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ARTICLE INFO ABSTRACT

Keywords: The influence of relaxation and rejuvenation on the deformation behavior of the Zr-based bulk metallic glass
Bf‘lk metallic glass Vitl05 (Zrsz.5Cui7.9Niq4,6Al10Tis) was investigated, where a well-defined thermal history was systematically
Vit105 introduced by thermal treatments. Samples with a progressively lower fictive temperature exhibit a lower
Relaxation . . P . . .

Rejuvenation enthalpic state, coupled with a reduced degree of free volume, which is responsible for a continuous embrit-

tlement observed in three-point beam bending tests. The generated database allows an assessment of the me-
chanical behavior of any amorphous component made of Vit105 by simple calorimetric measurements and the
determination of the fictive temperature, which is of special interest for complex parts that cannot be easily
evaluated in mechanical tests. Diffraction experiments with high energy synchrotron X-ray radiation reveal a
correlation between the increase in rigid 3-atom cluster connections with the reduction in the fracture strain, as a
measure of ductility, indicating a strong correlation with the thermal history. While the atomic connections seem
to have a crucial contribution to the ductility, changes of the short- and medium-range order seem to be equally
important. The current findings provide fundamental insights into the role of thermal history in metallic glass
forming alloy systems and how it can be used to manipulate the structure and tailor their mechanical properties
specifically to the needs of each application.

Mechanical properties
Fictive temperature
Structure

Watch component

Zrs2.5Cu17.9Ni146Al10Tis (in at%) or better known by its commercial
name Vit105. This composition was developed at the California Institute

1. Introduction

Metallic glasses were first discovered in the Au-Si system in 1960 by
Duwez et al. [1]. Since then, amorphous metals have attracted wide
interest as a new branch of glass-forming materials due to their unique
physical and chemical properties [2]. In the early days of this class of
materials, extremely high cooling rates of around 10° Ks™! were
required to suppress crystallization and freeze-in the amorphous struc-
ture. This limited the component size to only thin films and ribbons with
thicknesses in the range of a few micrometers, whereas the continuous
alloy development in the following decades resulted in an increase of the
critical casting size d. to 1 mm and above in various systems [3-7]. This
development towards bulk metallic glasses (BMGs, d. > 1 mm) led to a
decline in the required cooling rates for glass formation to around 100
Ks~! (or even lower for the best glass formers), which enabled techno-
logical upscaling and commercialization [2,8]. One of the best and most
well-known representatives in the Zr-based alloy family is
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of Technology in 1997 and is one of the best Zr-based glass-forming
alloys in general [9]. Apart from its high glass-forming ability (GFA),
which results in an excellent processability, Vit105 exhibits superior
mechanical properties such as a high strength combined with a high
hardness as well as a high elastic deformation limit [8,10,11].

The mechanical properties in conventional polycrystalline metals are
mainly defined by the long-range periodic order of the lattice and its
defects such as dislocations and grain boundaries. Amorphous metals,
on the other hand, have no long-range order but ordering on the short-
and medium-range length scale without the presence of these well-
known defects and related classical deformation mechanisms [12]. Ac-
cording to the current state of the art, deformation in amorphous metals
by shear bands is mainly triggered by the formation of shear trans-
formation zones (STZs) in areas of increased free volume, which is
predetermined by the frozen-in amorphous structure [13]. This means
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that the properties of BMGs are not only defined by their chemical
composition but also by their degree of relaxation, which is influenced
by the processing conditions. One way to describe the different struc-
tural states of metallic glasses and the accompanying differences in
mechanical performance is by means of the fictive temperature T
[14-16]. This temperature marks the point at which the supercooled
liquid deviates from its metastable equilibrium state. As the temperature
of vitrification is well-defined by the fictive temperature, each Ty cor-
responds to a specific structural state with a consistent set of properties
[17]. A higher fictive temperature is reflected in a larger degree of free
volume, which facilitates the formation of STZs and thus shear bands,
leading to improved ductility [14,18]. Since BMGs are in a
non-equilibrium state, the system seeks to relax toward its thermody-
namic equilibrium, which can be simply induced by annealing. This
usually results in a degradation of the desired properties, such as frac-
ture toughness or total fracture strain [19-22]. On the other hand, it is
much more difficult to reverse structural relaxation in order to change
the structure of metallic glasses in such a way that an increase of free
volume is achieved [23]. Therefore, there is a high demand to identify
suitable methods that can incorporate a defined amount of free vol-
ume/enthalpy into the system. A variety of approaches have been
established such as cold rolling [24,25], high pressure torsion [26-31],
irradiation [32,33], cryogenic cycling [34-39] and thermal annealing
[40-43].

The present work focuses on the bulk glass forming alloy Vit105,
featuring outstanding castability as well as high plasticity in as-cast
conditions. This allows to introduce a progressive embrittlement as a
function of the fictive temperature to systematically study the me-
chanical properties for a wide range of relaxation states. The evolution
in fracture strain is discussed in terms of the internal enthalpy difference
of various relaxation and rejuvenation states, resembling differences in
their excess free volume. To achieve rejuvenation, the focus lied on the
simplest post-processing method of thermal annealing in the super-
cooled liquid region followed by water quenching to freeze-in a high
fictive temperature. This systematic analysis allows to predict the
properties of amorphous parts based on their intrinsic enthalpic state, as
was exemplarily done for a watch component that cannot be tested
easily in mechanical tests due to its complex shape. Furthermore, the
structural changes induced by the annealing procedures were deter-
mined in synchrotron diffraction studies and correlated with the alter-
ations in ductility, providing valuable insights into structure-property
correlations in metallic glasses.

