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Abstract

The thermal and mechanical properties of the Mg-based bulk metallic glasses are
reported in this thesis. The original ingots were prepared by arc melting and induction
melting. The MgesCu2sGdie and MgessCuisAg10Gdie bulk metallic glasses with different
diameters from 3 to 6 mm were successfully fabricated by conventional copper mold casting

in an inert atmosphere.

The MgesCuzsGdig bulk metallic glass shows the high glass forming ability and good
thermal stability. However, the addition of Ag in the MgesCuisAQ10Gdso alloy degrades the
thermal stability. Based on the DSC results, the supercooled liquid region ATy and glass
forming criterion y decrease from 69 K and 0.423 for MgesCu5Gdyo to 43 K and 0.408 for
MgesCu15Ag10Gd10. However, the addition of Ag will increase the hardness from 232 H, for

Mg65Cu25Gd10 to 255 H, for MgB5CU15Ag1oGd10.

Based on the thermal mechanical analyses, during heating, the temperature interval in
which a rapid change in displacement occurs is close to the supercooled liquid region of the
MgesCu2s5Gdi. Based on the dynamic mechanical analyses, the structure changes from glass
solid to viscous flow liquid and finally to crystalline solid state with increasing temperature,

resulting in that the thermal mechanical properties of the MgesCu,5Gd;o would change.

The mechanical properties of MgesCusGdig in terms of compression testing are
examined using an Instron 5582 universal testing machine. Room temperature compression
tests are conducted on specimens with various height to diameter ratios (h/d) from 2:1, 1:1,

1:2 to 1:4. The fracture strength and the deformation strain, as well as the fracture surface

Xiii



morphologies, were formed to vary systematically in accordance with the specimen h/d ratio.

The possible deformation mechanisms of the Mg-based bulk metallic glasses are discussed.
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Chapter 1 Introduction

1.1 Amorphous metallic alloys

Amorphous metallic alloys are disordered materials that lack the periodicity of crystals.
The structure of amorphous metallic alloys could be defined by the presence of short range
order in contrast to crystalline materials showing long range order with repeating unit cell.
However, the atomic arrangement in amorphous alloys is not completely random, but
maintains a greater degree of short range order than that in a liquid, as shown in Figure 1.1
[1]. Usually, amorphous metallic alloys have also been called as liquid metals, non-crystalline

metals, glassy metals, or metallic glasses.

Generally, high cooling rates are required to produce amorphous alloys in the form of
ribbons, flakes or powders and great efforts have been made to consolidate this material into
bulk amorphous part. In recent years, more and more researchers worldwide discover the
better ways to fabricate amorphous alloys by employing much lower cooling rates or the
combination of alloy compositions for glassy metals. The increased demand for light and
strong materials able to withstand severe environmental conditions has stimulated
considerable research on bulk metallic glasses (BMGs). Bulk amorphous alloys can expand

the application area further by eliminating the size limit.

It has been shown that amorphization of metallic materials might cause sometimes
excellent increase in mechanical strength and toughness compared with those of the
corresponding crystalline alloys. Amorphous metallic alloys have unique mechanical and

physical properties attributed to the atomic structure of amorphous phase, such as high



strength and hardness, low elastic modulus, excellent corrosion resistance, electromagnetic
properties, and easy shaping or forming ability [2], which are different from the
corresponding crystalline alloys. The fundamental properties and application fields of

amorphous alloys are listed in Table 1.1 [3].

1.2 The development of Mg-based amorphous alloys

Among a large number of alloys, Mg-based alloys have attracted attention especially
due to a high strength to weight ratio and a low glass transition temperature. From the
industrial needs of developing high strength materials with light weight, Mg-based alloys
have attracted more and more interest due to the lowest specific weight among all structural
metallic materials. Mg-based BMGs are regarded as a new family of promising materials

with excellent specific strength and good corrosion resistance [4].

New Mg-based ternary amorphous alloys with a wide supercooled liquid region and a
high glass formation ability have been developed in a number of alloy systems, such as
Mg-TM-Y (TM = transition metal such as Cu, Ni, Zn). The formation of the Mg-based
BMGs was firstly reported in 1991. In 1991, Inoue et al. [5] found that the Mg-Cu-Y alloys
exhibited a high glass formation ability (GFA), which made it possible to produce bulk
amorphous samples with a diameter of 4 mm by the copper mold casting method.
Furthermore, the Mg-based BMGs exhibited high tensile fracture strength which is more than
twice as high as the highest strength of conventional Mg-based crystalline alloys. Next year,
Inoue’s group [6] succeeded in fabricating bulk MgssCusY 10 metallic glasses with increased
diameter up to 7 mm by using high-pressure die casting method. Since them, a new family of

light amorphous alloy systems became available.



1.3 The effects of alloy additions in Mg-based alloys

The synthesis of the multicomponent metallic glasses with superior GFA is of scientific
and technological interest because of their potential application as new structural and
functional materials. In the last decade, advances in the synthesis of metallic glasses,
especially by using unique combinations of elements to form the multi-component metallic
glasses, have resulted in the critical cooling rate dropping from 10° K/s to as low as 1 KIs,
and the specimen size increasing from 0.05 mm to as large as 80 mm [7]. So far, the
investigations worldwide have shown efforts on the improvement of the GFA by additions of

the alloy elements on Mg-based BMGs.

Liu and Lu [8] have reviewed the recent works regarding the effects of minor alloying
additions on glass formation in bulk metallic glasses. Recently, minor alloying addition has
shown to have dramatic effects on the glass formation and thermal stability of many bulk
metallic glasses. Liu and Lu suggested to add a small amount of alloying additions (usually,
less than 2 at%) to the existing bulk metallic glasses for the purpose of further improving
their GFA. Experimental evidences indicate that alloying additions of small atoms with
atomic radius smaller than 0.12 nm (such as B and Si) or large atoms with radius greater than

0.16 nm (such as Y and Sc) are most effective in enhancing glass forming ability.

Further improvement of GFA has been reported in the Mg-Cu-Y alloy system where Cu
is partially substituted with other alloy elements, such as Ag, Pd, or Zn. For example,
MgesCu1sAg10Y10 [9], MgesCuisAgsPdsY 1o [10], and MgesCuz0ZnsYye [11-12] alloys all
exhibit high GFA, enabling the fabrication of BMGs in rods with diameters of 6, 7 and 6 mm,

respectively, by a Cu mold injection casting method.



Subsequently, a series of MgssCu,sRE10 BMGs (RE = rare earth elements such as La, Ce,
Pr, Nd, Sm, Gd, Dy, Th, Ho, Er and Yb) have been investigated [13-14]. As proposed by Men
et al. [15], the effect of the substitution of Y in MgesCuasY19 alloy with Gd on GFA and
thermal stability is significant improvement. The MgesCuasGdig alloy with a high GFA
enables the fabrication of BMG samples with a maximum diameter 8 mm by Cu mold
injection casting method in inert atmosphere. Recently, Inoue et al. [4,16] proposed that the
partial substitution of Cu by Ni significantly improves mechanical properties of Mg-Cu-Gd
BMGs while keeping good GFA. The MgssCuxNisGdig BMG sample of 5 mm in diameter
was fabricated by Cu mold casting method in an argon atmosphere. In spite of the
degradation in terms of the narrower supercooled liquid region with increasing Ni content,
the proper substitution of Cu by Ni in MgesCu25Gdig BMGs can result in the improvement of

ductility and strength.

1.4 The purpose of this study

On the present reports, Gd and Y have similar atomic radii (Gd: 0.18013 nm; Y: 0.18015
nm), similar electronegativity (Gd: 1.2; Y: 1.22) and similar negative heat of mixing against
Mg and Cu (Mg-Gd: -6 kJ/mol; Cu-Gd: -22 kJ/mol; Mg-Y: -6 kJ/mol; Cu-Y: -22 kJ/mol). The
effect of substitution of Y with Gd in the MgssCu2sY 10 alloy on the GFA has a significant
improvement, enabling the fabrication of the BMG with a diameter from 4 mm up to 8 mm
by Cu mold casting method, possibly because of the difference in the electronic
configurations between Y (4d'5s%) and Gd (4f'5d6s%). Among the Mg-based ternary alloys,

the MgssCu2sGdyp alloys have the highest the glass forming ability and high thermal stability.

With the partial substitution of Cu by Ag, the Mg-Cu-Ag-Y system was claimed to have

higher glass forming ability. It possibly would be inferred that because of the reduction for
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the temperature interval from T4 to T, enables the Ag-containing alloy to have high glass
forming ability. On the other hand, it was expected that by the addition of Ag could generate
strongly negative AHpix for Mg-Ag and Gd-Ag in the Mg-Cu-Gd alloy system, more than
those of Mg-Cu and Gd-Cu. Therefore, the more negative heats of mixing for Ag with Mg
and Gd allow us to presume that the bonding forces among Mg, Cu, Ag and Gd elements are
stronger than those among Mg, Cu and Gd elements. The substitution of Cu by Ag in the
Mg-Cu-Gd alloy system should enhance the bonding force between the constituent atoms, so
that it is more difficult to deform the Ag containing alloy than Ag-free alloy. Hence, it would
be useful to improve the hardness and fracture strength on mechanical properties for the Ag

containing alloy.

In this study, it is intended to investigate the influence of the partial substitution of Cu
by Ag in the MgesCupsGdig alloys on the amorphous nature, thermal stability and the glass
forming ability. In addition, Most of the investigations on the mechanical properties of BMGs
are concentrated on the Zr-based and Pd-based BMGs. In contrast, the investigations on the
mechanical properties for the Mg-based BMGs are not enough. Hence, in order to evaluate
the mechanical properties of the Mg-based BMGs, the MggsCu2sGdip BMG fabricated by the
Cu mold casting method in an argon atmosphere with diameter of 4 mm will be applied to
conduct the microhardness testing, compressive test and thermal mechanical analysis. On the
other hand, in order to clarify the deformation mechanisms of the Mg-based BMGs, the room
temperature compression tests will be conducted on specimens with various height to
diameter ratios (h/d) from 2:1, 1:1, 1:2 to 1:4. The possible deformation mechanisms on

specimens with various geometry ratios will be discussed.



Chapter 2 Background and Literature Review

2.1 The evolution of amorphous alloys

The amorphous metallic alloys was first fabricated in 1960 by Duwez et al. [17] by splat
quenching method in the Au-Si system, it is recognized that this is the first method to rapidly
quench from the melt metallic liquid to fabricate the metallic glass ribbons. A few years latter,
Chen et al. [18] were able to make amorphous spheres of ternary alloy system in Pd-Si-N (N
= Ag, Cu or Au). The alloy Pd;75CugSiis5 could be made glassy with a diameter of 0.5 mm
and the existence of a glass transition was demonstrated. In the Pd-Cu-Si and Pd-Ag-Si alloys,
the supercooled liquid region extended to 40 K, it enables the investigators to perform the
first detailed studies of crystallization in metallic glasses. In addition, Chen [19] made
systematic investigations on the ternary Pd-T-P alloys (T = Ni, Co or Fe) in 1974 and

obtained a critical casting thickness on the order of 1 mm in these alloys.

In the beginning of the 1980s, the Turnbull et al. [20] revisited the Pd-Ni-P alloys. By
subjecting the specimens to surface etching followed by a succession of heating and cooling
cycles, they decreased heterogeneous nucleation and were thus able to make glassy ingots of
Pd4oNisoP2 with a diameter of 5 mm. In 1984, the Turnbull group [20] could extend the
critical casting thickness up to 10 mm by processing the Pd—Ni—P melt in a boron oxide flux.

The Pd-Ni-P system may be considered as the first bulk metallic glass to be developed.

In the late 1980s, the Inoue group in Tohoku University of Japan investigated the rare
earth materials with Al and Fe metals. They found exceptional glass forming ability in

La-Al-Ni and La-Al-Cu alloys system [21]. The cylindrical samples with diameters up to 5



mm or sheets with similar thicknesses were made fully glassy in the LassAlxsNiyg alloy by
casting into Cu molds, and later the LassAlosNigCuyg alloy was fabricated with a diameter up

to 9 mm by the same method.

In 1991, the Inoue group developed glassy Mg—Cu-Y and Mg-Ni-Y alloys with the
largest GFA obtained in MgesCuzsY 1o [22]. At the same time, the Inoue group developed a
family of Zr-based Zr—AI-Ni—-Cu alloys exhibiting a high GFA and thermal stability. The
critical casting thickness was raised up to 15 mm and the supercooled liquid region in these
alloys was extended to 127 K for the ZrgsAl7 sNioCusz s alloy [23]. In 1997, the Inoue group
revisited the Pd4oNisP2o alloy and replaced 30 at% Ni by Cu. As a result, they developed an
alloy with a critical casting thickness of 72 mm [24]. The Pd—Cu—Ni-P family is the metallic
system with the highest GFA known to date. The critical casting thicknesses of metallic
glasses are shown in Figure 2.1. Subsequently, Inoue and his group succeeded in finding new
multicomponent alloy systems consisting mainly of common metallic elements and proposed
the empirical rules to form bulk metallic glasses with high glass forming ability and lower
critical cooling rate. The development of these alloys demonstrated that bulk metallic glass
composition were not a laboratory curiosity and could be quite interesting for engineering

application.

But because of the cost and heavy weight of Pd metal, the light weight metallic glasses
such as Mg, Al, Ti and Zr-based alloys with the aim of improving the specific strength were
developed. Recently, researches in the area of bulk metallic glasses are significantly growing.
Many researchers are searching for new alloy compositions and investigating the mechanical,
structural, thermal stability of these alloys. The development has enabled us to produce bulk
metallic glasses with useful properties. Subsequently, it has been found that a BMG matrix

containing nanocrystalline phases and exhibiting high tensile strength and good ductility is
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formed in Zr-Al-Cu-based system and the mechanical properties exceed those of the
amorphous phase alloys [25]. It could expect that the more and more investigators pay

attentions on the amorphous and nanocrystalline alloys in the future.

2.2 The evolution of fabrication methods of amorphous alloys

The fabrication methods of amorphous alloys could be divided into the following three
types: (1) from gas state to solid state: sputtering and vacuum evaporation; (2) from liquid
state to solid state: splat quenching method, single and two-roller quenching process, chill
block melt spinning process (CMBS), planar flow casting process (PFC), spray forming
process, conventional metallic mold casting method and high pressure die casting method; (3)
from solid state to solid state: ion implantation, ion beam mixing, mechanical alloying (MA)

and accumulative roll bonding (ARB) [1].

The liquid quenching method operated at the cooling rate of 10° ~ 10® K/s is the major
method widely applied to fabricate the different types of amorphous alloys such as powders,
wires, ribbons and bulk forms. The process of the liquid quenching method is that the alloys
are first heated to the melted condition, after melting homogeneously, the alloy are poured or

injected into the mold with high cooling rate to fabricate the amorphous alloys.

