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Abstract 

Nanocrystalline Fe-M-B (M = Zr or Nb) alloys (Nanoperm) exhibit excellent soft magnetic 

properties when M content is 6 to 7 at%. Lowering the M content below 4 at% usually results 

in a coarsening of the nanocrystallites and so sets a lower limit on the M content for 

Nanoperm. In this report we have demonstrated that a highly refined, magnetically soft 

nanostructure can be achieved for Fe-Nb-B-(Cu) alloys with a Nb content well below 4 at% 

by employing a rapid annealing process which utilises a heating rate of 150 K s-1. The low 

Nb-content of these nanocrystalline alloys brings about a high saturation magnetic 

polarization of 1.8 to 1.9 T, well above the upper limit of Nanoperm (1.7 T). These newly 

developed, bcc-Fe based nanocrystalline soft magnetic alloys which have an M content lower 

than 4 at% are named HiB-Nanoperm. HiB-Nanoperm exhibits excellent soft magnetic 

properties with a coercivity as low as 1.5 A m-1 and a high initial permeability of ~ 104 at 1 

kHz. A possible explanation for the rapid annealing induced grain refinement observed for 

this Fe-M-B system is that the higher annealing temperatures used by this process bring about 

a lowering of the precursor amorphous phase viscosity which then triggers homogeneous 

nucleation, thereby considerably increasing the number density of bcc-Fe nucleation sites. 
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1. Introduction 

Electrical devices requiring magnetic flux manipulation are increasingly finding new 

applications in the automotive, aviation and green energy sectors. With these new 

applications comes a greater demand for highly energy efficient and energy dense electrical 

devices. These demands may be met in part through the replacement of conventional Fe-Si 

core materials with Fe-rich nanocrystalline soft magnetic materials, which can offer greatly 

reduced core losses over a wide range of applied frequencies [1–3]. 

Nanocrystalline soft magnetic materials, which are composed of nanoscale crystallites 

embedded in a residual amorphous phase, are commonly prepared from melt-spun amorphous 

precursors which have undergone primary crystallisation. The currently known 

nanocrystalline alloys can be classified based on the lattice system of their nanocrystallites 

[4] and are thus divided into the following families: (1) D03-Fe(Si) based alloys developed by 

Yoshizawa et al. in 1988 [1], (2) bcc-Fe based alloys developed by Suzuki et al. in 1990 [5] 

and (3) B2-Fe50Co50 based alloys developed by Willard et al. in 1998 [6]. These alloy 

systems are known as Finemet, Nanoperm and Hitperm, respectively. In addition to these 

well-established alloys, new bcc-Fe(Si) based nanocrystalline alloys in the Fe-Si-B-Cu and 

Fe-Si-P-B-Cu systems have recently been reported with enhanced saturation magnetization 

values up to 1.85 T [7–9]. 

 The excellent magnetic softness of these nanocrystalline alloys is brought about by 

the exchange softening effect, where the effect of the local magnetocrystalline anisotropy 

(K1) is suppressed by exchange interactions [10,11]. For this exchange softening effect to 

take place the grain size must be smaller than the natural exchange length (Lex0 ~ 35 nm for 

Fe [12]) and thus, a homogeneous nanostructure with a small grain size of 10 to 20 nm is an 

essential requirement for good magnetic softness. Consequently, the compositional 

dependence of the magnetic softness in the nanocrystalline alloys often reflects the changes 

in the grain size. It has been reported that a high permeability of more than 10,000 can be 

achieved for nanocrystalline Fe-Nb-B alloys (Nanoperm), but that this high permeability is 

limited to a series of Nb compositions which contain a Nb content between 6 and 7 at% 

[2,13]. Lowering the Nb content below 4 at% is seen to result in a coarsening of the 

nanocrystallites and thus placed a lower practical limit on the Nb content for Nanoperm. 

However, it has recently been demonstrated that magnetically soft nanostructures are 

achievable for alloy systems which are completely free of early transition-metal additives 

when a rapid annealing process is employed and that a small grain size of 17 nm and a low 
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coercivity of 4.6 A m-1 are realized for a Fe85B13Ni2 alloy [14]. This therefore suggests that 

by applying a rapid annealing process to a Fe-Nb-B system a highly refined nanostructure 

may also be achievable for alloys which contain a Nb content lower than 4 at%. This is 

significant as any reduction in the Nb content of Nanoperm is likely to enhance its saturation 

magnetic polarization. The aim of this study is therefore to investigate the effects of rapid 

annealing on the microstructural and magnetic properties of the Fe-Nb-B based alloys with 

Nb content below 4 at% and thereby clarifying if the rapid annealing process is suitable for 

producing Nb-poor magnetically soft nanostructures. 

 

2. Experimental procedures 

Precursor amorphous ribbons of Fe100-x-yNbxBy (x = 0 – 4, y = 12 – 15) and Fe99-x-yNbxByCu1 

(x = 0 – 4, y = 12 – 15) were produced by melt spinning (using the planar flow casting 

technique) in an Ar atmosphere with thicknesses of ~14 to 16 µm. These as-cast ribbons were 

characterised by X-ray diffraction (XRD) with a Cu Kα source, transmission electron 

microscopy (TEM), differential thermal analysis (DTA) and thermo-magneto-gravimetric 

analysis (TMGA). Scherrer’s formula was used for all grain size estimation except where 

otherwise stated. Rapid annealing was conducted in an N2 atmosphere with samples placed 

inside Cu foil (~ 20 µm thickness) packets which were then clamped between two pre-heated 

