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An efficient way to study the relationship between chemical composition and mechanical properties of
thin films is to utilize the combinatorial approach, where spatially resolved mechanical property mea-
surements are conducted along a concentration gradient. However, for thin film glasses many properties
including the mechanical response are affected by chemical topology. Here a novel method is introduced
which enables spatially resolved short range order analysis along concentration gradients of combina-
torially synthesized metallic glass thin films. For this purpose a CoZrTaB metallic glass film of 3 mm
thickness is deposited on a polyimide foil, which is investigated by high energy X-ray diffraction in
transmission mode. Through the correlative chemistry-topology-stiffness investigation, we observe that
an increase in metalloid concentration from 26.4 to 32.7 at% and the associated formation of localized
(hybridized) metal e metalloid bonds induce a 10% increase in stiffness. Concomitantly, along the same
composition gradient, a metalloid-concentration-induced increase in first order metal - metal bond
distances of 1% is observed, which infers itinerant (metallic) bond weakening. Hence, the metalloid
concentration induced increase in hybridized bonding dominates the corresponding weakening of
metallic bonds.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction and motivation

Chemistry-topology-property relationships of metallic glasses
have been a topic of intense discussion [1e5]. Metallic glasses fall
into two groups, namely those with [6] and those without metal-
loids [7]. The most common synthesis techniques for metallic
glasses are bulk casting [8e10] and melt spinning [11]. In these
studies, chemical composition is varied through multiple synthesis
experiments. By employing conventional bulk synthesis tech-
niques, metallic glasses are developed as a result of multiple,
sequential bulk synthesis experiments, often based on trial-and-
error approaches [1,2,12e15]. In contrast, combinatorial thin film
synthesis has been used to systematically study the chemistry-
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topology-property relationship of various materials systems
[16,17]. Recently, combinatorial metallic glass synthesis by physical
vapor deposition has been employed to study the chemistry e

mechanical property relationship of metallic glass thin films [18].
Furthermore, literature has shown clear agreement between bulk
and thin film properties of Co-based metal-metalloid metallic
glasses regarding elasticity, density and magnetism [19,20]. Ergo,
combinatorial thin film synthesis can be an efficient tool to inves-
tigate the chemistry-topology-property relationship of metallic
glasses in general. However, up to now there is no high throughput
method present in literature to study the chemically induced to-
pological evolution along a defined compositional gradient of
metallic glass thin films [18]. The short range order of metallic
glasses is usually studied by sequential synthesis of homogeneous
specimen and analysis employing high energy diffraction experi-
ments [1,5,19,20], which is an inefficient way of investigating the
chemistry-topology-mechanical properties relationship.
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Fig. 1. Schematic drawing of the combinatorial deposition setup. The chemical sym-
bols denote the direction of the elemental sputtering sources, which results in the
schematic compositional gradient depicted. The measurements were performed along
the B e Ta and the Co e Zr gradient with a spacing of 4 mm between the individual
measurement points.
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The topology of metallic glasses without metalloids is strongly
determined by dense packing [7,21], whereas the topology of
metal-metalloid metallic glasses is additionally influenced by
strong covalent bonding [5,6,19,22]. Due to the complex chemistry-
topology-property relationships the design of metal-metalloid
metallic glasses is challenging [6,13,23]. The metal-metalloid Co-
based metallic glasses discussed here possess a unique local atomic
configuration [5,22,24], which leads to the combination of
extraordinary high fracture strength of above 5000 MPa and high
Young's modulus of 268 GPa [13]. It is inferred in the literature that
through chemically induced topology changes, properties such as
glass formability [1,3,6], magnetic properties [2] and mechanical
properties [3,4,19,25] can be enhanced. The Young's modulus
[19,22] as well as the elastic limit [5] have also been reported to
exhibit a strong topological dependence. In the case of Co-based
metallic glasses it has been observed that the metal-metalloid
short range order is strongly affecting the mechanical properties
[5,19,20,22]. Furthermore, it has been reported for
FeeCreMoePeCeB metallic glasses that an increase in metalloid
concentration increases the number of strongly bound metal-
metalloid clusters, which on the other hand weakens the metal-
to-metal bonds [26]. These chemical-induced topology changes
have implications on how shear stress may be accommodated [26].
Hence, an influence on the Young's modulus, shear modulus and
plasticity of these type of metal-metalloid metallic glasses has been
observed [6]. The discussion above suggests that understanding the
chemistry-topology-property relationship is an essential prereq-
uisite to the knowledge-based design of strong metallic glasses.

