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ARTICLE INFO ABSTRACT

Keywords: Extrinsic approaches for the pursuit of ductility in metallic glasses have involved the introduction of a ductile
Metallic glass crystalline phase to inhibit the propagation of a dominant shear front through the amorphous matrix material.
Shear bands Using nanoindentation, we explore the role of crystalline inclusions in metallic glass matrix composites with a
Nanoindentation

focus on the onset of shear banding in the amorphous matrix and the nature of shear band propagation using
the propensity for localization and its dependence on indentation strain rate. When indentation length scales
are favorable to distribute strain to both the crystalline dendrites and amorphous matrix, we reveal a reduction
in the number of detectable displacement bursts and an accompanying decrease in the magnitude of individual
depth excursions from shear banding. A decrease in the stress at the onset of shear banding is also correlated with
shear band trajectories interacting with the amorphous-crystalline interfaces (ACIs). Our results thus demonstrate
that ACIs reducing the activation barrier for shear banding combined with dendrites arresting propagating shear

Shear localization
Composite

fronts act to enhance the nucleation rate and in turn, promote a more homogeneous plastic response.

1. Introduction

Metallic glasses have become widely accepted as a technologically
important class of materials owing to their extraordinary strength and
intriguing deformation physics [1-6]. Their unique mechanical behav-
ior derives from individual mechanistic events producing plastic strain
localization into shear bands as a consequence of strain softening from
local changes in the glass structure under an applied stress [7-14]. Shear
bands nucleate at these locally perturbed regions in the glass through
the rearrangement of atoms to accommodate shear strain, which in the
context of Argon’s model [7], transpires as discrete events referred to
as shear transformation zones (STZs). Upon formation of an embryonic
STZ cluster, free volume dilations trigger additional neighboring inelas-
tic events [15,16], and the strain rate mismatch between the perturbed
and unperturbed regions of the glass results in unimpeded growth of
a dominant shear front [5,17]. Under unconstrained modes of load-
ing (e.g. tensile loading), further accumulation of plastic strain is of-
ten concentrated on this fully developed shear band, in turn limiting
macroscopic plastic strain accumulation [16]. While studies have shown
that STZ activation volumes are on the order of a few to hundreds
of atoms depending on the glass structure, a mature shear band may
propagate millimeters in a material [5,18-20]. This disparity in me-

chanical length scales has plagued the search for toughening mecha-
nisms that rely on controlling the kinetics of shear band nucleation and
propagation.

The search for ductile metallic glasses has led to a number of in-
trinsic approaches aimed at eliminating the formation of a dominant
shear front by distributing STZ activity [21-24]. The selection of al-
loying elements based on their elastic properties has been shown to
influence short- to-medium range structural disorder and in turn, the
distribution of free volume and resulting stress concentrations under an
applied load [25,26]. However, compositional variations for the pur-
pose of manipulating mechanical properties must be carefully balanced
with element selection for glass formability, thus constraining the prac-
tical alloy design space. Intrinsic modulations in free volume have led
to the development of metallic nanoglasses [27-29], a special class of
amorphous alloys that contain nanoscale amorphous grains embedded
within interfacial material of reduced density, enhanced free volume,
and defective short-range ordering [30-35]. The presence of these in-
terfacial regions distributes the process of strain localization, effectively
nucleating many small shear bands rather than forming a large primary
shear front [36-38], thereby promoting more homogeneous plastic flow
[39-41]. Cold working a single-phase monolithic metallic glass has also
been demonstrated to introduce regions of varying free volume through
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the formation of shear bands [42,43], which effectively distribute fur-
ther localization to suppress shear instabilities [44].

Extrinsic approaches for enhancing homogenous plastic flow in-
volve the introduction of a ductile crystalline phase to produce metallic
glass matrix (MGM) composites, wherein strain partitioning to the duc-
tile phase inhibits the propagation of a dominant shear front through
the amorphous matrix material [45-48]. Ex situ techniques have in-
volved both partial devitrification of as-solidified amorphous alloys and
dispersing preformed crystallites within a melt prior to solidification
[49-59]. The resulting inclusions are typically nanocrystalline with per-
formance influenced by their size, distribution, and mechanical prop-
erties [51,52,60-62]. For example, STZ activity has been shown to be
more distributed in the presence of nanocrystalline inclusions, but for
shear band propagation to be affected, the inclusions must be larger in
size and more compliant relative to the amorphous matrix [61]. The in-
troduction of a crystalline phase instead through dendritic solidification
(often referred to as in situ composites) has also produced improvements
in tensile ductility and attributed to the intrinsically larger length scales
of the crystalline dendrites limiting propagation of a dominant shear
front [63-68]. Similar behavior has been observed in laser welds of a
Zr-based glass to bulk Ti, where microcantilever testing of the glass/Ti
fusion zone revealed that the formation of compliant Zr-rich particles
distributed the process of shear localization [69]. Additionally, MGM
composites containing phase transformable crystalline dendrites have
shown to further enhance the measured elongation to failure, which
simultaneously enables more sophisticated pathways for plastic strain
accommodation [70,71]. While the mechanical length scales associated
with shear banding in the amorphous matrix spans two orders of magni-
tude (1-100 pm), only the characteristic size of the primary shear bands
have been shown to be comparable to the size and spacing of the den-
drites [72]. This dependence of mechanical performance on effective
length scale matching implies that microstructural features can be de-
liberately tailored on the basis of the dominant deformation mechanisms
for promoting a transition to homogeneous plastic flow.

The aforementioned examples were solely for the addition of a soft
percolated crystalline phase within a harder amorphous matrix material.
If instead a brittle reinforcement phase is introduced within the amor-
phous matrix, the propensity for brittle fracture of the composite has
been shown to be enhanced through undisrupted propagation of a dom-
inant shear front [73]. Several studies have postulated that catastrophic
shear runaway is inhibited by geometrical constraints the crystalline
inclusions place on shear band propagation [45,74]; however, uninhib-
ited propagation of shear bands through a brittle crystalline phase in-
dicates that strain energy dissipation through plasticity is also critical
to arresting shear bands initiated in the amorphous matrix. Others have
suggested that the softer inclusion phase deforms preferentially prior to
the onset of plasticity in the amorphous matrix, which in turn produces
stress concentrations at the boundaries that promote strain distribution
throughout the composite [49]. These observations, while critical to our
current understanding of the interaction of shear bands with crystalline
inclusions, have been largely inferred from post-mortem microstructural
analysis, making it difficult to assess the role of competing (and even
complementary) deformation processes during plastic strain accumula-
tion in MGM composites.