2. Experimental procedure
2.1. Sample production of the amorphous feedstock material

The raw elements Zr (99.99 wt%), Cu (99.99 wt%), Ni (99.99 wt%),
Al (99.99 wt%) and Ti (99.995 wt%) were used to synthesize the master
alloy by fusing them together in an electric arc furnace under Ti-gettered
high purity argon atmosphere. To ensure an even distribution of the
elements, the ingots were flipped and remelted at least four times. After
homogenization, the master alloys were cast in water-cooled Cu molds
in the shape of beams measuring 2 mm x 3 mm x 50 mm (height x
width x length) in a custom-built suction casting machine using the
electric arc technology. The watch component of a *bezel” was produced
by the company Amorphous Metal Solutions GmbH (AMS) in Germany
[44]. AMS uses a die-casting process specifically designed to cast
amorphous metals, which is well suited for the processing of BMG
components with complex geometries.

2.2. Annealing experiments
The annealing experiments were conducted in a Linkam THMS600

furnace, consisting of a heated silver block with high temperature con-
trol precision. The experiments were performed under high purity argon
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atmosphere to minimize oxidation. However, slight oxidation of the
surface layer was unavoidable and therefore removed by sanding prior
to mechanical testing and further analysis. The isothermal transition
time 7t from the glassy state into the supercooled liquid as a function of
temperature were taken from Ref. [45], allowing to estimate the time
the Vit105 system requires to relax towards the metastable equilibrium.
To ensure relaxation into the equilibrium liquid, all isothermal anneal-
ing times at each temperature were performed for double the transition
time t. This guarantees equilibration, as the system cannot move to a
deeper enthalpic state than the supercooled equilibrium liquid, if crys-
tallization is excluded. Subsequent cooling leads to immediate vitrifi-
cation due to the long relaxation times for annealing temperatures below
the glass transition temperature T,. Therefore, the annealing tempera-
ture corresponds to the new fictive temperature (T, = Ty), which is also
shown later in the ‘Results’ section. The relaxation protocols (1-7) are
summarized in the low-temperature time-temperature-transformation
diagram in Fig. la. Next to these relaxation experiments to set a
well-defined Ty, annealed specimens according to protocol no. 5 (Tq =
641 K) were additionally heat treated in the supercooled liquid at 713 K
for 30 s with subsequent water quenching (rejuvenation protocol no. 8)
with the aim to restore a high fictive temperature with improved
ductility. Rejuvenation at higher temperatures was not performed as the
fast crystallization times for Vit105 do not allow proper temperature
equilibration. Furthermore, continuous cooling experiments were per-
formed with different cooling rates as shown in Fig. 1b. In this way, it is
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Fig. 1. a) Low temperature isothermal time-temperature-transformation dia-
gram, representing the isothermal annealing protocols used in this study. All
samples were heated with a rate of 2 Ks ! to the desired annealing temperature.
The curves 1 to 7 represent the isothermal annealing experiments for times
longer than the transition times to establish a well-defined fictive temperature
Tf (since t>Tyans: Tai = Tfi i = 1,2 ..., 7)). The blue curve (8) represents the
rejuvenation protocol, which starts with a synthetic embrittlement according to
procedure (5), followed by heating into the supercooled liquid region at 713 K
for 30 s (crystallization time of 89 s at this temperature) with subsequent water
quenching to freeze in a fictive temperature that is as high as possible. b)
Starting in the supercooled liquid at 713 K, continuous cooling experiments
were carried out using various rates. The corresponding fictive temperature is
then determined from calorimetric measurements by applying the Moynihan
method [17].
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possible to determine the fictive temperature of vitrification at a given
cooling rate. This allows the estimation of an equivalent cooling rate for
the different Ty set by isothermal annealing.

2.3. Mechanical testing

Three-point beam bending (3PBB) testing was performed for Vit105
samples with different fictive temperatures under ambient conditions.
Rectangular shaped beams with nominal dimensions of 2 x 3 x 25 mm®
(height h x width w x length L) were used, while the support distance
was set to 20 mm. For statistical reasons, a set of 5 beams was tested for
each Trand the amorphous structure of each beam was verified by X-ray
diffraction and calorimetric analysis. The tests were conducted on plane-
parallel samples ground with 1200 grit paper using a displacement rate
of 0.3 mm min ! (=midpoint strain rate of 1.5 x 10~% s~} for the given
nominal dimensions). The applied force F and deflection D were
continuously measured to calculate the engineering stress ¢ and strain ¢
at the outer midpoint fiber of the beams according to:

3FL

o= 2wh? M
and
6Dh

=T @

with the width w and height h of the beam.
2.4. Differential scanning calorimetry (DSC)

Thermal analyses were performed from 323 K to 853 K at heating
rates of 1 Ks~! under a constant high-purity argon flow (Ar. 99.999 vol
%) in a Perkin Elmer DSC8000 using Al crucibles. The method of Moy-
nihan was applied to determine the fictive temperature of the as-cast and
annealed samples [17]. The DSC specimens were taken right next to the
fracture surface of each beam (5 samples in total for each state), yielding
good statistics for the determination of Ty.

