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Local fluctuations in the chemical composition of high-entropy alloys (HEA) are known to have a significant
influence on their mechanical performance. In this work, we conclusively establish a direct link between the
strength of micron-sized specimens and deviations from equiatomic stoichiometry in body-centered-cubic (bcc)
refractory Nb-Mo-Ta-W HEA. We perform a detailed electron dispersive spectroscopy (EDS) line profile analysis
of the compressed micropillars after in-situ scanning electron microscopy microcompression tests at room-
temperature and strain rates between 10~* and 10~ s~!. We find that compositional fluctuations near the
micropillar tip is the best quantitative predictor of yield strength over strain rate and grain orientation. In
micropillars tip rich in W, we measure a yield strength of 1500 MPa, while for those with a Ta and Nb-rich
oscillations, the yield strength is 1000 and 700 MPa, respectively. Finally, our high-resolution TEM analysis
reveals the presence of numerous edge dislocations, suggesting that deformation is controlled by nucleation due

to the absence of sufficient internal sources.

1. Introduction

The main idea behind the so-called ‘high entropy’ alloys (HEA) is to
create materials with superior properties by combining a number of
elements (typically five or more) in similar proportions and achieve
solid solution phase stability through the large configurational entropy
of the system. Due to the large chemical and configurational space
available to create these materials, several hundred different HEA
combinations now exist, each with their own distinct compositions,
structure, and unique combination of properties [1-27].

Among the different systems proposed, refractory high entropy al-
loys (RHEA) are a special class of alloys composed of typically four or
more refractory metal elements (Nb, Mo, Ta, V, W, Cr, Hf, Zr). While
compositionally complex, these systems generally crystallize into a
simple body-centered cubic (bcc) phase, found to be stable up to very
high temperatures [9,17-25]. Similar to their pure bcc metal counter-
parts, RHEA may suffer from a lack of ductility in the low temperature
regime [13,18]. However, they retain very high strengths at high tem-
peratures, making them attractive candidates for high temperature
structural applications, such as in the aerospace and nuclear industries
[9,12]. Additionally, refractory metals such as Ta have been used in
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many applications not only as electrical resistors and medical implants,
but also as micro- and nano-electromechanical systems (MEMS and
NEMS) [28]. Therefore, it might also be very interesting to apply RHEAs
in the fabrication of micro- or nanodevices. Thus, it is important to
understand how these RHEAs deform at the microscale and identify the
governing mechanisms. In particular, RHEA display unusually high
strength at high temperatures [18,24], above and beyond what might be
expected of simple metals or alloys with an equivalent crystal lattice and
microstructure.

Despite their apparent microstructural simplicity, however, experi-
ments have shown that the strength and ductility of RHEAs can be
significantly influenced by local chemical fluctuations (LCFs) [29-31].
One can envisage a multitude of plastic mechanisms that are highly
dependent on the atomic environment, ranging from dislocation pinning
[31], enhanced slip pathways and cross-slip [32-35], kink-pair nucle-
ation [17,32-35], dislocation multiplication [29,30], etc. For that
reason, any investigation of the peculiarities of plastic deformation in
RHEA must necessarily capture the atomic scale. In this regard,
size-scaling studies can be a useful tool to investigate unit mechanisms
in small-scale pillars, ‘starving’ the material of volumetric dislocation
sources and using the pillar diameter to set the length of the mobile
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dislocation sources. These experiments also provide a simple way to
study single-crystal deformation to allow the investigation of the crys-
tallographic orientation dependence. However, while these studies
provide an ideal validation testbed for the models due to the simplicity
in geometry and loading conditions, only a handful of such studies exist
for Nb-Mo-Ta-W alloys [19,26,27]. Despite much work remaining to be
done to transfer the understanding gained in small scale bcc RHEA tests
to macroscale applications, the extraordinary properties measured in
micropillars, such as strength and ductility [19,26] and the remarkable
thermal stability of nanocrystalline micropillars [27], are a very
encouraging sign of the potential of these alloys as engineering mate-
rials. Similarly, no measurements of strain rate sensitivity —usually a
reliable indicator of dynamic strain ageing (DSA)- exist for single
crystals of these alloys at room temperature. Although DSA has been
reported at room and lower temperatures, leading to the characteristic
serrated plastic flow behavior in the stress-strain curve of small-scaled
NbMoTaW RHEA pillars [26,36].