In this paper, we employ instrumented nanoindentation to study the
deformation behavior of MGM composites where the crystalline phase
was introduced in situ through dendritic solidification. Our primary fo-
cus is to understand the influence of the crystalline dendrites on the de-
formation physics of the amorphous matrix by quantitatively mapping
the crossover from the mechanical response of the individual phases
to a combined phase response where the amorphous-crystalline inter-
faces (ACIs) impact the process of shear localization. In composites with
varying crystalline phase fractions, the role of stress state in shear band
nucleation is quantified as a function of the governing microstructural
length scales to explore the role of amorphous- crystalline interfaces
(ACIs) in the onset of plasticity. We then outline the transition from
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discrete to continuous deformation by measuring the fraction of dis-
crete plastic events as a function of indentation strain rate in the differ-
ent length scale composites. A confluence of effects involving enhanced
shear band nucleation at ACIs, preferential strain accommodation in the
crystalline dendrites, and the arrestment of propagating shear fronts at
the ACIs are demonstrated to govern the mechanical behavior of MGM
composites with the transition from localized to homogenous flow de-
pending largely on the underlying microstructural characteristics.

2. Experimental methods

Metallic glass matrix composites containing in situ solidified
dendrites were synthesized through arc melting pure elements fol-
lowed by suction casting in an Argon atmosphere. The nominal
compositions of the amorphous matrix and crystalline dendrites were
Zr3) 34Tiyy 9pNby 5Cug j3Besy 35 and  Zryg 44Tigs 4sNbyy 14Cuy 3,
respectively, where concentrations are specified in atomic percent.
Following Hofmann et al. [72], the dendritic volume fraction was
controlled by varying the beryllium concentration while maintaining
mutual ratios of the constituent elements in an effort to minimize
effects due to large variations in compositions. The following alloys
with crystalline phase volume fractions of 47%, 53%, and 61%, re-
spectively, were produced for this study: Zryg ¢ Tiz; 4Nb; (Cus gBeg 1,
Zryg 3Tizy gNb; 3Cug yBes 3, and  Zryg ¢Tizz gNby 6Cug 4Bejps. We
note that subtle modulations in composition are expected within the
dendrites and the amorphous matrix in the different alloys due to dif-
ferences in the solidification behavior. However, as we will show, our
backscatter SEM analysis indicates that compositional variations across
each respective phase were minimal and within the resolution of this
technique. A monolithic amorphous alloy with a nominally equivalent
composition to the amorphous matrix material was also produced and
referred to herein as the bulk metallic glass (BMG) sample.

Sections were extracted from the bulk ingots for nanomechanical
testing, mounted in epoxy and adhered to nickel-plated neodymium
magnets using cyanoacrylate adhesive, and polished to a mirror finish
using standard metallurgical techniques with the final polishing step
employing 0.01 um colloidal silica. Quantitative analysis of the den-
drite morphology and characteristic length scales was accomplished
using a JEOL7600F scanning electron microscope (SEM) in the Cen-
ter for Functional Nanomaterials at Brookhaven National Laboratory.
Two separate sets of nanoindentation experiments were performed to
correlate microstructural length scales with mechanical properties, in-
cluding through-thickness measurements and two-dimensional surface
mapping. In addition, Hertzian contact and shear banding statistics ex-
periments were performed to study the influence of ACIs and crystalline
dendrites on the nucleation and propagation of shear bands in the amor-
phous matrix.

Mechanical property measurements as a function of contact depth
were accomplished using a Hysitron TS75 Triboscope lateral force trans-
ducer coupled to a Bruker Dimension Icon AFM, which contains z-axis
load and depth resolutions of 0.1 uN and 0.2 nm, respectively. Exper-
iments were conducted at room temperature and to minimize thermal
drift, the probe tip was placed in contact with the specimen surface for
at least one hour prior to testing. Instrumental drift was characterized
during the linear unloading segment using a 10 s hold at 10% of the
maximum load. A 150 nm diamond Berkovich probe was employed for
measurement of through-thickness mechanical properties with indents
centered deliberately on each phase of the composite, and its area func-
tion was calibrated on fused silica within a contact depth range of 50-
150 nm. The indentation strain rate was held constant at 0.5 s to max-
imum loads ranging between 2mN and 10mN, which produced contact
depths between 60 and 260 nm. Although the actual contact depths ex-
ceeded the calibrated range on fused silica in some tests, they remained
consistent with measurements collected at lower depths, thereby indi-
cating the probe geometry was invariant in all our experiments beyond
the calibrated range of the area function. Indent spacing was estab-
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lished using the residual impression areas, which were estimated for the
different geometry probes to produce a distribution of the impression
widths. Based on the extreme values from these distributions, a mini-
mum center-to-center spacing of 10 um was employed to ensure the pe-
ripheries of adjacent indents were never within 5 um of each other at the
maximum indentation load. A minimum of 15 indents with negligible
drift were acquired per condition for statistical analysis of hardness and
reduced modulus, which were determined using the Oliver and Pharr
method [75].

For the development of high-resolution property maps, we used a
TI980 Tribolndenter operated in XPM (accelerated property mapping)
mode [76]. A diamond cube corner probe was employed based on its
ability to impart larger localized plastic strain at lower contact depths
relative to the Berkovich probe, thus enabling higher spatial resolution
for property mapping. An array of 625 indents was placed within a
10 x 10 pm? scan window on each composite microstructure using a
constant loading rate of 2 mN/s to a maximum load of 0.2 mN with
resultant contact depths between 10 and 25 nm. Mechanical properties
were extracted for each indent using the same methodology outlined
for the Berkovich probe and recorded as a function of lateral position
within the scan window.

