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a b s t r a c t 

Layer thickness dependent mechanical behaviors of metallic nanolaminates have been extensively inves- 

tigated. In a recent study [1] , we show that a particular defect network, consisting of layer interface, 

stacking faults and twin boundaries, plays an important role in achieving high strength in Cu/Co multi- 

layers. Here, we report a follow-up study on the effect of layer thickness on this unique interplay of de- 

fect networks. To this end, we investigate the mechanical behavior of highly textured Cu (111)/Co (0 0 02) 

multilayers with individual layer thickness of 5, 25 and 100 nm. In situ micropillar compression tests 

show that the Cu/Co 25 nm multilayers have a much higher strength than 100 nm and 5 nm multilayers. 

Post-deformation TEM analyses and MD simulations reveal the layer thickness dependent variations of 

defect density dominating the strengthening effect in multilayers. This study provides new perspectives 

on optimal defect networks for the design of high strength, deformable metallic materials. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Metallic multilayers have been extensively studied due to their 

uperior properties including high strength, good magnetic proper- 

ies and radiation tolerance, and have applications in wear resis- 

ant coatings, semiconductor devices, hydrogen storage and micro- 

lectromechanical systems (MEMS) [2–33] . The mechanical prop- 

rties of multilayers show prominent layer thickness dependence 

34] . When the individual layer thickness ( h ) is greater than 50 

m, the major deformation mechanism is the pile-up of disloca- 

ions against the layer interface, following the Hall-Petch relation- 

hip [34] . When h is in the range of 5-50 nm, dislocation pile-

p becomes difficult due to limited thickness of the layers. Con- 

equently, confined layer slip (CLS) becomes the dominant defor- 

ation mode. Peak hardness is often reached when h is below 5 

m, and softening is sometimes observed in multilayer systems 

hen h decreases to 1~2 nm [2,13,15,34] . In addition to layer thick- 

ess, the microstructure of multilayers, such as grain size, defects 

nd the nature of layer interfaces, all play an important role in 

ailoring the mechanical behavior of multilayers [10,12,13,18,35] . 

ur recent study on Cu/Co 25 nm multilayers [1] shows that the 

u (111)/Co (0 0 02) multilayer with FCC/HCP interface has much 
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igher strength than the Cu/Co multilayers with FCC/FCC interface 

ven though they have identical layer thickness. Coherent twin 

oundaries (CTBs) in Cu, stacking faults (SFs) in Co and FCC/HCP 

ncoherent layer interface form a unique defect network, and col- 

aboratively enhance the strength and deformability. However, it is 

nclear if layer thickness can tailor the formation of defect net- 

orks and the corresponding strengthening mechanisms. 

Here we report a systematic follow-up study of highly tex- 

ured Cu/Co multilayers with three different layer thickness, specif- 

cally, 5, 25 and 100 nm, using in situ compression tests. Trans- 

ission electron microscopy (TEM) studies show that when h is 

00 nm, localized deformation in Cu layer occurs due to the lower 

ensity of CTBs. When h decreases to 5 nm, molecular dynam- 

cs (MD) simulations and high resolution TEM studies reveal that 

he Cu/Co interface becomes coherent. Shockley partial dislocations 

an transmit through the coherent layer interface, leading to soft- 

ning. Thus, maximum strength is achieved in Cu/Co 25 nm multi- 

ayer with the defect network comprising CTBs, SFs and incoherent 

CC/HCP interfaces. 

. Experimental and simulation methods 

2 μm thick Cu/Co multilayer films with different layer thickness 

 h = 5, 25 and 100 nm) were deposited on HF etched Si (110) sub-

trates using DC magnetron sputtering. The base pressure of the 

putter chamber was 5 × 10 −6 Pa and the deposition rates were 

https://doi.org/10.1016/j.actamat.2020.116494
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
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Fig. 1. (a) XRD profiles of 2-μm thick Cu/Co 25 nm and Cu/Co 100 nm multilayers on Si (110) substrate reveal strong Cu (111) and Co (0 0 02) texture. The Cu/Co 5 nm 

multilayer has prominent satellite peaks arising from the superlattice. (b) The nanoindentation hardness of Cu/Co multilayers increases with decreasing layer thickness. 
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0.5 nm/s for Cu and ~0.15 nm/s for Co respectively. X-ray diffrac- 

