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Abstract

Bulk Metallic Glasses (BMGs) are multi-component metallic alloys that exhibit superior
strength and elastic strain compared to conventional engineering alloys and can be
processed to near-net shapes close to their glass transition temperature, Tq. However, their
use in structural applications is discouraged as they exhibit nil tensile ductility owing to
unhindered propagation of shear bands in the featureless matrix. Determination of the
mechanical properties of BMGs is a critical endeavour for improving their plasticity. The
indentation technique is commonly opted to assess the mechanical behaviour of BMGs
primarily due to its ease of sample preparation and reliable data acquisition from small
specimen volumes. Another pivotal aspect is that during the indentation of BMGs, a
substantial number of shear bands are formed due to the constrained deformation
conditions. Therefore, in pursuit of deciphering the mechanical behaviour of BMGs using
indentation, we commence this thesis by examining the role of free volume on the
mechanical properties of BMGs. Owing to the disordered nature of atomic packing in
BMGs, the shear strength is statistically analysed in the subsequent study to extract
quantitative and qualitative information on the evolution of shear bands. Finally, we
discuss the shear band interaction with the crystalline phase in bulk metallic glass
composites (BMGCs) and vyielding criteria in terms of hydrostatic stress or pressure

sensitivity, using constraint factor as a proxy measure, with temperature.

In the first study, the free volume content of Zr-based BMG is varied through short-term
annealing treatment. This process involved heating BMGs above and below the glass
transition temperature, Tg, for the short-term, followed by quenching to preserve the
randomness of the structure. The temperature to which the sample is heated is called
fictive temperature, Ty, as it refers to the temperature at which structure of equilibrium
liquid is similar to structure of solid glass. It is found through differential scanning
calorimetry (DSC) that the sample with the highest Tt possesses the highest free volume
content owing to entropic considerations. Subsequently, 100 spherical indentation tests
are conducted to facilitate a comprehensive study of heterogeneity in free volume

throughout the material. The investigation revealed that local shear yield strength, 1y, and



plasticity rise with Tr. Microscopic deformation models are employed to explain the

variations in strength and plasticity.

Note that the local shear yield strength, ty, of BMGs, is measured from the load at which
first pop-in occurs, Prp, in the load, P, vs. displacement, h, curve during spherical-tip
nanoindentation. ty exhibits significant heterogeneity owing to the disordered nature of
atomic packing in BMGs. Statistical analysis of 1y is carried out in existing studies to
extract quantitative and qualitative information on the microscopic carriers of plasticity
in the material. The literature review has shown that the 3-parameter Weibull model best
describes the dispersion in 1y as yielding in BMGs initiates at structural weak links, which
are regions with lower atomic packing or higher free volume. Our study further revealed
that the 3-parameter Weibull model is the best fit for 2% pop-in event as well.
Additionally, it is observed that the distribution becomes bimodal when indenters with
larger radii are used or when the loading rates of the test are relatively higher. The
distribution becomes unimodal when the structural state changes from as-cast to
structurally relaxed. This is rationalized on the basis of the availability of the number of
shear band paths operating at different stresses. It is then concluded that the strength of
shear bands is approximately 8-11% and 15-17% lower than the strength of the
undeformed BMG in the as-cast and structurally relaxed conditions, respectively.

Moreover, due to the unhindered propagation of shear bands, which generally results in
failure of BMG immediately after yielding under uniaxial tension, various strategies to
improve plasticity are consistently explored in the literature. Employing the composite
approach, which introduces a microstructure impeding the propagation of shear bands in
the BMG matrix, is the most effective method for enhancing plasticity. Among the
numerous extensively studied BMGCs, those alloys that exhibit the crystallization of a
B-Ti phase within the amorphous matrix upon solidification are particularly promising
owing to their excellent combination of strength and ductility. While several studies have
focussed on improving the ductility of these BMGCs, the pressure sensitivity of plastic
deformation in these composites has not been addressed yet. With the aim to determine
the pressure sensitivity of these alloys, we considered two Zr/Ti-based BMGCs, with the
dendrite, in one case, transforming under stress to a”-Ti and deforming by slip in the
other. We initiated our study by determining their hardness, H, and yield strength, oy.

