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Microstructure and mechanical properties of
amorphous/crystalline ductile liquid
immiscible Fe-Si-B-In alloy

produced by two-component melt-spinning

Mikrostruktura i wtasciwosci mechaniczne
ciggliwego stopu amorficzno-krystalicznego

na osnowie Fe-Si-B-In

wytworzonego przez odlewanie na wirujgcy walec
z tygla dzielonego

Abstract

The two-component melt-spun (TCMS) Fe,; ,sSigsB14,sIns alloy was produced from Fe,;Si;(B;s and
Fes;.5SisB;55In;0 alloys. The microstructure of the TCMS alloy was investigated by means of scanning
electron microscopy (SEM) and X-ray diffraction (XRD). A tensile test of the alloy resulted in a ten-
sile strength of R,,= 1040 MPa, yield strength R.= 919 MPa, total plastic elongation &, = 3.29%,
and traces of plastic deformation on the surface of the Fe-Si-B-In TCMS sample. Microstructural
analysis of the amorphous/crystalline composite and tensile sample free surface show the reason
for the ductility of the sample in relation to the Fe,sSi; B;s alloy.

Keywords: metallic glasses, X-ray diffraction (XRD), scanning electron microscopy (SEM), tensile
test, ductility

Streszczenie

Stop Fe;; 55SigsBaasIns wytworzono w wyniku odlewania z tygla dzielonego na wirujacy wa-
lec miedziany dwdch stopéw (metoda TCMS): Fe,sSi oBys i Fey;5SigB;ssIn,,. Mikrostrukture sto-
pu TCMS badano za pomoca skaningowego mikroskopu elektronowego oraz dyfraktometru
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rentgenowskiego. Z przeprowadzonej statycznej préby rozciggania uzyskano wytrzymatos¢
na rozcigganie stopu R,,= 1040 MPa, granice plastycznosci R,= 919 MPa, wydtuzenie catkowite
€t = 3,29 %. Na powierzchni prébki stopu Fe-Si-B-In TCMS po zerwaniu zaobserwowano takze
slady odksztatcenia plastycznego. Analiza mikrostruktury otrzymanego amorficzno-krystalicz-
nego kompozytu oraz powierzchni swobodnej prébki wyjasniaja przyczyne ciagliwosci probki
w stosunku do stopu Fe,sSi;B;s.

Stowa kluczowe: szkta metaliczne, dyfrakcja rentgenowska, skaningowa mikroskopia elektrono-
wa, statyczna prdba rozciggania, ciggliwosc¢

1. Introduction

The ductility of amorphous matrix alloys is one of the issues that provides better ap-
plicability for various grades of metallic glass, showing excellent magnetic, electric,
and mechanical properties. There are attempts to enhance the plastic deformation in
these materials by forming heterogeneous microstructures of amorphous-amorphous
[1-8] and amorphous-crystalline [9-15] composites. The majority of amorphous alloys
are multi-component, and glass-forming generally requires high concentrations of al-
loying additions. On the other hand, the formation of a highly ductile phase entails
the necessity for a low-alloyed solid solution in most cases. There is also the risk that
any element added to the composition will ruin the special functional properties of
the base alloy. Therefore, in order to produce the amorphous-crystalline composite
in which the soft phase improves its ductility, one should properly choose the alloy-
ing element, and all of the above reasons should be taken into account. The ternary
Fe-Si-B alloys are very-well-known for their excellent mechanical behavior and good
magnetic and magnetoelastic properties as well as their prospective use in sensors and
bio-sensors [16-21]. However, no reports can be found on improving the ductility of
Fe-Si-B-based alloys without affecting the Fe-Si-B matrix and, thus, the deterioration
of its excellent properties. On the other hand, it can be found that indium has a low af-
finity to iron, silicon, and boron [22, 23] (see Table 1). Therefore, one can anticipate that
an Fe-Si-B-In system will provide good amorphization of the Fe-Si-B-rich constituents
as well as liquid immiscibility of the In-rich constituent. Liquid immiscible alloys present
a very strong tendency for demixing. This is the reason for using the new variation of
the two-component melt spinning (TCMS) technique [5-8]. This method of production
provides additional turbulent mixing of the two streams/alloys before rapid cooling on
a copper roller. Therefore, the aim of this study was to prepare the liquid immiscible
amorphous/crystalline Fe-Si-B-In TCMS alloy and exploring the relationship between
the microstructure and its behavior during tensile testing in comparison with the tradi-
tionally melt-spun Fe-Si-B alloy.
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Table 1. Calculated enthalpies of mixing for equiatomic liquids in binary systems, ki/mol [23, 24]

