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Purpose: In the present paper, influence of Ni addition on structure and hardness Fe-based bulk metallic glass

were investigated.

Design/methodology/approach: The studies were performed on Fes,,C0g6.,.NiyB1g,SisgNb, ( X= 0;1,
y=0;10;15) glassy alloy in a form of rods with diameter up to 5 mm. The tests, carried out to obtain amorphous
metallic glasses, were realized with the use pressure die casting method. The system includes a copper mould,
high frequency power supply, quartz nozzle and a source of inert gas as argon. The following experimental
techniques were used for the test of structure: X-ray diffraction (XRD) phase analysis and scanning electron
microscopy (SEM). Microhardness was examined by Vickers diamond testing machine.

Findings: The X-ray diffraction revealed that all samples with thickness 2 mm were amorphous. The structural
studies revealed that amorphous structure depended on thickness and nickel contents in a preliminary alloy.
Research limitations/implications: The relationship between structure and microhardness can be useful for

practical application of these alloys.

Practical implications: The Fe-based bulk metallic glasses attracted great interest for a variety of application
fields, for example structural materials, electric applications, precision machinery materials. These amorphous
alloys exhibit high strength, a high elastic strain limit, high fracture toughness, and other useful mechanical
properties which are attractive to many engineering applications.

Originality/value: The originality of this paper are studies of changes of structure and hardness of
Fe364xC0g6.xyNiyB1g 2Si4 gNb, ( X= 0;1, y=0;10;15) mainly depending on Ni addition in this alloy.
Keywords: Bulk metallic glasses; Amorphous materials; Die casting; Glass Forming Ability; Mechanical

properties

Reference to this paper should be given in the following way:
R. Nowosielski, A. Januszka, Influence of nickel on structure and hardness of Fe-Co bulk metallic glasses,
Journal of Achievements in Materials and Manufacturing Engineering 38/1 (2010) 15-23.

1. Introduction

Metallic glasses (also known as metallic amorphous alloys)
are newcomers to the group of amorphous materials. First,
metallic glass (Au;sSis) was made by Duwez in 1960 and
developed with the use of the rapid quenched techniques for

© Copyright by International OCSCO World Press. All rights reserved. 2010

chilling metallic liquids [1, 2]. Metallic glasses are interesting
materials because of their scientific importance and potential
engineering application. Melt quenching techniques are still
extensively developed and elaborated to produce various metallic
glasses. Chen in 1974 prepared first ,,bulk” metallic glass —
ternary Pd-Cu-Si alloy (millimetre-diameter rods) made in simple
suction-casting methods. Next successful attempt was made in
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1982 — Turnbull and co-workers successfully prepared Pd-Ni-P
bulk metallic glass by using boron oxide fixing method. From
early 1980s bulk metallic glasses were made with completely
different mechanism from rapid quenching: die casting,
centrifugal casting, or suction casting. Fig. 1 shows the critical
casting thickness for some bulk metallic glasses as a function of
their year of discovery [3, 4, 5, 6].
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Fig. 1. Relationship between the critical casting thickness and the
year of discovery of some bulk metallic glasses [1]

Table 1.
Characteristic indicators for GFA definition [10, 11]
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Since the first Fe-based ferromagnetic bulk metallic glass in
an Fe(Al,Ga)-metalloid alloy system was developed in 1995
a variety of Fe-based BMGs have been synthesized which can be
generally classified by two groups: non-ferromagnetic (such as
Fe-Mn-Cr-Mo-C-B  and Fe-Cr-(Ln,Y)-Mo-C(B) and soft-
magnetic (such as Fe-(Al,Ga)-(P,B,C,Si) and Fe-TM (TM - Co,
Zr, Nb, Ta, W)-B [7, 8, 9].

To predict the relatively easy, different alloy systems to form
glassy materials, many of indicators of glass forming ability (GFA)
have been evolved. Characteristic temperature, such as liquidious
temperature (T), glass transition temperature (Tg) and crystallisation
temperature (T,) include these indicators. Table 1 presents
characteristic temperature based on GFA indicators [10, 11, 12].

