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Abstract 

Experimental investigations of the strength of small objects — such as micropillars or nanowires 

— point towards a trend of increasing strength with decreasing dimension,
[1-3]

 approximating the 

theoretical shear strength when the size drops to the lower nanometer region.
[1-4]

 Nanoporous 

metal synthesis via dealloying
[5-7]

 provides mm- or cm-sized monolithic samples consisting of a 

homogeneous network structure of nanoscale “ligaments” with uniform size that can be 
controlled down to well below 10 nm.

[8-10]
 The strength of the ligaments increases with 

decreasing size, attaining the theoretical strength of the metal at ligament diameters in the lower 

nanometer region.
[3, 11]

 This high strength at the nanoscale, along with the low mass density of 

porous metals, suggests a search for design strategies that yield strong, lightweight composite 

materials by exploiting the mechanical properties of metal nanostructures. 

Nanoporous gold(npg) can be deformed to large plastic strain in compression, in contrast to many 

other nanomaterials that fail after few percent of deformation.
[12]

 The deformability of npg may 

be understood from the macroscopic constitutive behavior. Yet, the absence of transverse plastic 

strain in the macroscopic nanoporous metal implies that compression under uniaxial stress is 

completely carried by densification of the network of ligaments. The densification causes work 

hardening at the macroscopic scale, promoting stable and uniform
 
plastic flow in compression. 

Yet, the same argument also points at the central deficiency of nanoporous metals as structural 

materials: Plastic flow under tensile loading reduces the density, resulting in work softening and, 

hence, in shear instability and brittle failure. Thus, in spite of the high local strength of the 

nanoscale ligaments, nanoporous gold is poorly suited to be applied as structural material. 

Obviously, ductilization of the material requires, first and foremost, a materials design that 

prevents the density change under load.  
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In this work, it shows that nanoporous gold made by alloy corrosion can be vacuum-impregnated 

with polymer to produce an interpenetrating phase nanocomposite that is reinforced by an 

interconnected network of metal nanostructures. The mechanical behavior including tensile 

ductility and plastic deformation of this novel nanocomposite material with various 

interpenetrating polymer phase were systematically explored. The tensile and compression tests 

have been carried out to study the mechanical behavior of the composite material in comparison 

with its constituent nanoporous gold and polymer materials. Compared to the deformation 

behavior of npg, the composite can suppress the densification during the compression 

deformation. It is found that the composite has a significant improvement of tensile ductility of 

npg and a drastic increasing of strength in both tension and compression case. 

The mechanical tests demonstrate that impregnation with a polymer is an efficient way of 

reducing the density change during plastic flow under uniaxial load and results in a drastic 

reduction of the tension/compression anisotropy of the work hardening. The interpenetrating 

nanocomposite material which is thus formed has an isotropic microstructure and exhibits a 

number of unusual and technologically attractive properties, specifically ductility in tension, the 

option of cold-forming, high electric conductivity and a strength significantly exceeding that of 

each of the constituent phases. The finding validates a novel materials design strategy that 

exploits the trend of “smaller is stronger” in metal nanostructures by incorporating them as 
reinforcement into a bulk composite material. Future studies promise insights into size- and 

interface or interphase effects on the mechanical properties of the metallic and the polymer 

phases, as well as progress towards a new class of strong, ductile and electrically conductive 

nanocomposites. 
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Chapter 1.  

Introduction 

1.1 Motivation 

A body of research carried out on small objects, for example nanowires or micropillars, mostly 

presents a major trend of decreasing dimension with increasing strength.
[1-3]

 It approximates the 

theoretical shear strength that is present at a moment when the size decreases to the lower 

nanometer region.
[1-4]  

The observation of theoretical strength in defect-free crystals, such as 

whiskers, irrespective of their size exemplifies that the trend of “smaller is stronger” is related to 

the defect structure.
[13-15] 

The interaction of dislocations with the surface is another important 

factor, as is evidenced by in-situ observation of large recoverable flow-stress changes during 

interfacial charging or electro sorption.
[16]

 Regardless of its microscopic source, the presence of 

such a high strength in small size objects implies a need for design solutions that could offer 

high-strength materials by making use of mechanical properties of metal nanostructures. In this 

case, synthesis via dealloying can offer a solution to the major problem, namely, how to 

assemble a high number of nanoscale objects (10
18

 for 1 cm
3
 of material with a structure size of 

10 nm) into a macroscopic object.
[5, 6, 17]

 Nanoporous metals made by dealloying take the form of 

monolithic bodies consisting of an interconnected network of nanoscale ‘ligaments’ in a 
polycrystalline microstructure with typically 10 to 100 µm grain size

[18, 19]
. Each micron-sized 

grain is nanoporous, so that neighboring ligaments share the same crystal lattice. In other words, 

the local structure in volumes of, for instance, 1 µm
3
, is that of a single crystal containing a 

contiguous nanoscale pore network. The mechanical behavior of these materials obeys scaling 
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equations derived for foams with macroscopic porosity, and the local strength of the ligaments 

follows the same
[3, 11, 20, 21] 

or similar
 [19, 22]

 trends as individual nanowires. The material is under 

study as a model material for clarifying the deformation mechanisms and mechanical properties 

of small metal bodies such as nanowires or nanopillars.  
 

Nanoporous gold (npg) made by dealloying has attracted a lot of interest due to its unique 

mechanical and electrical properties
[3, 11]

 and its wide variety of applications in actuation
[23, 24]

, 

sensing
[25, 26]

, and catalysis
[27, 28]

. Previous researchers have revealed extremely large local 

strength of the individual ligaments
[11]

 and excellent compressive ductility of macroscopic 

nanoporous gold samples
[19]

. While microscale and more recently macroscale nanoporous gold 

samples show excellent deformability in compression, studies so far have invariably indicated 

brittle failure in tension. This behavior has been linked to a tension-compression asymmetry of 

the mechanical behavior of porous bodies: While densification of the network implies work 

hardening in compression, density loss in tension results in work softening. This latter behavior 

implies a plastic instability with shear localization and brittle failure in tension. Structural 

applications of nanoporous gold generally have been limited to the absence of tensile ductility 

caused by the density changing under loading
[16, 29]

. Obviously, a materials design that prevents 

the density change under load is necessary for requires of ductilization of the material. 

Metallic nanoporous materials are sometimes regarded as the type of composite where the air 

phase in the pores is considered to be the second phase.
[30]

 Nevertheless, the relatively low 

influence of the gas phase in the pores on the foams' properties attracts few attentions to the 

research on the second phase's effects. A majority of studies on mechanical properties of porous 

metals concentrated on the deformation of solid matrix in compression as well as in tension. 

Another vital research topic has been volume fraction and dimension and morphology of the 

ligaments.
[11, 21, 31-35]

 However, it is still important to note that the influence of the second phase 

on the metal foams' properties may still be of great significance if the gas phase is substituted. 

Jin and Weissmueller
[16]

 demonstrated a hybrid material concept that designed a hybrid 

nanostructure consisting of porous metal that is interpenetrated by an electrolyte as the second 

component. By polarizing the internal interface via an applied electric potential, the material’s 
strength and ductility can thus be matched to altering requirements in service. The concept 

allows the user to select, for instance, a soft and ductile state for processing and a high-strength 

state for service as a structural material. 

It can be assumed that if a lightweight, ductile phase, such as polymer, is used to fill the pores, it 

will make the effects of the second phase more significant. This method yields a composite 

referred to as interpenetrating phase composite. It is a more advanced kind of nanostructure 

composite characterized by the component materials that are in a co-continuous state. The 

composite are composed of two different material classes (for instance polymer, metal or 

ceramic) that are combined on a macroscopic level. Each of the interpenetrating component 

materials is characterized by different unique properties. Synergetic effects are expected with the 

approach of interpenetrating nanocomposites, in other words, relevant properties may be having 

higher values as well as some additional traits and new property combinations may be realized. 
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In this work, impregnation of the nanoporous metal with a polymer is explored as a method that 

can help achieve a major goal that is to realize high-strength and ductilization of composite 

material so that it can serve as a structural material. The interpenetrating nanoporous metal-

polymer composite material which is thus formed is expected to have various novel properties. 

1.2 Scope and structure of this work 

This work introduces an approach to generate an interpenetrating phase nanocomposite material 

that combines this high-strength and uniform metallic network structure with an interpenetrating 

polymer phase. Nanoporous gold is used as host foam and the entire interconnected pore 

structure was vacuum-impregnated with different kinds of polymer. The present research 

concentrates on investigating the properties of composites compared to theirs constituent 

materials, polymer and nanoporous gold. A systematic study is necessary to fully explain and 

understand the structure-property relations for npg-polymer composites and native npg. Another 

issue to be explored is the way the ligament size and structure of nanoporous gold as well as the 

different interpenetrating phase of polymer influences the mechanical traits of composites, in 

particular tensile ductility. All of the above mentioned problems will be addressed in the 

following chapters.  

The electrochemical technology is applied for preparation of pure npg host foam throughout this 

work. The fundamental principles of electrochemistry and the basic introduction of structure, 

properties and structure-property relations of npg will be described in the third section of 

Chapter 1. The general introduction and literature review about different type of composites will 

be also introduced in the third section of Chapter 1.  

The detailed experimental procedures will be described in Chapter 2, including the samples 

preparation, characterization and corresponding mechanical measurement setups.  

The characterization of microstructure was investigated in the first section of Chapter 3 by using 

scanning electron microscope (SEM), transmission electron microscope (TEM) and atomic force 

microscope (AFM). The electrical and thermal properties of materials were explored in the 

second and third section of Chapter 3, respectively. The results in this chapter have partly been 

published in the journal of Advanced Materials
[36]

, and submitted to journal NPG Asia Materials 

for publication. 

