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Micro- or minor alloying of metallic glasses is of technological interest. An originally ductile Pd-based
monolithic bulk metallic glass (Pd4oNisgP20) was selectively manipulated by additions of Fe or Co. The
alloying effects were extreme, showing either exceptional ductility upon Co addition or immediate catas-
trophic failure upon Fe addition when tested under uniaxial compression or 3-point bending. The amor-
phous structure was characterized prior to deformation with respect to its medium-range order (MRO)
using variable resolution fluctuation electron microscopy (VR-FEM). We observe striking differences in
the MRO between the ductile and brittle metallic glasses, with the ductile glasses exhibiting a rich struc-
tural diversity and MRO correlation lengths up to 6 nm. The MRO diversity seems to enable easier shear
banding and hence enhance the deformability.

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

Bulk metallic glasses (BMGs) are promising candidates for ap-
plications [1-4]|. However, most BMGs lack ductility. This is par-
ticularly so under tension where, at the end of the elastic regime,
immediate catastrophic failure predominates [5]. Progress has been
made in recent years in developing monolithic BMGs exhibiting
respectable ductility during cold rolling, bending or compression
tests [6-14]. Various techniques using thermal cycling have been
recently developed to manipulate plasticity and have revealed cor-
relations with the fictive temperature [15-18] or fracture tough-
ness [19]. Moreover, micro- or minor alloying has also been shown
to effectively change plasticity in BMGs [7,10,17,20-24].

Generally, the key parameter for the plasticity seems to be the
structural heterogeneity of the amorphous materials. However, the
structural heterogeneity is still an ill-defined entity although it is
frequently referred to in connection with the amorphous struc-
ture of monolithic metallic glasses. With the absence of notice-
able chemical or density changes in our monolithic samples, we
understand the heterogeneity as variations in the topology, i.e.
the arrangement of atoms/clusters in space [25]. The concept of
medium-range order (MRO) is used to describe structural correla-
tions in the amorphous state having length scales beyond that of
atomic bonding. Different MRO models have been proposed which
suggest MRO correlation lengths or sizes in the range of about
1 nm [26], 1 -2 nm [27,28], 1 —3 nm [29-31], 1 —4 nm [32-34]
or generally larger than > 0.5 nm (short-range order) [35-42].

In this study we address the structure-property relation us-
ing a ternary Pd-based BMG (Pd4gNiggP,q), which was selec-
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tively manipulated by minor additions of Fe or Co. The glassy
materials were characterized using variable resolution fluctuation
electron microscopy (VR-FEM). FEM is a microscopic technique
based on a statistical analysis of the variance V (|k|,R) determined
from diffracted intensities of nanometer-sized volumes obtained by
scanning transmission electron microscopy (STEM) microdiffraction
[34,36,43-45]. The advantage of FEM is that it contains information
on the pair-pair correlations from higher order correlation func-
tions and hence on the MRO [34,37,46-48]. The normalized vari-
ance V(]k|,R) of the spatially resolved diffracted intensity I of a
nanobeam diffraction pattern (NBDP) is therefore a function of the
scattering vector k and the coherent spatial resolution R:

L
V<|E|,R)=M—1 (1)

(1K R D))

where () indicates the averaging over different sample positions
or volumes, and R denotes the FWHM of the electron probe [38].
Sampling with different parallel coherent probe sizes, R, is called
VR-FEM [49,50]. It gives insight into the structural ordering length
scale and, using either peak height or peak integral, provides a
semi-quantitative measure of the MRO volume fraction. Differences
in the MRO may then be compared with differences in the proper-
ties of the BMGs [25,37,46,48].

Pd4oNiggPyo samples were produced by melting pure ingots of
Pd (99.5%) and NiyP (99.9%) in a melt spinner under argon atmo-
sphere. This master alloy was subsequently manipulated by addi-
tions of 1 at.% Co or 0.6 at.% Fe. Prior to casting, the ingots were
mixed with boron oxide (B,03) and subsequently heat-treated un-
der Ar atmosphere for 20 cycles between room temperature and
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Table 1

Tabulated data showing the discrete MRO correlation lengths, the relative volume fractions normalized to Pd4oNigoPyo and strain to failure values (averaged) from several
uniaxial compression and 3-point bending tests (see Supplementary Material Fig. S4) [51].

