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A B S T R A C T

We explore the glassy states achievable after a metallic glass is formed on liquid quenching. Samples of
La55Al25Ni20 (at.%) metallic glass (rod and ribbon) are studied. The extent of structural relaxation at room
temperature is characterized for this low-glass-transition temperature glass. Plastic deformation (uniaxial
compression) rejuvenates the glass to states of higher enthalpy characteristic of glass formation at high cooling
rate. Deformation increases the heterogeneity of the glass, widening the spectrum of relaxation times. The extent
of rejuvenation in samples of low aspect ratio is compared with that under conditions of high constraint in
notched samples. The deformation-induced rejuvenation is particularly susceptible to reduction on subsequent
ageing. Fast-scanning calorimetry is useful in characterizing the dynamics of structural relaxation. The shadow
glass transition is more evident on fast heating, and is observed in this glass for the first time. A new excess
exothermic effect is observed before the glass transition.

1. Introduction

A given metallic glass (MG) composition can show a range of energy
states. Relaxation (ageing) to states of lower enthalpy can cause em-
brittlement, so in pursuit of better plasticity and toughness there is an
interest in rejuvenation to reach states of higher enthalpy [1]. Plastic
deformation is one of the more straightforward methods by which re-
juvenation can be achieved. The degree of rejuvenation, quantified as
the increase in the heat of relaxation (ΔHrel) on heating a MG up to the
glass-transition temperature Tg, scales linearly with the imposed plastic
strain εp [2–4].

In MG ribbons rolled at room temperature (RT), the stored energy
(increase in enthalpy) resulting from deformation was found to be ~4%
of the mechanical work done (WD) [3]. In deformation of amorphous
polymers, in contrast, the stored energy is 30–60% of the WD [5]. The
energy storage in MGs is low because at RT plastic flow is localized in
thin (~10 to ~20 nm) shear bands (SBs) that occupy only a low volume
fraction (10−4 to 10−1) of the glass [6]. In these SBs, the effects of
deformation must saturate at shear offsets that are much smaller than
sample dimensions, and the stored energy may relax downwards due to
local heating. The stored energy may relax downwards also due to
shear-band induced intermixing causing local change in the composi-
tion of the shear bands [7].

The highest stored energy for plastic deformation of a MG is

reported at the notch root in a circumferentially notched rod subjected
to compression along its axis [8]; averaging over the deformed volume
in the sample, the stored energy is ~29% of the WD, a fraction reaching
the lower end of the range for polymers. In the constraint of the notched
specimen, rejuvenation is favoured: (i) by flow of the MG that is
homogeneous (not localized in SBs); and (ii) by the component of hy-
drostatic compression in the stress state. Under deformation, the
amount of rejuvenation that can be achieved reflects a balance between
damage and relaxation [1]; the degree of hydrostatic compression in
the notched cylinder seems to completely suppress relaxation, sug-
gesting that the system may be over-constrained [8].

The high fraction of work done that remains as stored energy by
deformation of notched samples is attractive [8], but the sample pre-
paration is not straightforward and may be especially difficult for MG
compositions that are more brittle than that used so far. The present
work explores whether some or all of such enhanced rejuvenation could
be achieved with less constraint, specifically by uniaxial compression of
disc samples of low aspect ratio (height:diameter).

This study is based on a lanthanum-based MG capable of being
formed in bulk; this family of MGs is of interest for: showing re-
juvenation by other methods [9], RT ageing effects [10], pronounced β
relaxation [11,12], and a possible fragile-to-strong crossover in the li-
quid state [13]. Extensive studies have shown that much can be learnt
about structural relaxation dynamics in glasses by conventional
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differential scanning calorimetry (CDSC) of samples that are hy-
perquenched (i.e. have been formed at cooling rates much higher than
the standard rate of 0.33 K s−1) and then annealed [13–15]. This ap-
proach has been applied to the particular MG used in the present work
[14]. We extend such studies to the much higher heating rates ob-
tainable with fast (flash) differential scanning calorimetry (FDSC)
which allows changes in effective specific heat to be detected with
much greater sensitivity.

