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The deliberate use of solute enrichment at grain boundaries, otherwise known as segregation
engineering, is a promising approach to tailor the properties of interface-dominated materials such as
nanocrystalline alloys. The ensuing chemical and structural evolution at grain boundaries can give rise
to thermal stability and excellent mechanical properties, but the interplay between enrichment, phase
decomposition, grain growth, and mechanical behavior exists in a vast composition and processing
space. In this study, a combinatorial synthesis and rapid characterization approach was applied to
segregation-engineered nanocrystalline Al-Ni—Ce alloys to assess the evolution of microstructure and
resulting mechanical behavior as functions of alloying content and annealing conditions. In addition
to the identification of alloys and processing conditions that give rise to exceptional thermal stability,
strength retention, and homogeneous plastic flow, we construct combined thermal stability and
deformation mechanism maps that demarcate several important regimes of behavior.

amorphous complexions, have been reported [17-19]. Hosting
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A prevailing engineering strategy for the design of advanced such disordered GBs in Al-based NC alloys gives rise to excep- g
high-strength structural materials has been to introduce a tional thermal stability and mechanical behavior [20, 21], and ‘g‘
high density of interfaces, such as grain boundaries (GBs) in also contributes to efficient densification of bulk NC alloys by g
nanocrystalline (NC) metals and alloys. Decorating the GB powder metallurgy routes [2]. However, an understanding of the -
with alloying elements mitigates their inherently poor thermal complex interplay between segregation, microstructural evolu- S
stability [1, 2]. However, circumventing the tradeoff between tion, and resulting thermal stability and mechanical behavior in ;Ej
thermal stability, strength, and damage tolerance in NC alloys the vast compositional space remains elusive. g
has been a primary challenge in the field. Finding a balanced Segregation engineering significantly enhances the thermal ®
suite of these properties is a current bottleneck for widespread stability of NC alloys [22-24] by either reducing the driving 2
technological adoption. While the vast majority of work has force (via lowering of the interfacial excess energy) for grain
focused on elemental and binary NC alloys [3-12], increasingly growth [11, 24-28] or by reducing the mobility (via hindering E
compelling evidence suggests that complex solute segregation in atomic motion) for migration of GBs [10, 29-33], or by some 3
multi-component systems (ternary and higher) promotes higher combination of the two depending on the choice of the constitu- m
performance [13-16]. In some cases, with judicious selection of ~ €t elements. In both cases, the alloy design space widens as 2
alloying species and processing pathways, unique GB states such the GB region becomes itself a feature to be tailored in tandem g
as amorphous intergranular films (AIF), otherwise known as with the host matrix material [2, 34]. Despite being a barrier to %
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grain growth, solute enriched GBs often compete with phase
separation at elevated temperatures, leading to grain coarsen-
ing and deterioration of mechanical strength after nucleating
second phases. Chemically enriched AIFs can host a range of
structural and chemical order as well as a variety of thicknesses
within a polycrystalline GB network [34, 35], all of which pre-
sumably influences thermal stability, potential phase decompo-
sition, and concomitant mechanical behavior in NC alloys [20,
21, 36]. Elucidating the underlying mechanisms for microstruc-
tural evolution, along with the temperature ranges over which
GBs are compositionally enriched and where phase separation
may occur, involves interrogation over both composition and
processing space. However, meticulous experimental characteri-
zation is typically required to correlate evolving structure and
properties and is usually accomplished for a limited composition
range [37-39].

Accordingly, higher throughput approaches to map
regimes in compositional space promise to accelerate the
discovery of an optimized suite of properties in segregation-
engineered NC alloys, and may enable predictive capability
for the retention of the beneficial properties at service tem-
peratures. Combinatorial synthesis combined with rapid struc-
ture—property mapping of segregation-engineered NC alloys is
an emerging approach to address compositional optimization,
with successful demonstrations using thin-film approaches as
applied to various properties of interest (mechanical [40, 41],
electrical [42-44], optical [45], magnetic [46, 47], and corro-
sion [48]) and several materials classes (bulk metallic glasses
[49-51], multi-principal element alloys (MPEA) [52-55]). The
majority of combinatorial studies to date on NC alloys have
focused on thermal stability and microstructural evolution.
For instance, Kube et al. applied a combinatorial approach to
identify thermal stability regimes in ternary Pt-rich NC alloys,
where the influence of multiple segregating species was high-
lighted [56]. Li et al. reported links between GB segregation
and phase decomposition in combinatorially synthesized NC
CrCoNi alloys [57].

