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Abstract

Bulk metallic glass of Cu;4Zrs,Alg nominal composition was synthesized by copper mold casting into 6 mm diameter rods.
Disks of the as-cast glass were subjected to severe plastic deformation by high-pressure torsion for different number of
revolutions. The microstructure and the thermal behavior of the as-cast, isothermally annealed and deformed glass have
been investigated by X-ray diffraction and differential scanning calorimetry, respectively. Continuous heating experiments
revealed a two-stage devitrification event with excellent glass forming parameters, such as glass transition (7, =671 K),
supercooled liquid region (AT, =80 K), reduced glass transition (7,=0.57) and gamma parameter (y=0.41). Power law
crystal growth during diffusion-controlled homogeneous nucleation was observed for isothermal annealings. Glassy state
was preserved almost in the entire sample volume of the as-cast alloy during the high-pressure torsion process, correspond-
ing to the extreme stability of the CusgZrs,Alg alloy against deformation-induced devitrification. This is in accordance with
the transition of the reversible specific heat from the glassy to supercooled liquid state measured by modulated calorimetry.

It was also concluded that glassy structure is more ordered in the severely deformed state.
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Introduction

Bulk metallic glasses (BMGs) have drawn increasing atten-
tion in the past few decades due to their special structure
and outstanding mechanical properties, such as high ten-
sile strength and hardness, large elastic strain, excellent
corrosion resistance and high stored elastic energy [1-5].
However, the widespread application of BMGs as structural
materials has been limited due to their low ductility, brit-
tleness and expensive alloying components [6-9]. These
disadvantages are directly determined by the unique atomic
configuration of BMGs, i.e., they possess only short range
atomic order and lack structural faults, such as dislocations
and grain boundaries [10, 11].
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Among the large variety of different BMG classes,
CuZr-based metallic glasses have recently attracted a
great attention, due to their unexpensive components,
enhanced thermal stability, high glass forming ability
(GFA) [12-14], excellent corrosion resistance [15] and
some intrinsic plasticity [16, 17]. The GFA of the Cu—Zr
binary system is so outstanding that it is possible to cast
the alloy into a bulk glassy form in wide composition
range [18, 19]. The GFA concentration range in the ternary
Cu—Zr-Ti system can be predicted by the vacancy forma-
tion energy, mixing enthalpy and configurational entropy
[20]. The short-term heat treatment below the glass transi-
tion (T of a CuZr-based BMG yields an increase in the
thermal stability and a significant drop of the relaxation
enthalpy [21]. The improved GFA of a CuZrAl ternary
BMG:s is attributed to the suppression of the precipitation
of Cu—Zr phase and the efficient dense packing of atoms.
[22]. As was demonstrated, chemical interaction of Cu
with Al in a Cu-rich Cu-Zr—Al BMG induces preferential
oxidation of Zr over Al, coupled with a strong Cu enrich-
ment adjacent to the oxide growth front which leads to a
reduced GFA [23]. It was found that the thermal stability
decreases when Ti is alloyed to the Cu—Zr binary system
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[24], while a slight composition adjustment can make a
considerable contribution to higher GFA and thermal sta-
bility [25].

During tensile deformation of CuZr-based BMGs, poly-
morphic nanocrystals nucleate from the amorphous matrix
[26], which are responsible for macroscopically detectable
plastic strain and work hardening [27]. The understanding
of thermally activated martensitic transformation behav-
iors well below room temperature of CuZr-based BMG
composites can provide the fabrication shape memory
alloys [28]. It was shown recently that the elastic modulus
and hardness of a CuZrAl BMG synthesized by selective
laser melting can be significantly improved [29]. The com-
pression deformation behaviors of the ZrCu-based BMG
samples was found to be size-dependent, i.e., the smallest
sample exhibits the highest yield strength and compressive
plasticity due to the larger free volume [30].

