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h i g h l i g h t s
� Ion-irradiation performance and mechanical behaviors of high-entropy metallic glasses were firstly studied.
� ZrTiHfCuBeNi HE-MG has the highest threshold fluence of blistering at the helium incident energy of 100 keV, compared with conventional MGs and
metals.

� High-entropy metallic glasses exhibit a favorable response to high levels of helium implantation.
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a b s t r a c t

This study investigated ion-irradiation performance and mechanical behavior of high-entropy metallic
glasses (HE-MGs) irradiated at room temperature. The critical fluence for blister formation in ZrTiHf-
CuBeNi HE-MGs was higher than ZrTiHfCuBe HE-MGs because of the larger mixing entropy and negative
mixing enthalpy. The ZrTiHfCuBeNi HE-MGs maintained a more moderate hardness value than ZrTiHf-
CuBe HE-MGs at a fluence of 1.0� 1018 ions/cm2, implying a better irradiation tolerance and capacity of
helium atoms. There was not a serrated flow or pop-in event that occurred in the HE-MGs after ion
irradiation, which indicated that the formation of serrations was restricted. The total displacement and
peak intensity in the creep relaxation spectrum increased as the ion fluence increased. The ZrTiHfCuBeNi
HE-MGs exhibited a lesser change in peak intensity and relaxation time. This study demonstrated that
HE-MGs may exhibit a favorable response to high levels of helium implantation, which exhibits potential
uses under extreme irradiation conditions.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Metallic glasses (MGs) with an isotropic amorphous structure
are extensively studied due to their unique, dense, and random
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atomic configuration [1], lack of crystalline lattice and defects, such
as dislocations [2], which provide distinct properties, such as high
yield strength, large elastic deformation, outstanding corrosion,
wear resistance [3e8], and good radiation performance [9e12].
Most MGs contain three or more components based on a single
principal element such as Zr, Cu, Ti, or Fe [13e15]. Researchers have
recently used the concept and strategy of high-entropy alloys
(HEAs) [16e18] by combining the advantages of both MGs and
HEAs within a new system: high-entropy bulk metallic glass (HE-
MG). The HE-MGs were successfully prepared in alloy systems (e.g.
TiZrHfCuNi [19], SrCaYbMgZn [20], PdPtCuNiP [21], and TiZr(Hf)
CuNiBe [22,23]) via rapid cooling, and they possess characteristics
of both high entropy alloys (HEAs) and MGs, enabling their use as
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high-performance structural materials [24] in extreme circum-
stances. For instance, CaMgZnSrYb HE-MGs present excellent
corrosion behavior compared with as-reported biodegradable MGs
owing to different chemical composition as well as the formation of
a unique high-entropy atomic structure with a maximum degree of
disorder [25].

HEAs have similar properties, like sluggish diffusion and high
entropy effects, which contribute to their potential resistance to
radiation damage. This has attracted attention in the field of nuclear
materials [26e29]. Zhang et al. [30] reported that single-phase
HEAs based on the face-centered cubic (FCC) structure in a Alx-
CoCrFeNi system showed a better radiation tolerance than con-
ventional nuclear materials. Nagase [31] showed that the as-
sputtered CoCrFeMnNi HEAs maintained good irradiation toler-
ance within a wide temperature range, without grain coarsening
under fast electron irradiation. The HEAs were unable to homoge-
nize the collision cascade induced by a thermal spike due to the
intrinsic grain boundaries. Helium ions may preferentially
concentrate at the grain boundaries, where the aggregation of he-
lium bubbles and swelling are more likely to occur [32]. It is
imperative to explore the irradiation performance of HE-MGs to
elucidate the advantages of both HEAs and MGs.

In the present study, several typical HE-MGs were selected with
similar composition to HEAs for comparisons in determining the
irradiation response exerted by Heþ ion irradiation. The critical
fluence for the blister formation in the ZrTiHfCuBeNi HE-MGs was
higher than ZrTiHfCuBe HE-MGs, ZrTiHfCuNi HEAs, and polycrystal
W. The mechanical behaviors after irradiation were also investi-
gated. HE-MGs exhibit a favorable response to high levels of helium
implantation, which pave a new way for use in extreme irradiation
conditions.

