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Annealing treatments below crystallization temperature were conducted on commercial Fe70Mnx

Mo3Cr4-6W8-10Si4-5B3-5 (x¼ balance) amorphous powder. It was found that such treatment could

significantly improve the soft magnetic properties of the powder especially at a higher frequency.

Saturation magnetization increased to a maximum and hysteresis loop decreased to a minimum after

the powder was annealed at 800 K for 30 min. Magnetic force microscopy observation indicated that

the size of domain structure was not changed but the phase contrast became obvious after annealing.

The enhancements of soft magnetic properties were explained in terms of structural relaxation and

nanocrystallization as well as the Bethe-Slater curve. Moreover, a characteristic frequency at which

the a.c. susceptibility exhibits a drastic change is found and that frequency changes with the annealing

treatment. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4884232]

I. INTRODUCTION

Over the past few decades, Fe-based amorphous alloys

attracted attentions for their excellent soft magnetic proper-

ties, viz. low coercivity, high permeability, and high satura-

tion magnetization.1–3 These alloys are generally produced

in the form of ribbons with thickness of �30 lm by melt-

spinning technique. The small thickness limited the scope of

applications of such materials. In recent years, Fe-based bulk

metallic glasses (BMGs) with soft magnetic properties were

developed by minor addition of a wide variety of elements

into a master alloys.4–6 Despite large dimension, BMGs usu-

ally show decreased saturation magnetization compared with

ribbons spun from the same master alloys.

Apart from casting, powder metallurgy is also a common

way to produce bulk materials and is widely used in industry.

Amorphous powder can be obtained by either mechanical mill-

ing or atomization techniques. Mechanical milling shows some

obvious drawbacks, namely, long milling time and high energy

consumption during milling, which results in high production

cost. Powder could be contaminated during milling and the

state of powder depends sensitively on the milling parameters.

Thus, atomization seems to be a better way to mass-produce

amorphous powder at relatively low cost.

It is well known that soft magnetic properties of Fe-

based amorphous alloys produced by rapid cooling can be

improved by annealing at suitable conditions.4,7–9 Although

the physical processes behind such improvements are not

clear, it is generally agreed that the enhancement is related to

the frozen disordered liquid state of these amorphous alloys.

Atomization is a rapid cooling method of liquid metals and

show even larger cooling rate compared with melt-spinning.

Therefore, improvements of the soft magnetic properties of

atomized amorphous powder are expected to be achievable

through annealing. In this investigation, commercially avail-

able Fe70MnxMo3Cr4–6W8–10Si4–5B3–5 (x¼ balance) amor-

phous powder produced by atomization method was used to

study the effects of thermal annealing on soft magnetic prop-

erties, as the low content of metalloid elements implies a bet-

ter plasticity. It was found that annealing of the metallic glass

powder under suitable conditions could significantly enhance

its soft magnetic properties.

II. EXPERIMENTS

Fe70MnxMo3Cr4–6W8–10Si4–5B3–5 (x¼ balance) amor-

phous powder (WHP-061016) was purchased from Advanced

Technology & Materials Co., Ltd (AT&M) in Beijing, China.

The amorphous powder was produced by argon gas atomiza-

tion and showed a size distribution from around 1 lm to more

than 30 lm, as shown in Fig. 1. Annealing was conducted in

a muffle furnace with temperature control better than 65 K.

FIG. 1. Size distribution of as received FeMnMoCrWSiB powder.a)Email: apchshek@cityu.edu.hk
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All the annealing temperatures were calibrated with a stand-

ard K-type thermocouple. Structural characterization of all

samples was conducted on a Philips X’pert X-ray diffractom-

eter (Cu Ka, k¼ 1.5406 nm). Thermal analysis was performed

on a Perkin Elmer Diamond differential scanning calorimeter

(DSC) at a heating rate 20 K/min. The saturation magnetiza-

tion at room temperature was measured with a Cryogenic

vibrating sample magnetometer (VSM) using a maximum

applied field of 20 kOe. An a.c. susceptometer is also

employed to measure the magnetic response at different fre-

quencies. Ground and polished epoxy-mounted samples of

the powder were used for magnetic force microscopy using a

Vecco magnetic force microscope (MFM) in the tapping/lift

scanning mode with a CoCr-coated tip magnetized down-

ward. Domain structure observations were made only on

large particles of sizes above 20 lm.

