Temperature dependence of pressure sensitive flow in bulk metallic glass composites
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Abstract

The constraint factor, C, defined as hardness, H, to the yield strength, oy, ratio, is an indirect
measure of the pressure sensitivity in materials. Previous investigations determined that while
C is less than 3 for crystalline materials, and remains invariant with change in temperature, it
is greater than 3 for bulk metallic glasses (BMGs) and increases with increasing temperature,
below their glass transition temperature, Tg. In this study, the variations in C for two BMG
composites (BMGCs), which have an amorphous matrix and in situ precipitated crystalline j3-
Ti dendrites, which in one case transforms under stress to a”-Ti and deforms by slip in the
other, as a function of temperature are examined and compared with that of a BMG. For this
purpose, instrumented indentation tests, with a Berkovich tip, and uniaxial compression tests
were performed to measure the H and oy, respectively, on all alloys and their constituents at
temperatures in the range of 0.48 and 0.75Tg. oy and H of the BMGC with transforming
dendrites (BMGC-T) increases and remains invariant with increasing temperature, respectively.
Alternately, in BMG and the BMGC with non-transforming dendrites (BMGC-NT), the same
properties decrease with increasing temperature. BMGC-T has the highest C of ~4.93 whereas
that of BMGC-NT and BMG are ~3.72 and ~3.28, respectively, at 0.48T4. With increasing
temperature, C of the BMG and BMGC-NT increases with temperature, but that of the BMGC-
T decreases. The values of C and their variations as a function of temperature were explained
by studying the variation of pressure sensitivity of the amorphous phase and concluding that
the plastic flow in BMGCs under constrained conditions, such as indentation, is controlled by
the flow resistance of the amorphous matrix whereas that in uniaxial compression, which is
only partially constrained, is controlled by plasticity in both the dendrites and matrix.
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1. Introduction
In bulk metallic glasses (BMGs), macroscopic plasticity at temperatures of deformation well
below the glass transition temperature, Tg, is mediated by the shear bands [1-6]. Since
monolithic BMGs do not have a ‘microstructure’, which otherwise would resist shear band
propagation, they propagate unhindered. This, in turn, leads to the fracture of BMG
immediately after yielding in uniaxial tension [5,7,8]. One way to impart some post-yield
global plasticity, i.e., ductility, to BMGs is to adopt the composite approach [9-26]. Of the
several well-documented efforts to tailor the BMG composites (BMGCs) [13,15,16,22,27-31],
those, which form a crystalline B-Ti phase inside the amorphous matrix upon solidification, are
particularly promising. The size, volume fraction, and metastability of the B-Ti phase in them
can be tailored to obtain the desired combination of mechanical properties in them
[13,14,28,30,32]. In this study, we examine the pressure sensitivity of plastic deformation in
these composites.

Unlike crystalline metals and alloys in which plastic deformation is almost-exclusively
a function of the deviatoric part of the stress tensor, plasticity in amorphous materials such as
BMGs and glassy polymers is pressure sensitive, i.e., the hydrostatic stress also plays a role in
the flow behaviour [33-37]. Typically, pressure sensitivity results in an elevation in the flow
stress of the material when hydrostatic compression is superposed on the shear stresses.
Indentation, because of the prevalence of large hydrostatic stresses underneath the indenter, is
a convenient method to explore the pressure sensitivity. The constraint factor, C, is determined
from the ratio of the hardness, H, to the yield strength in uniaxial compression, gy [37]. Even
in pressure-insensitive solids like crystalline metals, C is larger than 1. This is because of the
constraint imposed by the surrounding matrix on the plastic flow of the material that is directly

underneath the indenter tip. Based on the modified expanding cavity model developed by



Narasimhan [38], Patnaik et al. [39] concluded that the pressure-sensitive plastic flow in BMGs
leads to significantly higher constraint factors than that in crystalline metals during indentation.
This is attributed to the fact that the material underneath the indenter yields under the influence
of the hydrostatic stresses that are exerted by the surrounding elastic cavity [33-37]. While C
is sensitive to the geometry of the indenter, it is generally in the range of 3-4.5 for amorphous
alloys [33-37] and between 1 and 3 for crystalline alloys [40,41].

On this basis, one would expect that BMGCs will have an intermediate value of C as
they contain both the amorphous and crystalline phase. However, Narayan et al. [42] noted that
C of B-Ti reinforced BMGCs is higher than even that of BMGs. This was attributed to the
greater constraint imposed by the pressure sensitive amorphous matrix on the composite flow
characteristics than that by its crystalline dendrites during indentation. However, they only
considered BMGCs, which have dendrites that undergo dislocation slip and hence exhibit
negligible pressure sensitivity. Zhang et al. [13,27,43] have recently developed BMGCs in
which the B-Ti dendrites undergo yielding via stress induced martensitic transformation (SIMT)
to a”-Ti, similar to that in B-Ti alloys [44,45]. Given that such phase transformations involve
some volume change, it is worth investigating if the volumetric strain developed in the
dendrites will enhance its pressure sensitivity and, by extension, influence C of the composite.
In addition, Prasad et al. [34] have determined that C of BMGs increases with increasing
temperature, provided the temperature does not exceed ~0.7 Tg. This trend of variations in C
were attributed to the increasing pressure sensitivity of flow in the BMG. In contrast, C either
remains the same, or decreases with increasing temperature in crystalline alloys [40], indicating
that it exhibits negligible pressure sensitivity. Considering that BMGCs contain both phases, it
is worth examining the trend in variations of its C with temperature.

