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Abstract
The crystallization behaviors of Fe83Si4B8P4.3Cu0.7 amorphous alloywith different heating rates and
magnetic softness of annealed alloys have beenwidely studied. The rapid heating significantly helped
with the decrease of coercivity for annealed samples comparedwith that for slowheating. It is found
that the peak temperature (Tp1) of the first crystallization stage inDSC curves is a critical temperature
parameter to distinguish the nucleation and growth processes ofα-Fe phase.When the temperature at
a constant heating rate is beyond theTp1, the nucleation process should be almostfinished. The
necessary temperature range of high heating rate (400Kmin−1) for the improvement ofmagnetic
softness has been determined from650K to 740K throughmulti-step annealingwith different heating
rates. The shortened temperature windowof rapid heating and partial rapid heatingmay simplify and
improve the annealing process of high-performance softmagneticmaterials in industry. Themulti-
step annealingwith various heating rates also provides a promising strategy for the investigation of
crystallization behaviors of amorphous alloys.

1. Introduction

With high saturation flux density (Bs) and low coercivity (Hc) alongwith high effective permeability (μe), soft
magneticmaterials have played important roles inmany fields, such as electrical transformers, inductors and
automotive sectors. Up to now, some traditional softmagneticmaterials have beenwell developed, such as Si-
steel, ferrites andmetallic glasses (MGs) [1–3]. However, themagnetic properties of thesematerials seem tomeet
their ceilings to a certain degree. For example, theBs ofMn-Zn ferrites are always found below 0.5 T, which is
insufficient formany applications [2]. Despite the highBs of 1.7–2.0 T, theμe of Si-steels are limited in the range
of 2,000–6,000 at 1 kHz [4]. Fe-basedMGs (i.e. Fe-P-C and Fe-Si-B-P) exhibit relatively highμe around
4,000–11,000 at 1 kHz but still insufficientBs of 1.5–1.6 T [5, 6]. Fe-based nano-crystallinematerials, formed
fromamorphous precursors through the delicate annealing, have been regarded as the promising candidate of
traditional counterparts due to their excellent softmagnetic properties, especially highBs and largeμe [7–10].

Since the first report of Fe-Si-B-Nb-Cu nano-crystalline alloys by Yoshizawa et al [11], much attention has
been paid to the further development of compositions and annealing conditions to overcome the insufficientBs
of 1.2 T. Fe-Zr-B nano-crystalline alloys with highBs of 1.70 Twere developed by Suzuki et al [12]. In addition to
themagnetic properties after annealing, the preparation environment of amorphous precursors also should be
considered. The inert gas atmosphere is commonly imperative for Zr-containing precursors duringmelt-
spinning. On the other hand, the large-size transitionmetals (TMs, such asNb, Zr andW)would also deteriorate
theBs of nano-crystalline alloys, although they could prevent the coarsening ofα-Fe gains and bring a better
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magnetic softness [13, 14]. Thus, the attempts of TMs-free nano-crystalline alloys with sufficientmagnetic
softness are urgent tofill in gaps for relatedfields.

Makino et al [15] have reported that both the lowHc below 10Am−1 and a highBs of 1.9 T could be obtained
in Fe-Si-B-P-Cu alloys through 400Kmin−1 heating, with the features of P addition and avoiding the addition
of TMs. This alloy systemhas been regarded as the significantly promising softmagneticmaterials. In fact, Fe-B
nano-crystalline alloyswith excellentmagnetic properties and ultra-fineα-Fe grains could also be fabricated by
ultra-rapid annealing [16]. Formost Fe-based nano-crystalline alloys, the high heating rate seems always
effective in decreasing the coercivity of annealed samples [16–18]. But due to the severe brittleness of annealed
ribbons, softmagnetic nano-crystalline alloys inmost applications need to be stacked inmulti-layers before the
annealing process. It is difficult to control the heat treatment process when the high heating rate is necessary for
ultra-fine structures of annealed alloys [19, 20]. For further solving the problems in high-performance nano-
crystalline alloys, themechanism of heating rate for decreasing the coercivity has been investigated to develop
new compositions independent on the high heating rate for realizing controllable heating in industry [20].
However, the effect of heating rates on nucleation and growth processes ofα-Fe alongwith the effective
temperaturewindow of rapid heating for Fe-based nano-crystallinematerials are still unclear [20, 21].

