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Abstract

A wide range of behaviors, including non-monotonic rejuvenation and relaxation, and the ability
to qualitatively change the effect by varying the structural state of the glass was observed during
thermal cycling of bulk metallic glasses. For this, we considered various bulk metallic glasses,
ZI'44Ti11CL110Ni10B625, Pd43CLl27Ni1()P20, Pt57,5Cu14_7Ni5,3P22.5, and L855A125Ni20, at various fictive
temperatures to study the effect of thermal cycling on structure, thermal signature, and fracture
toughness. For some BMGs and conditions considered here, thermal cycling results in a looser
structure and an increase in fracture toughness. We found that for certain other BMGs and
conditions, thermal cycling results in relaxation, reflected in a denser structure, and a decrease in
fracture toughness. All these responses are non-monotonic and reveal a pronounced extremum
with fracture toughness values of + 50% of the original value, before approaching a value similar
to the original value prior to thermal cycling. Such richness in response to thermal cycling suggests
incompleteness of the previous picture where monotonically decreasing local stresses resulting in
a homogenization of the structure with increasing cycle number. Our finding suggests that relative

comparisons of various contributions including activation barriers for o-relaxation have to be

considered which are also constantly changing, to decide if further cycling results in an increase



or a decrease in fracture toughness. The fracture toughness’ response to thermal cycling can be
correlated with the average atomic structures’ response to thermal cycling, while the thermal

response does not exhibit an obvious correlation.
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1. Introduction

Glasses are non-equilibrium materials with a disordered atomic structure that defines their
properties. The glasses’ structural state is quantified by their fictive temperature (7%), the
temperature at which the supercooled liquid and freezes into a glass [1, 2]. Thereby, at T%, glass
and supercooled liquid are thermodynamically and structurally identical. Strictly speaking, as
metallic glasses exhibit typically a heterogeneous structure, a spectrum of fictive temperatures are
present. Fictive temperatures have been manipulated through the cooling rate [3], thermal
relaxation or annealing [4, 5], ion irradiation [6-9], severe plastic deformation [10, 11], cold rolling
[12], high-pressure torsion, and mechanical loadings [13, 14]. Glasses with high energy state or
high T possess a loosely packed structure and high ductility, while glasses with low energy state
or Tt are more densely packed and behaves more brittle (Fig. 1 (a)). Rejuvenation results into a
higher T state, resulting in increased ductility, while the opposite phenomenon, relaxation results
in a more densely-packed structure and a more brittle glass (Fig. 1(b)) [15]. Figure 1(c) summarizes
the effects of common methods to manipulate the glasses structure and the associated dominant
effects on the glasses structural and energetical state. Recently, thermal cycling was suggested as

a tool to rejuvenate metallic glasses whereby the structure would evolve towards one with a higher



Tt [16, 17]. Such rejuvenation has been reported to lead to higher potential energy, improvements
in plasticity, ductility, a decrease in hardness, ability to at least partially reverse annealing, and a
reduction in compressive strength [16-20]. Technologically, thermal cycling is highly attractive as
it offers an opportunity for a scalable and cost-effective technology to enhance some mechanical
properties of bulk metallic glasses (BMGs). The effect of thermal cycling on BMG properties has
been quantified through compression and bending tests [13, 16, 18, 21-23]. However, a more
sensitive macroscopic quantity to structural changes of BMGs is the fracture toughness [24-27]
which we propose here as a measure to quantify and gain insights into the mechanisms for thermal
cycling for BMGs. Within this work, we consider various BMGs at various 7¢’s to study the effect
of thermal cycling on the glasses’ structure, thermal signature, and fracture toughness (Kq). The
results allow us to 1) reveal the effect of thermal cycling on the atomic structure, thermal signature,
and K 1) determine if the observed behaviors are ubiquitous among BMGs, and 1i1) determine if
and which specific thermal cycling conditions cause rejuvenation or relaxation. We found that 1)
thermal cycling induces changes in the BMGs’ atomic structure, hence, results in a change of K
i1) the response to thermal cycling is BMG specific ii1) thermal signature and thermal cycling does
not have a definite direction, it can result in both rejuvenation and relaxation. Most surprisingly,
we found that the effect of thermal cycling is non-monotonic; thermal cycling drives the glass
initially further away from (meta) stable equilibrium, which upon further cycling is approached

again.



