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Abstract: In this study, the mechanical properties and deformation features of Zr-based bulk metallic
glass (BMG) are investigated at micro-scale via in situ micro-pillar compression. Furthermore, the
effects of the strain rate and micro-pillar diameter on respective stress—strain curves are investigated.
Together with the mechanical properties, such unique in situ micro-pillar compression techniques
provide physical status to the micro-pillars, referring to the instances of stress—strain curves. It is
noted that the effect of the strain rate on the stress—strain behaviour of the BMG diminishes with
increasing micro-pillar diameter. In contrast, yield and ultimate compressive strength increase
with increasing micro-pillar diameter, up to 4 um. The deformation details after compression, as a
result of conformed mechanical loading, are analysed by SEM and TEM. As evident from electron
microscopy investigation, the plastic deformation is evidenced by the presence of multiple slip/shear
bands, acting as load accommodation mechanisms in the course of mechanical loading together and
resemble local plastic flow (ductile in nature) between two shear plans.
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1. Introduction

From a crystallographic point of view, bulk metallic glass (BMG) is a metallic alloy,
and is amorphous in nature without any atomic stacking structure as well as having high
strength [1,2], low elastic modulus [1], high hardness and excellent super-plastic forma-
bility at elevated temperatures [3-5]. As the microstructure of the BMG is amorphous,
BMG materials exhibit featureless microstructure without any presence of grain and phase
boundaries, which contribute positively to their excellent corrosion resistance [3,6,7]. More-
over, due to the same reason, the strength of the BMG is high at the expense of room
temperature ductility. For example, Ni-based BMG materials were reported to be 300 times
more durable than that of steel for similar applications in micro-gear components [6].
These unique properties make BMGs suitable candidates for orthopaedic applications [8],
anti-microbial and biomedical devices [9], kinetic energy (KE) penetrators [10], surgical de-
vices [9] and many more [11], as reported in the literature. The micro-mechanical properties
of BMGs, such as plasticity and ductility, are due to the individual and collective behaviour
of shear bands, which limits their global plasticity at room temperature under mechanical
loading [12-14]. To avoid such limitations, multi-component bulk metallic glasses are more
favourable, as they have randomly packed dense structure with new atomic configuration,
which was highlighted by Linderoth et al. [15] by investigating the temperature—time-
transition (TTT) phase diagram of BMGs. This helped to optimize element selection and
controlling the super-cooled liquid region at relatively lower cooling rates (~10* K/s) [16]
on Zr-based BMGs. The extension of the glass formability [2,4] of BMGs open the door to
fabricating large dimensions of BMG ingots [17,18] rather than thin BMGs. To date, most
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of the investigations related to BMGs are focused on fabrication processes and tribological
behaviour, with some research on micro-mechanical properties. Contradictory results were
published in literature, where some researchers claimed superior tribological properties
of BMGs [1,19,20] due to temperature-induced crystallinity [21,22], while others reported
significantly inferior properties than that of traditional crystalline alloys [14,23]. As pointed
out later by Yavari et al. [24] and Gloriant et al. [25], one of the reasons behind such a
discrepancy is the formation of nanocrystalline zones [26] dispersed within the BMGs,
which can be either mechanical- or temperature-induced. These discrepancies show that
mechanical responses of BMGs are a complex process, and conventional macro-scale exper-
imental procedures such as hardness testing, tensile testing and tribological behaviour etc.,
are not enough to investigate the fundamental deformation behaviour of such materials.
As arelatively larger interaction volume of material is involved in such macro-scale tests,
the response of materials is different than that of micro-scale tests subjected to external
loading. Thus, to overcome the above-mentioned limitations of traditional macro-scale
testing, a different experimental technique is required to gain a fundamental insight on
materials’ deformation behaviour. In situ micro-pillar compression is one of such unique
micro-mechanical testing procedures. Zr- and Ti-based BMG is one of the most commonly
investigated materials in tribological applications, as evident in literature, due to their high
glass-forming ability, together with excellent mechanical properties [27,28]. In this light,
the present research approach is to investigate the fundamental deformation behaviour of
Zr-based BMGs under in situ micro-pillar compression.

Therefore, the aim of the current research is to investigate the strength and deformation
features of Zr-based BMGs under micro-pillar compression. To achieve a broad view, both
the effect of the micro-pillar size (extrinsic size effect) and different strain rate on such
deformation behaviour is investigated. The acquired knowledge from this investigation
will help to attain a fundamental understanding of micro-mechanical properties of BMGs,
together with the role of extrinsic size effect as well as strain rate.