In this study, themulti-step heating during the annealingwas applied to investigate the effect ofmagnetic
softness on heating rates for Fe83Si4B8P4.3Cu0.7 nano-crystalline alloys. The nucleation and growth processes
have been distinguished according to the thermal behaviors of as-spun alloy and coercivity evolution of annealed
samples. The necessary temperature windowof high heating rate has been determined throughmulti-step
heating. Partial rapid heating alsomade a fine effect on the decrease of coercivity for annealed samples. To a
certain extent, the shortened temperature range of high heating rate could improve the controllability of heat
treatment process for fabricating high-performancematerials in industry.

2. Experimental procedures

Fe83Si4B8P4.3Cu0.7 ingot with theweight of 30 gwas prepared through high-frequency inductionmelting in
argon atmospherewith high pure Fe (99.99%), Si (99.99%), Cu (99.99%), B (99.9%) and phosphides (99.7%
Fe3P). Then the ingotwas cut into small pieces for preparing ribbons. The as-spun ribbonswith the thickness of
about 20μmandwidth of about 1.5mmwere produced through the single rollermelt-spinning technologywith
a linear velocity of about 40m s−1. The annealing processes of as-spun samples were carried out by an infra-red
ovenwith the flowing argon atmosphere against oxidation, which could provide a series of heating rates in this
study. First, the annealing processes with constant heating rates of 400Kmin-1and 10Kmin−1 were applied to
investigate the dependence of coercivity on the annealing temperature. Then, the two-step heating of slow-fast
heating process with the switching temperatureTsf and the reversal fast-slow onewithTfs were carried out to
provide references for the investigation of effective temperature windowof rapid heating for decreasing the
coercivity of annealed samples. According to the coercivity evolution of samples processed through two-step
heating, themulti-step heatingwas designed and the schematic illustration is shown infigure 1.

The structures of as-spun and annealed samples were identifiedwith an x-ray diffractometer (XRD,
ShimadzuXRD-700) equippedwithCu target. The phases inXRDpatterns of annealed samples were
distinguished by Jade software. A differential scanning calorimetry (DSC,NETZSCH404C)was used for
investigating thermal behaviors for as-spun samples at the heating rates of 10, 20, 30 and 40Kmin−1. The
coercivity values of as-spun and annealed samples weremeasured through aDCB-H curve tracer (Linkjoin
MATS-2010SD, open flux configuration)mainly under amaximum field of 800Am−1 or a largerfield of
4000Am−1 if necessary.

Figure 1.The schematic illustration formulti-step heating process.
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3. Results

3.1. Structure and thermal properties of as-spun alloy
TheXRDpatterns of as-spun Fe83Si4B8P4.3Cu0.7 alloy from the free side andwheel side are shown infigure 2.
Only the broad peak instead of any crystallized diffraction peaks could be observed, indicating the as-spun
ribbons are completely amorphous.

For understanding the thermal behaviors of as-spun Fe83Si4B8P4.3Cu0.7 alloy, DSC curves aremeasured at
various heating rates of 10, 20, 30 and 40Kmin−1 as exhibited infigure 3(a). Two stages of crystallization could
be found inDSC curves. Generally, the former stage is corresponding to the precipitation ofα-Fe phase and the
latter one ismainly attributed to the formation of compounds (i.e. Fe3(B, P)) [12, 13, 15]. The characteristic
temperatures of thefirst stage, including the onset crystallization temperature (Tx1) and the peak temperature
(Tp1), increases with the heating rate rising from10Kmin−1 to 40Kmin−1. TheTx1 increases from662K to
683Kwhereas theTp1 varies from672K to 692K.

Figure 2.XRDpatterns of as-spun Fe83Si4B8P4.3Cu0.7 alloy from the free side andwheel side.

Figure 3.DSC curves at the heating rates of 10, 20, 30, 40Kmin−1 (a) andKissingerfitting curves (b) for Fe83Si4B8P4.3Cu0.7 amorphous
alloy.Tx1 andTp1 are the onset and peak temperatures of thefirst stage.β is the heating rate andR represents the universal gas
constant. Ex1 andEp1 are the activation energies of crystallization corresponding toTx1 andTp1, respectively.
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To assess the thermal stability of amorphous Fe83Si4B8P4.3Cu0.7 alloy, the crystallization activation energyEa
(i.e. Ex andEp)has been estimated usingKissinger function [22].

