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a b s t r a c t

Characterizing the dependence of the mechanical properties and structure of metallic glasses on pro-
cessing parameters and thermal history is of significant importance to understand the nature of glass.
One way of defining a specific structural state of a glass is by means of its fictive temperature Tf at which
the supercooled liquid falls out of a metastable equilibrium and forms a glass. Since the metastable
equilibrium state before quenching is assumed to be well defined, Tf is ultimately thought of as a quantity
that describes a specific, reproducibly obtainable structural state. In this research, the effect of systematic
variations of an alloy’s structural state, achieved through purposefully setting its Tf, on a range of me-
chanical properties like modulus, hardness, yield strength, and creep response is studied. Towards this
end, amorphous Zr44Ti11Cu10Ni10Be25 samples with different Tf’s were produced and subsequently
examined using nanoindentation, dynamic mechanical thermal analysis, and density measurements. It is
observed that the lower fictive temperatures directly result in a higher the packing efficiency, i.e., a lower
available (‘free’) volume in the glass. The resulting denser atomic packing manifests in increased values
for hardness, modulus, and yield strength. These effects were found to be substantial despite the fact that
all samples featured the exact same chemical composition and phase.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Metallic glasses, which were first discovered in 1960 [1], enable
technological applications that are distinct from what can be ach-
ieved with conventional materials due to the unusual mechanical,
physical, and chemical properties they exhibit [2e5]. In addition,
they possess promising mechanical properties, such as superior
strength and hardness and a high elastic strain limit [2]. Originally
only available as rapidly quenched thin films and ribbons [6,7],
developments for this class of materials have significantly accel-
erated since alloy systems became available that allow the pro-
longed processing of amounts large enough to manufacture items
usable in daily life [6,7]. With these so-called bulk metallic glasses
(BMGs) [8,9], applications ranging from eyeglass frames, surgical
tools, and biomedical implants to golf clubs have been realized
[4,5].
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In conventional polycrystalline metals and alloys, the atomic-
level structure is generally well defined, consisting mainly of or-
dered dense packing with less ordered regions featuring defects
such as dislocations and grain boundaries. Since glass is an amor-
phous solid made by quenching a melt, it lacks long-range posi-
tional order [10,11]. Most glasses, both traditional (i.e., silica and
other oxide-based glasses) and metallic, have nevertheless been
found to possess short-to-medium range order [12]. Oxide glasses
are essentially ideally brittle with no appreciable room-
temperature plasticity due to the high energy barriers related to
permanent deformations, which makes them extremely flaw-
sensitive with fracture toughness determined by the size and dis-
tribution of flaws [13,14]. In contrast, while metallic glasses are
disordered like traditional glasses, they also feature mostly metallic
bonds [3], which results in unique mechanical properties by
enabling a range of deformation mechanisms [4,5]. However, there
is insufficient understanding of the structureeprocessing re-
lationships in BMGs, which is needed to predict, design, and opti-
mize their mechanical behavior.

To advance our respective understanding, it is important to note
that the structure of BMGs, andwith it their properties, are not only
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Fig. 1. Graph representing the thermal treatment of samples used in the present
studies. The red curve reflects the treatment the raw alloy experienced during casting
at the manufacturer’s facility (red curve). Once in house, the samples were pressed into
shape by thermoplastic forming (orange curve), followed by the annealing process that
induces structural states defined by Tf. Thereby, the respective blue curves visualize the
procedure for two different values, Tf,1 and Tf,2, which both have different relaxation
times t. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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defined by their chemical composition, but also by their degree of
relaxation, which is sensitive to their processing conditions.
Different structural states are often described in terms of their so-
called fictive temperature Tf [8,15e17], which is the temperature
where the structure of a supercooled liquid first deviates from its
metastable equilibrium state; since these equilibrium states are
thought to be well defined, each Tf denotes a specific structural
state with a consistent set of properties. For example, if, upon
cooling, the supercooled liquid falls out of metastable equilibrium
at a relatively high temperature, it ‘freezes in’ the considerable
disorder this temperature induced in the liquid, which is expected
to lead to more free volume and thus to a lower density compared
to specimen prepared at lower Tf. After cooling to room tempera-
ture, the resulting BMG’s glassy state is then characterized by an
unfavorably high value for its cohesive energy (typically referred to
in terms of its ‘potential energy’), which is reflected in a high fictive
temperature. The opposite is the case for slow cooling, which en-
ables the alloy to relax further before departing from a metastable
equilibrium state, thereby assuming states of lower potential
energy.

