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Table 4.1. Comparison of fatigue property and electrical

property between eutectic and hypoeutectic composition.

Table 4.2. Change in peak intensity resulted from EXAFS plots
for eutectic and hypoeutectic composition. (c.f. ‘=" stands for the
disagreement between the order of degree of deformation and

peak intensity.)

Table 4.3. Comparison of properties between fragile and strong

glasses.



Fig. 2.1. Schematic diagrams for shear deformation of

crystalline and metallic glass.

Fig. 2.2. (a) Free volume model[10] (b) Shear transformation

zone model[13]

Fig. 2.3. (a) Schematic deformation map of a metallic glass.
The wvarious modes of deformation are indicated[10].
Deformation map for metallic glass in (b) stress—temperature

and (c) strain rate-temperature axes[15].

Fig. 2.4. Strutcutral anisotropy: bond-exchange mechanism of

shear deformation[16].

Fig. 2.5. Two-dimensional plot of viscosity as a function of

temperature 777 and stress o/ al18].

Fig. 2.6. The stress-life curves of Zr-based BMGs and some
typical crystalline alloys in air[30].

Fig. 2.7. Changes in electrical resistance of nanohole Cu and

conventional Cu as a function of number of bending cycles[34].

Fig. 2.8. (a) Optical micrographs of the surface of cold rolled

vi



amorphous Pd-Si alloy. (b) X-ray diffraction patterns for the
amorphous Pd-Si alloys after cold rolling (reduction of 20 and
40 9%). (c) Changes in physical properties for the amorphous
Pd-Si alloys after cold rolling. (d) Changes in electrical
resistance for the amorphous Pd-Si alloys after cold rolling on
heating[35].

Fig. 2.9. Characteristic spectra areas for X-ray absorption near
edge structure (XANES) and extended X-ray absorption fine

structure (EXAFS) spectroscopies[41].

Fig. 2.10. Detectable range of various observation techniques

depending on defect size, concentration, and depth.

Fig. 3.1. Process of sample preparation.

Fig. 3.2. (a) Bending fatigue test machine (b) Schematic
diagram of test machine (c) Strain calculation (ribbon thickness
= 40 um)

Fig. 3.3. Schematic diagram showing fatigue zone, constant
load zone, load—free zone existing in bending fatigue ribbon
sample.

Fig. 3.4. 4-probe method for sheet resistance measurement.

Fig. 3.5. (a) PAL 7D XAFS beamline (b) Sample loading

Vil



method

Fig. 4.1. Number of shear bands and average electrical
resistance change as the strain increases in (a) Eutectic

composition and (b) Hypoeutectic composition

Fig. 4.2. Electrical resistivity changes as the number of the
shear bands increases in (a) Eutectic composition and (b)

Hypoeutectic composition

Fig. 4.3. Strain-lifetime curves for eutectic and hypoeutectic

composition.

Fig. 4.4. log-log plot for Manson-Coffin relationship and
Basquin’s relationship in (a) Eutectic composition and (b)

Hypoeutectic composition

Fig. 4.5. Fatigue strength and S-N (Wohler) curves for

eutectic composition and hypoeutectic composition.
Fig. 4.6. Resistivity change (in %) during bending fatigue
under various strains in (a) Eutectic composition and (b)

Hypoeutectic composition

Fig. 4.7. Representative electrical resistivity - fatigue lifetime

curve during bending fatigue test.

viil



Fig. 4.8. Fracture surface after bending fatigue test in (a)

Eutectic composition and (b) Hypoeutectic composition.

Fig. 4.9. Crack initiation site, crack—-growth region, fast fracture
region in fracture surface and observation of coarse and fine

striations to determine crack growth rate.

Fig. 4.10. Correlation between crack growth rate and striation

spacing.

Fig. 4.11. Tension/compression effect on electrical resistance

change during fatigue for eutectic composition.

Fig. 4.12. Resistivity profiles of eutectic ribbon sample after
20,000 cycles of fatigue.

Fig. 4.13. Resistivity profiles of eutectic ribbon sample after (a)
40,000 cycles of tensile fatigue and (b) 80,000 cycles of

compressive fatigue.

Fig. 4.14. Tension/compression effect on electrical resistance

change during fatigue for hypoeutectic composition.
Fig. 4.15. Resistivity profiles of hypoeutectic ribbon sample

after (a) 40,000 cycles of tensile fatigue and (b) 80,000 cycles of

compressive fatigue.

