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A high-throughput  approach  based  on magnetron  co-sputtering  of  alloy  libraries  is employed  to  inves-
tigate  mechanical  properties  of crystalline  and  amorphous  alloys  in a ternary  palladium  (Pd)-tungsten
(W)-silicon  (Si)  system  with  the  aim  to  reveal  the  difference  in plastic  deformation  response  and  extract
the  relevant  structure-property  relationships  of the alloys  in the system.  It was  found  that  in contrast  to
crystalline  alloys,  the  amorphous  ones,  i.e.,  metallic  glasses,  exhibited  a  much  smaller  fluctuation  range  in
the  plasticity  parameters  (Er

2/H  and Wp/Wt), indicating  a significant  difference  in  the  plastic  deformation
mechanism  controlling  the mechanical  properties  for the  respective  alloys.  We propose  that  the  inho-
mogeneous  deformation  of  amorphous  alloys  localized  in  thin  shear  bands  is  responsible  for  the  weaker
compositional  dependence  of both  plasticity  parameters,  while  dislocation  gliding  in crystalline  materials
rmation
 co-sputtering
tation

 properties

is  significantly  more  dependent  on the  exact  structure,  thus  resulting  in  a  larger  scattering  range.  Based
on  the representative  efficient  cluster  packing  model,  a  set  of  composition-dependent  atomic  structural
models  is  proposed  to figure  out the  structure-property  relationships  of  amorphous  alloys  in  Pd-W-Si
alloy  system.

©  2021  Published  by Elsevier  Ltd on  behalf  of The  editorial  office  of Journal  of  Materials  Science  &
Technology.
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lastic deformation of alloys is closely related to their
al properties, such as strength and modulus, which are
tly dependent on the alloys’ structure [1]. For crystalline

ystal defects, such as dislocations, are the main reason for
 strength as compared to their theoretical strength, where
cation density and mobility essentially determine their
formation response [2]. In contrast to crystalline alloys in

 plastic deformation is carried through dislocation motion
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phous alloys, i.e., metallic glasses, do not contain disloca-
 their plastic deformation initiates via the formation of
ds [4]. On the atomic scale, the plastic deformation of

onding authors.
ddresses: amit.datye@yale.edu (A. Datye), yujiaxin@swust.edu.cn

g Lai and Wen  Hu contributed equally to this work.

Nanoi
to detect 

able to di
of a mate
(Wp) can 

under the
during an
tic work)

org/10.1016/j.jmst.2020.12.038
© 2021 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials S
us alloys originates due to the rearrangement of localized
f atoms under an applied shear stress that experience a
l transition by crossing an activation energy barrier [5].
the localized clusters of atoms rearranging during defor-
e usually referred to as ‘shear transformation zone’ (STZ)

rent from the dislocation as an inherent defect in crys-
oys, however, STZs are not intrinsic features of amorphous
t are inescapably pre-determined through the material’s
act structure, but local motion of atoms and/or groups of

aracterized by its transience [7].
ndentation testing is an effective experimental method
the plastic deformation behavior of materials [8,9] that is
rectly measure the reduced modulus (Er) and hardness (H)
rial. Furthermore, the irreversible or plastic work (energy)
be obtained by calculating the difference between the area
 loading curve, reflecting the total mechanical work done
 indentation cycle (Wt), and the unloading curve (the elas-
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chematic illustration of the magnetron setup for the co-sputtering of the Pd-W-S
he silicon substrate, in which there are 672 patches of ≈3 mm in diameter, with eac

ed modulus2/hardness ratio Er
2/H [10,11] and the energy

n ratio Wp/Wt [12–14] have been used to assess the plas-
ation ability of materials. Experimental investigation on

rials having a wide range of plasticity showed that the
issipation ratio (Wp/Wt) was higher in materials with a
sticity [11]. Er

2/H is proportional to Pm/hs
2, where Pm is

ed peak load and hs is the elastic surface displacement
rimeter of contact [11]. Since hs represents the capabil-
stic recovery of materials during indentation, the Er

2/H
ing the reciprocal relationship with hs can be thought to
icator of the plastic deformation ability. In other words,
r the Er

