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Abstract
It has been widely accepted that the ultrafast cooling rate is required for the glass formation of amorphous alloys. Here, the

larger glass-forming ability (GFA) of Fe76P5(B0.5Si0.3C0.2)19 amorphous alloy was achieved by water quenching at lower

cooling rate under argon atmosphere. Cylindrical rods with diameters of 1–2 mm were prepared by water quenching

without flux treatment, Cu-mold injection casting, and Cu-mold suction casting, respectively. The influences of the

preparation techniques with different cooling rates on GFA, thermal property, and nucleation/growth behavior were

examined. The critical diameter of the Fe76P5(B0.5Si0.3C0.2)19 amorphous alloys is 1.7 mm for water quenching while

smaller than 1.0 mm for injection casting. Microstructure analysis indicates that the crystallization and solidification

processes are quite different between the water-quenched and the injection-cast rods. These findings could deepen fun-

damental understanding on the relationship between the cooling rate, techniques, and GFA of Fe-based amorphous alloys.
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1 Introduction

Fe-based amorphous alloys possess considerably superior

properties, like good soft magnetic properties, low mag-

netic loss, high strength, erosion resistance, and low

material cost. These unique properties have enabled their

application as magnetic functional materials [1–4]. How-

ever, the limited glass-forming ability (GFA) of Fe-based

amorphous alloys significantly hinders their application in

various fields. Thus, it is a long-term objective to develop

Fe-based amorphous alloys with three-dimensional size

over several millimeters.

To improve the GFA of Fe-based amorphous alloys,

intensive efforts have been devoted since the discovery of

the first Fe-based bulk metallic glass in 1995 [5]. Gener-

ally, for the optimization of GFA, researches are mainly

concentrated on two approaches: scavenging heteroge-

neous nucleation sites in undercooled liquid and improving

preparation techniques/conditions. On one hand, methods

to scavenge heterogeneous nucleation sites such as using of

high-purity materials, flux treatment, rare-earth elements

doping, and ultrahigh vacuum casting [6–14] led to

improved GFA but increased production cost and cycle

time of amorphous alloys. On the other hand, fabrication

techniques including rapid quenching, mechanical alloy-

ing, and vapor deposition have been applied to supply high-

level non-equilibrium conditions in forming Fe-based

amorphous alloys [15]. However, it is challenging to

increase the cooling rate through the innovation of prepa-

ration techniques [16]. Therefore, enhancement of GFA

through technique with a moderate cooling rate is the key
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to the formation and application of Fe-based amorphous

alloys.

In recent years, several kinds of Fe-based ferromagnetic

amorphous alloys without any glass-forming transition

metal elements have been reported [17–21]. Among them,

Fe76P5(B0.5Si0.3C0.2)19 amorphous alloy fabricated by Cu-

mold injection casting under air atmosphere exhibited a

critical diameter (dcr) of 3 mm and excellent soft magnetic

properties [22]. Here, Fe76P5(B0.5Si0.3C0.2)19 amorphous

rods were prepared using three different techniques: Cu-

mold injection casting, Cu-mold suction casting, and water

quenching without flux treatment under argon atmosphere.

It is well accepted that the cooling rate of water quenching

is much lower than that of injection casting [23, 24]. The

dcr of the rod prepared by injection casting was less than

1.0 mm, while the dcr could be improved to 1.0 mm by

suction casting and even to 1.7 mm by water quenching.

Thus, a dependence of GFA on casting technique was

observed for the amorphous alloys. This result indicated

that the water quenching technique was beneficial to the

glass formation of the present Fe-based alloys, in spite of

the low cooling rate and the absence of flux treatment. To

investigate the mechanism of this counterintuitive phe-

nomenon, structure characterization was performed on the

partially amorphous rods and crystallization behavior dur-

ing solidification was analyzed. This paper aims to present

the experimental evidences for the higher GFA of Fe–Si–

B–P–C alloys prepared by water quenching at lower

cooling rate and explore the reason for the improvement in

GFA.

2 Materials and experimental methods

A multicomponent alloy ingot with nominal atomic com-

position of Fe76P5(B0.5Si0.3C0.2)19 was prepared by induc-

tion melting the mixtures of pure Fe (99.99 mass%), B

(99.9 mass%), and Si (99.999 mass%), pre-alloyed Fe3P

(99.99 mass%, 18 mass% P), and Fe–C (99.99 mass%, 3.6

mass% C) alloys under high purity of argon atmosphere.