Here, we systematically vary the alloying content in a ter-
nary NC Al-Ni-Ce system to examine the evolution of micro-
structure and resulting mechanical behavior in AIF-hosting
alloys via synergistic co-segregation of alloying species to the
GBs. The Al-Ni-Ce system is known to have good glass form-
ability and high specific strength [58], and when produced in
ATF-containing NC form, recently has been demonstrated to
possess exceptional high-temperature stability and strength [21]
as well as the suppression of shear localization [20]. We use a
high throughput approach to assess the interplay between the
degree of chemical segregation, grain growth, the evolution of
strength following thermal exposure, phase separation, and the
propensity to shear localization. We monitored the microstruc-
ture and hardness of combinatorially synthesized NC Al-Ni-Ce
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alloys after exposure to various annealing temperatures. While
no grain growth was measured in any of the examined alloys
(3.1 at.% to 7.8 at.% of Ni+ Ce) when annealing to above 60%
of the melting temperature (T,,) of Al, a pronounced anneal
hardening (+30% increase in hardness) was observed in alloys
with concentrations above 6.8 at.% of Ni+ Ce. With the aid of
thermodynamic and kinetic stabilization owing to segregated
grain boundaries, these higher compositions demonstrated
excellent strength retention, exhibiting higher hardness val-
ues than the initial state despite the presence of second phases
after being annealed at 0.7T,,. The transition temperature to
shear localization behavior increased with increased alloying
content, and a longer annealing time alleviated the detrimental
shear localization without significantly compromising strength.
Finally, we generate a stability and mechanism map with four
characteristic regions in composition-temperature space, which
guides compositional tuning and heat treatments to optimize
NC Al-Ni-Ce alloys.

Combinatorial approach

We used two approaches to synthesizing combinatorial materials
libraries in the present work. To generate libraries of Al-rich NC
alloys, two targets (pure Al and Alg,Ni,Ce,) were co-sputtered
with the targets pointing at the center of the substrate in confo-
cal configuration. In the first approach (preliminary screening),
deposition over a pre-patterned mask yielded 30 composition-
ally isolated NC alloys in a single sputtering cycle with spatially
varying compositions owing to the natural overlap of the vapor
from the two sources [Fig. 1(a)]. In the second approach used
for targeted annealing studies, a compositional library was gen-
erated by synthesizing multiple samples in the form of discrete
patches, each with uniform composition, by independently con-
trolling the deposition rates of each target [Fig. 2(a)]. Multiple
samples were deposited on a single {100} Si substrate by using a
combination of a Cu mask with a 5 mm aperture and automated
substrate translation. Six different compositions ranging from
Ni+Ce=3.1at.% to 7.8 at.% were sputtered [Fig. 2(b)], followed
by annealing in vacuum for 2 h and nanoindentation after each
heating cycle.

In both approaches, the individual patch dimension
(5 mm x 10 mm) allowed rapid probing of the structure and
mechanical properties by semi-automated X-ray Diffraction
(XRD), energy dispersive spectroscopy (EDS) in a scanning
electron microscope (SEM), and nanoindentation. Composi-
tional uniformity within each patch was high, with the variance
in composition below the measurement uncertainty of 0.2 at.%.
The XRD analysis confirmed that all the as-deposited alloys
are single-phase face-centered cubic (FCC) and exhibit {111}
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Figure 1: (a) Schematic of a compositional screening method using an arrayed mask on a substrate. (b) XRD measured grain size of the isolated film
array; (c) XRD measured lattice parameters; and (d) Indentation hardness of the film array. In (b), (c), and (d), the size of the data markers are scaled to
be proportional to their value.
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Figure 2: (a) Sputtering configuration using a cooled mask, stage motion, and actively controlled targets. (b) Composition map of alloys sputtered by
active control of deposition powers. (c) Indentation hardness and the normalized hardness as a function of annealed temperatures. (d) Representative
transition temperatures depicted by critical annealing temperatures as a function of alloying contents. AH is H-H,, where H, is the hardness of each
as-deposited film.

texture along the growth direction, which is typical for FCC thin ~ subsequent ternary plots (Fig. 1); thus, the cumulative atomic
films [59]. The combinatorial libraries were synthesized witha  percentage of Ni+ Ce is used to describe the alloying content
nominally constant Ni:Ce ratio of 1:1 as demonstrated in the  throughout this article.
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Initial compositional screening

The initial screening and rapid characterization exercise dem-
onstrate how the Ni+ Ce alloying additions profoundly affect
the microstructure and the mechanical strength of the as-
deposited films. Specifically, in the range of 5.1 at.% to 8.2 at.%
global Ni + Ce content, the grain size, lattice parameter, and
hardness are strong functions of the alloying content. The aver-
age grain size (d) of the as-deposited sputtered alloys ranges
from 5 to 15 nm [Fig. 1(b)], a similar range that has been
reported in other Al-based NC alloys [21, 60-62]. The films
with higher alloying content tended to have smaller grain sizes,
which can be ascribed to the hindrance of grain coalescence
and subsequent growth during the deposition process owing to
the presence of solute atoms [63, 64]. The lattice parameter (a)
in the deposited alloys ranges from 4.08 to 4.12 A [Fig. 1(c)],
all exceeding that of elemental Al (a,;=4.05 A). The lattice
parameter of as-deposited films increases as the alloying con-
tent increases, which qualitatively follows the trend predicted
from Vegard’s law as applied to the measured compositions of
Ni and Ce in the Al matrix. All compositions investigated in
this work exceed the maximum solubility of Ni and Ce in pure
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Al in equilibrium, which are 0.11 at.% [65] and 0.01 at.% [66],
respectively. While the indentation hardness of all of the as-
deposited NC alloys exhibited very high values in the range of
4 GPa to 5 GPa [Fig. 1(d)], the hardness decreases as the grain
size decreases. Thus, the as-deposited films (d < 15 nm) reflect
the well-known breakdown from classical Hall-Petch behavior
[67, 68], where GB-mediated plasticity dominates at grain sizes
under ~ 20 nm [69-73]. Notably, a relatively small increase in
alloying content (+ 3.1 at.%) resulted in a 66% decrease in the
average grain size, 0.8% increase in the lattice parameter, and

19% decrease in hardness.

