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a b s t r a c t 

Fe-based amorphous alloys with high saturation magnetic flux density ( B s ) are increasingly attractive 

from both scientific and technological points of view, however, they usually suffer from the trade-off

between magnetization and softness. In this work, we explore the soft magnetic properties (SMPs), mag- 

netic and atomic structures, and defect activation during creep deformation of as-quenched and annealed 

Fe 82.65- x Co x Si 2 B 14 Cu 1.35 ( x = 0–20) amorphous alloys (AAs). Improved magnetic softness-magnetization 

synergy has been realized in all these alloys by field annealing. Particularly, superb SMPs with super- 

high B s of 1.86 T, low coercivity of 1.2 A/m and high effective permeability of 16300 are obtained in the 

Fe 66.65 Co 16 Si 2 B 14 Cu 1.35 AA. The locally regularized arrangement of domains, homogenized structure with 

less structural/magnetic defects and suppressed crystal-like ordering by field annealing contribute syn- 

ergistically to the superb SMPs. Besides, the relaxation time spectra obtained from creep deformation 

indicate less liquid-like and solid-like defects activated in the field-annealed AA, which is correlated with 

the structural homogenization and superb SMPs. This work provides new and comprehensive insight into 

the interplay among external field, heterogeneous structure, SMPs and defect activation of Fe-based AAs, 

and offers a promising pathway for softening amorphous alloys with high B s . 

© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Soft magnetic materials play a crucial role in realizing high 

fficiency in electrical and electronic devices. Thereinto, Fe-based 

morphous alloys (AAs) have attracted worldwide interests due to 

heir excellent magnetic properties such as high saturation mag- 

etic flux density ( B s ), high effective permeability ( μe ), low co- 

rcivity ( H c ) and low core loss [1–3] . Besides, these alloys ex- 

ibit other advantages of good mechanical properties, low anneal- 

ng temperature and simple annealing process [ 4 , 5 ]. Nevertheless, 

he relatively lower B s ( < 1.7 T typically) of AAs than that of Si-

teel ( ∼2.0 T) limits their broader commercial applications [6] . To 

eet the accelerating requirement of miniaturization of devices 

nd high efficiency, great effort s have been made to enhance B s 
f AAs by increasing Fe content [7] , partial replacement of Fe with 
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o [8] , optimizing metalloid elements [9] , and nanocrystallization 

hrough annealing [10] . Usually, a higher Fe content is conducive 

o larger B s , but the Fe content of ∼85 at.% approaches the up- 

er limit for amorphous formation [2] . Besides, it is found that 

o-doping can enhance B s more effectively than other composi- 

ion design strategies without deteriorating the amorphous form- 

ng ability and manufacturability in some low FeCo content AAs 

 11 , 12 ]. However, further increasing the FeCo content to obtain 

igh B s will deteriorate magnetic softness. And this dilemma can- 

ot be solved by normal annealing treatment, which usually causes 

nly slightly improved or even worse soft magnetic performances 

 13 , 14 ]. It has been documented that magnetic field annealing (FA) 

an enhance the soft magnetic properties (SMPs) of some Fe-based 

A and nanocrystalline systems by modulating domain structure 

nd inducing a uniaxial anisotropy [15–18] . However, the B s in 

ost reported AAs is still below 1.77 T and the underlying struc- 

ural mechanism is elusive [ 19 , 20 ]. Nanocrystallization of high B s 
As by annealing encounters relatively poor manufacturability and 

on-uniformity [21] . Thus, developing high B s Fe-based AAs with 

ow H c by combining composition design with effective processing 
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Fig. 1. (a) XRD patterns and (b) DSC curves of the as-quenched Fe 82.65- x Co x Si 2 B 14 Cu 1.35 ( x = 0–20) ribbons. 
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echnique requires to be solved urgently, but which suffers from 

 long-standing challenge of the magnetic softness-magnetization 

rade-off. 

