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Abstract

Nanocrystalline Fé4-B (M = Zr or Nb) alloys (Nanoperm) exhibit excellenftsmagnetic
properties whem content is 6 to 7 at%. Lowering thMe content below 4 at% usually results
in a coarsening of the nanocrystallites and so aetswer limit on theM content for
Nanoperm. In this report we have demonstrated a@haighly refined, magnetically soft
nanostructure can be achieved for Fe-Nb-B-(Cu)yallwith a Nb content well below 4 at%
by employing a rapid annealing process which @tlia heating rate of 150 K.sThe low
Nb-content of these nanocrystalline alloys bringsou a high saturation magnetic
polarization of 1.85 to 1.9 T, well above the upjpeit of Nanoperm (1.7 T). These newly
developed, bcc-Fe based nanocrystalline soft megakktys which have aWM content lower
than 4 at% are named HiB-Nanoperm. HiB-Nanopermibishexcellent soft magnetic
properties with a coercivity as low as 2.5 A'mnd a high initial permeability of ~ 1@t 1
kHz. A possible explanation for the rapid annealimguced grain refinement observed for
this FeM-B system is that the higher annealing temperatused by this process bring about
a lowering of the precursor amorphous phase vigcaghich then triggers homogeneous

nucleation, thereby considerably increasing thebemadensity of bcc-Fe nucleation sites.
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1. Introduction
Electrical devices requiring magnetic flux manigida are increasingly finding new
applications in the automotive, aviation and gresmmergy sectors. With these new
applications comes a greater demand for highlygnefficient and energy dense electrical
devices. These demands may be met in part thrdwgheplacement of conventional Fe-Si
core materials with Fe-rich nanocrystalline softgmetic materials, which can offer greatly
reduced core losses over a wide range of applezpiéncies [1-3].

Nanocrystalline soft magnetic materials, which@mposed of nanoscale crystallites
embedded in a residual amorphous phase, are comm@gared from melt-spun amorphous
precursors which have undergone primary crystéitisa The currently known
nanocrystalline alloys can be classified basedhenldttice system of their nanocrystallites
[4] and are thus divided into the following famdig1) DQ-Fe(Si) based alloys developed by
Yoshizawaet al in 1988 [1], (2) bcc-Fe based alloys developedhyukiet al.in 1990 [5]
and (3) B2-FeCosp based alloys developed by Willaet al. in 1998 [6]. These alloy
systems are known as Finemet, Nanoperm and Hitpesspectively. In addition to these
well-established alloys, new bcc-Fe(Si) based naystalline alloys in the Fe-Si-B-Cu and
Fe-Si-P-B-Cu systems have recently been reportéidl @vihanced saturation magnetization
values up to 1.85 T [7-9].

The excellent magnetic softness of these nan@liy&t alloys is brought about by
the exchange softening effect, where the effectheflocal magnetocrystalline anisotropy
(K1) is suppressed by exchange interactions [10,1d].tlis exchange softening effect to
take place the grain size must be smaller thamaharal exchange lengthd’ ~ 35 nm for
Fe [12]) and thus, a homogeneous nanostructureangitmall grain size of 10 to 20 nm is an
essential requirement for good magnetic softnesens€guently, the compositional
dependence of the magnetic softness in the nanalinys alloys often reflects the changes
in the grain size. It has been reported that a pgtmeability of more than 10,000 can be
achieved for nanocrystalline Fe-Nb-B alloys (Narrape but that this high permeability is
limited to a series of Nb compositions which comtai Nb content between 6 and 7 at%
[2,13]. Lowering the Nb content below 4 at% is sdenresult in a coarsening of the
nanocrystallites and thus placed a lower practicait on the Nb content for Nanoperm.
However, it has recently been demonstrated thatnetamlly soft nanostructures are
achievable for alloy systems which are completege fof early transition-metal additives

when a rapid annealing process is employed andatsatall grain size of 17 nm and a low
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coercivity of 4.6 A it are realized for a eB1aNi- alloy [14]. This therefore suggests that
by applying a rapid annealing process to a Fe-Nd&tem a highly refined nanostructure
may also be achievable for alloys which contain la déntent lower than 4 at%. This is

significant as any reduction in the Nb content ehNperm is likely to enhance its saturation
magnetic polarization. The aim of this study isréfiere to investigate the effects of rapid
annealing on the microstructural and magnetic ptegseof the Fe-Nb-B based alloys with

Nb content below 4 at% and thereby clarifying i tlapid annealing process is suitable for
producing Nb-poor magnetically soft nanostructures.

