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The microstructural evolution of a sputtered Mo—Au nanometallic multilayers was investigated by annealing sam-
ples at temperatures ranging from 350 °C to 1000 °C. Differential scanning calorimetry was used as a guide to
determine critical thermal events where crucial microstructural changes could occur. Complementary techniques
of transmission electron microscopy and atom probe tomography revealed distinct nanostructures at the selected
temperatures, which were governed by thermal processes such as recrystallization and grain growth. As the mi-

crostructure evolved with temperature, thermodynamic and kinetic stabilization mechanisms were identified,
indicating that both mechanisms appear to have a role in stabilizing the microstructure. This study highlights the
complex interplay within mechanisms and processes which serves as a roadmap for understanding the develop-

ments of nanoscale structures.

1. Introduction

Nanostructured materials are of considerable interest as they ex-
hibit unique properties that are attributed to their nanoscale features.
However, the high density of grain boundaries (GBs) that is intrinsic to
nanostructure materials, generates a thermodynamic driving force that
promotes significant grain growth [1,2]. This inherent microstructural
instability has limited their potential to be used in commercial applica-
tions as their notable properties typically degrade with increasing grain
size [3-6]. To counteract the lack of stability in nanomaterials, there
have been several approaches to minimize grain growth at elevated tem-
peratures, which typically involved kinetic or thermodynamic mecha-
nisms such as Zener pinning or reducing GB energy through secondary
phase GB segregation, respectively [2,7,8]. Through these kinetic and
thermodynamic approaches, various binary systems such as W—Cr, W-
Ti, Cu-Nb, and Cu-Ta have all achieved improved thermal stability at
elevated temperatures [9-14]. For example, a W-20 at% Ti nanostruc-
ture alloy was annealed at 1100 °C for one week and retained a 20 nm
grain size through solute segregation of Ti to the GBs [15]. To date, most
studies have focused in isolating either kinetic or thermodynamic mech-
anisms as the primary driving force for thermal stability. However, it has

also been shown that these two mechanisms can occur simultaneously
or consecutively [9,12] and thus the intermediate steps contributing to
the overall stability are still unclear. Thermal processes such as recov-
ery, recrystallization and grain growth should also be examined in the
context of thermal evolution in nanostructured systems and could clarify
and define their effects within the aforementioned mechanisms [16,17].

The nanolaminate geometry of sputtered nanostructured metallic
multilayers (NMMs) presents an ideal candidate to study thermal mi-
crostructural evolution. Their synthesis allows for the control of the
grain size, global composition, elemental distribution, and energetic
state by tuning of the deposition parameters and layer thicknesses [18].
Additionally, sputtering can minimize the high density of defects and
dislocations, along with contaminants which are associated with other
synthesis techniques [12,19-22]. Current thermal studies performed on
NMMs have primarily focused on the breakdown of the metallic layers
by examining mechanisms such as thermal grooving and layer pinch-off
[23-25]. More recent work has investigated the microstructural evo-
lution of NMMs by annealing at elevated temperatures where distinct
morphologies begin to form [26,27]. A study on the thermal evolution
of Cu-W annealed at temperatures ranging from 400 to 800°C revealed
several microstructural transitions that led to the eventual breakdown
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of the layers and the formation of a microstructure consisting of W parti-
cles embedded in a Cu matrix [26]. In another study, Hf-Ti NMMs were
subjected to temperatures up to 1000 °C, where key structural trans-
formations were identified, and the system demonstrated a unique mi-
crostructural change from a NMM to an equiaxed nanocrystalline struc-
ture [18,27]. The thermal mechanisms that induce these microstructural
transformations in sputtered NMMs are still not understood, thereby em-
phasizing the need to further explore the thermal and microstructural
evolution of these nanostructured materials.

In this study, the thermal processes that govern the microstructural
evolution of sputtered Mo—Au NMMs systems are investigated. Specif-
ically, Mo—Au nanostructures are examined at annealing temperatures
ranging from 350°C to 1000 °C, while identifying key thermally acti-
vated mechanisms. Differential scanning calorimetry (DSC) is used as
a guide to determine critical thermal events where crucial microstruc-
tural changes could occur. These type of scans have been used to de-
tect phase transformation [28,29] and thermal microstructural evolu-
tion [27] in NMMs systems. The selection of the Mo-Au alloy was
based on nanocrystalline thermodynamic stability maps, where Mo-
Au is predicted to achieve a stable nanograin configuration through
solute-stabilized grain boundaries [30,31]. Complimentary characteri-
zation techniques of transmission electron microscopy (TEM) and atom
probe tomography (APT) provide a comprehensive analysis of the mi-
crostructural transitions at different length scales over the wide range
of temperatures [32]. In combining these techniques with a predicted
thermally stable system, the underlying processes and mechanisms that
contribute to nanograin stability can be better understood.

