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A combination of conventional calorimetry, ultra-fast scanning calorimetry and resistive heating gives
access to heating rates exceeding 6 orders of magnitude allowing to probe crystallization kinetics and
mechanisms in a Cu-Zr-Al metallic glass. Continuous-heating-transformation and double-peak time-
temperature-transformation diagrams are constructed and related to the formation of glass-crystal com-
posites with enhanced ductility. The metastable B2-CuZr phase becomes dominantly formed at a heating
rate of ~10% K s! and higher. A critical heating rate to bypass crystallization is ~10,000 K s~'. For isother-
mal annealing at >850 K, only one crystallization event is detected; for lower temperatures, a complex
two-step transformation occurs.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Phase transformations of glass-forming alloys are of fundamen-
tal interest to understand the kinetic and thermodynamic propen-
sity to glass formation [1,2], and to produce technologically im-
portant glasses and glass-crystal composites. Oxide-based glass-
ceramics have a wide range of applications including biocompo-
nents [3]. Metallic-glass-(MG)-crystal composites have important
functional properties [4], and have also attracted great attention
as structural biomaterials [5] because of their biocompatibility and
mechanical performance. The formation of MG-crystal composites,
having ductile crystalline phase(s), has been found to be very ef-
ficient in enhancing plasticity (ductility) and toughness of other-
wise brittle MGs [6-8]. The final composite microstructure is bet-
ter controlled on heating a glass rather than on cooling a liquid.
Crystallization mechanism can easily be tuned by controlling heat-
ing rate, ®, and composites with uniformly dispersed crystals of
defined sizes in the glassy matrix are desired [9-13].

The Cu-Zr-based family of MGs is the prototype to make the
composites. The equimolar compound is a good glass former [14].
Alloying Cu-Zr MG with Al can further improve the glass-forming
ability [15], and glassy rods of ~3 5-mm in a diameter, with the
respective critical cooling rates ~110—40 K s~! estimated by the
assumption given in Ref. [16], have been reported [8,17-19]. Here,
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the focus is on Cuy;s5Zry75Also glass (at.%). The supercooled lig-
uid is stable over a relatively wide temperature range (the ther-
mal stability, expressed as ATy = Tx—Tg, is ~50—80 K at conven-
tional & [17,20]; Ty - glass-transition temperature, Tx — crystalliza-
tion onset temperature); the glasses have good mechanical proper-
ties [21] and physico-chemical properties are known [22-24]. In
particular, MG-crystal composites can be made toward improved
tensile ductility by introducing the metastable B2-type CuZr phase
into the glass [7,8,11]. The B2-CuZr stable equilibrium temper-
ature is above 900 K, but it can also form at lower tempera-
tures when glasses are heated ‘sufficiently’ fast. In fact, when & is
high enough, for example, 500 K min~! for ZrsoCuypAlyo [13] and
~232 K s for CuyaZrasAlgHf,Co, glass [10], the B2-CuZr is domi-
nantly formed.

The thermodynamic and kinetic properties, relevant for the
ductile-composite formation, have been explored by using fast-
resistive [11,25], induction [10] and capacitance-discharge heat-
ing [26,27]. Nevertheless, time-temperature-transformation (TTT)
diagrams have not been obtained because the isothermal hold-
ing temperature is difficult to control. Kosiba et al. [9] attempted
to measure continuous-heating-transformation (CHT) diagram by
inductive-coil-induced heating. However, heating between room
temperature-Tg-Tx is non-linear, especially for low ®, therefore it
is difficult to transpose Tg and Tx on the same heating curve, and
® was limited to < 150 K s~1. Because of the need for high ®, the
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quantitative assessment of TTT and CHT diagrams is impossible by
conventional calorimetry.

Fast-heating differential scanning calorimetry (FDSC) has typ-
ically been applied to study polymers because the upper-
temperature limit is ~790 K for the previous generation. Recently,
the technique has been widespread and applied to metallic com-
pounds to study crystallization of low-melting single metals (Bi
[28]), PbggBijg [29], rare-earth-based [30], Au-based [31], and to
Al-based [32] MGs. A new generation of FDSC instruments — Flash
DSC 2+, developed by Mettler Toledo, with a high-temperature
UFH 1 sensor- enables measurements with ® up to 60,000 K s~!
and has a theoretical upper-temperature limit at around 1270 K,
and these provide direct access for CHT and TIT diagrams deter-
mination of Cugy5Zr475Al5¢ glass. The new FDSC 2+ has mainly
been used to study low-melting Au-based MGs [1] for which the
influence of the liquid’s thermal history on crystallization kinetics
can readily be studied. So far, for example, Lee et al. [33] and Miao
et al. [34] have presented FDSC studies of a thin-film Cu-Zr-based
MGs in a wide range of heating rates and up to high temperatures
by using a custom-made nano-calorimeter.