We characterize the MG states in terms of not only stored energy but
also fictive temperature Tf [16]. On simple quenching at a given rate, the
liquid-to-glass transition occurs at a given temperature and gives a MG
with particular enthalpy H(T). On faster cooling, the glass transition
occurs at higher temperature and the resulting MG has higher H(T). The
different possible glassy states can be characterized by Tf, defined as the
temperature at which the enthalpy-temperature lines of the glass and of
the supercooled liquid intersect; Tf can be determined calorimetrically
through the equal-area construction [16] and, unlike Tg determined on
heating, its value is independent of heating rate. Any MG sample,
however treated (e.g. annealed or deformed), can similarly be described
in terms of its Tf, which is the temperature at which the glass transition
would have occurred on cooling if an energetically equivalent MG were
formed by quenching, and this allows the effective cooling rate to be
calculated [8]. A question explored in previous work [17], and revisited
in the present work, is the extent to which Tf is an adequate description
of a given glassy state.

2. Experimental methods

The samples were obtained from the Institute of Physics, Chinese
Academy of Sciences, Beijing, where master alloys of nominal compo-
sition La55Al25Ni20 (at.%) were prepared by arc-melting 3–4 N pure
elements. Bulk metallic glass (BMG) rods, diameter 2.0 mm, length up
to 80 mm, were made by induction-melting and suction-casting, under
Ti-gettered argon atmosphere, into water-cooled Cu-moulds. Glassy
ribbons, ~45 μm thick, were melt-spun, under argon atmosphere, on a
copper wheel at 4000 r.p.m.

A rod was cut into 250–400 μm thick discs, which were compressed
(Tinius Olsen H25K-S UTM) along the rod axis at RT at a displacement
rate of 0.015 mm min−1. Ultimate loads of 6, 8 and 20 kN were applied
to deform the samples by 30, 37 and 53%, respectively. Greater de-
formations (55, 63, 71, 83, 85%) were achieved by cutting the discs to
reduce the area of the faces, thereby increasing the applied stress for a
given load. The height:diameter ratio of the samples was always below
0.4. The degree of deformation (plastic strain εp) is defined as
(dinit − ddef)/dinit, where dinit and ddef are the sample heights (disc
thickness) measured before and after compression. Samples were ana-
lysed by FDSC either < 6 h or < 30 h after deformation. Due to re-
laxation on storage at RT, this range of time could affect the measured
values of stored energy, but the effect is less than the sample-to-sample
variation for a given degree of deformation.

For FDSC, a Mettler Toledo Flash DSC1 was operated with UFS 1
sensors and purged with nitrogen at 30 ml min−1. Disc samples were
polished from both faces down to 20 μm thickness, then cut by a scalpel
into (~0.1 mm)2 pieces. The change in ΔHrel was measured by heating
from 303 K to 793 K at 100 K s−1, holding isothermally for 0.1 s, then
cooling to 303 K at the same rate. A second heating run provided a
baseline. Four to 10 samples were measured per sample condition. After
baseline subtraction, the FDSC curves were scaled and shifted to match
measured specific-heat values [18] of 22.7 J mol−1 K−1 at 350 K (in the
crystal, assumed here to apply for the glass) and 37.6 J mol−1 K−1 at
550 K (in the supercooled liquid). By this scaling, the changes in ∆Hrel

are determined absolutely without the need to know sample masses
(~1 μg), which are not straightforward to measure to a useful level of
accuracy. We assume that no crystallization occurs upon compression,
since there are no significant changes in the onset temperature nor in
the heat of crystallization. Further FDSC characterization was carried

out at a range of heating rate Φ from 20 to 10,000 K s−1.

3. Results

3.1. Increase in enthalpy after plastic deformation

A glass, when heated at a rate lower than that at which it was
formed on cooling, shows structural relaxation, and in a DSC trace this
appears as an exotherm below Tg. Undeformed La55Al25Ni20 discs cut
from a rod stored at RT for ~1 yr, show negligible relaxation on heating
at 100 K s−1 in FDSC. After compression, a relaxation exotherm appears
(Fig. 1a), and the induced rejuvenation, the difference in heat of re-
laxation ∆Hrel, is given by:

Fig. 1. (a) Specific-heat Cp curves of the La55Al25Ni20 rod (aged at RT for
~1 yr) before compression (‘undeformed’) and after deformation (to the in-
dicated plastic strains), focused on the structural relaxation before the glass
transition, and obtained by scaling the heat-flow curves measured by FDSC at
100 K s−1. (b,c) The equal-area construction used to determine the fictive
temperature Tf, in the rod sample: (b) undeformed, and (c) compressed to 85%
strain. Tf is placed so that when considering the glass transition to occur as a
simple step at Tf, the area contained below the measured curve but above the
horizontal line (area A) is equal to the area below the horizontal line but above
the measured curve (area B).
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where Cp,init(T) and Cp,def(T) are the effective specific heats of the initial
and deformed samples; T1 (360 K) is below any structural relaxation
and T2 (540 K) is in the supercooled-liquid region. After a threshold of
εp = 25–30%, ∆Hrel increases linearly with the plastic strain, with no
indication of any saturation (Fig. 2). One can consider that increasing
plastic deformation erases the prior thermal history.

Melt-spun ribbon of the same composition, also stored at RT for
~1 yr without deformation, shows a ΔHrel equivalent to that in the rod
compressed by 53–55%. After compression by 85%, ∆Hrel in the rod
increases by ~667 J mol−1 (corresponding to ~9% of the heat of
melting ∆Hm = 7.6 kJ mol−1 [19]). For each εp, the measurements of
∆Hrel show a wide variation, up to ± 275 J mol−1, compared to ± 80
J mol−1 for the uncompressed samples. The inset in Fig. 2 shows that,

for εp = 85%, the variation is significantly wider at the sample edge
than in the centre, with no clear trend in average value from centre to
edge.

Under the uniaxial compression in the present work, the sample
spreads laterally, somewhat constrained by friction with the platens of
the test machine. This constraint is not controlled and is sensitive to the
nature of the sample surfaces and whether they are parallel. Thus, the
variation of ΔHrel values in Fig. 2 is attributed to non-uniform de-
formation, particularly at the edge of the samples. With the simple
deformation technique and its lack of controlled constraint, this non-
uniformity in deformation is difficult to reduce.

The fictive temperature Tf of the MG samples is determined using
the equal-area construction [16] (Fig. 1b,c). For the calculation of ef-
fective cooling rate from Tf [8], we take the standard Tg of the MG to be
477 K (for consistency of temperature calibration, estimated from the
mid-point of the glass transition in FDSC in the present work, extra-
polated to Φ = 0.33 K s−1) in broad agreement with published values
[10,20]. We take the fragility of La55Al25Ni20 liquid to be m = 33
[14,19,21], corresponding to the ‘strong’ liquid just above Tg [13]. The
undeformed rod has Tf = 498 K, corresponding to an effective cooling
rate of 8 K s−1; even ~1 yr after casting, these values are higher than
those of a ‘standard’ glass (477 K = Tg, 0.33 K s−1). After deformation,
the highest average Tf = 547 K corresponds to 5570 K s−1. And for the

ribbon Tf = 519 K corresponds to 155 K s−1.
The actual cooling rate at Tg during casting of the MG rod is esti-

mated to be ~300 K s−1 (from data in [22] with materials parameters
and rod diameter adjusted for the present case). The cooling rate in
melt-spinning is ~105–106 K s−1 [14]. For the rod, and even more for
the ribbon, the effective cooling rates derived from Tf are far below the
likely actual values when the MG was formed on cooling: the samples
must have undergone significant relaxation during storage at RT. We
next explore such ageing effects for samples freshly rejuvenated by
deformation.

3.2. Room-temperature ageing after plastic deformation

For the La55Al25Ni20 MG, RT corresponds to ~62% of Tg (= 477 K).
The effect of RT ageing was investigated on the rod compressed by
71%. On ageing, the onset of the exotherm moves to higher tempera-
tures (Fig. 3), and the overall heat of relaxation decreases roughly
linearly with log(time) (inset). Around 2 yr after deformation, ∆Hrel has
returned to values characteristic of the undeformed rod (which had
already been aged at RT for ~1 yr).

