripline Y-junction circulator [4] In fact, hard ferrites show great potential for integration within non-reciprocal devices at frequencies from 10 to 40 GHz. This is particularly true in the case of selfbiased ferrites. Therefore, self-biased ferrites have been widely investigating so that the permanent magnets can be removed. The system will be smaller, lighter, cheaper and more stable.

Oriented polycrystalline hexagonal ferrite, having many outstanding features such as high ratio of remanence and saturation magnetization, high coercivity, high Curie temperature; excellent chemical stability and high resistance to corrosion; low cost, can 3 be used for the self-biased devices due to their large remanent magnetization and coercivity values [5]. Moreover, the demagnetization factor is controllable by fabricating large out-of-plane uniaxial magnetic anisotropy (c-axis oriented) in the hexagonal ferrite. For such self-biased magnetic materials the magnetic saturation is achieved by the anisotropy field.

Co-precipitation technique is an easy, cost effective, simple and environmentally friendly method for synthesizing hard ferrite materials. This method requires relatively low sintering temperature compared to rare earth magnets and it provides particle size control through various synthesis parameters. In addition, this chemical method enables the synthesis on a molecular level. Basics of co-precipitation: In the co-precipitation method, the salts were dissolved in water. A base solution was added into salt solution to precipitate the starting material. The precipitate was separated and sintered at desired temperature. In this work the co-precipitation technique was used for the synthesis of barium hexaferrite. Derived techniques from co-precipitation were also tested and compared.

Hard ferrites

Among the advanced magnetic materials, ferrites are the most widely used materials. These are hard, brittle, ceramic-like materials and regarded as structure sensitive materials owing to their much higher values of electrical resistances than metals [6]. The research on manufacturing ferrite materials with superior properties has begun since past few decades, when J. L. Snoek [7] synthesized a soft ferrite material for commercial applications. Ferrite materials occupy a key position in many essential areas of interest. The most important of these are the generation and distribution of electrical power, storage and processing of information and industrial machines including motors for various applications. Due to their high electrical resistivity and consequently low eddy current losses, ferrites are the best-suited materials for communication including telephony, radio and television [8].

Generally, ferrites are classified into three classes based on three different crystal types as shown in Table 1.1 [9][10] [11]. The unit cell of spinel and garnet ferrites is a cubic crystal structure whereas the unit cell of hexaferrites is hexagonal. 

Spinel ferrite

Spinel structure materials are closed packed cubic and have the form AB 2 O 4 where A represents divalent cations and B trivalent cations. The exchange interaction between the cations from A and B sites is the strongest and negative so that the net magnetization derived from magnetic moment difference among A and B sites.

Spinel ferrites are ferrimagnetic materials having the general chemical formula MeO•Fe 2 O 3 where Me is a divalent metal such as iron, nickel, cobalt, manganese, magnesium, zinc, cadmium, copper, or a combination of these. MeO•Fe 2 O 3 has the same structure to MgAl 2 O 4 which goes by the name "spinel". Thence, MeO•Fe 2 O 3 ferrites are called spinel as well.

Garnet

Generally, garnet that shows ferromagnetic structure goes to a group of specific silicates, minerals. They have similar crystal structure. The formula of garnet is

3 3 R 3 5
Fe O 12 is body centered cubic structure with eight formula unit and three sub-lattices namely octahedral, tetrahedral and dodecahedral; R can be Y, La, Er, Gd, Sm, Eu etc.

Natural garnet belongs to a wide spread class of minerals of the general chemical formula M 3 Fe 2 Fe 3 O 12 or more informatively (3M 2 O 3 ) c (2Fe 2 O 3 ) a (3Fe 2 O 3 ) d , where M is rare earth metal ion or an yttrium ion and the super scripts c, a, d refer to lattice dodecahedral (c-site), octahedral (a-site) and tetrahedral (d-site) site. The garnet structure is one of the most complicated crystal structures and it is difficult to draw a two dimensional representation that shows clearly all ions (160) in the unit cell.

Hexagonal ferrite

Hexagonal ferrites can be classified into M, W, Y, Z and U compounds. Their crystal structures are different. The M compounds in general have the simplest structure.

Barium ferrite or M-type barium ferrite (BaM) has been well-known as hard ferrite belongs to this group. They have the general formula MeFe 12 O 19 where Me is a divalent ion of a large ionic radius, such as Ba 2+, Sr 2+ or Pb 2+ . Some compound with trivalent Me 5 (e.g. La 3+ , Al 3+ , Ga 3+ , Cr 3+ , Fe 3+ ) have been also reported, in which one iron ions per formula unit is present as Fe 2+ to allow for the charge compensation.

Each hexagonal unit cell contains two molecules of MeFe 12 O 19 . The hexagonal ferrites have high magneto-crystalline anisotropy, which are ideally suited to be permanent magnetic material. Their high anisotropy characteristic is attributed to the Fe 3+ ions at the trigonal bipyramide site. The other important hexagonal ferrites, which have a structure related to that of magneto-plumbites, are W, Y, Z, X and U compound, which are derive from the spinel structure (Fig. 1.3) MeO.Fe 2 O 3 [13] BaM (BaFe 12 O 19 ) goes to a hexagonal M-type magneto-plumbite group of AFe 12 O 19 where A = Ba, Sr, Ca and Pb. It is constituted from space group P63/mmc ferromagnetic ceramic material with easy magnetization along c-axis. In addition, BaM has been widely applied in extensive range of magnetic fields such as the highperformance permanent magnetic area, magnetic recording media, ferrofluids, sensors, microwave absorbing materials, ceramic magnets in loud speakers and the rotors in 6 small DC motors [14][15] [16][17] [18]. It is due to it possesses desirable properties as shown in Table 1. 
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Polycrystalline hexagonal barium ferrite is one of sintered materials having high electrical resistivity. Due to its high resistance, losses of eddy current are very low at high frequencies. Therefore, unlike ferromagnetic components, ferrites can be used at considerably high frequencies.

The chemical stability and large uniaxial crystalline anisotropies of highly oriented hexagonal M-type ferrites, BaFe 12 O 19 (BaM), have led researchers to consider their use in self-biased microwave circulator applications. Magnetic saturation is achieved by the equivalent anisotropy field rather than by the traditional external biasing magnet, which is typically heavy, bulky and costly. Furthermore, the elimination of this biasing magnet also allows the potential integration of the microwave greater than the saturation to counteract the influence of the shape-dependent demagnetization field.

Oxygen ions

Cations on tetrahedral sites Cations on octahedral sites 8

Basically, pure barium hexaferrite materials are not difficult to synthesize by using co-precipitation method, and then obtained amorphous powders are milled, pressed, and sintered at a temperature of 1000°C to 1300°C. The general properties of a particular ferrite material are obtained by the material formulation and the processing applied. It can be realized from Fig. 1.6 showing a diagram of doubly balanced phase system for formation of various phases [25]. The pure BaFe 12 O 19 can be obtained when the Fe 3+ /Ba 2+ ratio is in the range from 10 to about 12. Whereas this ratio is in between 2.5 and 10, BaFe 12 O 19 and BaFe 2 O 4 appear in the same time. Moreover, higher 12 for the ratio Fe 3+ /Ba 2+ , -Fe 2 O 3 appears. To synthesize pure and fine barium ferrite particles, a number of chemical methods such as co-precipitation [6], hydrothermal [27], sol-gel [8], glass crystallization [28], ammonium nitrate melting [29] [30] and oxidation in nitric acid techniques [31] [32] have been developed. The main advantage of these methods is the usage of the liquid medium to mix the required metallic ions homogeneously at the ionic level. This can fabricate desired phases at low temperatures. Consequently, fine particles with a narrow size distribution can be obtained.

Oriented polycrystalline hexagonal ferrite can be used for the self-biased devices due to their large remanent magnetization and coercivity values. Moreover, the demagnetization factor is controllable by fabricating large out-of-plane uniaxial magnetic anisotropy (c-axis oriented) in the hexagonal ferrite.

It has been realized that M-type barium hexaferrite has a high saturation magnetization (4πMs) and large uniaxial magnetocrystalline anisotropy (H A ) which allows microwave devices such as circulators and isolators operate in the range above 20 GHz without an external bias magnetic field [4].

The principle of operation of the circulator is to make use of the difference in propagation velocity in two directions in the ferrite. As described in an earlier section, the sense of the rotation of the magnetic moment is determined by the direction of the bias field. Thus, by changing the bias field direction, the interaction between RF field and the material can be controlled. For one direction of the field, the ferrite transmits the RF field, for the other direction absorbs it.

Due to limitations by losses, microwave ferrite devices such as circulators and isolators operate only in a particular frequency range. High insertion loss can occur at very low biasing magnetic fields since the applied magnetic field is not sufficient to fully saturate or align the individual magnetic domains of the ferrite material.

Circulators are designed to operate in the above resonance region, where magnetic losses are low. However, high magnitude of the internal magnetic field i H is required to increase gyromagnetic resonance frequency 0 . The internal magnetic field in the ferrite is given by:

⃗⃗⃗⃗ = 0 ⃗⃗⃗⃗ + ⃗⃗⃗⃗⃗ + ⃗⃗⃗⃗ (1.1)
where 0 ⃗⃗⃗⃗ is the applied magnetic field, ⃗⃗⃗⃗⃗ is the demagnetizing field ⃗⃗⃗⃗⃗ = -̿̿̿̿ ⃗⃗ (with ̿̿̿̿ the demagnetizing coefficient, that assumes a tensor form), and ⃗⃗⃗⃗ is the anisotropy field.

From the equation (1.1) a ferrite having a small anisotropy field needs a large applied magnetic field to cancel the demagnetization field from the shape of the ferrite sample.

Therefore, using a ferrite material having a high ⃗⃗⃗⃗ is beneficial for microwave devices so that a high resonance frequency can be achieved and also minimizing the large external bias field needed for operation.

Figure 1.7 shows the plot of anisotropy field A H and the applied magnetic field 0 H dependences of FMR frequency for a uniaxial sphere barium ferrite given by [START_REF] Li | High-frequency magnetic properties at K and Ka bands for barium-ferrite/silicone composites[END_REF]:
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It can be seen that the resonance frequency of ferrite increases with increasing both anisotropy and applied magnetic fields respectively. Therefore, a ferrite (BaM) with high uniaxial anisotropy has a high resonance frequency, thereby high operating frequency of the RF device with a moderate external bias field or no magnetic field (self-biased) can be realized. Most recently, polycrystalline hexaferrites are being explored for their self-biased properties [35][36] [START_REF] Bai | Complex Y-type hexagonal ferrites: an ideal material for high-frequency chip magnetic components[END_REF]. One way to realize this is to design and fabricate devices without any external permanent magnets which are called as "self-biased". The requirements to achieve a self-bias state for a ferrite is to have a large remanent magnetization r M , a large coercivity c H and a small demagnetization factor d N .

In fact, and at the contrary, a large demagnetizing field is expected. The demagnetizing filed must be necessary to create a large field outside the material. It depends on the application that is envisaged. In that case of circulators, the electromagnetic waves will propagate in the magnet, and then a low demagnetizing effect is actually expected. But it is the contrary for automobile applications (electrical motors) where the lower the higher the demagnetizing effect, the best the magnet. The relation between c H and the demagnetization field ⃗⃗⃗⃗⃗ = -̿̿̿̿ ⃗⃗ needs to be satisfied to meet self-bias condition given as

4 c d s
HN M . The coercivity in turn is given as

2 cd s s K HC N M M .
Where, K is the magnetic crystalline anisotropy constant, s M is the saturation magnetization, and C is a coefficient.

Single crystals of BaM thick films cannot be used for self-biased applications due to their negligible coercivity and remanence. Therefore, an external bias magnetic field needs to be applied to the film for use in RF circulator applications. On the other hand, oriented polycrystalline hexagonal ferrite can be used for the self-biased devices due to their large remanence magnetization and coercivity values. The demagnetization factor is moreover controllable by fabricating large out-of-plane uniaxial magnetic anisotropy (c-axis oriented) in the hexagonal ferrite.

High frequency magnetic properties at K and Ka bands for BaM

With the progressions of technology, the high-frequency magnetic properties of materials, not only from UHF (ultrahigh frequency, from 300MHz to 3GHz) to SHF (super high frequency, from 3 to 30GHz) but also from SHF to EHF (extremely high frequency, namely millimeter-wave), have been abstracting much attention [START_REF] Li | High-frequency magnetic properties at K and Ka bands for barium-ferrite/silicone composites[END_REF] [38] [39] [START_REF] Li | Resonancelike dispersion for W-type barium ferrite composites with c-axis anisotropy[END_REF][41] [42]. It is known that spinel ferrite composites and barium ferrite composites having c-plane anisotropy are often used at UHF and low SHF bands. While at high SHF band (Ku to Ka), barium ferrite composites having c-axis anisotropy are great indicators as their high resonance frequency [START_REF] Bai | Complex Y-type hexagonal ferrites: an ideal material for high-frequency chip magnetic components[END_REF]. Furthermore, complex permeability recently has also been explored at EHF bands [41] [42]. As a whole, a natural resonance, kind of ferromagnetic resonance with no applied magnetic field, appears if there is an EM wave irradiated through magnetic materials. Thanks to anisotropy field H A , resonance frequency f R can be determined [7] It has been reported that anisotropy force can be controlled thanks to ions substitution, which can decrease or increase the anisotropy fields [START_REF] Kojima | Ferromagnetic Materials[END_REF].

There are some methods to determine anisotropy field H A such as the magnetization curves parallel and perpendicular to the alignment direction for the aligned samples, SPD method and the law of approach to saturation for the sintered samples, which will be shown in chapter 3.

Static and dynamic magnetic properties

Depending on the direction of easy magnetization, the hexagonal ferrites can be divided into c-axis or c-plane anisotropy. Regarding the barium ferrites having c-plane anisotropy, the static real permeability / 0 and intrinsic resonance frequency r f include both the anisotropy field and demagnetizing field, given by [START_REF] Kojima | Ferromagnetic Materials[END_REF] / 0
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where s M is the saturation magnetization, H and H represent for the out-of-plane and in-plane anisotropy, respectively. From Eq. (1.4), if the in-plane anisotropy H 12 decreases, the static real permeability / 0 increase, which means that large permeability can be achieved. On the other side, the required resonance frequency can be controlled by the out-of-plane anisotropy H .

In short, barium hexagonal ferrites have two kinds of anisotropy: uniaxial anisotropy and planar anisotropy. It is important to realize their difference from the easy magnetization along the c-axis and in the c-plane, respectively. Looking at the planar anisotropy first, in a hexagonal structure it can be imagined that there are six easy directions separated by 60° from each other in the c-plane. With the appearance of external field, the magnetization vectors can be rotated in the c-plane through the c-axis from one easy magnetization direction to another. As a fact of that the corresponding magnetic fields are defined as out-of-plane anisotropy field H and in-plane anisotropy field H , respectively.

Due to characteristics such as large permeability and suitable resonance at microwave frequency, barium ferrite composites with c-plane anisotropy are enormously used as EM attenuation materials with low reflectivity and broad bandwidth at microwave frequency [45].

However, for barium hexaferrites with c-axis anisotropy, 

R f

GHz [START_REF] Nicolas | Ferromagnetic Materials[END_REF]. Therefore, the barium ferrite composites having c-axis anisotropy have not been used as much in EM attenuation materials.

It has been reported that in the case of the natural resonance, complex permeability is given by Kittel equation [46] 

0 22 1 = +1 1.6 1 r rr f i f f ff i ff
where 00 1 is the static susceptibility and is the damping coefficient.

Thanks to Eq. (1.6), the permeability spectra in terms of various damping value was shown in Fig. 1.9. It is obvious that complex permeability is greatly affected by .

According to the magnitude of , the spectra can be divided into two types, namely, resonance-like and relaxation-like dispersions.

In the case of a small causing in the resonance-like dispersion, the real permeability / f is small as far from the resonance peak, and sharply increases to the maximum near the resonance, and then rapidly decreases, even to a negative value.

The imaginary permeability // f experiences a narrow and strong absorption peak.

Whereas, the complex permeability spectra goes to relaxation-like dispersion when is large. As an indicator that / f is gradually decreased with frequency. Moreover, // f indicates a broad and smooth absorption peak.

Figure 1.9: The calculated complex permeability for resonance-like dispersion (color online) and relaxation-like dispersion (inset).
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The relationship between the maximum imaginary permeability As revealed experimentally that barium ferrites and their composites with c-plane anisotropy has a relaxation-like dispersion while a resonance-like dispersion is associated with those having c-axis anisotropy [1] [38].

The expression for the complex permeability results from the domain wall resonance:

0 2 = +1 1.8 1 r R f f f i f f
where R f and r f are the relaxation and intrinsic vibration frequencies, respectively. 0 is the static susceptibility.

Eq. (1.8) is known as the Lorentz equation. In the case of rR ff , Eq. (1.8) can be simplified as the Debye equation

0 = +1 1.9 1 R f f i f
Therefore, the complex permeability spectra can be expressed as 

Non-reciprocal behavior 1.5.1 Ferrite circulators and isolators

The microwave devices have been making several advances in development of science. These materials have also been widely used in the automobile industry, commerce and defense for many years. Indeed, among the most important applications in RF systems and microwave equipment of self-biased hexaferrites are the nonreciprocal devices, such as circulators and isolators whose ability to behave nonreciprocally (non-reversible). The nonreciprocal behavior of ferrite makes microwave energy fully pass in the only one direction through the device, but be greatly absorbed when applied from the opposite direction.

The circulator is defined as a passive device with 3 or more ports, where power is transferred from one port to the next in a prescribed order. 1.10 (a) is to describe for RF 3-port-circulator where can be considered as a merry-go-round for RF energy. Energy enters port 1 of the circulator and then will be transformed to port 2. In this route, there is very little attenuation of the signal.

Likewise, energy entering port 2 of the circulator will travel to port 3, and energy entering port 3 of the circulator will be transmitted to port 1.

The isolator is defined as a passive 2-port, where signal is passed in one direction and absorbed fully in the other one. In particular, an RF isolator can be thought of as a diode for RF energy. Fig. 1.11 is an example to indicate that if power enters port 1, it will leave port 2, but power entering port 2 is absorbed. In addition, an isolator is simply a circulator with one of its ports terminated with a matched 50Ω load. That energy can only enter port 1 and travel to port 2 while energy that enters port 2 will be routed to the matched termination on port 3, and quickly dissipated as heat. This behavior heavily attenuates any signal entering port 2 before it reaches port 1, yet allows almost all of a signal entering port 1 to reach port 2. 

Behavior of ferrites in circulators

One of the most important ways to perform operation of circulators and isolators is based on the unique properties of microwave ferrites. It is indispensable to take a look on the behavior of ferrites under static and alternating fields.

Ferrites are magnetic material with very high electrical resistance [START_REF]Overview of the Ferrite[END_REF]. Therefore they have nearly no eddy currents and are suitable for the operation at RF and microwave frequencies. individual Weiss domains are effectively magnetised to the value of spontaneous magnetisation, but since each domain is oriented along a different easy direction, they compensate each other and the net sample magnetisation is zero (Fig. 1.12). If an external field is applied, of sufficient strength, the magnetic moments of the individual Weiss domains are oriented in the direction of the external field and Bloch walls are displaced, resulting in an increase of the domains aligned with the external field. During this alignment the spinning electrons whose direction is changed makes a damped processional motion around the direction of the magnetic field as we know it in the mechanics from a gyro. If the procession stops, all magnetic moments will be in the direction of the external magnetic field and then it has saturation magnetization.

Obviously, in magnetism domain structure is a fundamental concept; they are the origin of all magnetism processes. The division of a magnetic material into domains explains why, when no field is applied, the magnetic flux is entirely contained within the sample and there is no Magnetic moment Weiss domain Bloch wall external manifestation of it. The application of an external field, however, can result in a dramatic increase of magnetisation in the sample. In fact, when a small alternating field of a suitable frequency is applied perpendicular to the direction z of the strong static magnetic field H i , in the x-direction as shown in figure 1.13 for example, the magnetic moment m processes around the direction of i H . Therefore there is not only a component of the magnetic moment in the x-direction but also one in the y-direction. Now the μ in the relationship between induction B and magnetic field H is no longer scalar but a tensor, known as the Polder tensor [START_REF]Overview of the Ferrite[END_REF]. It can write the relationship between B and H as a tensor followed: 0 0 0 1.15 00

x x y y z z B H j Bj H B H
The value of the induction component perpendicular to the alternating magnetic field is determined by the value of . The values of // / j and // / j are complex and depend on the static magnetic field, the frequency, and the material properties of the ferrite.

If a circular polarized wave is in a plane perpendicular to magnetic field direction (polarized clockwise (+)), the interaction with the electron spins results in a permeability of . The corresponding propagation speed is

j

The ferrite has no gyromagnetic effect on the wave. If the polarization of the wave is anti-clockwise (-), the interaction with the electron spins give the permeability , and the propagation speed is :

1.17 j Fig. 1.14 gives and as a function of the magnetic field. , which rotates in the same direction as the electron spins, shows a resonance, for it causes them to precession, counteracts the precession, and therefore there is no resonance.

Traditional stacking methods

To know performance of magnetic material, hysteresis loop is an indispensable part.

The loop (Fig. 1.15) was recorded magnetization of a hard ferrite magnet as a function of magnetic field. Magnetization value at magnetic field of zero is called remanence Mr.

At high field magnetization reaches saturation value Ms. Magnetic field value when magnetization becomes to zero is called coercive field or coercivity. The ratio of Mr over Ms shows particles' stacking. A review about conventional stacking methods and predicted ways will be presented as representation in follow.

Figure 1.15: Hysteresis loop of a hard ferrite compact.

[49] Synthesis and orientation of barium hexaferrite ceramics by magnetic alignment: (1.16 (a)). This matrix rotated in applied field of 500 Oe. Then this compact was sintered with temperature profile as shown in Fig. 1.16 (b). The results indicated that magnetic alignment reached about 70%.

[50] Screen printed thick self-biased, low-loss, barium hexaferrite films by hotpress sintering:

A high ratio M R /M S ~ 96% of textured BaM thick films reached by hot-press sintering technique. BaFe 12 O 19 powder that was prepared by conventional ceramic process, 72 wt %, was mixed manually with 25.5 wt % binder and 2.5 wt % glass frit. They were spread over a stencil onto a suitable microwave substrate (see Fig. 1.17). The stencil was used to print circular film at a desired thickness. A blade was required to keep an even thickness across the stencil area. Then the film was treated with thermal in a magnetic field (~ 8000 Oe) applied perpendicular to the film plane during the first heat treatment (150-300 o C, 1-20 min). In this low temperature heat treatment step, evaporation of the binder made the particles aligned. Subsequently a hotpressing sintering (900-1300 o C, 1-12 hours) was performed by placing a load (e.g., an alumina block) on top of the film. A typical load ranged from 1 to 5 MPa (Fig. 1.17 (b)). This publication showed that this step is to improve density and reduce microwave losses. A third heat treatment was sometimes required to complete the sintering of the film and to reduce strain (Fig. 1.17 (c))

21 [START_REF] Chen | Texture and selfbiased property of an oriented M-type barium ferrite thick film by tape casting[END_REF] Texture and self-biased property of an oriented m-type barium ferrite thick film by tape casting:

The textured BaM hexaferrite thick films that were produced by tape casting indicated a squareness value (M R /M S ) of 0.81. To prepare BaM thick film, BaM (BaFe 12 O 19 ) powder, solvent, dispersing agent and binder were mixed together in suitable proportions, then ball milled for 24 h to form slurry. Subsequently the slurry was casted by the steps as shown in Fig. 1.18 as an example. This reference indicated that before sintering in air at different temperature for 4 hours, the film was subjected to a magnetic field of 1 T to align. After that the film was dried at 60 o C for 15 minutes, and removed off the PET film. There are also several other methods for packing of particles such as Preparation and characterization of barium hexagonal ferrite thin films on a Pt template [START_REF] Nie | Preparation and characterization of barium hexagonal ferrite thin films on a Pt template[END_REF], Growth of Oriented Thick Films of BaFe 12 O 19 by Reactive Diffusion [START_REF] Fisher | Growth of Oriented Thick Films of BaFe 12 O 19 by Reactive Diffusion[END_REF], and so on. Moreover, people are also trying to develop Bulletpack method [START_REF] Biskeborn | Bulletpack: A Fast, Flexible Packing Algorithm for Particulate Media[END_REF], an efficient and highly flexible packing algorithm for particulate media simulations. Or they have studied the read-back performance of advanced h-BaFe platelet tape recording media [START_REF] Lee | Modeling of the write and read back performances of hexagonal Ba-ferrite particulate media for high density tape recording[END_REF], as a function of the recording head to media distance using micromagnetic simulations and SNRs obtained in the time domain.

Objectives

Microwave ferrite devices such as circulators and isolators have been widely used in lots of different purposes. Basically, ferrite circulators have designed from ferrite compacts and included external biasing magnets in order to provide the necessary biasing magnetic field for operation. As a result, size, weight and cost of a traditional circulator increased, which is unfavorable. In fact, to be used in higher range of frequencies, the external biasing field must be increased; therefore, products are heavier, larger and more expensive. Moreover, it may not be useful for external biasing magnets at frequencies above 20 GHz since biasing magnets become so large that they are difficult to fit within phased array lattice spacing. Especially, the bonded permanent magnets do not survive high shock or vibration.

