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Abstract Spatial distributions of alloying elements of an Fe-based amorphous ribbon with a nominal composition of

Fe75C11Si2B8Cr4 were analyzed through the atom probe tomography method. The amorphous ribbon was prepared through the

melt spinning method. The macroscopic amorphous natures were confirmed using an X-ray diffractometer (XRD) and a

differential scanning calorimeter (DSC). Atom Probe (Cameca LEAP 3000X HR) analyses were carried out in pulsed voltage

mode at a specimen base temperature of about 60 K, a pulse to base voltage ratio of 15 %, and a pulse frequency of 200 kHz.

The target detection rate was set to 5 ions per 1000 pulses. Based on a statistical analyses of the data obtained from the volume

of 59 × 59 × 33 nm3, homogeneous distributions of alloying elements in nano-scales were concluded. Even with high carbon

and strong carbide forming element contents, nano-scale segregation zones of alloying elements were not detected within the

Fe-based amorphous ribbon. However, the existence of small sub-nanometer scale clusters due to short range ordering cannot

be completely excluded.
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1. Introduction

Amorphous alloys have many beneficial properties that

cannot be obtained in crystalline alloys. These properties are

attributed to unique atomic structures of amorphous alloys.

That is, amorphous alloys have short range ordered atomic

structures and thus, tend to form a single phase with re-

latively large amounts of free volume and with extremely

supersaturated alloying elements. In general, amorphous

alloys are known to be chemically/structurally homoge-

neous.1,2) However, detailed studies on the atomic arrange-

ments of specific amorphous alloys reveal nano-scale

segregation zones of specific elements significantly affecting

macroscopic properties of amorphous alloys.3-6) Therefore,

information on the spatial distribution of supersaturated

alloying elements is important to understand macroscopic

properties of the amorphous alloy. The chemical hetero-

geneity of amorphous alloys can be effectively studied in

an atomic scale using an atom probe facility.7-9) That is,

due to the recent development in Atom Probe Tomo-

graphy(ATP) technology, large amounts of data can be

statistically processed in a short period. Based upon results

of the statistical treatments of data, spatial distributions

of alloying elements within the amorphous alloy can be

reasonably inferred. In this study, spatial distributions of

alloying elements in a Fe-based amorphous ribbon(Fe75-

C11Si2B8Cr4) have been studied using an atom probe

facility. The Fe-based amorphous alloys with high carbon

contents can be fabricated using high carbon cast irons

and thus, have economical and environmental benefits for

practical applications of the Fe-based amorphous alloys.10)

Since strong carbide forming elements(Cr, Si, B) have been

added to the high carbon Fe based amorphous alloy to

enhance glass forming ability as well as corrosion resist-

ance, the spatial distributions of these elements within

the high carbon Fe based amorphous alloy will be an

important information to understand macroscopic properties

as well as phase transformations during post-materials
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processing of the Fe-based amorphous ribbon. 

2. Experimental Procedure

2.1 Preparation and metallographic analysis of the

Fe-based amorphous ribbon

Ingots around 15 g with the nominal composition of

Fe75C11Si2B8Cr4(atomic %) was arc-melted using a non-

consumable electrode arc melting facility under an Ar

atmosphere. High purity elements with purities higher than

99.9 wt% were weighed to form a mixture of pure elements

and then, the mixture was arc-melted more than 3 times

to secure chemical homogeneity. Pieces of the arc melted

ingot were remelted in a quartz tube and ejected onto a

copper wheel rotating at the linear speed of 35 m/s. From

the melt spinning process, an amorphous ribbon with the

dimension of(W 2 mm × t 25 µm) was prepared. X-ray dif-

fraction(XRD) measurements of the ribbon were carried

out using Cu Kα radiation with the scanning rate of 4 o/

min. The ribbon was continuously heated at the heating

rate of 40 K/min in a differential thermal calorimetrer

(DSC) to measure thermal properties of the ribbon.