Cu blocks for 3 to 80 s. The Cu blocks were heated by Ni-Cr resistance wire with the 

temperature maintained by a temperature controller and an embedded thermocouple. The 

heating rate is defined as the average heating rate achieved between 673 and 703 K. This 

temperature range was selected as it is in the region where crystallisation is expected to occur 

for most alloy compositions. This heating rate was estimated by placing a 1 mm diameter K-

type thermocouple between the Cu blocks and monitoring by means of an oscilloscope. A 

maximum heating rate of 150 K s-1 was estimated for this experimental setup and reduced 

heating rates were achieved by placing different thicknesses of alumina fiber matting between 

the sample packet and the Cu blocks. The temperature-time profiles of each heating rate are 

available as supplementary data. Note that as the temperature profile during heating follows a 

logistic curve and that the maximum heating rate is considerably higher (> 500 K s-1) at lower 

temperatures. Furthermore, due to the small specific surface area of the thermocouple bead 

with respect to the ~ 15 µm ribbons the true heating rate experienced by these ribbons may be 

considerably larger. Samples were found to be cooled to near room temperature within a 

couple of seconds of their removal from the furnace due to their low thermal mass. Saturation 
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magnetostriction (λs)  was estimated using the strain gauge method as is described in more 

detail elsewhere [15] and density after nano-crystallisation was estimated by a He gas 

pycnometer. The saturation magnetic polarization (Js=µ0Ms) was estimated at 0.8 MA m-1 

using a Riken BHV-35H vibrating sample magnetometer (VSM) while Hc estimations were 

made using a Riken BHS-40 DC hysteresis loop tracer and the relative permeability was 

estimated using a Hewlett Packard 4192A LF impedance analyser. 

 

3. Results 

Figure 1 shows examples of the X-ray diffraction (XRD) patterns acquired from rapidly-

solidified Fe100-x-yNbxBy ribbons in the as-cast state. All the patterns were obtained from the 

free side of the ribbons where the quenching rate is expected to be the lowest. Crystalline 

reflection peaks are absent from the patterns for the Fe-B binary alloys containing 13 and 14 

at% B while a clear reflection from the (110) plane of α-Fe is evident on the pattern for 

Fe88B12, indicating that the minimum B content for the formation of an amorphous phase is 

13 at%. Although the (110) reflection is clearly seen on the pattern for Fe87Nb1B12, the 

pattern for Fe86Nb2B12 confirms that the ribbon is mostly amorphous with only a trace of the 

(110) reflection. All the Fe100-x-yNbxBy ribbons prepared in this study with y ≥ 13 or y = 12 

and x > 2 were confirmed to be fully amorphized in the as-cast state.  

Fig. 2 displays thermo-magneto-gravimetric analysis (TMGA) curves acquired from 

these same Fe100-x-yNbxBy alloys in the as-cast state. The TMGA signal on each curve shows a 

gradual decrease with temperature, reflecting the negative temperature dependence of the 

spontaneous magnetization. The TMGA signal diminishes at the Curie temperature (TC) on 

each curve. As is well established, the addition of B increases the Curie temperature of the 

amorphous phase while the addition of Nb has an opposite effect [16,17]. 

Similar XRD and TMGA analyses were carried out for all Fe100-x-yNbxBy (x = 0 to 4, y 

= 12 to 15) and Fe99-x-yNbxByCu1 (x = 0 to 4, y = 12 to 15) alloys and the results are 

summarized in Fig. 3. The original report into Fe-Nb-B-based Nanoperm [13] also 

investigated the glass formability of this alloy system and it was found that an as-cast single 

phase amorphous microstructure was only achievable for compositions with an Fe-content of 

less than 86 at%. In the present study the glass formability boundary for the Fe-Nb-B alloys 

is seen to extend to slightly higher Fe concentrations than that described in this previous 

report, indicating that a greater cooling rate was achieved during casting in the present study. 

This suggests that with future improvements in the casting process it may become possible to 
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produce amorphous precursors with even greater Fe-concentrations. From the contour lines in 

Fig. 3(a) it can be seen that for every 1 at% increase in B and Nb, TC is shifted by 

approximately +25 K and -20 K respectively. From Fig. 3(b) it is clear that no changes occur 

to the as-cast microstructure of Fe-Nb-B with the addition of 1 at% Cu while TC is seen to be 

increased by ~ 15 to 30 K by the addition of Cu, with B-poor, Nb-rich compositions showing 

the largest increases. 

Fig. 4(a) displays DTA curves acquired from as-cast Fe86-xNb1B13Cux (x = 0, 1) while 

Fig.4(b) presents XRD patterns for the same alloys in the as-cast state and after heating to 

703 and 863 K at a rate of 0.67 K s-1. Two exothermic peaks are evident on each DTA curve. 

As is well known for the Fe-Nb-B alloy system [13], the first exothermic peak of the DTA 

curve is identified as the primary crystallisation of the precursor amorphous phase to bcc-Fe. 

This is followed by a second exothermic peak which is identified as the secondary 

crystallization of the residual amorphous phase to Fe-B compounds, with Fe2B and t-Fe3B 

identified by XRD after annealing at 863 K.  

Fig. 5(a) displays the effect of annealing temperature (Ta) on coercivity (Hc) for 

Fe85Nb1B13Cu1 which has been annealed at three different heating rates (α). With α = 1 K s-1, 

Hc shows a dramatic increase as Ta is raised from 668 K to 678 K. These annealing 

temperatures correspond to the onset of primary crystallization and thus, the increase in Hc 

appears to be due to the formation of bcc-Fe. Although similar magnetic hardening upon 

primary crystallization is also seen for α = 6 K s-1, the coercivity values are clearly lower than 

those for α = 1 K s-1. Furthermore, when α = 150 K s-1 this magnetic hardening effect due to 

primary crystallization is no longer observed and the lowest coercivity (2.5 A m-1 at Ta = 773 

K) is obtained after primary crystallization. It is clear that higher heating rates lead to 

considerably smaller values of Hc for Fe85Nb1B13Cu1, with Hc being reduced by nearly two 

orders of magnitude (~100 A m-1 to 2.5 A m-1) as the heating rate is increased from 1 to 150 

K s-1. The temperature at which the minimum value of Hc is obtained after primary 

crystallisation is indicated by an arrow and, hereafter, will be referred to as the optimum 

annealing temperature (Top) for a given composition and heating rate. The value of Top is seen 

to be shifted systematically to higher temperatures as the heating rate is increased. 

