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During the past two decades, much effort has been made to develop many kinds of ferrous metallic glasses due to their

functionality based on the electromagnetic induction effect as well as their superior physical and chemical properties such as a high
yield strength of more than 4 GPa and corrosion resistance. However, ferrous metallic glasses such as Fe- and Co-based alloys show
poor glass forming ability (GFA) and low thermal stability at the glass transition temperature (7},), which has hindered commercial
applications of these glasses. If it were possible to improve the thermal stability of ferrous metallic glasses, the viscous workability at
T, would open up many kinds of applications utilizing their functionality.

From the viewpoint of functionality of the ferrous metallic glasses, magnetic transition, i.e., soft magnetic property with a
glassy state to hard or semi-hard magnetic property with a nanocomposite having soft and hard or semi-hard phases, must be
investigated to facilitate industrial applications. Nanocomposites of ferrous materials including rare earth elements (e.g.,Y, Nd, and
Sm) and a transition metal (e.g., Fe or Co) can be composed of both a soft magnetic phase of higher B, and hard magnetic phase of
larger H,, which may interact with each other and produce a larger BH,,,.. It is noteworthy that the interaction between soft and hard
phases could occur at a specific distance. The most important factor for the successful fabrication of the nanocomposite would seem to
be dispersion of the nano-structured hard phase into the soft phase matrix homogeneously by crystallization of the hard phase through
appropriate heat treatment.

In this study, we mainly aimed to obtain both high thermal stability and magnetic transition via crystallization with
Fe-based metallic glasses. To achieve a high thermal stability and functionality simultaneously, the precipitation of the FexBg type
structure was focused on by exploring an Fe-B-Nb system, and an atomic rearrangement-induced magnetic nanocomposite formation
was investigated by additions of rare earth elements (Y, and lanthanoids). Furthermore, to facilitate industrial applications, thermal

stability and viscous workability was confirmed by fabrication of glassy powders and their consolidation on spark plasma sintering. In
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addition, we tried to fabricate of ferrous metallic glass thin films and to carry out imprinting with them in the supercooled liquid region.

Detailed objectives of this study was summarized as follows,

(1) To improve GFA and high thermal stability of an Fe-B-Nb-based metallic glass by the addition of Y element through Inoue’s
empirical rules and precipitation of the Fe;;B, type structure.

(2) To obtain thermal stability and GFA of the initial glassy state of Fe-B-Nb glass former by the addition of lanthanoids elements
(La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, and Lu).

(3) To explore the atomic-scale heterogeneity to examine the possibility of magnetic nanocomposite formation due to the positive
mixing enthalpy between Nb and lanthanoids elements (La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, and Lu).

(4) To explore the possibility of fabricating (Fey7Bo24Nbgos)essY4s glassy powders and of consolidating them in the supercooled
liquid region on SPS without crystallization.

(5) To investigate shear stress effect on the early viscous flow phenomenon of (FegB24Nbgos)oss Yy s metallic glassy powder on
SPS.

(6) To improve the mechanical strength of (Feg7,Bg2sNbggg)ss sYss metallic glass matrix composite (MGMC) by addition of fine
tungsten carbide particulates.

(7) To fabricate ferrous metallic glass thin films (FMGTFs) of Fe-B-Nb-Ln (Lanthanoids) by electron cyclotron resonance
sputtering and to analyze magnetic transition by heat-treatment in order to evidence the functionality.

(8) To explore possibility of imprinting of ferrous metallic glass thin films (FMGTFs) of Fe-B-Nb-Nd in supercooled liquid region

in order to investigate viscous workability.

The effects of rare earth (RE) addition on the glass forming ability (GFA) and thermal stability of a Fe-B-Nb marginal glass
former was investigated and the origin of the highly improved GFA in the multicomponent system was discussed with related to a
characteristic exothermic phase transformation, chemical short range ordering (CSRO), in the supercooled liquid region due to the
positive mixing enthalpy between Nb and RE elements. The separating tendency between Nb and RE elements is considered to
suppress precipitation of metastable Fe;Bq and bee-Fe crystalline phases, thus to result in highly improving GFA and distinct high
thermal stability against heat treatment of the alloy system. In chapters 3 and 4, the RE addition effect on (Feg7,Bg24Nbgos)io0xREx was
investigated with a viewpoint of GFA and thermal stability by evaluating thermal properties, activation energy for crystallization and
by observing magnetic short range ordering (MSRO). The results of chapters 3 and 4 can be summarized as follows.