In this work, the Fe 82.65- x Co x Si 2 B 14 Cu 1.35 ( x = 0, 4, 8, 12, 16,

0) AAs were designed by partially substituting Co for Fe based 

n Fe-Si-B-Cu, to increase B s and thermal stability in their amor- 

hous states. The base alloy Fe 82.65 Si 2 B 14 Cu 1.35 has good SMPs in 

ts nanocrystalline state, but systematical investigation of SMPs in 

ts amorphous state is lacking [22] . The P and C elements are not

onsidered since they are unfavorable in mass production. And 

he Cu content keeps unchanged in this Co-adopting series of AAs 

o produce additional heterogeneity arising from the positive en- 

halpy of mixing between Cu and Fe (Co). The enhanced structural 

eterogeneity facilitates investigation of the FA-heterogeneity-SMP 

elationship and promotes the local aggregation of elements (open- 

ng space to further improve SMPs by FA). The influence of FA on 

MPs, magnetic domain structure, and heterogeneous atomic struc- 

ure, defect activation during creep deformation was systematically 

nvestigated. In contrast with the slight improvement or even dete- 

ioration of magnetic softness after normal annealing (NA), signifi- 

ant improvement of SMPs is observed after FA, especially for the 

lloys with compositions of x ≥8. In particular, super-high B s of 1.86 

 and low H c of 1.2 A/m were achieved in Fe 66.65 Co 16 Si 2 B 14 Cu 1.35 

lloy after FA at 370 °C under an external magnetic field of 0.1 

, showing excellent magnetic softness-magnetization synergy. The 

ombined effects of causing a uniaxial anisotropy along the di- 

ection of applied field, forming uniform strip domains with large 

idth and smooth edge, homogenizing the local structure and sup- 

ressing the structure ordering by FA contribute to the superb 

MPs. In addition, from the relaxation time spectra obtained from 

anoindentation creep deformation experiment, it is found that FA 

an further suppress the activation of liquid-like and solid-like de- 

ects with distinct magnetic exchange interactions from their sur- 

oundings, which is related with the enhanced SMPs. 

. Experimental methods 

Alloy ingots with nominal compositions of 

e 82.65- x Co x Si 2 B 14 Cu 1.35 alloys ( x = 0, 4, 8, 12, 16, 20) were

repared by induction melting the mixtures of high purity el- 

ments of Fe (99.99%), Co (99.9%), Si (99.99%), B (99.5%) and 

u (99.99%) under an argon atmosphere. Amorphous ribbons 

ith a width of about 1.2 mm and a thickness of 20–25 μm 

ere fabricated by single-roller melt spinning under an argon 

tmosphere. Samples with a length of 60 mm were isothermally 

nnealed at different temperatures between 270–410 °C for 15 min 

or 5 min). The annealing process includes the following steps: 

1) sealing the ribbon sample in a quartz tube under a vacuum 

tmosphere (5 ×10 −3 Pa), (2) putting the tube into the furnace 
73 
hamber already at a required annealing temperature and holding 

or 15 min or 5 min, (3) pulling out the tube and quenching it 

n water to room temperature. The NA was carried out without 

n applied magnetic field and FA with an applied field of 0.1 T 

long the ribbon (denoted as “longitudinal magnetic field”). The 

icrostructure of samples was examined by X-ray diffraction 

XRD, Bruker D8 Discover) with CuK α radiation, synchrotron 

RD, and transmission electron microscopy (TEM, Talos F200X) 

quipped with energy-dispersive X-ray spectroscopy (EDS). Syn- 

hrotron radiation XRD was conducted on the NA and FA ribbons 

f Fe 66.65 Co 16 Si 2 B 14 Cu 1.35 alloy at Sector 15U1 of the Shanghai 

ynchrotron Radiation Facility (SSRF). The photon energy was 

0 keV corresponding to an X-ray wavelength of 0.6199 Å, and 

he beam size was 3 × 3 μm 

2 . For high angle annular dark-field 

HAADF) imaging, a probe semi-convergence angle of 10.5 mrad 

nd collection semi-angle of 58–200 mrad were used. Thermal 

nalysis was carried out on differential scanning calorimeter (DSC, 

ETZSCH 404 F3). The Curie temperature ( T C ) was measured by 

QUID magnetometer (MPMS, Quantum Design) in a field of 0.02 

 with a heating rate of 0.16 °C /s. H c and μe were obtained by 

 dc B - H loop tracer (RIKEN BHS-40) under a maximum applied 

agnetic field of 1 kA/m and an impedance analyzer (E4990A) 

nder a field of 1 A/m. B s was measured by a vibrating sample 

agnetometer (VSM, Lake Shore 7410) under a magnetic field up 

o 800 kA/m at room temperature. Magnetic force microscopy 

MFM) was conducted to record the local domain structure with 

n Asylum Research MFP-3D AFM. The magnetic tip was kept a 

ift height of 100 nm. The nanoindentation test was performed 

n a NanoTest Vantage (Micro Materials Ltd) with a standard 

erkovich diamond indenter. Tests at constant loading rates of 

.5, 10, and 50 mN/s were conducted to the prescribed load limit 

f 80 mN followed by a holding period of 120 s to monitor the 

reep displacement and then unloaded at the same loading rates. 

ive independent measurements were carried out under each 

ondition. 

. Results and discussion 

.1. Soft magnetic performance 

All the as-quenched (AQ) ribbons with different Co contents 

how the amorphous structure as indicated from the XRD patterns 

f Fig. 1 (a) without detectable shift of diffraction hump. The DSC 

urves in Fig. 1 (b) of all the AQ ribbons demonstrate a two-stage 

f the crystallization process, with the first exothermic peak corre- 

ponding to the formation of α-(Fe, Co) phase and the second one 

o Fe-B compounds [23] . When increasing the Co content from x = 

 to 20, the primary crystallization temperature ( T x1 ) and the sec- 

nd one ( T ) increase from 379 and 509 °C to 411 and 534 °C,
x2 
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Fig. 2. The Co content dependence of (a) B s , (b) μe and (c) H c for Fe 82.65-x Co x Si 2 B 14 Cu 1.35 ( x = 0–20) alloys treated by NA and FA at optimum condition, as well as the AQ 

state. 
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espectively. Note that the effective activation energy of primary 

rystallization determined from the heating rate dependence of 

rystallization first decreases with Co addition and increases with 

ncreasing Co content above x = 8 (see details in Fig. S2 and Table 

2). These results indicate a complex impact of Co addition on the 

ocal structure of the AAs and formation of α-(Fe, Co) phase. 