a b
Supercool
liquid
Glasses
5 o
o i+ Rejuvenation =
c J Q
. ! 2
T, Relaxation
Crystal
Configuration Temperature —— Tm
Methods Dominating effect
Thermal annealing Relaxation
Fast cooling rate Rejuvenation
Severe plastic deformation, cold rolling, high Rejuvenation
pressure torsion, shot peening, neutron scattering
Thermal cycling Rejuvenation
Mechanical static loading Rejuvenation & relaxation

Fig. 1 (a) The potential energy landscape (PEL) showing various possible states of a glass (b)
thermodynamic picture of glasses with various 7 and the effect of relaxation and rejuvenation on
the thermodynamic states (here, enthalpy). (¢) Summary of common methods to alter the state of
the glass.

2. Experimental

2.1 Materials Preparation

To study the effect of thermal cycling on structure, thermal properties, and fracture toughness, we
consider ZI’44Ti11C1110Ni10B625, Pd43CU27Ni1()P2(), Pt57.5Cu14.7Ni5‘3P22.5, and La55A125Ni20 alloys. The
experiments with the considered alloys allow us to draw some general conclusions as the

considered alloys exhibit differences in fragility [28], fracture toughness [29], transition metal vs.



transition metal-metalloid based BMGs [30], and cooling rate dependence of their fracture
toughness [31]. Fully amorphous samples are fabricated through arc-melting paired with suction-
casting and quartz-tube water quenching. Their amorphous structures were verified by X-ray
diffraction (Rigaku Smartlab X-ray diffraction) and thermal analysis using a Perkin Elmer
Diamond differential scanning calorimetry (DSC). Standard heating with 20 K/min was performed
on all as-cast and processed BMGs to evaluate for glass transition temperature (7,), crystallization
temperature (7y), structural relaxation, and heat of crystallization to confirm the amorphous state

and consistency of the fabricated alloy.

2.2 Fracture toughness sample preparation and measurements

Fracture toughness test samples were fabricated through a thermoplastic forming (TPF) method
where the BMGs are molded into a silicon mold [32-34]. Resulting BMG test samples are single
edge notched tension (SENT) samples with a geometry of 25x5x0.3 mm, notch length of 2.5 mm
(a/W=0.5), and notch root radius of p = 10 um. For the BMGs considered in this study, the notch
radius of 10 um is well below the critical notch radius, and thus results in the same K as for an
infinitely sharp notch radius [35]. Fabrication of various BMGs in silicon molds is carried out
through TPF under a pressure of 20 MPa for 100 s at 703 K, 633 K, and 543 K for Zr-BMG, Pd-
BMG and Pt-BMG, respectively, followed by water quenching. This procedure results in uniform
and fully amorphous test samples. BMG test specimen were released from silicon molds by etching
in 20% KOH solution. Samples were polished to 1 um finish to ensure uniform surface roughness.
We create glasses with specific 7¢’s by equilibrating the glass at the desired 77 and remain at that
temperature until the required relaxation time for the given temperature as suggested by the Vogel-
Fulcher-Tammann (VFT) relation [36, 37], is exceeded. Subsequent water quenching ensures that

the glass maintains its 7% as long as the respective relaxation time is larger than 0.1 sec [25].



Mechanical testing of as-fabricated fully amorphous BMG with the specified 7% in the shape of
SENT samples was performed through uniaxial tensile testing under quasi-static displacement
control with an initial strain rate of 104s! as described in [38]. At least three samples were
fabricated and characterized and reported values are mean values with errors originating from one
sigma standard deviation.

The visible shear band propagation ahead of the notch tip were recorded with a CCD camera. The
number of shear bands ahead of the notch tip were estimated by counting the visible primary and
secondary shear band which is plotted against K and fitted by the power law following the method
described in [39]. Fractured surfaces of tested fracture toughness samples were observed under the

scanning electron microscope.

2.3 Thermal cycling

Thermal cycling of as-prepared fracture toughness samples and as-cast LassAlysNiyo was carried
out in a custom built and fully automated setup with a minimum temperature of 77 K, achieved
through liquid nitrogen, and a maximum temperature of 300 K (room temperature). The samples
were subjected through various cycles of liquid nitrogen for 60 seconds and room temperature
water for 60 seconds. The temperature of the liquid nitrogen and water is monitored by
thermocouples. The water was kept at room temperature by heating with a hot plate. Additional
experiments were also performed to achieve a different temperature amplitude. Fracture toughness
samples were cycled in the same manner as described above between the room temperature and
acetone/dry ice solution to achieve temperature between 298 K and 195 K. Summary of all studied
conditions are summarized in Table 1, which includes alloy composition, fictive temperatures, and

the number of thermal cycles performed.