Besides nanocrystallization, the ductility of BMGs
can be increased by dispersing the macroscopic external
strain among a large number of shear bands generated by
severe plastic deformation (SPD) by surface constraint
techniques [31-34]. Among the different SPD techniques,
high-pressure torsion (HPT) has received a considerable
attention due to its extremely high applied shear strain in
a relatively large sample volume [35, 36]. Briefly, dur-
ing HPT deformation, a disk-shaped specimen is inserted
between two stainless steel anvils and subjected to simul-
taneous torsional straining and uniaxial loading [37]. The
combination of HPT and isothermal heat treatment below
T, of a CuyeZryeAlg BMG can significantly improve the
thermomechanical stability of the alloy which can further
be used to tailor new design routes for other BMG systems
[38]. We have shown that the microstructural and mor-
phological features and thermal behavior of CuZr-based
metallic glasses subjected to HPT have been correlated
with the calculated temperature evolution in the disk based
on 3-dimensional heat-conduction model [39, 40]. The
effect of the deformation parameters, i.e., the shear rate
[41] and accumulated shear on the microstructural and
thermal behaviors of Cu—Zr-based glasses were demon-
strated in detail [42].

In the current study we present that severe plastic defor-
mation induces structural changes in a CusgZrs,Alg BMG
subjected to HPT. We highlight the effect of different
devitrification routes, such as continuous heating experi-
ment, isothermal annealings and HPT-deformation on the
microstructure and thermal stability. Differences between
the intrinsic thermal properties of the as-cast glass and the
severely deformed alloy is investigated by modulated calo-
rimetry. Mechanical characteristics and plastic behavior on
micron-scale of the as-cast and HPT-deformed BMG will
be compared in a forthcoming paper.

@ Springer

Experimental
Sample preparation

A bulk metallic glass cylinder with Cu;4Zrs5,Alg nominal
composition and diameter 6 mm was cast by suction casting
into a Cu-mold in an arc furnace from liquid state under pro-
tective Ar atmosphere. The original ingot was produced in
the same furnace by arc melting the high-purity components
(>99.9) and then the master alloy was flipped and remelted
several times. The negative mixing enthalpy between any
two components (AH,;, (Zr, Cu)=— 23 kJ mol™', AH,;,
(Zr, Al)=— 44 kI mol™!, AH_. (Al, Cu)=~ 1kJ mol™})
[43] provides the formation of atomic short range order
during undercooling, which can promote increased packing
efficiency and retards long-range diffusion of the atoms [1].

For subsequent severe plastic deformation, the as-cast
BMG rod was cut into slices with a height of 1 mm. There-
after, these disks were subjected to HPT in air, under an
applied pressure of 8§ GPa at room temperature with an angu-
lar velocity of @ =0.2 revolution/min for N=0.2, N=1 and
N=35 whole turns. For comparison a disk without torsion
(N=0) was also produced. In general, the accumulated shear
strain (¢) for torsion deformation at a radius r can be given
by

g_ﬂ_ZﬁNr
L L

, (1)

where L and 6 are the thickness of the disk and the rota-
tion angle, respectively [37]. In the applied experimental
HPT-setup the stainless steel anvils exhibited a constrained
geometry [37].

Microstructural characterization

The structure of the as-cast BMG and deformed disks was
examined by X-ray powder diffraction. The measurements
were carried out on a Rigaku SmartLab diffractometer using
Cu—Koa radiation in § — 260 geometry. The data were col-
lected from 25 to 90° with a step size of 0.01°.

Thermal characterization

A Perkin Elmer power compensated differential scanning
calorimeter (DSC) was used to investigate the thermal sta-
bility and crystallization behavior of the as-cast Cu—Zr—Al
BMG rod and the deformed HPT-disk in a linear heating
ramp performed at scan rates 5, 10, 20, 40 and 80 K min~.
The corresponding AH; transformation enthalpy values
were obtained as the area of the exothermic peaks. Isother-
mal annealing treatments were also carried out by heating
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the samples to T, , temperatures at which the data were

recorded for certain #;,, times. All measurements were car-
ried out under protective Ar atmosphere. The temperature
and the enthalpy were calibrated by using pure In and Al.
The high temperature melting behavior of the as-cast BMG
was examined by a Setaram Differential Thermal Analyzer
(DTA) at heating rate of 10 K min~'.