2. Experimental

NMMs samples with alternating Au and Mo-Au layers were synthe-
sized using DC magnetron sputtering from high purity Au (99.99%) and
Mo (99.95%) targets. A dual sputtering source system allowed for the
deposition of Mo and Au onto (100) silicon substrates, with sputtering
powers of 300W and 7 W for each source, respectively. During depo-
sition, an argon working pressure of 0.8 Pa was utilized. The resulting
sputtered samples had an overall thickness of 2 ym, which were mea-
sured using an AMBIOS profilometer.

The microstructural evolution of the Mo-Au NMMs were examined
over an extended temperature profile through DSC scans performed with
a Labsys thermal analyzer. The enthalpy change (AH) of the endother-
mic and exothermic peaks was measured over a baseline that was re-
moved from the scans [33]. The scans were conducted on freestanding
films from 20 °C to 1000 °C at a rate of 10 °C/min under a constant argon
flow of 40 ml/min. Individual pieces of the free-standing films were heat
treated in a GSL1100X tube furnace (MTI Corporation) at temperatures
of 350°C, 550°C, 800°C, and 1000°C for 96 h under a vacuum pres-
sure of 5x 10~4 Pa. Upon completion of the heat treatment, the samples
were quenched in a low vapor pressure oil, (Invoil 705, Inland Vacuum
Industries). A vertical tube furnace geometry was utilized that main-
tained quench oil temperatures near 25 °C and allowed for quenching
under vacuum conditions. As a final step, samples were cleaned with
ethanol after the heat-treatment process.

The microstructure and elemental compositions of the heat-treated
samples were characterized by TEM and STEM using a JEOL JEM-2100F
microscope combined with an EDS detector. TEM and APT lamellae
of the films were prepared by Focused Ion Beam (FIB) liftouts using
a JEOL FIB-4500 microscope. A 150 nm platinum protective layer was
deposited onto the region of interest to minimize FIB Ga beam dam-
age. Furthermore, APT tip preparation was performed with a ZEISS Au-
riga 60 FIB, resulting in needle shaped specimens with end diameters
less than 100 nm. APT measurements were carried out on a CAMECA-
LEAP 4000X HR instrument utilizing a laser pulsing mode with a wave-
length of 355nm. The APT parameters for samples annealed at 550 °C
and 800 °C were set to a pulse energy of 100 pJ, pulse repetition rate of
100kHz, and pulse evaporation rates of 0.3% at a base temperature of
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60 K. For the measurements of the 350 °C annealed samples, the pulse
energy and base temperature were decreased to 10 pJ and 25K, respec-
tively. Reconstruction and atom probe analysis was evaluated using the
CAMECA Integrated Visualization and Analysis Software (IVAS 3.6.1).
A JSM-7001 scanning electron microscope (SEM) was used to determine
global composition by EDS.

3. Results and discussion

The as-sputtered Mo-Au microstructure is shown in the cross-
sectional bright field TEM images in Fig. 1(a). The bright regions de-
pict the 17 nm thick Mo-Au (11 at% Au) co-sputtered layers, while the
darker regions represent the 2.5 nm thick Au layers (99.95 at% Au). The
composition of the overall structure, as measured through SEM/EDS,
was approximately 21.3 at% Au. The accompanying dark field images
in Fig 1(b). illustrate the columnar structure of the as-sputtered NMMs.
Over 200 grains were examined and the average grain size was de-
termined to be 9nm, where the grain size distribution is presented in
Fig. 1(c). Grain size was calculated using similar procedures detailed in a
recent study by Riano et al. [27]. The SAED pattern in the inset of Fig. 1
shows a streaked pattern with strong Mo (110) diffraction spots indicat-
ing that the sample exhibits a (110) texture. The DSC scan of the Mo-
Au system is shown in Fig. 1(d) from 20 to 1000°C. From these thermal
measurements, two evident exothermic peaks were observed between
400 °C and 1000 °C, which highlight microstructural transformations in
the Mo-Au sample. A peak indicating recrystallization appears between
temperatures of 400 °C and 500 °C with AH,.rysattization = —1-7 kJ/mol. A
second exothermic peak is observed starting at 620 °C and continues un-
til the maximum tested temperature of 1000 °C suggesting grain growth
with AHggin_growh = —21 kJ/mol.

