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The impact of small scale geometric confinement on deformation mechanisms is subject of
intense research in materials sciences nowadays. Nanoporous metals have a microstructure
with an extremely high volume-specific surface content. Due to a very high local strength and
a relatively regular interconnection of the nanoconstituents as well as a low mass density,
nanoporous metals are very good candidates for strong and light-weight structural materials.

The modeling of a modern nanocomposite material of gold-polymer is in the focus of the
Metal-polymer composite contribution. A gradient extended crystal plasticity theory is applied to the computation of the
Extended crystal plasticity mechanical response of the metal part of the composite and an elastic-viscoplastic continuum
Gold model is used for the simulation of the polymer material. The gradient hardening contribution
Size effect is included into the crystal plasticity model in order to study the influence of the ligament
size. Numerical results of the deformation of the gold-polymer nanocomposite under com-
pression are presented. Simulation results are compared to the corresponding experimental
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1. Introduction

Due to increasing significance of newly developed mate-
rials and/or materials with improved properties, material’s
characterization and simulation become more and more
powerful tools. Recently, research on nanoporous metals sig-
nificantly increased (Biener et al., 2008; Ding et al., 2004;
Kramer et al., 2004; Saane et al., 2014; Wada and Kato, 2013;
Wang and Weissmiiller, 2013) due to their relatively high
ductility and high specific strength. It has been shown that
nanoporous metals exhibit size effects such as increasing
strength with decreasing dimensions (Huber et al., 2014;
Wang and Weissmiiller, 2013). In case of nanoporous ma-
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terials, it is the (ligament) size which matters. By ligament,
we refer to the interconnected nano-/microstructural con-
stituents. Of course, the material’s response further depends
on its nanoporous architecture. The gold-polymer composite
considered in this contribution is hierarchical. To date, no es-
tablished understanding of how to design a microstructured
composite exists. As a consequence, there is a strong need for
experimental as well as numerical studies at all scales.

This work aims at contributing to designing integrated
nanostructured multiphase materials systems in which mi-
crostructure design enables strength. What happens at the
small scale during deformation is amazingly complex as dis-
location nucleation, dislocation starvation, capillary effects,
lattice defects, size effects, among others, occur. As a conse-
quence, the composite’s mechanical properties differ greatly
from those of the corresponding bulk materials.

This paper focuses on material modeling of a metal-
polymer nanocomposite under large deformations, consid-
ering non-local effects via introduction of the plastic strain
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gradient into a crystal plasticity theory. ! The modeling and
analysis extends the experimental investigation of Wang and
Weissmiiller (2013) and this modeling approach allows to ac-
count for a bending dominated deformation behavior which,
at this scale, results into a pronounced development of strain
gradients. Extensive plastic localization is indeed expected
for NPG as well as for polymer infiltrated composites. For the
time being, we study its mechanical behavior at the lowest
level and, therefore, do not take its hierarchy into account?.

The metal part of the composite is a nanoporous gold. This
material has intriguing material properties that show poten-
tial benefits for some applications due to its high specific sur-
face area, high electrical conductivity, and reduced stiffness,
see e.g., Balint et al. (2005); Balk et al. (2005); Volkert et al.
(2006). The experimental investigations show a significant
size effect in nano deformations of sub-micron gold (Greer
et al., 2005; Volkert and Lilleodden, 2006). This effect can
be modeled by application of an extended crystal plastic-
ity theory, cf,, e.g., Bardella (2006); Bargmann et al. (2011);
Evers et al. (2004); Gurtin (2000); Kuroda and Tvergaard
(2008); Lele and Anand (2008); Ohno and Okumura (2007).
The model applied in the current contribution is based on
Bargmann et al. (2011). Several different strain-hardening
and strengthening phenomena exist in crystalline materials.
One of the more important ones is latent hardening, i.e., an
active slip system influences the hardening of a neighboring
inactive slip system. It controls the shape of the single crystal
yield surface. Among others, slip interactions and the devel-
opment of geometrically necessary dislocations (GNDs) play
arole in latent hardening. While there exist some experimen-
tal works on nanoporous metals (see above), there hardly are
any with respect to nanoporous metal-polymer composites
(Wang and Weissmiiller, 2013), and even fewer deal with the
computational modeling of their behavior.

Unlike crystalline materials, epoxy resin is an amorphous
solid which appears in disordered form. Its stress response,
when subjected to large monotonic plastic deformations, is
rate dependent and highly nonlinear composed of a yield-
peak, post-yield strain softening and rapid strain harden-
ing where the post-yield stress softening is linked to the
evolution of the local free-volume. Upon subsequent un-
loading, a Bauschinger-type reverse-yielding phenomenon is
observed. A mathematical model which accounts for these
observed phenomena, which is also applied in the cur-
rent contribution is presented in Anand and Gurtin (2003),
Gearing and Anand (2004). Regarding continuum elasto-
viscoplastic theory uses the local free-volume associated
with certain metastable states and the resistance to plas-
tic flow as internal state variables. Using the dependence of
the Helmholtz free energy on the plastic deformation gives
rise to rapid strain-hardening subsequent to post-peak strain
softening as well as a backstress in the flow rule.

1 Although the here considered ligament sizes are within the nano scale
(50-150 nm), the application of a continuum-based crystal plasticity model
is justified by the fact that dislocation-starvation scenarios are not supported
by corresponding results of Ngo et al. (2006) and, hence, do not apply to
nanoporous gold.