2. Experimental procedures
Precursor amorphous ribbons of fog.NbBy (X = 0 — 4, y = 12 — 15) and &g Nb,B,Cuy
(x=0-4,y=12 — 15) were produced by a singleer melt spinner in an Ar atmosphere
with thicknesses of ~14 to 16 um and a width of rh.nithe planar flow casting technique
was also used for production of wide ribbons wittvidth of 12 mm for magnetostriction
measurements. A Cu roller with a diameter of 250 ratating at aircumferential speed of 30
to 50 m/s was used hese as-cast ribbons were characterised by Xifftgction (XRD) with
a Cu K, source, transmission electron microscopy (TEMJfedential thermal analysis
(DTA) and thermo-magneto-gravimetric analysis (TMGA&cherrer's formula was used for
all grain size estimation except where otherwis¢est Rapid annealing was conducted in an
N, atmosphere with samples placed inside Cu foil i thickness) packets which were
then clamped between two pre-heated Cu blocks for8 s. The Cu blocks were heated by
Ni-Cr resistance wire with the temperature mairgdity a temperature controller and an
embedded thermocouple. The heating rate is defasethe average heating rate achieved
between 673 and 703 K. This temperature range ei@sted as it is in the region where
crystallisation is expected to occur for most alloympositions. This heating rate was
estimated by placing a 1 mm diameter K-type thewupte between the Cu blocks and
monitoring by means of an oscilloscope. A maximweatng rate of 150 K’swas estimated
for this experimental setup and reduced heatingsratere achieved by placing different
thicknesses of alumina fiber matting between thmpda packet and the Cu blocks. The
temperature-time profiles of each heating rateaaglable as supplementary data. Note that
as the temperature profile during heating followogistic curve and that the maximum
heating rate is considerably higher (> 500 at lower temperatures. Furthermore, due to

the small specific surface area of the thermocobpbed with respect to the ~ 15 um ribbons

Page | 3



the true heating rate experienced by these ribbtmsbe considerably larger. Samples were
found to be cooled to near room temperature withicouple of seconds of their removal
from the furnace due to their low thermal mass.ufdéibn magnetostrictionid) was
estimated using the strain gauge method as isidedcin more detail elsewhef#5] and
density after nano-crystallisation was estimatedabile gas pycnometer. The saturation
magnetic polarizationJ&=poMs) was estimated at 0.8 MA using a Riken BHV-35H
vibrating sample magnetometer (VSM) whidgestimations were made using a Riken BHS-
40 DC hysteresis loop tracer and the relative pahitiey was estimated using a Hewlett
Packard 4192A LF impedance analyser.

3. Results

Figure 1 shows examples of the X-ray diffractiorR(Y) patterns acquired from rapidly-
solidified Feago-xyNbxBy ribbons in the as-cast state. All the patternsevadatained from the
free side of the ribbons where the quenching ratexpected to be the lowest. Crystalline
reflection peaks are absent from the patternshi®mRe-B binary alloys containing 13 and 14
at% B while a clear reflection from the (110) planfea-Fe is evident on the pattern for
FesgB12, indicating that the minimum B content for thenf@tion of an amorphous phase is
13 at%. Although the (110) reflection is clearlyeseon the pattern for E@&biBi,, the
pattern for FgsNb,B1, confirms that the ribbon is mostly amorphous vaiity a trace of the
(110) reflection. All the FgoxNbyBy ribbons prepared in this study with>y13 or y = 12
and x > 2 were confirmed to be fully amorphizedhe as-cast state.

Fig. 2 displays thermo-magneto-gravimetric analy$i8IGA) curves acquired from
these same k&.x,NbBy alloys in the as-cast state. The TMGA signal atheaurve shows a
gradual decrease with temperature, reflecting thgative temperature dependence of the
spontaneous magnetization. The TMGA signal dimessht the Curie temperaturé:) on
each curve. As is well established, the additio8 ohcreases the Curie temperature of the
amorphous phase while the addition of Nb has aosigeffec{16,17].

Similar XRD and TMGA analyses were carried outdbie go.«yNbBy (x =0to 4,y
= 12 to 15) and Fex NbByCw (x = 0 to 4, y = 12 to 15) alloys and the results
summarized in Fig. 3. The original report into Fe-Brbased Nanoperm [13] also
investigated the glass formability of this alloysggm and it was found that an as-cast single
phase amorphous microstructure was only achievableompositions with an Fe-content of

less than 86 at%. In the present study the glassataility boundary for the Fe-Nb-B alloys
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is seen to extend to slightly higher Fe concemnatithan that described in this previous
report, indicating that a greater cooling rate @&elsieved during casting in the present study.
This suggests that with future improvements indasgting process it may become possible to
produce amorphous precursors with even greateokeeatrations. From the contour lines in
Fig. 3(a) it can be seen that for every 1 at% imseein B and Nbjc is shifted by
approximately +25 K and -20 K respectively. Frorg.R(b) it is clear that no changes occur
to the as-cast microstructure of Fe-Nb-B with tddiaon of 1 at% Cu whildc¢ is seen to be
increased by ~ 15 to 30 K by the addition of Cuhvd-poor, Nb-rich compositions showing
the largest increases.

Fig. 4(a) displays DTA curves acquired from as-éass..Nb1B13Cuy (x = 0, 1) while
Fig.4(b) presents XRD patterns for the same alloythe as-cast state and after heating to
703 and 863 K at a rate of 0.67 K §wo exothermic peaks are evident on each DTA&urv
As is well known for the Fe-Nb-B alloy systei8], the first exothermic peak of the DTA
curve is identified as the primary crystallisatinthe precursor amorphous phase to bcc-Fe.
This is followed by a second exothermic peak whishidentified as the secondary
crystallization of the residual amorphous phasé&deB compounds, with ;B and t-FeB
identified by XRD after annealing at 863 K.