In this work, we carry out in-situ scanning electron microscopy (SEM)
microcompression tests to investigate the mechanical behavior of
Nb-Mo-Ta-W RHEA, and to establish a connection between the wave-
length of LCFs and specimen strength. All tests have been conducted at
room-temperature and strain rates between 10~* and 10 ~! s7!. The
compressed pillars are further analyzed using electron dispersive spec-
troscopy (EDS) line profile analysis to extract chemical composition
profiles. Finally, we examine the deformed microstructure by high-
resolution TEM (HRTEM). In the following we provide a description of
the experimental methods, followed by the results, a discussion, and the
conclusions.

2. Experimental procedure

Elementary powders of Nb (16.8 wt%), Mo (17.3 wt%), Ta (32.7 wt
%) and W (33.2 wt%) were arc melted together to attain the nominal
atomic composition of NbosMogsTagssWos. After arc casting, in the as-
solidified condition, these alloys are known to display a dendritic het-
erogeneous microstructure. Therefore, a heat treatment in vacuum was
performed at temperatures around 1700 °C for 1 week to obtain a ho-
mogenized single-phase alloy. Arc casting and the secondary heat
treatment were performed at Materials Preparation Center at Ames
Laboratory.

Samples were cut from the provided buttons and subsequently
grounded by #120, #400 and #1200-grit SiC sandpaper sheets in
sequence, before wet-polishing with 1, 0.3 and 0.05 pm Al;O3 suspen-
sions. Polished samples were etched with Nital to reveal their micro-
structure. The morphology and composition of the RHEAs were
investigated with scanning electron microscopy (SEM) using a FEI Nova
230 Variable Pressure SEM (VP-SEM) equipped with a Thermo Fisher
Scientific Electron Dispersive Spectroscopy (EDS) system. An acceler-
ating voltage of 15 kV, a working distance (WD) of around 5 mm and the
dwell time per pixel between 2 and 2.2 s (depending upon the number of
counts) were the optimal settings to minimize the scatter in the EDS
data.

The theoretical limit of EDS detection is about 0.1 wt% under the
optimal experimental settings (flat polished surface of the specimen,
adequate beam current and X-ray signal) [37]. As predicted by
Kanaya-Okayama calculations [38] the radius of the interaction volume
not only depends on the electron beam energy but also decreases with
the atomic number of elements and the density of the specimen as well
as the tilt angle of the specimen surface. Therefore, in our case having
very heavy elements such as W and Ta and considering that the spec-
imen surface was tilted 52°, we expect an interaction volume smaller
than 1 pm. In fact, we measured a EDS spot size around 0.5 pm after the
irradiation damage on our sample (See Supplementary Fig. S1).

Single crystal micropillars with 1 pm in diameter and 1:3 and 1:4
aspect ratios were machined using a focused ion beam (FIB) operated at
30 kV from different grains of the RHEA samples. The machining was
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carried out applying a series of concentric annular milling patterns with
different currents. In order to obtain the desired micropillar shape and
minimize tapering, a low beam current (0.3 nA) was used as final milling
step. FEI Nova 600 Nanolab Dual-Beam Focused Ion Beam - Scanning
Electron Microscope (FIB-SEM) was used for the sample preparation. We
measured tapering angles <5°, which are in good agreement with the
values reported in the literature for micropillars machined by FIB
[39-47]. However, in order to avoid any overestimation of the measured
stress due to the tapering, the diameter was considered at half-height of
the pillar (~1 pm).

The mechanical behavior of RHEAs micropillars was studied using
in-situ SEM microcompression test by means of a PI 85 SEM
Picolndenter (Hysitron Inc.) with a 5 pm flat punch diamond probe.
These experiments were conducted at room temperature (RT) under
displacement control mode and at strain rates between 10 *to 1071 s~ .

Finally, we performed a detailed post-mortem characterization using
high-resolution transmission electron microscopy (HRTEM) of at least
one of the characteristic compressed micropillars within each grain to
determine their orientation and to investigate the deformation mecha-
nisms during compression. A FEI Titan 300-kV scanning transmission
electron microscope (STEM) was used for this purpose.