Alloy Fictive temperature | Number of thermal cycles
Zr44T11;CuyoNijoBeys | 683 K 0, 50, 200, 300, 400, 500, 700
603 K, 593 K 0,200
Pd43Cuy7Ni;oPo 633 K 0, 10, 60, 200, 300, 500

573 K 0, 50, 200
Pts75Cujs7Nis3Pyns | 543 K 0,200
LassAl,5Niyg As-cast 0,15

Table 1. Summary of alloys, fictive temperature, and tested number of thermal cycles used in this
study.

2.4 Atomic structure and thermal characterization

For all thermally cycled samples, the enthalpy of relaxation (4H,) and heat capacity (C,,) were
measured as a function of temperature to evaluate the degree of rejuvenation. The sample was
equilibrated at 313 K and then heated to above T, at a heating rate of 20 K/min and subsequently
cooled to 313 K with 20 K/min. The procedure was performed twice. Sapphire samples were used
as a reference for C, measurement. All DSC experiments were performed under argon atmosphere.
High-energy X-ray diffraction for characterization of atomic structure was carried out at the
Advanced Photon Source (Argonne National Laboratory) beamline 1-ID. The incident energy was
tuned to 100 keV and a 2D area detector was placed ~44 cm behind the sample. Calibration was
performed using the CeO2 NIST powder standard. High-energy X-ray diffraction data were

processed by FIT2D software [40].



The samples were thin plates of thickness ~0.3mm, Smm in width and 10mm in length. The beam
size was 0.2 mm by 0.2 mm. The diffraction geometry is transmission, so the volume of the

material under the high energy X-ray beam are 0.2 by 0.2 by the thickness of the sample.

3. Results and discussions

3.1 The effect of thermal cycling on the fracture toughness

For Pd,3Cu,7Ni;oPyo and Zryy Ti;;CuyoNijgBess, test samples were fabricated with various 7¢’s [25].
Figure 2(a) shows K of the Pd-BMG with two different 7¢’s as a function of number of cycles.
The Kq of the Pd-BMG with a T; of 633K is measured to be 38.0 = 1.0 MPa-m!? in its as-prepared
state. Upon thermal cycling, K, increases by 45% to a maximum value of Kq = 565 MPa-m!? at
~200 cycles. This increase in K is consistent with previously reported work on different metallic
glasses showing an increase in plastic strain in compression, which was explained by thermal
cycling causing rejuvenation of the glass [41]. However, we observed that further thermal cycling
results in a lowering of K from its maximum level. Specifically, cycling to ~300 cycles reduce
Kq to 39 £ 5 MPa-m'2, which is comparable to its original value. Even more surprising, Pd-BMG
with 7¢= 573K and a K of 25 £ 6 MPa-m! follows a complete opposite behavior. Initially, with
increasing cycling, Kq drops to 12.1 £ 0.3 MPa-m!? after 50 cycles. Further cycling up to 200
cycles results in an increase to 22 + 1 MPa-m!”2. Such behavior is in contrast to previously reported
effects of thermal cycling on mechanical properties of BMGs [16]. Following such surprising
results, the Zr-BMG with a Tt of 683 K exhibits a reduction in K, after 200 cycles by ~50% of the
original Kq, shown in Fig. 2(b). Subsequently, with further cycling of up to 700 cycles, the K,

increases to values similar to its original value. A qualitatively similar behavior to Pd-BMG with



Ty of 573 K is also present in Zr-BMG with Tt of 683 K (Fig 2b). Furthermore, we found that

Pts75Cuy47Nis 3P2y 5 with Ty = 543 K shows similar response to thermal cycling with the Zr-BMG,

after 200 cycles, its Ko decreased from 88 + 3 MPa-m! to 60 + 2 MPa-m!?2.
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Fig. 2 The effect of thermal cycling (between 70 K and 300 K with 60 sec holding time) on the
fracture toughness, K¢, of (a) Pd-BMG and (b) Zr-BMG with various fictive temperatures.