To enhance the SMPs by modulating the short-range order 

SRO), medium-range order (MRO) and magnetic domain structure, 

he AQ AAs were subjected to FA and NA in a vacuum at differ-

nt temperatures ( T a ) between 270 and 410 °C. For a given alloy

reated by either NA or FA, H c ( μe ) first decreases (increases) to a

inimum (maximum) at a specific T a (referred as the optimal T a ) 

nd then increases (decreases) with further increasing T a (see Fig. 

4). Furthermore, the FA and NA impose markedly different influ- 
74 
nces on the SMPs, depending on the Co content. This can be seen 

learly from Fig. 2 , which manifests the B s , μe and H c as a function

f Co content for the AQ and annealed AAs (NA or FA at the opti-

al T a ). The B s of AQ alloys rises gradually with increasing Co con- 

ent ( Fig. 2 (a)), showing the maximum at x = 16, and then declines

lightly, which suggests a transition from weak to strong ferromag- 

etism [24] . The increase of B s after Co doping can be interpreted 

y the magnetic valence theory and was widely observed in FeCo- 

ased AAs [ 25 , 26 ]. Upon NA, the structural relaxation leads to a

enser atomic configuration, resulting in the increment of B s for 

ll the NA-treated alloys. It is worth noting that FA brings higher 

 s than NA for all the AAs. The B s of FA alloys increases obviously 

rom 1.72 to 1.86 T with increasing Co content, and the highest 

alue of B s ∼1.86 T is obtained in the x = 16 alloy treated at 370 °C
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Fig. 3. B s and H c for the Fe-based amorphous and nanocrystalline soft magnetic alloys developed in the last ten years. 

Fig. 4. The temperature dependence of magnetization for all the alloys. 

f

h  

a

f  

t

a  

F  

a

m

n

A  

F  

a

a  

h

w

f

3

w  

m

t

t

p

t

T

c

h

p

s

l

t

c

2

b

T  

w

a

a

a

a

e

fi

d  

T  

h

t

p

m

s

a

p

r

p

f

t

p

b

t

a

i

h

t

a

d

p

d

b

T

a

t

s

or 15 min. In addition, we find that B s can maintain an extremely 

igh value above 1.82 T in a wide range of T a (310–390 °C) for this

lloy. Fig. 2 (b) shows that NA only leads to a slight increase of μe 

or the x = 0 and 4 AAs but causes a slight reduction of μe for

he alloys with x > 8. In contrast, FA increases μe considerably for 

ll the alloys, especially the x = 16 and 20 alloys. Besides, NA and

A are almost equally effective in reducing H c for the x = 0 and 4

lloys, as seen from Fig. 2 (c). For the x > 8 alloys, FA reduces H c 

uch more effectively than NA, especially for the x = 16 alloy. Fi- 

ally, an excellent combination of high μe of 16,300, low H c of 1.2 

/m and super-high B s of 1.86 T is observed in the x = 16 alloy after

A at 370 °C. Fig. 3 compares the B s and H c of present x = 16 alloy,

nd other typical high B s Fe-based amorphous and nanocrystalline 

lloys reported [ 2 , 5 , 7–9 , 27–44 ]. It is evident that present AA ex-

ibits super SMPs achieving good softness-magnetization balance, 

hich can be regarded as one of the best soft magnetic alloys so 

ar. 

.2. Magnetic transition and magnetic domain structure 

To reveal the different effects of FA on the SMPs among the AAs 

ith different Co contents as observed in Fig. 2 , a set of thermo-

agnetic curves were measured and shown in Fig. 4 . The magne- 

ization decreases rapidly to almost zero with increasing tempera- 

ure for the Co-free alloy, which indicates a typical ferromagnetic- 

aramagnetic transition. The T C is determined to be 316 °C from 

he derivative of magnetization as a function of temperature ( M - 

 curve). The subsequent rise of magnetization in the M - T curve 
75 
an be attributed to the precipitation of α-(Fe, Co) phase with 

igher magnetization, which also undergoes the ferromagnetic- 

aramagnetic transition with a drop of magnetization. Further 

harp variations of magnetization at higher temperatures are re- 

ated to the second crystalline phase. For the Co-contained alloys, 

he T C increases with increasing Co content due to the stronger ex- 

hange interactions of Co-Co and Fe-Co pairs than Fe-Fe pairs [24–

6] . But a complete ferromagnetic-paramagnetic transition cannot 

e observed in these alloys due to the occurrence of crystallization. 