3. Results
3.1. Microstructural characterization of the bulk RHEA sample

Fig. 1a shows the microstructural characterization of the bulk RHEA
sample before etching to obtain a reference EDS analysis. A line profile
examination was performed along the red arrow of 450-pum length that
traverses several grains. Fig. 1b displays the EDS measurements in at. %
of Nb-L, Mo-L, Ta-L, and W-M as a function of position along the length
of the red arrow highlighted in Fig. 1a." Even though Mo at. % (gray
curve) is stoichiometrically uniform, it is interesting to note the
compositional oscillations between neighboring grains. While Ta at. %
(red curve) is mainly the highest in concentration, there are grains rich
in W (blue curve) that are also poor in Nb (green curve). An equiaxed
microstructure with an average grain size around 140 + 15 pm was
revealed after etching as can be seen in Fig. 1c. The at. % concentration
obtained from the spot analysis from a total of 14 arbitrary grains (three
of those grains are enclosed and highlighted in Fig. 1c) is shown in
Fig. 1d. On average, the composition variations measured from the 14
grains (Fig. 1d) are 22.1 +1.9,26.3 +1.9,24.1 + 1.6 and 27.5 + 3.0 at.
% for Nb, Mo, Ta and W, respectively where the errors are the standard
deviation of the average. Fig. 1e shows the SEM image of an individual
grain (grain #3) where some of the FIB machined micropillars are also
visible. The line profile was taken along the red arrow of around 10 pm
length from the bulk. As can be seen in Fig. 1f, the compositions are
fluctuating along the stoichiometric concentrations (25 at. % concen-
tration is highlighted by a dashed black line). It can be noticed that Ta
composition is the greatest component along the first 2 pm of the line
profile and then decreases below the stoichiometric concentration to be
again at the top of this profile for approximately the next 2 pm. W
concentration is the highest on those Ta valleys. While Nb follows
closely the stoichiometric concentration, Mo is below that for practically
the entire line profile. These fluctuations within an individual grain
indicate that the micropillars composition depends on their location
within the grain. These images essentially reveal the various length
scales inherent to the alloy composition, which will play a crucial role in
the results presented next.

3.2. Mechanical characterization of RHEA micropillars

To study the mechanical behavior of the alloy, in-situ SEM

1 The letters L and M refer to the energy emission lines.
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Fig. 1. (a) SEM image of the RHEA sample before etching. (b) Line profile EDS analysis showing the Nb, Mo, TA and W concentrations in at. % vs. the position along
the red arrow in (a). (c) SEM image of the RHEA after etching showing its microstructure. (d) EDS spot analysis taken from 14 different grains. (e) 52° tilted-view SEM
image at higher magnification displaying a few machined micropillars within a grain. (f) Line profile EDS analysis along the red arrow shown in (e). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

microcompression tests were performed on single crystal 1-um micro-
pillars at RT and at strain rates between 10~# to 10! s~1. The charac-
teristic stress-strain curves at different strain rates can be seen in Fig. 2.
Legend labels as “GxPy” mean Pillar #y from Grain #x.

As expected from the compositional variations in the RHEA micro-
structure noted in Fig. 1, the microcompression test results show a
remarkable scatter in the data. Fig. 2a shows the stress-strain curves at
10~*s~! of micropillars from two different grains. The curves belonging
to grain #3 display yield strength values between 900 and 1400 MPa,
while the curves from grain #5 show an average yield strength of 1200
+ 30 MPa.

As well, the elastic modulus seems to decrease with decreasing yield
strength for pillars from the same grain, as for example in the curves
from grain #3 (G3P5, G3P1, G3P7 and G3P6) at a strain rate of 1074571,

In fact, our results show almost two-times lower slope for the softest
pillar (G3P6) than that for the strongest one (G3P5). These results sug-
gest a direct association between elastic modulus and yield stress, with
softer pillars always being less stiff and vice versa.