X



Fig. 4.16. Local resistivity change at each fatigue zone and
constant load zone after tensile/compressive fatigue test in (a)

eutectic and (b) hypoeutectic composition.

Fig. 4.17. XAFS results in Fourier transformed curves.

Fig. 4.18. Zr K-edge EXAFS results of eutectic composition

after 80,000 cycles of compressive fatigue.

Fig. 4.19. Cu K-edge EXAFS results of eutectic composition

after 80,000 cycles of compressive fatigue.

Fig. 4.20. Zr K-edge EXAFS results of hypoeutectic

composition after 80,000 cycles of compressive fatigue.
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Fig. 2.1. Schematic diagrams for shear deformation of crystalline and

metallic glass.
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Fig. 2.2. (a) Free volume model[10] (b) Shear

transformation zone model[13]
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Fig. 2.3. (a) Schematic deformation map of a metallic glass. The various

modes of deformation are indicated[10]. Deformation map for metallic glass

in (b) stress—temperature and (c) strain rate-temperature axes[15].
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4. Structural anisotropy mechanism
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Fig. 2.4. Structural anisotropy: bond-exchange mechanism
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Fig. 3.2. (a) Bending fatigue test machine (b) Schematic diagram of test
machine (c) Strain calculation (ribbon thickness = 40 um)
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Fig. 3.4. 4-probe method for sheet resistance measurement.
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Fig. 3.5. (a) PAL 7D XAFS beamline (b) Sample attatchment
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fracture surface and observation of coarse and fine striations to determine
crack growth rate.
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Fig. 4.10. Correlation between crack growth rate and striation spacing.

61



rir

2 HAYA fittings P Wel 7L 71A ], fine striation®] 7%
T A 2o thste] 19 7|271E 7HABE I = cycleo] 13] %13
2 wimtt}d fine striationeo] st FAA®ET E 5 Qv Coarse
striation®] A%+ 109 712715 7}A, 32 cycleo] 103] 2 3= uwjn}
&FLte] coarse striationo] @/ H UL o2 d A= 2R AlHOAE

W oohueh W WA G ABAAE AR F]sh A G

o

AAZF Ba®E v AuH62]. 3 coarse striation®] 10319 fine
F7F4 <l azho] & Q sl
A} Zo] e #FS F3t4 final stagedl A YERT A

o FAF W A0S TRtnA HHx, o F Ftel Wz P A

Ty o]eld WS final stageol A doju= Aol 7} o]
olo] M2 A% initial & mid stage oA YERGE #HE A7) AT

s7hs AWetA X3t ol& qtHstaal sid rRtel A interruption

Wstel SAS e 7 A weEbA o5 bl distels vE W4
o] H7t % Fx #A4o] dasirtal ddste] EXAFS 43S sk
t}. Table 4.1. o= eutectic &4 7} hypoeutectic =42 w3 I = 23
23 vt A4 54, v 54 9 gdw P4 Ao

ATH.

62



Eutectic Hypoeutectic
composition composition
A p/shear band (Q-m) 1.06 x 107 409 x 10"
Fatigue limit (%) ~1.0184 ~0.5269
Fatigue limit (MPa) ~800 ~400
Basquin constant, b 0.19 0.30
A R/Ry before failure (%) 30~60 10~25
Shape of striations distinct vague

Table 4.1. Comparison of fatigue property and electrical property between

eutectic and hypoeutectic composition.
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Fig. 4.11. Tension/compression effect on electrical resistance change during

fatigue for eutectic composition.
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(a) 20,000 cycle of tensile fatigue
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Fig. 4.12. Resistivity profiles of eutectic ribbon sample after 20,000

cycles of fatigue.
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(a) 40,000 cycle of tensile fatigue
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Fig. 4.13. Resistivity profiles of eutectic ribbon sample after (a) 40,000

cycles of tensile fatigue and (b) 80,000 cycles of compressive fatigue.
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Fig. 4.14. Tension/compression effect on electrical resistance change

during fatigue for hypoeutectic composition.
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(a) 40,000 cycle of tensile fatigue
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(b) 80,000 cycle of compressive fatigue

6.0x10°

Distance (mm)

5.5%x10°

5.0x10° -

&

Resistivity (2-m)
» B
(=] (3]
= =
— —
< S
| |

3.5x10° -

3.0x10°

1.08 X 108

""" B Hypoeutectic 80k Comp.

