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Hierarchical microstructural design of high-entropy superalloys offers novel strengthening pathways beyond
classical superalloys. Here we assess the strength of isolated y’ precipitates with and without an additional in-
ternal y nanophase. The results show that nano-precipitation within the y’ phase leads to a marked statistical
reduction of the dislocation-nucleation limited yield strength. In concert with disorder-driven chemical weak-
ening of the y’ phase, these findings indicate that bulk strengthening due to hierarchical microstructural design in

high-entropy superalloys must primarily be pinning dominated.

After about a century of physical metallurgy that essentially relied on
dilute alloying, the paradigm of high-entropy alloys (HEAs) gave birth to
an unseen expansion of compositional complexity [1,2]. Unlike in con-
ventional metallurgy, which relies on a principal base element, initially
defined HEAs are composed of at least five elements in near-equiatomic
proportions, typically within a range of 5-35 at. %. Additionally, the
configurational entropy of mixing, ASpy, of these alloys is expected to
exceed 1.5R, where R is the universal gas constant. This definition has
subsequently been revised to account for both deviating numbers of
constituent elements and entropy criteria, not anymore strictly
following the original HEA definition [3,4]. By expanding the compo-
sitional landscape far beyond traditional alloying, HEAs or more broadly
multi-principle element alloys, have rapidly gained attention, bearing
the promise of discovering new alloys with unseen property combina-
tions [4,5].

One particular new research direction seeks to combine chemical
with structural complexity in alloy design. This approach is inspired by
the microstructure of Ni-based superalloys, in which cuboidal y’ pre-
cipitates are coherently embedded within a chemically disordered fcc y
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matrix. These y’ precipitates are closely aligned, typically of a few
hundred nanometers in size, and form an ordered fcc Ni3(AlTi) inter-
metallic compound [6]. For the therefrom emerging class of
high-entropy superalloys (HESA), the initial requirement of all elements
in near-equiatomic proportions has been somewhat abandoned. Instead,
six non-equimolar principal elements - Ni, Co, Cr, Fe, Al, and Ti - are
considered, while still meeting the AS;;; > 1.5R condition [3]. Hence,
the y’ phase should be more accurately described as an (Ni,Co,Fe)s(Al,
Ti,Fe) intermetallic compound [7]. Structural complexity is now delib-
erately introduced, so that nanoscale y particles with a crystal structure
analogous to that of the hosting matrix phase nucleate within the y’
precipitate phase. Referred to hierarchical microstructures [8], this
concept can give rise to significantly enhanced thermo-mechanical
properties [8-11].

Indeed, such hierarchical microstructure design can, for example,
give rise to a tensile yield-strength increase of approximately 100 MPa in
a temperature regime up to 750 °C in a HESA compared to a conven-
tional y/y’ microstructure [10]. However, these microstructures differ
not only in the newly formed y particle phase but also in size and number
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of the y’ precipitates, which poses a significant challenge in adequately
identifying the strengthening contributions from the various micro-
structural components that involve both structural complexity as well as
the chemical complexity of the y’ phase. Inspired by such HESA-design,
recent modeling studies [7,12] gave insights into how high concentra-
tions of multiple alloying elements may impact the anti-phase boundary
(APB) energy in y’-Ni3Al precipitates. In fact, these simulations suggest
that strengthening by increased chemical complexity in NigAl may have
an upper limit.

To better understand the strengthening by hierarchical
microstructure-design in HESAs, we pursue here nanomechanical
testing of the isolated y’ precipitates, with and without additional y
particles. Our findings reveal that precipitation of y particles inside the
vy’ precipitates weakens the mechanical strength in the dislocation
nucleation limited response domain at room temperature (RT). This
suggests that the overall strengthening observed in the bulk HESA must
be primarily due to dislocation pinning, which also compensates for the
loss of APB-strengthening due to the chemical disordering in the y’-NizAl
phase.