The objective of this work is to describe the chemically induced
topology and stiffness changes of CoeZreTaeB metallic glass thin
films. A novel method is introduced, where the chemically induced
topology and stiffness changes are measured along a composition
gradient of CoeZreTaeBmetallic glass thin films. For this purpose a
combinatorial metal-metalloid CoeZreTaeB metallic glass thin
film is deposited by physical vapor deposition [19,27] on low X-ray
scattering and radiation damage tolerant thin polyimide foil [28].
The topological analysis of the combinatorial thin film is performed
in transmission, using high energy X-ray diffraction [29].

2. Experimental procedure

Combinatorial CoeZreTaeB metallic glass thin films were
magnetron sputtered onto Si and polyimide substrates. The film
deposited onto the 50.8 mm Si (100) substrate was used for
chemical and mechanical characterization, while the films on
50 mm thick radiation damage tolerant polyimide foil [28] were
employed for structural analysis. The base pressure of the system
was 6$10�5 Pa [30]. The films were synthesized from circular
elemental targets with a diameter of 50 mm and a purity of 99.95%
for Co, Zr and Ta and 99.5% for B. The applied power densities were
2.0, 1.6, 0.3 and 8.4 W/cm2 for Co, Zr, Ta and B targets, respectively.
The three metals were sputtered using separate direct current (DC)
power supplies, whereas B was sputtered with a radio frequency
power supply. As a sputtering gas Ar with a pressure of 0.4 Pa was
employed. The targets were tilted by 19� normal to the substrate as
described in Fig. 1 and the target to substrate distance was 10 cm.
The deposition time was 3 h resulting in a film thickness of 3 mm.

The chemical composition was analyzed by three dimensional
atom probe tomography (3D-APT). The APT samples were prepared
according to a standard lift-out procedure [31] using focused-ion-
beam (FIB) cutting. The measurements were performed in a com-
mercial local electrode atom probe (LEAP 3000X HR, CAMECA In-
struments) in voltage mode.

The APT result was used for a standard calibration of the energy
dispersive X-ray analysis (EDX). The chemical composition was
measured along the concentration gradients as indicated in Fig. 1. A
spacing between the individual measuring points of 4 mm was
chosen, corresponding to a gradient of 0.2 at% B per mm along the
TaeB gradient.

The topology analysis was performed by applying high energy
X-ray diffraction at the P02.1 beamline of the PETRA III electron
storage ring at DESY (Hamburg, Germany). A monochromatic
photon beamwith awavelength of l¼ 0.02071 nm and a beam size
of 0.7 mm � 0.7 mm was used. The diffraction was recorded in
transmission using the thin film sample deposited on polyimide
foil. Each measuring point was illuminated for 30 s and the dif-
fracted photons were recorded as 2D patterns with a fast image
plate detector Perkin Elmer 1621. The sample to detector distance
was set to be 246 mm, whereas the q vector (q ¼ 4p sinq/l) up to
14 Å�1 was used [29].

The 2D diffraction patterns were integrated into q-space using
the FIT2D software package [32]. The background was directly
subtracted from the 2D diffraction patterns. The data sets were
corrected for polarization, sample absorption, fluorescence contri-
bution and inelastic scattering using the PDFgetX2 software [33].
The total structural factor was obtained from the normalized
elastically scattered intensity according to the Faber-Ziman equa-
tion [34]. The pair distribution functions (PDFs) were obtained by a
sine Fourier transform using standard procedure described else-
where [12,19].

After chemical and structural analysis, the reduced Young's
modulus was measured along the concentration gradient using a
depth-sensing nanoindenter (Hysitron TriboIndenterTM). A Ber-
kovich indenter with a tip radius of 100 nmwas used. A maximum
indentation load of 1000 mNwas employed, which corresponded to
a contact depth of less than 10% of the film thickness. 24 in-
dentations were performed for each film composition. The Oliver
and Pharr method [30] was applied to extract the reduced Young's
modulus.
3. Results and discussion

3.1. Chemical analysis

Due to the geometrical arrangement of the magnetrons with
respect to the substrate normal (Fig. 1) and the chosen 10 cm target
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to substrate distance, the deposition of the chemically graded thin
films is achieved. The Co content obtained by the combinatorial
deposition ranges from 31.9 to 45.5 at %, the Zr content from 26.1 to
34.4 at %, the B content from 26.4 to 32.7 at %, and the Ta content
from 1.0 to 2.6 at %. Themagnitude of the composition gradients are
a consequence of the power supplied to the magnetrons and the
difference in sputter yield of the elements [35].
3.2. Short range order analysis