Sample (Pd4oNisoP20)99.4—Feos Pd4oNigoP20 (Pd4oNigoP20)99—Coy

MRO correlation length(s) (1.6 £0.5) (1.3 £ 0.6) (1.3 £0.3)

[nm] (3.5 +£0.6) (2.2 £0.5)
(5.3 +£0.7)

MRO volume fraction (Vg ) A=-(44402) 1 A=-(11.640.7)

normalized to Pd4oNigoP2o [%]

Maximum plastic strain from (1.3 £ 04) (5.4 +1.6) (7.3 £ 2.0)

compression tests [%] averaged over 6 sample

averaged over 6 samples averaged over 5 samples

(5.5 £3.2)
averaged over 3 samples

Maximum plastic strain from
3-point bending tests [%]

(173 £2.2)
averaged over 10 samples

(26.7 £5.2)
averaged over 6 samples

900°C in alumina crucibles to purify them. For the deformation
tests samples were cut out of the ingots using a diamond wire
saw to give dimensions of 4 mm (length) x 3 mm (diameter) pro-
viding a 4:3 aspect ratio [52,53]. Uniaxial compression tests were
performed in an Instron (Instron, model 1195) using a strain rate
of 2.5 x 107>s~1, The test device was equipped with home-made
anvils of extra hardened Bohler S290 microclean steel. Since it
has been demonstrated that compression tests to examine plas-
ticity are sensitive to both alignment and shape geometry [53],
3-point bending tests were also performed confirming the results
of the compression tests [10,25,54]|. More comprehensive details of
the sample processing and deformation testing are given in refer-
ence [10,55]. Electron-transparent samples were prepared by elec-
tropolishing with a BK-2 electrolyte [56] at 16.5 V [ -20°C using a
Tenupol 5 electropolishing device (Struers A/S, Denmark).

VR-FEM was performed at 300 kV in a Thermo Fisher Scientific
Themis 300 G3 transmission electron microscope (TEM). NBDPs
were acquired with parallel coherent probe sizes between 0.8 and
8.5 nm at FWHM using a 10 pm C2 aperture. The probe current
was set to 15 pA. The relative foil thickness (t/A) of the TEM sam-
ples was determined by the log-ratio method using the low-loss
part of electron energy loss (EEL) spectra [57]. All FEM data pre-
sented here were recorded under similar experimental conditions
of t/A, beam current and acquisition time in order to be sensi-
tive to changes in the MRO measured by the normalized variance
signal. The dwell-time was 4 s for the individual NBDPs acquired
with a CCD camera (US 2000) at binning 4 (512x512 pixels). The
camera length used was 77 mm. All probe sizes were measured
prior to the FEM experiments directly on the Ceta camera using
Digital Micrograph plugins by D. Mitchell [58]. FEM analyses were
performed on the diffracted intensities I(k, R, 7) of sets of 100 in-
dividual NBDPs taken from the same scanned areas. The normal-
ized variance profiles were calculated using a pixel by pixel anal-
ysis according to the annular mean of variance image (Qyjmqge(K))
[59-61]. These are shown in the Supplementary Material (see Figs.
S1-S3) and were used for the estimation of the MRO volume frac-
tions for each material and subsequently normalizing to that of the
Pd4oNiggPyo master alloy (see Table 1).

Results from previous deformation tests [10,51] are revisited
and shown in Fig. 1a. The Pd4gNigoPo9 master alloy itself shows a
remarkable ductility of about 8% plastic strain in the compression
test or 16% upon 3-point bending. In compression a plastic strain
to failure of about 10% was achieved with Co addition (1 at. %),
while Fe addition (0.6 at. %) led to failure shortly after reaching the
elastic limit in both testing modes. It is worth noting that the Co
micro-alloyed samples did not break during the 3-point bending
tests. A compilation is given in Table 1 and in the Supplementary
Material (see Fig. S4).

