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Absiract

A delailed smdy has been catried ount, on soft and hard panocomposite magnetic malerials, which
copstimtes, a) Fe-based soffl nanocomposite magnetic matenals of the composibons: FenCu Ny <5114Bq,
Fear oCug oMby 481118y s, F e sCuy Ta;Sis By, b) Co-based so A nanccoinposite magnetc materials of the
compositions: CogFeaNiSisBiz, CoyFeNizSisBi, CogFeMoSisB mmd o} Fe-baged hard nane
composite  magnene  malerials of the  compositions: (NP FeCoyCug ;Wb By 5,
W Feay sCoHE, sGag 5B 155, N Th FerCuy s Bigs. All the compositons bave exhibited qualitative
merement of both s0fi and hard magnetic propenies due to the evoludon of nanoscaled grains evolved
from amorphous precursor by appropriate annealing,

For Te-based sof nanocotnposite magoetic matenials, nanetnemic grains evolving from amorphous
precursor by comtrolled annealing develops the unmique properties with the combungtion of high
permeability of the order of 10* and low relative loss Factor of the order of 107, Crystallization
temperamues are identified by thermal analysis techniques and erystallization products are determined by
X-ray diffraction. Optumum grain size has been determincd in the range of 10-13 nm from line broademng
of fundarmental peaks. Temperatore dependence of initial permeability, p' 15 povemed by the various
stages of crystallization namely, amorphous relaxed swte, panocrystatling state and evolution of iron
boride phase. Crystallization temperatutes were also detemmuned from temperamure dependence of
magnetization, Good correlations of transition teamperatures have been observed berween thermal analysis,
X-ray diffraction, emperanure dependence of petmeability and magnetzation.

For Co-based soft amorphous / nenocomposite magnelic materials vl soft magmetic properties have
been cbserved at optirmum annealing temperatute characterized by very gh wntial permeabality of fhe
order of 10 and low relative loss factor of the order of 10°°. Coercrvity has been found to decrease
significamily for optimized annealed condition compared to as-cast state. Crystallization behavier has been
stuched by thermal analysis and X-ray diffraction techniques. Cornrelating the results of X-ray diffraction,

ihermal analysis and annzaling temperatme dependence of initial permeability, p* and relative loss fzcior,

m.u_lﬁ 1t has been found (hat the mapnetic sofiening of CogeFedNi; 51 5B; has taken place due to relaxation

R

of the amorphouz marix by reheving internal siresses whereas the magnetic sofiening of
~C05?F34N1151153u atd CogFeMoa5isB;; has aken place in bwo steps firstly due to velaxation of the
amommhous matrix and sccondly due w the formation of nanograins during the onset o f erystallization.
Field dependence of magneto-impedance has been measured for current driving frequency of 4.5 and 6
MH7. At higher frequency, magnew-impedance ratio (MIR} iz decreased because the domain wall tuotion
iz heavily damped by eddy current and only magnetization rewtion is respensible for magnetic
permeability,

Fe-based hard nanpcomposite magnetic malerials, conumonly ¥mown as exchange-gpring magnets, has

been found ta consist of soft phase such as, FeuB, o-Fe and hard phase such as RFe,B,, where R is the

xvil



rare carth element such as Wd, Pr or Th. Crysralhization temperatures were deterrmned by thermal analyeis
and crystallization products were determined by X-ray difffaction. Magnetization mwasurernents were
periormed by SQUID magnetmmeter. Hysteresis loops were tmeasured at oot lemperature for dilferent
annealing conditon in order to observe the variation of magnetic properties wilh different crysiallme
phases. Reversible and imeversible component of magnetization has been studied by recoil hysteresis and
de field dernagnerization remanence Temperamre dependence of hysteresis loops revealed that below
SpIN TeoTientaton temperatures, variations of magnetization becomes discontinuous at low field leading o

consincted hysleresis loops.
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Chapter 1

Introduction




mapgnetic materials, Nanomantrials are generally matenialg that can have one dittensiom, two dimensicns
ot three dimensions and can be specified wathm a size of lﬂ:ﬂ nanometer (1 nm = 107 meter). Application
area of morgamec nanoparticies are abrasives, camlysts, piements / coatings, optical devices, electronic
devices, magnelic and structural matetials Among he various applications o f nanastructured materials
the present research work 15 focused on rancsmwcnired magnetie materiols preparcd from amerphows
precurser made by melt-spin sysem. In the present study, (hree sysems have been underiaken in order 1o
smdy the magnelizahon process in the nanostruciored exchange-biased syatem. These are. 2) Fe-based sofi
nanacomposite magnetic materials of the compositons: FesCuyNbs s5i,Brs. Fos 500 gMby 051,30 5,
Feu O Tas8h5 5By, b)) Co-based soft nane composite mapgnetic malenals of the compositions:
CogpFe N 81 5Bz, CogiFeaNizsisB ;, CogFeMosSisB 1z and ¢) Fe-based hard nann composile mapnetic
materials of the compositions: {NdPriFeq;;CoCug sNE By s, NiliFes sCoyHi $GapsD iz 5,
NdaTh FessCug sNby Bp 5

The main objectives of the present research work are to synthesize Fe and Co based alloys of the abave-
mentioned composibons in the amorphous state by nsing rapid solidification technique and s mdy their
magnehe properiies with the evoliion of different phases by varying annealing condition. Amnealing of
Fe and Co-based soft nanocomposite magnetic materials have been perforaed in air and annealing of rare
earth content Fe-based hard nanocomposite magnetic materials have been performed m vacuum at
different temperatures and holding time under a pressure of 10 mbar in order W determme optimun
condition of amnealing. X-ray diffrachon technique has been used for the characterzaton of
nanostructured phases. The purpose 15 to comrelate evolution of nanograims, thewr volume fraction, size and
their distribution in (he remaming amorphous matrix wath the magnetic propenies of different
compositions.

For Fe-taged sofi nanocomposite magnetic matenals, nanostrwhwed phase of o-Fe(S8i) evolved from
amorphous precurser containg grains havimg dimension wathm 10-1F nm. In Fe based sofi nanocomposite
magnetic matenals nanogains are dispersed within the amorphous matrix. Since, nanogains are exchange-
coupled through residual amorphous malrix, magnetie anisottopy is averaged out as a result of which
permeabifity value is enhanced by the order of 10%, which is extraordinanly solt compared to conventional
sofi magnetie materials [1],

In Fe-based soil nanccomposite magnenc matenials, temperature dependence of permeability is governed
by the composition of the residual amoerphous and nanostucrured phases. When the sample iz annealed
below the crvamllization temperatute, increase of initial permeability is anrbuted to the stress rehef,
merease of packing density of atoms by annealing out micro-voids and changing the degree ol chermical
disorder. Temperaturs dependence of permeability curve passes through a maximum just before a sharp
fall to near zero with the manifestation of Hopkimson cfect charactenzing the ferro-paramagnenc

mansttion o { the a morphous phase. When the sample is annealed above ¢ rystallization tamperature, the

This thegis focuses on exploitmg some of the scientrfic and technological aspects of - ﬂﬂl.'ll:l sn'-;'mnﬂrhf
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sharpness of the fall to lower values of permeability is progressively smeared out waih he appearance of a

tail in the high temperamre region. The crucial rele of exchange interaction 15 clearly evident when the

measuning temperatwe exceeds the Curie temperature of the amerphous matrix (T >T™) in the
temperarure dependence of permeability of these biphase alloys. For T >T™, the intergramular

amarphous matrix beeome paramagnetic within which c-Fe(50} ferromagnetic nanograins are embedded.

The exchange coupling between the nanoprains larpely ceases to exist. Thus for the measuring
temperature T =T, the initial permeakrlity drops down by almest two orders of magnitnde and the

cosrclvity 1ncrease correspondmgly. When the sample is annealed above the secomd erystallizmation
temperature obldined fom thermal analysis, temperanute dependemce of permeability is govemed by the
presence of Fe;B phase, Sometimes, presence of boride phase cannot be detected by X-ray dilfacton.
Since the amsomopy constant K| of FeaB (430 kJ / m0'} is five order of mapnimde higher (han the average
anisotropy <X of o-Fe{Si} nanoprains {4 J / m"}, minor evelution of Fe,B phase can cause significant
damapge ko exchange interaction. Temperature dependence of p’ reveals the presence of FogB, which 15 not
pasaible to detect by X-ray diffraction. Since X, of Fe,P passes from negative to positive value at 523K, a
drammatic nise of i From a very low value by an order of magnitude at room temperature is expected at
523K for ihe samples annealed about 873K and above.

Co-based amorphous alloy exlubits superior sofl magnetic properties afier appropriate annealing treatment
below the crystallization mmperature, It {s widely known Lhat thermal rearment of amprphous materials
below their crystallization temperarure relaxes Whe amorphous structure, grving tse to ulira-soft mapnetic
properties. In the recent studies, it was found that heat reatment below the crystallization tormperature m
the Co-based amorphous alloy gave rise to the formation of nanocrystalline phase with grain size of ahout
2 nm, revealed by TEM [2] leading to very high value of initial permeability. According to Herzer [1], the
formation of the nanocryslalline phase in (he Fe-based alloy conmaining Cu, annealed above the
crystallization termperahire, grves risc ko reduction of the effective anisolropy because the random oriemad
anisolropies are averaged out by exchange mieraction. Sumilar effect is belicved Lo exist in the Co-besed
alloy in the early stage of crystallization [3].

In this work, he aim is w analyze the possible formation of nanocrystallme phases and the relative
soltening of the magnetic properics in the Co-based amorphous elloy by appropriate thermal treatment,
Smee enhanced magmeto-impedance is a characteristic praperty of Ce-rich amorphous zlloy, anncaling
clltct on magneto-impedance i amorphous relaxed state at current driving fequency of 4.5 and 6 MHz
have alzo been investigated. Magneto-rmpsdance (MI) consists of a change of total mmpedance of a
magnetic conductor under the application of a smtic magnetic field Hy The change expressed in giant

magnels impedance ratie (GMIR) is determined as follows:



GMIR (%) = [I - 22('::—!:')} x 100
where Z (H;:) is the impedance meacoredin the presence of Lhe dc magnetic field and 7 (H,,.) is Lhe
impedence measired at the maximum fimit when the impedance does not change any longer with the
applied field,
In order o show piant magneto-impedatce by any materinls several general conditions must be satisfied
such as: the materials should be magpetically seft with well-defined anisomopy axis and with small
magnetostriction. The ¢ oercive ficld H, must be small with narrew hysweresis foop The materials must
have a small remshvity sincc it carmnes the ac current. The materials should have a large saturaton
magnenzation M, m order w boost he interaction wilh the external magnetic field. The materials, which
meet the above conditiens ate Co-Fe-8i-B besed alloys of ihe compesition around CogFe, ;B :5i; s with
various dopants.
In Fe-based hard nanocomposite mapnetic materials, magnetic propermies are characterized by exchange-
biased soft and hard naneomposite phases [4]. Presence of soft nanostructured phase would lead w high
value of remanence, which is expected o be greater than 0.5 while presence of hard nanostructured phase
would lead to high value of coercivity, which is expecied to be grcaler than 3 kDe in the oplimized
anncaling ¢ onditon. R emancnt ratio greater than {.5 is highly d esirable for d evelopment o f p ermanent
magnet. Besides hugh reduced remanence such systems are characterized by high energy product. Extent
of exchange coupling aflfects the shape of hysteresis loop. The demagnerization branch of the hysteresis
loop is convex when Lhe soft and hard phases of the sample are exchanpe coupled i the optimum
condition of annealing. When the sample is over-annealed, over-aging of the nannerains would lead to the
demagnerization curve being concave. If (here were no exchange coupling between phases ene would get
comstnicted hysteresis loop. The recoil permeability of an exchange spring magnet is expected to be about
5 times as large a3 that of a convenntenal magnat with equal coercrve field and saturation magnetization,
which signifies reversibility of magmetic moment m the soft phusc below cemain ertical field [5].
Beversibility of magnetization can be studied from de field d emagnetization t echnique known as DCD
rechnique and recoil hysteresis loops. Temperature dependence of hysteresis lonp parameters lead to the
variation in the shape of hysteresis loop in low termpetature region Le. in the range of 5-150 K duc to spin
recrientation of mapnetic moment of Nd;Fey B from 30° (fom c-axis ) to c-axis.
In ihis thesis, Chapter 2 contains miroductory deseription and brief literature review on three above-
mentioned systems. Chapter 3 contains the desetiption of expenimental set-ups used in this work. Chapters
4 to 6 contain the experimental results and discussions on (hree different systcms, Finally, Chapier 7

cotmaing the coneluding remarks.



Chapter 2

Soft and hard Exchange-biased
System




2.1 Fe-bascd soft nanacomposite magnetic materials

A new class of Fe-based alloys exhiliting superiar sofl magnctic properiies has been discoversd for the
first lime by Yoshizawa et. al. [1]. Nanocrysmlline struchare of (hese alloys ofiers a new opportunity for
talloring soft magnetic materials, The particular charscteriste of these types of alloys is i uimafine
microstrocture of b.c c. Fe-S1 wath grain sizes of 10-1% nm for which their soft propenties are derived and
after which they wete named nanocystatling,

itts well known that the microsmucture, especially, the gram size, essentially determines the hysteresis
leop of ferromapgnenc materials. Fig, 2.1 sumenatizes (he present understanding of the coercivity, H,, in
the whale range of structural correlation lengths starting from atomic distances in amorphous alloys over
grin sizes, D, m the nanometer regime up to maeroscopic g rain sizes [Z]. The permeabitity shows an
analoygous behavior being essentially inversely proportional to H,. The 1/D dependence of coercivity for
large grain sizes reflerts the conventional rule that good soft magnetic propurhies require very large prains
{D = 100 pm). Thus the reduction of particle size to the regime of the domain wall width imcreases the
coerciviry He towards a2 maxmmum conmolled by the anisotropies of mstenials, Lowest CORTEIVILIeS,
however, are again found for smallest structural comelation lengths like in amorphous alloys (“pram size"
of the order of atomic distances) and in nanocrysmlline alloys for grain sizes ¥ < 20 mn The new
nanperystalling material fills in the gap between ameorphous metals and conventional poly-crysralline
alloys.

2.1.1 Formation of the nanocrystalline state

Prncipally, nanocryjlaltine alloys can be synthesized by a vanmety of techniques such as rapid
solidification from the liquid state, mechamcal alloying, plasma processing and vapor depesition. Yet, the
requiremnents on the microstruciure necessary for the soft magnetic properties rule out quite 3 number of
lhe available processes. Kuhn and Schultz [3] have shown, (hat mechanicat alloying fecms to be
unsuitable for he prodoction of soft magnetic nanocrystalline Fe-Co and Fe-Ni becausc of the
considerable inroduction of internal strain into the malerfal, which is inevitably related w the process and
carmot be removed without the simullaneous occurtence of undeswable pram growth, Compacted
narometer sized powders prepared by inert gas condensation mchniques, although frequently discussed,
are glso unsuimble for oblaining good soft magnetic properties due 1o the unla orable interpranular
linkage, which considerably reduce the necessary ferromagmetic coupling between Lhe Brains.

Actually, controlled ervstallization fom (he amorphous state seems to be Lhe only method presently
avallable to synthesize nanecrysialline alloys with anmctive soft magnetic properties. The amorphous
precursor material is prepared either as a thin film by sputtenng techmiques or as a nbbon by Tapid

solidification from the melt.
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A typical nanocrystalline s Lucture wth g ood s oft magnelic properties o cours i f the amorphons stats 15
crystallized by the primary crysallization of b.c.c. Fe, before mtermelallic phases like Fe-B compounds
may be formed. An extremely high nucleation rate and slow growth of the crystalling precipimtes buh are
needed sitmulancously in order to obtan a nanoscaicd microstructure, 11 was known before that
crystallization o f ¢ onventional melallic glasses o ptimized for soft m aguetic applications nsually yield a
relatively coarse grained microstructure of several crysmalline phases and, correspondingly, deterioralcs
soft magnelic properiies Although it appeats to be possible 1o refine die microsmueture of such
conventional compositions by special amealmg techniques lke pulse heating [4], such methods are less
snitable in view of reproducibility aad application. What is needed, is a conirolled crystallization behavior
upun tsorthermal annealing. This can be achieved by an appropriate alloy design, in particular, by allnying
special elemenrs, which promote the mucleation of b.c.c. Fe, retard the grain growth and simmlaneousty
inhibit the formation of mermetallic phases. The requirement of & good glass forming ability puts further
consrrainty on the accessible alloy compositions,

The ecptmmm alley composition onginally proposed and subsequently not mmch changed is
Fegys0uyNbs813 5By and can be considered as a typical Fe-Si-B metallic glass composition with small
addibons of Coand Nb. The alloy sysrem has a pood glass forming ability and 15 easily accessible by
rapid solidification as an originally amorphous ribbos, typically 20 pm thick. The nanocrystalline state is
achieved by anmealing at mmperamres typically between about 773 and §73 K, which leads to primary
crystallization of b.c.c. Fe. The resulting microsiructure is characierized by randomly onented, vlra fine
grains of b.c.c. Fe-5i (20 at.%) with typical grain sizes of 10-15 nm embedded 1w a tesidual amorphous
matmx, The remaining asrmorphous mabx occupies about 20-30% of the volume and separates the
crystallites at a distance of about 1-2 nm. These features ave the basis for the excellent soft magnetic
properhies indicated by the high values of the imtial permcability of about 10* and comespondingly low
coercivities of less lhan 1 A/m,

Anpzaling at more elevated temperatares above 873 K leads to the precipitation of small fractions of
bonde compounds like FeyB or Fe,B with typical dimensions of 50 nm to 100 nm along with the ulim fine
grain smuctare of b.c.c. Fe-Si. Furlher increase of the annealing temperarure above 973 K, finally vietd
gram ¢ oarsening of Fe(5i). Both the formation of Fe borides and gram coatsemng deteriorates Lhe soft
magnetic propettics sigmficantly,

The formation of the particular nanocrystalline stueture 15 essentially related to the combined addition of
Cu and Nb {ot other group TV o VT elemenis) and their low solobility m b.c.c. Fe. Copper enhances the
nucleation of the b.e.e. grains while Niobium impedes coamening and, ai the same time, inhibits the
formation of boride compounds. The microstruerure evolution js schematically fllustramed in Fip. 2.2 and
can be summarized ag follows:

The phase separation tendemey between Cu and Fe leads to the formation of Cu-rich clusters, about 5 nn

in size and probably still amorphous, m the imtial stage of anneating before the onset of the primary
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crystallization of the b.c.c, Fe-Si phase [5-6]. The presence of Mb, hereby seems to promnte the formation
of these Cu-rich clusters on @ much finer seale than in an Nb-free alloy composition [7]. This cluster
formation causes 4 congemration fluctuation of Fe. Thus, the regions in berween the Cu-rich chisters
provide a significantly increased density of pucleation sites for he crystallization of b.cc. Fe. The
consequence is an cxbemely fine mcleation of b.e.c, Fe-3i crystallites at a high rate, which subsequently
prow in a dufusion controlled process [B] as the ennealing proceeds further. As the b.c.c. Fe phase formns,
Nb and B are exclnded fom the crystallizes becanze of their low solubility m b.c.c. Fe-5iand are enmiched
m the residual amorphous maleix. At the same time effectively all Si Ends to be partitioned ima the be.c.
Fe-5i phase. The ennchment with B and in pamicular, with Nb increasingly slabilized the residual
amorphous matrix and, tus, hinders coarsening of the b.c.c. praing. The presence of Nhb at the same titne
inhitits the formation of Fe bonde ¢ ompounds. The irangformation finally ¢ cases 10 a melastabls two-
phase microsmucture of bue.c, Fe-5i cmbedded in an amorphous Fe-MNb-B matnix,

The effect of coppet in enhancing the mucleation density, in 4 way, is unique. Gold is the only element,
which has been venfied Lo have a comparable effect on the crystallization behavior [9]. From this, silver,
belomging to the zame noble metal group, i8 expecred to behave sitnilacly, However, silver is practically
rrmiscible m Fe even in the Liquid state, such Lhat alloying of Lhis elemeant into the Fe-5i-B marrix, so Far
could not be verified successfully, Although esscntial, Cu-addition alone is not sufficient for the formation
of ulira-fine nanopraims homogenecusly distrilnded in the amorphous matrx, Iis effect is considerably
protnoted by the simullanscus presence of Nb,

Mb enhances the crystallization temmperatures and retards the gram growih by limiting diffusien. In
particular, the Wh-addition significantly increases the separation between the two crystallization s lages,
which promotes the pomary cratallization of b.c.c. Fe and sbilizes the residual amorphous mamx
against the precipitation of Fe-B compounds, All together leads to an increased number of simltanecus]y
ErowIng and competing crystals resulting in the nanescaled nucrosiructure wpon alloying wilhm Lhe range
of 2-3 at.% of Nb

Niobum can be substimted by other group ¥ or V1 refractory elements, like Cr, ¥, Mo, W or Ta which
ncl sumilarly on the cryatallization process and on the magnetic properties [107. Like Nb, the atomic
volumes of these refractory elements are larger than that of Fe, which redoces the diffusion cocHicients
and, thus, stabilizes the amorphous matrix and slows down the kpetics of grain coarserang [11]

Accordingly the efficiency of these clements for prain size refinement mercaszes in the order of their
alomic volumes, ie, Cr<¥ < Mo = W < Wb = Ta. Thus finest grain sirucnres and supesrior magnenc
propertes in practice require at least a certain amount of (he elemems Nb or 1.

Tt should be stressed again (hat soft magnetic properliss requirs not only a small grain size but at the same
tirne the absence of boton compounds. The scparation betwest crystallization of b.ee, Fe and Fe-B

compeunds not only is determuined by Cu and Nb additens but, decreases wilh increasing boron content.
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This puts a further constraint on the alloy compoesition namely that the boron content should be kept at a
low or moderate level to obtain an optimum nanescated structure,

From domam ohservaton, it has been found that wn the optimum annealed condution, exchange coupling
berween the nanoprains through residual amerphous marrix leads to wade laminar demain of gbout 400
um. In the overaged condition, the ultra fine boc. malmix is effectively hardened by the iron boride
precipitates allhough their volume fraction is very small. For samples annealed at 853 K, i e., in (he very
mitial slate of degradation, the domain pattern changes from wide {= 400 um) laminar domams to small,
only 20 pm wide and irregnlar domains [12] The irrepular domain patterm scales down by at least two
orders of magnitude when the annealing temperature i3 Ruther increased. The clfcctive bardening caused
by the Fe;B precipitates already at smallest volume Factions is related to thewr relatively large size of 50-
190 nm and, in particular, to their large magnctocrysialline anisotropy constand, X, of about 430 k¥,

It is inieresting to observe the mmpeTature dependence of the magnetic propenies of such “over annealed™
nanocryatalline materials, topether with the magnelo-crystallime anisoiropy ¢ onstant, K|, of Fe,D. Good
soft mapnetic properties of lhe nanocrystalime b.c.c. stmuctare are largely recovered when K, {Fe B
passes through zero at 5323 K. This parlicular temperature dependence allows o detect even smallesi
amounts of borides hardly visible by more direct strocnurnl investipations and, thus, provides a most
sensitive tool in order to separate whether an eventual degradation of the soR magnetic propertics anses
from e large Be.c. praing or From hard precipuales. The deletericus impact of small amoums of boride
compomds on the aoft magnetic propertes is i parlicular visible in alloy composibons wilh low silicon
and comespondingly high boron conlent even if heat-lreated in an optimum way.

Thus, a basic condition for the formation of a typical nanocrystalline structure 18 given by a primary
crystallizatinn process before stable or mela-stable intermerallic phases are formed. Obsaously, this can be
atained by (i) alioying additions which lead to clearly separated stages of crystallization Ty, and T,s and
{1y by amnealing at Ty, < T, < T,z such that emly Lhe phase forning at and above Ty, is crystallizing.

2.1.2 Microstructure-Properiy Relationship

Nanocrystalling phase evolving from amorphens precursor by controlled ammealmg develops the unique
properiies with combination of the low losses, hiph permeability and near zero magnetostriction. The
major requirements for superior soft magnetic properiies are high inital permeability and exmemealy low
coercivily, which is govermed by low or vanishing mapnetocrystalling anisstropy. The anisotropy
consland, K, for a—Fe(51), the constiment phase of FINEMET iz about § k)‘nr’, which 15 by far too large
w explan by imelt, the low coercivity (H, < 1 A/m) and high initial p ermeability { u, =106°). Based on
random amisotropy model (RAM) originally developed by Alben et. al. [13], Herzer provided theoretical
basis for the superior soft magnehc propertics, in which, it was stated that the effective anisolropy
contribution of the small randomiy oriented bee Fe(Si) gmins is essentally reduced by exchange
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wneraction [14, 15]. The critical scale where the exchange energy stans (o balance lhe anisotropy energy

142

. A . .

isL = [K_} where L, is the exchange correlation lenglh, A i the exchange stffness constant and K,
1

15 the mapgneto-crystalline ansotropy. 1, lakes the value of about 35 nm for the material parameter of bee
Fe - 2 at.% 5i that deterrmnes the order of the domain wall width. For D= LTU, ie grain sizes of the

order of 10-15 nm, the mapnetization will not follow the randomly oriened easy axis of the individual
graing, but increasingly is forced to alipn parallel by exchange interaction. As a consequence, the local

amsolropies are averaged out over an increasing mumber of grains, such that the effective anisotropy

G d

constant <K= finally scales down like < K >~ ]

PR The predicted D® dependence of anisoropy, <K=

which is clearly related to initfal permeability, is a good guiding principal to explain the cnhancement of
=10 upon annealmg.
The crucial tode of cxchange interaction is clearly evident when the measuring temperahre exceeds the

Curie temperature of the amorphous marrix (T >T™ ) in the tomperawre dependence of permeability of

lhese biphase alloys. For T >T™™, the intergranular amerphous matrix become paramagnetc within

which o—Fe(Si) ferromagnetic nanograms are embedded. The exchange coupling between Ihe nanograins
largely ceases to exist. Thus for the measuring temperature T > T*", the imtial permeabllity drops dewn
by almast two order of mapnitude and the coercivity mereases correspondingly [16],

For the measuring temperaure T >T™, another interesting behavior of superparamagmetism /

superferromapnetism can be studied. Gradual merease of annealing temperature mereases the volume
fractions of cryatalliles cmbedded m a stifl amorphous matnx. Superparamagnetic relaxaton in FINEMET
type of alloys has bees studied for compositions with a high contemt of refraclory mel substituted for Fe
such as Cr [17] and Cr / Mo [18]. Franco et al. {1%] bave stodied superparamagnetic relaxation m
FINEMET rype of alloy FeCuNb3iB without adding aoy exlbra refractory efement and lhey have
demonstrated that this behavior i3 a general cheracteristic of these nanocryslalline alleys provded the
volume fraclion of cryslallites are very low, 1f the volume fraction of the nanocrystals and therr sizes are
small enough and lhe mtergranular matrix s suifeaently fhick to mmimize the magnete imerachions
hebween them, then superparamapgnetic behavior of (he nanocrystalline particles 1s cxpected. The existence
of exchange ineractions between cryslallites of o-Fe(S{) through the paramagnetic amorphous marrix in
the namocrystalling alloy of FeCuTa%iB was studied by Kulik and Hernando {20, 21], Supcrferromagnetic
behavior was observed m nanocryslelline FeCuNbSiB alloys with telatively high volume fractions of
eryatallites [22].
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2.2 Co-based 500l panocomposite magoelic materials

Thermal ireaumem of Co-based amorphous materials below the crystallization temmeratire telaxes the
amorphons sruciure, giving rise to ulira-sofl magnetic properties Changes in the pre-existing amsotropy
direction have been observed in some cases due to reartangement of atom paits during heat treatment even
it the absence of exernal magnetic fleld and applied siresses [23], In (he recent studies, it was found (har
heat treatment below the erystallization temperature m the Co-based amorphous alloy gave rise to the
formation of nanocrystalline phasc with grain size of about 2 nm, revealed by TEM [23] leading to very
high value of initial permeability. According to Herzer [2, 12], formation of the nanecrystalline phase 1n
Fe-based alloy contuinmg Cu, annsaled above the coystallization temperature, gives rise to reduction of
the effective anmisoiropy becanse the random oriented anisoiropies arc averaged out by exchangr
interaction. Similar effect is belicved to cxist in the Co-based alloy in the early stage of crystallization
[24-27].

2.2.1 Theory of Magnetoinductance and Giant Magnetoimpedance

Magenloinductance

Magnewoinductive ¢ifecis in farromagnetic conductors can be wicd for varions sensers. Hams Chnstian
COrersked of Denmark discovered the principles o f magnetoinductance in 1820, He found that whenever
gleciriciry flows through a wire, 2 magmetic field 15 produced sround the wire, This produces
magnetization 1 the conductor called magreteinductance. I the cutremt varies with bms, (hen (he
mapnetic flux in the ¢ onductor a lso vanies and mduces an electromoative farce between (he ends of the
condueror that is superimposed on the Ohrme voltage.

In a wire with a circular cross sectior, the circumferential magnetic field, H, mduced by a constant current
with the den=ity i, 13 H == where 1 is the dislance from the wire axis. For 2 wire with a 1 mum diameter

and a current density of 10° Afm?, which 15 Tow enough not W increase the temperamre by joule heating,
the mamun magnitude of a magnetic field on the wire sweface 18 250 A'm or 2.125 Oe. The
coroumforenbal reversal of the conductor magretiration rust be of this order or lower W detect the
magnctrnductive vollege easily against the Ohmic background siymal. Therefore, these apphications
requite s0f magnetic metals with high cirenmderential permeability.

The systematc study of magnewinductive effects in soft magnehc conduciors began with the
development of smorphows wires. A large mngnetoinductive elfects was found m the zero-
magnetostriclive, amorphous CoFeBSiB wire that has a circumferential, hamboo-like domain stucture 1o
the onter shell. When an ac current of 1 kHz conducls Uoough a CoFeSiB wire, sharp peaks are induced
o the background Ohonc signal by (he circumferential magneiization reversal in the outer shell by

applying de magnetic field. The peak amphiude decreases with an increase of external de masnetic ficld.