Cylindrical rods with diameters of 1.0 and 1.5 mm were

prepared by injection casting and suction casting tech-

niques, respectively. Their cooling rates were estimated to

be * 4000 K/s [24]. In addition, rods of 1.5–2.0 mm in

diameters and a few centimeters in length were prepared by

water quenching, without flux treatment, at a cooling rate

of * 100 K/s [23]. The details of water quenching process

used in the present study were described elsewhere

[21, 25]. Fe76P5(B0.5Si0.3C0.2)19 amorphous ribbons with a

thickness of 25 lm were also prepared for comparison by

the melt spinning method.

Amorphous nature of the as-cast alloys was ascertained

using an X-ray diffractometer (XRD) with Cu Ka

radiation. Thermal behavior was examined by differential

scanning calorimetry (DSC) at a heating rate of 40 K/min.

Microstructure on the longitudinal cross section of the rods

was investigated using an optical microscope (OM) and a

scanning electron microscope (SEM). The chemical com-

position of the crystallites was estimated with an energy-

dispersive X-ray spectroscope (EDX). All the measure-

ments were conducted at room temperature.

3 Results and discussion

Figure 1a gives the sticks in diameter of 1.5–2.0 mm pre-

pared by water quenching. Figure 1b shows the XRD

patterns of Fe76P5(B0.5Si0.3C0.2)19 rods prepared by injec-

tion casting, suction casting, and water quenching tech-

niques in argon atmosphere. The patterns of the rods

fabricated using injection casting (/1.0 mm) and suction

casting (/1.5 mm) exhibit crystalline diffraction peaks

identified as a-Fe and Fe3(B,P,C) phases, suggesting that

the rods cast at higher cooling rates are with partially

amorphous structure. In contrast, the specimen can be cast

into fully amorphous rods with diameters to 1.0 mm for

suction casting and up to 1.7 mm for water quenching, as

Fig. 1 Photograph of amorphous rods in diameter of 1.5–2.0 mm

prepared by water quenching technique (a) and XRD patterns of

Fe76P5(B0.5Si0.3C0.2)19 amorphous rods and partially amorphous rods

produced by different techniques in argon atmosphere (b)
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only a broad halo peak without any apparent crystalline

peaks is observed. Namely, the dcr of Fe76P5(B0.5Si0.3-

C0.2)19 amorphous alloy increases from less than

1.0–1.7 mm by replacing injection casting with water

quenching as the fabrication technique, which reveals that

the water quenching technique with lower cooling rate is

more favorable for the formation of Fe–Si–B–P–C amor-

phous alloys than injection casting and suction casting

techniques.

Figure 2 shows the DSC traces of the Fe76P5(B0.5Si0.3-

C0.2)19 rods prepared by different techniques, together with

that for the melt-spun ribbon. Apparent glass transitions

and sharp crystallization peaks are observed in the ribbon

and the entirely amorphous rods prepared by suction

casting (/1.0 mm) and water quenching (/1.7 mm), con-

firming the amorphous nature of the rods. The Curie tem-

perature (Tc), glass transition temperature (Tg), and onset of

crystallization temperature (Tx) of the water-quenched rod

shift slightly to higher temperature compared with that of

the melt-spun ribbon. The gradually increased glass tran-

sition temperature of the samples may be due to the

decrease in cooling rates of the solidification process [26].

The water-quenched amorphous rod may have a much

denser atomic packing and a more relaxed atomic config-

uration than the more quickly solidified counterpart [27].

The increase in crystallization temperature is thought to be

caused by the decrease in surface as samples size rises;

according to Liu et al. [26], the larger surface tended to

provide more nucleation sites for crystallization. Besides,

the varying degree of structural relaxations generated

during solidification process gave rise to the variation of

physical and thermal properties [28]. Liebermann et al.

[29] showed that Tc was sensitive to the degree of relax-

ation, rising when the as-prepared amorphous alloy was

annealed. Thus, the increase in Tc also verifies a more

relaxed amorphous structure in water-quenched rod.

Microstructure analysis demonstrates a significant dif-

ference between the partially amorphous Fe76P5(B0.5Si0.3-

C0.2)19 rods manufactured by injection casting and water

quenching methods (Fig. 3). OM observations were per-

formed on the longitudinal section of the rods with diam-

eters just above the dcr, namely rods with diameters of

1.0 mm for injection casting, 2.0 mm for water quenching,

and 1.5 mm for suction casting (Fig. 3a–c). Injection-cast

rod (/1.0 mm) exhibits a series of large grains with

diameter of 50–100 lm present in the center region and

oriented parallel to the longitudinal direction (Fig. 3a).