Notably, the hardness values exceeded the compressive yield strength values, the ratio of



which is called constraint factor, C. Through an in-depth review of pertinent literature,
we found that BMGs are particularly sensitive to hydrostatic stress, a feature distinct from
crystalline materials, where yielding primarily occurs due to deviatoric stresses. This
unique trait contributes to a C of ~3.28, and a rising trend with temperature in BMGs.
Our experimental study revealed that the C of the two BMGCs is 13-50% higher than
that of the BMG at the lowest temperature of testing. Moreover, with increasing
temperature, the constraint factor increases in the case of BMGC with non-transforming
dendrites (BMGC-NT) but decreases in the one with transforming dendrites (BMGC-T).
These variations are rationalized on the basis of the flow stress variations of the individual
phases in the hardness and uniaxial compression test. Gaining insights into this specific

aspect of plasticity holds significant importance for forming processes.

Overall, this thesis discusses the influence of structure on strength and plasticity,
statistical analysis of the second ‘pop-in’ behaviour of the spherical tip nanoindentation

of BMGs, and temperature dependence of pressure sensitive flow in BMG and BMGCs.
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b Ao TN (BMG) 9g-9cd YT Y UTq § off IRURS Soni-ai firgr ergaif
! gaT H 98 didhd 3R AdeR d1d TeRid #d g 3R 38 3 T AHHul
dYHM, Ty, & B A MHR T GO fHar ST Gobdr g1 g, IS
SIITRINTE B B-1ch SUANT & gl o d [T oiTal & alifch e Xigd Hicad B dHaRe
d€ & FafY TR & HRUNd Y I-Id1 ATg- UG RId Hd & | BMG o JifAe 1ol
&1 (R ITD] WIRRIE & R & fiT Ue Aayul TaM ¢ | $8C%H ddb-id &l
AR TR BMG & A% STdeR &1 ATHaT B & (o8 AT oIl §, T 0
AT TR B | ST 3R B THAT TR0l ¥ fay=i1a SeT SHfRgu & HRul|
TH 3= HedYUl UG I8 & fh BMG & $S¢-M & oM, F1ferd faequr fufai &
HRU G WA T ST 98 d ¢ | ST, TSCRM BT ITIRT IR BMG &
A TagR I HI D WIS H, 89 BMG o TifAes 01 TR Gord AT Dt YHeh!
&1 o B 39 AT & = Hd & | BMG T URATY] Ufh 1 &t Sreqafeyd Udhid &
HRUT, AT 98 & [AH R ARTHS 3R NS STHBRT Hdbrer & ol 18 &
3T H Ha-! dTebd T QiRSTH 1T [AZAwor farar ST g1 3fd H, 89 Ui U1g 7o
HUINTT (BMGC) H fohedlla TRUT & 1Y HaRA! 88 SSaRM 3R dquHE & 1Y
UIeRfI AT & 0 H F1e SRS H1 IYTN dR b SI3SRe [ a-1d U1 GaTd Jag-T=iaa

& Yo ¥ IUS HHd S W I4] Hd o

Ugd g T, Zr-3M4TRd BMG &t God AT YUl & Sedablieids THIHT SR
& A1y O fafay foear mar 31 59 ufshar & Srearafy & o 1oy s Hur aae T, T,
& SN AR T BMG B TH FH1, S0P d1¢ A1 B| A dhdl Bl AR B
& oG I 3T i Tl o aree R T T faa ST § S99 S
dT9HH, Tr, 6T ST 8, adifeh I8 S dTaH &1 UefHid HRal § oy IR Iga aRa
&1 YT B TN P AT & THF il 7 | FSHRRa WhHT Fariid! (DSC)
& HITTH ¥ T8 U TR ¢ foh Sad T a1 A H TeiUe [qaR] & SR Swdd
Hod T AR g B | 39 a1, Syt Irreft & gad A & fafaerdr & s sieqe
&1 JfIeT & fTT 100 TETHR SR ULIE0T ST fobd o1 § | Sffa 9 Ul gl b
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RITFT B IUS U, 1y, 3R QIR T; b T1Y dgat g | dThd 3R Wifefict
o eIl &1 JEg & forT g foreuur Afed &1 IuaNT fhar S |