ion (XRD) experiments were performed by using a Bruker D8 Dis- 

over X-ray powder diffractometer at room temperature. TEM and 

RTEM experiments were performed on an FEI Talos 200X micro- 

cope operated at 200 kV. Nanoindentation tests were performed 

y using Hysitron TI Premiere. In situ micropillar compression tests 

ere performed by using Hysitron PI 88xR PicoIndenter inside a 

EI Quanta 3D FEG Dual-beam scanning electron microscopy (SEM) 

icroscope. Cu/Co multilayer pillars with different layer thickness 

5, 25 and 100 nm) were fabricated using Quanta 3D dual beam 

EM microscope with the focused-ion-beam (FIB) set-up. The di- 

meter of the pillars was ~1 μm. The height/diameter aspect ratio 

as kept at ~ 2:1 for the micropillars, following general consensus 

36–38] . 

MD simulation compressions on cylindrical nanopillars of Cu/Co 

ultilayers were performed using LAMMPS [39] to study the effect 

f extrinsic size effect and interface coherency on mechanical be- 

aviors of Cu/Co multilayers. For the FCC Cu/HCP Co 10 nm pillar, 

t has similar structure with the nanopillar we studied in Part I 

1] but with larger individual thickness of 10 nm, and the diame- 

er is 15 nm. The Cu layers contain CTBs with a twin spacing of 3

m, similar to the twin density in the single Cu layer in Cu/Co 25 

m experimental sample, and the Co layers contain SFs with a SF 

pacing of 1 nm. For the simulation of FCC Cu/FCC Co 5 nm pillar,

he thickness of each layer is 5 nm, and the diameter is 15 nm. To

ontrol the variables, the CTBs spacing is set at 1.5 nm, keeping the 

ame twin density with the simulated FCC Cu/HCP Co 10 nm pil- 

ar. The height of both pillars is 30 nm, keeping a height/diameter 

spect ratio of 2:1. The crystallographic orientations of MD spec- 

mens are consistent with our experimental specimens. However, 

he individual layer thicknesses and overall dimensions for sim- 

lations are much smaller than those of the experimental speci- 

ens due to computational cost. Thus, we use FCC Cu/HCP Co 10 

m pillar to mimic mechanical behavior of Cu/Co 25 nm sample. 

o circumvent this size issue and to elucidate the atomistic un- 

erpinnings of the layer thickness dependent deformation mech- 

nisms, the MD specimens are designed to show key differences 

etween microstructures, including the nature of interface, namely 

CC Cu/FCC Co and FCC Cu/HCP Co, and the presence of defect net- 

ork in the FCC Cu/HCP Co specimen. 

The simulations were performed at 300 K under the NVT 
anonical ensemble. The interactions between Cu and Co were m

2 
odeled by the embedded-atom method (EAM) potential devel- 

ped by Zhou et. al [8] . The potential was validated by calculating 

he elastic constants and the stacking fault energies for Cu as well 

s Co. The values were found to be in reasonable agreement with 

xperimental results as well as simulation results performed using 

nother EAM potential for HCP and FCC Co developed by Mishin 

t. al [40] . Non-periodic boundary conditions were used in all di- 

ections. First, conjugate gradient energy minimization was per- 

ormed, followed by equilibration of the specimens at 300 K. Then, 

he specimens were subjected to compression at a constant strain 

ate of 1.86 × 10 8 s −1 . The HCP/FCC multilayer specimens were 

reated layer by layer in order to introduce pre-existing CTBs in 

he FCC Cu layers and SFs in the Co layers parallel to the basal 

lane, to be consistent with the experimental specimens. The de- 

ect structures were visualized using OVITO [41] . 

. Results 

XRD patterns of Cu/Co multilayers with different layer thickness 

 Fig. 1 a) reveal epitaxial growth of Cu (111) and Co (0 0 02) when

 = 25 and 100 nm. When h decreases to 5 nm, satellite peaks 

merge, indicating the formation of coherent interface between Cu 

nd Co. Fig. 1 b shows the hardness of multilayers increases with 

ecreasing h following the general ‘smaller is stronger’ trend. Fig. 2 

hows cross-section TEM (XTEM) micrographs of Cu/Co multilay- 

rs examined from the Cu [110] zone axis. At lower magnification 

 Fig. 2 a, d, h), the column size d of Cu/Co multilayers varies with

ifferent h . Average d is 57 and 48 nm respectively when h is 5

nd 25nm, and increases to ~113 nm when h is 100nm (Statis- 

ics study is shown in supplementary Fig. S1). The formation of the 

CC Cu and HCP Co phases is confirmed by selected area diffrac- 

ion (SAD) pattern ( Fig. 2 a,d,g). Twin spots in FCC phase are also 

bserved in the SAD patterns. When h = 5 and 25 nm, CTBs tra- 

erse the column and are arrested at column boundaries, form- 

ng perfect CTBs with litter incoherent twin boundary (ITB) steps. 