In the following, our main focus is laid on the glassy struc-
ture in order to elucidate factors which may govern the deforma-
tion behaviour of metallic glasses. "Classical diffraction” analysis

(X-ray diffraction or selected area electron diffraction (SAED)) con-
firmed the amorphous nature of the glasses and revealed no dif-
ference between the investigated materials that would explain the
large difference in deformability (see Fig. S5 and Ref. [10]). The re-
sults of the FEM analyses are displayed in Fig. 1b in the form of
Stratton-Voyles plots [62], in which the peak intensity of the first
normalized variance peak V(k) at k =4.8nm™! is plotted against
1/R% [63]. As expected, one sees a general decrease of V(k) as R
increases. Superimposed on this are peaks or plateaus occurring
when the probe size matches MRO correlation lengths present as
a high volume fraction. The less well defined the MRO correla-
tion length, the wider the plateau. The correlation lengths were
determined using the maximum and minimum data points in the
plateau to calculate an arithmetic mean. The plateaus are indicated
by the coloured boxes in Fig. 1b. The curve of the (PdNiP)-Fe al-
loy exhibits a single plateau, yielding an average MRO correlation
length of (1.6 &+ 0.5) nm. The Stratton-Voyles plot for the very duc-
tile (PdNiP)-Co sample, however, shows three distinct plateaus in-
dicating a much more diverse MRO distribution with the follow-
ing MRO correlation lengths: (1.3 £+ 0.3) nm, (2.2 + 0.5) nm and
(5.3 + 0.7) nm. The PdNiP ternary master alloy displays two dis-
tinct plateaus at (1.3 4+ 0.6) nm and (3.5 &+ 0.6) nm. These results
were confirmed by further data sets taken from different regions
in the three samples. Thus, a pronounced heterogeneity in terms
of multiple and larger MRO correlation lengths was observed for
the ductile materials which was not present in the brittle material.

For an estimate of the MRO volume fraction the peak heights
of the first variance peak (Vg.) Were used. Since there are no di-
rect counterparts available for all materials for the larger correla-
tion lengths, we estimated the volume fraction of each material by
averaging over all probe sizes to compare the materials. The esti-
mated MRO volume fractions reveal decreases of —(11.6+0.7) %
for Co addition and —(4.4+0.2) % for Fe addition relative to the
Pd4gNiggPyo master alloy (see Table 1). However, a separate vol-
ume fraction for each probe size could be estimated or identi-
fied by visual inspection of the original data shown in the Supple-
mentary Material (see Fig. S6). For the smallest correlation length,
which is present in all materials, we evaluated the relative change
in MRO volume fraction normalized to the ternary master alloy to
be —12.1 % for Co and —4.5 % for Fe, i.e. similar to the values in
Tab. 1. All key values of the FEM analyses are listed in Table 1 and
these are critically reviewed below.

First of all, it is worth noting that the Poisson’s ratio of the
three BMGs investigated (here v = 0.4) remained unaffected by the
minor alloying [10]. Thus, an explanation for good deformability
based on the relatively high Poisson’s ratio can be excluded here
[64].

Next, we discuss the observed MRO correlation lengths extend-
ing up to 6 nm. Our understanding of MRO is that it describes
ordering in terms of a correlation of structural motifs present in
the glassy solid at length scales beyond the first neighbour (short-
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Fig. 1. (a) Uniaxial compression tests of Pd4oNisoP,o with additions of Fe and Co taken from [10]. Three-point bending tests are shown as inset [51]. (b) FEM analysis of
the corresponding amorphous structure showing Vg at k = 4.8 nm~" plotted against 1/R%. For better visibility the curve of the PdsNigoPyo master alloy has been shifted

upwards (+0.03).