III. RESULTS AND DISCUSSION

The amorphous nature of as-received powder was con-

firmed by the absence of crystal peak in X-rays diffraction

(XRD) patterns as shown in Fig. 2. The glass transition tem-

perature was not obvious for such materials on the DSC

traces shown in Fig. 3. A minor crystallization peak is clearly

seen before the primary one, as fitted using Gaussian curves

(the red dotted lines in Fig. 3). The first crystallization tem-

perature, Tx1, second crystallization temperature, Tx2, and

the peak crystallization temperature, Tp, were 859 K, 886 K,

and 900 K, respectively. The first crystallization temperature

is higher than that of most Fe-based metallic glasses,1–7 sug-

gestive of the high thermal stability of the present powder.

The sum of two peaks yields an enthalpy of crystallization

�23.6 J/g.

Annealing was conducted at several temperatures below

Tx1, namely, 700 K, 750 K, 800 K, and 850 K. Annealing

times were 30 min and 60 min, respectively. Annealed sam-

ples were denoted by “time@tempertuare” in the tables and

figures in this paper. XRD patterns in Fig. 2 indicated that

there was no observable crystallization after annealing

except the one annealed at 850 K. Despite the absence of

long-range ordering in most samples here, the change of

short-range ordering can also be roughly inspected from the

XRD pattern. The stipulation that local unit with nearest

neighbors in metal-metalloid metallic glasses to have the

same type of structure as their crystalline counterpart is pro-

ven to work well for metal-metalloid metallic glasses.10,11

As the main crystalline product of these Fe-based metallic

glasses is a-Fe,12 the primary cluster of the metallic glasses

can be regarded as the deviation of a-Fe clusters in which

the dominate Fe-Fe distance can be characterized by the

peak angle of the amorphous hump. For the present metallic

glasses, the characteristic (110) peak of a-Fe (�44.3�) is

clearly seen in the XRD pattern of its crystalline products in

Fig. 2. All the humps in XRD patterns were also fitted using

a Gaussian function. The peak angles and full width half

maximum (FWHM) obtained from the fitting were tabulated

in Table I. The peak values are close to the (110) peak of a-

Fe. The annealing treatments shifted the peak to a higher

angle, indicating decreased primary Fe-Fe distances. The

shortest primary Fe-Fe distance was achieved in the sample

of “’30 min@800 K,” and further annealing (longer duration

or higher temperature) will increase the distance. It is also

evident that the FWHM is significantly reduced after the

annealing treatment at 800 K, which likely indicates the

onset of crystallization or formation of ordered domains.

According to Table I, the low-temperature annealing can

FIG. 2. XRD patterns of FeMnMoCrWSiB amorphous powder after differ-

ent annealing treatments.

FIG. 3. DSC traces of the as-received FeMnMoCrWSiB amorphous powder.

The dotted red represents the Gaussian fitting of the peaks.

TABLE I. Fitted peaks parameters of amorphous humps in XRD patterns.

Samples 2hP (�) FWHM (�)

As received 44.62 6.27

30 mins@700 K 44.63 6.19

60 mins@700 K 44.66 6

30 mins@750 K 44.70 6.47

60 mins@750 K 44.71 6.66

30 mins@800 K 44.78 5.92

60 mins@800 K 44.52 5.76

30 mins@850 K 44.32 1.2
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also produce a larger FWHM. The low-temperature anneal-

ing cannot only eliminate free volume, but also yield

changes of minor clusters in metallic glasses.13,14

Compared with XRD patterns, the thermal behaviors of

annealed samples were changed more. The variations of

characteristic temperatures of annealed samples were clearly

seen in Fig. 4 and the measured values were listed in Table

II. Although XRD is not sufficient to show the crystallization

process in a nanometer scale, the DSC analysis should be

able to detect such processes, as the presence of nanocrystals

would reduce the enthalpy of crystallization. For samples

annealed below 800 K, the enthalpies of crystallization were

in the range from 23.5 J/g to 24.0 J/g, which were very close

to that of the as-received sample. In contrast, samples

annealed at 800 K show smaller enthalpies: 22.7 J/g and

21.9 J/g for the annealing of 30 min and 60 min, respectively.

Nanocrystallization should therefore have occurred in the

samples annealed at 800 K, in good agreement with previous

analysis on XRD patterns.