The stress-strain curves at 10~> s 71 of micropillars from two different
grains are shown in Fig. 2b. The curves for grain #2 display yield
strength values between 980 MPa (G2P5) and 1600 MPa (G2P2), while
values between 1150 MPa (G5P5) and 1600 MPa (G5P4) are measured
for grain #5. Fig. 2¢ displays the curves at 1072 s™! of strain rate for
pillars from three different grains, with yield strength values between
590 (GOP7) and 975 MPa (GOP9) for grain #0, 975 (G1P2) and 1600
(G1P3) MPa for grain #1, and around 1000 MPa (G5P1 and G5P3) for
grain #5. Finally, Fig. 2d displays the results at 107! s~! for pillars all
from grain #2. Two groups can be clearly distinguished: one, the
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Fig. 2. Characteristic stress-strain curves during in-situ SEM microcompression tests of RHEA micropillars from different grains at (a) 10~*, (b) 102, (¢) 1072 and (d)

107! 57! of strain rates. Legend labels as “GxPy” mean Pillar #y from Grain #x.

strongest, group (G2P7, G2P8, G2P9, G2P11) with YS around 1300 MPa
and the other (G2P6, G2P10) with an average of 700 MPa. As is
commonly observed in this type of tests, load drops characteristic of
unstable flow under micropillars compression can be appreciated in
almost all conditions [41-43]. The 0.2% offset yield stress values
measured from each of stress-strain curves under different strain rates
are collected in Table 1. For those stress-strain curves showing a small
amount of low-load non-linearity due to the initial misalignment be-
tween the micropillar and PicoIndenter tips at the beginning of the
microcompression test (specially at lower strain rates), the 0.2% offset
yield stress values have been measured from the linear portion of elastic
segment after the very initial non-linearity.

Pillars diameter, length and ratio as well as their grain orientation
relative to the loading axis are also included in the table. Note that the
strength variability for pillars with the same orientation (from the same
grain) can be over 500 MPa. See for instance the G3Py case, oriented
along the [301] direction, or GOPy oriented along [011].

Fig. 3 shows the critical resolved shear stress, (Tcrss) as a function of
strain rate for RHEA micropillars from different grains. tcgsg is given by
the yield strength multiply by the product of two cosines (Schmid factor)
considering il = [110],5 =< 111 > since slip generally occurs in specific
< 111 > directions mainly on the primary {110} crystallographic planes
for bee materials. The colors and labels are the same than those in Fig. 2
for consistency, and the pillar orientation (found using electron
diffraction TEM analysis of the compressed pillars), and their

corresponding Schmid factor, m, are also added in the legend. It is clear
beyond the scatter in the data that a peak of strength is observed around
1073 s71. However, pillars soften at 10™2 s~! and even more at 10~ s~
resulting in a negative SRS, which may be suggestive of some dynamic
strain ageing (DSA) mechanism. This is clearly observed for G5Py ori-
ented along the [211] direction and for G2Py oriented along the [130]
direction data points, where a negative SRS is displayed by their average
lines in blue and green color, for G5Py and for G2Py, respectively.

3.3. Compositional characterization of RHEA micropillars

In order to explain the scatter found in the strength for micropillars
even with the same crystal orientation (from the same grain), we per-
formed a detailed EDS analysis of individual micropillars. Fig. 4 shows
representative EDS line profiles along the axial length of some of the
strongest pillars tested under compression (shown as insets) at the four
strain rates explored. The compositional profiles for all elements show
intense fluctuations on a scale on the order of 0.1 pm.

A common feature of all plots in Fig. 4 is that the pillars are richest in
W in the first half micron of the line profile. The main significance of this
observation is that they correspond to the highest measured yield
strengths, between 1200 and 1600 MPa. The yield strength values (cy)
for each pillar have added to the plots for reference.

W and Ta distributions follow one another closely at the micropillar
tip, possibly indicating an affinity of Ta for W. The same pairing is



