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ABSTRACT: Multiprincipal element high entropy alloys
stabilized as a single alloy phase represent a new material
system with promising properties, such as high corrosion and
creep resistance, sluggish diffusion, and high temperature
tensile strength. However, the mechanism of stabilization to
form single phase alloys is controversial. Early studies
hypothesized that a large entropy of mixing was responsible
for stabilizing the single phase; more recent work has proposed
that the single-phase solid solution is the result of mutual
solubility of the principal elements. Here, we demonstrate the
first self-consistent study of the relative importance of these
two proposed mechanisms. In situ high-throughput synchro-
tron diffraction studies were used to monitor the stability of
the single phase alloy in thin-film (Al1−x−yCuxMoy)FeNiTiVZr composition spread samples. Our results indicate that a metastable
solid solution can be captured via the rapid quenching typical of physical vapor deposition processes, but upon annealing the
solid-solution phase stability is primarily governed by mutual miscibility.
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■ INTRODUCTION
The Gibbs Phase Rule indicates that alloys containing multiple
principal elements are prone to the formation of multiple
complex secondary phases.1,2 Extensive secondary phase
formation can lead to materials prone to brittle fracture,
reduced low-temperature toughness, and poor resistance to
creep at high temperatures.3−6 In conventional metallurgy, this
has led to generations of standard alloys based on a single
principal element. However, the observations of a relatively new
class of materials, high entropy alloys (HEAs), demonstrated
that single phase alloys can form when five or more principal
constituent elements are combined in near-equiatomic
proportions. HEAs form a single phase solid solution, often
with a simple BCC or FCC type structure.4,7 These alloys have
been proposed to exhibit many interesting physical character-
istics related to the near-random atomic environments of the
constituents, often referred to as the “cocktail effect”.4,8 Such
properties can include increased hardness, compressibility,
microstructural stability,9−13 reduced diffusion rates,14 and low
density.15 In addition, HEAs have been theorized to retain
properties at high temperatures, such as yield strength,

elasticity, and corrosion resistance.16−19 These alloys promise
to improve performance for a range of high-temperature
applications, including coatings for turbine blades, nuclear
claddings, and drill bits.20,21

To date, however, there are open questions regarding the
stabilization mechanism of these alloys. The initial hypothesis
was that single phase alloy formation is driven by a large
entropic contribution to the Gibbs free energy of mixing.22,23

This contribution increases as the number of elements increase
following the configurational entropy which is written as ΔSconf
= R ln n; where n is the number of elements and R is the gas
constant.4 The current convention in the literature is that the
minimum number of elements required for an alloy to be
defined as a HEA is five components with the concentrations of
the elements ranging between 5 at. % and 35 at. %.4 At
sufficiently high temperature, the Gibbs free energy of mixing is
lower than the Gibbs free energy of intermetallic formation,

Received: May 31, 2016
Revised: July 29, 2016
Published: August 5, 2016

Research Article

pubs.acs.org/acscombsci

© 2016 American Chemical Society 596 DOI: 10.1021/acscombsci.6b00077
ACS Comb. Sci. 2016, 18, 596−603



despite the less negative enthalpy of mixing in comparison to
the enthalpy of intermetallic formation.22,23

More recent work has emphasized the role of mutual
solubility of the constituents in a common structure as a driving
force for HEA stability. For instance, starting with the HEA
forming CoCrFeMnNi base alloy, studies have explored the
role of solubility by the addition of new elements (Ge or Cu) or
substitution of the existing elements (e.g., V for Fe).3,24 In both
instances, the HEA solid solution was destabilized and multiple
phases were observed. Zhang et al. hypothesized that secondary
phase formation was related to the immiscibility of binary
mixtures in the alloy. Calculation of phase diagrams
(CALPHAD) studies were used to calculate binary phase
diagrams of pairs in the failed alloys.25 It was found that in the
base CoCrFeMnNi alloy system, binary solubility in a FCC
structure was maintained, due to the presence of elements that
enhance the solubility of Cr and Mn in the base structure.
However, the CALPHAD calculations showed that when
additions or substitutions resulted in secondary phases, a
large miscibility gap or complete insolubility was predicted in a
binary phase diagram with the new element.23 This result
suggested that solubility was the primary driving factor for the
stabilization of the solid-solution phase.
However, CALPHAD calculations must be extrapolated from