The purpose of this work is to develop ductile high-strength nanocomposite material. Therefore, 

Chapter 4 focuses on studying plastic deformation of npg-based composites with different 

polymers that occurs in both compression and tension, and compares it to its parent material, 

namely, npg and polymer. Structure-property relations of npg-polymer composites and native 

npg will be further researched for full understanding of the issue. In the first section, 

microhardness and compression tests will be performed on npg, polymer and their composites to 

investigate the plastic deformation behavior in compression. The compressive behavior of 

composites is compared to that of their constituents phase to illustrate the important distinction. 
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The polished cross-sections of deformed sample investigated by SEM were used to study the 

deformation mode during plastic flow of nanoporous metals under uniaxial load. A part of results 

obtained in this chapter have been published in the journal of Ref. [36]. The second section of 

this chapter demonstrates a design of a protocol which makes it possible for cm-sized samples to 

be tested in tension. The specimen can be prepared by a custom-made apparatus to eliminate the 

effects of subtle testing misalignment of the test specimen in the testing machine. The plastic 

deformation in tension of nanoporous gold-polymer composites is explored by tensile test, three- 

and four-point bending tests. The results in this chapter have partly been submitted to journal 

NPG Asia Materials for publication. 

In Chapter 5, the elastic deformation behavior of materials was explored with three methods: 

instrumented indentation test, load-unload compression test and dynamic mechanical analysis 

(DMA). The elastic modulus of npg and composites will be discussed in the section of this 

Chapter.  

This dissertation ends with Chapter 6, which summarizes the whole work and gives an outlook 

on future research possibilities. 

1.3 State of the art 

1.3.1 Dealloying  

The process of dealloying is a selective dissolution process of a precursor alloy, which until 

recently has usually been researched in the context of corrosion
[37]

. An important element of the 

process is selective dissolution of the precursor alloy's constituents, usually the less noble ones. 

It is conducted through chemical or electrochemical means, where the more noble atoms are not 

leached off and aggregate instead. What is left behind are porous skeletons of other elements. 

Dealloying has a long and rich history. Selective dissolution is an ancient technology: early 

Andean metal smiths used this technique, which was known as depletion gilding, to enhance the 

surfaces of their artifacts
[38]

. By this technique, a non-gold element near the surface of a less 

expensive alloy such as Au-Cu or Au-Ag was selectively dissolved by chemicals to create a 

surface of pure Au, and during this process copper or silver was removed from the surface of 

alloys.  

An important condition for the process to be completed is that one of the constituents of the 

starting alloy should be less noble than the other. It makes it easier to selectively remove one of 

the constituents from the alloy in potentiostatic conditions or when it is exposed to an oxidizing 

medium. From the point of view of electrochemistry, it is crucial that the standard oxidizing 

potential of the less noble component is much lower than in case of the nobler component. 
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1.3.1.1 The overview mechanism of dealloying  

A complete model of selective dissolution has been developed over the years. Four possible 

mechanisms may account for the formation of nanoporous structures by dealloying: ionisation–
redeposition, volume diffusion, surface diffusion and the percolation model.  

(1) Ionisation-redeposition mechanism proposed by Brahms
[39]

: in the initial stage the two 

elements in the alloy ionize or are dissolved in the electrolyte. Next, redeposition of the more 

noble metal onto the surface occurs. Nevertheless, studies show that only one of the metal atoms 

is preferentially dissolved. It is important to note that most often in experimental conditions of 

nanoporosity formation the dealloying potential is much lower than the minimal potential 

necessary for dissolution of the more noble element to take place. 

(2) Volume diffusion mechanism suggested by Pickering et al.
[40, 41]

: from all atoms, only the 

less noble ones can be dissolved from the alloy and get into the solution. Volume diffusion 

enables the transfer of both metals through the solid phase. There are voices stating that this 

factor is especially significant for the movement of species in the solid state. It has been assumed 

that less noble atoms at kink sites, as presented in Figure 1, are dissolved and then ionized. 

Given the driving force is high enough, atoms found at non-kink sites, as shown in Figure 1, can 

find their way into the solution in the form of a divalent ion. The less noble atoms on a complete 

lattice layer can be disposed of and reach the solution, which results in surface vacancies. Such 

surface vacancies can be filled either by lone absorbed atoms coming from the surface or by 

atoms on the lattice layer below the surface. The vacancies filled in the latter way will lead to 

atom's movement from the bulk alloy to the surface. Consequently, the less noble atoms 

transferred to the surface causes additional vacancies in the alloy's interior. An excess vacancy 

concentration near the surface increase progressively, which will improve diffusion of less noble 

atoms from the bulk alloy to the surface. At the same time, more noble atoms are diffused 

backwards due to the gradient of the ration between these two atoms. 

 

Figure 1:
[42]

 Schematic representation on an atomic scale of the surface of an alloy 

composed of dissolvable A atoms and noble B atoms. K is a kink site on a surface step, 

N is a non-kink site on a step, and T is a terrace site. A atoms at the kink sites will 

dissolve first, while those at the N and T positions will be removed when greater 

activation energy can be obtained.  
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(3) Surface diffusion mechanism, which was proposed by Forty et al.
[43, 44]

 by studying Au–Ag 

and Au-Cu systems, suggested that the dissolution of the more active element causes system 

disorder and subsequently, the system is reordered through aggregation of the remaining more 

noble element caused by surface diffusion in order to reduce the surface energy. 

(4) The percolation model was proposed by Sieradzki et al.
[45, 46]

 for the selective dissolution 

process, which expands upon the surface diffusion model. Following this model, the continuous 

connected cluster of less noble elements makes dissolution possible, as well as the electrolyte 

that can not only dispose of less noble atoms on the surface and those located interior, but it can 

also enter the bulk solid. The electrolyte penetration is also supported by coarsening of the initial 

clusters producing a skeletal structure labeled a backbone which contains most of the cluster, 

which precedes the nanoporous structure developed in the process of dealloying. The coarsening 

was achieved by surface diffusion of the more noble atoms.  

1.3.1.2 Parting limit 

Importantly, dealloying exhibits a sharp compositional threshold or parting limit which is 

expressed in the form of critical atom percentages of the less noble component. Only above this 

value can the more active component be removed from the alloy through electrochemical 

dissolution that takes part in an oxidizing environment. Early theories of the parting limit 

appealed to geometrical thresholds in a compositionally ordered alloy lattice.
[47]

 Recently, the 

connectivity of reactive atoms in the more usual case of a disordered alloy has been the focus of 

attention.
[45]

 This concept is still used in noble metal technology to separate noble from base 

metals. For instance, an alloy of 55 at.% gold and 45 at.% silver does not dealloy, but if the 

atomic fraction of silver in the alloy reaches the value exceeding 60 percent, then the gold can be 

separated almost completely in an oxidizing environment such as nitric acid or by application of 

a suitable potential.
[48]

 In principle, dealloying does not take place if the percentage of reactive 

element is below the parting limit, irrespective of the potential.  

1.3.1.3 Ec – Critical potential for dealloying 

In some cases, an alloy does not undergo selective dissolution below a certain potential known as 

critical potential, even if it meets the requirements for dealloying (like parting limit). An 

available definition describes it as the onset of selective dissolution which is characterized by an 

abrupt increase in current density with increasing potential, which represents the transition from 

alloy passivity to porosity formation. Sieradzki et al.
[49]

 determine the critical potential by 

physics of the processes, which showed that for most systems Ec is determined by a balance 

between selective dissolution, which roughens the surface and surface diffusion which 

smoothens the surface. Below the critical potential, surface diffusion of the nobler component is 

more predominant and with time it enriches the surface preventing a bulk dealloying. When the 

critical potential is exceeded, bulk dealloying controls the surface diffusion and porosity 
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evolution can be observed. The value of Ec is determined by the concentration of the more noble 

component and grows together with the increase in its concentration. 

1.3.1.4 Volume shrinkage during dealloying 

Parida et al. found that the macroscopic volume is reduced up to 30% during electrochemical 

dealloying of Au-Ag alloys.
[18]

 They suggested that the volume contraction of npg was 

correlated with the dealloying rate, which was dependent on the applied dealloying potentials ED 

as well as transferred charge Q. More shrinkage and faster dealloying was seen with higher 

potentials, and relative length change Δl/l0 varies in proportion to the amount of the transferred 

charge Q. Figure 2 shows the correlations between length change and Q, as well as characteristic 

time, t1/2 which represents the time at which half of the total dealloying charge was transferred. 

From Figure 2(c), the extent of shrinkage is larger and dealloying is faster (with lesser t1/2) at 

higher ED. It has been suggested that plastic deformation is an important factor that should be 

considered in order to rationalize the increasing defect density that occurs at higher Ed, 

simultaneously with the growing shrinkage. A particularly important factor for such dimensional 

changes was the surface stress-induced compressive yielding, despite the fact that it was initially 

expected to take place only in ligaments characterized by several nanometers or less. However, 

such small diameter ligament exists in a transient state, which is subject to rapid coarsening. 

Parida et al.
[18]

 assumed that the volume shrinkage occurring during dealloying is caused by 

plastic deformation. This process requires a mechanism for the nucleation of dislocation, due to 

the fact that large numbers of dislocations have to be present to account for the high level of 

shrinkage. It was suggested that the dislocation was caused by the collapse of pores that had to 

be small enough. 