To deal with these problems, traditional circulators have been using rare-earth metals, where big problems come from not only size and weight but also cost. On the other hand, the trend towards miniaturization of ferrite devices is necessary. Obviously, the self-bias ferrite circulators are much lighter, smaller and cheaper as well as exceptional shock and oscillation and best fitted for sensors, satellite, airborne, and UAV platforms, etc. Magnetic materials like hexagonal ferrites have been considered as a potential source which can be used microwave and millimeter wave devices. These components are incredibly vital in applications both commercial and military from radar to wireless communications [START_REF] Harris | Modern Microwave Ferrites[END_REF]. For instant, a key equipment of radar electronics is the circulator.

Oriented polycrystalline hexagonal ferrites can be used for the self-biased devices thanks to many their outstanding features such as high orientation, remanence magnetization, coercivity, Curie temperature; excellent chemical stability and high resistance to corrosion; low cost,. Moreover, the demagnetization factor is controllable by fabricating large out-of-plane uniaxial magnetic anisotropy (c-axis oriented) in the hexagonal ferrite. Therefore, the aims of this thesis is to explore the possibility to study and fabricate self-biased magnetization ferrite materials using in circulators and isolators operating in the frequency range up to 55 GHz.

To be sure that obtained materials for 30GHz self-bias circulator: excellent isolation and return loss (> 15 dB), low insertion loss (< 1.2 dB), bandwidth of ~10 % in the Kaband. The main objectives are summarized as follows:

1-Investigate and find a simple process to obtain anisotropic self-biased magnets constituted of stacked barium ferrite single domain particles. 23 2-Explore the possibility of improving the high-frequency magnetic properties with effect of Na 2 CO 3 as precipitating agent for growth and orientation of polycrystalline hexagonal ferrite.

3-Modify chemical precipitation method in order to be more effective than that of co-precipitation in production of bulky ferrite which is suitable for self-biased applications.

The thesis is organized into general introduction and eight parts:

First of all, a brief introduction about this study, including background information and motivations, is given in Chapter 1. This chapter will be also included a systematical review about the basic understanding of barium hexaferrites and theories of highfrequency magnetic property.

Secondly, the evaluation of samples properties is required various measurements; Hence, Chapter 2 will be preceded with the introduction of experimental techniques used in this work, including the samples fabrication, characterization techniques and data analysis methods.

It will be shown that a simple and new way for obtaining polycrystalline self-biased materials instead of stacking barium ferrite single domain particles exhibited in Chapter 3. In addition, a comparison in usage of types of precipitating agents (NaOH, Na 2 CO 3 ) and a noteworthy packing of hexagonal BaM platelets when a large excess in Na 2 CO 3 used are performed as well. Especially lots of researches about effects of synthesis variables on the magnetic properties of co-precipitated barium ferrite from which led to how to obtain desired materials to adapt for this study have done in Chapter 4.

Furthermore, the influences of pressing forces and temperature profiles for fabricating high textured barium hexaferrites will be shown in Chapter 5. These are followed by Chapter 6, which will indicate that a different process can improve significantly magnetic properties of self-biased barium ferrite compacts as opposed to chemical coprecipitation approach. The major results about magnetically oriented polycrystalline bulky BaM ferrites for contribution on the design of circulators in the Ka band of frequency will be mentioned in Chapter 7.

Finally, Chapter 8 will be included conclusions and perspectives about this study at the present and for further investigations.
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PREPARATION AND CHARACTERIZATION OF POLYCRYSTALLINE SELF-BIASED BaM

Preparation of barium hexaferrite

A number of methods are available for the synthesis of hexaferrites, such as chemical co-precipitation method [1], glass crystallization method [2], sol-gel method [3], ball milling [4], solid-state reaction [5], water-in-oil emulsion [6], and so on [7] [8]. A review of these methods has been given by Hibst [9]. In this work, M type barium hexaferrite was prepared by chemical co-precipitation method, the most cost effective method, for the various molar ratios of Ba/Fe, Fig. 2.1 for instant. Barium hexaferrite powders were produced by the co-precipitation method with Fe/Ba between 8 and 12. In particular, an aqueous solution containing Barium Chloride Dihydrate, BaCl temperatures varying between room temperature (20°) and 95°C, and with a stirring speed of 300 or 700 rpm during 0.5h or 2.5 h. The obtained precipitate was washed about 8 times with deionized water. The washed suspension was dried at 55°C about 4 days. For the formation of BaM phase, the dried powders were crushed and pressed with suitable uniaxial pressures. The formed toroidal samples were calcined under air atmosphere at various temperatures. The description of preparation of BaM in detail is followed in typical products. The results of above listed experiments will be presented in Chapter 3.

The crystalline phase was identified by X-ray Diffractometer (XRD) with a CuK ( = 0.1542 mm) radiation operating at 45 kV and 40 mA. The XRD data were recorded for 2 values between 10° and 90°. The morphology of ferrite particles was observed using the Scanning Electron Microscopy (SEM). The magnetic properties of the ferrites were performed at room temperature using a Vibrating Sample Magnetometer (VSM) with a maximum applied field of 22 kOe. The determination of the saturation magnetization (M s ), remanence magnetization (M r ) and the coercive field (H c ) was from hysteresis loops. S-parameters and electrical and magnetic properties like permeability and permittivity were realized through Vector Network Analyzer (VNA) and the Impedance/material Analyzer. A review of these facilities is showed in the following steps.

Measurement equipment

X-ray diffraction (XRD)

X-ray diffraction (XRD) has been considered as useful tool for the structural analyses of solids since it owns availability, accessibility, and low cost of operation. XRD diagrams are recorded at the angular positions of the diffraction peaks when the xray beam goes into a certain direction. Then peak intensities at different angular positions will profit analysis of the diffracted beam as well as give information on the atomic arrangement in a crystalline material. Thereafter, it allows knowing the construction of a three-dimensional image of the unit cell. These analyses provide fully structural information including the local atomic positions in the crystal structure, chemical elements, lattice parameters, orientation, defect and porosity.

It is quite necessary to mention on Bragg's law derived in 1913 to explain why crystals appear to reflect X-ray beams at certain angles of incidence. To be more precise, when incident X-rays come to the crystalline material, the electrons of the atoms scatter the X-rays in all directions forming a secondary spherical wave in a process similar to the rebound of water waves after hitting a barrier. The scattered x-ray waves usually cancel each other in most directions via destructive interference. 29 However, in some directions (Fig. 2.2) they add up constructively, giving peaks in the intensity profile at angular postions given. Bragg's Law:

2 sin 2.

nd

Where d represents for the distance between the two atomic layers in a crystal, is the wavelength of the incident beam in meter unit, is the angle of incidence; and n is the order of diffraction which must be an integer number and for which constructive interferences occur. For example, n = 1 is for the smallest incidence angle , at the next smallest angle n = 2, etc.

In this study, a Philips PW1710 Diffractometer with a CuKα radiation source ( =0.1542 mm), combined with the computer running Data Collector analytical software for peak identification, was used. The scan mode used was θ-2θ. The step size of the scan (2θ angles) was 0.02 º and the scanning speed was 0.013 º/s. By comparing the measured 2θ angles (or d-spacing) and relative intensity of the corresponding peak with the standard patterns found in the software, the crystalline phase can be identified.

Furthermore, the lattice parameters can be calculated based on the Miller indices of each set of crystal planes, which will be explained in the next section.

Scanning electron microscopy (SEM)

The Scanning Electron Microscope (SEM) is an indispensable apparatus that can be used for many purposes and can be performed with several accessories. Obviously an image of the surface will be observed thanks to the electrons reflected by the surface (and emitted secondary electrons). Furthermore, it is one of strong functions to obtain information about the particle size, crystal morphology, and surface defects. A range of magnification can be used for observation. Last but not least, SEM can produce information about chemical compositions in given samples.

In this work, a Philips field-emission gun 300 scanning election microscope was used, which has a maximum accelerating voltage of 30 kV with maximum 30 magnification of about 30,000. Because barium ferrite is electrically insulating at ambient temperature, a very thin platinum overcoat is generally sputtered on the surface before scanning to avoid surface charge accumulation.

Vibrating sample magnetometer (VSM)

It is incredibly important to know magnetic properties of a surveyed material.

Magnetic property measurement is performed by Vibrating Sample Magnetometer (VSM) (EZ 9, from LOT QUANTUM). In the VSM, The flux is displayed as a function of the magnetic field (H), the angle of the field, and the temperature of the sample. A sample is connected to a vibration source through a sample holder by placing in the middle of a set of detection (pickup) coils in which a voltage is induced. An electromagnet can be used with varying the field to which the sample is exposed so that the magnetization can be measured as a function of the applied field. In the present work, the VSM with a maximum applied field of 22 kOe was used. The VSM system should be carefully calibrated using the standard Ni samples.

The bulk sample for VSM testing is a toroidal shape of about 6 mm in diameter and 1.5-2.8 mm in thickness. The mass of sample is about 0.25 g, which is measured accurately. The magnetization (emu/g) was calculated from the data collected and the mass of sample. The demagnetizing corrections have been considered. For the sintered samples, the demagnetizing factors were calculated based on the shape of samples and grain shape. The volume of the unit cell was calculated by the following equation as in ref. [11]:
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The crystallite size was extracted from using Scherrer's formula, given as [10]:

cos k D

Here, 'D' is crystallite size, 'λ' is wavelength of incident X-ray in nm, 'β' represents full width half maximum (FWHM) in radians, and 'θ' is Bragg angle. 'k' is a shape factor, having value of 0.94 in the recent case.

In general, crystallite size is normally determined for peak (114). However, it should be taken all peaks into account for more precise, then all of these N peaks must present identical D values for the crystal size. But, each peak yields a different value, meaning micro-constrains. Therefore, if D is going to be a fixed for different peaks of a substance, it will decrease the errors and obtain the average value of D through all the peaks (or any number of selected peaks) by using least squares method: 1 = .

.cos cos kk DD

Now by making logarithm on both sides: 
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The bulk density of the material was calculated as in ref. [11]:
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In this relation, 'm' is mass, 'r' is radius of the pellet in disk form and 'h' is height or thickness of the sample. The X-ray density was determined with the help of following expression [11]:
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where 'M' is molecular weight of the material and it is multiplied by '2' because one unit cell contains two molecules of the material. 'N A ' is Avogadro's number and 'V' is volume of the unit cell, computed by Eq. (2.4).

Porosity of the material can easily be determined by [11]:
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Orientation distribution-Lotgering factor relationship in a polycrystalline material

In addition to orientation contribution of 00l peak intensities, Lotgering factor is considered as a helpful parameter in order to evaluate orientation degree and distribution for crystallographic compacts [12][13] [14]. As a matter of fact that the Lotgering factor (LF) proved to be a good candidate so that the orientation degree can be illustrated. The LF is determined through the peak intensities with the conventional 2 / scan mode, and is defined as the following equation [14]. where p manifests the ration between the summation of the peak intensities relating to the preferred orientation axis and the such summation of all diffraction peaks in particle-oriented materials. p 0 is p of a material with a random particle distribution. The LF varies between zero and 1; LF = 0 corresponds to random orientation, and LF = 1 to perfect orientation.

In order to compute this factor, it is certainly vital to use a famous statistical function adopted as the assumed orientation distribution: the Gaussian probability density function (GF) [15].

2 2 1 0 2 1 2 2 2 f; ; e x p .
Where orientation angle is defined as the angle between the preferred axis and the base direction and the standard deviation is represented by angle .

This Gaussian function (2.12) has statistical parameters such as a mean value and a standard deviation, which is useful as a representative value of the distribution.
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In an aligned material, the intensities of each peak are attributed to a probability density of each crystal plane. Indeed, the intensity of hkl peak, which has the orientation angle of , is changed by the probability density at f( ). where the set of I 0i,j shows peak intensities of random-oriented material, i is assigned to all peaks, j is assigned to the (00l) oriented peaks. j is always zero for corresponding peaks of the preferred axis. Parameter p 0 is calculated easily by using the XRD patterns of random orientation. The LF is obtained by substituting p 0 and p values into Eq.

(2.11).

Anisotropy field

As stated earlier, the magnetocrystalline anisotropy is uniaxial. The easy axis of magnetization is along the c axis, whereas the plane perpendicular to c is a hard plane of magnetization. The anisotropy field H A can be determined from the initial magnetization curves for textured samples (Method A). Further, H A can also be estimated by the magnetization curves for sintered samples (Method B).

Method A

For textured samples, hysteresis loops were recorded which the external field applied either parallel or perpendicular to the direction of the magnetization that was determined beforehand. The easy and hard magnetization curves joined together for a certain value of the applied magnetic field; once corrected by the demagnetizing field the internal field corresponding to the intersection of two curves is defined as the anisotropy field A H . This is illustrated in Fig. 2.5. 

Method B

The anisotropy field A H also can be estimated based on the law of approach to saturation, [ In order to determine fully performance and magnetic properties of most of permanent-magnet at different temperatures, both curves are required. It seems to be more important for the normal curve that is plotted to determine the performance of the permanent magnet and the system at a certain temperature whereas the intrinsic curve represents the added magnetic flux that the permanent-magnet material produces. As a whole, the normal curve manifests the total measurable or usable magnetic flux which is carried in combination by the air (free space) and by the permanent-magnet material. It can be imagined that if a coil is placed in air, magnetic flux measured is called the air flux. Then if a magnetic material is placed in the center of the coil, the magnetic flux that is total of the air flux plus the intrinsic flux is called the normal flux.

Saturation magnetization and energy density

The quadrant II operating region generally belongs to the normal curve between the remanent flux density Br and the coercive force H c . As demagnetization, the operating point will move from B toward H c . However, if the demagnetization becomes sufficiently large to move the operating point beyond the linear region toward the H c point, the subsequent magnetizing cycle will follow a different return path. Coming to the recoil point, for example, the ensuing magnetizing cycle will follow the recoil line at a slope of rev rather than return up the nonlinear demagnetizing path toward the H c point. As a consequence, the magnetizing and demagnetizing cycles will then be reversible along the linear recoil line.

Nevertheless, hard magnetic materials are almost always adapted to tailor on the linear region identified by the pair of coordinates (B d , H d ) (Fig. 2.8) which defined the operating point (the intersection point between load line and normal line) [19]. The product B d H d is called the energy product and represents the energy that permanent magnet can supply for the system. The maximum energy product, BHmax, is a relative measure of the strength of a permanent magnet. Figure 2.8: BHmax illustrated as an inscribed rectangle (also see [20]).

BHmax of a magnet is one of the most commonly used criteria for characterizing the performance of a hard magnetic material. In comparison, a magnet with a larger BHmax value will be stronger than a magnet with a smaller one.

That BHmax is a magnetic characteristic does not depend on volume. This implies that a small and large magnet made from the same ND-48 Neodymium Iron Boron magnet alloy will have the same BHmax.

BHmax is attained when the magnet is operating at the highest induction level (Gauss) and at the smallest volume for a particular pole cross-section. Larger volumes of the magnet will produce larger magnetic fields and more flux, though the magnet may not be operating at BHmax.

In the normal curve (see Fig. 2.8) the second quadrant of a magnet's hysteresis curve, the Maximum Energy Product is the largest rectangle. Moreover, if the (H-B) datapoints for the normal curve are known, their product (B×H) can be computed and then plotted against the field strength (X axis). This plot will generate a parabola and the vertex of the parabola will be at the Maximum Energy Product for the particular grade in the units of MGOe, if B is in Gauss and H is in Oersteds (see Fig. 2.9). This value that was reported for BaM ferrite is less than 30 kJ/m 3 (Fig. 2.10). of height roughly equal to its radius. This shape is often that of modern magnets. In the case where the magnetization curve deviates from the ideal square loop, the value of the maximum achievable energy product |BH| max is lower than this: || < 4 µ .

Nd-Fe-B magnets have energy products as high as 470 kJm 3 , close to the theoretical maximum of |BH| max = 512 kJ/m 3 . However it was obtained in a laboratory. Commercial magnets having values as high as 400 kJm 3 can be shipped. In producing these materials, the difficulty is that an energy product in excess of 500 kJ/m 3 requires Ms > 1.3 MA/m . In the case of an square hysteresis loop, the coercivity should be as large as this but an upper limit for the coercivity is set by the anisotropy field H A = 2K 1 /µ 0 Ms [23].

The hardness parameter of a magnet is defined as = (

> . An empirical criterion for a permanent magnet is that the hardness parameter should be greater than unity [23]. This condition can be relaxed when considering that for a true permanent magnet is H A > Hc > Ms . Then the absolute minimum condition reduces to > √ .

Table 2.4 shows values for common hard magnets. In chapter 6, we will show that the best value we get for our BaM textured material is = 1.56 and energy product is 23.12 kJ m -3 .

FABRICATION OF ANISOTROPIC SELF-BIASED MAGNETS BY USING CHEMICAL CO-PRECIPITATION METHOD

Introduction

The aim of below presentations is to find the best solution for fabricating best polycrystalline barium hexagonal ferrites which is suitable for self-biasing applications at high ranges of frequencies by using chemical co-precipitation method. Therefore, this chapter will present the characterization of magnetic materials. The main objective is to compare synthesis results and then find out the best appreciate process (this process will be shown in Chapter 6 with several more parameters being explored), which means that some quantities will not be tailored completely in this chapter such as anisotropy field, Mössbauer spectroscopy, extrinsic loops and so on. It will be also shown that an alternative method in order to obtain self-biased texture polycrystalline compacts instead of conventional stacking method as mentioned at part 1.6 of Chapter 1. In addition, as a result of large excess of Na 2 CO 3 used, a noteworthy packing of hexagonal BaM platelets was obtained. Apart from those, some techniques extracted from experiment will be mentioned as well.

Experimental procedures

All results presented in this dissertation will be generally followed below steps. First of all, amorphous powders were produced by using traditional chemical coprecipitation method (this is presented in 2.1) or modified chemical co-precipitation approach for which we called wet mixing and dried mixing (as shown in chapter 5).

Secondly, these powders were pressed into desired shapes (cylinder or toroidal) by applying uniaxial pressure (see Fig. The magnetization was plotted as a function of external applied field (Fig. 3.2 (a)), thus it is called extrinsic loop. In order to get the hysteresis loop that would be the one of a sample without boundaries (the hysteresis loop of such an infinite sample will be named intrinsic loop), we took demagnetizing effects into account. Then, we used the following scalar relation between the internal field H i , the demagnetizing factor N z (calculated in the applied field direction) and the external field H app (Eq. 3.1), which is effective along the direction of the applied field, and assuming all vectors aligned. Considering shape effect in this case the cylindrical sample with height of 1.11 mm and diameter of 6.02 mm has demagnetizing factor of 0.67 along to axis N of this sample (calculation of N was derived from [1]). Then we will have an intrinsic hysteresis loop plotting magnetization as a function of internal field (see dotted red loop on Fig.

(b))

. From the intrinsic loop, we get information about the stacking of BaM particles in the studied sample. We can see noticeable differences for remanent magnetization and squareness values between extrinsic and intrinsic loops (Table 3.1). For instance, an intrinsic squareness of 0.90 indicates a great stacking of particles. However, due to a low coercive field this ratio (Mr/Ms) falls down to 0.84 for the actual sample (extrinsic property); especially, the remanent magnetization decreased from 266 kA/m down to 241 kA/m. If coercivity is smaller than that of this example, remanence would be reduced deeper. This is undesirable for self-biased applications. Therefore, we need to increase coercive field in order to make the material nearly insensitive to demagnetizing effects. In brief, the first major purpose is to figure out a satisfactory stacking of particles, so in this chapter measurements from VSM will be only operated on intrinsic loops.

A simple process to obtain textured oriented polycrystalline hexaferrite

Recently, polycrystalline hexa-ferrite has been rummaging for their self-biasing properties [16][17][18]. The desired self-biased properties are obtained by performing a stacking of flat magnetic particles. To the best of our knowledge, the conventional packing processes used magnetized particles (see part 1.6 of Chapter 1). Actually, using single-domain grains allowed increasing the coercitivity. However, by using such magnetized particles, strong dipolar forces appeared that were opposed to the orientation of the magnetic particles. Then constraining processes were setting up in order to counterbalance the magnetic dipolar energy that led to the spontaneous clustering of the magnetized particles [2][3]. To deal with these problems, the aims of this work are not only to enhance packing processes by using amorphous powders instead of magnetized particles but also to explore the possibility to fabricate magnetization materials for self-biasing applications, which will be presented below.

In this present work, barium hexaferrite (BaM) particles were prepared by chemical co-precipitation method, using various rates and types of precipitating agents (NaOH and Na 2 CO 3 ), followed by firing. After mechanical compaction, followed by firing at T=1140°C, textured polycrystalline compacts were obtained. No external field was applied, and no chemical additive was utilized. The values, for example, M R /M S =0.88 and H C =215kA/m are obtained. These values make the so-obtained material suitable for self-biased applications. In the following, BaM will be used to maned the various Mtype barium ferrites we synthesized, all of them beeing of composition Ba 1-x Fe 12-y O 19-. This way can be sumed up by the flow chart shown in Fig. 2.1 of Chapter 2. Definetely, the amorphous powders obtained from synthesis were ground are completely in an un-magnetized state. Thereby, constraining processes did not need to apply in order to counterbalance the magnetic dipolar energy. The formation and orientation of BaM particles were taken place during heat treatment.

The issue is that what are chemical components used for synthesis so that the products could be reached both well orientation and pure BaM phase. As a consequence, we have used co-precipitation approach with various kinds of base agents such as NaOH and Na 2 CO 3 , and salts solution like BaCl 2 .2H 2 O and FeCl 3 .6H 2 O; with diverse ratio and quantities. There are so many experiments done; however, here it can only show some main results.

We used this new simple way in order to obtain all results presented in this dissertation.

Effect of base solution Na 2 CO 3 for growth and orientation of polycrystalline BaM particles

Contextual search

In this work, highly textured polycrystalline hexagonal barium ferrites which were performed from solid reactions were achieved by using chemical co-precipitation method. Multifarious conditions and precipitating agents (NaOH or Na 2 CO 3 only) were operated. As a consequence of appearance of mono-ferrite intermediate phase, bulk compact samples that were executed with base agent of Na 2 CO 3 have a very high texturation. The amorphous dried powders obtained from co-precipitation process were made into desired compaction and then calcined at moderate temperature (1190°C).

Experimental procedure

We first obtained Barium hexaferrite (BaM) particles with the nominal composition BaFe 11 O 19 , by using reliable chemical co-precipitation route. The starting materials (reactants: ferric chloride FeCl 3 .6H 2 O, barium chloride (BaCl 2 .2H 2 O); precipitating agent Na 2 CO 3 ) was of analytical grade. An aqueous solution of the metallic chlorides Ba 2+ and Fe 3+ , were prepared with the molar ratio Ba:Fe = 1:11. Actually, it is known that iron deficient mixture with a Fe:Ba of between 11 and 11.5 is needed in a way which minimize the occurrence of any other phase than BaM ferrite.

It has been suggested that the formation of the appropriate barium hexaferrite phase depends on pH, and indeed a stoichiometric excess of at least 40% precipitating agent is necessary to form mainly intermediate products before obtaining barium hexaferrite phase [4]. Here we used precipitating excess of 60% for both Na 2 CO 3 and NaOH. In particular, there are four experiments with conditions for co-precipitation as shown in In general, the experimental conditions are almost the same for four such as mass of salts, ratio of Ba and Fe, amount of water, precipitating temperature, stirring speed, the time taking place. What is different between them? First of all, with the both S-B-1 and S-B-2, the salt solutions were poured slowly into base, only difference here is that Na 2 CO 3 was used for S-B-1, whereas NaOH was for S-B-2. The objective of this is to quote that the influence of precipitating agent of Na 2 CO 3 for fabricating high anisotropic barium ferrite materials can be achieved. While there are many indications that the isotropic barium iron oxide samples results from sodium hydroxide alkaline solution used.

It can be still compared between B-S-1 and B-S-2 with the same above aim; however, it is here that base solutions were slowly poured into aqueous solution of salts. In addition, it is also noted that the results of the changes of pouring methods like salts into base or base into salts can be compared between S-B-1 and B-S-1 or between S-B-2 and B-S-2.

The obtained precipitates were washed about 10 times with deionized cool water. The washed suspension was dried at 55°C about 5 days. For the formation of BaM phase, these dried precursors were mostly amorphous that made it possible to obtain unagglomerated particles after a light grinding. The obtained co-precipitated powders were poured into a mold for shaping. Means powders issued from the co-precipitations were mechanically pressed into compacts using uniaxial pressure (96 MPa) before any thermal treatment. The synthesis products were monitored with shrinkage analyses using a Netzsch DIL 402C analyzer, from room tepmperature to maximum value and go back to room temperature, heating and cooling rate of 3 degrees per minute. The crystalline phase was identified by X-ray Diffractometer (XRD) on a Panalytical Empyrial diffractometer with CuK ( = 0.1542 nm) radiation operating at 45 kV and 40 mA. The XRD data were recorded for 2 values between 15° and 90°. Scanning Electron Microscopy, from which the microstructures of the samples were observed and the average grains size was estimated with a Hitachi-S-3200N. The magnetic properties of the sintered samples were measured at room temperature using a Vibrating Sample Magnetometer EZ9 of Micro-Sense, with maximum applied field intensity equal to 1600kA/m. The determination of the saturation magnetization (M s ), remanence magnetization (M r ) and the coercive field (H c ) was from hysteresis loops.