Hardness evolution

With initial trends identifying the strong role of Ni+ Ce alloy-
ing content on microstructure and hardness, we further investi-
gated the influence of composition on the thermal stability of the
microstructure and retention of mechanical strength in targeted
alloys. This was achieved by synthesizing multiple samples in the
form of discrete patches, each with uniform composition, using

the second approach described in the experimental methods
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Figure 3: Evidence of co-segregation of Ni and Ce solutes to grain boundaries using scanning transmission electron microscopy (STEM)-EDS mapping
in a representative alloy (5.1 at% Ni+ Ce content alloy, representing the compositional mid-point of the combinatorial study). Composite STEM-

EDS elemental maps of Al, Ni, and Ce in the (a) as-deposited state, (b) following annealing at 325 °C, and (c) following annealing at 450 °C. (d-f)
Compositional profiles corresponding to the dashed lines in (a-c) quantifying the co-segregation behavior and evolution upon annealing, as well as (f)
the formation of two different intermetallic compounds when annealed at elevated temperatures (see text for detail).
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section. Six different compositions ranging from Ni+ Ce=3.1
at.% to 7.8 at.% were sputtered [Fig. 2(b)], followed by annealing
in vacuum for 2 h and nanoindentation after each heating cycle.
Given the potent effects of dilute solute compositions identi-
fied in the preliminary screening, as well as the desire to limit
the total alloying content while retaining good properties, we
extended the compositional range downward for the second-
ary screening (which includes the annealing studies). We con-
firmed the co-segregation behavior of Ni and Ce solutes to grain
boundaries using STEM-EDS elemental mapping, both in the
as-deposited and annealed states, in a representative alloy with
5.1 at.% Ni+ Ce content, which is approximately the composi-
tional mid-point of the combinatorial study (Fig. 3). Composi-
tional line profiles in the as-deposited [Fig. 3(d)] and following
annealing to 325 °C [Fig. 3(e)] indicate that Ni and Ce solutes
are co-located at grain boundaries, with more uniform enrich-
ment following intermediate annealing treatments. At elevated
temperatures [450 °C shown in Fig. 3(c) and (f)], intermetallic
phases form, as discussed in detail later.

In the as-deposited films, the hardness is higher at leaner
compositions [Fig. 2(c)], consistent with the previous obser-
vations [Fig. 1(d)]. The change of hardness upon thermal
annealing was dependent on both the alloying content and the
exposure temperatures; accordingly, we categorize two general
regimes: (1) the anneal-hardening regimes (annealing <375 °C),
and (2) the anneal-softening regimes (annealing > 375 °C).
The hardening behavior upon annealing among the mate-
rial library is captured in the normalized change of hardness
(AH/H,), where the change in hardness (AH) is defined with
respect to the initial as-deposited hardness (H,). The addition
of alloying content increased the extent of anneal hardening
and gradually increased the annealing temperature corre-
sponding to the maximum hardness. In the anneal-hardening
regime, the 3.1 at.% and 4.7 at.% compositions maintained
their high strength without experiencing appreciable anneal
hardening followed by the hardness only dropping below the
initial value after annealing at 300 °C and 325 °C, respectively.
On the other hand, pronounced anneal hardening, a distinct
increase in hardness that peaks at around 300 °C, was observed
at higher alloy contents. For instance, a composition of 5.8 at.%
showed a 20% increase in hardness and retained these high
values up to 350 °C, followed by a hardness loss at 375 °C. At
higher alloying contents of 6.8 at.%, 7.2 at.%, and 7.8 at.%, a
surprising increase in hardness of more than 30% was meas-
ured in the anneal-hardening regime. This increase of hardness
upon annealing can be attributed to the GBs being stabilized
by structural relaxation and segregation [73, 74]. As the grain
size decreases, dislocation-GB interactions play an increasingly
important role compared to intragranular dislocation activities,
as evidenced by the observed changes of hardness. Thermal

annealing can drive GB relaxation [75, 76] and segregation of
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solute atoms [23, 24, 77] to impede dislocation-GB-mediated
mechanisms; as a consequence, anneal hardening was more
pronounced in the alloys with higher Ni+ Ce content. The hard-
ness retention of these higher alloying contents near 0.7T,,, is
noteworthy [78]. The hardness values after annealing at 375 °C
exhibit measurable drops but remain above their initial values.
The ranking of hardness values after annealing at 375 °C follows
the level of Ni+ Ce content in the alloys, with higher hardness
for increasing alloying content, which is nearly the opposite
trend of those in the as-deposited state. This suggests that the
anneal-hardening regime reflects a substantial evolution in the
GB chemistry and structure from the initial non-equilibrium
as-deposited material.