In order to determine the thermal processes associated with the iden-
tified microstructural transformations, analysis from the DSC scans was
combined with direct observation of the microstructure at select anneal-
ing temperatures. Specifically, samples were heat treated to tempera-
tures of 350 °C, 550 °C, 800 °C, and 1000 °C to capture the microstruc-
tural transformations that encompass the recrystallization and grain
growth processes. Characterization of microstructural changes such as
grain size, morphology, and elemental distribution throughout the mi-
crostructural evolution of the Mo-Au sample were performed through
TEM and EDS. Cross-sectional TEM micrographs, EDS maps, and grain
size distribution charts of the samples at different annealing temper-
atures are presented in Figs. 2(a)-(d). Texture and phase changes of
the microstructure were also examined as a function of the anneal-
ing temperature through normalized integrated radial intensity pro-
files extrapolated from SAED patterns from the bright field TEM im-
ages. The respective integrated radial intensity plots are highlighted in
Figs. 3(a)—(e).

Furthermore, to complement TEM characterization, APT was per-
formed on specific heat-treated samples to further examine the mi-
crostructure and to gain chemical information at a near atomic spatial
resolution. In particular, APT enables the effective study of the chemi-
cal analysis of multilayer interfaces, solute segregation behaviors, and
provides prevalent insights regarding microstructural evolution [34,35].
The atom probe reconstruction and corresponding concentration pro-
files of selected regions are presented in Figs. 4-6 which display Mo
atoms (shown in blue) and Au atoms (shown in yellow) for the 350 °C,
550°C, and 800°C annealed samples. A comprehensive overview of
the thermal evolution of the Mo-Au nanostructure, composition, mi-
crostructural changes and active thermal mechanisms will be discussed
in the next sections at each selected temperature in terms of the pro-
cesses.

3.1. Multilayer degradation region, T=350°C

The first selected temperature for this study was 350 °C; TEM images
and EDS maps (Fig. 2(a)) show a multilayer structure with no noticeable
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Fig. 1. Mo-Au NNMs (a) bright field TEM with inset SAED patterns (top), dark field TEM (middle), grain size distribution (bottom), and (b) differential scanning
calorimetry scan of the Mo—Au multilayer from 20 °C to 1000 °C. From the scan, thermal events were indicated and enthalpy changes (AH) were calculated.

changes in the average grain size (9 nm) or grain size distribution when
compared to the as-sputtered sample. At this annealing temperature, the
DSC scan did not indicate any apparent thermal events. Investigation
of the multilayer interface through APT compositional measurements
revealed roughening and intermixing of the layers. The atom map in
Fig. 4(a) reveals a multilayer structure where a 17 at% Au isosurface
is applied to highlight the interfaces of the Mo-rich and Au-rich layers.
Fig. 4(b) presents a 1D compositional measurement across several layers
which follows the dashed arrow in Fig. 4(a). The Mo-rich layers had an
average concentration of 9.1 + 1.5at% Au and 90.5 + 1.6 at% Mo which
matches closely to the values obtained through EDS (11 at% Au). While
it is anticipated that Mo and Au should demonstrate a strong tendency
to separate at this composition, the Mo-rich layers remained in a solid
solution at 350 °C. Additionally, the concentration profile reveals a wide
inter-diffusion region from the center of the Au-rich layers, indicating
that the as-sputtered 2.5 nm Au layers have diffused and intermixed with
the Mo-rich layers as a result of the increase in temperature. The centers
of the Au-rich layers have an average concentration of 19.3+1.9 at%
Au, but the Au content gradually decreases as the measurements move
further from the center. Intermixing between layers has been reported
in other annealed immiscible NMMs and has been attributed to strain
and interfacial contributions introduced during sputtering [36,37]. Fur-
thermore, intermixing at the interface of the layers at increased temper-
atures is considered a precursor for layer breakthrough which initiates
degradation of the multilayer configuration [38,39]. These findings are
further supported by the SAED patterns and integrated radial intensity
profiles in Figs. 2(a) and 3(b), where a decrease in the intensity of the
peaks and blurring of the diffraction rings indicates a reduction in the
overall crystallinity of the layered grains [40]. The streaked diffraction
pattern indicates that the (110) texture of the sample was still preserved.
Thus, 350 °C marks the onset of the initial stages of multilayer structure
degradation in the Mo-Au system.