  

Figure 2
[18]

: (a) In situ dilatometry traces for a 0.9 mm
3
 bulk Ag75Au25 cube showing the 

time evolution of relative length change Δl = l0 and of transferred charge Q at 

dealloying potential 850 mV versus Ag/AgCl. (b) The relative length change Δl/l0 versus 

transferred charge Q for the data in (a). (c) Net length change after completion of 

dealloying versus the half-time of dealloying for bulk () and 11 carat leaf () samples. 

Data points are labeled according to applied potential.  

(c) 
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1.3.1.5 Crack formation during dealloying 

The dealloying process for nanoporous gold typically leads to a high density of cracks
[3, 18, 35, 50, 

51]
, which impair the mechanical performance. The underlying cracking mechanism as well as 

ways to prevent it have to be completely understood since the mechanical integrity is a crucial 

condition in nanoporous metals' application. Volume shrinkage is a factor behind the crack 

formation, and it usually occurs during dealloying. It is brought about by tensile stress observed 

in freshly formed porous materials found the dealloying front. 
[18, 19]

 

Due to the volume contraction that typically accompanies dealloying and the macroscopically 

brittle nature of nanoporous metals, crack formation seemed inevitable during processing.
[3, 51, 52]

 

However, some researchers found that the cracking can be reduced or even eliminated by 

controlling the dealloying potential or temperature, and also by reducing residual stresses in the 

master alloy through recovery anneals.
[19, 50]

  

Parida et al.
[18]

 found that accelerated corrosion observed at higher potentials resulted in the 

largest change in volume. Samples dealloyed under these conditions were found to have many 

lattice defects and were subject to extensive macroscopic cracking. In comparison, the starting 

alloys and samples dealloyed at a slower rate with a lower potential are found to have 

significantly fewer defects. This suggests that the defects and subsequent macroscopic cracking 

caused by aggressive dealloying procedures are generated from the dealloying.
[17]

  

Sun et al.
[53]

 have successfully synthesized the crack-free thin film npg, and Senior and 

Newman
[50]

 have fabricated relatively thin (100 µm) bulk npg foil by optimizing the Au content 

of the alloy, controlling the applied potential and/or increasing the temperature of the electrolyte. 

It should be noted that the crack-free 100 µm thick npg was not completely dealloyed through 

the thickness; only a thin surface layer, several microns thick, was dealloyed
[50]

.  

Sun and Balk
[54]

 produced bulk nanoporous gold with ligament width of 14 nm by using a simple 

two-step dealloying method. No volume change is found and only a few narrow intergranular 

cracks at isolated locations on the sample surface were observed. They proposed that the 

galvanostatic dealloying method used in their work appears superior to potentiostatic methods 

for fabricating millimeter-scale samples.   

Zhong et al.
[55]

 discussed the role of the parameters (i) lattice parameter change, (ii) dealloying 

potential and rate, and (iii) thermo-mechanical treatment of the master alloys in their work. They 

found that changing the starting alloy from Au25Ag75 to Au25Cu75 at applied dealloying potential 

of 1.1 V versus Ag/AgCl can completely suppress the formation of the crack and successfully 

yielded ligament size below 10 nm.  

1.3.2 Introduction of nanoporous gold 

Nanoporous gold (npg) is a relatively new material and has attracted more and more interest in 

recent years due to its interesting properties and structural features. The material represents a 
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homogeneous interconnected network of ligament with dimension that can be controlled down to 

well below 10 nm.
[8-10]

 Investigations by transmission electron microscopy, focused ion beam 

imaging, and electron backscatter diffraction have established that nanoporous metals prepared 

in this way are polycrystalline with a grain size of 10-100 µm.
[18, 19]

 Each micron-sized grain is 

nanoporous, so that neighboring ligaments share the same crystal lattice. In other words, the 

local structure in volumes of, say, 1 µm
3
, is that of a single crystal containing a contiguous 

nanoscale pore network.  

1.3.2.1 Methods to tune the microstructure of npg 

The ligament sizes of npg can be alternated from a few nanometers to micrometer. There are at 

least four methods to change the ligament size: changing dealloying conditions such as 

dealloying potential
[56]

, types of electrolyte, and dealloying time; cathodic cyclic 

voltammograms (CV) scans; acid coarsening after dealloying
[57]

; and thermal post-treatment 

where nanoporous specimens are exposed to elevated temperatures after dealloying.
[5, 21, 32, 58, 59]

 

Considering that gold cannot be oxidized in the open air, it is easy to tune the ligament and pore 

dimension from nanometer to micrometer in length scale by applying a simple furnace anneal 

that has different annealing time and temperature. The basis of this principle is Ostwald ripening 

theory
[21, 35, 45, 52]

 which states that it is diffusion that drives the formation of larger and more 

thermodynamically stable structures. In the case of nanoporous gold, the coarsening of ligaments 

and pores is driven by the reduction of surface energy, which involves surface diffusion of gold 

atoms in order to form nanoporous structures with minimal surface energy.  

1.3.2.2 Mechanical properties of npg 

Recently, the mechanical properties of nanoporous gold have attracted a lot of research attention. 

Several studies have been devoted to deformation mechanisms and ligament strength of npg
[3, 20, 

21, 60-63]
.  

1) Yield strength 

The Gibson-Ashby scaling equation may be used for estimating the local yield stress based on 

the effective materials behavior of npg.
[3, 20]

 According to the standard model of foam plasticity 

developed by Gibson-Ashby
[64]

, the relationship between yield strength and the relative density 

 = (ρnp /ρs) of an open-cell isotropic foam can be calculated as follows:  

y = C1 s (ρnp /ρs)
n
                                                                                                                   (1) 

where σs is the yield strength of the solid materials, ρs and ρnp are the density of the solid 

materials and the porous counterpart, C1 and n stand for empirical constants.  

Biener et al.
 [20]

 performed depth-sensing nanoindentation measurements on bulk nanoporous 

gold with a relative density of 42%. The hardness of npg was calculated according to the ratio of 

the applied load and the projected indentation area as a function of the contact depth. They found 
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that the mean hardness (H) of npg was 145 (± 11) MPa. In the case of porous metals, the yield 

strength  is simply equal to the hardness,  = H,
[64, 65]

 due to densification. Since the 

surrounding material does not constrain the deformation under the indenter, the indentation tests 

plays a role of a uniaxial compression test. Following this correlation, the yield strength of npg is 

assumed to equal 145 MPa. Applying the literature value
[66]

 for the Au macroscopic strength is  

= 200 MPa. Equation 1 shows that the yield strength of nanoporous gold characterized by 42% 

relative density will equal 16.3 MPa. Therefore, as demonstrated in the Biener's research, the 

yield strength of npg measured by nanoindentation (145 MPa) exceeds approximately 10 times 

the value estimated by scaling laws of open-cell foams proposed by Gibson-Ashby. Jin et al.
[19]

 

also measured the hardness value of npg by a series of microhardness tests. However, they found 

the hardness of npg is approximately three times the yield stress (Y = HV/3), as in a 

conventional, massive material.  

Volkert et al.
[3]

 investigated mechanical properties of npg by running uniaxial compression tests 

using a flat punch in a nanoindenter on npg micron-sized columns made by a focused ion beam 

(FIB). The stress-strain curves of npg columns show an elastic region and a yield point at around 

100 MPa, followed by increasing flow stress with strain. All columns with different diameters 

display a high yield strength of 100 MPa for 15 nm diameter npg ligaments. Solving equation 1 

for the ligament strength yields:                     ,                                                                                                          (2) 

where Y
L
 acts as the strength of the solid part. In the case of Volkert’s study above, the 

measured yield stress of 100 MPa of npg with the relative density of 36% predict a yield stress of 

1.5 GPa for the 15 nm diameter ligaments. This value is 10-100 times larger than typical yield 

stresses for bulk Au. The value of 1.5 GPa measured here is even close to the expected 

theoretical shear strength of Au
[67]

. 

Jin et al.
[19]

 performed compression tests on macroscopic, crack-free nanoporous gold samples. 

The yield strength, Y, was found to be 7.5 and 27 MPa for samples with L = 55 and 15 nm, 

respectively. Both values are considerably lower than typical values for npg micropillars that 

amount to 70-90 MPa at a similar solid fraction (νS = 0.3)
[11]

. Following the equation 2, the 

estimated Y
L
 equals 190 and 625 MPa for samples while their L = 55 and 15 nm respectively. 

However, this value is inconsistent with the last nanoindentation
[11, 20, 21, 61, 68]

 and micropillar 

compression
[3, 11]

 tests on npg, where Y
L
 was compatible with the master curve of individual 

submicron columns. What is more, Y
L
 in this case is also much lower than the value found in 

individual, free-standing gold columns or similar size wire (for example 3.5 GPa for 100 nm Au 

nanowire)
[69-74]

 and likewise for arrays of parallel nanowires
[75]

. 