M. Pozuelo and J. Marian

Table 1

Yield stress measurements for each curve shown in Fig. 2.
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GxPy Grain# Orientation Pillar# Pillar diameter Pillar Length Pillarratio Strainrate Yield Stress
(nm) (pm) (1/s) (MPa)
GOP6 6 0.95 3.59 3.8 0.01 750
GOP7 0 [011] 7 1.01 3.91 3.9 0.01 590
GOP9 9 0.98 3.59 37 0.01 975
GOP10 10 0.98 3.59 3.7 0.01 980
G1P2 1 311] 2 1.01 3.29 33 0.01 975
G1P3 3 1.01 3.36 33 0.01 1600
G2P1 1 1.00 371 3.7 0.001 1100
G2P2 2 0.97 3.52 3.6 0.001 1600
G2P3 3 0.95 3.86 4.0 0.001 1100
G2P4 4 0.95 3.66 39 0.001 914
G2P5 5 1.09 4.46 4.1 0.001 980
G2P6 2 [130] 6 0.99 3.88 39 0.1 590
G2pP7 7 0.99 3.74 3.8 0.1 1500
G2P8 8 0.98 3.59 3.7 0.1 1300
G2P9 9 1.00 3.69 3.7 0.1 1200
G2P10 10 0.99 3.98 4.0 0.1 720
G2P11 11 0.99 3.54 3.6 0.1 1100
G3P1 1 0.96 3.39 35 0.0001 920
G3P5 3 [301] 5 0.95 2.89 3.1 0.0001 1400
G3P6 6 0.99 3.01 3.0 0.0001 910
G3P7 7 0.94 3.22 3.4 0.0001 1100
G5P1 1 1.00 3.66 37 0.01 1010
G5P3 3 0.98 2.9 31 0.01 1000
G5P4 4 0.99 2.85 2.9 0.001 1600
G5P5 5 [211] 5 0.99 3.26 33 0.001 1150
G5P6 6 0.99 3.33 3.4 0.001 1200
G5P7 7 0.99 3.08 3.1 0.0001 1175
G5P8 8 0.94 3.62 3.9 0.0001 1220

*Pillar diameters and lengths with a precision of 10 nm have been added just to discriminate between pillars
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Fig. 3. Critical resolved shear stress, (r¢crss) as a function of strain rate for
RHEA micropillars from different grains. Pillar orientation and their corre-
sponding Schmid factor, m, are also added in the legend.

observed for Nb and Mo. This may suggest the existence of short or
medium range order (~0.1 pym) in the alloy. Those Ta rich regions
mainly localized at the bottom of the pillars correspond to the lowest
concentration in Nb. These observations are not inconsistent with recent
pair interaction calculations, which indeed report repulsive values for
Ta-Nb and Mo-W pairs within single crystal Nb-Mo-Ta-W RHEA at
room temperature [22,48].

Additionally, a significant increase in Ta concentration along with a
decrease gradient of W, Nb and Mo is observed after the half micron tip
regions in Fig. 4(b), (¢) and (d). This is mainly due to a non-uniform

sample surface induced by the highly deformed tips. Even though
these pillars might be Ta-rich below their tip region, it seems like the
EDS detector is collecting signals from a thinner sample and because of
that the W, Nb and Mo lines decrease while Ta significantly increases to
compensate the others. However, those gradients are not observed when
the pillar surface is more uniform as shown for instance in Fig. 4a. This is
also confirmed by the analysis in Supplementary Fig. S2 where a
reduction of those concentration gradients can be seen by performing
the EDS line profiles on the same pillar (G1P3) that has been rotated to
show a more uniform surface.

By contrast, we have found EDS line profiles that indicate that when
Ta appears in a larger proportion near the tip of the pillar, as in Fig. 5a,
the average yield strength values drop to around 1000 MPa (consistently
at several strain rates as can be seen in Supplementary Fig. S3). Likewise,
in those micropillars where Nb is found to be richer in the top region
(Fig. 5b), the yield strengths drop even further, to below 600 MPa (see
results at different strain rates in Supplementary Fig. S4).

The EDS analysis confirms that spatial fluctuations in the concen-
tration can have a dominant impact on the strength of pillars, at least for
micron-sized specimens where the geometric length scale is on the order
of the fluctuation wavelength. Remarkably, this holds true indepen-
dently of strain rate and crystal orientation, demonstrating the dominant
effect of chemical composition over all other variables in the tests. As
well, the clear correlation existing between strength and stoichiometric
abundance must imply that plasticity is governed by dislocation acti-
vation or nucleation near the contact region between the picoindenter
and the pillar. Again, this is not inconsistent with the SEM images
showing a preponderance of plasticity in the top quarter height of all
micropillars.