2 Continuum-mechanically based contributions on the simulation of size-
effects in hierarchical structures can be found in, e.g., Bargmann et al. (2013);
Scheider et al. (2015).

To gain further insight into the model, we take a de-
tailed look at the predicted mechanical response of a two-
dimensional representative volume element. The numerical
implementation of the strongly coupled and nonlinear sys-
tem of equations is realized with the finite element method
in space and a mixed implicit-explicit integration procedure
in time.

2. Material properties
2.1. Gold

Although gold is a rather exclusive material, it is of great
interest in case of nanoporous metals as under compres-
sion it deforms up to large plastic strains (e.g., up to 120%
true strain Wang and Weissmiiller, 2013), whereas usually
nanomaterials only allow for small deformations (Kumar
et al,, 2003). As observed in experiments, the strength of
nanoporous gold crystals increases if crystal dimensions are
reduced (Jin et al., 2009). Moreover, experiments show an in-
tensive microstructure evolution in nanoporous gold during
deformation and the interaction of dislocations with the sur-
face (Wang and Weissmiiller, 2013). The mechanical tests and
the microstructure characteristics inferred from the electron
backscatter diffraction (EBSD) suggest lattice dislocations to
be the carriers of plastic deformation in nanoporous gold.

The experiments of Volkert and Lilleodden (2006) on sin-
gle crystal sub-micron gold columns show the dependence
of yield stress and apparent strain hardening rate on the col-
umn diameter. EBSD analyses revealed that nanoporous met-
als are polycrystalline with a grain size of 10 um-100 Lm
(Wang and Weissmiiller, 2013). Further, nanoporous gold ex-
hibits a strong size effect at constant porosity, see the experi-
mental data of Wang and Weissmiiller (2013). These types of
size effects motivate the design of nanocomposites - in order
to take advantage and fine-tune their mechanical behavior.
A recent study on the elastic and plastic Poisson’s ratios of
nanoporous gold during compression to large plastic strains
is given in Liihrs et al. (2016).

A Young’s modulus of 79 GPa and Poisson’s ratio of 0.44
are stated in, e.g., Balk et al. (2005); Jin et al. (2009); Volkert
et al. (2006). The yield stress of sub-micron gold is in the
range between 154 MPa and 560 MPa. The magnitude of the
Burgers vector is approximately 0.2878 nm (Hull and Bacon,
2011).

2.2. Epoxy resin

Epoxy resin is a class of important engineering materials
which is used in many areas of material design such as the
production of different components of material systems fea-
turing high static and dynamic loadability. Unlike gold, which
is crystalline, epoxy resin is an amorphous solid which ap-
pear in a disordered form. The viscosity is very low, which
is especially advantageous for infusion, protrusion and in-
jection processes at temperatures between 10 °C and 50 °C.
Pure epoxy specimens show elasto-plastic mechanical be-
havior during compressive loading. Their stress-strain be-
havior is highly nonlinear and typically involves three con-
secutive steps composed of a yield-peak, post-yield strain
softening (especially at high temperatures) and rapid strain
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hardening. Moreover, upon unloading after monotonic plas-
tic deformation a Bauschinger-type reverse-yielding phe-
nomena is observed. The plastic response of the material is
also sensitive to the applied loading rate. The elasticity pa-
rameters of epoxy resin are as follows: a Young’s modulus of
1.038 GPa, Poisson’s ratio of 0.35, as well as the material den-
sity of 1.2 g/cm?, the tensile strength of 60-75MPa and the
compressive strength of 80-90 MPa, see (Qi et al., 2005; Sul
et al., 2014; Wang and Weissmiiller, 2013). The initial yield
stress is 28 4+ 3 MPa (Wang and Weissmiiller, 2013).

2.3. Gold-polymer composite

The metal-polymer composite consists of solid phase
gold (ca. 30—40% volume fraction) and solid phase polymer,
where nanoporous gold forms the basis. Despite its exclu-
siveness, gold is one of the preferred model materials for the
design of nanocomposites as its ligament size is easily con-
trolled during processing. Due to their extremely small struc-
tural size, the ligaments of nanoporous metals possess an ex-
traordinary high local strength. The porous material is infil-
trated with polymer. For details on the composite prepara-
tion, the reader is referred to Wang and Weissmiiller (2013).
During the infiltration with the polymer the metallic net-
work is not deformed, however, it leads to ductilization.
Quoting (Wang and Weissmiiller, 2013) ‘The interpenetrat-
ing nanocomposite material [...] exhibits a number of unusual
and technologically attractive properties, specifically ductil-
ity in tension, the option of cold-forming, high electric con-
ductivity and a strength significantly exceeding that of each
of the constituent phases.’

Whereas the composite’s mechanical response is
isotropic at the millimeterscale, it is anisotropic at the
nanoscale. Microstructural investigations show that the
ligaments are of single crystal type and possess a disordered
structure. Experimental data of Wang and Weissmiiller
(2013) clearly shows a ligament-size-dependent stress-
strain behavior of nanoporous gold for ligament sizes from
15nm to 150nm. All samples demonstrate an elastic-
plastic deformation behavior. Composite specimens with
the smallest ligament size fail at less strain than those
with larger ligaments, and also exhibit a somewhat larger
sample-to-sample scatter in yield stress.