In the FDSC trace measured 42 days after deformation, there is an
endotherm at the onset of the exotherm; this is more prominent and
peaks at higher temperature upon further ageing (Fig. 3). Such a sub-Tg

endotherm developing upon annealing of fast-quenched glasses has
been reported for MGs [13,23–28] and for oxide [15] and chalcogenide
[29,30] glasses. The endotherm can be considered as a shadow glass
transition [15], and depends on the glass being heterogeneous [31] and
having a wide range of structural relaxation times. Accordingly, it is
stronger for glasses formed at higher cooling rates and from liquids of
higher fragility [14,30].

The effects of annealing on the stored energy in glasses have mostly

Fig. 2. The increase in energy ΔHrel of the rod after compression to different
degrees of deformation (diamond symbols) and of the ribbon (circle symbols).
The zero point was taken as the average ΔHrel of the undeformed rod. Each open
symbol corresponds to a single measurement. The solid symbols and error bars
correspond to the mean ± 1 standard deviation. The average fictive tem-
peratures Tf are given by the labels. The inset shows ΔHrel measured for pieces
originating from the edge (e) and from the centre (c) of the sample compressed
to a strain of 85%.

Fig. 3. Specific-heat Cp curves of the La55Al25Ni20 rod (aged at RT for ~1 yr)
compressed by 71% and annealed at room temperature (RT) for the indicated
number of days (from 1 to 798), obtained by scaling the heat-flow curves
measured by FDSC at 100 K s−1. Inset: the effect of room-temperature (RT)
annealing on the average increase in ΔHrel for the rod compressed to 71%
strain. The error bars show ± 1 standard deviation. ΔHrel = 0 is set as the
average value for the undeformed rod. ΔHrel was calculated using Eq. (1) for all
curves; for curves showing only a sub-Tg exotherm (e.g. after 1 day at RT), ΔHrel

is equal to the area of the exotherm (i.e. area between the deformed and un-
deformed curves). For curves showing also an endotherm (e.g. after 798 days at
RT), ΔHrel corresponds to the difference between the exotherm and endotherm
areas (indicated by the different oblique hatching).
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been studied using isochronal anneals at a series of temperatures
[13,30]. In the present work, in contrast, we use isothermal anneals (at
RT) at a series of times. Broadly, however, the effects on DSC traces on
subsequent heating are the same: stronger anneals (higher temperature
or longer time) cause the onset of exothermic relaxation to be shifted to
higher temperature and the appearance of a sub-Tg endotherm.

The MG inherits its heterogeneity from the supercooled liquid.
During quenching, slow-relaxing regions are trapped in relatively dis-
ordered states of high Tf. Fast-relaxing regions are not trapped and
attain relatively ordered states of low Tf. On subsequent annealing and
heating in DSC, however, these stable ordered states are slow to dis-
order [29]. After heating to temperatures higher than the anneal tem-
perature, there is a sharp endotherm when these low-Tf regions do start
to disorder and evolve to higher Tf. At still higher temperature, the
slow-relaxing high-Tf regions resume their exothermic evolution to
more ordered states of lower Tf.

Although the increase in energy due to deformation relaxes away
entirely after 2 yr at RT, the sub-Tg endotherm and a compensating
exotherm are still present, indicating that the combination of plastic
deformation and ageing can lead to a glass of the same energy but a
different structure compared to the initial state. While Tf is useful in
characterizing a glass, it is far from sufficient to specify a given state.

We next use a range of Φ to investigate further the state of the glass.

3.3. Heating-rate effects on sub-Tg relaxation

A MG with higher Tf is less relaxed, but also more heterogeneous
[32], with a wider spectrum of relaxation times — factors that favour
the appearance of a sub-Tg endotherm. We examine the role of Φ in
observing this endotherm, with FDSC permitting a wide range of rates.

The rod sample deformed by 71% has the highest Tf observed in the
present work (547 K, Fig. 2). The sub-Tg endotherm is clear after ageing
for 42 days at RT (Fig. 3), when heating at 100 K s−1. Examining over
the range 20 to 10,000 K s−1 (Fig. 4a) this endotherm is more evident at
higher Φ. For the ribbon aged at RT for ~1 yr, examined at a range of Φ
(Fig. 4b), the endotherm is also present: it is clear at 500 K s−1 and
increases with increasing Φ until it merges with the specific-heat step at
Tg. The rod aged at RT for ~1 yr has the lowest Tf in the present work. It
does not show any sub-Tg endotherm until possibly at 10,000 K s−1

(Fig. 4c), at which rate the DSC trace near Tg is rather similar to that for
the rod deformed to εp = 71%.

