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Unique nanorod precipitates with a core-shell structure are found to nucleate from the grain boundaries
of a bulk nanocrystalline Al-Ni-Y alloy fabricated via powder consolidation, contributing significantly to
stabilization and strengthening. The local structure, chemistry, and evolution of these features during an-
nealing are reported here. In the as-consolidated state, the nanorods can be either structurally ordered or
disordered, yet a consistent chemical patterning is found where the core is primarily Al plus C while the
shell is enriched with Y. As annealing time increases, more nanorods transform to an ordered structure as
they coarsen while the core composition remains unchanged. In contrast, the shell chemistry transitions
from Y-rich to Ni-rich with longer annealing treatments, most likely due to the different diffusivities of
Y and Ni in Al. Moreover, a spatial and chemical correlation between the nanorods and amorphous com-
plexions is observed, suggesting that these complexions serve as preferential nucleation sites.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Precipitation plays an important role in controlling the proper-
ties of Al alloys, by restricting grain growth, increasing strength,
and improving ductility [1-3]. Nucleation and growth of these sec-
ond phase precipitates in commercial Al alloys is very important.
For example, the plate-like n” phase (MgZn,) [4-6] can nucleate ei-
ther homogeneously in the grain interior or heterogeneously near
dislocation lines and junctions, depending on the matrix grain size
[7].

When rare-earth elements are added into Al alloys, precipitates
with a core-shell structure can form. For example, Clouet et al.
[8] observed an inhomogeneous structure of precipitates with Sc-
enriched cores and Zr-enriched shells in an aged Al-0.09Sc-0.03Zr
(at.%) alloy. The core-shell structure was attributed to both the
faster diffusivity of Sc compared to Zr in the solid solution and
the absence of Zr and Sc diffusion within the precipitate. The core-
shell chemistry can also evolve over time depending on differential
diffusivities of the alloying elements, as Van Dalen et al. [9] re-
ported that precipitates in an Al-0.06S¢-0.02Yb alloy were initially
Yb-rich but then developed a Yb-rich core with an enveloping Sc-
rich shell as more Sc atoms diffuse to the precipitates during pro-
gressive annealing.

Our previous study [10] uncovered abundant unique nanorod
precipitates with a core-shell structure at grain boundaries of
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nanocrystalline Al alloys, with the core composed of Al and C
and the shell being Y-enriched. The nanorods together with amor-
phous grain boundary complexions play a critical role in stabilizing
the grain structure and strengthening the materials. Therefore, in
the present study, a detailed characterization of the structural and
chemical evolution of the nanorods in a nanocrystalline Al-2Ni-2Y
(at.%) alloy during annealing is performed. The nanorods nucleate
with a structurally disordered internal structure, and then some
transform to an ordered, crystalline state and grow into adjacent
grain interiors as their size increases. At the same time, the matrix-
nanorod interface can be either coherent or incoherent. During the
entire evolution process, the nanorod cores remain composed of
Al and C, while the shell transitions from Y-rich to Ni-rich as an-
nealing time increases. Moreover, a strong spatial correlation be-
tween the nanorods and amorphous complexions (see Ref. [11] for
an introduction to these defect structures) is observed, suggest-
ing that these complexions serve as the initial nucleation sites for
nanorods.

The fabrication process for bulk nanocrystalline Al alloys was
detailed in Ref. [10] and is therefore only briefly described here.
First, powders of elemental Al, Ni, and Y were ball milled for
10 h in a SPEX SamplePrep 8000 M high-energy ball mill within
a glovebox filled with Ar gas and with a O, level <0.05 ppm.
Next, the powders were consolidated into bulk pellets using an
MTI Corporation OTF-1200X-VHP3 hot press. The powders were
first cold pressed for 10 min under 100 MPa at room tempera-
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Fig. 1. (a)-(c) Bright field TEM micrographs of the grain structure and nanorods (indicated by arrows) for three annealing times at a temperature of 540 °C. (d) Cumulative
distribution functions of the measured nanorod lengths and widths. (e) Cumulative distribution functions of the Al-rich FCC grain size. (f) Average size as a function of
annealing time for the FCC grains and the nanorod dimensions. The error bars represent the corresponding standard deviation.