owever, defective CTBs with ITB steps are observed in Cu/Co 100 

m multilayers ( Fig. 2 i). Parallel SFs on basal planes are also ob- 

erved in Co layer ( Fig. 2 e, f, h). The Cu/Co interface is incoherent

hen h = 25 and 100 nm ( Fig. 2 e,h). However, when h decreases

o 5 nm, coexistence of FCC Co and HCP Co is observed with sim- 

lar fraction ( Fig. 2 b). FCC Co are mostly formed near the Cu layer,

aking the layer interface coherent between Cu and Co ( Fig. 2 c). 
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Fig. 2. Cross-section TEM (XTEM) micrographs of Cu/Co multilayers with individual layer thickness of 5, 25 and 100 nm. Selected area diffraction (SAD) patterns show FCC 

Cu and HCP Co phases in all three samples. (a) XTEM micrograph of the Cu/Co 5 nm multilayer examined from the Cu [110] zone axis showing that the average columnar 

grain size is 57 nm. (b) A higher magnification TEM micrograph showing column boundary and co-existence of FCC Co and HCP Co. Most Cu/Co interfaces become coherent. 

Twin boundaries are randomly distributed. (c) High resolution TEM (HRTEM) micrograph showing 2 nm thick FCC Co near the Cu/Co interface. (d) XTEM micrograph of the 

Cu/Co 25 nm multilayer examined from the Cu [110] zone axis. The average column size is 52 nm. (e) A higher magnification TEM micrograph showing high-density SFs 

in Co layer and CTBs in Cu layer. Twin spacing in Cu is 8 nm. The layer interface between Cu and Co is incoherent. (f) HRTEM micrograph of SFs in HCP Co. (g) XTEM 

micrograph of Cu/Co 100 nm multilayer from the Cu [110] zone axis. The average column size is 113 nm. (h) A higher magnification TEM micrograph showing CTBs in Cu 

layers. The average twin spacing is 30 nm. (i) HRTEM micrograph showing defective CTB with ITB steps in Cu layer and incoherent layer interface between Cu and HCP Co. 
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Fs are mostly observed in the HCP Co and TBs are randomly ob- 

erved in several Cu layers ( Fig. 2 b). The curvature of interface in

u/Co 5 nm is obviously larger than the other two multilayers due 

o larger residual stress at smaller layer thickness. But the residual 

tresses of three multilayers are a few hundred MPa or less, and 

ave insignificant impact on the deformation behaviors of these 
3 
igh strength nanolayers. Also, the intensity of HCP spot in the SAD 

attern of the Cu/Co 5 nm multilayer becomes weaker, indicating 

 larger fraction of FCC Co in Cu/Co 5 nm multilayer. 

To investigate the mechanical behavior of Cu/Co multilayers 

ith different h , systematic in situ SEM pillar compression tests 

ere performed ( Fig. 3 ). Due to the non-uniform deformation in 
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Fig. 3. (a1, b1, c1) Engineering stress-strain curves of Cu/Co multilayers with different h . The Cu/Co 25 nm multilayer has the highest flow stress. (a2-a5) SEM images of the 

Cu/Co 5 nm multilayer captured during in situ compression test show barreling at the top and a small shear band. (b2-b5) When h = 25 nm, significant plastic deformation 

was accumulated primarily at the top portion (~500 nm) of the pillar, forming a cap, while the bottom portion remained largely undeformed. (c2-c5) For the Cu/Co 100 nm 

multilayer, severe deformation took place mostly in the Cu layers, while Co layers remained rigid. See supplementary videos 1-3 for more details. 
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ertain pillars, we plot the engineering stress-strain curves instead 

f true stress-strain curves to compare their mechanical properties. 

