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a b s t r a c t 

The phenomenon of non-equilibrium grain boundaries and interphase boundaries is very important for 

materials science. They can be found in materials after sever plastic deformation, rapid quenching etc. In 

the present work, the influence of interface stresses on the energy of Cu/W interphase boundaries during 

the thermal degradation of Cu/W nano-multilayers is revealed. As rationalized on the basis of a mod- 

ified Young equation, the large interface stress in the as-deposited NML decreases the thermodynamic 

driving force for the thermal grooving of W/W GBs. The experimentally derived interface stress linearly 

decreases with increasing annealing temperature. The onset of NML degradation, as initiated by grooving, 

only sets in after complete relaxation of the interface stress at around 650 °C. The thus obtained funda- 

mental knowledge may be exploited to tailor the thermal stability of immiscible NML systems and other 

types of immiscible nanomaterials by controlling the interface stress level during material synthesis. 

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

v

r

e

d

G

e

P

t

%

d

t

t

f  

t

l

G

e

a

I

t

e

b

c

i

o

c

H

m

N

h

c

e

h

1

The phenomenon of non-equilibrium grain boundaries (GBs) is 

ery important for materials science. They can be found in mate- 

ials after sever plastic deformation (SPD) [ 1 , 2 ], rapid quenching 

tc. The plastic deformation is accompanied by the formation of 

efects, such as dislocations, which interact with non-equilibrium 

Bs. The structural difference between GBs in non-equilibrium and 

quilibrium state has been observed by TEM already in 1970ies [3] : 

umphrey and Gleiter directly measured how the lattice disloca- 

ions can be absorbed at room temperature by the GBs in Ni–5 wt. 

 Al alloy. During in situ heating up to 300 °C the absorbed lattice 

islocations delocalized and relaxed inside the GB layers [3] . Later 

he idea of non-equilibrium GBs has been extensively used in order 

o describe the unique properties of nanograined materials manu- 

actured by SPD [ 1 , 2 ]. The additional defects formed during plas-

ic deformation increase the GB energy in comparison with equi- 

ibrium values [4] . This fact can be observed, for example, using 

B grooving phenomenon in multiphase materials, i.e. the high- 
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nergetical GBs tends to be substituted by two interphase bound- 

ries (IBs) of lower energies [4] . Along with GBs, non-equilibrium 

Bs with the increased energies are also expected in deformed ma- 

erials. Moreover, the energies of IBs and GBs can be varied by the 

lastic deformation as well, providing an additional energy to the 

oundaries. 

Nano-multilayers (NMLs) are functional nano-architectures, 

onsisting of a sequence of alternating nanolayers of two dissim- 

lar materials, typically of immiscible metallic systems. This class 

f nanomaterials is extremely promising due to its unique me- 

hanical, magnetic, optical and radiation tolerance properties [5] . 

owever, these properties are intrinsically related to the multilayer 

icrostructure; therefore, a control of the thermal stability of the 

ML structure is of significant technological importance. Towards 

igher temperatures, the microstructure stability can be strongly 

ompromised by the thermodynamic driving force to minimize the 

nergies of internal boundaries, such as high-energetical IBs and 

Bs. One possible pathway to minimize the energy of the NML 

ystem is the grooving of GBs upon annealing, which modifies the 

hermal, optical, electrical, mechanical properties and may eventu- 

lly lead to a complete degradation of the multilayer microstruc- 

ure, forming a nanocomposite (Cu/Mo [6] , Cu/W [7] , Cu/Co [8] ). 

https://doi.org/10.1016/j.scriptamat.2021.113866
http://www.ScienceDirect.com
http://www.elsevier.com/locate/scriptamat
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In Cu/W NMLs, the energies of W/W GBs [9] are generally 

igher than the energies of two Cu/W IBs [10] , hence thermally ac- 

ivated grooving of W/W GBs is thermodynamically favored in as- 

eposited Cu/W NMLs already upon the low-temperature anneal- 

ng. However, the onset of the multilayer degradation upon anneal- 

ng, as initiated by GB grooving, was observed only at temperatures 

s high as 700 – 800 °C. As demonstrated in Ref. [11] , the NML

egradation is rate-limited by the mobility of W along IBs and GBs. 

rior to NML degradation in the temperature range of 400 – 600 °C, 

he Cu/W NML system first releases the accommodated residual 

tresses in the Cu and W nanolayers (while maintaining the mul- 

ilayer structure) [7] . As shown in this work, the driving force for 

rooving of W/W GB is predicted to decrease by the presence of a 

igh Cu/W interface stress. Hence, the NML degradation process, as 

nitiated by grooving of W GBs, is thermodynamically unfavorable 

n the presence of high Cu/W interface stress levels. Experimental 

stimates of the Cu/W interface stresses in the Cu/W NMLs were 

erived as function of the annealing temperatures (30, 40 0, 50 0, 

00 °C). The observed decrease of the Cu/W interface stress magni- 

udes with increasing temperature is discussed, in relation to the 

rooving process and the thermal degradation of the Cu/W NMLs. 