Fig. 5(a) displays the effect of annealing tempert(T;) on coercivity Hc) for
FessNb;B1sCu which has been annealatithree different heating rates).(With o = 1 K s,

H: shows a dramatic increase &g is raised from 668 K to 678 K. These annealing
temperatures correspond to the onset of primarstaltization and thus, the increaseHn
appears to be due to the formation of bcc-Fe. Algimosimilar magnetic hardening upon
primary crystallization is also seen foE 6 K s, the coercivity values are clearly lower than
those fora = 1 K s*. Furthermore, when = 150 K §' this magnetic hardening effect due to
primary crystallization is no longer observed ane lbwest coercivity (2.5 A that T, = 773

K) is obtained after primary crystallization. It @dear that higher heating rates lead to
considerably smaller values bk for FesNbiB13Cu,, with He being reduced by nearly two
orders of magnitude (~100 Ahto 2.5 A m) as the heating rate is increased from 1 to 150
K s’ The temperature at which the minimum value Hf is obtained after primary
crystallisation is indicated by an arrow and, h#ezawill be referred to as the optimum
annealing temperaturé&d,) for a given composition and heating rate. TheiealfT,, is seen

to be shifted systematically to higher temperataethe heating rate is increased.
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Fig. 5(b) presents the effect@onH. and the mean grain sizB)(for FesNb;B13Cuy
annealed al,,. The results for the Cu-free dgiib;B,3 alloy annealed witlr = 150 K §' are
also included in this figure. It is seen that thaig size of FgNb;B13Cu is reduced from
more than 40 nm to approximately 16 nm by an irseeaf heating rate from 1 to 150 K.s
A small grain size of approximately 18 nm is alssained for the Cu-free EgNb;Bizalloy
whena = 150 K &' is employed during annealing. These grain sizesskghtly larger than
that reported for conventionally annealed Nanopé&tth nm for both FgNb;Bg [13] and
FessNb7Bg [18]). Still, the grain sizes are well below thetural exchange length for Fe-based
alloys (° ~ 35 nm) and thus, the dramatic reductiomgby rapid annealing is understood
by taking into account the exchange softening eff&#@,11]. The microstructures of these
rapidly annealed FggNb;B13 and FesNb;B13Cu; alloys were observed by TEM. In Fig. 6, we
show the bright field transmission electron miceqdrs and corresponding selected area
diffraction patterns for rapidly annealedy (=150 K §" (a) FeeNbiBiz and (b)
FessB1aNb;Cuy, with Ty of 783 K and 773 K respectively. Homogeneous bec-F
nanostructures are confirmed in these micrograpitsthe diffraction patterns are free of
diffractions from Fe-B compounds, indicating thiae tmetastable equilibrium between the
primary bcc-Fe phase and the residual amorphouseph&s maintained after the rapid
annealing process.

The effects of the total annealing time on the ciody (Hc), mean grain size)) and
saturation magnetic polarizatiods)( were investigated for rapidly annealeddBgsNbiCu.
Fig. 7 displays the changes ki, D and Js as a function of the total annealing time for
FessB13Nb;Cup annealed isothermally at 773 K with a heating @&td 50 K §'. Note that
total annealing time includes both the time requit@ reach the annealing temperature and
the time spent at the annealing temperature. Bwhgtain size and the coercivity show a
tendency to increase with annealing time. Althodgafter annealing for 3 s is clearly higher
than that of the as-cast state, no further chamgeautside of the experimental error (0.01 T)
is seen. It is well established that for nanoctiis&soft magnetic material® is dependent
upon the volume weighted average of the local adtmr magnetic polarization of the
crystalline (s") and residual amorphousJs{") phases such thaf; = V¢ -J¢" +
A=V Jm where Vi is the crystalline volume fraction. Since both gmontaneous
magnetization and the Cure temperature of the wakidmorphous phase in Nanoperm are
lower than those of the bcc-Fe nanocrystalliles|osely reflects the volume fraction of bcce-

Fe in FgsB1sNb;Cuw. Therefore, as no significant changeldins observed with annealing
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time beyond 3 s, it is considered unlikely that Wagiations in coercivity seen in Fig. 7 are
governed by variations ;. Furthermore, electron micrographs shown previouslFig.
7(b) also confirmed the presence of a homogeneaunsanystalline microstructure after a
short 3 s annealing time and no traces of Fe-B camgs were observed by XRD for all
annealing times investigated. Although it is deemsuikely that Vi changes with an
annealing time beyond 3 s, it is important to nibigt the volume fraction of the residual
amorphous phase in the nanostructures may be higfflgntial to the exchange length, and
thus also to the coercivity, in two-phase nanoatiise soft magnetic materials [19,20].
These findings suggest that the increaskldnvith annealing time is a direct result of grain
coarsening, possibly through a Ostwald ripening maatsm which is known to occur after
the crystallisation of metallic glasspd]. It is therefore found that a short annealing tise
preferable as this prevents grain coarsening andtamas the excellent magnetic softness
which is achieved by the rapid annealing process.

