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The thermal stability of bimodal Ta-Hf nanometallic multilayers, comprised of columnar and brick-like grains,
was explored by characterizing films annealed at 550 °C and 1000 °C. Although the brick-like grains recrystal-
lized, their grain size remained in the nanoscale. Recrystallization of the columnar grains was hindered by
semi-coherent sub-grain boundaries and quadrupole points. Growth of the recrystallized brick-like grains was
prevented by Hf precipitates, which activated kinetic and thermodynamic stabilizationmechanisms. The present
results outline a promising route to improve the stability of nanomaterials by using bimodal nanometallic mul-
tilayers with engineered interfaces while expanding the available architectures to synthesize nanocrystalline
materials.
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Nanomaterials
Nanocrystalline materials have exceptional mechanical, optical,
electrical, and catalytic properties that have potential for new applica-
tions such as sensor devices, capacitors, catalyzers, or protective coat-
ings [1–3]. However, nanocrystalline materials have a high density of
interfaces that at elevated temperatures induce microstructural trans-
formations, which results in degradation of the interesting properties
inherent to nanomaterials [4]. Thus, several studies have attempted to
improve the thermal properties of nanomaterials via kinetic and ther-
modynamic approaches [5,6]. First, in a kinetic route the stability is in-
creased by inducing the formation of precipitates that pin the grain
boundaries and thus reduce theirmigration velocity. Second, in thermo-
dynamic stabilization the grain boundary energy, which is the driving
force for grain boundary motion, is decreased via solute segregation to
the grain boundaries [7]. Another alternative is to use special architec-
tures that decrease the interface energy like low angle grain boundary
nanolaminates and nano multilayers [8]. In addition, a recent study by
Zhou et al. suggests that the thermal stability of nanocrystalline mate-
rials could be improved by decreasing the grain size below a critical
value, under which the interface energy is lowered due to the activation
of dislocations via annealing [9].

In regards to special architectures or engineered structures,
nanometallic multilayers (NMMs) are a potential route towards en-
hanced thermal stability, improved strength, and better radiation resis-
tant materials [10–14]. NMMs are aggregates of alternating nanometric
ineering andMaterials Science,
os Angeles, CA 90089, USA.

ier Ltd. All rights reserved.
metallic layers of different composition that can be used to control var-
iables that influence the thermal evolution of nanomaterials such as the
density of interphases, the local composition, and the grain structure,
which can be columnar, equiaxed or compressed. Where compressed
grains are cylindrical grains that resemble a brick wall in two-
dimensional micrographs, henceforth these grains will be referred to
as brick-like grains [15,16]. Previous research suggests that NMMs
with columnar grains show increased thermal stability. For example,
studies on columnar grained Hf-Ti, W-Cr, Mo-Au, and Cu-Co NMMs,
have demonstrated that during annealing, thermodynamic or kinetic
stabilization mechanisms can be activated, leading to the retention of
nanoscale features [13,17–20]. Research on brick-like grained NMMs
systems, such as Cu-Ta, Cu-Nb, Al-Ni, and Cu-Ag, have shown that this
type of structure can increase the recrystallization temperature
[21–27]. Overall, most studies have pointed out that NMMswith thicker
layers and columnar grains have greater stability [23,24,28].

AlthoughNMMswith either columnar or brick-like grains have been
studied individually, to the best of the authors' knowledge, there is no
previous research on NMMs with a bimodal grain structure. Previous
studies of bimodal materials have focus on microstructures with two
grain size distributions which combined the high strength of nanocrys-
talline materials and the increased ductility of ultrafine grain materials
[29–31]. Thesemicrostructures have been used to enhance themechan-
ical properties of nanocrystalline pure Cu, Ti, Zr, and Ni, aswell as Cu-Al,
Cu-Ag, Al-Mg, and Ti-Zr alloys [32–41]. Despite the fact that there is lim-
ited research on the thermal stability of bimodal materials, a study on
the magnesium alloy AZ91 shows that the combination of two grain
sizes promotes the development of low angle grain boundaries, which
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exhibit higher thermal stability [42,43]. Thus, a systemwith both NMMs
and a bimodal grain structure could provide increased microstructural
stability.