 C may exceed T x1 of the AAs with x > 8, and thus for x = 0–8

ith relatively low T C , mainly a normal relaxation process associ- 

ted with internal stress relief occurs when treated in the param- 

gnetic or weak ferromagnetic states. In contrast, the x = 12–20 

lloys with larger T c than T x1 were in a ferromagnetic state during 

nnealing. Thus, the SMPs of these x > 8 alloys are strongly influ- 

nced by the inner magnetic field [19] . 

To clarify the effect of the applied external and inner magnetic 

eld on the magnetic structure at micrometer scale, the magnetic 

omains of the AQ, NA and FA x = 16 alloys were examined by MFM.

he x = 16 alloy is chosen as a typical example since first it ex-

ibits the most drastic difference in magnetic softness between 

he NA and FA states, and second it shows the best soft magnetic 

erformance. As indicated in Fig. 5 (a), both planar and maze do- 

ains are visible in the AQ sample, indicating the coexistence of 

tress-driven in-plane and perpendicular anisotropies. Thus, a rel- 

tively high applied magnetic field is necessary to drive the dis- 

lacement of the domain walls, which along with the multipath 

otation of the walls towards field direction during magnetization 

rocesses, leads to the poor SMPs. This can be further illustrated 

rom the round hysteresis loop in Fig. 5 (d), showing the magne- 

ization process with inhomogeneous wall motion and rotational 

rocesses. After NA at 370 °C for 15 min, the domain structure 

ecomes relatively homogeneous and is dominated by the planar 

ype associated with a low-stress state. But rugged edges/interfaces 

nd irregular arrangement of the domains are observed, indicat- 

ng a strong pinning effect, which generates a squared loop with 

igh remanence and large H c as depicted in Fig. 5 (d). In con- 

rast, the FA alloy shows regular planar domains with large width 

nd smooth edge ( Fig. 5 (c)), which are neatly aligned along the 

irection of the applied magnetic field. And there is no obvious 

inning site, which facilitates an unobstructed movement of the 

omains and leads to enhanced magnetic softness, as illustrated 

y the hysteresis loop with a high squareness ratio and low H c . 

hese results indicate the significant role of interaction between 

pplied and inner magnetic fields on soft magnetic behaviors. In 

he NA sample, the inner magnetic field (in its ferromagnetic state) 

tabilizes the irregular arrangement of magnetic domains during 
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Fig. 5. Magnetic domain patterns of Fe 66.65 Co 16 Si 2 B 14 Cu 1.35 ribbon samples at (a) AQ, (b) NA and (c) FA states. (d) Hysteresis loops of Fe 66.65 Co 16 Si 2 B 14 Cu 1.35 ribbon samples 

at AQ, NA and FA states. Partial enlarged plot is given as the inset. 
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Fig. 6. (a) DSC curves for Fe 66.65 Co 16 Si 2 B 14 Cu 1.35 ribbons at AQ, NA and FA 

states. The inset demonstrates a partial enlargement. (b) Synchrotron XRD of 

Fe 66.65 Co 16 Si 2 B 14 Cu 1.35 ribbon samples treated by NA and FA. The inset shows the 

enlarged image of the gray area. 
nnealing and enhances the complex magnetic anisotropy [19] , 

hich deteriorates the magnetic softness. Similar increased H c by 

A has been observed in x = 8, 12, 20 alloys (Fig. S4). FA can remove

he negative influence of the inner field and reorganize the mag- 

etic domain structure, which increases the longitudinal anisotropy 

nd enhances the SMPs of the x = 16 alloy. 

.3. Atomic structure change induced by NA/FA 

Up to now, it is unclear how the different SMPs among the AQ 

nd NA/FA states correlate with atomic structure due to the diffi- 

ulty of directly investigating the subtle structure change. Conven- 

ional XRD usually cannot detect the slight difference between AQ 

nd NA/FA [19] . From indirect magnetic relaxation measurement, 

t was suggested that FA might reduce the number of mobile de- 

ects [45] . Recently, it was found that FA at 1 T promoted the for-

ation of spherical symmetry clusters in an Fe-Si-B AA, possibly 

elating to the enhanced SMPs [20] . To shed light on the struc- 

ural origin of different SMPs between NA and FA states, DSC, syn- 

hrotron XRD and HRTEM experiments were conducted. Fig. 6 (a) 

hows the DSC curves of the AQ, NA and FA alloys (treated at opti-

al T a ). An apparent shallow hump can be observed below T x1 in 

he DSC curve of the AQ alloy, arising from the release of remnant 

xcess enthalpy. After NA this exothermic hump reduces signifi- 

antly due to gradual annihilation of the quench-in free volume. 

nterestingly, the FA alloy shows more energy release during an- 

ealing than the NA sample, which means that FA promotes the 

ystem to a deeper energy state basin in the potential energy land- 

cape. And the T x1 also increases slightly after FA compared with 

hat of the NA alloy, which implies that the additional local struc- 

ural arrangement by applied field further enhances the thermal 

tability against crystallization. In addition, as shown in Fig. 6 (b), 

he synchrotron XRD patterns of the FA and NA samples show lit- 

le change of the first diffraction peak ( Q 1 ) position and a slight

hange of the peak shape. This suggests that the applied magnetic 

eld causes additional arrangement of MRO without affecting the 

ocal density [46] . 