Results and discussion

In order to realize different results between Na 2 CO 3 and NaOH used as precipitating agents, it will be easier that the growth and orientation of particles at different temperatures will be presented at first for base solution of Na 2 CO 3 and then for that of NaOH, and comparisons will be showed at last. The first precipitant is Fe(OH) 3 , ferric hydroxide, is created from ions in suspension: 32 Three reaction with Fe 3+ could meanly take place in our case (3.2, 3.3 and 3.4). Only reaction in (3.2) is significant. In fact, when dissolving iron (III) in water, no Fe(OH) 3 precipitation occurs. This is only when the support of Fe 3+ is sufficient that Fe(OH) 3 precipitates.

The second precipitate, BaCO 3 , was formed partly from the following reaction: In fact, since both BaCl 2 and Na 2 CO 3 are soluble salts, but BaCO 3 is relatively insoluble; so we must consider the equilibrium for insoluble salt dissolving in water, with condition being a stoichiometric excess of (>40%) or could say: K sp (solubility product) > 51 5.5 10 -10 mol 2 /dm 6 [5], [6] [7]. For example, a solution of 1.1 10 -5 mol/dm 3 BaCl 2 dissolves in 2.0 10 -4 mol/dm 3 Na 2 CO 3 :

2+ 2- -5 -4 -10 2 6 3 Ba CO = 0.55×10 × 1.0×10 =5.5×10 mol /dm
The so-called co-precipitation means that the two precipitates are obtained. At the end of the reaction, we must filter and wash the precipitate several times with distilled water to remove sodium and chloride ions. After washing (from 6 to 8 times, once a day) and drying at 55°C (during 4 days), the main components obtained are: the majority of Fe 3 O 4 and smaller amounts of Fe(OH) 3 -primarily is -FeO(OH)-Goethite, It can be expressed that Fe 3 O 4 has been known as magnetic oxide of iron and triferric tetroxide. Fe 3 O 4 is formed when iron is heated in oxygen, water steam or CO 2 [8].

It is also noted that Fe 3 O 4 is unstable and transforms to hematite ( -Fe 2 O 3 ) on heating [9][10], by the following reaction: In this step, barium hexa-ferrite is formed at interfaces between mono-ferrite and iron oxide mainly by diffusion of barium through the BF6 lattice into the hematite lattice [15]. This exothermic reaction process leads to non-agglomerated pseudohexagonal platelets with an average particle size very close to the one of the starting powder mixture (~1 mdepending on precipitation temperature).

Conspicuously, with the Na 2 CO 3 , first forms BaCO It can be also explained convincingly from shrinkage curve (Fig. 3.4), that dehydration started as endothermic which occurs when the temperature of a system increases due to the evolution of heat between 80°C and 150°C. This heat is released into the surroundings, resulting in an overall negative quantity for the heat of reaction. Then the corresponding c-DTA curve lies from 150°C and undergoes rapid oxidative decomposition till 270°C with exothermic peak. The formation of BaCO 3 phase is revealed in endothermic peak from 200°C to 300°C. This composition step is highly endothermic as indicated by a strong peak at 270°C. Also in this period (100 -300°C) there is evaporation and disappearance of others undesired components (as listed above); especially CO 2 evaporation as can be seen from Fig. 3.5. After 550°C, Fe 2 O 3 and BaCO 3 perambulate a solid state reaction (as supported by exothermic and endothermic alternately to 1050°C) leading to the formation of BaFe 2 O 4 . CO 2 was evaporated from this solid reaction (see CO 2 evaporation curve (blue curve in Fig. 3.5) in the period of 550°C -1050°C) that helped rearrangement or movement of BaFe 2 O 4 particles, which may lead to good stacking of particles. This is also illustrated by large different shrinkage between axial (20.7%) and radial (15.8%) of the compact (ratio between axial and radial shrinkage is about 1.31). As heating continues, BaFe 12 O 19 was also started as a result of solid state reaction between BaFe 2 O 4 and Fe 2 O 3 from 750°C. This result is in good agreement with what has been reported in [16]. As can be seen clearly from Fig. 3.6, there were also appearance of Fe 3 O 4 and Fe 2 O 3 , which means that the chemical reaction and equations can be found out from the S-B-1. However, it was not the same pattern of both in comparison with those in S-B-1 because of the presence of the intermediate phase, FeO(OH) -Goethite. On the other hand, BaCO 3 was still present while precipitating agent is NaOH, not Na 2 CO 3 . To be specific, the Ba-precursor, most probably having the chemical composition of Ba(OH) 2 • xH 2 O, [13] partially reacted with CO 2 from the air (during synthesis) and formed crystalline BaCO 3 [17]. air 23
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It is important to note that there was no intermediate phase BaFe 2 O 4 . This is major reason why S-B-2 samples are related to isotropic magnets, which will be explained below. [18] Yu and Liu (2006) reported that hexagonal-phase barium ferrite particles resulted after calcination above 650°C/5h. Their single-hexagonal ferrite phase was observed at 700°C. In these samples S-B-2, BaFe 12 O 19 was recorded between 500 and 600°C; especially, it was nearly steady from 800°C, which means that the reactions of barium carbonate and hematite completely happened before 800°C. This is an advantage for fabricating single barium hexa-ferrite particles when using NaOH like precipitating agent.

In figure 3.7, we observed endothermic peaks between 50°C and 150°C that were due to the removal of solvents in their nature and the endothermic peaks between 200°C and 350°C were the result of the degradation of carbon-based organic matter due to the precursor materials, chelating agents and solvents. The blue curve on Fig. 3.8 is also indicated that CO 2 evaporation is strong. This signal is more or less the same to the case of S-B-1 (using Na 2 CO 3 ). The exothermic peak between 750°C and 820°C resulted from nearly completely a pure barium ferrite phase transformation, which is agreement with the results from Fig. 3.6. This is also consistent with CO 2 evaporation in the period from 450°C to 850°C (blue curve in Fig. 3 show that this material is related to be isotropic. The ratio between axial and radial shrinkage of about 0.994 is one of the most interesting indicator for such isotropic behavior.

The X-ray diffraction patterns which were performed on bulk samples of the samples S-B-1 (only Na 2 CO 3 used) and S-B-2 (only NaOH used) are shown in Fig. 3.9.

It can be observed the majority of peaks are related to hexagonal barium-iron oxide BaFe 12 O 19 phase; the peaks due to hematite were about 3% for both in general. The high textural sample S-B-1 is also expressed from the very high intensities of 006 and 008 peaks, with the total percent of both being around 35%; whereas it is only 2.5% for S-B-2 [19]. The appearance of the peaks and their intensities indicated that barium ferrite particles constituting S-B-1 show a noticeable degree of orientation. It is clear that a stacking of the barium ferrite particles was obtained, that lead this sample to present an anisotropic structure. This is in contact with the studies shown in [20]. The Mössbauer experiments reported here were performed by V. Nachbaur and S. Jouen, at the Groupe de Physique des Matériaux, UMR 6634 CNRS, Université de Rouen. Mössbauer spectra for BaFe 12 O 19 were collected in transmission geometry thanks to a 57 Co -ray source at room temperature. As a result, hyperfine parameters such as IS_isomer shift (mm/s), 2 _quadrupole shift (mm/s) and B_magnetic hyperfine field (kOe) were realized. Theoretically, M-type barium ferrite structure has the five iron sublattices that are listed in Table 3.4. The decomposition of the absorption spectrum [23] includes five sextets. The more intensive comes from the six irons ions in 12k sublattice. The third and fourth sextets come from irons ions located in the sublattices 4f 1 and 2a that belong to the spinel block. The sixth sextet is attributed to the sublattice 4f 2 . A comparison between the Mössbauer spectra recorded (room temperature) for two powders (SC and SH, they are not the same powder for S-B-1 and S-B-1; however, SC was synthesized by using only Na 2 CO 3 and SH was synthesized from NaOH) is shown in Fig. 3.11. The obtained powders were not compacted, but they were fired at 1190°C/0.0h without dwelling, heating and cooling rate of 3 degrees per minute. We remind that SC sample was prepared with a large excess of Na 2 CO 3 , and shown a high texturation. Whereas for SH sample, that was prepared with NaOH, the particles were dispersed at random. As can be seen on the fitted spectra, the larger parts of them come from the BaM phase. A higher amount of -Fe 2 O 3 is present in SH powder than that in SC powder. Hyperfine parameters for BaFe 2 O 4 and BaFeO 3-x are imposed [24][25] due to the small amount of these phases. The fitting parameters for these two samples are exhibited in Table 3.5 and 3.6. Each contribution is presented in Fig. 3.11. These results are consistent with data of XRD patterns obtained with 57 Co ray source. (Fig. 3.12). The other diffractogramms, coming from powders obtained through intermediate synthesis methods, will not be discussed here.

A little amount of BaFe 2 O 4 exits due to an incomplete reaction between iron and barium containing initial compounds. The formation of barium hexaferrite passed through two steps of solid reactions as mentioned in Eq. 3.9 and Eq. 3.10.

It has been reported [25] that BaFeO 3-x can be observed as an intermediate below 1200°C, evidenced by Mössbauer spectrometry. It was suggested by Garcia et al. that the BaO phase is probably formed at the early stages of the process following the reactions: 3 2

BaCO

BaO CO 3 12 . This reaction path also explains the presence of BaO as a minor component evidenced by XRD in sample S-B-1.

The magnetic properties of the oriented specimens sintered at 1190°C which derived from the two preparation methods were recorded at ambient temperature using a vibrating sample magnetometer are exhibited by Fig. 3.13 and the values of these properties are listed in Table 3.8 with the magnetic field being applied perpendicular to the sample plane. suitable for self-biasing ferrite applications. In fact, the high magnetization loop squareness value, which was defined by the ratio of remanent magnetization over saturation magnetization (M R /M S ), was equal to 0.83 along the easy axis. It demonstrates that S-B-1 sample showed an outstanding uniaxial magnetic anisotropy, with the easy axis perpendicular to the basal plane of the platelets. Whereas, with S-B-2 where NaOH used as precipitating solution indicated randomly orientation with squareness value of 0.62. In the Stoner and Wohlfarth model of ferromagnetism, the remanent magnetization is the cosine of the angle (α) between the applied field orientation and the easy axis of magnetization: M R = M S cos(α). Under the assumption of an angular distribution of the magnetization around the out-of-plane direction (caxis), this relation makes it possible to determine a mean value for α, which was found equal to 25° for S-B-1. It was noted that this result agrees with the standard deviation value from the perpendicular close to 22° that was estimated from the SEM micrograph.

For comparison, the calculated mis-orientation was α = 46° for S-B-2.

As mentioned before, the excellent c-axis orientation of the S-B-1 sample can be also recognized from the dominant reflection 006 and 008 peaks [26] (Fig. 3.9(a)).

These XRD results are consistent with the magnetic measurement results shown above. In contrast, the sample S-B-2 had weak 006 and 008 peaks, as shown in Fig. 3.9(b).

Having a good arrangement is proposed is due to the appearance of intermediate phase mono-ferrite, BaFe 2 O 4 , which was not occurred in S-B-2 calcined compacts. This is main purpose of this work in order to indicate that the effect of Na 2 CO 3 precipitating agent for producing anisotropic materials. The high coercivity and remanence magnetization values are 222 kA/m and 212 kA/m respectively. In addition to this, the values of the anisotropy fields H A for S-B-1 was found to be about 1340 kA/m, which is close to the values usually reported for BaM ferrite, 1360 kA/m [16]. This is significantly different to the results of S-B-2 sample, which shows isotropic magnetic properties, and according to STONER model for random spatial distribution of uniaxial particles.

The saturation magnetization M S values for the both samples (Table 3.4) (57.24 Am 2 /Kg for S-B-1 and 71.98 Am 2 /Kg for S-B-2) are close to the saturation magnetization for single crystal (M S =72Am 2 /Kg), are typical of powders issued from co-precipitation method [27]. Although M S clearly depends on the synthesis conditions of preparation, both specimens studied showed more or less the same value of M S . Evidently, the XRD results state that non-magnetic peaks relative intensities are 2.9% for S-B-1 and 1.1% for S-B-2.

In order to make it easy for comparison, in our work they were set up the same for many conditions like the mass of salts, the concentration of minus ion in base solution, the amount of water, the precipitation temperature, the pressing process, the heat treatment, etc. Only one thing can be realized the difference is that Na 2 CO 3 was used as precipitating agent for S-B-1 sample, while NaOH was for S-B-2. Thereby, it can be observed remarkably different results. Fig. 3.14 shows the morphology of sintered samples. Fig. 3.14 (a) shows a narrow grain-size distribution for the S-B-1, with the average particle size being in its aspect ratio of diameter and width of 1.1 m /0.3 m. Most of the particles have hexagonal shapes. It can be seen that there are also few small grains that the smallest particles are about 0.8 m. They also have hexagonal shapes, but they are smaller since the process of forming the platelets' hexahedral shape typical for the BaM has not been completed. It has been reported that the magnetic and crystallographic properties of ferrite materials are extremely sensitive to the preparation processes [28] such as precipitating temperature, sintering conditions and so on. Nevertheless, in this case although the grain sizes are a little bit larger than that of the critical single domain size, which is proposed to be between 0.5 m and 1 m [16][29], one of the most effective ways in order to modify the grain sizes is to change precipitation temperature. The grains shapes of the sample using NaOH as alkaline solution is shown in Fig.

(b).

They may be in acicular shapes with dimensions over width being 1.5 m / 0.25 m for "base's diameter". It is important to note that the particles prepared by this method have thinner width than that of the specimens using Na 2 CO 3 . Explicitly, the 'a' parameter is more or less the same with this value of S-B-1; however, the 'c' value symbolizes for the height of the unit cell is noticeably smaller, which led to smaller volume (Table 3.3). from the solid reaction of barium carbonate BaCO 3 and hematite Fe 2 O 3 as reported before. It is meaningful here to discuss the evolution of the coercive field in terms of the evolution the grain size. Definitely, the grain sizes increase with the increase of calcination temperature. From this point of view, it is important to state that Hc increased first with increase of the grain sizes but then, it started to decrease with further increase of the particle size. The increase of Hc with increase of the grain size is a sign of a single domain character [5].

Considering the samples obtained by using Na 2 CO 3 (S-B-1), the value of intrinsic coercivity decreases from 460 kA/m for sample fired at 800°C to 238 kA/m for sintering at 1190°C. This result indicates that with the increase of firing temperature, a grain growth occurs, with consequent reduction of the intrinsic coercive field. This result is in accordance with that previously reported in literature [30][7]. The value of 460 kA/m, is higher than that found for barium ferrites obtained by the conventional ceramic method at 1200°C (173 kA/m) [31] and by micro-emulsion at 700°C (414 kA/m) [32] and by co-precipitation method at 800°C (440 kA/m) [6] where an aqueous solution of sodium hydroxide, NaOH, and sodium carbonate, Na 2 CO 3 , used with the ratio of 5:1. Therefore, it can be suggested that the only Na 2 CO 3 used as a precipitant reagent is more efficient in increasing H C than that using NaOH only (H C = 266 kA/m fired at 800°C and 178 kA/m fired at 1190°C) or using simultaneously NaOH and Na 2 CO 3 .

Now we take the all four experimental data into account. Firstly, we examined the influence of the addition order of the components (base solution and salts solution). The results of both S-B-1 and B-S-1 (used Na 2 CO 3 for the both, but for S-B-1: the salts were poured into the base while for B-S-1: the base was added to the salts), shown in Fig. 3.16 (a), are not too much different. It is also particularly true for the samples using NaOH indicated in Fig. 3.16 (b), in which S-B-2 represented for adding the salts to base solution and B-S-2 symbolized for the opposite way where the addition order was changed. The results that exhibit magnetic properties (Fig. 3.17), the parameters determined from XRD data (Table 3.9) and SEM images in the same magnification (Fig. 3.18) also indicate that the same result can still be acquired once the base solution was added to the salts instead of pouring the salts into base. As discussed before we observed a preferential orientation of the particles that constituted the barium ferrite compacts that were synthesized by using Na 2 CO 3 as a reagent for the precipitation. That is the appearance of intermediate phase BaFe 2 O 4 when Fe 2 O 3 reacted with BaCO 3 at low temperature. As a consequence of this solid reaction, the CO 2 evaporation can make the particles rearrange. In addition to this, it was supposed that the CO 2 evaporation was in upward and the platelets in the cylinder were arranged in the plane of the cylinder. Thereby, we performed two experiments for the powders using Na 2 CO 3 as alkaline solution with the simultaneous operation at the same heating profile: the first toroidal sample was placed in horizontal direction (Fig. Different properties have been observed (Fig. 3.20) for two different precursor amorphous powders (S-8-2 and S-14-7). It can be noted that the remanence magnetization Mr and saturation magnetization Ms and the Mr/Ms ratio are always higher for the samples put in horizontal direction. On the other hand, the coercivity field experienced lower values. 

Conclusions

Our results showed that by pressing amorphous dried powders obtained from coprecipitation, the highly textured materials were realized with the precipitating agent of sodium carbonate; whereas to use sodium hydroxide solution led to isotropic materials.

Although a similarity is in order to create pure BaM phase, there are remarkably difference between these two base agents, which in turn mean that magnetic properties are significantly different. The underlying particle orientation mechanism is not well understood at present. However, on the basis of the experiments conducted, the following hypothesis was made, although no direct proof of this is as yet presented. We believe that the greater the Na 2 CO 3 excess, the greater the evaporation of CO 

(b) (c) (d) (e) (a) 
becomes. The evaporation of CO 2 , which would help particle displacement, allows the angular distribution of particle orientations to be modified, favoring a spontaneous stacking process. This effect diminished when the quantity of Na 2 CO 3 was reduced (this will be proved in 3.5). Precisely, the effects of well oriented samples can be acquired is due to CO 2 evaporation at lower temperature when mono-ferrite (BaFe 2 O 4 ) was formed.

The mono-ferrites with orthorhombic shapes were easier to rearrange before creating Thereby, in comparison, it will be illustrated the dependence of magnetic properties on alkaline solutions. In addition, it is also noted that once Na 2 CO 3 was used, different properties also been observed in difference of the placed directions of the samples during heat treatment. In fact, it was more effective with the specimens placed so that the upward direction of CO 2 perpendiculars to orientation plane of the grains. Moreover, in this presentation, the results that are insignificantly different between the two methods, one is the salt solution was poured into the base solution and the other is in opposite approach will be exhibited.
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EFFECTS OF SYNTHESIS VARIABLES ON THE MAGNETIC PROPERTIES OF CO-PRECIPITATED BARIUM FERRITE

4.1 Effect of Na 2 CO 3 excess

Contextual search

It has been suggested that the production of the appropriate barium ferrite phase is dependent upon reaction pH and it is indicated that a stoichiometric excess of precipitating agent is at least 40% [1]. This part investigates the opportunity to obtain formation and orientation of barium hexaferrite materials based on different excess of Na 2 CO 3 solutions.

Experimental procedure

As detailed in part 3.4.2 of Chapter 3, we first obtained Barium hexaferrite (BaM) particles with the nominal composition BaFe 12 O 19 , by using reliable chemical coprecipitation route [2]. Here we aim to examine the influence of Na 2 CO 3 quantity. An excess of aqueous solution Na 2 CO 3 , R (Table 4.1), considered as the ratio of residual mole of Na 2 CO 3 and mole of BaCl 2 .2H 2 O used, was employed as precipitating agent. Five materials were synthesized (Table 4.1), the only different thing is here R parameter, meaning R5 was contained the highest excess Na 2 CO 3 . It was pointed out in [2] that a stoichiometric excess of at least 40% precipitating agent is required in order to 4 73 produce any particles. However, it should be tested for a lower excess of base solution that is why R1 was studied. In these experiments, the influences of the excess value in precipitating agent that is a key parameter of this work were examined. To promote the precipitating reaction, the salts solution was poured into aqueous solution of Na 2 CO 3 , its way is similar for all as well as Ba/Fe ratio, precipitation temperature, stirring speed, amount of water. These dried precursors were mostly amorphous [3], that made it possible to obtain un-agglomerated particles after a light grinding. The obtained co-precipitated powders were poured into a mold for shaping. Powders issued from the co-precipitations were mechanically pressed into compacts using uniaxial pressure (96 MPa), before any thermal treatment. Five compacts (the shape of each was a flat cylinder) were realized. And then these five samples were calcined simultaneously at a heating rate of 3°/min up to 1190°C, with cooling rate being 3°/min.

Results and discussion

X-ray diffraction (XRD) measurements are shown in Fig. 4.1 for five kinds of powders realized from using different mount of Na 2 CO 3 as precipitating solution. As can be seen clearly from the diagram, most of the peaks are related to BaM-type hexaferrite phase. This is particularly true for the specimens (R2,3,4,5) having higher excess of sodium carbonate than 40% [2] [4]. As a consequence of low pH (8.2) of R1 object is likely to inhibit active BaM phase formation. The key explanation for this could be that all the two salts were poured simultaneously into aqueous precipitating agent (Na 2 CO 3 ). This limitation could be answered by separating the two salts into two vessels in order to promote reacting with Na 2 CO 3 independently before mixing two precipitates. More details about that will be presented in Chapter 6. It is not true for the others where pH = 9.34, 9.43, 9.53 and 9.63 are respective for R2, R3, R4 and R5, with 1.22%, 0.23%, 0.45% and 1.22% of hematite respectively. It should not taking R1 into account anymore because of its undesired results.

First of all, the diffraction peaks at 2 value (Fig. These high orientation of grains or crystallites in the samples are expressed from the very high intensities of 006, 008, 0014, 0016 and 0020 peaks (showing (00l) strong preferred orientation), with the total occupied percent of the two major peaks (006 and 008) of the four powders (red curve in Fig. 4.2 (a)) being around 17.79%, 47.63%, 45.56% and 49.08% respectively. It is possible that once R value is from 90, the grains in the obtained bulky materials are very well stacked. An excess of Na 2 CO 2 precipitating agent coincides with outstanding strong 006 and 008 peaks, which in turn R1 R2 R3 R4 R5 75 the 107 and 114 peaks weakened. This implies that the c-axis ([001] direction) of the grains are all aligned along a preferred direction. For aligned patterns, the easy magnetization directions should be along the applied magnetic field and XRD patterns of the aligned samples show that the easy magnetization directions are along the c-axis. This stacking was also observed from SEM images (Fig. 4.3), which is quoted by great high orientation of R3 (c), R4 (d) and R5 (e). All these pictures were taken along the direction perpendicular to the plane of compact. The magnetic and crystallographic properties of ferrite materials are extremely sensitive to the preparation processing like heat treatment profile. Nevertheless, correlation of microstructure and magnetic properties can be clarified by means of SEM analysis (Fig. 4.3) for samples heated at the same time with the same profile (heating rate of 3°C/minute up to 1190°C without dwelling time and cooling rate of 3°C/minute).

As a whole, in each pattern the particle size is not completely uniform. In particular, diameter lies to the range [0. In the preparation of materials having high remanence, it is of a significant importance that most of the grains show a mono-domain magnetic structure. The critical size was estimated to lies between 0.5 and 1.0 m [5]. Although there are still some too big or small particles as can see, it is occupied a minority number and they also have hexagonal shapes, but they are smaller since the process of forming the platelets' hexahedral shape typical for the BaM has not been completed. This behavior could be attributed to the growth in particle size with increasing the sintering temperature which in turn reduces the porosity of the samples. Moreover this present is attributed to heat treatment profile and the position of the samples, from which the pictures were established from scanning electron microscope. Indeed, the above images were taken on the surfaces where were likely to both lack contact for completely particle formation and differ from space as well as supply slightly different temperature for grain growth. Notwithstanding, the majority of the particles reveal preferred arrangement along with the hexagonal crystallographic c-axis, perpendicular to the sample plane. Some contemporaneous misalignment of grains can be observed as well, which is consistent with above XRD results and with the moderate Lotgering factor (4.2 (b)) [6]. 4.2 tabulated lattice parameters, volume of the unit cell, crystallite size, density and porosity determined from XRD data. As is shown by the table the lattice parameters 'a' and 'c' are more or less equal to that were reported for barium hexaferrite [7]. This demonstrates that the obtained materials were probably constituted by mono-domain particles with hexagonal shape. In comparison, the best results are attributed to R3 and R5 where redundancy mole of Na 2 CO 3 over mole of BaCl 2 .2H 2 O was 90 and 150 respectively. More specifically, the responding values that were listed in the table are very close; especially they are very appropriate to the lattice parameters as presented in part 1.2.3 of this thesis. Furthermore, these two samples shared near levels of the material density, 4.74 -4.81 (g/cm 3 ), and porosity, 10 -9.7%, respectively. These are worthily desired values since the bulk density constituted 90% of the total volume, as against 5.3 (g/cm 3 ) for the theoretical density. Besides, lowest percentages of porosity were found for R3 and R5 samples in comparison with the three others samples.

In order to characterize magnetic properties in these ferrite materials, dc magnetic hysteresis was recorded using VSM (Fig. 4.4). Textured BaM materials show usually high remanence magnetization corresponds to the out-of-plane preferred orientation of their magnetization, and to their high uniaxial anisotropy. More detail values were tabulated in Table 4.3. 

Conclusions

In brief, the excess of precipitating agent greatly affected to formation and orientation of BaM particles. It can be illustrated that a ratio of residual mole of Na 2 CO 3 and mole of BaCl 2 .2H 2 O equal to 30 could not produce pure barium ferrite phase. While if this ratio equal to 90 or above, pure BaM could form and allowed high level of particles' staking. As a consequence, highly oriented materials were realized, showing a very competitive intrinsic squareness of 0.93.