In order to demonstrate the reproducibility in our EDS data, a few
additional EDS line profiles were run on the same micropillar (G2P4). As
shown in Supplementary Fig. S5, while there is still some scatter in the
data, especially for the absolute values of the Ta concentration, the same
trend can be observed after four independent runs. In fact, the moving
average from the line profiles shows that the tip is rich in Nb and that the
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Fig. 4. Line profile EDS analysis along the red arrow from top to bottom of some of the strongest compressed micropillars (insets) from different grains and at
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Note that the W concentration is the highest up to 0.5 pm from the pillar tip. (For interpretation of the references to color in this figure legend, the reader is referred

to the Web version of this article.)

Mo concentration is very uniform along the entire pillar length. While
the W concentration decreases up to 0.9 pm, the Ta concentration in-
creases. Once the half-length of the pillar is reached (around 1 pm), it is
evident that the Ta concentration is now the highest, while the Nb one
decreases to meet the W and Mo line profiles near the stoichiometric
concentration. These results prove that the variations shown by the
moving averages are not only due to the signal noise but also due to the
compositional fluctuations in our sample.

Finally, we performed a detailed post-mortem TEM characterization
of at least one deformed micropillar within each grain. By way of
example, the TEM analysis of a representative compressed micropillar
(GOP9) is shown in Fig. 6. Fig. 6a and b shows 52° tilted-view SEM
images of the micropillar before and after compression. Shear bands are
clearly apparent on the micropillar surface approximately parallel to
each other (Fig. 6b). A TEM thin slice was created by FIB from side cross-
sectional view of this micropillar and the bright-field TEM image is
shown in Fig. 6¢. Its selected area electron diffraction (SAED) pattern as
inset oriented to the [011] zone axis verifies the bcc single phase
structure of a pillar oriented along the [011] direction. No secondary
phases or phase transformation during deformation were found.

From an atomic resolution TEM image (Fig. 6d), an edge dislocation
dipole separated around 2 nm is lying on the ((200) plane as shown by

its FFT (inset). The FFT also shows a slightly rotated (4°) lattice with
respect to the SAED pattern (inset in Fig. 6¢) indicating that the tip is
slightly rotated with respect to the middle part of the pillar as a conse-
quence of the deformation. The presence of edge dislocations is a
remarkable finding, given that the deformation is generally accepted to
be controlled by screw dislocations in bec metals and alloys [17,32-35].
Edge dislocations are profusely observed in several of the other grains as
well. For example, in Grain #5 (which is oriented to the [211] direc-
tion), a collection of edge dislocations on several {112} planes can be
clearly detected in the high resolution micrograph shown in Fig. 7. Our
observation is consistent with both {110} and {112} being common slip
planes in bec systems [49].

4. Discussion

Our main results concern two relatively new aspects of RHEA me-
chanical behavior: (i) characterizing the quantitative link between
strength and local composition, and (ii) the prolific observation of edge
dislocations in the deformed microstructure. We center the following
discussion around these main two points.
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Fig. 6. (a) and (b) SEM images of the GOP9 micropillar before and after compression. (¢) TEM image of the compressed micropillar in (b) and its SAED pattern shown
as inset. (d) Fourier filtered atomic resolution TEM image from the region highlighted by a yellow square showing a pair of edge dislocations on the ((200)) planes.
Inset is the FFT of the image. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

4.1. RHEA micropillar strength

The strength of micropillars extracted from different grains displays
the standard orientation dependence attributable to the Schmid pro-
jection. Fig. 3 shows the critical resolved shear stress (Tcrss) as a ma-
terial property that does not depend on the applied load or grain
orientation as a function of the strain rate. However, our results show
some scatter in the data even for micropillars from the same grain (same
orientation). This is the case for instance of G1P3 with the [311]
orientation, which is seen to be stronger than the rest in agreement with
Schmid’s law. In contrast, the CRSS for another micropillar from the
same grain, G1P2, is around 300 MPa lower. Since the CRSS should not
change much for the same slip system, the scatter found for micropillars
even from the same grain cannot be explained only by the Schmid’s law
but also due to local composition fluctuations. As shown by the EDS
analysis of both micropillars, G1P3 has a W-rich tip that leads to a yield
strength of 1600 MPa (Fig. 4c) while G1P2 presents a Ta-rich tip with a
yield strength of 975 MPa (Fig. S3c).