2.5. Structural characterization by high-energy synchrotron X-ray
diffraction

High-energy synchrotron X-ray diffraction (HEXRD) experiments
were conducted in a transmission setup at the P21.2 beamline facility of
PETRA III of the ‘Deutsches Elektronensynchrotron’ (DESY). The
diffraction experiments of the as-cast and annealed specimens were
performed from room temperature up to crystallization (heating rate of
0.33 Ks'l) using the same Linkam THMS600 furnace as described in
section 2.2. The beam size and energy were set to 500 pm x 500 pm and
68 keV (wavelength A = 0.18233 A), respectively. The HEXRD patterns
were recorded with a VAREX XRD4343CT detector (2880 x 2880 pixels)
with a pixel size of 150 pm x 150 pm and an exposure time of 5 s. The
two-dimensional diffraction patterns were azimuthally integrated using
PyFAI [46] and then baseline corrected using the PDFgetX2 software
package [47] to obtain the structure factor S(Q) and reduced pair dis-
tribution function (PDF) G(r). More details can be found in our prior
studies [48,49].

3. Results
3.1. The correlation of Ty with the enthalpic state and the cooling rate

As-cast Vit105 beams were aged according to Fig. la at various
annealing temperatures T, for certain times. In order to verify that the
annealing temperature was sufficiently long to set a well-defined fictive
temperature Ty, the Moynihan area matching method [17] was applied
to the DSC measurements shown in Fig. 2a. The results are summarized
in Table 1. The as-quenched specimens were determined to exhibit a
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Fig. 2. a) DSC scans of Vit105 of the as-cast, rejuvenated and relaxed states.
The latter were aged according to the transition times at the respective
annealing temperature to achieve relaxation to the supercooled liquid state on
long timescales. The deepest annealing temperature partially crystallized (p.c.,
black curve), which can be seen from the earlier onset for crystallization. The
grey area below the dotted zero line represents the structural relaxation that
occurs upon heating, while the overshoot during the glass transition represents
the enthalpy recovery. b) The relative enthalpy difference curves are obtained
by integration of the DSC curves (T, = 623 K from a) is excluded due to partial
crystallization). The curves are additionally pinned to the supercooled liquid
region, as the enthalpy difference must be zero in the equilibrium state. The
absolute enthalpy difference AH,.x with respect to the crystalline mixture can be
obtained from specific heat capacity measurements (details in the SI).

high fictive temperature of 727 K due to the high cooling rate during
copper mold casting. Additionally, it could be shown for the isothermal
experiments that the annealing temperature closely matches the fictive
temperature, even for the rejuvenated state despite a fast transition time
of just 0.5 sat 713 K [45]. To exclude crystallization, the annealing times
(2-times the transition time 1) were oriented at the low temperature
isothermal crystallization times (see Fig. 1a) [45]. These were measured
at temperatures close to the calorimetric glass transition temperature,
however no crystallization times were available well below T, due to the
very slow crystallization kinetics. Since conventional X-ray diffraction is
limited to resolve nano-crystallization [50], calorimetric measurements
were performed, as small changes within the sample volume induce a
reduction in the absolute crystallization enthalpy release AHy. There-
fore, AH, was determined for each state to exclude crystallization and
yield information about the amorphous fraction as given in Table 1. AHy
of the as-cast state was used as reference, revealing that the produced
aging states from as-cast to Ty = 631 K remain fully amorphous after the
relaxation and rejuvenation treatments. However, annealing at 623 K
marks the low temperature limit for the thermal treatment, as the
amorphous fraction was slightly reduced to ~91 % due to the first
appearance of crystals (AHL® = 23 K=0.91 AHZ%), This is supported by
the shift of the crystallization temperature T2 to lower temperatures
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Table 1
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Overview of the annealing temperatures and corresponding transition times. The fictive temperature Tr was determined with the Moynihan area matching method,
revealing that T corresponds to the annealing temperature. Additionally, Tr was correlated to an equivalent cooling rate. The deepest annealing temperature probed
(T, = 623 K) indicates the lower temperature boundary for annealing in our chosen setup, as minor crystallization already occurred. This can be quantified by
calculating the amorphous fraction (AH,(T,)/AH,(as-cast)) from the crystallization enthalpy AH, for each production state. The error bars correspond to the standard

deviation of five measurements of each production state.

Annealing temperature

Transition time t

Annealing time

Fictive temperature

Estimated cooling rate

Crystallization enthalpy AH, (kJ

Amorphous

T, (K) (s) (=2 x1) T; (K) (Ks~H» g-atom 1) fraction (%)
H)

— (As-cast) - - 727 + 3 437 —3.42 + 0.03 100
713 (Rejuvenation) 0.5 0.0083” 712 1 84 —3.43 £ 0.04 100
671 120 0.066 671 +1 0.9 —3.43 £0.02 100
661 750 0.42 662 + 1 0.3 —3.44 £ 0.04 100
651 2900 1.61 653 + 1 0.1 —3.44 £ 0.03 100
646 12000 6.66 645 + 1 0.05 —3.40 £ 0.03 100
641 29000 16.11 640 + 3 0.03 —3.41 £0.03 100
631 240000 133 631 + 2 0.01 ~3.44 + 0.02 100
623 1650000 917 - - —3.10 + 0.04 91
# Annealing time>2 X 7 to guarantee temperature equilibration.
b Based on Equation 3.