The resulting composite has a high strength as well as
ductile behavior under tension. One interesting property is
that the (Vickers) hardness of the composite is considerably
higher than those of its components: hardness of composite
(387 & 14 MPa) > hardness of epoxy (129 4 6 MPa) > hard-
ness of NPG (33 + 4 MPa) (Wang and Weissmiiller, 2013). Fur-
ther, for nanoporous gold as well as for the composite, the
hardness increases with decreasing ligament size, cf. (Wang
and Weissmiiller, 2013).

3. Material modeling

The nanocomposite is modeled as a nanoporous single
crystal filled with polymer. The kinematics are based on the
multiplicative decomposition of the deformation gradient F
into elastic and plastic parts as F = F. - F, (Lee, 1969; Rice,
1971). The elastic Green-Lagrange strain tensor is defined as
E. = 1/2[F! - F. — I] whose conjugate stress measure is the

elastically rotated Cauchy stress T. = RL - T - R. where the
definition of the elastic rotation tensor Re requires the appli-
cation of the polar decomposition theorem F. = R; - U with
U. denoting the elastic right-stretch tensor. Further, defor-
mations are studied with help of the right Cauchy-Green
tensor C

C=F F=F C-F, (1)

the elastic right Cauchy-Green tensor Ce = F! - F., and the
plastic left Cauchy-Green tensor By = F, - F{. The relevant
stress measures are the first Piola-Kirchhoff stress P

P=F. S F' (2)
and the second Piola-Kirchhoff stress Se
Se:Fei] 'T'Feit' (3)

Here, 7 is the Kirchhoff stress. The mechanical problem is
governed by the balance of linear momentum

0 = DivP + b(), (4)

where by is the body force.

3.1. Metal part: sub-micron sized gold

The deformation problem is linked to the microscopic be-
havior via the plastic velocity gradient tensor

L, = Fp . Fp_] = Zva[sot ® Ny, (5)
o

where the slip rate vy, the slip direction s, and slip nor-
mal ny are introduced. The resolved shear stress is associated
with the slip system « and defined as

‘Crx:sa‘Me‘nou (6)

where M = G - Se is the Mandel stress.

Further, the free energy W is introduced and additively
split into an elastic (We), a local hardening (¥ ,) and a gradi-
ent hardening (W, ) contribution. In particular, we choose

W, :

A
Sie—n: 0+ S0’ - pinge,

1
"plh B j ZHétﬂyayﬂ’
a.p

‘-IJgh = % 12 ng [ba . bﬂ]giot &ip-
ap

In these relations, Jo = detF; is the elastic Jacobian determi-
nant, H, p denotes the local hardening matrix, and He is the
gradient hardening modulus. [ is an internal length scale pa-
rameter. Further, the following evolution equation for the ge-
ometrically necessary dislocations (GND) densities g; is in-
troduced (Bargmann et al., 2011 and Husser et al., 2014)

gia :Zva[na‘sﬂ]giﬂ - %Viva‘sop (7)
B

Here and below, the index “i” refers to the intermediate con-

figuration. b is the length of the Burgers vector by = bs,. The

first term accounts for latent hardening effects, i.e., the hard-

ening of inactive slip systems due to active slip systems.
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The viscoplastic (rate-dependent) flow rule is assumed as

follows
m
1| (tg — kKo — Yeo) . 1

Vo = t*|:CO with (x) = E[X‘f' Ix[], (8)
where the initial yield stress is denoted as Y, and the micro-
hardening stress « o, following (Ekh et al., 2007 and Ekh et al.,
2011),

ow . ow
Ko = 7 _DIV(BV]/O,> (9)

characterizes the material behavior in the plastic state. The
relaxation time t,, the drag stress Cy and the rate sensitiv-
ity parameter m are the same for all slip systems. In the end,
the formulation described above is in accordance with ther-
modynamic considerations, in which, the coupled field rela-
tion implies a dual hardening variable at the local level, hav-
ing the character of a backstress. For further details, compare
also the works of Bargmann and Ekh, 2013; Svendsen and
Bargmann, 2010; Bargmann et al., 2010.

3.2. Polymer constituent: epoxy resin

The continuum theory for the elastic-viscoplastic defor-
mation of epoxy resin used in the current work is due to>
(Anand and Gurtin, 2003; Gearing and Anand, 2004). Besides
the plastic deformation gradient, the internal state variables
are the local free-volume 1 which is associated with certain
metastable states and resistance to plastic flow s.

Analogously to the extended crystal plasticity theory, the
Helmholtz free energy W is additively decoupled into elastic
W, and plastic W}, parts. We is formulated as

We(Ee) := %K[trEe]z + 1t devE. : devE,, (10)

where K = E/3[1 — 2v] is the bulk modulus and & = E/2[1 +
v] is the shear modulus with E being the Young’s modulus
and v the Poisson’s ratio. In amorphous materials, unlike in
crystals, W, arises from an entropic contribution. In the light
of statistical mechanics models of rubber elasticity, see, e.g.,
Treloar (1975); Arruda and Boyce (1993), W), has the follow-
ing form

Wp (Ap)
A X 1 y
o 2| Ap _tr.
'_MR)LL[ALerlOg(sinhx) ALy l0g<sinhy)i|’
(11)
with
A 1
171 ZP I b Y
x=T (M) and y=T (M)’ (12)

where A, = ,/trB,/3 denotes the effective distortional plas-
tic stretch. '~ is the inverse of the Langevin function I' (z) =

3 The reason for using an extended gradient theory for the gold and a clas-
sical local continuum formulation for the polymer is twofold: The first one is
the relative compliance of polymer as compared to gold. Hence, the results of
any corresponding second order effects are marginal once the overall com-
posite behavior is concerned. The second reason is the lack of experiments
at the scale of interest for pure epoxy.

coth (z) — 1/z. ug and A; are the rubbery modulus and net-
work locking stretch, respectively.