The results shown in what that follows not only prove the advantageous effect of sodium carbonate as base solution but also show an interesting alternative and a simple way (as shown in part 3.3) to provide highly oriented bulk compacts made of BaM particles. Five different cases of stirring speed were considered.

Experimental procedure

Table 4.4 summarized five performed experiments by using chemical coprecipitation method. The first vessel containing two salts (BaCl 2 .2H 2 O and FeCl 3 .6H 2 O) was prepared with Fe/Ba ratio of 11. The main objective of this part is to explore influence of stirring speed. Therefore, the other was aqueous solution of Na 2 CO 3 precipitant with a stoichiometric excess of 60% instead of 150%. They are the same for most of parameters such as mass of salts, ratio of Ba and Fe, amount of water, mass of Na 2 CO 3 , precipitating temperature, mixing method and treated time are the same. The only stirring speed, however, is different, as shown in the last column. 

Results and discussion

The nanostructured materials were characterized by SEM, XRD and VSM. The objective of this work is to study the variation in the morphological characteristics and physical properties of nanoparticles magnetic as a function of the different stirring speeds. From XRD pattern analysis (Fig. 4.5), it appears that the obtained materials correspond to barium hexaferrite (BaM, nominal composition BaFe 11 O 19 ) particles, and from VSM analysis, show high magnetization as a function of the magnetic field at room temperature, indicating that these materials are anisotropic. The results also showed that the physical properties of operated materials are not so different. 80 Notwithstanding, according to the result presented in Figure 4.6, the best sample is related to Sp3 where stirring speed was controlled with 500 rounds per minute. More details were listed in Table 4.5. The largest LF value is pertained to Sp3 sample (stirring speed of 500 rpm). This may mean that stacking of particles is better than that of the others. By comparing XRD, the alignments of grains did not significantly depend on stirring speeds (see also Fig. 4.7). This is also confirmed by the magnetic properties (Fig. 4.8, Table 4.6). However, the best orientation can be realized is Sp3, meaning stirring speed was at 500 rpm. The magnetic properties of these five samples (Table 3.15) are insignificant difference. Therefore, it may be difficult to take a look five loops of them on the same figure. Thus, Fig. 4.8 was plotted for Sp3 sample as represented that two curves are obvious differences in hysteresis loops when an external field was applied in the sample plane and out of plane. Hence, these all materials have an anisotropic magnetic behavior that is due to a preferred orientation of grains. 

Conclusions

Overall, there were very little differences with changes of stirring speed if the other procedures were the same. Nevertheless, from these experiments it supposed that rotation speed of 500 rpm should be used for synthesizing barium hexaferrite powders using chemical co-precipitation method. 84

Effect of precipitating temperature 4.3.1 Contextual search

Here we have chosen to characterize the precipitating temperatures.

Experimental procedure

Barium hexaferrite powders were produced by the co-precipitation method with Fe/Ba = 11 and precipitating Na 2 CO 3 excess of 60%. In fact, in this part we wanted to realize changes of product properties in terms of synthesizing temperatures, so we did not care about the others parameters. For example, we did not use Na It had to pass entirely of a normal synthesis process and be completely same conditions for the five experiments like amount of water, quantity of salts, stirring speed and performing way. However, the only parameter that was different between experiments was precipitating temperature.

Results and discussion

Information about appearance of phases was shown in Fig. 4.9. As a whole, most of them exhibited pure phase of barium hexaferrite. However, one out of the five categories under survey experienced one significant peak at 28.27° being responsible for barium mono-ferrite (BaFe 2 O 4 ) for sample synthesized at the lowest temperature (20°). Chemical elements in these five materials obtained from XRD data after pressing and heating at 1190°C without dwelling with heating rate and cooling rate of 3 degrees per minute were plotted in Fig. 4.10 (a). As regards the proportion of BaM phase, they were generated more than 92% for all materials, which means that there were less than 8% coming from impurities like hematite (Fe 2 O 3 ), barium oxide (BaO) and barium monoferrite (BaFe 2 O 4 ). The most important thing is that the best orientation came from Pt2 (precipitating temperature at 40°C), which is marked by a red curve in Fig. 4.10 (a) mentioning percentages of sum of 006 and 008 peak intensities. In addition to this, Lotgering orientation factor is also one of indicators in order to prove better particles alignment for Pt2, as shown in Fig. 4.10 (b). From XRD data, some parameters that were quoted in Table 4.8 were computed. It can be seen that there is insignificant difference between lattice parameters a, c and volume unit cell. In the other hand, one of the things to note is that, generally speaking, LF spent a decrease nearly linear from 40°C. More specifically, at the highest precipitating temperature (95°C), LF showed a smallest value, which in turn would account for isotropic material. More prove for these were also indicated in Fig. 4.11 and Fig. 4.12. Looking at hysteresis loops of Fig. 4.12 (d) and (e), loops for easy and hard axis are more or less the same which is a mark of a structural isotropy. A finial striking point is that both saturation magnetization and ratio of remanence and saturation magnetization are the largest (0.83) (Table 4.9) for Pt2 material (with T P = 40°C). Moreover, saturation magnetization was also quite interesting, 254 kA/m. Also, for Pt3, Ms and Hc are close together. This may let to think that this material will be less sensitive to demagnetizing effects that the others materials shown in this 

Conclusions

By comparison, there were dramatic discrepancies in the five categories surveyed.

Noticeably, afterward synthesis temperature of 40°C the higher the temperature was, the clearer the isotropic property. Therefore, in order to synthesize high anisotropic materials with high remanence, coercivity and squareness loops by using classical chemical co-precipitation approach, temperature of solution during synthesizing time should be used is 40-45°C.

Effect of synthesizing time 4.4.1 Contextual search

In order to know in how many minutes the production of precipitates for fabricating ferrite of BaM type takes place, it is really vital to research on experiment about synthesizing time. Therefore, the aim of this work is to quote a relatively good duration for synthesis process.

Experimental procedure

In this study, there are five experiments in order to generate barium hexaferrite (BaM) powder by the co-precipitation method with Fe/Ba = 11 and precipitating Na 2 CO 3 excess of 60%. We still used these parameters as explained earlier. In particular, there are many similarities in these such as mass of salts, base, water as well as pouring process, stirring speed and precipitating temperature (Table 4.10). However, synthesizing time is altogether different. 

Results and discussion

The diagram shows the XRD results of five powders synthesized at five different time durations in unit of minute (') (Fig. 4.13). As can be seen clearly from the diagram, most of the peaks revealed BaM phase. To be specific, the blue curve in Fig. 4.14 (a) illustrates that M-type barium ferrite accounted for more than 90% in all samples. It is worthy noted that St3 (synthesized in 90 minutes) has the greatest amount of hematite (Fe 2 O 3), around 10%. Magnetic properties of these materials were recorded (Fig. 4.15 and Table 4.12). The results derived from all five samples showed that these are attributed to anisotropic materials because of large difference between the two loops, one with external field H applied along N axis and the other one with H perpendicular to N. Although St1 experienced the highest ratio of remanence and saturation, St4 with that being fractionally lower has substantially higher remanence and coercivity. It means that St4 is more suitable for self-biased circulator than St1. 

Conclusions

It is of a little difficulty in interpretation the changes of magnetic properties in terms of synthesizing time. No matter what it can be noted that for the duration of 30 and 120 minutes in synthesis by using co-precipitation way may support to receive better materials for self-biasing applications.

Effect of Ba/Fe

Contextual search

It has been reported that single M-type barium ferrite phase can be produced by using traditional chemical co-precipitation process with the Fe/Ba ratio of 10 to 12 [8]. With our new simple method (presented in part 3.3) in order to fabricate texture 93 polycrystalline high anisotropic materials for self-biasing applications, magnetic properties do depend on not only base agents but also ratio of two salts (BaCl 2 .2H 2 O, FeCl 3 .6H 2 O). Hence, it was important to perform a study on difference of Fe/Ba ratio which directly contributed on grains formation and orientation. 

Experimental procedure

Results and discussion

Fig. 4.16 depicts XRD patterns of samples pressed with uniaxial pressure of 64 Mpa and annealed from room temperature to at 1190°C with heating rate of 3°/minute and then cooling with the same rate. The majorities of peaks are responsible for nanocrystalline BaM materials. To be precise, more than 90% BaM having in samples derived from most of materials, except for BF2 where the ratio of Fe/Ba is 11.5. For example, this compact accounted for about 17%, hematite Fe 2 O 3 (green curve in Fig. 4.17 The red curve in Fig. 4.17 (a) and the orientation distribution shown in Fig. 4.17 (b) shows that if first we do not mind for BF1 (Fe/Ba = 12) and BF2 (Fe/Ba = 11.5) due to high contribution of impurity, the results revealed that the less ratio of Fe and Ba, the better orientation can be obtained. It is also noted that with ratio of Ba/Fe = 1/11.5, the product (BF2) caused in higher lattice parameter c, volume of unit cell, crystallite size and material density (Table 4.14). These are likely to due to high impurity causing in difference of bulk density as well as changes in content of iron forming unit cell structure. SEM images (Fig. 4.18) can be more proves for particles microstructure in each material. Magnetic properties were recorded for all six surveyed compacts treated up to 1190°C with 0.0 hour at this temperature. The data indicates that all these materials had magnetic anisotropy characterization. The key explanation for this could be that loops measured with applied field parallel to disk plane and perpendicular are considerable, Fig. 4.19, for example. Further, purple curve haven from external field perpendicular to the surface of sample exhibits that the particles were aligned along [0 0 1] direction (caxis or easy axis). For such aligned samples, the easy magnetization directions can be oriented along the applied magnetic field, which means that the easy magnetization direction is along the c-axis. Parameters determined from measurement of magnetic properties are shown in Table 4.15. As a whole, these materials can be useful for self-biasing applications due to their high remanent and coercive values. By comparison, the highest saturation magnetization went to BF6 (Fe/Ba = 9.5); It is also true to cite that high remanence magnetization coincides with high value of saturation magnetization. In combination, a large squareness can be established for this aligned sample. While high Fe/Ba ratio, BF1 for instance, is more of hindrance than a help for production of self-biased polycrystalline ferroxdure (BaM) for applications in circulators and isolators. In fact, the used 12 ratio of Fe/Ba resulted in a very low saturation magnetization of 41.27 emu/g as opposed to theoretical value at 72 emu/g. In addition this, remanent magnetization and squareness (Mr/Ms) were not desirable in comparison with that in low Fe/Ba ratio experiments. 

Conclusions

There are far differences in usage content of Fe/Ba ratio in order to synthesize highly orientation hexagonal barium ferrite specimens. It is obvious that in above experimental conditions the best sample could be produced by using the Fe/Ba ratio of 9.5. It is likely to that the lower this ratio the higher orientation and remanence magnetization. However, our many experiments not showing here let we know that if this ratio was too small, even though well oriented materials can be gained, BaFe 2 O 4 phase increased with decrease of BaM.

All in all, the all researches mentioned above are great important for fabrication selfbiasing M-type barium hexaferrite cylinders for high frequency range application in circulators and isolators. Taking these all notes into account, we successfully created desired materials which can be used in self-biased circulators using at high frequency ranges upon 20GHz. This will be presented in Chapter 7. 100

Experimental procedures

The amorphous powders chosen in order to perform for this purpose are the same, which was synthesized at temperature of 40°C using traditional chemical coprecipitation. Moreover, the main objective is to realize influences of uniaxial pressure so we did not care about ratio Fe/Ba, precipitating temperature and so on. Therefore, we chose Fe/Ba ratio of 11. In particular, the used salts are Barium Chloride Dihydrate BaCl 2 .2H 2 O and Iron (III) Chloride Hexahydrate FeCl 3 .6H 2 O, with base solution being only sodium carbonate Na 2 CO 3 . More details were listed in Table 5.1 in which R value is ratio of redundancy mole of Na 2 CO 3 and using mole of BaCl 2 .2H 2 O; in other word it is a stoichiometric excess of precipitation agent (details are provided in Chapter 3). As can be seen clearly from the table, the only parameter was changed that is applied pressure (P = force/surface). All samples were mechanically pressed into compacts using uniaxial pressure in 2 minutes (time is to press) and 1 minute for decreasing pressure (loosing time). And then the compacts were sintered in a furnace with temperature profile being from room temperature to 1190°C after that down to 20°C, all heating and cooling rate of 3 degree over minute.

Results and discussion

X-ray diffraction (XRD) and SEM

The X-ray diffraction patterns of the samples sintered at 1190°C are shown in Fig. 5.1. It can be observed the majority of peaks are related to hexagonal barium-iron oxide BaM phase; the peaks of hematite in general were about 2% for all. This confirms the almost precursor powders were turned into pure BaM particles. A preferred orientation of the particles in these specimens is expressed from the intensities of 00l peaks 101 especially 006 and 008 peaks for this kind of material. The appearance of these peaks and their high intensities indicated that these compacts were polycrystalline textured barium ferrites having a very high orientation perpendicular to the axis of compacting. This is in contact with the studies shown in [1]. The lattice constants such as a, c, cell volume and theoretic density in this table conform to reported values for M-type barium hexaferrite [2]. Regarding the first four specimens (F1, F2, F3, and F4) with pressing pressure increasing from 32 MPa to 128 MPa, the 'c' value experienced a drop. This is associated with a decrease of c/a ratio and volume of the unit cell. This was followed by a similar pattern for F5 and F6. It is clear that uniaxial force has noticeable effect on microstructure, which will affect both anisotropy and magnetization alignment.

103 First of all, looking at changes of material density and porosity results from different pressures (Fig. 5.3), these two categories always experienced opposite trends. This is well agreement with calculation and theory. Anyhow, in this circumstance the larger the force the more dense the compacts and the lower the porosity. It is really a good point to have samples with smaller percentage of porosity; however, this is certain that coercivity would be also affected. Secondly, loop squareness and coercive field have opposite trends from a certain temperature. Nevertheless, it should be taken into account in compromise between them in order that desired products can be achieved (this will be presented in the following parts). Beyond dependence on sintering temperature, these two functions are also depended on pressure to form compact samples. Fig. 5.4 revealed loop squareness and coercive force as functions of uniaxial force. It should be used uniaxial pressure of 128

MPa for this powder due to in this case material was fabricated for self-biased applications in circulators where high remanence magnetization and coercivity are needed. Finally, SEM pictures (Fig. 5.5) also exhibited differences in grain distribution, microstructure and shape. These mean that material properties could be changed with pressure. As will be demonstrated in 5.5 below, a high field susceptibilty contribution, coming from hematite Fe 2 O 3 contributes to the overall magnetization. This contribution made up around 2% in volume, and is more or less the same in all seven samples. This contribution is paramagnetic. Therefore, after taking into account this paramagnetic contribution and correcting the applied field from demagnetizing effect, magnetic parameters were reported in Table 5.3. As a whole, the ratio between remanence magnetization and saturation magnetization was improved as a function of shaping force. This is not particularly true for coercive field. Notwithstanding, a suitable pressure value should be used for this powder can be 160 MPa. 

Conclusion

In general, pressing force factor to form compacts is one of important parameters with stacking method by using not sinter and un-magnetization powders yet. It is obvious that orientation and density characteristics were affected from change of uniaxial pressure. It can be assumed that initial contact feature could be a reason for formation, growth and arrangement between particles during thermal conditions. This is an assumption, but there is no proof of it.

Temperature profiles

Introduction

It is well-known that the calcining temperature plays important role on the on particle size, structural, morphological and magnetic properties of barium hexaferrite nanoparticles. Therefore, this study will show how magnetic characterizations change in terms of calcining profile. Based on requirements for usage, materials must be sintered at appropriate temperature; otherwise, morphology, crystallinity and magnetic parameters will shift. It could be transformed from single domain to multi-domain, for example, if it is heated at over-temperature. Or else it could not form yearned phases if thermal treatment is not enough and sufficient.

The work here below is aimed by the sintering temperature at which pure BaM phase could be formed and how physical and chemical properties renovate with different thermal profiles. In addition, which elements can be cause of non-saturation at high applied external field. Last but not least, which temperature profile can support for production of materials the least impurities. Thence, we tried with the two different routes at different maximum temperatures that were systematically examined for the above objectives.

Experimental procedures

Barium hexaferrite powders were produced by the co-precipitation method with Fe/Ba = 11, synthesizing time being 60 minutes, and precipitating Na 2 CO 3 excess of 60% (R). More details are written in Table 5 The obtained precipitates were washed about 8 times (once a day) with warm deionized water (50°C-60°C). The washed suspension was dried at 55°C about 4 days.

For the formation of BaM phase, these dried precursors were mostly amorphous that made it possible to obtain un-agglomerated particles after a light grinding. The obtained co-precipitated powders were poured into a mold for shaping. Means powders issued from the co-precipitations were mechanically pressed into compacts using uniaxial pressure (120 MPa) before any thermal treatment and magnetization. Consequently, these samples were performed the same way. However, the synthesis products were monitored with shrinkage analyses using a Netzsch DIL 402C analyzer at different temperatures. Thereby there would be changes according to changes of sintering temperature as presentations below.

Results and discussion

As can be seen two schematics from the figure 5.7, the two temperature profiles were used for this study, namely T1 and T2. For the first one T1, temperature was set up to rise from room temperature (RT) to maximum value with heating rate of 3°C/minute, and then it returned to RT with cooling rate of 3°C/minute. As for T2, heating and cooling rate as well as starting and ending points are similar to T1, temperature was maintained one hour at maximum point however. The first category was performed from 1120°C to 1260°C with step of 20°C. The samples in the other were treated at temperature points of 1100, 1120, 1140, …, 1240°C

and one hour was dwelled at these temperature points. That the most popular phases were determined in samples are hexagonal M-type barium ferrite, barium mono-ferrite BaFe 2 O 4 , hematite Fe 2 O 3 and barium carbonate BaCO 3 . These chemical crystalline structure in general were responsible for different proportions at distinct shrinkage levels. The greatest percentage of the total went to BaM, of about more than 90% for both categories, which was created more and more corresponding to higher point of thermal scale (Fig. 5.8). This coincided with decrease in the other phases. The orientation of particles after heat treatment was dissected thanks to three attributes such as 006 and 008 peak intensities, Lotgering factor and ratio of remanence and saturation magnetization (Fig. 5.9). As a whole, these three characteristics experienced the same trend. As regards the Mr/Ms variation of T1 and T2 (dashed curve connecting yellow triangles), from the lowest initial point, this value rose gradually together with sintering temperature. It seems to be always true that maintaining one hour at the highest temperature peak could make texture compact slightly better alignment. Turning to the peak intensity of 006 and 008, the strong peaks were found at 2 angles of 22.96°C and 30.83°C, which correspond to the 006 and 008 crystal planes.

This implies that the particles were aligned in plane of compact. The same trend to squareness, the total percent of 006 and 008 peak intensities (red dotted curves in Fig. 5.9 (a) and (b)) made up larger values when sintering temperature was higher and fractionally greater when using the one hour dwelling time.
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The remaining parameter, orientation contribution factor, was also made out from XRD data. These results (purple lines in Fig. 5.9 (a) and (b)) are strong evidences in order to verify that the higher the sintering temperature, the better the orientation.

As mentioned before, there are four chemical formulas examined in material. It is mostly important to identified which elements can be contribute to the recorded high field linear variation of M(H), also called high field susceptibility (Fig. 5.10). (maghemite, ferrimagnetic). The curie temperature of α-Fe 2 O 3 is close to 727°C, whereas the determination of the Curie temperature of γ-Fe 2 O 3 is difficult, for reasons attributed to strain, structural imperfections, and impurities. Reported values vary from 470 to 695 °C, with the best estimate thought to be ~645 °C [3]. From our temperature scan, performed on VSM, and also from the Mössbauer experiments, it stands that a Curie temperature, measured at 727°C approximatively, demonstrate that the high field contribution comes from α-Fe 2 O 3 . It has been reported that from above the Morin transition (250K) to below its Néel temperature at 948 K, hematite has weak ferromagnetism since it has characteristic of an extremely tiny magnetic moment (0.002

). At lower 250K it is an antiferromagnetic material and at high 948K it is paramagnetic [4] [5]. Its Curie temperature is around 1000K (~ 727°C) in ferromagnetic state. Based on such property, an added prove will be found out in Chapter 7 about appearance of hematite in samples as a cause of high field contribution on M(H) loops.

Although it is better to intensify thermal treatment for achieving less defects and impurities, it should be limited for each material in requirement of a further objective, linked to the grain size. Absolutely, the solicitations are to fabricate self-biased materials. Hence, high coercive force and remanence magnetization as well as high dense and well oriented products should be requested. The results shown in Fig. 5.13 and 5.14 were essential comparisons from XRD and VSM data. It is important to note 111 that the coercivity is an inverse function of both bulk density and Mr/Ms ratio. A consenescence should be taken is to choose an appropriate maximum temperature value.

Due to the fact that the higher the sintering temperature is the lower the coercivity gets.

The main purpose of this study is to create compacts with the highest ratio Mr/Ms, the largest coercivity and density. However, coercive field was as reverse function of both density and squareness as well as grain sizes (see Fig. 5.13, 5.14 and 5.15). These results are consistent with a link between heat temperature, coercivity and grain size as reported from [6]. Therefore, looking for suitable values (Mr/Ms, Hc and density), as

for without keeping at maximum point, 1200°C should be chosen for material T1 (see Fig. 

Conclusions

Finding out a suitable thermal treatment profile for a certain material is one of the most important stages in order that final products can have fully properties required for a specific application. For the materials presented above, the powder produced by coprecipitation was sintered at 1180°C/1.0h in order to produce texture polycrystalline self-biased compacts. For example, the results showed high remanence magnetization (269 kA/m), high Mr/Ms ratio (0.87) and large coercive field (238 kA/m). Besides, material condense is also high (4.79 g/cm 3 ) gained 90.4% as opposed to theoretic value (5.3 g/cm 3 ).
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All in all, it has been concluded that the synthesis conditions coincides with pressing process and heat treatment in combination are the most important routes for fabrication textured polycrystalline hexagonal barium ferrite compacts. As indicated from this study that the uniaxial pressure of about 160 MPa is suitable for the surveyed material since the squareness value, coercive field and density reach mean values. It was also explored that the high field contribution is from hematite -Fe 2 O 3 . In addition, it is incredibly important to apply appropriate sintering temperature profiles for each different material. It means that in order to obtain the mean Mr/Ms ratio, coercivity and density for this material it should be fired at 1180°C with 1.0 hour for dwelling. This profile should not be applied for all different kind of materials. Thus, performing and refining such studies is necessary.
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BULKY BaM FERRITE WITH HIGH TEXTURATION OBTAINED BY USING MODIFIED CO-PRECIPITATION METHODS

Introduction

It has been reported that microwave ferrite devices such as circulators and isolators using the high orientation magnetic ferrites have had great advances in comparison to the traditional ones using powerful magnets as supporting devices. In fact, the conventional circulator designs have had to use the biasing magnets in order to provide the necessary biasing magnetic field for operation. As a matter of fact, the self-biased magnetic ferrites used in circulators and isolators can make equipment lighter, smaller and cheaper [1]. It might be useful for shock or vibration reduction and for range of frequencies above 20 GHz.

The chemical co-precipitation method is one of the most effective for fabricating magnetic ferrite materials. In this process the desired component is precipitated from the solution. Co-precipitation is used for simultaneous precipitation of more than one component. Catalysts based on more than one component can be prepared easily by coprecipitation. For example, barium ferrite powders were produced by co-precipitation with Fe/Ba = 11. By this route, in previous works [2] an aqueous solution of ferric chloride, FeCl 3 .6H 2 O, and barium chloride; BaCl 2 .2H 2 O, was added to an aqueous solution of sodium hydroxide, NaOH, and sodium carbonate, Na 2 CO 3 (5:1) by vigorous stirring. Thereby, the two precipitants that were created in this way are BaCO 3 and Fe(OH) 3 , so it is called co-precipitation.

The aim of the present work is to study another route with different preparation conditions in the change of morphology, structure and magnetic properties of barium iron oxide nanoparticles obtained by the modified co-precipitation technique instead of the co-precipitation as mentioned above. One thing is different here is that the two precipitants were generated in the two different vessels. More precise, precipitating suspension BaCO 3 was produced in one vessel and solution Fe(OH) 3 was in the other one. And then these products were mixed togetherit was called wet mix (Fig. 6.1 (a)). This method shows also advantages such as easy preparation and low cost to form the final structure suitable, control of particle size and shape, magnetic separation in order to obtain different particle size. As for the other process that was called dried mix (Fig. 6.1 (b)), both precipitants BaCO 3 and Fe(OH) 3 were separately obtained in two different vessels. They were washed about 5 days, and then drying them in a furnace at about 55°C during 4 days. After that with calculated ratio, they were mixed together in order 6 115 to be shaped as a compact. The idea to form these two new ways is due to the fact that with co-precipitation method, a stoichiometric excess of precipitating agent (R) should be larger than 40% to produce any particles. On the other hand, with these new processes (wet mixing and dry mixing) to use R = 30% is enough for the formation of pure Barium hexaferrite phase. 

Problematic context

The chemical co-precipitation has been considered as a very effective method for producing magnetic ferrites, which can be used in microwave ferrite devices. However, this work has made a great breakthrough by realizing simultaneously BaM platelets crystallization and their stacking (BaM). Our results indicated that the very highly In particular, the C-P-0 (C-P means co-precipitation) was realized with chemical co-precipitation method. The preparation for this way was in two different vessels: the first one contains on the salts of barium chloride dihydrate and iron (III) chloride hexahydrate; alkaline solution was in the other, in this case it was sodium carbonate; and then they were mixed together. Precisely, the salts solution was poured into the hot alkaline solution, like S-B-1 as shown in Chapter 3. Thereby, the two precipitants were produced at the same time (BaCO 3 and Fe(OH) 3 ).