The fabrication of amorphous alloy started with from the splat quenching method by
Klement et al. [17] on the Au;sSiys alloy systems in 1960. This is recognized to be the first
report of formation of amorphous alloys by quenching the liquid, as shown in Figure 2.2.
However, this method could not produce the uniform shape and size of the amorphous alloys.
In 1970s, these limitations of amorphous alloys have been removed by the two roller

technique due to Chen and Miller [26], as shown in Figure 2.3. This method is one in which
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uniform long samples are produced due to flattening out quenching of dropped alloys
between two rotating wheels. It is potentially continuous processes to be applied to thin

solidified films or foils.

In 1976, the chill block melt spinning method (CMBS) was developed by Liebermann
and Graham [27], as shown in Figure 2.4. The method of CMBS involves the formation of a
melt jet by the expulsion of a molten alloy through an orifice and the impingement of this jet
against a rapidly moving substrate surface. The puddle which results from continuing
impingement of the melt jet, serves as a local reserver from which ribbon is continuously
formed and chilled. Among various rapid solidification processes, the single roller chill block
melt spinning is the most popular method, due to its simplicity in fabrication and

effectiveness in producing the rapidly solidified ribbons.

In 1980, Narasimhan and coworkers [1] developed the planar flow casting (PFC)
process for the fabrication of rapidly quenched tapes in which the nozzle is held very close to
the moving substrate surface, as shown in Figure 2.5. The major difference between CBMS
and PFC is that the nozzle of PFC process is brought closer to the quenching wheel so that
the melt puddle is more stable to suppress oscillation of the puddle. The PFC process not only
enhances the stability of the process but allows a better control of the ribbon dimension. The
PFC process improves the quality of amorphous ribbons and also makes wider amorphous

ribbons easily.

Until 1991, Inoue et al. [5] succeeded in fabricating the bulk metallic glass in Mg-Cu-Y
alloy system with a diameter of 4 mm by copper mold casting method. Next year, the same
group [6] succeeded in producing the MgesCuasY 10 bulk metallic glasses with increased more

the diameter up to 7 mm by using high-pressure die casting method. The bulk metallic glass
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could expand the application area further by eliminating limitation of amorphous alloy in

size.

2.3 The system of bulk amorphous alloys

So far, a large number of bulk amorphous alloys have been reported. The alloy system of
bulk metallic glasses could be divided into two main types, as shown in Table 2.1 [28]. Table
2.1 summarizes the types of bulk amorphous alloy systems reported to date and the calendar
years when details of each alloy system were published. Generally, the bulk amorphous alloys
can be separated into nonferrous and ferrous alloy systems. The nonferrous alloy systems
include Mg-Ln-M (Ln = lanthanide metal, M = Ni, Cu or Zn) , Ln-Al-TM (TM = VI~VIII
group transition metal), Ln-Ga-TM, Zr-Al-TM, Zr-Ti-Al-TM, Ti-Zr-TM, Zr-Ti-TM-Be,
Zr-(Nb, Pd)-Al-TM, Pd-Cu-Ni-P, Pd-Ni-Fe-P, Pd-Cu-B-Si, and Ti-Ni-Cu-Sn systems. The
ferrous alloy systems involve Fe-(Al, Ga)-metalloid (P, C, B, Si, Ge), (Fe, Co, Ni)-(Zr, Hf,

Nb)-B, Fe-Co-Ln-B, and Ni-Nb-(Cr, Mo)-(P,B) alloys.

It is observed that the ferrous alloy systems have been found during the last four years
after the synthesis of the nonferrous alloy systems. The alloy components are classified into
five categories, as summarized in Table 2.2 [28]. The first group consists of ETM (or Ln), Al
and LTM as exemplified for Zr-Al-Ni and Ln-Al-Ni systems, where ETM is IVB~VIB Group
Transition Metal and LTM is VIIB~VIIIB Group Transition Metal. The second group is
composed of LTM, ETM and metalloid as indicated by Fe-Zr-B and Co-Nb-B systems. The
third group is LTM (Fe)-(Al, Ga)-metalloid systems, and the fourth group is indicated by
Mg-Ln-LTM and ETM (Zr, Ti)-Be-LTM systems. However, the fifth systems as Pd-Cu-Ni-P
and Pd-Ni-P systems are composed only of two kinds of group element (LTM and metalloid),

which are different from the combination of the three types of group elements for the alloys
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belonging to the four previous groups.

It is noticed that the bulk metallic glasses could be produced in many important
engineering alloy systems, such as Fe-, Co-, Ni-, Ti-, Zr- and Mg-based amorphous alloys. In
addition, so far, the maximum diameter of bulk metallic glasses done by the investigators
worldwide tends to increase in the order of Pd-Cu > Zr > Mg or Ln > Fe > Ni > Co or Ti

systems.

2.4 The factors influencing the glass forming ability

Amorphous alloys could be produced by rapid quenching from the melt liquid for
metallic glasses when the quenching rate exceeds its critical cooling rate. Glass forming
ability (GFA), as related to the ease of devitrification, is very crucial for understanding the
origins of glass formation and also important for designing and developing new bulk metallic
glasses. The GFA of an alloy is evaluated in terms of the critical cooling rate (Rc) for forming
metallic glasses, which is the minimum cooling rate necessary to keep the melt amorphous
without any precipitation of crystals during the solidification process. The smaller R, the
higher the GFA of an alloy system should be. However, R. is a parameter which is difficult to
evaluate precisely. So far, a large number of efforts have been devoted to searching for a
simple and creditable gauge for quantifying GFA for metallic glasses. As a result, many
criteria have been proposed to describe the relative GFA of bulk metallic glasses on the basis
of the characteristic temperatures measured by differential thermal calorimetry (DSC) or

differential thermal analysis (DTA).

The most extensively used criterion is the reduced glass transition temperature, T,y [29]

(= To/T), where Ty is the glass transition temperature and T, is the liquidus temperature) and
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the supercooled liquid region, ATy (= Tx-Tg, Where Ty is the onset crystallization temperature
and Ty is the glass transition temperature). As proposed by Lu et al. [30], T,y shows a better
correlation with GFA than that given by T¢/Tr, for bulk metallic glasses (T is the solidus
temperature). Usually the ATy, and T,q are used as indicators of the GFA for metallic glasses.
The tendency for R. to decrease with increasing Ty is shown in Figure 2.6. From the view
point of T,y (= To/T)), Ty is dependent on composition, selecting a proper concentration close
to the deep eutectic point is useful for the probability of being able to cool fast through the
supercooled liquid region without any occurrence of crystallization, i.e., the GFA of alloy
would be increased. As to another parameter ATy (= Tx-Tg), the thermal stability of alloy
could be increased by increasing Ty, i.e., a good thermal stability for amorphous alloy with a
wide ATy indicates that the amorphous alloy has the superior resistance against the
crystallization from the supercooled liquid while heating. Figure 2.7 shows that R decreases

with increasing A Ty so that the size of amorphous alloys would be increased.

Although both ATy and the ratio Ty/T, are used as indicators of the GFA for metallic
glasses, they did show contrasting trends versus GFA in many alloy systems. Waniuk et al.
[31] confirmed that Tg¢/T, value is correlated well with GFA in Zr-Ti—-Cu-Ni-Be alloys
whereas the supercooled liquid range, ATy, has no relationship with GFA in the least. Those
glassy compositions with the largest ATy are actually the poorest glass formers in the system.
Inoue et al. [32] also proved that the bulk glass forming ability is more closely associated
with Ty/T, values in Cu-Zr-Ti ternary systems rather than ATy. On the other hand, it was
found that the ratio Ty/T, is not reliable enough to infer relative GFA in PdoNis-xFexP2o (X =
0 to 20) [33], and MgesCuisM1oY10 (M = Ni, Al, Zn and Mn) [34] alloy systems. On the
contrary, ATy was claimed to be a reliable and useful criterion for the optimization of bulk

glass formation in these systems.
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Hence, a new criterion for critical cooling rate and critical thickness to reflect the GFA
of bulk metallic glasses was recently proposed by Lu and Liu [35]. The new parameter y (=
Tx/ (Tq + Ti)) was defined for inferring the relative GFA among bulk metallic glasses. The
definition of the parameter of y is shown in Figure 2.8. The summary of ATy, Ty, 7, critical
cooling rate R. and critical section thickness Z. obtained by DSC and DTA for various alloy
systems is listed in Table 2.4. Regardless of alloy system, the relationship between y and the
critical cooling rate R (K/s) as well as critical section thickness Z. (mm) has been formulated

as follows:

R. = 5.1x10%%exp(-117.197), (2-1)

Z.= 2.8x10"exp(41y). (2-2)

Note that these two equations can be utilized to estimate R, and Z. when y is measured
readily from DSC or DTA measurements. The new parameter y reveals that a stronger
correlation with GFA than T4 and has been successfully applied to glass formation in the bulk

metallic glass systems.

2.5 The empirical rules for the synthesis of amorphous alloys

Since the discovery of amorphous alloys, a number of attempts have been made to
understand the mechanism of amorphization in order to predict alloy composition with better
glass forming ability. So far, there are many various methods to produce bulk metallic glasses,
but the investigators worldwide gradually attempt to understand that the correct designed
alloy composition system would lead to metallic glasses with critical cooling rate as low as 1-
100 K/s. As proposed by Inoue [28], three empirical rules have been developed for designing

alloy composition to fabricate the bulk metallic glass. These are (1) multicomponent systems
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consisting of more than three elements; (2) significant difference in atomic size ratios above
12% among the three main constituent elements; (3) negative heats of mixing among the
three main constituent elements. If there are more than three different elements mixed
together and the difference in atomic size is large above 12%, the atomic configuration tends
to form the high dense random packing, as shown in Figure 2.9. The larger heats of mixing
for constituent elements could contribute to stabilization of the liquid phase by changing the
local atomic structure. The alloys with these three empirical rules would have a good GFA to

form metallic glass.

As summarized in Table 2.3, in a new type of supercooled liquid with a higher degree of
dense randomly packed atomic configurations, new local atomic configurations and
long-range homogeneous atomic configurations, the system will have high solid/liquid
interfacial energy which is favorable for the suppression of nucleation and growth of a
crystalline phase. The new type of liquid can have the difficulty of atomic rearrangement,
leading to a decrease of atomic diffusivity and an increase of viscosity. Therefore, the new
liquid can have high Tg. In any event, the multicomponent alloys with the three empirical
rules always have very deep eutectic point with low melting temperatures, leading to the

appearance of high Ty value.

Although these empirical rules are certainly useful for selecting multicomponent alloy
system to form amorphous alloys, the development of new amorphous alloys is still a very
time-consuming process. In order to identify good glass forming compositions, it is required
to experimentally map out the glass forming ability of every single composition in a given
alloy system. In multicomponent systems, hundreds of alloy compositions have to be
fabricated and evaluated for glass formation. Therefore, finding a more specific criterion for

easy glass forming alloy systems would be very beneficial.
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Furthermore, there are many other empirical criteria for the glass forming ability. Egami
[36] suggest a correlation between atomic size and its concentration in certain metallic
glasses. Shek et al. [37] have proposed that the composition of metallic glasses and their
crystalline counterparts should possess a constant value of e/a (the average valence electron
number per atom). Fang et al. [38] also have proposed that an empirical criterion between
bond parametric functions that comprises of electronegativity difference and atomic size
parameters to the relationship and width of the supercooled liquid region of Mg-based bulk
metallic glasses, as summarized in Figure 2.10. Recently, Chen et al. [39] introduced atomic
size and e/a ratio as two criteria to find the best bulk metallic glass forming composition. The
electronegativity has also been introduced to explain the glass forming ability of Al- and

Mg-based alloys, showing nearly linear relationship with glass forming ability.

Besides these three empirical rules, the specific composition around the eutectic point is
an important factor for the multicomponent alloys to form amorphous phases. Comparing the
quenching of composition 1 and 2 in Figure 2.11, from the view point of composition 1, the
melt would pass through the larger the temperature range by quenching, leading to the
probabilities of crystallization before reaching Ty. On the other word, since composition 2 is
around the deep eutectic point, i.e., it has the smallest temperature interval between the
liquidus and Tg, the melt could maintain liquidus state to lower temperature and immediately
transform from liquid to solid to form amorphous alloy by quenching. Hence, the temperature

around the deep eutectic point would cause lower T, so that the GFA would be enhanced.

As proposed by Wang et al. [13] and coworkers have proposed that the criteria of bulk
metallic glass formation in MgCu-based alloys. According to the empirical bulk metallic
glass formation criteria [28], the bulk glass forming alloys should satisfy: (1) the

multicomponent alloy systems consist of more than three elements, (2) there is a significant
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difference, (> 12%), in the atomic size ratios of the major constituent elements, (3) negative
heats of mixing occur among the major elements and finally (4) alloy compositions need to
be close to the deep eutectic point. As proposed by Wang et al. [14], a series of novel
MgssCuzsRE; bulk metallic glasses (RE = rare earth elements such as Gd, Nd, Sm, Dy),
satisfying these rules with different critical diameters and near eutectic composition, are
obtained. It is found that the glass forming ability in the Mg-Cu-RE alloys strongly depends

on atomic size and electronegativity of the alloying RE elements.

2.6 The characterization of amorphous alloys

The amorphous alloys have various properties which are superior to the traditional
crystalline alloys due to their unique structure. Table 1.1 summarizes the fundamental
properties and application fields of bulk amorphous and nanocrystalline alloy. The various

properties are described below:

2.6.1 Mechanical properties

The superior mechanical properties of bulk metallic glasses are the most promising
characteristics for applications. Since the atomic random arrangement configuration and
dense packing structure, when the applied stress is on the amorphous alloys, the amorphous
alloys only allow limited atomic displacements to resist deformation. Due to the absence of
dislocation mechanisms for plastic deformation, the amorphous alloys are always high

strength materials.

The bulk metallic glasses have unique mechanical properties which are different from

those of the crystalline alloys, i.e., the bulk metallic glasses have higher tensile strength and
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lower Young’s modulus and the difference reaches about three times [3]. The relation
between tensile fracture strength (o), Vickers hardness (H,) and Young’s modulus (E) for
the various bulk metallic glasses is shown in Figure 2.12, together with the data on the
conventional crystalline alloys. The bulk metallic glasses have high o+ of 840-2100 MPa
combined with E of 47-102 GPa, depending on alloy compositions [28]. Hence, the bulk
metallic glasses tend to exhibit higher o ¢, higher H, and lower E than those of any kinds of

crystalline alloys.