range order) [40,65]. That is, the spatial correlations arise from
connected clusters which may serve later as seeds for crystalliza-
tion. MRO manifests itself in the form of speckles in the diffrac-
tion pattern [46,50]. Since the inspection of the individual NBDPs
( ~ 6000 in total) revealed only speckle contrast and no diffrac-
tion spots (reflections) [66], we exclude the presence of crys-
talline fractions in the form of distinct nanocrystals for the in-
vestigated materials. Thus, the present FEM analyses display only
MRO. Experimentally reported MRO correlation lengths in the lit-
erature are typically < 2 nm. Thus, our observation of lengths up
to about 6 nm may at first appear surprising. However, firstly it
is clear from our data, that not all BMGs contain larger correla-
tion lengths. Secondly, in order to detect larger correlation lengths
one must probe with larger probe sizes. Thirdly, different correla-
tion lengths may be present depending on the thermo-mechanical
history. Fourthly, a possible explanation for the 6 nm correlation
length is that the objects represented by the first or second plateau
(~ 1 nmor ~ 2 nm) are themselves coherently oriented over
larger distances. This would give rise to extra speckle contrast and
may be seen as a sort of MRO superstructure. Further, as stated in
the introduction, some models suggest MRO correlation lengths up
to 4 nm [32-34]. Here we show experimentally for the first time
MRO correlation lengths extending up to 6 nm and thus experi-
mentally confirm MRO correlation lengths > 2 nm suggested by
various models [29-34].

Next we address the question how the plasticity is affected by
the MRO volume fraction present in the three materials. For the
micro-alloyed materials the MRO volume fraction may have been
affected by the individual atomic scattering factors of the different
alloys [25,46,59,62]. However, since the individual atomic scatter-
ing factors are dominated by the ternary master alloy, possible ef-
fects are expected to be small [25]. The average Z was calculated
to be 32.6 for Pd4gNiggPog, 32.56 with Fe and 32.54 with Co. Thus,
we believe that the variance peak heights afford a valid semi-
quantitative measure of the MRO volume fraction [29,32,67] re-
vealing lower MRO volume fractions for the micro-alloyed BMGs
(see Table 1 and Supplementary Material Fig. S6). A comparison
between the relative MRO volume fractions and the mechanical

behaviour shows no correlation (see Table 1) since the MRO vol-
ume fractions decreased in both modified alloys. Hence, there is
no trend apparent to explain the observed mechanical behaviour.
Further, the ductility is unlikely to be explained by the presence of
larger MRO correlation lengths in the ductile BMGs, because a re-
cent study [23] showed that simply increasing MRO size led to em-
brittlement. From this we infer that it is the MRO diversity which
favours an improved ductility.

Finally, we address the question how the MRO relates to shear
banding in BMGs. Upon inhomogeneous deformation, that is at low
temperatures and high stresses, metallic glasses exhibit plasticity
in the form of a macroscopic sliding along localized regions called
shear bands having thicknesses of about 15 nm or less [68-70].
The deformed samples which were ductile revealed a high num-
ber of finely dispersed shear bands penetrating through the sur-
faces [71], while the brittle Fe-doped material developed only a
few shear bands of which one of them led to catastrophic failure
[10,71]. Thus, the plasticity of metallic glasses is based upon their
ability to form multiple shear bands [72]. Our observations suggest
that the ductility is affected by the diversity of MRO enabling eas-
ier shear banding.

In conclusion: While X-ray diffraction or SAED revealed no
difference that explains the difference in deformability, VR-FEM
presents clear evidence that minor alloying has a huge impact on
the correlation of the glassy structures beyond the typically re-
ported 2 nm range, which appears to affect the ductility of the
material. This, in turn, makes minor alloying very promising for
tuning the properties of metallic glasses via MRO engineering.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.



S. Hilke, H. Rosner and G. Wilde/Scripta Materialia 188 (2020) 50-53 53

Acknowledgments

We gratefully acknowledge financial support by the DFG via
WI 1899/29-1 (Coupling of irreversible plastic rearrangements and
heterogeneity of the local structure during deformation of metallic
glasses, project number 325408982). The DFG is further acknowl-
edged for funding our TEM equipment via the Major Research In-
strumentation Program under INST 211/719-1 FUGG. We are also
indebted to A. Hassanpour, Drs V. Hieronymus-Schmidt and N.
Nollmann for TEM sample preparation and deformation tests, re-
spectively.

Supplementary material

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.scriptamat.2020.06.
070

References

[1] J. Schroers, Adv. Mater. 22 (2010) 1566-1597.