Fig. 5(b) presents the effect of α on Hc and the mean grain size (D) for Fe85Nb1B13Cu1 

annealed at Top. The results for the Cu-free Fe86Nb1B13 alloy annealed with α = 150 K s-1 are 

also included in this figure. It is seen that the grain size of Fe85Nb1B13Cu1 is reduced from 

more than 40 nm to approximately 16 nm by an increase of heating rate from 1 to 150 K s-1. 



Page | 6  
 
 

A small grain size of approximately 18 nm is also obtained for the Cu-free Fe86Nb1B13 alloy 

when α = 150 K s-1 is employed during annealing. These grain sizes are slightly larger than 

that reported for conventionally annealed Nanoperm (10 nm for both Fe85Nb7B8 [13] and 

Fe84Nb7B9 [18]). Still, the grain sizes are well below the natural exchange length for Fe-based 

alloys (L0 ~ 35 nm) and thus, the dramatic reduction of Hc by rapid annealing is understood 

by taking into account the exchange softening effect [10,11]. The microstructures of these 

rapidly annealed Fe86Nb1B13 and Fe85Nb1B13Cu1 alloys were observed by TEM. In Fig. 6, we 

show the bright field transmission electron micrographs and corresponding selected area 

diffraction patterns for rapidly annealed (α =150 K s-1) (a) Fe86Nb1B13 and (b) 

Fe85B13Nb1Cu1, with Top of 783 K and 773 K respectively. Homogeneous bcc-Fe 

nanostructures are confirmed in these micrographs and the diffraction patterns are free of 

diffractions from Fe-B compounds, indicating that the metastable equilibrium between the 

primary bcc-Fe phase and the residual amorphous phases is maintained after the rapid 

annealing process. 

The effects of the total annealing time on the coercivity (Hc), mean grain size (D) and 

saturation magnetic polarization (Js) were investigated for rapidly annealed Fe85B13Nb1Cu1. 

Fig. 7 displays the changes in Hc, D and Js as a function of the total annealing time for 

Fe85B13Nb1Cu1 annealed isothermally at 773 K with a heating rate of 150 K s-1. Note that 

total annealing time includes both the time required to reach the annealing temperature and 

the time spent at the annealing temperature. Both the grain size and the coercivity show a 

tendency to increase with annealing time. Although Js after annealing for 3 s is clearly higher 

than that of the as-cast state, no further change in Js outside of the experimental error (0.01 T) 

is seen. It is well established that for nanocrystalline soft magnetic materials Js is dependent 

upon the volume weighted average of the local saturation magnetic polarization of the 

crystalline (Jscr) and residual amorphous (Jsam) phases such that 𝐽𝐽𝑠𝑠 =  𝑉𝑉𝑓𝑓𝑐𝑐𝑐𝑐 ∙ 𝐽𝐽𝑠𝑠𝑐𝑐𝑐𝑐 +

(1 − 𝑉𝑉𝑓𝑓𝑐𝑐𝑐𝑐) ∙ 𝐽𝐽𝑠𝑠𝑎𝑎𝑎𝑎  where Vfcr is the crystalline volume fraction. Since both the spontaneous 

magnetization and the Cure temperature of the residual amorphous phase in Nanoperm are 

lower than those of the bcc-Fe nanocrystallites, Js closely reflects the volume fraction of bcc-

Fe in Fe85B13Nb1Cu1. Therefore, as no significant change in Js is observed with annealing 

time beyond 3 s, it is considered unlikely that the variations in coercivity seen in Fig. 7 are 

governed by variations in Vfcr. Furthermore, electron micrographs shown previously in Fig. 

7(b) also confirmed the presence of a homogeneous nanocrystalline microstructure after a 

short 3 s annealing time and no traces of Fe-B compounds were observed by XRD for all 
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annealing times investigated. Although it is deemed unlikely that Vfcr changes with an 

annealing time beyond 3 s, it is important to note that the volume fraction of the residual 

amorphous phase in the nanostructures may be highly influential to the exchange length, and 

thus also to the coercivity, in two-phase nanocrystalline soft magnetic materials  [19,20]. 

These findings suggest that the increase in Hc with annealing time is a direct result of grain 

coarsening, possibly through a Ostwald ripening mechanism which is known to occur after 

the crystallisation of metallic glasses [21]. It is therefore found that a short annealing time is 

preferable as this prevents grain coarsening and maintains the excellent magnetic softness 

which is achieved by the rapid annealing process. 

 Fig. 8 displays the compositional dependence of the mean grain size (D) for Fe-Nb-B 

and Fe-Nb-B-Cu alloys annealed at the optimum annealing temperature (Top) with a heating 

rate of 150 K s-1. Contour lines for Top are also shown in these figures. It is clear from Fig. 

8(a) that Nb and B both have an impact on Top for rapidly annealed nanocrystalline Fe-Nb-B. 

It is seen that an increase in B above 13 at% results in a clear reduction of Top for a given Nb 

content. This reflects the effect of B on the onset of the secondary crystallization reaction 

(Tx2). It has been shown that Tx2 in Fe-B binary amorphous alloys is lowered by an increase 

of B content from 13 to 15 at% [22] and this was confirmed in the present study. Hence, the 

maximum annealing temperature which can be used without forming Fe-B compounds is 

lower for those Fe-B alloys which have a B content greater than 13 at%. Contrarily, Nb is 

known to enhance the thermal stability of the residual amorphous phase [17] and thus Top 

tends to be higher in Nb richer compositions. The compositional dependence of grain size is 

relatively small in the Fe-Nb-B ternary system, with values of 18 to 20 nm seen across all Fe-

Nb-B compositions. The grain size of conventionally annealed Fe86-xNbxB14 (x = 0, 2, 4, 5, 6 

and 8) alloys has been reported [17] and it was shown that the grain size of these alloys 

remains as large as 50 to 70 nm for x = 0 to 4 and a small grain size below 20 nm is limited 

for x ≥ 5. Thus, our results indicates that the grain size in the Fe-Nb-B alloys with Nb content 

lower than 4 at% is refined significantly by rapid annealing. 