2) Elastic modulus  

Analogous to the yield strength, the relationship of elastic modulus for the open-cell materials to 

the relative density and the properties of the fully dense material has been derived analytically.
[64]

 

The scaling relation for elastic modulus is： 



 

11 

 

E = C Es (ρnp /ρs)
n
                                                                                                                      (3) 

where ρnp /ρs stands for the relative density of the porous material and E and Es are the elastic 

modulus of porous and solid gold, respectively.
[64]

 C and n are empirical constants. The 

proportionality constant C and the density exponent n describe the cell geometry. Experimental 

data indicate that a wide range of open-cell macroporous foam materials can be adequately 

described by C = 1 and n = 2.
[64]

 The elastic modulus of dense Au is 78 GPa.
[76]

 

Biener et al.
[20]

 measured the Young’s modulus of npg with a relative density of 42% and a 

ligament length scale of around 100 nm. A Young’s modulus of 11.1 (± 0.9) GPa was obtained 

from the analysis of the load-displacement curves. Volkert et al.
[3]

 performed multiple load-

unload cycles during uniaxial compression tests on npg columns. Young’s modulus of npg was 
determined from the unloading segments as a function of plastic strain. It increased from 7 GPa 

to 12 GPa when the plastic strain changes from 2% to 36%. These values agree closely to the E 

of npg between 7 and 11 GPa which is estimated according to the scaling law in the same 

relative density and using ES of Au, Es = 57-85 GPa
[2]

,as a reference. 

Balk et al.
[29]

 proposed a testing method that allows both tension and compression tests in small 

samples. It turned out that the tested elastic modulus of approximately 3 GPa did not differ 

considerably in tension and compression state, however, it was much smaller than the expected 

modulus of 7 GPa for npg with the same relative density implied by scaling relation of Gibson-

Ashby. It was also lower than moduli values derived from nanoindentation testing
[3]

. 

3) Mechanical test methods 

There are three widely used mechanical test techniques to explore the mechanical properties of 

npg. 1) Nanoindentation has been used by many researchers 
[20, 33, 59, 61]

 to explore the 

compressive strength and Young’s modulus using the methods. 2) Compression test: there are 

two compression testing methods for npg. One is actually a variant of indentation. Volkert et al.
[3]

 

performed compression on npg columns which were made by focused ion beam (FIB) using a 

nanoindenter with a diamond punch having a flat end. The other are conventional compression 

tests carried out on macroscopic nanoporous gold samples
[19]

, which requires crack-free samples. 

3) Three-point bending. Li et al.
[5]

 obtained load-displacement curves to fracture of npg with 

various ligament sizes by using the traditional three-point bending method. 

4) Size effects on mechanical properties – “smaller is stronger” 

It has been well established that the size of ligaments or pores of npg can be tuned. So it is of 

interest to know how the mechanical behavior changes with variations in ligament size. Biener et 

al.
[11]

 explored the ligament size effects on mechanical properties of npg by using a  combination 

of nanoindentation, column microcompression and molecular dynamics simulations. They found 

that the hardness and yield strength increased dramatically with decreasing ligament size. The 

strength of nanoporous gold can be compared to that of bulk Au, even though it is a highly 

porous material and its ligaments' yield strength is nearly the same as the theoretical yield 

strength of gold.
[11] 
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Furthermore, Hodge et al.
[21]

 studied comprehensively the relationship between yield strength, , 

relative density and ligament sizes, L, for nanoporous gold foams. They performed depth-sensing 

nanoindentation tests on nanoporous gold foams ranging from 20 to 42% relative density with 

ligament sizes ranging from 10 to 900 nm and modified the Gibson and Ashby yield strength 

equation for open-cell macro-cellular foams in order to incorporate ligament size effects. They 

found that the yield strength of ligaments (σyc) followed a Hall-Petch type law in the relationship 

to L
-1/2

:  

yc = (0 + kAu L
-1/2

)                                                                                                                  (4) 

where σ0 is related to the bulk material yield strength, and kAu is a material constant that 

describes the yield strength size-dependence in the regime of 10 nm to 1 µm. (k has the unit 

MPanm
1/2

). L stands for the ligament size. Specifically, they obtained a relationship for σyc = 

200 + 9821 L
-1/2

 between the yield strength of ligaments in MPa and ligament size in nm. 

Combining equation 1 and 4, they obtained a modified scaling equation: 

σ* = Cs (σ0 + kAu L
-1/2

) (ρnp /ρs)
3/2

                                                                                             (5) 

where Cs is a fitting coefficient, σ0 is the bulk material yield strength, k is the Hall-Petch type 

coefficient for the theoretical yield strength of Au in the regime (10 nm to 1 µm), and L stands 

for the ligament size. For macroporous foams (L >> 500 nm), kL
-1/2

 becomes negligible and 

equation 5 yields equation 1. This study demonstrates that at the nanoscale, foam strength is 

governed by ligament size, in addition to relative density. 

Hakamada et al.
[33]

 investigated the size effect of ligament size on the yield strength of npg also 

by Nanoindentation tests. They annealed npg to achieve various ligament sizes. They found that 

the yield strength of the Au ligaments increases with decreasing ligament size according to: 

ys = Kd1
m

                                                                                                                                 (6) 

where d1 is the ligament size, K is a constant and m is the ligament size dependence, which was 

determined to be approximately -0.20 in the present npg in their work. They found the yield 

stresses of cell ligament Au solids were much higher than that of bulk polycrystalline Au. Grain 

refinement strengthening and dimensional constraint theory for a micron-sized metal were 

inappropriate for explaining the high strength of npg. They concluded that size and surface 

effects, which are the same as those in metallic nanowires, possibly play important roles as 

strengthening mechanisms in npg. 

Mathur et al.
[77]

 explored the Young’s modulus of freestanding, large-grained, and stress-free 

npg thin films with a controlled porosity variation between 3 and 40 nm by using a buckling-

based method. The results showed that the effective Young’s modulus of npg dramatically raised 

with decreasing ligament size, especially if the ligament size is below 10 nm.  

The mechanical behavior of npg material obeys scaling equations derived for foams with 

macroscopic porosity, and the local strength of the ligaments follows the same
[3, 11, 20, 21]

 or 

similar
[19, 22]

 trends as individual nanowires, of which the strength increases with decreasing 

dimension
[1-3]

. The observation of theoretical strength in defect-free crystals, such as whiskers, 
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irrespective of their size exemplifies that the trend of “smaller is stronger” is related to the defect 

structure.
[13-15] 

The interaction of dislocations with the surface is another important factor, as is 

evidenced by in-situ observation of large recoverable flow-stress changes during interfacial 

charging or electrosorption.
[16]

 The material, and in particular nanoporous gold, has thus been 

studied as a model system for size-effects on the plasticity of nanostructures. 

5) Failure behavior of npg – “macroscopic brittleness and microscopic ductility” 

Nanoporous gold can be deformed to large plastic strain in compression, in contrast to many 

other nanomaterials that fail after few percent of deformation.
[12] 

The deformability of npg may 

be understood from the macroscopic constitutive behavior. Similar to nanopillars or nanowires,
[4]

 

the individual nanoscale ligaments are expected to show little work hardening. Yet, the absence 

of transverse plastic strain in the macroscopic nanoporous metal implies that compression under 

uniaxial stress is completely carried by densification of the network of ligaments.
[19]

 By virtue of 

the scaling
[64] 

of the flow stress, F, with solid volume fraction, , as F  3/2
, the densification 

causes work hardening at the macroscopic scale, promoting stable and uniform
[19]

 plastic flow in 

compression. Yet, the same argument also points to the central deficiency of nanoporous metals 

as structural materials: Plastic flow under tensile loading reduces the density, resulting in work 

softening and, hence, in shear instability and brittle failure
[16, 29]

.  

Li et al.
[5]

 studied the failure behavior of nanoporous gold with various ligament sizes by 

analyzing the load-displacement curves (P-δ) of npg in three-point bending test. It was observed 

that npg showed a sample-size-driven ductile-brittle transition that is transformed from brittle to 

ductile as the ligament or pore size grows with respect to the sample dimensions. They evaluated 

scaled fracture displacement Δf and strains ef versus the scaled sample size Ĺ, where Δf = f / 

(A/N)
0.5

, Ĺ = L / (A/N)
0.5

 and ef = Δf / Ĺ. L is the width of the beam in μm, (A/N)
0.5

 is the average 

cell size in μm and δf is the load point displacement at fracture. They found the fracture strains ef 

at small Ĺ are large, which indicates ductile behavior, whereas the fracture strains at large Ĺ are 

small, which is more typical of brittle behavior. The conclusion was that npg is characterized by 

a ductile-brittle transition that was governed by the microstructure length scale. What is more, 

they observed that this transition is most probably universal if one considers the exact nature of 

the constitutive behavior of the individual ligaments in the random structure, especially when 

analyzed in relation to the overall sample geometry. The whole conclusion was derived from the 

assumption that when the sample size is big enough, no microscopic ductile-brittle transition 

occurs in the failure mechanism. 

Biener et al.
[35]

 reported the failure behavior of npg with ligaments on nanometer length scale by 

observing fractured npg samples which were manually bent to fracture using a three-point 

bending setup with electron microscopy. Even though there are no signs of plastic deformation 

before failure, which would normally point to brittle npg fracture macroscopically, in fact, npg is 

from the microscopic point of view a very ductile material. It was observed, when indentation 

induced cracking, that some of the ligaments found near the cracks were strained by as much as 

200%. Furthermore, cell-size effect on the microscopic failure mechanism was also studied by 
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observing the deformation of annealed npg. Elongation of the cell structure and slip bands in 

ligaments were detected after deformation of the annealed samples. It was proposed that the 

annealing process allowed sufficient distribution to eliminate defects that would serve as crack 

nucleation sites. They concluded that the macroscopic brittleness of npg arises from the network 

structure rather than reflecting a microscopic brittleness.  