3.2. Recrystallization region, T=550°C
As the temperature is further increased to 550 °C, the microstructure

of the Mo-Au NMMs undergoes significant structural and morpholog-
ical changes. The original layered and columnar structure has evolved
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into a nanometallic composite structure consisting of Mo-rich grains sur-
rounded by Au solute, which is observed in the TEM micrograph and
EDS map in Fig. 2(c). During this microstructural transition, the average
grain size has increased to 38 nm. Similar microstructural changes have
been observed in several other immiscible NMMs systems at elevated
temperatures [18,23,24,26], where breakdown of the layers is gener-
ally attributed to thermal grooving, subsequent breakthrough along the
columnar GBs, and eventual pinch-off of the layers [38]. Those pro-
cesses are dominated by the mass transport of constituent atoms along
interfaces with no significant changes in texture, suggesting that re-
crystallization is not associated with this morphological transformation
[26,41]. However, observations of the SAED pattern (Fig. 2(b)) and the
accompanying radial distribution profiles (Fig. 2(c)) reveal the loss of
the streaked spot patterns and several new Mo reflections. This weaken-
ing of texture and reorientation of the grains seen in the diffraction pat-
tern suggests a recrystallized microstructure [42,43]. Furthermore, re-
crystallization at this temperature, is supported by the exothermic peak
seen in the DSC scan (Fig. 1(d)). Overall these findings indicate that the
microstructural changes in Mo-Au at 550 °C are not fully expressed by
typical multilayer degradation stages and are significantly influenced by
the recrystallization process. Therefore, it is expected that recrystalliza-
tion is initiated by the interfacial energy stored in the NMMs structure
due to the high density of phase boundaries and strain energy generated
by differences in radius between Mo and Au [44]. Thus, the stored en-
ergy drives the formations of new crystallites that consume the strained
material, leading to the eventual transformation from a NMMs consist-
ing of columnar grains to the observed nanometallic composite structure
[27,45].

Similar to observations in recent NMMs studies [18,27], the segre-
gation of the solute element appears to initiate during recrystallization,
where the solute interaction with the GBs tends to dominate the ther-
mal evolution of nanostructured materials [46,47]. Segregation of so-
lute atoms can either enrich or form clusters and precipitates at GBs,
with these behaviors contributing to limiting grain growth. To further
understand solute behavior in the Mo-Au system, APT was utilized to
elucidate the formation and evolution of these features along GBs in a
three-dimensional space. Two APT maps were analyzed and presented
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Fig. 2. Cross-sectional bright field TEM with insets of respective SAED patterns (top), corresponding EDS maps (middle), and grain size distribution (bottom) of

Mo-Au samples heat-treated at (a) 350 °C, (b) 550 °C, (c) 800 °C, and (d) 1000 °

in Fig. 5(a.1)—(a.2). The corresponding 1D composition profiles of the
regions indicated by the dashed arrows are shown in Fig. 5(b.1)-(b.2),
where a distinct grain boundary is identified in each scan. Interpreta-
tion of GBs was supported by 2D chemical density plots (not shown)
and the assumption that segregation species occur along 2D and 3D fea-
tures [12]. A 5 at% Au isosurface was applied to the APT maps to further
highlight and identify segregation zones [11,12,48] and clustering of Au
solute atoms.

Analysis of the first APT map in Fig. 5(a.1), highlights a Au seg-
regation zone that has a peak concentration of 60.8 +1.4at% Au and
38.6 +1.5at% Mo, with<1at% O. The surrounding Mo grains reach
concentrations of 97 + 1.1 at% Mo with minimal Au content (< 1 at%),
and 1 +0.8at% O. The composition within the grains indicates that the
Mo-Au solid solution observed in the multilayer configuration at 350 °C
has decomposed after annealing to 550 °C. The detected Au segrega-
tion zone in APT correlates with the observed microstructure in the
TEM and EDS maps (Fig. 2(b)) that show Au solute surrounding Mo-
rich grains. From these results, it can be inferred that as recrystalliza-
tion occurs, the diffusivity near the grain boundary increases, which
drives segregation of Au to the GBs resulting in GB solute enrichment
and widening [15,45,49-51]. The observations are in agreement with
the nanocrystalline stability maps, where the Mo-Au system was pre-
dicted to exhibit strong segregation tendencies based on the relation-
ship between the enthalpy of segregation and enthalpy of mixing pro-
posed by Murdoch and Schuh [31]. In addition, the segregation of Au

C.
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to the GBs is expected to minimize the driving force for grain growth by
reducing the grain boundary energy, which thermodynamically stabi-
lizes the system [46].