Effects of annealing treatment on magnetic behaviors

are shown in Fig. 5. The details are given in Table II. It is

clear that the saturation magnetization (Ms) decreased

slightly after low-temperature annealing (700 K). With ele-

vated annealing temperature and extended annealing time, it

increased dramatically and achieved a maximum value after

annealed at 800 K for 30 min. However, with further increase

in annealing temperature and extended annealing time, the

saturation magnetization were reduced dramatically again.

Apparently, the formation of nanocrystals depressed the

magnetic exchange interactions. Extensive studies support

the opinion that close packing configurations dominate the

structure of multicomponent metallic glasses.13,14 A high

content of nanocrystals will increase the Fe-Fe separation of

the alloys and thus reduce the exchange energy based on the

Bethe-Slater curve.15 The low-temperature annealing consol-

idates the free volume and relaxes stress in the as-cast sam-

ple without nanocrystallization. Such change gives subtle

increase in the density of the sample and shortens the Fe-Fe

separation. This is supported by previous structural analysis

and Table I. As a result, the shortened Fe-Fe separation ele-

vates the exchange energy according to the Bethe-Slater

curve. It is therefore inferred that the annealing just before

the onset of nanocrystallization will yield the maximum satu-

ration magnetization. Another Fe-based metallic glass with

low B content, namely Fe65.5Cr4Mo4Ga4P12C5B5.5, shows a

magnetization close to the present alloy, and the magnetiza-

tion was also enhanced by low-temperature annealing below

723 K.16 The further elevated annealing temperature induces

crystallization and thus deteriorates the magnetic properties.

Although proper annealing treatments can also increase the

magnetization of traditional FeSiB metallic glasses, such sig-

nificant enhancement in the present alloys is not common.

The B concentration in most FeSiB metallic glasses is more

than 10%, which usually induces a strong hybridization

between Fe-d and B-s bands.17 Due to the low B content in

the present alloy, the delocalization of Fe 3d band and thus

the depression of magnetic moment can be minimized. The

reduced Fe-B interaction is also supported by the heat of

mixing between the elements in the alloy. For instance, the

heat of mixing of Cr-B (�31 kJ/mol) or Mo-B (�34 kJ/mol)

is more negative than that of Fe-B (�26 kJ/mol).18

Generally, the low-temperature magnetization of Fe-

based metallic glasses can be described by Bloch’s relation:19

M(T)/M(0)¼ 1-BT3/2-CT5/2. In most of those Fe-based metal-

lic glasses, the third item is just a slight deviation at high

FIG. 4. DSC traces of FeMnMoCrWSiB amorphous powder after different

annealing treatments.

TABLE II. Thermodynamic parameters and saturation magnetization (Ms)

of FeMnMoCrWSiB amorphous powder at various states.

Samples Tx1 (K) Tx2 (K) TP (K) Ms (emu/g)

As received 859 886 900 77

30 mins@700 K 856 886 899 71

60 mins@700 K 856 887 899 70

30 mins@750 K 854 887 898 81

60 mins@750 K 853 883 898 111

30 mins@800 K 862 885 897 155

60 mins@800 K 864 883 897 125

30 mins@850 K 883 910 92

FIG. 5. Magnetization (M-H) curves of as received and annealed samples at

a field up to 20 kOe. The inset shows the enlarged views.
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temperature from the T3/2 rule. According to the T3/2 rule, B

can be simply approached as BM(0)¼ (M(0)�M(T))T2/3

¼ (dM) T2/3. By Conventional linear spin wave theory, the

Bloch coefficient B is related to the spin wave stiffness con-

stant D through19

D ¼ ð2:612Þ
2
3

glB

BMð0Þ

� �2
3 kB

4p

� �
¼ ð2:612Þ

2
3

glB

dM

� �2
3 kBT

4p

� �
;

where g is the spectroscopic splitting g-factor, lB is the Bohr

magneton, and kB is the Boltzmann constant. It is clear here

that D3/2 is in a reciprocal proportion to dM. For Fe-based

metallic glasses, the annealing relaxation and nanocrystalli-

zation generally induce only small variation on the saturation

magnetization at 0 K.20 Thus, the high-temperature annealing

treatments increase the D value with a maximum in sample

of “’30 min@800 K.” Such “magnetic hardening” may arise

from the large magnetostriction and magnetic anisotropy due

to the presence of nanocrystallization, or large exchange

energy. As D is reduced with further crystallization after the

onset, the “magnetic hardening” should mainly result from

the large exchange energy. It is in good agreement with the

magnetization and MFM results (vide infra).