ture, and then hot pressed for 1 h under 100 MPa at 540 °C, fol-
lowed by naturally cooling down to room temperature. In addi-
tion to the as-consolidated pellet, two more pellets with the same
fabrication process were subsequently annealed at 540 °C (0.87
of the melting temperature of pure Al) for 600 s (10 min) and
86,400 s (1 day). Following the annealing, each pellet was placed
on an Al heat sink submerged in a large reservoir of liquid nitro-
gen, so that the surface containing the Al block was rapidly cooled
to freeze in any high temperature microstructural features. All
of the transmission electron microscopy (TEM) studies were per-
formed in the area very close to the rapidly cooled surface. Scan-
ning electron microscopy (SEM) combined with energy dispersive
spectroscopy (EDS) was employed to examine the sample compo-
sition, which is Al-2.2 at.% Ni-2.1 at.% Y, in an FEI Quanta 3D FEG
dual-beam SEM/Focused Ion Beam microscope. Conventional and
scanning transmission electron microscopy ((S)TEM) paired with
EDS was used to examine feature sizes/structure and local chem-
istry using a JEOL JEM-2800 S/TEM operated at 200 kV. High reso-
lution high-angle annular dark-field (HAADF)-STEM and EDS were
employed to study the structure and chemistry of both nanorods
and amorphous complexions using a JEOL JEM-ARM300F Grand
ARM TEM with double Cs correctors operated at 300 kV. For high-
angle annular dark-field (HAADF)-STEM imaging, a probe current
of 35 pA was used, and the inner and outer collection angles were
106 and 180 mrad, respectively. Hardness values for different an-
nealing conditions were obtained by nanoindentation tests using a
Nano Indenter G200 (Agilent Technologies) with a maximum pen-
etration depth of 400 nm and a constant indentation strain rate of
0.05 s 1.

Fig. 1 displays the size evolution of both the face-centered cu-
bic (FCC) grains and the nanorods (indicated by arrows), with
Fig. 1(a)-(c) presenting bright field (BF) TEM micrographs corre-
sponding to different annealing times. With longer annealing time,
the morphology of each feature remains self-similar - an equiaxed
shape for the FCC grains and an elongated shape for nanorods -
while the size increases. The nanorods always maintain some con-
nectivity to a nearby grain boundary, with growth occurring into
adjacent grains. To quantitatively study the size evolution, more
than 100 Al-rich FCC grains and nanorods were measured, with the
corresponding cumulative distribution functions of feature descrip-

tors presented in Fig. 1(d) and (e). For the nanorods, the length
and width evolve from 14 nm and 3.6 nm to 149 nm and 25 nm,
respectively, after annealing for 86,400 s (1 day), while the FCC
grain size increases from 44 to 347 nm during the same period.
In order to compare the growth kinetics, Fig. 1(f) plots feature size
as a function of annealing time on a log-log scale because both
grain growth and precipitate coarsening typically follow a power-
law relationship with a relatively similar exponent [12-14]. The
trend lines are only meant to guide the eye, yet the coarsening
rates for the different features are generally very similar, suggest-
ing that the features may either share similar growth mechanisms
or be triggered by companion events [15-17]. For nanocrystalline
materials, nanoscale secondary phases at the grain boundaries of-
ten lead to a Zener pinning effect, providing kinetic stabilization of
the grain structure [18-20], which is likely to be the case for the
nanorod precipitates [10]. Moreover, these nanorods significantly
strengthen the materials. The hardness of the sample after anneal-
ing for 600 s was 2.1 GPa, roughly the same as the as-consolidated
sample (2.0 GPa), even though the average grain size is ~2.5 times
larger after annealing. Further annealing for 86,400 s led to a de-
crease in hardness to 1.5 GPa.

The chemical evolution of the nanorods is studied using STEM-
EDS in Fig. 2. All annealing conditions show a core-shell nanorod
structure, with the shell enriched with heavier elements. For
tanv= 0 s (Fig. 2(a)), the brighter shell is due to segregation of Y
while the core is primarily Al and C. No obvious variation in Ni
concentration occurs near the nanorods prior to annealing treat-
ments. As tyyy increases to 600 s (Fig. 2(b)), Ni tends to deplete
from the nanorod interior region, while the distribution of Al Y,
and C is qualitatively the same as at tyyy= 0 s. When tsyy reaches
86,400 s (Fig. 2(c)), Y is no longer localized to the shell only as
some Y atoms also diffuse into the nanorod core, while Ni now
more clearly segregates to the shell. Therefore, the nanorod shell
transitions from Y-rich to Ni-rich with increasing annealing time
and coarsening of the nanorod features.