Figure 3b shows that a high number density of the

10–20 lm spherical grains is embedded uniformly in the

amorphous matrix, and reveals an amorphous/crystalline

dual-phase structure in water-quenched Fe-based rod of

2.0 mm in diameter. This is consistent with the concept

that the nuclei formed at a maximum nucleation rate tended

to experience a much lower growth rate [15]. Similarly,

suction-cast rod (/1.5 mm) displays a structure comprising

crystalline phases in diameter of 20–40 lm dispersed in

amorphous matrix. As a result, the water-quenched rod

possesses a homogeneous structure, making it totally dif-

ferent from the center-crystallized structure of injection-

cast rod. This implies that the crystallization behavior is

controlled by nucleation in injection casting process, but it

is particle growth dominated in water quenching process.

The crystalline structures of the partially amorphous

samples were further investigated by SEM (Fig. 3d–f).

Injection-cast rod (Fig. 3d) exhibits large (* 60 lm)

dendrite grains grown from inside-out, with secondary

dendrites present along the primary dendrites. This is

similar to the columnar growth of dendrite in aluminum

alloys and was controlled by the high and directional heat

flux in the additive manufacture process, which supplies

high thermal gradients and small undercooling during

solidification [30]. In contrast, fine microstructures are

acquired via water quenching process by suppressing the

growth of secondary dendrites (Fig. 3e). The fine and dif-

fusely distributed grains are thought to form in identical

solidification conditions, which arise from the inferior

thermal conductivity of quartz glass. In conclusion, the

crystallization during solidification is controlled by nucle-

ation mechanism for injection casting, whereas by grain

growth mechanism for water quenching. The elemental

compositions of the grains were evaluated with the EDX

resulted from SEM analysis (Table 1). The EDX analysis

reveals that the ratio of Fe:P:Si in all amorphous matrix is

approximately 76:5:4.7, which is similar to the nominal

composition Fe76P5(B0.5Si0.3C0.2)19. The EDX signals from

B and C elements are high in intensity and far deviate from

the nominal composition, because B and C elements are

Fig. 2 DSC traces of Fe76P5(B0.5Si0.3C0.2)19 melt-spun ribbon and

bulk samples prepared by injection casting (/1.0 mm), suction

casting (/1.0 and /1.5 mm), and water quenching (/1.7 mm) in

argon atmosphere at a heating rate of 40 K/min
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not detectable by EDX. Surprisingly, the oxygen content of

the grains, irrespective of their size and morphology, are

several times that of the amorphous matrix, such as six

times the injection-cast samples while less than four times

the others. This phenomenon suggests that proper oxygen

content can enhance the GFA of the present Fe-based

amorphous alloys, which is also reported in other Fe-based

amorphous alloys [31, 32].

Here, reasons are proposed to be responsible for this

abnormal phenomenon. First, the inert quartz tube with low

thermal conductivity employed in water quenching plays

an important role in preparation of Fe-based amorphous

alloy [25]. For water quenching process, a humble tem-

perature gradient results in microstructure with grain size

of about 10–20 lm, five times smaller than the grains

formed in injection casting at a steep temperature gradient.

Recently, flexible materials for electromagnetic shielding

Fig. 3 Optical micrograph (a, b, c) and SEM images (d, e, f) in longitudinal section of partially amorphous Fe76P5(B0.5Si0.3C0.2)19 rods

produced by injection casting with a diameter of 1.0 mm (a, d), water quenching with a diameter of 2.0 mm (b, e) and suction casting with a

diameter of 1.5 mm (c, f). The inset shows enlarged view of the square region in (b)

Table 1 Compositions of partially amorphous Fe76P5(B0.5Si0.3C0.2)19 alloys prepared by different techniques, estimated from EDX analysis

(at.%)

Method Point Fe P B Si C O

Injection casting A 24.01 2.69 20.38 1.58 39.72 11.62

B 34.97 2.44 25.89 2.60 32.22 1.88

Water quenching C 38.06 2.55 18.23 2.58 29.14 9.44

D 32.88 2.28 21.71 2.41 38.26 2.46

Suction casting E 29.43 1.95 21.09 2.11 35.06 10.36

F 27.59 1.98 29.52 1.84 36.23 2.83
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with aligned and isotropic porous structures were designed

by tuning the temperature gradient in freezing process [33].

