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We report the sputter deposition of Cu-7V and Cu-27V (at.%) alloy films in an attempt to yield a “clean” alloy to
investigate nanocrystalline stability. Films grown in high vacuum chambers can mitigate processing contaminates
which convolute the identification of nanocrystalline stability mechanism(s). The initial films were very clean with
carbon and oxygen contents ranging between ~0.01 and 0.38 at.%. Annealing at 400 °C/1 h facilitated the
clustering of vanadium at high-angle grain boundary triple junctions. At 800 °C/1 h annealing, the Cu-7V film lost
its nanocrystalline grain sizes with the vanadium partitioned to the free surface; the Cu-27V retained its
nanocrystalline grains with vanadium clusters in the matrix, but surface solute segregation was present. Though

the initial alloy and vacuum annealing retained the low contamination levels sought, the high surface area-to-
volume ratio of the film, coupled with high segregation tendencies, enabled this system to phase separate in such
a manner that the stability mechanisms that were to be studied were lost at high temperatures. This illustrates

obstacles in using thin films to address nanocrystalline stability.

The use of solute segregation has been found to be a means to
impede elevated temperature grain growth in nanocrystalline
alloys [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17,
18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28]. The solutes can either
“wet” the boundary and provide a thermodynamic reduction in
the grain boundary (GB) energy that drives coarsening and/or
cluster to precipitate as a secondary phase and provide a kinetic
pinning effect [4, 25, 29]. Examples of nanocrystalline stability
based on these mechanisms have been reported in Ni(P) alloys,
[30, 31]; Cu(Ta) alloys [32]; and Cr(W) [33] to name a few.
Elucidating the specific details of stabilization mechanisms
has been a subject of investigation for many decades [3, 20, 21,
24, 34, 35, 36]. For instance, Cahn, in 1962, described a solute
drag effect that originated from a competition between the
migration of the GB relative to the diffusivity of a solute into
or away from the boundary [34]. In more recent years, the ther-
modynamics of the solute effect on the boundary energy has
been emphasized, where the solute has been proposed to
reduce the GB energy to values near zero. This would reduce
or even eliminate the driving force for grain growth [3, 12,

20, 21, 24, 35]. These thermodynamic concepts were further
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developed by considering both the enthalpy of mixing and seg-
regation of the solute species within the solvent matrix [10,21,
24,26]. This led to maps that could guide predictions of stabil-
ity, metastablity, and instability with respect to nanocrystalline
grain sizes with temperature [12]. Though the enthalpy of seg-
regation would clearly be necessary to promote solute parti-
tioning to the boundary, the enthalpy of mixing provides
guidance if the solute can cluster together and even precipitate
as a secondary, separate phase changing the mechanisms of sta-
bilization [12, 24].

In the above approaches, the general concepts have consid-
ered the GBs to be isotropic and that partitioning behavior is
independent of boundary type. However, it is well known
that GBs are diverse in structure and energy. For example, in
the aforementioned Ni(P) system, atom probe tomography
(APT) revealed inhomogeneous segregation to various boun-
dary types [30, 31]. More recently, X-ray energy-dispersive
spectroscopy (XEDS) by transmission electron microscopy
(TEM) in nanocrystalline-stabilized Pt(Au) revealed a variation
of Au content as a function of different GBs [37]. Recent work
by the authors group has clearly linked differences in solute
segregation to different GB types in Fe(Cr) [38]. Thus, the
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ability to correlate the solute to the boundary type provides a
further level of information on their interdependent role in sta-
bilization and thereby provides a comprehensive map on the
partitioning behavior and its effect on stabilization.

Beside solute-boundary specificity, a more pressing con-
cern regarding stability is to properly identify the stabilization
mechanism. Kapoor et al. [39] have shown, by APT, the pres-
ence of nanoscale carbide and oxide clusters in Cu(Nb) bound-
aries formed from intrinsic reactions of the solute with
contaminants from the ball milling process that made the
nanocrystalline alloy. Similarly, in Fe(Mg), upon heating the
sample under high vacuum, the oxygen reacted with both
matrix and solute species creating oxide phases which convo-
lute the underlying metallic phase stability mechanisms [40].
In work reported by Marvel et al. [41, 42], the formation of
nanoscale carbides and other deleterious by-products from
the electrodeposition of nanocrystalline Ni(W) convolute the
predicted thermodynamic stability as the underlying mecha-
nism. In all of these cases, the formation of other phases
with either the solute or the solvent and/or both complicate
the ability to ascertain the underlying mechanism(s) responsi-
ble for stability generating debate in the literature.

