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A B S T R A C T

Nanocrystalline alloys are promising structural materials yet lack thermal stability in many cases. Recent work 
shows that interface structure has an outsize effect on the thermal behavior of nanostructured alloys. This work 
focuses on the role of controlled heterophase interface structure in the thermal evolution of model Cu/Nb 
nanolaminates. We introduce 3D interfaces containing nanoscale heterogeneities in all spatial dimensions be
tween Cu and Nb, forming 3D Cu/Nb. TEM, nanoindentation, and DSC are used in tandem to establish thermal 
stability and to identify shifts in microstructure as a function of static annealing temperature. 3D interfaces are 
shown to survive annealing to 300 ◦C for 1 hr., while 3D Cu/Nb microstructure evolves to form low-density and 
voided regions correlating to the onset of layer pinch-off between 500 and 600 ◦C annealing temperatures. A 
diffusivity- and vacancy energetics-based mechanism is developed to explain void formation driven by 3D 
interface degradation at elevated temperature.

The thermal stability of nanostructured alloys is of great interest due 
to their potential as high-strength structural materials [1–3]. Often, 
nanocrystalline alloys have low thermal stability, limiting their appli
cation [4–6]. Many strategies can enhance nanocrystalline thermal 
stability, such as grain boundary segregation [7,8], or the inclusion of 
second phases [9–11] or large quantities of twin boundaries [12,13]. 
Each method harnesses interface content and structure to improve 
thermal stability by controlling transport phenomena. Progress in this 
field requires further fundamental understanding of 
interface-dominated high temperature microstructure evolution. The 
current work elucidates this topic by studying the effect of heterophase 
interfaces with controlled structure on the thermal stability of a model 
nanolaminated Cu/Nb composite (henceforth Cu/Nb).

Cu/Nb serves as a model system with controlled grain size, 
morphology, and orientation in which heterophase interface structure 
dominates properties [14–19]. Cu/Nb has been made with nanoscale 
layer thickness as thin films using physical vapor deposition [20] (PVD) 
and in bulk using accumulative roll-bonding [21] (ARB). PVD Cu/Nb 
thermal stability studies show that layer thickness h determines Cu/Nb 
thermal stability [17,18]. ARB Cu/Nb studies demonstrate that interface 
structure can be tailored by thermomechanical processing [22,23] and 
show that different interface structures produce different thermal 

stabilities [19]. This demonstrates that interface structure dominates 
thermal behavior in Cu/Nb at nanoscale layer thicknesses. These prior 
works also establish that changes in Cu/Nb nanohardness after anneal
ing correlate well with thermally-induced microstructure evolution [17,
18].

The thermal evolution of Cu/Nb is determined by interface ener
getics, where relative heterophase interface and grain boundary en
ergies determine microstructural stability and evolution [17,18]. Prior 
studies focused on atomically sharp Cu/Nb heterophase interfaces 
[24–26], which are called “2D interfaces” due to their limited thickness. 
This work studies Cu/Nb with few-nm thick “3D interfaces” to form a 
composite called 3D Cu/Nb. 3D interfaces contain chemical, crystallo
graphic, and structural heterogeneities on the length scale of a few nm 
[27–29]. While 3D interfaces are evocative of thick grain boundaries 
used to stabilize nanostructures elsewhere [30–32], these other studies 
involved homogeneous interfaces in equiaxed, non-model microstruc
tures. 3D Cu/Nb is used here to study 3D interface behavior in a model 
nanolaminate microstructure. 3D heterophase interfaces enhance me
chanical performance in Cu/Nb [27,28,33,34], but their thermal sta
bility has not been explored. Furthermore, since some metallic 
nanostructures can coarsen even at room temperature [35–37], the 
thermal stability of 3D interfaces must be established to ensure 
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repeatability of microstructural and mechanical characterization. Here, 
3D interface thermal stability is quantified after ex situ annealing with 
transmission electron microscopy (TEM), nanoindentation, and differ
ential scanning calorimetry (DSC). Microstructure development is pre
sented as a function of annealing temperature and is explained by 
comparing self-diffusivity of Cu and Nb to vacancy diffusivity.