In earlier work, we have already shown that describing struc-
tural states by their fictive temperatures represents an insightful
method of evaluating variations in a sample’s fracture toughness
[15]. Here we demonstrate with the example of a glassy Zr44Ti11-
Cu10Ni10Be25 alloy that this concept goes beyond fracture tough-
ness, as samples of identical chemical composition, but exposed to
different thermal processing histories, were found to exhibit
distinct sets of a wide range of mechanical properties. In this
context, it is important to note that due to its importance, the in-
fluence of thermal processing on the structure of BMGs and the
effect of annealing on the structure and properties like density
[18,19], modulus [19e24], and plasticity [25e27] has been previ-
ously been studied. Thereby, the observed changes in structure and
properties have been attributed to structural relaxation [28], an
increase in short-range ordering [18,20], free volume reduction
[21,25,29,30], a decrease in STZ volume [31], and phase separation
[32]. The work presented in this paper distinguishes itself in two
key points: First, we correlate the material’s structural state to a
specific fictive temperature rather than to annealing protocols that
are mostly heuristic in nature, the variations in properties can be
tracked as a function of a well-defined structural evolution the BMG is
undergoing.

To validate the usefulness of this approach, we show that lower
fictive temperatures indeed lead to higher densities, corroborating
both this parameter’s value as a qualifier for the material’s struc-
tural state as well as the effectiveness of our sample preparation
methodology. Second, previous research has focused on measuring
selected properties on each sample. This allows to formulate ex-
pectations of how different properties measured on different
samples and in different studies may correlate, but does not verify
their exact interrelations. In contrast, we systematically track how
higher densities translate into increased values for modulus, hardness,
yield strength, and creep response. Generalizing from the underlying
principles can therefore help to establish an understanding of
processing-property relationship of BMGs that may serve as a
guideline when attempting to customize materials properties to
best fit specific desired functions.

2. Materials and methods

2.1. Preparation of samples with different fictive temperatures

For the present studies, we used a research grade Zr44Ti11Cu10-
Ni10Be25 BMG (Zr-BMG) plate 120mm� 100mm� 5mm in size
supplied by Materion (Mayfield Heights, Ohio). The manufacturer
specified the alloy’s glass transition temperature Tg, crystallization
temperature Tx, and melting temperature Tm as Tg¼ 352 �C,
Tx¼ 466 �C, and Tm¼ 644 �C [33]; in a separate study, the liquidus
temperature Tl, Young’s modulus E, and the shear modulus G of the
material were found to be Tlz 726 �C, E¼ 95.2 GPa, and
G¼ 35.1 GPa, respectively [34]. The amorphous state of the as-cast
plate as well as all samples after setting specific fictive tempera-
tures was confirmed by differential scanning calorimetry and X-ray
diffraction (Rigaku Smartlab XRD). The preparation procedures for
Zr-BMG samples with different fictive temperatures are illustrated
in Fig. 1. The underlying principle is that upon annealing a sample
with unspecified thermal history at a fixed temperature T, the BMG
transitions through a large number of structural states until, after
having been heated for a time period longer than its ‘relaxation
time’ defined by the Vogel-Fulcher-Tammann (VFT) relation for
relaxation times [33,35,36].

tðTÞ¼ t0 exp
�

D*T0
T � T0

�
; (1)