With the motivation to address these aspects of C and pressure sensitivity, hardness tests

and uniaxial compression tests were performed on two BMGCs, one containing non-



transforming B-Ti dendrites and the other with transforming B-Ti dendrites, and a BMG at
temperatures in the range of 0.48 -0.75 Ty. Both BMGCs are microstructurally similar in terms
of the dendrite size, their volume fraction and morphology. Moreover, the composition of the
BMGCs were chosen such that the volume fraction of the dendritic phase is ~50%, with the
intention of facilitating equipartitioning of strain in both phases. Results indicate that C of the
BMGC with transforming dendrites (BMGC-T) is higher than that of the other BMGC and the
BMG, at the lowest temperature of testing. However, with increasing temperature, C of the
former decreases, while that of the BMGC, with non-transforming dendrites (BMGC-NT), and
the BMG, increases. To rationalize these experimental observations, the variations in the
hardness of the individual phases and the yield strengths of the alloys with temperature were
examined. Finally, the relative influence of the pressure sensitivities of flow in the constituents
and the deformation mechanisms on the hardness and yield strength of the two BMGCs were

discussed and compared with that of the BMG.

2. Materials and methods

2.1. Material and microstructural characterization

The ingots of a BMG, TizZroi1CusCosoBe (at.%), and two BMGCs,
Tiss8Zr323Cus 7CosBe122 (at.%) and Tise6Zr33.7Cus9Co1Be1ns (at.%), were prepared by arc-
melting a mixture of Ti, Zr, Cu, Co, and Be, with a purity > 99.8%, in a Ti-gettered high purity
argon atmosphere. All alloy ingots were re-melted four times to ensure chemical homogeneity
and then cast in copper molds to fabricate @ 8mm cylindrical rods. More processing details of
these alloys can be found elsewhere [13,15,27,43]. Slices with a thickness of 1 mm were
transversely cut from the as-cast rods using wire cut electrical discharge machining (EDM).
They are ground and mechanically polished to a mirror-like finish for microstructural

observations. A scanning electron microscope (FESEM, JEOL, JSM-7800F), in back scattered



electron (BSE) mode, combined with Energy-dispersive X-ray spectroscopy (EDS) was
utilized to determine the microstructure and composition of the alloys, respectively. EBSD
(Thermo Scientific Apreo 2C, Oxford Symmetry S2) was employed to examine stress-induced
martensitic transformation within crystalline dendrites. Additional small pieces, each weighing
10 mg, were sectioned from all the alloys rods to perform differential scanning calorimetry
(DSC, Netzsch 404 F3 Pegasus), at a heating rate of 20 K/min. The glass transition temperature,
Ty, of each alloy was estimated from their DSC scans. A Rigaku Ultima IV, X-Ray

Diffractometer was used to perform X-ray diffraction (XRD) on the alloys.

2.2. Material nomenclature

For ease of reference, alloys are labelled according to their microstructural characteristics.
Representative SEM images of the Tis2Zr301CugCos9Bers, TiassZrz3Cus7CosBer> and
Tise.6Zr33.7Cus9C01Be128 alloys are shown in Fig. 1 (a), (b), and (c), respectively. While
Ti32Zr30.1CugCos.9Bezs is featureless, TiassZrs23Cus7CosBez2 and Tise6Zr337Cus9C01Be128
contain a dendritic phase embedded within the matrix. XRD scans obtained from the three
alloys are shown in Fig. 1 (d). A diffused broad hump, with a peak at 26 ~37°, is observed in
the scan of Tis2Zr3p.1CusCoas9Be2s, Which indicates that the alloy is fully amorphous and is
hence referred to as BMG. In contrast, scans of both TisssZr323Cus7CosBez2 and
Tise.6Zr33.7CUs 9C01Be12.8 contain diffraction peaks superimposed over a diffused broad hump,
which correspond to a body centred cubic (bcc) phase and an amorphous matrix, respectively.
On this basis, both alloys are referred to as BMGC. In addition, the nomenclature includes a
reference to the tendency of the dendritic phase to undergo stress-induced martensitic
transformation (further details on these will be provided later). The suffixes, “T” and ‘NT’ are
used for referring to the transforming and non-transforming nature of the dendrites,

respectively. Therefore, Tiss.8Zr32.3Cus7CosBei2.2, which contains non-transforming dendrites



and Tise.6Zr33.7Cus 9C01Be12.8, which contains transforming ones, will hitherto be referred to as

BMGC-NT and BMGC-T, respectively.
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Fig. 1. Representative microstructures of (a) Tis2Zr301CusCosoBezs (BMG), (b)
Tise.6Zr33.7CUs9C01Be12g (BMGC-T) and (¢) Tiss8Zr323Cus7CosBer22 (BMGC-NT) and (d)

their XRD scans.