Using above forms, the equation for the stress is derived
as follows

(K
Te=—3E,

The dependence of W, on plastic deformation leads to
a backstress Sy, in the underlying flow rule which not
only accounts for a Bauschinger-type reverse-yielding upon
unloading after large plastic deformations but also con-
trols the rapid strain-hardening response after the initial
yield-drop

= Ktr(E.)1 + 2udeVE,. (13)

oW, (Ap)
Sback =2dev <Sym<3pl§p 'BD>> = Mback deVBlL
P
(14)
where ftp,c denotes the backstress modulus
1 0v () AL a1 Mp
Mback = 37)‘1)37)‘1) = MR%F ) (15)

Sinceasz— 1,I71(2) — oo, fpack = 00 aS Ap — Af.

Using the plastic stretch tensor D, = sym(I:'p ~Fp‘1) one
has F, = D;, - F, with F,(X, 0) = 1. Noting that trT. =trT, the
flow rule defined for D, reads

- 1/n
devTe — Spack T
D, — v, | 2EV%e ~ Sback h el —
p "P[ 2% - WhEIEWy = Vo | 130T,

(16)

and 0 < n < 1aswell as s — a1/3trTe > 0 are required, with
« controlling the pressure sensitivity of the plastic flow. vy is
the equivalent plastic shear strain rate, v the reference plas-
tic shear strain rate, o and n the pressure and strain rate sen-
sitivity parameter, respectively. The definition of the equiva-
lent shear stress T reads

_ 1
T = \/z[deVTe = Spack] : [deVTe — Spack]- (a7

For n — O rate-independent formulation is handled, whereas
for n — 1 linear viscosity is.

The isotropic resistance to plastic flow s and the local free
volume 7 evolve according to

. S . S
S = vpho[l — §(77)i| and 7= vpgo[g — 1] (18)

with s(X,0) =sy and sy representing the initial resis-
tance to flow. In the virgin state of the material, free vol-
ume is assumed to vanish with n(X,0) = 0. Finally, § is
defined as

$() = sew[1 4 blnew — 1] (19)

which concludes the set of equations defining the constitu-
tive model for epoxy resin with {E, v, «, n, Sey, Nev, b, hg, Vo,
20, So» g, AL} constituting the set of the associated material
constants to be identified.
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Table 1

Model parameters for gold.
Parameter Symbol Value Dimension
Local hardening modulus H! 10.2 [MPa]
Gradient hardening modulus Hg 150.7 [MPa]
Relaxation time t, 103 [s]
Drag stress Co 1 [MPa]
Rate sensitivity parameter m 20 [-]

4. Numerical parameter identification

4.1. Microcompression of gold single crystal

Single crystalline gold is under consideration in order to
calibrate local and non-local hardening parameters based on
microcompression investigations performed by Volkert and
Lilleodden (2006). For this purpose, the numerical example
is focused on two small micropillars with nominal diam-
eters D=1 pum and D=8 pum. The internal length scale
parameter for pure gold is taken to be [ = 1.5 pm, in ac-
cordance with the argumentation of Begley and Hutchinson
(1998) with respect to annealed and soft metals. The mate-
rial parameters for gold are stated in Section 2.1, whereas
the model parameters for the microcompression example
are summarized in Table 1. For Young’s modulus a value of
48 GPa is taken according to measurements in Volkert and
Lilleodden (2006). This value differs from the expected value
which is due to the fact that only grains with low symme-
try orientation have been selected for pillar fabrication. In
this orientation, a double slip configuration as illustrated in
Fig. 1 was observed with slip directions s, oriented with 37°

and 31° wrt. to the compression axis leading to Schmid fac-
tors f; = 0.48 and f, = 0.44 respectively, cf. also Volkert and
Lilleodden (2006). In this regard, latent hardening effects be-
tween both slip systems are addressed via the dislocation in-
teraction term in Eq. (7).

In the experimental range of investigated sample sizes,
the size dependence of the macroscopic yield stress Y = Y (D)
is approximated very well by the following power law in
which the yield stress is directly connected to the nominal
diameter of the sample:

Y = 106.5D7%6, (20)

The resolved microscopic yield stress is then obtained as Yy =
fu Y where f, is the Schmid factor of the corresponding slip
system.

The pillar geometry is approximated by a tapered cylinder
having an aspect ratio of 2.8 and a taper angle of 2°. Further-
more, a base is considered in the model where the radius of
curvature between the pillar and the base is set to be D/4 for
both sample sizes. The complete FE-model consists of 11240
8-node hexahedral elements. The unknown field variables,
i.e,, the displacements and the GND densities, are interpo-
lated using linear shape functions. Uniaxial compression load
is applied via a rigid surface (not depicted in Fig. 1) under
consideration of Coulomb friction. In analogy to Zhang et al.
(2006), a friction coefficient of uc = 0.03 is assumed at the
interface of the indenter and the pillar.

Due to the mechanical boundary conditions in the exper-
iments, cf. also Husser et al., 2014, microhard conditions are
assumed for the plastic slip rates at the horizontal bound-
aries, i.e., vy N®.s, =0 on 3B. All other boundaries are
allowed to deform in the experiment which is captured by

Fig. 1. FE-model of the representative gold micropillar including indication of different boundaries and illustration of the double slip configuration as considered

in the numerical compression test.