u/Co 5 nm pillars have an average yield strength of 1008 MPa 

nd show prominent work hardening to an average flow stress 

f 1809 MPa at 10% engineering strain. The Cu/Co 25 nm pillars 

xhibit the highest average yield strength of 2486 MPa and flow 

tress of 30 0 0 MPa (at 10% engineering strain) among the three 

pecimens. The average yield strength and flow stress (at 10% en- 

ineering strain) of the Cu/Co 100 nm pillars is 1186 MPa and 

665 MPa, respectively. SEM snapshots of Cu/Co pillars recorded 

uring compression tests reveal different morphology. When h is 

 nm, traditional barreling at the pillar top occurs, leading to the 

everse conical shape ( Fig. 3 a 5 ). A small shear band was also ob-

erved, to be shown later in TEM analysis. When h = 25 nm, plastic

eformation is accumulated near the top layer (~500 nm), while 

he pillar base deforms only insignificantly. When h = 100 nm, 

here is little uniform co-deformation of the Cu and Co layers. In- 

tead, a single layer yields first ( Fig. 3 c 3 ) and multiple layers are

xtruded out ( Fig. 3 c 4 ,c5), as reflected by the wavy stress-strain

urves. These extruded layers are shown to be Cu layers by TEM 

nalyses ( Fig. 4 ) which will be discussed later in detail. The SEM

napshots of the three deformed pillars for each layer thickness 

re presented in supplementary Fig. S2 to show good reproducibil- 

ty. In situ compression details are provided in supplementary 

ideo 1-3. 
c

4 
. Discussion 

The mechanical behaviors of the Cu/Co 25 nm multilayers were 

horoughly investigated via both experiments and MD simulations 

nd discussed in Part I of the study [1] . Its superior strength and

eformability were attributed to defect networks of parallel planar 

nterfaces, which consist of CTBs in Cu, SFs in Co and the incoher- 

nt layer interfaces. 

In Part Ⅱ , we will discuss the formation of these defect net- 

orks at different layer thickness h and their role in governing the 

echanical properties of the Cu/Co multilayers. 

.1. Non-uniform deformation of Cu/Co 100 nm multilayers 

XRD and TEM studies show that Cu/Co 100 nm multilayers have 

Bs in Cu layers, SFs in Co layers and incoherent layer interfaces 

 Fig. 1 a, 2 h), comprising the defect networks. However, instead of 

he Cu and Co co-deformation reported in the Cu/Co 25 nm mul- 

ilayers [1] , Cu/Co 100 nm multilayers show a non-uniform de- 

ormation after yielding, manifested by the preferential extrusion 

f Cu layers ( Fig. 3 c), due to the strength disparity between FCC 

u (111) and HCP Co (0 0 02) layers. The preferential deformation 

f the softer layer is also observed in Cu/Zr, Cu/a-CuNb and Al/Pd 

ultilayers [17,18,28,35] . HCP Co (0 0 02) can hardly deform under 

ompression because the resolved shear stresses on either basal 
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Fig. 4. (a) XTEM micrograph of Cu/Co 100 nm pillar deformed to 5% strain. (b) EDS map of the deformed Cu/Co 100 nm pillar showing extrusion of Cu layer at the onset 

of yielding. (c) TEM micrograph showing partial dislocations nucleating from Cu/Co interface and propagating into the Cu layer, leaving traces of SFs. (d) HRTEM micrograph 

showing detwinning in Cu layer. TBs were thickened and decorated with SFs and ITB steps. 
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lanes or prismatic planes are negligible. Gliding of c + a type dis- 

ocations along pyramidal planes is also prohibited by high-density 

Fs ( Fig. 2 h) [42] . Therefore, in Cu/Co 100 nm pillars, HCP Co re-

ains rigid during deformation. In contrast, the Cu layers are much 

ofter than the Co layers, and thus substantial deformation accu- 

ulates in the Cu layers. 

It is interesting to note that the Cu/Co 100 nm multilayers also 

ontain defect networks. However, the deformation mechanism of 

his multilayer is quite different compared to the Cu/Co 25 nm 

ultilayers. The Cu/Co 100 nm multilayer has much lower flow 

tress than that of the Cu/Co 25 nm multilayer. Although CTBs are 

lso observed in the Cu layers in the Cu/Co 100 nm multilayer, the 

verage twin spacing is 25 nm (supplementary Fig. S3), which is 

uch larger than that in Cu/Co 25 nm multilayers (8 nm). Also, the 

TBs in the Cu/Co 25 nm multilayers exist mostly in form of colum- 

ar grain boundaries locked by Cu/Co interfaces, and are less mo- 

ile. But ITBs in Cu/Co 100 nm multilayer are steps of CTBs, which 

re mobile and easy sources for detwinning ( Fig. 2 i). ITBs consist 

f mobile Shockley partials, which can trigger detwinning (sup- 

lementary Fig. S4) during deformation [43–47] . Additionally, the 

arge layer thickness (100 nm) permits dislocation pile-ups along 

he inclined (relative to layer interface) slip planes during deforma- 
ion. These differences in the microstructure lead to a much lower p

5 
ow stress in the Cu/Co 100 nm multilayer than the Cu/Co 25 nm 

ultilayer. 