Fig. 7 (a–c) presents the TEM images and corresponding fast 

ourier transformation (FFT) patterns of the AQ, NA and FA (an- 

ealed at 370 °C) x = 16 alloys. The bright-field TEM images and 
76 



Q. Luo, D. Li, M. Cai et al. Journal of Materials Science & Technology 116 (2022) 72–82 

Fig. 7. The HRTEM images and the corresponding FFT patterns for Fe 66.65 Co 16 Si 2 B 14 Cu 1.35 ribbons at (a) AQ, (b) NA and (c) FA states. Representative auto-correlation images 

of typical cells with (d, f) crystal-like and (h) typical most disordered orders, and the corresponding FFT patterns (e, g, i). (j–l) Auto-correlation maps for the selected parts 

of the HRTEM images of (a–c). The cells showing crystal-like order and the most disordered feature are marked by red and orange rectangles, respectively. 
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FT patterns all reveal a completely amorphous structure. A slight 

ifference of the FFT patterns can be observed among the three al- 

oys. The NA alloy shows more shallow diffraction rings than the 

Q alloy implying its more ordered structure, and the FA alloy has 

he most minor ring features indicating its most disordered struc- 

ure. More details can be revealed from the 2D auto-correlation 

ap, from which one can quantify the areal fraction of MRO with 

rystal-like order in the alloys (examples are shown in Fig. 7 (d–

)) [47] . The square areas selected in Fig. 7 (a–c) are divided into

00 square cells, each of which has a size of 2.0 nm, the typical 

ize of MRO in AAs [ 4 8 , 4 9 ]. From the 2D auto-correlation images

n Fig. 7 (j-l), the total area fraction of the crystal-like cells is about 

% ±1%, 15% ±1%, 7% ±1% for the AQ, NA and FA alloys. But the area

raction of the most disordered clusters ( Fig. 7 (h, i)) is almost the

ame ( ∼20% ±1%) for all the alloys. Accordingly, different from the 

romoted structure ordering of clusters by NA, structure order- 

ng is significantly impeded by FA, which possibly interprets the 

nhanced effective activation energy of primary crystallization and 

ncreased T x1 . To explore the possible nanoscale chemical or den- 

ity fluctuations in present AAs, high-resolution Z-contrast HAADF- 

TEM measurement was performed. The AQ sample shows hetero- 

eneous contrast with dark and bright areas in Fig. 8 (a) and (c), as

 result of an inhomogeneous distribution of density and/or chem- 

stry. The STEM mappings of elements show a relatively homoge- 

eous distribution, and a visible correlation between chemical vari- 

tion and heterogeneity (in Fig. 8 (b)) cannot be detected. Thus, the 

ark-bright contrast in the HAADF-STEM image mainly arises from 

he mass density variation, as indicated in a Zr-based metallic glass 
77 
48] . After NA, the inhomogeneous contrast of the HAADF-STEM 

ecreases slightly ( Fig. 8 (d) and (f)), indicating a more homoge- 

eous microstructure in the NA AA. Moreover, the intensity profiles 

aken from a diagonal line of the Cu mappings reveals the most 

niform distribution of Cu in the FA alloy and the most heteroge- 

eous in the AQ alloy. These results indicate that the external field 

uring annealing can further promote atomic arrangements to a 

ore homogeneous atomic configuration. The more uniform struc- 

ure with fewer defects, suppressed crystal-like orders and less Cu 

lustering contribute structurally to the superb SMPs in the FA- 

reated alloy. 

Next, we discuss briefly the structural origin of the deterio- 

ation of FA on SMPs starting from ∼375 °C for the x = 16 AA.

ig. 9 (a,b,e,f) compares the TEM images, selected area electron 

iffraction (SAED) and FFT patterns (the insets) of the NA and FA 

pecimens, from which a few nanocrystalline grains embedded in 

he residual amorphous matrix can be revealed. Note that conven- 

ional XRD (not shown here) reveals amorphous structure of this 

nnealed alloy, indicating its quite small volume fraction. Statistical 

nalysis reveals that the α-(Fe, Co) grains in the NA sample have a 

ize range of 5–20 nm with 10 nm in average. In contrast, α-(Fe, 

o) grains in the FA alloy have a smaller average grain size of 5 nm.

his may imply that the applied magnetic field retards diffusion of 

toms during annealing, as long-range atomic diffusion is neces- 

ary for the growth of crystals. It was found that the diffusion of 

arbon in γ -Fe was retarded by a magnetic field [50] . In addition, 

ifferent from the irregular-shape grains in the NA alloy, strip-like 

rains with preferred arrangement orientation are observed in the 
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Fig. 8. HAADF STEM images and the corresponding mappings of AQ and annealed Fe 66.65 Co 16 Si 2 B 14 Cu 1.35 at 370 °C for 15 min. 