In this paper, we have undertaken an investigation to use
sputter deposition to secure a “cleaner” system free from ball
milling pick-up or by-products in electrochemical reactions.
Sputtering is nominally done under (ultra) high vacuum base
conditions with the flow of an ultra-high purity gas to higher
pressures as the plasma gas source. These, along with con-
trolled levels of target impurities, regulate the extent of envi-
ronmental and intrinsic material effects on impurity levels in
the final film deposit, with the films themselves being nano-
crystalline. Furthermore, through the use of cross-correlative
microscopy [43], one can then link the solute partitioning to
the specific boundary types [38, 44] in these “cleaner”
boundaries.

Our case study will be Cu(V), where vanadium is a transi-
tion group VB metal and is in the same family as tantalum and
niobium. Of the proposed nanocrystalline alloys, the Cu(Ta)
system has been well documented and largely agreed upon to
be a nanocrystalline stabilized system [32]. However, tantalum,
when compared with niobium, is nearly 25x more in cost pro-
viding an economic consideration in scale-up. As a result,
Kapoor et al. [39] provided a companion study to determine
if Cu(Nb) alloys are also thermally nanocrystalline stable,
which was confirmed. However, as noted above, in the Cu
(Nb) system at least, nanoscale oxide clusters, and even Fe,
were found in the boundaries from pick-up from the ball mill-
ing process. These small clusters were noted as potential mech-
anisms for pinning effects to the boundaries, at least in
low-solute concentration regimes. We now extend our study

to vanadium. Similar to tantalum and niobium, vanadium
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has a high, positive enthalpy of segregation with copper and
should, in principle, exhibit similar nanocrystalline stability.
Finally, vanadium is highly sensitive to reacting and forming
carbides, oxides, and nitrides as well and would be an ideal sol-
ute to determine the “cleanness” of the sputter-deposited films.

Table 1 tabulates the average grain size of the different Cu(V)
films measured from TEM and precession electron diffraction
(PED) data. For the ambient temperature deposition, with
increasing solute content, the mean grain size refined. In
prior work by the authors on other nanocrystalline systems
[38], the addition of a partitioning solute has been shown to
segregate to the GBs even at room temperature deposition con-
ditions. This solute partitioning is linked to the extent of seg-
regation enthalpy and facilitates the grain refinement. Clearly,
the higher the solute content for this immiscible alloy, the fur-
ther grain refinement is promoted. Upon annealing each com-
position at 400 °C/1 h, the average grain size in both alloys
increased, with Cu-7V being ~40% and Cu-27V nearly a
100%. Nevertheless, the grain sizes are still well within the
nanocrystalline regime at 55+31nm (Cu-7V) and 27+
13 nm (Cu-27V). The most dramatic change in grain size
occurs when annealing at 800 °C/1h for the Cu-7V film,
where the grains are >1000 nm, and in the case of the APT
tip of this specimen, Fig. 1, a GB was not even captured in
the region of interest. The Cu-27V film showed continuous
grain coarsening, with a tripling of the mean grain size to 87
+44 nm, but the grain growth is considerably less. Thus, it
appears that the nanocrystalline stability may be a factor of
the solute content, which would be peculiar as in the prior
bulk processed Cu(Ta) [32] and Cu(NDb) [39] the solute con-
tents were <10 at.% and reported to be sufficient to prevent
large grain growth at these temperatures.

Figure 1 shows the cross-correlative TEM-APT tips for
each of the compositions in each of the annealed states. The
subset of images within Figs. 1(a)-1(d) are the bright field,
PED orientation, GB mapping, XEDS spectral mapping, and
corresponding APT reconstructions. The field evaporation
characteristics of these clusters shown in the APT reconstruc-
tions were recently described by the authors, and the interested
readers are referred to that reference [45]. In all four condi-

tions, the presence of V clusters is apparent and has been

TABLE 1: Grain size of Cu-7V and Cu-27V alloy films varying with an annealing
temperature as determined by TEM.