T

E

R
constln

T
1a

2

b
= - + ( )

whereβ is the heating rate,T is the onset crystallization temperature forEx or the peak temperature forEp
andR represents the universal gas constant. The appearance of compounds in the latter crystallization stage is
always found to significantly deteriorate themagnetic softness of samples after annealing in previous literature
[12, 13, 15]. Thus, the former stage has beenmainly discussed in the following part. Based on the linear fitting of
the ln(β/T2) and -1000/(RT) related toTx1 andTp1 as shown infigure 3(b), the crystallization activation energies
ofEx1 andEp1 have been obtained to be 230 kJmol−1 and 246 kJmol−1, respectively. It is widely reported that the
Ex1 is related to the nucleation of grains and Ep1 is attributed to the growth [23, 24]. The relatively high Ex1
indicates the fine thermal stability of such amorphous alloy against the crystallizationwhen the temperature
rises. A largerEp1 thanEx1 was commonly found inmost Fe-based nano-crystalline alloys [24, 25]. Also, based
on the extended fitting results, the related crystallization temperatures at 400Kmin−1 corresponding to 722K
forTx1 and 730K forTp1 have been estimated, providing an important reference for analyzing the kinetics
behaviors with rapid heating (400Kmin−1) during annealing.

3.2. The dependence ofmagnetic softness on annealing temperature
To investigate the dependence ofmagnetic softness on the annealing temperature, the as-spun
Fe83Si4B8P4.3Cu0.7 ribbonswere annealed at various temperatures of 700–800K for 10 minwith the heating
rates of 400Kmin−1 and 10Kmin−1, respectively. The dependence of coercivity on the annealing temperature is
shown infigure 4. The lines are guides based on the experimental results for better exhibiting coercivity
evolution. Generally, the rapid heating seems necessary for the finemagnetic softness in Fe83Si4B8P4.3Cu0.7
alloys, and dramatically decreases the coercivity comparedwith that for slowheating. For the heating rate of
400Kmin−1, it could be found that the coercivity of annealed samples increases first and then decreases
followed by a reversal increase and serious deterioration ofmagnetic softness as the temperature rises, consistent
with ones ofmost Fe-based nano-crystalline alloys [26–28]. The coercivity evolution could be explained by the
magnetic exchange coupling between the different phases ormagnetic domain regions. A randomanisotropy
model (RMA)was proposed and commonly applied to explain the dependence of coercivity on the grain size in
nano-crystalline alloys through ignoring the effect of the residual amorphousmatrix [29]. In fact, the coercivity
is dependent on both the distance betweenα-Fe grains and the grain size ofα-Fe in the amorphousmatrix. It is
reported that the decrease of coercivity of annealed samples for 400Kmin−1 infigure 4 should bemainly
attributed to the increase of the crystallization volume fraction (α) and the improvement ofmagnetic coupling
[27], agreeingwell with the decrease of residual amorphous trace around 45° in XRDpatterns of annealed
samples as shown infigure 5(a). The symbols of full circles and open squares in figure 5(a) correspond toα-Fe
phase and Fe3(B, P) phase, respectively. Also, the standard diffraction patterns ofα-Fe phase and Fe3(B, P) phase
have been provided. On the other hand, the coercivity of annealed samples is attributed to the grain size ofα-Fe
phase dispersing in the amorphousmatrix. Themean grain size (D) is evaluated by the Scherrer formula from
the full width at halfmaximumof the (110)peak ofα-Fe phase inXRDpatterns, which is shown infigure 5(b).
The guide lines are B-spline curves based on the experimental results to exhibit the evolution ofD. As expected,
theD increases and then tends to be constant as the annealing temperature rises, consistent with the previous
result [30]. Thus, the crystallization of thefirst stage is almostfinishedwhen the annealing temperaturewith the
heating rate of 400Kmin−1 reaches 750K. A small amount rise ofα causes a slight increase of coercivity due to

Figure 4.The dependence of coercivity on the annealing temperature for Fe83Si4B8P4.3Cu0.7 samples annealed at 10Kmin−1 and
400Kmin−1.
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the largeD ofα-Fe for samples annealed at 775Kwith 400Kmin−1.When the annealing temperature reaches
800K, the appearance of compounds (i.e. Fe3(B, P)) brings a significant deterioration ofmagnetic softness.