2.3. Nanoindentation tests

From cylindrical rods of each alloy, 8 mm (diameter) x 3 mm (thickness) discs are extracted
for performing nanoindentation tests to determine their hardness, H. Tests are performed using
the Hysitron Triboindenter T1980, which is equipped with a Berkovich tip. A maximum load,
Pmax, 0f 5 N was applied at a loading rate of 250 mN/s (which corresponds to a nominal strain

rate of 0.05/s), and a dwell time of 5 s are employed for all indentations. For the BMG and



BMGC-NT, tests were performed at temperatures of 290, 330, 390, and 450 K. For the BMGC-
T, tests were performed at 300, 350, 415, and 480 K. These temperatures were specifically used
as they correspond to 0.48, 0.55, 0.65, and 0.75 times Ty for the tested alloys. Note that Ty
corresponds to the transition from the glassy state to the supercooled liquid regime for all
BMGs (including the glass matrix in BMGCs), which makes it the ideal normalizing parameter
for the temperature of testing, across the three compositions. To measure H of individual phases,
a maximum load of 1 mN was applied at a loading rate of 50 uN/s (nominal strain rate of
0.05/s). Since significant pile-up occurs at the edges of all the indenter imprints, H of the
composite and individual phases was estimated by dividing the maximum load applied by the
projected area of the indents [36,42,46]. A minimum of 15 measurements were performed on
each phase and the average of these values are reported. The projected areas of the indents were
measured using the atomic force microscopy (AFM Flex Axiom, Nanosurf) and in-situ
scanning probe microscopy (SPM) feature of the Triboindenter T1980.

For the high temperature nanoindentation experiments, it was ensured that each specimen was
kept at the desired temperature for less than 10 minutes, which is much lesser than the
corresponding a-relaxation time-scales of the amorphous matrices [47,48]. A fresh sample was
employed for performing tests at each temperature to minimize the effects of structural

relaxation.

2.4. Compression tests

Uniaxial compression tests were carried out on mirror polished specimens, having length of 5
mm and aspect ratio of 1.7, using a universal testing machine (UTM; Z030 TN Zwick/Roell).
The tests were performed at a strain rate of 0.001 s at temperatures corresponding to 0.48,
0.55, 0.65, and 0.75 times Tq for each alloy. Graphite lubricant was applied on the grooves to

minimize the frictional stresses between the platens and the specimen. For high temperature



testing, samples were heated at a rate of ~20 K/min, and then held at the set temperatures for
about 5 minutes. Temperature is monitored by a thermocouple and a small glass window on
the front door of the furnace enabled real-time observation of the sample during the test. After
testing, the specimen was allowed to cool to room temperature before extracting the fractured
specimens. To ensure repeatability, a minimum of three tests were performed on each alloy

and at each temperature.

3. Results

3.1. Microstructural characterization

Fig. S1 of the supplementary information (SI) displays the representative EDS maps of BMG,
BMGC-T, and BMGC-NT. In both the BMGCs, Zr is evenly distributed in the dendrites and
matrix. While the matrices of the two are lean in Co and Cu, their dendrites are commensurately
rich with them. The differences in the contrast of the matrix and dendrites in Fig. 1 can be
attributed to these compositional variations. One key difference in the compositions of the
dendrites in BMGC-T and BMGC-NT is that the Co content in the former is significantly lesser
than that in the latter. Regardless, they are referred to as the B-Ti phase since Ti is the major
constituent in the dendrites. Table 1 lists the overall chemical compositions of the BMG and
the two BMGCs, as well as the dendrites and matrices of the BMGCs. Their microstructural
characteristics, such as volume fraction, V4, size, 8, and interdendritic spacing, A, are also listed.
Note that both BMGC-NT and BMGC-T have similar microstructural parameters; both have
Vg of ~50%, 6 that ranges from 2.13 +0.76 um to 3.82 £1.39 um and A that ranges from 0.95 +

0.47 10 1.28 £ 0.98 pm.



Table 1: The compositions and abbreviated names of the investigated BMG and BMGCs. The
measured volume fraction, Vg, the average size of secondary B-Ti dendritic arms, J, and the

EDS-determined compositions of both phases in the BMGCs are also listed.

: _ -
Material Ché;nr:;?iltgompos't'o&;‘;\r’r) To(K) | Va (%) | 6 um) | 4(um)
BMG
(Tiz2Zr301CusCo _ _ 603 _ _ _
1.9Be24)
(TEJ\QS;':(';S | TieoaZrasaCuizs g;zzoifgj‘;i; cog | 4919 | 213% | 128+
S92 Cows oo +078 | 076 | 098
CosBe12.2) €24
(TiE:;Cr;;cT:us | TiezaZraaCuzs g;zzojfgj‘;i; cao | 5097 | 382% | 095z
SIS Coo.4 oL +0.96 | 139 | 047
Co:1Be123) €24

The DSC traces of the BMG and two BMGCs are shown in Fig. 2. In all of them, an
endothermic event above 560 K, corresponding to the glass transition, is followed by a
supercooled liquid region. At even higher temperatures, one or two exothermic peaks are
observed, which correspond to the occurrence of crystallization. The Tq of BMG, BMGC-NT,
and BMGC-T are 603, 603, and 640 K, respectively. Just below Tg, an exothermic hump is also
observed in all the DSC traces. The area under the exothermic humps corresponds to the
enthalpy of relaxation, AHre, Which corresponds to the energy difference between the ‘as
quenched’ and fully relaxed state of the amorphous matrix. AHre provides a quantitative
measure of the structural state of the glass matrix, i.e., a lower value suggests that the structure
is more relaxed [4,15]. Additionally, an additional exothermic hump well below the Tq is
observed in the DSC scans of BMGC-T and BMGC-NT, which corresponds to the partial
transformation of B-Ti to ®-Ti [13,15,16]. The calculated values of AHre Of the matrices of

