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The role of the microalloying process in relaxation behavior and crystallization evolution of ZrygCuyNipgTizgHf>q
high entropy bulk metallic glass (HEBMG) was investigated. We selected Al and Nb elements as minor elements, which led
to the negative and positive effects on the heat of mixing in the master HEBMG composition, respectively. According to the
results, both elements intensified 8 relaxation in the structure; however, o relaxation remained stable. By using different
frequencies in dynamic mechanical analysis, it was revealed that the activation energy of f relaxation for the Nb-added
sample was much higher, which was due to the creation of significant structural heterogeneity under the microalloying
process. Moreover, it was found that Nb addition led to a diversity in crystallization stages at the supercooled liquid region.
It was suggested that the severe structural heterogeneity in the Nb-added sample provided multiple energy-level sites in the

structure for enhancing the crystallization stages.
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PACS: 64.70.pe

1. Introduction

High entropy bulk metallic glasses (HEBMGs) are a
new class of metallic alloys that simultaneously inherit the
unique properties of crystalline high entropy alloys and at-

=51 Com-

tractive structural features of metallic glasses.
pared to conventional BMGs, this novel metallic alloy has
a more homogeneous atomic arrangement with large config-
uration entropy.[®8] Moreover, the serration sizes in load-
displacement curves, which are an indicator of shear band for-
mation and propagation, are significantly smaller, showing the
homogenous plasticity of HE-BMGs. [>-11 However, consider-
ing the same constituents, the HEBMGs possess a low glass-
forming ability (GFA) and marred thermal stability. Due to
this fact, the design of HE-BMGs has been restricted to few
chemical compositions. Therefore, the identification of the
glass formation mechanism and relaxation behavior of HEB-
MGs is of great importance for engineering novel materials
with varied alloying compositions and outstanding properties.
There are several works focusing on the study of inherent
features of HEBMGs.!''=13 Duan et al.!'®! indicated that the
shear modulus relaxation data could be employed to evaluate
the effects of structural relaxation, glass transition, and crys-
tallization in TiZrHfCuNiBe alloy. Gu et al.l'”! found that
the relaxation enthalpy monotonically enhanced with the ap-
plication of cryogenic cycling treatment. Yin et al.'® investi-
gated the atomic structure of GdTbCoAl alloy and found that
the cryogenic environment would decrease the bond lengths of
the large atom—small atom and small atom—small atom pairs,
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while large atom—large atom pairs unexpectedly enhanced.

In order to evaluate a septenary HEBMG, Wada et al.[""!
fabricated a ZrHfTiAlCoNiCu BMG system with excellent
GFA, which makes the critical thickness of 18 mm possi-
ble. Tong et al.'?1 discovered that the tiny defect concentra-
tion in the HEBMGs led to the small Newtonian viscosities
compared to their conventional counterparts. Jin ef al.[*!] re-
ported that the substitution of Cu by Ni in TiZrHfBeCu al-
loy could improve the GFA properties. However, it dete-
riorates the thermal stability and introduces undesired crys-
talline phases. Bizhanova et al.*?) designed a near-equiatomic
HEBMG with excellent GFA and revealed that the crystalliza-
tion evolution shows both characteristics of traditional BMGs
and equiatomic HEBMGs. In another study, it was unveiled
that the low fragility in HEBMGs hampers micro-forming and
thermoplastic formability.!?3! The evaluation of physical prop-
erties and plasticity are other topics, which have been investi-
gated by researchers. 2423

Although several works have investigated the inherent
properties of HEBMGs, their crystallization evolution and re-
laxation behaviors are still research highlights in this field.
The minor addition process is one of the main techniques

providing novel BMGs with improved characteristics./2%%7]

1.128] added different elements

For example, Samavatian et a
with negative heat of mixing into the Zr-Co-Al system and
found that the minor addition improved the GFA of ZrCoAl
BMGs; however, the level of improvement strongly relied on

the atomic size of trace element. On the other hand, an added
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element with positive heat of mixing might also enhance the
GFA in BMGs. It was revealed that Nb minor addition into
the ZrCu-based metallic glass enhanced the GFA by strong
interaction between Zr and Nb atoms causing shorter metal-
lic bonds.?%3%1 In another work, it was reported that the Sn
minor addition into TiZrHfCuBe BMG led to the improve-
ment of GFA and plasticity through the promotion of chemical
heterogeneity.!”) Positive heat of mixing in Sn—Cu(Be) pairs is
the main reason for the intensification of chemical heterogene-
ity in this system. Li ez al.®! also showed that the minor addi-
tion improved the mechanical properties of HEBMGs. Conse-
quently, in this work, we try to show that how the minor addi-
tion of elements, including positive or negative heat of mixing,
into a high entropy system alters the dynamic relaxation and
crystallization evolution in a HEBMG system.

