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a b s t r a c t 

Nanostructured metallic multilayers have attracted significant attention due to their high mechanical 

strength. However, they often have limited thermal stability at elevated temperatures. Multilayers with 

immiscible constituents also suffer from high temperature microstructure instability due to thermal 

grooving and subsequent layer pinch-off. Here we report the enhanced thermal stability of immiscible 

triphase Cu-Ag/Fe multilayer with triple junctions comparing to Cu/Fe multilayers. The immiscible Cu/Fe 

multilayers experienced drastic thermal grooving and rapid grain growth at 500 °C, followed by the com- 

plete breakdown of layer structure and spheroidization at 600 °C. In comparison, the layer structures of 

Cu-Ag/Fe triphase multilayers remain stable up to 600 °C with insignificant grain coarsening. The grooving 

kinetics as well as the underlying mechanisms that lead to the excellent thermal stability of the triphase 

multilayers are discussed. This study provides a fresh perspective on designing thermally stable nanos- 

tructured multilayers for high temperature applications. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Nanostructured metals have attracted intense research interest 

ue to their high strength [1–10] , good wear resistance [11–14] and 

uperior radiation tolerance [15–19] . However, their high interface- 

o-volume ratio makes them vulnerable to high temperature mi- 

rostructure instabilities driven by the minimization of excess free 

nergy of grain boundaries (GBs) [20–23] . The poor thermal stabil- 

ty is manifested by the property degradation at elevated tempera- 

ure, for instance, the loss of high strength of nanocrystalline met- 

ls due to rapid grain coarsening [24] . A variety of strategies have 

een applied to stabilize nanostructured metals from both kinet- 

cs and thermodynamics perspective [25–28] . For example, second 

hase particles can exert the Zener pinning effect on the migration 

f GBs and thus slow down grain coarsening [29–31] . The addition 

f solutes is also proven to be beneficial as the solutes can either 

rag the interface movement or lower the GB energy via GB seg- 

egation [32–36] . 

Nanostructured metallic multilayers often exhibit unique high 

emperature behavior arising from their architectures [37–40] . For 

ultilayers with miscible components, the microstructure evolu- 

ion at elevated temperature is dominated by the interdiffusion 
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cross layer interface, leading to the intermixing and formation 

f intermetallic phases [41–44] . In contrast, for multilayers with 

mmiscible constituents, the limited miscibility restrains the inter- 

iffusion across the layer interface, and the microstructure evo- 

ution is governed by the mass transport within individual layers 

nd along the layer interfaces [45–48] . Previous studies showed 

hat the lamellar structure with single crystal layers could suffer 

rom high temperature microstructure instability in the form of 

dge spheroidization [46] , boundary splitting [ 47 , 49 ] and termina- 

ion migration [ 50 , 51 ]. For multilayers with polycrystalline struc- 

ure, one major instability mechanism is the development of ther- 

al grooving at the intersection between grain boundaries and in- 

erphase boundaries [ 45 , 48 , 52 , 53 ]. 

The development of grooving in polycrystalline multilayers is 

overned by the local composition, grain structure and layer thick- 

ess [ 39 , 54 , 55 ]. The equilibrium grooving angle ( 2 θeq . ) at the triple
unction where grain boundaries intersect with phase boundaries 

s determined by the ratio between GB energy ( γgb ) to phase 

oundary energy ( γpb ) via [54] : 

os θeq = 

γgb 

2 γpb 

(1) 

hen θeq value is small, the grooves tend to grow and penetrate 

hrough the layers, leading to the layer pinch-off. In contrast, a 

arger θeq normally comes along with little grooving and a more 

https://doi.org/10.1016/j.actamat.2021.116679
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
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table lamellar structure. Furthermore, both experimental observa- 

ions and simulation studies reveal the important role of grain as- 

ect ratio, h/d, in controlling the thermal stability of multilayers 

 48 , 56 ], where h is the layer thickness, d is the in-plane grain size.

he breakdown of the layer structure is favored when h/d is small 

ince the groove depth at the same θeq will increase with the in- 

reasing diffusion distance between the two consecutive grooves 

55] . Recent studies on thermal stability of Hf/Ti [57] , Cu/Ru [58] ,

nd Cu/Co [59] multilayers suggest that columnar structures with 

arge grain aspect radio typically exhibit enhanced thermal stabil- 

ty comparing to the pancake-like structures with smaller aspect 

atio. Therefore, a general criterion to stabilize the layer structure 

s to increase the h/d ratio [45] . 

Despite the detrimental effect of thermal grooving on layer 

tructure stability, previous studies by Mullins and Frost et al. 

how that the groove development at triple junctions can drag 

he migration of GB and prohibit significant in-plane grain growth 

 60 , 61 ]. In addition, Misra et al. discovered that the grooving led

o the zig-zag alignment of triple junctions in Cu/Nb multilayers 

pon high temperature annealing. The triple junctions were offset 

y shear and anchored with each other, forming the zig-zag pat- 

ern [ 55 , 62 ]. Such zig-zag structure exhibited superb thermal sta- 

ility and no layer pinch-off occurred at 700 °C up to 60 hours [62] .
In this study, we investigate the thermal stability of immiscible 

u-Ag/Fe multilayer with triphase triple junctions. The microstruc- 

ure evolutions of triphase Cu-Ag/Fe multilayer were systematically 

tudied via transmission electron microscopy (TEM) and energy 

ispersive X-ray spectroscopy (EDS). Factors that contribute to the 

tabilization of layer structure are discussed. The grooving kinet- 

cs was evaluated using a modified Mullins’ model. The enhanced 

esistance to thermal grooving and layer pinch-off by triphase Cu- 

g/Fe multilayers may provide new insights on the design of ther- 

ally stable nanostructured multilayers. 