BMG, BMGC-NT and BMGC-T are 8.23, 5.12 and 6.75 J/g, respectively. From these, it was



determined that the amorphous matrix of BMGC-NT is more structurally relaxed than that of

BMGC-T and BMG.
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Fig. 2. DSC scans obtained from the BMG, BMGC-T and BMGC-NT.,

3.2. Temperature dependence of mechanical properties

3.2.1. Variation of yield strength with temperature

Figs. 3 (a)-(c) show the representative engineering stress, o, vS. engineering strain, ¢, curves
obtained at different temperatures of BMG, BMGC-T and BMGC-NT, respectively. The nature
of the o-¢ curves for all three are similar irrespective of the temperature of testing. The linear
elastic portion followed by a smooth transition to a non-linear portion after yield that
corresponds to plastic deformation. The yield strengths, oy, of BMG and BMGC-NT at each
temperature are estimated using the 0.2% offset method. It was noted that BMGC-T exhibits
two-stage hardening behaviour at all temperatures. This is characterized by the presence of two
non-linear segments in the c-¢ curve (see section S1 in Sl). Zhu et al. [24] performed uniaxial

tensile tests on this alloy and observed a similar two stage hardening behaviour referring to it
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as ‘double yielding’. In this event, determining oy of the material using the 0.2% offset method
is inappropriate. Therefore, the method employed by Bhattacharjee et al. [49] for materials
exhibiting two stage hardening, is employed for measuring oy from c-& curve of BMGC-T
samples at different temperatures (see Fig. S2 for details).

The variations of oy as a function of test temperature are shown in Fig. 3 (d). At 0.48Tg,
BMG and BMGC-T have the highest and lowest oy of ~1.65 and ~0.93 GPa, respectively,
whereas oy of BMGC-NT has an intermediate value of ~1.25 GPa. However, with increasing
temperature, oy of both BMG and BMGC-NT decreases. For instance, at 0.48Ty, the oy of BMG
and BMGC-NT are 1.65 and 1.25 GPa, respectively, whereas at 0.75Tg, they are 1.29 and 0.99
GPa, respectively. In contrast, oy of BMGC-T increases with temperature. In fact, at 0.75Tq, oy

of BMGC-T is 0.11 GPa higher than that of BMGC-NT.
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Fig. 3. Uniaxial compression stress-strain responses of the (a) BMG, (b) BMGC-NT, (c)

BMGC-T and (d) variations of oy of the alloys as function of temperature.

To understand the post yield plasticity, the strain hardening exponent, n, is obtained by fitting
the portion of the flow curves between YS and UTS with the power-law, o7 = K ()",
where K is a constant, o7 is the true stress, and &' is the true strain. n has a fixed value of ~ 0.19
for BMGC-NT, in the temperature range of 0.48 Tq to 0.65 Tg but reduces to ~ 0.16 at 0.75 Tg.
Similarly, for BMGC-T, n ~ 0.45, at all temperatures, except at 0.75 T4, where n ~ 0.37. The
variations in the strain hardening rate, do/de, of both BMGCs, with ¢, at different temperatures
is shown in Fig. S3. Broadly, do/de decreases to zero, from an initially high value, with
increasing ¢' for both BMGCs at all temperatures. However, while do/de decreases gradually
with increasing " for both BMGCs at 0.48 T, it becomes progressively steeper with increasing
temperature. This indicates that strain hardening at 0.48 Tg4 extends to large strains but as the

temperature is increased, it saturates at significantly smaller plastic strains.

3.2.2. Hardness of BMG, BMGCs and its constituents

3.2.2.1. Macrohardness and constraint factor variations with temperature

Figs. 4 (a)-(c) display the images of indentation impressions on BMG, BMGC-NT and BMGC-
T. The length of each side of the impressions on them are ~43.2, ~46, and ~44.2 pm,
respectively. Since ¢ and 4 of the two BMGCs are an order of magnitude smaller than the sides
of the impressions (see Fig. 1), the indentation impression encompasses a significant area of
both dendrites and matrix. It is therefore expected that these tests provide the overall hardness,

H, of the two BMGC:s.
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Fig. 4. Images of the indenter imprints at 0.48Tg in (a) BMG, (b) BMGC-NT and (c) BMGC-

T. (d) Variations in H of the three alloys plotted as a function of temperature.

The variations in H of the three alloys is plotted as a function of temperature in Fig. 4 (d). At
0.48 Tgq, BMG has the highest H of ~5.41 GPa whereas that of BMGC-NT is ~4.5 GPa, which
is the lowest. BMGC-T has an intermediate H of ~4.6 GPa. With increasing temperature, H of
all the alloys decrease. However, the magnitude of drop in H is 14% in the case of BMG and
only 7% in the case of both BMGC-NT and BMGC-T, when the temperature is increased from
0.48 to 0.75T,.

In Figs. 5 (a) and (b), the EBSD phase maps of the area around the indenter impressions
in BMGC-T that were tested at 0.48 and 0.75Ty, respectively, are shown. For comparison, the

EBSD phase maps of regions around the indenter impressions in BMGC-NT tested at 0.48 and
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0.75Tg are shown in Figs. 5 (c) and (d), respectively. Similarly, the phase maps of the indenter
impressions of both composites tested at other temperatures are shown in Fig. S4. The regions
with dark contrast correspond to the amorphous matrix whereas the green and red coloured
regions represent the B-Ti phase and a”-Ti phase, respectively. From these, it is evident that
several B-Ti dendrites close to the edges of the indent impressions appear to have transformed

to a”-Ti in BMGC-T at all the testing temperatures. In contrast, in BMGC-NT, B-Ti dendrites

near the indenter edges do not undergo o”-Ti transformation at any temperature.