2/H ratio, the greater the plasticity of the materi-
a result, both Er

2/H and Wp/Wt are practical engineering
rs to evaluate the plastic deformation of crystalline alloys.
e significant difference in the structure and deformation
ms of crystalline and amorphous alloys [5,15], it is inter-

 see how these ‘plasticity parameters’ Er
2/H and Wp/Wt

 alloy systems that are similar in composition, but differ
egree of long-range order.
agnetron co-sputtering approach allows different ele-

 be co-deposited from separate sources onto a substrate,
 in a compositionally graded film on the substrate [16–19].
nalysis of local areas using electron spectroscopy, x-ray
n, and nanoindentation then results in the availability
overing several hundreds of alloy compositions at once.
studies have successfully developed high-throughput
es in exploring new amorphous alloys with desired
properties [19–21]. For example, Ding et al. used a high-
ut approach based on parallel blow forming to identify the
loy compositions with the highest thermoplastic forma-
he magnesium (Mg)-copper (Cu)-yttrium (Y) ternary alloy
20]. Li et al. employed a high-throughput strategy to
entify the composition range with a high glass form-

y (GFA) in the Ir-Ta-Ni system [21]. However, only a
ies have focused on establishing the dependence of alloy
ion on the mechanical properties using high-throughput
. Using the magnetron co-sputtering approach, Schnabel
ricated the combinatorial Co-Zr-Ta-B metallic glass thin
h a continuous concentration gradient, and systemati-
aled the relationships between chemical composition and
al properties of metallic glasses [22]. Recently, we stud-
echanical properties of Mg-Zn-Ca and Mg-Zn-Fe ternary
hat revealed the optimal alloy compositions suitable for
al applications [19]. Since most alloy samples prepared in
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crystalline counterparts, the comparison of mechanical
s between amorphous and crystalline alloys in a same
ary could not be made. Therefore, more attempts deserve
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y library; (b) The appearance of the fabricated thin-film Pd-W-Si alloy
ch containing one individual alloy composition.

e to explore the intrinsic difference of mechanical behav-
mparing the plastic deformation response of crystalline
phous alloys within a same alloy system.

 work, a Pd-W-Si ternary library consisting of both crys-
d amorphous structures was deposited on a silicon wafer
gnetron co-sputtering. Nanoindentation was  used to ana-

 600 different local compositions for their mechanical
s. The plastic deformation response of crystalline and
us alloys within this alloy system was  then investigated
ring the plasticity parameters of Er

2/H and Wp/Wt and
sic relationship between plastic deformation and alloy’s

 was properly established. In addition, based on the rela-
between the composition of an amorphous alloy and its
odulus, atomic packing models were discussed.

ial and methods

aration of the Pd-W-Si library

in film wafer of the Pd-W-Si library was produced by
rent (DC) magnetron co-sputtering (AJA International ATC
to a silicon substrate. The silicon substrates were pur-
om WRS  Materials (San Jose, CA). The three sputtering
ere arranged at an angle of 120 degrees with each other
e substrate (Fig. 1(a)). The sputtering targets were tilted
wards the normal axis of the substrate. The orientation
the sputtering guns relative to the substrate and the sput-

er applied were manipulated to control the fabrication of
ionally graded films. The elemental targets with a purity
% for Pd and W and 99.5 % for Si were purchased from
er Company. The Pd-Si binary system was  first selected
f its excellent glass-forming ability (GFA) [23,24]. Since
igh Young’s modulus (411 GPa) [25], the incorporation of
-Si binary system is expected to enhance the mechanical
s of alloys in ternary system, based on the “rule of mix-
]. The detailed parameters of sputtering were a power of
Pd, 50 W for W,  and 50 W for Si. The Pd-W-Si library was

 on a silicon substrate with a diameter of 100 mm and a
 of 550 �m.  A mask was applied during sputtering and a

 ≈3 mm diameter circular patches on a square grid with 6
r-to-center spacing was  fabricated, as shown in Fig. 1(b).
re 672 patches on the wafer, and each patch contained
idual alloy composition. The thickness of each individual

ombinatorial library patch was approximately 1 �m with

ss variation of less than 20 % from center of the wafer to its
ng the white-light scanning profilometer (Rtec, USA), the
n-square (RMS) roughness of the alloy patch was quanti-
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compositional distribution of (a) Pd, (b) W,  and (c) Si across the sputtered wafer, a
e phase of each patch.

1.5 nm for an area of 200 �m × 200 �m,  which was  the
alue of at least individual 50 patches within the wafer.

tural, compositional, and mechanical properties
ization of the Pd-W-Si library

 diffraction (XRD) was performed using a Rigaku SmartLab
fractometer with CuK  ̨ radiation to determine the struc-
ch patch on the film. Similarly, energy dispersive X-ray
opy (EDX) analysis was carried out using an Oxford Instru-
Max detector attached to a Zeiss Sigma VP field emission

 electron microscope at the center of each patch to deter-
 alloy composition.
duced modulus (Er) and the hardness (H) of each library
s characterized using a nanoindenter (G200, Keysight,

 a diamond Berkovich indenter tip. The Berkovich inden-
urchased from Micro Star Tech with a radius of 20 nm and
rated by indentations using standard fused silica before
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was slowly driven toward the surface at a constant dis-
t rate of 10 nm/s until surface contact was detected by
es in the load and displacement signals. After contact, a
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he specimen to a depth of 100 nm to avoid substrate
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ation, can be extracted by determining the area between
nd unloading curves, while the total dissipated energy Wt