To further analyze the solute behavior in the Mo-Au systems at
550°C, a second APT map of a tip extracted from a similar region
is presented (Fig. 5(a.2)). In contrast to the GB shown in Fig. 5(a.1),
where solute segregation of Au along GBs was exhibited, the second map
(Fig 5(a.2)) revealed the presence of Au clusters along a GB. The com-
position through two of the clusters and the surrounding Mo-rich grains
was analyzed though a 1D composition profile. The concentrations of
the Au-rich clusters were measured to be ~8-9at% Au and ~91 at%
Mo with no detectable presence of contaminants. Additionally, the sur-
rounding Mo-rich grains exhibited concentrations of 98 +0.5at% Mo
with traces of C and O. The formation of these solute clusters along the
GBs are indicative of early onset of phase separations, which can facili-
tate the growth of precipitates [12,52,53]. Furthermore, solute clusters
along GBs and within the matrix have been shown to reduce GB mobility
in other immiscible systems [12,14,54]. Simulations of the interaction
between clusters and GBs revealed stabilization mechanisms that adhere
to the Zener pinning model. Specifically, a two-step interaction, with an
initial attractive force accompanied by a pinning force [54]. Therefore,
given the results from other studies, it is expected that the Au-rich clus-
ters would provide a similar kinetic stabilization mechanism.

These results suggest that the Au segregation behavior along the GBs
is heterogeneous, and simultaneous kinetic and thermodynamic stabi-
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Fig. 3. Integrated radial Intensity profiles interpolated from SAED patterns ob-
tained from Mo-Au samples (a) as-sputtered condition and heat treated at (b)
350 °C, (c) 550 °C, (d) 800 °C, and (e) 1000 °C.

lization could be occurring. The observed heterogeneous behavior of the
Mo-Au systems could be dependent on several factors. Recent studies
have demonstrated that immiscible alloys can exhibit different segrega-
tion tendencies depending on the GB character [53,55]. Furthermore,
modeling of GB solute behavior of immiscible systems have described
competing mechanisms between GB solute segregation and phase sep-
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multilayered structure with a 17 at% Au isosurface. The 1D concentration profile
(b) obtained from the region indicated by the dashed arrow shows the compo-
sition across several layers.

aration, which can lead to the observed heterogenous behavior seen in
the current study [50]. Experimentally, the simultaneous occurrence of
thermodynamic and kinetic stabilization mechanisms has been observed
in only a few binary alloy nanostructures. For example, in Cu—-Nb, Nb-
enriched segregation zones and Nb-rich clusters were identified along
GBs, with both kinetic and thermodynamic stability mechanisms con-
tributing to thermal stability of the system [12]. However, the reaction
of Nb clusters with oxygen impurities (~15 at% NbO and NbO,) during
synthesis complicated the ability to accurately assess solute behavior in
Cu-Nb. In contrast, for the case of the Mo-Au system in this study, the
APT compositional profile of the Au-enriched clusters at 550 °C show
no significant concentrations of impurities indicating that these do not
appear to influence the nucleation and stabilization of these clusters.

3.3. Grain growth region, T=800°C

At temperatures ranging from 620 °C to 800 °C, the DSC scans indi-
cate that grain growth should be the primary thermal process, which
is in agreement with the microstructure seen at 800 °C (Fig. 2(c)). The
TEM micrographs and EDS map show a similar elongated morphology
to that seen at 550 °C (Fig. 2(b)), with an increase in the overall average
grain size to 67 nm. In addition, the Au precipitates primarily appeared
in the lower and upper portions of the film, which indicates preferential
diffusion of Au solute to these regions. This behavior has also been ob-
served in other sputtered films, for example, Ti precipitates in a Hf-Ti
NMMs formed in two regions equidistance from the center of the sample
when heat-treated at 1000 °C [27].