Fig. 9. The bright-field TEM images, SAED patterns, grain size distribution, HAADF STEM images and corresponding EDS mappings of Cu element for samples treated by NA 

and FA at 375 °C for 5 min. 
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Fig. 10. Experimental and fitting creep curves of the Fe 66.65 Co 16 Si 2 B 14 Cu 1.35 ribbons at (a) AQ, (b) NA, and (c) FA states at different loading rates. (d) The histogram of the 

fitting parameters of creep curves for the Fe 66.65 Co 16 Si 2 B 14 Cu 1.35 ribbons at AQ, NA and FA states based on the Maxwell-Voigt model. 
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A alloy, indicating a significant impact of FA on the atomic ar- 

angement and diffusion. In the HAADF-STEM image of the NA 

ample ( Fig. 9 (c)) dark and bright regions can be detected, which 

orrespond to the Cu-poor and Cu-rich regions ( Fig. 9 (d)), respec- 

ively. In contrast, more remarkable Cu-cluster formation with di- 

meter of 2–6 nm occurs in the FA alloys, which leads to more ob- 

ious bright-dark contrast in the HAADF-STEM image ( Fig. 9 (g,h)). 

hese Cu clusters serve as nuclei to promote the formation of fine 

anocrystals in the FA alloy [ 51 , 52 ]. But the Fe element exhibits

elatively homogeneous distribution, which could be due to similar 

e contents in the amorphous matrix and α-(Fe, Co) nanocrystals. 

herefore, the formation of nanocrystals increases the magneto- 

rystalline anisotropy significantly, which can overcome the FA- 

nduced magnetic anisotropy and increase the H c ( ∼8.8 A/m). This 

esult clarifies that even if the α-(Fe, Co) fraction is quite small, it 

s still the random anisotropy model that determines the soft mag- 

etic mechanism of two-phase nanocrystalline systems [53] . 

.4. Nanoindentation creep deformation 

Creep deformation was investigated by nanoindentation to fur- 

her comprehend the effect of FA on the heterogeneous structural 

rrangements at nanometer scale. Fig. 10 (a–c) shows the holding 

ime dependence of the creep displacement of the alloys. The max- 

mum creep displacement of the AQ alloy increases from 12.1 to 

7.6 nm when increasing the loading rate from 0.5 to 50 mN/s. 

hese values are similar to those of other MGs [ 54 , 55 ]. After NA

t 370 °C, the maximum creep displacements at loading rates of 

.5 and 50 mN/s decrease to 9.0 and 20.6 nm, respectively, due to 

he denser structure. For the FA alloy, this displacement is deter- 

ined to be 5.7 and 19.4 nm at loading rates of 0.5 and 50 mN/s,

espectively, demonstrating a less pronounced creep deformation 

fter FA. To further understand the creeping process, the Maxwell- 

oigt model containing Maxwell and Kelvin units is used to ana- 

yze the creep curves [56] . After assuming that the sudden elastic 

train before the first stage of anelastic deformation is zero, the 
79 
reep displacement can be described by [57] : 

 ( t ) = h 1 

(
1 − e −t/ τ1 

)
+ h 2 

(
1 − e −t/ τ2 

)
+ t/ μ0 (1) 

here t is the holding time, h i is the indentation depth and τ i is 

he characteristic relaxation time of the i -th anelastic Kelvin unit, 

nd μ0 is a constant of the Maxwell dashpot (proportional to the 

iscosity coefficient). As shown in Fig. 10 , the creep curves of all 

he AQ, NA and FA alloys can be fitted very well with Eq. (1) con-

aining two Kelvin units and one Maxwell unit. For all the alloys, 

oth h 1 and h 2 increase at first and then decreases with increas- 

ng loading rate. The τ 1 , τ 2 and μ show slight differences among 

he AQ, NA and FA alloys at 0.5 and 50 mN/s, but noticeable dif- 

erences can be observed at 10 mN/s as indicated in Fig. 10 (d). All

he τ 1 , τ 2 and μ decrease as the sample changes from AQ, NA to 

A states. Thus, applying an external field during annealing further 

educes the viscosity coefficient of the Maxwell dashpot and char- 

cteristic relaxation times of both anelastic Kelvin units. 