Fe Si B In
Fe - -18* =-11* +11*
Si - - +3%* 7%
B - - - 425

* reference [23], ** reference [24]

2. Experimental

The Fe;sSiioBis, FegrsSigBissing,, and Fe,;,sSigsBiaasins alloys were produced using
99.95 wt% Fe, 99.95 wt% Si, 99.95 wt% In, and an Fe-B ferroalloy. The precursors
were arc melted under argon. The alloys were then melt spun in helium using a ve-
locity of the copper roller of 33 m/s and ejection pressure of 150 kPa. The Fe,sSi;oB;s
and Feg; sSigB,5;5In,, alloys were melt spun from a single-chamber crucible. The
Fe;q555i55B1425INs two-component melt-spun (TCMS) alloy was produced by ejecting
the Fe,Si; B;s and Fe; sSigB;55In,, alloys [5-8]. The free surface and cross-section of the
Fe;1555i55B1425INs TCMS ribbon was observed by means of an SEM. The XRD measure-
ments of the Fe,;sSi;,B;s, Feq; sSigB551n10, and Fe,, 55SiqsB1a2sIns TCMS were performed us-
ing a Panalytical X'pert powder diffractometer equipped with an automatic diaphragm
of the primary beam, graphite monochromator of the secondary beam, and X'celerator
strip detector. The measurements were performed within a range of 30-95° using CuKa
radiation and a constant 10 mm exposure length. The analysis of the obtained diffrac-
tion patterns were performed by using of Panalytical HighScore software and PDF-4
database. The tensile tests of the Fe,.Si,,B;s and Fe,, ,:SiyB,,,:Ins TCMS ribbons were
carried out. The specimens with a gauge length of 20 mm and width of 2.4 mm were pre-
pared and tested at room temperature at a crosshead speed of T mm/min. Following
the tensile tests, a Fe;; 5SigsB14,5Ins TCMS sample surface from near the fracture was
observed.

3. Results and discussion

These observations are consistent with the data of mixing enthalpies of the binary sys-
tems [22, 23] (see Table 1). On this basis, it can be expected that Fe, Si, and B have rather-
strong affinity and they will be attracted by each other in the liquid state. On the other
hand, In shows strongly positive enthalpy to Fe and Si. The enthalpy of mixing between
B and In is only +2 kJ/mole, but it is more probable that B will be attracted by Fe due to
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the high negative enthalpy of mixing between Fe and B. Therefore, from the evidence of
these observations, it can be expected that an Fe-Si-B-In system will promote the forma-
tion of amorphous/crystalline microstructures during cooling. However, it is also antici-
pated that a strong tendency to liquid phase partitioning will promote separation and
may even lead to the formation of two different products during melt spinning (similar
to what was observed in the Fe-Ni-Cu-P system [24]).

The resulting SEM microstructure of the ribbon after melt spinning from the
two-chamber crucible (TCMS) is presented in Figure 1 (observed both on the free sur-
face and cross-section). The appearance of the free-surface resembles the morphol-
ogy of two immiscible fluxes that are frozen just in the course of separation (Fig. 1a)
in the direction of forming a simple smooth interface. However, in the present case,
this process is interrupted by cooling as a result of contact with the copper roll-
er. Cross-section (Fig. 1b) reveal regions of the differentiated chemical composition
similar to the water-oil microstructure obtained by Kovaleva et al. [25] According to
the expectation, EDS mapping shows darker regions enriched in Fe and Si as well as
brighter ones enriched in In. The TCMS ribbon reported in the present work presents
the partially separated microstructure, but the interface between Fe-Si-B-rich and In-
rich constituents is fairly well-developed, which is achieved due to the strong mix-
ing and turbulent flow of the two ejected streams while passing through the crucible
orifice [5-8].

Figure 2 presents X-ray diffractions of the Fe; ;SisB,;5In, and Fe,sSi; B;s ribbons ob-
tained from the single-chamber crucible as well as the TCMS Fe;; ,5Sig sB;425In5 alloy melt-
spun from the two-chamber crucible, where all of the diffraction patterns present the
two broad diffraction maxima located for 26 at between 40° and 50°C and 70° and 90°C,
respectively. This is due to the presence of the amorphous phase in the alloys. The XRD
for Fe,sSi;B;s sample confirms that the alloy is entirely amorphous and the remaining
alloys are amorphous/crystalline. However in the alloys containing indium, reflections
corresponding to the series of interplanar spaces from the tetragonal a-In phase (PDF
no: 04-004-7740, space group: 14/mmm, system 139) can be identified. The intensity of
the peaks is higher in the Feg;:SisB;55In;, alloy than in the TCMS Fe;; ,Siy sB1425In5 alloy.
However, the positions of the peaks of the In solid solution present in both samples are
practically identical, and the lattice parameters of the In-rich phase calculated on the
base of XRD shown in Figure 2 are a = 3.244 A and ¢ = 4.933 A, which corresponds to
pure indium.