. Experimental 

Cu-Ag/Fe 100 nm and Cu/Fe 100 nm multilayers with equal in- 

ividual layer thickness were deposited on oxidized Si substrates 

sing DC magnetron sputtering at room temperature. The stoichio- 

etric Cu 70 Ag 30 (at.%) layers were co-sputtered using elemental 

u (99.99%) and Ag (99.998%) targets. The chamber was evacu- 

ted to a base pressure of 8 × 10 −8 torr prior to deposition. An- 

ealing experiments were performed in vacuum furnace with a 

ase pressure of 2 × 10 −6 torr over 20 0-60 0 °C for 1 hour, fol-
owed by subsequent furnace cooling. X-ray diffraction (XRD) ex- 

eriments were performed on a Panalytical Empyrean system (Cu 

 α radiation) at room temperature. Cross-sectional transmission 

lectron microscopy (XTEM) samples were mechanically grinded 

nd polished, followed by dimpling and low energy Ar ion milling 

y a Gatan PIPS II system. TEM experiments were performed on a 

hermo Fischer Scientific/FEI Talos 200X microscope with Super-X 

DS detectors operated at 200 kV. The average grain size is mea- 

ured using the XTEM specimens by the line interception method 

63] . In particular, we coupled the bright field TEM and scanning 

ransmission electron microscopy (STEM) images with EDS map- 

ing to measure the grain size of Cu and Ag. 

. Results 

Fig. 1 a shows the XTEM micrograph and corresponding selected 

rea diffraction (SAD) pattern of the as-deposited Cu/Fe 100 nm 

ultilayer. The inset SAD pattern with discontinuous diffraction 

ings reveals the polycrystalline nature of Cu/Fe multilayer. EDS 

ap in Fig. 1 b displays the chemically sharp Cu/Fe layer inter- 

ace. As shown in Fig. 1 c, the Fe layers are composed of nanoscale

olumnar grains. The statistical analyses in Fig. 1 d show that the 
2 
verage column size in Fe layers is 18 nm. In contrast, the average 

olumn size in Cu layers is 45 nm, much greater than that in Fe 

ayers. 

Fig. 2 a shows the cross-sectional microstructure of the as- 

eposited Cu-Ag/Fe 100 nm multilayer. Due to the positive heat 

f mixing and large miscibility gap, the co-sputtering of Cu and 

g at room temperature produced a supersaturated nanocrystalline 

tructure with fine grain size (less than 10 nm). No amorphous ring 

as observed in the inserted SAD pattern ( Fig. 2 a). Fig. 2 b shows

he periodical chemical distribution of Cu-Ag/Fe multilayer. Fig. 2 c 

eveals the columnar structure in Fe layers. The inset high resolu- 

ion TEM (HRTEM) micrograph taken at layer interface in Fig. 2 c 

urther confirms the crystalline structure of the Cu 70 Ag 30 layers. 

he average column size of Fe layers is 27 nm as shown in the his-

ogram in Fig. 2 d. The dark field (DF) TEM image in Fig. 2 e reveals

he substructures in Cu 70 Ag 30 layers. The diffraction ring used for 

cquiring the DF image is marked by the red dashed circle. 

Fig. 3 a compiles the XRD profiles of both as-deposited and an- 

ealed (up to 600 °C) Cu/Fe 100 nm multilayers. The Fe layers ex- 

ibit a strong bcc (110) texture while Cu layers has pronounced 

111) texture. XRD patterns of Cu-Ag/Fe 100 nm multilayers an- 

ealed at different temperatures are shown in Fig. 3 b. The mag- 

ified XRD profile of as-deposited Cu-Ag/Fe multilayer in Fig. 3 c 

hows two broad low-intensity peaks over 38 ◦-40 ◦ and 41 ◦-43 ◦

ue to the mixture of supersaturated Cu and Ag nanograins. It is 

ntriguing to note that the peak width for both Cu/Fe and Cu-Ag/Fe 

ultilayers decreased with the increasing annealing temperature, 

uggesting the occurrence of grain coarsening. 

Fig. 4 shows the microstructure evolution of Cu/Fe multilayer 

nnealed up to 600 °C. As shown in Fig. 4 a and c, the Cu/Fe

ayer interfaces remained flat and intact while both the Cu and 

e columnar grains coarsen after annealing at 200 and 400 °C. Ev- 
dent grooving and substantial in-plane grain growth took place 

fter 500 °C annealing as shown in Fig. 4 e. Annealing at 600 °C 
ed to the breakdown of the layer structure as the grooves de- 

elop rapidly and eventually penetrate through the layer interfaces 

 Fig. 4 g). Thereafter, the discontinuous layers suffered from rapid 

pheroidization and quickly evolved into giant grains as indicated 

y the yellow arrows in the EDS map in Fig. 4 h. 