The resulting microstructure can be viewed as a transitional nanos-
tructure that bridges the nanocomposite structure (Fig. 2(b)) to the
equiaxed grain structure observed at 1000 °C (Fig. 2(d)). Specifically,
when examining the microstructural evolution from 550°C to 800 °C
it is expected that the Au clusters that formed along the GBs coarsen
due to increased kinetics and the high concentration of Au solute atoms
present at the GBs. Furthermore, since the Mo-Au system is immiscible



J.A. Bahena et al.

a.1) b.1)

Au

Concentration (at.%)

1

Materialia 4 (2018) 157-165

Mo grain Mo grain

Au enriched GB
-

00 >

80

60

40

Concentration (at.%)
°

5
Distance (nm)

20

0 T T T T - !
4 6 8 10 12

Distance (nm)

a.2) b.2)

Cluster 1

Cluster 2

Au

~ Mo

10
10 nm —

Concentration (at.%)

1

20

Cluster 1 Cluster 2

00

80

60

40

Concentration (at.%)

10
Distance (nm)

15

Fig. 5. APT maps from the Mo-Au sample annealed at 550 °C showing solute behavior at GBs with a 5 at% Au isosurface. The first APT map (a.1) shows an Au
enriched GB (segregation zone) with insets showing individual Au and Mo ion distribution. The 1D concentration profile (b.1) is obtained through the region indicated
by the dashed arrow, where the inset shows concentration of (C + O). The second APT map (a.2) shows clusters along a GB with insets showing individual Au and Mo
ion distribution. The 1D concentration profile of (b.1) is obtained through the region indicated by the dashed arrow, where the inset shows the Au content through
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and therefore thermodynamically unfavorable in a mixed configuration,
sufficient heating encourages further coarsening of Au-rich precipitates
until a phase separation between Mo and Au is eventually reached. The
phase separation of the Mo-Au alloys was investigated through APT,
where chemical analysis was performed across a Mo and Au region. The
atomic distribution of the dominant elements is presented in Fig. 6(a)
and (b), while Fig. 6(c) presents the 1D compositional profile through
the region marked by the dashed arrow. The atom map reveals four dis-
tinct microstructural regions: two Au-rich precipitates and two Mo-rich
grains. The Au and Mo regions which appear at the top and bottom,
respectively, are separated from the other two grains by approximately
half-spherical interfaces stemming from reconstruction problems that
may be related to micro-fractures, which means that these interfaces
are not considered during evaluation. The Au precipitates were com-
posed of 98 + 0.3 at% Au, with ~ 1at% Mo. One of the Mo-rich grain
had a composition of 75+ 2.2at% Mo and 24 +1.9at% C, while the
other had a composition of 72 + 3.6 at% Mo and 26 + 3.2 at% Si. Sim-
ilarly, APT revealed minimal Au atoms (< 0.5 at%) in these Mo-rich
grains. While the presence of contaminants, which are discussed at the
end of this section, complicates a thorough analysis, the sharp transi-
tions and compositions between the Mo-rich grain and Au precipitate
seen in the compositional profile (Fig. 6(c)) suggests phase separation
of the alloy has been achieved at 800 °C. Reflections observed in the ra-
dial distribution plots (Fig. 3(d)) also display an increased intensity of
Au peaks relative to the Mo peaks, further supporting that at 800 °C the
microstructure is composed of phase separated bcc Mo grains and fcc Au
precipitates.
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In other binary nanostructured alloys, such as Fe-Cu and Cu—Co, the
general observation has been that phase separation and the formation
of secondary phase precipitates leads to an accelerated grain coarsening
[49,56]; however, this study showed that the Mo—Au systems has main-
tained a sub 100 nm grain size upon annealing at 800 °C for 96 h. The
retention of nanograins in the Mo-Au alloy appears to be attributed to
influences from both kinetic and thermodynamic stability mechanisms.
Initially, as observed at 550 °C, thermodynamic and kinetic contribu-
tions are present in the form of Au segregation zones and Au clusters,
but as the temperature increased only one mechanism becomes preva-
lent. This switch in mechanisms is presumably facilitated by the diffu-
sion behavior of Au, where the diffusion along GBs promotes the growth
of clusters leading to the observed Au precipitates in the EDS maps
(Fig. 2(c)). As a result of coarsening, the Au segregation zones are de-
pleted of GB solute and the thermodynamic contribution is ultimately re-
duced. Similar behavior has been suggested in other studies, specifically
after the alloys are annealed above a transition temperature where pre-
cipitation and coarsening occur [7,9]. Given that the pinning force gen-
erated by second-phase particles decreases as a function of particle size,
the growth of the Au precipitates should lead to an overall reduction in
kinetic stabilization [54]. The pinning pressure exerted by the precip-
itates (P,) can be expressed by the Zener pinning equation, P, = 32—?
where F, refers to the volume fractions of the precipitates with radius r,
and y is the specific grain boundary energy. Thus, a combined decrease
in the kinetic and thermodynamic contributions promotes the moderate
grain growth observed from 550 °C to 800 °C. Furthermore, the absence
of segregation zones and the presence of nanoscale Au precipitates in-
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Fig. 6. APT maps from the Mo—Au sample annealed at 800 °C, where (a) shows the ion distribution of Mo (30 at% isosurface) and Au (90 at% isosurface), and
(b) shows the ion distribution of C (15 at% isosurface) and Si (10 at% isosurface). Regions are separated where possible micro-fractures have occurred during APT
measurements. These interfaces are not evaluated. The 1D concentration profile (c) obtained from the region indicated by the dashed arrow spans across an Au

