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Badania mikrostruktury i przemian fazowych

Abstract

The aim of this work was to study the microstructure and high-temperature phase transforma-
tions of the Fe,; ,5SisB;425Ins alloy. The alloy was remelted in a resistance furnace, and a sequence
of melting and crystallization at a range of high temperatures was observed using a mid-wave
infrared MWIR camera. The alloy was also investigated by differential thermal analysis (DTA). The
microstructure of the alloy was studied using a scanning electron microscope SEM with an energy
dispersive spectrometer (EDS). The results show that there is a clear partition into two liquids
in the studied alloy. The ingot microstructure presents very strong segregation into the eutectic
regions enriched in the Fe-Si-B and In-rich regions.

Keywords: amorphous/crystalline composite, mid-wave infrared camera, scanning electron mi-
croscope (SEM), differential thermal analysis (DTA)

Streszczenie

Celem pracy byto zbadanie mikrostruktury oraz wysokotemperaturowych przemian fazowych
zachodzacych w stopie Fe,; ,5SigsB1,,5INs. Proces przetapiania oraz krystalizacji stopu w piecu
oporowym zostat zarejestrowany za pomoca kamery termowizyjnej pracujacej w zakresie sred-
niofalowej podczerwieni. Wykonano réwniez réznicowg analize termiczng DTA badanego stopu.
Mikrostrukture zbadano przy uzyciu skaningowego mikroskopu elektronowego SEM wyposazo-
nego w spektrometr energii rozproszonej EDS. Wyniki wykazuja, ze w badanym stopie zachodzi
wyrazny podziat na dwie ciecze. Mikrostruktura wlewka zawiera sktadnik eutektyczny bogaty
w Fe, Si i B oraz faze wzbogacona w In.

Stowa kluczowe: kompozyt amorficzno-krystaliczny, kamera termowizyjna sredniej podczerwie-
ni, skaningowa mikroskopia elektronowa (SEM), termiczna analiza r6znicowa (DTA)
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1. Introduction

Due to their useful physical, mechanical, and functional properties [1, 2], metallic glasses
constitute a very promising group of materials; however researchers are still working
on the preparation of glassy matrix composites mainly due to their poor ductility. One
promising solution for this purpose is by the use of liquid immiscible systems [1, 3-6].
However, to utilize this feature in an optimal way, knowledge of the high-temperature
characteristics of such alloys is necessary. One of the most-popular amorphous alloys is
based on an Fe-Si-B system. On the other hand, it can be found that indium has low af-
finity to iron, silicon, and boron [7, 8]; therefore, one can anticipate that Fe-Si-B-In alloys
provide good amorphization of the Fe-Si-B-rich constituents as well as liquid immiscibil-
ity of the In-rich constituent. The present work is devoted to an investigation of the high-
temperature phase transformations and microstructure of Fe-Si-B-In alloys.

2. Experimental

The four-component Fe,; 5sSiqsB14,5Ins alloy was prepared by arc melting starting with
pure elements: 99.95 wt% Fe, 99.95 wt% Si, 99.95 wt% In, and an Fe-B ferroalloy in a pro-
tective atmosphere using Ti as a getter. Analysis of the microstructure and chemical
composition of the ingot was performed using a JEOL 6610 scanning electron micro-
scope with an Oxford X-ray microanalyzer. The 0.3 g ingot was remelted in the resistance
furnace, and the alloy was observed during this remelting as well as during cooling us-
ing an MWIR FLIR SC7650 camera. The sample-to-camera distance was 150 mm, trans-
missivity of the window in the resistance furnace was 70 %, and the room temperature
was 293 K. The areas for temperature measurement were selected in order to avoid the
narcissus effect. The alloy was also investigated using a LABSYS DTA/DSC SETARAM dif-
ferential scanning calorimeter at a heating rate of 40 K/min.

