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a b s t r a c t 

Micro- or minor alloying of metallic glasses is of technological interest. An originally ductile Pd-based 

monolithic bulk metallic glass (Pd 40 Ni 40 P 20 ) 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. 
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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 (Pd 40 Ni 40 P 20 ), which was selec-
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ively manipulated by minor additions of Fe or Co. The glassy

aterials were characterized using variable resolution fluctuation

lectron microscopy (VR-FEM). FEM is a microscopic technique

ased on a statistical analysis of the variance V (| � k | , R ) determined

rom diffracted intensities of nanometer-sized volumes obtained by

canning transmission electron microscopy (STEM) microdiffraction

34,36,43–45] . The advantage of FEM is that it contains information

n the pair-pair correlations from higher order correlation func-

ions and hence on the MRO [34,37,46–48] . The normalized vari-

nce V (| � k | , R ) of the spatially resolved diffracted intensity I of a

anobeam diffraction pattern (NBDP) is therefore a function of the

cattering vector � k and the coherent spatial resolution R : 

 (| � k | , R ) = 

〈
I 2 ( � k , R, � r ) 

〉

〈
I( � k , R, � r ) 

〉2 − 1 (1)

here 〈 〉 indicates the averaging over different sample positions �r

r volumes, and R denotes the FWHM of the electron probe [38] .

ampling with different parallel coherent probe sizes, R , is called

R-FEM [49,50] . It gives insight into the structural ordering length

cale and, using either peak height or peak integral, provides a

emi-quantitative measure of the MRO volume fraction. Differences

n the MRO may then be compared with differences in the proper-

ies of the BMGs [25,37,46,48] . 

Pd 40 Ni 40 P 20 samples were produced by melting pure ingots of

d (99.5%) and Ni 2 P (99.9%) in a melt spinner under argon atmo-

phere. This master alloy was subsequently manipulated by addi-

ions of 1 at.% Co or 0.6 at.% Fe. Prior to casting, the ingots were

ixed with boron oxide (B 2 O 3 ) and subsequently heat-treated un-

er 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 Pd 40 Ni 40 P 20 and strain to failure values (averaged) from several 

uniaxial compression and 3-point bending tests (see Supplementary Material Fig. S4) [51] . 

Sample (Pd 40 Ni 40 P 20 ) 99 . 4 −Fe 0.6 Pd 40 Ni 40 P 20 (Pd 40 Ni 40 P 20 ) 99 −Co 1 

MRO correlation length(s) 

[nm] 

(1.6 ± 0.5) (1.3 ± 0.6) 

(3.5 ± 0.6) 

(1.3 ± 0.3) 

(2.2 ± 0.5) 

(5.3 ± 0.7) 

MRO volume fraction (V first ) 

normalized to Pd 40 Ni 40 P 20 [%] 

� = −(4 . 4 ± 0 . 2) 1 � = −(11 . 6 ± 0 . 7) 

Maximum plastic strain from 

compression tests [%] 

(1.3 ± 0.4) 

averaged over 6 sample 

(5.4 ± 1.6) 

averaged over 6 samples 

(7.3 ± 2.0) 

averaged over 5 samples 

Maximum plastic strain from 

3-point bending tests [%] 

(5.5 ± 3.2) 

averaged over 3 samples 

(17.3 ± 2.2) 

averaged over 10 samples 

(26.7 ± 5.2) 

averaged over 6 samples 
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00 °C in alumina crucibles to purify them. For the deformation

ests samples were cut out of the ingots using a diamond wire

aw to give dimensions of 4 mm (length) x 3 mm (diameter) pro-

iding a 4:3 aspect ratio [52,53] . Uniaxial compression tests were

erformed in an Instron (Instron, model 1195) using a strain rate

f 2 . 5 × 10 −5 s −1 . The test device was equipped with home-made

nvils of extra hardened Böhler S290 microclean steel. Since it

as been demonstrated that compression tests to examine plas-

icity are sensitive to both alignment and shape geometry [53] ,

-point bending tests were also performed confirming the results

f the compression tests [10,25,54] . More comprehensive details of

he sample processing and deformation testing are given in refer-

nce [10,55] . Electron-transparent samples were prepared by elec-

ropolishing with a BK-2 electrolyte [56] at 16.5 V / –20 °C using a

enupol 5 electropolishing device (Struers A/S, Denmark). 