Fig. 5. EBSD phase maps for BMGC-T at (a) 0.48Tg, (b) 0.75Ty and for BMGC-NT at (c)

0.48Ty and (d) 0.75T,.

To obtain further insights into the plastic constraint enforced by the matrix surrounding the
indented material, we examine the constraint factor, C (=H/cy) of the alloys. The variations in
C of BMG, BMGC-NT and BMGC-T as a function of temperature are displayed in Fig. 6. At

0.48T4, BMG and BMGC-T have the lowest and highest C of ~ 3.28 + 0.04 and 4.93 + 0.15,
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respectively. At the same temperature, BMGC-NT has an intermediate C of ~ 3.72 + 0.09. With
an increase in temperature, C of BMG monotonically increases, and attains a value of 3.85 at
0.75 Tg4. Similarly, C of BMGC-NT also increases from 3.72 to 4.22 in the same temperature
range. However, C of BMGC-T dramatically decreases with temperature. In fact, the decrease

is so precipitous that C of BMGC-T is similar to that of BMGC-NT and BMG at 0.75T,.
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Fig. 6. Constraint factor variations for the three alloys as a function of temperature.

Overall, BMG is harder than the two BMGC:s at all temperatures. However, while the hardness
of BMG decreases significantly with temperature, that of BMGC-T and BMGC-NT is broadly
invariant, within a reasonable error band. BMGC-T offers the highest constraint to plastic flow
at 0.48T, followed by BMGC-NT and BMG. While this constraint in BMG and BMGC-NT

increases with increasing temperature, that of BMGC-T decreases considerably.

3.2.2.2. Surface deformation around indent imprints
As can be seen in Fig. 4, macroscopic plasticity in BMGs and the matrices of BMGCs manifest
in the form of shear bands. Therefore, to further assess the extent of plastic deformation in the

three alloys during indentation, the number of shear bands in the regions around the indenter
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impressions on all alloys, shown in Figs. 4 and S5 are counted. An illustration of the counting
method is shown in Fig. S6. The variations in the number of shear bands, Ns, around the
indenter impressions of all alloys are plotted as a function of temperature in Fig. 7 (a). At 0.48Ty,
BMG has the highest Ns of 10 + 1, whereas that of BMGC-NT is 5 £ 1 which is the lowest
amongst the three alloys. BMGC-T has an intermediate Ns of 8 + 1 at the same temperature.
These differences in Ns of the three alloys are attributed to the relative free volume contents in
them. Note that a greater free volume content, which is directly scales with AHr of the
amorphous phase [4], enhances the propensity of shear band formation. From Fig. 2, it was
observed that AHr of the BMG and BMGC-NT are the highest and lowest, respectively,
whereas that of BMGC-T has an intermediate value, which is similar to the trend observed in
Ns. With increase in temperature, there is a steady decrease in Nsin all the three alloys. While
Ns linearly decreased with the temperature in the case of BMGC-T and BMGC-NT, the
decrease in Ns of BMG is much more precipitous. In fact, at 0.75Tg, Ns of BMGC-NT and

BMGC-T are 2 and 5, whereas that of BMG is approximately similar to that of BMGC-T.

16
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Fig. 7: (a) Variations in number of shear bands (SBs) around indent edges with temperature,
(b) SPM image of residual imprint and its line profile, (c) line profile of nanoindentation

imprint in BMG at 0.48 T4 and (d) variations in the degree of pile-up with temperature.

To further understand the characteristics of the shear band mediated plastic zones around the
indenter impressions, the extent of pile-up around them are investigated. A representative SPM
image of the residual indenter imprint and its line profile are shown in Fig. 7 (b). From the line
scan of these images the pile up height, hp, and total indentation depth, hmax, (see Fig. 7 (c) for
reference), is measured. Then, for each alloy, normalized pile-up height, hp/hmax, is calculated.
Its variations as a function of temperature are shown in Fig. 7 (d). At 0.48Tg, hp/hmax of BMG,
BMGC-NT and BMGC-T are 0.069, 0.058 and 0.064, respectively. This implies that the extent

of pile-up in BMGCs is lower than that in BMGs. With an increase in temperature, hp/hmax of
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all the three alloys decreases monotonically. The decrease is however more dramatic in the
case of BMG as its hp/hmax is the lowest and same as that of BMGC-NT at 0.75Tg. In summary,
the number of shear bands around the indenter impression in all alloys decreases with
temperature. It was also observed that number of shear bands and the extent of pile-up is higher
in BMG than in both BMGCs, below 0.55 T4. However, at higher temperatures, the number of
shear bands in BMGs is similar to that in BMGC-T and its extent of pile-up is similar to that

in BMGC-NT.