From Fig. 8(b) it can be seen that the addition of 1 at % Cu leads to a decrease in Top 

at higher B concentrations for the Fe-Nb-B-Cu alloys when compared to Top of the Cu-free 

Fe-Nb-B alloys. Additions of Cu to Fe-based amorphous alloys are known to reduce the onset 

of primary crystallization and thus, the nanostructural formation process in the Fe-Nb-B-Cu 

alloys takes place at lower temperatures. Furthermore, Top in Fe-Nb-B-Cu is now seen to be 

relatively insensitive to the B concentration. Unlike Fe-Nb-B, there is a large variation in D 
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with composition, with the most Nb-rich, B-poor composition displaying grain sizes of less 

than 12 nm as compared to ~17 nm for B-rich Fe-B-Cu. Furthermore, D observed for Fe-Nb-

B-Cu is considerably smaller overall than that of Fe-Nb-B. This grain refinement after the 

addition of Cu is likely a result of the well-established heterogeneous nucleation mechanism 

whereby Cu segregates from the amorphous phase at the early stages of annealing to form 

clusters which then act as nucleation sites for nanocrystallites [23]. Furthermore, this Cu 

clustering process is known to be enhanced by the addition of Nb, which is seen to promote a 

larger number density of such clusters [24]. Therefore, the reduction in grain size observed 

for more Nb-rich Fe-Nb-B-Cu alloys may be a direct result of this increase in nucleation 

sites. This is further supported by the observation that no clear grain size dependence of Nb 

content is observed for the Cu-free Fe-Nb-B alloys after rapid annealing. 

Fig. 9 displays the compositional dependence of Hc for the Fe-Nb-B and Fe-Nb-B-Cu 

alloys after rapid annealing. The annealing conditions are identical to those used in Fig. 8. As 

with D, the variation in Hc with alloy compositions for Fe-Nb-B is relatively small, with Hc 

being in a range of 6 to 7 A m-1, while the Cu-containing Fe-Nb-B-Cu alloy system has 

smaller Hc values overall. Small Hc values less than 2 A m-1 are obtained for the Fe-Nb-B-Cu 

alloys with Nb content above 2 at %. Notably, the addition of Nb is seen to have little effect 

on magnetic softness for the Cu-free system, but is very effective at reducing Hc for the Cu-

containing system, which is in line with the variation of grain sizes shown previously. In both 

the Cu-containing and Cu-free alloy systems the compositions close to the glass formability 

limit show a larger Hc than that in the compositions with higher glass-formability. This 

suggests that the quenched-in crystallites in the precursor amorphous phase may hinder the 

magnetic softness after nano-crystallization. 

Fig. 10 displays the compositional dependence of Js for the Fe-Nb-B and Fe-Nb-B-Cu 

alloys after rapid annealing which were also annealed under the same conditions as those 

shown in Fig. 8.  The addition of Nb to both the Cu-containing and Cu-free compositions is 

seen to greatly reduce the value of Js due to its relatively large atomic mass, with a ~ 0.08 T 

reduction in Js per 1 at% Nb. It is for this reason that Js values in the range of 1.7 to 1.9 T can be 

achieved for low Nb-content (i.e., Nb of 4 at% and less) Fe-Nb-B-(Cu) alloys and that this 

alloy system has been named ‘HiB-Nanoperm’. Similarly, the addition of B, which has an 

atomic mass less than 1/8th that of Nb, results in a much smaller reduction in Js at ~ 0.02 T 

per 1 at % of B. The effect that Cu has on Js is seen to vary with composition and, as has 

shown for Fe-B-Cu elsewhere [25], a reduction of ~ 0.05 T is observed per 1 at% Cu for Nb-
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free Fe-B alloys or Fe-Nb-B alloys with 3 at % Nb. However, for intermediate Nb 

concentrations (i.e. 1 to 2 at % Nb), the reduction in Js with the addition of Cu is less 

pronounced. 

 Fig. 11 displays the frequency dependence of relative permeability (µr) at 0.4 A m-1 

for a series of rapidly-annealed Fe-Nb-B-Cu alloys with a Js of 1.72 to 1.85 T and for a 

commercial Fe-based amorphous alloy (Metglas 2605-SA1) with a Js of 1.56 T. All the 

rapidly-annealed nanocrystalline Fe-Nb-B-Cu alloys shown in Fig. 11 have a µr that is 

comparable to, or higher than, that of the Fe-based amorphous alloy despite having a Js that is 

greater by 0.16 to 0.29 T. For Fe84Nb2B13Cu1 and Fe84Nb3B12Cu1 the µr remains around 

10,000 at frequencies up to 10 kHz and only beings to decrease rapidly for frequencies 

greater than 100 kHz. 

 The compositional dependence of the relative permeability (µr) at 1 kHz has been 

reported for nanocrystalline Fe-Nb-B alloys annealed conventionally (i.e., with a hearing rate 

of less than a few K s-1) [13]. A high µr above 5,000 was limited to Nb contents between 5 

and 7 at% in these conventionally annealed alloys and their saturation magnetization is 

typically 1.5 to 1.6 T. However, µr values higher than 5,000 are obtained for Fe85Nb1B13Cu1, 

Fe84Nb2B13Cu1 and Fe84Nb3B12Cu1 alloys with Js of 1.72 to 1.85 T when the precursor 

amorphous alloys are annealed rapidly with a heating rate of 150 K s-1. This is readily 

understood by taking into account the confirmed grain refinement effect induced by rapid 

annealing in the Fe-Nb-B-(Cu) alloys with a Nb content below 4 at%. The high permeability 

above 10,000 obtained for the rapidly annealed Fe84Nb2B13Cu1 and Fe84Nb3B12Cu1 alloys 

clearly demonstrates that rapid annealing is an effective approach for reducing Nb content in 

Nanoperm and thereby enhancing their saturation magnetization. 