-"r.
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Giant Magnetoimpedanca

Another magmetoinductive ellect observed 1n sofl ferromapnetic metals is GMI, GMI is a classical
phenomenon that can be explamcd thoroughly on the basis of usual electromagnetic ¢ onceps in s harp
conmrast with giant magneto resistance {GMR) effect where resistance 15 chanped by a magnehc field.
GMR requires quantum mechanical concepis based on the epin of the carriers and their mreractions with
the mapnetization of the mapnetic material. The ac fopedance in GMI has a strong dependence an the
applied magnetie field This elfect oceurs at high frequencies and can be explained by classical
glectrodynarmes. Radio frequency (RF) current 15 not homopeneous over the cross section of a conductor,
it tends to concenirate near the conducior’s surface and is called skin effect. The cxponeniial decay of

current demsity frum the surface towards the interipr of the conductur i described by the skin depth:

5 2P . It depends om the frequency of the RF current w, the resistivity p, and the permeability p. Tn
1|| £l

nonferremagnetic metals, p is independent of frequency and the applied magnetic field; its valoe i3 close
to the permeahility of vacuum yw. In ferromagnetic malerials, however, the permeability depends on the
frequency, the amplitude of te ac magnetic ficld, [he mapnitude and orientation of a bias de magnetic
field, mechanical strain and temperature. The high permeability of zoft magmetic metals and their strong
dependence on the bias magnetic field are he orgin of the GMI effect

Magnctoimpedance (MI) consism of & change of total impedance of a magnetic condnctor {usually
ferromagnetic) under the application of a static mapnetic field Hy,. When an ac eurrent I = Le/™ of
magnimde 1, and angulat frequency o {= 2af, with {(the ordinary frequency) flows through the material, it
generates, by Ampere’s law, a tansverse magnetc field inducing sotne magnehzation. At low frequency,
the change in the tranaverse magnetizabon generates an additional mductive vollage Vy across the
conductor: ¥ = BRI + ¥ where K is the resistance. Hence, ML can be writlen 25 Z = R + iodv], wherc the
imaginary part is grven by the ratie of magnetic flux w ac cwrent and field dependence of M 15 related W
the transverse permeability. When fequency increases the current pets distribued near the surface of Lhe

conductor, changing both resistive and inductive components of the total veltage ¥, The field dependence

of MI is govemed by skm depth, 5 _ [P . The current disribution is governed not only by the shape of
LHL

the conductor and requency but also the mansverse magnetization depending on H,.,
At frequencies above 1 MHz, eddy cumenls heavily damp the domain wall movemens, and only

magnerization rotations are Tesponsible for magnetic  permeabilin,. The minimuwm sk depth

bn = a [ PM ] for soft magnetic amorphous nlloys is about 0.1pm {where &« is dampmg
T, Mg

parametery. This gives the maximum values of (2R, around 1000, This value of GMI can be achieved

anly in wniexial materials wilh the wnit direction of anisomropy perpendicular to the conductor axis. Any
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deviation of Lhe unit axis from the perpendicular or any fMlucmation of H, substantially reduces the GMI

effect.

It has been shown experumemally that a large M1 often occurs at frequencies of a few MLz, Changing the

de biasing ficld Hy,, the maximum [Z] can be as large as a few times the value of Ry.. the dc resistance. At

low frequency |Z| bas a peak around Hy, ~ (0 and as the frequency mereases, the peak moves toward H,, ~

* H, where H, is the anisotropy field. Therefore, |Z] 25 a function of Hy. passcsses a single or a double

peak as the freguency increases. When the direction of anizonapy tield is well defined the peaks are sharp.

22,2 GMT phenemenon of Co-rich amorphous alloy

Cnant magneto-impedanee {GMI} is a charactenstic property of Co-rich amorphous alloys {28-30].

Several general conditions must be satistied by any mamnal in order to show GWI effect.

i

ii.

il

vi.

¥l

The marteeial should be magneiically soft. That is, it should be sasily magnetized or in other words
must have a relatively namow hyseresis curve implying, in goneral, small losses in the course of
the magmetization cycle.

The materials should have a well-defined 3 nisotropy axis. T hat means thete must be n direction
along which the magnetization of the matenal hes on he averape in the direchon of the easy axis,
However, the valne of the amsotropy field should be relavively soall of the order of a few Qersteds.
The coercive field H, must be small (fraction of an Oersed) with narrow hysteresis loop. Smee H.
and the shape of the hysteresis leops change wilh the angle ihe magnetic field makes with (he easy
axis {or amisomopy axig) of the material, these are teken as the reference point when the field 13
along the easy axis,

The ac carent I = Le*', injected in the material, should be perpendicular to the casy axis (or
anisotropy direciion} and the magmetic field, H,; it creates should be small with respect to H;.

The material must have a small resislence (= 100 pfl.cm} since it carries the ac current. Thas 15
imporiant, siice many magnetic materials have large resistivities Arnorphous metals are interesting
in that respect since, typically, iheir resistivities at romm temperature are in he range of 100
pllem

The materials should have a large samration magnetization M, in ovder to boost the imeraction wilh
ihe extermal magnetic ficld

The material should have a small magnetosmiction (M5} This means, mechanical effects caused by
application of a mapnetic flaid should be small. Mechanical stress due o MS alters the soft
maznetic properties of Lhe material by acting as an efective anisciropy. This alters the direction of

the amsotrapy, displacing it from (he transverse direction and thereby redueing the value of the ML

M elfect did not attract much aitention until Panina et al [31] and Beach et. al. [32] reported GMI effect

in amarphons FeCoSiB wires with small magnetc field and at relatively low frequencies. Machado et. al,
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[33] observed such effect in thin films and Beach et al. [34] in ribbons, Atkinsen et. al. [28] and Knobel
et, al. [29] have shown that GMI 13 a classical phenomenon that can be explained thoroughly on the basis
of usval electtomagnetic concepls. Sunce early nineties scientists end researchers are pursumg their
research to understand the phenomena of GMI and its technological application as sensors for detecling
small mapnetc field and magnetic heads and specially the GMT effect on Co-based and FINEMEBT
compositions [335-41].
The dramatic variation of the MI with small magnetic field (a few Oersteds) and at relalively low
frequencics {tcns of MHz) in widely available marterials is the origin of the interest m the Giant Magneto
Impedance (GMI} effect. The effcets of M1 ocour in widely differing magnitude depending on the
geometry, Lhe constituent matenials and their layering,
In order o clearly idendify GMI, several observalions sheuld be made:

1. A very large change {of the order of at least 100% variation) of the impedance should occur wilh an

external de magnche field Hy. The change expressed in % iz defined by the largest value of the

ratio:

Ho GMIR ) = [1—;‘:;”—:;7']]: L0 (1)

11 where Z {H,) is the impedance measured 1n the presence of the de magnetic field and Z {H,.) 5
the impedance measured at the maximmm limit when the impedance does not change any longer
wilh the applied feld.

iv. The parameters fhat characlerize he GMI efficiency are the maximum valve of GMI and (he
maximum fizld sensuivity expressed by the mammum value of derrvative of ficld dependence of
GMIR.

v. The external dec magnetic field Hy, should be of the order of a few Oersteds only.

vi. The frequency range 15 of the order of MHz or tens of MHz {excluding any e{fect based on
Ferremagnetic Resonance (FME) where the frequeneies are bypcally in the GHz range). In many
mzterials this means that the skin depth & {typically mucrons at these requencies) is larper than the
thickness of the materials (fypically a [raction of micron). When the frequency is in the GHz, &, 13
generally very small with respect to the thickness. ie. & << a, where a is the characteristic length
seale such as the wire radws or ribben/film thickness. Ml then dreereases since permeability
beeomes insensitive o the field at hugh enpugh fequency,

vii, It should be stressed that in ordinary metals, the skin depth does not depend on permcability,
whereas in magnetic maletials, the behavior of the permeability depending on geemetry,
lemperature, suess, compesition and so on, is reflected in the skin depth. In addition, permeabilioy
tnight be changed by post-processing the material after growth with anoealing wnder the prescence

or absence of magmetic Aeld or mechanical sress.
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2.23 Applications of GMI
Soft ferromagnetic malerials nzed in GMI applications play a key role in power distdbution, make
possible the conversion hotween electrical and mechanical energy, underlie microwave communication
and provide both the transducers and the active storage material for deta sworape in information sysiems
Since GMI uses sofl magnetic matenals possessing a large permeability, the first i/mmediate application is
devices related to magnetic shaelding simee i requires the solt properties of the malerial. Theee ate other
apphications, which mvaolves GMI. The first of these appheations are the detection of very small megnetic
fields. Magneic field sensors are broadly classified un three categones:
1. Medium to large field detection by Hall and magnetoresistive devices
ii. Small b medium magnetic field detection by magnetoimpedance and Flux Gate sensors,
iti. VYery small-tp-small magnetic field delection by S QUID ( Superconducting Qvantum I nterference
Devices).

The possible devices are recording read heads, magnetic guidance devices m vehicles, boals and planes
(with or without GPS, i.e. Global Positioning System), brain imaping {magmeto-enecphalogram or MEG
deviees) and hear mapping (magneto-cardiogram or MCG devices) stc. The detection of the Eanh
magnetic field haz a host of applications for instance in Perroleum or minerals exploration or in shielding

used for degaussmy of high perfonmapnce CRT momilors.

2.3 Fe-based hard nanocomposite magnetic malerials

Recently, isoopic nanocrystalline magnetic materials with vniaxial anismropy have been found to have a

remanence to samuration magnetization ratio sbove the value of &:ﬂj predicicd by Stoner-
M

5
Wohlfarth model. This remanence enhancement 15 atributed to intergrain exchange inweractions [42-44]
gnd it has been observed bath in single-phase {42, 45] and nanocompesitc matenials consisting of a fing
mixture of soft and hard phases [46-48}. Iixchange couplmg bebween the phases allows one to optimize
the magnetic properties of nanocomposite magnes by combming the high magnebzation due o the
presence of ihe soft phase with the high anisorropy of the hard phase. Nanocomposite manerials show the
characteristic ‘exchange spring” behavior, which results foom the reversible rotation of the soft mapnetic
component for field not large enough o reverse the hard magnetic phase [48). Kueller and Hawig [48] has
provided thearetical basis on exchange spring behavior of FeyR/ANd,Fe.B based alloy. A brief review on
theoratical aspect has been presented below,

The theoretizal litnit for the maximum energy product of a given magmetic material can be represented by

ihe following equation [48],

2
(BH},p < 2
d

(1)
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Thus equation (1} leads to the idea that maximum energy product (BH).,, depends on its saturation
polarization J; = puM,. Other conditions which also govern the velue of mairmm emergy product are B, =
J; which requires that the solid ferromagnetic matenal, i.e., packmyg fraction p = 1, alignment of sasy axes
parallel to the field axis and critical fields for imeversible magnetization reversal {nucleation ficlds)

I, M

H, = > a—-zi. In order to fulfill the condinon of equation (1) it 15 required that the maierial should
Ha
: K
possess 8 high magnelocrystalline anisotropy K »»——. The magnitude of (he ratio -
Ho rm

= M) charactenizes ihe basic magnetic behavior of the material- When the ratio => 1, the behavior is
L'I'I:I g

deminated by magnelocrystallme anisowopy and when the rato << 1, the behavior is governed by
magnelostatic energy, Former muaterials are called hard magnetic materials while he laier are sofi
maghetic materials,

Mozt of the hard magnetic matenals possess saturahon mapnetization Jewer than for many commen soft
magnetic materials whereas (he coercivity of bard magnetic materials may excecd the value of M/2
necessary to veach the limit of the equahon (1), Therefore, it seems to be very suirable to congider
composite matenals of two suitably dispersed end mutually exchange-coupled phases, one of which is of
the hard phase providing high enough nucleation field for irreversible magnetization reversal and the other
is 2 sofi phase with M, as hugh as possible, in order to attain a high average sahuration magnehzation.
Further he hard phase materials conlain about 25 wt.% or more of a rare carth material, This aeributes to
the hugh price and leads to the problem of chemical insmbility, Most of the soft phase marerials arc much
less reactive and inexpensive. Therefore, a composite material of soft el hard phasc {5 inexpensive and
less corrogive smee the resulting composihon becomes rare earth deficient and soit phase envelops the
hard phase regiens in order w prevent their comosion. Kneller and Hawig [48] have theoretically
cstimated Lie critical dimensions of the phases and discuss corresponding wodels of mictosimenre, On

that bazis Lhey have typicaily derived magnehic properties of such composites.

131 Microstructure

In order ko derive 2 rough estimate of lhe comresponding critical dimension of the phases let ua consider
otie-dimensional medzl in Fig. 2.3 consisting of a sequence along x axis of altermating hard (k phase} and
sofi phase {m phase) regions of widths 2by and 2b,, Tespectively, which are crystatlographicatly coherent
and exchange coupled lhrough the phase bounderies [48]. The magnetocrystalline amsolopy is assumed
lp be uniaxial (for simphcity) in bolh phases, wilh_buih 2asy axes being parallel to the z-axis and

perpendicular to x. The anisotropy energy density depends on the angle ¢ between M and the easy axis as
B, =Ksin® (2)
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where K > 0 As per the definition mentoned earlier it may be mertioned (hat the ratio of the hard phase

4K 4K
k.= "2 »=land Lhat for the soft phase, k= ': << 1. The ratio :—kls of the order 10° 1o

|'l¢-M51t Kol m

103, according to Table 1. This is due mainly to the magnitude of the ratio :::" of the order of 10°, The

LT

2
values of Mo, and My, are mostly of the same order of magmitude, with the ratio M’;" not exceeding 10 g

ck
praciical cases.

The exchange energy density may be written m the form -
3
dy
Ey= A[—d’;] (3)
where A is a constani of the grder 10" T/m at room temmperature, but depends on the Curie temperature Tr

:
M, (T
and temperature T as A o Tp [:F’{E-f} » and yt i3 for the preseat model the angle in the yz plane

between M, and the z axis, With these quantities, the energy per unit area of a 180* Bloch wall 0 a

homopenous material may be written approximately as
b3
¥ O+ GA [5—1] {4}

where & 15 the wall thickness. In equilibriym, y(8} has a minimmm (dy/ds = 0), from where the equilibnium

A 142
vaﬂ[i] (5}

To = 20(A K)** (6)

qQuantities 8, v, are obtained;

Critical dimensions for a high-encrgy magnetization reversal in the one-dimensional system in Fig. 2.3 are

obizined from a consideration of the reversal process. Let us assurne that the hard phase has a reasonable

11
thicknesa, by = &, = n[%] commesponding to about {18 ¢ nitical thickness. Starting from the s =turation

remanence Blong the eagy direction += m Fig. 2.3{a) when the reverse field H15 increased propressively,
the magnctizahon will mvariably begin to change reversibly in the sofl phase. It should be noted at this

173
A . .
point that sinee K<< Ky therefore, by, = 8.n = n[K—’“] . In this condition, two equifibrum 180° walls

™

will form reversibly in mephase m Fig. 2.3(h). When H s futher increased in Fig. 2.3{c), these walls wil]
be reversibly compressed mowards the k-phase boundary, and the coergy density in these walls will



Table 2.1 Room temperature values of magnetic properties of some magretically hard (k-type) and some magnetically soft (m-type) noaterials [48],

Category Material Crystal T, M, K K= H, . Ha I 12
Symmmelry -|  (°C/K) (10°A7 | (10° Hor) 4K {10° Afm) (T) {T) .
m} WM ? {10% Jim®

k-typed hard | BaO.6F2,0; hex 450,723 0.38 0.32 7.2 1.35 17 047 0.45

(=1} MnB: teir 3601633 0.58 1.16 9.2 2.94 3.7 0.72 1.3

H,= 2K Nd,Fe.B tetr 312/585 1.25 9.4 19 12 15.1 1.57 4.9

hoM, CosSm hex 7301003 0.54 11.9 54 23 2%.6 1.05 22

{k=1)

M. / 2K Co hex 112041393 1.40 0.53 0.84 070060 | 0.88/0.75 | 1.76 6.2
p Ha M 3

n;’zf: i‘;‘ﬁ ao-Fe cuh 760/1043 1.70 0.047 .05 0.85 1.06 2.13 $0

iy Feg R cub 425/698 1.35 0.0l 0.03 0.67 .86 1.70 5.7

Ha= 5 FesB tetr 5100783 1,28 0.2 0.39 0.04 0.80 L.60 5.1

8!
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Fig. 2.3, Schematic one-dimensional model of the microstructure and micromagnetic stmcrure of
the exchanpge-coupled composite material as a basis for the calculation of the eriticat dimensions
of the phase regions [48].
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increase above irs equilibrium value The magnetizanon in the k-phase M remams essentially

unchanged, as Ky »> K. This process will contmme until the rnergy density in the soft phase, Em
approaches lbe equilibrium enerpy density of the hard phase Egy. In this case, the wall will invade into the

k-phase, thus leading to imeversible magnetization reversal of both the m and k phass regions. The

corresponding critical field ¥, is lower than the anisotropy field of the k-phase H,, < H,y = 2K L yetid

¥l sk
will have about the sarme order of magninde,
The coercive field Heay is defined by M{Hey) = {t and 15 much smaller, I << Hy,. as M, > M, and also
because it has been assumed that by, = by, and thos the demagnetization curve M, (H = 0} and M(H,,,) =
b is completely reversible. If by, is now reduced to values by < 8, H,, temnams unchanged, bul H,y,

increases because, for H < I, the Lhickaess of the 1807 walls in the m-phase i3 essentially confined to &,

= b, < &y, Henee the eritical width of the m-phase b, grving the maximum coercivity is determined 1o

1
the following way: For amall & (8, <= 8,, ) [om equation 4, v, (8.0 = 8,4, [l] , fiop where the
&

m

2
energy density is, B = ;—’“ &= ﬁm(ﬁl] . Insetting the result in 3n, = by vields the critical dimension of

m t

the m phase’

172

A

bm=7 —"’] (7
[EKI:

With representative values Ay = 107" Iim, K, = 2 = 10° JAm’, one gets for bg, = 5 mmn. For the k-phasc a
critical thickness cannot be derived theoretically. Tor practical purposes it seems reasonable w take by,

Lz
ahout cqual 1o the equilibriumn wall thickness in the k-phase by = 54 = n[;—k] . 35 has been asswmed
k

initially. Since mosily Ay < A, on accouni of the generally low Curie termperatures of the k-materials, this
gives for b, about the same magnitude as by,

By = B (%)

2.2.1 Mapnetlc Behavior

According to the foregomg analysis, the demagnetizahon curve afier previous sabmaton of such a
matenial will be reversible in reverse ficlds H < Hy,, i.e. before the magneiization of the k-phase begins to
switch, as is llusrared schematically in Fig. 2. 4{a} and 2.4{b). At H < H_,, the material has unidirectional
anisolropy on agcpunt of exchange coupling between the two pheses. For a given pair of phases, the

reversible range in M, AM,,, depends on the velums fraction of the bard phase, v, {1.2. lhe soft phase v, =
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ST

1 - vy, Tespectively), on the ratio . and on Lhe lateral dimension of the m-phase b, At fixed vy and

sk

—M—‘"'-’-, AMye 15 snallest (or by = b, in the optitmum mictostuchure of Fig, 2.4(a} The value of AMge,
&

increases as by > by, i the overaged stale of Fig. 2.4(b) becanse H,, remaing constant, At large v, v,
={.8, for example, AMy, may well exceed the saration remanence AM,, = M,

1t 15 for this specific and quite opical magnetic behavior, m a sense resembling a mechamcal spring, that
such magnets have been termed exchange sping. Their smiking reversibility in comunction with a high
remanence and high coerciviry distingmshes them umquely from the ¢ onventional s ingle ferromagnetic
phase permanent magnes, where the demagnetization curve reflect essentially the distnbution of the
crtical swikch field and therefore mainly reversible m Fig. 2.4{a).

In order to furiher illustrate these features, some muoor loops are drawn in Fig 2 4(a)-(c), as ihey will be
obtained upen reducing Lo Zero and re-increasing the field at various points along the d emapnetization
curve, The recoil permeability . of an exchange spring magnet is expected to be about § imes as large as
that of a conventonal magnet with equal coercive held and samration magm:tizaiian. For the gemeral
ghape of the demagnetization curve M{H), it 1s tnmediately cbvious from the exchange spring mechanism
that an optimutn microsicocture (by = by will yeld a “nommal” convex M(H} curve of Fig 2.4{7)
berween M, and M = 0, similar to a conventional permanent magnet of Fig. 2.4{c}, Whereas an overaped
micrasmucure (by, > by, mst lead to a quite characteristic shape of the demagnstization curve being
concave throughout berween M, and M, @ the reverse ditcction. In any case, the exchange coupling
between the phases produces a shape of the samration loop lke that of a umform material showing
indicalion of the presence of bwo phases with extreme different hardness. If there were no exchange

coupling, one would pet a consiricted loop as in Fig, 2.4(d).

23.3 Technological Realization

Eszential condition for the microstructure, which leads to (he exchange spring behavior of such materials
are & fine and regular dispersion of phases and exchange coupling between the soft and hard phase
regions, which implics the erystallographically coherent formation of two phases with generally difTersnt
shacmres. Contnuous decomposition of a metwmble supersaturaled phase thal has ¢ rystallized from a
glassy staw leads to such condibon. Thus the materials with the desired propenies may be produced by
Liquid quenching ef a zuilable alloy to lhe glassy state and subsequent heating of the glass. Coehoomn et al,
[49-50] first reporied that liguid quenching and subssquent heating of alloys mn the vicinity of Nd,FerB ,
leads to remarkable permanent magnetic properties, which possess coercivity of around 280 XAm (3 5

k) and {BF )y, of around 95 K/’ (11.% M0e) and unusually hagh remanent ratio greater than 0.5,



22
EXCHANGE SPRING

CONYENTIOMAL TWO INDEPENCENT PHASES
) ]

E
]
—— 1.
i ‘E
-
*

X

“'ﬂ-—— LN
X

-----------------

s wan [TEVETSITLE

Fig. 2.4. Typical demagnerization curves M{H} (schematic) (a} Exchange-spring magnet with ophmum
micrasiructure (b) with overaged microstructure (¢) Conventional single fetromapmetic phase magnet (d}
Mixmure of two independent ferromapnetic phases with largely different hardness (constricted lerop) [48].
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‘The material was found to consist of 5% soft magnetic phase namely 73% Fe,B and 12% o-Fe and only
15% hard phase namely NdFe,.B. Knoeller and Hawig [48] studied alloys of similar composition
Nd;zFeer;Brs, which they have called 25 alloy (A) and NdyFeqn 1B,p51,0y, which they have called as
alloy (B) and confirmed the study of Coehoomn et al. [49] Kneller and Hawdg [48] paid panicular
attention to the structural development during heating of the glass by connmious X-ray structural analysis .
technique using dynamic remperamre X-ray dififaction (DTXD).

The study of I¥TXD analysis of the crystallization process of alloy (A) by Kncller and Hawig [48] have
revealed thar the phases present in the ophrum oagnetic state @-Fe, FesB and Nd;Fe 4B do not emerpe
directly from the glassy state. The glassy site erysillize completely in Lhe metastable CryCy-type phage
namely FenDg Very broad and Lherefere barely deteclable reflections seem to result fiom its
supersaruration with the comparatively large Nd atoms, Almost immediately after crystallization, the
FeyBg phase decomposes first and to the most part into Fe-B and some x-Fe and finally, at a somewhar
higher temperatore Nd:Fe4B. Nene of the phases, FeyB and o-Fe, dissolve Nd Therefore, supemsaturation
of Nd in the remaining Fea By forther Increases and transferm jmw NdFe B. Since all of these three
phases develop from a common crysmlling Fe;:Bs mannt they are crystallographically coherent,

A departme from ideal exchange-spring behavior is sigmaled by meluphase magmehc reversal and
treversible magnetic changes that are evident at intermediale magnetic flelds. These changes may be
monitored via the majer demagnetization curve  Analysis of the demagmctization curve yields the
exchange-bias field H, and the imeversible magnetc field Hy,. The reovientation of the soft layer is
characterized by H,, For H = H,, the magnetization of the sofl layer remains parallel to that of the hard
layer and for Hyy * H > H,, soft layer moments rolate away from the hard layer alignment direction,
lowering the magnetization component along that direction The irreversible magnetic field H,, describes
the reverse field magnitude that causes the hard phase roversal,

Ecversible and irreversible component of the magnerization change a= a function of the reverse Feld can
be determined by analyzing the do demagnetization curve M{H) between Lhe saturation semanence M, and

Mr -Mdﬂ{} = - ‘ﬁM'im:H:r
™M M,

T

the reverse samwration —M,, which gives the curve D{H)} = [ versus H, The

mreversible porion is described by the de field demagnehzatton remanence My(H} being he remanence
acquired afier saluration in ome direction and subsequem application of a de field H in ihe opposite

dD(H
direction. T he d envatve (H)

= f(H,) is the dismibution function o f critical ficld H, for wreversible

magnerization reversals.
The reversible and wreversible components of the magnehzaton provide funher insights as the matena) s
cycled through the hysteresis loop. These components can be obtained from the recoil curve, which results

from the succesgive removal to remanence and re-application of an increasingly negative demagnatization
i
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field from the major demagnetization curve, In exchange spring system, any magnetization not recovered
dunng a recoil measurement — the imeversible magnetization change — consists of a portion of Lhe system
that has already permanenily swicched polarity at a given reverse field. The steepness of the ecoil curve,
ot the receil susceptibility, characterizes the ease of remagnetization or “springness™ of that pariign of the
system undergoing rotation during reenil. Kneller and Hawig [48) notx Lhat exchange-spring magnets have
recoil suscephbilities five times greater Lhan those found in conventional sintered magnets, Additionally,
1 contrast to recotl curves obtained fom sintered permanent magmers, it is often noted that recoil curves
measwred from nanoctystalline magnetie materials are open, indicating the amownt of materials eversing
during the recoil.

In the general case, fully reversible exchange-spring behavior may persiat until application of a critica)
negative field Lhat causes imevetsible changes in the magnetic polarization, with larger critical fields
asgociated with a sironger exchange-spring response, These irreversible changes will be manifested as a
deparmure [Fom (he ideal recoll remanence ratio of vainy and produce recoil loops of vared area. As this
criical negative freld sipnals incoherent magnetic reversal m the systemy it will be referred to as the
“treakdowr” ficld [51, 52]. At this field the syitemn is no longer fully exchange coupled lhronghout the
volume, Quantitative analysis of the areas enclosed by the recoil curves Lhus provides iformation about
the interactions inherent m exchange-spring systems. Harland ¢t gl [S1} reported that the development of
the aren of the recoil curve with reverse field and temperaire provides information about the breakdewn
in coherence of the magnetc reversal is signaled by the appearance of open recodl loops. The cecoil loops
widen as individual decoupled regions of the nanoerystalline materials are driven around mini hysteresis

loops during the course of the demagnehzation and remagnetization processes,



Chapter 3

Experimentals
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3.1 Melt spin system
Amorphoas allays in lhe form of ribbons have been prepared by sinple roller mell-spinning technique in
ait Melt spin system presented in Fig 3.1 is a small laboratory system, especially designed for production
of amorphous and microcrystalline ribbons. Melting of material is performed by a high irequency
generator wilh water-cooled mduction coil. Molten material flows through a slot on a fast rotating copper
wheel. The melt is quenched with a cooling rate of more than 10° Kis, which solidifies in an amorphots

srurcilure,

Style rall mothod

Chrarle tubs

i Malten metal
= + Connecled Ly
RF generator

Cu whmal
rikban

Fig, 3.1. Schematic diagram of melt spin system.

3.1.1 Preparation of Fe and Co-based 30l magnetic ribbon by mielt spin sysiem

The composition of Fe and Co-based soft magnetic matedals are  FeryCuyNby1SiBss,
Feay slun sNbz2 4503y s, Fen sCnyTasBiizsBe, CoqFe,Nii8iDy, CogFesNizSisB, CogFeMo,SisE;
The purity and origm of Lhe constituent elements are Fe (99.98%), Cu (9950}, Nb (99.8%4), Ta (99.8%), D
(99 5%} and Si (99.5%) a5 chlained Fom Johnson Mathey (Alfa Aesar Ine } Co (99.524) of Chermpur
Feinchemlkalien. Constituent ¢lemenls of the alloys have been weighed in the cormrect proportion and
collected into a quanz tube. The tube has been evacuated by a diffusion pump up to a pressure of 10°
mhbar. Ingots of each composilion were prepared using  induction melting  associated with melt-spin
machine. The ingals are then inserled into ancther quarle wbe. An orifice in the dimension of 6 mm width
and 1 mm thickness has been prepared at the closed-end of this mbe. Ingors are then melted using
induction melting up to the melting poing of all the constituems. Appropriale lemperature of the melt has
been assumed from the color of the melt by eye-estimation. The melt is then purged using At pressure to

produce ribbon on an average 6 mm width and 20-23 pm thickness.
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1.1.2 Preparation of Fe-based hard magnetic ribbon by melt spin system

Exchange spring alloys of the compaosition of (NdPryFe; CosCy NbyBigs, NdaFess sCoyHE sGag 5B,
N ThFewCug sNb By s were prepared in the form of ribbons using melt-spin machine. The purity and
ongm of the constituent element were Fe (99.98%), Cu (99+%0), Nb (52.8%), B {99.5%), 51 (99.9%), Nd
(99.5%), Pr {99.9%), Th (99 9%}, HE (99.9% J, Ga (59.9%5), Cr{99.9%) fram Jo mson M atthey { ALk
Aesar) and Co (99.8%) from Chempur Feinchemikalien. Constituent elernems m the cotrect propertions
were mixed and meled in the arc-melhng fomace under vacoum of 0™ mhar pressure. In order to
homogenize perfectly, the alloys were melted three times The ingots were then pourcd mm a quartz be
having an orilice diameer of | mm. Quarlz tube was placed inside an induction coil associated with
machine A steel casing covers whole assembly of single roller melt-spin maching, In the hegimming the
chamber ingide the casing was [ashed by Ar gas three rimes, The chamber was then filled with Ar gas.
The alipy ingots were Lhen melred by induction melting. Appropriale 1emperature of the melt was assumed
from the color by eye estimation. When the color of the melt was appropriate amorphous ribbens were
obuained in Ar atmosphers by purging the melt using Ar pressure. Wheel speed of single roller melt spim
machine was around 25 m's, The rcsulting ribbons were heat teated m an evacuated quartz tube of 10°°
mbar pressure at dufferent Emperatres and tmes to observe the elfect of annealing condition on the

magnetic properiies.