Instrumented Hertzian contact experiments were performed using
the Hysitron TS75 Triboscope to quantify the load associated with the
first distinguishable shear band event, which manifests as a displace-
ment burst or “pop-in” event during loading. To provide a well-defined
stress field during elastic contact, diamond conospherical probes of radii
0.5, 2.0, and 5.0 pm were loaded at a constant loading rate of 0.15 mN/s
to a maximum specified load, producing indentation depths such that
the probe geometry may be approximated as spherical [77]. The load at
first pop- in was identified following the methods introduced by Packard
and Schuh [78], where a pop-in is identified as a sudden spike in the
indentation velocity with a minimum of 100 indents used in the analysis
for statistical significance. The propensity for shear localization, defined
as the fraction of discrete to total plasticity during the indentation load-
ing cycle, was quantified as a function of indentation loading rate sepa-
rately on the amorphous matrix and dendritic phases of the composites
with behavior compared to the BMG sample. The 0.5, 2.0, and 5.0 pm
diamond conospherical probes were used to vary the plastic zone size
with indentation loading rate spanning four orders of magnitude from
0.1 to 100 mN/s to a maximum load of 10 mN. Both the load at first
pop-in and propensity for shear localization were analyzed using custom
scripts developed in Matlab.

3. Microstructure and mechanical property correlations

From the perspective of the amorphous matrix material, the presence
of crystalline dendrites introduces interfaces that can serve as preferred
nucleation sites for the activation of STZs, which in turn would reduce
the activation barrier for the onset of shear banding. However, strain
partitioning to the softer dendritic phase will simultaneously influence
the composite response, making it difficult to assess the role of inter-
faces on the shear localization behavior in the amorphous phase. The
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Fig. 1. Backscatter SEM images for the three
MGM composites including (a) MGM-12Be, (b)
MGM-15Be, and (¢) MGM-19Be. These micro-
graphs qualitatively demonstrate the inherent
connection between the crystalline phase frac-
tion and characteristic length scales of the com-
posite microstructures.

intrinsic connection between dendrite volume fraction, size, and spac-
ing [72] provides an opportunity to probe the transition from individual
phase behavior to the effective response of the composite microstructure
where plasticity in one phase becomes influenced by the other. In this
section, we quantify this transition by mapping the mechanical proper-
ties of the individual phases as a function of contact depth using nanoin-
dentation and establish correlations between the scaling of properties
and underlying length scales of the composite microstructure.

Representative backscatter SEM micrographs for each MGM compos-
ite sample are shown in Fig. 1 organized from (a)-(c) based on Be con-
tent as reflected in the sample nomenclature, i.e., MGM-(12,15,19)Be
where the Be concentration is in atomic percent. The marked phase
contrast was due to the crystalline dendrites being nominally free of
Be, which instead resides in the amorphous phase [72]. An increase
in the Be content generally produced finer composite microstructures,
though its impact on the volume fraction of the respective phases was
not immediately apparent from qualitative imaging. Quantitative analy-
sis was conducted to map the length scale dependence of the composite
microstructural features as a function of the primary control variable,
the Be concentration. Due to the variations in dendrite size and shape
across the different samples, a universal length scale is difficult to de-
fine for both the crystalline reinforcements (e.g., length, aspect ratio,
etc.) and amorphous matrix (e.g., interdendritic spacing). For the for-
mer, we approximated the dendrites as spherical and employed the den-
drite radius as the characteristic length scale. Since this approximation
does not apply to the percolating amorphous phase, we instead adopted
the approach described by Cheng et al. [79] to infer three- dimensional
microstructural characteristics from a two-dimensional micrograph. In
particular, the interfacial area per unit volume was estimated from the
total phase boundary length within a prescribed area, which was directly
measured from the micrographs. The inverse of this specific interfacial
area is representative of the average distance between interfaces or in-
terdendritic spacing, thus providing a measurable characteristic length
scale for the amorphous matrix.

The dendrite radius and volume fraction shown as a function of Be
concentration in Fig. 2a scaled inversely with the amount of Be, align-
ing with prior measurements on similar MGM composite microstructures
[72,79]. An increase in Be concentration therefore produced a decrease
in the dendritic volume fraction, which was accompanied by a reduction
in dendrite radius from 1.76 to 0.43 pm. The characteristic length scale
of the amorphous matrix also decreased with increasing Be concentra-
tion in Fig. 2b from 1.37 to 0.43 um, but was instead accompanied by an
increase in volume fraction. As summarized in Table 1, the MGM com-
posites containing less Be exhibited larger crystalline phase fractions
and microstructural length scales. Increasing the Be concentration pro-
duced finer microstructural length scales with phase distributions that
converged to approximately 50% by volume fraction.

Indentation hardness was mapped on the different MGM compos-
ite microstructures as shown in Fig. 3 as a function of increasing Be
concentration from (a)-(c) including the scanning probe micrographs
on the left and corresponding hardness maps on the right with values
normalized by the average hardness of the softer dendritic phase. The



J.M. Gentile, D.D. Stauffer and D.C. Hofmann et al.

(@)

0.70 —730
0.654 —&—-V
—A—R 2.5
< 0604 D %
-% 0.55 el =
| 3
T 0.50- £15 T
L 0451 i iz
e ™ L10 ©
=) =
ey \1 E
L05 $
0.35 2
0.30 . . . 0.0
12 14 16 18 20

Be Concentration (at%)

Materialia 9 (2020) 100598

(b)

0.70 T8 E
_._

0.654 l Vi 14 3

1 —A— L o

0.60 ALl2®

5 3

-§ 0.55- i 10 ¢

T 0.504 0.8 %

[0) i | -

= 0.45 / 06

S 0.404 A o470

> 5

0.35- L02 5

E

0.30 ’ , r 00 ®

12 14 16 18 20 5

Be Concentration (at%)

Fig. 2. Microstructural characteristics of the MGM composites as a function of the Be concentration including (a) crystalline phase fraction, Vfc, and average dendrite
radius, Ry, and (b) amorphous phase fraction, Vf"‘, and characteristic length scale of the amorphous matrix, L,.