The microstructure evolution of Cu-Ag/Fe multilayers at differ- 

nt annealing temperature was examined by TEM coupled with 

DS mapping analyses. Annealing at 200 °C resulted in the for- 
ation of discernable grain boundaries and phase boundaries be- 

ween Cu and Ag grains ( Fig. 5 a). EDS map in Fig. 5 b indicated

he demixing of Cu and Ag. As shown in Fig. 5 c, the layer in-

erfaces remained straight after 400 °C annealing. The complete 

hase separation of Cu and Ag was observed at 500 °C ( Fig. 5 e).
n addition, insignificant roughening of the layer interface was ob- 

erved. After 600 °C annealing, comparing to the complete break- 

own of layer structures in Cu/Fe multilayer, the layer structure 

f the Cu-Ag/Fe multilayer remained intact without layer pinch-off

 Fig. 5 g). 

Fig. 6 compares the grain size evolution of Cu and Fe upon an- 

ealing between Cu/Fe and Cu-Ag/Fe multilayers. No distinct grain 

ize difference between the two multilayer systems was observed 

hen annealing temperature is below 400 °C. Notably, an abrupt 
rain growth in both Cu layers and Fe layers of Cu/Fe multilayer 

ook place at 500 °C, as indicated by the sudden increase of the 
lope of the blue curves ( Fig. 6 a-b). The average columnar grain 

izes of Fe and Cu reach 175 and 163 nm, respectively. In contrast, 

he grain growth of both Cu grains and Fe grains in Cu-Ag/Fe mul- 

ilayer was much less dramatic. The average grain sizes of Fe and 

u are 94 and 127 nm, respectively. The rapid grain coarsening 

n Cu/Fe multilayer proceeded continuously at 600 °C, resulting in 
uch more substantial grain size difference between the two sys- 

ems. In the Cu/Fe multilayer after annealing at 600 °C, the average 
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Fig. 1. Microstructures of as-deposited Cu/Fe 100 nm multilayer on SiO 2 substrate. (a) Cross-section TEM (XTEM) micrograph and the inserted selected area diffraction (SAD) 

pattern revealing the polycrystalline nature. (b) EDS map showing Cu in red and Fe in green. (c) A magnified view in box c reveals the formation of nanoscale columnar 

grains in Fe layers. (d-e) The statistical distributions show that the average grain sizes of Fe and Cu are 18 nm and 45 nm, respectively. 
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rain sizes of Fe and Cu increased to 280 and 260 nm, compar- 

ng to 126 nm for Fe and 169 nm for Cu in the annealed Cu-Ag/Fe

ultilayer. 

. Discussion 

.1. Microstructure evolution upon high temperature annealing 

In both as-deposited Cu/Fe and Cu-Ag/Fe multilayers, the Fe lay- 

rs display the fine columnar structure with in-plane grain sizes 

f 18 and 27 nm, respectively ( Fig. 1 ). In contrast to the clearly

iscernable boundaries of Cu grains in Cu/Fe multilayers, the co- 

puttering of Cu and Ag resulted in the extremely small subgrain 

ize (less than 10 nm) in CuAg layers as evidenced by the DF 

EM micrograph in Fig. 2 e. Meanwhile, the SAD pattern indicates 

 {110}bcc and {111}fcc texture [55] . Despite the positive heat of 

ixing between Cu and Ag and a mutual equilibrium solid solu- 

ility below 1 at% at room temperature, previous studies on co- 

puttered CuAg films reported that the limited atomic mobility 

uring room temperature sputtering would favor the formation of 

upersaturated dual-phase CuAg alloy [ 64 , 65 ]. The alloying effect 

as found to greatly reduce the grain size of the metastable crys- 

alline structure by a factor of 5-10 when compared with the pure 

lemental metals [65] . As shown in Fig. 3 c, the subgrains and CuAg 

upersaturated solid solutions evoke two broad humps at 38 ◦-40 ◦

nd 41 ◦-43 ◦ in the XRD pattern of the as-deposited Cu-Ag/Fe mul- 
3 
ilayer. Upon annealing, the solute atoms in the supersaturated 

hases (Ag atoms in Cu-rich phase and Cu atoms in Ag-rich phase) 

uickly exit the matrix and agglomerate into Cu grains and Ag 

rains, leading to the demixing and grain coarsening in the Cu-Ag 

ayers ( Fig. 5 b). 

The schematic diagrams in Fig. 7 compare and summarize the 

icrostructure evolutions of the Cu/Fe and Cu-Ag/Fe multilayers 

pon annealing at different temperatures. In the low temperature 

egime ( T ≤ 400 °C), the microstructure evolution in both systems 

s dominated by in-plane grain growth driven by the minimization 

f excess GB energy. Meanwhile, the layer interfaces remain intact 

ith no discernable roughening. Annealing at 500 °C and 600 °C re- 
ults in the massive increase of the grain size in the Cu/Fe multi- 

ayer as shown in the statistics in Fig. 6 , indicating the accelerated 

ateral movement of column grain boundaries. The GB velocity ( v ) 

an be expressed as [65] : 

 = M gb · γgb · κ (2) 

here M gb is the GB mobility, and κ is the local curvature. There- 

ore, the accelerated grain growth rate is tightly associated with 

he increasing boundary mobility as temperature increases. Com- 

ared with the Cu/Fe multilayer, the increase of grain size of Fe 

ayers induced by annealing in the Cu-Ag/Fe multilayer is less dra- 

atic, indicating the reduced GB mobility. 