(1) Doping Y was confirmed to improve GFA of the Fe;,ByNb, alloy. The maximum critical glass forming diameter in
(FepnBoaNboos) oo Yy (x= 0~ 6) system was 7 mm (350 times larger than the FenB,Nb; base alloy) of a

(Feg72Bo2sNbuyos)s sY4s alloy.
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Characteristic exothermic phase transformation within the supercooled liquid region was observed for the alloys with > 3.5 at%
Y element. This is considered to be resulted from a chemical short range ordering associated with the large positive heat of
mixing between Nb-Y elements.
(Feo72Bo24Nbogs)es s Y4 s alloy was found to maintain glassy phases even after a heat treatment at 7, (= 871 K) for 21.6 ks (= 6
hours). This indicates that this bulk metallic glass has distinct higher-thermal stability with compared to other Fe-/Co- based bulk
metallic glasses developed to date.
MTG results reveals that the MSRO could be occurred in the samples of positive mixing enthalpy and can enhance the GFA and
thermal stability due to reducing the driving force to the crystallization.
A novel exothermic reaction was seen in all (Feg7,Bg24Nbgos)00x(Ln), (Ln= La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, and Lu,
X =2 - 10 at.%) glass formers by lanthanoid addition of 4-6 at.%, which revealed an atomic-scale heterogeneity of the Fe-B-Nb
and Fe-B-Ln phases.
Kissinger analysis revealed that the occurrence of the heterogeneous glassy phases is closely related to the enhanced activation
energy of the crystallization, i.e., high thermal stability.
MTG results, appearance of 2™ glassy or amorphous phase of Fe-B-Nb-heavy Ln (Er or Tm, etc.) in the range of 500-600 K
after heating to 1173 K, supported the assumption obtained by Kissinger analysis.
An exothermic reaction in supercooled liquid region provided a possibility of an existence of heterogeneous atomic
rearrangement, which were evidenced by MTG and TMA, and can be concluded that the atomic-scale rearrangement improved

thermal stability, as supported by Kissinger analysis.

In chapter 5, the effect of stress on the viscous densification of (Fey7Bg24Nboos)essY4s gas-atomized glassy powders

during the SPS procedure was investigated by the displacement analysis under various applied pressures using cast cylinder and

glassy powder samples in the compressive tests and in the SPS process, and (Fey7:Bo2aNboos)es s Y s metallic glassy matrix composite

(MGMC), containing 10 vol.% fine tungsten carbide (WC) particulates with an average size of 5 pm, was fabricated by the spark

plasma sintering (SPS) process to improve mechanical strength by enhancing the complexity of the bonding state. The results can be

summarized as follows.
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Viscous densification of the glassy powders was found to start at 7= 663 K under a preset stress of 600 MPa, which is 248 K
lower than that measured by TMA under 32 kPa.

A series of SEM images showed the densification behavior of the glassy powder compacts and exhibited direct evidence for the
stress-induced viscous flow in the glassy powder compact consolidated at 673 K, which is 200 K lower than 7, (= 873 K)

determined by DSC.
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The patterned or mirrored surfaces imprinted on the compacts demonstrated the fine (micro or nano) imprintability enhanced by
the external stress of less stable metallic glasses, even well below 7.

The maximum reduction of 256 K was achieved by subjecting glassy powders to an applied stress of 600 MPa. This drastic
reduction of 7}, can be interpreted to result from the stress concentration effect due to their spherical shapes.

Maximum yielding strengths were achieved at 2045, 1012 and 3020 MPa for samples A (cut horizontal to the consolidation
direction), B (cut perpendicular to the consolidation direction) and C (blended with 10 vol.% WC of 5 um), respectively.

The addition of WC increased the complexity of the bonding state due to strong interlocking and drastically enhanced the
compressive strength. The fine hard particles such as WC can play a decisive role in improving mechanical properties by

absorbing and dispersing the stress.

In chapter 6, ferrous metallic glass thin film (FMGTF) of Fe; B oNb; 4Ndg; was prepared by electron cyclotron resonance

sputtering to investigate imprintability using viscous workability and magnetic transition for functionality. Before the study of viscous

workability and functionality, the effect of the oxide layer on surface hardness of metallic glass and FMGTF samples was investigated

by AES and the instrumented nanoindentation test. The results can be summarized by follows.
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The depth of oxide layers and hardness profiles revealed that a thicker oxide layer strongly enhanced surface hardening of the
glassy sample.

On surface, high concentrations of oxygen and rare earth were obtained. Fe-B-Nb-Nd and Fe-B-Nb-Sm FMGTF samples
showed thicker metallic oxide layer of 10 and 8 nm, respectively.

FMGTF samples obtained by ECR sputtering were harder than the as-cast or the as-SPSed samples both on surface and
underlayer. The origin of the enhanced hardness is related to the stress and compositional difference due to the higher cooling
rate and oxygen rate.

Ferrous metallic glass thin film (FMGTF) of Fe;BgNb;sNds3 was prepared by electron cyclotron resonance sputtering,
resulting in a high SCLR 0f 96 K and a semi-hard coercivity of 28.5 kA/m by crystallization.

Furthermore, the FMGTF was imprinted through viscous deformation in the SCLR. The Fe; BigNbsNds; FMGTF sample
after imprinting at 7, + 20 K for 20 s under 60 MPa was confirmed as retaining its amorphous structure, and a microimage of

the imprinted FMGTF sample revealed a clean and precise surface and edges.

This is the first report of successful imprinting with ferrous Fe-based metallic glass and our findings are expected to

facilitate commercial applications of MEMS or NEMS. Micro- and nano-scale surgical instruments capable of cutting, griping,

drilling, etc., can be realized through the synergy effect of viscous workability and functionality developed in the present paper.
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