&M < fh BMG &1 RIFIT SRl ST dehd, 1y, 39 IS I AU STt & forg IR uga
UTI-Z BT ], Pee, A1 H, P, TTH fARITIA, h, MeATHR-FT AN ST & SRHE a5 |
BMG T TRHTY] Ut & Sreafid Uhia & HRUT 1, Agayqul fafaerar vefRia s
g1 IrEh ¥ WiReRict & e agd! R RS SR NS STHSHR! Adhe &
forg AeIaT srezt H +, F1 HiRkeaa1a faweivur fasan Sirar g | e Twien I dt e
g f 3-IRTfter agqa Aled 1, & Had BT Ta ST qUH HRT § Fifs BMG H
35! WIS HHSIR [ W YR 8Idl §, ST B YA UfHT a1 = Gad A
a8 § 1 SHR 31T J 3T Ul el fob 3-IRTHIeR a8 A d g¥R Urd-34 3de
& forg ot Te SUgad §1 39 SifaRad, I8 ¢un T § o 919 98! Bsar ard g8k
T SUTNT a1 ST § a1 oe U607 &1 i e¥ 3rdanepd e gidt & o faarom
fg-HISd 81 a1 8 | 9d WA T Tel-ie & WS 0 3 RIfyd gt ot
gl faaRur Taey g1 ST 81 39 fafid arat wR Tenferd 81 a1d dar-l o'l @
TRSAT Pt IUTIAT &b SMYR TR dhaiTd a1 741 ¢ | bR I el amran man
To-BRE 3R WS ¥ ¥ 3R &I fUfS H 3[I=gur §8 ! didhd fagpd BMG
& dThd & TIHT 8-11% 3R 15-17% HHB|

Zgd SfATET, HARA! 9 P SFEIAT YIR & HRU, forgeh TRUMAGREY 31 TR W
TH el a1 & dgd TSl & qid §1G BMG &1 [awadr gl §, Wified H wife Ryt
A YR & forg fafts Torifaal &1 TR uar e ST 8 | 99 2 e &t aifa
HRAT, Sl BMG A H SRl §8 & TR & S - arelt U e IR &1
R a1 B, WIRERIA & 9 & T Jad THTE dieT 81 98 0HM TR 31eag
fT T HE BMGC H ¥, 3 iy 41qu St A WR 3FTHR Afew & iR p-Ti TRUT &
fope Tl 1 UGRId Bl &, dlehd 3R AaIad- & ST TaIod & HRUT [
FY Y SMASHS ¢ | STalfes g AT 7 37 BMGC B Teag § JUR R &
Hfed frar 8, 39 Fuifse # wies oo &t e Jag<iadr &1 st a
Gaferd el foran T 8 1 3 s e &t gaTa YagaRiadr & Fuiid #A & 3e=d
¥, 80 SS13¢ & 1Y &l Zr/Ti-3ATUTRT BMGCs W fdaR fovdn, U Ame §, d41d &
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d8d o~-Ti H gRafdd 81 T SR gaR ¥ U gR1 fagd 81 1| g9 39T 37eqa
P! HORT, H, 3R IUS W, oy, BT HURT b Y& a1l I@a-1g 9 9,
HARAT A JUISd IS Afdd A T 31 &, ST 3uTd &1 9191 SRS Bl STl
g, C| URifTe WIfiecd &1 T8+ GHien & HIeqd ¥, - Ul fr BMG favy &0 9
gIRSReieed aHId P U Taa-T=id &, o foheetia Tl ¥ 3ren e fasivan ¢,
T SUS T U J fage et a6l & SR gl § | I8 SHfgdid 07 ~3.28 % C
3R BMG ® ATUH & 1Y St TRl § aRTe odl & | SHR TS Seqa § Ul
Ta fob URI&(01 & gAqH AMIH UR & BMGC &1 C BMG &1 ga-l § 13-50% 3Hfdd
21 3P AT, dgd dIIHH & 1Y, TR-FUiaRd S813¢ (BMGC-NT) 910 BMGC &
AW § 9141 SRS d¢ ST 8, Al SRIBIHT SS3¢ (BMGC-T) ald AHd H &
HRP DHH gl o1dl gl 37 fafgudret & HoRar Sk tHafefi e e o
G TRON & FaTg d-1d A3 & YR TR THATd 11 77 § | TRyt
& 39 ARy ugq H Siaei® U ®x-1 Ufshanaft o At & forg Ayl Agw@ 3@
gl

o ez, I8 AR didd SR @R RIct R WREH1 & UHTE, BMG & MAT®R feu
AFIESeYH & WX UU-3T HdER & HiReTH 1 fawawur 3R BMG 3R BMGC H
2d1d Yac-I=id Uarg ! arge RuRdr R == St 21
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