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a b s t r a c t 

The formation of metallic glass through melt processing proves to be the most challenging for pure 

monatomic face-centered cubic (FCC) metals. Though it has long been conjectured that amorphous 

monatomic metals can be generated through deforming a solid at room temperature, there is rarely 

direct evidence to prove that is indeed the case. In this study, mechanical loading was applied to 

nanometer-sized crystals inside an aberration-corrected transmission electron microscopy, and atomic- 

scale in situ evidence is provided of strain-induced amorphization in Pt and Ni near room tempera- 

ture. The loading was applied in such a way that the stress state is complicated, and the strain distri- 

bution is non-uniform, restricting dislocation activities in accommodating the imposed strain. The local 

lattice distortion is then rendered so large and the associated strain energy is so high that the crys- 

tal collapses into the amorphous state. As such, even elemental FCC metals can be forced to become 

amorphous. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Since the discovery of metallic glasses (MG) in the 1960s [1] , 

any different types of MGs [2–4] have been obtained from liq- 

ids, using fast cooling and rapid solidification such as melt spin- 

ing [2] , copper mold casting [3] , liquid splat-quenching [5] , and 

ulsed laser quenching [6] . While most MG formers are alloys con- 

aining two or more elements [ 2 , 7 ], recently monatomic MGs have

een achieved through superfast quenching of molten elemental 

etals, which would otherwise crystallize into body-centered cu- 

ic (BCC) structures [8] . However, it has not been possible to re- 

ain the amorphous state through the melt-quench route for pure 

etals that crystallize into FCC structures [8–10] . One naturally 

onders if solid-state routes can access the amorphous state for 

onatomic FCC metals. Circumstantial evidence is available that 

his may be possible through the accumulation of a high density 

f dislocations [11–14] in severe deformation, e.g., in some edge 

egions on fracture surfaces examined postmortem. It has been 

rgued that the amorphization originated from the exceptionally 

igh dislocation density in a small region, where the local en- 
∗ Corresponding authors. 

E-mail addresses: maen@xjtu.edu.cn (E. Ma), wlh@bjut.edu.cn (L. Wang), 

dhan@bjut.edu.cn (X. Han). 

t

t

w

o

ttps://doi.org/10.1016/j.scriptamat.2022.114553 

359-6462/© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
rgy density has been raised to above that of the amorphous state. 

owever, there is another possible mechanism: at ambient pres- 

ure, the amorphous state can be reached when the lattice strain in 

he crystal exceeds a critical level to trigger elastic instability [7] . 

In this study, we demonstrate local amorphization in pure 

t and Ni, observed inside an aberration-corrected (Cs-corrected) 

EM, using our home-made in situ deformation device [15–17] . 

e provide atomic-scale evidence that the deformation can in- 

eed lead to crystal-amorphous transition. Our results show that 

he crystal-amorphous transition is mainly driven by large lattice 

istortion, which is different from previous studies that suggested 

hat amorphization is induced solely from the accumulation of a 

igh density of dislocations [11–14] . 

In situ tensile experiments on Pt nanocrystals were conducted 

sing a specially designed double-tilt deformation device in an FEI 

ITAN G2 (300 kV). First, a Pt nanocrystalline thin film with a 

hickness of ∼25 nm was deposited by means of magnetron sput- 

ering onto a NaCl crystal substrate. Under an optical microscope, 

his thin film with NaCl substrate, was attached to a bimetallic ex- 

ensor using an epoxy resin. After washing away the NaCl substrate 

ith water, the Pt thin film became free-standing, which remained 

n the bimetallic extensor. 

https://doi.org/10.1016/j.scriptamat.2022.114553
http://www.ScienceDirect.com
http://www.elsevier.com/locate/scriptamat
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Fig. 1. The Cs-corrected HRTEM images show the atomic-scale observation of strain-induced crystal-amorphous transition in a Pt crystal near room temperature. (a) A perfect 

lattice at low strain. (b) Lattice distortion at local strain of ∼11.4%, as indicated by the yellow arrows. (c) With increased straining, the distortion of the lattice became more 

severe and spread to nearby regions, followed by crystal-amorphous transition. (d–f) The amorphous phase began to re-order back into crystal phase at room temperature. 