(black curve of Fig. 2a) compared to all the other states. Therefore, this L.

partially crystalline state is excluded from further analysis. fictive temperature (-€)

Integration of the DSC scans against the crystalline baseline (which 380 385 390 395 400 405 410 415
corresponds to the zero line) lead to enthalpy curves that yield infor- L L L L L L L L
mation about the relative enthalpy difference between each state, as 10 5 —.—.-linear fit
shown %n Fig. 2b. The absolute entha.lpy difference w1Fh respect to t.he A\_ 4 ((0.0476-T-32.11) p
crystalline state AH;, can be obtained by correlating the relative qc(KS )=10 f Pid
enthalpy difference at each fictive temperature to the absolute enthalpy — R?=0.97 /./
difference. The latter can be obtained from specific heat capacity mea- 'n /./
surements of the Vit105 composition [45]. Comprehensive details about é ,.'01
the correlation procedure to obtain the AHy, curves are provided in the o 14 -7
supplementary information (SI). The enthalpy differences range from "é Pite o
about 5 kJ g-atom™! for the as-cast state to 3.25 kJ g-atom™! for the o R
annealed state of Ty = 631 K, i.e. the investigated states differ in their £ /9 -7
enthalpy, resembling their degree of relaxation, by up to 1.75 kJ 8 '—O:|
g-atom ™! from each other. In the case of the rejuvenation protocol (8), © R
the enthalpy was increased from 3.5 kJ g-atom ! (=enthalpic state of Ty 014 .~ g
= 641 K) to 4.7 kJ g-atom . The deviation of the enthalpy curves from -~
the supercooled liquid line AH;, in the vicinity of the glass transition
temperature results from the enthalpy recovery overshoot, where atomic r r r r r r r
mobility is regained, enabling the glassy structure to transition from its 650 655 660 665 670 675 680 685 690

frozen state to the supercooled liquid. As visible in Fig. 2a, the enthalpy
recovery becomes more pronounced with decreasing annealing tem-
perature, since the structural rearrangements are kinetically con-
strained. This is caused by the progressively slower intrinsic time scales
relative to the ‘fast’ heating rate in the DSC, leading to a lag in the
enthalpy response to the new temperature conditions.

Furthermore, structural relaxation upon re-heating is only observed
for the as-cast and rejuvenation specimens (see Fig. 2a), since the
applied heating rate in the DSC is slower than the cooling rate during
vitrification. In contrast, if the cooling rate during vitrification is slower
than the applied heating rate in the DSC, no structural relaxation can be
observed as visible for all aging states. This is attributable to the fact that
the corresponding relaxation processes have already taken place during
the annealing procedure. Since the cooling rate of each annealing state is
not directly accessible from isothermal experiments, continuous cooling
experiments were carried out at different rates (see Fig. 1b) to assign to
each fictive temperature a cooling rate that results in an equivalent
enthalpic state. The slower the cooling rate, the deeper the system can
relax before vitrification, i.e. the liquid vitrifies at a lower fictive tem-
perature. Ty was determined using the area matching method and is
shown as a function of the applied cooling rate in the semi-log plot in
Fig. 3. Despite the high cooling rate of 2.5 Ks™ (the fastest cooling rate
that can be used with the Linkam furnace), the melt stays in equilibrium
for around 30 K due to the fast relaxation time above the calorimetric
glass transition, until the system finally vitrifies at Tf = 682 K. With the

fictive temperature (K)

Fig. 3. Semi-log plot of cooling rate as a function of the fictive temperature.
The fictive temperature was determined from DSC scans by applying the
Moynihan method.

slowest cooling rate of 0.167 Ks™%, the system can relax to much lower
temperatures (Ty = 659 K) before the system finally leaves the equilib-
rium liquid and forms a glass. The dependence follows a linear equation
with a high R? value of 0.97, allowing the cooling rate g, for different Ty
to be estimated based on the following fit:

e (st1) — 10(0.0476-T;-3211) 3)

Detailed information of all important parameters, including the
annealing temperatures, transition and annealing times, crystallization
enthalpies and estimated cooling rate for each Tycan be found in Table 1.

3.2. Mechanical properties as a function of Ty

For application-oriented alloys such as Vitl05, it is particularly
important to understand the mechanical properties and their evolution
with respect to the fictive temperature, as a low Tysignificantly alters the
ductility of an alloy [14]. A certain degree of ductility is particularly
important to prohibit sudden failure, if the applied load unexpectedly



L.M. Ruschel et al.

exceeds the yield strength. Fig. 4 shows engineering stress-strain curves
for several fictive temperatures of Vit105, from deeply annealed through
the rejuvenated state up to the as-cast condition. The as-cast beams with
a high T of 727 K exhibit the largest ductility region in 3PBB experi-
ments with a bending strain to failure of 6.50 %. The stepwise reduction
of Trled to a continuous decrease in ductility with a significant reduction
at Ty of 631 K with almost no plasticity left, indicating that this fictive
temperature is approaching the critical fictive temperature for embrit-
tlement proposed by Kumar et al. [14]. Annealing for double the
relaxation time at 623 K results in further embrittlement, which is not
only caused by relaxation but also superimposed by partial crystalliza-
tion. Hence, this marks the lower boundary for the annealing tests and is
excluded from further analysis. Nevertheless, it is to mention that Vit105
still retains certain ductility despite partial crystallization (black
curves), which underlines its excellent resistance against embrittlement
and makes it one of the most promising alloys for industrial applications.
The blue curves represent the rejuvenated specimens, which were first
embrittled according to protocol 5 (see Fig. 1a), followed by a heat
treatment in the supercooled liquid at 713 K with subsequent water
quenching to obtain a glass with a high fictive temperature. The gain of
about 2 % ductility by this rejuvenation procedure is indicated with a
black arrow. Next to ductility, other characteristic values are also
changing, such as the Young’s modulus E that increases from 95 to 108
GPa with decreasing Ty. The evolution of 0'3'2 %, o5, E, & and HVS cor-
responding to the yield strength at 0.2 % strain, the fracture strength,
the Young’s modulus, the fracture strain and the Vickers hardness,
respectively, of all investigated conditions are summarized in Table 2.