Samples of 10 x 10 mm? in size were cut from a single crystal HESA
with the nominal composition Nisg 37C020Al11 6FesCr;TigRe;Mog 5
Wo.sHfp 03 (in at. %). A typical y/y’ microstructure of Ni-based super-
alloys with cuboidal y’ precipitates was obtained after homogenization
and primary aging (1260 °C/5 h + 1100 °C/2 h). Subsequent secondary
aging (750 °C/20 h) induced the nucleation of nanometer-sized y par-
ticles within the y’ precipitates, forming a hierarchical microstructure. A
detailed list of the phase compositions is found in Table 1. To extract the
Y’ precipitates or nanocubes, selective anodic dissolution of the y matrix
was performed in an aqueous solution containing 1 wt % citric acid and
1 wt % ammonium sulfate (pH = 2.4) using a constant current density of
80 mAcm for y’ nanocubes without y particles, and 100 mAcm2 for
those with additional y particles. A detailed description of the setup can
be found in [13,14]. After the y matrix was sufficiently removed from
the surface, the samples were put in an ultrasonic ethanol bath for 10
min to collect the loose y’ nanocubes. The obtained suspension of y’
nanocubes was applied as a droplet onto a silicon wafer. After the
ethanol evaporated, the loose y’ nanocubes remained on the silicon
wafer. Individual and free-standing y’ nanocubes were selected for the
compression test.

Samples for transmission electron microscopy (TEM) were prepared
by conventional electropolishing in a Struers Tenupol 5 with a polishing
solution of 83 vol % ethanol, 10 vol % perchloric acid and 7 vol %
glycerin at 30 V voltage and —7 °C temperature. For microstructural
characterization a Zeiss Merlin scanning electron microscope (SEM),
equipped with a field emission gun (FEG), a Zeiss Libra TEM and a JEOL
JEM 2200FS field emission TEM, both operating at 200 kV, were used.
Dark field (DF) images were generated by focusing the aperture on the
(110) superlattice reflection of the y’ precipitate phase in the selected
area electron diffraction (SAED) mode.

Samples for atom probe tomography (APT) were prepared using a
standard focused ion beam (FIB) lift-out procedure [15] utilizing a
ThermoFisher Helios 5 CX Ga FIB equipped with a ThermoFisher Easylift
micromanipulator. The final APT samples had apex radii of around 50

Table 1
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nm. APT analyzes were performed in a CAMECA 3D local electrode atom
probe (LEAP) 5000 XR. The instrument was equipped with a picosecond
ultraviolet (UV) laser with a wavelength of A = 335 nm operating at a
pulse repetition rate of fpyse = 200 kHz. A laser pulse energy of 60
pJ-pulse ! was applied, and the experimental parameters were set to
maintain a detection rate of 0.5 %. The measurements were carried out
at an ambient pressure of 10~® Pa and a temperature of 60 K .

Compression tests were performed at RT using a Bruker-Hysitron TI
980 nanoindenter, equipped with a 10 um diameter diamond flat punch
tip. The nanocubes were compressed at a constant displacement rate of 2
nms ! (approx. 5 x 1073 s7!) along the (001)-direction. Before each
compression test, flat punch indentations onto the single crystalline
substrate-wafer were conducted to determine and correct minimal
sample tilting, which is directly reflected in the initial non-linear loading
segment of the conducted tests. Engineering stresses were calculated
using the nanocubes’ top area A as the sample cross-section, which was
derived with ImageJ. The equivalent diameter d of a nanocube was
approximated with A = (n/4)d2.

Fig. 1a presents an example of an isolated NizAl y’ nanocube, placed
on a Si wafer prior to compression testing. The out-of-plane normals of
the cube faces correspond to their crystallographic (001)-directions.
Two different types of y° nanocubes were extracted electrochemically
from the bulk material following different aging treatments. The DF-
TEM image in Fig. 1b shows the microstructure after primary aging.
Here, cuboidal y’ precipitates with slightly rounded corners that exhibit
an ordered face-centered cubic (fcc) crystal structure of NizAl (bright
contrast, L1,) are embedded in a fcc disordered y matrix (dark, Al).
Fig. 1c shows the corresponding SAED pattern of Fig. 1b along the (001)
zone-axis confirming its crystal structure. The y’ precipitates are be-
tween 200—400 nm in size. Following secondary aging, spherical,
nanometer sized y particles formed within the y’ precipitates as illus-
trated in the DF-TEM image in Fig. 1d. The embedded y particles have a
disordered fcc crystal structure (A1) and are coherent with the y’ crystal
lattice [13], with an average radius of r = 3.8 + 1.4 nm and volume
fraction around f = 0.04. The vy particles are primarily located near the
center of the y’ precipitates, leading to the formation of a particle-free
zone along the precipitate edges with an average width of 34 nm [13].
As a result, no y particles are visible on the surface of the extracted y’
nanocubes. Due to prolonged annealing and the overall negligible lattice
mismatch between the precipitates and the matrix, the y’ precipitates
are typically considered to be dislocation-free [17]. The bright-field (BF)
TEM image in Fig. 1e confirms the defect-free microstructure after sec-
ondary aging. To emphasize the spatial distribution and morphology of
the y particles, a 3D APT reconstruction of a truncated, hierarchical y’
precipitate is presented in Fig. 1f. In the reconstruction, the y’ phase is
highlighted by a fraction of Al atoms (green) and four y particles are
displayed by an isosurface at 41 at. % Ni (red). Except for the additional
y particles inside the y’ nanocubes, both y’ precipitates are similar in
shape, size and chemical composition and a detailed microstructural
analysis of the bulk HESA-Y1 alloy can be found in Ref. [13]. For the
sake of brevity, extracted y' precipitates after primary aging will be
referred to as pristine y’ nanocubes, while those comprising y particles
(after secondary aging) will be referred to as hierarchical y’ nanocubes.