58 S. Bargmann et al. / Mechanics of Materials 94 (2016) 53-65

250 v
—simulation: D =1pm
= experiment: D =1pm
200 —simulation: D =8um
= experiment: D =8um

150

100

engineering stress [MPa]

0 0.02

0.04

006 008 0.1

engineering strain [—]

Fig. 2. Corresponding stress-strain curves are in good accordance with experimental data of Volkert and Lilleodden (Volkert and Lilleodden, 2006).
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Fig. 3. (a) SEM images of deformed micro pillars (taken from Volkert and Lilleodden (2006)) and (b) corresponding contour plots of effective plastic slip Yegr =
/2o V& Results show that the gradient hardening effect is directly related to the deformation characteristic which is clearly more pronounced in the smaller

sample in terms of a double slip band.

microfree conditions, i.e., g;, =0 on aB;o’. The two types of
boundaries are indicated by a colormap in Fig. 1.

The stress-strain response for the compression test is
presented in Fig. 2 and the deformation behavior is illus-
trated in Fig. 3. As expected and observed in correspond-
ing experiments, the smaller sample shows a significantly
higher gradient effect. This is reflected by the formation of
a strongly pronounced double slip band, in accordance to ex-
periments (Volkert and Lilleodden, 2006). Both slip bands are
differently stressed: one slip system is more pronounced and
hence accommodates more deformation.

4.2. Compression of bulk polymer

As a next step, a compression test of pure bulk poly-
mer is modeled, in particular the one done by Wang and
Weissmiiller (2013). The sample has initial dimensions of

1mmx 1 mm and is compressed from above with a constant
engineering strain rate of 10~4s~1. Since the test represents
uniform field distributions, a single element is used in the
evaluation of the stress response under axisymmetric com-
pression where contraction free boundary conditions are de-
vised. We use fixed values o = 0.204, vy = 0.0017 s~! and
n = 0.043 for the strain-rate sensitivity parameter (Gearing
and Anand, 2004; Rabinowitz et al., 1970). In identification
of the remaining parameters {Scv, ncv, b, ho, g0, So» Ur, AL}
an optimization scheme with an objective function based on
squared differences of the experimentally determined and
simulated stress points corresponding to identical strains is
applied. The list of the converged parameter set is given in
Table 2. Fig. 4 displays the stress-strain response of the cor-
responding numerical example compared to the experimen-
tal data. The behavior is well-captured throughout the whole
range of the analyzed monotonic deformation.
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Table 2

Material parameters for the bulk epoxy resin.
Parameter Symbol  Value Dimension
Equilibrium value for s Sev 8.621 [MPa]
Equilibrium value for n Nev 0.000773 [-]
Parameter for § b 1750.2 [-]
Rate controlling parameter for s ho 2147.8 [MPa]
Rate controlling parameter for 1 80 0.004519 [-]
Reference plastic shear-strain Vo 0.0017 [s1]

rate

Initial resistance to plastic flow So 18.033 [MPa]
Pressure sensitivity parameter o 0.204 [-]
Rate sensitivity parameter n 0.043 [-]
Rubbery modulus R 52384 [MPa]
Network locking stretch AL 1.67 [-]

5. Numerical study of gold-polymer composite
5.1. Mechanical behavior of the nanocomposite

The nanoporous gold-epoxy composite has a very com-
plex structure, see Fig. 5(a). Numerical reconstruction of
the real microstructure is too complex for such a de-
tailed material model as presented in this contribution. As
a consequence, we study a two-dimensional honeycomb
structure as an idealization of the gold-polymer composite
structure, cf. Fig. 5(b). Microstructural investigations show
that in nanoporous gold the nanoscale pore network is con-
tiguous, see, e.g., Fig. 5(a). Hence, the gold skeleton is referred
to as open cell. In the selected plane strain configuration with
its tunnel like microstructure, there exists a continuity in the

true stress [MPa]

O experiment, Wang and Weissmiiller, Advanced Materials, 2013

— simulation

| |

| | |

0.2 0.4

Il
0.6

0.8 1 1.2 1.4

true strain [/]

Fig. 4. Bulk polymer, compression test: Simulated stress-strain response and its comparison with the experimentally determined curve.

b
Au epoxy
ANt
H i
’ D
- I |
L

Fig. 5. Gold-polymer composite, (a): SEM picture of gold-epoxy composite with ligament size of 150 nm (kindly provided by K. Wang, Hamburg University of
Technology), (b): Idealized two-dimensional honeycomb structure.
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out of plane direction, but the gold hexagonal skeleton di-
vides the domain into regular and isolated epoxy islands. This
set-up of the honeycomb structure accounts for the influence
of one gold ligament on the neighboring ones as well as the
mutual influence of gold on polymer (and vice versa) during
deformation.

Microstructural investigations show that the ligaments
consist of single crystalline gold at the nanoscale. Thus, in
all simulations, the gold phase of the representative vol-
ume element (RVE) consists of a single crystal. Together with
applied periodic boundary conditions this amounts for a sin-
gle crystal gold skeleton extending indefinitely in the plane.
This assumption is reasonable due to observed crystallo-
graphic coherence of the ligaments at long range distances,
see, e.g., Wang and Weissmiiller (2013). The remaining ma-
terial parameters of the constituents (gold and polymer) are
the same as before.