Figure 3(a) shows representative plastic zone regions in front of the notch before fracturing for Pd-
and Zr-BMG corresponding to fracture toughness data in Fig.2. It should be mentioned that the
plastic zone size, the region in which plastic work is carried out to contribute to the fracture
toughness may exceed significantly beyond the visible zone which is characterized here [42, 43].
The visible final plastic zone size on the surface, R, for Pd-BMG with Ty = 633 K without thermal
cycling is ~56 um and is largest at 200 cycles of 107 um, then decreases to ~25 um after 500 um.
The final plastic zone region for Zr-BMG with 77 = 683 K with 0 cycle was observed to be 430
um, then lowered to ~260 at 200 cycles, and then increases to 485 um after 700 cycles. Zr-BMG
with Ty = 603 K without thermal cycling shows R, of 175 pm, while the same condition after 200

cycles shows a similar R, of 165 pm. For all conditions, the plastic zone size before fracture scales



with the measured fracture toughness and exhibit the same overall trend with the measured fracture

toughness.

We applied an analysis introduced by Narayan et. al. which connects shear band density and
fracture toughness in BMGs through Ky = 16.95(N )% [39]. Measured K 1s plotted against the
corresponding number of shear band ahead of the notch tip (Fig. 3(c)). Our analysis reveals that
above correlation, which has been widely confirmed for BMGs in their as-cast and annealed states

also persists in thermally cycled samples.

To gain further insights into the effect of thermal cycling on fracture toughness we evaluated
representative fracture surfaces of the fracture toughness samples (Figure 3(b)). Pd-BMG exhibits
the characteristic vein pattern over the fracture surface. For Pd-BMG with 7t = 633 K cycled for
200 cycles (Kq = 5615 MPa'm!?2), a rougher surface is present compare to 0 cycles (Ko = 38.0 £
1.0 MPa m'?) and 300 cycles (Kq =39 = 5 MPa-m!?). Pd-BMG with 7%= 573 K which was cycled
for 50 times (Kq = 12.1 £ 0.3 MPa m"?) shows a noticeably smoother surface compared to the 0
cycle (Kq =25.0 + 6.0 MPa m'?) and 200 cycle (Ko =22.0 £ 1.0 MPa m'?) samples. This trend
of fracture surface roughness supports the K data as rough fracture surfaces are associated with
ductile fracture and a smooth surface is associated with brittle behavior [44-46]. This is also the
case for the Zr-BMGs where riverlike patterns dominate the surface of Zr-BMG with Ty = 683 K,
suggesting a ductile fracture. Zr-BMG with 7¢= 683 K cycled 200 times (Ko =57.76 + 12.9 MPa
m'2) show a slightly smoother surface compared glasses at 0 cycle and cycled 700 times. For Zr-

BMG with Ty= 603 K at 0 cycle and 200 cycles both shows similar vein-like pattern behavior.
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Figure 3 Plastic zone region and fracture surface analysis of the fracture toughness samples. (a)
Plastic zone region ahead of the notch tip before fracture for Pd-BMG with 7t = 633 K, Pd-BMG
with T¢= 573 K, Zr-BMG with Ty = 683 K, Zr-BMG with T¢= 603 K from top to bottom. All scale
bars are 100 um. (b) Fractography of fracture toughness samples after fractured for Pd-BMG and
Zr-BMG at various fictive temperatures and various thermal cycles. All scale bars are 50 um. (c)
Relationship between fracture toughness, K, and number of shear bands ahead of notch tip Nn,
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collected in this experiment as shown in (a). Blue curve represents K, = 16.95(N,)%> for the
experimentally determined Nn [39].

In order to evaluate the effect of the magnitude of the thermal cycling, we considered a different
cycling temperature range (amplitude). Specifically, we cycled between 195 K and room
temperature (298 K) with acetone/dry ice bath, giving a temperature variation of 103 K. For all
experiments the effect of 103 K cycling was unnoticeable after 50 cycles. Only for Pd-BMG with

T;= 633 K, a subtle increase from 38 + 1 MPa-m!? to 41+ 1 MPa-m!? after 50 cycles was observed.
3.2 The effect of thermal cycling on the glasses’ structures and thermal properties