By contrast, for S-P-0 (S-P meaning single precipitation), the pot 1 contained hot water (40-45 o the same for all vessels) and iron (III) chloride hexahydrate and in the pot 2 barium chloride dihydrate solution was poured in Na 2 CO 3 solution, then they were mixed jointly (the pot 1 was poured in the pot 2), which means that the two precipitants were in two different parts at first. This approach is a modified co-precipitation and is called wet mix. A similarity with S-P-0 for S-P-1, but the Fe/Ba ratio was lower as well as smaller quantity of Na 2 CO 3 used. Following this way, Na 2 CO 3 was divided for both two vessels in order to improve magnetic properties of products. The mixing order is similar to S-P-0; however, in pot 1 iron (III) chloride hexahydrate was added Na 2 CO 3 solution. With S-P-2, the larger mass of Na 2 CO 3 (93%) was prepared in the second pot (containing BaCl 2 .2H 2 O and Na 2 CO 3 ). That is why it is given by 'base excess for BaCl 2 .2H 2 O' in Table 6.1. It is not true for S-P-3 where base excess was in the vase accommodating FeCl 3 .6H 2 O. So-called 'dry mix' is that after single precipitation the dried powders of two precipitants were mix with the ratio of 1:6 (BaCO 3 :Fe 2 O 3 ). Fe 2 O 3 dried powder was obtained from vessel 1 while BaCO 3 was received from vase 2.

However, Na 2 CO 3 was used to fabricate Fe 2 O 3 for D-SC (D-dried mix, SC-sodium carbonate); and Fe 2 O 3 was created by using NaOH for D-SH (SH-sodium hydroxide) This route is of several advantages; for example, the precipitants can be yielded with base solution lowering the value which has reported a stoichiometric excess of at least 40% precipitating agent [3]. It is also quite important to note that the pure BaM phase can be formed with low ratio of Fe/Ba (~8.9 for wet mix and ~4 for dried mix) in the case of small excess of precipitating agent. As illustrated in part 3.5 of Chapter 3, we used the ratio Fe/Ba of 11 with excess Na 2 CO 3 of 30% we got only 43% phase BaM, 57% phase α-Fe 2 O 3 . In general, a smaller quantity in usage of alkaline agent, sodium carbonate, for instance, and a lower Fe/Ba ratio can not only spare base reagent but also significantly decrease undesired particles such as hematite Fe 2 O 3 . In addition to these, a new process for formation of BaM pure phase can be performed by synthesizing BaCO 3 and Fe 2 O separately and then mixing dried powders of them with the ratio of 1:6 (BaCO 3 :Fe 2 O 3 ) that will also be presented in this study.

The obtained suspensions were washed about 8 times with deionized water. The washed suspension was dried at 55°C about 4 days. Then these dried precursors were 118 mostly amorphous that made it possible to obtain un-agglomerated particles after a light grinding. The obtained co-precipitated powders were poured into a mold for shaping.

Means powders issued from the co-precipitation or single precipitation were mechanically pressed into compacts using uniaxial pressure (96 MPa) before any thermal treatment. The synthesis products were thermally treated in tubular Pyrox furnace. The crystalline phase was identified by X-ray Diffractometer (XRD). The microstructures of the samples were observed and the average grains size was estimated thanks to SEM. The magnetic properties of the sintered samples were measured at room temperature using VSM. The determination of the saturation magnetization (M s ), remanence magnetization (M r ) and the coercive field (H c ) was obtained from hysteresis loops.

Results and discussion

Figure 6.2 depicts magnetic hysteresis loops acquire with the applied magnetic field aligned perpendicular and parallel to the sample plane. As can be seen in Table 6.2, the magnetic properties of these two oriented specimens sintered up to 1190°C. As a whole, the sample C-P-0 (Fig. 6.2 (a)) obtained from co-precipitation approach and S-P-0 (Fig. 6.2 (b)) manufactured based on single chemical precipitation method, as 119 explained before, showed variation, with the better results belonging to the latter. To be more precise, the hysteresis loop squareness value generated from this new way (S-P-0) was improved from Mr/Ms = 0.84 to 0.88. In addition, both coercive field and anisotropy field were enhanced of 20 kA/m. SEM micrographs of highly textured compacts are shown in Fig. 6.3. The majority of the platelet particles showed a preferred alignment, along with the hexagonal crystallographic c-axis, perpendicular to the sample plane. This is consistent with the high remanence over saturation magnetization ratios. To conclude for this amelioration, with the same condition for the best results (C-P-0) that we have collected from chemical co-precipitation, we only separated barium chloride and iron chloride salts into two separately parts that is called single precipitation or modified co-precipitation. Thereby, magnetic properties of material were significantly appreciated. Following this new progress, the presentation here below will manifest still better outcomes.

First of all, XRD structural analysis of annealed samples of nanocrystalline BaM material at 1190°C for three modified co-precipitation precursors will find out (Fig. The same process with S-P-0, but in conditions of lower Fe/Ba, 8.9 instead of 11, lower excess of sodium carbonate, 28.89% instead of 60%, was shown in Fig. 6.4 (a) (S-P-1). In this experiment, Na 2 CO 3 was only in the vessel of barium chloride salt, while iron chloride was diluted with distilled water. S-P-2 (Fig. 6.4 (b)) and S-P-3 (Fig. 6.4 (c)) where sodium carbonate was of in the both vessel at first, with large amount of Na 2 CO 3 (93 % of mass total of Na 2 CO 3 ) being in BaCl 2 .2H 2 O vessel for the former, in contrast (96% of mass total of Na 2 CO 3 used in FeCl 3 .6H 2 O vessel) for the latter, also revealed noticeably performances. Particularly, it can be observed that most of the peaks obtained from XRD analysis of these three samples are related to hexagonal barium-iron oxide BaM phase. In fact, the diffraction peaks at 2 value of 17.77°, 18.98°, 22.98° , 30.29°, 30.82°, 32.20, 34.13°, 37.10°, 40.32°, correspond to diffraction planes (101), (102), (006), (110), (008), (107), (114), ( 203), (205), respectively. These patterns can be ascribed to hexagonal BaM phase (ICSD 98-020-1654). These results are in contact with [4]. The peaks of hematite were about 1%, 7%, and 3.5% in the three respectively as well as 0.3%, 1.3% and 2.5% of BaO. These high orientation samples are also expressed from the very high intensities of 006, 008 and 0014 peaks, with the total percent of three being around 23.9%, 37.3% and 30.8% respectively. This conclusion for these preferential alignments can still be acquired by calculating the Lotgering factor [5], LF, given by Eq. ( 6 The first term in this equation is the sums of the reflections of (00l) and (hkl) planes measured in materials surveyed. The remaining summations are over the (00l) and (hkl) planes in a sample with randomly oriented particles. After computation, values of LF are 0.44, 0.94 and 0.81 for the S-P-1, S-P-2 and S-P-3 annealed at 1190°C, respectively.

It has been reported that the values of LF range from 0 to 1, where a value of 0 corresponds to randomly dispersed grains while a value of 1 is for a perfect orientation of grains. As compared to the results of this work, the best alignment is attributed to S-P-2 where Na 2 CO 3 solution was in both vessels, but a larger amount was in BaCl 2 .2H 2 O salt as opposed to S-P-3.

From X-ray data of the three samples: S-P-1, S-P-2 and S-P-3, lattice parameters, volume of the unit cell, crystallite size and porosity were determined, which are tabulated in Table 6.3. It was observed that the lattice parameters [6] 'a' are the same while parameter 'c' for S-P-2 was slightly lower in comparison to the two others. Hence volume of the unit cell of this was also smaller. Noticeably, porosity of three samples shared similar levels, i.e between 17.11%, 16.82% and 16.09% each. Fig. 6.5 can be one of the most interesting results to illustrate that the porosity value of S-P-2 sample is higher and their scopes of lattice parameters. 122 Fig. 6.5 shows the morphology of fired compacts in which Fig. 6.5 (a) (sample S-P-1) exhibits a narrow grain-size distribution, with the average particle size being 0.8 m.

Most of the particles have hexagonal shapes. It can be seen that there are also few smaller grains with dimension about 0.6 m. The same trend was obtained from S-P-3, with the largest grain-size being 1.0 m and the smallest one being 0.45 m. They also have hexagonal shapes, but they are smaller since the process of forming the platelets' hexahedral shape typical for the BaM has not been completed. This behavior could be attributed to the growth in particle size with increasing the sintering temperature which in turn reduces the porosity of the samples. This is slightly different from S-P-2 where there was higher porosity percentage as compared to the two other, which in turn got smaller size of particles between 0.38 m and 0.78 m.

It has been reported that the magnetic and crystallographic properties of ferrite materials are extremely sensitive to the preparation processes such as precipitating temperature, sintering conditions and so on. Nevertheless, in this case the grain sizes are close to the critical single domain size, which is proposed to be between 0.5 m and 1 m [7][8], one of the most effective ways can modify the grain sizes is to change precipitation temperature [9].

The magnetic properties of the oriented specimens sintered at 1190°C which derived from the three experiments operated were recorded at ambient temperature are exhibited by Fig. 6.6 and the values of these properties are listed in Table 6.4 with the magnetic field being applied perpendicular to the sample plane. As can be seen in Table 6.4, the maximum hysteresis loop squareness obtained demonstrates that these samples showed an outstanding Mr/Ms ratio. In fact, the ratio of remanent magnetization over saturation magnetization (Mr/Ms) for the sample S-P-2 was equal to 0.93 along the easy axis.

As mentioned before, the excellent texturation of the S-P-2 sample and of the two others can be also recognized from the dominant reflection 006 and 008 peaks [7] (Fig. 6.4). These XRD results are consistent with the magnetic measurement results shown above. Having a better arrangement in comparison with C-P-0 (co-precipitation method) is thanked to modification of co-precipitation approach. This is main purpose of this work in order to indicate that the single precipitation could be great effect process for producing anisotropic materials used sodium carbonate as precipitating agent. The high coercivity and remanence magnetization values can be acquired by this way. In addition to this, the values of the high anisotropy fields H A were found for all three samples (Table 6.4), they are close to the values usually reported for BaM ferrite (1360 kA/m) [7].

The saturation magnetization M S values for the three samples (Table 6.4) (64.9 Am 2 /Kg for S-P-1 and 61.8 Am 2 /Kg for S-P-2 and 70.95 Am 2 /Kg for S-P-3) are close to the saturation magnetization for single crystal (M S =72Am 2 /Kg), are typical of powders issued from co-precipitation method [10]. Density of these bulky materials that were annealed at 1190°C showed of 4.39 g/cm 3 (S-P-1), 4.45 g/cm 3 (S-P-2) and 4.81 g/cm 3 (S-P-3). Thus, the density of S-P-1, S-P-2 and S-P-3 reached 82.8%, 84% and 90.8%, respectively as opposed to the theoretical point of 5.3 g/cm 3 [7]. These results are consistent with the measured porosity values (Table 6.3).

It is quite meaningful to discuss the coercive field in terms of the evolution of the grain size. Here, the coercivity of 78 kA/m of S-P-2 sample is lower than that of S-P-3. This might be explained by a higher percentage of the hematite in S-P-2 (7%) as compared to S-P-3 (3.5%). As is shown by the Table 6.5, the coercive field values could be improved by using lower sintering temperature, H C = 130 kA/m for S-P-2 and H C = 171 kA/m for S-P-3 once these aligned compacts were calcined at 1140°C/1.0h. Then the grains' size was also smaller with lower sintering temperature (see Fig. 4.15 of Chapter 4).

For the powder S-P-2 and taking into account pressure and heat treatment (Chapter 5), we used uniaxial pressure of 160 MPa and temperature profile of 1060°C/1.0h with heating and cooling rate of 3°C/minute. Extrinsic loops of this textured compact show high remanence (212 kA/m), saturation magnetization (250 kA/m), extrinsic squareness value (0.85) and coercivity (292 kA/m). It has been claimed that a hysteresis loop squareness value of 0.83 and coercivity of 187kA/m might be suitable for self-biased applications [11]. Therefore, this material should be used for self-biased application at high frequency ranges. This is a true permanent magnet [12] since it can be manufactured in any desired shape thanking to its coercive field is larger than saturation magnetization.

As found out in Chapter 3 that with chemical co-precipitation if Na 2 CO 3 was used as precipitating agent, the particles in the sintered compacts had noticeably preferred orientation while NaOH solution produced randomly oriented particles in the material after sintering. Once again it is confirmed that these conclusions are also true in the case of dried mix. As can be seen clearly from the plots of Fig. 6.8, D-SC (a) was synthesized with sodium carbonate the high magnetic anisotropy was achieved, which denotes a remarkable difference in the shapes of the two loops in terms of the two applied field directions. This is particularly not true for D-SH (b) where the used base solution was sodium hydroxide. Table 6.6 tabulated detail values about magnetic properties obtained from hysteresis loops. As a consequence, sodium carbonate or potassium carbonate can promote effectively production of highly orientation samples for self-biased applications. 

Conclusions

Wet mix and dry mix are likely to be effective and new routes that can solve some problems resulting from classical co-precipitation approach. Our experimental results demonstrated that in order to obtain precipitants, it is necessary to use a stoichiometric excess of 40% precipitating agent. It is obvious that in R1 sample presented in Chapter 3, we used excess of 30%. Thereby, we obtained only 42.93% BaM, 57.07% Fe 2 O 3 . For the good stacking sample like R5 (Part 4.1) for example fabricated from traditional coprecipitation way, we had had to use 150% excess of base solution. However, this problem can be completely solved by using single precipitation, wet and dry mixing, by using only 30.89% excess of Na 2 CO 3 . Furthermore, the two new ways can also support to get high coercivity.

All in all, diverse conditions of synthesis such as wet and dried mix, different Ba/Fe ratio and sintering profiles, and various precipitating solutions were executed. In this project, the best results were obtained as using Ba/Fe ratio of 1/8.93 and Na 2 CO 3 excess of 30.89%. The amorphous dried powders obtained from single precipitation process were made into desired compaction and then sintered at moderate temperature (1190°C). These compact samples have a noticeable high orientation with loop squareness being 0.93 for the wet mix and 0.90 for dried mix. On the other hand, if the solution of NaOH was used, the obtained samples were in contact with magnetic isotropy materials. The results showed that by packing amorphous dried powders obtained from altering precipitation method, the very high magnetic anisotropy materials were realized with the precipitating agent of sodium carbonate. It is incredibly vital to note that the ratio of remanence and saturation magnetization was improved greatly (from 0.84 for the best sample with co-precipitation to 0.93 for the best sample with modified co-precipitation for the wet mix). The aim of this work is to perform contributions on manufacture of textured polycrystalline BaM compacts which can be used for self-biasing circulators in Ka band of frequency. Follow chemical co-precipitation process lots of experiments have been successfully done and partially presented in previous chapters. This part will show the most interesting results that were progressed thanks to our earlier researches. M-type barium hexaferrite powders were produced by using the simultaneous precipitating method with procedures improved (shown below). In the earlier chapters we mainly concerned how to get stacking of particles, so we computed values from intrinsic loops. However, the material should also present high coercive field in order to be insensitive to the shape effect. Therefore, after completing a satisfactory staking of particles (previous chapters), we are now interested with the necessary increase of coercitive field. Therefore, this chapter will present extrinsic loops (see also Part 3.2 of Chapter 3)). We are going to perform with several different samples sintered and pressed at various conditions of the same powders so that we can see their results are not accident. Although we presented a convincing improvement of our technique, by using dry or wet mixing (Chapter 6), they are new processes and not well-known. These new ways should be performed by several labs before they become popular. Therefore, we would not like to show them in main results of this thesis. Beside that we reached great results from traditional chemical co-precipitation method. That is the reason why we are going to present the most interesting results obtaining from well-known coprecipitation approach in this chapter.

Experimental procedures

The amorphous powders were obtained by using the traditional co-precipitation approach. In fact, the results stated in the chapter 4 suggest some new parameters which were used in this synthesis: the mole ratio of Ba/Fe was 1/9.5, the only Na 2 CO 3 was used as precipitating agent with a high stoichiometric solution of 150%, the synthesis time took 30 minutes, the stirring speed was about 500 rounds per minute, the total 600 ml water was used and the temperature was between 40 and 45°C. A detail route is quoted in the flow chart (Fig. 7.1). It is likely to be explained clearly from the Fig. 7.1 that in one side the two salts with Ba/Fe mole ratio of 9.5 was dissolved into 200 ml of water heated at 40°C or maximum of 45°C, this solution was treated during 15 minutes; on the other side, one vessel containing 400 ml water was also heated at the same temperature level of the salt Fe/Ba = 9.5 Na 2 CO 3 130 solution, and then sodium carbonate with residual Na 2 CO 3 mole over BaCl 2 .2H 2 O mole used being 150 was poured into it. Thereafter 15 minutes for both the two vessels were mixed together. As a result, the precipitants were formed and this stage took 30 minutes. The suspension was washed with distilled water at 50-60°C in 8 days (once a day). A sequent dried step was performed in furnace at 55°C during 4 days. Before shrinkage or heat treatment and magnetization these agglomerates of powders were first crushed manually within powders and then molded with an uniaxial force into the shape of cylinder. After that these cylinder samples were treated at various temperatures. The various characterizations were effectuated for these compacts such as XRD, SEM, VSM, VNA and Mössbauer spectroscopy as well.

XRD patterns for powder and textured samples

The studies about single phase formation, lattice parameters, orientation contribution features, grain size, and crystallinity were derived from XRD patterns. The two samples were pressed with uniaxial pressure of 160 MPa and treated at different thermal profiles in a Pyrox tubular furnace: the first sample S1 was sintered from room temperature (RT) to 1120°C/1.0h maintaining at this temperature 1 hour and then cooled with the same rate for heating and cooling (3°C per minute) (S1: RT-3K.min -1 -1120°C/1.0h-3K.min -1 -RT). The other was calcined until 1100°C and retained 1 hour at this temperature (S2: RT-3K.min -1 -1100°C/1h-3K.min -1 -RT). Table 7.1 shows the percentages of chemical compounds appeared in S1 and S2.

These five compounds were realized from XRD patterns recorded with 2 from 0 to 90°C. As a fact that the pure phase of barium hexagonal ferrite was responsible for the majority proportion, 98.22% for the former and 96.52% for the latter. In the other phases, the only hematite Fe 2 O 3 is more remarkable than the remaining ones since at lower temperature it appeared more. The other components like barium mono-ferrite BaFe 2 O 4 , barium oxide BaO and ferromagnetic iron oxide BaFeO 3 are negligible. As can been seen from XRD peaks in Fig. 7.2, the majority of peaks are responsible for BaM hexaferrite (barium dodecairon (III) oxide BaFe 12 O 19 phase, (ICSD 98-020-1654)). The four others peaks are accounted for few peaks with very lower intensities. Therefore, a first conclusion should be shown is that hexagonal BaM particles could be 131 produced. Moreover, they show high staking of particles, in a plane parallel to the sample plane, which is indicated by extremely high intensities of 006, 008 and 0014 peaks of the magnetoplumbite phase. The fact of that the two 006 and 008 peaks made up 53% in the total percent of all peaks. This is in contact with the studies shown in [1] where it was cited that the higher the intensities of 00l peaks are the higher the orientation is. A clue is to quantify the quality of texturation is that the computation orientation distribution factor LF (Lotgering factor) for a polycrystalline material [2][3] [4], as shown in Table 7.2. As stated at the end of the chapter 2 that LF = 0 for non-textured samples and LF = 1 for highest texturation. Here the value LF = 0.85 derived from S1 sample is high (we calculated LF for non-textured compacts that were synthesized from NaOH, it is around 0.06), which was taken into account a compromise between three parameters squareness Mr/Ms, remanence magnetization Mr and coercive field Hc. In combination, the results from intrinsic loops and extrinsic loops of S1 and S2 are listed in Table 7.2. As can be seen, due to large coercive field, the textured compacts are only very slightly sensitive to the shape effect. It has been reported that the textured barium hexaferrite materials having squareness value of 0.83 and coercivity of 187 kA/m are admissible for selfbiased applications [5]. Therefore, we strongly believe that these materials can be adapted for self-biased applications at high frequency ranges. The lattice parameters shown in Table 7.3 indicate that the particles have structure of hexagonal platelets. The shape and stacking of grains can be seen in the following. It is also important to note that these products have high densities, each with reaching 89% for S1 and 90% for S2 as compared to the theoretical density of 5.3 g/cm 3 [6], which means that porosity values are very low, about 12 % maximum.

(°)

Scanning electron microscope

The SEM images of aligned sample S2 calcined at 1100°C/1.0h are shown in Fig. 7.3, which were observed inside the sample. As a whole these two pictures exhibit a narrow grain-size distribution, majority of the particles have hexagonal shapes with the average particle size being 0.6 m. This size is in agreement with that reported for the critical single domain size, which is proposed to be between 0.5 m and 1 m [6] [7].

Obviously, there have also few small grains also having hexagonal shapes, but they are smaller since the process of forming the platelets' hexahedral shape typical for the BaM has not been completed as well as were generated by the others phases. Indeed, the particle size is extremely sensitive to the preparation processes [8] such as precipitating temperature, sintering conditions and so on. 

Magnetic properties

It should be assumed that firstly the three samples (M1, M2 and M3) were produced from the same powder, pressing process (96 MPa) and heat treatment (sintered in a Pyrox tubular furnace -from room temperature to 1140°C/1.0h maintaining at this temperature 1 hour (RT-3K.min -1 -1140°C/1.0h-3K.min -1 -RT)), which means that they have the same quantity of hematite. They are in cylinder shapes with the only difference of the height, M1 (h = 2.13 mm), M2 (h = 1.64 mm) and M3 (h = 1.11 mm). Secondly, they were recorded magnetic properties of one calibration. Then the very little differences between three slopes are likely to due to differences in shapes. The hysteresis loops subtracted high field susceptibility contributions in Fig. 7.4 were plotted for three aligned cylinders M1, M2 and M3 having the height of 2.13 mm, 1.64 mm and 1.11 mm respectively. These loops were measured in the case of the applied magnetic field parallel to easy magnetization axis of cylinder samples. Thereafter, they were subtracted to reach saturation lines. The alpha values are completely different and it seems to be a function of the height of the sample as shown in the small figure of Fig. 7.4. It is obvious that if the height can be led to zero, the alpha value would not be zero due to there are also contributions of hematite and calibration. Nevertheless, this work revealed that the saturation slope does not cause from only hematite and calibration but also the shape of the sample and its subtraction should be done.

With regard to squareness of three loops corrected by high field contribution, the corresponding ratios 0.82 for three samples shown in Fig. 7.4 considered in external magnetic field are desirable. As expected, all these ratios have comparable values. As can be seen the extrinsic M(H) loops are the same for all samples meaning they are not sensitive to the shape effect. That could be explained from large coercive field.

If both high field contribution and demagnetizing effect are taken into account, the intrinsic hysteresis loops are obtained. Then the ratio between remanence and saturation magnetization is the same 89% (Mr/Ms = 0.89) for M1, M2 and M3 shown in Fig. 7.5 in which Nz is demagnetizing factor. Figure 7.5: Hysteresis loops with the applied field parallel to easy magnetization axis.

Saturation magnetization, coercivity and anisotropy field

It is now to consider magnetic properties determined from hysteresis loops with applied field being in easy and hard magnetization directions (Fig. 7.6). It can be seen clearly from the magnetic hysteresis loops that the shape of the two curves are very different which means that this product is belong to anisotropic material. Moreover, they are large squareness loops that were represented by large coercivity, 290 kA/m in direction parallel to N axis. This value is beyond with that reported for BaM prepared from standard ceramic methods [9], 159-225 kA/m. This is main purpose of this work in order to indicate that these products could be used for self-biased applications; especially, it is likely to be suitable for the high frequency ranges. It is certain that the high coercivity and remanence magnetization (277 kA/m) values can be acquired. In addition to this, the values of the high anisotropy field H A were achieved, 1500 kA/m ~18.75 kOe where is comparable to the value usually reported for BaM ferrite, 17 kOe [9]. Last but not least, saturation magnetization is about 308 kA/m ~ 67.69 emu/g; it is quite close to theoretical value, 72 emu/g [9].

Angular remanence measurement

In addition to the indicators derived from XRD, squareness and SEM results for particle alignment, remanence measurements at maximum field (22kOe) as a function of angle provide information about orientation of magnetic moments. Angular remanence measurements are done by setting an angle α, applying a field and reducing the field back to zero. Then the sample angle is turned back to zero degree, after which the remanent signal for that angle α is measured. From these measurements the density probability of magnetic moments to occupied one particular direction is obtained. Further, the density of moments by angle unit is calculated. As shown in Fig. 7.7, angular remanence measurement for the highly textured sample M3, is represented by the blue curve, which can be compared to a less textured sample (brown dot curve)which was synthesized by using NaOH (S-B-2) as indicated in Chapter 3. A perfect textured sample coming from an oriented thin film is exhibited in a red curve. The three curves were normalized in order to make easier comparison between them. The best alignment of magnetic moments along magnetization direction (perpendicular to sample plane -N direction) is exhibited by a sharply decrease surrounding angle of 90° (that belongs to cylinder plane). As for a less textured sample (S-B-2 shown in Chapter 3), the brown dot curve experienced a seemingly gradual drop. Indeed, if the alignment of magnetic moments is random, the curve should be linear. 