2. Experimental procedures

ZrTiHfCuBe HE-MG (HE-MG1), ZrTiHfCuBeNi HE-MG (HE-MG2),
and ZrTiHfCuNi HEA (HEA1) were prepared via arc melting 99.99%
pure elemental constituents together in a high purity argon at-
mosphere. The ingots were inverted and melted repeatedly to
ensure homogeneity and subsequently suck-casted into a water-
cooled copper mold (45 mm). Then samples of 2.0mm thickness
were cut from the resulting rods. Prior to irradiation experiments,
surfaces of the samples were mechanically polished to a mirror
finish and cleaned ultrasonically. Irradiation experiments were
conducted in a BNU-400 kV electrostatic accelerator placed in a test
chamber, at a pressure near or below 10�5 torr. The polished
samples were irradiated with a 100 keV Heþ ion beam, with ion
fluences of 5.0� 1017 ions/cm2, 1.0� 1018 ions/cm2, and 2.0� 1018

ions/cm2, respectively, at room temperature.
The microstructures were characterized by X-ray diffraction

(XRD) via a Philips PW 1050 diffractometer with Cu-Ka radiation
operating at 45 keV, a 0.01 step size, and a 200mA current for phase
analysis with improved accuracy. The size of the diffraction area on
the metallic glass surface was 0.5mm with a scanning speed of 2�/
min. Each sample was examined three times in different areas. To
obtain the glass transition temperature (Tg) and crystallization
temperature (Tx), differential scanning calorimetry (DSC, Netzsch
404C) tests were conducted at a heating rate of 20 K/min under
purified argon atmosphere. The microstructure and composition of
the sampleswere analyzed by a scanning electronmicroscopy (SEM)
at a working voltage of 20.0 kV and a working distance of 15.0mm.

To investigate the ion irradiation-induced microstructural evo-
lution of HE-MGs, nanoindentation experiments were conducted
on pristine and irradiated samples using an Agilent Technologies
Nano Indenter G200 with a Berkovich diamond indenter at 20 �C
after calibration on standard fused silicon. The maximum load was
20mNat a constant loading rate of 0.05mN/s. Then creep tests
were conducted with themaximum load of 50mN, a loading rate of
10mN/s, and a holding time of 100 s. Each sample was subjected to
five trials using a space wider than 50 mm.

3. Experimental results and analysis

3.1. Microstructure characterization

Fig. 1(aec) show the XRD patterns recorded from the pristine
and irradiated samples. The XRD patterns in the HE-MG1 and HE-
MG2 exhibited one broad peak and no sharp Bragg-peaks corre-
sponding to the crystalline phases, indicating that both samples
were maintained in the amorphous state at various irradiation
fluences. The heating effect was negligible during Heþ irradiation
because the target surface temperature [33] was far lower than the
glass transition temperature [34]. For HEA1, several crystalline
peaks corresponding to the Zr2Cu and Ni10Zr7 phases disappeared,
implying that irreversible phase transitions occurred. Fig. 1(def)
show the DSC traces of the pristine samples of HE-MG1, HE-MG2,
and HEA1 at a constant heating rate of 20 K/min, scanned from RT
to 550 �C. The glass transition temperature (Tg) and crystallization
temperature (Tx) of these three compositions are indicated by ar-
rows. The Tg and Tx of HE-MG1 and HE-MG2 were measured to be
370 �C and 435 �C and 410 �C and 460 �C, respectively.

Fig. 2 displays HE-MG1, HE-MG2, and HEA1 SEM images before
and after irradiation. There were no obvious sign of irradiation
damage on the surface of the samples as the ion fluence reaching
1.0� 1018 ions/cm2. At a fluence of 2.0� 1018 ions/cm2, a large
amount of crater-like damages appeared (Fig. 2(a3)) on the surface
of the HE-MG1 sample because of the numerous small wafer-like
exfoliations that flaked off. Meanwhile, obvious swelling and
extensive crater-like damages appeared on the surface of the HEA1
sample (Fig. 2(c3)). However, the HE-MG2 had slight blistering on
the surface at the highest fluence (Fig. 2(b3)). The irradiation
response of polycrystal W was studied for comparison, as shown in
Supplementary Fig. S2. Results showed that blistering and cracking
occurred on the polycrystalW surface at a fluence of 1.0� 1018 ions/
cm2. The critical irradiation fluence of surface damage on the HE-
MG2 was higher than HE-MG1, crystalline HEA1, and polycrystal
W, implying superior irradiation tolerance.