3.2 Thermal Analysis Techoiques

Theromal analysis compnises of a group of techniques in which a physical propenty of a substance 15
measured as a fanction of termperature, while the substance is subjected to a controlled emperature
programme. In differential thermal analysis, the temperature difference that develops between a sarmple
and an merl reference material {3 measured, when both are subjected 1o identical heat treatmens. The
related techmique of differential scapning calorimerry relies an differences in enerpy required b maintain

the sammple and reference at an identcal temperature,

3.2.1 Diferential Thermal Analysis (DTA)

DTA involves heating or cooling a test sample and an {ned reference wnder identical conditiona, while
recording any temperanure difference bebween the sarnple and reference. This differential temperature is
then plotted against tite, or against lemperature Changes in the sample, which lead w the absorption or
evolution of heat, can be detectad relative to the mer reference, Dillerential lemperanures can also atisc
between two iterr samples when thewr response o (he applied heat treatment is not identical. DTA can
therefore be used to study thermal properties and phase chapges which do ool lead to 2 change in
enthalpy. The baseline of the DTA curve should then exhibit discontinuities at the transinon temperamres
and the slope of the curve at any point will depend on the mécrostrue tural constitution at that lemperature,
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A DTA corve can be used as a fingerprint for identification purposes, for exanple, in the study of clays
where the structural similarity of different forms renders diffraction experiments difficult to interpret. The
area under a DTA peak can be related 1o the enthalpy change and is noi affected by the heat capacity of
the sample. DTA may be defined fonnally as a technique for recording the difference in [EMmperarure
between a substance and a reference matertal against either time or temperature as the wo specimens are

subjected to identical temperature regimes in an environment heated or conled at a controlled tate,

Apparatss
The key feamres of a differential thermal analysis kit are as follows (Fig. 3.2) sample holder comptising

thermocouples, sample contminers and a ceramic or metallic block, furnace, temperature programmer,
recording system. The essential requirements of the furnace are that it should provide a stable and
sufficiently large hel-zone and must be able w respond rapidly o commands from the temperanme
programmer. A temperature programmer is essential in order to obtain constant heating rates. The

recording system must have a low ineria to fafthfully reproduce variations in the experimental sEl-up,

S yatuuym

ref, sample| ¢ |
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Fig, 3.2, Schematic illuslration of a DTA ¢ell.

The sample holder assembly consists of a lhermocouple each for the sample and reference, surrounded by
a btock to ensure an cven heat distribution. The sample is comained in a smal! crucible designed with an
indentation on the base to ensure a snug fit over the thermocouple bead The crucible may be made of
malerials such as pyrex, silica, nickel or platinum, depending on the temperature and nawre of the tests
invalved. The thermocouples should not be pliced in direct contact with Lhe sample o avoid

contamination and degredation, althongh sensitivity may be compromised Melallic blocks are less prone
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to base-line drifl when compared wilh ceramnics which ¢ enlain porosity. On the other hand, their high
thermal conductivity leads Lo smaller DTA peaks.

The sample assembly iz isolated agawnst elecrrical interference from the furnace wiring wilh an earthed
sheath, often made of plahiwum-coated cerarmic material. The sheath can alse be used to contxin the
sample repion within a controlled atmosphere or 2 vacuum.

During experimentys al lemperatures problems are encountered in Lransfernng heat wniformly away from
the speemmen. These may be mitigated by using thermocouples in the form of flat discs tu ensure optitmurn
ihermal ¢ ontact w1k the now flat-bottomed sample container, made of alumiriom er plabnum foil. Te
ensure teproducibility. it is then necessary Lo ensurc that the themmocouple and conlainer are eonsistemly

located wath respect to each other,

Experimental Factars

Care iz necessary in selecting (he experimental parameters, For ewammple, the cifects of specimen
envIronment, composition, size and surface o volume ratio all affect powder d ecompaosition reachons,
whereas these parlicular variables may not affect solid swate phese changes. Experiments are frequenily
performed on powders so the resulting datr may not be represenmtive of bulk samples, where
transformations may be conpralled by the build up of smam enerpy. The packing state of any powder
sample becomes important m decomposition reactions and can lead w larpe variations behween apparently
wdentical sarmples

In some circumatances, the rate of heat evglution may be high enough o samrate the response capabiliry
of the measurmg systcm, it i better then to dilate the test sample wilh mert matetial. For the measarement
of phase transformation temperatures, itis advisable to ensure lhat the peak temperahire does not vary
with sample s1ze. The shape of a DTA peak does depend on sample weight and the heating rate used. The
influcnce nf heating rate on the peak shape anl dispasition can be used o advantage in the smdy of
decomposition reactions, but for kinetic analysis it is important to mniraize thermal pradients by reducing

specimen gize or heating rate.

Interpretarion and Presentation of Daia

A simple DTA curve may consist of liocar ponions displaced from (he abacissa because the heat
capacities and thermal conductivities of he test and reference samples are not identical, and of peaks
camesponding 1o the evolution or absorption of hear following physical or chemiical changes in the test
sarmple.

There are difficulties with the measurement of ransition empemmres uzing DTA curves. The onset of the
DTA peak in principle gives the stan—temperature, tut there may be temperature lags depending on the
location of the thesmocouple wilh reapect to the reference and mst samples or the DT A block. It is wise o

cabibrate the apparatus with materials of precisely known melting poinis. The peak ares (A), which is
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related fo enthalpy changes in ihe test sample, is that enclosed between the peak and the inmrpolated

baseline, When ihe differeniial thermocouples ate in therrnal, but not in physical conmact with the test and

reference materials, it can be shown that A is given by, A = m_; . where m is Lhe sample mass, q is the
g

enthalpy chanpe per unit mass, g is a measured shape factor and K is the thermal conductivity of sample.
With porous, compacted or heaped samples, the pas filling the pores can alter the thermal conductivity of
the atmosphere surounding the DTA container and lead m large errors in the peak area. The simation 1s
made worse when pases are evolved from the sample, making the thermal conductivity of the DTA-cell
environment different from that used m calibration sxperiments.

The DTA apparatus is calibrated for enthalpy by raeasuring peak areas on standard samples over specified
temperature ranges. The caltbration should be based upon at least two different saniples, conducting hoth
heahng and coeling expeniments

In the presem work, SEIKQ TG/DTA 6300 has been used for thermal analysis. The TG/DTA is a
simmulraneons measurement mstrument comtimng T, which whilizes a horizontal differennal oype balanee
berm, with the highly flexable IFTA feature, This mstrument 15 used for reaction velecuy and acceleration
depradation wsm, as well as analysis of the wawer and ash coment in samples, and evaluation of
decomposition, oxidation and heat resistance of samples.

The features are,

1. Ag a forerunner in the balance beam mechamsim this instrument unlizes 3 honzontal differential
ovpe balance beam The lighrweight smuwmre of the balance beam mechanism provides the
following strong poinm: stability in regards to temperature fluctuations, buoyancy reduction and
highly sensitive balance, as well as the abilicy of the differential balance to deal wih disturbances
such as oscillation.

ii. Theough the utilization of an auwtomatic cooling vait, the inslrument 15 now automatically cooled to
a sef termperature after measurements, which raises the effectiveness of theasurements,

iii. As with the DSC, Lhe auto sampler 1s easily attached to the TG/DTA.
Temperature rRNge 15 ambient to 1773 K; balance method 15 horizontal differential type, TG measurement
range fs & 200mg; DTA measurement range is = 1(MKpY,; program rate is 0.01 o0 100 Kfmm; gas flow
mate is {3 to 1000mLlmin; cooling rate 15 less than 15 minles from 1273 to 323 K.

3.1.2 Dilferential scaoniog calordmetry (DSC)

DAC is a thermpanalylical techigue in which the difference in (he amount of heat requited to increase the
temerature of a sample and reference are measored asa function oftemperature. B oth the = ample and
reference are maimeined at very nearly the same temperature throughout the experiment Generaily, the
temperature program for a DSC analyas iz desipned such that the sample holder temperamure increases

lincarly as a funetion oftime. The reference sample s hould have a well-defined hear capacity over ihe
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range of temperatures m be scanned. The basic principle underlying this technique is that, when the

sample undergees & physical mansformation such as phase transibons, more (or less) heat will need to
flow to it than the reference w mainlain both at the same temperamre. Whether more or less heat most
flow m he sample depends on whether the precess 1s exothermic or endothermic. For example, as a solid
sanmple melis to a liquid it will require mote heat flowing to the sample to increase its emperature at the
same rate as Lhe reference. This is due o the absarption of heat by the sample as it undergoes the
endothermic phase wansition fFom solid to liguid. Likewise, as the sample undergoes exolhermic
processes (such as crystallizarion) less heat is required to raise (he sample temperature, Dy ohserving the
dilference in heat flow berween Lhe sample end reference, differential scarming calorimeters are able o
measure ihe amount of heat absorbed or released during such transitions. DSC may also be used to
observe more subtle phage changes, such as plass trangitions. DSC is widely vsed mn industrial settings as a
quality control instrument due to i applicability m evaluating sample purity

DSC Instrumentation

A typical dilicrential seamning calotimeter consists of two sealed pans: 2 sample pan and a reference pan
{whuch 15 generally an empty sample pan). These pans are ofien coversd by or composed of alurninum,
which acls as a radiation shield. The twe pans ate heated, or cooled. umfermly while the heat flow
diffsrence between the bwo s menitored, This can be done at a constant temperature (isothermally), but is
more comtnonly done by chanping the temperature at a constant raee, a mode of operation a lso called
termperature scanning,

During the determinalion, the insimment detects differsnces in the heat flow between the sample and
reference. This Information is sent o an ourput device, most oflen a computer, resuliing in a plot of (he
dilferential heat flow berween the reference and sample £ell as a funciion of lempetaure. When there are
no thermodynamic physical or chemical processes ooeurring, the heat {low differcnce between (he sample
and reference vanes only slightly wilh termperature, and shows up as a {lat, or very shallow base line om
the plot. However, an exothermic or endothermic process within the sample results in a significant
deviation in the difference berween the rao heat flows. The resalt is 2 peak m the DSC curve. Generally,
the differential heat Now is calenlaled by sublmcling the sample heat flow fom the reference hiecat flow.
When followmg this conventon, exothermic processes will show vp as positive peaks (above (he
baseline) while peaks resulting fom endothermic processes are negative (below (he baseline) The sample
{m a condensed form such as powder, liquid, or erystal) is generally placed m an aluminum sample pan,
whuch is then placed i the sample cell. The refcrence consists of a matched empty aluminum sample pan
ihat is placed in the reference celt of the instrument. The sample pans are desipned to have a very high
[hermal ¢ onductivity, Sample simes generally range from 4.1 to 100 wp, The instrument cells are often
airight to shield the sample and reference from exterpal thermal perturbations, This alse allows

sxperimoents to be performed under variable pressures and atmospheres,
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Fig. 3.3, Diagram of a heat Mux differential scanning calorimeler.

There are two main types of dillerential scanning calorimerers: heat flox DSC and power compensation
DSC. In a heat flux calorimeler, shown in Fig. 3.3, heat is ransferred to the sample and reference trough
a disk made of lhe alioy conslanian ¢r in soms cases, silver. The heat transporied to the sample and
reference s conmolled while the wnstrurnent monitors the temperature differstice between the two. In
addition to #ts function in the heat wansfer, this disk serves ag parl of the temperature-sensing unit. The
sample and reference reside on taiscd platorms on Lhe disk. Under each of these platdbrros there 15 a
chromel (chromel is an alley containing chromiuwm, nickel and sometimes on) wafer. The junction
between these two alloys forms a chromel-consiantan (hermocouple, The sicnal from these sensors 15 then
used to measure the differential heat flow. The lemperature is typically moniored by chromel-alumel

thermocouples atrached beneath the chromel wafers,

Power Compensated DS

'“/"’“‘\-“—‘

Furnace

Tempearanre Sensor
Fig. 3.4, Diagram of a power compensated dilferemial scanning calorimeter.

In power compensated calorimeters, shown in Fig. 3.4, separate heaters are used for the sample and
reference. Both the sample and reference are maintamed at the same temperature while monitoring (he

cleetrical power used by their heaters. The heating elements are kept very small (weighing about 1 gram)

=
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in order to ensure that healing. cooling, and thermai equilibration can ocour as quickly as possible, The
sample and reference are located above their respective heaters, and the temperatures are monitored using
electronic temperature sensers located just bencath the samples, Generally platmum resistance
thermometers are used dus to the high melting point of plalmum.

Electronically, the instruments consist of owo temperature control cireuin, An average termnperature conlrol
circult is used to moniter the progress of the tempersture control program. This circuit s designed o
assure that the temperature scanning program set by the operator is the average temperature of the sarmple
and reference. A differential temperarure eontrel circuit is used to delermine the relative temperatures of
the sample and reference, and adjust the power going to the respeciive healers in such a way as lo
emainlain both at the same temperature. The output of the differential empermture conirol circuit is used Lo

generate the DSC curve.

DSC Curves

The result of a DSC experiment is a heating or cooling curve as shown in Fig. 3.5, This curve can be ysed
to calculate enthalpies of wansitions. This is dome by integrating the peak comesponding o a given
rransition. [t can be shown that (he enthalpy of transition can be expressed using the following equation,
A = KA, where Af {3 the enthalpy of transition, X is the calorimeric conslant, and A is the area under
the curve. The calomelrie constant will vary instrument Lo instrument, and can be determined by analyzing

& well-characterized sample with known enthalpies of ransition,

Femtumms of a DSC 2 urve

Crystalizatizn

B

Glass Trnsitian

Heat flaw (ot}

Mefting

Teamperatume L)

Fig. 3.5. A schematic DSC curve demonsirating appearance of several common faatures.



EE
Applications
Dilferential scanning calorimermy can be used 0 measure a number of charcteristic properiies of a
sarmple. U sing Lhis technique itis possible to observe fusion and crystallization events az well as glass
transition lemperatures (7). DSC can also be used to smdy exidation, as well as other chermical reachons.
Glass transitions may cccur a3 he temperamre of an amerphous solid s increased These fransitions
appear as a step in the bascline of the recorded DSC signal This is due to the sample undergoing a change
in heat capacity; no formal phase change ocenrs,
Az the temperature ncreases, an amorphous solid will become less viscous. At yome point the molecules
may obtain enoogh freedom of motien to spontaneously arrangs diemselves into a crystalling form This is
known as the erystallization wemperature, This transiton from amorphous solid io crystalline solid is an
exothermic process, and results in @ peak w the DSC signal. As the temperature increases the sanple
eventually reaches is melting temperamre. The meltmg process results in an codothermuc peak in the
D&EC curve. The ability o determune transihon emperatures and enthalpies makes DSC an invaluable tool
1 producing phase diagrams for various chermeal systems, DSC may also be used in the study of lguid
crystals, As matter trensitions between solid and lhiquid it often goes through a third state, which displays
properiies of both phases. This anizotropic liquid is known as a liquid erystalline or mesomorphons state,
Using DSC, it is possible w observe the small energy changes that ocour as marer iransitions fenm a sohd
o g hiquid erystal and from a liquid crystal to ap 1soopic hgmd. Using dilferential scanmmg caterimetry
w study the oxidanve smbility of samples generally requures an ainlight sample chamber, Usually, such
tesis are done wothermally (at conslant temperature) by changing the amwosphere of the sample, First, the
sample i brought to the desived test temperature under an inermr almosphere, usually nitrogen. Then.
oxygen is added to the system. Any oxidation that eccurs is observed as a deviation in the bagelme. Such
analyses can be used to determine the slabality and optimum storage conditions for a compound
DSC is widely used in the pharmaccutical and polymer industnes For the polymet ¢ hemist, D5C 13 a
handy wol for studying curing processes, which allows the (ine tuning of polymer properties. The cross-
linking of polymer molecules that occurs in the curing process is exothermic, resulting in & posilive peak
ity ihe DEC curve that usually appears soon afier the plass transition.
In the pharmaceatical industry 1t 15 necessary te have well-characterized drug compounds io erder o
define processing paremeters, For instance, if it is necessary to deliver & dmig in the amorphous form, 1t is
degirable to process the dmg at temperaures below those at which crysrallization can occur.
In fopd science research, DSC 15 used n comjunchon wilh oiher thetmal analytieal 1echniques to
determine water dynamics. Changes m water distmbution may be correlated wilth changes in texture
Sumlar to material science studies, the elfccts of cutmg on confechonery producs can also be analyzed.
DBC curves may also be used o evaluate drog and polymer purities. This 1z possible becanse the
temperature Tange over which a mixture of compounds melts is dependent on their relative amounts. This

effect is due 1o a phenomenen known as freezing point depression, which occurs when a foreign solute 15
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added w a solmion. {Freezing point depression is what allows salt to de-ice sidewalks and antifreeze to
keep vehicles ranning in the winier.) Consequemly, less pure compounds will exhubit a brozdened melting
peak that beging at lower emperature than a pure compound.

SDT 2960 Sirmultaneous DSC — TGA measures heat flow to or from a sample as a function of temperature
and tirne. The heat {low and termperatute of the sample are moniwored in companson to the reference
marerial. The amount of energy absorhed (endotherm) or evolved {exethcrm) as the s ample yndergoes
physical or chemical chanpes (e.g. melhng, crystallization, curing} is measured m calories a3 3 fomchon of
the temperature change, Any material reactions involving changes in heat capacity (e.g. glass ramsition)

are also detected, DSC can be performed from arbient to 1773 K vaing this model of DSC insmument.

33 Pewder Diffraction

About 95% of all solid materials can be descrbed es crystallme. When X-rays interact with a coyswalline
substance {Phase}, one gets a difffacton patem. The X-ray difTraction pattern of a pure substance is,
therefare, ke a fingerprint of the subsmnce. The powder diffraction method 15 s ideally suited for
charactenzabon and identification of polycrysialline phases, Today about 50,000 inorganic and 2 5,000
orgamc sngle cormpenent, crystalling phases, diffraction patterns bave been collected and stored om
magnetic or optical media as slandards. The main use of powder diffraction 15 to idantify eomponents in a
sample by a search/match procedure, Furhermore, the arcas under the peak are relzted to the amoum of

each phase present in the sample.

33,1 Theoretical Consideratigns

In order to betler convey an understanding of the findamental principles of X-ray diffraction instuments,
let us quickly look at the theory behind these syslems. An clectron in an alternating electromagnetic field
w1ll oscillate with the game frequency as the feld. When an X-ray beam huts an amm, the electrons areund
the atom start to ozcillate with the same frequency as the incoming beam In almost all directions we will
have desructive interference, that is, the combinng waves are out of phase and Lhere {5 no resulant
energy leaving the solid sample. However the alems m a crystal are amanged in a repuler parttern, and in a
very few direclions we w11l have constructive interfetenee. The waves will be in phase and (here wall be
well-defined X-ray beams leaving the sample at varous directions. Hence, a diffracied beam may be
descrbed as 2 beam composed of a large number of scatiered rays mumally reinforcing one another,

The onentation and interplanar spacings of these planes are defined by the threc mtegers b, k | called
indices. A piven set of planes with indices h, k, ! cut the a-axis of the umit cell in h sections, the b axis in k
sechons and the ¢ axis in | seclions. A zero mdicates that the planes are parallel to the comesponding axis.

For Example the 2 {} § planes, in Fig, 3.6, cut the a—axis in half, but are parallel o the b and c— axs.
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Fig. 5.6. Miller indices of different planes,

If we use the three dimensional diffraction grating as a mahematical model, the three indices b, k, 1
become the order of diffraction along the unit cell axes a, b and © respectively. Let us consider the
theoretical model depending on what we use the terms X-ray reflection and X-ray diffraction as
EYTIDIYINS.

Let us consider an X-ray beam ingident on a pair of parallel planes P1 and P2, in Fig. 3.7, separated by an
mterplanar spacing d The hwo parallel incident rays 1 and 2 make an angle 8 wilh these planes. A
reflected beam of maximum inlensity will result if the waves represented by 1' and 2* are in phase. The
difference in path length between 1 to 'and 2 to 2° must then be an integral number of wavelengths, A
We can express this relationship mathematically in Braga’s law, n b= 2d sin G,

The process of reflection is described here in terms of incidem and reflected (o diffracted) rays, cach
making an angle 8 with a fixed cryslal plans. Reflections occur fom planes set ar angle 8 with tespect to
lhe incident beam and generates a reflected beam at an angle 28 fotn the incident beam. The possible d-
spacing defined by lhe indices h, k, | are deermined by the shape of lhe unit cell. Rewriting Bragg's law
we pet, sin § = A/24.

{ sty Thea

Thta ;. Theta
"

Fig. 3.7. Bragg reflection of two parallel incident rays 1 and 2.
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Therefore the possible 268 values where we cen have reflections are determined by the unit cell
dimensions. However, the intensities of the reflechons are demrmined by the distibution of the ¢lectrons
in the unit cell. The highest lectron density are found around atoms. Therefore, the indensities depend on
what kind of atoms we have and whete in the unit cetl they are locaed. Planes going through areas wilth

high electron density will reflcet sirongly, plancs with Tow eleciron density will give weak intensities.

Gonlometer

The mechanical assembly that makes up the sumple holder, delector arm and asseciated gearmg is referred
to as goniomeler The working principle of a Drapgg-Brentano parafocusmg (if the sample was curved on
the focusing circle we would have a focusing system) reflection goniomerer is shown below.

The distance from the X-ray focal spet to the sample is the same ag from the sample o the detector. If we
dnve the sample holder and the detector in a 1:2 relationship, the reflected (diffracied) beam will stay
fecused on the circle of constant radius. The detector tnoves on this circle,

For the THETA : 2-THETA goniometer, in Fig, 3.8, the X-ray tube is stationary, the sample moves by the
angle THETA and the deotector sirmulianeonsly moves by the angle 2-THETA. At high values of THETA,
small or loosely packed samples may have a tendency to fall olT the sample holder,

For the THETA:TIIETA goniometer, in Fig. 3.5, the sample 15 stationary in the horixontal position, the X-
tay ube and the detecior both move sumullansously over the angular range THETA

Diffractometer St Sysiem

The diffraciometer slit system has been presented in Fig, 3.10. The fucal spot for a standard focus X-ray
tube is about 10 mm long and | mm wide, with a2 power capability of 2,000 watt, which equals 1o a power
loading of 200 watlmm®. Power ratings are dependent on the thermal conductivirty of the target material,
The maximum power loading for a Cn X-ray tube is 463 wart/mm’. This power 1= achieved by a long fine
focus tube with a target size of 12 mm long and 0.4 numowade, In powder dillmehon the lme foous or linre
gouree of the mobe is nommally ufilized. The line source ermis radiation in all directions, but in order to
enhance the focusmp it is neceszary o himit the divergence in the dircction along the line focus, This is
realized by passing the incident beam through a soller slit, which comtains a set of closely spaced thin
melal plates. In order to mainiain a constant focnsing distance it i8 necessary to keep the sample at an
angle THETA (Omega) and the detector at an angle of 2-THETA with respect to the incident beam. For a
THETA:THETA goniometer the mube has to be at an anple of THETA {Omcga) and the demecmr at an
angle of THETA wath respect to the sample,

Diffractlon Specira
A bpcal dilfraction spectrum consists of a plot of reflecied intensities versus the detector angle 280t B

dependng on the geniometer configuration. The 28 valuss for the peak depend on the wavelength of the
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anode material of the X-ray tube. It is therefore customary W reduce 2 peak position o the interplanar
spacing d that corresponds to the b, Lk, 1 planes that caused the reflection. The value of he d-spacing
depend only on the shape of the umt cell. We get the d-spacing as a fanction of 20 from Bragg's law, d =
42 s 8, Each reflection is fully defined when we know the d-spacing, the intensity {arca under the peak)
and the indices h. k, 1. If we know the d-spacing and the corresponding indices b, k, | we can calculate Lhe

dimension of the unit cell.

JCDD Data Bise

Internatioma] Center Diffraction Data (ICDD) or formerly known as (JCPDS) Jomt Conmities on Powder
Diffrachon Smndards is the organization that mainiains the dala base of inorganic and organic spectra’s.
The data base 15 available from the diffraction equipment manufachirers or from ICDD direct. Currenly
the data base 15 supplicd either on magnetic or oprcal media. Two dats base versions are available the
PDF [ and the PDF II.

The PDF 1 data base contains infarmation oo d-spacing, chemical formmla, relative intensity, RIR quality
infermation and routing, digit. The information is stored in an ASCII format in a file called PIF].dat. For
search'match purposes most diffraction manufactiwes are reformatting the file in a more eficient binary
format.

The PDF II daia hase centaing full information on a partienlar phage inclading cell parameters. Scintag’s
newest searchimaleh and look-up softemre package i3 using the PDF 11 format. Optimized dala base
formars. index files and high performance PC-computers make PDF II search times extremely efficient.
The date base format consisty of a set number and a sequence number. The sel number 15 meremented
every calendar year and the sequenee number starts from 1 for every year. The yearly releases of the dara
basc 15 available in September of each year.

3.3.2 Applications

Identification ; The most common use of powder (polycrystalline} diffraction iz chemical gnalysis, This
can include phase identification (search/mawh}, investigation of high/low temperature phases, sohid
golutions and determination of unit cell paramelers of new marerials.

Polymer crystallinlty 1 A polymer can be considered partly crystallme and parly amorphous. The
crystellme domaing act as a reinforcing grd, hke the won famework m concrete, and taproves the
performance over o wide range of termperature, Howeyer, too much crysellmity causes britlencss. The
crystallinily pans give sharp namrow diffraction peaks and the amorphous component gives a very broad
peak (halo). The ratio bebwveen these intensities can be used to calculate the amount of crysallinity in the

marerial.



I8

Dragg Brentano 2 Theta:Them Set-up -\
i

Beacetving gll
Serlber sht

) 1lheta
Sontier aht

Mruy

Tuabe Thels

Fig. 3.8. THETA:2-THETA goniometer.
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Residual stress ¢ Residual stress 15 the sitress (hat remains in the matenal a fer the e xternal force that
caused lhe stress bave beon removed, Suess is defined as force per umit area. Posttive values indicam
tensile (expansion) suess, negative vahwes mdicate a compressive stress. The deformation per umil lengih
iz called sirain. The residual siress can be inroduced by any mwechanucal, chermeal or thermal process. e.g.
machining, plating and welding,
The principles of smess analysis by the X-ray diffiaction 15 based on measuring angular lattice stram
distributions, That is, we choose a reflection at high 2-Theta and measure the change m the d-spacing with
different oriealstions of the sample. Using Hooke's law the stress can be caleulated fom the strain
chsinbution.
Texture a nalysis : The determination of the preforred arienlation of the crystallites in polyerystalline
aggregales is referred to as texture analysis, and the term texture i3 used as a broad synomym for preferred
crystaflographic orientation w the polycrystalline marterial, normally a single phase,
Grain size : When the size of the individual erystals iz less than about 1000 A, prain size can be

3.0M.
tcos B

deletmmed from line broadening, g = where B = broadening of dilftaction line measured at half

19 maximum inlensity (tadiang) and t = diameter of crysal patticle. The breadlh B refers however, to the
exma breadih, or breadening, due 1o the particle-sive effect alone. If the situation is such that only pariicle
gize contributes signfcantly to Lhe line width m excess of Lhe insoumental width, and if one is only
interesied in the estimation of average crystalhie size, the dats can be mmrpreied in & particnlarly simple
way If one assumes that the hne shapes are Gaussian, Lhen the squares of the conmibuting width factors
are additve. Thus if B, 15 the instrumental lme width and By, the observed width, the value of By, the

z

line width due to particle size broadening is givenby, B} =D&, -BE_ .
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Fig. 3.9 THETA-THETA goniometer.



44

setter slit sample socaner 5lit

“\ ’/ / a0]ler st

saller slit |+

Lyivergent slit

receiving slit

\ e
R, X-EHY
R
T tube
detssor [ IS

t\
R
T

N

Fig. 3.10. Diffractomerter Slit Sysiem.

3.3.3 Philips X'Peri Pro Multipurpose X-ray Dilfraclometer

The XPert PRO difffaction systern utilizes a modular system appreach o provide performance for
applications ranging Fom routine characterization to in-depth rescarch investigations. The PreFIX {Pre-
aligned Fast-Interchangeahle X -ray optics) concept enables the difftaction system to be reconfipured n a
few minutes without the need for re-alipnment to handle different rvpes of analysis. A sule of data
analysis software from Philips is available. During X-ray dillraction analysis, X-ray beams are reflected
off (he parallel alomic layers within a mineral over a range of diffraction angles. Because the X-ray beam
has a specific wavelength, for any given 'd-spacing' (dislance between adjacent atomic planes) there are
only specific angles at which the exiting rays will be 'in phase’ and therefore, will be picked up by the
deleclor producing a peak on the 'diffractogram’. Just like a "fingerprint', every mineral has its own distingt
set of diffraction peaks that can be nsed to identify it.
The sysiem enables us to do the analysis on phase wlentification and quantification, as well as erysial
seienure sdies. The specifications of the system are:

o X-RAY SOURCES: 3 kW Copper abe

s OPTICS: Focussing and parallel PreFix optics, programmable slits, munable diffracied beam

monpchromator
= DETECTORS: Xe propomional counter and solid state X'celleralor
+ SAMPLE STAGES: Single samiple holder, 15-sample changer
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» YARIABLE TEMPERATURE CAPABILITIY: Anwn-Paar 77 - 725 K and 300 - 1475 K

CATTIETAS

» SOFTWARE AND DATABASES: Data Collector, XPert Plus crystallographic analysis
soltware with Ruetveld capability, ProFit line profile analysis software

» INSTRLMENT STATISTICS: The system nses Cu K, tadiation that has a wavelength of 1.544.
Analyses are commonly run using a 40kY 45mA x-ray wbe voltage, a 0.04° soller shit, 1¢
divergence and antiscatter slits, and a 1/2° {for powder) or 1/4° {for clays) receiving slit.