On the other hand, a continuous increase of coercivity with temperature increasing for samples annealed at
10Kmin−1 is found infigure 4. Figure 6 shows theXRDpatterns of samples annealed at various temperatures
with 10Kmin−1. The amorphous state of the sample after 625K annealing has been retained, indicating such
temperature is too low to trigger the crystallization. It also agrees well withDSC results with the relatively high
Tx1 of 662K at 10Kmin−1. Themuch low coercivity of the sample annealed at 625K should be caused by the
release of stress in amorphous state accompanied by the formation of homogeneousmagnetic coupling regions
[18]. Onlyα-Fe phase appears with the annealing temperature reaching 650K at 10Kmin−1. As the temperature
further rises beyond 775K, a small amount of Fe3(B, P) phase precipitated from the residual amorphousmatrix,
causing the severe deterioration ofmagnetic softness of annealed samples. Thus, the coercivity evolution at 10K
min−1 infigure 4 should be dominated by the coursing ofα-Fe grains at low temperatures (650–750K) and the
appearance of compounds at high temperatures. These results could helpwith the further investigation of
magnetic properties when the two- andmulti-step heating processes are applied during the annealing.

Figure 5. (a)XRDpatterns of Fe83Si4B8P4.3Cu0.7 samples annealed at various temperatures with the heating rate of 400Kmin−1 along
with the standard diffraction patterns ofα-Fe and Fe3(B, P) phases. The symbols of full circles and open squares correspond toα-Fe
phase and Fe3(B, P) phase, respectively. (b)The evolution ofmean grain size ofα-Fe evaluated fromXRDpatterns.

Figure 6.XRDpatterns of Fe83Si4B8P4.3Cu0.7 samples annealed at various temperatures with the heating rate of 10Kmin−1 alongwith
the standard diffraction patterns ofα-Fe and Fe3(B, P)phases. The symbols of full circles and open squares correspond toα-Fe phase
and Fe3(B, P) phase, respectively.
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Tounderstand the effectmechanismof heating rate on improvingmagnetic softness for nano-crystalline
alloys, the two-step heating rate has been applied during annealing. Asmentioned above, 750K is sufficient for
the relatively complete crystallization of thefirst stage due to the lowest coercivity of annealed sample with
400Kmin−1. Thus, the 750K is set to be the isothermal target temperature.

3.3. Coercivity evolution of samples annealedwith two-step heating
First, the two-step heating from slowing heating to fast heatingwas applied and the switching temperature is
marked to beTsf as introduced in section 2. The dependence of coercivity onTsf for samples annealed at 750K
for 10 min is shown infigure 7(a). The guide lines are B-spline curves based on the experimental results for better
exhibiting coercivity evolution for two-step heating. It could be found that the coercivity is unchanged at lowTsf.
The heating rate seems to hardly affect the crystallization behaviors of as-spun alloy. After theTsf reaches 660K,
the coercivity of annealed samples dramatically increases, indicating the appearance of severe coarsening ofα-Fe
grains. Comparedwith theDSC results at 10Kmin−1, the crucial temperature of 660K is slightly lower than the
Tx1 of 662K. The temperature of deterioratingmagnetic softness by lowheatingmainly ranges from660K to
670K, corresponding to the temperature range betweenTx1 andTp1 inDSC curves at 10Kmin−1.When theTsf

is beyondTp1 for 10Kmin−1, the high heating rate seems to no longer helpwith the decrease of coercivity.
For comparison, another series of two-step heating process corresponding to the fast heating to slowheating