precipitate and a Mo-rich grain.

Table 1
Diffusion distance (L) of C and Si in Mo at different temperatures with time (t)
of 10s.

Temperature ( °C) D (m?*) L (nm)
C in Mo [57] 550 1.0x1071® 31

800 1.9x10714 4.3x10?

1000 3.0x10°13 1.7x10°%
Si in Mo [58] 550 2.6x10718 5.1

800 3.2x10713 1.8x10?

1000 1.3x10°13 1.1x10°%

dicates that the microstructure at 800 °C is predominantly stabilized by
kinetic mechanisms through GB pinning.

The extent to which contaminants affect the observed microstruc-
tures is always a point of discussion since both the quantity and time of
contamination can greatly alter microstructural evolution. As stated ear-
lier, no significant contaminants were detected in samples heat-treated
below 550°C nor in similar as-sputtered samples [18,27]. However,
for samples annealed at 800 °C, APT measurements revealed more than
20at% C and Si in the Mo regions; where the most probable source of
contamination results from quenching the samples above 800 °C. This
assumption is based on the composition of the quenching medium, In-
voil 705 (C33H340,Si3), and the lack of contaminants in samples heat-
treated at lower temperatures. To further support this assumption, basic
diffusion calculations for C [57] and Si [58] in Mo at select temperatures
were performed (Table 1). The diffusion distances, L ~ (Dt)!/2, were cal-
culated for a time t=10s (approximation of the time required for the
sample to cool in the quenching medium). From these calculations, only
surface level diffusion is expected for temperatures below 550 °C; how-
ever, above 800 °C, Si and C are expected to diffuse throughout the 2 ym
thickness of the sample. These calculations agree with the APT measure-
ments where C and Si are prominent at 800 °C, and the measured com-
positions suggest the formation of MoC and MoSi phases. Therefore, it is
assumed that C and Si contamination occurred during quenching, which
altered the final microstructural composition but should have minimal
influence on the observed grain sizes and thermal stability mechanisms.
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3.4. Grain growth region limit, t=1000°C

Upon annealing at 1000 °C, the Mo—Au system undergoes a transition
from the elongated morphology seen at 800 °C to a microstructure com-
posed of equiaxed grains, which is observed in the TEM and EDS maps
in Fig. 2(d). The EDS compositional maps more clearly illustrate the Au
precipitates that appear along Mo GBs, triple junctions, and within grain
interiors. At 1000 °C, it is expected that the overall Au content should
decrease as a consequence of the evaporation of Au at these annealing
temperature and vacuum conditions. Thus, several voids are visible in
the microstructure, and the number of Au precipitates has diminished
in comparison to the Mo—Au microstructures observed at lower tem-
peratures. Furthermore, as indicated by the DSC scans, grain growth is
exhibited as the average grain size increased to 190 nm. Specifically, a
wide size distribution for the Au precipitates is seen. Several smaller
precipitates are identified within Mo grains and at triple junctions, but
there are also a few Au precipitates that have reached sizes similar to
the Mo grains. Note that given the overall grain size of the sample at
1000 °C, APT was not performed as TEM and EDS were considered suf-
ficient to characterize the microstructure.