Nevertheless, it is clear beyond the scatter in the data that a peak of
strength is observed around 103 s~ . Likewise, micropillars consistently
soften at 102 s~ ! and then further soften at 10~ s 1. A negative SRS —or
at least a saturation of it- can be unequivocally appreciated. This can
now be clearly seen for the G5Py (oriented along the [211] direction)
and for G2Py (oriented along the [130] direction) data points, where a

negative SRS is displayed by their average lines in blue and green color,
for G5Py and for G2Py, respectively. We also segregate the data by
micropillar crystallographic orientation in Supplementary Fig. S6. For
example, the softest micropillar’s strength peaks at 1219 + 41 MPa at
1073 571, followed by a value of 1005 + 88 MPa at 102 s~1. Negative
SRS is also observed if we consider all the stress-strain curves for G5Py
micropillars at different strain rates. An average of 1200 + 32 MPa is
obtained at 10™* s™1, while a peak strength of 1317 + 247 MPa and
followed by a value of 1005 - 7 MPa are measured at 10 >s~! and 102
s71, respectively. The negative SRS may be suggestive (not proof of) of
some dynamic strain ageing (DSA) mechanism, as observed in small-
scaled NbMoTaW RHEA pillars [26,36] and in other material systems
[42-55]. Given the fact that these alloys are known to display sluggish
self-diffusion even at high temperatures, the observed behavior may be
related to a diffusion-less process such as -perhaps- breakage of
short-range order (SRO) or due to interstitial impurity atmospheres
(which form athermally), although at the moment this is speculative.
In addition to that multicomponent random alloys introduce a new
paradigm due to their high compositional complexity and varied atomic
chemical interactions. In such environments, even the standard
strengthening processes commonly found in bec metals cannot explain
the mechanical behavior of these systems. New plastic mechanisms are
being proposed on the basis of new experimental and theoretical/
computational evidence [17,32,33,56] that confirm the large influence
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of local chemistry on deformation processes. We believe that the
chemical composition near the micropillar tip is the best quantitative
predictor of yield strength over strain rate, grain orientation or any other
experimental issues, if any (no misalignment or significant local friction
was found during our tests). In particular, we measured a yield strength
of 1500 MPa in micropillars tip rich in W, while for those with a Ta and
Nb-rich oscillations, the yield strength was 1000 and 700 MPa,
respectively.

As such, the strength of the micropillars is clearly dominated by the
strength of the preponderant element in that region. This is a strong
indication that compositional fluctuations in these specimens exacer-
bate the nonuniformity of the spatial stress distribution in the
micropillars.

We also report from evidence in all micropillars that the composi-
tional fluctuations are characterized by the pairs Ta-W and Nb-Mo
evolving in sync (and counter to one another). This is consistent with
recent atomistic calculations [48] and may be a manifestation of the
existence of SRO reported in other works [9,22].

Although microcompression testing is not the best method to mea-
sure the elastic modulus, we also find differences in the slope of the
stress-strain curves from different micropillars even from the same
grain. In particular, we find that softer micropillars show almost two-
times lower slope (indicating less stiff material) than stronger micro-
pillars. As reported by Zabransky et al. [57] minor geometrical differ-
ences between micropillars such as a slightly higher tapering angle can
lead to lower elastic modulus. However, since the measured tapering
angles were <5°, we speculate that the differences in the slope (elastic
modulus) could be also due to the large variations in composition be-
tween micropillars even from the same grain.

4.2. Presence of edge dislocations

To date, the unusually high strength observed in several RHEA,
including the Nb-Mo-Ta-W system [9,18,19,26,27,30,32-34,48], has
not been conclusively correlated to a specific dislocation type or
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mechanism. As it relates to screw dislocations, which are responsible for
plastic flow in bee metals and alloys, several features related to kink-pair
nucleation and kink propagation have been identified as being uniquely
modified by complex and rapidly varying chemical environments [17,
32-35]. A consensus is emerging about the recognition of the enhanced
role that cross-kinks appear to play in screw dislocation slip [32-35].
Indirect evidence of this mechanism is the observation of trailing pris-
matic loops during screw dislocation motion, which form after the
closing of cross-kinks [31,56].

However, recent evidence points also to the increased role of edge
dislocations as vehicles of deformation [48,58,59] in NbMoTaW or
similar bec RHEA [60]. The existence of edge dislocations can be usually
correlated to the existence of large lattice distortions. Our EDS analysis
appears to confirm this general idea, where large lattice distortions lead
to enhanced edge dislocation activity.