Although precipitates with a core-shell structure have been ob-
served in Al alloys, previous studies have reported invariant chem-
ical compositions during annealing [8,9,21]. In contrast, we report
here an evolution of the shell chemistry, which we hypothesize is
due to the different diffusivities of Ni and Y in the Al solvent. Wu
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Fig. 2. HAADF-STEM micrographs, the corresponding EDS elemental mapping, and line scans across nanorods (indicated by yellow arrows) for different annealing times,
revealing the core-shell structure of the nanorods. The core of the nanorods remains composed of Al and C for all annealing times, while the outside shell transitions from
Y-rich at (a) tanv= 0 s and (b) tayyy= 600 s to Ni-rich after (c) t4nv= 86,400 s, when some Y atoms diffuse into the interior of the nanorod (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.).
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Fig. 3. (a)-(c) High resolution STEM micrographs reveal three types of matrix-nanorod interfaces for tyyv= 0 s. (a) Incoherent interfaces can separate a disordered nanorod
interior and the crystalline matrix. (b) Incoherent matrix-nanorod interfaces can also occur between an ordered nanorod interior and the surrounding matrix. (c) Coherent
matrix-nanorod interfaces can exist between ordered nanorod interior and the matrix, where one upper interface (blue square) and one lower interface (red square) are
presented as magnified Fourier-filtered (FF) image to show their local structure. (d),(e) High resolution STEM micrographs show the ordered nanorod phase, Al4Cs, for
various annealing conditions - (d) tyyy= 0 s, (€) taxwv= 600 s, tanv= 86,400 s. For each condition, the first micrograph shows the orientation of the nanorod, and the second
one is a magnified view of the nanorod interior along with the corresponding fast Fourier transform. The third image is an FF image of the nanorod interior, and the last one
exhibits a schematic illustration of the Al4C; structure with the same orientation as that in the FF image (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.).

et al. [22] performed density functional theory calculations and
showed that the diffusion barrier for Y in Al (~1.1 eV) is signif-
icantly smaller than that for Ni in Al (~1.6 eV). Consequently, Y
diffuses faster than Ni and will reach the nanorod shell first. As
annealing time increases, Y tends to react with O (Fig. S1) so that
there is less available Y to decorate the shell, and consequently Ni
diffuses to these regions given sufficient time. The segregation of
Y or Ni atoms to the matrix-nanorod interface for all annealing
conditions also suggests that the solute atoms must be dragged by
the moving interface as the nanorods grow. The composition of the
nanorod core is possibly due to the energetically favorable phase,
so the nanorod structure will be investigated next.

Fig. 3 shows three different nanorod types observed for
taszy = 0 s, as this state contains all structural variations and
serves as a starting condition for describing evolution. The first
nanorod type has an incoherent interfacial structure and a disor-
dered nanorod interior (Fig. 3(a)), and are the smallest nanorods in
the microstructure. The brighter interfaces in the HAADF-STEM im-
age correspond to an enrichment of Y atoms, as shown in Fig. 2(a).
In addition, bright spots are randomly distributed within the ma-
trix and nanorod, signifying Y incorporation in the nanorod in-
terior and possible substitution of Al with Y atoms. A magnified
view of the enclosed area in the BF-STEM image shows an inco-
herent interface and a disordered nanorod interior, while the adja-
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cent grains exhibit lattice fringes with different orientations (i.e.,
the nanorod is at a grain boundary). Fig. 3(b) displays the sec-
ond nanorod type, where the interface remains incoherent but the
nanorod interior is crystalline (i.e., ordered). The interface is again
bright in the HAADF-STEM micrograph, and one interfacial region
is outlined in the BF-STEM micrograph. The zoomed view reveals
an incoherent interface ~1 nm thick, while the nanorod interior
exhibits obvious lattice fringes. Fig. 3(c) shows the last nanorod
type, which has a coherent interface and an ordered nanorod in-
terior. Two areas along the top and bottom interfaces are enclosed
in the HAADF-STEM image, with the corresponding Fourier-filtered
(FF) images showing a coherent interface and an ordered nanorod
interior, where lattice connectivity is observed across the inter-
face. To further study the internal structure, Fig. 3(d) presents a
HAADF-STEM micrograph of a nanorod with its longer side par-
allel to the horizontal direction. The interior structure is magni-
fied in the second image and has a fast Fourier transform as an
inset. Since Fig. 2(a) shows that nanorod interior consists of Al
and C, so the bright spots in the magnified view correspond to
Al due to its larger atomic weight. To better visualize the struc-
ture, an FF image is presented in the third panel, and the atomic
arrangement matches the schematic illustration of the Al4C3 phase
(last panel). For the other two annealing times, all nanorods are
found to have ordered nanorod interiors associated with this Al4C3
phase (Fig. 3(e) and (f)), supporting the idea that nanorod growth
to larger sizes coincides with crystallization of the features. The
Al4C3 phase has been commonly used as a reinforcement in Al
matrix composites with enhanced mechanical performance [23,24].
The carbide crystallizes in the R-3 m space group with lattice pa-
rameters of a = 0.33 nm and ¢ = 2.5 nm in the hexagonal set-
ting [25-27]. A rod-like morphology is usually observed for this
phase because of preferential growth along the <1 1 0> direc-
tion of Al4C3, due to the free energy of the prism plane surface
being higher than that of the basal plane [28]. When dispersed
in the matrix, the carbide phase could in theory have an ori-
entation relationship with the Al matrix (e.g., Al [0 0 1]//Al4C3
[T 1 0] in Ref. [29]). In the present study however, the carbide
nanorods do not have a specific orientation relationship with the
Al matrix, possibly due to the nanorods nucleation occurring at
amorphous grain boundary complexions rather than within the