3.2.2.3. Hardness variations of individual phases in BMGCs with temperature

The variations of H of the dendrites and matrices in BMGC-NT and BMGC-T, as a function
of temperature, are shown in Fig. 8. The subscripts, d and m, refer to the dendrite and matrix
phases, respectively. Some representative SPM images of the indents on each alloy and its
constituent phases are shown in Fig. S7. At all temperatures, in both BMGCs, the matrices are
harder than the dendrites. For instance, at 0.48Ty, Hs and Hr are 2.44 + 0.06 4.66 £ 0.13 GPa,
respectively, in BMGC-NT. Their respective values are and 2.8 = 0.07 and 4.7 £ 0.14 GPa in
BMGC-T. Previous reports confirm that the dendritic phase is significantly softer than the
amorphous matrix in the B-Ti reinforced BMGCs [13,42]. With increasing temperature, Hm in
both the composites decreases whereas Hq remains invariant. The minimal reduction in Hg with
increasing temperature is because the reference temperature for the amorphous matrix is Tg
whereas it is Trm for the crystalline phase. Note the latter ranges between 1,554 - 1,649°C for -
Ti. This implies that the current range of temperatures is much below 0.4Tm, which is the
temperature above which there is significant softening of the phase occurs. As a consequent,
significant changes in Hgq are not expected. At 0.75T4, Hn of BMGC-NT and BMGC-T are 4.36
+0.18 and 4.49 £ 0.19 GPa, respectively, both of which are lesser than the respective values at

0.48T,.
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Fig. 8. Variations of experimental and estimated values of hardness of (a) BMGC-NT and (b)
BMGC-T, as a function of temperature.

To understand the relative contributions of the two phases to the overall H of the composites,

we use the rule of mixtures (ROM) as a reference, which is as follows,

H (ROM) = V4Hy + Vo Hyy 1)

where Vi and Vg are the volume fractions of the matrix and dendrite, respectively. From eq.
(1), the calculated values of H (ROM), at all temperatures, for both BMGC-T and BMGC-NT
are determined and plotted in Fig. 8. For reference, the experimentally determined values of H
of the corresponding BMGCs are also included in the same plots (see Fig. 4 (d)) (denoted by
‘exp’). Note that, at all temperatures, the calculated values of H are considerably lower than
the experimentally determined ones. Instead, the latter matches closely with the corresponding
Hm. While some previous studies [42] have also reported the similarity of Hn and H, they were
measured only at room temperature. The present results confirm that the Hm controls H of both

the BMGC:s in the entire temperature range of 0.48 — 0.75 Tq.
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4. Discussion

4.1. Effect of temperature on deformation and pressure sensitivity of BMG and BMGCs

The unit carriers of plasticity in BMGs are shear transformation zones (STZs), whose shear
strain induced activation and linking up leads to the formation of shear bands. This implies that
the onset of yielding in BMGs is governed by the stress required to activate STZs, which in
turn depends on temperature and to some extent on the alloy composition [42,50-61]. Typically,
at higher temperatures, thermal input aids shear induced activation of STZs, which then occurs
at lower stresses [9,52,54,55,60-63]. For this reason, oy of BMGs is expected to decrease with
increasing temperature, which was indeed observed in this study (see Fig. 3 (a)). Although both
BMGCs considered in this study have an amorphous matrix, their oy is not solely governed by
the amorphous matrices. At the outset, while oy of the amorphous matrices in both BMGCs
could not be directly measured, it is expected to match well with that of the BMG examined in
this study, given that their compositions are similar. However, the considerably lower oy of the
BMGC-NT and BMGC-T, compared to that of the BMG (see Fig. 3 (d)), indicates that the
softer reinforcing B-Ti phase influences yielding of the composite significantly. In fact, several
studies have suggested that oy of the BMGC is controlled by the yielding of the B-Ti dendrites,
to the extent that oy is modelled well by a ROM approximation of the yield strengths of the two
phases [42,64]. On this basis, it can be asserted that at the lowest temperature of testing (0.48Ty),
BMGC-NT, which has higher oy than BMGC-T, has the stronger dendrites of the two. Note
that plasticity in B-Ti dendrites of BMGC-NT is mediated by dislocation slip. However,
previous studies have shown that in the dendrites of BMGC-T, yielding initiates when the
applied stress transforms the B-Ti phase to the orthorhombic martensitic phase, o>-Ti [13]. It
has been determined that the stress required for initiating this stress-induced martensitic
transformation (SIMT) is lower than that required to initiate slip [13,24,27,43]. This explains

the lower oy of BMGC-T compared to that of BMGC-NT at 0.48Tg (see Table 1). With
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increasing temperature, the activation of dislocation slip in B-Ti dendrites of BMGC-NT
becomes progressively easier. In combination with the reduction in the stress to activate shear
induced activation of STZs in the amorphous matrix, oy of BMGC-NT decreases. Alternately,
previous studies have shown that the effect of temperature on critical stress for SIMT is well
described by the following Clausius-Claperyon relationship [65]:

49cr _ _ A4S )

daTr £

where o is the critical stress for SIMT, T is the temperature, AS is the variation in entropy and
€ Is the applied strain. AS is defined as [66],

AS = NKy In (?) ©)
where N is Avogadro number, K5 is Boltzmann constant, V; is the volume of initial phase, i.e.,
B-phase (body-centered cubic) and V5 is the volume of final phase formed after transformation,