These results allow for the identification of three repre-
sentative transition temperatures [Fig. 2(d)]. First, there is a
composition and temperature threshold for retaining strength
above the as-deposited state following annealing, which is rep-
resented as H — H;<0 (blue asterisks). The alloys leaner in Ni
and Ce (3.1 at.%, 4.7 at.%, and 5.8 at.% compositions) lose their
strength below that of the initial value following the anneal-
hardening regime. Second, the temperature corresponding to
the maximum hardness (H,,,,, red squares) sharply rose upon
increasing the Ni+ Ce level from 4.7 to 6.8 at.%, which suggests
that additional thermal energy is needed to drive segregation
and/or structural relaxation of the GBs as the solutes compete
for sites in the GB. The H,,, temperature slightly decreases in
the last two compositions presumably due to the abundance of
solutes near the GBs. Third, the onset and potency of anneal
hardening can be captured by a temperature where the hard-
ness increases by more than half of the peak value, defined as
AH/(H,

max

»)>0.5 (black triangles). A larger gap between the
second and the third transition temperature indicates that the
alloy readily hardens at lower temperatures and then gradually
strengthens to the peak; a smaller gap indicates more rapid hard-
ening after annealing at a critical temperature. Collectively, these
temperature metrics for the anneal-hardening regime reflect the
compositional dependence of the resulting GB enrichment and
its influence on microstructural evolution and resulting strength
retention.

The total alloying content predominates as the key design
parameter that determines the initial microstructure, hardness,
and the transition of mechanical strength upon annealing. As
a whole, these alloys exhibited two characteristic behaviors in
the evolution of hardness: (i) retention of high strength followed
by a precipitous drop beyond 0.67T,, (Ni+Ce<5.8 at.%), and
(ii) pronounced anneal hardening with a less prominent drop
leading to retention of the anneal-hardened state above the ini-
tial state (Ni+ Ce> 5.8 at.%). This analysis thereby leads us to
focus on Ni+Ce=3.1 at.% and 7.2 at.% as two bounding cases

to examine the evolution of microstructural features, i.e., lattice
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Figure4: (a) Indentation hardness as a function of annealed temperatures and (b) Evolution of XRD measured grain size and lattice parameter of alloys
with 3.1 at% and 7.2 at% Ni+ Ce content. Evolution of the XRD profiles for the indexed {111} FCC peak for the (c) 3.1 at% and (d) 7.2 at% Ni+ Ce content
alloys after annealing at each temperature (listed next to each profile) for 2 h. The dashed lines are guides to the eye for peak positions widths.

parameter, grain size, secondary phases, and the tendency for

shear localization.

Evolution of lattice parameters and grain sizes

We first correlate the evolution of hardness in these two model
compositions [Fig. 4(a)] to those of the lattice parameter and
grain size [Fig. 4(b), with accompanying representative XRD
profiles of the {111} FCC peak as a function of annealing
temperature shown in Fig. 4(c, d)] in the regime where the
nanocrystalline microstructure is stable. At annealing temper-
atures of 300 °C (~0.62T,)) and below, the anneal-hardening
behavior is linked to a decrease in the lattice parameters despite
the grain sizes remaining unchanged in all samples. Over these
temperatures marked by NC stability, the hardness of the leaner
composition (3.1 at.%) marginally increased by 6.7% from 4.19
to 4.47 GPa, while the lattice parameter decreased 0.4% from

©The Author(s), under exclusive licence to The Materials Research Society 2022

4.072 to 4.055 A. In the higher composition sample (7.2 at.%),
the hardness increased 38% from 3.41 to 4.69 GPa as the lattice
parameter decreased by about 1.5% from 4.117 to 4.056 A. Com-
paring the two compositions, a 5.7-fold increase of the accessible
anneal-hardening potency corresponded to a fourfold increase
in the lattice parameter change.

Increasing the alloying content lowered the initial strength
in concert with a larger lattice parameter; however, the ther-
mal annealing initiated a strong hardening behavior with a
sharp decrease of the lattice parameter. Such a strong anneal-
hardening response with stable grain sizes, in turn, leads to a
final hardness of the 7.2 at.% alloy that surpasses that of the
3.1 at.% alloy after annealing to temperatures above 250 °C, at
which their lattice parameters converge. Critically, the grain size
remains constant up to 300 °C in both alloys, suggesting enrich-
ment of Ni and Ce solutes in the GBs that enhances stability. The

evolution of the lattice parameter indicates that the solutes that

www.mrs.org/jmr

September 2022

Issue 18

Volume 37

Journal of Materials Research

3088



N

v

Journal of
MATERIALS RESEARCH

m

initially partially reside in the grain interior segregate to the GB
(since these regions do not contribute to X-ray peak broaden-
ing). While our results of GB chemical enrichment leading to
the anneal-hardening behavior are consistent with other reports
[74, 79], our compositional screening shows that the potency of
this effect and the temperature range over which it is observed
strongly depends on GB composition.