Fig. 8 displays the compositional dependence @intlean grain sizéd for Fe-Nb-B
and Fe-Nb-B-Cu alloys annealed at the optimum dmuetemperatureT,p) with a heating
rate of 150 K 3. Contour lines foiT,p, are also shown in these figures. It is clear fiféig
8(a) that Nb and B both have an impactlgnfor rapidly annealed nanocrystalline Fe-Nb-B.
It is seen that an increase in B above 13 at%tesuh clear reduction Gk, for a given Nb
content. This reflects the effect of B on the onsfethe secondary crystallization reaction
(Tx2). It has been shown tha&g, in Fe-B binary amorphous alloys is lowered by @merease
of B content from 13 to 15 at% [22] and this wasfomed in the present study. Hence, the
maximum annealing temperature which can be usedowitforming Fe-B compounds is
lower for those Fe-B alloys which have a B contgrater than 13 at%. Contrarily, Nb is
known to enhance the thermal stability of the nesidamorphous phase [17] and thisg
tends to be higher in Nb richer compositions. Tomgositional dependence of grain size is
relatively small in the Fe-Nb-B ternary system,hwralues of 18 to 20 nm seen across all Fe-
Nb-B compositions. The grain size of conventionalhynealed FgxNbB14 (x =0, 2, 4, 5, 6
and 8) alloys has been reported [17] and it wasvehthat the grain size of these alloys
remains as large as 50 to 70 nmxter O to 4 and a small grain size below 20 nm istéh
for x> 5. Thus, our results indicates that the grain sizbe Fe-Nb-B alloys with Nb content
lower than 4 at% is refined significantly by rajpidnealing.

From Fig. 8(b) it can be seen that the additiod at % Cu leads to a decreasdip
at higher B concentrations for the Fe-Nb-B-Cu aleyhen compared t®,, of the Cu-free
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Fe-Nb-B alloys. Additions of Cu to Fe-based amorghalloys are known to reduce the onset
of primary crystallization and thus, the nanostuugk formation process in the Fe-Nb-B-Cu
alloys takes place at lower temperatures. Furthegnig, in Fe-Nb-B-Cu is now seen to be
relatively insensitive to the B concentration. WeliFe-Nb-B, there is a large variationDn
with composition, with the most Nb-rich, B-poor cpasition displaying grain sizes of less
than 12 nm as compared to ~17 nm for B-rich Fe-BfiuthermoreD observed for Fe-Nb-
B-Cu is considerably smaller overall than that efNfb-B. This grain refinement after the
addition of Cu is likely a result of the well-eslished heterogeneous nucleation mechanism
whereby Cu segregates from the amorphous phase aatly stages of annealing to form
clusters which then act as nucleation sites foroogystallites[23]. Furthermore, this Cu
clustering process is known to be enhanced bydd#ian of Nb, which is seen to promote a
larger number density of such clust¢2g]. Therefore, the reduction in grain size observed
for more Nb-rich Fe-Nb-B-Cu alloys may be a direesult of this increase in nucleation
sites. This is further supported by the observati@t no clear grain size dependence of Nb
content is observed for the Cu-free Fe-Nb-B allafysr rapid annealing.

Fig. 9 displays the compositional dependencedbr the Fe-Nb-B and Fe-Nb-B-Cu
alloys after rapid annealing. The annealing coadgiare identical to those used in Fig. 8. As
with D, the variation irH. with alloy compositions for Fe-Nb-B is relativetynall, withH.
being in a range of 6 to 7 A mwhile the Cu-containing Fe-Nb-B-Cu alloy systemsh
smallerH, values overall. SmaMi. values less than 2 A hare obtained for the Fe-Nb-B-Cu
alloys with Nb content above 2 at %. Notably, tkddiaon of Nb is seen to have little effect
on magnetic softness for the Cu-free system, bueig effective at reducingl; for the Cu-
containing system, which is in line with the vapatof grain sizes shown previously. In both
the Cu-containing and Cu-free alloy systems thepmmitions close to the glass formability
limit show a largerH; than that in the compositions with higher glassr@ability. This
suggests that the quenched-in crystallites in tieeyssor amorphous phase may hinder the
magnetic softness after nano-crystallization.

Fig. 10 displays the compositional dependenca fdr the Fe-Nb-B and Fe-Nb-B-Cu
alloys after rapid annealing which were also aregalnder the same conditions as those
shown in Fig. 8. The addition of Nb to both the-€untaining and Cu-free compositions is
seen to greatly reduce the valuelotiue to its relatively large atomic mass, with .68 T
reduction inJs per 1 at% Nb. It is for this reason tldawalues in the range of 1.7 to 1.9 T can be
achieved forlow Nb-content (i.e., Nb of 4 at% and less) FeBHcu) alloys and that this
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alloy system has been named ‘HiB-Nanoperm'. SinyiJahe addition of B, which has an
atomic mass less than f/éhat of Nb, results in a much smaller reductiodgat ~ 0.02 T
per 1 at % of B. The effect that Cu hasJns seen to vary with composition and, as has
shown for Fe-B-Cu elsewhere [25], a reduction €065 T is observed per 1 at% Cu for Nb-
free Fe-B alloys or Fe-Nb-B alloys with 3 at % NHowever, for intermediate Nb
concentrationsife. 1 to 2 at % Nb), the reduction i with the addition of Cu is less
pronounced.