When low-energy high-flux helium ions are implanted into
MGs, vacancy-interstitial pairs (i.e., Frenkel pairs) are formed as a
result of the atom displacement. Meanwhile, slowing down of one
helium ion leads to rapid heating resulting in the local melting
along the trajectory of a helium ion, and a highly non-equilibrium
liquid-like zone arises by the collision cascade [35,36]. The liquid-
like zone can easily capture helium atoms and be conducive to
the formation and growth of helium bubbles. As the irradiation
fluence increased, excessive pressure of the helium gas continually
developed inside the materials, eventually leading to blistering on
the surface. Fig. 2 shows that the critical fluence for blister for-
mation in HE-MG2 is higher than HE-MG1. Actually, the excellent
irradiation tolerance of HE-MG2 may contribute to the larger
negative mixing enthalpy and the difference in atomic sizes, as well
as the higher mixing entropy. On one hand, the larger negative
mixing enthalpy and a more evident mismatch of the atomic size
are likely to destabilize the atomic defects introduced by irradiation
[36], as shown in Fig. 3 and Table S1. In contrast, the increased
chemical disorder with increased mixing entropy in HE-MG2 can
lead to a substantial reduction in the electron mean free path and
thermal conductivity. The slower energy dissipation can result in
less deleterious defects and, consequently, slower damage accu-
mulation during ion irradiation [37]. Also, the multiplicity of the
defects in HE-MG2 most likely implies a shorter defect lifetime



Fig. 1. XRD patterns for pristine and irradiated samples at various fluences: (a) HE-MG1, (b) HE-MG2, and (c) HEA1. The DSC curves at a heating rate of 20 K/min of pristine samples:
(d) HE-MG1, (e) HE-MG2, and (f) HEA1.
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because of the intrinsic structural and chemical disorder [38e40].
These mechanisms collaborate to maintain excellent irradiation
tolerance in HE-MG2.

In general, with lower ion energy, it is easier to blister at the
same ion fluence. The critical blistering fluence of conventional
MGs, metals, and HE-MGs, are plotted in Fig. 4 [41e49]. By com-
parisonwith conventional MGs, HE-MG2 has the highest threshold
fluence of blistering at the incident energy of 100 keV, suggesting a
superior irradiation tolerance against helium impacts.

3.2. Mechanical behaviors

Nanoindentation tests were conducted to investigate the me-
chanical behavior in HE-MGs after irradiation. Fig. 5(aec) show the
representative load-displacement (P-h) curves of HE-MG1, HE-
MG2, and HEA1 obtained from nanoindentation tests with a con-
stant loading rate of 0.05mN/s and a maximum load of 20mN. As
shown in Fig. 5(aec), the deeper indentation depth with increasing
fluence indicated an irradiation-induced softening in HE-MG1, HE-
MG2, and HEA1. The hardness evolution in HE-MGs resulted from
two main structural changes during irradiation: the creation of a
liquid-like zone [50] and the collapse of short-range order [51]. The
creation of the liquid-like zone led to the increase of flow defect
concentration cf, while the collapse of short range order enhanced
the atomic mobility, both contributed to a decreased activation
barrier energy DG. According to the qualitative theoretical
description for the hardness of MGsHfc�DG

f , both effects decreased
the hardness [52]. HE-MG2 showed a slight hardening when the
fluence reached 1.0� 1018 ions/cm2. It is believed that there was a
competition between the softening caused by the increased frac-
tion of liquid-like zone and the hardening due to dispersed distri-
bution of small helium bubbles [53]. Generally, the helium atoms
constantly migrated and gathered into the large-size helium bub-
bles, which eventually led to softening. Due to the larger negative
DHmix in HE-MG2, the trapped helium atoms were less likely to
escape and aggregate, so the HE-MG2 maintained a moderate
hardness value at 1.0� 1018 ions/cm2.

Fig. 5(aec) show that both the pristine samples of these two
types of HE-MGs exhibited clear serrated flow or pop-in events
during the loading process, while non-serrated flow occurred in the
HEA1 samples. When the irradiation dose exceeded 5.0� 1017 ions/
cm2, there was no serrated flow in the HE-MGs, which indicated
that the formation of serrations could have been restricted. To
better explore the serrated flow events, a polynomial function (Eq.
(1)) was used to describe the P-h curves to obtain a baseline during
the loading processing [54]:

h¼ t1 þ t2P þ t3P
2 þ t4P

3 (1)