VR-FEM was performed at 300 kV in a Thermo Fisher Scientific

hemis 300 G3 transmission electron microscope (TEM). NBDPs

ere acquired with parallel coherent probe sizes between 0.8 and

.5 nm at FWHM using a 10 μm C2 aperture. The probe current

as set to 15 pA. The relative foil thickness (t/ λ) of the TEM sam-

les was determined by the log-ratio method using the low-loss

art of electron energy loss (EEL) spectra [57] . All FEM data pre-

ented here were recorded under similar experimental conditions

f t/ λ, beam current and acquisition time in order to be sensi-

ive to changes in the MRO measured by the normalized variance

ignal. The dwell-time was 4 s for the individual NBDPs acquired

ith a CCD camera (US 20 0 0) at binning 4 (512x512 pixels). The

amera length used was 77 mm. All probe sizes were measured

rior to the FEM experiments directly on the Ceta camera using

igital Micrograph plugins by D. Mitchell [58] . FEM analyses were

erformed on the diffracted intensities I( � k , R, � r ) of sets of 100 in-

ividual NBDPs taken from the same scanned areas. The normal-

zed variance profiles were calculated using a pixel by pixel anal-

sis according to the annular mean of variance image ( �VImage (k))

59–61] . These are shown in the Supplementary Material (see Figs.

1–S3) and were used for the estimation of the MRO volume frac-

ions for each material and subsequently normalizing to that of the

d 40 Ni 40 P 20 master alloy (see Table 1 ). 

Results from previous deformation tests [10,51] are revisited

nd shown in Fig. 1 a. The Pd 40 Ni 40 P 20 master alloy itself shows a

emarkable ductility of about 8% plastic strain in the compression

est or 16% upon 3-point bending. In compression a plastic strain

o failure of about 10% was achieved with Co addition (1 at. %),

hile Fe addition (0.6 at. %) led to failure shortly after reaching the

lastic limit in both testing modes. It is worth noting that the Co

icro-alloyed samples did not break during the 3-point bending

ests. A compilation is given in Table 1 and in the Supplementary

aterial (see Fig. S4). 

In the following, our main focus is laid on the glassy struc-

ure in order to elucidate factors which may govern the deforma-

ion behaviour of metallic glasses. ”Classical diffraction“ analysis
X-ray diffraction or selected area electron diffraction (SAED)) con-

rmed the amorphous nature of the glasses and revealed no dif-

erence between the investigated materials that would explain the

arge difference in deformability (see Fig. S5 and Ref. [10] ). The re-

ults of the FEM analyses are displayed in Fig. 1 b in the form of

tratton-Voyles plots [62] , in which the peak intensity of the first

ormalized variance peak V ( k ) at k = 4 . 8 nm 

–1 is plotted against

/ R 2 [63] . As expected, one sees a general decrease of V(k) as R

ncreases. Superimposed on this are peaks or plateaus occurring

hen the probe size matches MRO correlation lengths present as

 high volume fraction. The less well defined the MRO correla-

ion length, the wider the plateau. The correlation lengths were

etermined using the maximum and minimum data points in the

lateau to calculate an arithmetic mean. The plateaus are indicated

y the coloured boxes in Fig. 1 b. The curve of the (PdNiP)-Fe al-

oy exhibits a single plateau, yielding an average MRO correlation

ength of (1.6 ± 0.5) nm. The Stratton-Voyles plot for the very duc-

ile (PdNiP)-Co sample, however, shows three distinct plateaus in-

icating a much more diverse MRO distribution with the follow-

ng 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-

inct plateaus at (1.3 ± 0.6) nm and (3.5 ± 0.6) nm. These results

ere confirmed by further data sets taken from different regions

n the three samples. Thus, a pronounced heterogeneity in terms

f multiple and larger MRO correlation lengths was observed for

he ductile materials which was not present in the brittle material.