Therefore, the aim of this study is to explore the thermal stability of
Ta-Hf bimodal NMMs by performing a detailed microstructural investi-
gation at different annealing temperatures. In this manuscript, bimodal
NMMs are defined as nanolayered composites comprised of two differ-
ent regionswith columnar and brick-like grains that can be synthesized
by interrupting the growth of columnar grains during deposition. The
Ta-Hf system was selected due to its proclivity for nanocrystalline sta-
bility and also because it favors the formation of columnar grains,
which facilitates the deposition of a bimodal structure [44].

Ta-Hf bimodalmultilayers (2.0 μmthick)were deposited on Si (100)
substrates bydirect current (DC)magnetron sputtering inside a vacuum
chamber evacuated to a base pressure of 1.1 × 10−4 Pa. During deposi-
tion, the chamber was filled with 6.7 × 10−1 Pa of Ar to sputter the in-
dividual layers using powers of 175.0 W and 50.0 W for Ta (99.95 at. %
Ta) and Hf (99.9 at. % Hf) sources, respectively. Under these conditions,
the deposition rates were approximately 30 nm/min for Ta and
9 nm/min for Hf, valueswhichwere held constant during the sputtering
procedure. The composition of the alternating 2 nm Hf (99.9 at. % Hf)
and 14 nm Ta-Hf (14.6 at. % Hf) layers was adjusted by controlling the
sputtering time of the Ta source as indicated in a previous manuscript
[17]. The global composition of the film (22.4 at. % Hf) was measured
using an energy dispersive x-ray (EDS) EDAX detector inside a JSM-
7001 scanning electron microscope (SEM). X-ray diffractometry mea-
surements using a Rigaku Ultima IV diffractometer revealed a highly
BCC (110) texture. To study the morphology of the films, TEM lamellas
were prepared by focus ion beam (FIB) using a FIB-4500 (JEOL). Subse-
quently, these TEM samples were characterized using a JEM-2100F
(JEOL) microscope.

Themicrostructure of the Ta-Hf bimodal NMMs, presented in Fig. 1a,
is comprised of columnar grains at the top of the film (Fig. 1b) andbrick-
like grains (Fig. 1c) that extend over 600 nm from the substrate surface;
this structure corresponds to afilm type Zone 1 in the Thornton diagram
[45]. The selected area diffraction (SAD) pattern from the cross-section
of the film (top of Fig. 1a) only showed Ta rings diffracted from the solid
solution in the Ta rich layers. This indicates either that the pure Hf layers
Fig. 1.Brightfield TEM images showing (a) the bimodalmultilayers, (b) columnar grains at the t
corresponding grainmorphologies for (d) columnar and (e) brick-like regions. The grain size di
are not large enough to diffract sufficient electrons to observe a ring, or
that most of the pure Hf layers are adopting the BCC structure that has
been observed in other studies [46,47]. Themorphology of the columnar
and brick-like grainswas identified by darkfield TEM images (Fig. 1d–e)
that were also used to measure grain size distributions for each type of
grain (Fig. 1f–g) followingprocedures outlined in a previousmanuscript
[17]. From these distributions, an average grain size of 109±43nmand
31 ± 9 nm (Average grain size ± Standard Error) were calculated for
columnar and brick-like grains, respectively [48].

The structure of the interphases within these types of grains de-
pends on the surface energy (γ) and the atomic radius (a) of the individ-
ual metals A and B at the interface [49]. When the surface energy
mismatch (ΓAB = 2(γA − γB)/(γA + γB)) is ΓAB b 0.5 and the ratio of
atomic radii (r = aA/aB) is r ≲ 1.00, relatively stable coherent
(5–200 mJ m−2) or semi-coherent (200–800 mJ m−2) interphases
form between the subgrains of uninterrupted columnar structures
[49,50]. For example, in studies performed on Hf-Ti (ΓHf, Ti = − 0.06,
rHf, Ti=1.08) andW-Cr (ΓW, Cr =0.13 rW, Cr =0.96) NMMs, the colum-
nar grains are comprised of subgrains bounded by semi-coherent inter-
faces [17,18]. In contrast, when ΓAB N 0.5, highly mobile incoherent
interphases (800–2500mJm−2) can interrupt columnar grain structure
or drive the formation of azimuthally misoriented brick-like grains
[51–53]. For instance, it was observed that in a Mo-Au NMMs study
(ΓMo, Au = 0.92, rMo, Au = 1.07), the columnar grains are interrupted
by incoherent interphases between the Mo rich and pure Au layers
[20]. Therefore, different elements promote the formation of certain in-
terphases that can be used to tailor NMMswith specific grain structures.