3.4 Hysteresispraph

A hysteresisgrmph or DH-Meter allows for the magoelic properties of soli magnetic materials {0 be
measured. A schematic dimpram of commercial hysteresispraph has been presemied in Fig 3.11. A
hysteresisgraph has rwo major functions, It produces carrent to produce a magnetic field, and mmeasures
volbge pver Hme o measure magnetic induetion. By determining the induction resprnse of the test
sample © e applied current, the magnetic properties of (e matenal is determined. Most soft magnetic
materials are measured wvsing ring geometry. The advantege of a ring geometry will be discussed
subsequently. Two coils of wire are wound around (he sample. A current from a bi-polar power supply is
passed through the primary coil to generate a magnetic feld in the ring. The applied magnetic field is
proportional to the current. As the sample mapnetic induction chenpes in response W the applied magnctic
ficld, a voltage is induced in the secondary windings, This induced voltage is integrated over tire with a
citewit often called a Muxmeter, as it is used in many applications to measure magnetic flux. The
integrated voltage is propontional to the mapnetic induetion of the test samiples. The current in the promary
col is deternuned by measuring the voltage across a resistor. Commercial hysteresisgraphs use &
computer to control the applied field and measure both B and H sinultansonaly.

An imbal BH-cutve 15 generated by slowly inereasing the applied magnetic fleld from zero to some value
on a demagneiiced sample, Initial Bli-curves of a soft mapnetic matenal are often used te maodel the

petformance of soft mapnetic materials in an elecro-mechanical device

3.4.1 Measurement of an Initial BH-Curve

A4 these are importam curves for magnetic design, these curves are measured vsing a hysteresisgraph. For
accurate inibal curves, the sample must be demagnehzed prior to the measuremend. This demagnetization
can be performed either extemally, or m many cases, the samiple can be demagnetized by the
hyateresisgraph, Residval magnetization can greatly distorr (he response of a selt magmetic material near

zero feld,
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3.4.2 AC BH-Curve Measuremenis

In many applications, soft magnetic materials are subjected 10 cyclical magoetic field. The response of 3

soft magnetic material can be very complicated in this case, and is determined by boih material paramerer

Lomputer

I
1
Bipolar Power
Supply W

Flusmiser

Yalhneter

Fluxineder

Fnmary Coal s Bosondery Coil

Fig. 3 11. Schematic diagram of commercial hysteresisgraph,

such as sample permeability and malerial geometry. It can be exceedingly difficult to make accurate
predictions of material performance through compater models Therelore, the best way to dememine the
prdfunmance of these marerials is to measure the BH-curve wmder cyclical applied magnetie fields This
can be performed using a hysteresisgraph. The bi-polar power is dniven at the test frequency, and the
flwxmeter can measure the yarying magnetic induction of the material. The resulting BH-curves are called
AC BH-curves, and vield important information in regards to the material such as AC permeability and
core loss. For these types of measurements, it is imporiant that the hysteresisgraph components have the

appropriate Fequency response 10 measure the AC BH-curve propetly,

2.4.3 Materials Geometries

Ring Geometry: The idzal sample peometry of sofl magnetic marerials is a ring. This shape is preferabls
because a ring shape ¢liminates factors that can distorl he magoetic lest resuls. The main source of
distortion of lest duta on soft magnetic materials 15 usually from ar gaps present in the magnetic test
cireuit. These air gaps lower the apparent permeability of the material, and can be difficalt to contral.

As a ring geomelry is continuous path, he magnetic circuit js closed, wilhout any air gaps that cause
distortions. In addition, the magnetic path length, which is required w convert the applisd current in ihe

sense windings into applied magnetic field is easy to ealeulate ap unambiguous for ring samples.
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In many cases, Hlock or rod sarnples can be machined inte a ing specimen for the most acourate magnetc
measurements. IT lhis machining process iz on a sample, a technique that produces minimal cold working
the material 15 preferred such as wire EDM or lazer cutting,
In ring shaped samples, primary windingg are wound on the ring o genemate a magnetic field in the
sample via applied current to the primary windings. A sceondary coil 15 also wound onto the ring 1o

inductively measure the magnetic induction of the sample,

Squares, Rectangles, and Other Closed Geometries : In some cases, Lhe sofl mapnetic maltenal
specitmen 15 a rectangular of square peomerry, which dees not lend itselfl w be machmed nte a ring. In
these instances, accurate magnetic measuremens can Stll be performed, since the sample geomerry
creates a closed magnetic circuit. For those measuremnents, primary and secondary coils are wound ontm
the sample, 22 with ring measurements. The magnehc path length of the test citcwit mmst be enber

delermmed or known in order to convert the applied primary current into applied magneuc Oeld.

Testing Epstein Sérips — the Epstien Frame: Epslein strips, which are 3 cm x 25-30 cm long smips, are
the overwhelmng sample geomery in which core loss of elecineal sweels and laminations are measured,
The smips are measured in a test fixture called an Epstein Frame, winch basically reproduces the prnimary
and secondary windings one would use Lo test a ring sample. THagrame of an Dpstien Fame are shpwn m
Fig. 3.12.

An Epstein frame consists of four primary coils, or H-coils, which magnetize the samples. A multiple of
four strips are used for the test, which are inseried into the H-coil in interlocking fashion. Inside sach H-
coil of the Epstien fiame 15 a set of two coils, wired in series, which measure the magnetic induction of the

sample. Oue of the coils, called Lhe B-sense coil, is positioned so the Dpstien frame stops fit inside of it
The other coil, called the H-compensation ceil, 15 in series with (he B-scnse coil. The H-compensation coil
does tiot measure any properties of the matedal. Instead, it is used to compensare the applied magnetic
field from distorting the results.

In the B-sensing coil, a vologe 15 induced duc tr bolh the mapnetization of the sample, which is of
interest, and disterls the measwred curve In order (o compensate for this distortion due to the applisd
magnetic field, the Hcompensatiom coul, which cancels the indueed voltage in the B-sense coil due to the

applied magnetic fisld, In this way, only the material propemies of the Epstein stnps are measured.

Testlng Indlvidual Strip Samples ; Imstead o f several Epstein s frips, some soft magnedc matenal are
evaluated using a single suip of matenal. This has advantages from a sample preparation poim of view,
especially with very low carbon sieels, which can be difficult 1o cut i Epstein ships. For thess
measurements, a single aurip fixture is vsed, asshown inFig 3 .13, A smgle smp fixture consiss of a

magncte lux return path, to complete the magnetic path, The strip samyple is gpently clamped down to the
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Epsiein Frame - Top view

Fig 3 12. Standard Epstein frame.
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Fig. 3.13. Testng individual strip sampls,
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ends of the volk. A compensated coil assembly sits inside magnetizer codl, sitmilar to Lhis assembly used In
Epstein frame, As single strip measurements are less labor inleosive than Epslein fame measurements,
this sugges!s that test titme can be reduced in using sinple sirip fixtures ko measure core loss.

Finally, 1t 15 also possible o measure sinple strip samples in a single strip fixture with no magnetic remm
path. This constitties and opeas magnetic citcuit measuretnent, but has many advantapes for qualicy
control purposes. First, elimination the magnetic remm path significantly reduces the cosl of the fixmire.
Secondly, test time is reduced, as Lhe strip samples do not need to be clamped down to any volk. And
finally, an open leop single sirip fixture can accommodate a wider variety of sample dimensions. For
qualiny assurance purposes such as evaluating an annealing process, it may be disadvamagecus to use an

open loop single strip fixhre.

3.4.4 AMH-20 Low Frequency Automatic Hystereslagraph System
Figure 3.14(2) shows the simplified block diagram of the AMH-20 Low Frequency Amomatic
Hysteresisgraph Syatem. Output Fom the AMH-20 is illustraled in Figure (b). The computercomtrolled
function generator and power amplifier combination drive the primary winding The primary current is
measured using a non-inductive precision series registor. The applied magnetic field, H, which magnetize
the sample, is calculated from the primary current using the equation :

H = rMI (]:I
2.5L

Where, N = Number of primary turns, L = Magnetic path length of sample, H = Maxituum desired H drive
{Dersteds), T = Maximum drive current {Amperes)
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Fig. 3 14. () Walker Scientific AMH-20 Low Frequency Aummatic Hysteresisgraph Systemn for Soft
Magnetic Materials, {b) AMHE-20 Output.
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The magneiic flux induced in the sample under rest is measured vsing a compuler-conmolled inteprating
fAuxmeter adached to the secondary windmgs. The mduced {lux @ resulting from Lhe vanation of the
magnetic field (HY, generams a voltage (&} in the secondary winding equal to

ddb
e=NK,6 — 4]
't
Therefore:
= 1 Jedt (3)
K.H

Where, @ = total fux induced m the st sample by the driving mapnetic ficld (H), dt = ume diflerential,
N = number of secondary turns, K, = 10°% for cgs-erm systemL, or K = 1 for 5. [ System.

The intcgrating Muxmeter 15 (he preferred method of measuring indoced magnetic flux when the H field 12
being varied at frequencies from DC (rypically (.01 Hz} to 10 kHz. The common method for
implemeniing an e lectromic inteprator ¢ onsists o fa dc amplifier w rth resistive-capacitive feedback, and
hazed on :

B = — [edt )
RC

Where, E = Amplifier output voltage, ¥, R = Input resistance of the inteprator in the secondary circuit, £2,
C = Feedback capacitance, F
Combining Equations {3) and (4}
¢'=ERC DrE=¢'NK, (5)
KN RC

3.5 Vibrating sample magnetometer {¥SM)

The vibrating sample magnetometer has becoms a widely vsed insmument for detennining masmetic
properiies of a large vanety of materials: diamagnetics, paramagnetics, fermomagnetics, ferrimagnetics and
antiferromagnetics. This expermental technique was invented in 1956 by Simon Foner of the MIT. It has
a flexible design and combines high sensitivity with case of sample mounting and exchange. Samples may
be interchange rapidly even at any operating temperature. Messwrements of magnetic momens as smail 25
5x107 emn are possible in magnetic fields from zero to 9 Tesla {or higher). Maximum applied fields of 2-
3 Tesla or 9 Tesla arc reached using conventional !aboratory clectromagnets and superconductng
solenoids, respectively. Yibrating sample magnetometers notmally operate over a temperature range o f
2.0 w 1050 K Powders, bulk and thin {ilma can be measured snd smdied.
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3.51 Principle

If a sample of any rmaterial is plated in 8 uniform magnetic field, creared berween the poles of a
elecromagnet, a dipole moment will be induced. If the sample vibrates wilh sinusoidal motion a
ginusoidal electrical signal can be induced in suitable placed pick-up coils. The signal has (he same
frequency of vibration and ils amplitude will be proportional to the magnetic moment, amplimde, and
relative position with respect to the pick-up coils system. Fig. 3.15 shows (he block diagram of vibrating
sarple magnelometer,

The sample is fiwed to a small sample helder located at the end of a sample rod mowmled in a
eleetrpmechanical mansducer, The rranadocer iz driven by a power amplifier which itself is driven by an
oscillator at a frequency of 90 Herlz. Su, the sample vibrales along the Z axms perpendicular to the
magnetizing field, The latter induced a signal in the pick-up coil systern that is fed to a differential
amplifier. The owtput of the dilferential amplifier is subsequently fed into a uned amplilier and an internal
lock-in amplifier that receives a reference signal supplied by the oscillator.

The output of this lock-in amplifier, or the output of the magnetometer itself, is a DT signal proporional
10 the magnetic moment of the sample being srudied. The electromechanical ransducer can move afong
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Fig 315 Block dizggram of vibrling ssmple magnetometer,

X, Y and 7 directions in order to find the saddle point, Calibration of the vibrating sample magnetomater
is done by measuring the signal of 2 pure Ni standard of known sauration magnetic moment placed in the
saddle point. The basic instrument includes the electrormechanical syslem and the electromic syslem
{(including & personal computer) Laboratory electromagners eor superconducting coils of various

maximum field strengths may be used. For ultra-high magnetic fields a cryogen-free magnels can be also
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used. For the characterization of <ofl magnetic materals a pair of Helmholtz coils may be also used. As
accessories a high temperahare oven assembly and a liqmd Helium cryostat is also used.

Techmcal specifications of ¥5M (typical figures).
Maxinmm sensitivity: 52107 emm

Calibrated mnges from 100 to 0.01 et fall scale.
Stability of ourput signal: 8,05 % of full scale per day.
Absolute acouracy: better han 2 %

Angular varation of H: full 3607 rotatton ~ 0.5°
Maximum sample s1ze: 7 oum.

Operating temperanire renge: 2.0 K to 1030 K

352 Applications

Using a vibrating sample magnetomeler one can measwre lhe DT magnetic moment as a function of
termperamure, magnetic field, angle and tme. So, it allows to perform susceptibility and magnenzation
studies. Some of (he most common measurements done are: hysleresis loops, susceptibility or seturation
magnenzation as a function of temperature (thermotnagneric analysis), magnetization curves as a funetion

of angle {anisohopy}, and magnetization as a function of tme.

353 DMS 880 VSM

The DMS Vibrating Sample Magnetometer (¥SM} 15 a computer-controlled measurement system capable
of characterizing a wide vanety of magnetic samples. Its reliability, vser fmendliness, and zbilicy o
measnre both mgh and low coercivity materials make it the standard measuremend sysmer used by alnvost
all hard disk manufachorers and magnetic research facilities.

TIM3 850 ¥5M syslem supports all knovwn magnetic measuremems such as Hysteresis and Minor Loops,
IRM and DT Remanence Loops, Della M and Henkel Plots, and Angular and AC Remanence Loops,

Any series of measurements can be run withont user mrervemion, usmg the flexible EasyVSM software,

Key Features
»  Maximum feld: 1.5 T
»  Temperature contrel 77K ~ 1K
#  Field resolution: better than 0.01 O2
+ Tield contrel: sicpped field contiol in comunction with Digital Signal Averaging

High Accuracy : The high precision stepped field contrel used in conjunctien with Digital Signal

Averaping leads to inereased accuracy of the measured praphs and measurement parameters, while at the
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same tme facilicating measurements on soft magoetlc samples with a field resolvton betler than 0.01 Oe,
Since the field is stepped rather than swept, there i3 higher aecuracy in the field seitng and g more precisa
determination of the coercivity and many other mapnetic parameters The number of data poms can be
drfined by the user. This allows for greater accuracy in areas where detailed dala is tequired or changes in
signal expected

Flexible Options (Three Systems in One) @ DMS offers a unique combination systern mcluding Torque
andi/or Magncta-Resistance (MR opnions, which can be added to the VSM without increasing the sysiem
foorprint and are less expensive. The torque option measwies the tomue of matenals as a function of
rotation angle and apphed ficld, resulting in Anisoropy data. The MR option measures the resistance aff
this film samples as a Fanction of both magnetic fizld, temperatore and angle,

Fast and Easy to Use ; A unigque sample vibraring mechanism makes sample mounting and alignment
fast and conveniemt. Fsimng FaryF8M, samples can quickly and easily be aligned properly to maxiniize the
measurement  efficiency. The precise aligmment lechniques provide for excellemt accuracy and
repeatability, Sasy VS software calculates and displays the results requited even when performing
complex measurcments. EasyPSM can be used by researchers wha want o specify the paramerters in their
expenmenrs, as well as through Operator menus when lower levels of conrol are needed or wanted. The
powerful dalz analysis software has many options, meludmg antomate subtraction of background sigoals
and 1he calenlation of up to 9- diffecent lest parameters. The oplional mmperatare conwol is exmemmely

fast, reducing typical measurement time (o a few minutes per temperature sciting,

36  SQUID magnetometers

A BQUID (Superconducting Quantum Inlcrfersnce Device) iz the most sensitive available devics for
tneasuring magnetization. Rased on this sensitive device the go-called 'SQUID magnciomelers’ have been
developed. SQUID magnetomerers are used to characterize marerials when the highest detection
semsitrvity over a broad temperature range and using applied magnetic Belds up to several Tesla 1s needed.
Nowadays, this instrument is widely nsed worldwide in research laboratories. The system 15 designed to
measure the magnetic moment of a sample, from which the magnetization and magnetic susceptibility can
be phramed. Therefore, SQUID mapnelometers are versatile insmumends that perform hoth, DC and AC
magnehic motnent measuremeant.

SQUID magnctometers are ¢ lassified within the flux methods of measuring magnetization of a sample.
Fig. 3.16 illustrates schematically s principle: Lhe measurement of the flux change throngh a pick-up coil
system with a SQUID, This sipnal is proporional to the magnetic moment of a sample, which is
magnetized by the magnenc ficld produced by a superconductimg magnel,
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3.6.1 Basic Componenls
The main components of a SQUID magnetometer are: (a) superconduciing magnet (tha must be acquired
together its proprammable bipolar power supply); (b) superconduciing detection coil which s coupled
nductively to the sample; {c) a SQUID connected to the deteciion coil; (d) superconducting magnetic
shield. In the following a description of each one 15 given:

STRND

U ko

Tig. 3.16. 3QUID magnetometer principle.
Superconducting magnel ¢ A superconducting magoet is a solenoid made of superconducting wire, Fig.
3.17 shows a cut away view of a typical superconducting mapnet used in a SQUID magnetometer. This
solencid must be kept at liquid helwm temperatura in a liquid-heliomn dewar, The umform magoetic field
is produced along the axial cylindrical bore of the coil. Currently, superconducting solenaids that produce
magneric fields in the vange 5-18 Tesla are commercially available, To operate a superconducting magnet
requires an approptiate programmable bipolar power supply.
Superconducting defeetion coil @ This is a single pisee of superconducting wire conligured as a second-
order grediometer (Fig. 3.18). This pick-up coul systerm is placed in the uniform magnetic field region of
the solencidal superconducting magnet.
SQUID : High sensitivity is possible because Lhis device responds to a fraction of the flux quantum, The
SOUID device is usually a thin film that funclions as a extremnely sensitive current-lo-voltage-converler. A
measurement is done m this equipment by moving (he sample throngh the second-onder gradiometer,
Hence, the magnetic mement of the sample induces an electric current in the pick-up ceil system. A
change in the magnetic fiux in these coils changes the persistent current in the detestion cieuit. So, the
change in the cwrent in the detection eoils prodoce varfation in the SQUID eutput volrage propontional to
the magnelic moment of sample. ’
Sopercondacting magnetic shield : Superconducting magmetic shield 15 used Lo shigld the SQUID sensor
trom the flucmations of the ambicnt magnetic field of the place where the magnetometer is locared and
from the large magnetic flgld producsd by the superconducting magnet.
Applications ; Using this kind of equipment one can measure: {a) The real and imaginary components of

the AL magnetic susceptibility as a function of Fequsncy, lemperature, AC magnetic field amplitude and
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DC magnetie field value. {(b) The DC mapnetic moment as a fanclion of temperature, DT magnetic field,
and time, Using a specially designed sample holder the magoetic moment as a function of angle can also
be measured.

High sensitivity is needed when samples with low inrrinsic magnetic moment or low mass are measured.
In thin films, for ipstance, the mass may be smaller than 1 microgram, These materials are iherefore

difficull to characterize using a extraction or vibrating sample magnetomcter but not with a SQUID
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Fig. 3.17. Cut view of a typical
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superconducting pick-up coils, g econd-order gradiometer magnet

magnetometer. Also for measurements of magnetic viscosiry in permanent magnets, where small changes

of magnetization as a function of time must be recorded, a SOUID magnelomelers is the best choice.

3.6.2 The Features of MPMS XL

Improved sensitivity : The MPMS X1, features the new reciprocaling sample measurement system.
Unlike DC measursments whers the sample i moved through the eeils in diserete steps he REQ
measurements are periormed using & servo motor which rapidly oscillates the sample, as shown in
Fig. 3.19. These measurements have a sensitivity of 5 x 107 EMU.

A shaft encoder on the servo motor records the position of the sample synchrotous with the SCQUID
signal. The data received is fitted to an idea! dipole moment response. To ensure iis assumption is
applicable, samples need to be small: the calibration sample is a cylinder of 3 mm diameter and 3 mm
height. Samples of this size or smaller malch an ideal point dipole to an accuracy of approximately 0.1%.
RSO measurements can be made in one of two confligurations: Center or Maximum slope, Center scans

use large oscillations {2 lo 3 ¢m) around the center peint of the pickup coils. These scans take a long time
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but the sample alwEya rnm'msp-uprrtylnmdmdnlu'g: numbser of menturements are recorded. These
give the most geeurnle readings.

the SQUILD responac {ay thown in Figure 3.19). The amaller nmplinxde makes meanmemenl quicker amd

prevemy the sample belng mubjected o signllicent magnetic field variation, bowever it also makes the |

measuremem lers scoumte and susceptible 10 drif in the camphe pu‘l‘lthn
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ﬂfﬂ thows (he ideal SQUID rerponse for 3 dlp-u'lr:":nd (b} shown the .
mov:nmﬂufﬂ:cunmhwi‘m&lﬂ:cSQUleickupm . .
Extended Low Tempersiure Cuapability : The MEMS XL featurts sipnificam improvememis in thee
tempernhore ¢onmol syHem Utliizing a new desipn for the helm ﬂm:r impednnce, the MPMS XL has the
capebility 10 opeTaie contimously a1 lemperatires below 42 K for indefinite periods of ilme — comphetety
remaving trme Tmitnions for making meangemens in this temperature r:glmt.. . I,-
Tiwe now MPMS X1 eliminates 1he operuthons associated with ﬁ]linglnnd recytling the He reservorf, Thm.
the rystem solves the traditional problems of Lemperature inrability nmd hysteresis ausocinted with pid
| Trhoma
boil off of liquld helium when warming through 42 K. The revolts sre smooth monotonic trans
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across 4.2 K during both warming and cooling temperature sweeps. All thess capabilities are Rully
aulornated for precise syswems control and nser-fendly operation,

Enhanced Thermometry and Temperature Sweep Operation : Tn addition to a redesigned impedance
sysierm, the MPMS XL uses a new thermometler design for umproved temperature accuracy and precise
thermal conrol. The new thermometry, designed and developed at Quanmm Deaign, 15 installed in close
proxmiity o the sample within the sensitive coil detection region. This improved design is combined with
new Emperature conrol capabilitics Lo pravide more acourate measurements of the sample chamber, even
under extreme temperatre changes,

The new Temperature Sweep mode of operation provides MPME X1 users with the ability o wmke
magnetic measurements while sweeping the syslem lemperature at a controlled rate — aummatically ~ with
ng manual intervention. This mode provides a controlled, mumetotre change in emperature durmg a
measurcroent séquence at rates up to 10 X/min Measurcments of temperaure dependence over large
mmperawre ranges, which previously required time conswming temperature stabilization, can now be
made quickly and precisely nsing Temperature Sweep Mode.

Software Control { Automation ; A new software inierface completes the flexibiliny and usability of the
MPMS X L. Running under M icrosoft W mdows the state-of-be-an MPMS Multivl soliware interface
provides a level of contral for system operation, graphics and dara analysis previously unavailable. With
Multryu, simultanesusly viewing data files in mmltiple formats is casily accomplished. Similarly, dwplay
of mwitiple graphs allows for easy comparison of results from dullerent cxperiments, Operationally,

MultiVu 15 2 valuable tool in sethng up and editing several measurement protocol files sinmltanecusly.

3.6.3 Specifications
Reciprocating Sample Medsurement System
Feaheres:
s  New servo poweted, shaft encoded tanspori allows precision oscillating sample motion
+  New sample red with low thermal sxpansion and radial sample centring features
v New high precisien data acquisition electronics, including a digital sipnal processor
o New MPMS sofrware revigion including a digita! signal processor.
v New MPMS software revision, including support for a1l Reciprocating Sample Feanres:
- SQUID signal analysis phase locked to sammple motion.
- Suppon of longitudimal and transverse measurement axes.
- Sample centring melhods
- Suppori all measurements with new sample transport (AC, DU, Reciprocating Samples)
e 16 measurement tanges from 107 emmu te 5 ermu

= Frequency ranges: § 5-4.0 He
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+« Oscillation armplinnde range: (L5 wo 530 mm p-p
¢+ Max DC scan length: 87 mm
»  Relative sensitivity ; Max. of < 1 x 10emu or 0.1 % (0 = 2,500 O=)
¢ Uppgrade available for all basic MPMS sysems

Coutinpons Low Temperature Contrel and Enharnced Thersometry
Featores:
+ New dual impedance desiygn allows continucus opetation below 4.2 K
»  New sample space thermomewry improves [Emperature control
+  Trensirion trough 4.2 K requires no “He 1eservoir refilling and recyeling (no pot fill)
s MNew MPMS softoare revigion for all contmuous Low Temperature foatures
»  Temperatore stability: +0.5% (1.94.2 K)
# Include temperature Sweep feamre, Sweep rate range : 8.001-10 K/min
»  Upgrads avaeilable for all basic MPME sysiems.

Conlgurations
The MPM5 XL is ofered m btwo high homogeneity magnet configurations — MPMS XL 5 (5 Tesla) and
MPMS XL 7 (7 Teala). Each system includes:

»  Reciprecating Sample Measurement System

» Conhouous Low Temperature Control f Temperature Sweep

o MPMS MultiVu Software Interface

3.7 Initial Permeability measurements

Frequency and temperature dependence of real {pf) and imaginary part () of complex inital
permeability of (e as cast and annealed ribbons have becn measured using 4 laboralory built fumace and
Wayne Kerr 3255 B inductanee and HP 4192A impedance analyzer with continuous heating rate of
=5 K / min with very low applied ac fleld of = 107 O¢. From this measurement, Curie mperawre, T,, of
the as cast amorphous phase have been deternuned. In addition to the measurement of Curie temperature,
temperamre dependence of wihal permeability at different siages of ¢rystalkzation has been smdied for
Fe-based sofi nanocomposite magnetc matedials, Frequency, annealmg emperature and ammcaling time
dependence of complex initial permeability of the mmorphous and the annealed samples provide wide
information about materal property of sofl nanocormposite mapnetic materials,

Wayne Kerr 3255 B inductance and HP 41924 impedance analyzer provide the value of inductance, T

and logs factor, [0 = tan &, From mductance the valug of real part of complex initial permeabiliry, p' can be
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obtained by uying the relation, b= L. Hor, L is the inductance of the toroid and L, is the inductance
L,

of the coil of same geomemic shape of vacwrm T, 15 determined by usmg ihe relation,

2
L =“~=Nswhm5: m

. y . In these twe equations 1, 15 the permeabiity of the vacuwm, N is the
T mpd

number of turns, 5 #s the cross-sectional area of the toroid, d is the average diameter and p is the densiby

of the material. The imaginary parl of complex inilial permeability can be determined by using the

m

relahon, (g § = £

r

3.7.1  Indoetance Anakyzer
The 32558 Precision Magnetics Analyzer provides 2-terminal measurement of wnductors and transfonmers
over the frequency ranpe 20 Hz to 500 kHz, DC resistance measuremnents are performed at a drive level of
10} 11V, The drve level for AC measirements cat be varied from ' mY to 10V rms. Aotomatic level
contrel (ALC) can maintain the drive level at the component. During AC measurements the 32538 can
supply a DC bias current which 19 variable between 1 mA and 1 A and when used with external 32650
DC bias units, up to 125 A DC bias current is avarlable. )
The analyver's measurement, display and control facilities include:

»  Spot frequency measuremenls;

»  Muld-[requency measurements at a nuntber of user-defined requencics;

s Display of actunl measurement values;

»  {Ourpnt of measurement results 4o an Epson-compatble prter,

» Sorting of components inta bins according to their measured value and/or minor term {option)
All the above fimetions can be selected via manual front pansl control er remote control via the GPIR
interface for Dilly-autemated high-speed Lesting.
Self calibmation is performed to set calibration conswnls for sipnal processing elememtss in Lhe
measurement hardware and signal generation sysem, and to compensate for components, which drifted
wilh rime. To mamtain full speciticd accuracy it should be mn at least every three months. To measure the
induclance of a cormponent the analyzer should be powered up with the lest leads or fixwre connected m
the font panel PNC conneclors The analyzer should be operled in Measurement Mode. The component
to be measured is connected m Lhe tost leads or fixture. The measurement may be performed as single shot

mode for single measurement or repetitive mode fir continueus measurement,

3.7.2  Impedaoce Analyzer
The Hewlett Packard 4132A LF Impedeance Analyzer can tmeasurc cleven umpedance parameters -

absolute valuc of impedance ({Z7), absolure value of admittance ([Y[), phase angle (), rcsistance (R),
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reaclance (X}, conductance {(3), susceptance (B), inductanee {1}, capacitance (C}, dissipation factor {D)
and quahty facmr (). Measurement range of [Z/R/X 15 .1 ML) to 12899 MO [YJ/GB i5 1 us to 12,999
5; B ig -180.00% to +180.00%; L is 0.01 mH v 1 000 kH; C 1s (.1 pF ta 100.0 mF; Dis 0.0001 to 12.999; ()
iz 0.1 to 1999.9. All have a basic accuracy of 0.1% and resolution of 4% digits. Number of display digits
dependence on measuring frequency and O5C level setting.

The 41324 can provide measuring frequency, OSC level, and dec has voltage eguivalenmt to actual
operating conditions. The sweep capabiities of lhe built-in frequency synthesizer and de bias source
permits quick and accurate measurements. The buili-in frequency synthesizer can be zet to measuring
frequency within the range from § Hz te 13 MHz with 1mHz maximum resolution. Q50 level is variable
from 5 mV to 1.1 Vrms with | o1 resolution. The imernal de bias voltage source provides +35 V in 10
mY increments. Measuring frequency or de bias volmpe can be automaticalty or manually swept in cither
direetion OBC level can be manmually swept in elther direction in 1 mY mcrements {(SmV for levels ahove
100 V), Actual tost voltage across er (est signal current trough the device under Lest 15 also measured.

Thus the 4192A can evaluate compenents and circurts under g wide variety of measurements conditions.