Thermal analysis and high energy X-ray experiments were carried out to gain insight on the
microscopic origin, resulting in the thermal cycling induced Kq changes, and corresponding
rejuvenation or relaxation processes (Fig. 4 and 5). Within our thermal analysis, no obvious trend
connecting heat capacity with K that is consistent among all considered alloys is present. It has
been suggested that rejuvenated BMGs, exhibit a drop of heat capacity prior to 7, quantified in the
heat of relaxation, AH,y [16]. Fig. 4(a)-(d) shows the heat capacity of Pd-BMG with 7;= 573 K,
Pd-BMG with Tt = 633 K, Zr-BMG with 7y = 633 K and as-cast La-BMG, respectively. K, data
on La-BMG could not be determined as the material is too brittle for a reliable measurement. Fig.
4(e) summarizes the heat of relaxation as measured from the DSC for the studied BMGs. For the
considered BMGs, AH, and mechanical response, K, do not follow the expected correlation,
namely that AH, and K are proportional. It is important to mention that the changes in ¢, are
very small, comparable to the experimental resolution of DSC, and approximately 1/50 of a
crystallization signal. Such difficulty to precisely determine AH,, may also reflect in the wide
range of previous results [16, 21, 41]. Some previous studies on thermal cycling of MGs have

reported a consistent trend, improvement in ductility and increase in AH, [16], whereas in other
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studies the correlation is unclear and the authors suggested that the inconsistency might originate
from the weak thermal signal [21, 41]. Such a weak correlation between thermal signal and
mechanical properties with thermal cycling may also suggest that the origins of structural changes
affecting mechanical properties may not entirely be the same than those affecting the thermal
behavior. For this argument, one has to keep in mind that thermodynamics properties reflect
average changes that usually originate from affine structural changes. Most of the mechanical

properties involving plasticity are predominantly affected by non-affine contributions [29, 47-51].
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measured by the shaded area.
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In order to directly measure the effect of thermal cycling on the structure of the various BMGs, we
utilized high energy X-ray diffraction (Fig. 5). The pair distribution function, p(r), shows that
structural changes which originate from thermal cycling follow trends and correlate with the
measured K. For example, the Pd-BMG with T; = 573K increases its packing density, which can
be concluded from the peak height of the first peak, which is increasing after 50 cycles. With
further cycling to 200 cycles, the packing density decreases towards the direction of the original
value (Fig 5(a)). This behavior is consistent with the behavior of the corresponding K behavior
and is in line with the current understanding of structure-property relationships in BMGs which
suggests densely packed glasses generally behave in a brittle manner [52-54]. Similarly, Pd-BMG
with 77 = 633K which becomes less densely packed after 200 cycles experience an increase in K
(Fig. 5(b)). Zr-BMG with Ty = 683 K becomes more densely packed after 200 cycles, which
correlates with a decrease in Kq at 200 cycles. At 700 cycles p(r) is reduced compare to 200

cycles, indicating of a reversal in the packing trend to a more loosely packed structure (Fig. 5(d)).

Comparing the dependence of thermal cycling on the K and p(r) suggests a correlation between
p(r) and K. Figure 5 (a) shows that for Pd-BMG with 7y = 573 K, glasses that have been cycled
for 50 times are the most densely packed, followed by 200 cycles, then 0 cycle. This corresponds
to the observed minimum K subjected to 50 cycles of thermal cycling. The same is true for Pd-
BMG with T; = 633 K (Fig. 5(b)), where glasses cycled for 200 cycles exhibit the most loosely
packed structure, which coincides with the maximum K, observed in this system and 7¢ condition.
All of the above cases studied and discussed are summarized in Fig. 5(e). Figure 5 (¢) and (d)
shows that Zr-BMGs with 7y = 593 K and 77 = 683 cycled for 200 times exhibit a denser packed

structure compared to the original T} state before cycling, also coincides well with the decrease in
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K¢ due to thermal cycling. It is important to emphasize that even though the PDF follows the trends
of the Kgs, they are not identical where the Kqs are identical. For example, the Kq of Pd-BMG
with T = 633 K pre-cycled and after 300 cycles shares identical Kqgs at ~ 39 MPa-m!? (within
experimental error) but the PDFs are not. This means that different structures can result in identical
mechanical responses. If that would not be the case, further cycling would result in another
rejuvenation or relaxation cycle. Such oscillations do not occur, see for example Pd-BMG T7= 633

K (Fig.2a) and Zr-BMG Ty= 683 K (Fig 2b).