I.e., a”-phase (face centered orthorhombic). V; and V are determined from [67-70],
Vi=— (4)

a'baCa
Vi = GaDa"Ca’ (5)

where ag is the lattice parameter of g phase, a,, b, and c, are lattice parameters of the a”-
phase. The lattice parameters of B-Ti and «”-Ti, in this study, are ag ~0.332 nm, a,» ~0.300
nm, b,» ~0.503 nm and ¢, ~0.468 nm [67-70]. Substituting these values in equations (2), (3)
and (4), the calculated change in volume AV, and, AS, are ~-0.0007 nm? and ~-0.324 J/(mol-
K), respectively. From eq. (2), it is seen that since AS is negative, d:;% is always positive,
which implies that o increases with increasing temperature [32,65]. This implies that a higher

stress is required to trigger SIMT in B-Ti dendrites at elevated temperatures, which in turn,

increases oy of the BMGC [32]. In fact, the increase in oy of BMGC-T with increasing
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temperature suggests that the increase in ocr of its dendrites more than compensates for the

accompanied decrease in the strength of the amorphous matrix (see Fig. 3 (c)).

The decrease in the n of both BMGC-NT and BMGC-T at 0.75 T4 compared to that at 0.48 Ty
is attributed to enhanced recovery at higher temperatures, which mitigates strain hardening.
There is an additional influence of the increase in o with increasing temperature in BMGC-
T. Note that the dendrites in BMGC-T, undergo the B-Ti to o”’-Ti transformation, which locally
reorients the lattice of the B-Ti and enhances dislocation interactions. This leads to significant
work hardening of the dendrite as well as that of the BMGC-T. It is then reasonable to infer
that a higher extent of B-Ti to a”-Ti transformations would lead to greater strain hardening of
BMGC-T. It must then be recalled that BMGC-T will have lower volume fraction of B-Ti
transformed to a”-Ti at 0.75 Tg, owing to the higher o¢r required to facilitate this martensitic
transformation. Therefore, the combined effect of enhanced recovery and higher o at higher

temperatures reduces the strain hardening exponent of the BMGC-T at 0.75 Tg.

Interestingly, it was observed that H, which is also a measure of the resistance to plastic flow,
of both BMGC-T and BMGC-NT, is influenced largely by the hardness of the amorphous
matrices (Hm) in them (see Fig. 8 (b)). As mentioned earlier in the introduction, during the
hardness test, the continuum surrounding the indented material acts as a constraint, which
enhances the flow resistance of the material. In addition, Narasimhan [38], Patnaik et al. [39]
and Prasad et al. [34] have reported that amorphous solids such as BMGs exhibit pressure
sensitivity in flow stress, unlike crystalline materials. Since there is significant hydrostatic
compression below the indenter, BMGs experience an even higher flow resistance during
indentation than crystalline alloys. The relatively higher C of BMGs, as is reported in this study
and several other prior studies [33-37,42], is an outcome of this effect. Extending this argument,

Narayan et al. [42] suggested that the greater plastic constraint offered by the amorphous matrix,
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compared to that of the crystalline dendrites, is the reason the former has an overbearing
influence on the H of BMGCs. They also concluded that the lesser influence of dendrites on H
of the BMGC vis-a-vis the significant influence on oy is responsible for the enhancement in its
C, over and above that of BMGs. The elevated values of C of BMGC-T and BMGC-NT, at
0.48Ty, is attributed to the same reason. Amongst the two, BMGC-T has a significantly higher
C owing to its lower oy, which in turn, is the outcome of the relatively lower stresses required

for initiating SIMT in its dendrites.

With increasing temperature, besides a reduction in the stress required to trigger the STZs,
there is enhanced diffusion assisted activation (DAA) of STZs as well in BMGs [9]. DAA,
which is analogous to the B-relaxation process, involves short-range or medium-range diffusion
of atoms present in the STZ clusters under an applied stress. Its occurrence enhances the
homogeneous plastic deformation of BMGs and mitigates strain localization. Therefore, with
increasing degree of DAA of STZs, the number of shear bands formed during plastic
deformation decreases [9,52,61]. It and the degree of pile up (measured as hp/hmax) around
indenter impressions (see Figs. 7 (a, d)), of all the three alloys examined in this work, with
increasing temperature, are indicative of enhanced DAA of STZs in the amorphous phase. At
the outset, the stress required for DAA of STZs is lower than that required for activation of
STZs with purely mechanical loads. However, the former is significantly more pressure
sensitive than the latter. This is because DAA STZ requires long range atomic motion, which,
in turn, requires significant dilation of the STZ cluster. In comparison, shear assisted STZ
activation requires much lesser dilation of the cluster as it only involves short range motion of
atoms. It is then evident that the presence of a positive hydrostatic pressure, such as that below
the indenter, will restrict atomic motion more in the case of the DAA STZs. Therefore, to
facilitate plastic flow at higher temperatures, where diffusion assisted transformation of STZs

is the dominant deformation mechanism, a higher stress is required. Owing to this effect, at
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higher temperatures, the flow stress of the material under the indenter is significantly higher
compared to that in the material tested in uniaxial compression, where the plastic constraint is
considerably lower. This leads to an increase in C with increasing temperature, as was observed
in our study for the BMG (see Fig. 6). A similar increase in C of BMGs with increasing
temperature was observed in several prior studies as well [34,36,37]. These studies have also
rationalized the increase in C by alluding to the increase in the pressure sensitivity of the
dilatational strain, with increasing temperature. The enhanced pressure sensitivity of the flow
stress of the amorphous phase with increasing temperature also implies that the Hc of both the
BMGCs at higher temperatures will still be controlled by that of their amorphous matrices,
which was indeed observed in Fig. 8. Given that the increasing pressure sensitivity of the
amorphous phase with increasing temperature enhances H of the BMGC-NT and that there is
a concomitant decrease in its oy, the increase in its C with increasing temperature is justified.
Alternately, since the relative increase in the oy of BMGC-T, owing to the increase in the o¢ of
the B-Ti dendrite, is considerably higher than the increase in its H with increasing temperature,
its C decreases with increasing temperature. It is also worth noting that since H is mainly
governed by Hm, and not Hg, the variations in the strain hardening behaviour of the BMGCs,
which is governed by the changes in the deformation mechanisms in the dendrites, do not

influence their H or C.