3.3. Structural changes as a function of Ty

Synchrotron diffraction experiments were performed for the as-cast
and annealed samples (all annealing states from Fig. 1a). The struc-
ture factor S(Q) as well as the reduced PDF, G(r), for the different states
are shown in Fig. 5. The most significant structural changes can be seen
at the first and second sharp diffraction peak (FSDP and SSDP), which is
mainly reflected in an increase in their intensity. Fourier transformation
to the real space yields to the reduced PDF as shown in Fig. 5b, revealing
changes on the short- and medium-range order (MRO). The detailed
changes for the different fictive temperatures are shown in the insets as
well as the difference plot in Fig. 5c, revealing primary alterations on the
1st, 2nd and 3rd coordination shell. The former corresponds to changes
on the short-range order (SRO), whereas the 2nd and 3rd yield

regain of ductility by rejuvenation

3500 -
3000 4
. 2500 -~ fracture
©
o
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Fig. 4. Engineering stress-strain curves for different fictive temperatures Ty,
revealing significant embrittlement with decreasing T;. The deepest annealing
temperature (T, = 623 K, black curves) is affected by partial crystallization (p.
c.) as revealed in DSC experiments.
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Table 2

Summary of the mechanical parameters for the as-cast, rejuvenated and relaxed
samples with the Youngs modulus E, the engineering yield strength 0}‘3'2 % at 0.2
% strain, the fracture strength oy, the fracture strain ¢ and the Vickers hardness
HV5.

Annealing 0}0,'2 % (GPa) o (GPa) E(GPa) & (%) Hardness HV5
temperature

T (K)

— (As-cast) 2.79+0.06 298+0.04 95+2 6.50 £0.26 522 +5
713 2.76 £ 0.03 3.07+0.03 93+2 591+0.18 52742
671 2.83+0.02 3.16+0.06 98+3 552+0.29 529+4
661 2.82+0.03 3.12+0.04 100+1 4.59+0.19 530=+4
651 2.87+£0.03 3.07+0.03 98+1 4.49+0.25 533+2
646 2.92+0.09 3.18+0.06 104+3 4.28+0.07 538+2
641 2.86 +£0.07 3.08+0.05 102+3 3.88+0.13 547 +8
631 2.89+0.04 3.13+0.08 108+2 3.45+0.15 547 +6
623 2.85+0.04 2.89+0.06 103+2 3.04+0.12 55342

information on the MRO. Especially the 2nd coordination shell provides
information on the interconnectivity of the clusters, specifically whether
they share one (211), two (v2 1), three (1/8/3 ry) or four (v/3 1) atoms.
The position r; corresponds to the interatomic distance. However, the
1st peak of G(r) mainly consists of multiple contributions to the scat-
tering factor S(Q). The contribution of the individual interatomic dis-
tances can be described by the Faber-Ziman weighting factor wy of the
elemental pairs ij, which can be calculated via:

w=(2-0) 2L @
(Zchfl)

with the concentration c; ¢; (in at%) and atomic form factor f; f; of
the elements of i and j and the Kronecker delta §; [51-53]. The
weighting factor shown in Fig. 5b corresponds to the mean weighting
factor of the measured Q-range, since wy is as the atomic form factor
Q-dependent (more details in the SI). The shape of the first peak in G(r)
is dominated by the Zr-Zr and Zr-Cu bond lengths, since these elements
have the highest atomic form factor and contribute the most to the
scattering signal. To determine a proper value for the interatomic dis-
tance, the first peak of G(r) is fitted with a Gaussian function (dotted line
in Fig. 5b), which results in a mean value of the peak position of r; =
3.00 A. This value is further used to calculate the distances resulting
from the different cluster connection schemes, which are indicated with
dotted-dashed lines. With respect to the cluster connection schemes, the
predominant peak evolution occurs at the 3-atom connection around
4.9 A, indicating an increase in neighboring clusters sharing 3 atoms.
Less severe changes are observed for the 1-atom connection, whereas the
length scale of the 4 and 2-atom connections stay rather unchanged.

3.4. Transfer to a BMG component

This extensive set of mechanical data for a wide range of fictive
temperatures can be used in the following to determine the mechanical
properties of a complex BMG component based only on the determina-
tion of Ty. For this purpose, a complex component was produced by die
casting and segmented for analysis by DSC. This component can be of
any shape though a watch bezel with typical features such as numerals
was exemplarily chosen in this study as shown in Fig. 6a. The segmen-
tation can be read like a dial, with the time corresponding to the
respective analyzed position. The amorphous structure throughout the
bezel was verified by X-ray diffraction and DSC experiments (not shown
here, see SI). The latter reveals a constant crystallization enthalpy
release of —3.4 kJ g-atom ™! throughout the bezel, which is on the same
order of the as-cast beam specimen, proving that no crystallization
occurred across the whole component. Since the fictive temperature is
set due to the inherent cooling conditions of the casting process, a
detailed analysis of the relaxation enthalpy release across the entire
component yields information about the thermal history at each position
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Fig. 5. a) Effect of the fictive temperature on the structure factor S(Q) of
Vit105. The insets show a magnified view of the first two peaks, indicating
mainly an increase in the peak intensity. b) shows the reduced pair distribution
function G(r) of the same annealing states with insets of the first three peaks.
The different bond lengths of the atomic pairs with their weighting factor wy are
indicated based on the atomic radii reported in Ref. [54]. The largest contri-
bution to the scattering signal comes from the Zr-Zr and Zr-Cu atomic pairs. All
atomic pairs with a contribution below 1 % are not shown. The mean inter-
atomic distance r; is determined based on the Gaussian fit of the first peak
(dotted line). This value is used to determine the one, two, three and four atom
connection (dotted-dashed lines). ¢) The difference in the reduced pair distri-
bution function between the annealed and as-cast states shows the length scales
at which the dominant structural changes occur.