Table 1

Sample designations for the MGM composites and corresponding microstructural characteristics measured for the crystalline dendrites and amorphous
matrix. The composites are organized in order of increasing crystalline phase fraction (and thus decreasing Be concentration) with the BMG sample

included for reference.

Sample designation  Be content (at%) Crystalline dendrites

Amorphous matrix

Volume fraction V;

Dendrite radius Ry

Volume fraction V," Interfacial density ~ Characteristic length

(um) L' (um™) scale L, (um)
MGM-19Be 19.1 0.47 0.43 0.53 2.36 0.43
MGM-15Be 15.3 0.53 0.92 0.47 1.25 0.80
MGM-12Be 12.5 0.61 1.76 0.39 0.74 1.37
BMG 34,0 0.00 N/A 1.00 N/A N/A

apparent hardness difference between the two phases was most pro-
nounced in the MGM-12Be sample, where the hardness of the amor-
phous matrix was nearly double that of the dendrites and exhibited a
sharp gradient from the central regions of the amorphous matrix to the
phase boundaries. This distinct behavior of the two phases remained ev-
ident for the MGM-15Be sample in Fig. 3b, but with more subtle hard-
ness gradients in the amorphous regions that also became evident at the
edges of the dendrites near the amorphous-crystalline interfaces (ACIs).
The hardness of the two phases eventually became indistinguishable in
Fig. 3c and converged on the average value of the crystalline dendrites
in the MGM-19Be sample, which contained nominally equivalent phase
fractions with finer microstructural length scales. This convergence was
attributed to the plastic zone interacting with both phases simultane-
ously as the microstructural length scales were reduced with increasing
Be concentration. Similarly, the hardness gradients present in the in-
dividual phases of MGM-12Be and MGM-15Be were due to sampling a
combined phase response near the interfaces where the plastic zone en-
compassed both phases of the composites rather than intrinsic changes
specific to either phase of the composite.

To capture the transition from individual phase behavior to a com-
bined phase mechanical response and its dependence on the microstruc-
tural length scales, indentation hardness and reduced modulus were
mapped as a function of contact depth. Results are shown in Fig. 4 with
data delineated for indents deliberately placed on the amorphous phase
(MGM/AP) and crystalline phase (MGM/CP); trends are also included
for the BMG in the upper panels with average values represented by the
dashed lines in all panels. The decrease in hardness with contact depth
for the BMG is attributed to strain softening during shear band formation
within the expanding plastic zone, which is consistent with a number of
reports from literature [80-83] and thus not simply due to measurement

artifacts from, e.g., pile-up. Hardness values acquired on the amorphous
phase of the MGM-12Be sample in the upper panel of Fig. 4a were shifted
to subtly lower values, but did not converge to the significantly lower
hardness of ~4 GPa for the dendrites. The trend with contact depth was
analogous to the BMG, indicating that the hardness difference was due
to intrinsic characteristics of the amorphous matrix rather than bias-
ing of the shear banding process by ACIs. This is substantiated by the
depth-independent reduced modulus values for the amorphous matrix
in Fig. 4b, although some degree of reduction relative to the BMG could
be due to long-range elastic interactions with the dendrites. With maxi-
mum contact depths of 200 and 270 nm corresponding to less than 15%
the length scales of both the amorphous matrix and dendrites, the plastic
zone developed solely within each phase, thus confirming the responses
were reflective of individual phase behavior in MGM-12Be.

The reduction in microstructural length scales accompanying the in-
crease in Be concentration shown in Fig. 2 resulted in the MGM-15Be
composite exhibiting transitional behavior while the MGM-19Be com-
posite converged to a combined phase response. At contact depths be-
low 120 nm in the MGM-15Be sample, we observed a similar indenta-
tion size effect for the amorphous phase in the MGM/AP hardness trend
shown in the middle panel of Fig. 4a with an identical modulus to the
MGM-12Be sample in Fig. 4b. The excellent agreement in the mechani-
cal properties of these two alloys at low contact depths also confirms that
subtle compositional differences have no discernible impact on the indi-
vidual phase mechanical response. The subsequent shift in slope in the
MGMY/AP hardness trend above 150 nm and resultant decrease in hard-
ness toward the MGM/CP trend combined with the convergence in the
reduced modulus indicate that the behavior was reflective of the com-
bined phase response at larger indentation depths. This transition depth
of 150 nm represents 20% the characteristic length scale of ~750 nm
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for the amorphous matrix in the MGM-15Be sample from Fig. 2b. The
further decrease in the length scales of both phases to approximately
400 nm in the MGM-19Be sample shifted this transition to lower contact
depths with only a subtle disparity in hardness detected below 100 nm
in the bottom panel of Fig. 4a corresponding to 40% the microstructural
length scales. Identical moduli trends in Fig. 4b, which were governed
by the stiffer amorphous matrix up to ~150 nm with only a marginal re-
duction at larger contact depths, confirm the mechanical response of the
MGM-19Be sample was representative of the combined phase behavior
across the full range of contact depths.

An important caveat to note is that our nanoindentation results
are not representative of a true composite response since the size
of the plastic zone is insufficient to sample effects from the fully
interconnected composite microstructure. The differences between
a combined phase and full composite mechanical response can be
understood by considering the measured hardness values relative to
rule-of-mixtures predictions. The convergence in hardness reported
here aligns with a rule-of-mixtures prediction calculated using the
hardness values and relative volume fractions of the individual phases.
Conversely, microindentation experiments performed by Narayan et al.
[84], where the much larger plastic zone indeed sampled composite
network effects, demonstrated that the hardness of the composite
exceeded rule-of-mixtures predictions due to the harder amorphous
matrix constraining deformation of the softer dendrites. We emphasize
that our results are consistent with this finding since we are instead
sampling the combined phase response from a plastic zone sampling the
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Fig. 3. Scanning probe micrographs and correspond-
ing indentation hardness maps for (a) MGM-12Be, (b)
MGM-15Be, and (c) MGM-19Be. The larger microstruc-
tural length scales evident in (a) enabled the individ-
ual phase mechanical properties to be quantified, which
manifested as a larger disparity in the hardness of the
crystalline dendrites and amorphous matrix. As the
length scales of the composites were refined through
the addition of Be, the hardness of the two phases con-
verged from (b) to (c), which was indicative of the com-
bined phase mechanical response.