it ultimately approaches a metastable equilibrium state. Thereby,
T0¼ 344.64 �C represents the temperature at which t / ∞, t0 re-
flects a minimal relaxation time established at ‘very high’ temper-
atures (i.e., T / ∞; t0 is estimated to be ~2.5� 10�13 s for Zr-BMG
systems [37,38]), and D* ¼ 28.1338 is a constant referred to as the
‘fragility parameter’ [38,39]. An unknown glass obtained from
casting would find a new, well-defined metastable equilibrium
state by annealing at Tf,1 with a relaxation time trelax exceeding tTf ;1 ;
accordingly, annealing with Tf,2< Tf,1 instead will lead to a different,
but also well-defined state after having heated for the appropriate
time tTf ;2 > tTf ;1 obtained from the VFT law.When followed by rapid
quenching, these states are defined (meaning that they are thought
to feature consistent macroscopic observables such as Young’s
modulus, hardness, density, etc.) as long as their respective
annealing temperatures Tf, referred to as their fictive temperatures
[8,15e17,33], are reported. Due to their exponential dependence,
trelax varies substantially from, e.g., trelax z 0.7 s with Tf¼ 410 �C
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over trelax¼ 32 s for Tf¼ 370 �C to trelax just above 6 h for Tf¼ 320 �C
[37]. To avoid any structural transformation induced by the onset of
crystallization, tTf ;1 should at the same time be chosen to be much
shorter than the time needed for crystallization, with the onset of
crystallization for Zr-BMG determined by differential scanning
calorimetry (PerkinElmer Diamond DSC) toz12min for Tf¼ 410 �C
and z100min for Tf¼ 370 �C; by means of extrapolation, it had
previously been estimated to >10 years for Tf¼ 320 �C [37,40].

Fig. 1 illustrates the thermal histories of the samples used in the
present studies while distinguishing the preparation routes for two
different fictive temperatures Tf. After rapid quenching (red curve),
samples were shaped into testing geometry through thermoplastic
forming [34,41e43] by heating at 420 �C for 2min under a
compressive force of 1 kN followed by a subsequent water quench,
which is also expected to eliminate most of the casting defects
(orange curve). Annealing (blue curves) was then carried out by
heating the samples inside a furnace with a temperature ramp of
20 K/min; after the desired temperature was reached, the samples
were kept at this temperature for the at least 1.5 times the time
period trelax given by the VFT equation always followed by rapid
quenching in water. Finally, standard metallurgical sample prepa-
ration techniques such as cutting and polishing were employed as
needed to prepare the samples for nanoindentation
(4mm� 3mm� 2mm cubes) and dynamic mechanical analysis
(~30mm� 3mm� 2mm).

2.2. Density measurements

Samples used for density measurements, which were at least 1 g
in weight, were first cleaned ultrasonically in acetone and then
carefully weighed using a Mettler Toledo XS205 DU balance with a
resolution of 0.01mg. An average of four sample weremade at each
fictive temperature to account for possible fluctuations. To deter-
mine the skeletal density [44] of the glasses, at least ten consecu-
tive measurements were then performed on each sample using a
Micromeritics AccuPyc™ 1330 pycnometer with 1 cm3 cell and
with helium as the gas for each fictive temperature characterized.
Following these procedures, the standard deviation for the volume
measurements by helium pycnometry was 0.001 cm3 while the
weight measurements featured a standard deviation of 0.02mg.

2.3. Mechanical properties measurement

2.3.1. Nanoindentation using Berkovich and spherical indenters
Nanoindentation testing in continuous stiffness measurement

(CSM) [45] mode with a peak load of 50mNwas carried out using a
Nanoindenter XP system (Nanomechanics Inc., Oak Ridge, TN)
featuring a resolution of 0.2 nN and a Berkovich tip calibrated on
standard fused silica samples for contact area with respect to the
indentation depth [46]. An average of 16 indents was taken for both
modulus and hardness measurements. To relate the stiffness
S¼ dP/dh to the reduced modulus or Hertz modulus E* of the mate-
rial, we apply an equation developed in the 1970ies by Bulychev,
Alekhin, Ternovskii, and co-workers [47e50].

S¼ dP
dh

¼ 2E�
ffiffiffiffi
A

p
ffiffiffiffi
p

p ; (2)

where P is the load on sample and h the displacement of the
indenter into the surface (‘indentation depth’), and E* ¼ ((1 e nm

2 )/
Em þ ((1 - ni2)/Ei)�1 is obtained from Young’s modulus and Poisson’s
ratio of the sample (Em, nm) and the indenter material
(Ei¼ 1141 GPa, ni¼ 0.07 for diamond), respectively. Oliver and Pharr
in 1992 [46] demonstrated that Eq. (2), originally developed for
conical and cylindrical indenters, is also valid for axisymmetric
indenters with an infinitely smooth profile and can be used to
determine the elastic properties of a material. While the loading
segment in a nanoindentation experiment for a majority of mate-
rials is elastic-plastic, the unloading stage is purely elastic. Since
BMGs can be assumed to be elastically isotropic materials, the
effective modulus for the material during indentation is given by
Refs. [51e53].