1.3.3 Traditional composite materials 

Majority of traditional composite materials contain discrete fibres or particles that are dispersed 

within a binding matrix phase.
[78]

 

1.3.3.1 Fibre reinforced polymer composites 

FRP, the fibre reinforced polymer is a composite material that contains polymer matrix 

implanted with fibres of high strength, for instance glass, aramid or carbon.
[79]

 It may seem like a 

modern idea to have pseudo one-dimensional fillers perform the role of a reinforcing agent, but, 

in fact, there are example of applying this method that date back until about 4000 BC, for 

example, using a straw in order to strengthen mud brick construction. In more recent times, 

fibres made from materials such as alumina, glass, boron, silicon carbide and especially carbon 

have been used as fillers in composites. Composite materials reinforced with synthetic fibres, 

particularly with glass, are widely used in industrial applications. On the other hand, many 

questions appeared asking whether the use of glass fibres reinforced polymer composites is safe 

from the environmental point of view, it has been even implied that it may pose a substantial 

threat to human health. The reasons behind this controversy are high energy consumption and the 

pollutants emission that occurs in the fabrication process.
[80]

 In recent years, the use of nature 

fibres to replace glass fibres as an alternative reinforcement in polymer composites has gained 

the attention of many researches and scientists due to their advantages over man-made glass and 

carbon fibres, such as low cost, low density, comparable specific tensile properties, non-abrasive 

to the equipments, non-irritation to the skin, reduced energy consumption, less health risk, 

renewability, recycle ability and bio-degradability.
[81]

 The most important natural fibres are flax, 

hemp, jute, sisal, kenaf, coir, kapok, banana, henequen and many others.
[82]

  

The chemical, mechanical, and physical properties of natural fibres have distinct properties; 

depending upon the cellulosic content of the fibres which varies from fibre to fibre. Ku et al.
[83]

 

summarized three factors that can influence the performance of natural fibre reinforced 

composites. The mechanical properties of composites are influenced mainly by the adhesion 

between matrix and fibres. Chemical and physical modification methods were incorporated to 

improve the adhesion between fibre and matrix resulting in the enhancement of mechanical 

properties of the composites.
[81]

 In addition to the hydrophilic nature of fibre, it is important to 

note the significant influence of fibre content on the properties of natural fibre reinforced 

composite. To put it shortly, high fibre content equals high performance of the composites. It is 

often observed that the increase in fibre loading leads to an increase in tensile properties.
[84]

 The 
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choice of processing parameters to apply is another significant factor that considerably changes 

the properties and interfacial characteristics of the composites. That is why it is crucial to wisely 

select the most fitting processing methods and parameters in order to receive the optimum 

composite products. 

The nature fibre composite materials are suitably applicable for aerospace, leisure, construction, 

sport, packaging and automotive industries, especially for the last mentioned application.
[81, 83, 85]

 

Nevertheless, despite excellent in-plane specific mechanical properties of fibre reinforced 

polymer composites, majority of standard FRP laminates are affected by poor out-of-plane 

performance. In addition to this, natural fibre reinforced polymer composites are incompatible 

with hydrophilic natural fibres, which can result in certain unwanted properties of the 

composites.
[83]

 

1.3.3.2 Carbon nanotube reinforced polymer composites 

Since carbon nanotubes (CNTs) were discovered by Iijima in 1991
[86]

, they have generated huge 

activity in most areas of science and engineering due to their special physical and chemical 

properties. What is particular about them are their extraordinary mechanical, electronic and 

thermal properties combined. Thanks to their special properties they are regarded as perfect for 

advanced filler materials in composites. Recent results have been reported on the use of 

nanotubes in polymer
[87]

, metallic
[88]

 or ceramic
[89]

 matrix composite. 

In recent years, the development of nanoparticle reinforced composites has become an attractive 

new subject in materials science. Nanoparticles in general are regarded as high potential fillers to 

improve the mechanical properties of polymers.
[90]

 Moreover, depending on the type of filler 

used, nanoparticles can have an effect on thermal and electrical conductivity of the final 

nanocomposite. Carbon black and carbon nanotubes due to their unique properties, are 

interesting candidates. 

Especially, CNTs have shown a high potential to improve the strength and stiffness of polymers 

as well as add multi-functionality (such as electrical conductivity) to polymer based composites 

systems.
[91-93]

 Kilbride et al.
[94]

 have envisaged taking advantage of their conductivity and high 

aspect ratio to produce conductive plastics with exceedingly low percolation thresholds. In 

another area, it is thought that their massive thermal conductivity can be exploited to make 

thermally conductive composites.
[95, 96]

 However, the most promising area of composites 

research probably involves the mechanical enhancement of plastics using carbon nanotubes as 

reinforcing fillers.
[97]

  

Coleman et al.
[97]

 summarized four main system requirements for effective reinforcement. These 

are large aspect ratio, good dispersion, alignment and interfacial stress transfer. A more or less 

linear increase of modulus with aspect ratio is predicted by the rule of mixtures
[98]

 and the 

Halpin-Tsai equations models
[99]

. Dispersion is thought to be the major prerequisite. For the 

efficient load transfer to the nanotube network to occur, it is necessary for CNTs to be dispersed 

in a uniform way to the level of isolated nanotubes that are coated with polymer. A more 
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uniform stress distribution can also minimize the presence of stress concentration centers that are 

thought to be connected with the uniform dispersion. Decrease in strength and modulus usually 

goes along with poor dispersion
[100]

 and it can be observed in a number of system when the 

nanotube loading level exceeds the point where aggregation starts. Alignment is a less crucial 

issue. The difference between random orientation and perfect alignment is a factor of five in 

composite modulus.
[97]

 While alignment is crucial to increase strength and stiffness, it is not 

always an advantage. It cannot be denied that aligned composite possess anisotropic mechanical 

properties and there may be a need to avoid them in bulk samples. On the other hand, in fibres 

there are no drawbacks of alignment and it is a good method to increase reinforcement. When a 

critical value of the interfacial shear stress is present, rupture of the matrix near the interface of 

the matrix-nanotube bond will occur and lead to debonding.
[97]

 The shear stress value can be 

defined as the interfacial shear strength and it controls the maximum stress transfer to the 

nanotube. It is a significant parameter for a fibre-reinforced composite and it has been a subject 

of many experiments. First of all, one has to make sure whether any stress reaches the nanotubes. 

It is assumed that the most significant prerequisite here is that external stress that is applied to 

the composite is completely and efficiently moved to the nanotubes which provides them with a 

disproportionate share of the load.
[97]

 

CNTs attract more and more interest due to their excellent properties that make them a good 

choice when selecting fillers for polymer composite systems. On the other hand, using it as filler 

particles is also connected with aggravated challenges. To illustrate the problem, the surface area 

of a nanotube is a suitable interface for stress transfer, however, it also induces strong attractive 

forces between the CNTs which results in excessive agglomeration behavior. In polymer matrix, 

the dispersion of CNTs is not homogenous which can negatively affect composites' mechanical 

properties. In addition to this, the second problem is the debonding between the CNTs and the 

matrix polymer that affects the development of CNT reinforced polymer composites. 

1.3.3.3 A comparison of fibres and carbon nanotube 

Coleman et al.
[97]

 reviewed the difference of properties between fibres and carbon nonotubes. 

Fibres made from materials such as alumina, glass, boron, silicon carbide and especially carbon 

have dimensions on the meso-scale with diameters of tens of microns and lengths in the order of 

millimeters. Their mechanical properties are impressive with carbon fibres typically displaying 

stiffness and strength in the ranges 230-725 GPa and 1.5-4.8 GPa, respectively
[98]

. In recent 

years carbon nanofibres have been grown from the vapor phase with diameters in the order of 

100 nm and lengths between 20 and 100 μm. These small dimensions mean they have much 

higher surface area per unit mass than conventional carbon fibres allowing much greater 

interaction with composite matrices. They also tend to have impressive mechanical properties 

with Young’s modulus in the range 100-1000 GPa and strengths between 2.5 and 3.5 GPa
[101]

. 

In comparison to carbon fibres, the ultimate mechanical filler material must be carbon nanotubes. 

Nanotubes can have diameters ranging from 1 to 100 nm and lengths of up to millimetres.
[102]

 

Their densities can be as low as 1.3 g/cm
3
 and their Young’s moduli are superior to all carbon 
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fibres with values greater than 1 TPa
[103]

. However, their strength is what really sets them apart. 

The highest measured strength for a carbon nanotube was 63 GPa
[104]

. This is an order of 

magnitude stronger than high strength carbon fibres. Even the weakest type of carbon nanotubes 

have strengths of several GPa
[105]

. 

1.3.3.4 Polymer matrix 

In natural fibre-polymer composites, the polymer matrix holds the fibres together to provide a 

shape and transfer the load to the fibres by adhesion and/or friction, and also provides rigidity 

and shape to the structural member, protects fibres from chemical and corrosion, influence the 

performance behaviors such as impact and ductility.
[106]

 Generally, polymer can be classified into 

two classes, thermoplastics and thermosettings. The commonly used thermoplastic polymer 

matrix is polypropylene (PP) and several synthetic thermoplastics such as polyethylene (PE), 

polystyrene (PS). The primary thermoset resins used are phenolic, epoxy and polyester resins.
[81]

 

Yan et al.
 [106]

 summarized the advantages and disadvantages of different polymer matrices. 

Thermoplastics have many advantages over thermoset polymers in composites fabrication such 

as low processing cost, design flexibility, and ease of moulding complex parts. However, the 

development of thermoplastic natural-fibre composites is restricted by the processing 

temperature, which should be below 230 °C to avoid degradation of nature-fibres. Although 

thermoplastic materials currently dominate as matrices for nature-fibres, nowadays thermosets 

attract more and more attentions. This is because thermoset polymers outperform thermoplastics 

in some areas, including mechanical properties, chemical resistance, thermal stability, and 

overall durability. In addition, thermosets allow for more flexibility in structural fibre 

configurations and can be processed at room temperature or at temperatures comfortably within 

the safe range for natural fibres. Among thermosets, epoxy is the most common one in many 

studies
[107-113]

.  

