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a b s t r a c t
Ti-based metallic glasses were subjected to a 20 MeV Cl4+ ion radiation under liquid-nitrogen cooling.
Their responses, as well as effects of the electronic excitation and nucleus-nucleus collision were evaluated. The collision cascade during irradiation typically changes the structure by increasing the liquid-like
zone/cluster, or the content of the free volume. However, along the ion incident depth, the structure
change is inhomogeneous. Numerous whiskers appear and aggregate on the side of the irradiation surface, which are several micrometers away from the edge. This corresponds with the maximum collision
depth obtained by the Monte Carlo simulation, where nuclear loss plays a dominant role. Moreover,
the liquid-like zone continually forms, which add to the whiskers growth and subsequent self-healing.
Results suggest that the irradiation-induced local shear stress combines with the well-localized liquidlike zone results in the observed phenomena. This study demonstrates that metallic glasses have high
morphological instability under ion irradiation, which assets can pave new paths for their further applications.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Metallic glasses (MGs) have been a popular subject of research
within the past decade, due to their unique mechanical and chemical properties, including high speciﬁc strength and good corrosion
resistance [1–5]. They also exhibit inherent disordered structures,
making them ideal candidates for applications in nuclear-irradiated
environments or deep space. Many studies focus on the intrinsic
irradiation responses by MGs, including damage morphology [6],
enhanced mechanical performance [7], and local structure change
[8,9]. Studies have shown that the ion beam resistance capability
of MGs is better than either their corresponding crystalline counterparts or traditional radiation-resistant materials [10,11]. The
entirely disordered structure is considered a desirable environment
to relax the damage induced by radiation as well as local shear
stress. The random nature as “frozen liquids”, where the local liquid regions along the thermal spike can rearrange themselves and
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solidify without strong boundary constraints from the surrounding
crystalline grain [12].
The anisotropic deformation is a unique phenomenon that
occurs in amorphous thin ﬁlms (such as in ɑ-Si and MG ﬁlms) during hundreds of MeV ion irradiation [13]. Previous studies have
shown that the high electronic energy deposition and low directional straggle in the ion trajectory causes a cylindrically shaped
narrow thermal spike to evolve around the ion track. Plastic relaxation of the local shear stress induced the by thermal expansion of
this hot cylindrical region, can result in global plastic deformation
perpendicular to the cylindrical axis. Therefore, the amorphous thin
ﬁlm tends to undergo a homogeneous anisotropic growth where
the incident ions act like a hammer [14].
The two basic aspects that induce the thermal spike effect are
the electronic excitation and nucleus-nucleus collision. Both types
of spikes could be important within MeV range heavy ions, contingent on the magnitude between the electronic loss and the
nuclear loss. These resulting thermal spikes differ in that electronic excitations have cylindrical geometry that completely breaks
the isotropic symmetry of the system, whereas nucleus-nucleus
collisions have near spherical geometry, where the plastic deformation is localized in the maximal collisional damage region [15].
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However, few studies have focused on the nucleus-nucleus collision effects on the anisotropic growth of MGs through changes in
the incident ion energy.
Experimental observations have shown that the MGs are intrinsically structurally inhomogeneous. The MGs could be viewed as
tightly bonded atomic clusters that overlap and form the percolating “skeleton” of the glassy structure, with loosely bonded
free-volume regions acting as liquid-like defects when subjected
to an external force [16]. Bian et al. suggested that irradiation
at low dosages could alter the structure by increasing the freevolume fraction, namely the liquid-like zone [17]. Petrusenko et al.
reported the occurrence of MeV electron irradiation damage, suggesting the existence of vacancy-type defects and interstitial-type
defects found in the MGs correspond to density ﬂuctuations [18].
The microstructure evolution, as well as correlation between the
structure heterogeneity and anisotropic growth, should be investigated to further clarify the inﬂuence of irradiation on MGs.
The following study investigates the responses of Ti-based MGs
made by the Cl4+ ion irradiation under liquid-nitrogen cooling.
Ti40 Zr25 Be30 Cr5 MGs have high GFA, exceptional thermal stability,
low density (comparable to that of pure Ti) and very high speciﬁc
strength, which may be ideal candidates for applications in deep
space. The incident ion energy is 20 MeV, which much smaller than
the energy reported that induced homogeneous anisotropic deformation of the MGs within hundreds of MeV ion irradiation [13].
Whiskers growth is found on the side of MGs during irradiation.
More importantly, the self-healing phenomenon of the MG ribbons
with microcosmic ﬂaw is observed. The kinetics and related mechanism for whiskers formation and self-healing in MGs are discussed.
2. Experimental
Ti40 Zr25 Be30 Cr5 (Ti-based) MGs with a 5 mm diameter were prepared by arc melting a mixture of elements with purities greater
than 99.9% in an argon atmosphere, and then chilled casted into a
copper mold. Ti-based MG ribbons (2.0 × 0.02 mm cross sections)
were obtained at a rotation speed of 40 m/s via melt spinning. The
surfaces of the samples were mechanically polished to a mirror
ﬁnish and cleaned ultrasonically prior to the irradiation experiments. After that, the irradiation experiments were completed on
the 2 × 6 MV EN tandem accelerator platform at Peking University.
The prepared samples were irradiated in a normal incidence for
2.4 h at a dosage rate of 1.6 × 1014 ions cm−2 s−1 . During the entire
irradiation process, the samples were cooled by liquid nitrogen.
The X-ray diffraction (XRD) analysis was carried out on a Philips
PW1050 diffractometer using CuK␣ radiation. The microstructural
morphology was tested by scanning electron microscope (SEMEDS, JEM-2100F).
The parameters of the ion beams and displacement damage
were calculated using SRIM code [19]. The number of defects per
ion N and the ion penetration depth d are provided by the SRIM
calculations. Then, the damage level dpa is calculated as follows
[20]:
dpa =