Both compositions exhibiting stable NC structures demon-
strate a link between the evolution of lattice parameter—reflect-
ing chemical and, presumably, structural transitions within the
NC GB regions—and mechanical response. In this grain size
regime, our results are consistent with emerging literature
showing how the presence of solutes or solutal clusters at GBs
can substantially strengthen the alloy [80, 81], even for fixed
grain sizes [73, 80]. The lattice parameter of FCC Ni (3.524 A)
is smaller, while FCC Ce (5.162 A) is larger than Al (4.050 A).
The initial lattice parameter of the 7.2 at.% alloy being larger
than the 3.1 at.% alloy corroborates the initial screening results
that confirm that more alloying content leads to larger lattice
parameters (Fig. 1). Assuming Vegard’s law for a fully saturated
solid solution and a simple additive chemical strain from the
Ni and Ce solutes, the predicted lattice parameters of the fully
saturated state of 3.1 at.% (1.4 at.% Ni-1.7 at.% Ce) and 7.2 at.%
(4.1 at.% Ni-3.1 at.% Ce) alloys would be 4.061 A and 4.063 A,
respectively. For the as-deposited states, both measured values
are in excess of these predictions, suggesting full enrichment of
Ni at GBs and a super-saturated solid solution of Ce typical of
the non-equilibrium sputtering process. These lattice parameter
values also agree well with those previously observed during
detailed TEM characterization of a nanocrystalline Al-Ni-Ce
alloy [20, 21], as well as the chemical segregation during anneal-
ing. Apart from the chemical strain effect, residual stresses aris-
ing from the sputtering process can also influence the lattice
parameter, as they would lead to XRD peak shifts. Sputtered
metallic films are reported to experience in-plane biaxial com-
pressive associated with typical growth conditions such as coef-
ficient of thermal expansion mismatch and lattice mismatch.
For instance, sputtered Al films on Si substrate can reach com-
pressive stresses as high as 1 GPa depending on the sputtering
parameters [82]. We expect that these origins of residual stress
are minimal in the alloys produced in the present study owing
to (i) low sputtering temperatures, (ii) the presence of a native
amorphous layer on the substrates precluding epitaxial growth,
and (iii) the growth of relatively thick films (~ 1 um). However,
intrinsic residual growth stresses arising from the nucleation
of crystalline seeds, and their coalescence and growth, can also
develop during thin-film deposition [64]. Indeed, the Pois-
son effect by a possible in-plane biaxial compressive residual
stress can contribute to the measured lattice parameter via the
interplanar spacing of {111} planes parallel to the growth sub-

strates. Excluding the chemical strain effect from the alloying

©The Author(s), under exclusive licence to The Materials Research Society 2022

and assuming an elastically isotropic pure Al film, we estimate
an upper bound for the initial residual in-plane biaxial compres-
sive stress of 129 MPa and 385 MPa for as-deposited 3.1 at.%
and 7.2 at.% alloys, respectively. We conducted measurements
of the in-plane biaxial residual stresses in these films using
the sin*y method [83] to estimate their magnitude, with the
compressive stress released following low-temperature anneals.
Nevertheless, we can still assess the influence of the existence of
such an in-plane biaxial compressive residual stress, as it would
lead to the underestimation of the true contact area (A.) at a
given indentation depth and, thus, a possible overestimation of
hardness (H=F/A,) [84-86]. Corrections for the true A. would
yield a higher slope in the hardness vs. annealing temperature
plot [Fig. 2(c)]. Thus, the hardening behavior that we report is
conservative, and yet, we measure sizable evolution in the hard-
ness within a given alloy and among alloys of different composi-
tion. Taken as a whole, the evolution of the lattice parameter is
a strong indicator of synergistic co-segregation of Ni and Ce to
the GBs and subsequent relaxation processes. These results are
not only consistent with solute partitioning observed in pre-
vious investigations of Al-Ni-Ce nanocrystalline alloys [20,
21], but also other Al-based nanocrystalline/amorphous alloys
[87, 88]. As the GB properties often determine the mechanical
response of NC alloys, the distinctively different strengthening
behavior between 3.1 and 7.2 at.% alloy can be attributed to
the amount of Ni+ Ce enriched at the GBs. The stability of the
nanostructure in these alloys to technologically relevant service
temperatures is notable, and the compositional dependence of
both the anneal-hardened state and the temperatures to which
mechanical strength is maintained suggests a very flexible design
space in this alloy system.

Further annealing at higher temperatures>300 °C led to a
pronounced evolution of the nanocrystalline microstructures,
including the development of secondary phases and concurrent
grain growth. The most noticeable hardness drops for each com-
position [Fig. 4(a)] corresponded with the onset of grain growth
[Fig. 4(b)]. Annealing at 350 °C for 2 h induced pronounced
grain growth with mean sizes evolving from 18 to 35 nm in
the 3.1 at.% alloy, which coincided with the loss of 55% of the
hardness (from 4.24 to 2.32 GPa). Further annealing to 375 °C
triggered additional grain growth to 55 nm, further decreas-
ing the strength to 2.21 GPa. In contrast, the 7.2 at.% alloy did
not undergo significant grain growth or a hardness drop after
annealing at 350 °C, and the first measurable indication of grain
growth in the 7.2 at.% alloy was observed after annealing at
375 °C (0.7T,,). This result suggests an exceptionally stable NC
Al alloy, since most NC Al alloys have been reported to soften
at temperatures well below 350 °C [78]. At these elevated tem-
peratures, the mean grain size grew from 10 to 40 nm, and the
hardness dropped; nevertheless, the hardening brought out by

annealing at lower temperatures was somewhat retained, leading
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Figure 5: BSE images of before and after the precipitation of secondary phases in (a) 3.1 at% and (b) 7.2 at% alloy. SE images near the indents before
and after the suppression of shear localization in (c) 3.1 at% and (d) 7.2 at% alloy. The micrographs share the same scale bar.