Table 1 presents the properties of rapidly annealed Fe-Nb-B-Cu alloys along with that 

of conventionally annealed nanocrystalline alloys, Fe-based amorphous and conventionally 

crystalline Fe-Si steels. The magnetic properties of rapidly-annealed nanocrystalline Fe87B13 

have also been included because of its high Js (1.92 T), which is the highest in the Fe100-x-

yNbxBy (x = 0 – 4, y = 12 – 15) and Fe99-x-yNbxByCu1 (x = 0 – 4, y = 12 – 15) alloys 

investigated in the present study, and because this composition also exhibits a low coercivity 

of less than 8 A m-1. The nanocrystalline Fe87B13 alloy has a considerably larger Js than those 

of other Fe-rich nanocrystalline alloys while maintaining a comparable magnetic softness. 

However, Fe85Nb1B13Cu1 is seen to still retain a relatively large Js of 1.85 T while also 

demonstrating a magnetic softness equivalent to Fe-based amorphous alloys. The saturation 
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magnetostriction (λs) of select rapidly annealed alloys and for Fe-based amorphous has been 

estimated in this study and is present in Table 1 along with values from the literature for the 

other alloy systems. Much like Js, the λs of nanocrystalline magnetically soft magnetic 

materials is well established to be dependent upon the volume weight average of the local 

magnetostriction constants of the nanocrystalline (λscr) and residual amorphous (λsam) phases 

such that 𝜆𝜆𝑠𝑠 =  𝑉𝑉𝑓𝑓𝑐𝑐𝑐𝑐 ∙ 𝜆𝜆𝑠𝑠𝑐𝑐𝑐𝑐 + (1 − 𝑉𝑉𝑓𝑓𝑐𝑐𝑐𝑐) ∙ 𝜆𝜆𝑠𝑠𝑎𝑎𝑎𝑎. Based on this model, the variations of λs in Fe-

rich nanocrystalline materials can be explained. A rough estimate of 𝑉𝑉𝑓𝑓𝑐𝑐𝑐𝑐 in nanocrystalline 

Fe87B13 may be possible through a simple mass balance. Since the Fe3B phase forms upon 

decomposition of the residual amorphous phase, a chemical composition of Fe75B25 may be 

assumed for the residual amorphous phase and this assumption suggests a 𝑉𝑉𝑓𝑓𝑐𝑐𝑐𝑐 of 

approximately 50 %. Adopting the λs value of polycrystalline bcc-Fe (– 5 ppm [26]) for λscr 

and that of amorphous Fe75B25 (34 ppm [27]) for λsam, a bulk λs value of 14.5 ppm is predicted 

for nanocrystalline Fe87B13. This is consistent with our experimental result of 14 ppm. 

Furthermore, the addition of Nb is known to considerably reduce λsam [15] and so may also 

explain the slightly lower value of 12 ppm estimated for nanocrystalline Fe85Nb1B13Cu1. The 

volume fraction of the bcc-Fe phase in nanocrystalline Fe82.5Si2B14Cu1.5 has previously been 

estimated at 36 % by Mössbauer spectroscopy while λscr is expected to be approximately 2 

ppm due to the local Si content of the crystalline phase being in the range of 3 at % [28]. 

From these estimations, λs of Fe82.7Si2B14Cu1.3 can also be predicted and is calculated to be 22 

ppm, which is again in good agreement with the measured value of 21 ppm. 

 Importantly, rapidly annealed Fe-Nb-B-Cu alloys can also achieve a Js comparable to 

that of 6.5 mass % Fe-Si steel while still maintaining a coercivity that is one tenth the size. 

This, in combination with an intrinsically low material thickness due to the casting process, a 

low material cost, good oxidation resistance and moderate glass-formability may make 

rapidly annealed Fe-Nb-B-(Cu) alloys attractive for commercial development. However, 

further investigation is still required in order to establish the frequency and field dependence 

of core losses, the effects of field and stress annealing and the long term thermal stability of 

rapidly annealed alloys. This, in addition to a more detailed investigation into the underlying 

mechanism of rapid annealing induced grain refinement, will therefore be the focus of future 

investigations. 

 

4. Discussion 

4.1 Possible mechanism of grain refinement induced by rapid annealing 
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The dependence of grain size (D) on Nb content has previously been reported for Fe86-

xNbxB14 where it was demonstrated that conventional annealing (i.e., with α less than few K 

s-1) can only produce a highly refined nanostructure (D < 20 nm) when x ≥ 5 at % [17]. This 

effect was attributed to the different mechanisms of nucleation which are known to occur in 

amorphous metals when they are (i) well below or (ii) close to, and above, their glass 

transition temperature (Tg) [29]. For temperatures well below Tg the atomic transport in 

amorphous metals is well described by an Arrhenius-type equation [30]. However, at 

temperatures approaching Tg viscous flow becomes significant and so atomic transport is then 

best described by the Vogel-Fulcher-Tamman equation [31]. Consequently, the nucleation 

kinetics of amorphous metals is strongly temperature dependent in the vicinity of Tg. When 

nucleation occurs well below Tg it is suggested to be exclusively heterogeneous, and may 

occur predominantly at pre-existing nuclei [21]. However, Köster and Meinhard observed that 

when nucleation takes place near to, and above Tg, then the nucleation mechanism transitions 

to being predominantly homogeneous and that this gives rise to a greatly increased number 

density of nucleation sites which leads to a more refined nanostructure [30]. This same 

homogeneous nucleation process was suggested to occur for Fe-Nb-B based Nanoperm [29], 

where it was demonstrated that the addition of Nb to Fe86-xNbxB14 acts to enhance the thermal 

stability of the as-cast amorphous phase, thereby shifting the crystallisation onset temperature 

(Tx1) to higher temperatures so that when x ≥ 5 at %, Tx1 ≥ Tg. Hence, the transition from a 

coarse nanostructure to a highly refined nanostructure with increasing Nb content was seen to 

coincide with crystallisation taking place either well below or in the vicinity of Tg 

respectively. 