of the component. The results are shown in Fig. 6b, revealing a highly
inhomogeneous relaxation state throughout the bezel. The evolution of
the relaxation enthalpy can be directly related to the location of the
feeder channel, since this is the position where the hot melt is injected
into the cavity. This implies that the cooling rate at this position (12:00
= 0:00) is the slowest, while the opposite side (6:00) experiences the
fastest cooling rate. Consequently, the relaxation states differ from the
most relaxed at the feeder position to the least relaxed at the 6 o’clock
position. This results in differing structural and enthalpic states, leading
to an inhomogeneous distribution of the mechanical properties
throughout the bezel. This course is well reflected by changes in the
fictive temperature, i.e. the segment of the largest absolute relaxation
enthalpy release exhibits the highest fictive temperature vice versa.
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Fig. 6. a) Case study of a bezel component for watch applications. The bezel is
segmented and thoroughly analyzed by DSC with b) showing the relaxation
enthalpy across the bezel, which drastically changes from 12:00 (=0:00)
o’clock (position of the feeder channel) to the 6:00 o’clock position. A larger
absolute relaxation enthalpy release upon heating indicates a higher enthalpic
state frozen-in during the casting process, which corresponds to a higher fictive
temperature.

4. Discussion

Metallic glasses contain a significant amount of free volume in their
structure, which is one of the most important structural features that
influences the mechanical properties of amorphous alloys. It is well
known that changes in the free volume are a simple way to describe the
plastic deformation behavior of metallic glasses, as shown by the well-
known models proposed by Spaepen [55] or Argon [56]. However, the
evolution of free volume of metallic glasses is more difficult to quantify
than the enthalpic state, which is a property directly accessible by
calorimetric measurements. In general, both properties are usually
correlated in the vicinity of the glass transition by the following linear
equation [57,58]:

AH, . =p ov; (%)

where vy is the change in free volume per atomic volume and 4 is a
proportionality constant, that can be interpreted as the formation energy
of a vacancy with the magnitude of one atomic volume, which is dis-
cussed in detail in Ref. [57]. Since the enthalpy state is lowered upon
thermal annealing as shown in Fig. 7a, the excess free volume must be
likewise reduced according to Equation (5). These changes can be
quantified in first approximation using the proportionality constant ' of
the ZrssCuszpAl;oNis alloy, which is compositionally close to the studied
Vit105 composition. Slipenyuk and Eckert [58] and Haruyama et al.
[59] reported f' to be 552 kJ g-atom™! and 718 kJ g-atom ™!, respec-
tively, resulting in a mean value of ’=635 kJ g-atom ™!, which is used to
estimate changes in the free volume, as shown on the right axis in
Fig. 7a. This approximation is considered reasonable as the values are in
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Fig. 7. a) Enthalpy difference AH, as a function of temperature for different Vit105 structural states. The bezel segments at the positions of the highest and lowest
fictive temperature are additionally shown. The right axis represents the free volume, which was calculated by using f of a similar composition reported in Refs. [58,
59]. b) represents the bending strain to failure as a function of the fictive temperature, allowing the estimation of the mechanical properties of complex shaped
components by a single DSC measurement based on the linear fit. The correlation of Ty and the cooling rate is additionally shown.

good agreement with other Zr-based bulk metallic glasses, such as
Zr44Ti11Ni1oCuigBeys (Vitlb) with 623 kJ g-atom’1 [60]. Therefore,
Zr-based BMGs seems to exhibit a fairly similar # constant regardless of
their composition. Hence, thermal annealing results in local structural
ordering as can be seen from the structural data in Fig. 5, resulting in a
reduction of deformation flow units by annihilation of excess free vol-
ume, which is responsible for the severe deterioration in the fracture
strain as visible in Fig. 7b. This is further reflected in the observed
mechanical hardening caused by relaxation (see Table 2).

On the other hand, plasticity can be remarkably recovered by the
rejuvenation treatment, where Ty and &¢ is elevated from 641 K to 713 K
and from 3.88 % up to 5.91 %, respectively. This is caused by reintro-
ducing enthalpy as well as free volume into the system. The latter is
supported by the mechanical softening from 547 HVS5 (Ty = 641 K) to
527 HV5 (Ty = 713 K) as well as the structural data, where the FSDP of S
(Q) reveals less intensity, i.e. less order after rejuvenation compared to
the initial relaxed state. It is suggested that the formation of STZs as the
initiator for shear band formation is restricted by relaxation to deeper Ty
states, whereas it becomes easier by rejuvenation which induces free
volume and disorder. Therefore, rejuvenation may lead to an increased
number of STZ sites, which act as initiation and propagation of plastic
deformation [61]. Furthermore, Pan et al. reported the volume of STZs
to be crucial for the plastic flow behavior of BMGs, with larger STZ
volumes facilitating the formation of multiple shear bands [62]. How-
ever, irrespective of the exact mechanism, the introduction of free vol-
ume and disorder by rejuvenation directly contributes to the significant
improvement of plasticity and is expected to be applicable to other
metallic glasses. Furthermore, the limited size of the supercooled liquid
region is a restricting factor in achieving higher Ty values by conven-
tional annealing. Additional rejuvenation requires processes such as
cold rolling or high pressure torsion [26,38], which in turn undesirably
alter the shape of the material. An alternative approach to maintain the
sample geometry is cryogenic cycling, although it has been reported that
this method rejuvenates samples only temporarily and loses its effect
after a short period of time [38,63]. Therefore, structural rejuvenation
by thermal annealing is a reliable and fast method for improving the
properties of relaxed parts, with the only limitation in the size of the
SCLR that usually does not allow to achieve a fictive temperature as high
as in the as-cast condition.