The three-point bending flexural stress and deflection curves of the Zr-Al-Ni-Cu and
Zr-Ti-Al-Ni-Cu bulk amorphous alloys have been measured [40]. These bulk amorphous
alloys have high bending flexural strength values of 3000-3900 MPa which are 2.0-2.5 times
higher than those for crystalline Zr- and Ti-based alloys. Figure 2.13 summarizes the bending
and rotating beam fatigue strength as a function of fatigue cycle up to failure for the bulk
amorphous ZrgsAl1oNioCuss [41] and Pd4oCusoNiioP2o [42] alloys, respectively, together with
the data under tensile stress conditions for various melt spun amorphous ribbons. It is
confirmed that the present Zr- and Pd-Cu-based bulk metallic glasses have good combination
of various mechanical properties, which could not be obtained for conventional crystalline

alloys.

2.6.2 Magnetic properties

Applications of magnetic glasses are mainly based on their superior soft magnetic
properties. Sensors for electronic article surveillance have become a large application of
amorphous materials. Thin sheets of glassy materials are first produced by melt spinning and
subsequently annealed, which results in the formation of nanocrystals in a glassy matrix.

These nanocomposites still sustain their soft magnetic properties, but have a higher saturation
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magnetization and lower magnetostriction than the purely amorphous base materials. The
most famous example is an alloy with the tradename FINEMET [43], which is a Fe-rich
Fe-Si-B alloy with a small addition of Cu and Nb. The use of thin sheets in high frequency

applications is of advantage, since eddy currents can be reduced.

Thin ribbons of magnetic nanocomposites and purely metallic glasses are currently used
in transformer cores, in magnetic sensors, and for magnetic shielding. Although some
magnetic bulk glasses have recently been discovered, so far none of these materials show
promising applications. The difficulty in the development of magnetic bulk glasses result
from the fact that ferromagnetic elements like Fe, Co, Ni, and Gd are prone to oxidation,
which increases the probability for heterogeneous nucleation. It was shown that the
nucleation rate in Fe—-Ni—P-B (Metglass) alloys can be reduced by four orders of magnitude
when heterogeneous nucleation is minimized by the use of fluxing techniques [44]. Generally,
the types of magnetic amorphous alloy systems could be divided into categories: TM-TM and

TM-M (TM = Fe, Co, Ni, Zr, Hf, etc; M: B, C, Si, P, Ge, etc) systems.

2.6.3 Chemical properties

When bulk metallic glasses for their good static and dynamic mechanical properties are
used as structural materials, it is essential for the bulk amorphous alloys to have good
corrosion resistance in various kinds of corrosive solutions. Due to the homogeneous single
phase structure which is lack of grain boundaries, dislocations and other defects in crystals,
the amorphous alloys have superior corrosion resistance. In addition, the corrosion resistance

of amorphous alloy could be improved by adding some kinds of corrosive solute.

The corrosion resistance is remarkably improved by the dissolution of Nb or Ta. Inoue et
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al. [45] have proposed that the corrosion resistance of melt-spun amorphous alloys was
examined in Zr-TM-AI-Ni-Cu (TM=Ti, Cr, Nb, Ta) systems in HCI and NaCl solutions and it
is found that the Nb- and Ta-containing amorphous alloys exhibit good corrosion resistance in
their solutions at room temperature. The corrosion resistance is largest for the Nb-containing
alloy, followed by the Ti-containing alloy and then the Zr-Al-Ni-Cu alloy. The corrosion
resistance of the Nb-containing alloy is also superior to that of the pure Zr metal, indicating
the remarkable effectiveness of Nb addition on the improvement of corrosion resistance even

in the NaCl solution.

2.6.4 Other properties of amorphous alloys

Recently, the Zr-Al-Ni—Cu bulk metallic glasses with a wide supercooled liquid region
before crystallization were found to exhibit a distinct plateau stage in the hydrogen
pressure—concentration—isotherm relation, though the desorption ratio of hydrogen gas is very
low (15%) [46]. It has subsequently been found that the desorption ratio remarkably increases
by choosing Mg-based amorphous alloys and desorption ratio reaches approximately 100%
[47]. It is therefore said that Mg-based bulk amorphous alloys are good candidate for

hydrogen storage materials.

On the other hand, the Pd-based bulk metallic exhibits very high efficient ratios for the
generation of chlorine gas as an electrode material [48]. The high efficiency above 90%
remains unchanged even after 500 cycles, though the efficiency of the commercial pure Pt
crystal decreases significantly after 20 cycles. The remarkable improvement of the generation
efficiency of chlorine gas has already enabled us to use the Pd-based bulk amorphous alloy as

a practical electrode material for the generation of chlorine gas.
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2.7 The deformation mechanisms of amorphous alloys

Defect-free bulk metallic glasses exhibit different mechanical properties as compared
with their crystalline counterparts. It is of great interest to study and understand the
mechanical properties and deformation behaviors of BMGs, especially the fracture
characteristics and the deformation mechanisms. Since 1970s, the mechanical properties of

amorphous alloys have been investigated [49].

It is known that the crystalline alloy is subjected to elastic deformation, followed by
yielding, plastic deformation and then final fracture. It is recognized that the feature of the
amorphous alloys appeared in their stress-strain curves lacks sufficient plastic deformation, as
shown in Figure 2.14. Generally, the plastic deformation for amorphous alloys is separated
into two types: one is slight plastic deformation with slight work hardening and the other is
distinct plastic deformation with serration. The serration phenomenon occurred before final

fracture indicates the interaction of shear band deformation.

The atomic configuration of the amorphous alloys is different from the crystalline alloys.
Because of the dense packing structure and irregular arrangement of atoms, when the stress is
applied, the amorphous alloy only allows small displacement of atoms, as shown in Figure
2.15 [50]. In order to deform the amorphous alloy, a larger applied stress would be needed so
that the clusters of atoms tend to move together like a band. Hence, the propagation of shear
bands leads to the deformation of the amorphous alloy. Furthermore, the serration
phenomenon is due to the interaction of shear bands from multiple directions causing the

plastic phenomenon of the amorphous alloys.

As proposed by Inoue et al. [16], the Ni-containing MgzsCusNi1oGdio amorphous alloy
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exhibits a distinct yield under compressive loading, followed by plastic strain with serration
phenomenon, which is different from that for the Mg;5CuisGdso alloy, as shown in Figure
2.16. Figure 2.17 shows that the compressive fracture surface appearance of the two glass
alloys. The fracture surface of the MgsCuisGdyg glassy alloy consists of smooth region
resulted from shear sliding. However, the fracture surface of the MgzsCusNiygGdig glassy
alloy consists of mainly the vein-like patterns. The serration phenomenon indicates the
occurrence of the plastic deformation of the amorphous alloys by the generation and

propagation modes of inhomogeneous shear bands.

Over the last decade, several studies related to the deformation behavior of BMGs have
been performed. Xiao et al. [51] studied the effect of the strain rates on the fracture surface
morphologies of Zr-based BMGs by tension testing. The fracture surface morphology of the
Zrs25Al10Ni10CuisBer2 s BMG under tension at low strain rates is shown in Figure 2.18. As
proposed by Xiao and his workers [51], the typical cleavage veins appear on the fracture
surface of the glassy sheets, which could be explained by a localized shear mechanism. The
origin of fracture seems to be the center of the shear band as shown on the right photo of
Figure 2.18. Once the localized shear bands form, they would rapidly propagate around with
being exerted an applied force. The encounter of the neighboring shear bands results in the
formation of ridgeline. The ridgelines of shear bands are ultimately torn off, and cause
catastrophic failure. Figure 2.19 shows that the fracture surface morphologies of the
Zrs,5Al10Ni10CuisBer2 s BMG at high strain rates under tensile deformation. It is seen that the
fracture features are obviously changed at high strain rates. The morphologies that appear on
the failure surface are almost made up of microvoid-coalescence dimples, which could be

explained by a localized melting mechanism.

Kusy et al. [52] have investigated the fracture morphologies of the Zr-based
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BMG-matrix-composites (BMGCs) and Cu-based BMG under compression testing. The
compression fracture surfaces of both Zr-based BMGCs and Cu-based BMGs reveal a
mixture of three different distinct patterns: vein-like pattern, intermittent smooth regions and
river-like pattern, as shown in Figures 2.20 and Figure 2.21. Furthermore, randomly
distributed transversal steps on the fracture plane are also revealed. It is in contrast to
previous studies that a characteristic vein-like pattern is considered a unique feature of the
fracture of BMGs under compression testing. The presence of different fracture features

indicates that the development of the fracture plane occurs in a stepwise mode.

So far, the worldwide researchers extensively investigate on the mechanical properties
of amorphous alloys or amorphous-matrix-composites, such as Xiao worked on the tension
testing [51], Lu and Liaw made efforts on compression testing [52-53], and Nieh is devoted
to indentation experiment [54]. Several studies were reported to reveal the mechanisms of
strain localization, plastic deformation, crack initiation and propagation. At the present day, it
IS a main stream to concentrate much attention on the investigations on the mechanical

properties of BMGs and BMG-matrix-composites.
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Chapter 3 Experimental procedures

The multicomponent alloys with the designed compositions of MgssCusGdig and
MgesCu15Ag10Gdy are researched in this study. Figures 3.1-3.6 show the related binary phase
diagrams of Mg-Cu, Mg-Gd, Mg-Ag, Cu-Gd, Cu-Ag and Gd-Ag related to the
Mg-Cu-Gd-Ag system. Furthermore, the amorphous ternary graphics of the Mg-Cu-Y system
is shown in Figure 3.7, but the ternary phase diagram of the Mg-Cu-Gd system is not

available now.

The MgesCuzsGdio and MgesCuisAgioGdie bulk metallic glasses are fabricated by the
copper mold casting method. The microstructure and amorphous nature of the samples are
examined by X-ray diffraction (XRD), and a scanning electron microscopy (SEM) with
energy dispersive X-ray spectrometry (EDS). The thermal stability of the MgssCuzsGdioand
MgesCu15Ag10Gdso alloys is examined by using a differential scanning calorimeter (DSC).
The thermal mechanical properties of the MgesCu25Gd1o and MgesCu1sAg10Gdio bulk metallic
glasses are evaluated by using thermal mechanical analysis (TMA) and dynamic mechanical
analysis (DMA). The mechanical properties of the MggsCu;sGdyy BMG in term of
compression testing are conducted by using an Instron 5582 universal testing machine. The

flow chart of the experimental procedure is shown in Figure 3.8.

3.1 Materials

The elements used in this study were purchased from Well Being Enterprise Co., Ltd,
Taipei, Taiwan. Moreover, the purities of the elements are of concern; that magnesium is as

pure as 99.9%, copper is as pure as 99.99%, gadolinium is as pure as 99.9% and silver is as
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pure as 99.99%. The constituent content of alloy system in this study is listed in Table 3.1 and

the data related to the elements in this study are also listed in Table 3.2.

3.2 Sample preparation

3.2.1 Arc melting

Since the boiling point of Mg is close to or lowers than the melting points of Cu, Y, Gd
and Ag, it is not suitable to arc melt the Mg with other elements. The arc melting is first
performed to prepare the master ingots of Cu-Gd binary or Cu-Gd-Ag ternary alloy in an arc
furnace under an argon atmosphere. The applied instrument is the Centorr Series 5 Bell Jar
Single Arc Furnace, as shown in Figure 3.9. The operation current of the device is about 200

~ 300 A.

Before starting the arc melting process, in order to avoid the occurrence of
crystallization due to oxygen impurities, the argon gas needs to be continuously purged into
the arc furnace to flush the oxygen and then to achieve a low oxygen atmosphere
environment inside the furnace. The process should be repeated several times to ensure high
vacuum inside the furnace to protect from oxidization. In order to increase the heat
exchange rate, cold water needs to be poured into and flowing through the bottom of the
copper mold. Finally, the elements of alloy placed on the bottom of the copper mold will be
melted by a high voltage arc under a Ti-gettered argon atmosphere in a water-cooled copper
mold. It should be repeated several times for alloy ingots to confirm compositional

homogeneity.
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3.2.2 Induction melting

The MgssCu2sGdip and MgessCuisAg10Gdyg alloys are first prepared with induction
melting by a conventional copper mold method under an argon atmosphere. After the Cu-Gd
or Cu-Gd-Ag alloy ingots are melted several times by arc melting, the Cu-Gd or Cu-Gd-Ag
alloy ingots are then remelted with pure Mg in a Fe crucible placed in an induction furnace
and then poured into the rectangular-shaped Cu mold under an argon atmosphere. The cold
water needs to be poured into and flowing through the Cu mold to reach the high cooling rate
so that increase the heat exchange rate to make the liquid alloy rapidly quenched. The process
of beforehand casting could ensure complete mixing between elemental components and is
favorable to fabricate the BMGs by injection casting method due to the master alloys

prepared by first casting could decrease the melt temperature during injection casing.

In addition, in order to suppress the generation of Mg vapor and the loss of the
constituent accuracy, the argon atmosphere is maintained at 1 atm passive pressure. And the
crucible needs to be sprayed a thin boron nitride layer to prevent the alloy from interacting

with the crucible at high temperatures.

3.2.3 Injection casting

The master bulk metallic glass rods of MgssCuzsGdip and MgesCu1sAg10Gdio Will be
fabricated by using a conventional copper mold casting method in an argon atmosphere. This
method is a generally recognized the most convenient way to fabricate the bulk metallic

glass.

The processing procedures are similar to the first casting method. First, the
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Mg-Cu-Gd-Ag master alloys fabricated by first casting are taken appropriate amount and
placed in a quartz tube, and the quartz tube needs to spray a thin layer of boron nitride to
avoid the interaction between alloy and quartz tube at high temperatures. The quartz tube is
placed in an induction furnace controlled by the high frequency system, and the argon
atmosphere is added to 1 atm in order to suppress the generation of magnesium vapor. Similar
to the arc melting process, the gas pouring and flushing step is performed several times to

ensure the high vacuum before injection casting.

Then the alloys are melted homogeneously by induction melting in an induction furnace
under the argon atmosphere, the melt is injected an argon atmosphere into a copper mold that
has internal rod-shaped cavities to fabricate the Mg-Cu-Gd-Ag bulk metallic glasses. The
MgssCu25Gd;o and MgesCuisAg10Gdie bulk metallic glass rods with the different diameters

from 3 to 8 mm are prepared.

3.3 Property measurements and analyses
3.3.1 X-ray diffraction

The amorphous nature of the MggsCusGdig and MgesCuisAgi10Gdie BMG  rods
fabricated by the conventional copper mold casting methods will be examined by X-ray
diffraction (XRD). The SIEMENS D5000 X-ray Diffractometer with Cu K, radiation (A =
1.5406 2\) at 40 kV and 30 mA, equipped with 0.02 mm graphite monochrometer, is utilized.
The range of the diffraction angle 26 is within 20° to 80° at scanning rate of 0.1° per four
seconds. To verify the amorphous structure of the alloy rod, the rod is cut from the center to

expose the center cross-section portion for XRD.