Modulated differential scanning calorimetry (MDSC)
measurements were carried out by using a linear heat-
ing ramp modulated by a sinusoidal temperature program
T(t)=p-t+ AT-sin(2nf-t), where AT=1 K and f=0.01 Hz
are the amplitude and frequency of the modulation, respec-
tively and #=1 K min~! is the applied constant average
heating rate.
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Fig.1 a X-ray diffraction patterns of as-cast CusgZrs,Alg metallic
glass and states achieved by continuous heating. b Continuous-heat-
ing DSC curve of the as-cast BMG obtained at 20 K min~!. The inset
shows the melting and solidification of the alloy. ¢ Continuous heat-

Results and discussion
Linear heating experiments

The XRD pattern of the as-cast CusqZrs,Alg BMG
(d=6 mm) is dominated by a broad halo (20 ~37 deg)
which undoubtedly confirms that the material is X-ray
amorphous (see Fig. la), similarly to a Cuy,Zr,,Al,
composition (d =4 mm) [44]. The corresponding linear
heating DSC curve exhibits typical features of a glass,
including the glass transition (7, =671 K) followed by
a two-stage crystallization sequence characterized by
T,,=759 K and T,, =860 K transformation temperatures
(see Fig. 1b), similar to the values obtained for other
Cu—Zr-type BMGs. [39, 45, 46]. The width of supercooled
liquid region AT, =80 K (AT, =Ty onset — T,) Of the glass
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peratures as a function of heating rate
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corresponds to an extremely high GFA, slightly higher
than was obtained for CusyZr,;Al; BMG [47]. The extreme
high value of AT, may indicate that the undercooled liq-
uid has a very strong resistance against crystallization
either by thermal activation or by plastic deformation
and therefore any primary nanocrystallization is retarded.
The obtained values corresponding to the exothermal heat
release (AH, =67 Jg~! and AH, =50 Jg~!) are practically
independent of the heating rate. As obtained from the
inset of Fig. 1b, the liquidus temperature (7)) determined
from the high temperature DTA curve is 1173 K. Since the
Cu;4Zr5,Alg composition is off-eutectic, the melting endo-
therms and the freezing exotherms turns into a multi-step
process. To further investigate the GFA of the CusgZrs,Alg
composition, additional parameters have also been deter-
mined. The calculated reduced glass transition temperature
I,=T/T,(0.57) also indicates that the CusgZrs,Alg system
is an excellent glass former, similarly to other CuZr-based
systems [46]. A much better interrelationship with the
GFA incorporating both amorphization and devitrifica-
tion processes has been introduced by Lu and Liu [48].
Accordingly, the y =T,/(T, +T)) parameter calculated for
the CusgZrs,Alg glass (y=0.41) also confirms outstanding
GFA.

Evolution of the microstructure during the crystalli-
zation sequence can be inferred form the corresponding
XRD patterns (Fig. 1a). As one can notice, linear heating
above the first crystallization event (7;,; =810 K) results
in a complete disappearance of the amorphous background,
on the other hand the pattern is dominated by hexagonal
CuZr (JCPDS 01-071-7931, a=0.5035 nm, c=0.3142 nm)
and some traces of tetragonal CuZr, (JCPDS 01-071-7932,
0.32204 nm, ¢=1.11832 nm) can also be observed. The
corresponding average crystallite size determined from
X-ray line broadening [49] was found to be 10+ 1 nm and
15 +2 nm for the CuZr and CuZr, phases, respectively. Con-
tinuous heating above the second exothermic transformation
(T1i =950 K) results in the nucleation of a multicompo-
nent AICu,Zr phase (JCPDS 03-065-5905), accompanied
with the grain coarsening of the existing CuZr, phase, as
evidenced by the sharpening of the Bragg-peaks. The final
crystallite size was obtained as 35 +3 nm and 39 +3 nm for
the CuZr, and AlCu,Zr phases, respectively. Such kind of
polymorphic transformation is typical for other CuZr-based
metallic glasses [13, 39, 41].

Figure 1c focuses on the variation of the 7, and T,
peak temperatures with the applied heating rate. As being
thermally activated processes, the individual crystalliza-
tion events are expected to shift to higher temperatures with
increasing heating rate, as confirmed by Fig. 1c. Among
several models, the Kissinger analysis is extensively used
to determine the activation energy (E,) of thermally acti-
vated processes [50]. As known, the dependence of the
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transformation peak temperatures (7;) on the heating rate
can be given by the