was also carried out, and the characteristic switching temperature ismarked asTfs. The coercivity evolutionwith
Tfs increasing is exhibited infigure 7(b). The coercivity of annealed samples declines and the decrement also
decreases as theTfs rises.WhenTfs reaches around 730K, the rapid heating hardly helpswith the decrease of
coercivity. A similar tendency also could be observedwith theTsf reaching aroundTp1 inDSC curve at 10K
min−1 as shown infigure 7(a). Thus,Tp1 should be a critical temperature to distinguish the nucleation and
growth processes ofα-Fe phase. InDSC curves, the thermal behavior for the temperature belowTp1 is
dominated by the nucleation process whereas the subsequent stage ismainly dominated by the growth one. The
nucleation ofα-Fewould be almost finishedwhen the heating temperature reachesTp1 at a constant heating
rate, causing the hardly changed coercivity values in figure 7. Thus, these results also provided an effective way to
study and clarify the characteristic crystallization stages inDSC curves. The improvement ofmagnetic softness
from the high heating rate shouldmainly focus on the heating stage with the temperature below theTp1 of 730K
at 400Kmin−1.

As is well-known, the rapid heating is always found effective in decreasing coercivity inmost Fe-based nano-
crystalline alloys [16, 17]. It is significantly important to link the effective temperature range of rapid heating and
magnetic softness of annealed samples alongwith the thermal behaviors inDSC curves. For further

Figure 7.The dependence of coercivity on theTfs (a) andTsf (b) for samples annealed at 750K for 10 minwith two-step heating.
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understanding of the effect of heating rate on coercivity in this study, especially for the onset critical temperature
for refinement ofmagnetic softness, themulti-stage heatingwas applied during annealing as follows.

3.4. The improvement ofmagnetic softness frompartial rapid heating
Asmentioned above, coercivity seriously increases as theTsf ranges from660K to 670K at the heating rate of
10Kmin−1 [figure 7(a)], corresponding to the approximate temperature range ofTx1 andTp1 ofDSC curves,
respectively. It is too late to decrease the coercivity through the high heatingwhen theTsf is beyondTx1 at
10Kmin−1, indicating that the rapid heating plays a significant role around the onset crystallization stage.With
Tfs rising, the decrement of coercivity decreases and hardly changes after 730K, consistent with theTp1 at
400Kmin−1 deduced from theKissinger function. The critical stage ofα-Fe gain refinement through rapid
heating should begin from the temperature below theTx1 for 10Kmin−1 andfinish up around theTp1 for
400Kmin−1. Thus, themulti-step of slow-fast-slowheatingwas carried out to investigate the effective
temperature range for the decrease of coercivity through the rapid heating.

The coercivity dependence on theTfs forTsf= 650K and 630K formulti-step heating is shown infigure 8.
The guide lines are B-spline curves based on the experimental results to exhibit the coercivity evolution. The
studywas focused on the necessary rapid heating stage during annealing, which should be important for the
fabrication of nana-crystalline alloys in industry. It is found that the coercivity evolution at the relatively highTfs
forTsf= 650K is similar to that forTsf= 630K, indicating the lower initial temperature (<650K) for rapid
heating hardly affects the crystallization behaviors andmagnetic softness of annealed samples.With theTfs rising
for bothTsf= 650K and 630K, the coercivity of annealed samples dramatically decreases and becomes close to
the value for the direct rapid heating to 750K. Ignoring the slight difference of coercivity of samples when theTfs
reaches 640K, the critical stage of rapid heating could be limited in the range fromaround 650K to 740K.

4.Discussion

According to the classical nucleation theory [31], the radius of nucleation seed needs to be above the critical
value (rcrit) during the crystallization of Fe-based amorphous alloys. Otherwise, the seedwould redissolve.
Generally, the rcrit ismuch lower than that offinally formed grains, indicating a small amount of crystallization
contribution from the nuclei to exothermic behaviors for few grains during heating. The observable exothermic
behaviors during the initial stage of crystallization inDSC curves should be contributed by the formation of
massive nuclei. Once the nuclei forms, the grain growthwould proceed due to its contribution to the decrease of
system energy. As the grain becomes larger, it would be surrounded by the B- or P-rich environment and further
growth needs long-range diffusion of Fe atoms [32]. As the temperature rises, the ability of atomic
rearrangement in amorphous alloys would increase, leading to the accelerated nucleation and growth processes
in theory.On the other hand, these two processes would be limited by the supersaturation decrease of Fe in
residual amorphous alloywith the crystallinity increasing. Thus, the rates of both nucleation and growth
processes increase and then decline with the temperature rising during heating [33].