Chapter 4
Results and Discussions on Fe-based soft
HANOCOMposites




57

4.1 Structoral and Magnetic Properties of FernCuyNb; 551,84 «

Kineties of crystallization of diflerent crystaltine phases has been studied by using d dferential tharmal
anabysis DTA diagrams of FeyOujbs 55148y 5 amorpheus ribbon measured in mtrogen atmesphere with
contimugus heating rate of 10-50 K/min is shown in Fig. 4.1.1 and DTA curves of the samples in the as-
cast and annealed condition has been presented in Fig. 4.1.2. In Fig. 4.1.1, two exothermic peaks in the
curve indicate two distnet crysallization emperamres, the first ome comesponds to the crysmllization of
o-Fe{ %) phase and (he second une i3 retated 1o the crystallization of won beride, It 15 observed that the
crystallization of each phase has accurred over a wide range of troperatures and that the peak temperamre
shifls Lo higher values with (he merease of heatng rate. Achvation energy of crystallization of ¢-Fe{Si}
and iton bonde phases have been evalnated using Kissinger's plots [1] presented in Fig. 4.1.3 and 4.1.4
and found to be 3.71 and 4.71 ¥ wespectively.

In Fig 4.1.2, DTA curves of as cast and samples annealed at 798 and 518 K for 20 minuies have been
presented. It is obgerved that the enthalpy of arystallization of bee phase, which 15 propomional to the area
under corresponding peak decreases wilh Lhe increase of annealing termperamre due to increased fraction
of cryslalline phase in pre-annealed samples. Thos, the calculaed volume fraction of ¢-Fe(Si) phese can

AH as-cust IﬁHa.uﬂnaal
ﬂLHaus:—canst

be derved from . where AH is the emhalpy of crystallization in the corresponding

state, The calewlated volwme fracton of o-Fe(S1) phase for sample annealed at 798 K is around 81% and
for sample annealed at 8§18 K is around 88%.,

In Fig. 4.1.5, x-ray dilfraction specwra of as-cast and annealed samples at dilferent annealing tenperatures
have been presented. X-ray diffraction results show that no erystalline phases ave detected below 773 K,
wilhthe appearance of broader diffised pattern, which is characteristic to amerphous materal. For (he
samples annealed at or above 773 K, peaks corresponding to cryslalline phases appear, which have been
ideniified g5 boe o-Fe{Si) solid solution produced in the amorphons marrix. Wuh the increaze of amealing
temperature the peaks become narrower with higher intensity indicatmg that the crysmliine volume
fraction bas increazed. Iron boride phase is deiected in the samples annealed at 973 KL

In Fig. 4.1.6, the lattce parameters and Si comtent of o-FeiS{) nanograins dispersed in the sutmounding
amorphous mairia have been presented for various annealed samples in the termperature range hetween
773 and 973 K. Wilh the inerease of annealing termperature lattice parameter decreases until 9273 K beyond
which it increases. The lattice parameter of o-Fe(Si) phases are always smaller than thar of pure Te, the
value of which i3 2.666 A. Thus 1t can be assumed thet the decrease of lattice parameter is due to the
contraction of @-Fe lattice as a result of diffusion of the silicon with s maller atomic 51ze indo the 1ron
lattice with larger atonnc size forming a substitutional solid solution during the crystallization process to

form oo-Fe(Si),
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From the established quantitative relationship between lattice parameler {a) and Si content (%51} of Fe-Si
alloys %081 = -467.1%a + 1342.5 [2], 51 contens of o-Fe(Si) nanoprains have been determiined and shown
in Fig, 4.1.6. The 31 comtent of ¢-Fe{$1} increases with the increase of annealing temperature attaining a
maximum value of about 21 at% at 923 K beyond which it slarls decreasing, When the samples are
armealed above 923 K, an increase of lattice parameter wilh subscquent decrease of Si content indicates
Lhat reerystallization of o-Fe{3i) grains has taken place and that during recrystallizatien silicon diffuses
out of the «-Fe{Si} grains. This result iz compatible with those reporied for similar composition [31.

InFug 4 .17, the mean prain size of the nanograms determined from the X-ray fundamental line (110)
using the Schemer’s formula has been presented. The grain sive increages gradually up w0 228 K and then
atwaing a limiting value of 12 nm until 923 K. An abmupt increase above 923 K is noticed ansimng a value
of 32 nm. Qur result correaponds well with the reporied results of Bubinstein et. al. [4]. The formation of
this particular nanostrocnire is ascribed to combined effects of Cu and Nb and their low solubility 1 iron.
In Fig. 4.1.5, temperature dependence of real part of the inirial permeability of the as-cast and samples
annzalad at 79% and 218 K have heen presented. For the as-cast sanmmple, permeability passes ihrough a
maxirmum just before a sharp fall to near zero with the rmanifestation of Hopkinson eMect characterizing
the ferro-paramagnetic mansition at 597 K compatible with the reporied resuls, Practically the accurate
derermination of T, of the amorphous materials is really dilficult due to irreversible components of the
structural relaxation like long-range internal swess, topological and chemical shorcenpge order. Thos
smucrural relaxation without destroying the amorphous state may influence T, Therefore dunng Lhe
measuremem of T, the heating rate has been adjusted in such 3 way that no substantial relaxaton Lekes

place, From the varation of p” wilh temperahee for the torowdal samples annealed at 798 and 818 K, Curie

termperature of rosidual amerphons mamix deternined from the maxirmm valoe of 91’ 2 563 K and
dt

553 K for the sample annealed at 798 K and 818 K respectively. Another feamre, which can be observed
from Fig. 4.1.8 15 that as the annealing temperanire is above the cryseallization wmperatre 1.2, 798 and
818 K, the sharpness of the fall 1o lower values of petmeability is smwared out wilh the appearance of a
tail in the high wmperamre region. These resuls are in good agreement wilh those previously repored for
the FINEMET composition [3].

From the results of the lermperature dependence of permeability (ot samples anncaled at 798 and 818 K|
Lhe grain coupling 15 largely but not completely intermpled above the Curde termperature of the amorphons
matrix A sysem, mnm which lhe magoetic eoupling between patticles 13 significant end prevents
superparamagnetic relaxations, has been termed superferromagnetsm by S. Memp [6]. The precise

couplmg mechanism for this type of behavier at T > T may be cxplained in terms of exchange

penetration through the thin, paramagnetic intergranutar layer and / or dipolar interactions [7]. Wik

further merease of temperamre sharp increase in permeability takes place and subsequently falls to zero
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due Lo the decrease of the average anizottopy of the nanograms wath a retamng value of magnetization
[8]. Tt is noteworhy that the temperamre comesponding to the mcrease of permeability at higher
measurmg woperate coincided with the temperature at which coercivity vanishes [9]. This wemparature
shifts to higher value fromt 837 to 853 K as the annealing temiperarure mereases fom 798 to 818 K ie
with the increase of velume fraction of the crysmallite, which may be attributed to the decreasze of the
thickness o f the amorphous grain boundary favering the interaction between the nanograing compatible
with the previous observation [5] and is linited by the Curie temperarre of boe Fe{5{) nanograins

In Fig. 4 1.9, wmperature dependence of saluration magnetization, M, has been presented, which bas been
measured m an applied field of 1 Tesla at a heating rabe of 20 Kihmin, Ficld cooled curve has also been
presented in the same figure. The characrensiic feature of the curve js, M, decreases with mmperature and
passes Lhrough ferro-paramagnetic mansition at the Curie temmperature. The Curie t emoperamurs has been
eshmated o the maxima of the rale of change of salurarion magneiizalion and found to be 5393 K. From
the fipure 1t can be observed that the onset of crystallization tempemature is 773 X, which has good
correlation wilh DSC measurernents such as 783 K for the heating rate of 20 Kmm (Fig. 6}
Magneiization passes through a maximum at ihe temperature of around 343 K. Magnetization again
decreases wilh temperature to a very low value beyond the Curie temperatare of a-Fe(Si) phase which is
around B68 K. Magnetization again mereases comesponding to the formation of boride phase at 893 K and
then falls. From the coolitg curve the Curie termperature of Fe{5i) phase has bren estimated as 873 K,

In Fig. 4.1.10, temperamure dependence of M,'™ has been presented for as-cast and sample anncaled at 793
K for 1 hr. The emperahure dependence of saturalion magnetization M(T) of a single-phase ferromagneat

Ifb
can be described by [10], M(T) = M, [ ] where, b is a critical exponent close to the Heisenberg

1——
T

T

value 0.36. Ancmaly 1 M,{T) due to structural details can be detected from the deviation of MY® v, T
plot fromi linearity, From Fig. 4.1.10 it can be observed that the amorphous sample closely follows the
above equation with a Curie tempararure of T, = 598 K. The M:"h v8 T turve for the nanocryslalling
materal shows a distinet chanpe of slope at about 613 K. Such bebavior 15 corrmmen for two-phase
magnetic marerial.

Tn Fig. 4.1.11, x-tay dilfraction spectra of as cast and annealed samples at 818 K wilh varying armealing
wme have been presented. The evohition of crystallme phase appears with Lhe atmealing time of 5 minutes
and omward and have been identified as bee o-Fe(Si) using standard software.

In Fig. 4.1.12 1he lathce parameters of various samples anncaled at 818 X wilh varying annealing time
have been presented. Wih the increase of anmealmg time lattice parameter decreazes. The latuce
parameters of all the bee o-Fe(S1) phase are smaller than the lattice parameter of pure Fe (2.3664 A), Thus
it can be assumed that the decrease of lathee parameter 18 due to the increase of silicon content i the o-

Fe(5{) grains as the annealing time increases due to the conmaction of Fe laftice.
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Using the relatiomship between lathce parameer and 51 content in Fe-8i alloys, 5i content m the FefSi)
nanogrzins has becn determined and presented in Fig. 4.1.13 Silwon contem in the o-Fe(S1) prains
increases with inereasing ammealing lime ataining a value of = 21 at.% for 60 minutes amnealing at 818 K,
In Fig. 4.1 14, the mean grain size of the o-Fe{3i) nanograms using the Schermer’s formula has bern
presented. The praw size increases with increasing annealing time attaibing & limiting valoe of = 11 om in
24 mmules and remains almost constant up to 60 minues of annealing Tt may be arributed o the
combined elMect of Cu and Wb elements, whers, Cu increases the nucleabom density and Nb inhibits the
grain growih resulting in hommogeneons distribulion of nanograins in the surrounding amorphous mamx,

In Fig. 4.1.15(2) anncaling temperature dependence of imbal permeabalicy for | hour annealing time has
been presenmed. Enhancement of permeability by two orders of magnitude has been observed for the
sarmple annealed at 828 K. Dependence of W vpon annealing termperatute is simmlar to the later
compasitions and hence it will be described later. The increase of the real part of complex initial
permeability measured at 1 kHz as a Finction of cunmlative annealing time for the annealing temperature
of 818 X has been prosented in Fig. 4.1.15(b). The increasc of p' is very steop initially for the annealing
time of 5 momules. The bighest value of W' arommd 31000 was attained for the annealing hme of 22
mimires. As the anncaling tite is increased further by only 2 minntes the value of p" drops to 2 4000,
Upon further mereasc of annealing time (he value of ' does not vary significantly up to 60 minutes
anncaling time mainlaining a platean value of 26000 — 23000, It has been demonstrated that when a
sample i3 annealed for cumulative bme, the sfect of induced aniselropies become dominant and the
permeability is sigmficamly reduced [12]. From the companisen of two figures 1t can be observed that the
permeabiliry enhancement with shorl time annealing is mere cffective than long time ammealing at the
same temperamre. While the value of w'is around 1 7000 for the T, = 818 K for | hour holding time
obtained from p* vs. T, curve presented m the inset of Fig. 4.1.15 (b), p' attains a value of around 31000
within 22 minutes, This shows that long time annealing has some effect of induced anisotropy, which
rechzces the value of 0 sipnificantly.

In Fig. 4.1.16, frequency dependence of complex pormeability has been presenled for as cast sample and
the sample annealed at 823 K for 10 minutes. A steop increase of p' by two orders of magnitude from
arumd 320 for the amorphous tibbona to 37000 by anpealing the same at 823 K for 10 minutes is
observed. The loss component represented by p' has also been presented for both the samples in Fig,
4.1.16. The loss component of the complex permeabilicy, p ", increases much Faster for the a momphous
rbbons than the annealed one with increasing frequency and passes through 2 maximum caused dus to the

resonance cllect which shifis o lower frequency for the annealed samples with high permeabitity than Lhat

of amombeus one as expected. The loss factor, I.an6=£" 15 high for the amerphous obbon and a sharp
T

increase with increasing frequency 1s observed which may be atuributed to the inemal sresses created
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Table 4.1 The values of saturation magnetization at different annealing temperamre and time,

o sxturabion
arnealing annealing time, t, )
] magnelizaion
temperanms, T, (K) {mnin. )

femm f g}

as cast - 128.1

423 a0 130.1

T3 30 134.3

793 10 137
523 14 1333

823 5 1311
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during rapid selidification. At low frequency, the mapnetic losses ate controlled by hysteresis cansed due

to itreversible magnetization process and at higher frequency loss {s govemed by eddy cumemt. The

relative loss factor, 1 has been reduced by three orders of megnitude for the oprinmum annealed
tan i

sample than for the as cast sample, Ths very high initial permeability and exmemely low magnetic losses
of lhe optimized nanocrystalline afloys are due Lo the drastic reduction in Lhe local amisotropy randomly
averaged out by the exchange interactions due to the formation of nanometnic grains smaller than the
ferromagnetic exchange length. ‘

The coupling berween the nanograins mediared by amorphous matrix 15 of paramount mporiance for the
magnetic sofeming of these materials, which depends net only on the nanometric grains bur more
imporantly on the composition, thickness and amount of the intervening amorphous phase. It is a
prerequisite for (he ferromagnetic grains w be strongly exchange coupled to maintain good sofl magnetc
propettics. For longer annealmg time amorphous matmnx is entiched with Nb which makes a magnetically
weaker gram boundary and hencc reducs the exchange couplmg between the panograins, Therefore,
optmuzation of magnehc properties of the nanocrystalling alloys need more detailed study on the effect of
heat treatment as a function of wmperanire and time.

The saturation magnedzation, M, of the amorphons and annealed samples measured with a VSM at room
temperature are shown in Table 4.1. Amerphous alloys are basically metastable materials. Hemee
structural relaxation can occur even though the alloys remain amorphous when they are annealed at
termperamire well below the crystallization temperature. Samuration magnetization, increases for Lhe
amorphons Fe;Cu;Nhs 555,Bs 5 when ninealed below the crystallization temperature for 3 longer time or
close to the crystalhzaton lemperamre for a shorter time. Samration magnetization, M, however
decreases when annealed op to the advanced crystallized state {13, 14]. Sahrration mapnelization incrense
gradually wilh the increase of annealing temperature up to 723 K. However, M,; decreases when annealed
at §73 ¥ Maximum value of saturation magnetization is attangd for the sample annecaled at 793 K for 10
minums, which corresponds to the temperature of early stage of nanocrystalhzaton. The merease m M,
until the early stage of crystallizarion can be atmibumd to the irreversible stuctural relaxation and varying
degrees of chemical diserder |13]. The decrease m M, for the sample annealed at 323 K for 10 mumetes
comesponds to the o primum nancerysiallized s tate with high v plume fraction o f @ -Fe{8i) nanegrams 1
imerprated as due to enrichment of nanograins with Si by diffusion resulting in a decrease of magoetic
moment of Fe and the enrichmem of the residual amorphons phase with Nb.

4,2 Siructural and Magnetic Propertics of Fen.sCuy Tas8i;; 58y

DTA measurerments of as-cast samples in mtrogen ammesphere with continuons heating rate of 10 — 50
K/mun is shown in Fig. 4.2.1 and for as-cast and amnealed samples with the heating rate of 20 K/nun have
beens presented in Fig, 4.2.2. The exothermic peak corresponds to Lhe crysizallization of a-Fe(5i) and iren
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boride phases respectively The activation energy of crystallization of o-Fe(31) and iron bonde phases

have been evalualed using Kissmger's plot of IHT% va, TL presented in Fig 4.2.3 and Fig, 4.2.4 [1]
B P

where [ i3 the heating rate {10-50 Kfmin in this experimnent) and T, i5 Lhe peak Emperatre of o-Fe(51)
and iron boride phases for each of the heating rate. The aclivation energy of crystallization of o-Fe(Si)
and ron boride phases are found to be 3.50 and 4.15 eV respectively. In Fig. 4.2.2, DTA curves of as cast
samples and samples annealed at 773, 798 and 812 K for 20 minutes have been presented. The volume
fraction estimamed from the compansen of DTA curves of as-cast and annealed sanmples has been found ta
be 30% for 773 K, 68% for 798 K and B4% for §18 K,

InFig. 4 2.5, lattice paramcter of various annealed samples in the temperature range between 773 and
973 K has been presented. Wiih the mercase of annenling remperature lattice parameter decreases up to T,
= #54% K_Tor the annealing temparature of §73 K and above, increase of lattice parameter is observed. The
lathee parameters of o-Fe(5i) phases are smaller than pure Fe, the value of which is 2,866 A When the
ammealmg temperamure 15 below 848 K the decrease of lattice parameter i3 due to the conmaction of «-Fe
lattice as a eesult of diffusion of (he silicon with smaller atomic size into (he iron latice wilh larger atomic
size forming a substitihonal solid solution during the crystallization process to form «-Fe{Si). When the
anpealing temperature is above 348 K some of the 5i diffuses out of the o-Fe(Si) lattice and therefore the
value of lattice parameler increases again,

From the established quanticative relationship berween lathce parameter and 31 content in Fe-51 alloys [2],
Si contents of Fe(8i) nanograing have been deternuned and shown in Fig. 4.2.6 It1s abserved from Fig.
4.2.6 that the % content of o-Fe(S1) increases with the increase of annealing temperature afaining a
maximmum valse of about 20,5 3t.%4 at 848 K bevond which it starm decreasmng, This maxiroum value of
20.5 at.% Si iz compatible with 21 at% 5i obtzined by Mdssbaver study [15]. An increase of lattice
parameter with subsequent dectease of Si content beyond 348 K indieates (hat recrystallization of
r-Fe(51} grains has taken place. This result 15 cotmpatible with those reported for sirmilar cclmpnsmurln [31.
InFig 4.2.7, the mean grain size of the nanograins determined {rom the X-ray fundamenlsl Tme {110)
using the Scherrer’s formula has been presented. The grain size increases gradually up to 843 K and then
aitams a houting valoe of 12 to 12 am until 923 K. An abrupt increase of gram size above 323K 15
noticed attzining a value of 26 nm at 373 K. Owr result comresponds well with the reporied resuits of
Rubinstem ct. al. (4], The formation of this particular nanostrmeture is ascribed to the combined effects of
Cu and Ta and their low solubility in irom.

Tn order to correlate the microstructural features on the soft mapnetic propemies of e alloys under shady,
magnetic mitial permeabibty of the teroidal shaped sammples annealed at diflerent temperamures ere

measured ‘wilh very low field Magnetic properties of the soft magneatic materials arc mainly determained
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by the domain wall mobility especially m the range of reversible magnetization. Tn Fig. 4.2.8, the real pan
of the conplex mitial permeability p’ up to = 500 kHz hag been presented for as cast and annealed
samples The general characteristic of the curves is that ' remams faitly constant up D some ontical
frequency characierized by the onset of resonance connected with' the loss cormpoment. At critical
Frequencies, p' drop rapidly. The low frequency value of p° penerally mcreases with the increass of
annealing tempetature. In association with the higher value of low fequency permeability, the fequency
at which resonance occurs appears at & lower frequency. This shows that the high permeability ribbans
cae be used as core matenals only in a litmited fequency tange, This rend of increasc of low frequency
permncability 15 observed up 1o the annealing temperamre of 823 K. For the annealing emperature of
848 K e low frequency permeability decreases and for 873 K # drops o a very low value,

In Fig. 4.2.9, the real pan of lhe complex initial permeability | has been presented as a Function of
anneating wmperatwe T, at a fixed frequency of 1 kHz. The curve reveals strong dependence of imitial
permeability wpon annealing temperature. When annealed at temperatures below the onset of
crysiilization, an inerease of initial permeability with ammealing temperature was ohserved due to
irreversible stuctural relaxation of lhe amorphous matrix ie. stess relief, increase of packing density by
anmealing out micro-voids and changing the degree of chemical disorder. At the annsaling temperanre of
60 K, the permeability drops to 2 lower value, Thiz is the temperature around which mitation of
crystallization takes place. The decrease of permeability may be anributed to the new stresses developed
1 the marix by the growing crystallues, which act as pinning centers tor the domain walls constraimng
the doman wall mobulity as well as weak intergram magnetic coupling since the growing crystallites are
far apart from each other representing smell volume fraction that cannot be e xchange ¢ oupled and the
anisotropy cannd be averaged. Further increase of annealing temperature fcads o the increase of
permeability dee to the inereascd volume fraction of o-Fe(Si) nanograms coupled via exchange
mieraction resulting in a reduction of anisoTopy coergy, An enhancement of initial permeability by twa
orders of magnitude wag observed for the annealing temperamure of 823 X. For the annealing temperarure
above 823 K, ' drops (o lower value drastically, The probable reason might be the evolution of boride
phase, which will be shown later. This leads to the increase of anisotropy energy to a high value, which
cesentially reduces the local exchange comelation lenglh weakening Lhe intergramular magnetic coupling
a8 a result of which magnetic hardening takes place. This could not be detected by X-ray diffraction since
ihe amount of boride phase 15 extremely low [9].

In Fig. 4.2.10, temperature dependence of real part of the inilial permeability of the as cast amorphous
ribbon and the samples anncaled at 673 — 748 K at the imerval of 25 K has been presented. For the
samples annealed at 673 — 723 K permeability passes through a maximum followed by a gharp fall passing
through Curie temperanure of the sample. However, for the sample annealed at 748 K the sharpness of the

fall is relatively smeared out which mught be an indication of mitiation of nucleation since no crystalline
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phase could be detected for this annealing temperamre by X-ray diffraction. Dunng the measurement of
T, the hearing rate has been adjusted in such a way that no substantial relaxation takes place. However, (he
Cune mrmperarure estimated from the curves pregemted m Fig. 4.2.10 for the as-cast and annealed samples
in the amorphous state has been given in Table 4.2,

In Fig. 4.2.11, the vanation of u' with temperature for the toroid samples annealed at 773 — 848 K has
been presenied. As it has been observed for earlier composilion, in Fig, 4.2.11, when the annealing
temperature iz increascd above the crystallization temperarure, the sharpness of the fall w lower values of
permeability 15 progressively s meared out with the appearance of a il in the high temperature region
‘These resulis are in good agreement wath those previously reperied for the FINEMET cormposiion [5]
Curle temperature of residual amerphous matrix deterniined from detivative of W' vs T curves has heen
presented in Table 4.2,

From Table 4.2 it can be obscrved that the Curie termperahme of the as cast smorphous nbbon is 610 K,
Enhancement of Cure emperature ocours when the sample is annealed in the termperature range of 673 —
748 K. From X-ray diffraction ne erystalline phase was observed up tv the annealing temperature of
74% K. Enhancement of  Cure temperature occurs because of imeversible strucmral relaxation as
mentioned above. Further from the analysis of the Méssbauer spectra for the quenched and anmealed
samples below the crystallization temperature it has been observed (hat this treatment leacls to the increase
m packing densiry of atoms [16] Increase m packing density of atoms mught have significant contribution
in ihe enhancement of Curie temperature in the amorphous state. Above the erysrallization tempeTature,
Curie temperature of the amorphous marix decreases sipmificantly. The probable reagon of decreasing the
Curie temperamure of the amorphous phase when annealed at and above the crystallization temperamre is
that the amorphous mamx 15 depleted with iron and the relative amount of Ta in the amorphous matrix
ncreases, which weakens the exchange interachon resulting in a decrease of Curie temperature of the

amorphons mattix.

At higher measuring temperatures above T, permeability value decreases to very low value, Franco et.
al. (5] have demonstrated super-patamagnetic behavior is a general feature of hese nasoorystalline alloys
The practical requisite for abserving superparamapnetic relaxation in the nanocrystalline alloys is the
absence of interactions between nanograms in the residual amerphous matrix. At T > TM™ very low value
of permeability for the sample annealed at 773 K suggesw that superparamagnetic type of behavinr may
be present below this temperature presented in Fig, 4.2.11 where the exchange interaction beraween the
nanograing mamly cocurs via sulficiently thick pararmagnetic inlerfacial amerphovs matrix in which the
nanocrystailites possessing high magnetic momenta are dispersed. When the measuring temperatre
approaches the Curie temaperature of (he intergranular gmorphons phase, which is mach lower than that of
nanograins (= 873 K}, the exchange coupling between the crystallites is largely reduced. As a

consequence the nitial permeability drops down to 2 very low value.
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Table 4.2 Annealing emperature, T, dependence of
the Curie temperalure of amorphous matrix ™.

Annealing Curie
Temperarure, T, Temperature,

(K) T (K}

as cast &10
673 632
598 627
723 g§43
748 638
773 623
798 608
518 378

S48 388
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From (he results of the temperature dependence of permeability for samples annealed sbove 773 K, the
grain couplng 15 latgely but not completely intetrupted above T™ and still persists t© gher value of

permeability compared to the sample ammealed at 773 K. This type of behavior where superparamagnetic
relaxanions have been prevented due {o higher volume Frachon of Fe(8{) nanograins resulting in increased
mteraction between them, has been termed superferromiagnensm by 8. Merup [6], in which case, the
coupling mechanism has been explained in terms of exchange penetration through the thin, parsmagnetic
interpranular laver and ¢/ or dipolar interactions [7],

With fmther increase of measunng temperature superparmmapmetic tfransition takes place wilh (he
mamfestation of 4 sharp merease i permeability and subsequent fall w zeto doe to the decrease of the
average anisolropy of Lhe nanogrzins with a retaining value of magnetization {]. Tt 15 noleworthy that the
termperature cotregponding to the increase of permeatility at hipher measurng temperature coineided wih
the temperature at which coeresvity vanishes [9]. This temperamure shifts to hgher valoe from 791 X to
86% K as the annealing temperature mereases fom 773 K to 848 K 1e. with the increase of volone
fraction of the crystallite, which may be atribured due 1o the decrease of the thickness of the amarphous
erain boundary favoring the inreraction between the nanograins compatible with the previous nbservation
[5] and is lirnited by Lhe Curle termperature of the bee Fe(Si) nanograing,

In Fig. 4.2.12, the vaniation of real part inthal permeability p* with temperamre hag been presented for
samples annealed at §73 K and 893 K. From Fig, 4.2.9, it can be observed that the value of | has dropped
0 8 very low value for the annealing temperature of 873 K It has been reported carler that this fall of p°
to a very low value might oceur due to the evoluton of boride phase at higher T, of 873 K. In our
expetitent the pregence of boride phase could not be detecred by X-ray diffraction. Since the anisotropy
constant K; of Fe;B (430 kJ / m’) is five order of magmitude higher Lhan the average anisoropy <K of -

Fe(51) nanograms (4 ] / m’), minor evolution of Fe,B phase can cause significant damage to exchange
interaction [9]. Temperature dependence of p' 1eveals the presence of Fe,B3, which was not possible to
deteot by X-ray diffraction. Since K, of Fe B passes from negative wo positive value at 523 K a dramatic
tise of W' from 440 at room temperataee to 8400 a1 523 K for the samples annealed at 873 X iz evidenced.
However, for the sample annealed at 898 K the value of y' rises from 220 at room temperamure o 1600 at
53TK

In Fig. 4.2.13, reroperamure dependence of sawration magnetization, M, has been presemed, which has
been messured in an applied field of | Tesla at a heating rate of 20 K/min. Ficld cooled curve has also
been presented in (he same figure, The characteristic feature of the curve shows that, M, decreases with
tempemarure and passes theough ferro-paramapnetic wmansition at the Curie remperature Cune temperature
has been estimated from mte of chanpe of samration magnetzation and found to be 611 K, which has an
excellent compatibulity with temperature dependence of permeability, the value of which hos been

presented in Table 4.2, Magnetizalion remawns near zero until 785 X, where increase in magnetization
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15 related to the evoluhon of ferromagnetic o-Fe(S{) phase formed in the paramagnetic amorphous matrix,
The cryatallizalion lemperature corresponds well with the DT A measurements, which 15 around 7%3 K for
the heating vate of 20 K/min, as observed from Fig, 4.1.1 The onset of crystallization has been observed
at 773 K from X-ray difftaction. Magnetization passes through a maximum at the temperature of around
B42 K Magnetization again decreases with tempetanure to & very low value bevond the Curie temperature
of Fe{S1) phase which is around 890 K. At a lemperature about 932 K slight increase of magnetizabon is
observed due to the crysuliization of iron boride phase, winch is compatible wilh the second peak of DTA
gurve at the heating rate of 20 Kfmm as presemed in Fig. 4.1.1. Field cooled magnetization durmg cooling
passcs Umough a para-ferro magnelic mansion at the Curie terapetature of &-Fe{Si) phase, which is
around 256 K.

In Fig. 4 2.14, the value of u' has been presened as a function of cumulative annealing trme for duferent
annealing temperamrss. For all the teroperatures, ithe maxmom value of p' is atrained within 5-8 mimutes.
Further increase of annealmg tme Jowers (he value of p'. It has been demonstrated that when a sample 15
annealed for curmulative tme, the effect of induced anisotropies become dominant and the permeabilioy 15

sipmificantly reduced {12].

4.3 Structyral and Magnetie Properiics of Feqg oCwg (Nbe (51,384 5

Phase transition and kinetics of crystathzahon of different crystalline phases has been smdied by using
differential scanming calorimetry. DSC curves of Feps sCupgNbyySiyBys nbbons m the as-cast and
annealed condition has been oblained by camying out the measurement 1 mirogen atmosphete with
continuous heating tate of 2 0 K /min 2 ad presented 1nFig. 4.3.1. Curves presented in the fipure shows
exatherntic peaks in which the first one represents the formation of w-Fe(S1) phase and the second peak
repredents the formation of iron boride, Len and Chin [17] pointed out the use of ihe DTA apparatus for
AH, —AH

Z‘.H L, where, AH, and AH, are the crysiallizaton
A

esnmatng the crystallization fraction 4, =
enthalpy of he ag-gast alloy and of the alloy annealsd for a time t, respectively. Thos, the volume fTaction
of o-Fe(51) phase was derermined nsing above equation considering first peak of DEC curves at different
anmealing temperature and presented in Table 4.3, Thiz shows progressive increase of volume fraction of
o-Fe(Si) phase with the mcrease of annealing temperabme, Activation energy of crystallization of a-
Fe(5i) phase is 2.9 e¥ and iton boride 3.7 ¢V obtamed from Kissinger’ plot [1] presented in Fig, 4.3.2 and
4.1.3. Activation cnergy of crystallization of different crystalline phases is much lower than the activation
energy of crystallization for earlier compesitions. Lower content of grain gprowth inhibiting element such
as Nb might be the probable reason for lower activation energy of crysmllization.