Four representative pair distribution functions obtained from
measurements along the BeTa concentration gradient are pre-
sented in Fig. 2 in a range of 2e4 Å. The PDFs are presented with an
equally spaced offset in vertical direction for better comparison
purposes. The dashed lines in Fig. 2 represent the total PDFs,
whereas the solid and dotted graphs represent Gaussian decon-
volutions of two individual bond population distributions. It can be
observed that for all compositions the first order coordination shell
Fig. 2. Pair distribution functions with increasing B-content from bottom to top ob-
tained by high energy X-ray diffraction are presented in a range between 2 and 4 Å.
Next to the total pair distribution functions, the first and second bond population
distributions are included, which are obtained by Gaussian peak deconvolution.
is split into two separate bond distance populations. The chemical
composition corresponding to the individual PDFs are presented
next to the graphs. For the compositionwith the lowest B content at
the bottom, the solid and dotted vertical lines indicate the maxima,
(2.61 and 3.01 Å), of the first and second bond population,
respectively. As observed in Fig. 2, both maxima shift continuously
to higher distances with increasing B content from bottom to top.
Peak positions of the first and second maxima for the highest B
content are at 2.63 and 3.05 Å, (respectively), which yields a
chemically induced change in relative bond distance of more than
1%. The error by deconvolution on the measured bond population
maxima is below 0.1% in relative bond distance. By correlationwith
literature data on the CoZrTaBmetallic glass system [24], where the
bond distance derived from the atomic radii for a CoeCo first order
bond length is 2.5 Å and the ZreZr first order bond distance is re-
ported to be 3.2 Å, it is inferred that the first bond population (see
Fig. 3) corresponds to CoeCo first order bonding, whereas the
Fig. 3. The pair distribution functions with increasing Co content from bottom to top
obtained by high energy X-ray diffraction are presented in a range from 1.5 to 10.5 Å.
The data at the bottom were obtained for the highest Zr content, whereas the data at
the top were acquired for the highest Co content. The peak with the maximum
amplitude represents the first order coordination shell.



V. Schnabel et al. / Acta Materialia 107 (2016) 213e219216
second bond population is dominated by ZreZr bonding. As ex-
pected, no prior peak around 2 Å is measured [5,19]. Hence, no
metal to B and B to B bonds are visible in the measured PDFs. This
can be attributed to the larger weighting factor of the metals
compared to B [24,36]. Therefore, no direct structural information
on the B topology can be obtained experimentally. However, the B
content induced changes in metal-to-metal topology are directly
accessible by scattering experiments. As previously mentioned, the
first order CoeCo and ZreZr bond populations shift to higher bond
distances as the B content is increased. An increasing bond distance
causes bond weakening [37]. Thus, the here reported B-induced
structural evolution validates the ab initio investigations by Gu et al.
[6], predicting a metalloid-content-induced metal-to-metal bond
weakening.

The PDFs obtained along the CoeZr concentration gradient are
investigated next to evaluate the metallic content-induced topo-
logical evolution. The PDFs with increasing Co content from bottom
to top obtained by high energy X-ray diffraction are presented in a
range between 1.5 and 10.5 Å in Fig. 3. The PDF at the bottom is
obtained for the highest Zr content, whereas the PDF at the top is
obtained for the highest Co content. The first peak at around 2.6 Å
corresponds to the first order coordination shell, while the second,
located between 3.7 and 6.0 Å, corresponds to the second order
coordination shell. It is observed that a shoulder to the right of the
first coordination shell peak appears as the Zr content is increased.
This shoulder can be attributed to the ZreZr dominated bond
population, which is consistent with the increase in Zr concentra-
tion along the CoeZr gradient. In addition to the increase in bond
population, a shift towards higher bond distances of about 3% is
observed (see Fig. 3). Hence, it can be inferred that an increasing Zr
content leads to a large population of ZreZr bonds. In order to
further evaluate the topological splitting of the first coordination
shell peak into CoeCo and ZreZr bond populations, spatially
resolved chemical analysis is performed by APT.