26



3.3.2 Qualitative and Quantitative constituent analysis

In order to identify the constituent component and confirm the composition percentage
of the bulk metallic glasses, the samples are characterized with a scanning electron
microscope (SEM) with energy dispersive X-ray spectrometer (EDS). The cross-sectional
surface of alloys cut from bulk metallic glass rods is selected to examine the quantity of the

designed compositions by EDS.

3.3.3 DSC thermal analysis

Glass forming ability parameters associated with the glass transition temperature (Tg),
the crystallization temperature (Tx), the supercooled liquid region (ATy), the solidus
temperature (Tr) and the liquidus temperature (T,) are determined by differential scanning
calorimeter (DSC). In this study, the thermal behavior of the Mg-Cu-Gd-Ag bulk metallic
glasses is analyzed using a SETARAM DSC131 differential scanning calorimeter under an
argon atmosphere, at the constant heating rates of 0.33 K/s, and 0.67 K/s and the heating

range from 300 K to 900 K.

In addition, in order to prevent the oxidation and magnesium vapor liberated during
heating from polluting the chamber, the samples are placed on the Cu crucibles and tightly
sealed with nickel ring in a protective argon atmosphere. The pre-presence air in the DSC

chamber is flushed by pure Ar and it is keep the positive Ar pressure while heating

3.3.4 Density measurement

Form the simple and reliable points of view, the well-know principle of Archimedes is
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used as an appropriate means to measure the density of amorphous alloys. In this technique,
the specimen contained in a vessel is weighted in air and gets a value of mass W;. Then, the
specimen is weighted in a liquid of known density B and gets a value of mass W,. Therefore,

the density of amorphous alloy can be evaluated by the following equation :

W

:—Wl—Wz/B . (3-1)

p

The atomic configurations of amorphous alloys are different from those for the crystalline
alloys. It is expected that the short-range atomic configuration changes the density of the new
amorphous alloys. Normally, the densities would increase when amorphous phase transform

into structural relaxation or crystallization.

3.3.5 Microhardness testing

The microhardness testing of the samples are conducted using a SHIMADZU
HMV-2000 Vicker’s Microhardness tester. The samples cut from the BMG rods to expose the
center cross-section portion and the samples need to be ground by silicon carbide abrasive
papers with water before the microhardness testing. The tests apply a load of 200 g and a
duration time of 15 seconds; the hardness values of each sample are averaged from 10 datum
points chosen randomly. The microhardness data on the Mg-Cu-Gd-Ag BMGs could be used
to imply whether the substitution of Cu by Ag would cause a dense atomic structure or not, as

compared with the Mg-Cu-Gd amorphous alloy.

3.3.6 Compression testing
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The mechanical properties of the bulk metallic glasses in term of compression testing
are reported in this study. The compressive strength, observed elastic modulus and
compressive strain will be evaluated by using an Instron 5582 universal testing machine and
the cylindrical specimens fabricated by the Cu mold casting method with a diameter of 4 mm
and different heights. The compression specimens are cut from the MgesCu,sGdie and
MgssCu15Ag10Gd10 BMG rods with height to diameter ratios (h/d) of 2:1 and 1:1, respectively.
In addition, in order to verify the effect of thin size on the mechanical properties of BMGs,
the specimens with the diameter of 4 mm and as thin as height of 2 and 1 mm also are
prepared for compression testing. Hence, room temperature compression tests are conducted

on the specimens with various height to diameter ratios from 2:1, 1:1, 1:2 to 1:4.

All cut surfaces are ground by silicon carbide abrasive papers with water and polished.
Before the compression specimen is fixed into the crossheads of the Instron machine, the BN
are used as lubricant to decrease the friction between test samples and the compression
platens. The specimens are compressed between hard BN platens under a displacement

control with a strain rate of 5x10 * s*

at room temperature. The fracture surface
morphologies of the deformed specimens will be to observe by SEM. InAg containing

Mg-based alloy, it is expected to see if there is any improvement in the strength and ductility.

3.3.7 Thermal mechanical and dynamic mechanical analyzer

The mechanical characterization will also be examined by the Perkin Elmer Instruments
Pyris diamond thermomechanical analyzer (TMA) and dynamic mechanical analyzer (DMA).
The Pyris Diamond TMA is a combination of the following: (1) thermal stress-strain analyzer
used to measure the stress and strain of the samples and display the resulted in terms of time

and temperature; and (2) thermomechanical Analyzer used to measure thermal mechanical
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characteristics such as thermal expansion, thermal contraction and softening.

TMA could measure the change in the dimensions of a sample such as expansion or
contraction as a function o temperature, time and force applied to the sample. The sample is
held by chucks attached to the sample tube and the probe. Force is applied to the sample, and
the resulting changes in sample length are detected by an independently connected

differential transformer and core under an inert atmosphere.

DMA could measure changes of rheological behavior under dynamic conditions such as
storage modulus, E’, loss modulus, E”, loss tangent, tand (=E” /E’) and glass transition
temperature (Tg). It could fully analyze the characteristics of elastic, viscous and viscoelastic
properties of materials as a function of time and temperature, stress or a combination of these
parameters. The glass transition is determined by the maximum peak of the loss modulus
curve or the inflection point of storage modulus curve. Generally, the Ty measured by DMA is
more precise than that measured by DSC due to the measuring environment is under dynamic
condition. In addition, the samples could be analyzed by DMA in various deformation modes,

including bending, 3 point bending, tension, compression and so on.

The samples will pre-run test before the actual measurement to confirm an appropriate
sample shape. The compression mode will be conducted to analyze the thermal mechanical
properties of BMGs at different temperature. Once the test is complete, the position of
samples in the measurement range could be displayed. The instrument is maintained under

inert atmosphere to protect the chamber from polluting.

3.3.8 Microstructure examination
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The fracture surface morphologies of BMG specimens after mechanical testing are also
observed by JEOL JSM-6400 scanning electron microscopy (SEM). So far several
investigations on uniaxial tension, compression, three point bending, and fatigue were
reported to reveal the mechanisms of strain localization, elastic and plastic deformation, crack
and initiation and propagation. Hence, the different fracture features after compression testing
will be observed in order to study the deformation mechanisms for BMG. In addition, the
possible deformation mechanisms in specimens of different geometry shapes will be

discussed according to the microstructure observations.
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Chapter 4 Results

4.1 Sample preparations

Before injection casting, the MgesCu2sGdio and MgesCuisAg10Gdio alloys prepared via
first casting by induction melting show that both of the MgesCuzsGdiy and
MgssCu15Ag10Gdso alloy ingots reveal very shining part around cast mold wall and the
thickness of the shining part measures about 1 to 2 mm. The difference between the
amorphousness and crystallization is obviously observed. As the above description, it implies
that the MgssCu25Gdio and MgesCuisAg10Gdio alloys possess the good glass forming ability

to allow us to fabricate bulk metallic glasses with a large critical diameter.

The rods of the MgesCuzsGdio and MgesCuisAg10Gdsg alloy with different diameters
from 3 to 8 mm were fabricated by copper mold casting under an argon atmosphere in 1SU
University, as shown in Figures 4.1 and 4.2. The surface appearances of injection cast
MgesCu,s5Gdsg rods with different diameter from 3 to 6 mm and the MgssCui5Ag10Gd1o rods
with the diameter from 3 to 6 mm all show lustrous and smooth surface. This indicates that
complete filling of the cavities was obtained during injection casting. In addition, the
injection cast MgesCusGdig rods with the diameter of 8 mm show the coarse surface
appearances and a small amount of cavities are observed from the cross-sectional surface.
From the cross-sectional view, the injection cast MgesCu5Gdio rods with different diameters
from 3 to 6 mm all show no obvious pore existence as shown in Figure 4.3, but the 8 mm
MgssCuz5Gdio rods does not. It obviously has different microstructures between the

specimens with diameters of 3-6 mm and 8 mm for the MgssCu2sGdso rods.
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4.2 SEM/EDS observations

The quantity analyses of the injection cast MgesCu2sGdio and MgessCuisAgi0Gdig rods
with different diameters were identified by SEM/EDS. The composition of the injection cast
MgssCu,5Gd1o and MgssCuisAg10Gdio rods with the diameter from 3 to 6 mm are confirmed
by EDS. It is noted that the polished cross-sectional surface of the injection cast
MgesCu25Gdip and MgesCuisAg10Gdip BMGs are all analyzed by EDS under low
magnifications. As a result from EDS, all the composition of the MgeCusGdye and

MgssCu1sAg10Gdyo rods are close to the designed composition.

In order to confirm the absence of any crystalline phase over the whole sample, the
SEM/BEI composition image are taken from the polished cross-sectional surface of the
injection cast MgesCu2sGdio and MgesCu1sAg10Gdio rods, as shown in Figures 4.4 (a) and 4.5
(@). It could be found that no contrast of any precipitate due to crystallization or
non-uniformly melting is seen over the whole sample, indicating the injection cast
MgssCu5Gd;o and MgesCuisAg10Gdsp rods show homogeneous microstructure. Furthermore,
the mapping image of the injection cast MgssCu2sGdig and MgesCu1sAg10Gdio rods was
examined by SEM. The elements of Cu, Gd and Ag are uniformly dispersed in the Mg matrix,
as shown in Figures 4.4 (b) and 4.5 (b). The SEM/BEI and mapping image shows that the Mg,

Cu, Gd, and Ag elements of the Mg-Cu-Gd-Ag alloys distribute homogeneously.

4.3 XRD analyses

The glassy structure of the MgesCu,5Gdig and MgesCuisAg10Gdye alloy rods fabricated
by copper mold cast method was identified by XRD. Figure 4.6 shows the XRD patterns of

the injection cast MgesCuzsGdso alloy rods with diameters from 3 to 6 mm, consisting of a
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broad diffraction peak characteristic of amorphous structure without any crystalline phases.
This indicates the MgesCu,5Gdjpalloy rods are all of a single glassy phase. Furthermore, the
XRD pattern of the injection cast MgesCuisAg10Gdso alloy rods with diameters from 3 to 6
mm is shown in Figure 4.7. Only a broad diffused amorphous hump occurs and no obvious

crystalline peak is observed in such injection cast MgesCuisAg10Gdso alloy rods.

In addition, Figures 4.6 shows that the XRD pattern of the injection casting
MgssCu,sGd;o alloy rods with a diameter of 8 mm consists of the some sharp diffraction
peaks and amorphous diffused hump located at 30° to 40°, indicating that this sample exhibits
the presence of crystalline phases in the amorphous matrix. The sharp diffraction peaks are
identified as the Mg,Cu phase by JCPDS card in the injection cast 8 mm MgesCuzsGdig alloy
rod. To sum up the above descriptions, the injection cast MgesCuzsGdyy and
MgesCu15Ag10Gd1p bulk metallic glasses with the diameters up to 6 mm can be fabricated by

conventional copper mold method.

4.4 DSC analyses

The thermal properties of the injection cast MgesCu2sGdip and MgessCuisAg10Gdig
BMGs were examined by DSC with the heating rates of 0.33 K/s (20 K/min) and 0.67 K/s
(40 K/min), as shown in Figures 4.8 and 4.9. The DSC traces with a heating rate of 0.67 K/s
for the systems with Cu replaced by Ag in the Mg-Cu-Gd BMGs are systematically combined
in Figure 4.10. The glass transition temperature (Tg), the onset crystallization temperature
(Tx), the solidus temperature (T) and the liquidus temperature (T;) are all marked by arrows
in the DSC traces. All the samples exhibit distinct T4 and Ty, followed by a wide supercooled
liquid region and then the exothermic reactions due to crystallization followed by the

endothermic reactions due to melt. In addition, the appearance of several exothermic peaks
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implies that the injection cast MgessCuisAg10Gdic BMGs possesses the complicated

crystallization upon heating.

Figure 4.8 shows the DSC traces obtained from the injection casting MgesCu2sGd1g
BMGs with the heating rates of 0.33 K/s and 0.67 K/s. The crystallization exothermic
reactions for the MgesCuxsGdig BMGs in the DSC curves appear as one single peak,
indicating one major phase was induced during DSC heating (namely, the Mg,Cu). The Tg, Tx,
Tm and T, of the MgesCu,5Gdip BMGs at a heating rate of 0.33 K/s are 414 K, 482 K, 681 K
and 727 K, respectively. Also, the DSC result of Ty, Tx, Tm and T, of the MgesCu25Gd1o BMGs

at a higher heating rate of 0.67 K/s are 421 K, 490 K, 684 K and 738 K, respectively.

With the replacement of Cu by the Ag addition in the MgesCuxsGdig BMGs, the DSC
traces are obtained from the injection cast MgesCu1sAg10Gdi0 BMGs with the heating rates of
0.33 K/s and 0.67 K/s, as shown in Figure 4.9. The crystallization reactions for the
MgesCu15Ag10Gdip BMGs in the DSC curves appear as three exothermic peaks, indicating
several phases were induced during DSC heating. The Ty, Ty, Tm and T, of the
MgesCu1sAg10Gd10 BMGs at a heating rate of 0.33 K/s are 417 K, 461 K, 686 K and 720 K,
respectively. The DSC result of Tg, Tx, Tm and T, of the MgesCu15Ag10Gd10 BMGs at a higher
heating rate of 0.67 K/s are 429 K, 472 K, 688 K and 728 K, respectively. The thermal
characteristics of the injection casting MgssCu25Gdio and MgesCuisAg10Gdio BMGs at the

heating rates of 0.67 K/s are summarized in Table 4.1.

From the DSC summary in Table 4.1, with the Ag addition in the Mg-Cu-Gd BMGs, the
Ty increases from 421 K for the MgesCu2sGdip BMGs to 429 K for the MgesCuisAg10Gdio
BMGs, and then the Ty decreases from 490 K for the MgesCu25Gdig BMGs to 472 K for the

MgesCu15Ag10Gd1o BMGs. As a result, the AT, decreases from 69 K for the MgesCuzsGdig
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BMGs to 43 K for the MgesCuisAgioGdip BMGs. The degradation of ATy for the
MgssCu15Ag10Gd10 BMGs implies that it will reduce the thermal stability in Ag containing

BMGs.

The melting behaviors of the injection cast MgesCu25Gdio and MgssCuisAg10Gdio BMGs
are also determined by using DSC with the heating rates of 0.33 K/s and 0.67 K/s. From the
DSC summary of Table 4.1, the onset and offset temperatures of the melting designed by T,
and T,are 684 K and 738 K for MgesCu25Gdio BMGs at the heating rate of 0.67 K/s, or AT, =
Ti- Tm = 54 K. The Ty, and T, for MgesCuisAg10Gdio BMGs are 688 K and 728 K at the
heating rate of 0.67 K/s, AT, = 40 K. These results indicate that the MgesCu15Ag10Gd10 BMGs

are closer to the eutectic composition.