[2] J. Schroers, T.M. Hodges, G. Kumar, H. Raman, A.J. Barnes, Q. Pham, T.A. Wa-
niuk, Mater. Today 14 (2011) 14-19.

[3] J. Schroers, Phys Today 66 (2013) 32.

[4] M.A. Gibson, N.M. Mykulowycz, ]. Shim, R. Fontana, P. Schmitt, A. Roberts,
J. Ketkaew, L. Shao, W. Chen, P. Bordeenithikasem, J.S. Myerberg, R. Fulop,
M.D. Verminski, E.M. Sachs, Y.-M. Chiang, C.A. Schuh, AJ. Hart, J. Schroers,
Mater. Today 21 (2018) 697-702.

[5] M.E. Ashby, A.L. Greer, Scr Mater 54 (2006) 321-326.

[6] C.A. Schuh, T.C. Hufnagel, U. Ramamurty, Acta Mater 55 (2007) 4067-4109.

[7] J. Eckert, ]. Das, S. Pauly, C. Duhamel, J. Mater. Res. 22 (2007) 285-301.

[8] S. Scudino, B. Jerliu, S. Pauly, K.B. Surreddi, U. Kiihn, ]. Eckert, Scr Mater 65
(2011) 815-818.

[9] LV. Okulov, LV. Soldatov, M.E. Sarmanova, 1. Kaban, T. Gemming, K. Edstrém,
J. Eckert, Nat. Commun. 6 (2015) 1-6.

[10] N. Nollmann, I. Binkowski, V. Schmidt, H. Rosner, G. Wilde, Scr Mater 111
(2016) 119-122.

[11] S. Scudino, JJ. Bian, H.S. Shahabi, D. Sopu, ]J. Sort, ]. Eckert, G. Liu, Sci Rep 8
(2018) 1-12.

[12] X.L. Bian, D. Zhao, J.T. Kim, D. Sopu, G. Wang, R. Pippan, J. Eckert, Mater. Sci.
Eng. A 752 (2019) 36-42.

[13] CX. Peng, D. Sopu, Y. Cheng, KK. Song, S.H. Wang, J. Eckert, L. Wang, Mater.
Des. 168 (2019) 107662.

[14] K. Kosiba, D. Sopu, S. Scudino, L. Zhang, ]. Bednarcik, S. Pauly, 1. J. Plasticity 119
(2019) 156-170.

[15] G. Kumar, P. Neibecker, Y.H. Liu, ]. Schroers, Nat. Commun. 4 (2013) 1-7.

[16] S.V. Ketov, Y.H. Sun, S. Nachum, Z. Lu, A. Checchi, A.R. Beraldin, H.Y. Bai,
W.H. Wang, D.V. Louzguine-Luzgin, M.A. Carpenter, A.L. Greer, Nature 524
(2015) 200-203.

[17] R. Hubek, M. Seleznev, I. Binkowski, M. Peterlechner, S.V. Divinski, G. Wilde, ].
Appl. Phys. 124 (2018) 225103.

[18] J. Pan, Y.P. Ivanov, W.H. Zhou, Y. Li, A.L. Greer, Nature 578 (2020) 559-562.

[19] ]J. Ketkaew, R. Yamada, H. Wang, D. Kuldinow, B.S. Schroers, W. Dmowski,
T. Egami, J. Schroers, Acta Mater 184 (2020) 100-108.

[20] X. Wang, Q.P. Cao, Y.M. Chen, K. Hono, C. Zhong, Q.K. Jiang, X.P. Nie, L.Y. Chen,
X.D. Wang, J.Z. Jiang, Acta Mater 59 (2011) 1037-1047.

[21] G.Q. Guo, L. Yang, Intermetallics 65 (2015) 66-74.

[22] N.C. Wu, L. Zuo, J.Q. Wang, E. Ma, Acta Mater 108 (2016) 143-151.

[23] S. Im, P. Zhao, G.H. Yoo, Z. Chen, G. Calderon, M.A. Gharacheh, O. Licata, B.
Mazumder, D.A. Muller, E.S. Park, Y. Wang, ]. Hwang, arXiv preprint arXiv:2002.
09347 (2020).