Although low temperature annealing does not lead to an

obvious variation in saturation magnetization or a.c. suscep-

tibility, the annealing at elevated temperatures yields signifi-

cant change in both, as shown in Fig. 6. Take 100 kHz for an

instance, the susceptibility increased with elevated tempera-

ture and extended time up to a maximum after 800 K anneal-

ing for 30 min. Further increased temperature and time,

however, led to a decreased susceptibility. According to the

plot, the as-received sample has a maximum susceptibility at

70 kHz, whilst the annealed sample especially the one

annealed at 800 K for 30 min shows elevated susceptibility

with increased frequency. Obviously, the annealing treat-

ment here extends the application of this material at high fre-

quency effectively. Another feature is evident at 50 kHz in

Fig. 6. At the frequency, samples can be split into two groups

based on their susceptibility. Based on previous structural

and thermal analysis, all samples with higher susceptibility

should have nanocrystals, while samples with lower suscep-

tibility are free from nanocrystallization. The characteristic

frequency of 50 kHz may be associated with one or more

specific properties of these nanocrystals.

Apart from saturation magnetization and susceptibility,

another important parameter for soft magnetic materials is

the hysteresis loss. Although the hysteresis loop of as-cast

samples is small, the change of hysteresis loop after anneal-

ing treatment is also clear as shown in the enlarged view

inset in Fig. 5. The hysteresis loop was first reduced with

increased temperature and time, and then increased after a

minimum at 800 K for 30 min.

To reveal the origin of such improvement, magnetic

domains in the samples were observed by MFM. There was

no obvious phase contrast in the as received samples, as

shown in Fig. 7(a). Due to the large size and isotropic geom-

etry, it is hard to consider the particle as a single domain.

The enlarged views in Fig. 7(b) show some weak domains.

Annealing at an elevated temperature seems to give

enhanced phase contrast of domains in magnetic force

images. Although there is no obvious phase contrast

observed in sample annealed at 750 K for 30 min, as shown

in Fig. 7(c), the enlarged view in Fig. 7(d) shows clear phase

contrast. After annealing at 800 K, the magnetic force images

show distinctive features of “dark” and “bright” stripe mag-

netic domain structure, as presented in Figs. 6(e)–6(h).

Similar phenomenon of enhanced phase contrast of domain

structure was also observed in a FeTiCoNiBNb amorphous

thin film.21 Chu et al. attributed the featureless magnetic

force images to a single domain structure, and suggested that

the magnetization direction lies in the plane of film.16 The

enhanced feature in annealed films was due to the presence

of a strong perpendicular magnetic anisotropy normal to the

plane of film, induced by nanocrystallisation. However, it is

totally different in the present case. No geometric effect ex-

hibit in these spherical particles and no obvious crystalliza-

tion occurred in most annealed samples. It is clear that

annealing did not change the size of domain structures but

made the phase contrast stronger. In the present case, it

seems that the irregular strip domain was not yet nucleated

in as received samples. With annealing at 750 K, the strip do-

main began to nucleate, and a distinct domain structure was

formed after annealing at 800 K.