Comparison of Figs. 4a–c shows that the sub-Tg endotherm is, as
expected, more evident for a glass of higher Tf. The results confirm that
this is so even if the higher Tf is achieved by plastic deformation rather
than by more rapid cooling from the liquid.

The peak temperature Tp of the sub-Tg endotherm is a function of Φ.
The consistent trends in Fig. 4d confirm that the peaks for the ribbon
and for the deformed-and-aged rod represent the same phenomenon.
Compared to the ribbon, the Tp values are lower for the deformed-and-
aged rod, consistent with it being less relaxed (with
∆Hrel ~ 100 J mol−1 higher than for the ribbon). A linear fitting of
these Kissinger plots gives an effective activation energy
Ea = 101 ± 4 kJ mol−1 for both the ribbon and the deformed-and-
aged rod, matching the activation energy of the β relaxation for this
composition (100–110 kJ mol−1 [10,14]). Furthermore, Ea ≈ 26 ( ± 1)
RTg, where R is the gas constant, fitting perfectly the accepted corre-
lation between the activation energy of the β relaxation and Tg [12,14].
Similar agreement between the activation energies for the sub-Tg en-
dotherm and the β relaxation has been observed also for a Au-based MG
[26], and for Zr-based and La-based MGs [33]. The endotherm indicates
the kinetic unfreezing, by thermal activation, of β relaxation on heating
[26,33]. The activation energy could alternatively be determined using
a plot of log(Φ) vs 1/Tp [26]; in practice the value of Ea is barely af-
fected by this change from the Kissinger plot.

For La55Al25Ni20 ribbons annealed at selected temperatures in the
range 343–493 K for 30 min, DSC traces on heating at 0.333 K s−1 show

no endotherm [14]. Comparing glasses in general, and MGs in parti-
cular, Hu and Yue concluded that the sub-Tg endotherm is absent in
glasses such as La55Al25Ni20 formed from stronger liquids [14,21].
While it is clear that the endotherm is weaker in such glasses, the
present results show that the endotherm is detectable for La55Al25Ni20,
after annealing at a lower temperature for longer times and on heating
at the considerably higher rates achievable by FDSC.

3.4. Excess exotherm

In the many reports of the sub-Tg endotherm in MGs and other
glasses, on heating beyond the endotherm the DSC traces generally
converge on to the trace of an unannealed sample. In contrast, in Fig. 3,
the traces clearly cross over each other rather than converging mono-
tonically. The trace for a sample annealed at RT for 42 days, shows a
clear excess exotherm at ~470 K. The exotherm is strongest for inter-
mediate annealing times. The exotherm can be considered as an over-
shoot effect (§4.3) in which ordering is delayed and therefore must be
faster. The effect increases with annealing time until the delayed or-
dering starts to overlap with the glass transition.

An excess exotherm can be seen in reported data [10,13,30]; it is
usually weak, but is very clear in CDSC traces of annealed GeO2 glass
[14] for which the liquid is strong (m = 18). But in no case has there
been comment on this excess-exothermic (i.e. ordering) effect.

4. Discussion

4.1. Stored energy

For polycrystalline metals, the stored energy after plastic deforma-
tion at RT is 1–10% of the mechanical work done (WD) [34], and this
fraction seems to be similar for MGs. Chen originally found that the
stored energy is ~4% of WD [3], and later typical values from the lit-
erature on MGs, surveyed in Table 1, range from 1.5 to 6%. By reducing
the height:diameter aspect ratio, high εp can be achieved even in simple
uniaxial compression of MGs. For example, Zr-based BMG rods of aspect
ratio < 0.5–1 can be compressed at low strain rates of order 10−4 s−1

to εp = 46–80% without fracture [35–37], leading to a decrease in
hardness of as much as ~15% [35], and increased compressive plasti-
city [36]; even so, the increase of ∆Hrel is still ~4% of the WD [37].

For deformation at lower temperature, this fraction can be in-
creased, for example to 10% at 150 K [2] and 16% at 77 K [39].

In the present work, for the rod compressed to εp = 55%, the in-
crease in ∆Hrel corresponds to ~3% of the work done; while this is in
the range of values expected for MGs, it may be unusually high for
deformation at a temperature (RT) that is 62% of Tg.