Temperature Cu-7V (nm) Cu-27V (nm)

Ambient temperature 40+ 21 14+6

400 °C 55+31 27 +£13

800 °C >1000 87+44
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Figure 1: Microstructure and composition mapping of Cu-7V (a) and (b) and Cu-27V (c) and (d) annealed at 400 °C (a) and (c) and 800 °C (b) and (d) for 1 h. Each
subfigure shows, from left to right, the TEM bright field image, PED orientation mapping, GB map, EDX composition mapping of V, and APT reconstructed map of V

atoms with 50 at.% V isoconcentration surfaces overlaid.

highlighted with the same isoconcentration surface, i.e., 50 at.%
V, albeit the size and number density differ between each of the
tips. Correlating the GB maps in Fig. 1, we note that the sam-
ples are dominated by high-angle GBs, with the clusters located
at the triple junctions. Thus, in these samples, a special GB
character is likely not a contributing factor in either the solute
partitioning and/or stabilization behavior. The formation of
clusters at triple junctions would follow conventional physical
metallurgy principles where GBs are potent heterogeneous
nucleation sites and fast diffusion pathways for solutes to
migrate together [46, 47].

The pinning of the grain growth appears to be from these
clusters located at the triple junctions. However, there are some
subtle differences in behavior. For example, at 400 °C/1 h, the

XEDS map and APT reconstruction for the Cu-7V alloy qual-
itatively revealed a lower number and slightly larger-sized clus-
ters when compared with the same heat treatment condition as
the Cu-27V sample, Fig. 1(c), with quantitative values for these
features given in Table 2. The Cu-27V alloy shows a qualita-
tively higher V content in the grains, evident by the spectral
XEDS map. In Table 2, we note that the number density of
vanadium clusters in the Cu-7V is about twice that of the
Cu-27V alloy, but the ratio of vanadium found in the clusters
versus all ions captured in the dataset remains the same, i.e.,
16%. This indicates that both samples underwent a similar seg-
regation process, but with a higher nucleation density in the
Cu-27V alloy because of its higher solute content. The spacing
between clusters was measured via a self-developed algorithm.

TABLE 2: Bulk composition, cluster core composition, number of V clusters, their number density, volume fraction, cluster size, cluster spacing, and the ratio of V
ions found within V clusters to all V ions measured in the APT tips shown in Fig. 1.

Parameters Cu-7 V @400 °C Cu-27 V @400 °C Cu-7 V @800 °C Cu-27 V @800 °C
Vanadium bulk composition 7.0% 27.1% 0.1% 4.8%

Cluster core composition 100+11% V 100 +8% V 100+ 11% V 54+5% YV, 46+3% O
Clusters number 44 71 8 10

Number density (x10%* m~3) 0.06 0.13 0.01 0.01

Volume fraction 5% 20% 0.03% 10%

Cluster size (nm) 82+59 84+77 3.0+0.8 145+13.9

Cluster spacing (nm) 46 + 32 41+36 58 +29 89+ 56

Vin clusters/vall ions 0.16 0.16 0.02 0.71

The V clusters were found by using the LCM. The annealing time is 1 h for all films.
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The reader is referred in the Supplementary Material for fur-
ther details on this method. It was found that the spacing
between clusters in the Cu-7V sample is 46 + 32 nm, with the
Cu-27V being 41+ 36 nm. It is worth to mention that this
spacing is similar to the average grain size of the samples, 55
+31 nm for Cu-7V and 27 +13 nm for Cu-27V, indicating
that the nucleation of V clusters likely occurs along around
the grains evident by the cluster locations in Fig. 1. For the
Cu-7V sample, the maximum separation method (MSM) is
provided for comparison. Note that the MSM method is able
to provide analysis for 7V but not for 27V, as it is designed
for low-solute content where the frequency of detecting
another atom of the same type is low for general randomness,
which enables a higher confidence for cluster detection. Using
MSM provides additional guidance on the isoconcentration
surface selection value for the local concentration method
(LCM) analysis. Details on the MSM selection criteria are
also provided in the Supplementary Material of this paper.
The compositional quantification of the clusters found in the
atom probe tips was obtained from 1D profiles shown in the
Supplementary Material. In either Cu-7V or Cu-27V, the
400 °C annealed solute concentration at the core of the cluster
is close to 100%, Table 2, indicative of a nucleation and growth
event than spinodal decomposition of the film.