Annealing at 500 °C also initiated the layer structure instabil- 
ty in Cu/Fe multilayer, manifested by the evident grooving at the 



T. Niu, Y. Zhang, J. Cho et al. Acta Materialia 208 (2021) 116679 

Fig. 2. Microstructures of as-deposited Cu-Ag/Fe 100 nm multilayer on SiO 2 substrate. (a) XTEM of Cu-Ag/Fe multilayer and the corresponding SAD pattern. (b) EDS map 

showing the elemental distributions. (c) Magnified TEM micrograph showing the columnar grains in Fe layers and the inserted HRTEM micrograph showing nanocrystalline 

grains in CuAg layers. (d) The statistical study showing that the average grain size of Fe is 27 nm. (e) Dark-field (DF) TEM image showing the substructure size in CuAg layer 

is less than 5 nm. The diffraction beam used for DF images is marked by the red circle. 

Fig. 3. (a-b) XRD patterns of Cu/Fe 100 nm and Cu-Ag/Fe 100 nm multilayers annealed up to 600 °C. (c) Magnified XRD pattern of the as-deposited Cu-Ag/Fe 100 nm 

multilayer. The broad humps at 38 ◦-40 ◦ and 41 ◦-43 ◦ emerge due to the mixture of supersaturated Cu and Ag nanograins in the as-deposited films. 

4 
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Fig. 4. XTEM micrographs and EDS maps showing the microstructure evolution of Cu/Fe 100 nm multilayer upon annealing at different temperatures. (a-b) 200 °C. (c-d) The 
retention of flat and intact layer interfaces at 400 °C. (e-f) Grooving and grain growth were observed after annealing at 500 °C. (g-h) Layer pinch-off occurred after 600 °C 
annealing. 

Fig. 5. XTEM micrographs and EDS maps showing the microstructure evolution of Cu-Ag/Fe 100 nm multilayer annealed up to 600 °C. (a-b) Phase separation of Cu and 
Ag after annealing at 200 °C. The white dashed boxes in a and b outline the region where Cu, Ag, Fe grains meet each other and form the triphase triple junction. (c- 

d) Microstructure of Cu-Ag/Fe multilayer annealed at 400 °C. (e-f) The complete phase separation of Cu and Ag and insignificant layer interface roughening after 500 °C 
annealing. (g-h) Layer interfaces remained stable upon 600 °C annealing. 
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ntersections between GBs and layer interfaces. The grooving de- 

elopment is favored at high temperature due to the accelerated 

iffusive mass transport. Further annealing at 600 °C led to the 
omplete layer disintegration as the groove depth exceeded the 

alf layer thickness. In contrast, the grooves in Cu-Ag/Fe multilayer 

ere less discernable with minor perturbations along layer inter- 

aces after annealing at 500 °C. Furthermore, the grooving at 600 °C 

m

5 
esulted in the wavy interface but no pinch-offs in the Cu-Ag/Fe 

ultilayer. 

.2. GB Grooving kinetics 

The development of GB grooving is a consequence of diffusive 

ass transport along the GBs and phase boundaries [66] . The pi- 
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Fig. 6. Comparison of the grain size evolution of (a) Cu grains and (b) Fe grains in the Cu/Fe and Cu-Ag/Fe multilayers as a function of annealing temperature. 

Fig. 7. Schematic illustration of the microstructure evolution of Cu/Fe and Cu-Ag/Fe multilayers annealed up to 600 °C. The Fe grains are colored in green, Cu grains in red 
and Ag grains in blue. 

o

i

w

t  

r

T

d

[

i

d

n  

d

a

m

l

d

o

f

p

t

s

p

m

o  

s

t

s  

b

i

t

r

e

a

c

u

b

h

w

e

M

i

b

M

w

m

t

i

�

o

s

i

neering work by Mullins on free surface profile evolution dur- 

ng thermal grooving shows a t 1 / 4 dependence of grooving depth 

hen surface diffusion is dominant over bulk transport, where t is 

ime [ 67 , 68 ]. The model adopts a 2D geometry with local equilib-

ium groove angle and an assumption of isotropic interface energy. 

he analysis suggests the grooving kinetics is governed by the GB 

iffusivity and the ratio between GB energy and interface energy 

 67 , 68 ]. High temperature thus exacerbates grooving by accelerat- 

ng diffusion. The grooving theory was further developed to pre- 

ict the grooving kinetics in multilayers with immiscible compo- 

ents and polycrystalline structures [ 45 , 48 , 56 , 69 ]. The t 1 / 4 depen-

ence is tenable even when considering anisotropic surface energy 

nd relaxing the small slope approximation [70–72] . These credible 

odels define the foundation to estimate the time dependent evo- 

ution of grooving profiles for both Cu/Fe and Cu-Ag/Fe multilayers 

uring annealing. Since high temperature promotes the pinch-off

f layer structure by accelerated grooving development, we will 

ocus on the discussion of grooving kinetics at 600 °C and com- 

are the structure stability between the Cu/Fe and Cu-Ag/Fe mul- 

ilayers. The analysis is based on the isotropic interface energy as- 

umption. Meanwhile, it should be noticed that even though the 

redicted t 1 / 4 dependence of grooving development is in agree- 

ent with both theoretical extensions of original Mullins’ model 

n polycrystalline multilayers [ 48 , 66 , 69 , 73 ] and experimental ob-

ervations [74] , the t 1 / 4 dependence may become invalid when 

he groove width becomes so large that the two adjacent grooves 

tart to interact with each other [ 48 , 69 , 75 ]. Therefore, calculation

ased on the Mullins model serves to compare the grooving kinet- 
s

6 
cs and relative interface mobility, but may not accurately predict 

he pinch-off time as will be discussed later. 