[24] M. Gabski, M. Peterlechner, G. Wilde, Entropy 22 (2020) 292.

[25] EA. Davani, S. Hilke, H. Rosner, D. Geissler, A. Gebert, G. Wilde, ]. Appl. Phys.
128 (2020) 015103.

[26] RK. Dash, PM. Voyles, J.M. Gibson, M.MJ. Treacy, P. Keblinski, J. Phys. Con-
densed Mat. 15 (2003) S2425.

[27] JM. Gibson, M.M.J. Treacy, T. Sun, NJ. Zaluzec, Phys. Rev. Let. 105 (2010)
125504.

[28] X. Zhan, P. Zhang, P.M. Voyles, X. Liu, R. Akolkar, F. Ernst, Acta Mater 122 (2017)
400-411.

[29] S.N. Bogle, P.M. Voyles, S.V. Khare, ].R. Abelson, ]. Phys. Condensed Mat. 19
(2007) 455204.

[30] K.B. Borisenko, B. Haberl, A.C.Y. Liu, Y. Chen, G. Li, ].S. Williams, J.E. Bradby,
DJ.H. Cockayne, M.M. Treacy, Acta Mater 60 (2012) 359-375.

[31] J.M. Cowley, Ultramicroscopy 90 (2002) 197-206.

[32] S.N. Bogle, L.N. Nittala, R.D. Twesten, P.M. Voyles, J.R. Abelson, Ultramicroscopy
110 (2010) 1273-1278.

[33] B.-S. Lee, G.W. Burr, RM. Shelby, S. Raoux, C.T. Rettner, S.N. Bogle, K. Dar-
mawikarta, S.G. Bishop, J.R. Abelson, Science 326 (2009) 980-984.

[34] P.M. Voyles, D.A. Muller, Ultramicroscopy 93 (2002) 147-159.

[35] P. Biswas, R. Atta-Fynn, S. Chakraborty, D.A. Drabold, J. Phys. Condensed Matt.
19 (2007) 455202.

[36] P.M. Voyles, J.M. Gibson, M.M/J. Treacy, Microscopy 49 (2000) 259-266.

[37] P.M. Voyles, ]. Hwang, Fluctuation Electron Microscopy, American Cancer Soci-
ety, 2012, pp. 1-7.

[38] F.Yi, P. Tiemeijer, PM. Voyles, ]. Electron Microsc. 59 (2010) S15-S21.

[39] P. Zhang, JJ. Maldonis, M.F. Besser, M.J. Kramer, P.M. Voyles, Acta Mater 109
(2016) 103-114.

[40] P. Zhang, Z. Wang, ].H. Perepezko, P.M. Voyles, ]J. Non-Crys. Solids 491 (2018)
133-140.

[41] S. Im, Z. Chen, ]J.M. Johnson, P. Zhao, G.H. Yoo, E.S. Park, Y. Wang, D.A. Muller,
J. Hwang, Ultramicroscopy 195 (2018) 189-193.

[42] P. Zhang, ]J. Maldonis, Z. Liu, ]. Schroers, P.M. Voyles, Nat. Commun. 9 (2018)
1-7.

[43] T. Iwai, PM. Voyles, ].M. Gibson, Y. Oono, Phys. Rev. B 60 (1999) 191.

[44] P.M. Voyles, M.M.J. Treacy, J.M. Gibson, H.C. Jin, J.R. Abelson, MRS Online Proc.
Lib. Arch. 589 (1999).

[45] F. Yi, PM. Voyles, Ultramicroscopy 111 (2011) 1375-1380.

[46] M.M.J. Treacy, ].M. Gibson, Acta Crystallogr. Sect. A Found. Crystallogr. 52
(1996) 212-220.

[47] M.MJJ. Treacy, .M. Gibson, L. Fan, D.J. Paterson, I. McNulty, Rep. Prog. Phys. 68
(2005) 2899.

[48] ]J. Hwang, P.M. Voyles, Microsc. Microanal. 17 (2011) 67-74.