B ZR —E,;
72 E;, T\RT ) @

ai

Expression, where Z and R are the frequency factor and
the gas constant, respectively [50]. Plotting ln(ﬁ/Tiz) versus
T,~! enables the determination of E,; for each thermal event
from the slope of the fitted straight line, see Fig. 1d. The
obtained values (E, ,; =325 kJ mol ™", E, ,,=210 kJ mol™")
are significantly high, in accordance with literature data on
Cu-Zr-Al glasses with slightly different composition [43].
These values confirm the high thermal stability of the glass
and suggest that the crystallization takes place through a
nucleation and growth process [51]. The frequency factor,
which corresponds to the probability that an atom having
energy E, joins an existing nucleus, can be obtained from
the intercept of the fitted line with the ordinate. For the
CuyZrs,Alg BMG alloy, Z,;=3.05-10" s™!, which means
that, if a constant frequency is assumed, the total amount
of crystallized material can reach 5.08 107> mol in the first
second of the transformation.

Isothermal annealings and crystallization kinetics

Isothermal annealing treatments of the as-cast CusgZrs,Alg
glass were carried out to understand better the nucleation
mechanism in detail. The isothermal DSC curves obtained
at different T;,, annealing temperatures in the range of
710-730 K are presented in Fig. 2a. As marked by arrows in
Fig. 1b, these T}, temperatures are significantly lower than
T,, and found within the AT, supercooled liquid range. As
seen, each isotherm starts with an incubation period which
is followed by a single exothermic peak. This shape of iso-
therms corresponds to a crystallization process that occurs
through the formation of nuclei from the amorphous matrix
followed by a growth mechanism [52]. This is in correla-
tion with Fe-based BMGs [53], however, in contrast to Al-
based glasses, which exhibit a monotonically decreasing
exothermic DSC signal with no clearly defined exothermic
peaks [54]. The length of the incubation time (#;) as well as
the peak positions (7,e,) strongly varies with Ty, i.e., the
peak maximum occurs at shorter times at higher anneal-
ing temperature. The corresponding data are presented in
Table 1. From the slope of the In(z,.,;) versus T,.,~! function
(see Fig. 2b) the isothermal apparent activation energy can
be determined [53] and found to be E, ;,=345 kJ mol™".
The similar value obtained for the first crystallization event
(E,x1) from the linear heating experiment indicates that the
atoms incorporating in the nucleation during both isothermal
and non-isothermal treatments acquire, on average, rather
similar amount of energy to join an activated cluster. At the
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Table 1 Ch.aracteristi.c values o/ K tols toealdS AH, JIg™! Crystalline size/nm n
corresponding to the isothermal i P -
treatments of the CussZrs,Alg 710 1300 2203 33 CuZr, 25 2.7
BMG obtained at different T}, CuZr 1
annealing temperatures u
720 578 969 47 CuZr, 21 2.6
CuZr 6
730 267 437 53 CuZr, 19 3.0
CuZr 6

1y denotes the incubation time, 7., is the time corresponds to the maximum of exothermic transformation,

AH,

iso

same time, the AH,, isothermal heat release values for all
T,,, annealing temperatures (see Table 1) are remarkably
lower than the first crystallization transformation obtained
during the non-isothermal experiment (AH,), indicating that
this event is not completed.

is the isothermal heat release and # is the Avrami exponent

The structure of the isothermally annealed states of
the CusgZrs,Alg BMG was also examined by XRD. As
confirmed by Fig. 2c, the patterns recorded after isother-
mal annealing exhibits the presence of the same crystal-
line phases, i.e., CuZr, and CuZr as were obtained after
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a continuous heating above the first crystallization event
(T;,=810 K), see also Fig. la. Similar results have been
obtained recently for a Cuy; 57,45 ;Al; , BMG [55]. The mean
crystallite size of these two phases obtained after isother-
mal annealing shows some variation with T, i.e., lower
annealing temperature yields the formation of slightly larger
nanocrystals, see Table 1. In spite of the similar devitrifica-
tion products obtained after linear heating above the first
crystallization peak (T};,; =810 K) and after isothermal
annealings at T}, =710-730 K, the different enthalpy release
may correspond to the different average size of the crystallite
products and to the different time scale of the two processes.