Fig. 11 displays the frequency dependence ofivelatermeability i) at 0.4 A nmt"
for a series of rapidly-annealed Fe-Nb-B-Cu alleyth a Js of 1.72 to 1.85 T and for a
commercial Fe-based amorphous alloy (Metglas 268b)Svith a Js of 1.56 T. All the
rapidly-annealed nanocrystalline Fe-Nb-B-Cu alleyeown in Fig. 11 have @, that is
comparable to, or higher than, that of the Fe-basedrphous alloy despite having<hat is
greater by 0.16 to 0.29 T. For &&b,B13Cw and FesNbsB1.Cuy the p, remains around
10,000 at frequencies up to 10 kHz and only beitmgslecrease rapidly for frequencies
greater than 100 kHz.

The compositional dependence of the relative pabiigy (4;) at 1 kHz has been
reported for nanocrystalline Fe-Nb-B alloys anneaenventionally (i.e., with a hearing rate
of less than a few K™ [13]. A high i, above 5,000 was limited to Nb contents between 5
and 7 at% in these conventionally annealed allays$ their saturation magnetization is
typically 1.5 to 1.6 T. Howevey;, values higher than 5,000 are obtained faiFeB1sCu;,
FesaNbB1:Cup and FesNbsB1.Cuwy alloys with Js of 1.72 to 1.85 T when the precursor
amorphous alloys are annealed rapidly with a hgatate of 150 K 3. This is readily
understood by taking into account the confirmedngrafinement effect induced by rapid
annealing in the Fe-Nb-B-(Cu) alloys with a Nb @nitbelow 4 at%. The high permeability
above 10,000 obtained for the rapidly annealegiNfeB1:Cu; and FesNbsB1,Cu, alloys
clearly demonstrates that rapid annealing is aeceffe approach for reducing Nb content in
Nanoperm and thereby enhancing their saturatiomsetagation.

Table 1 presents the properties of rapidly annelaéedtlib-B-Cu alloys along with that
of conventionally annealed nanocrystalline alldiys;based amorphous and conventionally
crystalline Fe-Si steels. The magnetic propertfesapidly-annealed nanocrystalline g#8:3
have also been included because of its Bigfi.92 T), which is the highest in the kg«
yNbBy (x = 0 — 4, y = 12 — 15) and && NbByCu; (x = 0 — 4, y = 12 — 15) alloys
investigated in the present study, and becausedmgosition also exhibits a low coercivity
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of less than 8 A . The nanocrystalline ggB1salloy has a considerably largérthan those

of other Fe-rich nanocrystalline alloys while maining a comparable magnetic softness.
However, FesNb;B13Cu is seen to still retain a relatively large of 1.85 T while also
demonstrating a magnetic softness equivalent tbaSed amorphous alloys. The saturation
magnetostrictiong) of select rapidly annealed alloys and for Fe-dammorphous has been
estimated in this study and is present in Tabléfgawith values from the literature for the
other alloy systems. Much likds, the s of nanocrystalline magnetically soft magnetic
materials is well established to be dependent upenvolume weight average of the local
magnetostriction constants of the nanocrystallig€) @and residual amorphousX") phases

such thatl, = Vi7" - A5 + (1 — VF7) - A¢™. Based on this model, the variationsiefn Fe-
rich nanocrystalline materials can be explainedoAgh estimate dff” in nanocrystalline

Fes;B13 may be possible through a simple mass balancee Shre FgB phase forms upon
decomposition of the residual amorphous phase eaidal composition of FeB,s may be
assumed for the residual amorphous phase and #ssm@tion suggests H" of
approximately 50 %. Adopting thg value of polycrystalline bcc-Fe (— 5 ppm [26]) far'
and that of amorphous 8,5 (34 ppm [27]) forid™ a bulk/s value of 14.5 ppm is predicted
for nanocrystalline FgBi3. This is consistent with our experimental resuitld ppm.
Furthermore, the addition of Nb is known to considity reducei™ [15] and so may also
explain the slightly lower value of 12 ppm estintafer nanocrystalline FgNb;B13Cu. The
volume fraction of the bcc-Fe phase in nanocrys&lFe, sSi:B14Cu 5 has previously been
estimated at 36 % by Mossbauer spectroscopy wikfilés expected to be approximately 2
ppm due to the local Si content of the crystallph@se being in the range of 3 at[28].
From these estimation, of Fe;, /Si:B14Cu; 3 can also be predicted and is calculated to be 22
ppm, which is again in good agreement with the mneskvalue of 21 ppm.