PVD-grown 3D Cu/Nb with pure layer thickness of 10 nm and 
interface thickness of 10 nm (10–10 Cu/Nb) was statically annealed in 
this work to assess its thermal stability. The synthesis details for this 
material can be found elsewhere [28]. 3D Cu/Nb thin films supported by 
single crystal Si substrates with 2 µm thickness were encapsulated under 
rough vacuum in quartz tubing and then annealed at 300, 400, 500, and 
600 ◦C for 1 hr. at each temperature. A Lindberg/Blue M™ BF51442C 
box furnace was pre-heated to the desired annealing temperature, then 
an encapsulated specimen was put in the hot furnace. At the end of 
annealing, encapsulated specimens were placed on fire brick at ambient 
temperature to rapidly cool. The thermal stability of 3D interfaces was 
determined by multiple methods. Ex situ microstructural characteriza
tion was conducted via cross-sectional TEM in an FEI Tecnai T12 
operating at 120 kV and a Thermo Fisher F200X Talos operating at 200 
kV in parallel beam mode. Scanning TEM (STEM) was also conducted in 
the Talos. TEM specimens were produced using a FEI Helios Nanolab G4 
FIB/SEM. Nanoindentation in post-annealed samples was conducted 
using a Hysitron TI 980 triboindenter. Nanohardness was measured 
using the Oliver-Pharr method with a Berkovich tip whose tip area 
function was calibrated to fused silica [38]. Ten indents per specimen 
were conducted in load control using a constant strain rate load function 
with continuous stiffness measurement enabled. A constant indentation 
strain rate of 5 × 10–2/s (using 12

Ṗ
P, where P is indentation load [39,40]) 

was used from 200 to 12,000 μN, the CSM frequency was 200 Hz, and 
the displacement amplitude was maintained near 1 nm. Representative 
hardness values for each indent were calculated by averaging the 

measured hardness across indentation depths over which hardness data 
was constant. Lastly, differential scanning calorimetry was performed 
on free-standing 10 µm 10–10 Cu/Nb films in a Netzch STA 449 calo
rimeter up to 600 and 950 ◦C at a heating rate of 10 ◦C/min under a 
Ti-gettered argon atmosphere. For the 950 ◦C specimen, a Zr getter ring 
was placed close to the sample crucible to further suppress specimen 
oxidation. TEM was also performed on specimens that underwent DSC 
measurements.

Conventional TEM (CTEM) reveals the thermal evolution of 3D in
terfaces in Fig. 1. Fig. 1(a) shows that 3D interfaces in the as-deposited 
10–10 Cu/Nb can be distinguished from abutting layers by diffraction 
contrast. After 300 ◦C annealing in Fig. 1(b), 3D interfaces are still 
distinguishable from the abutting material. Fig. 1(c) shows that 
annealing at 400 ◦C makes 3D interfaces difficult to distinguish from 
surrounding material. Finally, at 500 ◦C (Fig. 1(d)), the 3D interfaces 
cannot be discerned at conventional magnification. Thermal grooving is 
observed at triple grain junctions, indicating significant atomic mobility 
during annealing. Increasing the annealing temperature to 600 ◦C causes 
disruption of the lamellar microstructure (Fig. 1(e)), which signals the 
onset of runaway microstructure coarsening [17,41]. Layer pinch-off is 
observed in Fig. 1(e) and is representative of a larger area of material as 
shown in Figure S1(a). CTEM observations thus establish that 3D in
terfaces begin to degrade at 300–400 ◦C. By 500–600 ◦C, the 3D in
terfaces degrade completely and the lamellar microstructure begins to 
break down.