It was shown that the change of the total heat release per
unit mass, AH during a grain-growth process from d, to d,
average crystallite size can be given as

6 1 1
AH =2 -
/’yGB<d1 dz) )

where p is the sample density and yp is the average specific
grain boundary surface energy [56]. It is assumed in this
simple calculation that the grain boundary structure and the
associated specific grain boundary energy do not change
significantly due to the lack of any phase transformation. In
addition, a “virtual” heat release can be introduced between
two partial amorphous states containing different volume
fraction of the same crystalline phase, which is equal to the
measured AH; , enthalpy difference between the two states
and afterward ygg can be determined [57]. According to
Table 1, the difference in the total enthalpy release between
the states obtained by isothermal annealing at 7;,, =710 K
and T, =730 K is 20 Jg~!. With the available average crys-
tallite size values for the CuZr, phase y5z was found to be
1.8+0.2 Jm™2. This value exceeds that of high angle grain
boundaries and might correspond a considerable atomic mis-
match generated between the surface atoms of the CuZr,
nanocrystals and the surrounding amorphous matrix.

In general, the crystallization kinetics of a BMG can be
studied by isothermal annealing experiments carried out
at temperatures below the linear heating transformation
temperature [56]. The transformed volume fraction corre-
sponding to a single exothermic reaction can be evaluated
directly from the recorded isothermal heat flow signal after
baseline correction (see also Fig. 2a) according to the fol-
lowing equation

/(; AHiso(t)dt
" AH ’

180

x(t) “

where x(¢) and AH,_(¢) are the actual crystallized volume
fraction and the recorded heatflow signal at time 7, respec-
tively [53]. Figure 2d shows the transformed fraction
curves (solid line) obtained from the isothermal annealing
experiments by Eq. (4). It is evident from the figure that
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the isothermal transformation is completed in shorter times
with increasing the annealing temperature. According to the
classical Johnson—-Mehl-Avrami nucleation theory, x(f) of an
isothermal process can be describes as

x(t)=1—-exp [-K(T)(t—1,)"] 5)

where K(7) is a temperature dependent kinetic constant, t; is
the incubation time and n is the Avrami exponent which var-
ies between 0.5 and 4 depending on the nature of the nuclea-
tion and growth mechanism [58]. As seen, the fitted Avrami
functions (dashed lines) well follow the x(¢) transformation
curves in a wide time interval at all T, , temperatures, which
assumes that n is constant during almost the whole reaction,
while only marginal deviations can be observed at the start
and end of the process. As listed in Table 1, the Avrami
exponent for 7,,, =730 K (n=3.0) corresponds to a diffusion
controlled homogeneous nucleation at a constant growth rate
of the CuZr, and CuZr nanocrystals from the amorphous
matrix [59]. The slightly lower n values (n=2.6-2.7) for the
lower T, temperatures refer to a slightly decreasing nuclea-
tion rate.

Devitrification during partial isotherms

The gradual formation of the microstructure during isother-
mal annealing was also followed by X-ray diffraction. Fig-
ure 3a presents a series of XRD patterns obtained after vari-
ous t;,, pre-annealing times (indicated by arrows in Fig. 2a)
carried out at 7}, =710 K. As one can notice, the first crys-
talline Bragg-peaks appear after #,,,= 1500 s of annealing,
in coincidence with the ¢, incubation time determined from
the isothermal DSC-experiments (see Table 1). As the 7,
annealing time increases, the crystalline peaks become more
pronounced and, at the same time, the amorphous compo-
nent vanishes. These patterns confirm the gradual formation
of the CuZr and CuZr, nanocrystals from the residual amor-
phous matrix. Figure 3b presents the evolution of the average
crystallite size of the major CuZr, phase as a function of the
isothermal annealing time at T;,,=710 K. The mean size
grows throughout the overall crystallization process reach-
ing 23 nm, according to a power law. In the case of normal
isothermal grain growth, the variation of grain size can be
described as [60]:

d? —d) = K(T)t (©6)