Using the APT measurements, the vanadium volume frac-
tion and cluster size for each annealed alloy film enabled an
estimate of the grain size stabilized by a Zener grain pinning
mechanism using the expression:

_0ad
“

where D is the average grain diameter and f is the volume frac-

D (1)

tion of precipitates with the average diameter d [48]. The pre-
dicted stable grain sizes for the Cu-7V and Cu-27V films are 66
and 17 nm, respectively. The Zener pinning estimation gives a
reasonable prediction when comparing with the experimental
determined average grain size of ~55nm for Cu-7V and
~27 nm for Cu-27V. The stabilization appears dominated by
Zener pinning

Upon annealing at 800 °C/1 h, the partitioning of the V
evolved. In Fig. 1(b), we note a low number of observable clus-
ters for the Cu-7V, with Table 2 revealing a drop of two orders
of magnitude in the volume fraction of such clusters. The clus-
ters that are present are qualitatively smaller when comparing
the XEDS maps between Figs. 1(a) and 1(b). Furthermore,
Table 2 reveals that the V content in the Cu-7V film, which
was 7at.% V at 400°C, is now 0.l1at.% V at 800 °C.
Similarly, the Cu-27V film went from 27.1 at.% V at 400 °C
to 4.8 at.% V at 800 °C. Clearly, the region of interest captured
by the APT tips shows a significant loss of solute between the

heat treatments, and as a result, a loss in grain stability. For the

© Materials Research Society 2020

Cu-27V sample, at 800 °C, the vanadium clusters/precipitates
coarsened at the triple junctions of the high-angle GBs and
are still effectively at pinning the grains to some extent, Fig. 1
(d). The vanadium that was observed in the Cu-7V film was
observed to be small clusters nucleated within the grain itself,
Fig. 1(b)’s APT and XEDS images. With such a low amount
of vanadium clusters remaining the film, the Zener prediction
from Eq. (1) gives an equilibrium grain size of 1600 nm. Thus,
without a proper inhibitor (ie., clusters), the grain size grows
rapidly and nanocrystalline stability is lost. Unlike these
Cu-7V 800°C/1h clusters, which were nearly 100% V in
their core, the Cu-27V 800 °C/1 h clusters revealed similar
amounts of oxygen as vanadium at their cluster core
(Table 2). This is contributed to the latter clusters being
more prevenient on the boundaries than encased in the matrix;
upon annealing at the higher temperature, they became more
susceptible to oxidation at these boundary locations. The calcu-
lated Zener pinning grain size from these clusters is approxi-
mately 58 nm, which is slightly lower than the experimentally
observed grain size of 87 nm. Clearly, the coupled oxidation
and thermal stability behavior of the clusters play a complex
role in controlling the equilibrium grain size [49].

The obvious question now arises—where has the V gone
with higher annealing treatment? Figures 2(a) and 2(b) are
the TEM cross-sections with both a PED map and a XEDS
spectral map for these two 800 °C annealed films. The foils
reveal that the V has strongly partitioned, and wetted, the sur-
face of the Cu film forming a bilayer structure. This is much
like how Cr surface protects stainless steel alloys [50] and sur-
face segregation in aluminum alloys [51]. Thus, the stability of
the copper grains is lost because the solute is no longer cluster-
ing and pinning the grains but has migrated to the surface.

An APT tip, shown in the projected region of the XEDS
map for both samples, was prepared and the reconstruction
is shown in Fig. 2(c). By creating a 50 at.% V isoconcentration
surface, a proximity histogram (proxigram) of the chemical
distribution between the two layers is shown in Fig. 2(d),
with the surface and film regions labeled in the plot. As
expected, the surface layer is V-rich, with a small amount of
copper. Upon inspection of the bulk-phase diagram, vanadium
can accommodate a small fraction of copper in solution,
whereas copper has no solubility of vanadium which explains
the rapid purging of V from the copper matrix upon annealing.
In the proxigram, we note that the elemental oxygen content in
the film was ~0.01 at.% and only raised to ~0.5 at.% near the
surface for the Cu-7V alloy, Fig. 2(di). We also detect silicon
in the film and on the surface albeit at a slightly lower concen-
tration but whose profile mimics that of oxygen. Initially, it was
thought that the thermally grown silica surface would provide a
sufficient diffusion barrier between the film and the silicon

substrate, which it was, but a fraction of the silica appears to
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Figure 2: (a) Phase maps generated from PED reconstructions, (b) V concentration maps from EDX, (c) APT reconstruction maps with 50 at.% V isoconcentration
surfaces embedded, and (d) the corresponding proxigrams for (i) Cu-7V film and (i) Cu-27V films annealed @800 °C for 1 h.