Wang et al. improved the grooving model and considered the 

estrictions imposed by the mechanical coupling between differ- 

nt phases to avoid internal void formation at the phase bound- 

ries [48] . The migration of interphase boundary stems from the 

hemical potential gradient along the boundary. Assuming the vol- 

me conservation, the time dependent grooving development can 

e expressed as [48] : 

 g = 0 . 77 cot θeq. ( γPB · M PB · t ) 
1 
4 (3) 

here h g is the grooving depth, θeq. represents the one-half of 
quilibrium grooving angle, γPB is the phase boundary energy, and 

 PB is the mobility of phase boundary. M PB is determined by the 

nterdiffusion of atoms (assuming a and b species) along the phase 

oundary and can be estimated as [48] : 

 PB = 

δPB 
2 kT 

D 
a 
PB �

a D 
b 
PB �

b (
D 
a 
PB 

�a + D 
b 
PB 

�b 
) (4) 

here δPB represents the thickness of phase boundaries and is nor- 
ally taken as 5 × 10 −10 m, k is the Boltzmann’s constant, T is 

he absolute temperature, D 
a 
PB 

and D 
b 
PB 

correspond to the diffusiv- 

ty of a and b species along the phase boundaries, and �a and 
b are the atomic volume of a and b species respectively. Previ- 

us study on the stability of Cu/Ag multilayer suggests the diffu- 

ivity along phase boundaries can be approximated by GB diffusiv- 

ty [76] . Therefore, the phase boundary diffusivities in our analy- 

is were estimated by using the diffusivities along their respective 



T. Niu, Y. Zhang, J. Cho et al. Acta Materialia 208 (2021) 116679 

Table 1 

Grain size evolution in Cu/Fe and Cu-Ag/Fe multilayers after annealing up to 600 °C. 

Annealing temperature Cu/Fe multilayer Cu-Ag/Fe multilayer 

Fe grains (nm) Cu grains (nm) Fe grains (nm) Cu grains (nm) 

As-deposited (RT) 18 ± 4 45 ± 12 27 ± 5 - 

200 °C 48 ± 11 72 ± 18 44 ± 11 69 ± 15 

400 °C 68 ± 17 104 ± 38 64 ± 17 96 ± 25 

500 °C 175 ± 67 163 ± 72 94 ± 26 127 ± 45 

600 °C 281 ± 86 260 ± 77 126 ± 36 169 ± 58 

Table 2 

Materials parameters at 600 °C for calculation. 

GB energy (J ·m 
−2 ) GB diffusivity (m 

2 ·s −1 ) Atomic volume (10 −29 m 
3 ) 

Cu 0.63 [ 62 ] 1.10 × 10 −11 1.182 

Fe 0.86 [ 39 ] 2.17 × 10 −13 1.179 

Ag 0.56 [ 39 ] 2.63 × 10 −11 1.790 

Table 3 

Materials parameters at 600 °C for calculation. 

Interface energy (J ·m 
−2 ) Interface mobility(m 

4 ·J −1 ·s −1 ) 

Cu/Fe 0.52 [ 81 ] 5.41 × 10 −32 

Ag/Fe 0.99 [ 82 ] 1.04 × 10 −31 

Cu/Ag 0.57 [ 74 ] - 
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Bs. For bcc Fe, the GB diffusivity at 600 °C (below Curie temper- 

ture) was estimated by [77] : 

 gb = D 
0 
gb · exp 

(
−Q gb 

RT 

)
(5) 

here D gb is the grain boundary diffusion coefficient, D 
0 
gb 

is the 

requency factor and is estimated to be 2.24 × 10 −4 m 
2 /s (assum- 

ng grain boundary thickness δ is 5 × 10 −10 m) [77] . Q gb is the 

ctivation energy for grain boundary diffusion and is taken as 4.15 

10 4 cal/mol (1.74 × 10 5 J/mol) [77] . The calculation yields a D gb 

f ~2.17 × 10 −13 m 
2 /s. This value is comparable to the D gb of bcc 

e at similar temperature in previous studies [ 77 , 78 ]. 

D 
0 
gb 

of Cu is estimated to be 2.0 × 10 −5 m 
2 /s, and Q gb is 

.50 × 10 4 cal/mol (1.05 × 10 5 J/mol) [79] . D gb of Cu at 600 °C 

s calculated to be ~1.10 × 10 −11 m 
2 /s. For Ag, D 

0 
gb 

is 3.0 × 10 −6 

 
2 /s, Q gb is 2.02 × 10 4 cal/mol (8.45 × 10 4 J/mol) [80] , and D gb of 

g at 600 °C is calculated to be ~2.63 × 10 −11 m 
2 /s. The interface

nergy is taken as 0.52 J ·m 
−2 for Cu/Fe interface (assuming inco- 

erent) [81] , 0.99 J ·m 
−2 for Ag/Fe interface [82] , and 0.57 J ·m 

−2 for

u/Ag interface [74] . The material parameters including the inter- 

ace energy, GB diffusivity (at 600 °C), and atomic volume of Cu, 

g and Fe are tabulated in Table 2 and Table 3 . It is worth men-

ioning that since the groove development is highly dependent on 

he interface energy and θeq. , the variation of local crystal orien- 
ation and interface energy may lead to different grooving depth 

nd asymmetric grooving shape as seen in the annealed Cu/Fe and 

u-Ag/Fe multilayers. 