Thermal properties of the injection cast MgssCu2sGdip and MgesCuisAg10Gdig BMGs
are combined for compare for the effects of Ag addition, as shown in Figure 4.10.
Furthermore, the ratio of the glass transition temperature T,y and the y value are often used as
a parameter to estimate the glass forming ability. From the DSC summary of Table 4.1, the
Ty and the y values for the MggsCu5Gdio BMGs at the heating rate of 0.67 K/s are 0.570 and
0.423, respectively. In contrast, the T,y and the y values for the MgssCu1sAg10Gd10 BMGs are
0.589 and 0.408, respectively. Although the T,, parameter for MgesCuisAg10Gdio (0.589) is
higher than that for MgesCu,5Gd;o BMGs (0.570), recently it is more often to use the y value
to estimate the glass forming ability of BMGs and it is found that the dependence of glass
forming ability for BMGs is more precise. According to this argument, the y value for
MgesCuzsGdio is higher than that for MgessCuisAgi0Gdig, indicating that the replacement of
Cu by Ag will degrade the glass forming ability. It is obvious that the effects of the

replacement of Cu by Ag on the thermal behaviors in the Mg-Cu-Gd-Ag alloys are distinct.
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4.5 Density measurements

The simplest method to detect whether the volume is changed is to measure the density.
Table 4-2 shows the density results obtained by means of the Archimedean theorem. The
MgesCu,sGdip BMG has the smaller density value of 3.75 g/cm?®, and the density value for
MgesCu1sAg10Gdyo is 3.94 g/cm®. As shown in Table 4-2, the density of MgesCuisAg10Gdyo is
higher than that of MgesCu,5Gdo, consist with the trend for the theoretical value in Table 4-2,
indicating that the atomic configuration in MgesCuisAg10Gdip BMG possesses a more

densely packed structure.

4.6 Microhardness tests

The hardness of the injection cast MgesCu2sGdio and MgesCu1sAg10Gdio BMGs are
measured by using the HMV-2000 microhardness tester. Ten positions are randomly chosen
for each samples, then the Vickers hardness (Hy) are obtained by indenting each sample at the

load of 200 g and with the duration time of 15 second.

Figure 4.11 shows the microhardness test results of the injection cast MgssCuzsGdio and
MgesCu15Ag10Gd1o BMGs. The replacement of Cu by 10 at% of Ag would raise the H, level.
The H, value of 232 for MgeCuxsGdip BMGs is lower than that of 255 for
MgesCu15Ag10Gdio BMGs. It could be found that the Hy is sensitive to the addition of Ag.
The microhardness results are often considered to reflect more accurately the overall bulk
property. The current results suggest that the Ag addition can improve the BMGs hardness.
From the DSC results, the higher glass transition temperature implies the stronger bonding
force among atoms due to the larger negative heat of mixing in multicomponent systems.

Hence, the stronger bonding force among atoms will enhance the ability of material against
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deformation.

4.7 TMA/DMA analyses

4.7.1 TMA analysis

The variation of the relative displacement (AL) for the MgesCu2sGdip BMG obtained by
TMA operated under the compressive mode at 50 mN stress and a heating rate of 0.17 K/s is
shown in Figure 4.12. One can be seen that with increasing temperature, the sample show the
tendency to the change in displacement. Before reaching the T, temperature, the relative
displacement is almost constant. However, with increasing loading temperature the relative
displacement is enhanced appreciably, especially approaching the T, temperature when the
glass structure becomes viscous matter. The relative displacement is enlarged from -0.1%

to —6.3% over the transition temperature interval of ~420 to ~475 K.

It could be more clearly seen from the derivative of the displacement with respect to
time or the DTMA curve, also as shown in Figure 4.12. The temperature interval in which a
rapid change in displacement occurs is close to the supercooled region of the MgesCuzsGdig

BMG at a heating rate of 0.17 KI/s.

Furthermore, the thermal expansion behavior of the MgesCu,sGdio BMG is studied in
the temperature range from 350 K to 600 K, as shown in Figure 4.13. Before Ty, the linear
coefficient of thermal expansion (CTE) for amorphous solid is ag = 2.09 X 10 m/m°C.
Above T, the CTE for crystal solid is a. = 5.73 x 10° m/m°C, suggesting that the CTE is in
agreement with the common Mg alloys. Especially, in the temperature range of supercooled

liquid, the CTE for viscous flow is a, = -201.35 x 10°m/m°C. It is of great interest why the
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reason for the phenomenon of the negative CTE? Processing deformation or free volume

effects? It needs to be studied further in the future.

4.7.2 DMA analysis

The changes of rheological behavior under dynamic conditions such as the storage
modulus, E’, loss modulus, E”, loss tangent, tand (= E”/ E”) and glass transition temperature
(Tg) are measured by DMA. As shown in Figure 4.14, before reaching the Ty temperature, the
elastic modulus is almost constant due to the applied load is too low for the BMGs. The
elastic modulus will tend to decrease significantly while the glass structure matter changes to
viscous matter for amorphous alloys during heating. Afterwards, the occurrence of
crystallization will lead that the viscous matter changes to the crystalline matter, this will
make the elastic modulus increase. Hence, the E’ decreases at temperature near T, due to the

change into viscous matter and then increases due to the occurrence of crystallization.

The tand means that the ability of losing energy for the deformation of sample while
heating. The viscous matter is deformed easily, so the tand will increase when the
temperature reach the Ty, i.e., the softer and weaker matter will cause the larger loss of energy
for deformation. From the tand curve, the value of tand gradually increases when the glass
matter changes to viscous matter, followed by gradual decrease as a result of the occurrence
of crystallization. The tand will tend to the constant after the viscous matter gradually

changes to crystalline matter.

4.8 Compression testing
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The compressive mechanical properties at room temperature of the injection cast
MgesCupsGd;p BMGs have been measured by using an Instron 5582 type machine.
Compression tests are conducted on specimens with various height to diameter ratios (h/d)

from 2:1, 1:1, 1:2 to 1:4.

The compressive stress-strain curve for the injection cast MgesCu,sGd;o BMGs with the
highest h/d ratio of 2:1 (h = 8 mm and d = 4 mm) at strain rate of 5 x 10 s™ is shown in
Figure 4.15. The compressive fracture strength and fracture elongation are ~806 MPa and
~1.97% for MgssCusGdip BMG and the plastic strain is almost zero. The MgssCuzsGdig
BMG shows no evidence of macroscopic yielding and plasticity, as reported for the most
Mg-based BMGs. In addition, the compressive stress-strain curves for the injection cast
MgesCu,sGdio BMGs with various h/d ratios from 2 to 0.25 at a strain rate of 5 x 10 s™ are
shown in Figures 4.16. With decreasing h/d ratio, the compressive fracture strength and
fracture elongation at the strain rate of 5 x 10 s*are ~679 MPa and ~4.15% for specimen
with h/d = 1, ~848 MPa and ~11.53% for specimen with h/d = 0.5, and ~911 MPa and

~16.99% for specimen with h/d = 0.25.

As can be seen from Figures 4.16, all samples do not reveal a distinct yielding behavior
before fracture. For specimens with higher h/d ratios such as 2:1 and 1:1, the fracture
elongation arises from elastic deformation, indicating that the brittle nature of Mg-based
BMGs. However, for specimens with lower h/d ratios from 1:2 to 1:4, the stress-strain curves
seem to be tougher as compared with the specimens with higher h/d ratios. Hence, the
specimen geometry effects will influence the mechanical response of amorphous alloys. The

compressive mechanical properties of the MgesCu2sGdio BMGs are summarized in Table 4.3.

In this study, the compressive strength and density of the MgesCusGdip BMG are 806
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MPa and 3.75 g/cm?, respectively. Therefore, the specific strength (strength to density ratio)
of the MgesCuzsGdi BMG is 215 MPacm®/g, as compared to the commercial AZ91 alloy
(147 MPacm®/g). From the industrial needs of developing high strength materials with light
weight, the Mg-based BMG is promising for future development of a lightweight structural

material with high specific strength.

4.9 Compressive fracture characteristics

The outer appearance and fracture surface morphologies of MgssCu,sGd;o samples are
observed after compression testing by using SEM, as shown in Figures 4.17-4.35. Figure 4.17
shows the angle of the fracture plane inclination for the specimens with the h/d ratio of 2 at a
strain rate of 5 x 10 s is ~54°. Figure 4.18 shows the fracture surface morphology for the
specimens with the h/d ratio of 2 after compression testing, from the overview, the fracture
surface reveals the brittle fracture. Furthermore, in an enlarged magnification, Figure 4.19
shows that the fracture surface for specimen with the h/d ratio of 2 consists mostly of the

cleavage feature characteristics of brittle fracture without apparent vein structures.

In addition, the angle of the fracture plane inclination for the specimens with the h/d
ratio of 1 at a strain rate of 5 x 10 s decreases to ~46°, as shown in Figure 4.20. Figure 4.21
show the fracture surface morphology for the specimens with the h/d ratio of 1 after
compression testing, from the overview, the fracture surface reveals the similar features like
the specimens with the h/d ratio of 2. However, in an enlarged micrograph (as marked by
arrows in Figure 4.21), it is found that the fracture surface for specimen with the h/d ratio of 1
exhibits the mixture features of the cleavage characteristics and vein-like patterns, as shown
in Figures 4.22 and 4.23. The characteristic of vein-like patterns is attributed to a local

change of viscosity in the fracture along shear band in metallic glasses. According to Figure
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4.23, it could show the evidence for shear band propagation during compression testing. The
fracture surface morphology for metallic glasses commonly shows the unique feature of
vein-like patterns spreading over the fracture surface along the propagation of the shear bands,
indicating that the experimental results agree with the amorphous characteristics.
Furthermore, Figure 4.23 shows the intermittent fine striation regions like ridge among the
vein-like patterns are observed (as marked by arrow), indicating the intermittent gradation of

shear bands sliding are contained.

With decreasing the h/d ratio, the outer appearance for the specimens with the h/d ratio
of 0.5 at a strain rate of 5 x 10 s is shown in Figure 4.24. The specimen still maintains the
circular plate and no violent fracture occurs after compression testing, so it will not observe
any angle for the fracture plane inclination. In an enlarged micrograph (as marked by square
in Figure 4.24), the plate surface exhibits no obvious change after compression testing, as
shown in Figure 4.25. Equally, in an enlarged micrograph (as marked by arrow in Figure
4.24), it could be clearly observed the vein-like characteristics, as shown in Figure 4.26.
Figure 4.27 shows that the fracture surface morphology consists mostly of vein-like patterns
without any cleavage feature at a higher magnification, indicating that the deformation
occurred is due to the propagation of shear band. In addition, Figure 4.28 shows the
cross-sectional surface from the whole specimen after compression testing. Figure 4.29 also

shows that cross-sectional surface consists of vein-like characteristics.

For the specimens with the h/d ratio of 0.25 at a strain rate of 5 x 10* s™, Figure 4.30
shows the outer appearance. It is similar to the specimens with the h/d ratio of 0.5, the
specimen still maintains the circular plate and no violent fracture occurs after compression
testing due to the specimen is as thin as thin sheet, so it reveals no angle for the fracture plane

inclination. In an enlarged micrograph (as marked by square in Figure 4.30), the plate surface
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exhibits no obvious change after compression testing, as shown in Figure 4.31. Equally, in an
enlarged micrograph (as marked by arrow in Figure 4.30), it could be clearly observed the
vein-like characteristics without any cleavage feature, as shown in Figure 4.32. In addition, it
is found that the vein-like characteristics are denser as compared with Figure 4.27, indicating
that the propagation of shear band is more intense and complicated. Furthermore, Figure 4.33
shows the cross-sectional surface from the whole specimen after compression testing. In an
enlarged micrograph (as marked by square in Figure 4.33), it could be clearly observed the
vein-like characteristics spreading over the cross-sectional surface, as shown in Figure 4.34.
Figure 4.35 shows that cross-sectional view of vein-like characteristics at a higher
magnification. As compared with Figure 4.29, it is could be found that the vein-like
characteristics are denser spreading over the entire fracture surface. There are some structures

that seem to be formed by piling up several vein-like structures.

In addition, another characteristic for the compression tests is that flow layers or liquid
droplets (as marked by arrows in Figure 4.36) could be seen on the fracture surface. These
flow layers occur on the fracture surface and cover some vein-like structures. A localized
melted region is observed on the fracture surface, indicating that localized melting occurred

during the final fracture along the shear band.
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Chapter 5 Discussions

5.1 The effects of the Ag addition on the Mg-Cu-Ag-Gd alloy system

On the basis of the empirical BMG formation criteria, the formation of bulk metallic
glasses should satisfy: (1) the multicomponent alloy systems consisting of more than three
elements; (2) large differences in atomic size between the constituent elements; (3) negative
heat of mixing among the major elements; and (4) alloy compositions close to the deep
eutectic point. In accordance with these rules for achieving high GFA, one of the important
factors for the formation of the amorphous phase is related to a large difference in atomic size
among the main constituents. According to the Table 3.2, the fourth additional element Ag
has an atomic size of 0.14447 nm that is larger than that of Cu (0.12780 nm). The atomic size
differences of Mg and Gd to Ag are 10.87 % and 24.72 %, respectively. The element Ag has a
significant atomic size difference, above 10%, compared to Mg and Gd constituent elements.
This is in agreement with the first and second rules for the empirical BMG formation criteria.
However, according to the argument for the size effect, the effect of the replacement of Cu by

Ag is not proper for the Mg-Cu-Ag-Gd alloy.

On the other hand, regarding the differences in negative heat of mixing between the
components, as shown in Table 5.1, another important factor needs to be considered. The
value of the heat of mixing is —3 kJ/mol for Cu—Mg, —22 kJ/mol for Cu-Gd, compared to the
—10 kJ/mol for Ag—-Mg and —29 kJ/mol for Ag—-Gd. Hence, the negative heat of mixing of
Ag-Mg and Ag-Gd is larger than that of Cu—-Mg and Cu-Gd. According to the DSC results,
the Ag addition can lead to the lower Ty, resulting in the decrease of AT, and the increase of

Ty. This indicates that the alloy is closer to the eutectic point. To sum up the above
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description, the success of making BMGs is primarily attributed to three main characteristics:
a multiple system consisting of at least three elements with a deep eutectic point; significant
difference in atomic size ratios and large negative heats of mixing between the three main
constituent elements. Therefore, the Ag containing alloy should be exhibited a good GFA for

the formation of BMGs.

In addition, the absolute values of heats of mixing for Ag with Mg and Gd are larger
than those for Cu with Mg and Gd. Therefore, the more negative heats of mixing for Ag with
Mg and Gd allow us to presume that the bonding forces among Mg, Cu, Ag and Gd elements
are stronger than those among Mg, Cu and Gd elements. This might result in the increase of
the T4 for Ag containing alloys, so that it is more difficult to deform the Ag containing alloy
than Ag-free alloy. As shown in Figure 4.11, the MgesCu25Gdio BMG has the lower H, value
(232), while the MgssCuisAg10Gdiy BMGs are harder (255), suggesting that the

MgssCu5Gd;0 BMG could be improved on hardness by Ag addition.