known binary or ternary phase diagrams. In the event of
partially investigated binary or ternary systems, CALPHAD can
make inaccurate predictions. Furthermore, CALPHAD can
only be performed on equilibrium phases, and thus cannot take
into account effects from material synthesis and processing. An
additional complication is that according to the entropic
stabilization theory of HEAs, the solid solution phase is
metastable at low temperatures.26 This can lead to the
observation of secondary phase formation in the as-synthesized
samples if the quenching rate is insufficient. The criticality of
the quenching rate post-heat-treatment is a well-known issue in
the analogous field of bulk metallic glasses.27,28 This can make
comparisons between alloys with different constituents
challenging in a single study and complicates cross-validation
between studies. Therefore, studies are required that specifically
target the issue of phase stability by simultaneously probing the
importance of the solubility and entropic mechanisms
efficiently.
High-throughput experimentation (HTE) is an established

methodology for systematically probing the multiparameter
spaces needed to differentiate the relative importance of the
competing mechanisms. The HTE approach rapidly synthesizes
hundreds of samples in a single synthesis step and then uses
parallel or serial techniques to interrogate the samples for their
figure of merit, in this case phase stability.29 HTE has
previously been used in the screening and discovery of
ferromagnetic, piezoelectric, and optical materials.30−32 In the
field of high temperature alloys, Metting et al. used HTE to
screen for transient metal and oxide phase dynamics in Ni−Al
bond coats at temperatures up to 1323 K.33 Ludwig et al. have
since used a similar approach to look at phase regions of thin-
film Ni−Al alloys by monitoring their electrical, optical, and
mechanical properties after annealing at temperatures up to 773
K.34 Recently, Payne et al. used ex situ XPS, EDX, and Raman
studies to identify oxidation resistant alloys by monitoring low
temperature oxidation of AlxFeyNi1−x−y alloys.

35 More recently,
we demonstrated that in situ synchrotron diffraction can be
used to track metal and oxide formation in Fe−Cr−Al alloys in
a fraction of the time required for traditional bulk studies.36

HTE studies like those listed above can provide a powerful tool
for quantifying metal phase stability and are ideally suited to
assess the importance of the conflicting stabilization criteria
reported in the literature.
Here, we will discuss an investigation of the relative

importance of the HEA stabilization mechanisms (solubility
versus entropy) using thin-film continuous composition spread
(CCS) samples. A series of (Al1−x−yCuxMoy)FeNiTiVZr
pseudoternary thin film samples deposited at different
conditions were investigated for the stability of the HEA
solid solution phase. This system was chosen because the
AlFeNiTiVZr, CuFeNiTiVZr, and MoFeNiTiVZr systems have
been previously cited by Yeh et al. as HEAs.4 Additionally the
combined system satisfies the entropic criterion by providing
enough elements and increasing the configurational entropy. It
also satisfies and dissatisfies a solubility criterion that will be
elaborated below. This composition contains eight principal
elements in the appropriate proportions, thus satisfying the
condition that n be sufficiently large for the entropic
stabilization mechanism to be valid. Sputtered thin films, in
fact, are an ideal test-bed for this mechanism, as the adatoms
atomically mix at the substrate surface and quench at rates
exceeding 1000 K/s.37 The solubility stabilization mechanism
was probed by including elemental pairs whose binary phase
diagrams contain different dominant alloying structures.
Aluminum and copper form a FCC binary alloy, aluminum
and molybdenum form a BCC binary alloy, and copper and
molybdenum are immiscible within one another. Additionally,
the five common elements (Fe, Ni, Ti, V, and Zr) are able to
form BCC, ordered BCC-like structures (B2), or closed packed
structures.38−40 Although not all of the elements contained in
the alloy are fully miscible in one another, the criterion by
Zhang et al. only requires “some” miscibility. The actual extent
of solubility required is currently unclear, but here we adopt the
rational that a binary so lubility of at least 5 at% is sufficient,
consistent with the work of Zhang. Thus, the two mechanisms
were simultaneously investigated in a well-controlled and
reproducible manner and insights into the dominant mecha-
nism were obtained. The stability of the HEA phase was
determined via in situ combinatorial synchrotron diffraction
studies performed from room temperature up to 733 K.