Nominal and y’ phase composition of the HESA-Y1 and CMSX-4 alloys in at. %. The y* compositions were either obtained via APT (HESA-Y1) or TEM-EDS (CMSX-4).

Ni Co Al Fe

Cr Ti Ta Re Mo w Hf

Nominal composition

HESA-Y1 49.37 20.00 11.60 4.00
CMSX-4 [16] 63.10 10.30 12.50 -

7.00 6.00 - 1.00 0.50 0.50 0.03
7.60 1.30 2.00 1.00 0.40 2.00 0.04

v’ composition

HESA-Y1 pristine [13] 57.30 16.82 13.18 1.78
HESA-Y1 hierarchical [13] 54.89 16.14 14.42 2.40
CMSX-4 [16] 68.80 5.60 16.70 -

2.32 7.48 - 0.37 0.35 0.35 0.06
2.05 8.79 - 0.18 0.37 0.75 0.01
2.40 1.70 2.90 0.20 0.20 1.50 -
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y' precipitate/ nanocube 108m

Fig. 1. (a) SEM images of an extracted single y’ nanocube on the Si wafer prior compression test (side and top view). (b-e) TEM images of the y’ nanocubes in the bulk
material before the wet chemical dissolution of the y matrix. (b) DF-TEM image after primary aging showing the y/y’ microstructure and (c) the corresponding SAED
image along the (001) zone-axis. (d) DF-TEM image after secondary aging where additional y particles inside the y’ precipitates are discernible, forming a hier-
archical microstructure. (e) BF-STEM image to highlight the dislocation-free microstructure after secondary aging. (f) 3D APT reconstruction of a hierarchical y’
precipitate containing a few y particles. The reconstruction contains a fraction of Al atoms (green) and the y particles are highlighted by an isosurface at 41 at.%

Ni (red).

To evaluate the individual nano-mechanical response, stress-
displacement data for pristine and hierarchical y’ nanocubes is recor-
ded and presented in Fig. 2a. A total of 12 pristine and 25 hierarchical y’
nanocubes were compressed. In both cases, the nanocubes initially
deform elastically up to very high stresses, followed by an instantaneous
structural collapse, during which the occurring plastic response cannot
be tracked reliably with the nanoindentation platform. Such an abrupt
elastic-to-plastic transition (for simplicity also referred to as the yield
stress) is typical for the probed size-regime, where strain hardening in
the covered strain regime is absent. This remains true despite the in-
ternal microstructure in the case of the hierarchical nanocubes. Statis-
tically the average (arithmetic mean) yield strength (c) is 2.88 + 0.7
GPa for the pristine and 2.64 + 0.6 GPa for the hierarchical y' nano-
cubes, respectively. These high strength values clearly exceed their bulk
counterparts by approximately one order of magnitude [18,19], a
well-known response of pure y’ nanocubes [20-22].

A more refined view on the elastic-to-plastic transition stress-
statistics of both precipitate types is gained by constructing the com-
plementary cumulative distribution function (CCDF), which is displayed
in Fig. 2b. This representation emphasizes the statistical spread of the
data at lower probabilities, evidencing a systematic stress-scale offset
between both structures. The pristine y’ nanocubes exceed their hier-
archical counterpart by approximately 200 MPa at any probability. Both
data sets are well described by a stretched exponential function, which
translates to the expected weakest-link Weibull behavior in a probability
distribution. Expressed as the characteristic stress scale occpr of the fit
function, we find 6¢cpr = 3.03 £ 0.1 GPa for the pristine and o¢cpr =
2.57 + 0.1 GPa for the hierarchical nanocubes, respectively. We note
that these characteristic values are parameters of a fit function and
naturally differ from the earlier quoted arithmetic mean.