On the basis of density measurement, as shown in Table 4-2, The MgesCuzsGdig BMG
has the smaller density value 3.75 g/cm®and the density value for MgesCui5Ag10Gdy is 3.94
glcm®. The density increases by the addition of Ag in Mg-Cu-Ag-Gd, indicating that the
atomic configuration in the MgessCu1sAg10Gdip BMG possesses a more densely packed
structure. Hence, the denser structure would enhance the ability of material against
deformation, resulting in the increase of hardness. Hence, it would be useful to improve the

hardness for the Ag containing alloy.

5.2 The glass forming ability of the Mg-Cu-Ag-Gd BMGs

The glass formation and thermal properties of the MgesCu2sGd;o and MgegsCuisAg10Gd1o

45



BMGs were investigated by XRD and DSC experiments, respectively. They show good glass
forming ability and thermal stability. At the present time in this study, the maximum
diameters for fully amorphous structure are both 6 mm for the MgesCu2sGdjp alloy and the

M965CU15AgloGd10 al |0yS.

The interval of supercooled liquid region ATx (43 K) for the MgesCuisAg10Gdio
amorphous alloy is lower than the ATy (69 K) for MgesCusGdio, indicating that the
MgesCuisAg10Gdie amorphous alloy has a lower thermal stability than MgesCuxsGdig
amorphous alloy. As comparing the ternary Ag-free alloy with the quaternary Ag containing
alloy, the fourth additional element would cause the stronger bonding force between atoms,
resulting in the increase of the T4. However, the interaction between more elements would
lead to the increase of the probability for crystallization, indicating that it would decrease the
Ty by adding the fourth element. Hence, it is believed that the quaternary alloy by the Ag

addition would have the lower thermal stability than the Mg-based ternary alloy.

On the other hand, the partial replacement of Cu by Ag in the MgesCu1sAg10Gdyo alloy
leads to approximately 10 K lower liquidus temperature than MggsCusGdig. Similarly, the
MgesCu1sAg10Y10/Erp alloy has a lower Ty, and T, than MgssCuysY10/Erio [9,56]. The lower
liquidus temperature indicates the higher stability of liquid phase for this alloy. This would be

useful to fabricate metallic glasses.

According to Table 5.3, the T,y for MgesCuisAg10Gdso alloy is 0.589, which is higher
than that for MgesCu2sGdig alloy (0.570). The higher T,y value is considered to be the origin
for the larger GFA. On the contrary, the y value for MgesCuisAg10Gdio alloy is 0.408, which
is lower than that for MgesCuasGdig alloy (0.423). On the basis of other references on the

effect by Ag addition, the improvement of GFA has been reported while Cu is partially

46



replaced with Ag in the Mg-based alloy [9,56]. Hence, the increase of the GFA by the partial
replacement of Cu by Ag could be explained by the larger negative heat of mixing for Ag-Mg
and Ag-Gd and the lower the liquid temperature for Ag containing alloy to form metallic

glass rapidly.

It could be found that the GFA of the quaternary Ag containing system does not agree
with the criterion of the y parameter. In contrast, the GFA of the quaternary Ag containing
system has the higher tendency corresponding to the T4 parameter. Maybe, since the data are
limited (only for ternary alloy system) to consider the relationship between Dpyax and GFA, so
it is difficult to evaluate the correlation of the parameter with GFA in the quaternary Ag
containing alloy system. This suggests that the GFA parameters obtained so far are not ready

to justify the GFA in the Mg-based alloy with the addition of Ag.

Furthermore, in order to clarify the inter-atomic effect on the GFA and thermal stability
for the BMGs, the electronegativity difference (AX) and atomic size parameter (3) of
multicomponent are used to explain the GFA of the Mg-based alloys. Generally, the larger the
electronegativity difference and atomic size parameter would be, the wider temperature

interval of supercooled liquid region and higher the glass forming ability it becomes.

As described above, according to the result of the electronegativity difference (AX) for
the Mg-Cu-Ag-Gd alloys, as shown in Table 5.2, the Ag containing alloys would cause the
degradation of supercooled liquid region with Ag increasing. According to the result of the
atomic size parameter (8) of the Mg-Cu-Ag-Gd alloys, it is opposite to the result of the
electronegativity difference for the Mg-Cu-Ag-Gd alloys. However, it seems that the product
of the electronegativity difference (AX) and atomic size parameter (8) shows the partial

substitution of Cu by Ag would increase the GFA. Referring Table 5.3, the MgesCu1sAg10Y 10
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alloy has a higher T, and lower Ty, T, and T, so that it exhibits good GFA to fabricate the
BMGs with larger critical diameter than the MgesCuosY 10 alloy. Similarly, it could have the
same effects to add Ag into the Mg-Cu-Er alloy. It is assumed that the y values for the
Mg-Cu-Ag-Y, Mg-Cu-Ag-Gd and Mg-Cu-Ag-Er alloys are irregular. Though the critical
diameters are both 6 mm for the MgesCuz5Gdip and MgesCuisAg10Gdig alloys, it is considered
that the substitution of Cu by Ag on BMG formation of Mg-Cu-Y, Mg-Cu-Gd and Mg-Cu-Er

alloys could increase the critical diameter size.

5.3 Thermal mechanical properties of the MggCuysGdyg BMG

5.3.1 TMA analysis

The temperature dependence of the relative displacement of the MggsCusGdig BMG is
obtained by TMA operated in the compression mode at the constant stress and a heating rate
0.17 K/s. By closer comparison as shown in Figure 5.1, for the MgesCuzsGdi ribbon, the
transition temperature region AT (=T¢- Ts, where T and Ts are the finishing and starting
temperatures for such displacement transition) shown in the TMA curve is slightly smaller
than the AT, data obtained from the DSC trace at the same heating rate. For example, AT is
about 50 K based on the TMA curve, and ATy is about 70 K based on the DSC curve. The
narrower transition temperature interval is probably due to the stress enhanced crystallization
under the TMA loading. Furthermore, for the MgesCu2sGdio BMG (not ribbon as in Figure

5.1), the narrower transition temperature interval is observed, too (AT is about 50 K).

However, it is found that the transition temperature interval for the MgesCu,5Gdio BMG
is shifted to high temperatures as compared with that for the MgesCu,sGd;o ribbon. For bulk

materials, the message is detected from the whole sample, resulting in that the response of
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material behavior would be performed to the higher temperature. On the contrary, for ribbons

or thin films, the response of the message is quicker than that for bulk materials.

Furthermore, it is assumed that small variations in relative displacement below Ty are
due to sample/probe alignment. The DTMA curve is obtained from the derivative of the
displacement with respect to time. It could be more clearly seen that the obvious change in
displacement occurs in the supercooled region. The relative displacement contracts
significantly above the glass-transition temperature, indicating that the easy deformability of

the glassy alloy in the supercooled liquid region.

5.3.2 DMA analysis

It is interesting to study how the structural change affects the dynamic mechanical
properties of the MgesCuzsGd;p BMG with the continuous heating. During the dynamic
mechanical testing, a stress at the constant frequency is applied to the specimen, the resulting
stress developed in the sample is measured, and complex modulus could be determined. The
complex modulus is a measure of the materials resistance to deformation. It includes both of
the in-phase and out-phase responses of the sample by calculating the storage modulus, E’,
loss modulus, E”, loss tangent, tand (=E”’/E’). The elastic modulus, or storage modulus, E’,
is a measure of the elastic energy stored and the viscous modulus, or loss modulus, E, is a
measure of the energy lost. Loss tangent, tand, corresponds to the internal friction. The
temperature dependence of the storage modulus, loss modulus, and loss tangent for the
MgssCu,5Gdio BMG is combined in Figure 5.2. In addition, the DSC results are also shown

for comparison, as shown in Figure 5.2.

For the MgesCu,sGdio BMG, E’ keeps constant at the low temperature while E” and tand
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increase gradually from room temperature to 460 K. Subsequently, E’ decreases rapidly from
460 K to 490 K, indicating that the high temperature relaxation. It could be found that is
exhibits the strong softening point at about 490 K. For bulk materials, the message is detected
from the whole sample, resulting in that the response of material behavior would be
performed to the higher temperature, which is the same with TMA. Therefore, from the DSC
curve, it is could be seen that the glass transition and crystallization reaction take place in this
temperature interval. The combination for the results of DSC, TMA, and DMA is show in
Table 5.4. It could be seen that the temperature interval (~50 K) in the TMA and DMA curves
is narrower than that (64 K) in the DSC curve, suggesting that the mechanical response to the
AL is often slower than the thermal response to the AC,. In addition, the narrower transition
temperature interval is probably due to the stress induced crystallization under the applied
stress with the constant frequency for the dynamic load. With further increasing temperature,
E’ enhances gradually due to the crystallization processes. The corresponding E” and
tand show a broad peak from 460 K to 500 K. the temperature interval is also located at the
glass transition and crystallization processes. It implies that the glass transition and

crystallization processes contribute to the energy lost in this temperature range.

During heating, the glass solid in amorphous state changes to viscous matter in the
supercooled state from the room temperature to glass transition temperature. For the storage
modulus, at lower temperatures (<Tg), the alloy is in its amorphous state with higher modulus.
With increasing the temperature, the alloy undergoes softening, resulting in the decrease of
the modulus. It is found that the modulus will tend to decrease significantly while the glass
solid changes to viscous liquid for amorphous alloy during heating. Hence, it is inferred that
the drop in the modulus is associated with atomic motion as the alloy changes from the glass
solid state to the viscous liquid state in the supercooled region. Afterwards, as the temperature

increases, the occurrence of crystallization will lead that the viscous liquid changes to the
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crystalline solid. This will cause the modulus increase due to the precipitate of dispersion
nano-crystals or clusters. Hence, as above description, the E” decreases at nearly T4 due to the
change of viscous liquid and then increases due to the occurrence of crystallization, followed

by the E’ gradually tend to constant due to the reaction of crystallization.

The same tendency to structural changes depended on temperature is seen in the
corresponding E”” and tand curves. During heating, the glass solid changes to viscous liquid,
indicating that this will cause the increase of E” value resulted in the increase of viscosity.
Afterwards, with increasing the temperature, the precipitations of nanocrystals due to
crystallization will reduce the viscosity, and thereby reduce the energy lost. It is found that
the loss modulus represents the energy lost during relaxation processes, such as the atomic

rearrangements and the movements of atomic groups.

5.4 Compressive mechanical properties of the MgesCu,sGdyo BMG with

various specimen height to diameter ratios

Figure 4.16 shows that the compression testing of the MgesCu,5Gdip BMG exhibits no
evidence of plastic yielding before fracture, as reported for the most Mg-based BMGs.
Normally, no BMG with distinct plastic strain is obtained for Mg-based alloy systems. The
closer observation of the fracture surfaces for the specimen has been also conducted. For
specimen with the h/d ratio of 2, this is the common geometry ratio for BMG; it is found that
the fracture surface reveals the brittle fracture. Furthermore, at an enlarged magnification, it
could be seen that the fracture surface for specimen with the h/d ratio of 2 consists mostly of
the cleavage feature characteristics of brittle fracture without vein structures. This explains
why the MgssCusGdip BMG exhibits elastic deformation, indicating that the brittle nature of

Mg-based BMGs.
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During room temperature compression tests, Pd-based and Zr-based BMGs normally
demonstrate a pure shear fracture process and can deform with certain plasticity. The limited
compressive plasticity is caused by localized shear bands and characterized by serrated
plastic flow. The compressive fracture morphology commonly exhibits the vein-like
structures spreading over the whole surfaces along the propagation of the shear band. And the
fracture angle is normally closed to 45° [57]. But the compression tests of the MgesCu5Gdig
BMG for the specimen with h/d of 2:1 in this study, it show the different observations for the
violent brittle features: (1) no macroscopic compressive plasticity (i.e., the serrated flow) is
seen, (2) the fracture angle is greater than 45°, and (3) the morphologies of cleavage structure
appears. It suggests that the mechanism of the brittle Mg-based BMGs is different with that
of the tougher Pd-based or Zr-based BMGs. The in-depth fracture mechanisms will be

examined in my Ph.D. study.

Furthermore, as the h/d ratio decreases, for the specimen with h/d = 1:1, different
observations have been seen: (1) elastic fracture is also seen and the stress is lower than that
for the specimen with h/d = 2:1 (2) the fracture angle is less than 45° and (3) the
morphologies exhibits the mixture of cleavage and vein-like structure. It is considered that
since the h/d ratio of 1:1 is lower than that of 2:1, the specimen with h/d = 2:1 allows more
the generation of shear bands and the shear band propagation is much easier than that for
specimen with h/d = 1:1. In contrast, for the specimen with h/d = 1:1, the shear band
propagation appears to be retarded and constrained. Under this condition, the fracture occurs
more violent surpassed the specimen with h/d of 2:1. Hence, the specimen can not afford to
support to cause the more violent fracture, suggested that the response to stress reduction and
it would cause the decrease of the fracture angle. In addition, since the shear band

propagation appears to be retarded and constrained, it probably promotes the interaction
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between shear bands, resulting in the vein-like characteristic on the fracture surface.

With decreasing the h/d ratio, the response for the specimen with the h/d value of 1:2
and 1:4 is more distinct. Since the specimen is too thin so that the specimen is always to be
constrained during compression testing. Hence, the specimen still maintains the circular plate
and no violent fracture occurs after compression testing, resulting in that no fracture angle is
observed. Interestingly, especially for the specimen with h/d = 1:4, it is observed that the
vein-like characteristic shows the densest packing spreading over the whole fracture surface.
Even, some vein-like structure on the fracture surface suffers through condensing to lead to
the structural deformation. On the other hand, in an enlarged micrograph from compressive
stress-strain curve for the specimen with h/d of 1:4, Figure 4.37 shows that the serrated flow
phenomenon is observed (as marked by circularity in Figure 4.37), indicating the deformation
of BMG occurs by the generation and propagation of multiple and inhomogeneous shear
bands. As mentioned above, it could distinctly elucidate that the shear band propagation is
retarded and constrained under this specimen size. The encounter of the propagation of shear
bands results in shear band interaction. Under a large number of shear band interaction, it
results in the numerous vein-like structure spreading over the fracture surface. These results
suggest that the deformation is no longer a simple mechanism. In this study, the different
compression properties and deformation mechanisms for the MgesCusGdiy BMG in

specimens of different geometry shapes could be seen.