to a 7.5% higher hardness over the as-deposited state despite
the grain growth. Consistent with the lattice parameter data,
the enrichment of Ni+ Ce at the GBs further stabilizes the NC
structure and the final strength following a thermal exposure at
70% of the melting temperature of Al

Intermetallic precipitation and shear localization

Precipitation of second phases occurred in both 3.1 at.% and
7.2 at.% alloys after annealing at 350 °C (0.67T,,), as evidenced
by backscattered electron (BSE) images [Fig. 5(a) and (b)].
The occurrence of a second phase is known to disrupt the GB
enriched state by consuming the segregated solutes during the
formation of intermetallic compounds, which can destabilize
the microstructure and lead to grain growth. Such a phase sep-
aration event triggering grain growth was observed in the 3.1
at.% alloy [Fig. 4(b)], which coincides with a significant drop
in hardness. Previous work investigating an Al-Ni-Ce alloy
demonstrated that the nucleation of Al},Ce; and AL;Ni phases,
as determined by combined electron diffraction and EDS ele-
mental mapping, sufficiently consumed grain boundary solute
to allow significant grain growth and cause a concomitant
decrease in hardness [20, 21]. Both Ni and Ce have negligi-
ble solubility in Al and are reported to readily form Al,,Ce,
and AL;Ni intermetallic phases [21, 89, 90]. At the same time,
Al-Ni-Ce is an effective glass-forming system [58]. There-
fore, Ni and Ce segregated to the GB can form energetically
favorable AIFs when annealed and subsequently quenched
[20], which then competes with intermetallic formation at an

© The Author(s), under exclusive licence to The Materials Research Society 2022

elevated temperature. Recent X-ray total scattering experi-
ments demonstrated that the Ni and Ce enrichment in the
ATFs causes destabilization of Ni- and Ce-centered, polyhe-
dral, medium-range order in the amorphous regions of the
material, hindering intermetallic precipitation [21]. The
observation from the 350 °C annealing experiment suggests
that higher alloying content at the GB hampers the nucleation
and growth of the second phase. In turn, it prevents runaway
precipitation, and the grain size is retained in the remaining
matrix to sustain the strength after being exposed at higher
temperatures.

We next turn our attention to the influence of the GB chem-
istry and structural state on the progression of plasticity and
potential for damage tolerance in this class of alloys. Keeping in
mind that the abundance of GBs contributes to the mechanical
response in NC alloys, we estimate the GB fractions of the 3.1
at.% and 7.2 at.% alloys to be 11.3% and 26.1%, respectively,
assuming 2D hexagonal grains and a GB thickness of 1 nm [21].
This non-negligible fraction of atoms residing in GB regions
not only acts as an obstacle to dislocation glides but also can
serve as dislocation nucleation sites and plasticity carriers by
activating GB rotation and sliding [3, 69-71, 73]. The opera-
tion of GB-mediated deformation mechanisms often induces
unfavorable shear localization [91, 92], which precludes homo-
geneous plastic flow and ultimately damage tolerance. In the
current study, all the as-deposited Al-Ni-Ce alloys experienced
localized plasticity which manifests as shear bands in the vicin-
ity of the indent marks. However, after annealing at 300 °C for
2 h, evidence of shear localization diminished in the 3.1 at.%

alloy [Fig. 5(c)] with only a marginal decrease of hardness from

www.mrs.org/jmr

September 2022

Issue 18

Journal of Materials Research ~ Volume 37

w
o
O
o



Y I o

the 250 °C annealed state [Fig. 4(a)], where shear localization
was rampant [Fig. 5(c)]. While thermal relaxation can increase
the strength at the expense of strain to failure at in some NC
alloys [92, 93], this tradeoff was recently circumvented in the
Al-Ni-Ce system [20]. These researchers ascribed the sup-
pression of shear localization to a segregation-induced stiff
intergranular film and compliant grain interior that facilitates
dislocation activities over GB sliding, with the latter promot-
ing shear banding. In the present study, the 7.2 at.% alloy hosts
shear localization behavior persisting up to an annealing tem-
perature of 350 °C, at which point grain growth was suppressed
while intermetallic compounds precipitated. The persistence
of shear localization can be hypothesized to be a result of an
insufficient portion of compliant grain interior, due to the very
small grain size (< 10 nm), required to transition deformation
mechanisms. However, evidence of shear localization in the 7.2
at.% alloy disappeared after 375 °C annealing, where the fraction
of intermetallic compounds further increases to induce grain
growth. While this more homogeneous plastic response comes
at the expense of a drop in hardness relative to the peak anneal-
hardened value, the resulting hardness in the evolved state is still
higher than the as-deposited value, highlighting the importance
of the interfacial segregation and presumed formation of unique
GB states in governing the pathways for subsequent microstruc-
tural evolution. These results demonstrate how one could opti-
mize the thermomechanical response of these lightweight alloys
through subtle compositional tuning and judicious selection of
heat treatments.

