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Supplementary Note 1. Finite element (FE) model of gradient nanolayered
structures

For a more consistent boundary condition analysis of the deformation in the gradient
architectured nanolayer materials, we developed an axisymmetric finite element (FE)

model (ABAQUS) for micropillar compression (Supplementary Fig. 5)'. We employed the

J» flow theory of plasticity for all the constituent layers, i.e., & =76", where & and ¢ are

the plastic strain rate tensor and the deviatoric stress tensor, respectively, and #=3¢&" / 20

is a factor that can be determined from uniaxial tensile tests, in which ¢ and o are
respectively the equivalent von Mises plastic strain rate and stress. Due to the difficulty in
measuring the mechanical response of each layer, power law relations (Eq. (S.1)) were
used to model the equivalent Mises stress-strain response of each Cu/Zr bilayer with
different individual layer thicknesses, i.e., 10 nm, 20 nm, 30 nm, 50 nm, 70 nm and 100
nm. Therefore, we have the following relation:
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The elastic modulus was obtained by nanoindentation (see Methods), i.e., E=132 GPa for

sample GNL1 and £=125 GPa for sample GNL3, and o0, is the yield strength of each layer.

As the layer thickness decreases below 100 nm, the limited space can only facilitate
the slip of single dislocations in the layer, referred to as confined layer slip. The refined
confined layer slip model developed by Misra et al.? can successfully describe the size-
dependent yield strength of the layered structure with layer thicknesses ranging from

several nanometres to 100 nm (e.g., Cu/Nb? and Cu/Zr? system). Thus, the refined confined



layer slip model was used to calculate the yield strength o, of the Cu/Zr bilayers according

to the equation’

o =M (4_VJln(“tJ—i+”—b (S.2)
g drh'\ 1-v b h (l—v)/l

where M is the Taylor factor; ' =¢/sin¢ is the layer thickness parallel to the glide plane
of the geometrically confined slip systems, where ¢ is the angle between the glide plane
and the layer interface; ¢ is the layer thickness; b and u are respectively the magnitude of
the Burgers vector and the shear modulus of Cu; A is the spacing between parallel arrays
of gliding dislocation loops; and «is the dislocation core cut-off parameter. The three

terms in Eq. (S.2) represent the contributions of the confined layer slip, the interface stress

and dislocation-dislocation interactions, respectively.

The values of the material parameters for calculating the yield strength o, are listed

in Supplementary Table 3. The resultant o, values vary from 2.29 GPa to 1.1 GPa from

the surface layer to the centre one (Supplementary Table 4). The adopted hardening
exponent for all the component layers is sufficiently small, i.e., N=0.01, to model the low
work hardening behaviour of the nanoscale layers. The calculated yield strengths of the 10
nm and 100 nm Cu/Zr layers agree with those measured by micropillar compression* or
our nanoindentation with a Tabor factor of 3. The yield strength of the 100 nm Cu seed
layer is adopted as one third of the hardness of the 1.3-pum-thick Cu film. The input stress-

plastic strain curves are presented in Supplementary Fig. 6.

Static mechanical analysis was conducted using the ABAQUS/Standard solver, in

which 30701 and 44167 four-node axisymmetric elements (CAX4) were used for the cases



GNLI1 and GNL3, respectively. In the simulations the flat punch and the Si substrate were
approximated as two analytical rigid bodies because the stiffness of the punch is almost
one order of magnitude higher than that of the micropillar and the deformation is confined
to the top half of the pillar due to the taper. The friction between the pillar top and the
indenter was assumed to be infinite so that their relative movement could be eliminated
according to experimental observations (Figs. 2 and 3). In order to avoid convergence
problems, two rounded corners of 10 nm-radius were used in the upper and lower right side
of the models (Supplementary Fig. 5). We modelled the Cu/Zr bilayer as a whole instead
of modelling each constituent Cu or Zr layer since the bilayer strength can be
approximately described by the refined confined layer slip model proposed by Misra?. The
constituent layer thicknesses of FE models are adopted by multiplying the nominal layer
thickness by a factor of 1.2 according to the experimental measurements. A 120 nm-thick
Cu seed layer is also included. The resultant pillar heights of GNL1 and GNL3 are 1464
nm and 2040 nm, respectively. Tapers of 2.7 and 2.2 degrees as measured were adopted
for GNL1 and GNL3, respectively. In the simulation setup, all the constituent layers were
fully bonded considering that the component layers showed compatible deformation in the

experiments.



Supplementary Note 2. Derivation of the density of geometrically necessary
dislocations accumulated in the gradient nanolayered composites

The geometrically necessary dislocations (GNDs) are assumed to be spaced equally
along the sample depth and distributed uniformly in each artificial layer (Figs. 4a and 4b).
The thickness of the artificial layer, i.e., Ak, is sufficiently small so that the layer has a
straight boundary. By assuming that there are » GNDs in each row of the artificial layer,

we have:
a

tand =—=— S.3
A (S.3)

where &, a, b, s are the angle made by the accumulation of GNDs, the difference in lateral
displacement between neighboring layers, the magnitude of Burgers vector of Cu or Zr,
and the spacing between the individual slip steps, respectively (Fig. 4b). The expression of

s can be obtained through Eq. (S.3), i.e.,

s="2 A (S.4)
a

Assuming that the total length of the GND circular loops in each artificial layer is (', the

GNDs occupy an area of {s, which can be also given based on a geometrical analysis, i.e.,