In this work, FDSC measurements of the Cuy;5Zr475Al5¢ ribbon,
using the FDSC 2+ instrument, are performed and complemented
by conventional DSC and rapid-resistive heating. New CHT and TTT
diagrams for the crystallization of Cuy;5Zr4;75Al5 glass are obtained
and they help to understand the transformation kinetics relevant
for the formation of ductile glass-crystal composites.

Sample preparation. The Cuy75Zr475Al5 ribbon, ~30 um thick
and ~2 mm wide, was spun from a master-alloy melt (T = 1320 K)
on a Cu wheel rotating at 29 m s~!. The ribbon amorphicity was
confirmed by x-ray diffraction measurements of both sides using
a Malvern Panalytical PW3040/60 X'PertPro equipped with a Co
Ko source. Calorimetry. The as-cast ribbons were cut into small
rectangular-like pieces of an approximate mass of 1 pg for FDSC.
The sample-support temperature of FDSC was set to T = 300 K,
and the heating chamber was purged with an Ar-gas flow rate
of 80 cm?® min~!. The temperature calibration, using the melt-
ing of standard metals, and thermal lag estimation were done
as described in Refs. [35,36]. A PerkinElmer DSC 8500, purged
with an Ar-gas flow of 20 cm?® min~!, was used for conventional
calorimetric measurements; the sample mass was ~15 mg. Re-
sistive heating. A rapid-resistive-heating setup is detailed in Ref.
[37] - see Fig. 4 part a and b. A 3-cm long piece of the ribbon
was annealed via Joule heating in a vacuum of ~10~% mbar at
® = 103-10* K s~ using a Delta Elektronika SM 52-32 DC power
supply, while resistance was monitored. Temperature was read
from the ribbon center using an IMPAC pyrometer IGA 320/23-
LO (a spot diameter < 1.5 mm) with a temporal resolution of
2 x 1073 s. The pyrometer was calibrated on the known melt-
ing temperature Ty, = 1148 K of the glass; measured indepen-
dently by using a high-temperature Netzsch DSC 4040 calorimeter
(Fig. S1).

Thermal contact between a sample and an FDSC sensor repre-
sents one of the most critical and variable parameters influenc-
ing a thermal lag and calorimetric measurements. For this reason,
a thermal-contacting method, also applied for FDSC of polymers
[38], has been used, as schematically shown in Fig. 1. A double
thermal-contacting period is introduced at 573 and 673 K, both be-
ing below Ty = 693 K at ® = 40 K min~!, with annealing time
of 60 s, before FDSC measurement. This annealing period necessi-
tates measurement reproducibility. Without it, good thermal con-
tact cannot be reproduced, and sample jumping off the sensor,
characteristic for metallic samples, can be observed [38]. The short
thermal-contacting period has pronounced annealing effect on the
sub-T; relaxation region of the as-cast glass (Fig. S2) represented
by the enthalpy of relaxation changing from ~0.7—1.0 k] mol-! for
the as-cast to zero for the thermally-contacted glass. There is no
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Fig. 1. Schematic of a heating profile used for continuous-heating-transformation
(CHT) and time-temperature-transformation (TTT) phase diagrams measurements.
A two-step sample-sensor thermal-contacting period, fast annealing of the as-cast
glass at the temperatures below the glass-transition temperature Ty, precedes the
FDSC phase-transformation measurements (® — heating rate).

change in Tg and Ty; between the as-cast and the fast-annealed
glass (Fig. S2). Similarly, there is no difference between Tg and Tyq
when the glass is well-annealed even at 1.05Tg for 2 min [39].

Representative isokinetic calorimetric traces (Fig. 2a) show Tg
and the onset of the primary crystallization, Ty;. With the present
sensor used, no signal can be observed at >1000 K (not shown).
Above this temperature, probably a reaction between the glass and
the sensor occurs, and stress conditions change, resulting in the
sensor breaking. This limits Tx-readings for FDSC to ® < 2900 K
s~1, and also Ty cannot be accessed. To overcome the limitation,
the resistive heating is applied to determine Ty; on faster heating.
Characteristic temporal evolution of the resistance and tempera-
ture is shown in Fig. 2b at ~7000 K s~! - T,y and ty; are read
as the resistance drop accompanied by the recalescence event. A
linear heating rate is calculated to match Ty; and ty; when they
are transposed on the CHT plot. The origin of the weak drop in
resistance, preceding Tyq, still remains somewhat unclear. Its tem-
perature lies close to Tg (Fig. 2c). For a CuyxZrgs_xAlgAgg MG and
conventional &, a resistivity drop was associated with Tg [40]. A
weak change in resistivity below T; was also observed for a Ni-Pd-
P glass, and though no sub-Tg relaxation in calorimetry was de-
tected, the change was clearly associated with structural changes
in the glass [41]. The as-cast glass Cuy75Zr475Al5 relaxes over a
wide temperature range from 490 K up to Ty (sub-Tg exotherm in
Fig. S2), and such a complex relaxation overlapping with the glass
transition can be the underlying process manifested by the weak
resistance drop.