The preferential plastic deformation within the Cu layers de- 

ives from the strength disparity between Cu and Co in the Cu/Co 

00 nm multilayers. Post deformation TEM and EDS analyses on 

u/Co 100 nm pillar show that Cu layers were squeezed after 

ielding while Co layers remained largely undeformed ( Fig. 4 a,b). 

hockley partial dislocations nucleate from the Cu/Co interface and 

nteract with CTBs ( Fig. 4 c). The interactions introduce ITB steps 

 Fig. 4 d), which are known to be mobile [43–48] and the migration

f ITBs leads to detwinning and softening. In situ compression of 

u/Co 100 nm pillar (supplementary video 1) shows that the stress 

rop corresponds to the preferential extrusion of the soft Cu layer. 

hen the flat punch keeps compressing the pillar and approaches 

he hard Co layer, stress increases again ( Fig. 3 c 1 ) until the next Cu

ayer starts to deform. Thus, the non-uniform deformation and the 

avy stress-strain curve in Fig. 3 c 1 originates from the strength 

isparity between the FCC Cu and HCP Co layer. In contrast, in the 

u/Co 25 nm multilayer, Cu and Co layers with high-density CTBs 

nd SFs co-deform, leading to uniform deformation, albeit localized 

n the pillar top [1] . 

When we studied the non-uniform deformation in pillar com- 

ression experiments, tapering is often an important factor, which 
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Fig. 5. XTEM micrographs and EDS maps of deformed Cu/Co 5 nm multilayer pillars. TEM (a) and STEM (b) micrographs of pillar deformed up to 20% strain showing dilation 

of the pillar top, and the generation of shear bands. (c) HRTEM micrograph showing abundant inclined SFs penetrating through Cu/Co layer interface. (d) HRTEM micrograph 

showing the formation of primarily FCC Co with little HCP Co patches. 
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eads to a higher local stress at the top part of the pillar. But in

oth Part I and this study [1] , we have fine-tuned the FIB param-

ter to minimize the tapering and control the taper angle of all 

illars to a similar value in order to eliminate the effect of taper- 

ng on mechanical behaviors. Only the FCC Cu/HCP Co 25 nm and 

00 nm samples show severely deformed cap layers. The former 

ne is due to detwinning and phase transformation induced co- 

eformation of Cu/Co layers, which have been investigated in Part 

 of the story [1] . The latter one is due to the extrusion of soft Cu

ayers. Other pillars with the same aspect ratio and taper angle do 

ot have such non-uniform deformation (Supplementary Fig. S5). 

hus, we rule out the influence of the pillar geometry when study- 

ng the mechanical behaviors of Cu/Co multilayers. 

.2. Interface dominated softening in coherent Cu/Co 5 nm 

ultilayers 

In contrast to ‘smaller is stronger’, Cu/Co 5 nm pillars have an 

verage flow stress of 1809 MPa (when ε = 10%) under compres- 

ion, much less than the Cu/Co 25 nm pillars with an average flow 

tress of 30 0 0 MPa at a similar strain level. There are several mi-

rostructural differences between the two sets of multilayers. First, 

he Cu/Co 5 nm multilayer has significantly fewer CTBs and SFs 

han the Cu/Co 25 nm multilayer. Second, the Cu/Co 5 nm multi- 
6 
ayer has a coherent layer interface. FCC Co grows on top of Cu 

111) due to a small lattice mismatch strain, 2.3% (a Cu = 3.615 
˚ , a Co = 3.548 Å) [3] , thereby forming a coherent FCC Cu/ FCC 

o interface, as revealed by XRD ( Fig. 1 a) and HRTEM micrograph 

 Fig. 2 c). The lack of defect network in the Cu/Co 5 nm multilayer

hus leads to a lower flow stress than that of the Cu/Co 25 nm 

ultilayer. 

To investigate the deformation mechanisms in Cu/Co 5 nm pil- 

ars, post deformation TEM analysis is performed as shown in 

ig. 5 . The ring shape in SAD ( Fig. 5 a) indicates layer rotation. A

hear band is observed in XTEM ( Fig. 5 a) and STEM ( Fig. 5 b) micro-

raphs. Near the shear band region ( Fig. 5 c), high-density inclined 

Fs and slip traces are observed, resulting from the transmission 

f Shockley partial dislocations across the Cu/Co interface along in- 

lined (111) planes. HRTEM micrograph in Fig. 5 d shows a majority 

f the Co layer has FCC phase with scattered HCP Co patches. 