FNMmol
 dNA

(1)

F is the ion ﬂuence, Mmol the target’s molar mass and NA Avogadro’s
constant.
3. Results and discussion
The surface morphology of Ti-based MGs irradiated by different
doses is shown in Fig. 1. The Ti-based MG retained its original state
in a low ion irradiation dose ( = 5.15 × 1015 ions cm−2 ), with no
signiﬁcant changes observed on the surface of the Ti-based MGs.
When the irradiation exceeded a critical dose (5.15 × 1015 ions
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cm−2 <  < 6.44 × 1015 ions cm−2 ), numerous whiskers appeared
and aggregated on the unirradiated edge. As shown in Fig. 1e, the
whiskers grow on the unirradiated edge, but not directly on it. In
fact, these whiskers are several micrometers away from the edge of
the irradiation surface. As the irradiation dose increases, whiskers
become bent and closely interwoven. The relation between the
average whiskers length and irradiation dose is shown in Fig. 2. The
rate for whiskers growth remains constant (about 1.17 m/dpa)
without saturation until the maximum irradiation dose is reached.
Whiskers growth has been widely reported in other materials,
such as, Sn or Zn crystal solders [21,22]. Whiskers growth in Sn
solders can be interpreted as an atomic diffusion process where
stress generation and relaxation simultaneously occurs. To determine the origin of whiskers growth in MGs, the XRD and the EDS
analysis are used to establish the phase and chemical composition
of the whiskers and the substrates. Both the irradiated and as-cast
Ti-based MGs exhibit a single broad diffraction peak in the XRD
curves, conﬁrming an amorphous structure at near-surface (Fig. 3).
The peak intensity of the irradiated sample exhibits a slight drop
when compared with the as-cast sample, demonstrating that the
amorphous state become more disordered as the accelerated Cl4+
ion sets into the matrix. The EDS results show the chemical composition of the whiskers are similar to the one of matrix, which
suggests that the diffusion mechanism for whiskers growth may
be not an appropriate mechanism in determining whiskers appearance in MGs.
The surface-conﬁned viscous ﬂow has been proven to play the
dominant quantitative role during ion irradiation. This is caused
by radiation-induced softening of the near-surface layer [11,23].
The origin of the softened region is caused by the rearrangements
of atoms in certain structurally weak spots that behave as the
liquid-like zone or the free volume. However, this does not explain
why whiskers grow on the unirradiated edge. Further research
that addresses the structural response, stress distribution, and the
nature of whiskers should be carried out.
The electronic excitation and nucleus-nucleus collision are two
features involved in the anisotropic growth induced by the thermal spike effects. These two concepts also account for most of the
observed property changes occurring from atomic displacement by
high-energy ions in MGs. Fig. 4 shows the change of energy loss, as
well as the collisional damage distribution along the ion incident
direction. There are three typical regions can be divided base on the
incident ion track: the electronic loss-dominated region (Region I),
the nuclear loss-dominated region (Region II) and the unaffected
region (Region III) (see Fig. 4a). These regions can also be referred to
as the defect-starting region, the defect-rich region, and the matrix
region seen in Fig. 4b. In the electronic loss-dominated region, the
cross section affected by irradiation is small with minimal damages
occurring because of the initial high incident energy. Nuclear loss
plays a dominant role as the ions penetrate into deeper regions.
As shown in Fig. 4, the incident ion results in the maximum collisional damage occurring at a depth of 5 m, this corresponds
to the location of whiskers initiation. Therefore, we believe that
the nucleus-nucleus collision played a dominant role on whiskers
anisotropic growth within this study.
In order to clarify the origin of whiskers growth in MGs, the
schematic diagram of viscosity variation and structure evolution is
shown in Fig. 5. The MGs exhibit the largest atomic rearrangement
and the least amount of viscosity at the maximum collisional damage depth. Moreover, the irradiation response is inhomogeneous
along the ion incident direction. The defect-rich region sustains
a larger increase of the liquid-like region than the defect-starting
region, as seen in Fig. 5. The increase of liquid-like region indicates
that the atoms in the defect-rich region are more loosely packed
than those in the defect-starting region. If we assumed a uniform
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Fig. 1. The surface morphology of Ti-based MGs with different irradiation doses (a) 0 ions cm−2 ; (b) 5.15 × 1015 ions cm−2 ; (c) 6.44 × 1015 ions cm−2 ; (d) 1.61 × 1016 ions cm−2 ,
(e) a schematic drawing with ion beams for describing where the whisker grow out.