To further understand the grain growth and precipitation process
at 1000 °C, EDS was performed on a Mo grain and an Au precipitate,
where the respective point scans for each region of interest are shown in
Fig 7. From the EDS scan, the presence of strong Au peaks and the ab-
sence of any Mo peaks indicate that the precipitates are mostly pure
Au. Likewise, the EDS scan of the selected Mo rich grain shows strong
Mo peaks with no identifiable Au peaks. The detected C and Si peaks
in the scans can be attributed to the quenching process of these sam-
ples, as discussed in the previous section. Therefore, at these elevated
temperatures, despite the pronounce changes in grain size and struc-
ture the Mo grains and Au precipitates remain phase separated with no
noticeable changes in composition. These findings suggest that the ob-
served microstructure is formed primarily through the coalescence and
coarsening of the Mo grains and Au precipitates. Based on growth ki-
netics of nanophase immiscible systems it is expected that a bimodal
growth process occurs, where the growth of Mo grains is facilitated by
GB migration controlled by GB diffusion. Meanwhile, coarsening of the
Au precipitates is promoted by long range volume diffusion which is
similarly controlled by GB diffusion [59].

Thus, the sample annealed at 1000 °C exhibited an average grain size
~3 times greater than that measured at 800 °C. The increase in grain
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Fig. 7. EDS scans of an Au precipitate and Mo-rich grain and the corresponding cross-sectional bright field TEM image of the Mo-Au sample heat treated at 1000 °C.
The red arrows indicate the respective regions where the scans were taken from.

size indicates that the drag effects produced by the Au precipitates at
800 °C have mostly been overcome at these higher temperatures. Simi-
lar to what was observed at lower temperatures, coarsening of the pre-
cipitates leads to a diminished kinetic stabilization contribution. Nev-
ertheless, several nanometer sized Au precipitates are located at GBs,
triple junctions, and within Mo grains, which are expected to generate
pinning forces that resist further GB mobility [56]. Therefore, the var-
ied coarsening behavior of the Au precipitates will generate different
pinning pressures depending on the precipitate size. From the observed
microstructure at 1000 °C, it does appear that kinetic stabilization mech-
anisms play a role since the grain size is only 190 nm.

4. Conclusions

In this study, we have investigated the microstructural evolution of
an immiscible binary alloy to further understand and identify active
thermal processes and stability mechanisms as a function of tempera-
ture. More specifically, complementary characterization techniques of
APT and TEM were combined with DSC to explore the contributions of
kinetic and thermodynamic mechanisms during the annealing stages of
a Mo-Au NMMs.

Annealing the initial nanostructure to 350 °C results in a multilayer
structure with roughening and intermixing between the Au and Mo-
rich layers, indicating the initial stages of degradation of the nanolam-
inate structure. Still, no noticeable change in grain size, 9 nm, was ob-
served between these temperatures. Further annealing to 550 °C led to
the recrystallization of the NMMs, producing a metallic nanocompos-
ite consisting of Mo-rich grains with heterogenous Au solute behavior
at the GBs. The presence of Au clusters and segregation zones along
GBs indicated a coupling of kinetic and thermodynamic stabilization
mechanisms which contributed to maintaining an average grain size of
37 nm. Between temperatures of 550 °C and 800 °C, the prominent ther-
mal process is grain growth which is facilitated by phase separation of
Mo grains and Au precipitates. Furthermore, the coarsening of Au pre-
cipitates through GB diffusion depletes the excess GB solute, promoting
a shift to a predominantly kinetic contribution generated by precipitate
pinning. At 800 °C, the Mo-Au system still retained nanoscale features,
with an average grain size of 67 nm. Lastly, at 1000 °C, the Mo-Au al-
loy exhibits considerable grain growth leading to the formation of an
equiaxed microstructure with an average grain size of 190 nm. The ap-
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parent increase in grain size indicates that the elevated temperature
provides sufficient energy for the grains to overcome the drag forces
generated by the Au precipitates. However, several nanometer sized
Au precipitates located at GBs and within grain interiors produce an
active pinning mechanism that likely mitigated further grain growth at
1000 °C.

Overall, this study provides a comprehensive guide to the thermal
processes and stability mechanisms responsible for the microstructural
changes in Mo—Au NMMs. Annealing of the NMMs leads to the devel-
opment of several complex nanostructures that were governed by re-
crystallization and grain growth. Furthermore, these thermal processes
initiated kinetic and thermodynamic stability mechanism, which appear
to be contingent on the segregation and diffusion behavior of Au atoms.
Thus, the utilized methodology in combination with sputtered NMMs
could be useful in identifying the active thermal processes and mecha-
nisms that influence nanograin stability in other systems.
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