For uniaxial compression of simple (unnotched) samples, even the
highest stored energies (as a fraction of the WD at RT) are far below the
29% achieved in notched BMG rods [8]. While there is some degree of
triaxial constraint in compression of samples of low aspect ratio, it
seems that this is not sufficient to suppress relaxation during de-
formation and to achieve the high ratio of (stored energy)/(work done)
found at the centre of notched samples subjected to compression.

4.2. Relaxation spectrum

In addition to the area of the relaxation exotherm, its shape (the
relaxation spectrum [3]) can provide information on the effect of de-
formation. When heating as-cast MGs at conventional rates (e.g.
0.33 K s−1), structural relaxation starts at ~0.6 Tg and continues up to
Tg. The relaxation spectrum shows a variety of shapes [40], sometimes
monomodal with its maximum close to Tg, sometimes bimodal with an
excess shoulder or even a separate peak at lower temperatures, which is
considered as the β relaxation whereas the main peak closer to Tg

corresponds to the α relaxation.
Plastic deformation can decrease the onset temperature Trel of the
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relaxation spectrum [2,38,41], promote the growth of the β peak
[38,39,41], and increase the main peak height [2,3,39]. The onset of
relaxation at Trel has been tentatively associated with atomic-size voids,
the β relaxation with free volume in flow defects and shear bands, and
the α relaxation with free volume in the dense glass [40].

Although the undeformed La-based rod measured here shows
overall negligible structural relaxation, there is a hint of a bimodal
exotherm, with a first maximum at ~425 K and a second at ~480 K
(Fig. 1a). This bimodal shape persists after compression to 63%, but on
further deformation, the spectrum is monomodal. The value of Trel for
the undeformed rod, 386 K (~0.80 Tg), is barely changed by de-
formation, decreasing to ~0.76 Tg at 85% strain, but this change is
within the variation measured for different samples deformed to a given
strain. This Trel is a higher fraction of Tg than for other MG composi-
tions after plastic deformation: e.g. cold-rolling of a Ni-based MG de-
creased Trel from 0.72 to 0.54 Tg [41] and shot-peening of a Pd-based
MG decreased Trel from 0.60 to 0.55 Tg [38].

As seen in Section 3.2, the higher and relatively fixed value of Trel/
Tg in the present work can be understood to result from RT ageing in the
time between deformation and FDSC measurement. For the same
composition, ribbon samples heated in CDSC within 1 h after melt-
spinning, showed Trel as low as ~340 K (= 0.7 Tg) [10]. The RT ageing
in the present work must reduce the β-relaxation peak in particular, and

thus is likely to have reduced any bimodal character of the relaxation
spectra.

That RT ageing can affect measurements of stored energy arising
from deformation has previously been reported for a Au-based BMG
[42], but that work compared only two ageing times, up to 2 months.

4.3. Rejuvenation reversed by RT ageing

The RT ageing noted in §3.1 was first demonstrated for melt-spun
ribbons of La55Al25Ni20 by Okumura et al. [10]. Using their conven-
tional DSC data (Fig. 2 in [10]), we calculate (as in §3.1, using the
method outlined by Pan et al. [8]) that the ribbon measured 1 h after
quenching has Tf = 559 K and an effective cooling rate of ~23,000 K
s−1, and measured 2 months after has Tf = 533 K and an effective rate
of ~1000 K s−1. Hu and Yue report that ‘fresh’ quenched ribbon of the
same composition has an enthalpy 1.2–1.4 kJ mol−1 higher than a
standard glass; from this value we calculate that the sample has
Tf = 577 K and an effective cooling rate of ~174,000 K s−1.