Mimicking experiments, a compression test in vertical di-
rection is simulated where with the selected configuration
certain gold ligaments, henceforth called as the vertical lig-
aments, align along the loading direction. In order to distin-
guish the inclined ligaments from each other we name them
as right- and left-inclined, respectively. If we tile the whole
plane with the given microstructure, every junction is then
a meeting point of three ligaments of distinct kinds, i.e., one
vertical, one right- and one left-inclined. This level of order,
as will be seen on the following lines, results in a compar-
atively stabilized response of the gold skeleton since in the
actual microstructures a stochastic pattern is due. As will be
shown later, the orientation of the ligaments relative to the
loading direction is conclusive in the activated slip systems.
The load is applied till a total of 20% true strain is carried
out along the loading direction with a constant engineering
strain rate of 10~3 s~1. Periodic boundary conditions are ap-
plied to both fields, i.e., displacements and GND densities. For
plastic slip, microfree boundary conditions are applied to the
gold-polymer interface.

Taking the experimental data from Wang and Weiss-
miiller (2013) as the basis, volume fractions of ¢ = 0.3 and
¢ = 0.4 and ligament diameters of 50nm and 150 nm are
used in the simulations. The developed modeling environ-

ment allows to investigate the influence of the gold con-
tent as well as the ligament diameter separately whereas,
due to processing reasons, the samples of Wang and Weiss-
miiller (2013) mix the influence of ligament diameter and
gold fraction (composite 1: D = 50 nm and ¢ = 0.3; compos-
ite 2: D =150 nm and ¢ = 0.4) and no separated influence
was studied in their experiments.

During the whole loading history, ligaments whose di-
rections coincide with the loading direction mainly deform
under compression whereas the oriented ligaments mainly
undergo in bending in addition to the compression. The re-
sultant stress-strain responses projected in loading direction
of composite structures with ligament diameter 50 nm resp.
150 nm and gold volume fraction of ¢ = 0.3 resp. ¢ = 0.4 are
depicted in Fig. 6.

Due to the heterogeneous microstructure, the stress dis-
tributions are also heterogeneous. Hence, the stress compo-
nents analyzed here are carried out through a standard ho-
mogenization procedure which accounts for mutual effects
of gold and epoxy as load carrying agents. In this sense, the
composite’s response curve is a full outcome of the simula-
tions and not an input. One can easily distinguish the char-
acteristics of these curves as an initial elastic part, a yield
point, an initial hardening branch, a slight post-peak soften-
ing and a subsequent mild plastic hardening region - which
agrees very well with the reported experimental results of
Wang and Weissmiiller (2013) for D = 150 nm with ¢ = 0.4
and D = 50 nm with ¢ = 0.3. It should be noted, however,
that unlike (Wang and Weissmiiller, 2013), our results are in
accordance with the rule of mixture. The variation of the vol-
ume fraction significantly influences the mechanical charac-
teristics of the composite. Nevertheless, it should be noted
that the comparison is made among nanostructures of iden-
tical topological properties. As given in the following sub-
section, authors’ investigations show that, the connectivity
at junctions and the size of the continuous load bearing lig-
ament loops significantly affect the strength and stiffness.
Hence, preserving volumetric content of gold while varying
its connectivity might result in significantly different mate-
rial response. At fixed ligament diameter, the composite with
smaller gold fraction possesses a lower Young’s modulus and
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Fig. 6. Gold-polymer composite: influence of ligament diameter D and volume fraction ¢ on the stress-strain behavior.
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a significantly lower yield stress. Mainly the gold content
controls the yield stress. Ligament diameter on the other is
effective on the hardening of the material. Initial hardening,
post-peak softening and rehardening regions seem to be off-
sets of each other. Our investigations show that especially in
the further stages of deformation, the rapid hardening of the
epoxy is also effective in the increase in hardening rate under
considerable compaction. The results recorded in the current
study premise a gain in both strength and stiffness in com-
posite response as compared to NPG or epoxy alone. This
does not violate the rule of mixing taking into account that
the pores in the gold skeleton are replaced by epoxy resin in
the final composite structure.

The reason behind relatively higher predictions in flow
stresses than the reported experiments could be attributed
to the selected topological properties (perfect connectivity
at the junctions) and to the reduction from three to two di-
mensions in the numerical compression test. This results in a
tunnel like gold skeleton, which increases the structural stiff-
ness. Here, the plane strain constraints govern through suffi-
ciently limiting the admissible velocity space for the material
flow, via, e.g., suppressed out of plane dislocation mobility. As
a consequence, in the simulations the hardening regime fol-
lowing the post-peak softening occurs earlier and with larger
plastic hardening modulus. For D = 50 nm the hardening is
much weaker and even close to ideal plasticity within the
simulated strain range. This is especially the case for increas-
ing ligament diameter, where a size effect is clearly observed.
Almost ideal plasticity results are carried out for D = 150 nm.
Despite these minor differences, the analysis clearly shows
the model’s general capability to capture the material’s me-
chanical response.