■ RESULTS AND DISCUSSION
Characterization of Observed Phases. Two CCS

libraries were deposited at different deposition powers in
order to determine effects from processing. One sample library
was deposited with all targets receiving 150 W of sputter gun
power and is designated as the high power (HP) sample library.
The other was deposited with all targets receiving 50 W and is
designated as the low power (LP) sample library. Figure 1
shows representative diffraction patterns from each of the main
phases observed in the study. In all of the as-deposited samples,
the films exhibited a broad peak at ∼2.91 Å−1 likely
corresponding to a single phase alloy. In the light of the fact
that all data sets show only a polycrystalline diffraction peak it is
difficult to make an unambiguous attribution of the peak to a
particular structure. However, several heuristics point to the
formation of a BCC structure. First, the base alloy would prefer
a BCC structure based on their mutual solubility. Second, the
valence electron concentration is less than 6.87, which Guo et
al. have previously shown to favor the formation of a BCC solid
solution.41 Finally, as will be discussed below, only the BCC
forming Mo−Al edge of the sample remain stable upon
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annealing. This peak is therefore tentatively indexed as a
disordered cubic solid solution with a d-spacing of 2.16 Å based
on a possible (110) BCC local ordering. On the basis of
estimated calculations using Vegard’s law from Senkov et al.
and lattice constants retrieved from Materials Project, a
calculated d-spacing value of 2.21 Å for the (110) BCC was

determined.42,43 In some regions of the CCS, multiple, sharp,
intense peaks are observed and are attributed to unidentified
intermetallic phases. Identification of the intermetallic phases is
not the focus of this study because the presence of the phases is
preferred for the analysis. The intermetallic phases are
inhomogeneously distributed, as a function of composition,
due to the nonequilibrium deposition process. After annealing
in air for 6 h, the LP sample visibly oxidizes and a number of
new peaks appear, which are attributed to unindexed oxide
phases. From the Ellingham diagram for oxides, it is likely that
Zr, Al, and Ti are oxidizing, although with the number of
elements present in the HEA it is unlikely that the pure phase
oxides are formed.44 More detailed studies of the actual oxides
formed are currently being performed.

In Situ Phase Mapping of CCS as a Function of
Synthesis. Figures 2 and 3 show in situ phase stability
mappings of the HP and LP (Al1−x−yCuxMoy)FeNiTiVZr alloy
samples as a function of temperature, respectively. The
compositions are reported in relative atomic percentage of
the varying elements. In both samples the as-deposited state
shows strong HEA phase formation. Depending on the
deposition condition used different regions of the CCS samples
show secondary phase formation. The two samples will be
discussed in turn and compared below. In HP sample library,
Figure 2a), the intermetallic phases are mostly clustered on the
Cu−Mo edge of the CCS sample. After annealing the sample at
513 K, Figure 2b), new secondary phases emerge in the Mo
heavy corner of the pseudoternary phase diagram. As
temperature increases to 733 K, Figure 2c), the intermetallic
peaks begin to dominate in the Mo region and are seen along
the entire Cu−Mo edge of the sample. A second line of HEA

Figure 1. Synchrotron diffraction of the CCS sample. Representative
diffraction patterns of the HP library are shown with (a) a single phase
HEA at room temperature and (b) the same alloy exhibiting secondary
phase precipitation at 733 K after annealing for 1 h. (c) The oxidized
diffraction pattern is of the LP library 733 K after annealing for 1 h.
The patterns have been normalized to the solid solution peak. The
main HEA phase is located at 2.91 Å−1. Peak shift was attributed to a
change in the lattice due to the difference in compositions. □, solid
solution phase; Δ, secondary phases; ▽, oxide phases. Al, 2.8 at. %;
Cu, 4.8 at. %; Mo, 10.6 at. %; Fe, 17.8 at. %; Ni, 14.4 at. %; Ti, 16.3 at.
%; V, 18.5 at. %; Zr, 15.0 at. %.