_ ndAh(n +1)

(s (S.5)

in which d is the diameter of the micropillar. By substituting Eq. (S.4) into Eq. (S.5), we

have

(S.6)



Generally, the value of n is very large, thus we have (n+1)/n~1 , leading to a simplified

expression for {, i.e.,

_ nda

e (S.7)

Since the GNDs are assumed to distribute uniformly in each artificial layer, the volume

occupied by the GNDs is
2 2
V= n[ij =T AN (S-8)
2 4

Therefore, the GNDs density in each artificial layer is

_g_ 2a
SV bdAh

o (S.9)

In order to simplify the calculations without losing accuracy, the magnitude of the Burgers
vector of Cu and Zr was adopted to be identical, i.e., bcu=bz=0.256 nm. The pillar diameter,
d, was adopted to be the same for all artificial layers due to the pillar taper being very small,
and its value was set as the average of the top and bottom diameters of the pillar. The lateral
profile data obtained from both experiments and FE simulations were smoothened before

calculating the GND densities through Eq. (S.9).



Supplementary Note 3. Calculation of engineering stress-strain curves

The engineering stress is 0 = F/4,, in which F is the measured force and 4, is the

cross-sectional area of the prepared pillar. Considering that the deformation is confined to

the pillar top due to the taper, Ao is set to be the cross-sectional area at 20% the pillar height

from the top. The engineering strain can be calculated as &=L / H , with H is the as

prepared pillar height and L the corrected displacement that can be written as™®

_ 2 _ 2
' R ' (S.10)
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where L is the recorded displacement; d, and d_ are the top and bottom diameters of the
as prepared pillar, respectively; £, and E, are the Young’s modulus of the diamond
indenter (1220 GPa’) and that of the (100) Si substrate (130 GPa®), respectively; v, 0.2

and v, =0.278? are the corresponding Poisson’s ratios.



Supplementary Table 1. The annular patterns and beam currents used for preparing the 600 nm-diameter
pillars.

Order D (um) d (um) z (um) for reference Beam current
1 30 15 0.1 9.3 nA
2 15 7.5 0.1 9.3 nA
3 8 2.5 0.1 2.5nA
4 6 2.5 0.1 2.5nA
5 4 1.2 0.1 80 pA
6 3 1 0.1 80 pA
7 1.5 1 0.1 80 pA
8 1 ~0.8 0.1 24 pA




Supplementary Table 2. Annular patterns and beam currents used for preparing pillar TEM samples.

Order D (um) d (um) Beam current
1 6 3 48 pA
2 5 2.5 48 pA
3 3 2 48 pA

4 4or5 0 48 pA




Supplementary Table 3. Yield strengths and exponents of Cu/Zr bilayers with different individual
thicknesses and those of 100 nm Cu seed layer used in power law hardening constitutive relations.

10nm 20nm  30nm 50nm 70nm 100nm 100 nm Cu seed layer

o, (GPa) 2.29 2.11 196 179  1.69 1.61 1.1

N 0.01 0.01 0.01 0.01 0.01 0.01 0.01
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Supplementary Table 4. Material parameters adopted in the finite element model for simulating
the micropillar compression of gradient nanolayered structures.

Parameter Symbol Magnitude
Taylor factor M 3.06

Shear modulus of Cu (GPa) Y7 54.3
Burgers vector magnitude of Cu (nm) b 0.256
Poison’s ratio of Cu v 0.36
Angle between the slip plane and interface (©) 7 70.5

Core cutoff parameter a 0.09
Spacing of a parallel array of glide dislocation loop (nm) A 16.75

Interface stress parameter (J/m?) f 2
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Supplementary Figure 1. XRD patterns for gradient nanolayered (GNL) samples (GNL1 and
GNL3).
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S, Mises (GPa) S, Mises (GPa)

o4 12 21 29 37 04 09 14 19 25

Supplementary Figure 2. Pillar deformation of gradient nanolayer (GNL) sample GNL1 (a) and
homogeneous nanolayer structure using the 100 nm Cu/Zr material property (b) under 22 %
globally applied strain.
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Supplementary Figure 3. Deformation of the gradient nanolayered (GNL) sample that contains one
10 nm, 20 nm and 30 nm bilayers in both the top and bottom regions, i.e., sample GNLI1, under a
globally applied strain of 31%. (a) Deformed morphology with an undeformed pillar (inset); (b)
STEM image of the cross-section of (a); (c) corresponding EDS map of Cu and Zr; (d) deformed
pillar with von Mises stress contour obtained from FE simulations, in which the interfaces between
bilayers with different thickness are designated by lines; (¢) average layer strain for Cu and Zr in
the top half of the pillar; and (f) lateral profiles determined from measurements and FE simulations.
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Supplementary Figure 4. Deformation of the gradient nanolayered (GNL) sample containing three
10 nm, 20 nm and 30 nm bilayers in both the top and bottom regions, i.e., GNL3, under a globally
applied strain of 31%. (a) deformed morphology with an undeformed pillar (inset); (b) STEM
image of the cross-section of (a); (c) corresponding EDS map of Cu and Zr.
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Supplementary Figure 5. Finite element (FE) model of gradient nanolayered structure: (a)
Schematic; and (b) FE model for sample GNL1.
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Supplementary Figure 6. Stress-strain data used in the finite element simulations for each Cu/Zr
bilayer with different individual layer thickness.
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