lculated from the area under the loading curve, reflecting
mechanical work done by the indenter [12–14].
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depicts the compositional distributions and correspond-
ure of the individual patches in the Pd-W-Si library. First,
es-specific compositions of the patches are displayed in
), revealing continuous compositional gradients of the
nstituents ranging from 39–90 at.% for Pd, 5–40 at.% for
49 at.% for Si, respectively. In addition, XRD measurement
rmed to identify the structure of each alloy patch on the
e results of which are shown in Fig. 2(d). It was  found
ending on the local alloy composition, the patches were
ly amorphous (green), fully crystalline (pink), or, in a nar-
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inguish the effect of local alloy compositions in the Pd-W-

 on the reduced modulus Er and hardness H clearly, Er and
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 in Fig. 3(a) and (b). Depending on the variations of alloy
ion, Er and H covered a wide range between 20.8–162.6
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) and Wp/Wt (Fig. 3(d)) were then calculated to unveil
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markable difference in the plastic deformation response
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Fig. 5. (a) The reduced elastic modulus Er as a function of the Pd and Si concentrations for the 363 amorphous Pd-W-Si alloys; (b) Er plotted as a function of the concentrations
of W and Pd as extracted from the data in (a).

Fig. 6. The proposed atomic model in the ternary Pd-W-Si amorphous alloys: (a) clusters (I) and (b) clusters (II) represent the Si-centered clusters and W-centered clusters in
the  system respectively; (c) The springs of E1, E2, E3, and E4 represent the bonding strength of Si-Pd, W-Pd, Si-W, and Pd-Pd, respectively; (d) linking (I) and (e) (II) represent
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y sh

ing s
tem, the way how the two basic clusters are linked varies,
turally influences the alloy’s mechanical properties, such
’s modulus.
us  investigations proposed some rules between amor-
loys’ elements and their Young’s moduli, such as the
inheritance” [39,46] and the “rule of mixture” [26,47].
nalizing the rule of inheritance, it was considered that
li of amorphous alloys inherited the individual moduli

r constituent base elements (that is, their solvent compo-
owever, since the rule of inheritance mainly considered
ibution of solvent elements on the alloys’ Young’s modu-
ffect of specific concentrations of each element and their
ding preferred atomic clusters cannot be clarified. The

 rule of mixture, proposed by Wang et al. [26], therefore
 that the predicted Young’s modulus of an amorphous

 equal to the weighted average of the elastic moduli for
ituent elements. Since the original rule of mixture does
der the contributions of atomic clusters and related “effec-
ic bond strength” to the alloys’ modulus, it also presents
itations to understand the relationship between an alloys’
ion and its Young’s modulus.
eviate some of the original rule of mixture’s shortcom-
ew rule of mixture” proposed by Zhao et al. considered

 average on the Young’s modulus of constituent atomic
0,41], that is, M =

∑
fiMi, where M represents Young’s

 of amorphous alloys, fi is the atomic fraction of the ith
onds, and Mi is modulus of the ith atomic bonds. This
nsidered the contribution of individual atomic bonds to
lus of alloys, which was ignored in the assumptions that

 creation of the “original” rule of mixture [26]. The the-
cted Young’s moduli that were satisfactorily close to the
ntally obtained values for many systems, in particular for

where the original rule of mixture did not deliver good
[41]. For example, according to the original rule of mixture
ms as constituent components, the modulus of amorphous
th a fixed Pd content should increase with increasing W
e fact that its modulus of 411 GPa is the highest among the
ments. However, we see from Fig. 5(b) that the modulus
hous alloys decreases monotonously with W increasing
% to 15 %, in obvious contradiction to the expectations of
nal” rule of mixture. The amorphous alloys with increasing
t do not benefit from tungsten’s high modulus, suggest-
he rule of mixture does not work in this case. In fact, the
of tungsten concentration actually raises the proportion
onds in the system and decreases the Pd-Si bonds simul-
. Therefore, according to the “new rule of mixture”, the

 of atomic bonds should be the main reason affecting the
dulus rather than the variation of atoms quantity. Based
assumptions, the Young’s modulus of amorphous alloys in
d-W-Si system can be expressed as Eq. (1):
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A-B and E A-B are the fraction of A-B bonds out of all bonds
aterial and the Young’s modulus of a material only fea-
B bond [40,41], respectively. A and B represent any two