-
oo

B 2 2 !
SSaupIeH pazijewIoN

ssoupleH pazi|ewIoN

SSoupJeH pazIBwIoN

collective behavior of the amorphous matrix and crystalline dendrites,
but not the connectivity effects of the full composite microstructure.

4. The onset of shear banding in the presence of ACIs

Recognizing that deformation is accommodated by STZ plasticity in
the amorphous matrix and dislocation slip in the dendrites [85-87], the
transition from individual to combined phase responses will inherently
be accompanied by a coupling of the disparate mechanisms across the
ACIs. The length scales of the microstructure relative to the size of the
plastic zone governed this transition, which confirms the reduction in
hardness contrast in Fig. 3(a—c) was due to sampling of the combined
phase mechanical response rather than deriving from intrinsic changes
in either phase of the composites. We can thus leverage our control
over the plastic zone size relative to the different microstructural length
scales to quantify the impact of the ACIs on the shear banding kinetics
in the amorphous matrix and understand its implications for the delo-
calization of plastic strain. In this section, we present a comprehensive
analysis of the onset of incipient plasticity in the amorphous matrix us-
ing the MGM-12Be and MGM-19Be samples, which exhibited individual
and combined phase responses, respectively. The state of stress beneath
the indenter is manipulated using different radii conospherical probes
with the first shear band event identified as a function of probe radius
and correlated to the length scale of the microstructure using the shear
plane stress criterion.



J.M. Gentile, D.D. Stauffer and D.C. Hofmann et al.

(@)

MGM-12Be ®m BMG
8- A MGM/AP
7 ‘-ll-BMC; ----------- ® MGM/CP
. ‘» i
o T T Y b 4
5-
44 ® o oo . O
. MGM-15Be ' '
g 7 I BMG
o AL FL
7)) 6‘ J' J~ l r—l——< L
N l [y €l
[0} 5 1 1
S 4] et e
©
T } } : }
6 MGM-19Be
BMG
7 1 [
6" ll K rﬁ‘&
5] @ % . % é@
44
50 100 150 200 250
Contact Depth (nm)

300

Reduced Modulus (GPa)

Materialia 9 (2020) 100598

(b)

MGM-12Be ® BMG
130 A MGM/AP
120l 0B mm g BYC |0 MGM/CP
o] & L #4 L L

¥ l 1
100
¢ T 2
o] & ¢ %°¢

MGM-15Be ' '
130
120 Bme
110{ A & L.

1 L
1001 © o +I§+l oY
90

MGM-19Be ' '
1304
1201 BMe
110] %0 MMbap .0 "
100
90

50 100 150 200 250 300

Contact Depth (nm)

Fig. 4. (a) Indentation hardness and (b) reduced modulus as a function of contact depth for the three MGM composites arranged in order of increasing Be concentration
(and thus decreasing microstructural length scales) from the upper to lower panels. Data for the BMG is plotted in the upper panel with average values included on
all graphs for reference. The convergence in mechanical properties for the amorphous (MGM/AP) and crystalline (MGM/CP) phases signaled a transition from the

individual phase to combined phase mechanical response.
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Fig. 5. (a) Illustrative load-displacement curve relative to the Herztian prediction for the MGM- 12Be composite demonstrating the first shear banding event. (b)
Corresponding velocity histogram collapsed into a standard normal distribution from which the threshold was established to identify the load at first pop-in. (c)
Application of the pop-in threshold to the indentation velocity data determined from (a) demonstrating the distinction between true pop-in events and noise outliers.

A representative analysis for the first pop-in event is illustrated in
Fig. 5 for a single loading curve acquired from an indent placed on the
amorphous matrix of the MGM-12Be composite. The first displacement
burst is evident in Fig. 5a as a clear departure from the Hertzian pre-
diction at a contact depth of ~50 nm and as with monolithic metallic
glasses, was followed by a series of pop-ins corresponding to the activa-
tion of multiple shear banding events [88]. To quantify shear banding
behavior through the identification of pop-ins in the indentation velocity
profile, a velocity peak threshold was established to capture the transi-
tion from instrumentation noise (e.g., due to acoustic vibrations) to in-

dentation events that derive from discrete deformation events. Velocity
histograms, as shown in Fig. 5b for the MGM-12Be sample, were em-
ployed with data represented as the difference in the instantaneous ve-
locity, v, and the average velocity, 5, normalized by the standard devia-
tion of the data set, ¢. By fitting only the noise distribution, its tails were
observed to terminate at approximately 3 o, and thus velocity spikes
exceeding this threshold value as shown in the inset of Fig. 5b were
categorized as displacement bursts deriving from shear band events.
Application of this established noise amplitude range to a velocity
data set as a function of depth from a single indent is shown in Fig. 5c.
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Fig. 6. Distributions for the maximum shear plane stress with corresponding mean values shown below the histograms for the MGM-12Be and MGM-19Be composites
relative to the BMG for probe radii of (a) 0.5, (b) 2.0, and (c) 5.0 pm. The shift in the average TpMax for the latter probe is accompanied by a discernible shift in the

overall distribution to lower values of z;,max.

Velocity bursts from shear banding events are conspicuously evident
relative to both the average noise range and subtle outliers as indicated
on the plot. This procedure was applied to each indentation loading
curve for the development of statistical distributions for the load at first
pop-in to identify the onset of incipient plasticity.