Moreover, the isothermal relaxation time spectra are analyzed 

y using the following equation [54] : 

 ( τ ) = 

[∑ 

(
1 + 

t 

τi 

)
h i 

τi 

e 
− t 

τi 

]
A 0 

P 0 h in 

t | t=2 τ (2) 

here L represents the spectrum intensity, h in represents the max- 

mum indentation depth, and A 0 / P 0 represents the inverse of hard- 

ess. Fig. 11 (a) shows the typical relaxation spectra of AQ alloy 

btained at loading rates of 0.5, 10 and 50 mN/s. It can be seen 

learly that both the intensity and characteristic times of the re- 

axation peaks increase when increasing the loading rate from 0.5 

o 10 mN/s. Thus, more defects with longer relaxation time can 

e activated during deformation at a larger loading rate, which is 

n accordance with that observed in other AAs [58] . However, fur- 

her increasing the loading rate to 50 mN/s leads to a decrease in 

oth the characteristic times and intensity of the relaxation peaks. 

hese abnormal behaviors may arise from the saturation effect of 

he activated defects at a loading rate of 50 mN/s. Similar load- 

ng rate-dependent behavior has been observed in the NA and FA 
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Fig. 11. The relaxation spectra of Fe 66.65 Co 16 Si 2 B 14 Cu 1.35 ribbons at (a) AQ, (b) NA, and (c) FA states under different loading rates with a maximum load of 80 mN. (d) The 

relaxation spectra of Fe 66.65 Co 16 Si 2 B 14 Cu 1.35 ribbons at AQ, NA and FA states under the loading rate of 10 mN/s. 
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lloys as indicated in Fig. 11 (b) and (c). Fig. 11 (d) compares the re-

axation spectra of AQ, NA and FA alloys obtained at a loading rate 

f 10 mN/s. All the intensity and characteristic times of both peaks 

t 10 mN/s decrease after NA at 370 °C, which indicates the sig- 

ificant reduction of both types of defects responsible for the re- 

axation peaks due to the stress relief and denser atomic packing. 

nterestingly, after FA the intensity and characteristic time of both 

elaxation peaks further decrease compared with that of NA alloy, 

hich implies that fewer defects with shorter relaxation time were 

timulated (for both relaxation peaks) in the FA alloy. 

It has been widely accepted that AAs have considerable diver- 

ity in short-to-medium-range orders, possessing liquid-like and 

olid-like regions [ 54 , 57 ]. The heterogeneous atomic configurations 

t different length scales play a significant role in glass formation, 

elaxation and deformation of AA systems [ 48 , 59 ]. The two-phase 

odel of MGs with the liquid-like region (free volume zone) and 

he solid-like region is usually used to characterize the two anelas- 

ic relaxation events [60] . It was suggested that the first peak with 

 short relaxation time of the relaxation spectra in Fig. 11 is re- 

ated to the activation of defects in the solid-like regions with a 

elatively strong atomic bonding, while the second one with de- 

ects in the liquid-like region with weaker bonding. The increase of 

ntensity and relaxation time with increasing loading rate from 0.5 

o 10 mN/s in all the AAs implies that more detects in liquid-like 

nd solid-like regions are stimulated at a higher loading rate. This 

s in accordance with the observation in the Fe- and Zr- based AAs 

 54 , 55 ]. The weakest intensity of both peaks in the relaxation spec-

ra of FA alloy in Fig. 11 (d) indicates that both liquid-like and solid-

ike defects activated during deformation reduce significantly after 

A. And the liquid-like defects show more significant reduction in 

heir number than the solid-like defects. Besides, the shift of both 

elaxation peaks to lower time implies that the size of both types 

f defects decreases in the FA alloy. Therefore, one can deduce that 

A homogenizes the local structure via reducing the number and 
80 
ize of both liquid-like and solid-like defects, which modifies the 

reep deformation and SMP significantly in present alloy. 

At last, we discuss the effect of magnetic and structural hetero- 

eneities on SMPs of the AAs. Present AA system has pronounced 

ocal structural heterogeneity arising from the positive heats of 

ixing of Fe-Cu pair (13 kJ/mol) and Co-Cu pair (6 kJ/mol) [61] . 

his results in a considerable diversity in the local atomic con- 

gurations around Fe atoms, which leads to significant fluctua- 

ions of exchange energies and local anisotropy (from magnetic 

eterogeneity). Besides, the Co doping introduces Co-Co and Fe-Co 

airs having different exchange integrals with the Fe-Fe pairs, in- 

roducing additional magnetic heterogeneity. Since H c is sensitive 

o structural/magnetic heterogeneity (such as free volume, resid- 

al stress and inhomogeneous magnetic structure), good magnetic 

oftness is not obtained in all the AQ Co-doping AAs. And next, 

e discuss the bizarre effects of enhancing the B s considerably 

ut deteriorating the magnetic softness obviously upon Co addi- 

ion as observed here and in other systems [ 25 , 26 ]. The significant

ncrease of B s upon Co alloying originates from the enhanced ex- 

hange interaction and promoted electron transfer into the spin-up 

 d band of Fe atom [62] . While the markedly worsened softness 

or the x > 8 alloys could relate to a combination of enhanced mag- 

etic heterogeneity (giving rise to more pinning centers for mag- 

etic domains) and increased local magnetic anisotropy (see the 

rregularly mussy wide and narrow magnetic domains and round 

agnetic loop in Fig. 5 (d)). 