The stress-strain curves obtained from the tensile tests are shown in Figure 3. Dur-
ing the tests, the Fe,sSi,(B;s alloy reached a tensile strength of R,,= 1285 MPa, and for the
Feg, sSigB55n;o TCMS alloy, this was R,, = 1040 MPa. However, the stress-strain curve for
the Feg; 5SigB155In;, TCMS alloy shows a yield strength at a level of R,=919 MPa and a total
plastic elongation of 3.29%.
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a)

Fig. 1. Microstructure of Fe,, ,5Si,5B,4,sIns TCMS ribbon: a) appearance of free surface; b) longitudi-
nal cross-section with EDS mapping of In, Fe, and Si
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Fig. 2 XRD of Feg;, sSisB;;5In;, and Fe,sSi, B, s ribbons melt-spun from single-chamber crucible as well as
TCMS Fe,, ,5Si sB.4,5Ins alloy obtained from two-chamber crucible; arrows show positions of peaks from
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Fig. 3. Strain-stress curve from tensile test of Fe,sSi,,B;s and Fe,; »sSiysB,,,5Ins TCMS alloys

Figure 4 shows SEM images from the fracture of the tensile-tested Feg; sSisB;35Ins
TCMS sample. The sample surface bears traces of plastic deformation. There are two sets
of deformation markings that are arranged parallel to one of the two directions shown
by the dashed line in Figure 4a. These markings were formed due to shear band propa-
gation in the In-rich phase above the yield strength, probably during the stage of easy
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deformation. Additionally, there are places on the free surface of the sample where, dur-
ing plastic deformation, the In-rich matrix flowed around the globular Fe-Si-B precipi-
tates (Fig. 4b), while those were joined to the continuous much-more-solid part of the
Fe-Si-B structure. There is a build-up of the In-rich phase above the precipitate (shown by
the white arrow) and voids forming below it (indicated by the black arrow). This could be
due to the fact that the precipitate is joined under the layer of the In-rich phase with the
amorphous Fe-Si-B base. This means that the two phases present in the strip are coupled
together and anchored to one another.

Fig. 4. SEM images of Fe,;,sSi,B;;sIns TCMS alloy free surface after tensile test: a) surface area near
fracture (dashed lines indicate direction of deformation markings) with mapping for In, Fe, Si;
dotted-line rectangle shows area where build-up in front of precipitate is formed); b) magnified
image of build-up of In-rich phase above precipitate (white arrow) and voids below precipitate
(black arrow); MSD stands for melt spinning direction
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In the case of the glass-forming alloy made from commercial purity precursors, the
cooling rate from the liquid state should be rather high in order to obtain amorphization.
On the other hand, crystallization of the solid solution reduces the effective cooling rate.
However, in the case of the indium solid solution, crystallization occurs far below the
glass-forming range of the Fe-Si-B matrix. Therefore, the formation of the solid solution
probably has no detrimental influence on glass formation in this case.

4, Conclusions

1. The microstructure of the Fe,; 5sSiysB1455Ins TCMS ribbon consists of the amorphous
Fe-Si-B phase and practically-pure-crystalline In. A morphology similar to the “wa-
ter-oil” microstructure of both phases form as a result of the tendency for liquid
phase partitioning in the Fe-Si-B-In system. However complete separation of the
two liquids does not occur due to the use of the partition between the two liquid
alloys in the crucible, very intense mixing while the two streams pass though the
orifice of the crucible and rapid cooling of the stream on the copper roller.

2. The tensile strength of the Feg;;SigBi;;5In;, TCMS alloy is at a slightly lower level
(R,,= 1040 MPa) as compared to the base alloy; i.e., Fe,sSi;,B;s (R,,= 1285 MPa). How-
ever, the TCMS composite alloy shows a yield strength at a level of R, = 919 MPa
and a total plastic elongation of 3.29% due to the specific amorphous/crystalline
microstructure.

3. Observation of the surface near the fracture of the Feg; sSisB;;sIns TCMS alloy shows
that the plastic deformation occurring before the fracture is localized in the defor-
mation markings. Plastic deformation was also found around the globular Fe-Si-B
precipitates that are coupled with the continuous solid part of the Fe-Si-B structure.
This can be associated with the fact that the two phases are coupled together and
anchored to one another.
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