where h is the displacement into the sample surface, P is load, and
t1, t2, t3, and t4 are parameters. The polynomial fitting curves for all
samples are shown in Supplementary Fig. S3, which shows that the
polynomial function expressed the load-displacement curve
(R2¼ 0.998). To describe the serrated flow events more intuitively,
we determined the differences of values between the experimental
curves and the baseline (hexp-hfit), and then noted the differences
between the peak and valley values, Dh¼ hpeak-hvally. The change of
serration flow has a close relationship with the fraction of the
liquid-like zone and can be reflected by the deformation mode
during nanoindentation. As shown in Fig. 5(def), the serrated flow
was weakened and disappeared after irradiation. This means that
ion irradiation can increase the liquid-like zone fraction and ho-
mogenize the distribution, which corresponds to the deformation
transition from a single shear band to the simultaneous operation
of multiple shear bands [55e57]. In contrast, the helium ion irra-
diation was effective in improving the plasticity of MGs, while
ultra-high fluence implantation could lead to embrittlement since
the concentration of the liquid-like zone reached the threshold



Fig. 2. The SEM images of HE-MG1 at fluences of (a0) 0, (a1) 5.0� 1017 ions/cm2, (a2) 1.0� 1018 ions/cm2, and (a3) 2.0� 1018 ions/cm2; HE-MG2 at fluences of (b0) 0, (b1) 5.0� 1017

ions/cm2, (b2) 1.0� 1018 ions/cm2, and (b3) 2.0� 1018 ions/cm2, and HEA1 at fluences of (c0) 0, (c1) 5.0� 1017 ions/cm2, (c2) 1.0� 1018 ions/cm2, and (c3) 2.0� 1018 ions/cm2.

Fig. 3. Pairwise heats of mixing for the selected elements and their relative size dif-
ference, as indicated by spheres.

Fig. 4. Statistics of the threshold fluence of blistering for various conventional MGs
and metals at various helium ion energies, compared with HE-MGs.
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Fig. 5. Representative load-displacement (P-h) curves of (a) HE-MG1, (b) HE-MG2, and (c) HEA1 during nanoindentation tests with a loading rate of 0.05mN/s (insets shows the
serrated flow events in more detail); The values of hexp-hfit distribution along the displacement (inset: the sketch of the serration) for (d) HE-MG1, (e) HE-MG2, and (f) HEA1.
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value and could not accommodate more helium clusters [50e60].
HE-MGs still maintained a better plasticity at ultra-high fluence
than conventional MGs, since the sluggish diffusion of helium ions
plays a dominant role during irradiation, where helium clusters or
bubbles could not easily form.

Creep resistance is an important parameter in the evaluation of
the service safety of structural materials, which is also suited for
investigating the structural relaxation and atomic diffusion in MGs
by nanoindentation. Fig. 6 shows the creep displacement value
versus time for the HE-MG1, HE-MG2, and HEA1 at various fluences
with a maximum load of 50mN, loading rate of 10mN/s, and a
holding time of 100 s. During the holding period, the indenter
displacement increased rapidly at the beginning of the holding
period and then slowed, demonstrating a linear increase with
relaxation time. Excellent agreement between the experimental
data and fitting curves was obtained (yellow lines in Fig. 6), which
agreed with the generalized Kelvin model (correlation coefficient
R2> 0.9) [61]. The creep displacement can be obtained as follows:



Fig. 6. Creep displacement vs. time for (a) HE-MG1, (b) HE-MG2, and (c) HEA1. The data points are experimental data and yellow lines are curves fitted by Eq. (2) with two
exponential terms. (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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hðtÞ¼he þ
Xn

i¼1
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�
1� e�t=ti

�
þ t
m0

(2)

where he is the indentation depth at the first spring, hi is the
indentation depth at the ith Kelvin element, ti is the relaxation time
for the ith element, m0 is a constant related to the viscosity coeffi-
cient of the last dashpot, and t is the holding time. The fitting pa-
rameters are summarized in Table 1.

As shown in Table 1, when the irradiation fluence increased, the
viscosity coefficient m0 decreased monotonically in the HE-MG1,
HE-MG2, and HEA1, suggesting that the viscosity of all samples
decreased after irradiation. The results are consistent with the
hardness evolution. As shown in Fig. 6, the indentation creep
displacement (i.e., the increase in penetration depth during the
load-holding segment) was more pronounced in the irradiated
samples than in the pristine, indicating that the irradiation-induced
structural evolutionweakened the static strength (i.e., resistance to
inhomogeneous instantaneous deformation) and creep strength
(i.e., resistance to homogeneous time-dependent deformation). In
addition, HE-MG2 exhibits a smaller creep displacement than the
HE-MG1 after irradiation, confirming that there are fewer activated
“defects” (i.e., the liquid-like zone and helium bubbles) in HE-MG2,
which is consistent with the SEM results, as shown in Fig. 2.