Usually, NA below the crystallization temperature can lead to 

he denser atomic packing, structural homogenization and stress 

elief, which result in a slight decrease of H c and an increase of B s 
as observed in most alloys investigated here). However, the mag- 

etic softness becomes worse after NA in the x = 16 alloy. We ar- 

ue that this is related to the complicated inner magnetic field, 

hich strongly affects the atomic arrangement and magnetic ho- 

ogenization processes during annealing. The HAADF-STEM image 
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Fig. 12. Schematic diagram of magnetic domain and atomic structures of Fe 66.65 Co 16 Si 2 B 14 Cu 1.35 AAs in the AQ, NA and FA states. The blue balls denote the atoms forming 

completely disordered microstructure, and the red balls denote the atoms forming crystal-like clusters. Groups of atoms with different background colors refer to different 

magnetic domains, where the fluctuations of the easy magnetization direction are indicated by the arrows. 
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n Fig. 8 (d) reveals that this inner magnetic field tends to slow 

own the homogenization process during annealing, as seen from 

he slight change of the contrast and increased crystal-like clusters. 

hus, the heterogeneity nature composed of weak/medium/strong 

erromagnetic regions (clusters) with different exchange couplings 

etween clusters and diverse local magnetic anisotropy is not im- 

roved significantly. And the increased crystal-like clusters intro- 

uce more structure defects, which should impede the effective 

rrangement of Fe-Fe (Co) pairs and pin the domain walls. Fur- 

hermore, the relaxation during NA may further enhance the mag- 

etic heterogeneity owing to the inhomogeneous thermal strains 

nd complicated inner magnetic field, which causes increased lo- 

al magnetic anisotropy and worse SMPs as also observed in other 

A systems [19] . The different magnetic domain and atomic struc- 

ures between the AQ and NA AAs are presented in Fig. 12 . Inter-

stingly, FA can provide an effective/promising pathway overcom- 

ng the negative effect of the inner magnetic field and solving the 

ilemma about the softness-magnetization trade-off. In addition to 

omogenizing locally the magnetic domain structure (as illustrated 

n Fig. 12 ), FA can rearrange the local structures into a more homo- 

eneous configuration (see Fig. 8 (g)) with less crystal-like clusters , 

hich considerably reduces the magnetic-domain pinning centers. 

esides, the reduced structural and magnetic heterogeneities by FA 

an be further illustrated from the relaxation spectra. The liquid- 

ike and solid-like defects responsible for the creep deformation 

hould have different exchange coupling interactions from their lo- 

al surroundings, which increases the heterogeneity of exchange- 

oupling energy and can be considered as magnetic defects to pin 

he domain walls. In some nanomagnets, it was found that pinning 

ook place at the interface regions with weak exchange coupling 

63] . It is possible that pinning prefers to occur in the liquid-like 

egions with weak exchange interaction in the amorphous matrix, 

hich but needs further exploration. The suppressed defect activa- 

ion in relaxation spectra of Fig. 11 (d) means that FA significantly 

omogenizes the exchange coupling interactions among clusters 

nd reduces the magnetic defects (as the pinning centers). And 

his process facilitates the movement and rotation of the domain 

all coherently, leading to a large reduction of H c from 23.1 A/m 

n AQ state to 1.2 A/m in FA state. In addition, due to the struc-

ural and magnetic heterogeneities, clusters with rich or poor Fe- 

e (Co) pairs coexist in the AQ alloy, which should arrange dif- 

erently during NA and FA. The structure arrangement under in- 

omogeneous thermal strain and external field may promote the 

evelopment of a higher level of Fe-Fe (Co) pairs with preferred 

rientation along the direction of the external field. This results in 

nhanced exchange interactions among Fe-Fe (Co) pairs and im- 

roved B s as seen in Fig. 2 , and correlates with the field-induced 
81 
niaxial anisotropy along the ribbon axis as well. In the Fe-Co- 

i-B nanocrystalline alloys showing improved SMPs after FA, mag- 

etic atoms pair ordering was suggested to contribute to the field- 

nduced magnetic anisotropy [64] . More investigations are needed 

n the future to clarify this issue. 

. Conclusion 

We successfully achieve a superior softness-magnetization com- 

ination in the field-annealed Fe 66.65 Co 16 Si 2 B 14 Cu 1.35 AA. A much 

arger B s (1.86 T) and a smaller H c (1.2 A/m) than those of the com-

ercial Fe-based AAs ( B s ∼1.56–1.63 T and H c ∼2 A/m) are attrac- 

ive for industrial application. Besides, this AA system takes advan- 

age of better industry manufacturability than the P and/or C con- 

ained AAs and nanocrystalline alloys. Moreover, comprehensive ef- 

ects of FA on structural and magnetic heterogeneities at different 

ength scales and on SMPs have been revealed, including formation 

f uniform magnetic domains at micrometer scale, homogeniza- 

ion of structure at SRO and MRO scales, reducing both the liquid- 

ike and solid-like defects at nanometer scale, and suppressing the 

tructural ordering at MRO. These results shed new light on the 

orrelation between structural/magnetic heterogeneities and mag- 

etic/mechanical properties and guide the development of novel 

oft magnets with excellent softness-magnetization balance. 
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