Furthermore, according to the observation in this study, it is found that the direction of
vein-like characteristic spread nearly parallels to the shear force direction, i.e., shear bands
align parallel with the fracture plane. In addition, another characteristic for the compression
tests is that flow layers or liquid droplets could be seen on the fracture surface. In most of the

BMGs, local temperature increase could cause remelting inside the shear band at the final
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stage of compressive fracture. Therefore, re-solidified droplets or a large area of flow layers
are often observed on the fracture surface of the BMG after compressive testing. As shown in
Figure 4.36, these flow layers occur on the fracture surface and cover some vein-like

structures.

It is believed that different specimen geometries and testing methods will have the
constraint effects on shear-banding processes and influence the mechanical properties of
BMGs. In some constrained geometries, such as uniaxial compression, multiple shear bands
may form, resulting in the behavior that is apparently ‘elastic-perfectly plastic’ [58,59]. The
specimen geometry, such as the dimension, imposes geometry constraints on the shear band
propagation during compression. In this study, it is found that the mechanical behavior of

BMG depends on the specimen geometry.

Conner et al. [60] studied the relationship between the shear band spacing and shear
offset spacing with the specimen thickness. In Zr-based BMGs, it is found that with
increasing specimen thickness, both the shear band and shear offset spacing increased
proportionally with the plate thickness. The increase of the shear band spacing is attributed to
the strain relaxation in the neighborhood of the shear band at the surface. Under bending, the
shear displacements in the shear band scaled with the shear band length and the plate
thickness, causing cracks to be initiated in thicker plates at small bending strains. If the
thickness was kept well below 1 mm, the shear offsets in the shear bands might be

insufficient to initiate cracks [60].

Schroers et al. [61] performed bend tests on the Pts;5Cu147Nis3P225 BMG in term of
bars with different thicknesses, around mandrels of radii of 60, 12.7, 9.5, and 6.35 mm. The

1.8 mm thick sample does not fracture during bending over all four mandrels, showing a
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maximum strain of 15.7%. But the strain to fracture of the 4 mm specimen is only 3%, as
shown in Figure 5.3. As proposed by Conner et al. [60], usually, metallic glasses with an
aspect ratio (the height to the diameter ratio of a rounded specimen) less than 1.5:1 could
deform in an elastic—perfectly plastic manner in compression tests, resulting from geometrical
constraints on shear band propagation, while those with aspect ratios in excess of 1.5:1 show

little or no plastic deformation.

On the other hand, Jiang et al. [62] conducted quasistatic compression tests on
Zrs25CU179Ni146Al100Tis0 Specimens with different h/d ratios. The plasticity reached almost
80% for the specimens with the h/d ratio of 0.5, which is much higher than the 2% plasticity
for the specimens with the h/d ratio of 2, as shown in Figures 5.4 and 5.5. They attributed the
difference to the specimen-dimensional effect where the platen can hinder the excessive
propagation of shear bands, avoiding the premature fracture. The same trend is seen in this
study. For MgesCu,5Gdip BMG specimens with h/d less than 0.5, the deformation strain is
significantly enlarged to over 15%. The Mg-based BMGs shows a lower strain which is

related to the lower Poisson’s ratio.

Although it is realized that differences in specimen testing geometries change the shear
band initiation and propagation processes and the mechanical behavior of metallic glasses,
the physical mechanism of the geometry effect in metallic glasses needs to be further
elucidated. However, in this study it is found that when the BMGs with a h/d ratio less than
1.5:1, especially for lower h/d ratios, the apparent modulus from the recorded stress-strain

curve is not in agreement with the nature of materials. Further studies are needed.

55



Chapter 6 Conclusions

(1) The MgesCuzsGdip and MgesCuisAg10Gdio BMGs with different rod diameters from 3 to
6 mm were successfully fabricated by copper mold casting under an argon atmosphere.
No obvious pores are observed from the cross-sectional surfaces of the MgesCu2sGdyo and

M965CU15AgloGd10 BMGs.

(2) For the thermal properties of the Mg-Cu-Ag-Gd BMGs, the replacement of Cu by Ag will
degrade the thermal stability and the yvalue for the MgssCuisGdipAgio BMG. The
supercooled liquid region ATy and glass forming criterion y decreases from 69 K and
0.423 for the MgssCuz5Gdio BMG to 43 K and 0.408 for the MgesCui5Gdi0Agio BMG. On
the other hand, Ag addition can enhance T,y from 0.570 for MgesCuzsGdio to 0.589 for

MgesCu15Gd10Agso.

(3) The addition of Ag can increase the density from 3.75 g/cm® for MggsCuysGdyo to 3.94

glem® for MgesCu1sGd10Agso due to the denser atomic arrangement.

(4) The addition of Ag can increase the hardness from 232 H, for the MgesCuz5Gdig BMG to

255 H, for the Mge5CU15(3d10Aglo BMG.

(5) The variation of relative displacement AL for the MgesCu,sGdi;o BMG in TMA reveals
obvious change in the supercooled liquid region. According to the coefficient of thermal
expansion (CTE) of the MgesCuzsGdig BMG, the CTE for amorphous solid is ag = 2.09 X
10" m/m°C and for crystal solid is a. = 5.73 x 10" m/m°C. Especially, in the supercooled

liquid region, the CTE for viscous flow is ay = -201.35 x 10 m/m°C.
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(6) Based on the DMA analysis for the MgesCu2sGdio BMG, the E’, E”, and tan & change
with increasing temperature. During heating, the glass solid changes to viscous liquid and
then change to crystal solid, the structural changes as a function of temperature affect the

thermal mechanical properties.

(7) In compression tests of the MgssCuzsGdip BMG, for the specimen with h/d of 2:1, the
fracture strength and elongation are ~806 MPa and 1.97 %, respectively. The
MgesCuzsGd;p BMG shows no evidence of macroscopic yielding and plasticity, as

reported for the most of the Mg-based BMGs.

(8) With decreasing h/d ratios from 2:1, 1:1, 1:2 to 1:4, the mechanical properties are seen to
vary systematically for MgesCu,sGdig BMG. For specimens with h/d value of 2:1 or 1:1,
the compression response is similar to most reports. In contrast, for specimens with lower
h/d ratios, especially at h/d of 1:4, the fracture strength and elongation are ~911 MPa and
17 %, respectively. The shear band propagation appears to be constrained to cause

different mechanical behavior.

(9) In this study, the compressive strength and density of the MggsCuzsGdig BMG are 806
MPa and 3.75 g/cm?, respectively. Therefore, the specific strength of the MggsCuysGdig
BMG is 215 MPacm®/g. It is promising for future development of a lightweight structural

material with high specific strength.
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Table 1.1 Fundamental properties and application fields of bulk amorphous and

nanocrystalline alloys [3].

Fundamental characteristic

Application field

High strength

High hardness

High fracture toughness
High impact fracture energy
High fatigue strength

High elastic energy

High corrosion resistance
High wear resistance

High viscous flowability
High reflection ratio

Good soft magnetism

High frequency permeability
High magnetostriction
Efficient electrode (chlorine gas)
High hydrogen storage

Machinery structural materials
Optical precision materials
Die materials

Tool materials

Cutting materials

Electrode materials

Corrosion resistant materials
Hydrogen storage materals
Ornamental materials
Composite materials

Writing appliance materials
Sporting goods maternals
Bonding materials

Soft magnetic materials

High magnetostrictive materials
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Table 2.1 The classification of amorphous alloy systems [28].

1. Nonferrous metal base Years
Mg-Ln-M (Ln = Lanthanide metal, M = Ni, Cu or Zn) 1988
Ln-Al-TM; Ln-Ga-TM (TM = VI~ VIII group transition metal) 1989
Zr-Al-TM; Zr-Ti-AL-TM 1990
Ti-Zr-TM; Zr-Ti-TM-Be 1993
Zr-(Nb,Pd)-Al-TM 1995
Pd-Cu-Ni-P; Pd-Ni-Fe-P 1996
Pd-Cu-B-Si 1997
Ti-Ni-Cu-Sn 1998

2. Ferrous group metal base

Fe-(AL,Ga)-(P,C,B,Si,Ge); Fe-(Nb,Mo)-(Al,Ga)-(P,B,Si) 1995
Co-(Al,Ga)-(P,B,Si); Fe-(Zr,Hf,Nb)-B; Co-Fe-(Zr,Hf,Nb)-B; 1996
Ni-(Zr,Hf,Nb)-(Cr,Mo)-B

Fe-Co-Ln-B 1998

Fe-(Nb,Cr,Mo)-(P,C,B); Ni-(Nb,Cr,Mo)-(P,C) 1999

62



Table 2.2 The classification of amorphous alloy systems [28].

ETM(or Ln) + Al + LTM

Zr-Al-Ni ~ Zr-Al-Cu ~ Zr-Al-Ni-Cu ~

Zr-Ti-Al-Ni-Cu ~ Zr-Nb-Al-Ni-Ln ~ Zr-Ga-Ni

Ln-Al-Ni -~ Ln-Al-Cu -~ Ln-Al-Ni-Cu

Ln-Ga-Ni ~ Ln-Ga-Cu

LTM + ETM + Metalloid

Fe-Zr-B ~ Fe-Hf-b ~ Fe-Zr-Hf-B ~ Fe-Co-Ln-B ~

Co-Zr-Nb-B

LTM(Fe) + Al or Ga + Metalloid

Fe-(Al, Ga)-Metalloid

Mg + Ln +LTM Mg-Ln-Ni ~ Mg-Ln-Cu
v
TM(Zror Ti) + Be + LTM Zr-Ti-Be-Ni-Cu
V | LTM + Metalloid Pd-Ni-P ~ Pd-Cu-Ni-P ~ Pt-Ni-p

ETM = IVB~VIB Group Transition Metal.

LTM = VIIB~VIIIB Group Transition Metal.
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Table 2.3 Mechanisms for the stabilization of supercooled liquid and the high glass-forming
ability for the multicomponent alloys which satisfy the three empirical rules [28].

The constituent elements more than three kinds with large atomic size ratios
above 12 % and neitive heats of mixing

Increase in the degree of dense random packed structure
(topological and chemical points of view)

v

Formation of liquid with new atomic configurations

and multicomponent interactions on a short-range scale
-

< v —>
Increase of solid/liquid Difficulty of Necessity of
interfacial energy atomic rearrangement atomic rearrangement
‘ decrease of atomic diffusivity, ) R ]{mg-rall_ge s_ca]e
increase of visc“sit}r fﬂl‘ cl'}'stalllzﬂtlﬂ-n
Suppression of *
nucleation Su ion of h
. ppression of growt
of a crystalline phase Increase of Ty of a erystalline phase
l

Decrease of Ty, Increase of T o/T

64



Table 2.4 Summary of A Ty, Ty, v, critical cooling rate R and critical section thickness Zc

for typical BMGs [35].

Alloy T,—T, /T T/T, +T) R.(Kfs) Z_ (mm)
Me ;i Nd, 163 0.517 0.353 1251.4 [26] 0.6 [26]
Mg:Ni;Nd,, 204 0.570 0379 46.1 [26] 2.8 [26]
Mgz-oNi;sNdys 223 0.553 0.373 178.2 [26] 1.5 [26]
Me:NioNd,s 21 0.571 0397 30.0 [27] 3.5 [26]
MggsCuasY1o 9 0.551 0401 50.0 28] 7.0 [29]
ZrseAlNisg 356 0.537 0.368 66.6 [30]

ZrgsAlsCusNipo 584 0.552 0.387 22.7 [30]

ZroeAliCuy,Ni, 774 0.559 0.401 9.8 [30]

ZrssAleCuysNio 79.5 0.561 0.403 4.1 [30]

ZrgsAl; sCuy7sNigg 79.1 0.562 0.403 1.5 [32] 16.0 [32]
Zro7TisAl CusgNig 433 0.591 0.395 10.0 [33] 10.0 [34]
ngg_sTi15_5Nip_,—._<Cu15_3_<ch 480 0.628 0415 14 [4]

Zrs0 55Ty 12Nig 55Cyz -Beay 25 57.0 0.625 0.420 14 [4]

Zl'u.zTi13.5C11'_2_5Ni10B822.3 49.0 0.626 0415 14 [4] 50.0 [35]
ZI.;E_G;Til:_31C1111_:5Ni'_cB823_15 890 0.589 0424 5.0 [4]

Z1,.Ti;;CuygNiy Beas 1140 0.518 0.404 12.5 [4]

ZI45_35Tig_5:CLls_?5Ni1-gB¢25_35 117.0 0.5303 0.397 17.5 [—1-]

Zt4525Tig 25Cu7 sNi;Bess 5 105.0 0.525 0.402 28.0 [4]

LasAl,:Niy, 643 0.521 0.388 67.5 [36,37] 3.0 [38]
Las:ALNi,:Cus 67.6 0.526 0.394 34 5 [36]

LassAlysNiypCuyg 79.8 0.560 0.420 225 [36] 5.0 [38]
Lag-Al :Ni.Cu,; 60.9 0.523 0.389 35.9 [36]

Las:AL-Cuy, 38.9 0.509 0.366 723 [36] 3.0 [38]
Laz- AL :Ni:Cu,,Cos 76.6 0.566 0421 18.8 [36] 0.0 [38
LagsAL ,Cuyg 54.0 0.540 0.399 375 [18] 2018
Pd,,,Ci3gNi P 78.9 0.690 0.464 0.1 [39] 720 [39]
Pdg; sCusSiges 37.0 0.577 0.387 2.0 [40.41]
Pd Cu1Siyg s 40.0 0.585 0.392 500.0 [42] 0.75 [43]
Pd- ;CusSizg s 41.0 0.602 0.400 100.0 [43] 1.5 [44]
Pd77CusS117 4.0 0.569 0.388 125.0 [45] 2.0 [40.41]
Pdo; CuyoSiss s 40.0 0.568 0.385 2.0 [40.41]
Pdy; sCupaS11s 5 28.0 0.565 0.377 2.0 [40.41]
PdygINLPag 63.0 0.585 0.409 0.167 [31] 25.0 [42]
NdgaAlysNigCuyoFes 45.0 0.352 0.393 3.0 [46]
Ndg Al NigCosCu, s 24.0 0.598 0.394 6.0 [46]
CugoizpTiyg 50.0 0.619 0.409 4.0 [5]
CusyZr,-TigBeyg 420 0.637 0412 5.0 [19]
TizoZ1;,Cu Nig 288 0.597 0389 100 [35] 45 [3547]
TisgNiayCtiagB, 51,51 74.0 0.554 0.393 1.0 [20]
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Table 3.1 The constituent contents of the elements in this study.

Mg Cu
MasClosxAGGho = foe Wi A6 W% Wi A6 Wi At
MgesClizsGio 65 33323 25 33509 10 33168 O 0
MgssCUzs 02sGdie 65 32562 225 29469 10 32411 25 5558
MgesClzoAgsGdio 65  31.835 20 25610 10 31687 5  10.868
MgesCursAgrsGdie 65 31140 175 21920 10  30.995 7.5 15945
MgesCuisAgiGdie 65 30474 15 18387 10 30333 10  20.806
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Table 3.2 Fundamental data related to the elements in this study.