Figure 2. Pseudoternary phase diagrams of the HP (Al1−x−yCuxMoy)FeNiTiVZr alloy system. (a) shows the phase distribution in the as-deposited
sample, (b) after annealing in air at 513 K, and (c) after annealing in air at 733 K. Black solid circle, single HEA phase; red open square, mixed
phases.

ACS Combinatorial Science Research Article

DOI: 10.1021/acscombsci.6b00077
ACS Comb. Sci. 2016, 18, 596−603

598



destabilization is also observed in the sample containing
roughly 37.5 rel. at.% Al.
While the as-deposited HP library exhibits large regions of

secondary phase growth, the as-deposited LP library has
relatively few compositions exhibiting secondary phase growth
with no strong underlying compositional trend. Figure 3a)
shows three small secondary phase regions in the as-deposited
film, this time concentrated along the Al−Cu binary, where a
transition from a BCC to FCC structure would be expected.
The large band that was seen in the Cu−Mo edge of the HP
film in Figure 2a) is completely absent. After annealing at 598 K
(Figure 3b), the secondary phases observed in the as-deposited
films have dissolved back into the solid-solution, but three new
compositions exhibit intermetallic phase formation. Figure 3c)
shows the phase distribution after annealing in air at 733 K.
Oxidation is observed on the sample, with only the regions
containing sufficient Al remaining unoxided, indicating a
possible protective Al region where oxidation is prevented.
Despite the onset of oxidation, the HEA peak is still observed
throughout the sample. As discussed above, the oxidation was
attributed to the increased annealing time for the LP sample
library.
Aluminum-Rich Composition Spread. A second set of

experiments were performed on vacuum annealed samples to
strengthen the argument for the formation of a solid solution
phase over an amorphous phase in the CCS samples. An Al rich
composition region was selected for this follow-up study as
both the HP and LP libraries had shown the HEA phase to be
stable in this region. Two CCS samples were synthesized with
Al concentrations greater than 62.5 relative at.%, as seen in
Figure 4. The samples were sputtered with the AlFeNiTiVZr
target at 150 W, while the CuFeNiTiVZr and MoFeNiTiVZr

targets were sputtered with 50 W gun power at 0.667 Pa Ar on
7.62 cm diameter Si wafers.
Diffraction studies were performed on the as-deposited

sample and on a sample that was annealed at 873 K for 6 h as
seen in Figure 5. The crystallinity of the sample was measured
using wide-angle X-ray scattering (WAXS) at an incidence
angle of 8° and a source X-ray wavelength of 1.5418 Å with a
SAXSLAB Ganesha 300 XL. The entire compositional range
studied here was found to be a single phase solid solution. The
fwhm of the as-deposited peak is 0.389 Å−1 and the fwhm of the
vacuum annealed sample is 0.063 Å−1, with no secondary peaks
appearing after annealing. This strongly supports the formation
of a single phase solid solution structure, as opposed to a glass,
since crystallization of a glass containing this number of
elements would likely have resulted in multiple phases being
present.45,46

This is the first systematic study to determine the dominant
stabilizing mechanism for HEA formation. Comparing samples

Figure 3. Pseudoternary phase diagrams of the LP (Al1−x−yCuxMoy)FeNiTiVZr alloy system. Panel a shows the as-deposited sample; panel b shows
annealed in air at 598 K; and panel c shows the sample after it was annealed in air at 733 K. Black filled circle, single HEA phase; red open square,
mixed phases; green filled triangle, oxidized. The total atomic percentage of FeNiTiVZr was held constant at approximately 83.3 at. %.

Figure 4. Pseudoternary phase diagrams of the Al rich composition
spread. (a) As-deposited composition. (b) Vacuum-annealed sample
spread. No secondary phase formation was observed in the analysis of
either sample. The total atomic percentage of FeNiTiVZr was held
constant at approximately 83.3 at. %.
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deposited with different overall energies illustrates that a
combination of adatom energetics and quenching rate impact
the ability to capture a highly unstable HEA phase across the
entire pseudoternary. Upon annealing, both samples preserved
the HEA single solid solution phase along the Al−Mo edge.
The HP library does retain the HEA phase in the center of the
phase diagram throughout the heat treatments considered in
this study. On the basis of the phase diagrams, Cu prefers a
FCC structure with Al placing it in competition with the BCC
structure that the Al−Mo heavy composition would stabilize.38