2. Materials and Methodology
2.1. Materials

A multi-element Zr-based BMG, i.e., Zr45Ti30Ni5Cul5Be5 (% wt.) alloy, was investi-
gated in this study and procured commercially. At first, all the pure elements (Zr, Ti, Ni,
Cu and Be with 99.99% purity) with respective nominal composition of the alloy were
poured in the mould and melted by arc in an inert furnace filled with argon gas. The
ingot was re-melted three times to make sure the alloy was homogeneous in terms of
chemical composition. Next, the melt was casted in a copper mould with dimensions of
70 mm x 70 mm x 7.5 mm block at a cooling rate of ~10> K/s. The block was then sec-
tioned with a water-cooled slow speed diamond saw, followed by mounting in epoxy resin
for grinding and polishing. Grinding and polishing was carried out in an automated metal-
lographic polishing system (Struers Tegrapol), with final polishing in alumina polishing
compounds to ensure a scratch-free and mirror-like surface finish.

2.2. Characterization of Microstructure

Field emission scanning electron microscopy (FESEM) was conducted by FIB-SEM (He-
lios Nanolab 600, FEI). The SEM had integrated energy dispersive x-ray spectroscopy (EDS)
from Oxford instruments® (X-Max 80 silicon detector). Transmission electron microscopy
(TEM) was conducted by using a FEI® Titan Themis (FEI) probe-corrected microscope and
operated at 200 kV. TEM foils were subjected to plasma cleaning before loading in TEM in
a Gatan® solarus 950 advanced plasma system. The TEM foil was exposed to a plasma of
argon and oxygen gas mixture for ~2 min to remove any contamination from the TEM foils.

2.3. Fabrication of Micro-Pillar, TEM Foil and In Situ Compression

Micro-pillars were prepared by a focused ion beam (FIB-SEM) system (Helios Nanolab
600, FEI). To investigate the effect of the pillar diameter on micro-mechanical properties,
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three different diameter micro-pillars were fabricated, sized 3, 4 and 5 pm by maintaining
an aspect ratio of 1:3. This particular aspect ratio was maintained to evade any buckling
under compression [27]. Micro-pillars were prepared in the centre of a 30 pm diameter
crater to evade any interaction of the indenter with the periphery of the crater. Multi-
step fabrication procedure was followed in the course of micro-pillar fabrication, starting
with rough milling with a 6.5 nA current at 30 kV and followed by a final polishing at
0.28 nA, at 30 kV. Compression was conducted with a 5 pm diameter flat diamond punch,
mounted on a PI 88 Hysitron nanoindentation system. In order to investigate the effect
of strain rate on micro-mechanical properties, three different strain rates, 10—3,10 % and
107° s, were investigated. The whole process was recorded in video format. At least
three individual micro-pillar compressions were carried out in a given parameter, thus a
total of 27 micro-pillars were fabricated and compressed accordingly.

TEM foils on selected deformed micro-pillars were prepared by FIB-SEM (Helios
Nanolab 600, FEI). To prepare the TEM samples on deformed micro-pillars, at first the
cavity around the micro-pillars was filled with platinum via an in situ platinum deposition
option available in the FIB-SEM system. After that, coarse milling was carried out with a
6.5 nA current at 30 kV, with a subsequent lowering of the current with continued thinning
of the TEM foil. The final polishing current was 93 pA at 30 kV followed by 81 pA at 5 kV
to minimise FIB-induced damages [28] in the TEM foils.

During compression, the normal force (F) and conforming change of the pillar length
(Al) were logged using a computer-controlled program. The raw data were used to calculate
stress—strain curves, according to the method and equations as reported in literature, by
taking into consideration the slight taper of the micro-pillars [29,30]. In the course of the
calculation, the cross-sectional area (Ao) of the pillar was taken at a distance 25% away
from the top of the micro-pillar. This is because the deformation occurring in the micro-
pillars during compression is confined to the top area, as established in literature [27].
The average of the data together with standard deviation were reported in the table and
representative curves.