Fig. 5 plots these values of Tf and that for the ribbon (aged for ~1 yr
at RT) in the present work. The decay of Tf is compared with the data
for the deformed-and-aged rod (Fig. 3). Despite the approximate time-
values for the ribbon samples, a consistent pattern emerges. For the
ribbon samples and for the rod, the relaxation (ageing) is initially very

Fig. 4. Example FDSC traces for La55Al25Ni20 MG
(aged at RT for ~1 yr), focusing on the endothermic
sub-Tg peak (indicated by the arrows) at different
heating rates Φ: (a) for rod deformed by 71% and
aged for 42 days at RT; (b) for melt-spun ribbon; and
(c) for undeformed rod. The heat-flow curves are
scaled to facilitate comparison at different Φ. (d)
Kissinger plot showing the peak temperature Tp of
the sub-Tg endotherm at different Φ for the melt-
spun ribbon, and the endotherm and excess exo-
therm for the 71% deformed rod aged at RT for
42 days. The activation energy of the sub-Tg peak is
estimated from a linear fitting (orange and blue da-
shed lines) of these points. (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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rapid and then slows, consistent with the log(time)-dependence of ΔHrel

in Fig. 3 (inset). The freshly quenched ribbon and deformed rod can
both be regarded as rejuvenated, but their Tf values do not converge at
long times as would be the case if the rate of relaxation depends only on
the value of Tf. Rather, for a given Tf, the deformed rod relaxes much
faster, and within the period shown returns to the value for the un-
deformed rod.

The compressed rod in the present work has deformed by shear-
banding, and thus the structure (and local effective values of Tf) must
be heterogeneous. The data in Fig. 5 show that the most rejuvenated
regions must undergo particularly rapid ageing, consistent with the
high value of Trel discussed in §4.2. We conclude that deformation-in-
duced rejuvenation of a MG (at least when deformation is by the usual
shear-banding) is particularly susceptible to reversal by annealing, as
shown in the present case by ageing at RT. Nevertheless, as noted in

§3.2, although the stored energy of deformation can be completely
removed by RT ageing, the sample does not return to its previous
structure. There is thus the possibility that some of the effects of the
deformation on (for example) mechanical properties can be retained.

4.4. Overshoot effects

When a glass is heated faster than the cooling rate to which its Tf

conforms, there is an endothermic overshoot on the high-temperature
side of the glass transition. In effect, the rapid heating causes the degree
of disordering at a given temperature to lag, requiring a catch-up at
higher temperature. For a given Tf, this effect is obviously greater for
higher Φ. Analogously, for a given Φ, the effect is greater for lower Tf.
The sub-Tg endotherm, or shadow glass transition, reflects a similar
overshoot effect for local regions of high order (low Tf) rather than for
the glass as a whole. As a result of annealing at a temperature well
below Tg, these regions are trapped for longer in their low-Tf states and
subsequent rapid disordering gives the endotherm.

Annealing well below Tg enables relaxation towards lower Tf and
removes the lower-temperature portion of the relaxation spectrum. But
the excess exotherm observed in the present work (§3.4) suggests that
the annealing can also lead to local regions being trapped for longer in
their high-Tf states; this leads to an overshoot effect analogous to, but of
opposite sign to, the sub-Tg endotherm.

It has been noted that the sub-Tg endotherm, observable by DSC
after hyperquenching and annealing, provides valuable information on
β-relaxation dynamics in glasses in general and MGs in particular [14].
We suggest that the excess exotherm (Fig. 3) is similarly useful. The role
of Φ in studying these effects is shown in Fig. 6. This compares the FDSC
traces for La55Al25Ni20 MG rod aged for ~1 yr at RT with the same rod
compressed to εp = 71% and then aged at RT for 42 days. The sub-Tg

endotherm (identified by the arrows in Fig. 4a for the deformed sample)
is stronger (and at higher temperature) for higher Φ. It is also clear that
the relaxation exotherm in the deformed sample is displaced to higher
temperature (relative to the glass transition) at higher Φ, thus facil-
itating observation of the excess exotherm identified in the present
work. Taking the peak temperature of the exotherm in Fig. 6, its var-
iation with Φ (plotted in Fig. 4d) gives an effective activation energy,
175 ± 11 J mol−1, that is intermediate between that of the β re-
laxation and that of the glass transition (α relaxation). The range of

Table 1
Examples of enthalpy increases induced in metallic glasses by various methods of plastic deformation. Estimates are given of the percentage of mechanical work done
that these energy increases represent.