EEffective ¼ Em
.�

1 � n2m

�
; (3)

As the amount of pile up or sink-in during indentation is un-
known, the Oliver-Pharr hardness H, which is calculated as load
over the contact area assuming sink-in behavior, is reported. Tabor
[54] observed that the ratio of hardness H to yield strength (flow
stress) sy is approximately equal to 3; this relationship prevails
when the strain e is approximately 0.08, which is the average
plastic strain for a Vickers indenter regardless of the initial state of
strain hardening [55e57]. Referred to as Tabor’s equation in the
following, H/sy z 3 has been shown to be theoretically and
experimentally valid for non-strain hardening materials like BMGs
[57,58].

Nanoindentation creep testing was carried out using a spherical
10 mmdiameter diamond tip up to a peak load of 100mN (to ensure
an elastic-plastic response) at a loading and unloading rate of
200mN/min using an Anton Paar NHT-3 instrument on the same
Zr-BMG samples with different Tf used in the Berkovich nano-
indentation experiments. The hold time at maximum load was
180 s, and at least 16 indents were completed on each sample with
the average being reported. A generalized Kelvin-Voight model
using one elementwas then applied to analyze the data.Within this
model, the material creep response during spherical indentation is
described by a creep function [59e61].

JðtÞ¼Co � C1 exp
�
�t=t1

�
(4)

where J(t) is the strain response to the unit step of stress as a
function of time t and is referred to as ‘creep compliance’, while t1
is the retardation time and C0 and C1 are constants. The indentation
depth h, which combines both the elastic (“he”) and plastic (“hp”)
contributions to the total displacement into the surface, then fol-
lows as [59].

h1:5ðtÞ¼Bo �B1 exp
�
�t=t1

�
(5)

where B0 and B1 are constant terms. Fitting Eq. (5) for indentation
depth h and time on sample t data from the start of hold at peak
load to the end of hold at peak load yields B0, B1, and t1 [59,60]. The
relative change in the indentation depth during the hold segment
CIT (i.e., CIT ¼ (h2 - h1)� 100/h1, where h1 and h2 are the indentation
depths at hold times t1¼0 s and t2¼180 s respectively), and the
Hertzmodulus E* is then calculated based on the load displacement
curve and the radius of the indenter using a Poisson’s ratio of 0.35
for the Zr-BMG [45,46,53].
2.3.2. Dynamic mechanical analysis
The variation of the storage modulus G’ (measure of the elastic

response), the loss modulus G’’ (measure of the viscous response)
and the tan d (measure of the energy dissipation) of the material in
torsion with temperature was studied using a TA Instruments Ares
G2 dynamic mechanical analyzer operated in the isochronal (i.e.,
scanning temperature at fixed frequency) mode. The samples were
examined with 0.01% strain at 1.5 Hz frequency from room tem-
perature Tr to �150 �C and from Tr to 400 �C at 5 �C per min ramp
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rates while keeping them in 0.1 N (z10 g) auto-tension. During the
analysis, the complex modulus G¼G0 þ iG00 is first obtained from
experimental data, from which storage modulus G0, loss modulus
G00, and loss factor tan d¼G00/G0 are determined. Dynamic me-
chanical analysis (DMA) of samples with different Tf also allows us
to study the influence of sample thermal history (i.e., structure) on
the relaxation dynamics (a and b relaxations) in the bulk metallic
glass. Thereby, the a relaxation is linked to effects occurring at the
glass transition temperature, while b relaxation is thought to be
related to the degree of local structural heterogeneity and mani-
fests below the glass transition temperature.
3. Results and discussion

3.1. Validating the fictive temperature as a qualifier for the BMG’s
structural state

3.1.1. Differential scanning calorimetry and XRD
The required fast cooling for the formation of BMGs results in a

significant amount of imperfections like shear transformation
zones [62], stress inhomogeneities, and free volumes [63,64]
entrapped in the matrix, the degree of which depends on how
much time the glass is given to relax. Out of these imperfections,
the free volume has been found to be a particularly important
structural feature in amorphous alloys, significantly affecting the
mechanical, physical, and chemical properties [38,65,66]. More
specifically, Evenson et al. [66] Slipenyuk et al. [67] and Haruyama
et al. [68] noted correlations between enthalpy changes and free
volume reduction during structural relaxation. In the differential
scanning calorimetry (DSC) measurements presented in Fig. 2a, we
observe that Zr-BMG processed with higher fictive temperatures
(Tf¼ 410 �C and 370 �C, respectively) shows significantly less
exothermic heat flux from structural relaxations than BMG pro-
cessed with lower fictive temperature (Tf¼ 320 �C).