Unique properties of bulk metallic glasses cause that this
types of a new class of materials are used in many fields of
applications (Table 2). In the near future they will be more
significant than engineering materials [13, 14, 15, 16].

Table 2.
Properties and application fields of bulk metallic glasses [1, 14, 16]

No Properties

Fields of application

1 High strength

Machinery materials

High hardness

Cutting materials

High impact fracture energy

Tool materials

High fatigue strength

Bonding materials

High fracture toughness

Die materials

Sporting goods materials

Good soft magnetism

Soft magnetic materials

High corrosion resistance

Corrosion resistant materials

High reflection ratio

Optical materials

2
3
4
5
6 High elastic energy
7
8
9
1

0 Efficient electrode

Electrode materials

2. Material and research
methodology

Ingots  of  nominal content  FezsC036B192SiagNby,
Fe37C0o5NioB1g2SiagNbs, and  Fez;CoyoNisB1g2SiagNbs  were
prepared by induction, melting the mixtures of Fe, Co, B, Si, Nb
and Ni high purity elements in a ceramic crucible under argon
atmosphere.

Bulk amorphous samples in a form of rods with diameter 2, 3,
4 and 5 mm were prepared by pressure die casting (Fig. 2). The
ingots (master alloy) was melted in a quartz crucible using an
induction coil and pushed into a water-cooled copper mould under
pressure (Fig. 3).

Structure analysis of studied materials was carried out using
X-ray diffraction (XRD). Seifert-FPM XRD 7 diffractometer with
Co, radiation was used for all samples.

The fracture morphology of glassy materials in the form of
rods with diameter of 2, 3, 4 and 5 mm was analyzed using the
scanning electron microscopy (SEM) at different magnifications.

Microhardness of amorphous rods with diameter 2 and 3 mm
was measured with the use of the Vickers hardness tester PMT-3
under the load of 1.962 N. Microhardness was measured on
metallographic specimens of rods according to pattern presented
on Figure 4: a) for rods with diameter 2 mm; b) for rods with
diameter 3 mm.

R. Nowosielski, A. Januszka
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Fig. 2. Master alloy and bulk metallic glasses in a form of a rod
obtained by pressure die-casting
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Fig. 3. Schematic illustration of the pressure die casting
equipment used for casting bulk amorphous samples

Influence of nickel on structure and hardness of Fe-Co bulk metallic glasses

Fig. 4. The pattern of microhardness measurements: a) for rods
with diameter 2 mm; b) for rods with diameter 3 mm

3. Results and discussion

From X-ray diffraction it was found that all of as-cast rods
contain amorphous phase. Phase composition depends on
diameter and chemical composition of alloys, especially
modification of Ni and Co content.

The X-ray tests proved that the structure of die-casting rods
with diameter 2 mm as well as FezsC035B192SiagNby,
F937C025Ni10819.28i4_8Nb4 and FE37C020Ni15819,28i4’8Nb4 is
amorphous. The growth of diameter to 3 mm caused the
appearance of few crystalline phases in specimen of
F837C025NiloBlg.25i4'8Nb4 aIon. For FE36C03eBlglzsi4'8Nb4 and
Fe3;C020NisB1g,SisgNb, structure of die-casting rods with
diameter 3 mm is amorphous. Structure of cast rods with diameter
4 and 5 mm is partially crystalline for all specimens. According to
references 4 and 9 the best glass forming ability for Fe-Co
metallic glasses reaches 4 mm. In this paper, maximum GFA
came 3 mm. By the reason of modification Ni and Co percentage
contents, and little change of Fe content, GFA may be changed
for the worse. Good glass forming ability is also affected by
fabrication conditions.