 From the present study it is clear that by combining high heating rates, high annealing 

temperatures and short annealing times a considerable reduction in grain size can be realised 

for Fe-Nb-B-(Cu) alloys. Specifically, the annealing temperature which produces a minimum 

coercivity (Hc) after crystallisation was shown to be significantly higher than that utilised by 

more conventional annealing process (again, α less than few K s-1). It is therefore suggested 

that the elevated annealing temperatures used by the rapid annealing process may be 

approaching the Tg of each respective Fe-Nb-B-(Cu) alloy and that this may bring about a 

high homogeneous nucleation rate. Unfortunately, Tg cannot be estimated directly for these 

alloy compositions due to Tx1 being well below Tg for heating rates that can be achieved by a 

thermal or viscoelastic analyser. However, given the glass transition temperatures reported 

for amorphous Fe86-xNbxB14 with x = 6 and 8 (Tg = 770 to 785 K) [29], the optimum 
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annealing temperatures employed for the rapid annealing process in the present study (753 to 

883 K) are well within the vicinity of Tg. The heating rate dependence of grain size observed 

in this study is therefore suggested to be a result of high homogeneous nucleation rates 

brought about by a reduction in the viscosity of the amorphous phase at the relatively high 

annealing temperatures made possible by the rapid annealing process. 

 In this study the addition of Cu to Fe-Nb-B was also shown to reduce grain sizes even 

when the rapid annealing process was employed. This may suggested that a combination of 

both homogeneous and heterogonous nucleation may occur, with Cu-clusters acting as 

heterogonous nucleation sites. A recent atom-probe study by Pradeep et al. [32] reported that 

during the initial stages of crystallisation the number density of Cu clusters is increased by ~ 

50 to 80% when rapid annealing was employed for Fe73.5Si15.5Cu1Nb3B7 . This suggests that 

the heterogeneous nucleation rate in the Fe-Nb-B-Cu alloys could also be enhanced by rapid 

annealing, resulting in an extra contribution to the grain refinement via the possible 

homogeneous nucleation process induced by rapid annealing. However, a more detailed 

investigation is required to clearly determine the origin of the grain refinement induced by 

rapid annealing in both Cu-free and Cu-containing Fe-Nb-B based nanocrystalline soft 

magnetic materials. 

 

4.2 Origin of magnetic softness and high saturation magnetization in rapidly annealed 

Fe-Nb-B-(Cu) 

Fig. 12 shows the relationship between Hc and D for the nanocrystalline Fe100-x-yNbxBy (x = 0 

to 4, y = 12 to 15) and Fe99-x-yNbxByCu1 (x = 0 to 4, y = 12 to 15) alloys. The largest grain 

sizes in this plot were obtained from the samples which were annealed at a reduced heating 

rate. Results from over-annealed samples containing Fe-B compounds are excluded from the 

plot. The coercivity follows approximately a D3 dependence for D < 30 nm while this 

relationship is closer to the well-known D6 dependence for the D range above 30 nm. It has 

been shown that the D3 dependence could be observed when the exchange length (Lex) is 

governed by induced anisotropies which are coherent over a length scale longer than Lex 

[11,33]. Both the D3 and D6 scaling behaviours have been predicted in Herzer’s random 

anisotropy model [10,12] and the soft magnetic properties observed for the nanocrystalline 

Fe-Nb-B-(Cu) alloys can be explained by the exchange softening effect.  

 In Fig. 13(a) we show the relationship between the saturation magnetic polarization 

(Js) and the total mass percentage of nonmagnetic additives for the rapidly annealed 
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nanocrystalline Fe-Nb-B-(Cu) alloys examined in this study and also for well-known Fe-

based nanocrystalline soft magnetic alloys from the literature. Alloys exhibiting poor 

magnetic softness with a coercivity greater than 10 A m-1 are excluded from this plot. It is 

clear that Js is highly correlated with the mass fraction of the nonmagnetic additives. The 

highest Js (1.92 T) is obtained for Fe87B13 (2.81 mass% B) simply because of its 

exceptionally low mass fraction of nonmagnetic additives. The addition of nonmagnetic 

elements with an atomic mass much larger than that of B result in Js values lower than 1.92 T 

and thus, the upper limit of Js for Si and/or P containing alloys is 1.85 T. 

 Fig. 13(b) shows the relationship between Js and Hc for the rapidly annealed 

nanocrystalline Fe-Nb-B-(Cu) alloys from this study along with literature values [3,5,34–39] 

for well-known Fe-based nanocrystalline soft magnetic alloys. The lowest coercivity values, 

at less than 1 A m-1, belong to the D03-Fe(Si) based nanocrystalline soft magnetic alloys (i.e. 

Finemet family), reflecting the low intrinsic magnetocrystalline anisotropy (K1) and the low 

value of induced magnetic anisotropy (Ku) in the D03-Fe(Si) phase. Naturally, the saturation 

magnetic polarization of these D03-Fe(Si) based alloys is limited because of the massive 

amount of Si added for the formation of the D03 phase. The lowest coercivity for rapidly-

annealed Nanoperm is 1.5 A m-1 and was obtained for Fe83Nb4B12Cu1 with a Js of 1.64 T. 