10 20

S —

30 40

Distance (mm)

50

60

70

Fig. 4.15. Resistivity profiles of hypoeutectic ribbon sample after (a) 40,000

cycles of tensile fatigue and (b) 80,000 cycles of compressive fatigue.
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(a) Eutectic
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Fig. 4.16. Local resistivity change at each fatigue zone and constant load

zone after tensile/compressive fatigue test in (a) eutectic and

hypoeutectic composition.
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Fig. 4.17. XAFS results in Fourier transformed curves.
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Fig. 4.18. Zr K-edge EXAFS results of eutectic composition after 80,000
cycles of compressive fatigue.
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Fig. 4.19. Cu K-edge EXAFS results of eutectic composition after 80,000

cycles of compressive fatigue.
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Fig. 4.20. Zr K-edge EXAFS results of hypoeutectic composition after
80,000 cycles of compressive fatigue.
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Eutectic Hypoeutectic

composition composition
Zr-Cu Zr-7r Zr-Cu Zr-7Zr
20,000 tens. increase increase increase decrease
40,000 tens. - decrease increase increase
20,000 comp. decrease increase increase increase

40,000 comp. decrease decrease - -
80,000 comp. decrease decrease decrease decrease
120,000 comp. - - decrease decrease

Table 4.2. Change in peak intensity resulted from EXAFS plots for eutectic
and hypoeutectic composition. (c.f. ‘=" stands for the disagreement between

the order of degree of deformation and peak intensity.)
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Strong glass former Fragile glass former
(Eutectic composition) (Hypoeutectic composition)
Small Poisson’s ratio, v Large Poisson’s ratio, v
Small fragility, m Large fragility, m
Small STZ volume, stz Large STZ volume, 517
High shear modulus, y Low shear modulus, y
Large energy barrier Small energy barrier
High GFA(glass forming ability) | Low GFA(glass forming ability)
Low plasticity High plasticity
Low toughness High toughness

Table 4.3. Comparison of properties between fragile and strong glasses.
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Abstract

It 1s important to clarify the properties and structural changes
of a metallic glass during deformation. Therefore, the individual and
collective behavior of shear deformed areas should be properly
investigated. Many researchers have intensively studied to determine
the deformation mechanism of metallic glasses. However, our
understanding of how a shear deformed area affects glassy materials’
properties as well as how a shear band initiates and propagates
during deformation is still limited.

In the present study, we discovered that electrical resistance
changes as the number of shear bands increased with the bending of
the specimen. This concept was used in bending fatigue test of
metallic glass ribbon to evaluate nucleation and propagation of the
shear bands - the amount of plastic deformation of metallic glass -
in terms of electrical resistance. As a result, we detected variation of
electrical resistance in real-time as the bending fatigue progressed.
Eventually, we expect to evaluate a correlation between internal
structure change, such as shear band density, and resistance change,
which might be used as an indicator of the degree of plastic
deformation in metallic glasses. Furthermore, we will carefully discuss
the size effect by comparing fatigue behavior between bulk samples
and ribbons of metallic glasses. This outcome helps explain the

interrelationship between the ribbon samples and bulk samples as
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well as some additional influences of sample size on deformation.

However, we cannot detect the formation of any shear bands
until the final failure begins during initial bending fatigue process.
When a material is subjected to stress, its strain response 1S
generally made up of several components. Among these strain
components, the viscoelastic component eventually causes permanent
deformation of internal structural changes in metallic glass during
deformation. To evaluate atomic scale structural changes, they need
to be analyzed by an appropriate intensive structural analysis tool;
XAFS(X-ray Absorption Fine Structure) was chosen for the detection
of finer scale of deformation in metallic glass such as dilatation of
free volume. Consequently, the structure of fatigued metallic glass
ribbon changed into more disordered structure with increasing excess
free volume and collapse of atomic bonds with progress of
degradation.

These results might offer better understanding on dynamic
behaviors of shear bands during deformation and the significance of
shear deformed areas in determination of key characteristics of

metallic glasses.

keywords : metallic glass; shear band; bending fatigue test;
electrical response; structure-property correlation
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