 in the ternary system. Considering the rule of the solute-
oidance [45], the W-W  and Si-Si bonds are expected to
ew in the system. Thus, the Young’s modulus of amor-
oys in Pd-W-Si system are mainly determined by other
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nding strength between different elements was  reported
ger than that between same elements [39,41], indicat-
eaker bonding strength of Pd-Pd bonds than other three
onds with different elements. Consequently, the modu-
orphous alloys in Pd-W-Si system is presumed to be
verned by the proportions of Pd-Si, W-Pd, and Si-W bonds

 the material compared to the total number of bonds. It
rted that the atomic bonding strength of atomic pairs in
us alloys was closely related to its mixing enthalpy and the
nding strength increased with the absolute value of mix-
lpy [39]. In the Pd-W-Si alloy system, the mixing enthalpy
tomic pair was calculated to be −55 kJ/mol, much higher

 of Pd-W (−6 kJ/mol) and Si-W (−31 kJ/mol) atomic pairs
s a result, the bonding strength of different atomic bonds
Si system is sequenced as below: Si-Pd > Si-W > W-Pd
which are schematically shown in Fig. 6(c) using various

 Pd-W-Si amorphous alloy system, for a fixed Pd con-
n from 44 to 72 at.%, when W concentration is low, the
an be considered as an Si-rich system, where more Si-
clusters (cluster I) and less W-centered clusters (cluster
ed by sharing Pd (solvent) atoms in the shell according to
odel, as shown in Fig. 6(d). Due to the more Si-centered
ccording to Eq. (2), the value of �Si-Pd in the system is rel-
gh and consequently, the modulus of alloys is controlled
y the Si-Pd bonds. The bonding strength of Si-Pd is the

 among constituent atomic bonds in the system due to its
ixing enthalpy, contributing the high modulus of amor-
oys with a low W concentration. With the increase in W,
red Si atoms have to decrease and be substituted by the
, thus leading to more linking II, as shown in Fig. 6(e),
ore W-centered clusters (cluster II) and less Si-centered
cluster I) are linked by sharing Pd atoms. In other words,
asing W content, �Si-Pd in the system decreases inevitably

d increases progressively. Here, because of the more W-
clusters, the modulus of alloys is more determined by the
ngth of W-Pd. Due to the low bonding strength of W-
odulus of Pd-W-Si amorphous alloys will reduce. While

ntent further increase, the W atoms will replace the sol-
toms due to their close atomic radius, and Si atoms will
to the interspaces between the solvent atoms due to the
atomic radius and still act as the solute atoms, as shown
king III in Fig. 6(f). In this situation, due to more Si-W
the system, the high bonding strength causes the mod-
crease again. Therefore, as the W increases from 5 to 35
. 5(b), for each fixed Pd concentration, the predominant
nds in the linking model evolve from the strong Pd-Si to
W and to strong W-Si atomic pairs. As a result, for each
centration of Pd, Er shows a trend that the modulus of
us alloys decreases first and then increases with further
g W content.
er  phenomenon that should be noted is the fact that the
of Pd-W-Si amorphous alloys decreases with increas-
ntent, independent on the concentration of W and Si

5(a) and (b)). Previous investigations revealed that the
ion of amorphous alloys mainly occurred at the compli-
nt-solvent junctions due to their weak bonding strength

hen the solvent Pd atoms increase, the linking way
usters is preferable to evolve from solute-solvent link-
aring shell atoms into solvent-solvent linking without

hell atoms, as shown in Fig. 6(g). Based on the above anal-

progressive decrease of Er with increasing Pd content is
erstood with a change of the atomic linking model from
g solute-solvent way  (Pd-Si/Pd-W/W-Si) to weak solvent-
nking way  (Pd-Pd) (Fig. 6(d, e, f→g)).
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 understood due to their complicated structure. In this
 compositional dependence of plasticity parameters in

us and crystalline systems is rationalized by comparing
sic difference between forming shear banding and dislo-
p, which advances a deeper understanding of the factors
g mechanical properties (e.g., strength and plasticity) and
d structure-property relationships for amorphous alloys.
n, it appears possible to design, at least approximately,
hous alloy composition with enhanced mechanical prop-
ed on relevant empirical criteria. For example, the yield
(�y) can be estimated via the hardness of alloys (H)
), and the plasticity parameters of Er
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valuating the plastic deformation ability of ternary alloys.
equence, the specific alloys with high strength and simul-
plasticity can be selected from a certain ternary alloys
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d amorphous structures was fabricated using magnetron
ring and subsequently examined by nanoindentation.
power of a high-throughput approach leading to a statisti-

 data base, a comparison of plastic deformation response
line and amorphous alloys is made and elaborated, and
tural evolution with varying alloy’s composition in amor-
stem is revealed. The detailed conclusions are drawn as

ared to their crystalline counterparts, the amorphous
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al  dependence in the plasticity parameters of Er

2/H and
t, which can be rationalized by considering the different
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odulus of amorphous alloys exhibited a parabolic shape
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