3. Results and Discussion
3.1. Scanning Electron Microscopy (SEM) Investigation

The microstructure of presently investigated Zr-based BMGs together with a corre-
sponding EDX spectrum is revealed in Figure 1. Figure 1a shows the SEM image of a
metallographic polished sample, whereas Figure 1b exhibits the TEM micrograph with
corresponding diffraction pattern in Figure 1c. As expected, the microstructure (both SEM
and TEM) is featureless and amorphous in nature, as confirmed by the hollow ring in the
diffraction pattern (Figure 1c). In addition, the BMG is homogeneous in nature and there is
no existence of any defects, such as the porosities and the cavities. The EDX spectrum, as
shown in Figure 1d, shows the presence of all constituent elements except beryllium (Be).
The amount of Be in the material was out of the detection range of the EDX.

3.2. In Situ Compression of Micro-Pillars

Fabricated micro-pillars on the polished BMG samples are shown in Figure 2. Figure 2a
shows an array of representative micro-pillars that were fabricated in the middle of a
30 um crater, together with a high magnification image of different diameter micro-pillars
in Figure 2b—d. The average diameter of the micro-pillars is as follows: 3.1 & 0.05 um,
4.05 £ 0.06 pm and 4.98 £ 0.05 pm. The micro-pillars in this study are somewhat tapered
(<2°) in nature, which was not possible to avoid as a result of material-ion beam interaction [27].

During in situ compression, load-displacement curves were logged in the computer
system, which were then converted into stress—strain curves, according to the method
explained in Section 2.3. To demonstrate the effect of strain rate and pillar diameter on
stress—strain behaviour, the curves were aggregated into two different groups. Figure 3
exhibits the effect of pillar diameter on a given strain rate, whereas Figure 4 exhibits the
effect of strain rate on a given pillar diameter.
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Figure 1. Microstructure of presently investigated Zr-based BMG: (a) SEM micrograph, (b) TEM micrograph, (c) diffraction
pattern and (d) corresponding EDX spectra. Pt denotes platinum that was deposited to protect the material surface in the
course of TEM sample preparation in FIB-SEM.
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Figure 2. A 52° view of (a) an array of micro-pillars and detailed morphology of each type of micro-pillars: (b) & 3 um,
(c) P4 umand (d) I 5 um.

3.2.1. Effect of Micro-Pillar Diameter on Stress—Strain Curves

The effect of micro-pillar diameter on a given strain rate during compression is shown
in Figure 3a—c, for strain rate of 1073, 10~% and 1075 s~!, respectively. Irrespective of strain
rates, the general trend is that the & 3 pum micro-pillar exhibits the lowest strength followed
by @ 5 um and @ 4 um micro-pillars. In addition to that, numerous stress drop-ins were
noticed, which was due to the formation and propagation of slip/shear planes.
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Figure 3. Effect of micro-pillar diameter on stress—strain curves for a given strain rate: (a) 1073,
(b) 10 % and (c) 1072 s~ 1.

Such stress—strain behaviour of the BMG can be explained in terms of its structure.
The usual flow mechanism of materials, such as dislocation glides, dislocation sliding and
rearranging of the crystal structure, is absent in the BMG. As a result, the incremental
strength of material in a reduced size that one would expect in (nano-) crystalline materials
was absent. In contrast, as reported by Greer et al. [31], the strength of BMGs is due to its
interatomic bonding among the atomic arrangement.

3.2.2. Effect of Strain Rate on Stress—Strain Curves

The effect of strain rate on a given micro-pillar diameter during compression is shown
in Figure 4a—c for pillar & of 3, 4 and 5 um, respectively. Irrespective of micro-pillar
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diameter, strain rate has insignificant effect on the strength of the presently investigated

BMG material.
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Figure 4. Effect of strain rate on stress—strain curves for a given micropillar diameter: (a) 3, (b) 4 and
(c) 5 um.

Such negligible effect of strain rate on the strength of the BMG can be described in
view of a constitutive model such as the James—Cook equation, as given in Equation (1) [32]:

o= ((70+B£”)<1+Cln§0> [1—(T*)"] )
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where 0 is the yield strength; 0y and ¢ are reference yield stress and reference strain rate,
respectively; ¢ is the strain; n is the work-hardening coefficient; B, C and m are the material
related factors. T* is calculated [32]:

(T-T)

T" =
(T = Tr)

@)
where T is the room temperature; T}, is the melting temperature and T, is the reference
temperature, at which oy and ¢ are measured. For a given material, such as Zr-based BMGs
in the present study, B, C, and m values are constants as well as (op + Be"), as reported by
Meyers et al. [33]. At the given experimental (room) temperatures, the term of [1 — ( )™
does not change with increasing the strain rate. Thus, Equation (1) can be rewritten as:

U:K<1+Cln%> 3)
€0

where K is a material-depending constant and C = 0.030 [33] in the present study. Let’s

consider the reference strain rate (g9) as 107> s~1, which was the highest strain rate investi-
gated in this study. In that case, the change of yield strength of the presently investigated
BMG falls within 9-13%, as the strain rate decreases from 1073 to 105 s~1. This range
(9-13%) is within the scattering of the yield strength value, as given in Table 1, due to the
room temperature brittle behaviour of the BMG.