The value of θeq. is closely associated with the ratio between 

B energy and interphase boundary energy as well as the mul- 

ilayer morphologies [66] . The grain morphologies of multilayers 

an be categorized into two typical scenarios, i.e. staggered mor- 

hology and aligned morphology. For the staggered morphology, 

he columnar GBs in the alternating layers are laterally offset by as 

uch as half of the grain size as shown in Fig. 8 a. In contrast, the

ligned morphology refers to the cases where columnar GBs in ad- 

acent layers are coincident as shown in Fig. 8 b. For the staggered 

orphology shown in Fig. 8 a, the θeq. was determined by balanc- 

ng the GB energy with the projection of phase boundary energy 
7 
long the vertical direction at triple junctions. In contrast, the θeq. 
or aligned structure was derived by the interfacial tension balance 

t the quadruple junction as shown in Fig. 8 b. The θeq. for the two

staggered vs aligned) structures can be calculated as [48] : 

 γPB · cos θeq. = γgb,b ( staggered ) (6) 

 γPB · cos θeq. = γgb,b − γgb,a ( aligned ) (7) 

Here γgb,b corresponds to the element with a larger GB en- 

rgy, i.e. Fe in Cu/Fe multilayer. As can be seen from Eq. 5 , part

f the GB energy of Fe is balanced by the coincident Cu GB, lead- 

ng to the reduction of driving force for grooving at the junc- 

ions. Consequently, the aligned morphology is expected to exhibit 

ess grooving development and higher stability than the staggered 

tructure. Both the aligned and staggered structure were consid- 

red when calculating the groove depth development in Fe lay- 

rs in Cu/Fe multilayer. The θeq. is estimated to be 34.2 ◦ for the 

taggered morphology, and 77.2 ◦ for the aligned structure, indi- 

ating that the aligned structure is morphologically more stable. 

he model prediction shown in Fig. 8 c compares the time depen- 

ent groove depth evolution in Fe layers for the two configurations. 

he grooving develops much more rapidly in the staggered mor- 

hology than in the aligned structure. Wan et al. contend that the 

inch-off time is closely related to the layer morphology and the 

istance between two neighboring triple junctions [45] . The stag- 

ered and aligned morphology stand for two extreme cases of mul- 

ilayer structure and set up the upper and lower bounds of groov- 

ng depth development, which outline the green shadowed region 

n Fig. 8 c. 

Next, we attempt to estimate the grooving dynamics of the Cu 

ayers in Cu-Ag/Fe multilayer. The addition of Ag in Cu layers leads 

o the formation of Cu-Ag-Fe immiscible triphase triple junction as 

hown in Fig. 9 b. The equilibrium dihedral angle can be estimated 

y [83] : 

γCu/F e 

sin 2 θ1 
= 

γAg/F e 

sin 2 θ2 
= 

γCu/Ag 

sin 2 θ3 
(8) 

here 

 θ1 + 2 θ2 + 2 θ3 = 2 π (9) 

urther simplification and calculation yield, 

os 2 θ3 = 

γ 2 
Cu/Ag − γ 2 

Cu/F e − γ 2 
Ag/F e 

2 γCu/F e · γAg/F e 

(10) 

herefore, the half of equilibrium grooving angle, θ3 , at the 

riphase triple junction is calculated to be 77.0 ◦. The larger θeq. 
omparing to that in Cu/Fe multilayer (34.2 ◦) is associated with 

he reduced driving force for groove development resulted from 

he comparatively large value of Ag/Fe interface energy. The layer 

nterface in Cu-Ag/Fe multilayer consists of alternating Cu/Fe inter- 

ace and Ag/Fe interface. The mathematic description of such com- 

lex interface movement and mobility remains challenging and 

eeds further investigation. To estimate the grooving kinetics in 
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Fig. 8. (a-b) Schematics illustrating the staggered structure in polycrystalline Cu/Fe 100 nm multilayers where the grain boundaries in alternating layers are laterally offset, 

and the aligned morphologies where the columnar boundaries in adjacent layers are aligned. (c) Calculated grooving depth as a function of time at 600 °C for Fe layers 
(including the aligned and staggered morphologies) and Cu layers. (d) EDS map of Cu/Fe multilayer annealed at 600 °C showing the pinch-off of layer structure in both Cu 

layers (labeled by yellow arrows) and Fe layers (indicated by white arrows). 

Fig. 9. (a) Comparison of the grooving development in Cu of Cu/Fe multilayers and CuAg in Cu-Ag/Fe multilayers at 600 °C. (b) Schematic diagram showing the balance of 

phase boundary tensions at the triphase triple junction. 
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u-Ag/Fe multilayer, we approximate the mobility of the layer in- 

erface with the Cu/Fe interface. Nevertheless, it should be no- 

iced that the movement of layer interface and subsequent groove 

evelopment requires the coordinated motion of triple junctions. 

rior studies show that excessive grooving may form at triple junc- 

ions when compared to GBs [ 84 , 85 ]. Such accelerated grooving 

an be attributed to the higher diffusion fluxes and higher line 

nergy of triple junctions (exceeding GB energy) [84] . Given the 

ffect of thermal grooving on retarding the GB motion as previ- 

usly demonstrated by Mullins and Frost et al. [ 60 , 61 ], the influ-

nce of triphase triple junctions on the mobility of layer interfaces 

nd column boundaries warrants further exploration. Fig. 9 a com- 

ares the grooving kinetics of Cu-Ag/Fe and Cu/Fe multilayers cal- 

ulated based on Mullins model. 