High-resolution TEM (HRTEM) found in Fig. 2 (a-d) shows as- 
deposited and thermally degraded 10–10 Cu/Nb at the nanoscale. 
Fig. 2(a) depicts the as-deposited 10–10 Cu/Nb, demonstrating signifi
cant amorphous content in 3D interfaces. The presence of this amor
phous content is corroborated by recent nanobeam diffraction 
characterization of 3D Cu/Nb [34]. The difference in crystallography 
between pure layers and the 3D interfaces gives rise to the diffraction 

Fig. 1. CTEM micrographs of 10–10 Cu/Nb in the a) as-deposited and (b-e) annealed conditions. Annealing was conducted at b) 300 ◦C, c) 400 ◦C, d) 500 ◦C and e) 
600 ◦C for 1 hour. a) demonstrates the diffraction contrast associated with 3D interfaces found in between pure layers. b) shows that at 300 ◦C, 3D interfaces persist. 
c) At 400 ◦C, 3D interfaces become difficult to distinguish. d) Onset of thermal degradation manifests as triple grain junction grooves after 500 ◦C annealing. e) Layer 
pinch-off begins after 600 ◦C annealing, after which runaway recrystallization should occur [18]. Scale bars are shared between (a-e).
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Fig. 2. HRTEM of a) as-deposited 10–10 Cu/Nb and after b) 300 ◦C, c) 500 ◦C and d) 600 ◦C annealing. a) presents the microstructure of the nanolaminate with as- 
deposited 3D interfaces, which can be distinguished by distinct phase contrast from abutting layers. FFTs taken from regions (i-iii) show that Cu and Nb layers are 
crystalline, while 3D interfaces contain significant amorphous content. In b), the 3D interface structure is preserved between some layers after 300 ◦C annealing, 
while between others Moiré fringes develop. This is due to overlap of pre-existing grains that coarsened at the expense of the 3D interface. c) shows the formation of 
apparently amorphous pockets abutting a crystal in (i-iii) as a result of 500 ◦C annealing. d) At 600 ◦C, regions indicated by (i-iii) consist of amorphous-appearing 
material abutting crystalline material. e) Z-contrast dominated HAADF STEM micrograph of 600 ◦C material reveals the presence of low-density regions in the Cu 
layer where layers appear discontinuous (indicated by arrows). Complete layer pinch-off is found in the Nb layers, which appear brighter than Cu layers in Z-contrast. 
f) A high-magnification HAADF micrograph of a low-density region corresponding to amorphous-like regions in (c-d). Voids can be discerned in the low-density 
pockets abutting the low-density grain in the Cu layer. Highlights and shadows were adjusted to improve void contrast in (f). Scale bars are shared between (a- 
d) and represent 20 nm.
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contrast seen in Fig. 1(a). Fig. 2(b) shows detail of 3D interfaces after 
300 ◦C annealing. Some interfaces appear to be mostly unchanged from 
the as-deposited condition. However, some signatures of thermal 
degradation are present, such as the Moiré fringes found in between two 
pure layers. These result from the overlap of pure layer grains grown at 
the expense of the 3D interface. Fig. 2(c) demonstrates the effect of 500 
◦C annealing on 10–10 Cu/Nb, which completely degrades the initial 3D 
interface microstructure. A new microstructural feature formed by 
annealing is shown in Fig. 2 (c.i-iii), where two apparently amorphous 
regions sandwich a thin crystalline region. Similar features can be found 
after annealing at 600 ◦C in Fig. 2 (d.i-iii). Further examination using 
high angle annular dark field scanning TEM (HAADF-STEM, 80–200 
mrad acceptance angle to emphasize mass-thickness contrast) in Fig. 2
(e-f) reveals the nature of these features. In Fig. 2(e), pinched-off Nb 
layers correspond with low-density regions indicated by low image in
tensity. Higher magnification of one of these regions in Fig. 2(f) dem
onstrates the presence of voids in the low-density regions. Comparison 
of Fig. 2(d) and Fig. 2(f) shows that the amorphous regions in Fig. 2(d) 
correspond to the void-heavy regions in Fig. 2(f). These features appear 
amorphous because their porous structure backfills with redeposited 
amorphous material during the FIB process. Their formation will be 
discussed below after a discussion of nanoindentation and DSC.