Maximum energy product

As explained at the end of Chapter 2, the required loops for determining fully performance and magnetic properties of the permanent magnet S2 (the best sample) are normal and intrinsic hysteresis loops. Firstly, the normal curve is plotted to determine the performance of the permanent magnet and the system at a certain temperature. As a whole, the normal curve manifests the total measurable or usable magnetic flux which is carried in combination by the air (free space) and by the permanent-magnet material. To be more precise, the blue curve in Fig. 7.11 was plotted in consideration of demagnetization field. The properties and performance characteristics described here are based on quadrant II (see part 2.3.4). Thanks to quadrant II operating region As a result, the energy product of S2 permanent magnet supplying for the system is extremely high, 2.89 MGOe 23.12 kJ.m -3 (see Fig. 7.12). This value that has been reported for BaM ferrite family is about 30 kJ.m -3 [10] (see also Part 2.3.4). It can be said that the performance of this hard magnetic material is immensely strong.

Figure 7.12: The maximum energy product was derived for sample S2.

On the other side, this permanent-magnet material produced an added noticeable magnetic flux as realized from the intrinsic curve (red curve in Fig. 7.11), which is exhibited by a high intrinsic coercivity H ci of 3570 Oe ~ 286 kA/m, higher 50 kA/m as opposed to coercive force H c (236 kA/m).

Magnetization at high temperature

It is incredibly important to explore variation of remanence and saturation magnetization at high applied fields according to temperature. In fact, from remanence measurement (brown dots in Fig. 7.13), remanence led to zero at 485 o C meaning no more ferromagnetic contribution like BaM. Normally this point means for Curie temperature of BaM, but many people do not choose this point, they used the second derivation of the curve. Thus, M3 ferrite material exhibited a Curie temperature of 455°C. The following illustrations are used for real experimental results which are slightly different to what people chose for Curie temperature. In fact, the result is also demonstrated from Fig. 7.13 where magnetization hysteresis loops were measured at different temperatures. Due to the fact that there is a contribution of hematite (T C ~ 627°C) although it is very little, the saturation curve (blue) and remanent curve (brown) did not touch together at Curie temperature of BaM. It can be concluded that the slope after 485°C of the blue came from hematite only since Curie temperature of barium mono-ferrite is about 460°C. 

Microwave Properties measurement of textured Barium hexaferrite compacts

The aim of this part is to explore microwave properties of the elaborated materials.

The first objective is to estimate permittivity and permeability in high frequencies of textured Barium hexaferrite in the demagnetized state. The second objective is to show the potential of the elaborated textured samples in magnetized state for non-reciprocal devices. To do that we have measured S parameters of transmission line or waveguide filled with the sample under test for several frequency bands up to 65 GHz.

Several studies have reported microwave electromagnetic properties of Barium hexaferrite. Due to the high anisotropy the permeability is low ranging between 1.1 and 1.6 on a large frequency band till the Ferromagnetic resonance occurring above 40 GHz [11]. The permittivity is generally no dispersive and its value strongly depends on the heat treatment ranging from 9 to 30 [12].

High frequency measurements of magnetic samples are difficult due to several issues. The dimensions of the sample must match precisely with the dimensions of the measurement cell; dimensional resonances related to the thickness of the sample can appear and finally retrieval procedures of the electromagnetic properties are not always explicit.

In this work we have also constraints on the volume and shape of elaborated samples.

Few quantities of powders are produced and molding process offers only two shapes for raw sample: APC7 square toroidal in shape or few millimeters slab. These constraints limit the choice of measurement cells; we have tested APC7 coaxial line and WR28 rectangular waveguide. Furthermore machining ceramic materials to respect fixed dimensions is difficult due to their hardness and brittleness. We don't get the proper tools in our lab to machine ceramic materials with satisfactory accuracy, so the required sample's dimensions are not always respected.

Demagnetized sample measurements

In a first step we have performed measurement in the frequency band [1 GHz -10 GHz] for textured demagnetized samples. The measurement cell is a standard APC7 coaxial line with 7mm outer diameter. The samples were first demagnetized through a heating cycle exceeding the Curie temperature and slow cooling. In the APC7 samples, particles are stacked along the line axis resulting in spatially dependent properties. Considering the electromagnetic field pattern in coaxial line we measure the in plane permittivity and the out of plane permeability of hexaferrite particles.

The NRW procedure [13] is the main common setup for the microwave permittivity and permeability determination of the coaxial line filled with the sample under test. In 143 dimensions are a = 7.11 mm and b = 3.55 mm. These dimensions are easier to machine compare to toroidal shape and samples of thickness were prepared. In this frequency band the NRW retrieval procedure is not suitable due to phase ambiguity; we have used the iterative approach proposed in [14] The figure 7.17 shows the permittivity and permittivity of a 1. The maximum of non-reciprocity reaches 55% for a the frequency equal to 48GHz. From the measured value of H A =1620 kA/m=20.2 kOe (table 7.2) the ferromagnetic resonance can be estimated by calculating RA fH (with =35.815 MHz/kOe). This gives f R =57 GHz, in rought agreement with the value 48 GHz. Moreover, it must be recognized that there is no clearly demonstrated direct link between the value of H A and the maximum in the difference of S12 and S21 module.

However, these measurements demonstrate the ability of the textured hexaferrite sample to provide sufficient magnetization in the remanent state to make the transmission line non-reciprocal.

To estimate the magnetic properties of the sample we have performed HFSS simulation (fig. 7.22). The experimental setup was designed and the S parameters were simulated. HFSS uses the Polder model to describe the permeability. The sample is considered in the saturated case. The magnetic parameters of the sample are the saturation magnetization Ms, the magnetic losses defined by H and the static bias field which provides saturation. The figure 7.22 shows a comparison between simulated and measured transmission parameters. We observe a good agreement. The M s value (300 kA/m) is close to the static one, the magnetic bias field (1200 kA/m) is close to the anisotropy field minus demagnetizing effects. The magnetic losses H which correspond to measurements were estimated at 800 Oe.

The small figure (Fig. 7.22) shows the permeability tensor components mu and kappa of the sample. The gyromagnetic resonance is close to 42 GHz. A optimization could have provided better results. 

Conclusions

The magnetic highly oriented textured polycrystalline barium hexagonal ferrite that we produced is able to be used in self-biased microwave applications, for self-biasing circulators in frequency range up to 55 GHz, as an example. As mentioned earlier, the compact like S2 fabricated by using chemical co-precipitation process with high excess of precipitating agent Na 2 CO 3 (150%) and the low Fe/Ba ratio (9.5) has incredibly electromagnetic properties:

-pure BaM phase reached more than 96%; -ability of this material is non-reciprocal without permanent magnet; -average grain size is about 600 nm; -high orientation which is represented by the large squareness of 90% in terms of the internal magnetic field and 87% with external magnetic field (without demagnetizing field); around 80% magnetic moments aligned in an open angle of 30° surrounding caxis (easy magnetization axis); -high remanence magnetization (290 kA/m), coercive field (290 kA/m); -high Curie temperature, ~485°C;

In demagnetizing state, APC7 coaxial measurement in a large frequency band [1 GHz -10 GHz] helps to estimate the permittivity and permeability of around 17 and 1,3 respectively. For higher frequencies , the spectra of the permittivity and the permeability of 1.5mm thickness sample shows non-physical resonances at the lower frequencies, almost constant at the central of spectra and chaotic behavior at high frequency. For the sample having thickness of 0.8mm, the dimensional resonance shifts to higher frequency, 34 GHz, instead of 28 GHz in the case of 1.5 mm. Generally, permittivity value is about 16 and permeability is around 1.6 in agreement with a spin magnetization process.

In remanence state, the maximum of non-reciprocity reaches 55% at the frequency 48 GHz without applying static magnetic field. The ferromagnetic resonance f R may lies in the range 40-55 GHz, which illustrates the ability of the textured sample to provide sufficient magnetization in the remanent state to make the transmission line nonreciprocal.
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CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 8.1 Conclusions

The main objective of this thesis was to contribute to the study of a circulator made with magnetic oriented particles in the frequency range up to 55 GHz. In view of the various experiments done, the results shows that the best materials obtained could be adapted for requirements of the self-biasing circulator in the band 10-55GHz. It is likely to solve big drawbacks of traditional circulators. First of all, it might not need external biasing magnets anymore since this material is responsible for non-reciprocal without permanent magnets. This solution will make self-biased circulators smaller, lighter and lower cost as well as the system may be less shock or vibration. The so-called "lowcost" here is also mentioned that we have been using a greatly easy method in order to obtain highly oriented hard magnetic compacts as opposed to conventional process (stacking magnetized particles). Definitely, our process is quite simple, economic and low cost, so many labs can carry out. The powders prepared by chemical coprecipitation method were ground in an un-magnetized state. They are amorphous obtained after synthezing and drying. Thereby, constraining processes did not need to apply in order to counterbalance the magnetic dipolar energy. The formation and orientation of particles were taken place during heat treatment.

Moreover, such non-reciprocal devices such as circulators and isolators play immensely important role in applications of self-biased hexa-ferrites in the microwave frequency range. These devices make it-self to isolate the incoming signal from the outgoing signal in transmitter/receiver (Tx/Rx) modules. In many applications where anisotropic hard magnetic materials are required, it is not necessary to use powerful magnets such as rare-earth permanent magnets (Nd 2 Fe 14 B, SmCo 5 ) [1] [2]. Especially, rare earth magnets are much more expensive (<100$/kg) than hexaferrites (<5$/kg) [1] [2]. Conventional microwave circulators use magnetized soft ferrite (spinel or garnet) biased by a permanent magnet. This feature is undesirable, as it makes it difficult to build miniaturized circulators and integrate them into Tx/Rx modules [3].

Our study showed that thanks to appearance of mono-ferrite intermediate phase, the bulk compact samples executed with base agent of Na 2 CO 3 have a very high orientation, which is suitable for self-biased applications. On the other hand, the alkaline solution of NaOH promoted to produce isotropic magnets. The key explanation for this could be that there was no BaFe 2 O 4 phase found during heat treatment.

In consideration of the usage of only sodium carbonate as precipitating agent, we realized that the amorphous powders were obtained by using the traditional co-8 152 precipitation approach: the mole ratio of Fe/Ba was 9.5, the only Na 2 CO 3 was used as precipitating agent with a high stoichiometric solution of 150%, the synthesis time took 30 minutes, the stirring speed was about 500 rounds per minute, the total 600 ml water was used and the temperature was between 40 and 45°C. Thereby, the obtained products have desirable magnetic properties which adapted for the requirements of this thesis.

As a consequence of this application, the formation of pure phase BaM was more than 97% and the particles have hexagonal shape. Some others phases can be negligible such as -Fe 2 O 3 and BaFe 2 O 4 . In addition, from the S-parameters measurements, it was cited that this sample is attributable to non-reciprocal material without permanent magnets. Apart from the particles with mean size of 0.6 m were quite perfect preferred arranged, which was exhibited by very high peak intensities of 006, 008 and 0014; high remanence of 87% recorded in external magnetic field (N z = 0); Lotgering orientation distribution factor of 0.85; around 80% magnetic moments aligned in an open angle of 30° surrounding easy magnetization axis. Furthermore, the high remanent magnetization, saturation magnetization and coercive force, 290 kA/m, 335 kA/m ~ 69.43 emu/g and 290 kA/m, respectively were achieved. This hard magnetic material is associated with c-axis anisotropy with high anisotropy field, 1620 kA/m; high Curie temperature, ~485°C; and bulky density of about 90% in comparison with the theoretical density of single crystalline BaM. The product has energy density of 23 kJm - 3 .

The textured sample shows non-reciprocal behavior with ferromagnetic resonance lying in the range 40-55 GHz, which is suitable for self-biased microwave applications at high frequencies ranges.

Last but not least, we found out the three new processes for manufacture such kind of material as presented in Chapter 6: wet and dried mix. Absolutely, these approaches showed potentially interests since they can be used with low excess of precipitating agent, 30% for example, which can break through the traditional condition of base solution of more than 40%.

Suggestions for future work

It should be explored conjunctively in order to fabricate better products based on this current work. Particularly, it should be rummaged and enhanced new processes as a following list:

(1) Tailor the possibility for self-biased circulators in the higher frequency ranges by developing this work and the two new ways (wet and dried mix). For instance, the done experiments have to be carefully considered again and chemically explained or to

Figure 1 . 1 .

 11 Most of the remaining one-third belongs to ferrite family with the most common ferrites being BaFe 12 O 19 and SrFe 12 O 19 . Their prices are less than $5/kilogram.

Figure 1 . 1 :

 11 Figure 1.1:The cost periodic table (November 2011) )[1] 

Figure 1 . 3 :

 13 Figure 1.3: Diagram showing how the hexagonal ferrites are derived from spinelMeO.Fe 2 O 3[13] 

3 .TABLE 1 . 3 :

 313 Physical characteristics of BaM hexagonal ferrites at room temperature measured in single crystal form (Fig.1.4), and no precise value is given for coercive field Hc since it varies too much with sintering temperature and grain size; density d (g/cm3 ), molecular mass M (g), melting point T m (K), Bohr magnetons µ B , saturation magnetization M S (Am 2 /kg), coercive field H C , anisotropy field H A (kA/m), Curie temperature T C (K) and anisotropy constants K 1 (10 5 J/m3 

Figure 1 . 4 :

 14 Figure 1.4: Single hexagonal structure.BaM are formed by specially stacking sequence of close-packed oxygen layers and at specific positions in the unit cell oxygen ions is partially substituted by barium ions while the small metallic ions occupy interstitial locus[9][10][11]. It has been realized that Ba 2+ ions can be also instated by other ions such as Sr 2+ , Pb 2+ and Ca 2+ . As a consequence, the properties of the hexaferrites can be influenced[19][20][21][22][23]. Further, method of preparation, experimental conditions and cationic substitution for iron ions are crucially important factors leading to property movements of the hexaferrites[17][24].The unit cell contains two molecules, one in SR blocks and the other in the S * R * blocks rotated by 180° about the c-axis. To be more precise, each unit cell of BaM is built by stacking S and R blocks along the hexagonal c-axis. The S block has eight oxygen ions arranged in two close-packed plans, four ions in each. Simultaneously, six iron cations are distributed at (2a) octahedral, (4f 1 ) tetrahedral and (12k) octahedral sites in order of one, two and three respectively. As a result, the S block has chemical formula Fe 6 O 8 (see Fig.1.5)[6].

Figure 1 . 5 :

 15 Figure 1.5: Crystal structure of S block, (a) Top oxygen R layer viewed from above to determine the unit cell shape, (b) The two S block layers with their oxygen ions and cations and the top R layer. The R block has chemical formula BaFe 6 O 11 where consists of three close-packed layers in an hcp stacking sequence. Six iron cations are also distributed at the (2b) trigonal, the (4f 2 ) octahedral and at (12k) octahedral sites corresponding with one, two and three. The details about crystal structure and the iron ions sites at the sublattices coordinations of BaFe 12 O 19 were summarized in Table 1.4.

Figure 1 . 6 :

 16 Figure 1.6: Doubly balanced phase diagram of BaO-Fe2O3 [26].

Figure 1 . 7 :

 17 Figure 1.7: Ferrite resonance frequency as a function of dc magnetic field for various values of the anisotropy field [34].

H

  is the uniaxial anisotropy field. For example, for a perfect alignment, all magnetic moments align in one direction (Fig.1.7). In this case H A can be called uniaxial anisotropy or c-axis anisotropy.

Figure 1 . 8 :

 18 Figure 1.8: (a) indicator for uniaxial or c-axis anisotropy, (b) hexagonal structure of BaM.
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Figure 1 .

 1 Figure 1.10: RF 3-port-circulator (a) and 4-port-circulator (b) Fig. 1.10 (a) is to describe for RF 3-port-circulator where can be considered as a

Figure 1 . 11 :

 111 Figure 1.11: Energy flows in an isolator

Figure 1 . 12 :

 112 Figure 1.12: Planar model of Weiss domains

Figure 1 . 13 :

 113 Figure 1.13: Precession of the spinning electron

Figure 1 . 14 :

 114 Figure 1.14:

Figure 1 .

 1 Figure 1.16: (a) Apparatus used for crystallite orientation, (b) Sintering temperature. Ba 2 Mn x Zn 2-x Fe 12 O 22 Particles were packed by sleep casting in external applied magnetic field. The particles were ground for 24 hours in water and cast in a plaster

Figure 1 .

 1 Figure 1.17: (a) Sketch detailing the screen printing apparatus. (b) Sketch of the hotpress sintering procedure for screen printed BaM ferrite thick films. (c) Processing flowchart for screen printed oriented BaM ferrite films.

Figure 1 . 18 :

 118 Figure 1.18: Steps in doctor blading, a tape-casting process employed in the production of ceramic films. (https://www.britannica.com/technology/tape-casting)

Figure 2 . 1 :

 21 Figure 2.1: Flow chart of chemical co-precipitation process for obtaining polycrystalline plumpite-ferrite BaM.

Figure 2 . 2 :

 22 Figure 2.2: X-ray beams reflected at certain angles of incidence conforming to Bragg's law.

The

  EasyVSM software is set up to extract many different magnetic parameters (options: Virgin Curve, Hysteresis Loop, IRM and Virgin Curve, DC Demagnetization, Combination Measurements, Angular Remanence, AC Remanence, Time Dependence, Temperature Scan, Torque and Miyajima Method) in order to characterize a wide variety of magnetic samples of both high and low coercivity. The general arrangement of a VSM is shown in Fig. 2.3.

Figure 2 . 3 :

 23 Figure 2.3: Vibrating Sample Magnetometer

1

 1 Lattice parametersXRD analysis of the samples was carried out for determining crystal structure of the material. Data obtained from XRD analysis helped in producing various parameters of the samples like lattice parameters, volume of the unit cell, crystallite size, X-ray density, Lotgering factororientation contribution feature, and porosity of the samples by using measures of mass and samples' volumes to calculate actual density (bulk density).In a diffraction pattern, the pattern of diffracted lines find out the crystal structure and the positions of lines have information about the unit cell as well as the positions of the atoms can be judged by the intensities of the lines[10].

Figure 2 . 4 :

 24 Figure 2.4: XRD pattern of a sample synthesized for fabricating BaM.From the XRD pattern shown in Fig.2.4, it is expected that it is the diffraction pattern of hexagonal BaFe 12 O 19 . The first step is to index this pattern that will tell about the crystal system, to which the material is belonged. For this, the values of

  I denote the peak intensities with random and oriented structure, and A is a constant.It can be supposed that the peak intensity changes linearly with the corresponding probability density of the assumed function. The parameter p in Eq. (2.11) is rewritten as below,

Figure 2 . 5 :

 25 Figure 2.5: The typical magnetization curves parallel and perpendicular to the alignment direction for the aligned sample.

  value of B can be determined by the slope of the straight line corresponding to the anisotropy field 1609 kA/m A H obtained by Eq. (2.16).

Figure 2 . 6 :

 26 Figure 2.6: The typical relationship between M and 1/H 2 for sintered samples.

Fig. 2 .

 2 Fig. 2.7 shows normal and intrinsic hysteresis loops of a permanent magnet which was magnetized in quadrants I and III. Since quadrants II and IV are identical, the properties and performance characteristics described here are based on quadrant II.

Figure 2 . 7 :

 27 Figure 2.7: Hard magnetic material hysteresis loops and characteristic parameters.
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Figure 2 . 9 :

 29 Figure 2.9: BHmax-Vertex of Parabola

  3.1 (a)). Thirdly, the compacts in the shape of cylinder or toroidal samples were sintered in a PYROX tubular furnace, or a Netzsch DIL 402C analyzer (Dilatometer). It should be noted that the samples could be placed in the furnace or Dilatometer like Fig. 3.1 (b) (called horizontal), or Fig. 3.1 (c) (called vertical) during heat treatment. A comparison about magnetic properties of such two models (horizontal / vertical) will be shown at the end of part 3.4.3 of this chapter.

Figure 3 . 1 :Figure 3 . 2 :

 3132 Figure 3.1: (a) Powders were molded by applying uniaxial pressure, (b, c) Compacting samples were placed in furnace or Dilatometer for shrinkage.After sintering the samples are in un-magnetized state, although textured as it will be shown below. They would be characterized crystalline phases by XRD, microstructures by SEM and magnetic properties by VSM. An example of recorded hysteresis loop is shown in dotted brown curve (Fig.3.2). The applied field direction was perpendicular to sample plane. A linear contribution to magnetization appears for high field values. The origin of this high field behavior is the presence of hematite -Fe 2 O 3 . This will be detailed in part 4.3.3 of Chapter 4. This contribution to M, also named "high field susceptibility, will be further subtracted from the recorded data. An example is provided by the dashed blue curve in Fig.3.2 (a)

TABLE 3 . 1 :

 31 Example of demagnetizing effects' influence on the magnetic properties presented Fig.3.2 (b). The calculated demagnetizing factor along the easy axis was N Z = 0.67.

  38 g Na 2 CO 3 in the case of S-B-1 and B-S-1, 30.452 g NaOH for S-B-2 and B-S-2. They were stirred at 300 rpm for 15 minutes. Then the (I) salts solution was poured into the (II) base solution in the case of S-B-1 and S-B-2. As for B-S-1 and B-S-2, (II) was mixed with (I). After that the synthesis lasted one hour.

  Now take S-B-1 into account, where the salts of BaCl 2 .2H 2 O and FeCl 3 .6H 2 O reacted with Na 2 CO 3 . Amorphous powder was shaped within cylinder samples with uniaxial pressure of 96 Mpa and then they were treated at various different temperatures between 200°C and 1200°C without dwelling, heating and cooling rate of 3 degrees per minute. Characterization of different phases was supported by XRD. Chemical components in percent unit with error of 2% were shown in Fig. 3.3.

Figure 3 . 3 :

 33 Figure 3.3: The percentages of compounds obtained in S-B-1 samples at different temperatures. From above 800°C, BaCO 3 BaO and CO 2 , but BaO was accounted an insignificant amount, it was not presented here.

BaCO 3 and

 3 Fe 3 O 4 ; and others such as Fe 2 O 3 , Fe, Ba, CO 2 , O 2 , H 2 O.
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Figure 3 . 4 :

 34 Figure 3.4: S-B-1 sample: (1) c-DTA curve for whole period, (2) shrinkage speed and (3) relative shrinkage are in percentage.

Figure 3 . 5 :

 35 Figure 3.5: CO2 evaporation and shrinkage speed of sample S-B-1. As regards the second specimen S-B-2 base solution NaOH reacted with the salts of BaCl 2 .2H 2 O and FeCl 3 .6H 2 O. Chemical elements were observed at various temperatures as shown in Fig. 3.6.

Figure 3 . 6 :

 36 Figure 3.6: The proportions of elements operated in S-B-2 samples at different temperatures.

Figure 3 . 7 : 56 Figure 3 . 8 :

 375638 Figure 3.7: S-B-2 sample: (1) c-DTA curve for whole period, (2) shrinkage speed and (3) relative shrinkage are in percentage.

Figure 3 .

 3 Figure 3.9: X-ray diffraction patterns obtained from the samples using Na 2 CO 3 (a) and NaOH (b) calcined at 1190°C/0.0h. From X-ray data of the two samples: S-B-1 and S-B-2, lattice parameters, volume of the unit cell, crystallite size and porosity were determined, which are tabulated in Table 3.3. It was observed that the lattice parameters 'a' and 'c' were higher for the former sample. Hence volume of the unit cell was also larger. This is due to BaFe 12 O 19 was formed at interfaces between mono-ferrite and hematite by diffusion of barium through the BF6 lattice into the iron oxide lattice. It is very different with barium ferrite formation of the latest (S-B-2) where the chemical reactions between BaCO 3 and Fe 2 O 3 formed directly BaFe 12 O 19 . And that the crystallite size is smaller is also closely related to smaller values of lattice parameters of S-B-2. Fig. 3.14 can be one of the most interesting to illustrate why the porosity value of S-B-1 sample is lower. TABLE 3.3: Computed values of lattice parameters 'a' and 'c', c/a ratio, volume of the unit cell (V), crystallite size (D), porosity (P), and bulk density (d) of barium ferrite of the two products. a o A

Figure 3 . 10 :

 310 Figure 3.10: Crystal (a) and magnetic (b) structures M-type BaFe 12 O 19[22] 

Figure 3 . 11 :

 311 Figure 3.11: Room temperature Mössbauer spectra of two samples (fired powders)

Figure 3 . 12 :

 312 Figure 3.12: Room temperature diffractogramms of powders SC (green) and SH (red).

Figure 3 . 13 :Fig. 3 .

 3133 Figure 3.13: Intrinsic hysteresis loops of the samples heated up to 1190°C without dwelling time, obtained by using Na 2 CO 3 (a) and NaOH (b) as precipitating agent. TABLE 3.8: Magnetic properties for the two samples surveyed, shown out remanence Mr and saturation Ms magnetization, squareness out-of-plane (easy axis) Mr/Ms, coercive field Hc and anisotropy field H A . Mr (kA/m)

Figure 3 .

 3 Figure 3.14: SEM image of the surface of aligned S-B-1 (a) and S-B-2 (b) compacts after sintering up to 1190°C without dwelling.