When the sample is annealed above the ¢ rystallization t emperature nanocrystalline grawn of o-Fe{5i} 15

formed from amorphous precursor. The grain size determined by using the Scherrer's formmla 15 presenred



Table 4.3, Efect of annealing en structural and magnetic properties of Feqs 1Cuy ¢Nb; 45113 By 4.

Aunealing Lattice Silicon  Grain  Youme Saturation
mmperaure, T,  parameter, £ content size Fraction of magnetization, M,

(K) (A) (%) (m) ~ OFe(SH femu / )
as-cast - - - B 158

T3 2.8472 12.616 10574 0,663 163

743 28433 14.43% 10,936 0,904 165

B3 2.8425 14812 11,771 0,971 164
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Fig. 4.3.1. DEC curves of as-cast and annealed samples at diflerent
heating rates of 20 K/min.
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in Table 4.3. The silicon conlent of o-Fe(51) nanograins bave been determuned from the establiched
quantimtive relationsip [3] between lattice parameter and siticon content of c-Fef8i) and presented m
Table 4.3. The latlice parameter of o-Fe(Si} nanoprains decreases with the increase of annealing
temperature due o dilfusion of 5i into =-Fe(51) nanograins resuling 1o an increase of Si content. Grain
siza increascs with the increase of ammealing termperature of the order of 10-12 nm, which is very suirable
for (he exchange coupling through residual amorphous matnix [9] The resulls comespond well w those of
the previous results [17],

In Fig. 434, temperature dependence of real parl of (he imbal permeabulity of the as-cast amorphous
ritbon and the samples annealed at 698 — 748 K has heen presented. For as-cast and samples annealed at
£9% and 723 K, permeabiliry passes through a maximum followed by 1 sharp fall wath the mamfestation of
Hopkinsen effect. However, for the sample annealed at 748 K sharpness of the fall 15 relatively smeared
out. Az described earlier, hiz iz due to the loss of hemogensity of sample due to initiation of
crystallization as observed in an eatlier study [19]. Permeability is still much lower for this annealing
temperature conmpared to ihe advanced erystalline stage presented later. The Curie temperature eslimated
from the curves presented in Fig. 4.3.4 for as-cast and annealed samples in the amerphous state has been
presenled in Table 4.4, -
In Tig. 4.3.5, lhe vanation of p* with termnperature annealed at 773 — 852 K has been presented. When the
armezling lemperature iz increased above the crystallization temperature, sharpness of the fall to lower
values of permcability is progressively smeared out. These results are in good apreement with those
previcusly reporicd for the Finemesl composition [5]. Average Curie temperature of residual amorphous

malrix, which 15 concenmation wise inhomogeneons has been delermined from Lhe maximom value of

% curves and presentcd in Table 4.4, In Table 4.4, enhancemeni of Curie temperature compared to (e
Curie temperatore of as-cast sample accurs, when the sample iz annealed in the Eemperature range of 658
— 74% K. From x-ray dilfraction and DSC resufls it has been abserved Lhat no erystalline phase fooms up o
ihe annealing temperature of 743 K. Enhancement of Curic lemperabre aecurs because of irreversible
sroctural refaxaton as mentioned abeve, Furlher, from the analysis of the M&sshauer speema for the
quenched and annealed samples below the crystallization tempetature it has been obgerved that this
treatment lzads to the increase of packing d ensiry of a toms [ 16]. Iacrease of packing d ensity o £ a toms
mught have significant contribution to the enhancement of Curie wemperature in the amorphous smate.
Above the crystallization temperature, average Curie temperatire of the imhomogeneous amorphons
malrix d ecreases s ignificantly, The probable reason of decreasing the average Cune memperabure of the
inhoimogenenus tesidual amorphous phase when annealed at and above the crysmihzahon lemperature is
that the amorphous matrix 15 depleted with iron and the relative amount of Nb in the amorphous marmix
increases, which weakens the exchange interaclion resultng in & decrease of Curie femperature of the

amorphous malrix [9].
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Table 4.4, Effect of annealing on the Cumie termperature of amorphous phase of Feps sCug 240 480138 s.

Cune Temperanure of

Crystallme state  Annealing mmperature, T, (K} amorphous phase,
T™ (R)
ag-cast 6dd
Amorphous statc 698 651
723 657
T48 651}
773 613
Nanocrystalline state 798 508
528 378

853 543
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At higher measuring \emperarures above T} in Fig. 4.3.5, itial permeability drops to a very low value.
However the wvalue of inilial permeability in this region mereascs with the increase of annealing
temperatare, This is the region where superparamagnetic and/or superfemromagnetic behavior 15 observed
depending upon size and volumetric fraction of crystalling phases and separation berween Lhe crystallites
as has been reponied earher [5, 6], The prachcal requisite for observing superparamagnetic relazation in
the nanocrystalline alloys 15 the absence of exchange interaclions berween nanoprains in the residual

amorphous matrix, Presence of superparamagnetic behavior has to be confirmed by fiing magnetization

as @ hmchon of —=

curves to a Langevin function. These measuremenly are beyond the scope of

present study.

For the sample annealed aroond 773 K where mination of ¢rystallization takes place as observed from
DSC measurements in Fig. 4.3.1, cxchanpe interaction bebween the nooograims mainly occurs via
sulficiently thick interfacial amorphous matrix in which the nanocrysmlliles are dispersed. When the
measuring femperahire approaches the Cune tempetature of the imergranular amorphous phase, which is
mmich lower than lhat of c-Fe(3i) nanogramns (T, > 873 K), (he exchange coupling between (he crysmallites
is largely 1educed As a consequence Lhe initial permeability drops divwn to a very low value.

For higher anncaling temperature in Fig. 43.5 when T >TM, the grain coupling is largely but net
campletely mierupted above T and still persists to higher value of pormeability compared 1o the

sarmple annealed at 773 K exhibiting the magnetic coupling between pariicles is significant. As pomted
out earlier, precise coupling mechanism may be explained in terms of exchanpe penetration through thin
paramagnetic i nlergranular layer and / or dipolar interactions [9]. Fig. 4.3.5 reveals that the inierachon
betwern the naneprains is progressively increased as the volume fraction of the crystallites is increased
with higher annealing temperature.

With further 1ncrease of measurng temperature 2 sharp i nercase 1 peonecatrlity is observed similar to
previous compesitions due to the decrease of the average anisotropy of the nanoprains [8]. 7his
mmperature shifts to ngher value from 898 K to 503 K as the annealing temperature increases from 773 K
to 853 K e with the increase of volume Fection of the crystallite, which may be abiributed to he
decrease of the thickness of the amorphous prain boundary fvoring the interaciion between the
nanograing compatible with the previous observations [5] which is limited by the Curie lemperature of the
bee Fe(51) nanogmains.

In Fig. 4.3.6, the variation of real part of imhal permeability p* with temperamre has been presenled for
samples anmealed at 895, 908, 323 and 048 K_ It has been found Hom DSC curves that this is the
termperature range of the evolution of boride phase. Minor evolution of Fe,B can canse significant damage

to eachange interaction because at room emperature the anisowopy censtant K, of Fe,B (430 kJ / m') is
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five order of magninude higher than the average ﬁscmw <K> of a-Fe(Si) nanograms (4 T/ m’) [9]. The
amsofropy constam K, of Fe;B passes from negative to positive value having K, = {) ar 523 X, Therefore,
U out study a steep rise of p' is observed around this temperature due to the zero emsolropy of iton boride
phase when the sarmple has been annealed at 9% E [4]. However, for the samples armealed at 908, 923
and 948 K the increase of p around 533 K 15 substantially reduced. The peak value of ' progressively

decreases wilh increasing annealug emperamure, probably due to fie eveluhon of same complex phases.

Tmitial petmeability, w* and relative loss factor, P;I'r_a has been presented as a function of anncalmg
W
temperature ‘T, at & fixed frequency of | kHz and presented m Fig. 4.3.7, When annealed at temperatures
below the onset of crystallization i.e, 748 K, an increase of mitial permeability with annealing temperature
was observed due o wreversible strocharal relaxation of the amorphous matrix ie. stress relief, mcrease of
packing density by annealing out micro-voids and changing the degree of chemtical disorder, Furiher
merease of annealing temperamre leads to A harp increase of permeability due to crystallization of .-
Fe(31) phase and increased volume fraction of nanograms coupled via exchange interaction resulting in a
reduction of amsolropy energy. An enhancement of initial permeability by two orders of magmmde was

observed for the annealing temperature of 843 K The relative loss factor 11 & decroases up to an order
o

of 107 at this remperaturc. Heyond this temperamure L' drops te lower value drastically and ten &
n

increases. Evelution of boride phase leads to the increase of amsoropy to a high value that essennally

reduces the tocal exchange correlation length weakening the intergranular magnetic coupling as a result of

which magnetic hardening takes place [9].

The increase of initizl permeabulity, p' and loss Gactor, " 8 measwred at room temperature as 7 fime Hon
!_l 1

of cumulative annealing time has been presened in Fig, 4.3.8, for the anncaling mmperature of 828 K at 1

kHz. The value of p' increases monotonically up to 25 min afaining a maximuon value while a0 8
H. i
decreases to an order of ~10~. Upon furlher increase of annealing time the value of u' and Bn 3 does not
u

vary significantly maintaimning a platean value. Long time annealing has Lhe eficct of imnduced anisotropy,
which reduces the value of 1 Lo some extent [12].

Temperatrre dependence of magnetization, M, is presenled in Fig, 4.3.9, which has been measured with
an applied field of 20 Oe at a heating rate of 20 K/min. The characteristic faamre of the corve is Lhat M
decreases with temperamure and passes through ferro-paramagnetic transition a t C ure temperature T =
643 K and have coincided with T, = 644 K weaswred from w' vs. T curve. Onset of crystallization

lemperature of o-Fe(8i) takes place at T, = 774 K. Magnetization passes through a maxinmim at the
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temperature of around 833 K and then dccreases with temperature o a very low valuc beyond the Curie
temperature of a-TFefS1) phase of around 578 K,

Baturation ragnetizarion has been measured for as-cast and samples annealed 2t 773, 792 and 803 K with
a maximum field of about 13.5 kO¢ and presented in Table 1. In the as-cast condition the value of
saturation magnetization, M, is about 158 emu / g (1.47 Tesla), which increases to 165 emm / g (1.53
Tosla) with the increase of annealing temperature and then decrcases slightly at T, = 803 K ag shown in
Table 1. The increase in M, can be attributed 1o the imeversible stractural relaxation and varying degree of
chernical disorder [14]. In our experiment, higher value of M, than conventional FINEMET composition
is possibly due to increased amount of Fe content in our composition Butvino et. al, [20] have reported
induction as 1 47 Tesla to 1.10 Tesls of FeCuNbSIB alloys m the as-cast condition with the variation of

relalive amount of constinent elements at 7.50e (600 Afm),



Chapter 5

Results and Discussions on Co-based soft
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L1
5.1 Structural and Magnetic Propertles af Cog,Fe, Ni;Si;sB,;
KEinetics of crysmllization of CoFe,Ni,%isB; has becn studied by differential scanning calonmetry
(DSC) m nitrogen etmosphere with contnueus heating rate of 10-50 Kimin, DSC curves presened in Fig
3.1.T shows exothermnic peaks, which represent the formation of crysmlline phases. For the heating rate of
10 K/min, the mitiation of cryswllization iz around %13 K and the process of crystallization is complered
at 833 K while the peak wamperature is 521 K. This indicates ihat no crystalline phase iz formed below
813 K and the crystallization process is completed within 2 narrow range of temperature. For higher
heating rates the phase wansition temperatures shift lowards the higher values. The activaben energy of
crystallization presented in Fig, 5.1.2 is 429 oV,
X-ray diffraction patterns of as-cast and sample annealed at 693 K for 1 br. have been ohserved and
presented in Iig. 5.1.3. X-ray difftaction patterns of both as-cast and annealed saroples presemed in Fayg.
5.1.3 show that the samples are in the amorphous state with broad diffesed patierns. Thus correspands
well with the DSC diagramas, which shows that there is no crystallization at 693 K,
Fig. 5.1.4 shows the temperature dependr:nce of magnetization measured with an applied field of 20 Oe
and hearing rate of 16 K/min, The characteristic fearurc of the curve is that mapnetization decreases with
tamperature and passes through magnetic phase transition at the Cune temperarure, The Curie lemperature
has been estimared (o be 503 X from the maxima of the rate of change of mapgnetzation with temperaiure,
In Fig. 5.1.5, the real part of the complex initial permeability W' up o £ = 10 M2 bas been presented for
as-cast and anngaled samples. The results refer to isothermal annealing time of 60 min. The magnetic
propesties of the soft magnehc materials are mamly determined by the domain wall mobility especially o
the range of reversible magnelization. The measurement of permesbility was performed with toroidal
shaped samples at room tempemture with an ac field of amplimde 107 Oe. The value of mitial
permeability at 1 kHz for the torouds increase with the merease of anncaling lemmperature up to 633 K. The
stability of ' with frequency 1s beter for the samyples, which possess lower value of permeabilin. The
samples, which possess high value of p* are applicable only at low frequency, The losses mdicated by Lhe
K" curves are maximum at the frequency at which 1’ has fallen to half the value of the value of |1’ of £ = |
kHz. The p" curve is very asymmelrica! with a large tail towards the high frequencies,

In Fig. 3.1.6, annealing temperature dependence of real part permeability, u' and telative loss factor

0B pove been presented for the frequency of | kHz. The initial permeability value increases gradually

r

1
with annealing temperature up to 573 K, beyond which p' increases abroptly up o the annealing
temperaturs of 693 K and atains a maxitoum value of 63 = 107, At this annealing temperature the value of
an &

is Lhe lowest of the order of 10°. Beyond the annealing temperanre of 693 K,
J_l 1

telative loss Factor
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Table 5.1. {GMIR),u, and sensitivity of field dependence of GMIR for
different annealing conditions.

Frequency annealing {GMIR}.,,, d{GMIR }
{MHz) temperature {%a) dH
(K} {up to 300e)
{% ./ Oa)
as-cast 172 .72
4.5 623K 213 .501
653 K 186 0504
603 K 186 4.376
as-cast 73 0511
6.0 613K 106 0131
653K 73 0122

593 K 4 1217
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W' decreases rapidly in association with an ahrupt inercase of relative loss factot. Extraordmary increase in
p' at this annealing remperature 55 due (o structural relaxation by relieving miernal siress.

The nature of hysteresis loop of ag-cast and annealed sample has been analyzed [or the frequency of 0.2
He and presented in Fig. 5.1.7. The sample has been armealed at 693 K for 1 br. at which highest p' has
been obrained. Hysteresis loop of anmealed sarmple exhibits extraordinary low coercivity compared to as-
cast sample. The coerciviry of the as-cast sample i3 O 051 Og and annealed sample 001 Oe.

In order to determine M, for the as-cast and samples anmealed at 693 K for 1 hr., field dependence of
magnetization has been measnred up to H = 13.5 ke and presenmed in Fig 5.1.5. For as-cast and anncaled
sample the value of satuwration magnetization 13 72,2 enm / pra and 64.5 e / gm respeciively.

In Fig, 5.1.%a} and 5.1.2(b). ficld dependence of magneto-impedance ratio (MIR) has been presented for
as-cast and snnealed samples at 623, 653, and 693 K for 1 hr at the frequency of 4.5 and 6 MHz. The
rarmple dumension has been chosen as, length =5 mm and widlh = 0.3 mm. The magneto-mpedance ratio

Z{Hdu}

» where H, is the extornal dc magnetic field for ellaming
Z{H i )

(MIR) is defined as MIR{%) =1-‘

the saturation value of magneto-mmpedance. For the present work, the value of Hy ., is 300 Oe The curves
reveal strong field dependence of MIR for both as-cast and annealed samples. The parameters that
characierize the GMI efficicncy 2re the maximum value of GMIR and naximmm field sensitivity
expressed by e slope of the field dependence of magneto-immpedance ratic according to ref 11
Maximum value of MIR and slope of the field dependence of MIRE up to 30 Ce has been obtained for as-
cast and annealed samples and presented in Table 5.1 for 4.5 and 6 MHez. For higher frequency of 6 MHz
the peak values are lower for as-cast and annealed sarmples than for 4.5 MHz. At higher frequencies, eddy
currentls heavily damp domain wall moverments and only magnetization rotation are respomsible for
magnetic permeability. This reduces the GMI elfect substantially. In Table 5.1, maxmum field senaitivity
kas been exhibited by the sample annealed at 693 K for 1 br in both the cases. Tt i5 observed from Fig.
5.1.6 and 3.1.7 that the sample annealed at 693 K for 1 tr is exmaordinanly soft in which maxumum
permeability and very low coercivity have been obtained. The higher sensitivity of {ield dependence of
MIR erigimates from ulmasofl magnetic properties at thizs annealing temperanre due mamly to the
structural telaxation The higher sensitiviey of field dependence of MIR is a pre-requisite condition for
extremely low ficld sensors, which allows a very sensitive detection of the magmetic ficld, especially
arommd H ~ .

5.1 Structural and Magnelic Properties of CogsFe,Niz51, 8y

DSC curves prosented in Fig, 5.2.1 shows exothermic peaks, which represent the formation of crystalline
phases, For the heating rate of 10 K/min, the initiation of cryswllization 15 around 0% X and the process
of crystalhzation iz complered at 843 K while the peak termperature 15 $15 K. This indicates that no
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crystalline phase iz formed below 808 K and the crystallization process is completed within a namow
range of tomputature. For higher heating rates the phase transition temperature shifl towards the higher
valies. Aetivalion energy of crystallization found as 4 47 eV obtained by using Kissinger's plot presented
in Fig. 5.3.2

In an attempt to identify erystalline phases, M-ray diffraction studies has been performed for samples
annealed at ddferent temperatres and X-ray diffmcton patteros are presented in Fig. 5.2.3 For the
annealing temperature of 233 K where the crystallization 15 in the advaneed stage, the phases are
identificd by using standerd software. The pheses are fee-Co and Co;B, Smular plhases have heen
identified m ref. [2] by uwsing TEM. Mucleation ef these crystalline phases have been initiated at much
lower emperature and for the annealing temperature of 763 K some of the simular phases just appeared
with very small grain size of about 2 arn which has been determined by TEM m ref. [3] under simmlar
condition of annealing.

Fig. 5 2.4 shows the emperaure dependence of magnetization measured with an applied ficld of 20 Oe
and heaung rate of 10 K/min, Magnetizalion decreases wilh termperamre and passes (rough magnetic
phase transition at the Curie kemperature, The Curie temoperature has been esimated w be 545 K from the
maxima of the rate of change of magnetization with temperahire,

In Fig. §.2.5, (he real parr of the complex inilial permeability g up to £ = 10 MHe hay been presented for
as-cast and annealed samples. The results refer to isothermal annealing time of 30 mun, The magnetic
properiies of the sofl magnetic materials are mainly determined by the domain wall mobility especially in
the range of reversible magnetization. The weasurement of permcabrhty was performed with toroidal
shaped samples at room temperature with an ac field of amplimde 107 Oe. The value of initial
permeability at 1 ¥Hz for the toroids increases with the increase of annealing wempemture, The stability of
W owith feguency is bemer for the samples, which possess lower value of permeability. The losses
indicated by Lhe imaginary pan of imtal permeability, u* curves are maximum at the frequency at which
1 hay fallen to half the value of p' {at 1 kHz). The u" curve 15 asymmemnical wirh a laree tail towards Lhe
high frequencies.

In Fig 5.2.8, annealing temperamre dependence of real part permeability, (' and relative loss factor

tan § have been presented for the frequency of | kHz e order to demonstrate the evolution of mapnene

L
softness wilh annealing The mital permeability value inereases gradually with annealing emperature up
to 673 K, beyond which p’ increases sbmply up to the g pnezling temperamre of 593 K and atlamns a

maxioum of 36 * 10°, At fs anneating temperatwre, relative loss facmr a1 8 s of the order of 107,

r

H
The extraordmary increase in p" at this annealing temperature is doe to the structural relaxation by
relieving memal sieszes. Beyond the annealing temperature of 693 K, W' decreases rapidly. At the
annealing temperature of 723 K, permeability drops dowa to lower value. Ths might be the temperature
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around which initiation of crysallization takes place. The decrease of permeabiltiy may be attrbuted to
the stresses developed in the amorphous marrix by Lhe growing crystallites [3]. This act as pinning cenire
for [he domain wall mobility. The increase of p' at 763 K 15 associaied wath the farmation of nanegram of
the phases 1dentified by X-ray diffraction in this study and correlated with the observation of TEM [3].
Butting et. Al [3] found that grams wilh 2 nm are embedded in a residual amaephous matoy, ynder similar
condition of annealing. For higher annealng termperature devimrification is ¢ ompleted with i ncreasingly
¢oarser micrestucture as a result of which permeability decrenses.

Namre of hysteresis loop of as-cast aml annealed sample has been analyzed at room temperature for the
frequency of 0.2 Hz and presented in Fig, 5.2.7, Sample has been annealed at 693 K for 30 min at which
highest value of " has been oblamned. Hysteresis loop of annealed sample exhibits cxtraordmary low 11,
compared to as-cast sample. The H, of the as-cast sample is 0.134 Oe and annealed sample 0.017 Oc

n order 1o determnine M, for the as-cast and sarnples annealed at 693 K for 30 min, field dependence of
magnehzation has been measured at room temperamre wp to H = 13.5 kQOe and presented in Fig. 5.2.8. For
as-cast and annealed samples the values of M, are 74 emut / g and 69 emu / gm respechively.

In Fig. 5.2.9(a) and 5.2.9(b), field dependence of magneto-impedance maho (MIR) has been presented for
as-cast and sarmples anvealed at 573, 623 and 653 K for 30 un at the frequency of 4.5 and 6 MHz, The
sarmple dimension has been chosen as, lenglh = 5 mrm and width = 0.3 mm. The magneto-impedance ratio
Z(Hga )
Z{H e )

the saturation value of mapnelo-impedance. For the present work, the value of Hy,, is 300 Oe. The curves

(MIR} is defined as MIR(%0)}=1— , whete Hiyy 18 the external de magnetic field for obtaining

reveal sorong ficld dependence of MIR for both as-cast and znpealed samples. Maxinmea values of MIR
for as-cast and annealed samples are presented in Table 3.2 for 4.5 and & MH=z_ 1t can be observed fom
Fig. 5.2.9 {n) and {(b) and Table 5.2 that peak valne of MIR is lower for the frequency of 6 MHz than for
4.5 MHz for all the as-cast and annealed samples. At higher frequencies eddy currents heavily damp
domam wall movements and omly magnetzation romtion are responsible for magnetic permeabiliry. This
reduces the GMI eflect substantially. Another aspect of GMI curves is hysleremis character in the peak.
The GMI curve for this sampie shows two-peaks located near Lthe anisotropy field az has been observed m
previcus sludies {4-6]. Hysteretic GMI appears oo the field value to which the magnetic hysteresis lakes
place showing that it is correlated with the change of magnetization process [4]. When dc applied field is
larger than anisorropy field it overcomes the domain wall pinning forees. Therefore, reversible rotational
processes comribute o magnetization processes and to the reversible magnet-impedance behavior. When
ihe dc applicd field iz smaller than the amsoiropy field, magnetizahon process is govemed by domain wall
motion, which leads o Lhe 1ypical hysteresis of mapnenzation curve. GMI hysterstic behavior in Fig. 5.2.9
{a} and (b) is related o this change of magnetization process and seems to be connected to existence of

irreversible dommain wall displacement.
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Hysteretic effect of field dependence magneto-impedance can be exploited as a practical too! o study

indnced amisotropics and magnetization process.

53 Structural and Magnetic Propertes of CoyFeMo,8i By,

DTA curves presented in Fig. 5.3.1 shows exothermic peaks, which represent the formation of eryutallme
phagea. For the heating ratc of 10 K/min, the initiation of crystallization is around 791 K, the peak
temperamre iz 800 K and the process of crysillizalion is completed at 803 ¥ This indicates that the
erystallization proccss is completed within a narrow range o f temperamure. For higher heating rates {he
phase iransilion temperature shifi towards the higher values Achvation energy of crystallization has been
found as 5.43 e¥.

In an attemrpt to identify crysialline phases, x-ray diffraction study has been performed for samples
annealsd at different temperatures. X-ray difftaction pattems of the samples atmealed at 773 and 823 K
for 30 minutes are presented in Fiyg 53.2. For the annealing temperature of 823 K whers the
eryslallization is m the advanced stage, the phases are identified by using stndard seftware, The phases
are fee-Coand CoyP as obtamed by Betancowr et &L [ 2] using TEM and electron difftaction studiss,
HNucleahion of these crystalline phases have been initiated st much lower temperature and for the annealing
temperature of 773 K some of the phases just appeared with very small grain size. As mentioned before
for the previous composition, Burhing et. al. has determuned the prain size of about 2 bm by usmg TEM [3]
in the similar condition of heat treatment. Below the annzaling temperzture of 773 K the sarmple is in the
amorphous state with broad diffused pattern, which 15 characteristic to the amorphous state of the material.
In Fig. 5.3.3, the real parr of the complex initial permeability p" up to £ = 10 MHz has been presenied for
as-cast and anncaled samples. The resulss refer to isothermal annealing me of 30 min. The magnetic
properties of (he soft magnetic materials are mainly determined by the domain wall mobility especially in
the range of reversible magnelization. The measurement of permeatihty was performed with tworoidal
shaped samples at room temperature with an ac field of =10™ Oe. The valve of initial permeability at 1
kHz for the toreids increase with the increase of annealing termperature wp o 773 K, The stability of p’
with frequency is beiter for the samples, which possess lower value of permeability. The losses indicated
by the imagmary part o Cimbial pemmeability, p" curves are maximum at the frequency at which ' has
fallen © hall' ihe valne of u* {at £ =1 kllz). The p” curve is very asymmetrical with a Jarge tail towards the
high frequencics The maxima of B curve shifi towards lower frequency for higher value of p’ {at f= 1
kHz).

In Fig. 5.3.4, annealing temperature dependence of real pan peomeability, 1 and relative loss factor,

tan &

r

o
annealing trearnendt. Initial permeability value increases gradually with annealing temperature up to 673K,

have been presented for £= 1 kHz in order to demonsimale evolulion of magnetic softnsss with
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beyond which p' inereases abrupily up 1o the annealing lemperature of 753 K and attamws a valne of 3.4 =
10°, The extraordinary increase in ' at this annealing temperature is due to the soecmral relaxabon by
relieving internal stresses. At the annealing temperature of 763 K, the permeability drops down to a lower
value. This 15 the ermperature around which nitiation of crysmllization takes place. The decrease of
permeabiltly may be abtdbuted o the stresses developed in the amwrphous mairix by the growing
arystallites [3], which act as pmning centre for the domain wall mobility, For the annealing termperature of
773 K, ' attaing a value of about 5.1 » 10* while the relative loss factor, tan &/’ decreases to a value of
about 9 x 10, The increase of p' and dectease of relative loss factor, tan &0 at 773 K iz associated wath
lhe formation of nanograin of the phases identified by X-ray diffraction in (s study. Ir has been
corrclaled with the observahon of TEM by Butlimo et. al, [3] where they have found graws wilh size 2 mn
appears to be embedded in a residual amorphous malrix at the early stage of crystallization similar to the
previous compesition. This is also compatible with the phase wansition temperature obwined Fom
dilfarential thermal analysis. Devitrification procesds with inereavingly coarser microstructure for higher
annealing temmperature as a eestlt of which permeability decreases,

In Fig. 5.3.5, temperature dependence of parmeability has been presemed in the as-cast comdition in grder
to determine Curie temperamure of (he sample. Shape of the curve 15 characierized by Hopkingen effect,
which passes through a maximum just before a gharp fall Curic temperature has been estimared as 540 K.
In Fig. 5.3.6, ficld dependence of magneto-impedance ratio (MIR) has been presented for as-cast and
samples annealed at 573, 623, 653 and 693 K for 30 minmtes at the frequency of 4.5 MHz. Sanmple
ditnension has been chosen as, length = Smom and width = 0.3 mm. The curves reveal strong field
dependence of MIR for both as-cast and amealed samples. Magneto-impedance ratic 15 maximum for the
amnealing temperature of 653 K. For higher annealng temperature of 693 K maximum value of magnetn-
impedance ratic decrcases to 4 very low value, Changes m the pre-existing anisotropy direction due to
rearmangerent of aom pairs [3] reduced the GMT effect subslantially. Another aspect of GMI curves is
hysteresis ¢ haracter in the peak. The GMI curve for this sample shows two s ymmetncal peaks locamd
near the anisomopy fleld as has been abserved in previous studies [4-7]. It has becn reported n the
previous studies that the hysteretic GMI appears on the field value m which the magnetic hysteresis mkes
place showing that 1t is correlated with the ¢ hange o f magnetization process, W hen d ¢ applied field 15
larger han anizotropy field it overcomes the domam wall pinning forces, Therefore, reversible rolational
processes comtribute to magnetization processes and to the reversible magneto-impedance behavior, When
the dc applicd field is smaller than the anisotropy field magnetization process 15 also governed by domain
wall motion, which leads o the typical hysleresis of magnetization curve, The (RdI hyslerstic behavior
abserved in Fig. 5.3.6 is relatcd to this change of the magnetization process and seems to be commected to

lhe existcnce of irreversible dormam wall displacetnent,
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6.1 Structural and Magnetic Properties of (IFdP'r)Fer ColCoy N By
Crystallization temperanme of (NdPt),FeqCosCuy sNbBas was idennfied by dilferential scannimg
calonmetry (DSC} The DSC trace shown m Fig. 6.1.1 has been measyred on a sample 1 the as-cast
condition by carrying out measurernent mn niTogen atmosphere wilh 3 contimous heating rawe of 20
E/min, The corve shows a single exothermic peak, which tepresents the formation of both soft and hard
phases within a narrow range of temperature. Li et. al. [1] has obtained similar aingle exolhermie peak of
o-Fe/NdFe B based sample. Accordmg to Fig. 6.1.1, initiation of crystallization oecurs at 863 K, psak
temperature is at 878 K and the crysmllization process is completed around 513 K.
X-ray dilfaction patterns for the samples annealed at 873 and 973 K are shown in Fig. 6 1.2, The major
phases have been identified as FesB and 2:14:1 phases. Any diffraction peaks from a probable o-Fe phase
were not detected hut might be presert i smali amount. Majority of Lhe Co atoms are dissolved with Fe
forming { NdPr);(FeCo),,B wilh 2 smaller proporiions in FesD [2, 3. The grain size of the sofi phase
{Fe;B) has been dexermined by using Scherrer’s formula from FWEM of highest intensity peak (3 3 0) for
samples of dilferent annealing cenditions and presenred in Table 6.1. It can be noticed in Table 6.1 that
there 15 stabiliry in the grain size in certam annealing emperature range and time. This stahility of grain
size may be atimbured to the sinmltanecus addition of Cu and Nb 1n the present compesition. Che et.al. 2]
has found that simuitaneous addition of Cu, Mo and Co refined grain size as ohserved by TEM which
erhanced the valee of cosrcivity compared to the samples wilhout these additves and resuled in more
uniform change of coercivity with annealing tomperature.
Hysteresis loops obtiped at different temperatures and time bave been presented in Pig 6.1.3{a) and (k).
In Fig. & 1.3(a) y-axis values have been normalized by (he maxinmm value of saturation magnetization of
the sample anmealed at 853 K for 10 minutes and in Fig. 6.1.3(b} y-axis values have been pormalized by
ihe saturation magnetization vake of the sample anneaied at 923 K of 3 munutes. The values of saturation
wmagnetization, cocrcivity, remnanent rabo, and maximum energy product derived from the hysteresis loops
have been prescoted in Table 6.1, While varying annealing { emperature a nd time, CotTcivity, retnamcmt
rahe and maximum energy product increase with Lhe merease of annealing temperature at firsi, remains
almost constant and Lhen decreases. In Fig, 6.1.3(a), there is no change in Lhe shape of the hysteresis
loops, which are convex like sinple-phasze permanein magnet up to tht annealing temperature of 933 K,
For the annealing lemperawre of 873 K shape of the hysteresis loop {3 characteristic to the sample in the
over-annealed condition [4]. In Fig. 6.1.3(b}, where anncaling time has been varied for the 2 mealing
termperature of 923 K, there is a change t Lhe shape of Lhe hysteresis loops at 3 minuics and 20 mimes.
For the sample annealed at 923 K for 3 minutes crystallization is not completed and Lhere remains sorme
mictaslable phase, which hinders exchange interaction. For the samples anncaled at 923 K for 20 minules
the sammple is ever-annealed which has been manifested m the shape of the bysteres:s loop.