diffuse through the film and to its surface. We also note the
detection of vanadium oxide complexes during the field evap-
oration of these samples with the composition denoted as V-O.
in the proxigram. The mass spectrums of these samples are
provided in the Supplementary Material. For the Cu-7V film,
these oxide complexes were ~1 at.% and uniform within the
film and the partitioned V surface. The presence of vanadium
oxide is not necessarily surprising considering its affinity for
oxygen noted in the Introduction. A very limited overall oxygen
contamination was observed in the 400 °C annealed samples,
<0.1 at.% for Cu-7V and ~0.38 at.% for the Cu-27V, suggesting
that it was picked up during the higher vacuum anneal and not
necessarily intrinsic to the film during deposition.

In Fig. 3, the atom maps of oxygen for the Cu-7V and
Cu-27 samples are shown. No preference of oxygen partition-
ing was visualized in either the datasets. The overall composi-
tions for the 400 °C and 800 °C Cu-V-annealed samples are
tabulated in Table 3. This leads to addressing the question if
sputtering was able to yield a “cleaner” sample. Potential con-
taminant species, such as carbon and nitrogen, were found to
be <0.02 at.% (except for the Cu-27V 800 °C annealed sample,
whose the carbon content is 0.53 at.%), demonstrating that

indeed “cleaner” nanocrystalline alloys can be fabricated by

© Materials Research Society 2020

sputtering when compared with the prior discussed means
such as ball milling and electrodeposition. The mass spectrums
of these particular APT datasets are also located in the
Supplementary Material. Other than the species listed in
Table 3, no other atom types (other than hydrogen) were
detected and/or were at levels far less than those reported ear-
lier. The observation of hydrogen and metal hydride atom

types is a known artifact related to focused ion beam (FIB)

(a) (b)
Cu-7V Cu-27V
400 °C/1 hr 400 °C/1 hr
50 nm 50 nm
0<0.1at.% 0=0.38 at.%

Figure 3: APT reconstructed maps of O atoms for (a) Cu-7V 400 °C/1 h and (b)
Cu-27V 400 °C/1 h.
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TABLE 3: The compositional quantification of the tips shown in Fig. 1.

Composition Cu-7v Cu-27V Cu-7v Cu-27V
(at.%) @400 °C @400 °C @800 °C @800 °C
Cu 92.78 72.38 99.77 89.50
\ 7.04 27.07 0.09 4.75
0 0.08 0.38 0.08 5.14
C 0.02 0.00 0.01 0.53
Si 0.08 0.17 0.05 0.08

sample preparation and laser-assist field evaporation [52] with
the details discussed in a prior paper by the authors [45]. We
are not confident in being able to distinguish the intrinsic
hydrogen contamination from artificial hydrogen detected;
therefore, it is not developed further for the context of this
work.

Though the thin film growth conditions were sufficient to
reduce the amount of contaminants, the access to the free sur-
face provides a clear challenge of using thin films, at least of
this alloy, for these types of stability studies. Even the choice
of the contact substrate to the film requires further scrutiny evi-
dent by the silica compositional profile in Fig. 2. The environ-
mental effects from annealing (oxidation), even in a very clean
testing condition, appears to be present as a function of the
annealing temperature. Each of these issues should be consid-
ered and addressed when other nanocrystalline alloys are stud-
ied by this fabrication method. Nevertheless, the phase
separation behavior in Cu(V) does provide an opportunity to
better understand partitioning effects in thin film
microstructures.

The Cu-27V alloy shows very similar vanadium surface
partitioning to the Cu-7V film. By virtue of having higher sol-
ute content, the vanadium surface layer is thicker than that of
the Cu-7V alloy, i.e., compare Figs. 2(a) and 2(b). The APT his-
togram also reveals similar trends of the species in the bulk of
the film and in the surface layer, which include both the oxygen
and silicon tracking with each other. In this case, we noted
nearly a 10 at.% concentration level for these species in the
film. In addition, a notable “bump” at the bilayer interface
for these two species is observed in Fig. 2(dii). Small particles
of silica in this region were detected from the XEDS map
(shown in the Supplementary Material) which microstructur-
ally confirmed the observed behavior captured in the proxi-
gram. As before, vanadium oxide complexes were present
and increased in concentration at the surface when compared
with the bulk film, indicating that the high temperature anneal-
ing environment is the oxygen source and not intrinsic oxygen
from the film deposition. Though oxidation is noted, the rela-
tively low amount of oxygen, and the presence of elemental
vanadium still on the surface, does indicate that near ultra-high
vacuum annealing can (at least) mitigate rampant oxidation

contamination for nanocrystalline studies.