Figure 3 . 15 :

 315 Figure 3.15: The magnetic properties: (a) remanent magnetization, (b) saturation magnetization, (c) squareness out-of-plane and (d) coercivity field of the two samples calcined at different temperature.As can be seen clearly from the charts of Fig.3.15, the characteristic properties of the S-B-2 do not significantly change with changes of temperature, which means that the barium ferrite formation was occurred almost quickly between 700°C and 800°C

Figure 3 .

 3 Figure 3.16. XRD patterns obtained on BaM compacts prepared from Na 2 CO 3 (a) and NaOH (b) as precipitant for compacting samples and after sintering at 1190°C.

Figure 3 .Figure 3 . 18 :

 3318 Figure 3.17. Magnetization out-of-plane (easy axis) vs. applied magnetic field for Baferrites prepared by co-precipitation at sintering temperature of 1190°C. The used precipitating agents were: (a) Na 2 CO 3 , (b) NaOH.

Figure 3 . 19 :

 319 Figure 3.19: Symbolic images for the specimen put in vertical (a) and horizontal (b) in the oven for heat treatment. The spatial orientation of hexagonal particles in schematized in grey.

Figure 3 .

 3 Figure 3.20: (a) Hysteresis loops of the same powder placed in two different directions sintered at 1190°C. Magnetic properties recorded for the two different powders sintered at 1190°C: (b) remanent magnetization, (c) saturation magnetization, (d) loop squareness along the easy axis and (e) coercive field.

Figure 4 . 1 :

 41 Figure 4.1: X-ray diffraction patterns obtained from the five samples: R = 30 (red), R = 60 (blue), R = 90 (green), R = 120 (pink) and R = 150 (brown) sintered at 1190°C/0.0h.

Figure 4 . 2 :Figure 4 . 3 :

 4243 Figure 4.2: Calculations from XRD data for the five samples R1-5 sintered at 1190°C/0.0h: (a) shows percentages of components in materials and percent occupied of total 006 and 008 peaks (red curve) for the last four specimens; (b) orientation factor computed for R2,3,4,5. (a) (b)

  5, 2.2] m (a), [0.7, 1.7] m (b), [0.4, 1.6] m (c), [0.7, 2.3] m (d) and [0.5, 2.0] m (e) are corresponding to R1, R2, R3, R4 and R5.

Figure 4 . 4 :

 44 Figure 4.4: Magnetic hysteresis loops with applied magnetic field aligned perpendicular to the sample plane.

79 4 . 2 Effect of stirring speed 4 . 2 . 1

 42421 Contextual searchIn this part, we examined the influence of stirring speed. As in the previous part Barium ferrite (BaM) particles were synthesized by chemical co-precipitation of BaCl 2 •2H 2 O and FeCl 3 •6H 2 O (proportion of 1 : 11) as detailed in the previous parts.

Figure 4 . 5 :Figure 4 . 6 :

 4546 Figure 4.5: XRD patterns obtained from the five samples: 300 rpm (red), 400 rpm (blue), 500 rpm (green), 600 rpm (pink), and 700 rpm (brown) calcined at 1190°C/0.0h.

TABLE 4 . 5 :

 45 Computed values of lattice parameters 'a' and 'c', c/a ratio, volume of the unit cell (V), crystallite size (D), X-ray density (Xd), bulk density d, porosity (P) andLotgering factor (LF) of the five products surveyed.

Figure 4 . 7 : 83 Figure 4 . 8 :

 478348 Figure 4.7: SEM images of the five compacts calcined at 1190°C/0.0h: (a) Sp1, (b) Sp2, (c) Sp3, (d) Sp4 and (e) Sp5.

Figure 4 .

 4 Figure 4.9: X-ray diffraction patterns obtained from the five samples: T p = 20°C (red), T p = 40°C (blue), T p = 60°C (green), T p = 80°C (pink), and T p = 95°C (brown) calcined at 1190°C/0.0h.

Figure 4 .

 4 Figure 4.10: (a) The appearance of components in the five patterns calcined at 1190°C and total percentage of 006 and 008 peaks (red curve). (b) Orientation distribution-Lotgering factor.

Figure 4 . 11 :Figure 4 . 12 :

 411412 Figure 4.11: SEM images of the five compacts sintered at 1190°C/0.0h: (a) Pt1, (b) Pt2, (c) Pt3, (d) Pt4 and (e) Pt5.

Figure 4 .Figure 4 .

 44 Figure 4.13: X-ray diffraction patterns obtained from the five samples: time = 30' (red), time = 60' (blue), time = 90' (green), time = 120' (pink), and time = 150' (brown) calcined at 1190°C/0.0h.

Fig. 4 .

 4 Fig.4.14 (b). These show that St1 (t = 30') had the best orientation of particles, followed by St4 (t = 120'). Nevertheless, the others features tabulated in Table4.11 do not have noticeable differences.

Figure 4 . 15 :

 415 Figure 4.15: Static magnetic hysteresis loops M(H) for the St1 sample sintered at 1190°C/0.0h.

Figure 4 .

 4 Figure 4.16: X-ray diffraction patterns obtained from the six samples: Fe/Ba = 12 (red), Fe/Ba = 11.5 (blue), Fe/Ba = 11 (green), Fe/Ba = 10.5 (pink), Fe/Ba = 10 (brown) and Fe/Ba = 9.5 (grey) calcined at 1190°C/0.0h.

Figure 4 .

 4 Figure 4.17: (a) The appearance of components in the six patterns sintered at 1190°C and total percentage of 006 and 008 peaks (red curve). (b) Orientation distribution-Lotgering factor.

Figure 4 . 18 :

 418 Figure 4.18: SEM images of the six compacts sintered at 1190°C/0.0h: (a) BF1, (b) BF2, (c) BF3, (d) BF4, (e) BF5 and (f) BF6.

Figure 4 . 19 :

 419 Figure 4.19: Static magnetic hysteresis loops M(H) for the BF6 sample sintered at 1190°C/0.0h.

Figure 5 . 1 :

 51 Figure 5.1: X-ray diffraction patterns obtained from the seven samples: F1 (red), F2(blue), F3 (green), F4 (pink), F5 (brown), F6 (dark blue) and F7 (dark green) calcined at 1190°C/0.0h.Calculation on orientation-distribution factors are cited in Fig.5.2. Absolutely, percent accounted by area surfaces of 006 and 008 peaks in each sample are likely to increase with improvement of pressure. This means that the larger the pressure applied on the amorphous grains to form a compact before sintering, the higher the orientation

Figure 5 . 2 :

 52 Figure 5.2: (a) The appearance of components in the six patterns sintered at 1190°C and total percentage of 006 and 008 peaks (red curve). (b) Orientation distribution-Lotgering factor. Table 5.2: Computed values of lattice parameters 'a' and 'c', c/a ratio, volume of the unit cell (V), crystallite size (D), X-ray density (Xd), bulk density (d), porosity (P) and Lotgering factor (LF) of the six products surveyed.

Figure 5 . 3 :

 53 Figure 5.3: Dependence of material density (solid curve) and porosity (dashed curve) on pressing force.

Figure 5 . 4 :

 54 Figure 5.4: Dependence of Mr/Ms ratio (solid curve) and coercive field (dashed curve) on pressing force, after sintering at 1190°C.

Figure 5 . 5 :

 55 Figure 5.5: SEM images of the seven compacts sintered at 1190°C/0.0h: (a) F1, (b) F2, (c) F3, (d) F4, (e) F5, (f) F6 and (g) F7.

  Measurement of hysteresis loops M(H) for the F5 (P = 160 MPa) sample sintered at 1190°C is shown on fig. 5.6.

Figure 5 . 6 :

 56 Figure 5.6: Static magnetic hysteresis loops M(H) for the F5 (P = 160 MPa) sample sintered at 1190°C/0.0h.

Figure 5 . 7 :

 57 Figure 5.7: The delineation on thermal treatment process: (a) not dwell at maximum temperature, (b) one hour maintained at temperature peak.
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Figure 5 . 8 :

 58 Figure 5.8: Percent of presented phases of samples calcined at various temperatures: (a) not dwell at maximum temperature, (b) one hour maintained at temperature peak.

Figure 5 . 9 :

 59 Figure 5.9: The three orientation-distribution features: percentages accounted by 006 and 008 peaks surface area, Lotgering factor and loop squareness. (a) not dwell at maximum temperature, (b) one hour maintained at temperature peak.

Figure 5 . 10 :

 510 Figure 5.10: Hysteresis loop curve with applied magnetic field perpendicular to aligned sample plane. Information on Fe 2 O 3 percentages obtained as considered before, thereafter, calculation on paramagnetic distribution from hysteresis loops by subtracting to reach theoretically saturation magnetization. The correlation of percentage of hematite (determined from XRD) and high field susceptibility (determined from M(H) measurements) were plotted for the both categories shown in Fig. 5.11. It is likely to be noted that fitting linear lines go to (0;0) coordination. Consequently, it can be concluded that high field contribution derived from -Fe 2 O 3 .

Figure 5 . 11 :

 511 Figure 5.11: Hematite Fe 2 O 3 as a function of paramagnetic contribution at different sintering temperatures. . As mentioned above the increase of maximum sintering temperature leads to the decrease of hematite. Moreover, maintaining at maximum temperature about one hour is still likely to help a lower percentage of this kind of undesired grain. It is sure that

  5.13 (a) and 5.14 (a)) and 1170°C/1.0h for T2 where the maximum temperature was maintained 1.0 hour (see Fig.5.13 (b) and 5.14 (b)). Many experiments done (not presented here) reveal that different synthesizing process will have different compromise temperature for sintering. Nevertheless, this work should be explored in order to remind that which temperature profile will be used for the best samples that will presented in Chapter 7.

Figure 5 . 13 :

 513 Figure 5.13: Loop squareness and coercive force were considered as functions of sintering temperatures.

Figure 5 . 14 : 112 Figure 5 . 15 :

 514112515 Figure 5.14: Correlation between bulk density and coercivity was in terms of thermal conditions.

Figure 6 . 1 :

 61 Figure 6.1: Flow chart showing the new experimental processes named wet mixing (a) and dry mixing (b)

Figure 6 . 2 :

 62 Figure 6.2: Hysteresis loops of the samples heated up to 1190°C without dwelling time, obtained from C-P-0 (a) and S-P-0 (b).

Figure 6 . 3 :

 63 Figure 6.3: SEM image of the surface of aligned C-P-0 (a) and S-P-0 (b) compacts after sintering up to 1190°C without dwelling.

6

 6 

  .4).

Figure 6

 6 Figure 6.4: X-ray diffraction patterns obtained from the samples S-P-1 (a), S-P-2 (b) and S-P-3 (c) calcined at 1190°C/0.0h.

TABLE 6 . 3 :Figure 6 . 5 :

 6365 Figure 6.5: SEM images of the surface of aligned S-P-1 (a), S-P-2 (b) and S-P-3 (c) compacts after sintering up to 1190°C without dwelling.

Figure 6 . 6 :

 66 Figure 6.6: Hysteresis loops of the samples heated up to 1190°C without dwelling time, obtained from samples S-P-1 (purple), S-P-2 (red) and S-P-3 (blue) calcined at 1190°C/0.0h.

Figure 6 . 7 :

 67 Figure 6.7: Intrinsic hysteresis loops of the samples heated up to 1140°C/1.0h, obtained from samples S-P-2 (a) and S-P-3 (b).

Figure 6 . 8 :Figure 6 . 10 :

 68610 Figure 6.8: Hysteresis loops of the samples heated up to 1190°C without dwelling time, obtained from samples D-SC (a) and D-SH (b) calcined at 1190°C/0.0h.

7 129Figure 7 . 1 :

 771 Figure 7.1: Flow chart is to show the used experimental processes.

Figure 7 . 2 :

 72 Figure 7.2: XRD diagram for sample S1 sintered at 1120°C/0.0h in a zoom only 20°-60°
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Figure 7 . 3 :

 73 Figure 7.3: SEM images observed from inside of the aligned samples S2 that was sintered at 1100°C/1.0h. Another prove for preferred alignment is supplied by Fig. 7.3 where was taken at angle 35° of electron beam respecting c-axis.

Figure 7 . 4 :

 74 Figure 7.4: Hysteresis loops with applied field perpendicular to sample plane of three cylinders with different height.

Figure 7 . 6 :

 76 Figure 7.6: Magnetic hysteresis loops of M3 sintered at 1140°C/1.0h with applied magnetic field aligned perpendicular (red) and parallel (black) to the sample plane.

Figure 7 . 9 :

 79 Figure 7.9: Percentage of magnetic moments aligned in open angular of c-axis

  the normal curve between the remanent flux density Br (3650 G) and the coercive force H c (2950 Oe ~ 236 kA/m), the maximum energy product, BHmax, a relative measure of the strength of a permanent magnet, is also calculated.

Figure 7 . 11 :

 711 Figure 7.11: The normal (blue) and intrinsic (red) loops were performed for the sample S2.

Figure 7 . 13 :

 713 Figure 7.13: Remanence and saturation measurement as a function of temperature for M3.

Figure 7 . 14 :

 714 Figure 7.14: Hysteresis loops of the sample M3 recorded at different temperatures.

Fig. 7 .

 7 Fig. 7.1 is exhibited as an evidence that the Curie temperature obtained for this material is between 470°C and 485°C. The red curve was plotted for the only hematite at room temperature, which obviously is coincidence with the blue curve of M3 measured at 485°C. It can be seen with a larger zoom in Fig. 7.15.

Figure 7 . 15 :

 715 Figure 7.15: Hysteresis loops of the M3 sample recorded at diverse temperatures and of hematite sample (red curve) measured at room temperature.

  5 mm thickness sample. Spectra show different regions. At the lower frequencies non-physical resonances appear for the permittivity and the permeability; a central region where spectra are almost constant and a high frequency region showing chaotic behavior. The low frequency resonances were identified to a dimensional resonance. Picture 2: WR28 setupIn rectangular waveguide, the propagation mode to consider is the TE10 leading to a dimensional resonance frequency given by: the multiple of one-half wavelength, L is the length of the sample in the propagation direction and c the light celerity.

Figurre 7 . 17 :

 717 Figurre 7.17: WR28 Rectangular waveguide measurement of Barium hexaferrite: thickness 1.5 mm To avoid the first dimensional resonance occurring close to 28 GHz we have decrease the thickness of the sample down to 0.8 mm. The figure 7.18 shows the permittivity and permeability spectra for this thinner sample. As expected the dimensional resonance shifts to higher frequency close to 34 GHz and permittivity and

Figure 7 .

 7 Figure 7.18: WR28 Rectangular waveguide measurement of Barium hexaferrite: thickness 0.8 mmAs a conclusion, we present on a same graph (Fig.7.19) the evolution of the permittivity and permeability of Barium hexaferrite. The experimental measurements show a permittivity value constant close to 16 and permeability slightly increasing up to 1.6 in agreement with a spin magnetization process.

Figure 7 . 147 Figure 7 . 21 :

 7147721 Figure 7.19: WR28 Rectangular waveguide measurement of Barium hexaferrite: thickness 1.5 mm Exploration in Q band should be interesting to detect the natural gyroscopic resonance unfortunately; machining sample with lower dimensions or thickness was not possible.

Figure 7 .

 7 Figure 7.22: A comparison between simulated and measured transmission parameters by HFSS simulation.

  field, 1620 kA/m; -large energy product, 23.12 kJ m-3 

  

  

  

  

  

  

  

  

  

  

  

  

electronic devices by using magneto-dielectric nanomaterials

  Enveloppe Soleau: «Méthode pour réaliser un matériau magnétique autopolarisé, constitué de particules d'hexaferrite de Barium (BaM) orientées,

	les précurseurs étant préalablement synthétisés par une méthode chimique par
	voie humide." Déclaration d'invention codifiée. n° DV355, décembre 2017.
	Attente d'un dépôt de "Savoir Faire".
	2018: C.N. LE, D. SOURIOU, J.-L. MATTEI, A. CHEVALIER, A. MAALOUF, «A
	Simple Way to Obtain Self-Biased Barium Ferrite Magnets», JCMM2018 _
	15 th Days of Characterization Microwave and Materials Paris, 19-21 March
	2018
	2018: N.

2018: Noutehou, N. Le Cong, V. Laur , J.-L. Mattei et P. Queffelec, «Procédé bas coût d'élaboration d'hexaferrites de baryum appliqué à la réalisation de circulateurs auto-polarisés», JCMM2018 _ 15 th Days of Characterization Microwave and Materials Paris, 19-21 March 2018 2018 : J-L. Mattei, C.N. Le, A. Chevalier, A. Maalouf, N. Noutehou, P. Queffelec, V. Laur, «A Simple Process to Obtain Anisotropic Self-Biased Magnets Constituted of Stacked Barium Ferrite Single Domain Particles» Journal of Magnetism and Magnetic Materials pp. 208-213, vol. 451, 2018, doi: ttps://doi.org/10.1016/j.jmmm.2017.10.121 2017: Cédric Quendo, Rozenn Allanic, J.L. Mattei, D. Souriou, Nha Le Cong, «Miniaturisation of », Conference: Workshop on Microwave Nanotechnologies (MiNa), Bangalore, 2017 2017: Jean-Luc Mattei, Cong Nha Le, Alexis Chevalier, Azar Maalouf, Nathan Noutehou, Vincent Laur, «A Simple

Process to Obtain Anisotropic Self- Biased Magnets Constituted of Stacked Barium Ferrite Single Domain

  

	Particles», International IEEE Magnetics Intermag Europe 2017 Conference,
	Dublin, April 24-28, 2017
	2016: Jean-Luc Mattei, Cong Nha Le, Azar Maalouf, Alexis Chevalier, Richard
	Lebourgeois et Vincent Laur, «Mesure des champs d'anisotropie
	magnétocristallins de ferrites hexagonal et spinelle à l'aide de méthodes

statique et dynamique», JCMM2016, 14th Days of Characterization Microwave and Materials, Calais, 23-25 March 2016

4 Table 1 .

 41 1: Crystal structures of ferrites classified by changes in Fe 2 O 3 -MeO (Me 2 O 3 ) oxide ratios

	Spinel	1 Fe 2 O 3 -1 MeO	Cubic	Where MeO is transition metal oxide
	Garnets	5 Fe 2 O 3 -3 Me 2 O 3	Cubic	Where Me 2 O 3 is rare earth metal oxide
	hexaferrite 6 Fe 2 O 3 -1 MeO hexagonal	Where MeO is a divalent metal oxide from group IIA-BaO, SrO

Table 1 .

 1 2: Summarizes the different subclasses of hexaferrites[12] 

	N°	Hexaferrite type	Chemical formula Crystallographic build up
	1	M-type	MeFe 12 O 19	RSR * S * (MM * )
	2	Y-type	A 2 Me 2 Fe 12 O 22	3TS
	3	W-type	AMe 2 Fe 16 O 27	MSM * S *
	4	X-type	A 2 Me 2 Fe 28 O 46	MM * S
	5	U-type	A 4 Me 2 Fe 36 O 60	MM

* Y * 6 Z-type A 3 Me 2 Fe 24 O 41 MYMY * represents rotation at 180 °C

  ).[12] 

	Ferrite	Formula	d	M	T m µ B	a	c	V	M S	H C	H A	T C	K 1
	BaM	BaFe 12 O 19	5.28 1112 1611 20 5.89 23.19 696.2 72 high 1353 725 3.3

Table 1

 1 

	Block	Sublattice	Formula	Coordination Cations/site	Spin
	S R (S-R) (R-S * )	4f 1 2a 4f 2 2b 12k	2(Fe 3 O 4 ) BaFe 6 O 11 SHARED	Tetrahedral Octahedral Octahedral Bi-pyramidal Octahedral	2 1 2 1 6	2 ↓ 1↑ 2↓ 1↑ (3↑) (3↑)

.4.

TABLE 1.4: Metallic sub-lattices of M-type hexaferrite

TABLE 2 .

 2 1. Diffraction lines and their corresponding angles taken from diffraction plot. correlation is developed by combing plane-spacing equation and Bragg's law equation, which determines the Miller indices (h, k, l) of some specific crystal system. Suppose, for a hexagonal crystal structure, this expression can be written as[6]:It is known that this experimental XRD data is related to Barium ferrite having hexagonal structure, so it can be compared with reference pattern extracted from software, as shown in Table2.2.

	Line	2	sin	sin	2
	1	17.7703	0.1545	0.0239
	2	18.9802	0.1649	0.0272
	3	22.977	0.1992	0.0397
	4	27.724	0.2396	0.0574
	5	28.930	0.2498	0.0624
	6	30.295	0.2613	0.0683
	7	30.815	0.2657	0.0706
	8	32.194	0.2773	0.0769
	9	33.237	0.2860	0.0818
	10	34.132	0.2935	0.0861
	11	35.574	0.3055	0.0933
	12	37.098	0.3181	0.1012
	13	39.116	0.3348	0.1121
	14	40.359	0.3450	0.1190
	15	42.439	0.3619	0.1310
	16	46.609	0.3956	0.1565
	17	50.303	0.4250	0.1806
	18	53.408	0.4494	0.2019
	19	53.863	0.4529	0.2051
	20	55.409	0.4649	0.2161
	21	56.580	0.4739	0.2246
	22	58.551	0.4890	0.2391
	23	59.976	0.4998	0.2498
	24	63.160	0.5237	0.2742
	25	64.279	0.5320	0.2830
	26	65.619	0.5418	0.2936
	27	67.258	0.5538	0.3067
	28	68.381	0.5619	0.3158
	29	71.896	0.5871	0.3446
	30	72.621	0.5922	0.3507
	31	74.370	0.6044	0.3653
	32	75.607	0.6130	0.3757
	33	76.101	0.6164	0.3799
	34	79.546	0.6397	0.4093
	35	81.395	0.6521	0.4252
	36	83.176	0.6638	0.4406
	37	84.786	0.6742	0.4546
	38	87.650	0.6925	0.4795
	39	88.822	0.6998	0.4897

A

TABLE 2 .

 2 2. Reference pattern matched with experimental peaks from XRD. HKL index in the Table should be changed into hkl, for example: 011 must be changed to 101. This is because it comes from the software. The value of A can be obtained at hk0 (l = 0) for all values of 2 sin and average value of A (0.02281) can be computed of in application of Eq. (2.2) for all peaks with hk0, shown in Table 2.3. Then Eq. (2.2) allows calculating C value for the others of

34

Note: 2 sin , and average value of C is determined being 0.00110.

TABLE 2 .

 2 3. Diffraction lines and their corresponding angles taken from diffraction plot.

	Line	sin	2	h k l	A	C
	1	0.0239	1 0 1		0.00105
	2	0.0272	1 0 2		0.00109
	3	0.0397	0 0 6		0.00110
	4	0.0574			
	5	0.0624			
	6	0.0683	1 1 0	0.02276	
	7	0.0706	0 0 8		0.00110
	8	0.0769	1 0 7		0.00110
	9	0.0818			
	10	0.0861	1 1 4		0.00111
	11	0.0933	1 0 8		0.00110
	12	0.1012	2 0 3		0.00111
	13	0.1121	1 0 9		0.00110
	14	0.1190	2 0 5		0.00111
	15	0.1310	2 0 6		0.00110
	16	0.1565	1 0 11		0.00111
	17	0.1806	2 0 9		0.00110
	18	0.2019	2 0 10		0.00111
	19	0.2051	3 0 0	0.02279	
	20	0.2161	0 0 14		0.00110
	21	0.2246	2 0 11		0.00110
	22	0.2391	1 0 14		0.00110
	23	0.2498	2 1 9		0.00111
	24	0.2742	2 2 0	0.02285	
	25	0.2830	0 0 16		0.00111
	26	0.2936	2 1 11		0.00111
	27	0.3067	2 0 14		0.00113
	28	0.3158	3 0 10		0.00110
	29	0.3446	2 2 8		0.00111
	30	0.3507	3 1 7		0.00110
	31	0.3653	4 0 0	0.02283	
	32	0.3757	2 1 14		0.00110
	33	0.3799	1 0 18		0.00110
	34	0.4093	2 0 17		0.00110
	35	0.4252	1 1 18		0.00110
	36	0.4406	0 0 20		0.00110
	37	0.4546	4 0 9		0.00111
	38	0.4795	4 1 0	0.02283	
	39	0.4897	2 0 19		0.00110
		Average values =	0.02281	0.00110

From the values of A and C, and Eq. (2.3), lattice parameters 'a' and 'c' is calculated of 5.89 A and 23.19 A respectively.

TABLE 2 .

 2 

	Hard magnet	SrFe 12 O 19	SmCo 5	Sm 2 Co 17	Nd 2 Fe 14 B	BaFe 12 O 19
		1.33	4.3	1.87	1.54	1.32

4: Hardness parameter for common magnets.

Table 3 .

 3 2. To be more precise, (I) vessel 1 containing 200 ml H 2 O at 40°C was added 1.518 g BaCl 2 .2H 2 O and 18.482 g FeCl 3 .6H 2 O. (II) vessel 2 containing 400 ml H 2 O at 40°C was added 39.