X-ray diffraction techniques should be used as Moorehead et al. [61]
and Zhang et al. reported [62] in order to measure the lattice parameter
accurately. However, as shown by Senkov et al. [63] the standard rule of
mixtures is notoriously violated in RHEA, and that might be an indica-
tion of some distortion in the range of interatomic distances. As reported
by Zhang et al. [64], since the atomic sizes of Nb and Ta are around 5%
larger than Mo and W, an intrinsic lattice distortion effect caused by the
addition of multi-principal elements with different atomic sizes is ex-
pected. This atomic size misfit of the constituent elements in the HEA
can cause a highly distorted lattice [19]. This is basically due to the
interaction energies between some atomic pairs that are lower than in
others. Therefore, some atomic pair configurations are more energeti-
cally favorable, resulting in a much greater number of lower energy
configurations than in the completely random case.

The existence of the aforementioned lattice distortions may be a
necessary condition for the presence of edge dislocations, but not the
only one. The other is the existence of similar edge and screw dislocation
mobilities, so that both characters contribute to plasticity and can be
observed during deformation. The standard picture of bcc-metal plas-
ticity, screw dislocation glide is the rate-controlling mechanism for slip
[65]. This is because generally, edge dislocations with their extended
planar cores display a high mobility at all stresses, particularly at low
and intermediate temperatures. However, a new picture is starting to
emerge for RHEA whereby edge dislocations display similar mobilities
to screw dislocations. This seems to be due to the existence of large
lattice distortions and atomistic misfit, which negates the planar struc-
ture of edge dislocations and slows them down relative to their pure
metal or dilute alloy counterparts. By using atomistic simulations [48],
edge and screw dislocation mobilities have been reported to be similar
so that both characters contribute to plasticity and can be observed
during deformation in NbMoTaW RHEA. This means that both disloca-
tions now play a role in RHEA plasticity, acting as obstacles to one
another or by complementing one another during plastic flow. Indeed, in
our experiments, we observe edge dislocations before, during and after
deformation, confirming their primary role as carriers of plasticity.

In any case, the strong correlation between chemical composition
near the micropillar tip and micropillar strength strongly suggests that
the governing mechanism is related to a Peierls type activation of edge
or screw dislocations in the region around the tip, without discarding the
possibility of nucleation. It is well known that the yield strength corre-
lates with dislocation critical glide stress (e.g., the Peierls stress for
screw dislocations). As reported by Dezerald et al. [66] the values of the
Peierls stress for the main bec metals are 900 and 870 MPa for W and
Mo, while 450 and 350 MPa for the softest Nb and Ta, respectively.
While this correlation may not be as clear-cut for edge dislocations, it is
reasonable to assume that it follows the same trends. As such, the
strongest micropillars display a strength consistent with a dominant
composition of W, while the softest are for Ta and Nb.
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5. Conclusions

In summary, we report for the first time that the strength of bcc
NbMoTaW RHEA micropillars can be controlled by their local chemical
composition. We use EDS line profile analysis on compressed micro-
pillars after in-situ SEM microcompression tests at room temperature
between 10™% to 107! s71 of strain rate. Our results lead us to conclude
that independently of the strain rate or crystal orientation, a yield
strength around 1500 MPa can be reached for micropillars rich in W. For
those Ta rich micropillars their yield strength is around 1000 MPa while
for those Nb rich in composition this value is much lower around 800
MPa. It is clear beyond the scatter in the data that a peak of strength is
observed around 1073 s™! resulting in a negative SRS for higher strain
rates. We attribute the negative SRS to the DSA mechanism, which is
typically accepted as a sufficient condition for serrated flow. Addition-
ally, our EDS results have suggested Ta-W and Nb-Mo as the most
energetically favorable atomic pairs, which is indicative of a SRO in the
lattice. Finally, using atomic resolution TEM, we have identified a great
number of edge dislocations on the {112} planes after compression. We
believe that the local composition fluctuations found by the EDS analysis
create a large density of lattice mismatch points that might be respon-
sible of the stability of edge dislocations during the plastic deformation
of the NbMoTaW RHEA micropillars at room temperature.
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