(b)

BF (
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matrix. It should be noted that segregation of Y and Jor Ni to
the interface parallel to the longer side (the major axis) of the
nanorod is stronger than to the shorter side (the minor axis),
indicating a segregation tendency to the (0 O 1) plane. The ef-
fect may be due to the anisotropic interfacial energy of the Al4C3
phase [30].

The nanorods nucleate with a disordered internal structure, as
the smallest nanorods possess such a structure and growth leads
to crystallization, suggesting that the amorphous grain boundary
complexions observed in these alloys might act as nucleation sites.
Fig. 4(a) presents low-magnification (LM) and high-magnification
(HM) HAADF and BF-STEM micrographs of an amorphous com-
plexion (outlined in yellow dashed lines) and connected nanorod
for tyyw= 0 s, supporting this hypothesis. The chemistry of a dif-
ferent amorphous complexion and its adjacent nanorod is shown
in Fig. 4(b). Elemental mapping reveals that both features are en-
riched with C and Y, while Ni atoms seem to segregate to only the
matrix-complexion interface. For the nanorod, similar to Fig. 2(a),
the core and shell regions are enriched with C and Y atoms, re-
spectively. Therefore, amorphous complexions and nanorods are
both enriched with the same types of elements. It should be
noted that for ordered FCC grain boundaries, only segregation of
Ni and/or Y atoms was observed (Fig. S2). The similar chemical
and structural characteristics of the two feature types, as well as
their spatial correlation (every nanorod investigated was connected
to an amorphous complexion), strongly suggest that the complex-
ions serve as nucleation sites and supplying dopant atoms to the
nanorods.

In summary, the evolution of core-shell structured nanorods in
a nanocrystalline Al-Ni-Y during annealing is studied. The nanorods
nucleate with a disordered structure and transform to an ordered
Al4C3 phase as they grow. A transition from a Y-rich to a Ni-rich
shell is observed, while the core remains composed of Al and C
for all annealing treatments. Finally, the nanorods are found to nu-
cleate from amorphous complexions, which serve as a source of
the solute atoms that feed the nanorod growth, and both features
concurrently stabilize the grain structure as well as strengthen the
material. These new insights shed light on a unique defect type
in nanocrystalline Al alloys that can provide stabilization against
coarsening and can improve strength.

Fig. 4. (a) HAADF-STEM and complementary BF-STEM micrographs of an amorphous complexion (outlined by dashed lines) close to a nanorod at low magnification (LM, top)
and high magnification (HM, bottom) for tayy= 0 s. (b) HAADF-STEM micrograph and EDS elemental mapping of one different amorphous complexion (outlined by dashed
lines) and its adjacent nanorod reveals that both features are enriched in Y and C, while only the amorphous complexion region appear enriched in Ni (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.).
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