TABLE 3 . 2 :

 32 Preparation for obtaining precipitate suspension.

		H 2 O	Pouring	T	Stirring speed
	Salts	Base		
		(ml)	method	°C	(rpm)
	BaCl 2 .2H 2 O		Salts into	
	S-B-1	Na 2 CO 3 600		40	300
	FeCl 3 .6H 2 O		Base	
	BaCl 2 .2H 2 O		Salts into	
	S-B-2	NaOH 600		40	300
	FeCl 3 .6H 2 O		Base	
	BaCl 2 .2H 2 O		Base into	
	B-S-1	Na 2 CO 3 600		40	300
	FeCl 3 .6H 2 O		Salts	
	BaCl 2 .2H 2 O		Base into	
	B-S-2	NaOH 600		40	300
	FeCl 3 .6H 2 O		Salts	

  That is why at about 200°C there are a lot of Fe 3 O 4 and some Fe 2 O 3 , and the percentage of Fe 2 O 3 increased with the increase of temperature since Fe 3 O 4 and FeO(OH) turned into Fe 2 O 3 .It is easy to recognize that the range of 150°C and 500°C reveals the apparition of BaCO 3 ; after this stage, the formation of BaFe 2 O 4 phase from Fe 2 O 3 and BaCO 3 which undergone as a solid state reaction[11][12]: Fig. 3.3 showed the formation of BaFe 2 O 4 phase being in good agreement with the work of Wang et al., the formation of BaFe 12 O 19 from BaCO 3 and -Fe 2 O 3 takes place by a two-step reaction [13]. BaCO 3 first reacts with -Fe 2 O 3 from about 550°C to form BaFe 2 O 4 according to the reaction (3.9). The BaFe 12 O 19 formation was established from BaFe 2 O 4 and -Fe 2 O 3 at temperatures higher 750°C via the reaction (3.10):This second step, which implies decarbonation and mono-ferrite formation BaFe 2 O 4 , includes the formation of various intermediate compounds which are formed at contact points between BaCO 3 and Fe 2 O 3 grains, and implies diffusion of both species. It is the fact that when BaCO 3 is heated alone it does not decompose until above 1000°C. However, in the presence of an oxide Fe 2 O 3 with which it reacts and loss of CO 2 occurs at much lower temperatures. Pure BaFe 12 O 19 phase was formed as a result of solid state reaction between BaFe 2 O 4 and Fe 2 O 3[14].

	24 BaFe O		5	23 Fe O	1 21 9 BaFe O	3.10
	34 23 2 1 2 Fe O O	23 Fe O	3.6
	And then					
	2	( FeO OH	)	23 Fe O H O 2	3.7
	2 ( Fe OH	)	32 3 Fe O	3	2 H O	3.8
	32 3 BaCO Fe O				550 1050	C	2 4 BaFe O CO 2	3.9

  3 , and after mono-ferrite BaFe 2 O 4 , from which reacts further with hematite Fe 2 O 3 to form BaFe 12 O 19 . Thus, BaFe 2 O 4 formed as a reaction intermediate into BaFe 12 O 19 .

TABLE 3 . 4 :

 34 The five iron sublattices of M-type structure with number of ions per unit formula and their coordination.

	Sublattice Coordination Block Number of ions
	12k	octahedral	S-R	6
	4f 1	tetrahedral	S	2
	4f 2	octahedral	R	2
	2a	octahedral	S	1
	2b	fivefold	R	1

TABLE 3 . 5 :

 35 Hyperfine parameters of BaFe 12 O 19 in samples SC and SH

	sample Parameters	BaM 12k	4f 1	(Fe 3+ position) 4f 2	2a	2b
	SC SH	B(kOe)	421 421	497 499	520 521	505 500	406 406
	SC SH	IS (mm/s)	0.36 0.36	0.24 0.24	0.43 0.39	0.36 0.36	0.29 0.28
	SC SH	2 (mm/s)	0.40 0.41	0.14 0.14	0.12 0.19	0.30 0.30	2.15 2.15

TABLE 3 .

 3 6: 57 Fe hyperfine parameters used for the impurity phases in samples

	Parameters	BaFeO 3	BaFe 2 O 4	-Fe 2 O 3
	B(kOe)	-	476	520
	IS (mm/s)	-0.13/0.34	0.2	0.37
	2 (mm/s)	-	0.36	-0.19
	Information on the amount of each phase (%mol and %mass) can be derived from
	Mössbauer spectra of each contribution shown in Table 3.7.	
	TABLE 3.7: Amounts of iron-containing solid phases determined from computer-fitted
	Mössbauer spectra (mol% : ± 2%, mass% : ± 1%)	

Sample BaM -Fe 2 O 3 BaFeO 3 BaFe 2 O 4 %mol

  

	SC	70	94	26	5	< 2	< 1	2	< 1
	SH	16	56	81	41	< 2	< 1	2	2

%mass %mol %mass %mol %mass %mol %mass

  BaFe 12 O 19 . If NaOH solution was used, there was no intermediate phase of BaFe 2 O 4 , BaFe 12 O 19 was formed directly from hematite and barium carbonate. It was disadvantage for arrangement of gains, since BaFe 12 O 19 was created at higher temperature as opposed to BaFe 2 O 4 , which the particles are no longer free to rearrange and hexagonal shape of BaM is much more difficult to move in comparison to that of orthorhombic one.

TABLE 4 .

 4 

			R	mol	23 CO mol N a	2 Cl . H O 2 B a 22 2 2 mol B a Cl . H O
		Salts	Base	Fe/Ba	H 2 O (ml)	T °C	Stirring (rpm) speed	R
	R1	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3	11	600	40	300	30
	R2	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3	11	600	40	300	60
	R3	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3	11	600	40	300	90
	R4	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3	11	600	40	300	120
	R5	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3	11	600	40	300	150

1: Preparations for obtaining precipitate suspensions.

TABLE 4 . 2 :

 42 Computed values of lattice parameters 'a' and 'c', c/a ratio, volume of the unit cell (V), crystallite size (D), X-ray density (Xd), bulk density d, porosity (P) and

					Lotgering factor (LF) of the five products surveyed.		
	(	a o A )	(	c o A )	c/a	V (cm 3 )	D (nm)	Xd (g/cm 3 )	d (g/cm 3 )	P (%)	LF
	R1 5.88 21.35	3.63	0.64	36.86	5.77	4.78	17.18	-
	R2 5.89 23.23	3.94	0.70	29.45	5.29	4.44	16.05 0.53
	R3 5.90 23.17	3.93	0.70	36.82	5.29	4.74	10.44 0.77
	R4 5.90 22.15	3.75	0.67	31.12	5.52	4.42	19.91 0.76
	R5 5.89 23.04	3.91	0.69	40.25	5.33	4.81	9.72	0.84
	Table									

TABLE 4 . 3 :

 43 Magnetic properties for the four samples surveyed, shown out remanence Mr and saturation Ms magnetization, squareness out-of-plane (easy axis) Mr/Ms, coercive field Hc.

		Mr (kA/m)	Ms (kA/m)	Mr/Ms	Ms (emu/g)	Hc (kA/m)
	R2	212	254	0.83	57.24	183
	R3	289	316	0.91	66.67	73
	R4	259	288	0.90	65.12	96
	R5	306	330	0.93	68.60	43

TABLE 4 . 4 :

 44 Preparation for obtaining precipitate suspension.

		Salts	Base	H 2 O (ml)	Pouring Method	T °C	Stirring speed (rpm)
	Sp1	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3 600	Salts into Base	40	300
	Sp2	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3 600	Salts into Base	40	400
	Sp3	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3 600	Base into Salts	40	500
	Sp4	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3 600	Base into Salts	40	600
	Sp5	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3 600	Base into Salts	40	700

TABLE 4 . 6 :

 46 Magnetic properties were measured like remanence Mr and saturation Ms magnetization, squareness out-of-plane (easy axis) Mr/Ms, coercive field Hc.

	Mr

(kA/m) Ms (kA/m) Mr/Ms Ms (emu/g) Hc (kA/m)

  

	Sp1	212	254	0.83	57.24	183
	Sp2	205	240	0.85	54.64	164
	Sp3	206	239	0.86	53.24	181
	Sp4	212	248	0.85	53.93	174
	Sp5	218	255	0.85	57.81	175

TABLE 4 .

 4 2 CO 3 excess of 150% or stirring speed of 500 rpm, or something like that. Indeed, we have done these experiments at the same time. In particular, there are five experiments with different conditions for co-precipitation as shown in Table4.7. 7: Preparation for obtaining precipitate suspension.

		Salts	Base	H 2 O (ml)	Pouring method	T °C	Stirring speed (rpm)
	Pt1	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3 600	Salts into Base	20	300
	Pt2	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3 600	Salts into Base	40	300
	Pt3	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3 600	Base into Salts	60	300
	Pt4	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3 600	Base into Salts	80	300
	Pt5	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3 600	Base into Salts	95	300

TABLE 4 .

 4 

			8: Computed values of lattice parameters 'a' and 'c', c/a ratio, volume of the
	unit cell (V), crystallite size (D), X-ray density (Xd), bulk density d, porosity (P) and
					Lotgering factor (LF) of the five products surveyed.	
		(	a o A )	(	c o A )	c/a	V (cm 3 )	D (nm)	Xd (g/cm 3 )	d (g/cm 3 )	P (%)	LF
	Pt1	5.89 23.19 3.93	0.70	34.86	5.29	4.01	24.25	0.35
	Pt2	5.89 23.23 3.94	0.70	29.45	5.29	4.44	16.05	0.53
	Pt3	5.89 22.86 3.88	0.70	35.17	5.37	4.66	13.31	0.45
	Pt4	5.89 22.99 3.90	0.69	37.92	5.34	4.98	6.73	0.31
	Pt5 5.89 23.36 3.97	0.70	34.93	5.26	4.69	10.88	0.24

table . TABLE 4 . 9 :

 .49 Magnetic properties were measured like remanence Mr and saturation Ms magnetization, squareness out-of-plane (easy axis) Mr/Ms, coercive field Hc.

		Mr	Ms		Hc
		(kA/m)	(kA/m) Mr/Ms	(kA/m)
	Pt1	160	204	0.78	140
	Pt2	212	254	0.83	183
	Pt3	181	224	0.81	252
	Pt4	195	261	0.75	252
	Pt5	165	233	0.71	221
					89

TABLE 4 .

 4 10: Preparation for obtaining precipitate suspension.

		Salts	Base	H 2 O (ml)	Pouring method	T °C	Stirring speed (rpm)	Synthesizing time (minutes)
	St1	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3 600	Salts into Base	40	300	30
	St2	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3 600	Salts into Base	40	300	60
	St3	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3 600	Base into Salts	40	300	90
	St4	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3 600	Base into Salts	40	300	120
	St5	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3 600	Base into Salts	40	300	150

TABLE 4 .

 4 

		Mr (kA/m)	Ms (kA/m)	Mr/Ms	Hc (kA/m)
	St1	180	209	0.86	190
	St2	212	254	0.83	183
	St3	170	206	0.83	205
	St4	198	232	0.85	192
	St5	179	215	0.83	208

12: Magnetic properties were measured like remanence Mr and saturation Ms magnetization, squareness out-of-plane (easy axis) Mr/Ms, coercive field Hc.

Table 4 .

 4 13 catalogues elements and processes used in six experiments in which the only parameter was changed that were mass of two salts resulting from different ratio of Fe/Ba, varying from 9.5 to 12. TABLE4.13: Preparation for obtaining precipitate suspension.

		Salts	Base	Fe/Ba	H 2 O (ml)	T °C	Stirring speed (rpm)	Synthesizing time (minutes)
	BF1	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3	12	600	40	300
	BF2	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3	11.5	600	40	300
	BF3	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3	11	600	40	300
	BF4	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3	10.5	600	40	300
	BF5	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3	10	600	40	300
	BF6	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3	9.5	600	40	300

TABLE 4 .

 4 

		14: Computed values of lattice parameters 'a' and 'c', c/a ratio, volume of the
	unit cell (V), crystallite size (D), X-ray density (Xd), bulk density d, porosity (P) and
				Lotgering factor (LF) of the six products surveyed.		
	(	a o A )	(	c o A )	c/a	V (cm 3 )	D (nm)	Xd (g/cm 3 )	d (g/cm 3 )	P (%)	LF
	BF1 5.89 22.78	3.87	0.69	36.86	5.39	4.65	13.68	0.55
	BF2 5.89 23.45	3.98	0.70	44.66	5.24	4.79	8.70	0.64
	BF3 5.89 23.23	3.94	0.70	29.45	5.29	4.44	16.05	0.53
	BF4 5.89 23.05	3.91	0.69	42.92	5.33	4.48	15.84	0.56
	BF5 5.89 23.22	3.94	0.70	36.48	5.29	4.51	14.73	0.66
	BF6 5.89 23.06	3.91	0.69	38.68	5.32	4.55	14.55	0.77

TABLE 4 .

 4 15: Magnetic properties were measured like remanence Mr and saturation Ms magnetization, squareness out-of-plane (easy axis) Mr/Ms, coercive field Hc.

		Mr (kA/m)	Ms (kA/m)	Mr/Ms	Ms (emu/g)	Hc (kA/m)
	BF1	161	192	0.84	41.27	230
	BF2	200	232	0.86	48.49	183
	BF3	212	254	0.83	57.24	183
	BF4	187	223	0.84	49.74	180
	BF5	209	244	0.86	54.09	192
	BF6	235	269	0.87	59.18	195

TABLE 5 .

 5 1: Preparation for obtaining precipitate suspension.

		Salts	Powder Base Fe/Ba H 2 O (ml)	T (°C)	Stirring (rpm) speed	R	Pressing time (min)	Loosing time (min)	Pessure (MPa)
	F1	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3	11	600	40	300	60	2	1	32
	F2	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3	11	600	40	300	60	2	1	64
	F3	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3	11	600	40	300	60	2	1	96
	F4	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3	11	600	40	300	60	2	1	128
	F5	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3	11	600	40	300	60	2	1	160
	F6	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3	11	600	40	300	60	2	1	192
	F7	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3	11	600	40	300	60	2	1	224

Table 5 .

 5 2 enumerated almost all parameters that can be determined from XRD data.

					V (cm 3 )	D (nm)	Xd (g/cm 3 )	d (g/cm 3 )	P (%)	LF
	F1	5.89	23.26	3.95	0.70	32.38	5.28	4.50	14.80	0.50
	F2	5.89	23.07	3.91	0.69	34.75	5.32	4.61	13.29	0.57
	F3	5.89	23.03	3.91	0.69	36.14	5.33	4.63	13.18	0.67
	F4	5.89	22.87	3.88	0.69	34.86	5.37	4.63	13.16	0.69
	F5	5.89	23.20	3.94	0.69	38.82	5.29	4.63	12.43	0.65
	F6	5.89	23.21	3.94	0.69	35.93	5.29	4.69	11.28	0.66
	F7	5.89	23.05	3.91	0.69	34.49	5.33	4.76	10.65	0.70

TABLE 5 . 3 :

 53 Magnetic properties were measured like remanence Mr and saturation Ms magnetization, squareness out-of-plane (easy axis) Mr/Ms, coercive field Hc.

		Mr (kA/m)	Ms (kA/m)	Mr/Ms	Hc (kA/m)	H A (kA/m)
	F1	219	263	0.83	197	1300
	F2	234	279	0.84	194	1320
	F3	238	285	0.84	191	1320
	F4	235	276	0.85	179	1300
	F5	243	284	0.86	176	1320
	F6	238	273	0.87	175	1310
	F7	244	277	0.88	170	1300

TABLE 5 . 4 :

 54 .4. Preparation for obtaining material samples.

			Powder					Samples	
	Salts	Base Fe/Ba	H 2 O (ml)	T (°C)	Stirring speed (rpm)	R	Pressing time (min)	Loosing time (min)	Pressure (MPa)
	BaCl 2 .2H 2 O FeCl 3 .6H 2 O	Na 2 CO 3	11	600	60	300	60	2	1	96

TABLE 5 . 5 :

 55 Accounted percent of hematite in samples calcined at various temperatures. The magnetism of hematite must be presented in what that follow. Precise that there are several phases for Fe 2 O 3 : α-Fe 2 O 3 (hematite, weak ferromagnetism) and γ-Fe 2 O 3

		Fe 2 O 3 (%)		Fe 2 O 3 (%)
	1120	8.16	1100	10.66
	1140	7.74	1120	8.87
	1160	7.01	1160	7.58
	1180	8.12	1180	6.55
	1200	7.27	1200	5.57
	1220	6.19	1220	5.39
	1240	5.13		
	1260	3.98		

TABLE 6 . 2 :

 62 Magnetic properties for the two samples surveyed, shown out remanence Mr and saturation Ms magnetization, squareness out-of-plane (easy axis) Mr/Ms, coercive field Hc and anisotropy field.

		Mr (kA/m)	Ms (kA/m)	Mr/Ms	Hc (kA/m)	H A (kA/m)
	C-P-0	231	274	0.84	196	1440
	S-P-0	244	278	0.88	216	1460

TABLE 6 .

 6 4: Magnetic properties for the three samples surveyed, shown out remanence Mr and saturation Ms magnetization, squareness out-of-plane (easy axis) Mr/Ms, coercive field Hc and anisotropy field.

		Mr (kA/m)	Ms (kA/m)	Mr/Ms	Hc (kA/m)	H A (kA/m)
	S-P-1	251	285	0.88	226	1440
	S-P-2	257	275	0.93	78	1450
	S-P-3	296	327	0.91	103	1510

TABLE 6 . 5

 65 

			S-P-2		S-P-3
		1190°C	1140°C/1h	1190°C	1140°C/1h
	Mr (kA/m)	257	256	296	245
	Ms (kA/m)	275	279	327	274
	Mr/Ms	0.93	0.92	0.91	0.89
	Hc (kA/m)	78	130	103	171
	H A (kA/m) Density (g/cm 3 )	1450 4.45	1530 4.32	1510 4.81	1530 4.64

: Magnetic properties for the two samples surveyed, shown out remanence Mr and saturation Ms magnetization, squareness out-of-plane (easy axis) Mr/Ms, coercive field Hc and anisotropy field.

TABLE 7 .

 7 

	1: The phases appeared in the two samples: S1 calcined at 1120°C/1.0h, S2
		sintered at 1100°C/1.0h dwelling time of 1 hour.
		BaM	BaFe 2 O 4	Fe 2 O 3	BaO	BaFeO 3
		(%)	(%)	(%)	(%)	(%)
	S1	98.22	0.06	0.12	0.80	0.80
	S2	96.52	0.87	2.15	0.18	0.29

TABLE 7 . 3 :

 73 Calculation on lattice parameters "a", "c", and c/a; cell unit volume V;

		008	___ BaM	
			___ Fe 2 O 3	
	Intensity (counts/s)	006	___ BaO ___ BaFe 2 O 4 ___ BaFeO 3	0014
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INFLUENCES OF PRESSURE AND HEAT TREATMENT 5.1 Introduction

There have been many interests in hexagonal magneto-crystalline barium ferrite materials (BaM) which have been widely used in permanent magnetic materials, microwave devices, and so on. This kind of materials owns its large magneto-crystalline anisotropy, high Curie temperature and relatively large magnetization, as well as its excellent chemical stability and corrosion resistivity. A number of devices require these materials in condition of single magnetic domain, narrow grain size, well orientation and highly magnetic anisotropy. With inexpensive, simple and new stacking method presented in Chapter 3, a study about mold pressure and sintering profile for improvement is required. It is obvious that the chemical and physical properties could be greatly affected through particle size distribution, composition and aspect ratio to produce desired products.

Therefore this part presents a study about changes in magnetic properties such as loop squareness, coercive field, bulk density, grain size, impurity and pore acording to the shaping pressure. Further, thanks to thermal treatment at different temperatures formation of different phases, grain growth, magnetic properties, etc should be revealed. It is also extremely vital to show from these experiments what are the paramagnetic contributions derived from the presence of hematite ( -Fe 2 O 3 ).

Pressure

Introduction

The aim of this part is to explore dependence of magnetic properties of samples constituted by stacked particles, according to pressing force change. This molding method mentioned in Chapter 3 indicated a very much easier manner than that of traditional processes for formation of oriented bulky compacts. Authentically, amorphous powders were simply shaped before sintering. Afterwards, from the sintering comes the magnetization. The grain orientation and formation could be established in thermal evolution. Consequently, the final products will be extremely sensitive and strongly depend on synthesis procedures, compression and heat treatment. In this study, first of all, it will have comparison between the two methods (coprecipitation and single precipitationwet and dry mixing) with the same condition such as the mass of salts (FeCl 3 .6H 2 O, BaCl 2 .2H 2 O), the amount of water, precipitating temperature, vigorous stirring speed and the mass of base agent (Na 2 CO 3 ). Secondly it should be showed how to get hysteresis loop squareness as high as 0.93. Thirdly, comparison between dried and wet routes will be operated. Last but not least, a discussion on the significantly different results between Na 2 CO 3 and NaOH solutions used in single precipitation will be mentioned in dried mix process.

The objective of this study is to quote that the magnetic properties of barium hexagonal ferrite compacts were genially enhanced by using the chemical monoprecipitation synthesis as compared to the previous co-precipitation.

Experimental procedures

There are seven experiments performed. The same amount of water (600 ml) was used; and precipitating temperature (40°C), stirring speed (300 rpm) were also the same. Taking into account air gap correction, the permittivity and permeability of the hexaferrite sample can be estimated around 17 and 1,3 respectively. Note that the air gap correction is beyond the limits for the permittivity.

Details are presented in

For higher frequencies we have performed measurement using WR28 rectangular waveguide. The frequency band is [26.5 GHz -40 GHz] and waveguide transverse 145

Magnetized sample measurements

The second part concerns the properties of textured Barium hexaferrite samples in a magnetized state. Our objective is to demonstrate the ability of the textured sample to provide non reciprocal behavior without applying static magnetic field. The sample is once magnetized in the electromagnet then removed and stays in the remanent state.

Non-reciprocity is well known in rectangular waveguide when the sample is placed at the side of the guide and a static magnetic field is applied [15][16]. Due to the high value of anisotropy in Barium hexaferrite, rectangular waveguide measurements in Q band should have performed to see non-reciprocity. As we mentioned before this kind of measurement requires too small samples we were not able to machine. So we choose another setup to highlight non-reciprocity. We have measured the transmission parameter of a micro-strip line with the magnetized sample placed on the top.

Sample placed on top of the microstrip line

Experimental setup for non-reciprocity For the sample in a remanent state, the two parameters S12 and S21 are definively different, demonstrating that the line is non-reciprocal without applying static magnetic field. retrieve appreciate parameters for synthesis such as Fe/Ba, pH, amount of water, stoichiometric excess of precipitation solution, and so on so that we can produce material having ratio of remanence and saturation higher 0.87 for finite-size sample means extrinsic squareness and coercivity of 340 kA/m, especially the coercive field must be larger than saturation magnetization, for self-biased applications in high frequencies.

(2) In view of applications at lower frequencies, the value of the resonance frequency f R of the material must be lowered. Proposed solutions are lying in ionic substitutions in the formulae BaM [4][5][6] [7]. Two types of Fe 3+ substitutions have been reported. In the first type, Fe 3+ is substituted by a single trivalent ion [8][9]; however, this solution is not the most satisfactory. Actually the second solution that consists in substituting one Fe 3+ by a combination of divalent and tetravalent ions shows more flexibility [10] [11]. For instance, Fe 3+ substitution by Co 2+ and Ti 4+ allows lowering the anisotropy energy [5], and therefore the value of f R . It has been reported that substitution by Zn and Zr also led to lower f R [12] [13]. Consequently, the magnetic anisotropy influences strongly both intensity and direction of magnetization along an easy axis. Therefore, and for a relatively small amount of substitution with cobalt, the easy direction of magnetization remains along the c axis, whereas for stronger values of substitution the magnetization would aligned in the basal plane [5] [6]. For instance [5] shown that composition Ba(CoTi) 1.5 Fe 9 O 12 may has resonance frequency close to 3 GHz.

In order to improve the synthesis methods developed in this study, and taking into account these previous works, we suggest the following opportunities in producing substituted BaM materials (with uniaxial anisotropy) for applications below 20 GHz: a. Substitutions with ions Co and Ti, with proportions that have to be estimated precisely. b. Substitutions with ions Co and Zr. In this case the resonance frequency is in the range 3-10 GHz, if the ions quantity is less than 0.6/formula. Keywords : Barium hexaferrite, co-precipitation, permanent magnet, non reciprocal microwave devices Presently, there is a critical need for millimeter wave devices, among which are non-reciprocal devices such as isolators and circulators, which operate in the frequency range from about 30 GHz to 100 GHz. Permanent magnets that ensure the propagation of the wave in such devices are for long based on rareearth elements. Nowadays, the escalation of rare earths cost encourages to look for alternative materials containing much less, or no, rare earth elements selected from the most common and most available. Alternatively, hard ferrites may show the required potential for integration into non-reciprocal microwave devices. Barium ferrite (BaM) is a wellknown, high-performance, permanent magnet material with a large magneto-crystalline anisotropy along the c-axis of its hexagonal structure. A suitable form of barium ferrite for mm-wave applications is a magnetically oriented bulk material.

Several constraining processing techniques were therefore set up to perform the alignment and compaction of plate hexaferrite particles. In contrast to these methods, the present study demonstrates the feasibility of simple alternative ways to provide highly oriented bulk compacts made of BaM particles. In the present work efficient and inexpensive chemical processes (co-precipitation, dry mixing and wet mixing) are presented that produces highly oriented bulk compacts made of Barium hexaferrites (BaM) particles. Hysteresis loops that display very competitive squarenesses between 0.87 and 0.90 (normalized remanent magnetization) and coercivity as high as 303 kA/m are obtained. The sensitivity to demagnetizing effects is therfore reduced. These properties make these BaM bulk ferrite materials suitable for selfbiased applications at frequencies up to 55 GHz.