(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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The thin film was then further thinned with the Fischione 1040 

anoMill. A high density of pores and nanocrystalline Pt grains 

ere observed in the thin film. Finally, the whole device, together 

ith the as-prepared sample were transferred onto a Gatan double 

ilt TEM heating holder. During the tensile experiments, a temper- 

ture controller was used to control the bimetallic extensor that 

xerts a tensile force on the Pt nanocrystals due to thermal expan- 

ion of the prong holders with increasing temperature (the temper- 

ture during experiments was always < 50 °C), generating a strain 

ate of ∼ 6 × 10 −3 /s. 

Fig. 1 presents a series of < 110 > Cs-corrected high-resolution 

ransmission electron microscopy (HRTEM) images, showing the in 

itu atomic-scale observation of crystal-amorphous transition in a 

t nanocrystal. Fig. 1 (a) displays the Cs-corrected HRTEM images 

f the nanocrystal captured before the deformation. The nanocrys- 

al has a width of ∼ 3 nm, and neither dislocation nor stacking 

ault was observed in the initial nanowire (NW), i.e., the NW was 

efect-free. The lattice image exhibited the periodic parallelogram- 

hape, consistent with the FCC structure. 

The measured spacings between the lattice planes are 

.228 nm, which matches well with that of the {111} plane of FCC 

t viewed along the 〈 110 〉 zone axis ( a = b = c = 0.393 nm). The

CC structure was confirmed by the fast Fourier transform (FFT) 

mage of the dark blue framed region. From Fig. 1 (a), the nanocrys- 

al can be seen with its longitudinal axis along the 〈 001 〉 direc-

ion and its left side bounded by the grain boundary (GB). As in- 

icated by the arrow, the loading direction was along the 〈 111 〉 di- 

ection. This special geometry, combined with non-longitudinal di- 
2 
ection loading is expected to lead to a complicated stress/strain 

tate in some regions of the nanocrystal. Fig. 1 (b) shows the 

tomic-scale structure of the nanocrystal just before the crystal- 

morphous transition, where two full dislocations, marked by “T”, 

ere observed. These two dislocations were on different slip sys- 

ems and very close to each other. This configuration can efficiently 

bstruct the further motion of these two dislocations and lead to 

igh stress concentrations. 

In addition, local lattice distortion was also clearly detected, as 

ndicated by the yellow arrows. This implies that the nanocrystal 

ustained high strain/stress before the crystal-amorphous transi- 

ion. With continued loading, the crystal-amorphous transition oc- 

urred across a region of the nanocrystal, as shown in Fig. 1 (c). 

he lattice of the nanocrystal was disordered there, losing all the 

eriodical feature. This was further confirmed by the FFT im- 

ge of the dark blue framed region, in which the FFT exhib- 

ted an amorphous halo feature. This in situ observation pro- 

ides direct evidence that the deformation can indeed trigger the 

rystal-amorphous transition at near room temperature. Interest- 

ngly, upon further loading, as can be seen from Fig. 1 (d) and 

e), the amorphous lattice underwent a dynamic recovery pro- 

ess during which part of the disordered lattice transformed back 

nto the regular FCC lattice. In other words, the dynamic recov- 

ry after the release of local strain/stress allowed the high-energy 

isordered Pt to back-transform to the ground state FCC-ordered 

t. 

Fig. 2 (a) and (b) show enlarged Cs-corrected HRTEM images 

hat correspond to Fig. 1 (b) and (c), respectively. As indicated by 
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Fig. 2. (a) Enlarged Cs-corrected HRTEM images showing the highly distorted lattice before the crystal-amorphous transition in Pt crystal at room temperature. (b) The 

lattice distortion became more severe and spread-out, leading to crystal-amorphous transition. (c) Atomic model derived from the actual lattice positions of (b) indicating 

the presence of an amorphous region. (d–g) Strain maps corresponding to (a). 
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ellow arrows in Fig. 2 (a), some of the lattices were highly dis- 

orted before the onset of amorphization. As shown in Fig. 2 (b), 

ith continued loading, the periodical FCC lattice at the notch tip 

xhibited a disordered feature. The blue circles mark the atoms in 

he crystal-amorphous transition region. Fig. 2 (c) shows the atomic 

odel derived from the atomic positions in Fig. 2 (b), indicating the 

mergence of an amorphous region. To reveal the local strain/stress 

istribution, the geometrical phase analysis (GPA) [ 18 , 19 ] was used 

o quantify the local lattice strain of the nanocrystal right be- 

ore the crystal-amorphous transition. Fig. 2 (d) to (g) show the 

train maps corresponding to Fig. 2 (a), with the color variation 

rom dark blue to bright yellow, corresponding to the elastic strain 

rom -0.15 (compressive) to 0.15 (tensile). From Fig. 2 (d) to (f), 

ost of the regions show large and complicated non-uniform ten- 

ile/shear strain [20] . The sharp contrast in the strain maps corre- 

ponds to the highly distorted lattice noted by the yellow arrows 

n Fig. 2 (a). These strain maps provide the direct evidence that 

igh strain/stress concentration, combined with complicated strain 

istribution, can trigger the crystal-amorphous transition. The rea- 

on for amorphization in a severely constrained crystal will be dis- 

ussed later. 