Fig. 4aec and Fig. 4def presents APT data of the CoZrTaB thin
film from the center and from the edge of the BeTa compositional
gradient with average B-contents of 29.6 and 27.0 at%, respectively.
The studies presented in Fig. 4 reflect the results of all five atom
probe studies conducted at these two positions. Here the two data
sets with the highest number of collected ions are presented with 8
and 8.5 million counts, respectively. APT images are presented in
Fig. 4 part a) and d), where the spatially resolved chemical con-
centration profiles along the cylinders are presented in part b) and
e), respectively. The APT measurements are conducted along the
film growth direction. Iso-surfaces with the concentrations of
50.0 at% for Co and 28.3 at% for Zr are displayed in the APT images. It
can be observed that nanoscale Co and Zr-rich phases are formed.
The maximum compositional difference between these two phases
is about 15 at% for Co (see Fig. 4b), which is higher compared to the
compositional gradient of the average Co content. Fig. 4c indicates
that the measured (open circles) and the ideal (lines) distributions
do not correspond. The p-value shows the probability of obtaining
the observed reduced c2 with a confidence level of 99%. The p-
values <0.0001 for both APT measurements for all four elements
strongly imply the non-randomness of the measured ion distribu-
tions. This separation in Co and Zr rich phases is consistent with the
observed separation of the CoeCo and ZreZr bond population
induced by an increase in Zr content. Hence, the notion regarding
the presence of amorphous Co rich and Zr rich phases, which is
suggested based on the topology analysis, is also supported by the
spatially resolved chemical analysis. In contrast to the micrometer
sized phase separation observed in bulk metallic glasses [38,39],
the composition modulation observed here exhibits a periodicity of
20e30 nm perpendicular to the film growth direction. Chemical
modulations are observed in all APT datasets obtained. The
chemical distribution observed suggests that the high quenching
rates [40] present in physical vapor deposition retard diffusion and
consequently impede the evolution of long range order, as well as
composition modulations, on length scales larger than the a few
nm [38,39]. Nevertheless, the presence of chemical modulation on
the nm scale may be explained by limited surface diffusion, (on the
nm scale), enabled by the interaction of the energetic sputtered flux
with the growing film surface [41]. Therefore, it is inferred that the
combination of high quenching rates and limited ad-atom mobility
enables the evolution of composition modulations on the nm
length scale. Spinodal decomposition may induce nm scale chem-
ical fluctuations in rapidly quenched bulk metallic glasses as re-
ported for NiNbY [42] and ZrGdCoAl [43] systems. Furthermore, it is
reported that these bulk metallic glasses exhibit a temperature
induced increase in chemical modulations' amplitude, whereas the
wavelength is unchanged [42,43]. This is also expected for the
CoZrTaB system studied here. To evaluate the chemistry e topology
e stiffness relationship, the chemically induced topology changes
will next be correlated to the reduced Young's moduli obtained by
nanoindentation.

3.3. Chemistry e topology e stiffness relationship

For the evaluation of the chemistry e topology e stiffness
relationship the topological and reduced Young's moduli are
depicted along the CoeZr and BeTa concentration gradients in
Fig. 5. In the center of Fig. 5, the position of the first and second
maxima of the metal-to-metal bond distance population is pre-
sented to the left and to the right, respectively. The distance of the
first bond population maxima ranges from 2.61 to 2.63 Å. The
distance of the second bond population maxima ranges from 2.99
to 3.08 Å, which is a variation of 3% in relative bond distance. For
the second bond population maxima, the error by deconvolution is
below 1%.

At the bottom of Fig. 5 the reduced Young's modulus and the
schematic deposition setup are depicted to the left and right,
respectively. The reduced Young's modulus varies between 183 and
203 GPa. Applying a Poisson's ratio of 0.28 [19] to the reduced
Young's moduli obtained by nanoindentation, Young's moduli in
the range of 201e227 GPa are obtained, which is smaller compared
to 268 GPa reported for the CoFeTaB system [13]. Due to the smooth
surface of themetallic glass thin film, the standard deviations of the
stiffness measurements are between 3 and 6 GPa for each set of the
24 indentation measurements per composition. Thus, the observed
increase in stiffness is statistically significant. The same conclusion
can be drawn from Fig. 6 where the reduced Young's modulus
measured along the BeTa concentration gradient is presented as a
function of B content including the error bars for the individual sets
of stiffness measurements. The composition modulation discussed
in section 3.2 exhibits a periodicity between 20 and 30 nm and is
hence at least an order of magnitude lower than the indentation
induced elastic stain field [44]. Despite the presence of composition
modulations on the 10's of nm scale the elastic behavior appears to
be primarily governed by the change in B-concentration within the
combinatorial composition gradient. Furthermore, the hardness
increase measured along the compositional gradient corresponds
to the previously discussed increase in stiffness: As the B content is
increased from 26.4 to 32.7 at% in our CoZrTaB metallic glass, the
measured hardness values change from 12.0 to 13.7 GPa. The
magnitude is comparable to Vickers hardness values of 15.4e15.9
GPareported for ternary bulk Co58Ta7B35 and Co56Ta9B35 metallic
glasses, respectively [45]. The ternary bulk CoTaB metallic glasses
are reported to exhibit a Young's modulus of 240e247 GPa, which is
higher compared to the 201e227 GPa observed here. For the
Co54Ta11B35 bulk metallic glass with even higher Ta content a