[49] M.M.J. Treacy, D. Kumar, A. Rougee, G. Zhao, P.R. Buseck, I. McNulty, L. Fan,
C. Rau, J.M. Gibson, J. Phys. Condensed Mat. 19 (2007) 455201.

[50] M.M.]. Treacy, Ultramicroscopy 107 (2007) 166-171.

[51] N. Nollmann, Plastische Deformation und mechanische Eigenschaften von Pal-
ladium-basierten metallischen Gldsern, 2018 Ph.D. thesis. Ph.D. thesis, West-
fdlische Wilhelms-Universitdt Miinster

[52] R.D. Conner, W.L. Johnson, N.E. Paton, W.D. Nix, J. Appl. Phys. 94 (2003)
904-911.

[53] W.E. Wu, Y. Li, CA. Schuh, Phil. Mag. 88 (2008) 71-89.

[54] FA. Davani, S. Hilke, H. Rosner, D. Geissler, A. Gebert, G. Wilde, ]. Alloys Comp.
837 (2020) 155494.

[55] R. Hubek, S. Hilke, F. Davani, M. Golkia, G.P. Shrivastav, S. Divinski, H. Rosner,
J. Horbach, G. Wilde, Front. Mater. 7 (2020) 144.

[56] BJ. Kestel, Ultramicroscopy 19 (1986) 205-211.

[57] T. Malis, S.C. Cheng, R.F. Egerton, ]J. Electron Microsc. Tech. 8 (1988) 193-200.

[58] D.R.G. Mitchell, B. Schaffer, Ultramicroscopy 103 (2005) 319-332.

[59] T.L. Daulton, K.S. Bondi, K.F. Kelton, Ultramicroscopy 110 (2010) 1279-1289.

[60] V. Schmidt, H. Rosner, M. Peterlechner, G. Wilde, PM. Voyles, Phys. Rev. Let.
115 (2015) 035501.

[61] C. Gammer, C. Mangler, C. Rentenberger, H.P. Karnthaler, Scr. Mater. 63 (2010)
312-315.

[62] W.G. Stratton, P.M. Voyles, Ultramicroscopy 108 (2008) 727-736.

[63] W.G. Stratton, P.M. Voyles, ]. Phys. Cond. Matter 19 (2007) 455203.

[64] ]JJ. Lewandowski, W.H. Wang, A.L. Greer, Phil. Mag. Let. 85 (2005) 77-87.

[65] D. Ma, A.D. Stoica, X.L. Wang, Nat Mater 8 (2009) 30-34.

[66] Q. Du, X. Liu, H. Fan, Q. Zeng, Y. Wu, H. Wang, D. Chatterjee, Y. Ren, Y. Ke,
P.M. Voyles, Z. Lu, E. Ma, Mater. Today 34 (2020) 66-77.

[67] S.V. Khare, S.M. Nakhmanson, P.M. Voyles, P. Keblinski, J.R. Abelson, Appl. Phys.
Let. 85 (2004) 745-747.

[68] P.E. Donovan, W.M. Stobbs, Acta Metall. 29 (1981) 1419-1436.

[69] V. Hieronymus-Schmidt, H. Rosner, G. Wilde, A. Zaccone, Phys. Rev. B 95 (2017)
134111.

[70] S. Hilke, H. Rosner, D. Geissler, A. Gebert, M. Peterlechner, G. Wilde, Acta Mater
171 (2019) 275-281.

[71] R. Hubek, M. Seleznev, 1. Binkowski, M. Peterlechner, S.V. Divinski, G. Wilde, ].
Appl. Phys. 127 (2020) 115109.