Process Details Enthalpy increase (J mol−1) % of work done

Cold-rolling 36% thickness reduction of a Pd-based ribbon [3] 200 4%a

90% thickness reduction of a Cu-based BMG [2] 820 (rolled at RT)
1350 (rolled at 150 K)

6%b

10%b

High-pressure torsion 50 rotations (peripheral strain = 925) applied to a Zr-based BMG disc [4] 1770 4%c

Shot-peening 30 s peening of a Pd-based BMG [38] 85d 5.7%a

60 s peening of a pre-annealed Pd-based BMG rod [39] 152d (peened at RT)
468d (peened at 77 K)

5%e

16%e

Uniaxial compression of a 2:1-aspect-ratio sample 40% strain of a Zr-based BMG rod [8] 160 1.5%a

Triaxial compression 40% strain at the notch in a Zr-based BMG rod [8] 640f

2930g
29%a

–
Compression of low-aspect-ratio sample 68% strain, Zr-based BMG rod [37] 552 4%a

Present work on La-based BMG rod:
37% strain
55%
85%

230
500
670

–
3%b

–

a Given in the corresponding reference.
b Estimated in the present work using the method in [3].
c Estimated in the present work, using the known flow stress and averaging over the area of the disc.
d For a peened surface layer of 150 μm depth.
e Estimated in the present work using the method in [38].
f Measured over the full disc defined by the circumferential notch.
g Measured at the perimeter of the notched disc.

Fig. 5. Effect of room-temperature (RT) annealing on the fictive temperature Tf

of La55Al25Ni20 ribbon and of the rod deformed by 71%; the dashed lines show
the trend of decay. The horizontal line at Tf = 498 K represents the average
value of Tf for the undeformed rod (aged at RT for ~1 yr). The points denoted
by (a) and (b) were estimated by us using conventional DSC data from [10,14],
respectively. The error bars represent ± 1 standard deviation.
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behaviour in Fig. 6 gives opportunities for further analysis of relaxation
dynamics.

5. Conclusions

Samples of La55Al25Ni20 metallic glass (2 mm diameter rod and
melt-spun ribbon) were studied after storage at RT for ~1 yr. Sliced
from the rod, discs with low aspect ratio (height/diameter < 0.4) were
compressed normal to their faces. The low aspect ratio of the samples
permits high plastic strains, up to 85%, to be achieved. The enthalpy of
the glass increased by up to ~700 J mol−1, representing a stored energy
that is ~3% of the mechanical work done. Despite the degree of triaxial
constraint due to the low aspect ratio, this stored-energy fraction re-
mains at the usual low level, and does not reach the tenfold higher level
seen with the greater constraint in axial compression of notched rods.

Room temperature is 62% of the glass-transition temperature for
this glass. As a result there is significant structural relaxation at RT: the
stored energy of deformation decreases roughly linearly with log(time)
and reaches zero after ~2 yr. Differential scanning calorimetry shows
that the deformed-and-aged sample is not the same as before de-
formation, however, confirming that the fictive temperature is in-
sufficient to characterize the state of the glass, and leaving open the
possibility that despite the ageing there can be longer-lasting effects of
the deformation.

The relaxation of the deformed sample is much faster at a given
fictive temperature than in an undeformed melt-spun ribbon: the stored
energy induced by heterogeneous deformation (mediated by shear-
banding) is more easily reduced by subsequent ageing.

Fast FDSC traces on heating the deformed rod after intermediate
ageing times show a sub-Tg endotherm before the relaxation exotherm.
This endotherm has been widely studied, but was thought to be absent
for the MG in this work. We show that it becomes measurable at the
high heating rates obtainable using FDSC and is associated with β re-
laxation. The endotherm is readily detectable also for the melt-spun

ribbon, and just detectable for the undeformed rod at the highest
heating rate.

After intermediate ageing times, FDSC traces on heating also show,
after the endotherm, an excess exotherm. This has been seen in earlier
work, but not noted. We suggest that this exotherm is an overshoot
effect analogous to the sub-Tg endotherm, both arising at high heating
rate. The endotherm appears favoured in systems where the liquid has a
high fragility, and the exotherm conversely with low fragility.

The present results show that, even for well annealed samples,
mechanical deformation is effective in raising the stored energy in MGs
to values characteristic of rapid quenching. Deformation increases the
heterogeneity of the glass, widening the spectrum of relaxation times.
The high heating rates in FDSC are helpful in revealing new relaxation
phenomena such as the excess exotherm.
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