Even though the mechanistic origin of this yield-stress reduction in
the hierarchical cubes cannot be probed directly, it must clearly be
linked to a general reduction of the stress required for heterogeneous
dislocation nucleation. Indeed, previous molecular dynamic (MD) sim-
ulations have shown that NizAl nanocubes containing one single y par-
ticle do exhibit a yield-stress reduction of up to 10 % [23], which agrees
reasonably well with the observation made here, despite the much
higher number of internal y particles in our experiments and the
considerably larger lattice misfit of the MD simulations (= 1.3 %) rela-
tive to the real alloy (= 0.1 %). This strength-reduction in the hierar-
chical MD-nanocubes was attributed to a decrease of the Shockley
partial nucleation-stress due to misfit stresses that arise between the y

particle and the pure NizAl-phase of the simulated nanocube.

Aggregating the yield-strength data as a function of equivalent cube
diameter results in an almost indistinguishable stress-level difference
that exhibits a size-strength scaling close to unity and that is very similar
to the data from Ref. [21] (Fig. 3a). The same applies to their defor-
mation morphology, displayed in Fig. 3b and Fig. 3¢, where the expected
activation of multiple {111}(001) slip planes is seen. This slip process
emerges in the absence of strain hardening, where presumably flow via
Shockley partials follows the formation of pseudo-twin formation [23].
Further, Fig. 3a reveals a clear stress-scale offset between the investi-
gated pristine y’ phase and the one studied in Ref. [21], which has an
average (c) = 4.67 + 2.73 GPa, with a maximum of 10.18 GPa.

The data in Fig. 3a brings to light differences between at first sight
seemingly similar systems. Whilst the reference is given by a pure bulk
NigAl crystal, it is important to note that neither the data for pristine y’
nanocubes from Ref. [21], nor the two sets of nanocubes studied in this
work are pure NigAl with a perfectly ordered L15 atomic structure. The
systematically stronger pristine y’ nanocubes from Ref. [21] were
extracted from a CMSX-4 superalloy and exhibit deviations from perfect
chemical ordering by an excess of Co, Cr, Ti, Ta, and W, as evident from
Table 1. Except for Ta, these elements are also present in the here
studied y’ nanocubes of the HESA, where in particular the Co and Ti
content stands out with larger concentration, and unlike in the other
alloy, Fe is also present (see Table 1). Both Co and Ti are known to
occupy the two different L1, sublattices, with Co preferentially
substituting Ni and where Ti favors Al sites. Even though the site oc-
cupancy was not determined here, it is clear that their higher concen-
trations increase the chemical disorder and will affect the energy penalty
for planar fault formation. In view of the multi-element composition in
the pristine and hierarchical y’ nanocubes this, however, requires
detailed atomistic simulations [24]. Their strength reduction relative to
the y’ phase from the CMSX-4 alloy can therefore only most broadly be
attributed to the Co/Ni, Ti/Al, and Ta/Al ratios. In the case of the two
latter pairs, strengthening is expected. Indeed, their optimized ratios in
CMSX-4 increases the APB energy yaps to ca. 150 mJ/m? and 500
mJ/m?, respectively [25,26]. This strengthening contribution still pre-
vails in more complex multicomponent intermetallic alloys, such as (Ni,
Co,Fe)3(ALTi,Fe) [7], and is expected (albeit limited to the Ti/Al pair) to
apply to the here considered HESA y’ phase. This leaves Co and Fe as the
most likely origin of the strength decrease in Fig. 3a, which is in qual-
itative agreement with order-strengthening calculations for
multi-component Ll structured ternary, quaternary, and quinary
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Fig. 2. (a) Stress-displacement data for pristine (green) and hierarchical (yel-
low) y’ nanocubes. (b) Complementary cumulative distribution function (CCDF)
graph of the elastic-to-plastic transition stresses for both precipitate types
shown in (a). Both datasets are fitted with a stretched exponential function.

systems [7]. Irrespective of the detailed chemical composition and
therefore degree of chemical disorder, Co substituting Ni-sites was
generally shown to reduce the APB energy [12]. The data in Fig. 3a is
thus a direct manifestation of weakening due to increased chemical
complexity, where APBs or complex stacking faults (CSF) deteriorate to
ordinary stacking fault (SF) strengthening, corresponding to an order of
magnitude lowered fault energies (for NisAl: APB ~ 180 mJ/m? [27];
CSF ~ 206 mJ/m? [27] and SF ~ 10 mJ/m? [28]).