This Hc value is considerably lower than the lowest Hc value reported for the bcc-Fe(Si) 

based nanocrystalline alloys, such as Fe-Si-B-Cu and Fe-Si-B-P-Cu, suggesting that a minor 

addition of Si to bcc-Fe based alloys may not be beneficial to the magnetic softness despite 

the fact that a large amount of Si added for the formation of D03-Fe(Si) is effective in 

reducing Hc. This undesirable effect of adding a small amount of Si in bcc-Fe based alloys is 

seen for the nanocrystalline Fe-Si-B-P-Cu alloys. Makino et al. [8] reported that the 

coercivity of their nanocrystalline Fe84.3Si4B8P3Cu0.7 with an average grain size of 17 nm was 

10 A m-1 while Urata et al. [37] later reported that nanocrystalline Fe84.3B6P9Cu0.7 with D ≈ 

17 nm exhibited Hc = 2.9, suggesting that the bcc-Fe(Si) nanostructure becomes magnetically 

softer when Si is removed. 

 A possible reason for the undesirable effect of Si in the bcc-Fe(Si) based 

nanocrystalline alloys is its effect on the induced magnetic anisotropy (Ku). We have recently 

carried out a systematic investigation on Ku in nanocrystalline Fe-Si-B-Cu alloys and showed 

that the local Ku of the bcc-Fe(Si) phase was found to increase from ~50 J m-3 to ~170 J m-3 

with an increase in the local Si content from 0 to 6 at% [28]. However, Ku is known to 

decrease when the Si content is raised beyond 6 at% such that it is approaching zero at the 
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Fe3Si stoichiometry [40,41]. Thus, a large induced anisotropy is expected only when a small 

amount of Si is added. It is worth mentioning here that the local Si content in the 

nanocrystallites tends to be higher than the nominal composition because Si is often 

partitioned preferentially to the bcc-Fe grains upon primary crystallization [28,40]. Thus, Ku 

in bcc-Fe(Si) based nanocrystalline alloys with Si contents of 2 to 4 at% may be considerably 

larger than those in the Si-free or D03-Fe(Si) based nanocrystalline alloys. 

 The effect of Ku in nanocrystalline soft magnetic materials has been studied elsewhere 

both theoretically and experimentally. It has been shown that the coercivity of nanocrystalline 

Fe84Nb6B10, which has a Ku of about 100 J m-3, is reduced from 10 A m-1 to 3 A m-1 by 

eliminating Ku through annealing under a rotating magnetic field [39]. This difference in Hc 

before and after the elimination of Ku is highlighted in Fig. 13(b). This reduction of Hc is well 

understood by taking into account the effect of Ku on the exchange correlation length (Lex). 

At sufficiently small grain sizes the exchange averaging process reduces <K1> to a size where 

Lex is instead governed by Ku and this results in the changeover from the well-known D6 

dependence to a D3 dependence [10,11,33]. This changeover occurs when Ku is 

approximately twice the magnitude of <K1> [42]. Therefore, the exchange softening effect in 

bcc-Fe alloys at small grain sizes could be hindered by minor addition of Si because of the 

large Ku that such an addition will induce. Consequently, the combination of a high saturation 

magnetisation and a low coercivity in the rapidly-annealed Fe-Nb-B-(Cu) alloys (e.g. Js = 

1.85 T and Hc = 2.5 A m-1 for Fe85Nb1B13Cu1) 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 process is suitable for producing Nb-poor, 

magnetically soft nanostructure materials, the structural and magnetic properties of rapidly-

solidified Fe100-x-yNbxBy (x = 0 – 4, y = 12 – 15) and Fe99-x-yNbxByCu1 (x = 0 – 4, y = 12 – 15) 

alloys (HiB-Nanoperm) after annealing with a range of heating rate up to 150 K s-1 were 

investigated. A summary of the major results is as follows: 

 

1. The mean grain size of Fe-Nb-B-(Cu) alloys can be reduced considerably by utilising 

a rapid annealing process where high heating rates are combined with relatively high 

annealing temperatures and short annealing times. 

2. Small grain sizes of 12 to 20 nm can be achieved by utilising this rapid annealing 

process for the Fe-Nb-B-(Cu) alloys with a Nb content of less than 4 at%. 
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3. The coercivity (Hc) of rapidly annealed Fe-Nb-B-(Cu) alloys follows an approximate 

3rd power dependence of the mean grain size (D) and low Hc values of 1.5 to 6 A m-1 

are obtained along with high saturation magnetic polarization (Js) values of 1.64 to 

1.92 T. This demonstrates that rapid annealing is effective for producing magnetically 

soft nanostructured materials with a Nb content lower than that of Nanoperm and that 

this thereby enhances Js well above the previous upper limit (1.7 T) of this alloy 

family. 

4. The D3 dependence implies that the magnetic softness of the rapidly-annealed Fe-Nb-

B-(Cu) alloys is governed by the exchange softening effect under the influence of 

induced anisotropies, which are coherent over a length scale longer than the exchange 

correlation length. 
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Table 1. A summary of the coercivity (Hc), saturation magnetic polarization (Js), saturation 

magnetostriction (λs) and density (ρ) of nanocrystalline, amorphous and conventionally 

crystalline materials. 

Alloys Hc  

(A∙m-1) 

Js 

 (T) 

λs  

(ppm) 

ρ  

(g∙cm-3) 

Fe83Nb4B12Cu1 1.5 1.64 - 7.69 

Fe84Nb3B12Cu1 2.0 1.72 - 7.68 

Fe84Nb2B13Cu1 2.1 1.75 - 7.65 

Fe85Nb1B13Cu1 2.5 1.85 12# 7.64 

Fe87B13 6.0 1.92 14# 7.62 

Fe82.7Si2B14Cu1.3 [7] 6.5 1.85 21# - 

Fe85Si2B8P4Cu1 [36,43] 5.8 1.82 2.3 to 13.5 - 

Fe-based amorphous (Metglas 2605SA1)  2.4 1.56 41# 7.20 

Fe-based amorphous (HB1 Alloy)  [44] 1.5 1.64 - - 

Non-oriented Fe-3.0%Si [45,46] 55 2.05 7.8^ 7.64-7.76 

Non-oriented Fe-6.5%Si [45] 18.5 1.80 0.1^ 7.49 
# Saturation magnetostriction estimated in this study by strain gauge method. 
^ Saturation magnetostriction at 1 T, 400 Hz (Sine wave). 
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Figure 1. X-ray diffraction (XRD) patterns acquired from as-cast Fe100-x-yNbxBy (x = 0 to 3 

and y = 12 to 14). 
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Figure 2. Thermo-magneto-gravimetric analysis (TMGA) curves acquired from as-cast Fe100-

x-yNbxBy (x = 0 to 3 and y = 12 to 14). 
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Figure 3. The phases identified by X-ray diffraction and the amorphous phase Curie 

temprature (TC) contour lines for as-cast (a) Fe100-x-yNbxBy (x = 0 – 4, y = 12 – 15) and (b) 