The foregoing discussion on grooving kinetics assumes the de- 

elopment of grooves arises from the diffusion along layer inter- 

aces alone and does not involve mass transport along columnar 

Bs. It is worth mentioning that the diffusion along the columnar 

Bs could result in exacerbated grooving [86–88] . Schematics il- 

ustrating the combined diffusion along layer interfaces as well as 

long GBs in Cu-Ag/Fe multilayer is shown in Fig. S1a-b. In contrast 

o the Mullins type of groove shape, Vogel et al. observed deep, 

hannel-like grooves in Al bicrystal/In-Al melt after elevated tem- 

erature annealing as a result of GB diffusion [88] . Such instabili- 

ies of GB grooves could be aggravated as GB diffusion accelerates 

88] . A similar accelerated groove deepening phenomenon was ob- 

g  

8 
erved when applying tensile stress normal to the planar GBs [87] . 

oreover, Amram et al. discovered the unusually flat, ridgeless GB 

rooves in an annealed bicrystal Ni films deposited on sapphire 

ubstrates [86] . It was shown that GB grooves could deepen much 

aster with the concurrent surface, GB and interface diffusion than 

ith surface diffusion alone [86] . They evaluated the effect of GB 

iffusion on grooving development by using [86] : 

 
′ 
g = 1 . 708 cot θeq. ( γPB · M PB · t ) 

1 
4 (11) 

here h ′ g is the modified grooving depth after considering GB dif- 

usion. A comparison of the modified Cu grooving depth in Cu/Fe 

nd Cu-Ag/Fe with the ones calculated using classical Mullins 

odel is shown in Fig. S1c. The modified model predicts that GB 

rooving depth is about two times as much as that predicted by 

he Mullins model. 

As discussed earlier, the t 1 / 4 dependence may become invalid 

hen the two adjacent grooves start to interact with each other 

 48 , 69 , 75 ]. The effects of finite grain size were found to intro-

uce a time scale t ~ d 4 ( d is the grain size), beyond which the 

 
1 / 4 dependence decays to a steady-state value. According to Wan 

t al., the critical time ( t crit. ) at which t 1 / 4 dependence may become 

nvalid can be estimated via [ 45 , 48 ]: 

 crit. ≈
(

s 

π

)4 1 

M PB · γPB 

(12) 

here s is the separation distance between two maxima of the 

roove profile and can be taken as half of the grain size in a stag-
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ered morphology. Consequently, the corresponding critical grain 

ize ( d crit. ) below which the t 1 / 4 dependence is unlikely to hold can 

e expressed as [45] : 

 crit. = 2 s ≈ 4 h · tan θeq. (13) 

here h is the layer thickness and θeq. is the equilibrium dihe- 

ral angle. Given that the layer thickness in the current study is 

00 nm, d crit. of Cu layers is estimated to be 1733 nm in Cu- 

g/Fe multilayer and 304 nm in Cu/Fe multilayer. Comparing with 

he measured average Cu grain sizes, it is likely that the grooving 

epth predicted from Mullins theory is overestimated. Therefore, 

he Mullins model can be applied to compare the grooving kinet- 

cs of multilayer systems with different chemistry and different mi- 

rostructure (aligned vs. staggered), which may provide guidelines 

n designing stable layer structure by tuning the interface/GB en- 

rgy and layer morphology. However, precautions need to be taken 

o evaluate the reliability of these model in predicting the precise 

ayer pinch-off time. 

.3. Enhanced thermal stability in triphase Cu-Ag/Fe multilayer 

Fig. 6 a reveals the substantial difference of Cu grain size be- 

ween Cu/Fe and Cu-Ag/Fe multilayers after annealing. With an ef- 

ort on constructing the pinch-off maps for polycrystalline multi- 

ayers, a stability criteria considering the aspect ratio h/d and the 

quilibrium dihedral angles was derived [ 48 , 56 ]. In general, pinch- 

ff of Fe layers will not occur if [48] : 

h 

d 
> 

{ 

cot θeq. 
3 ( aligned ) 

cot θeq., Cu +2 cot θeq.,Fe 
6 ( staggered ) 

(14) 

The critical aspect ratio is estimated to be 0.08 for aligned mor- 

hology, and the corresponding maximum Fe grain size is 1320 nm 

or multilayers with 100 nm layer thickness to avoid layer structure 

reakdown. For the staggered structure, the critical aspect ratio is 

alculated to be 0.62, corresponding to a grain size of 160 nm to 

aintain the structure integrity. Comparing with the measured av- 

rage Fe grain size, the layer structure of Cu-Ag/Fe multilayer is 

xpected to remain intact after 600 °C annealing while Cu/Fe may 

uffer from pinch-off. This prediction matches well with our exper- 

mental observations. The above analysis suggests that the coarsen- 

ng of grains would impair the layer structure stability. The com- 

aratively smaller grain size in Cu-Ag/Fe multilayer may therefore 

nhance its resistance to layer structure breakdown. 

Next, we attempt to interpret the much smaller Cu and Fe grain 

izes in Cu-Ag/Fe multilayer than the annealed Cu/Fe multilayer. 

he suppression of grain coarsening of Cu grains in the Cu-Ag/Fe 

ultilayer may be tightly associated with the non-conservative 

otion of Cu/Ag interfaces that requires the long-range diffusional 

uxes of Cu atoms. For Cu grains in Cu/Fe multilayer, there is no 

omposition difference across the interfaces of adjoining grains, 

nd the migration of interfaces/GBs occurs in the absence of a dif- 

usion flux [ 89 , 90 ]. This type of interface movement can be catego-

ized as conservative interface motion and only requires local atom 

ransport across the interface such as atom shuffling [90] . In com- 

arison, the motion of Cu/Ag interface in Cu-Ag/Fe multilayer has 

o be coupled with the long-range diffusion of Cu (or Ag) atoms 

rom the next-nearest Cu (or Ag) neighbors [90] . The diffusion dis- 

ance of such process is comparable to the grain size. Comparing to 

he conservative motion that only demands a diffusion distance of 

nteratomic spacing, such difference could result in the large dis- 

arity of interface mobilities, which may lead to the more sluggish 

ateral boundary migration and consequently smaller Cu grain size. 