2. Materials and methods

The ingots with nominal chemical compositions of
Z170CupoNipgTiroHf0_(Al, Nb),—» were prepared by arc re-
melting process with high-purity elements under a Ti-gettered
argon environment. As observed in Table 1, the Al and Nb
elements were selected to induce negative and positive heat
of mixing in the master alloying composition, respectively.
The copper mold suction casting was then used to fabricate
HEBMG:s in the form of rods with 3 mm diameter and 4 cm
length. X-ray diffraction (XRD) test was performed to en-
sure the amorphousness of samples. Using a differential scan-
ning calorimeter (DSC), the thermal behavior of samples un-
der a heating rate of 20 K/min and an argon atmosphere was
evaluated. Applying the DMA Q800 TA instrument, the dy-
namic mechanical analysis (DMA) was carried out under a
nitrogen atmosphere. In this test, the loss modulus (E”) and
storage modulus (E’) were measured in the temperature range
of 350 K to 700 K at the frequency of 1 Hz and a constant heat-
ing rate of 3 K/min, where the sample was bent by the drive
shaft. Moreover, a frequency range of 1 Hz to 16 Hz was ap-
plied to obtain activation energy of relaxation in HEBMGs. In
the current test, BMG samples were provided by electric dis-
charge machining with dimensions of 30 mm X 2 mm X 1 mm
from the reference rod. To measure the viscosity changes in
the super-cooled liquid region, a thermal mechanical analyzer
(TMA) under purified nitrogen, a constant load of 5 N, and a
heating rate 10 K/min was performed. It should be noted that
the diameter and length of samples in the TMA test were 3 mm
and 6 mm, respectively.

Table 1. The heat of mixing (KJ/mol) for Al, Nb—X pairs in the alloying
compositions.

Zr Cu Ni Ti Hf
Al —44 -1 -22 -30 -39
Nb 4 3 -30 2 4

3. Results and discussion
3.1. Primary characterizations

The initial step in our work is to justify that the microal-
loying process does not alter the microstructural features of
HEBMGs.
a diffuse scattering trend with a broad peak in the range of
260 = 37°-40° for all samples. Hence, it can be concluded

As given in Fig. 1(a), the XRD patterns show

that the structure remains amorphous after a minor addition.
Figure 1(b) shows the DSC curves for all the samples un-
der a heating rate of 20 K/min in the temperature range of
500-900 K. According to thermal properties, it was detected
that the microalloying process changed the crystallization be-
havior in the amorphous system. Al element with negative
heat of mixing altered the crystallization evolution so that the
low-temperature crystallization peak was intensified, while Nb
addition with positive heat of mixing strengthened the high-
temperature crystallization peak and led to the appearance of
a third crystallization peak at 827 K in the DSC curves. In
the following, the crystallization behaviors will be discussed
in detail. As given in Table 2, it is observed that the minor ad-
dition leads to improvement of thermal stability in the HEB-
MGs. Although the crystallization peaks shift to the higher
temperatures, the glass transition temperature shows a slight
decrease, which is an indicator of thermal stability in the de-
signed HEBMGs.
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Fig. 1. (a) XRD patterns and (b) DSC curves for HEBMG
samples.
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Table 2. Thermal characteristics extracted from DSC curves.