Cu/W nano-multilayers were deposited at room temperature on 

0 × 10 mm 

2 epi-polished α-Al 2 O 3 (0 0 01) single-crystalline wafer 

ubstrates by magnetron sputtering in an ultrahigh vacuum cham- 

er (base pressure < 10 –8 mbar) from two confocally arranged, 

nbalanced magnetrons equipped with targets of pure W (99.95%) 

nd pure Cu (99.99%). The sapphire substrates were ultrasonically 

leaned using acetone and ethanol; possible surface contamina- 

ion was removed by Ar + sputter cleaning for 5 min applying an 

F Bias of 100 V at a working pressure of 1.6 × 10 −2 mbar. The

F Bias was maintained during the NML deposition at a working 

ressure of approximately 5 × 10 −3 mbar. First, a 25 nm thick 

 buffer layer was deposited on the sputter-cleaned substrate. 

ext, NMLs consisting of 20 repetitions of a Cu/W building block 

ere deposited on top. Three NML configurations were prepared: 

 nm Cu/3 nm W (3Cu/3W), 5 nm Cu/5 nm W (5Cu/5W), 10 nm 

u/10 nm W (10Cu/10W). Isothermal annealing was conducted in 

igh vacuum conditions ( < 10 –5 mbar) during 100 min in the 

ange of 40 0–80 0 °C with a heating rate of 20 K/min. 

Imaging of cross-sectional cuts was performed by high- 

esolution scanning electron microscopy (HR-SEM) using a Hitachi 

-4800 instrument. 

A Bruker D8 Discover X-ray diffractometer operating in Bragg- 

rentano geometry was used to derive residual stresses at room 

emperature. Different reflections were recorded using Cu K α1,2 ra- 

iation at 40 kV / 40 mA. Stress analysis was carried out using the 

rystallite Group Method (CGM) [12] . The details of the residual 

tress analysis are presented in Supplementary material, Part I. 

As mentioned above, the onset of the NML degradation process 

s associated with the thermal grooving of W/W GBs ( Fig. 1 b) with

rooving angles according to Young’s equation [13] : 

os 
(ϕ / 2 

)
= 

γW/W 

2 γint 

, (1) 

here γ W/W 

and γ int are the W/W GB and Cu/W IB energies, 

espectively. Twice the mean value of the (111)Cu/(110)W inter- 

ace energy corresponds to 2 γ int ≈ 1.7 J/m 

2 [10] . The energies 

f W/W GBs can vary over a relatively broad range from 0.5 to 

 J/m 

2 [9] (at absolute zero). Thus, cos( ϕ/2) can vary between 1 

nd ~ 0.2941, resulting in respective grooving angles ϕ in the range 

f 0 ° to ~ 146 °. These theoretical estimations correlate well with 

ur experimental observations: grooves with smaller angles grow 

aster, resulting in the W nanolayer pinch-off and covering by Cu, 

hile other parts of the W nanolayer recrystallize into large par- 

icles (after 100 min annealing in the temperature range 650 –

00 °C, depending on the thickness of nanolayers) [ 7 , 14 ]. Moreover,
2 
he GB and interface energies can decrease with increasing tem- 

erature (e.g. [15] ), which results in a change of the groove angles 

f W/W GBs. 

However, prior to the grooving of W/W GBs, the Cu/W NMLs 

rst release their residual stresses by Cu surface outflow [ 7 , 14 ]. The

rooving stage that marks the onset of NML degradation only com- 

ences when the residual stress in the W nanolayers approaches 

ero [7] . In Fig. 1 a the experimental evolutions of the in-plane 

esidual stresses in the Cu and W nanolayers upon heating are 

hown. 

These experimental findings for Cu/W NMLs, poses the question 

hy the grooving of the W/W GBs is only thermally activated in 

he stress-free state of W and not already at lower temperatures 

during the initial stage of stress relaxation). In the following it is 

ostulated that the observed “shift” of the grooving stage towards 

igher temperatures (and lower residual stresses) arises due to the 

resence of a non-zero interface stress state, which results in an 

ncrease of the Cu/W IB energy. 