3. Results and discussion

The SEM microstructure of the Fe,; ,sSigsB14,5Ins alloy obtained from a cross-section of
the resistance-melted ingot shown in Figure 1 is composed of two different regions.
The darker component of the microstructure (Fig. 1a — left side) is predominantly com-
posed of a fine eutectic constituent. The selected area of Fig. 1a marked by dashed-
line rectangle is magnified below, and the black solid line indicates the EDS line scan
(Fig. 1b). Figure 1b shows the concentration profiles for the alloying elements. This
analysis shows that the bright areas of the SEM image are enriched in indium, while
the dark areas are enriched in Fe and Si. It is expected that these areas are enriched
in B [8].There are also the Fe-rich spherulitic precipitates within the In-rich regions. This
microstructure can be interpreted in terms of a high value of mixing enthalpy between
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Fe and In (which is +19 kJ/mol [8]), because such a microstructure is typical for liquid-
immiscible alloys [9-11]. The spherulitic morphology of the precipitates suggests that
the particles found on both sides (Fe-rich and In-rich) were formed in a liquid state due
to liquid miscibility occurring before crystallization.
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Fig. 1. Microstructure of Fe,, ,sSi,sB;,,5/ns ingot melted in resistance furnace: a) lower magnifica-
tion (dotted rectangle is chosen for EDS line scan); b) EDS line scan of In, Fe, and Si

Figure 2 shows the results of IR (Infrared) observations of the Fe,, ,;SiqsB;,,5In alloy
re-melted in the resistance furnace. The changes of apparent temperature and images of
the sample for heating and cooling are shown in Figures 2a and 2b, respectively. The thin
dashed lines marked on the diagrams correspond to the moment when the given im-
age was captured. Both curves show a plateau where temperature arrests last ca. 4 sec-
onds. The arrest upon heating occurs at 1540 K, and the corresponding value for cooling
is at 1217 K. Assuming that the values of overheating and undercooling are equal, the

69



transformation temperature is 1378.5 K. It is worth mentioning that there were no the
movements of the metal at the temperatures below 1540 K upon heating nor below
1217 K upon cooling. Furthermore, when continuous decrease of temperature is ob-
served during cooling after the plateau (i.e., for 7.93 s and 12.08 s), there is a significant
change in the sample appearance that can be attributed to the formation of an eutectic
constituent. This suggests that the eutectic crystallization is a predominating mecha-
nism of the sample crystallization. On the other hand, observation of all images of the
liquid sample confirms that it had not reached a state of the homogeneous liquid, and
two liquids were observed (Fig. 2¢). This suggests that the miscibility gap occurs within
the entire studied range of temperatures.
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Fig. 2. IR-camera observations: a) changes of apparent temperature and images of the sample for heat-
ing; b) changes for cooling; ¢) magnified image of sample at t,= 5.28 s; white circles denote region of
interest (ROI) for which temperature plots are presented
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Figure 3 shows the DTA measurement for the heating and cooling of the
Fe,; 25Si55B14,5INs alloy. The melting of the alloy probably starts at a low temperature when
the melting point of the In-rich constituent is reached; however, it was not studied in the
present work. Thus, melting of the remaining part of the alloy starts at T,, = 1417 K and
endsat T, = 1481 K. It is worth noting that, after the completion of meltingat T, = 1481 K,
the DTA signal had not reached its level observed at T, = 1417 K (shown by the dotted
line —Fig. 3). On this basis (and referring to other works [11, 12]), it can be concluded that,
in the present experiment, there is no mutual dissolution of the two immiscible liquids
and a state of homogeneous liquid is not reached.
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Fig. 3. DTA for heating and cooling at high temperature range

During the cooling five different peaks were recorded at 1360, 1308, 1290, 1264
and 1222 K. These exothermic peaks correspond to the crystallization of the liquid alloy.
The presence of multiple peaks during crystallization was also observed in another work
[11]. The alloys to which this effect applies present a miscibility gap: this suggests that it
may be due to partitioning of the alloy into droplets of different chemical compositions,
which results in the slightly different values of crystallization temperatures observed
during DTA measurements.

4. Conclusions
— EDS analysis confirms our expectation about liquid phase partitioning, where the

ingot microstructure presents very strong segregation into the eutectic regions en-
riched in the Fe-Si-B-rich and In-rich regions.
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— The studied alloy presents a substantial thermal effect associated with eutectic
transformation.

— There is no mutual dissolution of the two immiscible liquids nor their transforma-
tion into the homogeneous liquid within the studied temperature range (using
both IR-imaging and DTA).

— The multiple peaks observed during crystallization may be due to partitioning of
the alloy into droplets of different chemical compositions.
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