1.3.4 Interpenetrating phase composites 

1.3.4.1 Introduction 

As opposed to standard composite that are built of discrete fibres or particles dispersed within a 

binding matrix phase,
[78]

 there is no isolated phase in an interpenetrating phase composite (IPC). 

Such composites are characterized by a completely interconnected and contiguous network 

formed by each phase. Their growing popularity is observed as an important class of composites 

materials where the components are in a co-continuous state and are described as a combination 

of two different materials classes, such as polymer or metal, those are combined on a 

macroscopic level. As said before, a completely interconnected network is formed within fully 

dense composite form during each individual solid phase. In case any of the constituent phases is 

missing, a self-supporting, open-celled foam is created by the remaining phases. Interpenetrating 

composites, with their unique properties, can cause synergetic effects, for instance, higher values 
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of relevant properties may be observed as well as additional and new properties may appear. 

Therefore, recently more and more researches focus on investigate novel composites such as 

interpenetrating phase composite that can have different structure and novel exciting mechanical 

behaviors. 

Wegner and Gibson
[78]

 carried out a finite element study to investigate two-phase 

interpenetrating phase composites. The thermal-mechanical properties of IPCs were compared 

with those of non-interpenetrating phase composites. Their results indicate that the elastic, 

strength and thermal expansion properties of IPCs are enhanced when compared with those of 

non-IPCs. The best enhancements results can be yielded in cases when the phases' properties 

differ considerably to such an extent that theoretical bounds on the effective properties of 

composites are separated. On the other hand, any differences will be significantly lowered if 

phase properties have the same order of gratitude and the significance of the volume fraction 

increases.  

This leads to the conclusion that the most advantageous property of an IPC lies in its ability to 

achieve several desirable properties at once by combining a number of continuous phases, each 

of which possesses one of the properties desired. Clearly, the main purpose of the studies on new 

composite materials has been to obtain combination of material properties that are not present in 

single phase materials. From this point of view, IPCs are particularly beneficial since they 

provide a number of possibilities for property combinations, especially when an isotropic is 

needed. 

IPCs are becoming an important class of materials by virtue of an increasing number of 

processing techniques to create them. There are several types of IPCs, such as ceramic-metal 

IPCs, that were developed with new processing techniques by Günther et al.
[114, 115]

. Another 

example are IPCs produced by Lanxide Corporation with directed metal oxidation 

(DIMOXtm)
[116]

, the so-called ‘C4’ materials that are achieved a result of sacrificial oxide 

displacement reactions
[117-120]

. Other examples are materials obtained as a result of spontaneous 

infiltration
[121, 122]

, squeeze casting
[123]

, or gas pressure assisted infiltration
[124-128]

. The 

‘cemented steels’ of the 1940s[129, 130]
 are early examples of IPCs. Finally, the recently developed 

three-dimensional printing process can be used to produce materials with an interpenetrating 

microstructure
[131]

. 

It can happen that metallic nanoporous materials are regarded as a type of interpenetrating 

composite. They are characterized by air phase in the pores that is treated as the second 

phases.
[30]

 However, they are not as attractive from the point of view of research on the second 

phase effect since the contribution of gas phase in the pores to the general properties of the foam 

is relatively low. Nevertheless, the second phase effect on metal foams' properties can be 

considerable if the gas phase is substituted. Jin and Weissmueller
[16]

 presented a hybrid material 

concept that developed a hybrid nanostructure that was composed of porous metal which is 

interpenetrated by an electrolyte as the second component. The material's properties, such as 

strength and ductility, can be adjusted to altering requirements in service through polarizing the 

internal interface via an applied electric potential. It offers a user new options, for instance, it is 
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possible to choose a soft and ductile state for the purpose of processing and a high-strength 

condition to serve as a structural material. Still, if the damping phase filling the pores is stiffer or 

damper in order to substitute the gas phase, the second phases' direct effect can also play an 

important role. 

1.3.4.2 Bounds on elastic modulus 

Although considerable work has been conducted on modeling the effective elastic properties of 

composites, no known work targets IPCs specially. Only two works identified by Wegner and 

Gibson
[78]

 have some application to IPCs. Perhaps the most well-known bounds on effective 

elastic moduli are those of Hashin and Shtrikman
[132]

, derived on the basis of variational 

principles in the linear theory of elasticity and formulated in terms of the so-called polarization 

tensor. Their bounds have been applied to all multiphase composites of arbitrary phase geometry, 

including IPCs, which may be regarded as quasi-isotropic and quasi-homogeneous when a 

sufficiently large volume of the composite is considered (i.e., specimen dimensions are much 

larger than dimensions of the microstructural features). They are the most restrictive bounds 

possible without incorporating information concerning microstructural geometry. Figure 3 

illustrates that they are most useful when the modular ratio - the ratio of the larger to the smaller 

phase modulus - is not too large.
[78]

  

Improved bounds may be obtained by incorporating information concerning microstructural 

geometry into theoretical calculations. This may be done in terms of the so-called n-point 

probability Sn functions
[133-135]

, which give the probability of n randomly located points all being 

located within the same phase of a composite. A review article by Torquato
[136]

 summarizes how 

these probability functions have been used to derive certain n-point parameters which, in turn, 

are used to calculate improved bounds for various effective composite properties. Since only the 

lowest order probability functions are available in practice, it is still only possible to calculate 

bounds on the properties, rather than exact expressions. However, bounds incorporating third- or 

fourth-order functions can be much improved relative to those which account only for volume 

fraction (i.e., first-order functions). Figure 3 shows the bounds derived using three-point 

parameters for two theoretical microstructures
[78, 136]

 which may, under certain conditions, 

represent IPCs. Higher order probability functions specific to IPCs are not available, so that, in 

their present form, the n-point parameter bounds are also rather limited in their usefulness for 

application to interpenetrating microstructures. 
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Figure 3

[78]
: Theoretical bounds on the effective Young's modulus of a composite for 

various ratios of phase moduli (modular ratio, n = Estiff/Eflexible, where E is Young's 

modulus). 
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Chapter 2.  

Experimental procedures 

2.1 Nanoporous gold 

2.1.1 Bulk alloy preparation  

In this work, nanoporous gold samples were prepared in bulk (mm-sized) form. Bulk npg 

samples were dealloyed from Au25Ag75 alloys. The Au25Ag75 alloy ingot was prepared by arc-

melting Au (ChemPur, 99.995%) and Ag (ChemPur, 99.99%). The ingots were sealed in quartz 

glass and homogenized by annealing for 100 h at 850 °C. Then, ingots were formed into a 1 mm 

diameter wire, followed by cutting into 1.7 mm (for compression test samples) or 20 mm (for 

tension tests) in length by a diamond wire cutting machine. Some of ingots were rolled to 1 mm 

thick sheets and polished on one side down to 1 μm diamond finish, from which cuboid master 

alloy samples were obtained by cutting. Then samples were annealed in vacuum during 3h at 

650°C for recovery.  

2.1.2 Dealloying and tuning the ligament size 

For the purpose of dealloying, a three-electrode electrochemical cell with a luggin capillary 

controlled by a potentiostat (VoltaLab) was used. Before the start of the experiment all of the 

cells in this work were immersed in a standard Piranha solution (5 volume parts concentrated 

H2SO4 + 1 part 30% H2O2) for 24 hours and then rinsed thoroughly with ultrapure 18.2 MΩ cm 

grade water (Arium 611, Sartorius) to remove adsorbed ions. The alloy samples were dealloyed 
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at an applied potential of 750mV versus a Ag/AgCl homemade-reference electrode(RE) in one 

molar perchloric acid (1 M HClO4), by means of a coiled silver wire as a counter electrode (CE). 

When the current fell to below 10 μA, a potential hold at 850 mV for 4 hours led to a completion 

of dealloying. The dealloying time depended on the sample size and the amount of samples.  

The Ag/AgCl homemade-reference electrode was prepared by oxidizing a silver wire (0.5 mm 

diameter, Ag 99.99%, ChemPur) at 0.9 V for 60 seconds in one molar hydrochloric acid (1M 

HCl), using another Ag wire with larger surface area served as both reference and counter 

electrode. The 1 M HClO4 electrolyte was prepared from ultrapure 18.2 MΩ cm grade water, and 

70% concentrated perchloric acid solution of superpure
 

grade from Merck with the 

corresponding volume shares. 

Finally, the nanoporous gold samples were immersed in water to remove residual internal 

electrolyte. Then the samples were thoroughly dried in vacuum for 3 days. As-prepared 

nanoporous gold samples were annealed at 300 °C in a furnace (MR 170E, Heraeus, Germany) 

in air for different times to adjust the length scale of the ligaments. 

2.2 Nanoporous gold-polymer composites 

2.2.1 Introduction of vacuum impregnation method 

Vacuum impregnation is a very useful technique used to fill polymer such as epoxy resin in 

pores or voids of specimens. The most effective technique is to pour the polymer under vacuum 

and/or apply pressure before or during the curing cycle. For porous specimens, the resin can aid 

in supporting structure features. Filling voids can be difficult depending on their size, with the 

smaller voids being much more difficult to impregnate than larger voids.
[137]

 The main reason 

behind it is the compressibility and air volume within the void. By applying a vacuum to the 

specimen and pouring while under vacuum the total pressure of this air can be reduced 

significantly. Subsequent curing at an increased pressures will force (or push) the resin into the 

voids. It has to be added that it is important to restrict the vacuum time as much as possible on 

the resin and specimen to minimize the degassing of the resin. 