For an estimate of the MRO volume fraction the peak heights

f the first variance peak (V first ) were used. Since there are no di-

ect counterparts available for all materials for the larger correla-

ion lengths, we estimated the volume fraction of each material by

veraging over all probe sizes to compare the materials. The esti-

ated MRO volume fractions reveal decreases of −(11 . 6 ± 0 . 7) %

or Co addition and −(4 . 4 ± 0 . 2) % for Fe addition relative to the

d 40 Ni 40 P 20 master alloy (see Table 1 ). However, a separate vol-

me fraction for each probe size could be estimated or identi-

ed by visual inspection of the original data shown in the Supple-

entary Material (see Fig. S6). For the smallest correlation length,

hich is present in all materials, we evaluated the relative change

n MRO volume fraction normalized to the ternary master alloy to

e −12 . 1 % for Co and −4 . 5 % for Fe, i.e. similar to the values in

ab. 1 . All key values of the FEM analyses are listed in Table 1 and

hese are critically reviewed below. 

First of all, it is worth noting that the Poisson 

′ s ratio of the

hree BMGs investigated (here ν = 0 . 4 ) remained unaffected by the

inor alloying [10] . Thus, an explanation for good deformability

ased on the relatively high Poisson 

′ s ratio can be excluded here

64] . 

Next, we discuss the observed MRO correlation lengths extend-

ng up to 6 nm. Our understanding of MRO is that it describes

rdering in terms of a correlation of structural motifs present in

he glassy solid at length scales beyond the first neighbour (short-
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Fig. 1. (a) Uniaxial compression tests of Pd 40 Ni 40 P 20 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 V first at k = 4 . 8 nm 

–1 plotted against 1/ R 2 . For better visibility the curve of the Pd 40 Ni 40 P 20 master alloy has been shifted 

upwards ( +0 . 03 ). 
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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

( ~ 60 0 0 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 nm or ~ 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 Pd 40 Ni 40 P 20 , 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
 i
ehaviour shows no correlation (see Table 1 ) since the MRO vol-

me fractions decreased in both modified alloys. Hence, there is

o trend apparent to explain the observed mechanical behaviour.

urther, the ductility is unlikely to be explained by the presence of

arger MRO correlation lengths in the ductile BMGs, because a re-

ent study [23] showed that simply increasing MRO size led to em-

rittlement. From this we infer that it is the MRO diversity which

avours an improved ductility. 

Finally, we address the question how the MRO relates to shear

anding in BMGs. Upon inhomogeneous deformation, that is at low

emperatures and high stresses, metallic glasses exhibit plasticity

n the form of a macroscopic sliding along localized regions called

hear bands having thicknesses of about 15 nm or less [68–70] .

he deformed samples which were ductile revealed a high num-

er of finely dispersed shear bands penetrating through the sur-

aces [71] , while the brittle Fe-doped material developed only a

ew shear bands of which one of them led to catastrophic failure

10,71] . Thus, the plasticity of metallic glasses is based upon their

bility to form multiple shear bands [72] . Our observations suggest

hat the ductility is affected by the diversity of MRO enabling eas-

er shear banding. 

In conclusion: While X-ray diffraction or SAED revealed no

ifference that explains the difference in deformability, VR-FEM

resents clear evidence that minor alloying has a huge impact on

he correlation of the glassy structures beyond the typically re-

orted 2 nm range, which appears to affect the ductility of the

aterial. This, in turn, makes minor alloying very promising for

uning the properties of metallic glasses via MRO engineering. 
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