Table 6.1 Hysteresis loop parameters for (NdPriFeq; CosCuy b By s

104

Fig. 611 DEC trace DfmdPThFCT]CUjCUn 51\.th|‘ E]
it Lhe gs-cast conditlon with & heating rale of 20 Kfmin.

Aanealing Annealing M, H. MM, (BH),.. Grain size of
temperarure time emo /g kO MGOe Fe,R
K Min. nm
833 1L 152 - - - 14
873 1 148 3356 0.705 9.73 16
803 [0 150 3.66 0718 11.07 L7
an3 10 143 187 0.741 11 {1t 17
213 14} 151 4.08 0.714 11.0% 17
013 |G 147 398 0.747 10.82 17
933 14 146 .77 0.720 5.86 20
73 1 149 318 0.63% 520 20
923 1 145 - - - _
0273 3 147 3.06 0.706 551 la
073 5 145 3.08 0,749 984 17
023 10 146 3.08 0,747 10.8 17
023 20 147 .30 0.703 607 20
j4 L (NdPD) Fe, CoCu NBEB
as-cast E7T8 K
= =l thEDER
1.2 | - ,’;'-la ikl 2141
o =
- 10} - S e
= | - T
8 s |o oSoo
3 agl ‘E o oo
3 ]
%: i % W
T 06} =
i
1
0.4k ‘&)
0.2+
ghd K
//—J 313K o, , ,
UrU » 1 A L] L 1 A L i i "
500 600 700 800 900 1000 1100 X 0 D Sl T
T (K} X

Fig. 6.1.2 X-ray diffraction patterns of
{NdPr}4F¢¢JC05Cun 5Nh|B1|5 for the SEJTI]JHE'-S
annealed 8t 573 and 973 K for 10 mingles,



M {emu / )

12+
[ (NdPr),Fe, Co,Cu, Nb B,
1 D r ' . s A+
| annealing time
08F 1% min.
{+6
.4
I —+—fiJK
0.21 | —-— 873K
[iR)] —+—RO3 K
T —o—003 K
0.2 —+—913K
0.4 —o=—023 K
i —»—033 K
061 —e—GT3K
0.8
1.0
']..2- I N [ 1 1 1 1 5 1 5 1 1
3x10%2x10 1x10° 1x10* 2x10" 3x10*

H {Oe)

103

1.0 mdﬁ}4Fe7'C05cuﬂ MNEB,
| anonealing temp p===== e e
933 K
()
0.5k
—a— 1 min,
[ =—c=—3 min.
—=— 3 min.
00 F —o— 10 min.
— «— 20 min.
a5t
I HTLL
1.0 [RRPITTT] | | e
1 , L ) N

1 1 1 1 N
Saxtot2x0t 1 g?

0 1x10t 2xi0' 3x10®
H (Oe)

Fig. 6.1.3. Annealing temperature and annealing lime dependence of hvateresis loops,

200

150 ——Nd Fe, Cu
100
50

0

L - = {NdPr) e Lo, Cu, Nb

B

(10

-3
=100

=150

2005 20 10 o
H (Oe)

o

a0

T30

Fizg 6.1.4, Hysleresis loops of samples of
compositions  (NdPr)Feq;Co.Cuy :Nb;Bigs  and

Md,FeqpCup Mb By s,

== Nd,Fe_Cu, Nb B,
100 |- —u—{:dPr),Fr, Co Cu, KO B,
2 ot .
B4 - }1
. B
o)
E
E
= a4l
=
a0 b lL
ok ja”“-MEﬁﬁ:hmun:nnn:sau;n:
oo 400 s00 ao0 Jon 200
T (K)
Fig. 6.1.5. Tempersmre dependence of

magnelization of (NdPrhFeq CosCugsMbBgs
and NdsFeqsCuy W Byy s wilh an applied field of
100 Ce and heating rate of 20 K/min.



166
In Fig. 6.14, hysteresis loops of samples of commpositions (NdPr)Feq CosCuysNbBss and
NdiFeCup Nk Bog s have been presented. It is seen from Table 6.1.1 that the ghest value of coerciviny
of {NdPr)FenCosCuy sMb1Byy 5 has been obtamed for the sample annealed ar 913 K for 10 minutes. In
Fig. 6.1.4, the sample of composition Nd,FeeCuy sNbyBiz s anncaled at the same temperaure ie. 213 K
for 10 minutes have been presenled for comparison Coerciviry, remanent ratio and maxirum energy
product of WNdFenCuy NwBygs are 3.06 kOc, 0.731 and 85.62 MGOe respectively, while for
{(NdPr) . Feq,CasCuy ;Wb DBz 5 are 4.08 kOe, 0 716 and 11.05 MGOe,
In Fig 615, temperaure dependence of magnetizaton has been presented with an applied field of 100
Qg and at 3 heatmg rate of 20 Kfmm for (NdPr)Fes CosCug sbiBig s and NdyFeCuy Nby Bz, The
characteristic feature of the curves is (hat the magnetization remains constant up to a certain temperature
followed by an abrupt decrease in its value passing fhrough fero-paramagnetic transition at the Curie
wrmperature. The Curie temmperature has been esumated from the rate of change of magnetization and
found as 535 K for {NdPr)Feq CosCuy sNb Byg sand 535 K for NdaFeq O Nb By 4.
Figs. 6.1.6 (a} and {b} show room temperature (300 K} hystcresis loops and some miner recoi! loops along
the demagnelization branch for the samples annealed at 873 and %73 K i c. in the initial and over-anncaled
condition. In Fig. §.1.7, fue area of the recoil loops normalized to the area of ball of (he major hysteres:s
loop are plotted as a function of the reverse field IL. The areas have been exlracted by muoncrical
inlegration of the recoil curves of Fig. 6.1.6. Below the enitical field, the magnetic moment when retumimg
to the demagnetizing field is very close to the starting value, The sample annealed at 873 K for 10 nunotes
shows a narrow recoil area peak compared to the samples annealed at 973 X, The development of the loop
area s dug to the decoupling of the magnetic moment between hard and soft phase [3] The recoil area
shows a pronounced maximum at the field where the largest nomber of hard phase gmins smich
magnehzation direction. These fields are quoted in the figure and amopunts m 3500 and 4200 Qe for te
samplas pnnealed et 373 and 973 K respectively As pointed out by Kang et al. [5], the peak in the recoil
area is coincident with the coercivity of the hard component while (ke departure from vere recoil areq at
low reverse fields comresponds to the inter-phase exchange field, Ho,. It is to be noted that for Lthe sample
ammealed at 873 K for 10 minutes the peak value 15 very close to the coercivity value presented in Table
i 1 1 whereas the peak value for the sample annealed at 973 K exceeds the coerciviry value obtamed From
the hysteresiz loop for this sample and presented in Table 6.1 1. Tt is known ffom the literamre [4] thal Lor
over-mnealed sample the critical f:1d where the onset of incversibile change of magnetization in the hard
phase Lakes plave exceeds the apparent coercive ficld obhined from the hysteresis loop.

MT _MJ{H} - AM mever ':H}
oM, M,

In Fig. 6.1.8, lhe reduced quantty D{H)= is plotied vs. H, where My(H}

is the dc field dermagnetizahon remanence 1e. the remanence acquired 2fer saluration in ene ditection and
subsequent application of a dc ficld H in the opposite drection and M, is (he saturation remanence, The

curves of Fig. 6. 1.8 provide information about the stability of Lhe reversible state and the critical field
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of ireversible chaages of the magnetization. For the sample annealed at 873 K, the D(H) versus H curve
15 characterized by relatrvely sharp chenge of D(H) at the critical field whereas for the samples anbealad at
973 K the change is more gradual Below the eritical field of around 3000 Oe, change 10 AM .., 15 small
and magnetization almost remen to the remanent configuration when the field 15 decreased back to zero,
Temperafure dependence of the hysteresis toop has heen measured in the temperature ranpe of 5 to 380 K
for the sample annzaled at 873 and 923 K. Some representative hysteresis loaps are shown in Fig. 6.1.9
and derived hysteresis loop parameters at different temperatures are plotted in Fig, §,1.10. Shape of the
hysteresis loop changes at 100 K and below, which is relaled (o a spin re-orientation in the hard phase that
ocours at low temperatures. From studies of powdered and single crystalline Nd,Fe, B, Givord et &l [&,
7] found ihat &l temmperatures below 1335 K there 15 an angle 8 between the easy magnelization direction
and the c-axs that progressively increases and amounts to about 30° at low temperatares. In ref, [8] it was
observed that the hysteresis loop for Nd;FeBiz-Fe becomes constricted below the spm reorientation
temiperature, 1.2, with the decrease of temperamre 1hrl: magnetization curve becommes more disconhouous at
low field. The curves presented in Fig 6.1.9 shows a change in the shape of the hysteresis loop at 100 K
and lower temperatures, which agree with previous measurements [6, 7, 8]. It is to be noted that extent of
discontimuiry at low field i3 weaker for the composihon under present study than in ref [8]. The reason
might be Nd has been replaced by Pr ProFe(,B does not exhibit low tempemature spin reorientation [6, 9).
In Fig. 6.1.10, temperature dependence of the coetcrviry, Hy, the remanent ratio, M /M, and maximum
energy product, (BH)y,, are plotted. Curves for both the samples show similar behavior, The coercivity
mcreases with decreasmg remperature down to about 150 K. Below 150 K there 15 a decrease of the slope
of H{T) and below 100 K there is a slight deereaze The decrease of Ihe coercrviny at low temperatures is
relared to the spin reorientation. This behavier of H{(T) may be compared with that reported in ref. [9] in
which 2 stronger decay of the cotreivity at low temperatures 15 observed, This difference may be due o

the parhal substimution of Nd by Pr in eur alloy composition, The temperature dependence of remancnt

ratio, —%

is alsa governed by the temperabme dependence of amsomopy field The value of MJ/M,

g
decreases wath the increase of wemperature because of fasmer domain wall motion due to the reduction of
the anisotropy field at higher temperature. Temperare dependence of maxirnum energy product, (BH),
2lso decreases with the increase of temperature due to the reduction of amsolropy field for both samples.

6.2 Structural and Magnetic Propertics of Nd.Feq sCoyHE ¢Gag dBig s

Hysteresis loops of the samples have been measured at room tomperature for the samples anmealsd at
different temperatures and time to observe the variation of magnetic properiies with annealing condition,
Wanations o f hysteresis loops with annealing temperatures have been presented n Fig. 6.2.1(a) for the
annealing time of 10 minutes. Hysteresis loop parameters obiained from Fig. 6.2.1(a) have been presented
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m Table 6.2, With the variation of annealng temperarure 1t has been found that the sample is magnetically
very soft ar 873 K At 903 K srmall ameunt of coercivity, H, has developed. Ar 923 K for 10 minutes the
values of H, and (BH}, are maximum. Thos, the variations of hysieresis loops have been mensured at
this annealing termperatre for different annealing lime and presented in Fig. 0.2.1(b}. Hysteresis loop
parameters obtained from Fig. 6.2.1(b) are also presented in Table 6.2, All the samples possess very high
rermanent tatio The highest value of H, around 2.62 kOe and {BH )y, around 11.05 MGOe have been
found at 923 K fer 5 minutes, For agher annealmg times the value of Hy and (BH),. dectease.

Samplea annealed at 923 K for 5, 10 and 20 mimtes have been studied in order to see the elfect of
gptimuom and over-annealed conditon on the mapnetic properties. X-ray ditfraction patterns at the
amnealmg temperature of 923 K for 5, 10 and 20 minutes bave been presented in Fig, 6.2.2. Phases have
been identified as Fe,B and 2:14:1 phases and indexed in Fig. 6.2.2. Probable sofl phase o-Fe 15 not
noticgable for the annealing times of 5 and 10 minutes, Small amount o-Fe is present for the annealing
time of 20 minntes. Majority of the Co is dissolved with Fe formung Ndy{FeCo)B wilh a smaller
propartion in FeyB [2, 3], Grain size of the soft phase, F e.B has been d etermined by using Scherrer’s
formula froan line broadening of fundamental peak. The prain size has been obtained az 23 nm for the
sample annealed for 5 minutes, 25 nm fer the sample annealed for 10 minutes and 24 nm for the sample
annealed for 20 mmules. With the increase of annealing time relativie amount of soft phase increases than
herd phase manifested by the telative iniensity of hard and soft phase m the XRD patterns.

In Fig. 6.2.3 (&), (b} and (¢), do dernagnetization curves afler previous sataralion in the oppesite directien
and some minor recoil loops along the demagnetization corve has been presented at 923 K for 3, 10 and
20 minutes of anmealing, In Fig. 6.2.3, area of the tecoil loops are amall having high recoill permealslity,
Harland et. al. [10] have mentioned that (be development of the area of the recoil curve with reverse field
and temperature provides information about the breakdown of exchange couphing of WdiFeyD / «-Fe
nanocomposites. Thus it can be observed in Fig, 6.2.3 that there is an evolution of recoil loop area with
the merease of reverse ficld and recoul loop area is maximuom st coercive field for whoch reeenl loop doss
not trace major demagnetization curve. The recoil loop area nermalized to the area of helf of the major
hysteresis loop has been presemted in Fig. 6.2.4 as a2 function of reverse field. In Fig. 6.2.4, sanmple
aunealed ar 923 K for 5 minules shows a narrow recoil ares peak compared to the sample annealed for 10
and 20 mm, which i3 an indication of greater sxchange-spring characler for the annealing condition of 923
K for 5 minutes. The peak in the recoll area is coincident with the cogreivity of the hard component while
the deparmre From zevo recoil area at low reverse fields corresponds with the mterphase exchange field,
H,, [5]. In Fig 6.2 4, the peak value of the sample annealed at 5 minutes is 2500 Oe, The peak value of
the sample annealed for 14 and 20 minutes is 2300 Oe. The areas of the recoil loops m Fig. 624

progressively increase with the increase of annealing time.
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Table 6.2, Ilysteresis loop parameters of NdyFeq; sCo;Hfy sGag 5B ja 5 with the variation of annealing
temperamre and time,

Annealing Annealing M, M, H. MM, (BH ) oy
temp (K) time (tnin) {emu'c) {emu'e) (0e) (MGOe)
873 10 154 - - - -
303 10 152 116 343 0.76 -
923 10 154 123 2425 0.80 P
933 10 155 121 24140 0.78 8.82
G453 10 153 lla 2380 0.75 7.37
523 3 154 123 2016 0.81 839
523 5 154 127 2622 0.82 11.05
13 10 154 123 2425 0.80 9.38
23 L5 152 123 2425 0.8l 948
923 20 153 115 2228 0.75 538
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In Fig 625 the ireversible compomemt of magnetization  represemted by,
Mr _Md (H) - = AM ;e (H)
M, M,

D{H) = versus reverse field has been presented. In ihis expression, M, is

the samiration remanence and My(H) is the dc fleld demagnetization remanence. In Fig, 6.2.5, the value of
D{H) changes pradually up to the cniical field followed by an abrupt change of D{H) at the critical field.
The change is relatively sharper at the critical field for the sample annsaled at 923 K for 5 minules
whereas for the samples annealed fr 10 and 20 minutes the change is relatively gradual.

Temperamure dependence of hyseresis loops have been measured in the lemperature range of 5 o 380 K
for the sanmples annealed at 323 K for 5 and 20 minutes with a maximum applied fizld of 2 Tesla. Some of
the representative hysteresis loops have been presented in Fig 6.2.6 (3} and (b) while the hysteresis loops
paramgicrs for all the measured data have been presented in Fig. 6.2.7. At lower temperatures, for both the
samples, field dependence of magnetization shows discontineons behavior at low fields. Hadjipanays et.
al. {8, 9] have reported similar discontinuiry at low field at the temperature below 135 K, ie. the spm
reotienlation wmperature of Nd;Fe 4 B. Givord et. al. [6, 7] has found that the easy axis of magnehization
is located at 30° from c-axis below 135 K From temperature dependence of angle © between the easy
magnetization direction and fhe ¢-axis they have found that the magnetizahon direction progressively
reorients towards the o-direction, which {5 of casy magnebraten dwection with the increase of
termperature above 135 K. The curves presemed in Fig 6(a) and (b) show the vanation in Lbe shape of the
hysleresis loop at (emperature lower than 150 K which is consistenl with (he previous measurements [£-
9.

In Fig. 627, temperamire dependence of coerciviry, H., rermanent ratio, My/M, and raastitmm energy
product, (BH) o, have been presented. The coercivify generally increase with the decrease of lemperamure
though at low mmperature the increase of coercivity is large. Increase m the anisotropy field at low
lemperatute leads to the increase of coexeivity, Temperature dependence of remanent ratin, MM, is also
poverned by the temperanure dependence of anisolropy field The valoe of MM, decreases with the
increase of temperature becavse of easy domain wall motien due to the reducton of anisotropy field at
higher temperamee. Above 130 K the changs of MM, ralic with temperabme 15 small. Temperamue
dependence o f maximune e nergy product, { BH)y., g enerally d ecreases with the increase of emperamre
due to the reduction of amsetrapy field for both samples. The change is gradual in the range of 330 to 50
K for both samples. At 5 K the change in (BH)y,, i3 rather abrupt due to high squarenass and coerclvity at
this temperamite. For most of the emperatures sample annealed for 5 minutes possess higher squarensss
ie. MM, and higher coercivity than the sample annealed for 20 minutes, which in rum raise the value of

{BH )
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6.3 Siruciural and Magnetic Froperties of NdyTh FerCop sNb Big s

Crystallization termperature of N3 Th FeagCuy sNb Bz s was idemtified by differential thermal analysis
(DTAY The DTA trace shown in Fig. 6.3.1 has been measured on g sample in the as—cast condition by
CarTying out measurement N nitrogen atmosphere with a continuous heating rate of 20 K/min. The curve
shows exothermic peaks which represents the formation of both sofl and hard phases, Omset of
crystallization of the first exothermic peak is at 843 K while peak temperature 15 at 860 K. For the second
pxothermic peak, the peak temperature 15 at 587 XK. In order w delermine crystallization products at
different stges of crysiallization X-ray diffraction studics have been performed.

X-ray diffraction patterns for the samples ammealed at 833, 873, 893, and 223 K for 10 minutes arc shown
in Fig. 63.2. For the anncaling temperatare of 853 K, sofl phase Fe;B has formed. For the higher
aonealing temperarure of 873 K, hard magnetic phase WdyFe B has started to formthoughina small
amount in association wilh sofl phase FesD. At mgher amealing temperatore of 893 and 923 K
characrerishic parterns of the muxture of soft and hard phases {Fe;B and Nd,Fe 4B) are observed. With the
inctrease of annealing temperamre grain 2ize does not change significantly and remains on the average of
14 nm as determined from FWHM af highest {ntensity peak and presented in Table £.3. But the relative
amount o f soft a nd hard phases change with the increase of annealing temperature as can be observed
from the relative intensity of sofi and hard phases,

Hysteresis loops obtained at different annealing temperatures have been presented in Fig. £.3.3. In Fig.
6.3.3, y-axig values have been normalized by the maximum value of saturation magnetization. It may be
noliced that satiration magnetization has not been achieved e ven a Aer a pplying 2 maxinum fedd of 3

Tesla. Thisis due to the high magnetocrystalline anisatropy, which is common for R;Fe B, Values of
safuration magnetizalion, coemcivily, remanem ratio, and maximum energy product denved from the
hysieresis loops have been presentcd in Table 6.3, While varying annealing remperature, coerciviry
generally mereases with ihe increase of aunealing lemperature while vemanent ratio d ecreages, Highest
value of energy product about 943 MGOe has been obtained for the sample annealed at 923 K for 10
minutes, Tn Fig. 6.3.3, thete is no change in the shape of the hysieresis loops, which are convex like single
phase permanent magnet up to the annealing temperature of 533 K, which indicates that the material is
exchange-coupled up to the annealing temperanure adopled in tes experiment.

In Fig. 634, hysteresis loops of samples of compositions NdyTh,Fe;sCup MbBes and
MdTFesCuy <Nb By have been presented. It is seen from Table 6.3 that the highest value of {BH g, of
Ny Th FerCuy sNb By s has been obtained for the sample anncaled at 923 K for 10 minutes. In Fig. 6 3.4,

the sample withous Tb of composition NdsFeCuy sNbiBiss ammraled at the same temperatue 1. 923 K
for 10 minutes have been presented for comparison. Coercivity, remanent ratio and maxinum eéncrgy
product of NdFesCupsNb B 25 are 3.18 kOe, 0.733 and 9.21 MGOe respectively, While the Coerciviry,



Table 6.3. Hysteresis logp parameters for MdyThFegCug $Nb B s s

Anoealing Annealing M, H. ™./M, {BH),. E-5.

temperature time emu/ & kOe MG Oe nrm
K min.

853 11} 147 - - - 10

873 10 146 2.608 0.71% .11 14

393 10 142 410 0.697 785 14

913 10 147 4.00 0.665 7.26 13

EFE 10 147 4.44 0.683 9.43 14

933 10 147 4.7 0674 B.67 15
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remanent ratio and maxmum energy product of NdyTh FesCup sHbyBig 5 are 4.40 kQe, (.683 and 9.43
MGOcC.

Thowugh an enhancement of coereiviry takes place due to the higher anisotropy field when Md is partially
aubstimated by Tb, remanent rato i¢ decreased due to antiferromagnetic coupling between rare earth and
fransition metal [11]. The magnenzaton of light rare earth (LRE) sublatlice couples ferromagnetizally Lo
{he magmetization of the transition metal sublattice. The opposite is irue for the heavy rare eanh (HRE)
elemenls rendering these lamer materials ferromagnetic. 1t may be poimted out here that the a nisomopy
field of Nd,Fe B is 150 kOe (12 MA/m) and ThyFe, B 15 350 kOe (28 MAMm) [11]. Combined effect of
anuferromagnene coupling berween Fe and Tb and higher amsotropy field of ThsFesB led to the
enhancement of coercivity and reduction of remanent ratio, which in rurm has resulted in lower vatue of
maxitmum energy product.

In Fig. 6.3.5, temperamre dependence of magnelization has been presented with an applied field of 100
Oc and at 2 heating rate of 20 K/min for Nd;Tb FerCupsNbiBigs and NeyFerCug sNbBygs. The
characteristic fcamire of the curves is magnetization remains almost constant up to a certain wmperature
followed by an abrupt decrease m its value passing though fetro-paramapnenc ransition at the Cune
mperamre, The Curie wmperature has been estimated from the rate of change of magnetization and
fornd as 549 K for Nd; Th FezeCupsNb B s and 535 K for Nd,FenCiy sNb B 5. Exchange in interaction
between R and Fe momenn enhances the Curie temperabore [11].

Fig. 6.3.6 shows roem tenmperemure (300 K} hysteresis loop and sorme minor recoil loops along the
demagnetization branch for the sarmple aonealed at 923 K for 10 mimates, In Fig. 6.3.7, Lhe area of the
recoil loops nommalized to the area of hall of the rnajor hysteresis laaps are plotted as a funetion of the
reverse field H. The areas have been exuacred by numerical imtegration of the receil curves of Fig. 6.3.6,
The development of the loop area is dus to the decoupling of the magnetic moment between hard and sofl
phase, In Fig. 6.3.7, the recoil area shows a pronounced maximum at the field where the largest number of
hard phase grmins switch magnetization direction. This field amounts w 4600 Oe for the sample annealed
at 923 K for 10 mimries.

—M,4(H AN ;
M, oMy () &M () o otted vs. H, where MA(iD)
M, M,

In Fig. 6 1.7, the reduced quantity D(H} =
is Lhe de field demagnetization remanence and M is the samration remanence. The curves of Fig. 6.3.7
provide information about the swabihity of the reversible state. For the sample annealed at 923 K, the D{H)
versus M eurve is charactenzed by relatively sharp change of D{H) at the critieal field where mrevetsible
change m the hard phase is relatively large, which has been obiained from the derivative of the D{H) vs. H
curve and found ns 4000 Og,

Temperamure dependence of the hysteresis Joop has been measured in the remperatre range of 5 o 380 K
far the sample annealed at 893 and 923 K. Some representative hysteresis loops are shown m Fig 6.3.8

and derived hysteresis loop parameters from all measured wmperatures are plotted in Fig. 6.3.9, The shape
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of the hysteresis loop changes below 150 K, which is related 1o a spin re-enentation in the hard phase that
ocours at low temperatures [6, 7] In ref, [8] it was observed that (he hysteresis loop for NdFeBla-Te
hecomes ¢ onstricted b elow the spin reorientation temperamwre, i . with the decrcase of temperature lhe
magtetization curve becomes discontmuous at low field, The curves presented m Fig 63.8 shows a
change 1 the shape of Lhe hysteresis loop below 150 K, which agree with the previous measurements [5,
7,8}

In Fig. 6.3.9, temperamre dependence of the coercivity, H,, the remanent ratio, M, and maximom

e
energy product, (BH )y, are plotred. Curves for both the samples show similar behavior, The coerciviry
iverenses wilh the doorease of temperature down to about 150 K. Below 150 K there is a change of the
slope of Hy(T). The decrease of the coercwvity at low temperatures is related to the spin reerienration. This
behavior of H(T) may be compared with [hat reporied in ref. [9] jn which g stronger decay of the
coercivity at low teruperatures is observed. The temperature dependence of temanent ratic, M /M, and
{BH), are atso governed by the temperature dependence of anisotropy fiecld which decrease with the
increase of lermperature because of easier domam wall motion due to the reduction of the anisobropy field

at higher temperabore.



Chapter 7

Conclusions
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Fe-based soft nanocomposite magnetic materialy

Guood corrclation of crystallization and phase transition temperatures has been obained between different
cxperimental techniques of X-ray diffracthon, differential thermal anatysis and Chemno-magnetc
measurements for  the  alloy  of  composition  FenOuaiNbs s814Bes Feps 500, TasShy (Be,
Feys s 0 eMbB2.451,2Bs 5 close to original FINEMET composition. Aclivation encrgy of cryetatlization of
differeni crystalline phasges are sensilively dependent on Nb content having higher activation encrgy whan
Nb comtent 15 higher. Therefore, crystallization emperatures shill accordmgly 1o higher and lower
lemmperatures tespectively for these two compositions. Whereas activation energy and crysialiization
temperatures of Feqs 50 Taa51; ;By are close to onginal FINEMET.