The degree of impregnation depends on many characteristics: amount of closed vs. 

interconnected porosity; overall sample density; size of inherent porosity; overall thickness of 

coating.
[138]

 Those factors that influence the vacuum impregnation method also affect the 

integrity of specimens: type of infiltrated polymer materials; viscosity of infiltrated materials; 

procedure to impregnate (vacuum vs. pressure); vacuum impregnation, pressure impregnation 

procedure (pressure gas media); curing time.
[138]
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2.2.2 Introduction of polymer 

According to the Washburn law,
[139, 140]

 the time-scale for imbibitions scales with the inverse 

square-root of the viscosity. In the interest of facile impregnation, a low viscosity polymer 

should be chosen. Still, polymer's mechanical properties are connected with the molecular 

weight. The polymer's viscosity and functionality increases along with the molecular weight. An 

important aspect to consider before selecting the impregnation polymer material is the balance 

between viscosity and polymer's mechanical characteristics. For this reason, reaction 

polymers,
[141]

 such as epoxies and urethanes,
[142, 143]

 are considered as impregnation materials. 

This kind of polymer can be obtained from industrial sources. In most cases they begin their life 

in liquid form which contains small molecular weight of resin and hardener, facilitating 

infiltration procedures. Curing is then carried out to convert liquid to the final solid state of 

thermosetting polymer. They have very high load bearing capability; excellent environmental 

and chemical resistance. What is more, generally formulated to be 100% solids (no solvent 

emissions to deal with); and come in a range of cure times and properties. Structural adhesives 

cure in an irreversible process which helps provide excellent temperature and solvent resistance. 

They do not need access to air to dry, moisture is not needed either and that is why they have 

unlimited depth of cure.  

In this work, “two-part formulations” epoxies and polyurethanes were chosen. Two-part epoxies 

and urethanes require a certain amount of time for the cure to start after the two parts are mixed 

and the surfaces to be bonded are mated, which allows infiltration at low viscosity until some 

level of cure has occurred.  

2.2.2.1 Epoxy resin 

Epoxy resins offer very high mechanical performance (with respect to tensile strength and 

modulus, and compressive strength) and solvent resistance to environmental degradation. They 

tend to have higher vibration/impact resistance (thus, higher fatigue resistance) and higher 

performance in an extreme temperature. Therefore, epoxy resin has come to dominate the 

aerospace industry and it is widely used in custom-built aircrafts. There are a lot of researchers 

used epoxy as matrix in order to fabric materials found in composite construction.
[90, 144-146]

 

Aufray and Roche
[147]

 stated that epoxies offer good bonds to gold. Organo-metallic complex 

formation is achieved when epoxy-amine liquid combination is applied onto metallic substrates, 

such as Au as a result of which concomitant amine chemisorption and metallic surface 

dissolution take place. Epoxies come in the widest range of properties and can have the best 

overall properties on metals. 

In this study two epoxies were used for impregnation. One is bisphenol A epoxy and the other is 

bisphenol F epoxy. Bisphenol A is a reaction product of phenol and acetone.
[148]

 As presented in 

reference
[149]

, bisphenol A is reacted with epichlorohydrin to form diglycidylether bisphenol A 

resin (DGEBA). Adding more bisphenol A to liquid DGEBA forms semi-solid or solid resins 
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with increased molecular weight of the formulation. The higher the molecular weight is, the 

higher the viscosity and functionality of the resin are. Functionality is the number of functional 

side groups available for reaction with curing agents. More reactive sites per molecule lead to 

more three-dimensional crosslink density. Increasing functionality thus increases strength and 

chemical resistance. Purchased bisphenol A epoxy resin system composes of DGEBA and amine 

hardener.Purchased bisphenol F epoxy resin system are composed by two components: 

diglycidylether of bisphenol F (DGEBF) and diammine.
[150]

. Bisphenol F is produced by phenol 

reacted with formaldehyde. The resultant phenolic chemical does not have the two methyl 

groups that are present between the ring structures in bisphenol A resins.
[149]

 Because of the 

missing methyl groups, the viscosity of bisphenol F resins is lower than that of bisphenol A 

resins. Lower viscosity means fewer additives and diluents are needed to enhance application 

properties. Additives and diluents diminish the crosslink density, which in turn lowers chemical 

resistance of any epoxy system. Additionally, bisphenol F resins also have less of a tendency to 

crystallize at low temperatures compared to bisphenol A resins.  

Balachandran et al.
[150]

 compared the DGEBF resin system with the DGEBA resin system. They 

found that the DGEBF system has lower viscosity, glass transition temperature and mechanical 

strength at room temperature. The DGEBF resin system shows high flexibility at room 

temperature, but the Young’s modulus is lower than that of the DGEBA resin system. 

2.2.2.2 Polyurethane 

Polyurethane(PU) formulations cover an extremely wide range of stiffness, hardness, and 

density.
[143]

. They are quite flexible and ductile, but have lower strength in general. They have 

been used since 1950s, and now become the most popular polymer material, widely used in the 

production of "sponge" products. Polyurethane polymers are formed by reacting an isocyanate 

with a polyol.
[151]

 Both the isocyanates and polyols used to make polyurethanes contain on 

average two or more functional groups per molecule. They generally are lower priced than other 

types of structural adhesives.  

2.2.3 Polymers used 

For the purpose of this research, three kinds of polymer are used:  

(1) A small chain-length Bisphenol F epoxy resin (BER 20, Buehler, Germany, number average 

molecular weight ≤ 700 g/mol) and amine hardener (BEH 20, Buehler, Germany). The epoxy 

resin and hardener (Buehler, Germany) were mixed at a weight ratio of 4:1 and warmed in water 

bath at 55 °C for further reducing the viscosity and providing deeper penetration into the porous 

sample; 

(2) Bisphenol A epoxy resin (RIMR 135, Hexion Specialty Chemicals, Netherlands, number 

average molecular weight ≤ 700 g/mol) and hardener (RIMH 137, Hexion Specialty Chemicals, 
Netherlands) were mixed using a resin-to-hardener ratio of 10:3 at ambient temperature;  
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(3) Polyurethane (PU) resin (Baytec CC 9803, BaySystems, Germany) and hardner (Desmodur 

9804, BaySystems, Germany) were mixed with mass ratio of 1:1 at room temperature.  

For brevity, the three polymers were designated as RIM, BE, and PU, respectively. In the interest 

of facile impregnation, low viscosity was achieved by selecting a small resin chain length and for 

BE epoxy by heating the resin/hardener mixture. 

The choice of polymers was motivated as follows: Bisphenol-F was used due to its low chain 

length, promoting low viscosity and good imbibition. RIM is an epoxy that is commercially used 

for fibre-reinforced composites, for instance in the aircraft industry. One of its distinguishing 

features is its high strength. The higher performance of composites can be achieved by using 

epoxy resin. The PU used in this work has lower strength but considerably higher ductility than 

the resins. It is expected that the composites using flexible PU will have better ductility. All three 

composites use amine groups in the linker molecules. Amine groups are known to form covalent 

bonds with gold,
[147]

 promoting low polymer-gold interface energy and, therefore, good 

imbibition of the polymer by the porous gold as well as good adhesion during mechanical 

deformation.  

2.2.4 Vacuum impregnation procedure 

The nanoporous gold-polymer composites were prepared using a commercial vacuum 

impregnation unit (CitoVaca, Struers, Germany). Moulds containing dry nanoporous gold 

samples were put into the vacuum vessel of the impregnation unit and were evacuated for 30 

minutes. Then molds were filled in situ with the liquid polymer/hardener mixture and the liquid 

then was pushed into the pores by venting the vessel to air. As the infiltration process was 

complete, molds containing epoxy-hardener mixture were placed in the oven at 60 °C for 20 

minutes in order to speed up the curing rate. They were subsequently cured for minimum 24 

hours at room temperature. On the other hand, the molds filled with polyurethane mixture were 

cured directly at room temperature for minimum 4 hours.  

According to the data sheet of RIM epoxy from Hexion Company, curing at room temperature 

for 24h only results in partly cured RIM epoxy. The partly cured sample should be placed in an 

oven at 60 °C for 16 hours for full cure. All RIM-based samples of this work were post-cured at 

60 °C for 2 hours. The only exception is samples for the DMA experiment, which will be post-

cured for 24 hours at 60 °C. 

Surplus polymer was removed by either (a) cutting the sample from the cured polymer or (b) 

lifting the sample out of the mixture before curing and then blotted with a soft tissue. Vacuum 

impregnation with a mixture of resin and hardener, followed by curing, yielded the composite 

samples.  
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2.3 Measurement procedure and setups 

2.3.1 Scanning electron microscope and energy-dispersive x-ray 

analysis 

A scanning electron microscope (LEO 1530 Gemini Column FESEM) operated at 15 kV 

equipped with an energy-dispersive x-ray (EDX) analyser with 10 mm
2
 SDD detector, namely an 

Oxford INCA system was used for chemical analysis.  

For the purpose of obtaining fracture surface, it was necessary to cleave the npg samples by 

bending with tweezers. In case of composite samples, the fracture surface could be obtained by 

means of cutting with a knife since it was not possible to bend them. 

Fresh smooth cross-sectional surfaces for the characterization of the specimens were prepared by 

cutting, grinding and polishing steps. A diamond saw (Well Diamond Wire Saws, Inc., Germany) 

was used for exposing a fresh surface, which needs to be smoothed by grinding and polishing. 