To evaluate the stress state at the onset of incipient plasticity from
the loads at first pop-in, we implemented the shear plane yield crite-
rion [78], which defines a preferred shear plane for yielding as the
trajectory that sustains stresses exceeding the yield stress along its en-
tire path (as opposed to, e.g., a maximum shear stress criterion). Cal-
culation of the maximum shear plane stresses, 7'**, was accomplished
using elastic constants for the amorphous matrix determined from the
reduced modulus data for the MGM-12Be sample (i.e., the upper panel of
Fig. 4b), Poisson’s ratio from Hofmann et al. [72], and the loads at first
pop-in from each indentation dataset. Distributions for the maximum
shear plane stresses are shown for the MGM-12Be and MGM- 19Be sam-
ples relative to the BMG as a function of probe radius in Fig. 6(a—c),
respectively, with average values and standard deviation plotted below
the histograms.

Consistent across all the samples was a decrease in stress required to
initiate shear banding with increasing probe radius (note the different
x-axis scaling), which is consistent with previous observations for Zr-
based metallic glasses [78] and attributed to a more distributed stress
field sampling a larger fluctuations in topological ordering [5,89,90].
The scaling behavior for the MGM-12Be sample in Fig. 6(a-c) was
identical to the BMG, indicating that either: (i) the presence of ACIs
did not influence the shear band nucleation kinetics in the amorphous
matrix, or (ii) ACIs were not within the plastic zone at the stresses
corresponding to the first pop-in event on this sample. The results in
Fig. 4 for the MGM-12Be sample suggest the latter since the Berkovich
indents, which produced fully-developed plastic zones, were not influ-
enced by the presence of the crystalline phase and thus captured the
individual phase response of amorphous matrix. The stress distribu-
tions at first pop-in for the MGM-19Be sample also aligned with the
BMG for the two smaller probes. However, for the largest probe radius
of 5 pm, the distribution decidedly shifted to lower values of 7];** in
Fig. 6¢, which was reflected as a reduction in the average stress for
the first pop-in event relative to the BMG. From Fig. 4b, the mutually

consistent reduced modulus for Berkovich indents on the amorphous
matrix and crystalline dendrites suggests this difference derived from
the ACIs influencing the onset of incipient plasticity in the MGM-19Be
sample.

The relationship between the stress at first pop-in and compos-
ite length scales was explored through mapping of the entire shear
plane trajectories corresponding to the average z}/** for both compos-
ites in Fig. 6 as a function of probe radius. The compiled shear plane
stress fields are plotted in an elastic half-space and superimposed over
representative backscatter SEM micrographs for the MGM-12Be and
MGM-19Be samples in Figs. 7 and 8, respectively; axes apply to both
the stress contours and micrographs. Common to both samples was the
probe size dependence, where increasing the probe radius produced
shear plane stresses that became less localized and evolved to larger
depths within the amorphous matrix. The magnitude of the sustained
stress along the preferred trajectory of ~0.06P,, where P, is the mean
indentation pressure, was also consistent across the two composites and
in good agreement with the shear plane stress reported by Packard and
Schuh [78].

Interaction of the shear path with the ACIs was governed by the inter-
play between the mechanical length scales produced from the different
probe sizes and microstructural characteristics of the two composites.
As shown in Fig. 7a for the MGM-12Be sample, the smallest probe ra-
dius of 0.5 um produced a highly localized shear path extending only
0.25 pm into the amorphous matrix. Increasing the probe size expanded
the depth of the shear path trajectory with the stress field generated
by 5.0 um probe extending 1.3 um into the material. The representa-
tive SEM micrograph in Fig. 7c qualitatively suggests that for indents
deliberately placed on the amorphous matrix, this average shear path
depth would not produce a stress field with a Ty, trajectory that would
interact with the ACIs. Quantitative evidence is provided by the mi-
crostructural data in Fig. 2b, where the characteristic microstructural
length scale of 1.4 um for the amorphous matrix in this sample was
just beyond the maximum depth of the stress field. Collectively, these
results demonstrate that the ACIs did not influence the onset of shear
banding in the MGM-12Be sample, thus accounting for close alignment
between the MGM-12Be composite and BMG stress distributions in the
upper panels of Fig. 6(a—c).
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Fig. 7. Shear plane stresses, Tops in the amorphous matrix of the MGM-12Be composite at the critical loads for shear band nucleation for the (a) 0.5, (b) 2.0, and
(c) 5.0 pm probes superimposed over a representative SEM micrograph. For the selected conditions where the depth of the depicted dendrite aligned with the
characteristic length scale of the amorphous matrix, the shear trajectory did not interact with the crystalline phase.
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Fig. 8. Shear plane stresses, .

sp?
5.0 um probes superimposed over a representative SEM micrograph. The shear trajectory intersected with a crystalline dendrite for the largest probe size of 5.0 pm

and consistent with the reduction in the load at first pop-in observed for these conditions.

Evolution of the shear plane stresses with probe radius in the MGM-
19Be sample produced stress fields that eventually overlapped with the
ACIs in Fig. 8(a—c). Although the SEM micrograph is only representa-
tive of the microstructure, this result is substantiated by the smaller
characteristic length scale of approximately 0.4 um in Fig. 2b for the
amorphous matrix, which was well within the depth of the shear band
path for the largest probe size. Thus, the mechanical length scales pro-
duced by the 5.0 um probe combined with the fine microstructure of the
MGM- 19Be composite produced favorable conditions for the onset of
shear banding in the lower panel of Fig. 6¢ to be influenced by the ACIs.
The reduction in the shear plane stress is indicative of a reduced acti-
vation barrier for the nucleation of shear bands and consistent with the
findings of Hofmann et al. [72], where enhancements in tensile ductility
were attributed to the mechanically soft crystalline inclusions favoring
the distributed nucleation of shear bands at ACIs. Finally, we note that
under localized mechanical testing configurations such as nanoindenta-
tion, only certain testing conditions will sample the effect of ACIs on
plasticity, specifically when the plastic zone size aligns with the mi-
crostructural length scales of the composite.