Nanoindentation results on annealed films corroborate TEM evalu
ation of 10–10 Cu/Nb thermal stability. Previous work indicates that 
significant drops in hardness can be correlated with annealing-induced 
microstructural changes [18,25]. Fig. 3 depicts the hardness of 10–10 
Cu/Nb subjected to annealing at different temperatures. Nanohardness 
is stable up to an annealing temperature of 300 ◦C. Between 300 and 400 
◦C, hardness drops by about 0.5 GPa. This corresponds to a ~10 % 
decrease from as-deposited hardness. This is coincident with the start of 
3D interface degradation at 400 ◦C seen in Fig. 1 (b-c) and Fig. 2(b). The 
link between 3D interface degradation and softening is supported by 
previous work demonstrating the strengthening effect of 3D interfaces 
over 2D interfaces in Cu/Nb [28,42]. As annealing progresses to 500 ◦C, 
the hardness is preserved by the continued presence of lamellar grains as 
seen in Fig. 1(d). Finally, a 1 GPa drop in hardness occurs between 500 
and 600 ◦C corresponding to the onset of pinch-off seen in Fig. 1(e) and 

Fig. 2(e). This is consistent with significant softening correlated with the 
loss of lamellar microstructure demonstrated in 2D interface Cu/Nb 
[14].

DSC further quantifies the temperatures corresponding to structural 
changes in 10–10 Cu/Nb. The DSC trace in Fig. 4 has exothermic fea
tures beginning at 500 ◦C, indicating rapid microstructural rearrange
ment. The TEM presented in Fig. 1-2 and the nanoindentation in Fig. 3
suggest that the two exothermic peaks from 500 to 900 ◦C correspond to 
layer pinch-off at lower temperatures and gross recrystallization or grain 
growth at higher temperatures. The higher temperature peak is assigned 
to grain coarsening because large amounts of enthalpy should be 
released from grain boundaries and heterophase interfaces as the ma
terial spheroidizes near melting temperature, which is 1085 ◦C for Cu 
[43,44]. The microstructure of the spheroidized material after the 
higher temperature exothermic peak can be found in Fig. 4(b). It should 
be noted that oxidation affected the results in Fig. 4 negligibly, as shown 
by thermogravimetric data in Figure S2.

The data and discussion presented above establishes that 3D in
terfaces are thermally stable up to 300 ◦C for 1 hour. This is significant 
given that 10–10 3D Cu/Nb is nanocrystalline with a very fine effective 
grain size, the 3D interface structure lacks long range order, and CuNb 
alloys tend towards dealloying at elevated temperature due to their 
immiscibility [45]. This stability can be explained by comparison of 3D 
interfaces to equiatomic CuNb alloys, which tend to be amorphous when 
cosputtered or quenched [46,47]. 3D interfaces have similar thermal 
degradation characteristics as amorphous sputtered CuNb alloys, which 
degrade in the range of 400–500 ◦C as determined by DSC at 40 ◦C/min 
[47].

This work also shows that 2D heterophase interfaces lend greater 
thermal stability to Cu/Nb than 3D interfaces. PVD Cu/Nb with h = 75 
nm can survive annealing at 800 ◦C for 1 h [17], while h = 15 nm Cu/Nb 
completely spheroidizes after 700 ◦C annealing for 30 min [18]. ARB 
Cu/Nb also has higher thermal stability than 3D Cu/Nb, surviving 500 
◦C 1 h annealing at h = 18 nm [25]. It should also be noted that static 
annealing in the current work was conducted on thin films supported by 
single crystal Si substrates, which give rise to thermal stresses due to 
thermal expansion mismatch between the film and the substrate. Future 
work should investigate the role of thermal stresses on thermal stability 
of 3D interface-containing nanocrystalline alloys.

The thermal evolution of 3D interfaces can be explained by exam
ining mean diffusion lengths of Cu and Nb at elevated temperatures in 
Table 1. Details of diffusivities and equations used for mean diffusion 
length calculation can be found in the Supplementary Information 
[48–50]. These calculations neglect the effect of diffusion along 
non-lattice pathways such as grain boundaries and 3D interfaces. For 
example, atomic diffusion is sluggish in CuZr metallic glasses that the 
amorphous interior of Cu/Nb 3D interfaces resemble [34,51]. Also, fast 
diffusion through grain boundaries should be considered; Nb undergoes 
short-circuit diffusion through Cu grain boundaries after annealing at 
800 ◦C for 1 hour [52]. The effect of diffusion along these pathways 
should be elaborated in future studies.