Fe99-x-yNbxByCu1 (x = 0 – 4, y = 12 – 15). 
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Figure 4. (a) Differential thermal analysis (DTA) curves acquired from as-cast ribbons and 

(b) X-ray diffraction (XRD) patterns acquired Fe86-xNb1B13Cux (x = 0, 1) in the as-cast state 

and after heating (0.67 K s-1) to 703 and 863 K. 
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Figure 5. (a) Effect of annealing temperature (Ta) on coercivity (Hc) for Fe85Nb1B13Cu1 

annealed with different heating rates (α) and (b) effect of α on Hc and mean grain size (D) for 

Fe86-xNb1B13Cux (x = 0, 1). Note that for α < 6 K s-1 a conventional IR furnace was utilised. 

 

 

 

 

 

   



Page | 23  
 
 

  

35 40 45 50 55

Ta = 773 Kx = 1

 

 

In
te

ns
ity

 (a
.u

)

2θ

x = 0

Cu Kα

Fe86-xNb1B13Cux

bc
c-

Fe

Ta = 783 K

α = 150 K s-1

3 s  hold time 

c)

 
Figure 6. Bright field transmission electron microscopy (TEM) and selected area diffraction 

patterns for rapidly annealed (heating rate of 150 K s-1) Fe86Nb1B13 annealed at 783 K (a) and 

Fe85Nb1B13Cu1  annealed at 773 K (b) along with the corresponding x-ray diffraction patterns 

(c). 
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Figure 7. Effect of the total annealing time on coercivity (Hc), mean grain size (D) and 

saturation magnetic polarization (Js) for Fe85Nb1B13Cu1 annealed at a temperature (Ta) of 773 

K with a heating rate (α) of 150 K s-1.  Note that the total annealing time includes the time 

required for the sample to reach the annealing temperature, which was estimated to take no 

more than 3 s, and the time spent at the annealing temperature Ta. 
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Figure 8. Ternary mapping of the mean grain size (D) and optimal annealing temperature 

(Top) when rapidly annealing with a heating rate (α) of 150 K s-1 for (a) Fe100-x-yNbxBy (x = 0 

– 4, y = 12 – 15) and (b) Fe99-x-yNbxByCu1 (x = 0 – 4, y = 12 – 15). 
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Figure 9. Ternary mapping of coercivity (Hc) for (a) Fe100-x-yNbxBy (x = 0 – 4, y = 12 – 15) 

and (b) Fe99-x-yNbxByCu1 (x = 0 – 4, y = 12 – 15).  

1.87

1.83

1.76

1.69

1.84

1.77

1.77

1.85

1.78

1.921.891.85

84 85 86 87 88

12

13

14

15

16 0

1

2

3

4

3 s hold time

Js (T)
α = 150 K s-1

Fe100-x-yNbxBy 

Nb (at %
)

B 
(a

t%
)

Fe (at %)

Am
orphous + bcc Fe

         (as-cast)
a)

1.90 T

1.75 T

1.80 T

1.85 T

 

1.91.881.871.83

1.64

1.69 1.72

1.71 1.75 1.81

1.78 1.85 1.91

84 85 86 87 88

12

13

14

15

16 0

1

2

3

4

3 s hold time

Nb (at %
)B 

(a
t %

)

Fe+Cu (at %)

α = 150 K s-1
Js (T)

Fe99-x-yNbxByCu1 b)

Am
orphous + bcc Fe

         (as-cast)

1.
90

 T

1.8
5 T

1.80 T
1.7

5 T

1.70 T

1.90

 
Figure 10. Ternary mapping of the saturation magnetic polarization (Js) for (a) Fe100-x-yNbxBy 

(x = 0 – 4, y = 12 – 15) and (b) Fe99-x-yNbxByCu1 (x = 0 – 4, y = 12 – 15). Js uncertainty 

estimated to be 0.01 T. 
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Figure 11. The dependence of relative permeability (µr) on frequency at 0.4 A m-1 for a series 

of nanocrystalline rapidly annealed Fe-Nb-B-Cu alloys and for a comercially produced Fe-

based amorphous alloy.  

10 100
0.1

1

10

100

1000

α < 150 K s-1

Fe85Nb1B13Cu1

 

 

C
oe

rc
iv

ity
, H

c (
A 

m
-1
)

Mean Grain Size, D (nm)

D3

Fe100-x-yNbxBy

Fe99-x-yNbxByCu1

D6

α = 150 K s-1

α = 150 K s-1

 

Figure 12. Coercivity (Hc) with respect to the mean grain size (D) for Fe100-x-yNbxBy (x = 0 – 

4, y = 12 – 15) and Fe99-x-yNbxByCu1 (x = 0 – 4, y = 12 – 15). Samples were annealed with a 

maximum heating rate of 150 K s-1 (circles) and with a reduced heating rates (squares).  
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Figure 13. (a) Saturation magnetic polarization (Js) with respect non-magnetic mass 

percentage and (b) with coercivity (Hc) for Fe-rich nanocrystalline magnetically soft 

materials. Rapidly annealed Fe-Nb-B (green circles) and Fe-Nb-B-Cu (blue spheres) are 

shown alongside literature values [3,5,34–39]. 

 