Importantly, rapidly annealed Fe-Nb-B-Cu alloys @so achieve & comparable to
that of 6.5 mass % Fe-Si steel while still maintegna coercivity that is one tenth the size.
This, in combination with an intrinsically low mait thickness due to the casting process, a
low material cost, good oxidation resistance anddenate glass-formability may make
rapidly annealed Fe-Nb-B-(Cu) alloys attractive favmmercial development. However,
further investigation is still required in order éstablish the frequency and field dependence
of core losses, the effects of field and stressalimg and the long term thermal stability of

rapidly annealed alloys. This, in addition to a endetailed investigation into the underlying
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mechanism of rapid annealing induced grain refiremaill therefore be the focus of future

investigations.

4. Discussion
4.1 Possible mechanism of grain refinement inducedapydrannealing

The dependence of grain sizB)(on Nb content has previously been reported fag.Fe
xNbB14 Where it was demonstrated that conventional amgeéle., witha less than few K
s%) can only produce a highly refined nanostructie<(20 nm) when % 5 at %[17]. This
effect was attributed to the different mechanismeuzleation which are known to occur in
amorphous metals when they are (i) well below 0Or diose to, and above, their glass
transition temperatureT§) [29]. For temperatures well beloW, the atomic transport in
amorphous metals is well described by an Arrhetyps- equation[30]. However, at
temperatures approachifigviscous flow becomes significant and so atomicgpant is then
best described by the Vogel-Fulcher-Tamman equd8th Consequently, the nucleation
kinetics of amorphous metals is strongly tempegatigpendent in the vicinity dfy. When
nucleation occurs well beloy it is suggested to be exclusively heterogeneond, may
occur predominantly at pre-existing nud2i]. However, Késter and Meinhard observed that
when nucleation takes place near to, and afigviéhen the nucleation mechanism transitions
to being predominantly homogeneous and that thiesgrise to a greatly increased number
density of nucleation sites which leads to a ma#ned nanostructurgd0]. This same
homogeneous nucleation process was suggested uo focd-e-Nb-B based Nanoperan],
where it was demonstrated that the addition of NBe&s.xNbyB14acts to enhance the thermal
stability of the as-cast amorphous phase, therbiftyng the crystallisation onset temperature
(Tx1) to higher temperatures so that wher % at %,Ty; > Tg. Hence, the transition from a
coarse nanostructure to a highly refined nanostraatith increasing Nb content was seen to
coincide with crystallisation taking place eitherelivbelow or in the vicinity of Ty
respectively.

From the present study it is clear that by conmgrhigh heating rates, high annealing
temperatures and short annealing times a consigeraduction in grain size can be realised
for Fe-Nb-B-(Cu) alloys. Specifically, the anneglitemperature which produces a minimum
coercivity H.) after crystallisation was shown to be signifitamigher than that utilised by
more conventional annealing process (agaifess than few K§. It is therefore suggested
that the elevated annealing temperatures used éyrapid annealing process may be
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approaching th&y of each respective Fe-Nb-B-(Cu) alloy and thas timiay bring about a
high homogeneous nucleation rate. Unfortunat&jycannot be estimated directly for these
alloy compositions due tdy; being well belowTy for heating rates that can be achieved by a
thermal or viscoelastic analyser. However, givea glass transition temperatures reported
for amorphous Fg.NbB14 with x = 6 and 8 Tg = 770 to 785 K) [29], the optimum
annealing temperatures employed for the rapid dimgearocess in the present study (753 to
883 K) are well within the vicinity oT. The heating rate dependence of grain size obderve
in this study is therefore suggested to be a resuhigh homogeneous nucleation rates
brought about by a reduction in the viscosity e #tmorphous phase at the relatively high
annealing temperatures made possible by the raypielading process.

In this study the addition of Cu to Fe-Nb-B wascashown to reduce grain sizes even
when the rapid annealing process was employed. mhig suggested that a combination of
both homogeneous and heterogonous nucleation meyr,owith Cu-clusters acting as
heterogonous nucleation sites. A recent atom-pstingy by Pradeep et al. [32] reported that
during the initial stages of crystallisation themher density of Cu clusters is increased by ~
50 to 80% when rapid annealing was employed fog 4585 sCuNbsB; . This suggests that
the heterogeneous nucleation rate in the Fe-Nb-Bdloys could also be enhanced by rapid
annealing, resulting in an extra contribution tce tgrain refinement via the possible
homogeneous nucleation process induced by rapie@ating. However, a more detailed
investigation is required to clearly determine trgin of the grain refinement induced by
rapid annealing in both Cu-free and Cu-containiregNb-B based nanocrystalline soft

magnetic materials.

4.2 Origin of magnetic softness and high saturation negation in rapidly annealed
Fe-Nb-B-(Cu)

Fig. 12 shows the relationship betwd#¢nandD for the nanocrystalline k&.«yNbBy (x =0
to 4, y = 12 to 15) and k&« ,NbB,Cw; (x = 0 to 4, y = 12 to 15) alloys. The largestigra
sizes in this plot were obtained from the samplegiwwere annealed at a reduced heating
rate. Results from over-annealed samples contair@B compounds are excluded from the
plot. The coercivity follows approximately B* dependence fob < 30 nm while this
relationship is closer to the well-knovdf dependence for tHe range above 30 nm. It has
been shown that thB® dependence could be observed when the exchangh Ién,) is

governed by induced anisotropies which are cohepgat a length scale longer thagy
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[11,33]. Both theD® and D°® scaling behaviours have been predicted in Herzersiom
anisotropy model [10,12] and the soft magnetic progs observed for the nanocrystalline
Fe-Nb-B-(Cu) alloys can be explained by the exckaujtening effect.