Atomic Electron-  Atomic size Melting Density
Symbol i Structure . o 3
weight negativity (nm) point ("C) (g/cm)
Mg 24.305 HCP 1.31 0.16013 650.00 1.74
Cu 63.546 FCC 2.00 0.12780 1084.62 8.96
Ag 107.860 FCC 1.93 0.14447 961.78 10.05
Gd 157.250 HCP 1.20 0.18013 1311.20 7.89

The atomic size differences of Mg and Gd to Cu are 25.27 % and 40.92 %.

The atomic size differences of Mg and Gd to Ag are 10.87 % and 24.72 %.
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Table 4.1 Summary of thermal properties for Mg-Cu-Gd-Ag alloys.

Heating
Tg TX ATX Tm Tl AT|
Alloys S R I I L .
(K/s)
M9650U25Gd10 414 482 68 681 727 46 0.569 0.422
0.33
MQGSCU15AgloGd10 417 461 44 0686 720 34 0.579 0.405
MgssCu2sGdi 421 490 69 084 738 54 0.570 0.423
0.67
MgssCu15Ag10Gd10 429 472 43 688 728 40 0.589 0.408

ATX = TX 'Tg
AT =T -Tn
Trg = Tg /T|

y=Tg/ (Tx+Ti)
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Table 4-2 Summary of the density for various Mg-based BMGs

Theoretical density ~ Experimental density

BMG dexo/d
de (g/emd) de (g/cm®) e e
Mge5CU25Gd10 416 3.75 0.901
MgesCu15Ag10Gd1o 431 3.94 0.914

Pure elements:

Mg: 1.74 g/cm®; Cu: 8.96 g/cm®; Ag: 10.50 g/cm?; Gd: 7.89 g/cm®.
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Table 4.3 Summary of compressive mechanical properties for MggsCusGdio BMGs.

elastic
h/d ratio Strain Strength Elongation  Fracture angle
BMG type (mm/mm) rate (s Modulus (MPa) (%) ©)
(GPa) ’
MgesCuzsGio 8/4 5x10 45 806 1.97 54
MgesCuzsGio 414 5x10 21 679 4.15 46
MgesCuzsGio 2/4 5% 10 9 848 11.53
MggsClizsG i 1/4 5x10 6 911 16.99
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Table 4.4 Summary for the MgesCuzsGdioand MgesCu1sAg10Gdio BMGs in this study.

composition MgssCu25Gdyg MgssCu15Ag10Gd10
Ty (K) 421 429
Tx(K) 490 472
ATy (K) 69 43
Tm (K) 684 688
T (K) 738 728
AT (K) 54 40
Ty 0.570 0.589
Y 0.423 0.408
Dmax (mm) 6 6
Density (g/cm?) 3.75 3.94
H, 232 255
Strength (MPa) 806
Elongation (%) 1.97
Elastic modulus
(GPa) 45
Specific strength 215

(MPacm®/g)
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Table 5.1 The negative heat of mixing of the Mg, Cu, Gd, and Ag elements.

Mg Cu Gd Ag
Mg -3 -6 -10
Cu -3 -22 2
Gd -6 -22 -29
Ag -10 2 -29
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Table 5.2 The electronegativity difference (AX) and atomic size parameter (3) of the

Mg-Cu-Ag-Gd alloys.

Compositions AX ) AX -+ 5

MgesCu2sGdig 0.307 0.069 0.021
MgssCu20AgsGdig 0.301 0.074 0.022
MgssCu15Ag10Gd10 0.295 0.079 0.023
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Table 5.3 The thermal properties obtained by DSC for the Ag containing alloys at the

heating rate of 0.67 K/s.

ATX Tm T| AT|

Alloys Ty(K)  Tx(K) (K) (K) (K) (K)

Trg 'Y Dmax REf

MgesCuzs Y10 426 494 68 728 750 22 0.568 0.420 4 [9]

MgesCuisAgioYso 428 475 47 688 707 19 0605 0418 6 [9]

MgesCuxsEre 422 480 58 741 766 25 0550 0404 3 [56]

MgesCuisAgioEre 427 465 38 706 733 27 0.582 0.401 6 [56]
MgesCu25Gd1o 421 490 69 684 738 54 0570 0.423 This
study

MgssCu1sAg10Gd10 429 472 43 688 728 40 0.589 0.408
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Table 5.4 The combination of DSC, TMA, DMA for the MgesCu,sGd;o BMG with a heating

rate of 0.17 K/s.

Instrument Ty (K) Tx (K) ATy (K)
DSC 404 468 64
TMA 428 474 46
DMA 456 505 49

(1) The Tgypoints for TMA and DMA are taken from the onset point of the DTMA and

tand curves, respectively.

(2) The Ty points for TMA and DMA are taken from the offset point of the DTMA and

tand curves, respectively.
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Crystal Amorphous

Figure 1.1 The atomic arrangements of crystal and amorphous alloy [1].
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Figure 2.1 Critical casting thicknesses for glass formation as a function of the year the
corresponding alloy has been discovered.
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Figure 2.2 A schematic diagram of the splat quenching method [1].
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Figure 2.3 A schematic diagram of the two roller quenching method [1].
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Figure 2.4 A schematic diagram of the chill block melt spinning [1].
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Figure 2.5 A schematic diagram of the planar flow casting process [1].
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Figure 2.6 Relationship between the critical cooling rate (R;), the maximum sample

thickness (tmax) and reduced glass transition temperature (T/Tm) for bulk

amorphous systems [28].
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Figure 2.7 Relationship between the critical cooling rate (R¢) and the maximum sample

thickness (tmax) for bulk amorphous alloy systems [28].
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Figure 2.8  The parameter of y for glass forming ability (GFA) [35].
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Figure 2.9 The atomic configuration of the different atomic size system .
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40__ .

Figure 2.10 The relationship between the bond parameters, including electronegativity
difference (AX) and atomic size parameters (), and the temperature interval of

supercooled liquid region (ATx) in Mg-Based bulk metallic glasses [38].
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Figure 2.12 Relation between tensile fracture strength, Vickers hardness and Young’s
modulus for bulk amorphous alloys and conventional crystalline alloys [28].
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Pd4oCusoNisoP2o alloys. The data for the melt-spun Pd-, Ni- and Co-based

amorphous ribbons are also shown for comparison [42].
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Figure 2.14 The compressive stress-strain curves for the bulk amorphous ZrgpAl1gCuzoPd1g
alloy rod with an amorphous single phase and a mixed structure of amorphous
and 20 vol.% Zr,(Cu,Pd) compound [3].

Stress

Figure 2.15 The phenomenon of amorphous alloy under an applied stress [49].
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Figure 2.16 Compressive stress-strain curves of MgzsCu;5Gdip and MgzsCusNijpGdig
glassy rods with a diameter of 2 mm [16].

Figure 2.17 SEM revealing the fracture surface appearance of (a) Mg;5Cui5Gdyo and (b)

Mg75CusNiyoGdig glassy rods [16].
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Figure 2.18 The fracture surface morphology of the Zrs,sAl10Ni10CuisBesz s bulk metallic
glass at low strain rates under the tensile deformation [51].

Figure 2.19 The fracture surface morphology of the Zrs,sAl10Ni10CuisBesz s bulk metallic
glass at high strain rates under the tensile deformation [51].
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Figure 2.20 The fracture surface morphology of the Zrg TisNbsCui4NigAjg BMGCs after
compression test: (a) overview of the fracture surface with regions of
different morphologies, the inset shows a detail of the vein-like pattern; (b)
enlargement of a region with mixed fracture morphology—uvein-like pattern,
river-like pattern (frame i) and intermittent smooth regions (frame ii) [52].

Figure 2.21 The fracture surface morphology of CugeZrTiz under compression testing.
Inset shows the transversal step with the river-like morphology [52].
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Figure 3.1 The Mg-Cu binary phase diagram.
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Figure 3.2 The Mg-Gd binary phase diagram.
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Figure 3.4 The Cu-Gd binary phase diagram.
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Figure 3.6 The Gd-Ag binary phase diagram.
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Figure 3.7 The amorphous ternary graphics of the Mg-Cu-Y system
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Figure 3.8 The flow chart of the experimental procedures.



Figure 3.9 Photograph of the arc melting device.
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Figure 3.10 The schematic diagram of the arc melting device.
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Figure 4.1 The surface appearance of the injection cast MgesCu2sGdio rods with the

diameter from 3 to 8 mm.
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Figure 4.2 The surface appearance of the injection cast MgssCu15Ag10Gdso rods with the

diameter from 3 to 6 mm.
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Figure 4.3 The cross-sectional surface appearance of injection cast MggsCu25Gdso rods with

the diameter of 4 mm.

97



(a) BEI image (100X)

(b) Mapping image (100X)

Figure 4.4 The SEM morphology of the injection cast MgssCu,sGd;p BMG with the

diameter of 4 mm.
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(a) BEI image (100X)

(b) Mapping image (100X)

Figure 4.5 The SEM morphology of the injection cast MgesCu15Ag10Gd10 BMG with the

diameter of 4 mm.
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Figure 4.6 XRD patterns of the injection cast MgesCuzsGdio BMGs with the diameter from

3to 8 mm.
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Figure 4.7 XRD patterns of the injection cast MgesCu15AQ10Gd10 BMGs with the diameter

from 3 to 6 mm.
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Figure 4.8 DSC traces of the injection cast MgssCu,5Gd1o BMGs.
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Figure 4.9 DSC traces of the injection cast MgesCuisAg10Gdio BMGs
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Figure 4.10 DSC traces of the injection cast MgssCuzsGdig and MgesCuisAg10Gdio BMGs

at the heating rate of 0.67 K/s.
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Figure 4.11 Hardness of the injection cast MgesCuzsGdio and MgesCu1sAg10Gd1o BMGs.
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Figure 4.12 Typical TMA and DTMA curves of the injection cast MgesCu,5Gd;o BMGs.
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Figure 4.13 The thermal expansion behavior of the injection cast MgesCuz5Gd;o BMGs.
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Figure 4.14 DMA curves of the injection cast MgesCusGdip BMGs.
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Figure 4.15 The compressive stress-strain curve of the injection cast MgesCusGd;o BMGs

with the h/d ratio of 2 (H = 8 mm and D = 4 mm) at strain rate of 5 x 10* s,
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Figure 4.16 The compressive stress-strain curve of the injection cast MgssCuzsGdio BMGs

with various h/d ratios from 2, 1, 0.5 to 0.25 at strain rate of 5 x 10“s™,

Figure 4.17 The outer appearance showing fracture plane inclination of the MgesCu5Gd1g

BMG with a h/d ratio of 2.
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Figure 4.18 The fracture surface morphology of the MgesCu,5Gdip BMG with

a h/d ratio of 2.

Figure 4.19 The fracture surface morphology of the MgssCu,5Gdio BMG with

a h/d ratio of 2.
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Figure 4.20 The outer appearance showing fracture plane inclination of the MgesCu,5Gdig

BMG with a h/d ratio of 1.

Figure 4.21 The fracture surface morphology of the MgesCu,5Gdip BMG with

a h/d ratio of 1.
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Figure 4.22 The fracture surface morphology of the MgssCu,5Gdio BMG with

a h/d ratio of 1.

Figure 4.23  The fracture surface morphology of the MgesCu,5Gdip BMG with

a h/d ratio of 1.
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Figure 4.24 The outer appearance showing fracture plane of the MgssCu2sGdio BMG

with a h/d ratio of 0.5.

Figure 4.25 The fracture surface morphology of the MgssCu,5Gdio BMG with

a h/d ratio of 0.5.
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Figure 4.26 The fracture surface morphology of the MgssCu,5Gdio BMG with

a h/d ratio of 0.5.

Figure 4.27 The fracture surface morphology of the MgesCu,5Gdip BMG with

a h/d ratio of 0.5.
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Figure 4.28 The cross-sectional view showing fracture morphology of the MgesCusGdig

BMG with a h/d ratio of 0.5.

Figure 4.29 The cross-sectional view showing fracture morphology of the MgesCusGdio

BMG with a h/d ratio of 0.5.
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Figure 4.30 The outer appearance showing fracture plane of the MggsCuzsGdig BMG

with a h/d ratio of 0.25.

Figure 4.31 The fracture surface morphology of the MgesCu,5Gdip BMG with

a h/d ratio of 0.25.
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Figure 4.32 The fracture surface morphology of the MgssCu,5Gdio BMG with

a h/d ratio of 0.25.

Figure 4.33 The cross-sectional view showing fracture morphology of the MgesCusGdig

BMG with a h/d ratio of 0.25.
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Figure 4.34 The cross-sectional view showing fracture morphology of the MgesCuasGdig

BMG with a h/d ratio of 0.25.

Figure 4.35 The cross-sectional view showing fracture morphology of the MgesCu»sGdig

BMG with a h/d ratio of 0.25.
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Figure 4.36 The compressive fracture surface showing flow layers of the

MgG5CU25Gd10 BMG.
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Figure 5.3  The compressive stress-strain curve of the MggsCu,sGdig BMG with h/d = 1:4

showing the serrated flow phenomenon.
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Figure 5.1 The combination of DSC and TMA curves for the MgesCu,5Gdyo ribbon and

BMG at the heating rate of 0.17 K/s.
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Figure 5.2 DSC curve and temperature dependences of E’, E”, and tan & for the
MgesCuosGd;p BMG at the heating rate of 0.17 K/s: (a) temperature
dependences of tan 3; (b) temperature dependences of E”; (c) temperature

dependences of E’; (d) DSC curve.

117



II.:‘:”l

Linh

1

(@)

(b)

Figure 5.3 (a) A 1.8 mm x 3 mm X 15 mm bar shaped Pts75Cui47Nis3P225 Sample bent over
a mandrel of radius 6.35 mm. The strain to failure exceeds 14.2 %. (b)
Pts75Cu14.7Nis 3P225 samples with dimensions of 4 mm x 4 mm x 34 mm bent
over a mandrel with a radius of 6 cm. The strain to failure exceeds 3 % [61].
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Figure 5.4 Compressive stress—strain curves of the specimens for Zrs; sCu17.9Niis6Al10Tis
with various | /d ratios at a strain rate of 3.9x10 % s™* [62].

Figure 5.5 A planar view (a) and an edge view (b) of the undeformed and deformed
specimens for Zrs;sCui7.9NiasAligTis with an | /d ratio of 0.5. (al) and (bl)
undeformed, (a2) and (b2) 18.5% in elongation, (a3) and (b3) 28.5% in
elongation, (a4) and (b4) 46.5% in elongation, (a5) and (b5) 61.7% in elongation,
and (a6) and (b6) 76.4% in elongation [62].
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