Particularly, in the high resolution TEM (HRTEM) images of the Ta-
Hf NMMs in Fig. 2, it is observed that the interphases between layers
in the columnar and brick-like regions have different atomic structures.
For this system (ΓTa, Hf = 0.22, rTa, Hf = 0.96), the aforementioned vari-
ables imply that this system favors the formation of semi-coherent in-
terphases within uninterrupted columnar grains [52,53]. However,
under the sputtering conditions used (Zone 1 of the Thornton diagram),
shadowing due to substrate roughness and limited surface diffusion
prevent the development of columnar grains at the bottom of the film
[54]. Therefore, close to the substrate the deposition of Hf layers effec-
tively interrupts the growth of coalesced Ta rich islands that become
op, and (c) brick-like grain at the bottomof thefilm. The dark-field TEM images display the
stributions for the columnar and the brick-like grains are shown in (f) and (g) respectively.



Fig. 2.High resolution TEM images of (a) the brick-like grains, showing atomic lattices that extend over a single layer, and of (b) the columnar grains, displaying atomic layers extending
over several layers. The yellow lines indicate the orientation of atomic layers inside the grains. The FFT patterns (i) to (iv) show that the brick like grains in consecutive layers have different
orientations, while the patterns from (v) to (viii) indicate that the columnar subgrains have the same orientation.
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brick-like grains. Specifically, Fig. 2a shows that these grains have differ-
ent orientations in consecutive layers (see Fast Fourier Transform or FFT
patterns) and are surrounded by high-angle grain boundaries, which
have higher contrast and definition in HRTEM images [55,56]. As the
film continues to grow, shadowing effects reduce the uniformity of
the Hf layers, and in turn these layers less effectively interrupt the
growth of Ta-rich islands, which continue to grow in the form of colum-
nar grains that extend over several layers. For instance, Fig. 2b, high-
lights a columnar grain at the top of the film comprised of Ta rich
subgrains in the (111) zone axis (see FFT patterns) with diffuse semi-
coherent pure Hf layers between the subgrains [54]. Furthermore, the
heterogenous distribution of brick-like and columnar grains makes the
density of high-angle grain boundaries greater at the bottom of the
film, which results in a non-uniform distribution of stresses [57]. Ac-
cordingly, profilometry measurements show that the as-sputtered
Fig. 3. Bight field, dark field TEM and corresponding grain size distributions of the multilayers a
(e) show the corresponding SAD patterns with the Hf rings colored purple. The dark-field TEM
preserved, most of the brick-like grains have recrystallized at 500 °C. Similar grain size distribu
films are in a compressed state with average residual stresses of
−745.6 MPa (Stoney's equation) [58].

In order to study the evolution of the bimodalmicrostructures under
thermal loading, the as-sputtered sampleswere heat-treatedunder vac-
uum at 550 °C and 1000 °C, keeping the temperature constant for 96 h
and quenching the films in a low vapor pressure oil without breaking
vacuum (Invoil 705, Inland Vacuum Industries). These temperatures
were selected from DSC scans of the system, where a thermal event oc-
curring between 482 °C and 842 °C with ΔH = − 9.6 kJ/mol was iden-
tified. The scans were collected using a Labsys thermal analyzer, by
heating the films at a constant rate of 10 °C/min from 20 °C to 1000 °C
under constant Ar flow of 40ml/min. Themicrostructure of the samples
annealed at 550 °C and 1000 °C, are presented in the bright field TEM
micrographs in Fig. 3a and e, which are comprised of columnar grains
at the top of the film and equiaxed grains at the bottom. It can be
nnealed at 550 °C (a,b,c and d), and at 1000 °C (e,f,g and h) after 96 h. The insets in (a) and
images indicate that while at both temperature the structure of the columnar grains is

tions are observed at 550 °C (d) and at 1000 °C (g) suggesting no significant grain growth.