To better visualize the correlation between the effect of the various thermal cycling procedures on
the structure of each alloy, we summarize the observation by plotting the maximum value of
(1), A1) maximum, against the number of cycles for each alloy and 7t (Fig.4 (e)). Such plot reveals
that the original and final states prior and post-thermal cycling have similar p(1)maximum, While the
states in between have a higher p(1)maximum When the measured K is lower than the original value
(and a lower O(T)maximum When measured K is higher than the original value). It is important to
restate that o(r) is an average measure. As we anticipate, and recent studies provided more
evidence [20, 55], thermal cycling predominantly causes non-affine structural changes. Even
though the effect of thermal cycling on these non-affine regions, often referred to as soft spots or
shear transformation zones precursors, might be very large, due to their small volume fraction, the

effect on p(r) is small but consistent.
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However, even though a clear correlation between atomic structure and mechanical properties and
their dependence of thermal cycling is revealed here, the richness of behaviors, reflecting in even
qualitatively different responses of thermal cycling on mechanical properties (K) and structural
changes (reflected in p(r)), is surprising. Previous mechanistic microscopic explanations of the
microscopic origins responsible for property changes during thermal cycling suggest monotonic
but continuously decreasing rejuvenation [16, 20, 56]. The exception is a recent molecular
dynamics study, which reported that low energy states (low Tf) respond to thermal cycling by

increasing their energy (rejuvenate), whereas high energy states (high 7%) decrease their energy
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during thermal cycling [55]. In previous experimental studies, it has been suggested that local
stresses which themselves originate from local variation in thermal expansion coefficient cause
rejuvenation during thermal cycling [16, 21, 57]. As local variation in thermal expansion
coefficient would continuously decrease with thermal cycling, such a mechanism cannot explain
the observed non-monotonic behavior which we have revealed here for both cases, with an initial
increase or decrease in K. Our results suggest that the effect of thermal cycling on the structure
and properties of BMGs is determined by multiple influences and their relative contributions
determine the behavior of Ky and p(1)maximum- Such contribution may potentially be the previously
suggested local variation in thermal expansion coefficient which can be considered as the
amplitude of the excitation during thermal cycling, £ [16, 57]. E is envisioned to be initially large
in highly heterogenous structures and continuously decrease with thermal cycling as the structure
becomes more homogeneous [58]. This is due to the fact that as the local stresses homogenize, the
structure where regions of low thermal expansion coefficient increase in density and vice versa.
Such homogenization would result in a monotonic decrease of £ with increasing cycle number.

The non-monotonic behavior and the qualitatively different effects of thermal cycling on fracture
toughness of BMGs suggest that £ has to be compete and compared with other quantities, where
these quantities vary in glasses of different structural state and chemistry. As the structure
measurements (Fig.5) suggest structural changes due to thermal cycling, associated contributions
of thermal cycling suggest involving rearrangements. Such rearrangements, which can occur at
stress levels significantly below the yield strength [59-65] can be microscopically associated with
o-relaxation processes [66]. As the a-relaxation processes are defined by an activation barrier to
evolve from one structural state to another, it is reasonable to assume that such barriers and their

relative magnitude compare to E play a role in the fracture toughness response to the thermal
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cycling of metallic glasses. As these activation energies and the density of states change
significantly with potential energy, (and thus, 77) and thereby through thermal cycling their value
and E, it is difficult to suggest an analytical description. For example, whether a glass structure
will increase or decrease in potential energy through thermal cycling will depend on the relative
quantities of £ and activation energies, which are both unknown and undergo constant changes
during cycling. It should also be mentioned that even though overall a net increase or decrease in
potential energy is observed, both processes, rejuvenation and relaxation may occur
simultaneously. However, depending on the conditions, their occurrence may be different in

quantity and location within the glass.

Conclusion:

For a wider range of BMGs in various structural states, we studied the effect of thermal cycling on
structure, thermal signal, and fracture toughness. Oppose to previously reported monotonic
rejuvenation as an effect of thermal cycling, we revealed a wide range of behaviors, including non-
monotonic rejuvenation and relaxation. With increasing cycle number, fracture toughness
increases or decreases, goes through a minimum or maximum, and with further cycling decreases
or increase back towards a metastable equilibrium value. Such richness in behaviors suggest that
the previous picture of monotonically decreasing local stresses resulting in a homogenization of
the structure with increasing cycle is incomplete. Our finding suggests that relative comparisons
of various contributions which are also constantly changing decide if further cycling results in an
increase or decrease in fracture toughness. The effects of cycling on fracture toughness can be

correlated with structural changes of the glass but not obviously with a thermal signature.
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