In metallic multilayers, when h is less than 10 nm, the trans- 

ission of single dislocations across layer interface is the domi- 

ant deformation mechanism [5,7,10,13,14,49,50] . Under compres- 

ion, partial dislocations gliding along inclined (111) planes can 

asily propagate across the coherent Cu (111)/Co (111) interface, 

ignificantly degrading the strength of the Cu/Co 5 nm multilayer. 

In Part I of the study [1] , MD simulations of compression 

f Cu/Co multilayer pillars with incoherent interface were per- 
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Fig. 6. MD simulation of compression of FCC Cu/FCC Co 5 nm and FCC Cu/HCP Co 10 nm multilayer pillars. (a) Stress-strain curves for the two Cu/Co nanopillars. FCC Cu/HCP 

Co 10 nm multilayer yields at ~6 GPa, while FCC Cu/FCC Co 5 nm specimen has a lower yield strength, ~4 GPa. (b,c) Structures of FCC Cu/FCC Co 5 nm with coherent layer 

interface and CTBs in Cu layers, and FCC Cu/HCP Co 10 nm multilayer with defect network consisting of CTBs in Cu, SFs in HCP Co, and incoherent layer interface. Left panel 

shows Cu in red and Co in green. Right panel shows atoms in FCC (yellow) and HCP (purple) structure in common neighbor color coding. (d-f) Microstructural evolution and 

dislocation activity in FCC Cu/FCC Co pillar. (d) Before yielding, parallel SFs are observed at the Cu/Co interface. (e) Inclined SFs nucleate at the Cu/Co interface. (f) Inclined 

SFs transmit across the coherent Cu/Co interface and lead to the stress drop. (g-i) Microstructural evolution and dislocation activity in FCC Cu/HCP Co pillar. (g) Detwinning 

occurs in Cu layer before yielding. (h) HCP-to-FCC Co phase transformation occurs at the Cu/Co interface. (i) When Co transforms to FCC structure, the interface between Cu 

and Co becomes coherent. SFs can now easily transmit through the coherent interface, leading to softening. See supplementary videos 4-7 for more details. 
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ormed to elucidate the atomistic underpinnings of the collabora- 

ive strengthening effect of defect networks (see details in supple- 

entary Fig. S6). Those simulations revealed that dislocations can- 

ot transmit through the incoherent layer interface due to slip dis- 

ontinuity between FCC (111) and HCP (0 0 02) [1] . Abnormal soft- 

ning in 5 nm multilayers could come from the coherent layer in- 

erface. To investigate the different role of incoherent and coherent 

nterfaces on blocking dislocations, we present two new MD simu- 

ations to systematically examine the effect of interface coherency 

n dislocation activity and mechanical behaviors of Cu/Co multi- 

ayers ( Fig. 6 ). Fig. 6 b and Fig. 6 c show the microstructure of a FCC

u/FCC Co 5 nm multilayer nanopillar with a coherent interface 

nd an FCC Cu/HCP Co 10 nm nanopillar with an incoherent inter- 

ace (Complete compression simulations with structural evolution 
7 
nd dislocation activity are provided in supplementary videos 4-7). 

rue stress-strain curves ( Fig. 6 a) show that the FCC Cu/FCC Co 5 

m pillar has a much lower yield strength (~4 GPa) than that of 

CC Cu/HCP Co 10 nm pillar (~ 5.5 GPa). In the case of FCC Cu/FCC 

o 5 nm pillar, at the onset of yielding ( Fig. 6 d-f), Shockley partials

re transmitted across the coherent Cu/Co interface as signaled by 

F penetration and a dramatic stress drop after 3.2% strain. In con- 

rast, in the case of FCC Cu/HCP Co 10 nm pillar, partial dislocations 

annot transmit through the incoherent FCC Cu/HCP Co interface 

 Fig. 6 g). Instead, HCP-to-FCC Co phase transformation is triggered 

o accommodate the plastic deformation, similar to the MD simu- 

ations for the FCC Cu/HCP Co 5 nm pillar described in Part I [1] .