Table 1. Key mechanical properties of the presently investigated Zr-based BMGs, determined from
stress—strain curves (Figures 3 and 4).

Pillar Diameter Strain Rate Yield(itr)ength Strain at C(}ljmit};f;:sve
(um) (s71) MIy’a’ Yield (%) Strength (o yrs),
MPa

10738 868 £ 26 2.02+0.26 996 + 43

3 1074 953 £ 52 292 +0.12 1128 + 39
1075 1072 £ 46 4.86 +0.42 1673 £ 55
10°3 1967 =+ 61 3.90 + 0.42 2265 + 88

4 1074 1682 + 64 3.35+0.22 1805 + 129
1075 1729 + 60 3.81 +0.32 2160 £ 78
1073 1493 + 31 2.67 £0.22 1720 + 157

5 1074 1694 + 61 3.68 + 0.59 1817 £ 92
107> 1697 £ 23 3.06 +0.23 1671 £ 118

The features in the stress—strain curves represent the state of physical deformation
that took place during compression. The process was recorded via videos, as mentioned
above. A representative correlation of such physical deformation states, with that of the
corresponding strain interval, is shown in Figure 5, for micro-pillars of & 3 ym under
1073 s~ ! strain rate. Figure 5a represents the initiation of slip/shear plane after yielding.
Figure 5b exhibits a well-fined slip/shear plane due to further propagation of the slip/shear
plane, which continued to take place until the complete fracture took place, as shown in
Figure 5c. It is interesting to note that initially the shear/slip plane form near to the top
surface of the micro-pillar (Figure 5a) and can be termed as lower order slip planes due to
higher stress concentration. As the loading continues, subsequent higher order slip planes
start to form, as indicated by arrows in Figure 5c.
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Figure 5. Representation of the physical appearance of a micro-pillar at different strain intervals (as
marked with arrows) during compression: (a) at 1% strain, (b) at 5% strain, and (c) at 12% strain. The
white arrows indicate the location of slip/shear band formation.

Some key mechanical properties of the material, as derived from the stress—strain
curves, are summarised in Table 1. Each of the data includes a spread which represents the
standard deviation obtained from three individual measurements.

The graphical representation of the mechanical properties of the BMGs investigated
in the present research is shown in Figure 6 for ease of comparison. Figure 6a exhibits
the effect of micro-pillar diameter and strain rate on yield strength of the BMG, whereas
Figure 6b exhibits the effect of the micro-pillar diameter and strain rate on ultimate tensile
strength (UTS) of the BMGs. From Figure 6 it is evident that both the yield and ultimate
compressive strength of the BMGs increase with the increase of micro-pillar diameters, up
to 4 um. Beyond that, the yield and ultimate compressive strength decrease. The reason
behind that is still indistinct and could be related to the critical size of the micro-pillar.
However, before making such a claim, further investigation covering wider experimental
parameters (such as micro-pillar size and strain rate) is required, which is out of the scope of
the present manuscript. As reported by Wang et al. [34], not only the elemental composition
of BMG, but also the casting technique may influence its overall strength and plasticity. For
example, they investigated Ti41Zr25Be28Fe6 (at. %) BMGs at macro-scale, which exhibited
about 1874-1998 MPa of strength. It is interesting to note that presently investigated BMGs
fall short of such strength (Table 1) which could be attributed to their elemental composition
as well as having scale-dependent (micro- vs. macro-scale) properties.
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Figure 6. Compression of (a) the yield strength and (b) the ultimate tensile strength, in terms of
micro-pillar diameter and strain rate.