© Materials Research Society 2020

Noting that the solute strongly partitions to the GBs and
then migrates to the free surface, we have estimated the diffu-
sion distance using an activation energy, Q, of 215 kJ/mol
[53], which is on par for GB diffusion for the two temperatures
over an anneal time of 60 min. Using the simple approximation
that the diffusion distance scales as /Df, where D is the diffu-
sivity and ¢ is time, the diffusion distance was either 5 or
5500 nm at 400 °C and 800 °C, respectively. Since there was
minimal to no solute segregation to the film’s free surface at
400 °C, but clustering in the GBs, the shorter estimated diffu-
sion path length contributed to this first stage of chemical par-
titioning of the solute from the matrix. Upon annealing to the
higher temperature, the estimated diffusion length is now larger
than the film thickness (1000 nm). Thus, at this higher temper-
ature condition, it would be sufficient for the solute to easily
reach and now enrich the free surface. The presence of some
clusters in the Cu-27V/800 °C anneal is contributed to its
much higher vanadium content and the potential difficulty
for the solutes to “break away” from the larger cluster and dif-
fuse to the free surface. Furthermore, the preference of the sol-
ute on the surface is a result of its ability to lower the overall
system’s energy. Using a simple interfacial energy balance,
the grooving of the boundaries at the free surface can be
used to estimate the relative ratio of the surface energies.
Figure 2(aii) shows the energy balance configuration (white
arrows) for such a groove with the contact angle, ©. For this
condition, the yg/vs, where y is the interfacial energy for either
the GB or free surface (fs), is 1.4.

To better understand the tendency for segregation to the
free surface, we employed a hybrid Monte Carlo (MC) and
molecular dynamic (MD) simulation [54]. For the Cu-7V sam-
ple, a single grain structure was constructed, which matches the
experiments in that once the solute left the film, the underlying
Cu grains become quite large. In Fig. 4(a), a 20 x 20 x 20 nm’
structure is shown with the X and Y being periodic directions
and Z being the free surface direction. One end of the Z-free
surface was fixed to avoid translation of the simulated unit
cell. Figure 4(b) reveals the distribution of the 7 at.% vanadium
atoms at 800 °C after 2000 ps with a time step of 0.002 ps. At
the elevated temperature, the vanadium atoms partitioned
together to form large clusters on the free surface [Fig. 4(b)].
Though we did not experimentally see distinct clusters of vana-
dium on the free surface, the surface showed irregular vana-
dium distributions giving confidence that the general aspects
of the simulations have captured the physics of our experiment.
For the Cu-27V sample, the film at 800 °C still retained a nano-
scale grain size. Consequently, our initial simulated structure
was polycrystalline within the 20x20x20nm’ volume.
Upon simulating the 800 °C anneal for 2000 ps, large and
numerous clusters are observed. Unlike the single-crystal

Cu-7V simulation, where the solute clusters were on the free
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surface, the polycrystalline simulation for the larger Cu-27V
alloy reveals clusters at or near the surface as well as within
the GBs, which again matches our experiment [Fig. 2(d)].
The presence of the boundaries serves as defect surface from
which the vanadium appears to segregate too and can be
retained to some respect in the matrix to mitigate the copper
grain growth. Though the decreasing content of vanadium
between the two anneal temperatures does suggest, given

time, the vanadium will eventually migrate to the surface.