In Fig. 13(a) we show the relationship between gaeiration magnetic polarization
(J9 and the total mass percentage of nonmagnetictiaeklifor the rapidly annealed
nanocrystalline Fe-Nb-B-(Cu) alloys examined insteiudy and also for well-known Fe-
based nanocrystalline soft magnetic alloys from liberature. Alloys exhibiting poor
magnetic softness with a coercivity greater thanA1®™” are excluded from this plot. It is
clear thatJs is highly correlated with the mass fraction of th@magnetic additives. The
highest Js (1.92 T) is obtained for k@13 (2.81 mass% B) simply because of its
exceptionally low mass fraction of nonmagnetic #dds. The addition of nonmagnetic
elements with an atomic mass much larger thanathBtresult inJs values lower than 1.92 T
and thus, the upper limit df for Si and/or P containing alloys is 1.85 T.

Fig. 13(b) shows the relationship betweénand H. for the rapidly annealed
nanocrystalline Fe-Nb-B-(Cu) alloys from this stualgng with literature values [3,5,34—-39]
for well-known Fe-based nanocrystalline soft magnalloys. The lowest coercivity values,
at less than 1 A th belong to the DFe(Si) based nanocrystalline soft magnetic allags
Finemet family), reflecting the low intrinsic magaerystalline anisotropyK) and the low
value of induced magnetic anisotropg$y) in the DQ-Fe(Si) phase. Naturally, the saturation
magnetic polarization of these PPBe(Si) based alloys is limited because of the mass
amount of Si added for the formation of the;Qihase. The lowest coercivity for rapidly-
annealed Nanoperm is 1.5 A’nand was obtained for EbsB1,Cu; with aJs of 1.64 T.
This H; value is considerably lower than the lowektvalue reported for the bcc-Fe(Si)
based nanocrystalline alloys, such as Fe-Si-B-CuFR@Si-B-P-Cu, suggesting that a minor
addition of Si to bcc-Fe based alloys may not beebeial to the magnetic softness despite
the fact that a large amount of Si added for then&tion of DQ-Fe(Si) is effective in
reducingH.. This undesirable effect of adding a small amair§i in bcc-Fe based alloys is
seen for the nanocrystalline Fe-Si-B-P-Cu alloysakMo et al. [8] reported that the
coercivity of their nanocrystalline E£5Si,BsP;Cuw 7 with an average grain size of 17 nm was
10 A m* while Urata et al. [37] later reported that naystalline Fe; BsPsClp 7 With D =
17 nm exhibitedH. = 2.9, suggesting that the bcc-Fe(Si) nanostradtiecomes magnetically

softer when Si is removed.
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A possible reason for the undesirable effect of iBithe bcc-Fe(Si) based
nanocrystalline alloys is its effect on the induceaignetic anisotropyk(). We have recently
carried out a systematic investigationknin nanocrystalline Fe-Si-B-Cu alloys and showed
that the locaK, of the bcc-Fe(Si) phase was found to increase f6MJ nt to ~170 J it
with an increase in the local Si content from 06t@t% [28]. HoweverK, is known to
decrease when the Si content is raised beyond Gat¥h that it is approaching zero at the
Fe;Si stoichiometry [40,41]. Thus, a large inducedsatiopy is expected only when a small
amount of Si is added. It is worth mentioning hénat the local Si content in the
nanocrystallites tends to be higher than the nomammnposition because Si is often
partitioned preferentially to the bcc-Fe grains mgoimary crystallization [28,40]. Thuk,
in bce-Fe(Si) based nanocrystalline alloys witle@tents of 2 to 4 at% may be considerably
larger than those in the Si-free or£fe(Si) based nanocrystalline alloys.

The effect oK, in nanocrystalline soft magnetic materials hassadied elsewhere
both theoretically and experimentally. It has bskown that the coercivity of nanocrystalline
FessNbsB1o, which has &, of about 100 J m is reduced from 10 A thto 3 A m' by
eliminatingK,, through annealing under a rotating magnetic fi8R]. This difference irH.
before and after the elimination Iéf; is highlighted in Fig. 13(b). This reductionldf is well
understood by taking into account the effecKgfon the exchange correlation lengthy.

At sufficiently small grain sizes the exchange agang process reduce& > to a size where
Lex is instead governed b, and this results in the changeover from the wedlvim D
dependence to &® dependence [10,11,33]. This changeover occurs wKgnis
approximately twice the magnitude oKz [42]. Therefore, the exchange softening effect in
bcc-Fe alloys at small grain sizes could be hindidrng minor addition of Si because of the
largeK, that such an addition will induce. Consequentig, combination of a high saturation
magnetisation and a low coercivity in the rapidhpealed Fe-Nb-B-(Cu) alloys (e.g =
1.85 T andH. = 2.5 A m’* for FesNbiB15Cuy) is due to the production of a highly refined,
exceptionally Fe-rich, Si-free nanostructure.