The interface stress represents the additional work to introduce 

 unit of elastic strain to a unit area of Cu/W IB by equally straining

djoined nanolayers. It is expressed as the second rank tensor [16] : 

f i j = γint δi j + ∂ γint /∂ ε i j , (2) 

here εij is the interface strain tensor. The interface stress is an 

dditional stress contribution to the NML system (besides the de- 

osition, coherency and thermal mismatch stresses). The magni- 

ude of interface stress can be related to the coherency stress 

hrough the coherency strain [17] . The work to create an elastically 

trained interface of area A is ( f ij is referred to principal axes and

aken isotropic, i.e. f 11 = f 22 = f, f 12(21) = 0; analogous for εij ): 

 = ( γint + 2 fε ) A, (3) 

here ε is the interface strain. 

In Ref. [7] , the interface stress of (111)Cu/(110)W IBs in the 

s-deposited Cu/W NMLs (which exhibit a preferred Cu{111} < –

01 > ||W{110} < –111 > texture) was calculated from experimen- 

al data; its magnitude turned out to be relatively large, i.e. 

 ≈ 11.25 J/m 

2 . The positive sign of f denotes its compressive nature 

n relation to the nanolayer volume: the interface stress is balanced 

y the bulk stress (strain, both of opposite sign) in the adjoined 

anolayers. 

Hence the work to create a unit of interface area in the pres- 

nce of interface stress increases, resulting in a modified Young’s 

quation according to: 

os 
(ϕ / 2 

)
= 

γW/W 

2 ( γint + 2 fε ) 
, (4) 

The W grains are compressively strained in-plane and, conse- 

uently, the W/W GBs experience a tensile out-of-plane strain, as 

efined by the Poisson ratio. Accordingly, newly formed Cu/W IBs 

hould be subjected to a tensile strain as well; this results in an 

ncrease of the energy of newly formed Cu/W IBs, as represented 

y the term 2 f ε in Eq. (4) . The relatively high temperature for the

nset of NML degradation can thus be rationalized on a purely 

hermodynamic basis by a lower thermodynamic driving force for 

he W/W GB grooving in the presence of a high interface stress. 

oteworthy, from a purely kinetic viewpoint, the NML degradation 

rocess is rate-limited by the mobility of W along phase and grain 

oundaries. Previous experimental findings have indeed confirmed 

hat the interface stress relaxation in Cu/W NMLs strongly corre- 

ates with the thermally activated diffusion of W [11] . The interplay 

etween the W mobility and the interface stress magnitude can ra- 

ionalize the experimentally observed “shift” of the NML degrada- 

ion to higher annealing temperatures. 

In this work, we experimentally derived the values of inter- 

ace stress f in Cu/W NMLs from the previous reported Cu and W 
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Fig. 1. (a) The evolution of residual stresses in NMLs upon thermal treatment, originally presented in Fig. 9 in Ref. [7] ; (b) schematics of W/W GB grooving and HR-SEM 

images of 10Cu/10W NMLs in the as-deposited state and after 800 °C annealing with pinched-off W nanolayers (the onset of degradation). Error bars are calculated from the 

linear fit of the strain as a function of sin 2 ψ . 
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esidual stress data [7] , for three different annealing temperatures 

elow the onset temperature of NML degradation (i.e. 40 0, 50 0, 

00 °C). To this end, the model developed by Ruud et al. [18] was

sed. This method is based on the stress balance: 

SC = 

2 f / λ + 〈 σ 〉 , (5) 