Fig. 4. a), d) Atom probe tomography images of the CoZrTaB metallic glass are presented including the iso-concentration surfaces of 50.0 at% for Co and 28.3 at% for Zr. The APT
measurements are conducted along the film growth direction. Along the cylinder from left to right the concentration profile for Co, Zr, Ta and B are obtained and provided in b) and
e), respectively. c), f) Frequency distribution functions are presented for the data obtained in a) and d), respectively. The inset table show the deviation between the ideal (lines) and
the measured (open circles) distribution, such that the p-values indicate a non-random chemical distribution [47].
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Vickers hardness of 17.1 GPa is reported [22]. It is proposed that
both, the higher Young's modulus as well as the higher hardness
reported in literature may be due to differences in composition.

It is observed from the reduced Young's modulus data in Fig. 5
that the stiffness increases almost continuously along both, the Ta
to B and the Co to Zr concentration gradients. Along these con-
centration gradients the bond distances of CoeCo and ZreZr in-
crease. Hence, the shortest CoeCo and ZreZr bond distances
correspond to regions with the lowest Young's modulus, which is
contradictory to the notion that shorter bond distances or in other
words denser metal-to-metal packing causes an increase in bond
stiffness [37]. For metallic glasses not containing metalloids it has
been reported that denser packing leads to an increase in stiffness
[46]. However, for the here studied metal emetalloid CoeZreTaeB
metallic glass thin film the metalloid concentration dominates
stiffness. This observation is in agreement to the observationsmade
by Wang et al. [22] and Hostert et al. [19], who propose strong,
hybridized metal-B bonds to cause high stiffness of Co-based
metallic glasses. It is reasonable to assume that with an
increasing B content from 26.4 to 32.7 at% the fraction of hybridized
metal-to-metalloid bonds increases, which is in line with the here
measured stiffness data.

4. Conclusions

A novel method to effectively study the chemistry - topology -
stiffness relationship of combinatorial thin film metallic glasses
was introduced. The thin films are deposited on a radiation damage
tolerant polyimide foil to enable high energy X-ray diffraction in
transmission mode. EDX and APT were used to characterize
chemical information along the concentration gradient, while the
elastic properties were measured by nanoindentation. Through the
correlative composition and stiffness analysis it is observed that the
CoZrTaB glass exhibits an increase in stiffness by 10%, which is
induced by an increase in B content from 26.4 to 32.7 at%. From the
topology analysis along the same chemical gradient, it is under-
stood that as the B content increases, the CoeCo and ZreZr first
order bond distances increase by 1%, which implies weakening of



Fig. 5. The compositional, structural and stiffness measurements along the concentration gradients are depicted. At the top, the Co and B compositions are presented. In the center,
maxima of the first and second metal-to-metal bond distance populations are given to the left and to the right, respectively. At the bottom, the reduced Young's modulus and the
corresponding deposition schematic deposition is depicted to the left and right, respectively.

Fig. 6. The reduced Young's modulus and nanoindentation hardness are presented as a
function of B-content. It is observed that with increasing B-content both the reduced
Young's modulus and hardness increases.

V. Schnabel et al. / Acta Materialia 107 (2016) 213e219218
bonds. This observation is consistent with ab initio studies [6]
which predict a metalloid-concentration-induced metal bond
weakening. Based on the correlative topology and stiffness analysis
along the concentration gradients of a metallic glass thin film, it can
be concluded that the B-content-induced increase in hybridization
dominates the corresponding weakening of metallic bonds.
Furthermore, a separation into amorphous nanoscale Co and Zr-
rich phases is observed by both high energy X-ray diffraction and
spatially resolved APT. It is proposed that the formation of
composition modulations on the nm scale is due to the combina-
tion of ad-atom mobility, (limited to the nm length scale), and the
high quenching rates associated with vapor phase condensation
during magnetron sputtering.
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