Tg T To T3 AT,
As-cast 644 714 771 70
Al-added 637 723 797 96
Nb-added 634 732 801 827 98

3.2. Structural relaxation features

Under a driving frequency of 1 Hz and a heating rate of
3 K/min, the DMA analysis was carried out, and the relation
between energy and temperature was obtained. Figure 2(a)
indicates loss modulus variations of the HEBMG as a func-
tion of temperature. The hightemperature peak is related to
o relaxation, while the lowtemperature wing, adjacent to o
relaxation, indicates slow f relaxation. It should be noted
that there are limited chemical compositions showing distinc-
tive B relaxation in their thermal spectra,3?) while a huge
number of glassy compositions show a slight wing as the low-
temperature relaxation. To separate the relaxation events, we
used a de-convoluting technique in the MATLAB environment
based on peak positions and energy distribution (see Fig. 2(a)).
As illustrated in Figs. 2(b)-2(c), the minor addition leads to a
significant change in the relaxation intensification and the cor-
responding temperature. When Al or Nb elements are added
to the system, the maximum temperatures of o (i.e., Ty) and
B (.., Tp) relaxation events shift to the lower temperatures.
The T,/ Tp ratio also increases in minor added samples, which
shows the significant effects of 8 relaxation. In other words,
the f relaxation has sharper thermal changes compared to &
event. Moreover, it is observed that the peak of 3 relaxation is
intensified after the microalloying process, while there are no
significant changes in the peak intensification of ¢ relaxation.
The results also reveal that the Nb addition with positive heat
of mixing has a more pronouncing effect on the relaxation be-
havior of HEBMG. In general, ¢ relaxation is correlated to the
dynamics of the supercooled liquid and the quench-in defects,
while B relaxation energy is consistent with the nanoscale
source of dynamics in the system and induces partial devitri-
fication and deformation.®*! Moreover, f8 relaxation is princi-
pally due to the localized cooperative movement of atoms in
the loosely packed structures.3* Hence, it can be concluded
that f3 relaxation determines the level of structural heterogene-
ity and potential plastic deformation in the glassy alloys. !
According to our results, the microalloying process intensifies
the structural heterogeneity in the material. In other words,
the added element is able to enhance the variety of clusters
at shortrange order (SRO) and consequently manifold medi-
umrange order (MRO) arrangements in the atomic system. [36]
This event enhances the structural confusion in the system and
induces heterogeneity through atomic rearrangement.?! On
the other hand, the minor addition with positive heat of mixing
provides more structural heterogeneity in the material. How-
ever, crystallization may have priority when the added element

reaches a certain value.3”] In our case, the Nb addition is low
enough to induce any crystallization in the microstructure. It
is suggested that the Nb atoms are able to improve structural
heterogeneity in the glassy systems, as that occurred under Al
addition. However, the positive heat of mixing in the system
also provides conditions for nanoscale glassy phase separa-

1.138] Hence, the structural heterogeneity

tion in the materia
is more intensified and 8 relaxation is more strengthened in
the thermal curves. In summary, it is concluded that a certain
amount of minor addition with positive heat of mixing is more
effective for inducing structural heterogeneity in HEBMGs.
For some BMG compositions with pronounced B relaxation
such as La-based alloys, it was derived that the large negative
heat of mixing in the system, as a chemical effect, leads to
the intensification of f relaxation peaks in the dynamic loss
spectra, while microalloying with large positive heat of mix-

ing weakens the 3 relaxation and changes the § peak to a wing
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Fig. 2. (a) DMA curves of the as-cast sample, (b) de-convoluted relax-
ation curves of samples extracted from DMA spectra, (c) Ty / Tj ratio
for the samples.
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trend.[>”) This result is inconsistent with studies on typical
blended a—f relaxation spectra of BMGs, reporting that the
minor addition with positive heat of mixing is able to improve
the possible structural heterogeneity and plasticity behavior in
the BMGs. [ This event is due to the fact that the structural
heterogeneity in a blended a—f relaxation BMGs is not maxi-
mum, and consequently, a modification in the alloying compo-
sition may induce the extra defects in the microstructure lead-
ing to B peak intensification in the spectrum.

As given in Fig. 3, the dynamic behavior of HEBMGs was
studied under different applied frequencies, while the inset
shows the fitted Arrhenius association of frequency and tem-
perature related to 3 relaxation. In general, atomic mobility is
mainly dominated by thermal activation, which is the physical
origin of the Arrhenius-type law.[*!1 It is believed that Arrhe-
nius temperature dependence can be seen when dynamics are
dominated by thermal fluctuations to prevail over the barrier.
According to the results in Fig. 3, the increase in applied fre-
quency leads to the rise in the peak temperatures. The fitting
of In(f)-1/T curves and their corresponding slope define the
activation energy of  relaxation in the glassy system. Ac-
cording to the results, the activation energy is measured for the
free-microalloying, Al-containing, and Nb-containing sam-
ples about 89 &2 kJ/mol, 107 £ 3 kJ/mol, and 12 + 3 kJ/mol,
respectively. This indicates that the HEBMG with a minor Nb
addition has high structural heterogeneity. In other words, the
nanoscale separation is increased in the system, and the atomic
rearrangement is accompanied by the annihilation of ordered
configurations in the structure.
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Fig. 3. DMA curves of as-cast sample in different applied frequencies. Inset
shows Arrhenius plots of In(f) vs. 1000/7.