The systematic correlation of the thermal history with the mechan-
ical properties allows to characterize any amorphous component of
Vit105 of any shape to be specified, simply by performing calorimetric
measurements and determining its fictive temperature. This allows to
characterize and estimate their mechanical properties, especially within
a part that experienced different cooling rates at different positions due

to inhomogeneous heat distribution, as shown for the ‘bezel’ component
in Fig. 6. The enthalpy difference curves of the 6 and 12 o’clock position,
which are the positions with the most significant difference in their
fictive temperature, were exemplarily plotted in Fig. 7. These differences
translate in an extrapolated bending strain to failure of 6.5 % and 7 % or
calculated cooling rates of about 130 Ks ™! (Tf= 719 K) and 750 Ks! (Ty
= 735 K), for the 6 and 12 o’clock position, respectively. The estimated
cooling rates based on Equation (3) seem to be reasonable and compa-
rable to data reported by Koziel et al. [64]. They analyzed the cellular
spacing of a crystalline alloy during suction casting to determine the
cooling rate as a function of the casting size, a technique typically used
to produce BMGs. A corresponding cooling rate of 177 Ks! and 410
Ks ™! is reported for a 2 and 3 mm cylindrical rod, respectively [64]. This
is in very good agreement with the estimated cooling rate of 313 Ks ™ for
a beam with dimensions right in between (2 mm x 3 mm beams, Tf=
727 K). By utilizing the same formula for the deepest relaxation state
that was fully amorphous (T; = 631 K), the calculated (quasi-static)
cooling rate of 0.01 Ks}, which is the equivalent cooling rate achieved
after 133 h of annealing, translates to a hypothetical critical casting
thickness of 32 cm [65]. This is way above the critical casting size of
Vit105 (d.~10 mm) as well as any known Zr-based metallic glass former
[2,8,9]. Therefore, structural states with equivalent cooling rates that
are below the critical cooling rate R, (for instance: R, of Vit105 is about
40 Ks~! [9]) cannot be achieved by conventional casting processes due
to crystallization, but only after annealing during post processing. This
means that Vit105 will either be amorphous and ductile after casting or
crystalline if the part is produced too thick.

It is well known that relaxation directly affects the atomic structure
of the system. The underlying structural motif that is most dominant in
Vit105 can be deduced from peak positions in S(Q) (see Fig. 5), specif-
ically from the ratio of Q2.1/Q; and Q2.2/Q;. Q1 corresponds to the peak
position of the first maximum and Q5; and Qs » to the two local maxima
of the second peak, as it is composed of two subpeaks. An ideal icosa-
hedral short-range order (ISRO) is observed when the ratio of the peak
positions correspond to 1.71 and 2.04, respectively [48,66,67]. For
Vit105, the ratio yields to similar values around 1.68 and 1.96 for all
relaxation states, as changes are rather observed in the peak intensity
and not the peak position. This indicates that the structural order is
mainly dominated by icosahedra. The deviations of just 1.8 % and 3.9 %
from the theoretical values indicates a slightly distorted ISRO in the
glassy state [48,66], similar to the findings of Kelton et al. reporting
distortions in the ISRO of a Zr-Ti-Ni composition [68]. Such an un-
derlying ISRO is typical for Zr-based BMGs, as Zr atoms tend to form
icosahedral-type polyhedral [69,70]. Changes within the MRO and their
evolution with increasing temperature can be deduced from the FSDP of
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the total structure factor, as shown in Fig. 8a and b for the peak height S
(Q1) and the corresponding full-width at half maximum (FWHM). Unless
structural relaxation takes place, the observed changes in S(Q) (e.g.
decrease in the peak height or increase in the FWHM) with increasing
temperature are rather small and can be attributed to atomic vibrations,
which can be described within the Debye theory [71,72]. The severe
changes that are visible at elevated temperatures of about 625 K for the
as-quenched glass (increase in S(Q;) and decrease in FWHM Q1) repre-
sents structural relaxation into deeper energy states as the high cooling
rates during casting led to a high fictive temperature. Similar behavior is
visible for the rejuvenated specimen that also vitrified with a high fictive
temperature. Such a structural ordering is less (or not) visible upon
heating for the relaxed samples with fictive temperatures below 700 K,
as the calculated cooling rate during vitrification (see Table 1) is slower
than the applied heating rate of 0.33 Ks™.. This implies that relaxation
processes associated with the timescales that can be probed with this
heating rate already occurred. Interestingly, minor relaxation processes,
best visible in the FWHM of the FSDP in Fig. 8b (e.g. light green curve, Ty
= 671 K), are still occurring at temperatures close to Tg, despite being
‘fully’ relaxed to the equilibrium liquid at long timescales. This indicates
that there are a certain number of structures (likely the one containing
the larger atoms) that are still not fully relaxed into the metastable
equilibrium and thus are able to further relax in a subsequent heating
process. Once Ty is reached, all curves start to align with each other
independent of the thermal history as the structure in the equilibrium
liquid at a respective temperature is the same. Fig. 8c and d shows the
change of S(Q;) and the FWHM(Q;) at 300 K as a function of the fictive
temperature. The correlation plot of both parameters with the bending
strain to failure is provided in the insets of the respective diagram with a
high correlation (R? of 0.89 and 0.93) of the systems ductility with
structural features of the FSDP. An increase in S(Q;), which goes hand in
hand with a narrowing of the peak, represents changes on the MRO
length scale of the system towards a more ordered icosahedral structure.