5. Implications for the transition from incipient to homogenous
flow

In MGM composites where plastic strain ultimately partitions be-
tween the stiffer amorphous matrix and more ductile crystalline den-
drites, enhanced shear band nucleation kinetics in the presence of the

Radial Distance (um) (c)
15 1.0 -05 00 05 10 15 20 20 -15 -1.0 05 00 05 10 15 20
L 0.0 iy

Radial Distance (um)

T

0.04

0.03

Depth (um)
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in the amorphous matrix of the MGM-19Be composite at the critical loads for shear band nucleation for the (a) 0.5, (b) 2.0, and (c)

ACIs will impact the amount of strain accommodated through discrete
plastic flow. Shear band propagation will also be influenced by the pres-
ence of the dendrites, particularly through the coupling of the shear
front with dislocation plasticity across the ACIs. In this section, we probe
the competition between shear band nucleation and propagation in the
amorphous matrix during the formation of a fully-developed plastic
zone by mapping the propensity for localization in the MGM-12Be and
MGM-19Be composites relative to the BMG. We consider indentation re-
sponses from distinct probing of the amorphous and crystalline phases of
the composites to decouple the mechanical and microstructural length
scale effects. Flow transitions are ultimately rationalized in the con-
text of the microstructural length scales using the fraction of discrete
plasticity, number of shear banding events, and insights from previous
sections.

Defined as the fraction of discrete plasticity during indentation, the
propensity for localization was calculated as the sum of the depth excur-
sions from shear banding, 25 ®, normalized by the total residual plastic
depth, e, to a constant maximum load of 10 mN. The respective
inputs for this calculation are illustrated on the loading curve in Fig. 9a
from representative data acquired on the MGM-12Be sample using a
2.0 um probe. Pop-in events were identified using a similar procedure
to Section 4, but modified to capture shear banding events during the
entire loading cycle used in generating a fully-developed plastic zone.
The effect of probe radius is shown in Fig. 9b for indents produced solely
on the amorphous phase of the MGM- 12Be sample. Assuming the strain
for a spherical probe is captured by 0.2a/R where a is the contact radius
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Fig. 9. (a) Illustrative determination of the fraction of discrete plasticity using incremental depth excursions from each shear banding event; representative data
shown for the MGM-12Be sample indented with a 2.0 um probe. The effect of probe radius on the MGM-12Be composite for indents placed deliberately on (b) the

amorphous matrix (MGM/AP) and (c) the crystalline dendrites (MGM/CP).
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Fig. 10. The propensity for localization as a function of strain rate for indentation of the amorphous (MGM/AP) and crystalline (MGM/CP) phases of the MGM-12Be
composite using probe radii of (a) 0.5 and (b) 2.0 um. Results for the BMG are included for reference.

and R the probe radius [91], the sharper 0.5 um probe will produce a
larger strain beneath the indenter at maximum indentation depths of ap-
proximately 450 nm and in turn, greater plastic strain relative to the two
larger radius probes. Indeed, the lower strain imparted by the 5.0 um
probe manifested as a rather shallow residual depth for the maximum
achievable load of 10 mN, which would inevitably introduce systematic
errors into the analysis. Consequently, only the two sharper probes were
employed for mapping the propensity for localization as a function of
strain rate. Indentation of the crystalline dendrites produced an identical
probe size effect as evident in Fig. 9c with two distinguishable features —
larger maximum indentation depths due to the reduced hardness of the
dendrites relative to the amorphous matrix and loading curves virtually
free of displacement bursts with the exception of two discernible events
noted for the 0.5 pm probe.

The fraction of discrete plasticity for indents placed deliberately on
the amorphous (MGM/AP) and crystalline (MGM/CP) phases of the
MGM-12Be composite are shown in Fig. 10a for the 0.5 um probe. With
increasing strain rate, the plastic response of the amorphous phase con-
verged to homogenous flow, in excellent agreement with the behavior
of the BMG sample. An analogous trend was uncovered for indents pro-
duced with the 2.0 um probe as shown in Fig. 10b, indicating that the
plastic zones produced by both radius probes developed solely within
the amorphous phase for the MGM-12Be sample and consistent with the
findings in Section 3. The small fraction of discrete plasticity for indents
placed deliberately on the crystalline phase in Fig. 10 can be attributed

to the plastic zone developing into the amorphous matrix during inden-
tation of the dendrites. Sampling of the combined phase response when
specifically indenting the crystalline phase was expected given the larger
maximum indentation depths of approximately 600 and 225 nm for the
0.5 and 2.0 um probes in Fig. 9c, respectively, and the dendrite length
scales from Fig. 2a. We also note that the degree of discrete plasticity
sampled during indentation of the dendrites can be further enhanced by
dislocation slip transfer across the ACIs promoting the activation of STZs
as demonstrated by Cheng and Trelewicz [85], which is substantiated
by the presence of displacement bursts in loading curve for the 0.5 pm
probe noted in Fig. 9c.

Relative to the MGM-12Be sample, the measured characteristic
length scale of the amorphous matrix in the MGM-19Be composite was
considerably reduced (i.e., 0.43 um from Table 1). With maximum in-
dentation depths of approximately 0.45 pm for the 0.5 um probe in
Fig. 9b, the plastic zone decidedly expanded into the crystalline phase
upon indentation of the amorphous matrix. The reduction in the frac-
tion of discrete plasticity for the amorphous phase in Fig. 11a relative
to the response of the MGM-12Be composite can thus be attributed to
strain partitioning to the crystalline phase promoting enhanced dislo-
cation plasticity, which will manifest as a more homogenous plastic re-
sponse. When compared with the BMG, the analogous scaling with strain
rate indicates that the same fundamental mechanism involving a shift to-
ward enhanced shear band nucleation are responsible for the transition
from incipient to homogenous flow in the amorphous matrix. However,
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Fig. 11. The propensity for localization as a function of strain rate for indentation of the amorphous (MGM/AP) and crystalline (MGM/CP) phases of the MGM-19Be
composite using probe radii of (a) 0.5 and (b) 2.0 um. Results for the BMG are included for reference.
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samples (from upper to lower panels) for two different probe sizes of 0.5 and 2.0 um. (b) Representative indentation curves for the MGM-12Be and MGM-19Be
samples acquired using the 2.0 um radius probe demonstrating qualitatively different localization behavior during loading.

the convergence with the response of the crystalline phase at an interme-
diate strain rate of 0.15 s suggests that this transition was influenced
by the dendrites arresting shear band growth and in turn, suppressing
shear band propagation rates. Further supporting this mechanism was
the delay in the convergence with the crystalline response to a higher
indentation strain rate of 1.5 s! for the 2.0 um probe in Fig. 11b, which
is consistent with the reduction in the maximum indentation depth to
approximately 0.15 pum for this probe geometry. The fraction of discrete
plasticity sampled when indenting the crystalline phase was accentuated
relative to the MGM-12Be trends and also attributed to the intrinsically
smaller dendrite size in the MGM-19Be composite from Fig. 2a.