The measured Tg and Ty; as a function of & are shown in
Fig. 2c - represented as a CHT diagram. For the low heating rates,
® < ~1.6666 K s=! (100 K min~1), corresponding to the range
of conventional DSC, the thermal stability of the supercooled lig-
uid, ATy, is 74 K. For the intermediate heating rates, ~1 < & <
2900 K s~1, corresponding to the range of FDSC, the thermal sta-
bility is 74—110 K. The region of the existence of supercooled lig-
uid widens up to ATy = 171 K at 10,000 K s~1, which is probed
by the resistive heating. For the low heating rates, the primary
crystallization can be characterized by the formation of CuypZr;
and CuZr, as the major phases [42,43], which then, on continuous
heating, react endothermically to form B2 CuZr [33,44] at around
Tyx> = 980 K (shown on the CHT plot and obtained by conventional
high-temperature calorimetry — Fig. S1). The endothermic reaction
cannot be seen in the present FDSC traces, unlike for thin-film
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Fig. 2. (a) Isokinetic calorimetric traces showing the glass-transition temperature, Ty, and the temperature of the primary crystallization onset, Ty, for conventional
(® = 0.666 K s~!) and for fast DSC (® = 1000 and 3000 K s~'). (b) Temporal evolution of CuyysZrs;sAlso ribbon resistance (left-hand abscissa) and pyrometer temper-
ature reading (right-hand abscissa) during fast Joule heating at ® ~7000 K s~'. The crystallization time, ty;, and the onset temperature of the primary crystallization, Ty,
can readily be detected as the resistance drop and the recalescence event on the corresponding time-dependent plots. (c) A continuous-heating-transformation diagram for
crystallization of Cug;5Zr475Al5 glass. The heating-rate-dependent evolution of Ty (triangles) and Ty (diamonds, squares, circles and crosses) were measured by conventional
DSC, @ < 1.6666 K s~ (open symbols), fast DSC, 10 < ® < 16,000 K s~! (full symbols) and resistive heating, ® > 1000 K s~! (crosses). The isokinetic curves are labeled
with the corresponding heating rates in K s—!. The upper part highlights the ranges of ® for which the characteristic (dominant) products of primary crystallization may

exist. The dashed lines are to guide the eyes only.

CusgZrsg [33]; the reaction temperature is just at the temperature
detection limit. As noted by Kalay et al. [43,44] for isokinetic heat-
ing at 10 K min~!: i) the B2 phase can already form during the
primary crystallization, then dissolves and re-precipitates later on
heating; and ii) CuygZr; co-exists with the B2 phase until melting
is reached. Above a critical heating rate of about 250 K s~ [11],
the polymorphic crystallization of the B2-CuZr phase becomes the
dominant mechanism in Cuy;5Zr475Als 9, and ductile glass-crystal
composites can be formed [7,37].

A trend in the temperature-dependent activation energy for
crystallization, E,(T), represented by the Kissinger plot [45] and
shown as the red dashed line by taking only the lowest Ty rep-
resenting the ‘best thermal contact’ for a given &, has a non-
Arrhenius dependence (Fig. 3). The curvature to some extent re-
flects the intermediate-to-strong kinetic fragility character of the

liquid [33,46], i.e., the underlying temperature-dependent viscos-
ity for which experimental data are unavailable. Because it is the
onset temperature, the relationship between mobility and the cur-
vature is not as straightforward as, for example, for relating a DSC
peak maximum to crystallization kinetics [46]. A curvature in E,(T),
by considering the DSC peak maximum, has also been observed by
nano-calorimetry for thin-film CusgZrsg [33] and related to its ki-
netic fragility ~50 [47] via a growth-limited model. An Arrhenius
fit to the conventional DSC data gives E; = 354 k] mol~".