5. Conclusion
In order to clarify if the rapid annealing proceiss suitable for producing Nb-poor,
magnetically soft nanostructure materials, thecstimal and magnetic properties of rapidly-
solidified FgooxyNbxBy (x =0 -4, y = 12 — 15) and & Nb,By,Cw (x =0 -4,y = 12 — 15)
alloys (HiB-Nanoperm) after annealing with a rarafeheating rate up to 150 K'swere

investigated. A summary of the major results ifoflews:
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1. The mean grain size of Fe-Nb-B-(Cu) alloys candmiiced considerably by utilising
a rapid annealing process where high heating eaeesombined with relatively high
annealing temperatures and short annealing times.

2. Small grain sizes of 12 to 20 nm can be achieveditidging this rapid annealing
process for the Fe-Nb-B-(Cu) alloys with a Nb contaf less than 4 at%.

3. The coercivity H.) of rapidly annealed Fe-Nb-B-(Cu) alloys follows approximate
3" power dependence of the mean grain dXeafd lowH, values of 1.5 to 6 A th
are obtained along with high saturation magneti@anmation Js) values of 1.64 to
1.92 T. This demonstrates that rapid annealindfésive for producing magnetically
soft nanostructured materials with a Nb contentelotlhan that of Nanoperm and that
this thereby enhancek well above the previous upper limit (1.7 T) ofsthalloy
family.

4. TheD? dependence implies that the magnetic softnedseofapidly-annealed Fe-Nb-
B-(Cu) alloys is governed by the exchange softeraffgct under the influence of
induced anisotropies, which are coherent over gthescale longer than the exchange

correlation length.
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Table 1. A summary of the coercivitid{), saturation magnetic polarizatiod)( saturation

magnetostriction 4) and density ) of nanocrystalline, amorphous and conventionally
crystalline materials.

Alloys Hc Js As p
Am?h)  (T) (ppm) (gem®)
FessNbsB1.Cuy 15 1.64 - 7.69
FessNbsB1.Cuy 2.0 1.72 - 7.68
FessNbB1:Cuy 2.1 1.75 - 7.65
FessNbiB1sCuy 25 185 12 7.64
Fes/B13 6.0 1.92 14 7.62
Fes2.7SiB14Cuy 3([7] 6.5 1.85 21 s
FessSiBsP4Cuy [36,43] 5.8 1.82 2.31013.5 -
Fe-based amorphoisetglas 2605SA1) 2.4 1.56 41" 7.20
Fe-based amorphoyssi Alioy) [44] 1.5 1.64 - -
Non-oriented Fe-3.0%%$45,46] 55 2.05 7.8 7.64-7.76
Non-oriented Fe-6.5%$45] 18.5 1.80 0.1 7.49

¥ Saturation magnetostriction estimated in this wtugstrain gauge method.

" Saturation magnetostriction at 1 T, 400 Hz (Sineaya
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Figure 9. Ternary mapping of coercivitid) for (a) FeooxyNbBy (X =0 — 4, y = 12 — 15)
and (b) Feg-x,Nb,B,Cuy (x =0—-4,y =12 - 15).
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Figure 10. Ternary mapping of the saturation magmpetlarization Js) for (a) Feoo-xyNbxBy
x=0-4,y=12 - 15) and (b) & ,NbB,Cuy (x = 0 — 4, y = 12 — 15)Js uncertainty
estimated to be 0.01 T.

Page | 25



_""'I L L T "'_'1"'I LR
(0.4 Am* Fe,,Nb,B ,Cu, (2.0A m™,1.72T)
-1
L Feg,Nb.B ,Cu (21 Am ,1.715 T)
3; 10000 L Fe, Nb B .Cu, (2.5A m~,1.85 T)__
2
5
@©
4]
=
[
O 1000 | .
() C
= C
% [ Fe-based amorphous (2.4 A m™,1.56 T)
o
100 raanl il ol ol

1 10 100 1000 10000
Frequency (kHz)
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Figure 13. (a) Saturation magnetic polarizatiaR) (with respect non-magnetic mass
percentage and (b) with coercivitfHd) for Fe-rich nanocrystalline magnetically soft
materials. Rapidly annealed Fe-Nb-B (green circ@s) Fe-Nb-B-Cu (blue spheres) are

shown alongside literature values [3,5,34-39].
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Highlights:

Effect of rapid annealing studied for Fe-Nb-B-(Cu) nanocrystalline alloys.

Small grain sizes of 12 to 20 nm can be achieved by rapid annealing process.
Low H; of 1.5to 6 Am™ and high Js of 1.64 to 1.92 T obtained by rapid annealing.
Short, high temperature, high heating rate annealing gives most grain refinement.

Magnetic softness after rapid annealing may be governed by induced anisotropies.