Maguetic initial permeability of nanocrystaliine / amorphous nbben sirongly depends on annealmg
wemperaturss and  times. Shori time ampealing sbove the crystallivation lEmperature leads o the
ymprovement of soft magnetic properties and 15 better han that for long bme annealing, The best magnenc
properties have been observed for the optimized aunealed condition. At lower anncaling trrperature,
enhancement of permeability wkes place due to the structural relaxation. Permeability drops to a lower
value during the inination of crystallizahon. An enhancement of initial permeability by two orders of
magnitude was observed for the optimized annealed samples. The high permeahility i3 atmbued to the
drastic deeterse of effective anisotrapy due to nanomeme grain size ellect and stong magnetic coupling.
Decrease of magnetic permeabihity for a longer annealmg time possibly is related to induced anisotropy.
Frhancemnent of Curie temperature was observed for samples anpealed below the crysmllization
termperamure due to shuctura) relaxanon Curle temperamure of the interfacial amorphous phase has
decreased for samples annealed at and above the crysmallization lemperature due m the depletion of Fe and
increase of relative ameunt of Nb/Ta in the residual amorphous phase. Temperature dependence of real
par of initial permeabulity of the anncaled samples bebween the ammealing lemperature of 773 and 848 K
exhibiz decoupling of magoetic moment between nanograins via residual amorphous matmx at T =

T since residual amorphous mattix becomes paramagnetic within which forromagnetic nanogramns are

ermbedded. When veolume faction of e-Fe(Si) nanograms are increascd, dipolar andfor exchenge
interaction behween nanograins via paramagnetic residual amorphous mamix would lead to finie value of
permeability, which increases with the increase of the volume faction of c.-Fe(S1) nanograins. When the
anmealing tenoperature is increased further the temperamre dependence of permeability 15 governed by the
presence of iron bonde phase. This experiment has been exploited as a practical tool for the identification

of won boride phase, which is diMlicult ta identify by other phase identification techniques.
Co-baged spft nanocomposite magnetic materials

Magnetic softeung and ila corvelation with giant magnew-mpedance (GMI) effect have been investigated

for CogFe,NiSissB); subjected 1o duffcrent annealing temperatures. In the as-cast condition the Curie

"
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termperature of the samptle is 503 K and samration magnetization ia 72.3 emu / gm ¥ery high value of
initial permeability around 59 x 10° and low value of relative loss factor around 10°® have been obrained
for the annealing tomperature of 693 K for 1 hr. The sensitivity of field dependence of the ratio of giam
magneto-impedance (GMIR) for this annealing temperature is the highest at a current driving frequency of
45 MHz From the Xeray diffraction and DSC resulms 1t has been observed that st the annealing
tumperature of 693 K for 1 hr. the ribben is in fully amorphous stale The exmaordinary soht magnetic
propertics at tlus annealing temperature arc mainly doe Lo the stuctural relaxation, which determines Lhe
profile of ficld dependence of GMIR.

Co-based amoerphous alloys of commpositions CogFeNiy51sBy and CoyFeMogSisBi; exhibit superier
soft magnetic properties after appropriate annealing at the mitiation of crystallization temperawte of the
amerphons phase. It 15 o be note that the armeating of the previous composition, CogFeyNi3isBy; in the
gimilar condifion led to deterioration of solt magnetic properties. An extraordinary increase of initial
permeability hed occurred due lo relaxation of the amorphous tamx. Ultra~saft magnetic properties for
Cog-FesNiz8iP ; and CogFesMo;5,B jpmanifested by enhanced initial permeability, p' 13 of the arder
of ~ 10" and reduclion of relative 1oss factor, E:—_E iz of the erdet of ~ 10°%, which have been achieved at
optimized annealing condition of respective compositions. This has heen achieved because at this stage
local amisomopy is averaged eut by exchange couplng between nanograing embedded m the tegidual
amorphous mamx. Field dependence of magnelo-impedance measured for as-cast end annealed samples at
current driving [requency of 4.5 MHz are around 220%. Ficld dependence of magneto-impedance show
hysteresis at low ficld for both the compositions, whnch is related to the changes in the magnctization
process of the sample.

Fe-based hard nanocomposite magnetic materials

Simultaneous additions of Cu and Nb in (NdPr)sFe,CosCug sNb By s gave mise to 2 stability of grain size
of Fe;B, which stabilized the hysteresis loop paramelers fur a wide range of ammealing wemperatire
Reversible and i reversible magnetization b chavior has been examined for (NdPr)Feq CosCug sNb Buus
armmealed at 873 and 973 K for 10 mimules hjl-' using recoil hyseresis and DCD techmque. Beeoil hysterasis
toops are sleep having small recoil area, which is a characteristic to exchange coupled system. For sample
annealed at §73 K, the values of H, have been found as 7.28 and 3.36 kOe at 5 and 300 K respectively.
The values of {BH)m, at 5 and 300 K are 13.72 and 9.39 MGOe and rernanent ratios are 0.8 and 0,74
respectivaly.

The sample of composimion Nd.F &y sCogHE, :Gap ;Byg 5 possesses high remanent rabig of around Q.82 and
coercivity 2.62 kOe in the optimmm annealing condition. The value of maximum enstgy ]:m]{il.ll:t m the
optimum annealmg condition hag been oblained as 11 5 MCOe using an applied field of 3 Tesla. Recoil

hysteresis loops are steep and recoul loop areas are small, which mdicates higher degree of reversibility for
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the samples annealed ar 923 K for 5, 10 and 20 minutes of annealmg. However, areas of the recoil loops
are progressively increased with the increase of annealing tume. At the critical field ie. at the field where
onsel of freversibility takes place. (he zrea enclosed by the recoil loop is maximum and recoll loop does
not wace the major demagnetization curve. Temperarure dipendence of hysteresis curves exhibit vanation
in shape around the spin reorientation temperature of 135 K where field dependence of magnetization is
discontinuous.

A parial substimitien of Nd by Th led o the enhancement of coercive field up o 2 value of 4.76 ¥0e for
ihe sample amealed at 933 K for 10 minutes, Highest value of energy product ef Th-substituted
{Nd, Th);Fe,,B/Fe;B nanocomposie ribbons of the composition of Nd;Th FezCugsNb B g 5 is abmnt 5.43
M30e obmined for the sarmple annealed ar $23 K for 10 minures. Recoil hysteresis logps have been
measared along the major demagnetization curve o ohserve oversible behavior of tagnetizahon for the
sample annealed ar 923 K for 10 minutes. Temperature dependence of coercivity, rermanent ratic and
raaximum epergy product have been measured for the sample annealed at 893 and 923 K for 10 minutes.
At 5 K, coercivity and energy product of the sample annealed at 203 K for 10 minutes found to be 5.2 kDe
and 11.5 MGOe respeetively, Whereas, coercivity and energy product of the sample annealed at 923 X for
10 minutes found to be 6 kOe and 13.1 MGOe respectively.

In conclusion it may be stated that when the grain size is reduced to sybmicron level, which is well below
the exchange comelation length, (he sample 1s exchange-biased witch helps to tailer the material for the
achievernent of enhanced values of magnetic propertes. Evolution of nanograina of different phases with
magnetic properties are well synchranized. Thus, gualustive increment of sofi and hard magnenc
properties are observed for nanometric gram size, which has been achieved by controlled thermal

treatrient for different kind of compositions of soft and hard nanocompesite systenis.
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Effect of structural parameters on soft magnetic properties of
two phase nanocrystalline alloy of Fes; sCu,;Ta;Sijs 5 By
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Absirace

The rapidly quenched Feqy 900, Ta5iya sBg alloy has been anncaled in a controlled way in the emperature range
400-700°C for 1h in ordet to stady the offcet of structural parametars such as lattice parumcter, grin size and sificon
content of the nanvcrystallme Fe{Si} grains cn the infhal permeabilily. Temperature and frequercy dependence of
initial permeability of amorphous and devitrified toreid shaped samples have becn measured. Enhancement of Curie
lemperamre of Lhe amorphous alloys has besn obscrved due ko Lhe wreversible structural relaxation, With the
appearanct of nanocryslaliing phase the Cunc temperature of the residual amarphous phase gradually decreases with
the increase of aunealing lemperature, Temperature dependence of permeahbility of anneated samples in the temperature
range of J00-575°C exlnbts superparemagnetic snd superferromagnetic behavior dependmpe upon the velume fraction
of nanograins.

{0 2004 Elsevier B.¥. All rights rescrved.

FACE 7550 T

Eeyword, Fingmet: Nanocryatalline slruclure, Superparamagnatism; Supeeferroimagietesm, Amorphous alloys

1. Inreduction precursor by controlled anncaling develops the

unique properties with combation of the low

A new class of Fe-based alloys exhibiting
siperior soft magnetic propertics has been dis-
covered for the first me by Yoshizawa et al [1]
Nanoerystalline phasc evolving from amorphous

*Corresponding authpr Tel,; + 880-2-8620603; fax: + §80-2
B0l 7Md6
Eermoni? gelefrens. hakioraec@iyahoo cam (M A Hukim).

tosscs, high permeability and near zero magncto-
striction The major requirements for superior soft
magnetic properties are bigh initial permeahility
and extremely low coercivity, which i3 governed by
2 low or vanishing magnetocrystalline anisotropy.
The anisotropy constant, X for c—Fe(Si), the
comstituent phase ol Fegs 501, Tas8i,3,:Bg 15 about
8 kJjm?, which 15 by far too large to explain by

MA04-88 53,5 - see (tont matier ) 2004 Elsevier BV, All riphts ceserved

dot- 10 1016 jmmm, 2004070035
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Ultra-soft magnetic properties of devitrified Feq55CugsNb; 48i13Bg 5 alloy
S. Manjura Hoque®*, M.A, Hakim?, F.A, Khan®, N. Chau®

" Magneie Marorints Division, Atomie Energy Centre, 7 Box 164, Dhaka 100¥), Bengladesh
Y Dvpariment af Physics, Bangladesh University of Engingerng and Techrnlngy, Dhaka FO0K), Banglade v
* Centre far Matenals Science, Hanot Universiry of Techrelagy, Finol, Yiemam

Received 3 Gurober 2005, rogorved 1o revised form 23 January 2006, accepled 201 Behmary 2006

Abstract

Temperature dependence of real part imtial permeahility (i) of Fors sCui Nb 481138y s has been measured with different crystalling state of
*the muterial. Enbanced value of initial permentnhity by two onders of magmtude and very low value of relative logs factar of the order of 103
Bhas been observed with Lhe varisbon of anresling temperators and time, which shows that Fe-based alloys of thus eomposition with lower Cu
and Kb content abso bears ultra-soft magnelle propertics like comventional FINEMET. The tesults have been comelated with the yolume fraction
af amarphaus and crystalhne phascy obtaincd by differengal scanning ealorimetry, Temperature dependence of 1nitial permeability curve far the
anncahng temperature, T, <475°C, is characterized by the single amorphous phase The curve is characterizod by Lhe two-phase sinucture for
475°C < T, 2 625°C, The curve 1» characterized by presence of wron boride phase for T, = 625 °C,

& 2006 Elzevier B.Y. All iphts reserved
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1. Imtroduction

In the deviuifisd condition of FerssCupgNbg 48113Bgs,
small crystallites are exchange coupled through residuat
amorphous malex resulting in magnete softening  which
lleads (o a steep increase of permeahility with decreasing grain
size [1.2]. The crucial role of exchange interaction 1s clearly
zvident in the temperature dependence of permeability of these
wwo-phase alloys if the measuting temperature excesds the
Curie wemperature of the amerphous matrix (7 = T2 where
ihe tesidual amorphous malnx becomes paramagnetic. For
T = T2, superparamagnetic/superferromagnetic behavior has
seen reporied by several anthors [3-6] depending on the volume
Taction of crystallites conteolled by annealing lemperature,
listance between the crystalliles and (hickness of intergrannolar
-ayer of the paramagneiic amorphous malrix,

The aim of our present study is to observe magnetic
iofiness characterized by initial permeability of devilrified
“eys 5C0p W2 45192Bs 5 and to study temperature dependenca
of inittal permeability with different volume fraction by con-

" Corresponding author Fel - + 580 2 BA26603; fax: +830 2 36176
Ermril oedlodress: munpura_hoguedyahmo.com (5 Manjura Hogue),

=12 5405 B'S — ace front matter © 2006 Elsevier B V. ALl gt meserverl
101: 190, 10 165, muichemphys 2006.02,023

lrolled anmealing. In our present work, phase transition lempera-
tures and kinetics of crystallization of Feys sCug gMbe 451,785 5
has been studied by differential scanning calorimetry, Tem-
peralore dependence of permeability has been measured in
the smorphous and nanocrystalline slate with dilfersnt volume
fraction of amorphous and nanocrystalline phases. Differential
scanning calerimetry and temperature dependence of magne-
tization has been performed in order 1o study phase transition
tetmperaures and kinetics of erysiallization. Annealing tamper-
ature and annealing time dependence of initial permeatnlity has
been measured to chserve extent of magnetc sofiness.

2. Expertmental

Ribbana of composilion Feos sCug 6Mbz,45113Bas have been preparcd by
rapid salidiieation techoolopy with a dlimenston of 190 mun widih md 25 em
thickness The purily of the muterial i3 Fe (09.0865), Cu {99+%), Nl {90 8%},
B 9955 and 35 (9%.9%) as cbiained from Johoson Mathey {Alfa Aesar Inc ).
Amurphosity of the nibbon and napocryatalline structors has been stodied by
Brukes D505 X-ray diffraciomoter, Genmaty with Cu Ko diation, Crysid-
Lization behavior has been performed ysing 2980 SOT Differencal Sl
Calorinetry, U3A, Temperatore dependence of mugnetizaton has been per-
furmed using 880 DS Vibrating Sample Mugnetometer, USA, Measurenrent
of temperatore dependence of imidal petmewhility has besn carded oul by labo-
rutory budle famace and Wayne Kerr 3255 B Impedance Auwalyzet
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Magnetic softening and giant magneto-impedance effect
of Cog,Fe,Ni SisB,,
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Megnetic softening and its correlation with the gant mapnetotmpedance effect have been inveatigated for
Co,FeNi 5B, subjected to differem annealing temperatuess, In the as-cast condition the Curic tem-
peramure is 230 °C and the saturation magnetization is 72.3 emw'g, A very high value of nitial perteabal-
ity of around 5¢ % 107 and 2 jow valuc of rolative loss factor of the order of 10 have been abtained for
samplcs annealed at 420 °C for 1 h. The sensitivity of the ficld dependence of the gant magnew-
impedance ratio (GMIR) for this annealing temporature is higher than that for as-cast and olher annealed
samples, From X-ray diffraction and differential scanning calorimetsy results it has been found that for
samples annealed at 420 °C for | b the nbban is in a fully amorphous state. The extraordinary soft mag-
nctic properties at this annealing temperature are mainky e to the structural relaxation, which dotsnmines
the profils of the ficld dependence of the GMIER.

0 2008 WL TY-VCH Yerlay OmbH & Co B, Wenbem

1 Iniroducton

Magneto-impedance (MI} censisis of a change of loll impedance of a magnetic conductor under (he
application of a slatic magnenc field Hy. When an ac current flows through a material, it generates a
iransverse magnetic field. At low (requencies of 1-10 kHz, the change in the trapsverse magnetization
generales an additional inductive vollage across the conductor which can be expressed as ¥ =R+
where R is the resizstance and ¥ is the magneto-inductive voliage, M1 can be writlen as Z=& + Jogl,
where the imaginary par is given by the ratio of magnetic flux to ac current and the field-dependent MI
is related to the transverse permeability. Wilh an increase of frequency in the range 0.1—10 MHz, the
current is distribuled near the surface of the conductor, changing both the resistive and inductive compo-

nenls of the tolal volmge V. The field dependence of M1 is governed by the skin depth § = /2 plax,

where p iz the resistivity and 4 is the permeability of the material, The current distribution is poverned
by the shape of the conducter, the frequency and Lhe ransverse magnetization depending on /7,

A very large change of the impedance occurs with an external de magnetic tield H,,. The change ex-
pressed in lerms of Lhe giant magneto-impedance ratio {GMIR) iz as follows:

GMIR {%}=I—M-><lﬂl} .
ZiH,,.)
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S0ft mapnetie properues of Co-based amorphons alloy of the composition C96¢F54N1251]5B]1 have been investigated by wothermal
heat treatment up bo the conventional crystalization temperature, In the as—cast condition the Curie temperature of the sgample 15 272°C
and saturation magnetization is 74 ermufe. Magnetic propertiss underga variation dcpendmg on the heat treatment temperature. For the
heal treamment temperateres of around 420 and 4940 °C, superior soft magneuc propﬁrtms arc obtainad. For both the temperatures initial
permeabilily, &' reaches value up 1o len times the value of permeabilily In the” Ak. -received samples, Anncaling effect on gianl magneto-
impedance has been observed for the enrrent-dnving frequencics of 4. Srandﬁ MHz. Field dependence of magneto-impedance shows
hysteresis at low field, which 15 related to the changes in the magnettzatmn proccss of Lhe sample,
@ 2006 Elscvier B.Y. All righls roserved.
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1. Iotrodoction %’ impedance at a current-driving frequency of 4.5 and
k4 6 MHz.

In recent studies it haw been found that heat treatment
below Lhe crysiallization temperature 1n thc Co-based
amorphous alloy of different cnmpns;tmn,gava rise to the
formation of nanocrystalling phase w1rh gtain‘size of about
2nm, which has been revealed by T'EN.[ 11,2]. According to
Ref. [3], the formation of the nanmrysta]]me phase in the
Fe-based alloy containing Cu, anneaiﬂed ‘above the crystal-
lization teraperature, gives rise tn ‘the Feduction of effective
anisotropy because the mndurn 4m‘lcnt:d anisotropies are
averaged out by cxchange’ interaction, Similar effect is
believed to exist in the Cébased alloy in the carly stage of
crystallization [4-6 5.

In this work the aini’is to-analyze the possible formation
of nanocrystalling: phascs ‘and the relative sof lening of Lhe
magnatic properties m ‘the smorphous alloy by approprials
lhermal treatment. Since enhanced mupncto-impedance is a
characteristic property of Co-rich amomphous alloy we
have also investigated the annealing clMect on magneto-
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1. Experimental

The alloy with composition of CogiFe NizSi 5B, has
been prepared by using  Fe(99 98%),  Cu(99+ %),
MNI{F2.9%), S1{79.994) and B{9%.5%) of Johnson Mathey
and Co99.8%) of Chempur Feinchernlkalion, The alloy 1n
the form of ribbon with a width of 5ram and a thuckness of
25um was prepared by the rapid quenching method. The
samples were annealed ai 13 different temperatures up to
330°C for 30min for studying the anncaling effect on
permeability. The permeability has been measured om
toroidal shaped samples using HP 41924 impedance
analyzer with an upplied AC field of 1077 Oe. The GMI
effect is measured by using the GMI measuring setup with
the apphed magnetic ficld ranging from =300 to + 300 Cc
and operating frequencies of 4.5 and 6MHz, B-H loop
medsurements have been performed with Walker AMH 20
B-f leop traccr, Temperature and field dependence of
magnetization has been performed hy 380 DMS vibrating


http://www.sctencediract.oom

Awailable online at www sclencadinac.com
-n:'-’ - . .
°s” ScienceDirect

Mulenmls Leriera ¢ {2007} 1227 - 1210 —

materials letters

Ww elsevier comylocate‘matlet

Enhanced initial permeability and magneto-impe@ﬁgpe
ratio of C057F94M028i15B12 ,;‘*51 e

. 0% b AT I
S. Manjura Hoque **, F.A. Khan ®, M.A. Hakig(® % ®
Vg &
" Mugaeiic Murerials Divisior, Alormc Evergy Centre, P (30 Bor 164, Dhakr 1000, Fal H_:lr]-!.'f, Aonglalenkh
b Depariment of PRysles, Bangludesh Linfversity of Exginaetng and Technalegy Dﬁlli'.[:hrrmm Bangiuiveh
L

Received |8 March 2006; 2ccepted 1 July 2006
Avalable onbne 21 July 206

e,

"

P
_ R
Co-based amoerphouy alloy exhibils supener soft magnetic propemies aﬂgr_?app;gprinte annealing treatment below the crvsalhization
temperawre by devirification of the amomhous phase, The mihation of :rysta]li?a}t_iug temperature has been found as 5tE °C from differential
thermnal analysis for the beating tate of 10 °Cémin, Ultra-soft magnetic propertics ‘foamfosted by enhanced witial permeability, ¢ of the order of
5 1% 14" and rednction of relative lass factor, tan #u’ of the order of 9= 10‘;»;,_1;@55 best acheved for the annealing temperatore of 500 =C for
30 tin, This has besn achieved hecause at this stage lossl snisotropy is avelagéd ont by exchange coupling bervesn nanograing embedded in the
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mudual amorphows madx, Smee eobance] magneto-impedance is a tfrf!ip'&!"éharw;r.:mtic of Co-based umarphous altley, field dependence of

magncto-impedance hay been measured for as-cast and annealed sam_p{

£ at difcent driving frequency of 4.5 MHz. Field dependence of magneto-

impedance shows hysteresis at low ficld, which is related to the chﬂg{l@ég_.jn the megnetization process of the sample
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1. Intreductlon ol ie

Thermal frealments of amorphous iinaterials below their
crystalbzation temperature relaxes the™lamorphous strucure
giving rise to ulra-soft magnetic proﬁéi'jﬁqsﬂf‘{]ha nges in the pre-
existing anizetropy dircetion have bég;n_.gﬁsewed 1T $OTIE CASES
tlue te the rearrangement of the at?:ih@ péirs during heat treatment
even in Lhe ahsence of extorial, mignete field and applied
streszes [1]. I the recent srﬁﬂiés_, i Was found that heat treatment
betow the crystalhzatiun‘-tg.mﬁe‘?ature 1 the Co-based amor-
phous alloy gave rise to' the fofmation of nanocrystalline phase
with grain size of.about %‘h'ﬂi, revealed by TEM [1] leading to
very high value 8{.ifftial  permeability. According to Herzer
{2,3]. the formation of the nanocrystalhne phase in the Fe-based
alloy containing Cu, aanealed above the erystalfzation temper-
alure, gives rise lo a reduction of the effective anisolropy
because the random oriented anisotropies are averaged out by
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exchanpe interaction. A similar offect is beheved to exist io the
Co-based allay in the early smge of crystallization [4-7].

Tn this work the aim is 1o analyzc Lthe possible formation
of nanocrystalling phases and the relative sofiening of the
magmetic properics in the amorphous alloy by apprapriaic
thertnal treatment. Since enhanced magmem-impedance is a
characteristic property of Co-rich amorphous alloy we have also
investigated the annealing effect on magneto-impedance in
amorphous relaxed slate at current driving frequency of
4.5 Mtz

1. Experimental

The alloy with composition Co,7FeyMos 51483 in the form
of ribben with a width of 5 mm and a thickness of 25 um was
prepered by the rapid guenching method. Characterization of
samples i the as-casi and annealed condition has been
performed by differential therma) analysis and X-ray diffraction.
The samples were annealed at thireen different temperatures up
to 5330 °C for 30 min of holding time for swdying lhe annealing
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An amorphons alloy of compositon (NdPr) Fey, Co,Cu, Nb B . prepared by 1 mefl spinning technique in
an argen ammosphere bas been studied to ohserve exchange-spring behavior in the nano¢rystalline state

Hysteresis [oop measurements at room tomperatare revealed that the highest value of the cosrcivity, H, of
4.08 kDe has besa obtained for the sample annealed at 13 K for 10 min, At this anocaling temperatmre
(BH),,, and A0, have been found to ke 11 06 MGOe and 0,718, respectively. Steep recoil curves of the
samples annealed at 873 and 973 K show typical characteristics of the exchange-spring mechagism hav-
wng smualler loop area, The temperalure dependences of H, M/, and (847 in the moge of 5 to 380K
generally decrease with the increase of emperature. From the lemperature dependence of the hysteresis
loop parameters, it hus been found that at 5 K the values of &, and (BA)__ are 6.89 kDc and 13,72 MGQe
respectively for the sample annealed at 573 K for 10 min and 6.69 kOc and 13.74 MG respectively For
the sample annealed at 923 K for 10 min. A change in the shape of the hyslereqs loops was observed at
temperatures below 100 K, related ty Lhe Spin réoncotetion m the hard magnetic phase,

© 2007 WILEY-YC1l Yerlay Gkl & Co KG0A, Welnhein:

1 Introduction

Nanocomposile magnels consisting of a uniform mixture of exchange-coupled soft and hard magnetic
phases are charactenized by their unique combination of high saturation magnetization provided by Lhe
soft phase and high coercive fleld provided by the hard phaze [1-6]. Besides high reduced remanence
such systems posscss a high enerpy product {#5) . and a reversible demagoetization curve, which has
been called sxchangg-spring behavior. Hiph reduced memanence characteristic to these malerizls arses
from exchange coupling of magnetic moments agross the interface betwesn two phases, This causes the
magnetic moments of both he phases to remain i the same direction, 1t has been demonslrated earlier
by Kneller and Hawig [1] that the enhencement of Lhe remanence and coercivity by this mechanism s
mainly governed by the crystallite sizes of both phases, in panicular the saft phase, which can be con-
lrolied by dopants and/or additives apd also by condrelling heat Lreatment.

Srudies [2-4] of macroscopic reversible and imreversible magnetic behavior in nanocrystalling ex-
change-coupled two-phase pérmanent magnélic malerials demonsirate relatively swep recoil curves,
which possess recoil permeabilities five times greater than those in conventional sintered magnets {1).
By ustng the demagnetization remanence (DCTY) technique i hes been demonstrated that when a nega-
tive [icld (lower than the critical field for magnetization reversal of the hard phase) 1s applied to a previ-
ously saturaled sample, a near-reversible retation of the soft-phase magmelization is obtained when the
field is decreased back Lo zero, giving rise Lo the high recoi! permeability.
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Absirart Tb-sobstitued (Nd. Tb}:Fe 4B/Fe,B nanocom-
posite ribbons have heen synihesized by melt spinning
of NdaTh Feq,CugsMNb B g alloys. Tb substitntion has
significantly enhanced the value of coercivity and Curie
temperature. Highest valee of coercivity has been obtained
as 4,76 kOe for the sample annealed at 953 K for 10 min.
Curie lemperature of Th substituted sample, NdyTh Ferg
Cug sMb,Biss 18 540 K while Curie lemperature of Lhe
sample without Th, Nd, Fe,.Cu, sNb By 5 15 5335 K. Recoil
hysteresis loops measured along the major demaguetization
curve are steep having small recol loop arca, Temperature
dependence of coesrcivity, remanent ratio and maximum
encrpy product have been measured for Lhe sample
armealed at 893 K and 923 K for 10min, At 3 K,
coercivity and maximom energy product of Lhe sample
annealed at 893 K for 10 min are 5.2 kOe and 1153 MGQe
respectively and the sumple anncaled al 923 K for 10 min
are 6 kOe and 13.1 MGOe respectively.

Introduockion

Nd-deficient Md,Fe,.53{Fe.B based nanocomposite alloys
are characlerized by their exchange-spring  behavior
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resulting in remanent ratio > {13, which is highly desirable
for permanent magnel development. Magnete properties of
exchange spting magnmets are govemed by the sofl and hard
magnehic phases that develop under approprate annealing
conditien. High reduced remanence characteriste 1o these
materials anses from exchange coupling of magnetic
montents across the inlerface between two phases. Desides
high reduced remanence such systems possess high energy
praduct (BH).,.. and a reversible demagnetization curve,
which has been called as exchange-spring behavior This
causes lhe magnetic moments of both Lhe phases to remain
in the same direction. It has been demonstrated earlier by
Kneller and Hawig [1] that Lhe ephancement of remanence
and coercivity by this mechanistu is mainly govemed by
the crysiallite sizes of hoth the phases in particular the soft
phase, which can be controlled by dopants andfor additives
and also by controdling heat treatment. Compared to single
phase MNdiFeieB, nanocomposile Nd,Fe ,B/Fe;B based
alloys are sconomic and corrosion resistant, Varions
dopants and substiluents bave been uzed to enhance the
value of coercivity, A partial substitution of Nd by heavy
rare earth elements Like Th increases the anisolropy licld,
H, which enhances the coercive field, but decreases
strongly the remanence due 1o ils antiterromagnetic cou-
ping between rare early and the transwon melal [2]. Th
addition has previously been used to increase the coercivity
of PrFe 4B due to mgher anisalropy field of ThyFe 4B [3].

Studies [4-6] of roacroscopic reversible and smeversible
magnetic behavior in nano-crystalline exchange coupled
two-phase permanent magnetic materals demonstrate
rclatively sicep recoil curves, which possess recoil perme-
abilibes five tmes greater Lhan Lhose in convendinnal sm-
tered magnets [11. By using the demagnetization remanence
(DCIY lechnique it has been demonstraled that when a
negative [ield {lower than the critical feld for uagnetization
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1 Introduction NWeodymium deficlent Nd-Fe-B
brased alloys huve dmwn contidersble stuntion bedause of
thelr high ilsotropk remancnoe, coctvivity and energy
praduct in addition o low ¢ost and chemical stability {1-
6] compared to single phase Nd,Fe B, Significant effort
are il being provided ta enhance remanent ratio, coerriv-
ity and energy prochact by controlling microatructure using
thermal treatmemt end various substituents andlor depants,
Fidker and Sehrefl [7] presented an overview of varlous
methods. which are followed w enhance hysteresia loop
puameters, There ner substituent elements, which roplace
rare carth or tramition oxetal to change (he inttinsic proper-
tica, such o smration magnetzlion, Curie temperaure
and magnetocrystalline amsotropy. Elements like Pr, Dy,
Tb or Co, Ni, Cr fall into the category of subslibvenu tle-
ments. Dopants, which show less solubility within the hard
magoetic phasc, arc Egregaled in the grain bowndary and
inhibit grain grewth. Fidler and Schrefl (7] pofarmed sys.
tematic transmission electron mitroscopy mudies on sins
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tered. melt spun, mechanically afloyed wnd hot worked
magnets and found i two differgnt types of doptnts om
be distinguished independently of the processing routss
which influence the microa in n different way.
Type t dopants, which inchade Al] Cu, Zn, Ga, Ge and 5n
forming binary or lemery solid sofution end improves cor-
mslunrtslsunccmdtypel mch:dr:'!‘iZ:vMu

In our prepent work, we| bave poformed ther-
ough inveatigaton on the p[uapnetic properiics of
Nd,Fey yCo,Mf, (Gog B,y 4 vaing the subatituent element Co
¢ euhance inurinsic properties sjch ps mtumbion magneti-
ation apd Curle tempersture apd two dopants, Ga from
ype 1 ard HY from bpe 2 i lmprove microwtrucmore,
which leads to the improvement bf hysteresis Joop parume-
ters and corrmaion resistance| forming a compasiton
NdFey, (Lo HL oy 4By . Annfaling tempeniture snd an-
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