CONCLUSION

In this study, we addressed three major points related to nano-
crystalline stability. The first was to determine if solutes of the
same family in the periodic table, which also have similar ther-
modynamic properties with respect to an equivalent matrix
species, would provide nanocrystalline stability. Prior reports
have shown that bulk Cu(Ta) and Cu(NDb) are stabilized alloys,
evident by small solute clusters/precipitates that pin GBs.
Similar stability was found in the test case Cu(V), up to a tem-
perature of 400 °C. The formation of clusters/precipitates was
noted with a concentration close to pure vanadium. Those
newly formed vanadium clusters provided a kinetic pinning
effect to copper’s grain growth. Through cross-correlative
microscopy, these clusters were observed in the triple junctions
of high-angle GBs. The ability to ascertain the boundary char-

acter information provides forward experimental information

© Materials Research Society 2020

Figure 4: (a) Single grain structure of the
Cu-7V sample. (b) The corresponding ele-
mental distribution map of solute V
atoms in the single Cu-7V grain after run-
ning MC/MD  simulation at 800 °C. (c)
Polycrystalline structure of the Cu-27V
sample. (d) The corresponding elemental
distribution map of solute V atoms in
the polycrystalline Cu-27V grains after
running MC/MD simulation at 800 °C. X
and Y are periodic directions, while Z is
the free surface.

into the boundary types that contribute to stability, the second
aim of the paper.

Upon annealing the Cu(V) films to 800 °C for 1 h, the low-
solute alloy, Cu-7V, exhibited large grain coarsening
(>1000 nm) and the loss of nanocrystalline stability. APT anal-
ysis confirmed that <1 at.% V was still in the matrix and that
the solute itself was largely distributed as very fine clusters
within the grain (and not at the boundaries). Consequently,
the solute, at this condition, provided no stabilization effect.
The vanadium had migrated to the surface of the film creating
a bilayer film. Thus, the thin film geometry, with a relative thin
thickness (~200 nm) coupled with the solute’s high segregation
tendency, enabled the solute effect for stabilization to be
removed upon annealing.

When the solute content is sufficiently high, stabilization at
higher temperatures is still possible by some retention of the
solute clusters in the film. Nevertheless, the solute still parti-
tions to the surface. This behavior was observed in the
Cu-27V film. Vanadium clusters/precipitates were located in
the triple junctions and upon annealing at 800 °C, and some
fraction of these clusters was still retained yielding a matrix
with a vanadium content of ~5 at.%. At this higher tempera-
ture, these retained clusters oxidized and coarsened.

APT analysis across the interface of the vanadium surface
layer in each film revealed the migration of the silica species
from the substrate through the film as well as the preferential

oxidation of vanadium, although the concentration was low

cambridge.org/JMR

W Journal of Materials Research M Volume 35 M Issue 16 M Aug 28, 2020 M www.mrs.org/jmr

N
o
O
w


http://www.mrs.org/jmr
http://www.cambridge.org/JMR
https://www.cambridge.org/core
https://www.cambridge.org/core/terms
https://doi.org/10.1557/jmr.2020.174

Downloaded from https://www.cambridge.org/core. University of Alabama, on 01 Nov 2020 at 03:49:24, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1557/jmr.2020.174

B I 2 e

and largely located only at the surface once vanadium parti-
tioned to this location. Thus, to the third point of the study,
sputter deposition appears to provide a cleaner means of fabri-
cating nanocrystalline alloys when compared with ball milling
and electrodeposition, but it too is fraught with its own set of
issues for stability investigations. By virtue of the thin film
geometry, where access to a free surface is readily available,
the high segregation tendency, at least for this particular solute
species, appears to be sufficient to drive the solute to the free
surface at higher temperatures thereby removing the intended
stability effect that is to be studied. With the solute on the sur-
face, it reacted with residual oxygen in a near ultra-high vac-
uum anneal, and a small amount oxidation was noted.
Clearly, once the solute is no longer present in the matrix’s
GBs, stability is lost and the ability to ascertain intrinsic ther-
modynamic and/or kinetic contributions to stability of the sol-
ute is not possible. Furthermore, the substrate for the film itself
may also react or at least decompose and provide migration of
its own species through the film. Thus, one may be able to fab-
ricate, by sputtering, a sample that is “freer” from the convolut-
ing contaminant aspects of processing; however, the system
itself, by virtue of its larger free surface-to-volume ratio, results
in a loss of the alloy mixing needed to study this effect.
Consequently, particular systems may be more or less amenable
for nanocrystalline stability studies as thin films, with this

paper highlighting potential issues that may arise.