To further elucidate the role of ACIs in shear band nucleation and
propagation, we translated the different propensity for localization
trends into a self-consistent space by plotting distributions of the to-
tal number of displacement bursts during loading, n°® normalized by

Pylastic for the different samples and probe sizes in Fig. 12a. This al-
lows for a direct comparison of the number of distinct shear banding
events in the amorphous matrix across the different composites where
strain partitioning to the crystalline phase ultimately influences the to-
tal plastic depth. Relative to the BMG sample, the normalized number of
shear banding events for the MGM-12Be composite closely aligned for
the 0.5 um probe. While the distribution for indents on the same com-
posite from the 2.0 pm probe was broader, its overall range was also
comparable with the BMG. Collectively, these results indicate that the
mechanical response of the amorphous phase under the selected loading
conditions was controlled by shear banding and consistent with all prior
findings. For the MGM-19Be composite, the distribution of the normal-
ized number of shear banding events acquired using the 0.5 pm probe
was shifted to lower values relative to the BMG. This shift was far more
pronounced for the 2.0 pm probe, demonstrating that finer microstruc-
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tural length scales promoted a reduction in the number of displacement
bursts as the plastic zone expanded into both phases of the composite.
The representative loading curve for MGM-19Be sample in Fig. 12b con-
firms the reduction in the number of detectable displacement bursts and
also demonstrates an overall decrease in the average hf B relative to the
MGM-12Be composite.

In light of the above findings, we can now distinguish between the
different mechanisms promoting homogenous flow in MGM composites.
First, in the absence of strain partitioning to the crystalline phase, the
transition from discrete to homogenous plasticity in the amorphous ma-
trix can be understood through mechanistic analogues of serrated flow
studies on metallic glasses to probe the kinetics of shear band nucleation
and propagation [92]. With increasing strain rate, shear band propaga-
tion rates are not sufficiently fast to relax the surrounding glass, which
promotes the nucleation of new shear bands to accommodate strain and
manifests as a more homogenous plastic response. Second, under con-
strained modes of loading when conditions are favorable to distribute
strain to both the crystalline and amorphous phases, the reduction in
the number of detectable displacement bursts and decrease in the mag-
nitude of individual depth excursions from shear banding collectively
indicate that shear band propagation is inhibited by the presence of the
crystalline phase. Both biased shear band nucleation due to the ACIs
reducing the activation barrier for the onset of shear banding and den-
drites arresting propagating shear fronts via strain transfer across the
ACI likely contribute to this reduction in the effective shear band propa-
gation rates. Consequently, under unconstrained modes of loading, im-
provements in mechanical performance will not only depend on crys-
talline phase fraction promoting a transition to dislocation-dominated
plasticity, but also the extent to which ACIs bias shear band nucleation
and propagation rates in the amorphous matrix.

6. Conclusions

Instrumented nanoindentation was employed to study the process
of shear delocalization in metallic glasses containing crystalline hetero-
geneities. By quantifying the state of stress and its implications for the
onset of shear banding collectively with the propensity for localization
as a function of microstructural length scales, we have identified a con-
volution of mechanisms that promote homogeneous plastic flow in MGM
composites. Our findings are summarized as follows:

i. Strain partitioning to the amorphous and crystalline phases of
the composites was quantified through two-dimensional surface
hardness mapping combined with statistical through-thickness
measurements of mechanical properties as a function of con-
tact depth. The cross-over from individual to combined phase
responses was linked to the length scales of the composite mi-
crostructure and distinguished from a true composite response,
which will exhibit plastic responses influenced by connectivity
effects of the composite microstructure.

ii. The shear band nucleation stress at the onset of plasticity in the
amorphous matrix was shown to be consistent with a BMG coun-
terpart when the shear plane stress trajectory was confined to
the amorphous matrix. However, a discernible reduction in the
stress required to nucleate the first shear band in the composite
containing the finest microstructural length scales and thus, the
greatest interfacial density was demonstrated. This reduction was
attributed to the average shear plane stress trajectory intersect-
ing with the ACIs, which indicates that ACIs reduce the activation
barrier to nucleate a shear band relative to a monolithic BMG.

iii. When the indentation conditions were favorable to distribute
strain to both the crystalline and amorphous phases, enhanc-
ing the amount of strain accommodated by the crystalline phase
promoted a transition to homogenous flow, which was accompa-
nied by a reduction in the effective shear band propagation rate
through the arrestment of propagating shear fronts at the ACIs.
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Simultaneously, reducing the activation barrier for the onset of
shear banding at the ACIs will further enhance homogeneous flow
through biased shear band nucleation kinetics.

The improvements in the plastic response of MGM composites rel-
ative to their BMG counterparts are thus understood as an interplay
between complementary deformation mechanisms involving strain par-
titioning to the crystalline dendrites, which is accompanied by biased
shear band nucleation kinetics and reduced propagation rates in the
amorphous matrix. To the extent that shear bands will nucleate at the
ACIs, which we have confirmed quantitatively through our experiments,
the propensity for shear localization under unconstrained modes of load-
ing will also be dependent on the interface structure and area frac-
tion. Leveraging our knowledge of these synergistic mechanisms will
be critical in the design of new MGM composites containing microstruc-
tural length scales tailored to balance the effective distribution of plastic
strain for inhibiting shear localization in the amorphous matrix and its
propagation through the composite microstructure.
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