In Fig. 7, the distribution of the effective plastic slip e =
VY, & in the gold constituent at true strain of 20% is de-
picted in the deformed configuration. At this level of defor-
mation, the maximum value of the effective plastic slip is
found in the central region of the inclined ligaments for all
gold contents and ligament sizes. Although there seems to
be a balance in the effective plastic slips in the oriented lig-
aments, once the plastic slip in each slip system is observed
different slip system dominate right- resp. left-inclined liga-
ments. This is anticipated taking the geometrically stiff and
compliant directions of the inclined ligaments, the loading
mode and the slip directions into account. As a consequence,
in each inclined ligament the slip system with a direction
transverse to the ligament axes produces more plastic flow

a b
Aol ' '
S N4

B ool
+4583e-01
| oy B f [
+3750e-01
13333601
+2917e-01
L 250001
1208301
+1667e-01
+1250e-01

+8333e-02
' iere0r 5 |

+0.000e-+00 /\ /\

whereas the ones with a direction along the ligament axis are
relatively passive. One should note that with the approximate
symmetry in distribution of the slip on inclined branches, ex-
treme distortion of the microstructure under compression is
suppressed and although periodic boundary conditions sup-
ply sufficient freedom in nodal displacements at the edges,
the edges do not deviate too much and preserve their ini-
tial flatness. For the vertical ligaments, around the central
region there exists a slightly oriented accumulation of plas-
tic slip. However, the magnitude is not more than one third
of the magnitude recorded in the inclined ligaments. In fact,
at the very early stages of the deformation, at around 4 % of
compression, this zone involves dominating effective plastic
slip for ¢ = 0.3 as depicted in Fig. 8. This shows that the mi-
crostructure has a tendency to deform in this more compliant
bending mode as compared to the compression of vertical
ligaments.

In Fig. 7, localized plasticity is clearly visible in the dis-
tribution of the plastic slip. Looking at the deformed figures
and the contours of the effective plastic slip, it is clearly seen
that (in agreement to what is noted in Wang and Weissmiiller
(2013) as compared to the individual plastic flow of the gold
members) the volume changes of the RVE generally control
the plastification. Of course, the volumetric changes in the
RVE are limited by the epoxy impregnation as compared to a
nanoporous gold structure.

For a constant gold volume fracture, it is observed that
more plastic deformation takes place in ligaments with
larger ligament diameter. In addition, a stronger local-
ization in plastic deformation takes place for a constant
diameter when increasing the volume fracture, leading to
a stronger impact of GNDs on the material response. This
is reflected by the increase of strength as shown by the
stress-strain curve. Further, in the composite structures with
a smaller ligament diameter, the accumulation of GNDs in
regions with cross slip, i.e. in vertical ligaments, is strongly
pronounced as illustrated in Fig. 9. This indicates that de-
formation is mostly carried in the inclined ligaments where
single-slip is dominated. However, the accommodation of
tensile/compression load of the vertical ligaments increases
with reduced gold volume fracture as illustrated at an early
state of deformation (4%) in Fig. 8. This direction holds at
higher strain levels but is overlapped with strongly localized
deformation in the inclined ligaments. In nanoporous gold, it
is known that bending is the dominating deformation mode
(Huber et al., 2014), whereas in epoxy enriched composites
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Fig. 7. Gold-polymer composite, gold constituent: effective plastic slip yerr = />, ¥2 distribution at 20% true strain for (a) ¢ = 0.3, D = 50 nm, (b) ¢ = 0.3,

D =150 nm, (c) ¢ =0.4, D =50 nm and d) ¢ = 0.4, D = 150 nm.
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a mixture of tension/compression and bending is typically
observed.

The arrangement in the selected microstructure where
each junction hosts a vertical and two inclined ligaments ef-
fectively eliminates many collapse scenarios except for two:
the first one being a snap through buckling of the oriented
ligaments or buckling and/or shear banding in the vertical
ligaments. The deformation patterns show that, with the se-
lected topology, it is highly unlikely that the latter mech-
anism precede the former. In agreement with experimen-
tal observations, the loading of the composite in simulations
can be proceeded until large deformations without a severe
localization or collapse mechanism observed. Here, the posi-
tive effect of epoxy on the gold skeleton should not be over-
looked. In view of the envisaged collapse scenarios, the epoxy
resin surrounding the gold skeleton has two apparent advan-
tages. Initially, for vertical ligaments they increase the Eu-
ler buckling load, stabilizing the effective length of the gold
columns. Secondly but more importantly, the epoxy resin
brings an additional stiffness to stabilize the collapse of the
microstructure through a snap through buckling of the ori-

ented ligaments. This is in agreement with the observations
of Wang and Weissmiiller (2013) on nanoporous gold com-
posites where the impregnation through bringing control to
the active volume change, increases stability of the system.
Also it is noted that the bending modes are converted to
the normal loading patterns, a scenario which is not in com-
plete agreement with the simulations. Hence, we see that
the major mechanisms are not altered but the intensities are
changing.

Fig. 10 illustrates the evolution of the plastic deformation
(the 22-component of Fp) in the epoxy resin for the compos-
ite with ligament diameter 50 nm and gold fraction 0.3. In
terms of the mechanical behavior, the characteristics are the
same for both ligament sizes and both gold fractions. Quanti-
tatively, they differ, i.e., the size effect also affects the epoxy.
The main compression mechanism is controlled by the com-
pression of epoxy and bending of the oriented ligaments. This
brings a considerable shortening in the epoxy fibers along
central junction points of the gold ligaments where maxi-
mum shortening takes place at the very center. Epoxy ma-
terial points in contact with the vertical gold ligaments are
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Fig. 11. Accommodation of plasticity for different variations of the cell structure: (a) regular unit cell, ¢ = 0.4; (b) open unit cell with inclusions, ¢ = 0.4; (c)
regular unit cell, ¢ = 0.35; (d) open unit cell, ¢ = 0.35. The ligament size D = 150 nm is constant for all cases.

least compressed. This preserved region gradually dissolves
towards the center. This is clearly depicted in the plastic de-
formation gradient plots for the loading direction. Maximum
deviation from unity, which represents maximum plastic de-
formation, happens to take place in the center. This region is
also the location of maximum elongated fibers in the trans-
verse direction and with the highest von Mises stress at the
end of the loading. During monotonic compression of the
RVE, the material regions around the inclined ligaments plas-
tify first. Then, rapidly with an arc-like effect this maximum
plastic flow region is carried over to the center. During plas-
tic flow, the material points first experience plastic hardening
during initial yielding. Once the peak is reached, they unload
due to softening controlled by the free volume of the epoxy.