where d;, and d represent the initial and the final mean
crystallite size values, respectively, K(7) is a temperature
dependent rate constant and p is the growth exponent.
According to the ideal classical growth theory p is assumed
to be 2 [60], however, several factors such as grain bound-
ary segregation, surface impurities and second phase drag
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can considerably alter this value. Fitting the obtained val-
ues by Eq. (6), one can obtain p=>5.1 for the growth of the
nanocrystalline CuZr, particles. Such a high value of p cor-
responds to a less intensive growth of the CuZr, nanocrys-
tals, which can be explained by the slow and component-
dependent diffusion of the Cu and Zr atoms within the
amorphous matrix toward the already nucleated embryos.
Figure 3c shows the measured linear heating calorimetric
curves of the as-cast CusgZrs,Alg BMG after various #,, pre-
annealing times taken at T;,, =710 K. As it is noticed, the
area of the AH, first peak gradually diminishes with increas-
ing t,,, in accordance with the simultaneous precipitation of
the CuZr and CuZr, phases, see also Fig. 3a. At the same
time the magnitude of the AH, second peak remains practi-
cally unchanged up to ,,,=2100s and still visible after the
full completion of the first transformation (., =3400 s). As
seen in Fig. 3d, both T}, and T, vary as a function of the
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pre-anneal time. The observed decrease in the first transfor-
mation temperature is associated with a reduced supercooled
liquid range, which might correspond to a slight composi-
tional modification of the residual amorphous component.

High-pressure torsion

The XRD patterns averages from the surface of the HPT-
disks exposed to uniaxial compression (N=0) and varying
rotational strains (N=0.2, N=1, and N=5) are summarized
in Fig. 4a. Similarly to the as-cast glass, all the deformed
samples exhibits the same amorphous halo centered at 26
~ 37 deg, while only very faint peaks superimpose on the
amorphous background for the disks processed up to N=1
and N=>35 revolutions. As a consequence, the CujgZrs, Alg
glass is extremely stable against deformation induced
devitrification and subsequent crystallization, which might
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correspond to the presence of Al that can prevent the for-
mation of some crystalline embryos during the casting pro-
cess and their growth during the shear deformation along
enhanced diffusion pathways. As a contrary example, when
Ti is added to CuZr, an amorphous CugyZr,,Ti, BMG suf-
fers a dramatic devitrification and crystallization during the
HPT-deformation, since the activation barrier for nucleation
is significantly reduced [46].

Apart from its outstanding structural stability, the
Cu,gZrs,Alg glass also exhibits extreme thermal stabil-
ity against the severe shear deformation during HPT, as
confirmed by Fig. 4b. It is evident from the figure that
the continuous-heating DSC curves corresponding to the
deformed states are very similar to that of the as-cast glass,
i.e., each curve presents the glass transition and the subse-
quent T, and T, transformations. Similar strong structural
and thermal stability of a slightly different composition
(CuygZr,sAlg) against SPD by cold-rolling was confirmed
by Eckert and co-workers [61]. As a consequence of the
continuous shear, only slight variation in the peak tempera-
tures takes place (T,; =758 K and T}, =863 K), confirming
similar thermal stability to the as-cast alloy. At the same
time the total heat release (AHypyr) varies in the range of
90-99 Jg~!. If it is assumed that the total heat release dur-
ing linear heating AH,,, = AH,+ AH, corresponds only to
the amorphous — crystalline transformation [62, 63], the
AHyp/AH,, ratio should provide the residual amorphous
content of the HPT-deformed disks. Accordingly, the severe
plastic deformation results in a slight decrease of 77-85%
amorphous content, resulting in the nucleation of nanocrys-
tals from the amorphous matrix, in correlation with other
high thermal stability metallic glasses [63]. The massive
residual amorphous component undoubtedly confirms the
exceptional stability of the Cu;¢Zrs,Alg alloy. In order to

@ Springer

resolve the observed discrepancy between the practically
fully amorphous XRD patterns presented in Fig. 4a and
the reduced AHypy total heat release, it is assumed that the
deformation induced nanocrystals are below (~3-5 nm) the
X-ray resolution limit [64].