7.2 at.% 200 °C, 2H

Influence of extended annealing

Kinetics play an influential role in GB segregation and inter-
metallic formation that determines the final structure and
mechanical properties; accordingly, we examined the effect of
annealing time on the interrelationship between microstructure
and mechanical behavior. In the representative 3.1 at.% alloy,
an increase of annealing time decreased the transition tem-
perature to shear localization. The shear bands near the indents
disappeared at 200 °C when annealed for 16 h [Fig. 6(a)], and
are associated with a small decrease of hardness. In contrast,
increasing the annealing time in the 7.2 at.% alloy from 2 to
16 h led to a hardness increase from 4.19 to 4.48 GPa [Fig. 5(f)]
with no change in shear localization behavior [Fig. 6(b)]. A
16 h annealing of 7.2 at.% at 287 °C (0.6 T,,) precipitated inter-
metallic compounds [Fig. 6(c)], suggesting kinetic effects on
phase separation at elevated temperature, consistent with a
large activation energy for precipitation from a confined AIF in
an Al-Ni-Ce NC alloy [21]. While the hardness does decrease
relative to the 2 h annealing treatment at 250 °C and 300 °C,
it remains significantly higher than the initial hardness, and
the prolonged annealing suppressed the shear localization.
Annealing at 325 °C followed by an air quench introduced
shear localization in the 3.1 at.% [Fig. 6(d)] and lowered the
strength [Fig. 6(f)], implying that the segregation-mediated
mechanism of GB stiffening requires longer time or higher
temperature. For the 7.2 at.% alloy, there was a negligible effect
of rapid cooling from 325 °C on shear localization [Fig. 6(e)].
The 16 h annealing results suggest that extended annealing at
a lower temperature can often be beneficial, especially in sup-

pressing shear localization without significantly compromising
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Figure 6: SE image of indentation morphology taken after 2-h and 16-h annealing at 200 °C of (a) 3.1 at% and (b) 7.2 at% alloy. (c) 7.2 at% alloy
annealed at 287 °C (0.6 T,;)) for 16 h. Indentation morphology of air-quenched 325 °C annealed (d) 3.1 at% and (e) 7.2 at% alloy. The micrographs share
the same scale bar. (f) Hardness plot of 3.1 at% and 7.2 at% alloys with varying annealing conditions.
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the strength, which collectively enhances thermal stability and
mechanical behavior in concert.

Finally, we aggregate our collective results to demonstrate the
strong dependence of alloying content in the AI-Ni-Ce NC sys-
tem on thermal stability and phase evolution, hardness retention
following thermal exposure, and plastic localization behavior
to generate mechanism maps to demarcate the NC alloy design
space. Three experimentally validated boundaries delineate sub-
regions in the maps constructed for 2 h of annealing (left panel
of Fig. 7) associated with: intermetallic compound precipitation
with the number of phases (¢) greater than 1 (solid green), shear
localization (solid orange), and grain growth (dotted gray).
The area above the intermetallic formation line depicts
the temperature and composition threshold for precipitation
of second phases ¢ > 1. While the transition temperature for
phase transformation in the absence of GB segregation would
be expected to decrease since the driving force to form inter-
metallic compounds increases with alloying content in the
bulk phase diagram, the slope of the boundary is relatively
flat in the NC alloys between 3 to 8 at.% of alloying content,
as all the alloys that we explored precipitated second phases
after annealing at 350 °C for 2 h. Thus, the co-segregation
of both Ni and Ce to the GB hinders phase separation, pro-
viding thermal stability to relatively high temperatures. The

©The Author(s), under exclusive licence to The Materials Research Society 2022

shear localization boundary divides the compositional and
temperature regions where shear bands are suppressed after
the indentations. Annealing to sufficiently high temperatures
promote more homogeneous plasticity, even in cases where
the microstructure is stable, suggesting that some amount of
segregation facilitates both hardness increases and stable plas-
tic flow. The transition temperature of this boundary increases
as the Ni+ Ce level increases, as evidenced by the micrographs
of surface morphology [Fig. 5(c) and (d)]. At leaner compo-
sitions, the transition temperature decreases sharply as the
nanostructure is unstable, and pronounced grain growth gen-
erally eliminates shear localization at the expense of strength.
With a minimal increase in annealing temperature from 350
to 375 °C, the transition temperature is relatively insensitive
to the alloying content, which can be attributed to the efficacy
of segregation engineering in this alloy. Notably, the plateau
in the intermetallic precipitation line highlights that fine tun-
ing of alloying elements added to the NC material can boost
thermal stability substantially.

The crossover between the intermetallic precipitation and
shear localization boundaries delineates four unique areas:
single phase (¢ =1) with and without shear bands and multi-
phase (¢ > 1) with and without shear bands. The crossover point
is at approximately Ni+ Ce =5.5 at.% and at 350 °C in the 2-h
annealing diagram. This defines an optimal alloy composition
and heat treatment at leaner compositions from the crossover
point that maintains stable NC grains without shear localization.
One can further note a small window (bounded by the strength
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retention line) where the alloy maintains a strength above its
initial strength together with the aforementioned features. Below
the crossover point, the alloy undergoes substantial hardening
owing to GB segregation, as demonstrated in Fig. 2(c) at the
expense of the shear band formation. Above the crossover point,
alloys precipitate second phases yet are expected to undergo uni-
form plastic deformation. Grain growth can be hindered even
following second-phase precipitation at an adequately higher
Ni + Ce level as confirmed in the previous grain size analysis
[Fig. 4(b)], likely due to residual solute at grain boundaries or
a high concentration of intermetallic particles. Thus, both high
strength and the potential for damage tolerance is possible with
the aid of nano-scaled intermetallic precipitates. Finally, an alloy
with high Ni and Ce content heat treated to reside at higher
compositions from the crossover point precipitates second
phases and experiences unfavorable shear localization.