Table 1 shows that Cu is expected to be solely responsible for atomic 
migration during annealing of 10–10 Cu/Nb. Nb may be able to migrate 
through high-diffusivity pathways such as grain boundaries and heter
ophase interfaces, but should not contribute significant mass transport. 
The mean diffusion lengths xCu can be used to understand the behavior 
of 3D interfaces at different annealing temperatures. Fig. 1-2 show that 
the 3D interface begins degrading at 300–400 ◦C. The mechanism of this 
degradation may stem from growth of Cu and Nb layer grains at the 
expense of the 3D interface or recrystallization of the 3D interface 
interior (see Figure S3), but further work must be done to establish this 
mechanism definitively. xCu ranges from ~0.5–10 nm between 300 and 
400 ◦C, which is on the order of the 3D interface thickness. This should 
be sufficient for segregation and recrystallization of Cu from 3D in
terfaces into abutting Cu grains. At 500–600 ◦C, xCu rises beyond 100 
nm, meaning that Cu is free to seek thermodynamically favorable sites 

Fig. 3. A plot of nanoindentation hardness as a function of annealing tem
perature. The as-deposited mean hardness is indicated by a thick blue line, 
surrounded by blue shading representing one standard deviation to each side. 
Hardness drops slightly between 300 and 400 ◦C, suggesting that 3D interface 
degradation occurs significantly between those temperatures. Hardness drops 
significantly between 500 and 600 ◦C, which corresponds to layer pinch-off 
observed in Fig. 1(e). Error bars represent one standard deviation on each 
side of mean hardness denoted by open circles.
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across multiple layers, leading to the onset of recrystallization and grain 
coarsening for Cu.

The previous discussion about atom and defect diffusivities reveals a 
diffusivity mismatch between Cu and Nb at elevated temperatures, 
suggesting that the Kirkendall effect contributes to the formation of low- 
density regions and voids at 3D interfaces after 500–600 ◦C annealing. 
The diffusivities in Table 1 show that the mismatch of mobilities be
tween Cu and Nb causes volume flux from the Nb-rich side of 3D in
terfaces as Cu phase segregates, leaving behind Nb vacancies that can 
migrate far enough to coalesce into voids [53]. This is corroborated by 
other studies in metallic glasses showing that atomic species diffusivity 
mismatch causes Kirkendall void formation upon annealing [51,54,55]. 
In addition, the transformation of any amorphous content in 3D Cu/Nb 
to crystalline Cu and Nb should inject free volume into the Cu/Nb 
microstructure in the form of excess atomic free volume. This is because 
amorphous Cu-Nb alloy has a lower molar volume than the average 
molar volume of FCC Cu and BCC Nb (as shown by Table S4 [46]). Thus, 
the voids observed in annealed 3D Cu/Nb have contributions from both 
the Kirkendall effect and conversion of amorphous material to 
crystalline.

This work reveals that voids in thermally degraded 3D interfaces do 
not form uniformly in the interface lateral direction as they do in 
interdiffusing multilayer systems such as Co/Zr [56]. The voids coalesce 
preferentially, abutting what appear to be recrystallized grains in Fig. 2
(c-d). Supposing that voids need high energy sites like triple grain 
junctions or high-energy grain boundaries to nucleate, vacancies must 
traverse half the in-layer grain size of Cu or Nb grains to coalesce into 

voids. Other work establishes that the in-layer grain size in 10–10 Cu/Nb 
is 50–200 nm [33]. At low temperatures, the excess free volume at 3D 
interfaces is accommodated by vacancies because vacancy diffusivity is 
low, according to Table 1. Vacancies travel ~1–13 nm at annealing 
temperatures of 300–400 ◦C, which is not enough to traverse the Cu/Nb 
lateral grain size. At higher temperatures vacancy diffusivity is fast 
enough that excess vacancies can coalesce into voids, lowering the 
material’s free energy [57]. At 500–600 ◦C, vacancies travel ~75–300 
nm, enough to traverse grains laterally and form voids. This means that 
the voids can only form at 500 ◦C or above, which matches with TEM 
observations.