The enthalpy recovered from glasses with low fictive tempera-
ture needs therefore to be greater than that of glasses with higher
fictive temperature, indicating that glasses with higher Tf must
contain comparatively more free volume and vice versa, in agree-
ment with the expectations discussed in the introduction. Ulti-
mately, these conclusions simply reflect the fact that the lower
thermal energy available at lower fictive temperatures results in
the annihilation of excess free volume present in the glass as long as
Fig. 2. (a) Differential scanning calorimetry thermograms of Zr44Ti11Cu10Ni10Be25 of Tf¼ 32
are able to relax freely, with differences in heat flow directly correlating to the relative differe
Tf¼ 320 �C, 370 �C, and 410 �C.
sufficient time to structurally relax is provided [67].
XRD measurements on samples with different fictive tempera-

tures shown in Fig. 2b do not show any obvious peaks indicating
that the samples are fully amorphous after annealing at different
fictive temperatures.
3.1.2. Density measurements
Density measurements for samples prepared at four different

fictive temperatures Tf showed a clear trend that samples processed
at lower Tf feature higher densities. The measured densities were
6.0736 ± 0.002 gm/cm3, 6.0651± 0.003 gm/cm3,
6.0584± 0.002 gm/cm3, and 6.0505± 0.002 gm/cm3 for samples
with Tf¼ 320 �C, 350 �C, 370 �C and Tf¼ 410 �C, respectively, which
results in a basically linear decrease of the specimen’s density with
increasing Tf according to 2.57� 10�4� Tf - 6.155 with an R2 value
of 0.997. These measurements corroborate the conclusions and
anticipations of the previous section that the thermal annealing
process associated with setting a specific value of Tf shrinks excess
free volume to the effect that lower Tf induce higher densities. It has
also been shown in our previous research that an increase in fictive
temperature results in a broader structure function S(Q), and a
lower amplitude of the first peak of the pair distribution; which
indicates a higher degree of disordering as fictive temperature in-
creases [15]. Having this expectation in mind, perhaps most
remarkable aspect of the data is therefore not the general trend, but
its substantial manifestation (z0.38% variation between the
densest and least dense sample despite identical chemical
composition), which validates the effectiveness and accuracy of our
sample preparation method.

Summarizing the results and arguments of this section, we see
that the thermal annealing/structural relaxation process carried out
by preparing samples with lower fictive temperatures (i) annihi-
lates free volume present in the glass, leading (ii) to denser packing
and thus (iii) to a higher density with density variations of z0.38%
being observed. While points (i) and (ii) represent trends that were
expected, point (iii) quantifies the degree to which this happens,
which is found to be remarkably high since the fully annealed
samples (at different fictive temperatures) are all amorphous ac-
cording to XRD measurements. Since denser packing impedes the
flow of atoms past each other, the material’s ability to relieve
external stress through plastic flow is reduced. Therefore, by pur-
posefully modifying the structural state of a specimen to higher or
0 �C, 370 �C, and 410 �C. The inset enlarges the glass transition region where the alloys
nces in the recovered enthalpy. (b) XRD graphs of Zr44Ti11Cu10Ni10Be25 BMG samples of
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lower densities, we anticipate that its mechanical properties can be
adjusted to higher or lower values as needed. The following section
will explore how much this affects their moduli, hardness, yield
strength, and creep response.