Two Cu(V) alloy films were sputter-deposited with targeted
compositions of Cu-7 at% V and Cu-27 at% V by
co-magnetron sputtering from 99.95 at.% pure elemental Cu
and V targets in an AJA ATC-1500 stainless steel chamber.
Prior to deposition, the base pressure was <6 x 10™® Pa where-
upon ultra-high purity Ar was flowed at 10 standard cubic cen-
timeters per minute into the chamber to a pressure of 0.27 Pa.
The films were deposited to an approximate thickness of
200 nm onto 300 um thick silicon [100] substrates that had a
thermally grown 100 nm oxide on the surface to provide a dif-
fusion barrier for any deleterious reactions of the film with the
substrate. After deposition, the films were annealed at either
400 or 800 °C in a custom-constructed vacuum chamber for
1 h. The base pressure during annealing was <1 x 10™* Pa.
The grain size and overall structure of the nanocrystalline
Cu(V) alloys were imaged and characterized in a Tecnai F20
(S)TEM operated at 200 keV. The cross-section TEM foils
were prepared using a FIB milling procedure similar to refer-
ences [55] in either a TESCAN LYRA FIB-Field Emission
Scanning Electron Microscope (SEM) or an FEI Quanta 3D
dual-beam FIB-SEM. To obtain a plan-view image, we attached

the lifting wedge to a 90° rotation needle. Another lift-out was

© Materials Research Society 2020

conducted on the rotated wedge for cross-section TEM foil
preparation. The grain-to-grain mapping for each cross-section
foil was conducted using PED on the Nanomegas ASTAR™
platform with the beam precessed at 0.2° at a scanning step
size of 3 nm. Post-scanning, the PED data were analyzed
using the TSL OIM Analysis 7 software package.

APT quantified the overall film composition and local ele-
ment distribution for each sample. The required needle-shaped
geometry for field evaporation by APT was prepared in the
same manner as the previous plan-view TEM foil preparation
method using a FIB lift-out technique and annular milling in
the dual-beam FIB. The Ga ion implantation in our needles,
after the low keV clean-up, was less than 0.1%. We did not
include Ga ions in the mass quantification. With the APT tip
prepared, the specimen was loaded into a Hummingbird
TEM holder and placed into the FEI Tecnai F20 (S)TEM
where PED scans of each tip were performed to reveal the
grain structure characteristics prior to atom probe field evapo-
ration. Here, the beam was still precessed at 0.2° but at a scan-
ning step size of 2 nm. While the tip was in the TEM, XEDS
was collected to provide a complementary chemical spectral
map of the elemental distribution to coincide with the APT
reconstruction. With the TEM analysis completed, the tips
were field evaporated in a Cameca Instruments Local
Electrode Atom Probe (LEAP) 5000 XS operated at a specimen
set point temperature of 50 K and a laser pulse energy of 100 p]J
at a pulse repetition rate of 500 kHz for a 0.5% atoms per pulse
detection rate. The APT data were reconstructed using the
IVAS 3.8.2 software platform. Further details on the PED
and APT cross-correlative study process can be found in
Refs [38, 44, 56].

For the APT cluster analysis, the LCM was used to help
visualize and quantify the clusters [57, 58] using a 1 nm
voxel, which was found to be sufficient since this is smaller
than the feature size of interest while still large enough to
avoid significant noise from local compositional fluctuations.
The MSM was applied for the quantification of the cluster
characteristics with the details given in the Supplementary
Material of this paper [59, 60, 61].

The polycrystalline structure was constructed by using the
atom eye software package [62] with Ovito [63] as the post-
processing and visualization platform. In the unit volume,
eight points were randomly assigned to the center of each
grain. The volume was then filled by grains of different orien-
tations. This created the polycrystalline structures which were
then relaxed using the MD conjugate gradient minimization
energy procedure. Using those polycrystalline structures, we
have employed a hybrid MD and MC [54] to determine the
preferential segregation of V into the Cu boundaries. The sim-
ulation code was run using LAMMPS with the embedded atom

model Cu-V potential [64]. The V concentration was selected
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close to the experimental composition, which was 7 at.% V and
27 at.% V. To obtain this concentration, we adjusted the sys-
tem’s chemical potential until the V content matched the target
composition. We  performed a variance-constrained
semi-grand-canonical ensemble in our simulation to capture
the phase separation in the immiscibility gap region. One
MC cycle was carried out per 10> MD steps with the time
step being 2000 ps. Nose-Hoover thermostat maintained sys-
tem temperature. It is worth to mention that MC simulation
was designed to search for the sample’s equilibrium state,
which is a non-diffusional process and does not provide infor-
mation on the kinetics of the segregation process [37]. To
approach an equilibrium state, the simulations were run for

10° steps.
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