A critical heating rate to overcome crystallization on heating is
around 10,000 K s~! (Fig. 2c). For faster rates, the glass goes di-
rectly into the high-temperature liquid, and the ribbon collapses
under resistive heating (not shown in Fig. 2b). The critical heating
rate is ~2 orders of magnitude greater than a critical cooling rate,
~100 K s~1, for this glass. The asymmetry is understood in terms of
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Fig. 3. A Kissinger plot for crystallization of Cuy;5Zr475Als0. The evolution of the
onset of crystallization Ty; with heating rate ® (K s~!) is plotted. The red dashed
line shows a trend in the temperature-dependent activation energy for crystalliza-
tion over the entire measured range by considering the lowest values of Ty; at a
given ® only. An Arrhenius-type fit to the conventional DSC data is shown by the
black dashed line. The horizontal dashed lines show the corresponding heating rate.
(For interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

a higher density of the frozen-in nuclei in a glass than in a liquid
[1]. Johnson et al. [26] calculated a critical heating rate of ~10% K
s~1 for Zr-based MGs having a typical critical casting diameter of
a few millimeters. Kosiba [48] estimated a critical heating rate of
about 103 K s~1 for CuysgZrsgAlg glass.

For polymorphic crystal growth, the temperature at which
the crystal-growth rate reaches its maximum is found at
Tmax = (1.48+0.15)Ty [49], giving Tmax ~ 1025 K (0.89Ty), which
coincides with the CHT nose at ~950 K. Computer simulations
show Tmax = 1000 K (0.87Ty,) for the B2 phase in the supercooled
liquid Cug75Zr475Al59 [50]. This temperature conforms to the CHT
nose, being thus growth-dominated, and also to growth-controlled
mechanism found for CusgZrsg [33].

[sothermal fast DSC traces (Fig. 4a), preceded with heating at
10,000 K s~1, are used to construct a TTT diagram (Fig. 4b). The
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diagram has two noses located at ~850 K (0.74Ty,) and at ~950 K
(0.83T). For T < 850 K (0.73Tr,), primary Ty; and also secondary
Ty, transformations are observed between 800-843 K; the an-
nealing time is limited to 60 s (inset in Fig. 4a). Cullinan et al.
[51] showed by x-ray diffraction that isothermal crystallization of
CuspZrsg glass at 671 K (0.67Ty), a temperature at which the B2
should not be stable, is as follows: the primary phase is CujpZr;,
which is then followed by CuZr, precipitation on continued an-
nealing and this phase templates the metastable B2 CuZr growth.
Although we do not have direct evidence about phase evolution,
we speculate that a similar mechanism may prevail for isothermal
annealing of Cuy;5Zry;5Al5 o because the homologous temperatures
are close to each other. However, without detailed microstructural
analysis, we are not able to assign the Ty, to a specific phase for-
mation. Some form of the CuqgZr;/CuZr, — B2—CuZr crystalliza-
tion sequence is the most accepted one for both isokinetic heating
at conventional heating rates and isothermal annealing at temper-
atures just above Tg [33,37]. Other intermetallic phases can form,
too [44].

For T > 850 K only one crystallization event is observed. The
temperature of the second nose falls into the region of the high-
est crystal-growth rate of the B2 phase in the liquid. For CusyZrs,
the region spans between (0.74—0.90)T, with weakly-temperature
dependent growth [47], which may give not so distinctly sharp
nose on TTT diagram as shown, for example, for some fast-crystal-
growth rate metallic liquids [52].

To conclude, new CHT and TIT diagrams of the super-
cooled liquid Cug75Zrg;5Alsg up to ~1000 K were obtained
by using the combination of conventional DSC, fast DSC and
resistive heating with & spanning over 6 orders of mag-
nitude from 1072-10* K s~!. Both CHT and TIT diagrams
could be constructed highlighting the crystallization mecha-
nism of the glass, being growth-rate controlled for tempera-
tures higher than 850 K, and relate to the formation of glass-
crystal composites with enhanced ductility. The ductility is pro-
vided by the B2-CuZr phase. For heating rates lower than
~10 K s~1, CuygZry and CuZr, phases form during the primary crys-
tallization. With faster heating, 102 K s~! and higher, the B2 phase
becomes dominantly formed. A critical heating rate to bypass crys-
tallization is ~10,000 K s~1. A double-peak TTT diagram was mea-
sured by fast DSC. For isothermal annealing at T > 850 K, only one
crystallization event was detected probably suggesting the B2 CuZr
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Fig. 4. (a) Fast DSC traces for the lowest (773 K) and the highest (943 K) measured annealing temperatures. The inset shows an example of isothermal annealing with two
crystallization events at 823 K. The maximum annealing time is 60 s. (b) A double-peak time-temperature-transformation diagram for crystallization of Cug;5Zr475Als¢ glass.
The temperatures of the primary (squares), Ty, and the secondary (triangles), Ty,, crystallization, when applicable below T < 843 K, are shown by the symbols. The dashed

lines are to guide the eyes only.
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formation as the dominant phase, and that the nose is growth-rate
dominated. For isothermal annealing at T < 850 K, a complex two-
step transformation occurs.
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