The experimental observations in Fig. 6 suggest vary-
ing annealing times transform the characteristic regions. The
intermetallic precipitation line and the shear localization line
shift to lower temperatures at increased annealing time to 16 h.
Consequently, the single-phase area without shear localization
can expand (right panel in Fig. 7). Both the temperature range
and Ni+ Ce level limit increase, bolstering the opportunity to

utilize segregation engineering in potentially ductile NC alloys.

A combinatorial approach and high throughput characterization
methods were employed to explore the composition space of
a segregation-engineered Al-rich ternary nanocrystalline sys-
tem. Two separate sputtering configurations were utilized, from
which 30 initial alloys with varying Ni + Ce content were down-
selected to 6 alloys covering a range of composition (3.1 at.%
to 7.8 at.%) to monitor the characteristic mechanical behavior
following thermal excursions. As a result, two representative
behaviors were identified to focus on investigating solute segre-
gation effects on the thermal stability and mechanical behavior
of Al-Ni-Ce nanocrystalline alloys. The key findings of the cur-

rent study are as follows:

e The mechanical strength responding to the annealing tem-
peratures is a strong function of alloying content. Tailoring
the Ni+ Ce content from lean to enriched promotes harden-
ing behavior and increases the strength after microstructural
evolution.

® Despite the precipitation of second phases after annealing at
0.67T,,, alloying contents of 6.8 at.% and above retain their
strength above that of their corresponding initial strength.

¢ A sufficient amount of co-segregating species gives rise to
the coexistence of grain size retention with precipitation of

second phases.

©The Author(s), under exclusive licence to The Materials Research Society 2022

e  While a higher alloying content gives rise to higher strength
with the formation of shear bands, a longer annealing
time mitigates localized plasticity without compromising
strength.

e The interplay between segregation, microstructural evolu-
tion, and the resulting thermal stability and mechanical
behavior can be illustrated by mapping four characteristic

regimes in composition-temperature space.

The exceptional thermal stability of the AI-Ni-Ce
system via segregation engineering evokes several prom-
ising avenues for other Al-rich nanocrystalline alloys
for high-temperature applications. The mapping of
characteristic properties brought about by segregation
phenomena in compositional and processing space also
promises to accelerate the wider use of nanocrystalline
alloys. For instance, outcomes from a combinatorial syn-
thesis and rapid characterization effort could efficiently
down-select promising compositions and inform design
parameters to synthesize bulk NC alloys at industrial

scales, for example, through mechanical alloying.

Al-Ni-Ce NC alloys were synthesized using an AJA ATC 1800
sputter deposition system configured with a pure Al target
(99.999%) and a pre-alloyed Al-7 at.% Ni-6 at.% Ce target
(99.95%) at a base pressure of 1.33 x 10 mbar. The working
pressure and substrate temperature were maintained at 4 mbar
(3.0 x mTorr) and 25-30 °C, respectively. The deposition was
interrupted every 40 s for a duration of 8 s to reduce the aspect
ratio of NC grains following the method in [20]. Alloys were
sputtered to 1 um thicknesses on (100) Si wafers for mechani-
cal testing and onto glass substrates for XRD scans. The depo-
sition thickness assures the sample to contain ~ 100 grains in
the indentation direction, thus, representing bulk behavior.
Indentation tests were performed using a KLA iMicro Nanoin-
denter equipped with a 50 mN load cell and a diamond Berko-
vich tip. A dynamic oscillation with an amplitude of 1 nm
was superimposed at 100 Hz for continuous stiffness meas-
urements during indentation at a strain rate of 0.2 s™'. The
reported hardness values were averaged from 100 to 150 nm
indentation depths to avoid the effects of surface roughness
and the influence of the substrate. XRD scans were performed
on a Rigaku SmartLab diffractometer using a Cu K, source.
Lattice parameter (a) and mean grain size (d) of the Al-rich
alloys were determined from fitting the profile of the {111}
peak [94] and the coherently scattered length from Scherrer
equation [95]. The residual stress was assessed using the sin’y
method, as described in detail in Refs. [83, 96]. Our previous
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investigations into one specific AlI-Ni-Ce alloy [21], as well
as 3 other related Al ternary nanocrystalline alloys [97], cor-
roborated the accuracy of the XRD-determined mean grain
sizes using direct TEM grain size measurements, demonstrat-
ing that heterogeneous strain from dislocations and residual
stresses are negligible in their contributions to peak broaden-
ing [20]. The nominal composition of the deposited films was
measured by SEM-EDS. 2D mapping (250 pm by 250 um) was
performed at multiple positions (n>5) of a patch. We chose
the combination of characterization and analysis techniques
used in the present work to optimize experimental throughput
with the goal of rapidly searching through composition and

annealing space.
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