A more convenient description of the structure is provided by the
reduced PDF, G(r), which describes the structure in real space instead of
the reciprocal space. For a more quantitative analysis, the changes in
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ductility as a function of the annealing state, more precisely the fictive
temperature of Vit105 is correlated to various parameters of G(r), such
as the peak height representing the probability distribution of structural
motifs at a respective length scale [73]. As indicated in Fig. 9a, changes
can be observed across the nearest neighbors (SRO), the atom connec-
tions as well as the MRO length scale, which are quantified in detail in
Fig. 9b. Since Zr is the main constituent of Vit105, Zr atoms are primarily
coordinated around Ni and Cu atoms for icosahedral clusters, as sup-
ported by MD simulations of similar Zr-based alloys in Refs. [70,74].
Therefore, the inter-cluster atomistic rearrangements during relaxation
primarily took place for Zr, as visible for the SRO in the form of a pre-
dominant increase in the peak height of G(r = 3.16 A), representing an
increase of the Zr-Zr atomic pair. This structural ordering at the SRO is
further mirrored by an increasing 3-atom connection denoted as G(r =

\/8/_3 r1) (=amplitude of G(r) at the length scale of r = \/% r1), which
is not surprising as icosahedral clusters consist of 20 triangular faces,
facilitating this face-sharing connection [75]. A similar opposing trend
of decreasing ductility with increasing atom connection was already
observed in a previous study for Pt/Pd-based metallic glasses [49].
Moreover, simulations of Ding et al. have shown that the face-sharing
(3-atom) connection is the stiffest connection and therefore least able
to accommodate shear strain [75]. Hence, this connection seems to play
a distinctive role in the deformation mechanism by structural aging or in
other words the degree of relaxation. However, it is to mention that the
deformation mechanism is a complex phenomenon in multicomponent
glass forming alloys that is not only affected by cluster connections, but
also by the SRO and MRO, which defines the distribution of free volume
[76]. Therefore, it is not possible to predict the ductility by just
analyzing the 3-atom connection as the deformation mechanism is too
complex to deduce it to a single parameter. This is visible upon
analyzing the correlation length &, which essentially describes the de-
gree of order present in a system. The parameter & can be deduced from
the exponential decay (f(r) = A-exp(-r/¢)) of the peak heights in G(r)
(details in the SI), yielding insights to length scales beyond the nearest
neighbors or cluster connections. In general, a larger correlation length &
indicates a more ordered atomic arrangement over longer distances [77,
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Fig. 8. Evolution of a) the peak height S(Q;) and b) the full-width at half maximum FWHM Q; of the first sharp diffraction peak Q; upon heating with 0.33 Ks!
measured in an in-situ high energy synchrotron X-ray diffraction experiment. ¢) and d) show the evolution of S(Q;) and FWHM Q; at 300 K, respectively, as a function
of the fictive temperature with a high correlation of R? of 0.89 and 0.93 as shown in the insets.
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Fig. 9. a) Overview of the analyzed length scales from the short-range order
over the atom connections to the medium-range order of all Vit105 annealing
states. b) The fracture strain as a measure of ductility is shown along the evo-
lution of the Zr-Zr atomic pair (SRO), the absolute value of the 3-atom
connection G(\/% 1) as well as the correlation length & (MRO) at 300 K, as
a function of the fictive temperature. In general, structural ordering can be
observed at all length scales, correlating well with the decrease in ductility as
fictive temperature decreases. The given R? corresponds to the correlation of
the fracture strain with the respective parameter.

78], i.e. that the observed local rearrangement of the atoms (SRO and
cluster connections) continues up to the MRO length scale. In summary,
structural aging causes changes over a wide range of length scales (SRO,
atom connections and MRO), indicating that the loss of free volume is
associated with an ordering towards a more icosahedral ordered struc-
ture. An increased number of closed-packed icosahedral motifs results in
more ‘densely packed’ regions with a lower degree of free volume [79,
80]. Consequently, the formation of STZs and ultimately shear bands is
restricted, as such a structure is less capable of accommodating shear
strain [13,56], resulting in the progressive embrittlement as the fictive
temperatures decreases.

5. Conclusion

To conclude, the mechanical properties as a function of the intrinsic
enthalpic state of the Vit105 alloy was characterized for the as-cast as
well as various relaxation and rejuvenation states, covering a broad
range that has not been systematically studied so far. The annealing-
induced embrittlement can be described by the fictive temperature,
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resembling the internal structure of the system. HEXRD studies revealed
that the structure is dominated by icosahedral motifs that are forming an
icosahedral short-range order. Furthermore, annealing results not only
in an ordering on the short- but also the medium-range order. Specif-
ically, the increasing trend in the reduced pair distribution function on
the length scale of rigid 3-atom cluster connections were found to be
decisive for the ductility of the system. Additionally, it was shown that
complex BMG parts exhibit highly inhomogeneous relaxation states
distributed throughout the entire component. This complicates the
measurement of the macroscopic mechanical properties even more.
Therefore, we propose a rather simple characterization technique of
complex components with a complex thermal history using only calo-
rimetry, allowing a profound estimation of the mechanical performance
at any point of the cast component based on the intrinsic enthalpic state.
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