Modulated thermal analysis

Modulated calorimetry was first applied in 1993 to explore
dynamic thermal characteristics of glassy systems [65],
nevertheless metallic glasses have rarely been studied since
then [66, 67]. In present study, MDSC was used to separate
reversible and irreversible thermal effects in the as-cast and
HPT-deformed CussZr5,Alg glassy alloy. The applied heating
program (red curve) and the measured heat flow (blue curve)
are depicted in Fig. 5a for the as-cast BMG sample. The
experimental data were evaluated by fitting a P(f)=Py+ -
"+ AP-sin(2nf't + ) function to 1/f period long segments of
the heat flow data and shifting this fitting segment through-
out the full time series, where P and ﬂ* are the actual value
and the slope of the heat flow curve, respectively [68, 69].
The resulting P(f) average heat flow curve is approximately
equivalent to the heat flow signal of the conventional DSC
measurements, while AP(¢) amplitude and ¢(#) phase curves
characterize the thermal response to the temperature fluctua-
tions of the heating program. This thermal response depends
both on the thermal characteristics of the investigated sample
and also that of the calorimeter. Reversible heat effect, i.e.,
heat capacity of the investigated sample is approximately
determined by the amplitude, while phase change reports
about the irreversible heat effects of the sample [70, 71].
More accurately, the reversible specific heat of the sample
was determined as Re(cp) = AP(t)-cos(p(t) — ¢,), while the
irreversible component of the specific heat was calculated
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as Im(cp) =AP(t)-sin(p(t) — @), where ¢, was determined
for each measurement from the average phase of the sample
between 825 and 850 K.

Figure 5b shows the average heat flow along with the
reversible and irreversible specific heat components between
600 and 850 K for the as-cast BMG sample. Glass transition
temperature (7, =672.7 K), and crystallization peak temper-
atures (T,; =722.5 K and T, =796.4 K) can be determined
from the average heat flow curve for 1 K min~! heating rate.
In agreement with the increasing atomic mobility in a liquid
with respect to its glass state, the reversible specific heat
starts to increase rapidly at T, from ¢,=0.328 kJkg™' K™
and reaches ¢, =0.439 kJkg~! K~! in the supercooled liquid
region. During this transition the irreversible part of the spe-
cific heat shows a negative peak (lambda point) indicating
the presence of irreversible heat effects and the relaxation
of structural defects during the glass transition. It is noted
that the dynamic glass transition determined as the inflec-
tion point of the reversible specific heat signal is above T,
obtained from the average heat flow curve, in agreement
with Frey et al. [67]. According to that study, the two glass
transition temperatures tend to overlap with decreasing f
modulation frequency. As seen, below Tg, the as-cast glass
already shows a slow change in the glassy state confirmed
by the gradual increase in the reversible specific heat and the
early of the irreversible negative peak of the specific heat.
Similarly, a slow but continuous decrease in the reversible
specific heat is present after the first crystallization event
which indicates an ongoing slow process between the two
crystallization events.

Specific heat curves of the as-cast, compressed (N =0)
and severe plastic deformed (N=15) samples in Fig. 5c show
rather similar behavior for all the samples. However, the
reversible specific heat of the compressed N =0 sample is
typically higher, while the same specific heat of the severe
plastic deformed sample (N=3) is lower than that of the
as-cast BMG. These observations indicate the presence of
extra defects in the glassy state for the compressed sample
and a more ordered (severely sheared) glassy structure for
the severe plastic deformed glass in agreement with previ-
ous observations on the deformation induced anisotropy of
BMGs [34, 72].

Conclusions

Cu;4Zr5,Alg bulk metallic glass exhibits a two-stage crys-
tallization sequence with a combination of excellent GFA
parameters (Tg=671 K, AT,=80K, 7,=0.57 and y=0.41).
The obtained activation energy values corresponding to
crystallization (E, ,; =325 kJ mol™", E, ., =210 kJ mol™")
confirm the high thermal stability of the glass. Isothermal
annealing experiments carried out above 7, reveal a single
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exothermic peak and Johnson—-Mehl-Avrami kinetics with
diffusion-controlled homogeneous nucleation at a constant
growth rate. The isothermal growth of nanocrystals follows
a power law function with an exponent p=35.1.

The extremely high structural stability of the CusgZrs,Alg
glass against severe shear deformation by HPT is confirmed
by XRD, i.e., the patterns of the deformed disks are charac-
terized by a dominant amorphous halo. Calorimetric studies
have indicated that severe plastic deformation results in a
slight decrease to 77-85% of the initial amorphous content.

Modulated DSC investigations revealed that the as-cast
Cu,gZrs,Alg BMG already shows a slow change in the
glassy state below 7, confirmed by the gradual increase in
the reversible specific heat. For the compressed sample the
reversible specific heat is higher, while for the severe plastic
deformed sample it is lower than that of the as-cast sample.
These results indicate the presence of extra defects in the
compressed state, while a more ordered glassy structure for
the severely sheared deformed state.
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