Fs can propagate into the Co layer after it is transformed to the 

CC phase ( Fig. 6 i). 
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Fig. 7. Top view of the layer interface in (a-d) FCC Cu/FCC Co 5 nm nanopillar and (e-h) FCC Cu/HCP Co 10 nm nanopillar at different strain levels. Atoms are in common 

neighbor color coding, where orange denotes FCC and purple denotes HCP. (a) FCC/FCC coherent interface before yielding. (b) When ε = 3.0%, SFs begin to nucleate at the 

interface. (c-d) After yielding, multiple SFs penetrate through the interface. (e) Before compression, the incoherent interface has HCP Co phase. (b) When ε = 3.9 %, HCP Co 

begins to transform to FCC phase initiating from the pillar surface. (g) As more FCC Co phase is formed, inclined SFs emerge inside the FCC phase. (h) More than half of HCP 

Co is transformed to FCC Co and abundant inclined SFs are observed across the interface. 
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Fig. 8. Comparison of flow stress calculated from nanoindentation measurements 

(flow stress = hardness/2.7) with those obtained from in situ micropillar compres- 

sion tests (at a strain of 10%) for the same sets of Cu/Co multilayers. 
The difference in the nature of the interface - incoherent versus 

oherent - is clearly revealed in the top-down view of MD snap- 

hots shown in Fig. 7 . In the FCC Cu/FCC Co 5 nm pillar, SFs pen-

trate the coherent interface at yield point ( Fig. 7 b). As strain in-

reases, more SF penetration is observed. Coherent FCC (111) inter- 

ace is a weak barrier to the transmission of partial dislocations 

dislocation evolution is shown in supplementary Figure S7 and 

upplementary video 5). Similar phenomenon has been observed 

n (100) and (110) textured FCC Cu/Co multilayers with coherent 

nterfaces as discussed in Part I [1] . However, during deformation 

f the FCC Cu/HCP Co nanopillar, the incoherent interface gradu- 

lly transforms into a coherent interface as HCP Co is transformed 

o FCC phase. SFs can then penetrate through the coherent inter- 

ace as shown in Fig. 7 g,h. 

MD simulations reveal the details of partial dislocation and SF 

enetration process based on the different nature of interfaces, 

hich are in good agreement with our experimental results. MD 

tudies also reveal that the defect network requires all three planar 

efects (TBs, SFs, incoherent interfaces) to work together in order 

o provide optimum strengthening effect. 

. Strength discrepancy in Cu/Co 25 nm multilayers between 

ompression and nanoindentation 

The ultra-high strength and deformability of Cu/Co 25 nm mul- 

ilayers have been reported in Part I [1] . CTBs in Cu, SFs in Co

nd incoherent layer interfaces form collaborative defect networks, 

hich inhibit the glide of dislocations in both Cu and Co layers, 

nd hinder the transmission of dislocations across the interfaces, 

nabling the extraordinary strength of Cu/Co 25 nm pillar under 

ompression. In contrast, the lower strength observed in Cu/Co 100 
8 
m indicates that, in addition to the defect network, defect density 

s also critical in achieving high strength. The CTB and SF spac- 

ng in Cu/Co 25 nm multilayers are 8 nm and 5 nm respectively. 

hereas, the Cu/Co 100 nm multilayer has an average twin spac- 
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Fig. 9. (a) XTEM micrograph of Cu/Co 25 nm multilayer after 200 nm nano-indentation. (b) Deformed region underneath the indent. High density SFs are observed in HCP 

Co. Detwinning occurred in Cu layer and twin boundary is rarely observed. (c,d) left and right region near the indent. High density lateral SFs are formed in both Cu and Co 

layer. Twin boundaries in Cu layer and phase transformation in Co layer are not observed. 
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ng of 25 nm in Cu (supplementary Fig. S3) and significantly fewer 

Fs in HCP Co. 

Hardness of Cu/Co multilayers has been studied before [3] . In 

his study, we also use nanoindentation to measure the hardness of 

u/Co multilayers and the results are reproducible. To investigate 

he relationship of strength in Cu/Co multilayers under nanoin- 

entation and compression, hardness measured by nanoindenta- 

ion is converted to flow stress by dividing by the Tabor factor (2.7) 