For viscoelastic materials, the creep behavior in the nano-
indentation process can be well described via the relaxation spec-
trum (see Fig. 7) as follows [62]:

LðtÞ ¼ A0

P0hin

h
he þ h1

�
1� e�t=t1

�
þ h2

�
1� e�t=t2

�i
(3)

where A0 and P0 are the contact area and applied load
Table 1
Fitting parameters in Eq. (2) obtained by twice fitting and creep displacement of HE-MG

Alloys Fluence (ions/cm2) he (nm) h1 (nm) t1 (s)

HE-MG1 0 0.1 2.5 1.6
5.0� 1017 1.4 3.7 12.5
1.0� 1018 2.8 9.1 13.1
2.0� 1018 4.1 15.6 11.1

HE-MG2 0 0.7 1.5 11.5
5.0� 1017 1.2 3.3 10.0
1.0� 1018 1.2 4.8 9.0
2.0� 1018 2.8 10.5 12.9

HEA1 0 2.2 3.3 20.9
5.0� 1017 1.9 5.3 13.2
1.0� 1018 2.7 6.1 10.7
2.0� 1018 3.0 12.9 13.5
corresponding to the virtual length, hin (equal to the depth at the
end of the loading), and h1, t1 and h2, t2 represent two relaxation
processes that are relatively independent in time, which corre-
spond to two separate relaxation peaks in Fig. 7 [63]. The peak
intensities of all samples increased as the fluence increased. Spe-
cifically, at a fluence of 1.0� 1018 ions/cm2, the peak intensity of HE-
MG2 shows a less significant increase compared with HE-MG1.
Furthermore, the first peak of HE-MG2 has a considerably shorter
relaxation time than that of HE-MG1, suggesting a size difference of
activated “defects” between these two HE-MGs. In fact, the peak
intensity and relaxation time are closely related to the activated
“defect” in MGs [64]. Due to the more significant sluggish diffusion
effect in HE-MG2, it is more difficult to form large liquid-like zones
by thermal spikes, and the implanted helium atoms are more
difficult to aggregate and form helium clusters. Therefore, HE-MG2
exhibits an unobvious structural relaxation compared with HE-
MG1, suggesting a superior creep resistance and irradiation
tolerance.

4. Conclusions

We studied the ion-irradiation performance and mechanical
behavior of ZrTiHfCuBe, ZrTiHfCuBeNi HE-MGs, and ZrTiHfCuNi
HEAs under 100 keV Heþ ion irradiation with ion fluence at room
temperature. Following irradiation, the HE-MGs maintained their
amorphous state, while the HEAs might undergo an irreversible
phase transition. The critical fluence for blister formation in the
ZrTiHfCuBeNi HE-MGs was the highest, due to the highest mixing
entropy and largest negative mixing enthalpy. The ZrTiHfCuBeNi
HE-MGs maintained a more moderate hardness value than the
ZrTiHfCuBe HE-MGs at a fluence of 1.0� 1018 ions/cm2, implying a
better irradiation tolerance and capacity of helium atoms. No
1, HE-MG2, and HEA1 before and after irradiation, for a holding time of 100 s.

h2 (nm) t2 (s) m0 (nm) Creep displacement (nm)

3.2 0.1 23.0 10.1
6.1 0.7 18.3 16.8
12.1 1.2 8.7 35.5
17.0 1.1 6.5 51.9

4.0 0.3 64.5 7.8
4.6 0.7 28.6 12.3
6.2 0.6 13.2 19.9
13.6 1.0 9.2 37.6

5.1 1.1 21.8 15.2
7.8 1.0 18.5 20.6
10.1 0.7 10.2 28.5
14.0 1.0 8.5 41.6



Fig. 7. Relaxation spectra for (a) HE-MG1, (b) HE-MG2, and (c) HEA1 from Eq. (3) derived from nanoindentation creep experiments under a maximum load of 50mN at a loading
rate of 10mN/s.
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serrated flow or pop-in events occurred in the HE-MGs after ion
irradiation, indicating that the formation of serrations was
restricted by the irradiation-induced spatial homogeneity. As the
ion fluence increased, the total creep displacement and peak in-
tensities in the creep relaxation spectrum increased. The peak in-
tensity and relaxation time of the ZrTiHfCuBeNi HE-MGs showed an
unobvious change, which corresponded to the change in themicro-
hardness.
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