3.2. Mechanical properties measurement

3.2.1. Berkovich nanoindentation
Nanoindentation studies indicate a significant difference in the

response of the material with a Tf of 320 �C when compared to
410 �C as seen from the average load displacement curves in Fig. 3a.
Fig. 3b shows the hardness (measured from the unloading curve)
and the effective modulus for the Zr-BMG samples with different Tf.
The effective modulus and Oliver-Pharr hardness (unloading
hardness) are 126.2 GPa and 6.9 GPa, respectively, for samples with
Tf¼ 320 �C,117.32 GPa and 6.7 GPa for samples with Tf¼ 370 �C, and
110.9 GPa and 6.4 GPa for samples with Tf¼ 410 �C. These values
represent a roughly linear increase of the effective modulus and
hardness with decreasing Tf, amounting to a relative rise of
approximately 14% and 10%, respectively, when the Tf is lowered
from its highest value studied here (410 �C) to the lowest value
considered (320 �C). Since all three samples are relaxed amorphous
alloys with a comparatively low density of casting defects due to
the thermoplastic forming process, it is reasonable to correlate the
increase in modulus and hardness with the residual amount of free
volumes present after annealing (fictive temperature processing).
Within this picture, an increase in free volume is thought to affect
mechanical properties such as modulus or resistance to plastic
deformation in three ways, the first one being a decrease of the
resistance to atomic flow through looser packing [69,70], which
results in the reduction of geometric constraints. Secondly, we
consider that the looser packing leads to increases in the average
atomic distances, which weakens atom-atom interactions. Finally,
looser packing may generally degrade short-range order, thereby
further diminishing the rigidity of a specific local atomic
arrangement.

3.2.2. Spherical nanoindentation and creep response
To investigate the creep response of the material as a function of

Tf, spherical indentation creep testing has been performed, with
Fig. 4a depicting typical load-displacement curves obtained during
data acquisition. For creep analysis, this data is then in Fig. 4b
plotted as displacement-time curves, with the inset showing creep
Fig. 3. Results of nanoindentation testing of Zr-BMG processed to reflect three different Tf, na
load; (b) average hardness (Oliver-Pharr) obtained from the unloading curves (blue) and aver
references to colour in this figure legend, the reader is referred to the Web version of this
displacement with time during hold at peak load. Table 1 sum-
marizes the results from the nanoindentation creep experiments.
Previous research has shown that the creep behavior of bulk
metallic glasses studied using nanoindentation by Berkovich
[71e76] and spherical indenters [77] is influenced by the loading
rate [78], the composition, and the structure state of the material
[71,73]. The creep mechanism in bulk metallic glass (creep flow
beneath the indenter) is thought to be due to free volume creation
and annihilation, interfacial diffusion, and shear transformation
zone evolution [76]. An increase in structural relaxation (i.e.,
“ageing”) has previously been shown to decrease both the rate at
which the creep occurs as well as themaximum deformation that is
ultimately reached [71].

Due to the more advanced structural relaxation and the related
increase in ordering as the Tf is decreased, the deformation during
creep and the steady state creep rate _εcreep ¼ vh=vt during hold at
100mN peak load increases progressively with an increase in Tf.
The results agree with the prediction that an increase in ordering
would result in a progressive reduction of defects where localized
elastic deformations can occur. The reduced modulus E*, obtained
using Hertzian equations for spherical indentation in the elastic
region, increases with decreasing fictive temperature, thereby
showing a similar trend to the Berkovich nanoindentation results.
3.2.3. Yield strength comparison between different Tf
With respect to quantifying the dependence of density to yield

strength, we note that previous research by Yang et al. [79] and by
Liu et al. [80] has already shown that higher-density alloys are
presumed to have higher yield and fracture strengths when
compared to lower-density counterparts. Yang et al. [79] describe
this behavior with a universal scaling law

ty ¼ 3R
�
Tg � Tr

�
rr

M
y

sy
2

y
sf
2:2

(6)

where ty, the maximum shear stress in a BMG upon yielding at
room temperature Tr, only depends on the material’s Tg, its molar
massM, and its density at room temperature rr. In addition, sy is the
yield strength under monotonic loading conditions, sf is fracture
strength of the glass, and R reflects the universal gas constant.
Rationalizing the individual terms, the ratio rr/M can be regarded as
a measure for the available free volume at Tr while R(Tg e Tr), which
is proportional to the energy input needed to enable viscous flow,
mely 320 �C, 370 �C, and 410 �C. (a) Representative curves carried out with 50mN peak
age effective modulus (green), both plotted as a function of Tf. (For interpretation of the
article.)



Fig. 4. Creep testing of Zr44Ti11Cu10Ni10Be25 processed at three different Tf’s of 320 �C, 370 �C and 410 �C using a spherical indenter. (a) Representative loadedisplacement curves
with a peak load of 100mN and a 180 s hold at maximum load. (b) Quantification of creep using displacement h e time t curves extracted from the data during the hold section of
the tests displayed in (a). The inset shows a magnification of the part of the displacement vs. hold time curves at peak load with the steady-state creep rates listed.