The presence of Mo also seems to have a destabilizing effect,
which is to be expected due to its immiscibility with Cu. This
agrees with observations made by Zhu et al. where the BCC
structure preferred by the Al−Mo binary destabilizes the FCC
in their AlCoCrCuFeNiMoy system due to the insolubility of
Cu and Mo.47 Furthermore, from Figures 2a−c), secondary
phases seen on the Cu−Mo edge of the sample grow with
increasing annealing temperature and eventually completely
consume the regions of high Mo concentrations. A similar

trend is observed in the LP library, only here the immiscibility
of Cu and Mo drive oxidation during the segregation of the
elements.
The ability to form a nearly complete solid solution across

the entire pseudoternary, as in the LP sample library, would
seem to imply that entropy can drive the formation of the solid
solution phase so long as the quenching rate is sufficiently large.
However, if this were the case then the HP deposition should
also have exhibited nearly pure solid solution formation across
the entire pseudoternary phase diagram, as this would increase
the overall energy of depositing adatoms. Instead the additional
energy provided to the adatoms during deposition at 150 W
provided more mobility to the adatoms at the surface allowing
them to settle into the more stable intermetallic phases.48,49

This indicates that the adatoms from the LP deposition were
likely quenched too rapidly to permit sufficient diffusion for the
formation of equilibrium phases. This claim is strengthened by
since both samples in this study showed destabilization of the
HEA phase due to the addition of high concentrations of
immiscible Cu and Mo. This indicates that solubility is likely a
much stronger driver for HEA formation than the entropic
contribution.
To provide context for this study in comparison to the

literature in Figure 6, we have plotted a common measure for
the ability to form a solid-solution (Ω) for a series of alloys,
including those from this experiment, against the atomic size
difference from Yang et al. Here, the ability of each alloy to
form a solid-solution was calculated following Yang et al. using
Ω = TmΔSmix/|ΔHmix| where Tm is the melting temperature of
the compound calculated as the rule of mixtures.50 The atomic

size difference was calculated using δ = ∑ − ̅= c r r(1 / )i
N

i i1
2

where r ̅ = ∑i=1
N ciri.

51 For each value all eight elements were
included in the calculations and can be seen in the Supporting
Information. From the figure, our samples fall into a region
previously unexplored by the literature residing on the edge of a
region of mixed solid solution and intermetallics, pure
intermetallics and metallic glasses. We have clearly shown
that the sample retains a pure HEA phase for the most Al-rich
samples despite there being conflict of phase stability in the

Figure 5. Characteristic diffraction of the Al-rich HEA sample at the
same composition. The as deposited sample had a broad peak with a
fwhm of 0.389 Å−1. The vacuum annealed sample has a fwhm of 0.063
Å−1. Al, 13.5 at. %; Cu, 1.7 at. %; Mo, 2.6 at. %; Fe, 17.6 at. %; Ni, 16.2
at. %; Ti, 16.7 at. %; V, 16.3 at. %; Zr, 15.5 at. %.

Figure 6. Solid solution formation ability and atomic size difference. (a) Comparison of Ω versus the atomic size differences of the HEA systems
retrieved from literature compared to both samples.50 (b) Zoomed in for the HP and LP sample libraries.
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literature. This points to an advantage of the CCS approach in
that the samples are all synthesized under exactly the same
conditions and thus the difficulties of extrapolating between
different synthesis conditions used by the different groups in
the literature is avoided. This can provide a more definitive
mapping of what phases are capable of forming HEAs, although
detailed bulk studies still need to be performed to ensure the
ability to “scale up” stable HEAs.