2.2 Atom probe analysis for the Fe-based amorph-

ous ribbon

Atom Probe(Cameca LEAP 3000X HR) analyses were

carried out in pulsed voltage mode at a specimen base

temperature of about 60 K, a pulse to base voltage ratio

of 15 % and a pulse frequency of 200 kHz. The target

detection rate was set to 5 ions per 1000 pulses. Fig. 1

illustrates the principles of APT taken from Ref.11) For an

APT analysis a sharp needle-shaped sample having a typical

radius of curvature of 100 nm or below, is prepared. By

applying a high positive base voltage to the specimen

and superposing either ultra-fast voltage or laser pulses to

the base voltage, controlled field-evaporation of ions from

the specimen surface is induced. The field-evaporated ions

are accelerated by the electric field towards a position

sensitive detector that records their time-of -flight and

impact positions. The mass-to-charge ratio is determined

from the potential energy neV of the escaping ion, where

V is the applied voltage between the specimen and the

counter electrode. At the entrance of the counter electrode,

the potential energy is fully converted into the kinetic

energy is 1/2 mv
2. The ion velocity, v, is approximately d/

t(d: distance between specimen and detector, t: time-of-

flight) under the assumption that the final velocity of a

field evaporated ion is reached shortly after its removal

from the tip surface. Then the mass-to-charge ratio m/n

can be derived from a simple energy balance equation

(1)

where VDC and VP are the standing and pulse voltages

applied to the specimen and α is a pulse amplitude coup-

ling factor to account for some loss in the effectiveness

of the pulse. A three-dimensional elemental map was re-

constructed from the collected data, using an inverse point

projection algorithm. Under the conditions listed in Table

1, 2.4 million ions were detected. The resolution limits

were about ∆x = ∆y = 0.2 nm and ∆z = 0.1 nm. 

3. Results and Discussion

3.1 Physical properties of the ribbon.

Fig. 2-a shows the XRD pattern obtained from the as-

melt spun ribbon. A hallow pattern typical for amorphous

structure was obtained. That is, formation of a crystalline

structure with a long range order can be suppressed upon

solidification of the alloy Fe75C11Si2B8Cr4 at the cooling

rate of the melt spinning process(~106 K/s). Fig. 2-b shows

the heating trace of the ribbon Fe75C11Si2B8Cr4 in DSC at

the heating rate of 40 K/min. The crystallization event

starting at the temperature(Tx) of 524 K was observed with

the exothermic heat(∆H) of 114 J/g. The ribbon was

flexible so that the ribbon could be folded without crack

formation. The tensile strength of the amorphous ribbon

was measured as 2.1 GPa. 

3.2 Spatial distribution of alloying elements within

the melt spun ribbon Fe75C11Si2B8Cr4
Fig. 3 and Fig. 4 show the results of elemental dis-
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Fig. 1. Schematic of APT taken from Ref.
1)

Table 1. Conditions for the atom probe analysis.

Pulse rate 200 kHz

Pulse Fraction 15 %

Target Evap 0.5 %

Temperature 60 K
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tribution analyses taken from the APT datasets for the

ribbon volume of 59 × 59 × 33 nm3. The elemental maps

are divided into bins of 100 atoms. From each bin the

elemental concentrations are determined and plotted as a

concentration frequency histogram(Fig. 5). For each elem-

ent, the measured distribution is compared to a binomial

distribution, which represents a homogeneous elemental

distribution. The χ2 value gives the deviation of the mea-

sured distribution from the binomial distribution. 

(2)

where Nobs is the number of bins observed in the ex-

perimental data at a certain elemental concentration and

x
2 Σ Nobs N exp–( )

2

 

N exp⁄=

Fig. 3. Elemental distributions within the ribbon.

Fig. 2. Results of XRD and DSC analyses of the Fe-based ribbon.

Fig 4. Results of χ2-test obtained from the distribution analysis in

Fig. 5. Fig. 5. Elemental distribution analyses.
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Nexp is the number of bins that would be expected from

a random alloy, as modeled by a binomial distribution.

Finally, using the χ2 value, a critical χ2-value, or p value,

can be found. The p value indicates the probability that

the observed distribution could have occurred by chance

in a random alloy. A p value of less than or equal to 0.05

is generally interpreted as justification for rejecting the

null hypothesis that the observed distribution is random.

Fig. 4 indicates that Fe is homogenously distributed. The

χ
2-values of the other solute elements are also relatively

small. However, the existence of small sub-nanometer

scale clusters due short range ordering cannot be com-

pletely excluded. 

4. Conclusion

A Fe-based alloy containing high contents of carbon

and strong carbide forming elements could be prepared

as an amorphous ribbon through a melt spinning process.

The amorphous ribbon was very flexible and exhibited a

crystallization event starting at 524 K during the con-

tinuous heating(heating rate: 40 K/min.) in a DSC. From

the results of atom probe analyses of the Fe-based

amorphous ribbon, homogeneous distributions of alloying

elements within the amorphous ribbon can be concluded.

That is, any nano-scale segregation zone of carbide forming

elements was not detected within the high carbon Fe-

based amorphous alloy.
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