4.2. Other considerations

For BMGs, the hardness test is expected to provide additional insights, compared to uniaxial
tests, in terms of the influence of pressure sensitivity on its flow stress at different temperatures
[33]. In fact, Keryvin et al. [36] found a direct correlation between C and the pressure
sensitivity index of BMGs. However, the preceding discussions indicate that while the hardness

test on in situ B-Ti reinforced BMGCs provides an exclusive understanding of the pressure
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sensitivity of its amorphous matrix, it is unable to capture the plastic deformation
characteristics of the dendrites. In contrast, the uniaxial compression tests, which are only
partially constrained, can provide more information on the deformation mechanisms in both

phases.

It is also evident that the minimal influence of the hardness of B-Ti (Hq) on H of the BMGCs,
is an outcome of the negligible pressure sensitivity on its flow stress even at elevated
temperatures. A previous study on the temperature variations of constraint factor in Ti-6Al-4V,
a crystalline alloy, supports this observation and in fact, concludes that the pressure sensitivity
of the flow stress in Ti-6Al-4V decreases with increasing temperature [40]. This also aligns
well with the notion that the appropriate yield criterion for alloys that deform via dislocation
slip are typically formulated by excluding normal or hydrostatic components of the Cauchy
stress tensor. However, the minimal pressure sensitivity of the transforming B-Ti dendrites in
BMGC-T is surprising as the SIMT to o”-Ti, which occurs at all the temperatures considered
(see Fig. 5 and Fig. S4), involves change in volume. This volume change should, in principle,
lead to the development of hydrostatic strains in the transforming B-Ti dendrites, and lead to
increased pressure sensitivity of flow stress as well as C. One possible reason for the absence
of pressure sensitivity in flow stress of these dendrites is that the volume change during SIMT
of B-Ti to o-Ti is negative (AV ~-0.0007 nm?). Since this will manifest as negative volumetric
strain in the dendrites, it will not be affected by the positive hydrostatic pressure under the
indenter. Therefore, pressure sensitivity in flow stress of crystalline dendrites in BMGCs
should only manifest when the volume change during their SIMT is positive. A systematic
investigation of the pressure sensitivity of flow stress in such a scenario is a topic for future
studies. Next, it is imperative to consider the influence of the o-Ti phase on the hardness of the
BMGCs. Zhang et al. [13] noted earlier that both transforming and non-transforming B-Ti

dendrites contain w-Ti phase in the as cast state of the BMGCs. Since the o-Ti phase is a hard
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and brittle phase, it is likely to influence the hardness of the B-Ti dendrite. However, since the
hardness of the BMGC is determined by that of the matrices and not by that of dendrites, the
presence of ®-Ti in the dendrites is not expected to influence the hardness or constraint factors

of the BMGCs at any temperature.

Before concluding, we note that C can be a qualitative parameter in gauging the processability
of a material in the context of processing methods such as die forging, rolling and equi-channel
angular processing, where the loading conditions are inherently constrained. Based on the
results of the present study, since C of BMGC-NT and BMG is lowest at low or ambient
temperatures but increases with increasing temperature, their processability at lower
temperatures is considerably higher than that at high temperatures. The converse of this is true
in BMGC-T, appears to exhibit better processability at higher temperatures. In Fig. S8, C of
several crystalline and amorphous materials at different temperatures is shown. Note that C of
crystalline materials generally decreases with increasing temperature. Therefore, in terms of
preferred conditions for processing, BMGC-T is similar to crystalline materials, which also

exhibit better processability at higher temperatures.

5. Conclusions

Instrumented indentation tests and uniaxial compression tests were performed on a BMG and
two BMGCs, one with stress induced phase transforming dendrites and the other with non-
transforming dendrites, at four temperatures below their Tq. Experimental results reveal that
the constraint factor 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 BMG and the BMGC with non-transforming dendrites but decreases in the one
with transforming dendrites. While the variations in constraint factor of BMGs with

temperature has been justified previously as the outcome of the increase in the pressure
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sensitivity of plastic flow at higher temperatures, that of BMGC:s is rationalized on the basis of
the flow stress variations of the individual phases in the hardness and uniaxial compression test.
It was noted that while the yield strength of the BMGCs is predicted well by a weighted average
of the strengths of the two phases, their hardness corresponds to that of their amorphous
matrices. The latter is the outcome of the overbearing influence of the pressure sensitivity of
the amorphous matrix on the plastically constrained material under the indenter. This disparity
in the contributions of the phases to the plastic flow of the BMGC leads to the observed
variations in the constraint factor. Finally, the pressure insensitive flow of the transforming
dendrites is attributed to the net decrease in volume reduction during its stress induced

transformation.
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