■ CONCLUSIONS

In summary, a series of HEA samples were synthesized and
processed using HTE methodologies to test competing
stabilization mechanisms for the formation of a single solid
solution HEA phase. It was found that synthesis conditions
could be identified which strongly biased the formation of an
unstable BCC structure across the entire (Al1−x−yCuxMoy)-
FeNiTiVZr pseudoternary system. However, upon annealing
the samples, the tendency of Cu to form a FCC structure and
the insolubility of the Cu−Mo binary pairing drives phase
segregation, which is observed in the formation of intermetallics
and oxides. While there is nonsystematic growth of secondary
phases in the libraries before and after annealing that signifies
metastable behavior, the retention of the major alloy peak
across the CCS is representative of a dominant phase at all
processing conditions. This indicates that when investigating a
new HEA system, mutual solubility of elements in a common
structure is the most important factor determining overall phase
stability. In the future, further oxidation and microstructural
studies are required to determine the role of oxygen partial
pressure and microstructure on the observed HEA stability.
Further studies are also under way to understand the
mechanical properties of these samples such as residual
deposition stress, fatigue at operating conditions, and the
elastic modulus of the alloy. Additionally, selected bulk sample
compositions have been synthesized via arc-melting and
characterization studies are in progress.

■ EXPERIMENTAL PROCEDURES

The films were synthesized by cosputtering 99% pure
AlFeNiTiVZr, CuFeNiTiVZr, and MoFeNiTiVZr alloy targets
on a 7 . 6 2 cm S i s ub s t r a t e , r e s u l t i n g i n an
(Al1‑x‑yCuxMoy)FeNiTiVZr pseudoternary continuous compo-
sition spread (CCS) of an eight element assemblage. The
impurities in the targets can been in the Supporting
Information. Stoichiometric sputtering of the targets was
confirmed by wavelength dispersive X-ray spectroscopy
(WDS) measurements. For each target a series of calibration
samples were deposited at 50 and 150 W at 0.667 Pa Ar on 7.62
cm diameter Si wafers. The deposition rate versus power for
each target was then determined by measuring the 2D thickness
profile using a Tencor Alpha-Step 200 profilometer. These
measurements were used by an in-house sputter modeling
software to approximate an initial pseudoternary phase
compositional spread.52

The (Al1−x−yCuxMoy)FeNiTiVZr CCS samples were depos-
ited onto a 7.62 cm diameter Si wafer via cosputtering of the
three targets. For the CCS deposited at 150 W (HP sample
library), the AlFeNiTiVZr, CuFeNiTiVZr, and MoFeNiTiVZr
targets were simultaneously deposited for 48 min in a 0.667 Pa
Ar atmosphere, with all materials deposited at 150 W RF,
producing a thin film with an average thickness of 300 nm. For
the CCS deposited at 50 W (LP sample library), the same

targets were deposited for 345 min in a 0.667 Pa Ar atmosphere
with all materials deposited at 50 W RF, producing a thin film
with an average thickness of 500 nm. To ensure that the
predicted composition spread was accurate, WDS was
performed on 177 points across each sample, using pure
metal standards of each element. A correction procedure was
utilized due to the overlapping spectra of Ti and V. Each point
provided compositions of all eight elements in the HEA. The
maximum standard deviation of the experiment was 0.10 at. %.
The compositions from the diffracted sample were correlated to
the measured WDS composition, and used to construct the
pseudoternary phase diagrams.
In situ high-temperature diffraction studies were performed

at the 1−5 beamline of the Stanford Linear Accelerator Center.
This facility has been described in detail previously by Gregoire
et al.53 Each CCS sample was mounted onto a substrate heater
and the substrate stage was aligned with the X-ray source to
have an incidence angle of 8°. The X-ray source had an energy
of 15 keV (wavelength 0.82657 Å). The samples were first
scanned at room temperature over a grid of 107 evenly
distributed points in the as-deposited state. The samples were
then heated up in air, allowed to equilibrate for 15 min and
diffraction patterns were taken at the same 107 points for each
annealing temperature. GI-XRD measurements were taken at
room temperature, 438, 598, and 733 K for the sample
deposited at 50 W conditions and at room temperature, 513
and 733 K for the sample deposited at 150 W conditions. Each
wafer scan took approximately 75 min to complete with
heating, equilibration, and scanning. Therefore, differences in
the observed oxidation of the two samples (described below)
are attributed to the difference in overall time the samples were
held at temperature.
The sample to detector distance and detector tilt were

calibrated using a LaB6 standard. The 2D diffractograms were
integrated along the azimuthal direction to produce 1D powder
diffraction patterns using Fit2D.54,55 A cubic spline background
subtraction and normalization were performed on all patterns
and the CombiView clustering analysis package was used to
help identify regions exhibiting a pure solid solution phase.56
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