temperature distribution in the thermal spike region, the stresses
inside the ion track region [24] are obtained by the following:
rr =  =

Fig. 2. The average whiskers length as related to the increase of the irradiation dose
or dpa.

1
˛ET
zz = −
(1 − ı2 )
2
2(1 − v)

(2)

where E is Young’s modulus, v is Poisson’s ratio, and ␦ = a/b, T
is the temperature difference between the thermal spike affected
and unaffected region. This suggests a local shear stress occurs
perpendicular to the ion incident direction. The defect-rich region
may accommodate larger shear stress than the defect-start region
because it has a more severe volume expansion. Those weak spots
may preferentially travel towards the local low-stress regions in
order to unload the stress. The liquid-like zone aggregates, moving
toward to the side of the MGs. This is a possible factor in whiskers
generation. Actually, the irradiation-induced stress and structural
relaxation have been studied by Volkert [25]. A larger expansion (0.3%) is observed on heating liquid-nitrogen-temperature
irradiated amorphous layer to room temperature. The behavior
reveals the irradiation at liquid-nitrogen temperature can accumulate larger stress and more defects owing to the suppression
of atomic mobility, which would result in whiskers growth on the
unirradiated edge.
Once whiskers appear, the liquid-like zone forms continually,
supplying resources to the whiskers until the local stress is relaxed.
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Fig. 6 shows the irradiation response of Ti-based MG ribbons that
possess many microcosmic ﬂaws in center regions. It is noted that
the microcosmic ﬂaws eventually disappeared during irradiation,
due to whiskers growth on the unirradiated edge. We suggest that
the irradiation-induced stress combines with well-localized liquidlike zone to cause whiskers growth and self-healing in the MGs.
Ion irradiation may act as an effective method for designing micronano structures or repairing micro-crack and microcosmic ﬂaws by
controlling the whiskers growth in MGs.

4. Conclusion

Fig. 3. The XRD results of the as-cast (Black) and irradiated samples (Red). Insert:
the chemical composition analysis of the whiskers and matrix after irradiation. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)

In this study, Ti-based MGs are subjected to a 20 MeV Cl4+
ion radiation under liquid-nitrogen cooling and their responses
are observed. Numerous amorphous whiskers appear and aggregate near the irradiated surface, corresponding to the maximum
collision defect. The liquid-like zone continually forms to enable
whiskers growth and self-healing as the irradiation dose increases.
The irradiation-induced stress, combined with well-localized
liquid-like zone, is believed to cause this whiskers formation as
well as self-healing.

Fig. 4. (a) The change of the energy loss and (b) collisional damage distributions of Ti-based MGs along the ion incident direction: the black lines denote the distribution of
defect and the red lines denote the distribution of occurrence of ions along the ion beam direction. The glassy alloys were subject to one irradiation process at 20 MeV. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 5. (a) The schematic diagram of viscosity variation and damage distribution in MGs during whisker growth: Region II possesses the lowest viscosity due to the thermal
spike effect; (b) the stress analysis in the region affected by the thermal spike.
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Fig. 6. Self-healing phenomenon of MG ribbons due to whiskers growth.
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