At this point, we can therefore conclude that our findings on the
isolated pristine and hierarchical y’ phase from the HESA are in line with
MD simulations on individual nanocubes and atomistic simulations on
chemical disordering effects in the Llg-structure. A different picture
emerges when considering the bulk scale, where Ni3Al alloys experience
a doubling in yield strength if containing internal y particles [18,19,29].
This strengthening due to the presence of y particle manifests itself
further in flow strength [18,19], hardness [30], as well as creep resis-
tance [31]. More importantly, the macroscopic yield strength in the
temperature range from 25—750 °C of a HESA containing hierarchical y’
nanocubes increases by >100 MPa in comparison to the classical y/y’
microstructure with pristine y’ nanocubes [10]. This strengthening is
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Fig. 3. (a) Stress as a function of the equivalent diameter d. Data from [21] is
included for comparison. SEM Top-view of a (b) pristine and (c) hierarchical y’
nanocube after compression.

somewhat unexpected, if one considers that the y’ phase has a much
higher elastic modulus than the disordered fcc y particles, which
furthermore lack chemical ordering and therefore are limited to
stacking-fault strengthening. However, detailed TEM investigations
have demonstrated how the y particles act as effective pinning points for
partial superdislocations in the ordered NigAl [18,32], giving rise to
so-called disordered particle strengthening [33]. Quantitatively, this
strengthening contribution of the y particles can be expressed by their
critical shear stress, 7., according to [33]:

_ 11455K /3f /myAPB O
- rble

Gb?
fee (1

“om (- veos?(£)). (2)

Here r and f denote the y particle radius and volume fraction, by, and
br12 the Burgers-vectors of the y particles and y’ phase, respectively, yaps
the APB energy of the y’ phase, G its shear-modulus, v the Poisson’s ratio
and & the angle between by;; and the dislocation line.

Using Egs. (1) and (2), strengthening of the NigAl compound due to y
particles can be estimated. From a comprehensive microstructural study
of the HESA-Y1 alloy we obtain for r = 3.8 nm, f = 0.04, bgc = 0.25 nm,
and for br12 = 0.51 nm [13]. Note that we estimate by, based on the y
matrix’ lattice parameter. The values for yspp (0.22 mJ, /mz), G (81 GPa),
and v (0.313) are taken from Ref. [10]. Since the angle & is unknown, the
term (1 — vcos® (&) in Eq. (2) will vary between 1 and (1 — v). Based on
these given values and a Schmid factor of m = 0.408 for the here used
[100]-direction and {111}(110) slip, the theoretical strengthening
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contribution of the y particles inside y’ ranges from ¢ = 174—186 MPa
(t. = 71-76 MPa). This range is favorably in agreement with earlier
estimates for another HESA [10]. Both alloys are almost identical with
respect to the y particle radius and volume fraction. The authors
calculated a y particle strengthening contribution of 110 MPa, which is
consistent with an experimentally obtained increase in yield strength of
113 MPa from RT to 750 °C on average.

Based on Fig. 2b above, the opposite is observed for the y containing
hierarchical y’ nanocubes that have a consistently lower strength
probability in comparison to their single-phase counterpart. In other
words, hierarchical microstructure-strengthened HESA must profit pri-
marily from superdislocation pinning that becomes very effective in the
pre-yield domain of the loading or below the critical resolved shear
stress of the y' phase. Indeed, the bulk stress-strain curves of the similar
HESA of Ref. [10] primarily reveal yield-stress strengthening, which
highlights the importance of micoplasticity [34]. This pinning effect was
also comprehensively elaborated in a recent publication studying the
influence of y particles on the creep strength [35]. Presumably, the in-
crease in hardness for Ni-based superalloys can also be explained by this
disordered particle strengthening mechanism [8,13].

We therefore conclude that despite the reduction of the dislocation
nucleation stress by approximately 200 MPa and chemical weakening
due to the introduced chemical disordering in the y’ phase, it is the glide
resistance of the additional microstructure given by the y particles
within the y’ nanocubes that can improve the mechanical performance
in comparison to non-hierarchical microstructures. These insights
demonstrate the subtle balance between dominant strengthening
mechanisms in the design of next-generation high-entropy superalloys
and highlight the need to separately quantify strengthening mechanisms
in complex microstructures of engineering alloys.
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