On the other hand, the effect of strain rate on yield and ultimate compressive strength
diminishes with increasing micro-pillar diameter. As the strain rate decreases from 103 s~
to 107 s, the difference decreases in both yield and ultimate compressive strength for a
given micro-pillar diameter. According to Johnson et al. [35], there is a linear relationship
with the elastic modulus of BMGs with respect to extrinsic size, which is in contrast to
recent reports, where the authors have claimed increasing yield stress of Mg-based [36,37]
and Zr-based [38] BMGs as a result of the increase of corresponding micro-pillar diameters.
A similar observation was also reported by Lai et al. [39], where the authors reported
about a 25-86% increase of yield strength over that of the bulk specimens and correlated
it with the Weibull statistics for brittle materials. Such a reported size effect may be due
to two possible reasons: (i) artefacts that are unavoidable in such ex situ experiments, as
explained by Volkert et al. [40] and Schuster et al. [41], and (ii) the presence of a relatively
ductile element, such as aluminium (Al) in the composition of the BMGs. In contrast to
that, Kuzmin et al. [42] have reported that the yield stress of BMG is size independent,
as with increasing the size of the micro-pillars, the ductile-to-brittle transition took place
under compression. This statement was made based on their experiments on micro-pillars
in the range of 90-600 nm under in situ TEM experiments. The size range investigated in
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their study may fall well under the critical transition size range, where such effects were
noticed. As reported by Tian et al. [43], such a size dependent deformation mechanism of
the BMGs is also affected by the strain rate and the ion beam irradiation, along with the
thermal history of the material.

3.3. Deformation of Micro-Pillars during Compression

After the compression tests, deformed pillars were investigated further with SEM.
Both the effect of pillar size and the strain rate on the morphology of deformed micro-pillars
are shown in Figure 7. Irrespective of micro-pillar size and strain rate, abundant slip and
shear bands are visible on the surface of the micro-pillars. It is also interesting to note that
the slip/shear bands do not follow any specific direction, rather, they criss-cross each other.

Strain rate s!

Micro pillar diameter (um)

Figure 7. A 45° SEM view of deformed micro-pillars of different size after compression at different
strain rate.

The shear/slip marks on deformed micro-pillar surfaces shows the proof that the
local plastic flow of the material took place in the crack tip, as a macroscopic fracture
progress in terms of slip/shear planes [44]. This local plastic flow can eventually arrest
the crack tip and made it blunt, where progressive local separation still occurs in terms
of ductile fracture, which will be evident by the TEM observation of the deformed micro-
pillars, as reported in below. As the shear bands are introduced in the materials as load
accommodating mechanism, the material in the shear bands became softened as a result of
the adiabatic heating and the shear dilatation [45]. As a result, the propagation of the crack
can be considered as a viscous flow of fluids in a channel, as proposed by Tao et al. [46].
As the formation and progression of the cracks are subjected to a plastic deformation
process, the crack tip becomes separated and leaves a mark resembling the one reported
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on the fracture surface of the micro-pillar by Wang et al. [47,48]. As can also be seen in
Figure 7, lower strain rate seems to introduce lower shear band intensity on the deformed
surface of the micro-pillars. This was due to the fact that, at a relatively lower strain rate,
there is enough time for the material to respond and accommodate the stress in the form
shear/slip bands. However, this is not the case during higher strain rates, where higher
order slip/shear planes initiate before the completion of the lower order slip/shear planes.
A similar observation was also reported by Tao et al. [46] in the case of the deformation of
Ti-based BMGs in a hydrogen- and argon gas-mixed atmosphere.

To achieve further insights on the formation and propagation of such slip planes,
TEM samples were prepared on selected deformed micro-pillars, which show the extent
of the slip/shear planes. Figure 8 shows the result of TEM examination on a deformed
micro-pillar of @ 3 um at a 1072 s~ strain rate. Figure 8a exhibits the bright field TEM
(BF-TEM) image of a whole deformed micro-pillar, whereas Figure 8b,c shows the high-
magnification TEM images of the area marked by ovals and rectangles in Figure 8a,b,
respectively. Figure 8b clearly shows the individual slip bands, which are approximately
100’s of nm thick. As the BMG is amorphous in nature, no dislocations and stacking
faults were observed, which would otherwise be the prominent load accommodation
mechanisms, as reported in the case of crystalline materials [49,50]. The existence and
extension of shear planes are evident in Figure 8b,c, as marked by the arrows. To investigate
the deformation that took place on slip planes, high resolution TEM (HRTEM) images of
the marked area (oval) of Figure 8b is shown in Figure 8d. As evident from Figure 8d,
separation of the shear band occurs in a ductile mode without the presence of any voids
and cavities. This observation contradicts the proposed damage modes of the BMG by
Wang et al. [51], where the authors mentioned the presence of cavities in the plastic zone
of the crack tip. There was no evidence of the nanocrystal formation in the shear bands,
as evidenced by the selected area electron diffraction (SAED) pattern shown in Figure 8e,
which was taken from the region of Figure 8d. However, a certain segregation is evident in
Figure 8d, and origin of that is not fully understood.