Surprisingly, even though the restrictions imposed by immisci- 

le second phase boundaries are absent in Fe layers, the Fe column 

ize in Cu-Ag/Fe multilayer is still much smaller than that in the 
9 
u/Fe multilayer after annealing at 50 0 °C and 60 0 °C ( Fig. 6 b). To
nterpret the origin of such drastic difference of Fe grain size be- 

ween Cu/Fe and Cu-Ag/Fe multilayers, it is worth noting the sub- 

tantial impact of multilayer morphology on layer structure stabil- 

ty. Wan et al. reported that the stability of multilayers with differ- 

nt morphologies was tightly associated with the relative distance 

etween the two neighboring triple junctions along the layer in- 

erface [45] . In general, it was expected that the stability of lay- 

red structure would increase with the decreasing triple junction 

istance, and the optimum thermal stability was achieved through 

he aligned morphology [45] . The improved thermal stability of 

he aligned morphology derives from the reduced driving force 

or groove development at quadruple points. Previous study by 

isra et al. show that the formation of the aligned morphology 

s favored by the removal of high energy interface segment [55] . 

nce Fe columnar GBs arrive at the quadruple point and form the 

ligned morphology, it becomes difficult for the Fe GBs to break 

way from such a stable structure. Hence, the quadruple points at 

he aligned morphologies trap Fe GBs and lead to the stagnation 

f lateral GBs in Fe layers. Fig. S2 highlights the aligned morphol- 

gy in both Cu/Fe and Cu-Ag/Fe multilayers after 600 °C annealing. 
ompared with the Cu/Fe multilayer, the much smaller Cu and Ag 

rains in Cu-Ag/Fe multilayer provide more trapping sites to ar- 

est the movement of Fe GBs, thus resulting in the smaller Fe grain 

ize after annealing. Meanwhile, the small columnar grain size may 

lso promote the formation of aligned grain morphology, which is 

eneficial to slow down the groove development. It is interesting 

o note that both aligned and staggered morphologies were fre- 

uently observed in Cu-Ag/Fe multilayer. One possibility that may 

ead to the coexistence of both aligned and staggered morphology 

n Cu-Ag/Fe multilayer is that the grooving development may also 

elp to stagnate or terminate the GB movement and effectively an- 

hor the nanostructures [ 48 , 60 , 74 ]. It was reported that GBs can be

nchored to the grooves due to the lack of necessary curvature for 

Bs to break free [74] , which may in turn affect the microstructure 

fter annealing. 

In summary, the improved thermal stability of Cu-Ag/Fe mul- 

ilayer due to the construction of triphase triple junction or the 

ntroduction of the immiscible second phase (Ag) into Cu layers 

an be understood from both kinetics and thermodynamics point 

f view. Kinetically, the Cu/Ag phase boundaries have much lower 

obility comparing to Cu GBs. This could benefit the structure in- 

egrity in two folds. Firstly, according to the grain aspect ratio cri- 

erion, the smaller grain size gives rise to higher structure stability 

f multilayers. Secondly, the smaller grain size also provides more 

rapping sites to arrest the moving Fe GBs, therefore forming the 

referred aligned structure. From the thermodynamics perspective, 

he larger θ (eq.) (77 °) at Cu-Ag-Fe triple junctions comparing to 

hat in Cu/Fe multilayer (34.2 °) reduces the driving force for groove 
evelopment. The comparatively larger value of Ag/Fe interface en- 

rgy than the Cu/Fe interface energy can compensate more of the 

e GB energy and thus lower the driving force for grooving. 

. Conclusions 

In this study, we report the enhanced thermal stability of Cu- 

g/Fe multilayer with immiscible triphase triple junction compar- 

ng to Cu/Fe multilayers. Several major differences were observed 

egarding the microstructure evolution of Cu-Ag/Fe and Cu/Fe mul- 

ilayers. In low temperature regime, in-plane grain coarsening pre- 

ails in both systems. Annealing at 500 °C induces prominent ther- 

al grooving and rapid in-plane grain growth in Cu/Fe multilayer. 

urther increase of annealing temperature to 600 °C leads to the 
omplete breakdown of layer structure and spheroidization of the 

iscontinuous layers in Cu/Fe multilayer. In comparison, the layer 

tructures of Cu-Ag/Fe multilayer remained stable up to 600 °C 
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ith minor perturbations along layer interfaces and insignificant 

n-plane grain coarsening. The roles of Cu-Ag-Fe triphase triple 

unction on impeding boundary migration as well as the grooving 

inetics are discussed to interpret the excellent thermal stability 

f Cu-Ag/Fe multilayer comparing to Cu/Fe multilayer. This study 

rovides a feasible approach to design thermally stable nanostruc- 

ured multilayers, and opens up new possibilities of using immisci- 

le triphase triple junctions to impede thermal grooving and layer 

inch-offs. 
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