Table 1
Creep testing results on Zr-BMG with different fictive temperatures.

Zr-BMG Tf 320 �C 370 �C 410 �C

_εcreep 0.0545± 1.04E-4 0.1394± 2.66E-4 0.176± 3.03E-4
CIT 2.33± 0.87 6.00± 0.68 6.41± 0.65
hp (nm) 216.05± 12.04 248.24± 13.60 282.86± 8.95
E* (Hertz) GPa 110.61± 0.25 103.83± 0.35 92.49± 0.37

Fig. 5. Yield strength for Zr44Ti11Cu10Ni10Be25 of different fictive temperature Tf.
Despite different slopes, both the data obtained from density measurements using the
universal scaling law Eq. (6) and Tabor’s equation (H/syz 3) reveal the clear trend that
yield strengths are decreasing for higher Tf’s (note that the vertical scale is different for
the top and bottom halves of the graph).
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highlights the thermodynamic origin of shear band formation,
fracture, and yielding in bulk metallic glasses. Since Eq. (6) was
found to be valid, e.g., by Fornell et al. [81] for Zr25Ti40Cu9Ni8Be18
comparing both experimental and theoretical values and by Tan
et al. [82] for Zr56Co28Al16, it can be used to calculate both ty and sy.
Doing so, we find that ty (sy) varies from 0.833 GPa (1.667GPa) for a
sample with Tf¼ 320 �C (leftmost data point) to 0.830 GPa
(1.660 GPa) for a sample with Tf¼ 410 �C (rightmost data point,
please recall that Tg¼ 352 �C. In comparison, the yield strength for
the original raw material from Materion corporation was, using
different methods, found to bewithin a 1.8e2 GPa range [20,34,83],
which shows similar trends with the results obtained using the
universal scaling law.

To compare these expectations with measured values, we
plotted in Fig. 5 the yield strength obtained for Zr-BMG samples
with different Tf by inserting the density measurements from Sect.
3.2 into the universal scaling law Eq. (6) (blue dots) [79] and then
added the equivalent values calculated from Tabor’s equation H/
syz 3 using the hardness derived from the Berkovich nano-
indentation measurements (green dots) [54].

Although the values obtained by Tabor’s equation based on
hardnessmeasurements are higher, the difference can be attributed
to the pile-up corrections which need to be taken into consider-
ation, with yield strength values from hardness measurements for
Tf¼ 410 �C being close to the range of yield strengths of 1.8e2 GPa
measured by previous researchers [34,83]. Most notably, however,
both data sets exhibit a clear, statistically relevant trend with the
yield strength decreasing with increasing fictive temperatures,
even though this decrease is less prominent for data derived from
the density measurements compared to the data obtained from
nanoindentation.

3.2.4. Dynamic mechanical analysis
To complement our mechanical properties vs. fictive tempera-

ture studies, isochronal DMA was carried out on Zr-BMG samples
with different Tf. The variation of the storage modulus G0, the loss
modulus G00, and the loss factor tan d in torsion with increasing
temperature for Zr-BMGs featuring different fictive temperatures is
plotted in Fig. 6. Thereby, we find that G0 increases with a decrease
in Tf; at room temperature Tr, the measured storage moduli G0 of
samples with Tf¼ 320 �C, 370 �C, and 410 �C are approximately
20.5 GPa,18.6 GPa, and 16.5 GPa, respectively, whichmeans that the
G0 at room temperature of a sample with Tf¼ 410 �C is approxi-
mately 24% greater than that of a sample with Tf¼ 410 �C. Fig. 6a
displays the storage and loss modulus normalized with regard to
their respective storage modulus Gu at room temperature plotted
against temperature. As indicated in the figure, three different re-
gions are evident: In the low-temperature region (I), the material is
in an amorphous state and the response is, at least on the time scale
of the experiment, mostly elastic. As a consequence, the loss
modulus almost vanishes (i.e., G00 z 0), leading to
Gu¼ G0(T¼ 25 �C)z G(T¼ 25 �C). The transition from region (I) to