here f is the interface stress; λ is the bilayer thickness; σ SC is the 

tress, derived from the substrate curvature; <σ> = ( σ Cu + σ W 

)/2 

s the average stress in the Cu and W nanolayers, derived by X- 

ay diffraction. The investigated NMLs are relatively thin: the max- 

mum thickness is in 10Cu/10W NMLs 400 nm, while the sapphire 

ubstrate thickness is 500 μm. It may thus be assumed that the 

orces exerted by a NML film are negligible to produce an appre- 

iable curvature of the substrate and hence σ SC ≈ 0 Pa. The aver- 

ge residual stresses in the Cu and W nanolayers at the different 

nnealing temperatures are plotted in Fig. 1 a. In Fig. 2 a, the in-

erface stress values were derived from the linear fits of −<σ> 

ersus 2/ λ, where λ is the Cu/W bilayer thickness. In Fig. 2 b, the

erived interface stress values, f , in the NMLs after annealing (for 

00 min) at different temperatures are presented. It follows that 

he Cu/W interface stress decreases linearly with increasing an- 

ealing temperature, tending asymptotically to zero at a tempera- 

ure of around 650 °C. This temperature nicely coincides with the 

nset of the NML degradation process (pinch-off of W nanolay- 

rs) in the range of 700 – 800 °C (e.g. the lower panel of Fig. 1 b

hows for 10Cu/10W). Indeed, analysis of the bulk microstructure 

f the 5Cu/5W NML by scanning transmission electron microscopy 

STEM) showed that after annealing at 500 °C the multilayer mi- 
3 
rostructure is preserved with no signs of thermal grooving of the 

/W GBs (see Supplementary material, Part II). 

As postulated above, the residual stress relaxation not only re- 

ults in a decrease of the Cu/W interface stress, but also lowers 

he resultant energy of the newly formed Cu/W IBs (i.e. a de- 

rease of the term 2 f ε in Eq. (3) ). Accordingly, the grooving an-

le of the selected W/W GBs is established and the groove depth 

volves towards nanolayer pinch-off. Additionally, in Ref. [11] by 

n situ high-temperature X-ray diffraction (HT-XRD) analysis we 

ound out that the degradation of 5Cu/5W NML begins at about 

00 min of annealing at 675 °C, which coincides well with the con- 

itions (~ 650 °C of 100 min annealing) for which the interface 

tress asymptotically approaches zero value. It is presumed that 

redominantly those W/W GBs are grooved, which can form ener- 

etically favorable Cu(111)/W(110) IBs. Other types of GBs are an- 

ihilated by recrystallization, as indicated by the conservation of a 

u{111} < –101 > ||W{110} < –111 > crystallographic texture after com- 

lete NML degradation [ 7 , 14 ]. 

Thus, not only the lattice defects produced during plastic defor- 

ation can alter the GB and IB energies and in such a way modify 

he GB grooving behavior. As demonstrated in this work, the elas- 

ic residual stresses can also modify the IB energy and, thereby, 

hange the GB grooving conditions. We can also provide show- 

ases of second-order bulk phase transitions, such as the transition 

rom paramagnetic to ferromagnetic state [ 19 , 20 ] or chemical or- 

ering [ 21 , 22 ], which exhibit variable conditions for GB grooving. 

he underlying mechanism(s) for variable grooving angles during 

uch bulk phase transformations could also be related to the gen- 
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Fig. 2. (a) Linear fits of the Cu and W residual stress versus 2/ λ ( λ being the Cu/W bilayer thickness) at different tem peratures, for deriving the Cu(111)/W(110) interface 

stress; (b) the interface stress magnitude decreases linearly with increasing temperatures. Error bars in (a) and (b) were derived from the experimental stress values ( Fig. 1 a) 

and from the variance of slopes of linear fits in (a), respectively 
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ration and/or relaxation of elastic stresses during the phase trans- 

ormation. 

In conclusion, the degradation of Cu/W NMLs, as initiated by 

rooving of W/W GBs, was related to the evolution of the Cu/W 

nterface stress with increasing annealing temperature. High inter- 

ace stress levels in the Cu/W NMLs obstruct the expected groov- 

ng of W/W GBs upon annealing at temperatures ≤ 600 °C (for a 

uration of 100 min). The thermodynamic driving force for groov- 

ng of W/W GBs is enhanced for lower magnitudes of the Cu/W 

nterface stress. The interface stress magnitude linearly decreases 

ith increasing temperature and asymptotically approaches zero at 

round 650 °C, which coincides with the experimentally observed 

nset of the NML degradation (as initiated by grooving). These 

ndings demonstrate that the nature of the GB grooving process in 

anomaterials of immiscible material systems (as well as in their 

espective bulk phase transformations) is not only affected by the 

efect density, but also by the elastic strain. In Ref. [17] Cammarata 

t al. showed that magnitude of interface stress can depend on the 

ensity of misfit dislocations, i.e. coherency strain. Generally, the 

eposition parameters can be varied to tailor the stress (strain) 

agnitudes in Cu and W nanolayers [23] . For example, the co- 

erency strain can be tailored by changing the deposition pres- 

ure, bias and/or power, thus affecting the values of the Cu/W in- 

erface stress. This implies that the thermal stability of Cu/W NMLs 

an principally be tailored by tuning the interface stress magnitude 

uring material synthesis. 
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