Yield strength of a material is considered a boundary between the elastic and plastic
deformation of a given material. The strength of crystalline materials is mostly due to
intrinsic frictional stress, as a result of different dislocation motion mechanisms (i.e., the
Peierls force) documented in the literature [52]. As BMG material lacks crystallinity, the
yield strength of BMGs is considered to be associated with the cohesive strength among
atomic clusters. The movement of such atomic clusters is considered an ‘elementary
deformation unit’, as reported by Tao et al. [46]. This ‘elementary deformation unit’ is
oblivious to external strain rate. On the other hand, the ultimate compressive strength
of the material is related to the propagation of the cracks due to shear process, which is
subjected to strain rate. This is the most probable explanation towards the insignificant
effects of strain rate on stress—strain behaviour of the presently investigated BMG material.

Based on the above experimental evidence, it can be stated that the deformation
of the BMGs took place due to the inhomogeneous flow of materials in a shear band
formation. As BMG materials lack crystallinity, such a shear band formation introduces
‘work-softening’ [29] and thus, there is no momentary recovery once the slip process is
initiated. In the plastic region of stress—strain curves, serrated flow is observed. This type
of flow behaviour is unique to BMG materials and is associated with a sudden load drop
with respect to the movement of the shear bands. Different researchers have explained
the origin of such serrated flow in BMGs differently. Xie et al. [53] has investigated the
origin of serrated flow in BMGs via in situ thermal imaging techniques and linked it
with shear band activities. The origin of this serrated flow is due to the released heat
content for each individual serration that apparently appears as a slip plane/line on the
surface of deformed material. However, Brechtl et al. [54] has compared serrated flow
with microscopic structural defects in the BMGs that initial shear bands. On the other
hand, Liu et al. [55] blame structural inhomogeneity as the cause of serrated flow. Thus, the
origin of serrated flow is a complex phenomenon that is explained by different researchers;
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because it include local heating effects together with structural inhomogeneity, as well
as defects in micro-scales. Upon yielding, the BMG tends to form localized shear bands
that travel the width of the micro-pillar. This type of plastic flow of materials through
the formation of shear bands was also reported by Cheng et al. [13], in the case of nano-
indentation, and Fleury et al. [20] at the sides of wear tracks on amorphous alloy surfaces.
As a result of these, BMGs exhibit limited ductility and strain accommodation, as the crack
can go through highly localized shear bands easily.

p———— 5.00 1/nm

Figure 8. Typical TEM micrographs of a deformed micropillar of & 3 pm under 1073 s~ strain rate: (a) BE-TEM image, (b,c)
high magnification TEM of the area are indicated in (a,d) HRTEM image on region indicated in (b,e) corresponding SAED
pattern. Pt denotes platinum that was deposited to protect the material surface in the course of TEM sample preparation

in FIB-SEM.

4. Conclusions

The present work investigates the effects of micro-pillar diameter and strain rate on
the deformation behaviour of Zr-based BMGs subjected to in situ micro-pillar compression.
Furthermore, deformed micro-pillars are examined via scanning and transmission electron
microscopy to understand the fundamental deformation behaviour. In view of the findings
and discussion, the following conclusive remarks could be made on the current work:

The yield and ultimate compressive strength of the presently investigated Zr-based
BMGs increases with the increase of micro-pillar diameter up to 4 um; it then decreases
with a further increase of micro-pillar diameter. This behaviour was noticed irrespective of
strain rate.
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The effect of strain rate on yield and ultimate compressive strength decreases with
the increase of micro-pillar diameter. The stress—strain curves exhibit serrated flow in the
plastic region, followed by sudden drop-ins of stress as a result of the ‘work-softening’
of the material, due to the absence of any resistance of the crystalline structure towards
plastic flow.

The general deformation behaviour involves the initiation of slip/shear as a response
in order to accommodate initial loading, followed by the propagation and formation of
higher order slip/shear planes, until the complete fracture of the micro-pillar.
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