Later on with further plastic deformation, rapid hardening is
attained which adds up to the composite’s strength.

5.2. Variation of the cell structure - effect of ligament
connectivity

The ligament network of gold-polymer composite reveals
a low ligament connectivity density for larger ligament sizes.
As a consequence, broken ligaments in larger ligament sizes
might lead to an additional influence of the initial stiffness
as well as the strength of the composite as they lead to (lo-
cally) larger load-bearing zones. The deformed structures are
illustrated in Fig. 11 at a true strain level of 10%. From left to
right and from top to bottom their respective characteristics
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Fig. 12. Stress-strain curves of corresponding cell structures presented in Fig. 11.

are: (a) closed (regular) unit cell with ¢ = 0.4; (b) open unit
cell with inclusions and ¢ = 0.4; (c) closed unit cell with ¢ =
0.35; (d) open unit cell with ¢ = 0.35. For all cases, the same
ligament size of D = 150 nm is considered in order to elimi-
nate any size-dependent influences stemming from the gold.

The corresponding stress-strain curves are presented
in Fig. 12. For improved comparability, the elastic tangent
is extended in the diagram. One can find a decrease in
stiffness with decreasing gold volume fraction for the same
connectivity density (cf. grey and green curves). The same
tendency is presented for various ligament sizes and for
a wide range of solid volume fractions in the recent work
of Mameka et al. (2015). Besides, it can be seen that the
overall composite strength reduces together with a drop
in the peak stress which additionally is shifted towards a
higher strain level. Keeping the gold volume fraction con-
stant and reducing the connectivity density - archived by
braking off one ligament connection - indicates a further
decrease in stiffness (cf. green and red curves). Here, the
resulting increase in load-bearing zones results in a softer
response of the composite, noticeable in the matter of a
further reduced peak stress. Finally, it should be noted, that
unconnected inclusions influence the stiffness as well as
the strength only slightly since such unloaded ligament
segments do not accommodate any deformation (cf. red and
blue curves). Consequently, their volume fraction of 5% does
not follow the above mentioned trend. Of course the loss
of structural symmetry in the newly constructed models
has consequences on the model response. Still, even if the
symmetry is preserved, completely unconnected ligaments
(less likely in NPG) or ligaments with dead ends (more likely
in NPG) accommodate considerably less plasticity hence the
topological effect persists.

6. Conclusions

It is well understood that a material’s microstructure
might strongly influence its macroscopic deformation be-
havior (though it is not always fully understood ‘how’).
One direction in materials science is to specifically design
a material’s microstructure and, by this, improve its prop-
erties. As gold is quite an exclusive metal component for

the composite, there already exists research towards a less
noble constituent, see e.g., the works on macroporous iron,
chromium and ferritic stainless steel (Wada and Kato, 2013),
nanoporous titan (Wada et al., 2011), or copper (Hayes et al.,
2006).

Our work contributes to the development of nanoporous
metal-polymer composites, where particularly the gold’s mi-
crostructure is of interest and varied during the preparation
process. Due to the small size of the gold ligaments and the
filling polymer constituents, the interfacial area is drastically
larger compared to standard materials.

In the current contribution, the elastic-viscoplastic defor-
mation of the gold-polymer nanocomposite under compres-
sive loading is investigated in the framework of extended
continuum mechanics. The crystalline behavior is modeled
via a gradient extended crystal plasticity theory which cap-
tures the size effect (of bulk gold as well as of the compos-
ite), latent hardening and the Bauschinger effect. The amor-
phous polymer behavior is modeled using a phenomenolog-
ical visco-plastic theory which accounts for local free vol-
ume, which is associated with certain metastable states. The
model not only accounts for a Bauschinger-type reverse-
yielding upon unloading after large plastic deformations but
also controls the rapid strain-hardening response after the
initial yield-drop. The qualitative hardening behavior of the
composite is well mapped. To date, ideal contact between
gold and polymer is assumed. Further, the strengthening by
interfacial phenomena is not captured by the model yet, al-
though it is anticipated to influence the mechanical behavior.
Both are part of ongoing research.

The developed modeling environment allows investiga-
tion of separated influence of the gold content as well as
the ligament diameter whereas, due to processing reasons,
no separated influence can be studied in the experiments of
Wang and Weissmiiller (2013). With the current study we
show that the macroscopic response curves carried out with
the conducted simulations qualitatively agree very well with
the experimental findings. The characteristics of these curves
as an initial elastic part, a yield point, an initial hardening
branch, a slight post-peak softening and a subsequent mild
plastic hardening region are well captured. Our investi-
gations also show that ligament connectivity has a large
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influence on material’s strength and stiffness. This could ex-
plain the inadequacy of the application of the rule of mixture
in various applications with nanoporous gold composites.
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