3.3. Crystallization evolution

Using thermal mechanical analysis (TMA), it is possible
to evaluate the viscosity behavior of metallic glasses under the
applied load. In the temperature range of the supercooled re-
gion, the crystallization evolution of BMG structures appears,
which is due to their individual thermoplastic forming fea-
tures. Figure 4 shows the viscosity behavior of HEBMGs as a
function of temperature in the supercooled region. To obtain

the viscosity changes, the sample height variation under the
continuous loading was measured. According to the Stephen

equation, the viscosity is attained 33!

n=—2cp’ [3m4 (“)] B (1)
dt '

Here p defines the applied load, r and c introduce the radius
and height of the sample, respectively. As observed in Fig. 4,
with the temperature increasing to 700 K, the viscosity slightly
decreases in all the samples, which is due to the inherent na-
ture of glassy alloys. However, in the range of supercooled
liquid region, the viscosity trend changes for each sample, ow-
ing to their crystallization behavior. For the as-cast sample,
two peaks with significant viscosity alterations were detected,
which are consistent with the crystallization peak temperatures
in the DSC curves.
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Fig. 4. Viscosity curves of samples as a function of temperature in the range
of the supercooled liquid region.
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Fig. 5. Schematic of energy states in HEBMG samples showing the structural heterogeneity.

The viscosities of 9.22 x 10° Pa-s and 9.95 x 10° Pas at
the peaks of crystallization events show that the crystalliza-
tion stages in the supercooled liquid region behave in the same
trend and their energy release is at the same level. In other
words, the portion of crystalline phase formation is generi-
cally and quantitatively identical in each crystallization stage.
On the other side, the Al microalloying process led to the
change of crystallization evolution. As observed, the Al mi-
nor addition changes the atomic structure somehow to induce
the lowtemperature crystallization stage in the material. This
means that the compositional heterogeneity under Al minor
addition provides potential sites with lower energy barriers for
crystallization at lower temperatures (see Fig. 4). As schemat-
ically given in Fig. 5, Al minor addition increases the poten-
tial sites with higher energy states, i.e., free volumes, and in-
duces more severe structural heterogeneity compared with the
as-cast sample. On the other side, Nb microalloying not only
intensifies the second peak but also creates a third one at the
higher temperatures. According to the results, the Nb addi-
tion is accompanied by crystallization events with more varied
energy levels in the structure. The intensified crystallization
peaks at higher temperatures indicate that the structural change
caused by Nb addition is significantly different from what hap-
pened under Al addition. In other words, the types of atomic
arrangement, including SRO and MRO, are considerably af-
fected by the certain added element. Moreover, one can see
that the Nb minor addition manifold the crystallization stages
in the supercooled liquid region. This means that the struc-
tural heterogeneity in this alloying composition is intensified,
and consequently, several energy-level sites are provided for
crystallization. In summary, one can see that the type of added
element significantly affects the crystallization evolution and
structural relaxation in HEBMGs, which is closely related to
the change in the structural heterogeneity.

4. Conclusion

This study shows the effects of minor addition on
the crystallization evolution and relaxation features of
Z170CusoNipTixoHf20 HEBMG. Al and Nb elements were

separately added to the base alloying compositions to affect
the heat of mixing in the master alloy negatively and positively,
respectively. The results indicate that the added elements lead
to a slight intensification of § relaxation. However, there is
no obvious change in « relaxation. The detailed DMA anal-
ysis also determines that the activation energy of f relaxation
increases during the microalloying process, and this enhance-
ment is optimum in the Nb-added sample with sharp structural
heterogeneity. By evaluating the crystallization behavior, it is
found that the microalloying process changes the crystalliza-
tion enthalpy in the samples. For Nb added one, the two-peak
crystallization curve changes to a three distinct peaks curve
in the supercooled liquid region, which is due to the multi-
ple energy states in the heterogeneous structure of Nb-added
HEBMG.
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