The X-ray diffraction patterns of tested rod samples are
presented in Figures 5-7.
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Fig. 5. X-ray diffraction patterns of the Fe3sC03B192SisgNb, 20 (deg)

glassy rods in as-cast state with diameter 2, 3, 4 and 5 mm

Fig. 7. X-ray diffraction patterns of the Fe3;C0yoNi;sB192SisgNb,

Fes#CoxNiuB::SisNb: 2 ';:: : ;’;ge' Ml glassy rods in as-cast state with diameter 2, 3, 4 and 5 mm

Microhardness testing (Hy) was realized for samples of
every alloy with diameter 2 and 3 mm. Tables 3-5 presents
results of microhardness experiments. The highest hardness
exhibit asample of Fe;;Co5NioB1g,SisgNb, alloy with
diameter 3 mm. Microhardness for this sample hesitates
between 1254 H,, and 1716 H,. For the sample
Fe37Co5Ni1sB1g,SiggNby alloy microhardness varies between
849 and 1211 Hy for diameter 2 mm and 874 - 1299 H,, for
diameter 3mm.

The Figures 8-10 present distributions of microhardness
results depending on distance from surface. For
Fe3sC035B19.2SisgNb, alloy with diameter 2 mm microhardness
value range from 956 to 1254 H,, but for diameter 3 mm it
A hesitates between 1027 and 1396 Hy,.. The lowest microhardness
revealed a sample of Fes;Co,oNi;sB1g,SisgNb, alloy with the
diameter 2 mm.

Figure 11 presents SEM micrographs of as-cast glassy rod
with diameter 2 mm of FezsC036B19,SisgNb, alloy, Figure 12
shows micrographs of as-cast glassy rod with diameter 3, of the
same alloy. Figure 13 shows micrographs of as-cast glassy rod
with diameter 2 mm of Fez;Co,5NijoB1g,SisgNb, alloy, Figure
14 present micrographs of as-cast glassy rod with diameter 3
mm of the same alloy. Final Figure 15 show micrographs of as-
cast glassy rod with diameter 3 mm of Fe3;C0,Ni;sB1g,SisgNby
alloy.

Relative intensity (a.u.)

20 (deg)

Fig. 6. X-ray diffraction patterns of the Fes;C0y5NioB1g2SisgNb,
glassy rods in as-cast state with diameter 2, 3, 4 and 5 mm
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The fracture testing was realized in few areas which are On the basis of SEM micrographs, it was found that
marked as A, B or C. The presented fractures could be classified morphology changes from smooth on the margin of samples
as mixed fracture: smooth, partially shell and veinlet. where surface had contact with copper mould during casting, to

shell and veinlet in the centre.

Table 3.
Results of microhardness experiments of FessC035B19,Si,gNb, rods with diameter 2 and 3 mm
Fe35C036B192Sia gNb, with diameter 2 mm Fez6C036B19.2Sis gNb, with diameter 3 mm
No. Distance between Distance from H Distance between Distance from H
H A\ H Vv
stamps [um] margin [um] stamps [um] margin [um]
i 20 1049 0 e 20 1095
2 20 40 1211 30 50 1254
3 20 60 1171 30 80 1120
4 20 80 956 30 110 1171
5 20 100 1132 30 140 1299
6 20 120 1211 30 170 1254
7 20 140 1095 30 200 1211
8 20 160 956 30 230 1132
9 20 180 1254 30 260 1027
10 20 190 1195 30 290 1396
Table 4.
Results of microhardness experiments of Fez;C0,5Ni;oB19.,SisgNb, rods with diameter 2 and 3 mm
FE37COZ5NiloBlglzsi4'ng4 with diameter 2 mm FE37COZ5NiloBlglzsi4'ng4 with diameter 3 mm
No. Distance between Distance from H Distance between Distance from H
H \Y H \%
stamps [pm] margin [um] stamps [um] margin [um]
1 e 20 1049 e 20 1254
2 20 40 1095 30 50 1716
3 20 60 927 30 80 1584
4 20 80 985 30 110 1716
5 20 100 1017 30 140 1254
6 20 120 1171 30 170 1716
7 20 140 927 30 200 1396
8 20 160 956 30 230 1254
9 20 180 1049 30 260 1254
10 20 190 1254 30 290 1524
Table 5.
Results of microhardness experiments of Fes;CoxNiysB19.,SisgNb, rods with diameter 2 and 3 mm
Fe37C0,oNi5B19.,Si4 gNb, with diameter 2 mm Fe37C02oNiisB19.2Sis gNb, with diameter 3 mm
No. Distance between Distance from H Distance between Distance from H
H \" H \
stamps [um] margin [um] stamps [um] margin [um]
1 e 20 985 e 20 1211
2 20 40 1017 30 50 1211
3 20 60 849 30 80 985
4 20 80 1171 30 110 1299
5 20 100 1211 30 140 1346
6 20 120 1171 30 170 985
7 20 140 1120 30 200 1095
8 20 160 1049 30 230 874
9 20 180 1120 30 260 956
10 20 190 1132 30 290 1049