Due to the protection ofmetalloid-rich conditions and the necessary long-range diffusion of atoms for the
overgrowth ofα-Fe grains [32], the low temperatures favor the nucleation and the high ones helpwith the
growth. The increase of the heating ratemay highly limit the long-range diffusion ability instead of the short-
range one. It alsomeans that the rapid heating severely weakens the growth of grains comparedwith the
nucleation. The effect of the heating rate on nucleation and growth could be sketchily exhibited as shown in
figure 9. The improvement ofmagnetic softness significantly needs to inhibit the overgrowth ofα-Fe grains
during the nucleation stage. This study has revealed that the nucleation process is almost finished below theTp1

Figure 8.The dependence of coercivity onTfs withTsf= 650K andTsf= 630K for samples annealed at 750Kwithmulti-step heating.
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inDSC curves at a certain heating rate. Thus, the grain refinement could be realized by shortening the time
Δt=ΔT/β= (Tp1–Tx1)/β through the rapid heating. TheΔt could be approximately regarded as the growth
time before the complete nucleation. It is found that theΔt decreases from60 s for 10Kmin−1 to 1.35 s for 400K
min−1 in Fe83Si4B8P4.3Cu0.7 alloy.

Asmentioned above, Ex1 andEp1 are associatedwithTx1 andTp1, respectively. These related parameters are
also dependent on the compositions.With the increase ofEx1 or the decrease ofEp1, theΔT andΔt of rapid
heatingwould decline comparedwith that of slowheating. Itmay imply that the coercivity of annealed samples
ismore sensitive to the heating rate, or the high heatingmakesmuch help to improve themagnetic softness
comparedwith that for slowheating.

Withmuch higher temperature of crystallization than that formany application as devices, Fe-Si-B-P-Cu
alloy systemwith excellentmagnetic properties is promising in industry and the heat treatment of these
materials should be further improved. The study has determined the necessary temperature range of rapid
heating from aroundTx1 of 10Kmin−1 toTp1 at 400Kmin−1 in Fe83Si4B8P4.3Cu0.7 alloy. Commonly, the key
application of softmagnetic nano-crystalline ribbons is the cores of electrical transformers, which are prepared
by stacking the as-spun ribbons before the annealing process due to the severe brittleness of as-spun state. It
causes the actual difficulty of applying the uniform temperaturefield for the cores during heating. The heat from
external conditions could be hardly controlled during rapid heating and crystallization heat is difficult to be
dispersed in time. As a result, it seriously limited the fabrication of large-size softmagnetic devices asmentioned
above. Thus, determining and reducing the necessary temperature range of rapid heating should be important.
In this study, it is revealed that the partial rapid heating could alsomake a similar improvement of coercivity of
Fe-based nano-crystalline alloys and the effective temperature range of a high heating rate of 400Kmin−1 for
Fe83Si4B8P4.3Cu0.7 alloy has been obtained to be fromaround 650K to 740K. Less necessary temperature range
through the high heating rate could also be realized by the compositional adjustment, which should further
favor the controllable heat treatment for large-size devices. Based on these results, coatings with exothermic
process at appropriate temperatures for ribbons are alsoworth trying to improve the heating process in future.

5. Conclusion

In this study, the crystallization behaviors of Fe83Si4B8P4.3Cu0.7 amorphous alloywere investigated in detail. The
onset crystallization and peak temperatures of the first stage at 400Kmin−1 are estimated to be 722K and 730K
based on theKissingermodel.When the temperature is below theTp1 inDSC curves during heating, the
crystallization of amorphous alloys should bemainly dominated by the nucleation process ofα-Fe phase. It also
means that the nucleation process is almost finishedwhen the temperature reachesTp1, whereas the subsequent
crystallization behavior ismainly contributed by the growth process. As a result,Ep1 seems to be strongly related
to the grain growth ofα-Fe. The critical temperature range of high heating rate (400Kmin−1) for improving
magnetic softness has been determined fromaround 650K to 740K. Themulti-step heating is found to be an
effective strategy for the investigation of the crystallizationmechanismof amorphous alloys. These results could
also substantively helpwith the heat treatment for fabricating high-performance softmagnetic alloys with the
necessary rapid heating in industry.

Figure 9.The schematic illustration for nucleation and growth ofα-Fe phase through the slowheating and rapid heating.
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