[72] J. Schroers, W.L. Johnson, Phys. Rev. Let. 93 (2004) 255506.


https://doi.org/10.1016/j.scriptamat.2020.06.070
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0001
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0001
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0002
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0002
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0002
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0002
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0002
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0002
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0002
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0002
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0003
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0003
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0004
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0004
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0004
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0004
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0004
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0004
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0004
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0004
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0004
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0004
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0004
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0004
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0004
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0004
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0004
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0004
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0004
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0004
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0004
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0005
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0005
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0005
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0006
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0006
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0006
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0006
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0007
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0007
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0007
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0007
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0007
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0008
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0008
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0008
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0008
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0008
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0008
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0008
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0009
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0009
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0009
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0009
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0009
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0009
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0009
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0009
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0010
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0010
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0010
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0010
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0010
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0010
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0011
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0011
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0011
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0011
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0011
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0011
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0011
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0011
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0012
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0012
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0012
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0012
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0012
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0012
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0012
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0012
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0013
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0013
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0013
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0013
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0013
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0013
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0013
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0013
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0014
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0014
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0014
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0014
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0014
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0014
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0014
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0015
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0015
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0015
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0015
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0015
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0016
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0016
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0016
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0016
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0016
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0016
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0016
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0016
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0016
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0016
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0016
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0016
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0017
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0017
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0017
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0017
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0017
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0017
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0017
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0018
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0018
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0018
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0018
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0018
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0018
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0019
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0019
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0019
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0019
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0019
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0019
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0019
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0019
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0019
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0020
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0020
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0020
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0020
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0020
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0020
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0020
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0020
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0020
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0020
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0020
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0021
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0021
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0021
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0022
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0022
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0022
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0022
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0022
arxiv:/2002.09347
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0023
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0023
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0023
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0023
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0024
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0024
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0024
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0024
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0024
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0024
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0024
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0025
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0025
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0025
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0025
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0025
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0025
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0026
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0026
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0026
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0026
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0026
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0027
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0027
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0027
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0027
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0027
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0027
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0027
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0028
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0028
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0028
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0028
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0028
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0029
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0029
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0029
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0029
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0029
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0029
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0029
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0029
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0029
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0029
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0030
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0030
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0031
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0031
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0031
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0031
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0031
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0031
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0032
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0032
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0032
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0032
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0032
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0032
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0032
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0032
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0032
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0032
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0033
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0033
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0033
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0034
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0034
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0034
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0034
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0034
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0035
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0035
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0035
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0035
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0036
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0036
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0036
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0037
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0037
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0037
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0037
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0038
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0038
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0038
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0038
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0038
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0038
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0039
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0039
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0039
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0039
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0039
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0040
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0040
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0040
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0040
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0040
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0040
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0040
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0040
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0040
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0040
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0041
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0041
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0041
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0041
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0041
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0041
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0042
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0042
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0042
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0042
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0042
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0043
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0043
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0043
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0043
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0043
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0043
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0044
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0044
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0044
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0045
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0045
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0045
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0046
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0046
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0046
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0046
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0046
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0046
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0047
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0047
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0047
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0048
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0048
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0048
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0048
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0048
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0048
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0048
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0048
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0048
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0048
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0049
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0049
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0050
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0050
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0050
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0051
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0051
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0051
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0051
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0051
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0052
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0052
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0052
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0052
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0053
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0053
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0053
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0053
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0053
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0053
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0053
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0054
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0054
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0054
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0054
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0054
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0054
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0054
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0054
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0054
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0054
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0055
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0055
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0056
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0056
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0056
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0056
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0057
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0057
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0057
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0058
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0058
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0058
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0058
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0059
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0059
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0059
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0059
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0059
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0059
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0060
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0060
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0060
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0060
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0060
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0061
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0061
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0061
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0062
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0062
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0062
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0063
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0063
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0063
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0063
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0064
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0064
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0064
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0064
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0065
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0065
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0065
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0065
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0065
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0065
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0065
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0065
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0065
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0065
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0065
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0065
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0065
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0066
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0066
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0066
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0066
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0066
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0066
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0067
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0067
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0067
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0068
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0068
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0068
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0068
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0068
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0069
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0069
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0069
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0069
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0069
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0069
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0069
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0070
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0070
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0070
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0070
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0070
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0070
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0070
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0071
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0071
http://refhub.elsevier.com/S1359-6462(20)30438-3/sbref0071

	The role of minor alloying in the plasticity of bulk metallic glasses
	Declaration of Competing Interest
	Acknowledgments
	Supplementary material
	References