Influence of nickel on structure and hardness of Fe-Co bulk metallic glasses
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Fig. 8. Microhardness results distribution for amorphous rods of FezsC03¢B19.,SisgNb, alloy with diameter 2 mm (a) and 3 mm (b)
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Fig. 9. Microhardness results distribution for amorphous rods of Fes;Co,5Ni;oB1g,SisgNb, alloy with diameter 2 mm (a) and 3 mm (b)
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Fig. 10. Microhardness results distribution for amorphous rods from Fez;Co,oNisB1g,SisgNb, alloy with diameter 2 mm (a) and 3 mm (b)
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Fig. 11. SEM micrograph of the fracture morphology of as-cast rod of FessCo03sB19,SisgNb, alloy with diameter 2 mm; (A-rod’s core;
B- zone between a core and a rod margin)

Fig. 12. SEM micrograph of the fracture morphology of as-cast rod of Fe;sC036B19,SisgNb, alloy with diameter 3 mm; (A-margin of
sample; B- zone between a core and a rod margin)

Influence of nickel on structure and hardness of Fe-Co bulk metallic glasses m
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Fig. 13. SEM micrograph of the fracture morphology of as-cast
rod of Fes;CoysNioB1g2SisgNb, alloy with diameter 2 mm;
(A- margin of the sample)

Fig. 15. SEM micrograph of the fracture morphology of as-cast
rod of Fes;CoxNisBig,SisgNb, alloy with diameter 3 mm;
(A- margin of the sample; B- zone between a core and a rod
margin)

4. Conclusions

The investigations which were performed on the samples of
the F6‘36C036819_25i4.ng4, F937C025NiloBlglgsi4_ng4 and
Fes7Co,Ni1sB19,Sis gNb, bulk metallic glasses allow to formulate
the following conclusions:

e The X-ray diffraction confirmed that as-cast bulk samples
with diameter 2 and 3 mm exhibit amorphous structure. Rod
with 3 mm diameter Fe;7C0.5NijgB192SisgNb, reveal some
crystalline phases;

Fig. 14. SEM micrograph of the fracture morphology of as-cast
rod of Fes;CoysNioB1g2SisgNb, alloy with diameter 3 mm;
(A- zone between a core and a rod margin)

m Research paper | R. Nowosielski, A. Januszka
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All as-cast bulk samples with diameter 4 and 5 mm reveal
crystalline phases in their structure;

Addition of nickel and modification of Co amount in
FessC036B192SisgNb, alloy had an influence on its glass
forming ability;

The sample’s structure depends on its diameter and chemical
composition;

Addition of nickel in 10 and 15 at% amount caused
appearance of crystalline phases in rods with diameter 3 mm;
Growth of the sample’s diameter as a result of revealed
crystalline phases in all samples;

The highest microhardnes exhibits a sample with diameter
3mm of Fes;CoxsNioBigsSisgNb, alloy; The lowest
microhardness reveals glassy rod of Fe3;Co,oNiisB1g2SisgNby
alloy with the diameter 2 mm;

Amorphous samples exhibit smooth fracture on the margin
where surface had contact with copper mould during casting,
and shell or veinlet in the centre;

The present Fe-based metallic glasses with good GFA and
hardness may be promising engineering materials for many
important applications (e.g. cores of transformers).
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