A mechanism explaining the uneven distribution of voids along 
degraded 3D interfaces in Fig. 5 is presented here. At lower tempera
tures, Cu in 3D interfaces begins to phase separate into abutting Cu 
layers, leaving behind Nb- and vacancy-rich interfaces (see Figure S4 for 
a detailed illustration). At higher temperatures, the 3D interface de
grades into a 2D interface and excess vacancies coalesce into void nuclei 
at energetically favorable sites. As a 2D heterophase interface forms, 
excess vacancies must migrate from crystalline regions to the hetero
phase interface since their storage in crystalline Cu and Nb grain in
teriors would raise the free energy of those phases over equilibrium 
values. Thus, lateral migration of excess vacancies is constrained to in
terfaces en route to void formation sites. Vacancies are not simply stored 
at heterophase interfaces because prior elevated temperature irradiation 
work shows that 2D Cu/Nb heterophase interfaces are poor vacancy 
sinks compared to other interfaces like in-layer Cu grain boundaries 
[58]. The high vacancy sink efficiency of high-energy Cu grain bound
aries produces local vacancy enrichment, aiding void nucleation at 
nearby triple-grain junctions [59]. High-energy Cu grain boundaries are 
not evenly distributed through the material, explaining the non-uniform 
distribution of thermally-induced voids.

Further thermal evolution gives the microstructures found in Fig. 5
(c-d), which matches Fig. 2 (e-f). Fig. 5 also explains why pinch-off oc
curs near voided regions as seen in Fig. 2(e). One possible explanation is 
that Cu and Nb layers constrain each other during thermal degradation, 
meaning free volume near and in voids can facilitate layer reconfigu
ration into pinch-off points. Another explanation may be that voids act 
as vacancy sources that facilitate layer reconfiguration. Excess free 
volume and vacancies provided by voided regions can aid Nb layer 
pinch-off (Fig. 1(e) and Fig. 2(e)) despite low bulk diffusivity. Once layer 
pinch-off happens, runaway grain coarsening can occur [18].

Fig. 4. A DSC heating trace of 10–10 Cu/Nb heated to 950 ◦C. This curve was created by subtracting heat flow data from a run performed on an empty crucible from 
the heat flow signal of a run with a crucible containing the Cu/Nb specimen. CTEM micrographs of post-DSC material are included for material heated to a) 600 ◦C 
and b) 950 ◦C. Significant exothermic peaks are found around 600 ◦C, suggesting that microstructure degradation begins around that temperature. A dashed line is 
drawn to emphasize the exothermic peaks relative to the baseline trend corresponding to bulk sample heating.

Table 1 
Mean diffusion lengths of Cu (xCu) and Nb (xNb), and Nb vacancies (xv,Nb). The 
diffusion time is 3600 s, the annealing time used in this study. Arrhenius pa
rameters used for these calculations can be found in Table S1 and the Supple
mentary Information. xNb quantities are too small to be physically meaningful, 
so it can be assumed that bulk self diffusion does not occur appreciably in Nb for 
the temperatures studied in this work.

Temperature ( ◦C) xCu (nm) xNb (nm) xv,Nb (nm)

300 0.487 7.40×10–10 1.23
400 10.5 3.89×10–10 13.0
500 102 4.04×10–5 74.1
600 590 1.45×10–3 284
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In conclusion, this work quantifies the thermal stability of Cu/Nb 
nanolaminates with 3D interface structure. These composites can sur
vive up to 300–400 ◦C without loss of lamellar microstructure or sig
nificant loss of hardness. This is supported by multiple characterization 
methods such as static annealing, nanoindentation, and DSC. Further 
TEM characterization demonstrates the mechanism of thermal degra
dation in 10–10 Cu/Nb, where voids abut layer pinch-off locations after 
annealing at 500–600 ◦C. This behavior was not seen in previous 2D Cu/ 
Nb studies, indicating that 3D interfaces can alter the kinetics of thermal 
degradation in nanocrystalline alloys dramatically. While 3D interfaces 
in immiscible systems like Cu-Nb are not expected to be thermally sta
ble, the physics of their thermal degradation elucidated here will shed 
light on future efforts to understand and pursue high-temperature sta
bility in nanostructured alloys.
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