According to domain theory,22 the formation of the

stripe domain depend on several intrinsic materials parame-

ters in addition to the applied field. As most of the samples

were still in glassy state, the variation of magetoelastic

energy should be small. In the case of low anisotropy espe-

cially the spherical geometry, the major parameters are

thickness of samples d and anisotropy parameters Q, which

is defined as Q¼Ku/Kd, where Ku is the anisotropy energy

density for in-plane magnetization and Kd the stray field

energy density. The diameter of the powder was around

20 lm, which was larger than the width of a domain shown

in Fig. 7. Thus, Q played a dominate role in the formation of

stripe domains. Due to the spherical geometry of the par-

ticles, Q could be correlated with the magnetic anisotropy

for magnetization. Such anisotropy may result from anelastic

structure or large internal stress in samples arising from the
FIG. 6. Measurements of a.c. susceptibility on as received and annealed

samples from 10 kHz to 100 kHz.
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fast cooling during fabrication. Thus, it could be reduced by

thermal annealing treatment. The reduced anisotropy would

lead to a small Q and the stripe domain nucleates easily. In

contrast, for a large Q, the stripe domain could only be

formed at fields close to the anisotropy field. Moreover, the

small anisotropy generally induced a reduced magnetostric-

tion. Similar changes of magnetostriction and saturation

magnetization with domain structures were also observed in

FeTiCoNiBNb amorphous thin film after annealing.21 Based

on the discussions above and the observation of domain

structures, it is inferred that the low-temperature annealing

below 800 K did reduce the magnetic anisotropy.

Annealing induced improvement of soft magnetic

properties has been reported in many Fe-based amorphous

materials. It was also found that optimized annealing condi-

tions can produce high saturation magnetization, large DC

susceptibility, low coercivity, etc. The improvement was

generally attributed to three mechanisms: (1) the formation

of nanocrystalline phase;23–25 (2) the annealing out of

microvoids or free volume formed during fabrication;26–28

and (3) significant decrease of the effective magnetostric-

tion constant.29–32 Most of the reports in the literature show

that the effective magnetostriction constant of Fe-based

amorphous materials decreased significantly after annealing

at a temperature around 770 K and then increased rapidly. It

is probable that the increment was associated with the nano-

crystallization in samples. As discussed above, samples

with nanocrystals show much higher susceptibility at the

characteristic frequency, while the hysteresis loss of all

samples is small. Thus, the stray field energy can also be di-

vided into two classes, depending on whether the sample

contains nanocrystals. We may attribute the domain struc-

tures observed in samples annealed at high temperature to

four possible factors, namely, enhanced anisotropy, large

magnetostriction, strong exchange interactions, and high

stray field energy.

According to the results above and analysis on magnet-

ization, the variation of anisotropy and magnetostriction in

most of annealed samples should be much smaller compared

with the changes of exchange interactions. Thus, the signifi-

cantly enhanced phase contrast should be related to the

exchange interactions. A plot of phase contrast in magnetic

domains against a.c. susceptibility is shown in Fig. 8. A para-

bolic relationship is clearly seen for measured samples

except the one annealed at 850K: y¼ 0.05x2� 0.73x þ 27,

suggestive of the important role of strong exchange interac-

tions in the domain structures. As the sample annealed at

850 K was already crystalline, the anisotropy and magneto-

striction should be much larger than those of glassy samples

annealed at lower temperatures. Thus, it is reasonable to

have a stronger phase contrast in its magnetic domains than

that expected from the parabolic relationship.

FIG. 8. The plot of phase contrasts of magnetic domains against normalized

a.c. susceptibility at 105 Hz. The red curve represents a parabolic fitting.

FIG. 7. Domain structures of FeMnMoCrWSiB amorphous powder after dif-

ferent annealing treatments and their enlarged views: (a) and (b) as received

samples; (c) and (d) annealed for 60 min at 750 K; (e) and (f) annealed for

30 min at 800 K; (g) and (h) annealed for 60 min at 800 K.

233912-5 Zhang, Zheng, and Shek J. Appl. Phys. 115, 233912 (2014)



IV. CONCLUSIONS

Annealing below crystallization temperature significantly

enhanced the soft magnetic properties of FeMnMoCrWSiB

amorphous powder. The maximum saturation magnetization

and minimum hysteresis loss occurred in the sample annealed

at 800 K for 30 min. The enhanced exchange interaction can

be well addressed based on the possible structural variation

and the Bethe-Slater curve. Annealing did not change the size

of domain structure but increased the phase contrast, and

this suggested that the significant influences of nanocrystals

occurred after annealing at higher temperatures. The meas-

urements on a.c. susceptibility also revealed improved high-

frequency behaviors of the Fe-based metallic glasses.
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