Second, nucleation during solidification needs two

requirements, energetically favorable condition and

nucleation sites [30]. In the water quenching process, the

molten alloy in quartz tube was first placed in a furnace at

1450 K for 300 s, and then quenched in salted ice-water.

The high-temperature isothermal treatment allows for a

more homogeneous and stable melt that prevents hetero-

geneous nucleation in the following solidification process

[25]. In the case of the injection casting process, the molten

alloy was immediately injected into Cu-mold cavity,

solidifying quickly and turbulently. During ejection, the

melt in contact with the Cu-mold was rapidly cooled below

the liquidus temperature, forming a steep temperature

gradient from inside-out. When the high-speed ejected melt

stroke at the bottom of the Cu-mold, it rolled up due to the

eddy effects caused by the limited space in Cu-mold [15].

As a result, stirring of molten alloy accelerates the

heterogeneous nucleation and the high temperature in the

inner region provides an energetically favorable condition

to grains growth. In order to verify this, rod with diameter

of 1.5 mm was cast into a Cu-mold by suction casting,

showing similar cooling rate as injection casting. The

previous research has proved that suction casting could

suppress the heterogeneous nucleation and casting defects

such as cavity and holes during solidification [31]. The

substantial differences presented in grain size, morphology,

density, and distribution confirm that the injection-cast

liquid is more desired to crystallize during cooling.

The different crystallization and solidification behaviors

between the injection casting and the water quenching

techniques are also related to the dynamic process. The

transformation rates of liquid-crystal are generally domi-

nated by the density of nucleation and the diffusion of the

atoms. According to Porter and Esterling [34], the nucle-

ation rate (Is), which describes the stability of undercooled

liquid, can be expressed as:

Is ¼ D � exp � A � SðhÞ
ðDTÞ2

" #
ð1Þ

where D is the atomic diffusion coefficient; DT is the

crystallization undercooling; A is a constant which is

insensitive to temperature; and S(h) is the shape factor.

According to Inoue [35], hindering atomic diffusivity

during the cooling process could depress the nucleation

rates, increase the undercooling, and improve the GFA.

Concerning the humble temperature gradient, homoge-

neous liquid phase, and the diffusely distributed grains, the

water quenching technique is supposed to have a larger

undercooling and reach the degree of maximum nucleation

rate.

From the melt state side, the solidification process can

be deemed as: (A) liquid splash/impact quenching for the

injection casting, (B) massive stream liquid quenching for

the suction casting, and (C) silent water quenching. The

results indicate substantial difference in the equilibrium

liquidus temperature and undercooled condition of these

three processes [30]. Figure 4 depicts a nose-shaped con-

tinuous-cooling-transformation (CCT) diagram to predict

the crystallization and solidification behaviors. The cooling

rates of the Fe-based rods reduce from injection casting

(1.0 mm) to suction casting (1.5 mm), and to water

quenching (1.7 mm). The heterogeneous nucleation tem-

perature is the highest for the injection casting, followed by

the suction casting and then the water quenching. That is,

for injection casting, the nose points of the CCT curve lies

in short time and high-temperature side, in which region

the crystallization mechanism is growth governed [36].

While for water quenching, the nose points shift to longer

time and lower temperature, where the crystallization

process is dominated by nucleation [37]. The nose point for

the suction casting is placed in the medium range. It has

also documented that the maximum nucleation always

appeared at a lower temperature than the maximum growth

of the grains [38]. As a result, in injection casting, the

turbulent melt and high thermal gradient make it less

stable and more desire to crystallize and grow up, while for

water quenching, the large undercooling inhibits the

heterogeneous nucleation and depresses the dendritic

growth.

Fig. 4 Schematic continuous–cooling–transformation (CCT) diagram

for Fe76P5 (B0.5Si0.3C0.2)19 amorphous alloys prepared by injection

casting (A), suction casting (B), and water quenching processes (C)
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4 Conclusions

1. Fe76P5(B0.5Si0.3C0.2)19 amorphous alloys with diame-

ter of * 1.7 and 1.0 mm are prepared in argon

atmosphere by water quenching and suction casting

technique, respectively. For injection casting, the

glass-forming ability is less than 1.0 mm.

2. The improvement in the glass-forming ability in water

quenching method is owing to the homogenous and

silent cooling of the molten alloy placed in the inert

quartz tube. The high-temperature isothermal treat-

ment and humble temperature gradient lead to a more

stable and homogeneous liquid phase, thus suppressing

the heterogeneous nucleation and crystalline growth.

3. This work provides a fundamental understanding on

the relationship among the cooling rates, preparation

techniques, and glass-forming ability of Fe-based

amorphous alloys. The proper adjustment of the water

quenching and suction casting techniques is expected

to contribute to a further improvement in GFA of Fe-

based amorphous alloys.
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