Fig. 6. Dynamic mechanical analysis of Zr44Ti11Cu10Ni10Be25 BMG with different Tf’s. (a) Normalized storage and loss moduli; (b) tan d measured in torsion as a function of
increasing temperature from 50 �C to 500 �C; (c) storage modulus in torsion from �150 �C to 500 �C for two samples with fictive temperatures of 410 �C and 320 �C, respectively;
and (d) loss modulus data complementary to (c).
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region (II) is defined by a maximum in G00, located at a temperature
Ta; the related peak can be tied to the frequent occurrence of
structural relaxations within the glass referred to as a relaxations
[76,84,85]. In the mid-temperature region (II), substantial viscosity
causes G0 to decrease with temperature, until G0 and G00 increase
again in region (III) due to the progressing degree of crystallization.
For comparison, we then plot in Fig. 6b the variation of the loss
factor tan d¼ G00/G0 with temperature, which increases for
increasing temperatures until it reaches a peak near Tz 435 �C.
Fig. 6c is then used to highlight the behavior of G0 as a function of
temperature. For data points acquired while heating two samples
with Tf of 320 �C and 410 �C from Tr up to Tg, a constant decrease in
G0 is observed, which is expected due to the material’s thermal
expansion [86].

Subsequent testing of the same samples upon cooling from Tr
to �150 �C confirms a matching steady increase of G0 with
decreasing temperature with no ductile-to-brittle transitions
observable within the tested temperature range. Finally, comple-
mentary data for the loss modulus (Fig. 6d) reveals that G00 is almost
zero at temperatures below Tr, as expected from our earlier
discussion.

To continue the discussion, let us note that a secondary b-
relaxation peak is often observed in metallic glasses below Tg,
which is not found in any of the Zr-BMG samples investigated here.
However, it has previously been reported for BMGs containing
significant amounts of copper that the b-relaxation peak is influ-
enced by composition, which causes the onset of b relaxation to be
at a higher temperature, thereby overlapping with the a-relaxation
peak and ultimately resulting in a shoulder or ‘excess wing’
[85,87,88]. This is most easily seen from Fig. 6b, where the rate at
which tan d increases with temperature accelerates for
temperatures higher than Tz Tg. Another reason may be that the
enthalpy of mixing for the various atomic pairs in the Zr-BMG is
either close to zero or negative, with large fluctuations [89], which
may suppress b-relaxation peaks, as suggested by Yu et al. [90].
Finally, we also recover from Fig. 6b that the sample with a Tf of
320 �C has a smaller b-relaxation intensity than samples of Tf of
370 �C and 410 �C. Structural heterogeneities have been found to
influence b-relaxation in bulk metallic glass [91,92]; therefore, a
glass with higher ordering (Tf of 320 �C) will have to overcome a
higher potential energy barrier when initiating flow by activating a
previously unsheared shear transformation zone based on the co-
operative shear model [93] compared to glasses with either
Tf¼ 370 �C or Tf¼ 410 �C, which will result in reduced b-
relaxations.
4. Conclusion

In conclusion, we have created glasses with different fictive
temperatures bymanipulating processing conditions through rapid
quenching and annealing. All samples were identified as being
amorphous through XRD and DSC; DSC also revealed different
degrees of structural relaxation, which was concluded from the fact
that the enthalpy recovered during heating increases as fictive
temperature decreases. In addition, density measurement exhibit
that the density increases as the fictive temperature decreases,
whichwas explained through an increase in ordering and reduction
of free volumes. As a result, samples with purposefully set fictive
temperatures are found to represent well-defined, structural states
that are ideally suited for systematically examining structure-
property relationships.

Subsequent mechanical properties testing using
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nanoindentation and dynamic mechanical analysis then exposes
that the hardness and modulus increase when Tf decreases. With a
14% increase in the effective modulus and a 10% increase in the
hardness when Tf changes from 410 �C to 320 �C, this increase is
found to be significant. Similarly, the storage modulus in torsion
also features an increase from z16 GPa to z20 GPa when the Tf is
lowered from 410 �C to 320 �C. An increase in ordering decreases
the intensity of the b-relaxation wing during isochronal DMA.
Nanoindentation creep curves disclose differences in the intrinsic
deformation mechanisms in samples with different Tf due to
changes in the structural state (free volumes and ordering). How-
ever, further testing is needed to address the effect of anelastic
(recoverable) and viscoplastic (permanent) deformations. Finally,
estimating the yield strength from either the universal scaling law
using highly precise density measurements or from Tabor’s law
using hardness values obtained from nanoindentation show similar
trends, with both quantitative estimates being close to the yield
strength measured by previous researchers.
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