Fig. 4. (a) Brightfield STEM image highlighting the structure of themultilayered samples after annealing at 1000 °C, where the yellow box indicates an areawith both columnar and brick-
like grains. This region was studied in more detail by collecting additional (b) STEM images and (c) EDS maps, which display Ta rich grains (Turquoise) surrounded by Hf precipitates
(Orange).
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observed that the columnar grains conserve their multilayered struc-
ture (Fig. 3b and f), although, the pure Hf layers show several break-
throughs, suggesting that roughening has occurred during annealing
[59]. At 550 °C the equiaxed grains at the bottom of the film (Fig. 3c)
do not showanymultilayers,which indicates that the exothermic trans-
formation identified in the DSC scans corresponds to recrystallization of
the brick-like grains. This process is driven by the strain energy and
the greater mobility of the incoherent high-angle grain boundaries
[43,60,61]. Furthermore, the SAD patterns at 550 °C (Inset Fig. 3a)
show a new Hf (100) ring, which points to the segregation and clus-
tering of Hf at grain boundaries during recrystallization [62]. Subse-
quently, at 1000 °C, the equiaxed grains have spheroidized (Fig. 3g)
and the Hf clusters have agglomerated to form precipitates at the
grain boundaries, which diffract an additional Hf (102) ring (Inset
Fig. 3e) [62]. Dark-field TEM images were used to calculate the grain
size distributions between 500 °C and 1000 °C (Fig. 3d and h). Themea-
surements show that the average size of the columnar grains moder-
ately increases from 139 ± 52 nm to 157 ± 73 nm, and that of the
equiaxed grains grow from 55 ± 32 nm to 60 ± 28 nm, respectively.

The aforementioned results seem to indicate that a bimodal NMM
structure can enhance the thermal stability of the Ta-Hf system via
mechanisms that depend on the interface structure. The boundaries of
the columnar subgrains are locked by the semi-coherent pure Hf layers,
which have lower mobility [63]. These layers intersect high-angle grain
boundaries at quadrupole points, which prevent the formation of
grooves and decrease the strain at the columnar grains, thus lowering
the driving force for recrystallization [28]. This type of stabilization has
been studied in detail by comparing the thermal evolution of Cu-Nb
NMMs with either staggered or vertically aligned grains [23,28,64,65].
In addition, the equiaxed grains are stabilized by the Hf precipitates,
which lock the grain boundaries and reduce their energy, resulting in
the simultaneous activation of kinetic and thermodynamic stabilization
mechanisms that have been reported for other systems such as Mo-Au,
Cu-Ta, and Cu-Nb [20,66,67]. Specifically, at 1000 °C, the Hf precipitates
inside the area highlighted in Fig. 4a were studied inmore detail. Fig. 4b,
a TEMmicrograph of that area, shows a combination of columnar grains
with well-defined layers and equiaxed grains, which are surrounded by
precipitates that display compositional contrast. The corresponding EDS
map (Fig. 4c), where Hf is colored orange and Ta turquoise, highlights
that while the equiaxed grains are enriched with Ta, the precipitates
along the grain boundaries are Hf rich. These precipitates form awetting
complexion that reduces the energy and the mobility of the grain inter-
faces and results in the combined stabilization of the equiaxed grain
boundaries, in agreement with predictions from the Murdoch and
Schuh model for the Ta-Hf system [44,68,69]. Furthermore, as the
equiaxed grains spheroidize, their shape tends towards polyhedrons
that minimize the grain boundary area and increase the stability of the
system [63,70]. It should also be noted that an increased temperature
threshold for grain coarsening has been reported for grain sizes below
a critical value [9]. Although that particular study focused on pure Cu
andNi systemswith critical grain sizes of 70 nmand90nm, respectively,
the small grain size of the brick-like grains could also be increasing the
temperature needed for grain growth.

In this manuscript we explore for the first time, the thermal stability
of bimodal Ta-HfNMMswith both columnar and equiaxed grains. Itwas
observed that a bimodal microstructure enhances the thermal stability
by providing several stabilizing mechanisms that depend on the inter-
face structure. For example, the stability of the columnar grains is in-
creased by quadrupole points that lock the grain boundaries and by
the presence of semi-coherent Hf layers, which prevent recrystalliza-
tion. Although the brick-like grains recrystallize between 482 °C and
842 °C, the new equiaxed grains are stabilized by Hf rich precipitates
at the grain boundaries, which simultaneously activate kinetic and ther-
modynamic stabilization mechanisms. Overall, both columnar and
brick-like grains show minimal grain growth, where even at 1000 °C
the grain size of the columnar grain is 157 ± 73 nm and that of the
brick-like grains is 60 ± 28 nm. These results highlight a path to im-
prove the stability of nanocrystalline materials using bimodal NMMs
with engineered interface structures.

This workwas performed under the auspices of the National Science
Foundation under Grant DMR-1709771 and of the Office of Naval Re-
search under Grant N00014-12-1-0638. We acknowledge the Center
for Electron Microscopy and Microanalysis at USC for the use of their
SEM, FIB and TEM instruments.
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