Based on the above results, it can be inferred that amorphiza- 

ion could also happen in nanowires under bending deformation. 

his was directly observed in a severely bent Ni NW, as shown 

n Fig. 3 . Fig. 3 (a) and (b) display two low-magnification TEM im-

ges showing the in-situ observation of increased bending defor- 

ation in the Ni NW. As can be seen from Fig. 3 (b), very high

ending strain occurred predominantly within a local region of the 

W, forming a plastic hinge. Crystal-amorphous transition was ob- 

erved in the region of the plastic hinge. Fig. 3 (c) shows a HRTEM 

mage that corresponds to the red framed region of Fig. 3 (b). The 

attice in the hinge region was highly disordered, while the lattice 
3 
way from the hinge region exhibited a periodical feature. Fig. 3 (d) 

o (f) provide three HRTEM images, showing the crystal-amorphous 

ransition mechanism. Fig. 3 (d) presents a typical HRTEM image 

efore the crystal-amorphous transition in the bent NW. At this 

tage, a high density of full dislocations was distributed in the 

W. In this local region, the lattice strain was non-uniform. Upon 

urther bending, the original parallelogram-shaped lattice became 

ighly distorted, as shown in Fig. 3 (e). Due to this large lattice 

train, this local region was amorphized upon continued bending. 

hat is, the highly distorted lattice became disordered, through a 

rystal-amorphous transition. This large lattice distortion appears 

o be the precursor of the collapse of the crystal into an amor- 

hous state. 

The in-situ HRTEM images show that there is little carbon con- 

amination before and after deformation, the surface of Pt is al- 

ays clear and clean. In addition, the in-situ observation also 

hows that the amorphous region can be reverted back to FCC, 

hich suggests that the observed crystal-amorphous transition 

oes not come from carbon contamination. We also examined the 

-Pt and O-Pt binary phase diagram, in which PtC x and PtO x can- 

ot be generated even at high temperature. Thus, the observed 

morphous Pt does not result from oxidation. In these experi- 

ents, the measured local strain rate is < 1 × 10 1 /s, far below 

hat in shock loading, therefore, disqualifying the strain rate as the 

ominant reason for the observed crystal-amorphous transition. 

In summary, based on in situ deformation experiments, it has 

een demonstrated that heavy straining of a crystal can generate 

ocal amorphous regions in pure FCC metals. This was achieved un- 

er complicated stress states and non-uniform strain distribution, 

hich severely constrains some local regions. In these confined 

olumes, dislocations do not glide easily, e.g., by slipping through 

he crystal, to accommodate the imposed plastic strain. The lo- 
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Fig. 3. In situ atomic-scale observation of crystal-amorphous transition, driven by bending deformation in a Ni NW. (a and b) Low-magnification TEM images showing that 

bending induced the formation of a plastic hinge. (c) A representative HRTEM image showing the amorphous feature in the hinge region. (d) HRTEM image captured before 

the crystal-amorphous transition, a high density of full dislocations was randomly distributed (marked by the symbol T) in the NW. (e) The increasing load led to the original 

parallelogram-shaped lattice becoming highly distorted. (f) The lattice collapsed, and disordering occurred with further bending. 
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al lattice is then forced into a severely distorted state with high 

lastic strain and hence unusually high stored energy. This energy 

levation eventually pushes the crystal to above the energy state 

f the amorphous phase, triggering the instability of the lattice, 

hich then collapses into the amorphous state. These observations, 

alidated by extensive previous research regarding the formation of 

morphous metals [ 3 , 7 ], confirm that most metals can be amor-

hized, albeit the amorphous state is reached through different 

athways. Elemental FCC metals are arguably the most difficult to 

e rendered amorphous, but the latter state can nevertheless be 

ccessed when the local volume is under external mechanical forc- 

ng when other alternative deformation/transformation routes are 

orbidden. 
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