51] and compared with the flow stress measured by pillar com- 

ression ( Fig. 8 ). For the Cu/Co 5 nm and 100 nm multilayers, the

ow stresses measured by micropillar compression tests are con- 

istent with the converted flow stresses measured by nanoinden- 

ation. However, the Cu/Co 25 nm multilayers have much higher 

ow stress (~3 GPa) under compression, which is two times larger 

han the flow stress obtained from nanoindentation. This large dis- 

repancy between indentation strength and compression strength 

n Cu/Co 25 nm multilayers is due to different deformation modes 

f Cu/Co 25 nm under indentation and compression. Deformation 

echanism in metallic multilayers is layer thickness dependent. In 
9 
he Cu/Co 100 nm multilayers, the major deformation mechanism 

s the glide of partial dislocations along inclined (111) planes in 

he Cu layer, leading to detwinning and Cu extrusion. In the Cu/Co 

 nm multilayers, the dominant deformation mode is the trans- 

ission of a single dislocation through the coherent layer interface 

long the inclined (111) plane. The common feature of both sam- 

les is that the resolved shear stress along inclined (111) planes de- 

ermines the dislocation activity. The different stress field between 

anoindentation and pillar compression does not lead to different 

eformation mode in the Cu/Co 100 nm and 5 nm samples because 

islocations gliding along inclined (111) planes dominates in both 

ndentation and compression tests in these two systems. 

However, it is well known that when h is between 5-50 nm, 

LS is the dominant deformation mechanism in the Cu/Co 25 

m multilayers where dislocations prefer to glide laterally in be- 

ween the layer interfaces [2,5,7,13,15,21,33,35,52,53] . The defect 

etwork in Cu/Co 25 nm multilayers also has a unique character- 

stic, that is the three types of defects (TBs, interfaces and SFs) 

re all parallel to each other. Such a unique geometry may lead to 
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[  
he large anisotropic behavior. Under compression, resolved shear 

tress along lateral direction is nearly zero, which hinders CLS. 

lso, the glide of dislocations along the inclined slip planes is diffi- 

ult due to the existence of defect networks. High stress is needed 

o trigger the HCP-to-FCC Co phase transformation, leading to high 

trength in the Cu/Co 25 nm multilayers under compression. After 

ielding, the phase transformation converts incoherent layer inter- 

ace into coherent interface, thus enables dislocation glide along 

nclined (111) planes [1] . However, when the Cu/Co 25 nm mul- 

ilayer is subjected to nanoindentation, the dominant deformation 

echanism is the glide of dislocations along lateral (111) planes 

n Cu and (0 0 02) planes in Co. TEM analysis on the Cu/Co 25 nm

ultilayer after indentation to a depth of 200 nm is shown in 

ig. 9 . The SAD pattern taken from undeformed region is the same 

s the as-deposited sample, which has FCC Cu/HCP Co microstruc- 

ure with high-density twins in Cu layers. TEM image underneath 

he indent ( Fig. 9 b) shows that high-density SFs were formed in 

CP Co and FCC Cu, which is also confirmed by the streaking lines 

n the SAD pattern. Interestingly, there was little phase transfor- 

ation induced FCC Co and detwinning was observed in the Cu 

ayer. Fig. 9 c and 9 d taken from the left and right side of the in-

ent show similar phenomena: high-density lateral SFs are formed 

n both FCC Cu and HCP Co layers. Twin boundaries were rarely ob- 

erved in Cu layers and FCC Co was not observed. These observa- 

ions validate our hypothesis that shear stress along lateral direc- 

ion is much greater when Cu/Co multilayer undergoes nanoinden- 

ation than subjected to micropillar compression. CTBs and SFs do 

ot arrest dislocation migration effectively in this case. The plastic 

eformation of Cu/Co 25 nm under indentation is mainly accom- 

odated by partial dislocation migration along lateral (111) planes 

n FCC Cu, which leads to detwinning and the formation of SFs 

n Cu and HCP Co. The stress needed to move the dislocation is 

uch lower than that necessary to trigger phase transformation. 

hus, the converted flow stress of Cu/Co 25 nm under indentation 

s much less than under compression, and phase transformation 

ould not occur. 

. Conclusion 

We report drastically different deformation behavior of Cu/Co 

ultilayers with same crystallographic orientation but different 

ayer thickness. In situ micropillar compression studies show that 

u/Co 25 nm multilayer has the highest strength and best de- 

ormability. In the Cu/Co 100 nm multilayer, non-uniform defor- 

ation manifested by preferential Cu extrusion is observed due 

o dislocation pile-ups in Cu layer and detwinning induced soft- 

ning. The Cu/Co 5 nm pillars are much softer than the Cu/Co 25 

m pillars due to the formation of coherent Cu/Co layer interfaces. 

D simulations reveal that the transparent FCC Cu/Co interfaces 

re weak barriers to the transmission of dislocations. Strengthen- 

ng imparted by defect networks requires the interplay of TBs, SFs 

nd parallel incoherent layer interfaces as well as high defect den- 

ity. 
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