Abrasive papers of 1000 grit (silicon carbide paper) were used wet for rapid removal of material 

by grinding. Finer grade of abrasive paper 4000 (silicon carbide paper) was used to remove 

damage produced by the earlier grit. After the 4000 grit grind, the surface was smooth enough to 

be polished with diamond pastes. Polishing removes the damage imparted by the sawing and 

grinding operations. A sequence of successively finer particle size diamond polishing 

suspensions (Struers, Germany) ranging from 3 μm to 0.25 μm, together with water based with 
lubricating agent (DP-Lubricant  Red, Struers, Germany) and a low-relief polishing cloth were 

used for polishing. The smoothed surface was obtained using an automated polisher during 

subsequent polishing stages of 3 μm, 1 μm, and 0.25 μm suspensions for respectively 5, 3 and 3 
minutes. 

2.3.2 Dilatometry 

The dilatometer (Linseis, L75V) was used to record the sample dimension change during 

annealing. A cuboids’ sample was mounted between support and pushrod, and measured at 

300°C for 2 min and 30 min. The length change of the sample was transmitted to an inductive 

displacement sensor via the pushrod loaded by a fixed contact pressure of 20 mN.  

2.3.3 Transmission electron microscope 

A transmission electron microscope (Jeol FX 2000) was performed on RIM-npg composite 

samples with ligament size of 50 nm. The sample was prepared by microtome cutting. 
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2.3.4 Atomic force microscopy 

The atomic force microscopy (AFM) was performed by using the system XE-100E AFM (Park 

Systems Corp.). A 910M-NCHR cantilever with a 42 N/m force constant and about 330 kHz 

resonance frequency was used. The AFM image was a topography image made in so-called NC-

AFM mode (non-contact mode), also known as "tapping mode". 

2.3.5 Dynamic mechanical analysis 

Dynamic mechanical analysis (DMA) can be described in simple words as a dynamic method 

that helps to characterize a material's viscoelasticity. It can be conducted by applying a 

sinusoidal force or displacement and then examining the response this input provokes. It is 

possible to measure viscoelasticity judging from the phase response. 

The stress applied as a function of time at a given frequency, ω, is given as 

(t) = 0 sin(ωt + ),                                                                                                                 (7) 

where 0 is the maximum stress applied and  is the phase angle.
[152]

 The strain, which lags by 

the phase angle, , is given by: 

(t) = 0 sin(ωt),                                                                                                                        (8) 

where 0 is the maximum strain amplitude.
[152]

 Through Hooke’s law, the input and the response 
are related by the dynamic modulus, E*(ω), 

(t) = E*(ω) (t).                                                                                                                      (9) 

The dynamic (or complex) modulus has in phase and out of phase components, and is given by  

E*(ω) = E´(ω) + iE´´(ω),                                                                                                        (10) 

where the in phase, or real, portion is E´ = (0/0) cos, and the out of phase, or imaginary, 

portion is E´ = (0/0) sin.
[152]

 The storage modulus, E´, is proportional to the energy stored per 

cycle and characterizes the elastic behavior of the material
[153]

. The loss modulus, E´´, is 

proportional to the lost or dissipated energy per cycle and characterizes the viscous behavior of 

the material.
[153]

 The ratio of energy dissipated to energy stored is the tangent of the phase angle, 

, called tan delta, which is given by:
[152]

 

tan  = E´´(ω) / E´(ω).                                                                                                            (11) 

In this work dynamic mechanical analysis measurements were carried out with a 

DMA/SDTA861e (METTLER TOLEDO, Germany) equipped with a 40 N load cell using a 

compression clamp for the specimens, what the diameter was around 1 mm and the height was 

around 1.7 mm. The static load was 20 N, and the dynamic load was 4 N for the RIM-npg 

composite samples with L of 20 nm, 50 nm and 150 nm. The static load was 16 N and the 

dynamic load was 2.5 N for the pure RIM epoxy samples. For some of the specimen, they were 
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post-cured at 60 °C for 24 hours after the initial room temperature curing. The applied oscillation 

frequency was 10 Hz. All of the measurements for composite and epoxy were performed in 

temperature sweep mode from -30 °C to 140 °C with a constant heating rate of 3 K·min
-1

. The 

static load was 1.5 N and the dynamic load was 0.5 N for the bulk npg samples. All of the 

measurements for npg samples were performed in frequency sweep mode from 0.1 Hz to 250 Hz. 

For the purpose of DMA data analysis, it is necessary to plot storage modulus or tan delta against 

temperature. 

The method of determining the Tg in the DMA can be a manner for disagreement, as at least five 

ways are in current use.
[152]

 Depending on the industry standards or background of the operator, 

the peak or onset of the tan delta curve, the onset of the E´ drop, or the onset or peak of the E´´ 

curve may be used.
[152]

 The values obtained from these methods can differ up to 25 °C from each 

other on the same run.
[152]

 Therefore, it is necessary to specify exactly the method of determining 

the Tg in practice. In this work, the glass transition temperature, Tg, is determined from the peak 

of the tan delta curve. 

2.3.6 Resistance meter 

The electric conductivity of composite samples was measured by a four-probe approach using a 

resistance meter (Resistomat®, Burster). An appropriate aspect ratio was obtained with samples 

4.21.80.6 mm
3
 in dimension, contacted at the end surfaces. 

2.3.7 Vickers microhardness test 

Vickers hardness (HV) was performed by a microhardness tester (UHL VMHT MOT). Loads of 

10 g for the composites and 1 g for npg were chosen so as to obtain comparable indentation 

depths. The indentation times are 30 s. The two diagonals of the residual indentation marks were 

directly measured by optical microscopy and converted into hardness. For the indentation tests, 

one side of the samples was finely polished with 0.25 µm diamond suspension and the polished 

procedure was the same as for preparing the smooth cross-sectional surface for the 

characterization. At least 20 indents were made on each of several samples for each 

measurement. As an estimated error the variance for the set of indents was quoted. The Vickers 

hardness is calculated by following equation:  

2

4.1854

d

F
HV


                                                                                                                    (12)  

where the load F is in grams-force (1gf = 9.8 × 10
-3 

N) and d is the diagonal of the residual 

indentation marks. 
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2.3.8 Instrumented indentation test 

Instrumented indentation tests were conducted using the Fisherscope® H100 instrumented 

microhardness system (Helmut Fischer GmbH, Germany) with a Vickers indenter.  Before the 

start of the measurement, a larger load on the sample is obtained by means of a hollow cylinder 

ring surrounding the indent, which is supposed to fix the specimen during measurement. That is 

why the measurement is not possible for npg since it is not strong enough and could be crushed 

by the cylinder.  

The tests were performed on composite and polymer samples at constant displacement rate 0.5 

mm/min with maximum indentation force of 49 mN. For each indentation, the applied load value 

is plotted with respect to the corresponding position of the indenter. The resulting load-

displacement curves are used to calculate quantitative hardness and elastic modulus values.  

 

Figure 4: A typical load-displacement curve with a load-unload cycle with the 

maximum indenter displacement, hmax, at peak indentation load, Pmax. The initial 

unloading stiffness, S, is defined as the initial unloading slope of the load-displacement 

curve, and hf is the final depth. 

The mechanical properties, such as elastic modulus
 
and hardness value can be obtained by 

analyzing obtained load-unload cycle in the indentation load-displacement curve,
[154-156]

 and 

without observing the residual indentation marks. The exact method used to measure the 

hardness and the elastic modulus is based on the unloading processed using equation 13 and 15, 

see schematic demonstration in Figure 4. This method was adopted from Oliver and Pharr
[155, 156]

. 

The hardness value obtained by Olive-Pharr method, Ho-p, is calculated according following 

equation:
[156]
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where Pmax is the maximum indentation force, A is the projected contact area and hc is the 

contact depth, which is given by:
[155]

 

S

P
hhhh dc

max
maxmax                                                                                                        (14) 

where hmax and hd is the maximum indentation depth and the elastic deflection depth, 

respectively,  is a geometrical constant (0.75 for a conical indenter) and S is the initial 

unloading stiffness, which is defined as the slope of the beginning part of the load-displacement 

curve during uploading  as shown in Figure 4.  

The elastic modulus, E, is measured according to the following equation
[155]

: 

max22 P

HS

A

S
E


                                                                                                                   (15) 

2.3.9 Compression test 

Compression tests were performed using a Zwick 1484 testing machine, with cylindrical npg and 

composite samples of initial dimensions of 1 mm diameter of cross-section area and 1.7 mm 

height loaded by planar anvils. The polymer samples of initial cuboid dimension 1  1  1.7 

mm
3
 was cut by a diamond wire cutting machine from bulk polymer that were collected from the 

respective mould after vacuum impregnation procedure. The elongation measured between the 

load surface by displacement sensor. True stress, σ, and true strain, ε, were computed from the 

elongation by exploiting the findings of constant volume for polymer and composite or constant 

cross-section for npg, see Ref. [19]. A feedback loop controlled and progressively reduced the 

crosshead speed so as to maintain constant true strain rate of 10
-4

 s
-1

 while the sample length 

varied. Work hardening indices, n(ε) = d ln σ / d ln ε, were estimated by taking derivatives on 
smoothed graphs of ln σ versus ln ε. Volume changes associated with the compression were 

estimated by measuring the sample dimension before and after compression with a toolmaker's 

microscope (Mitutoyo TM, Germany). 

2.3.10  Three-point bending test 

Three-point bending tests were also performed with the use of a custom-built three point bending 

mold on pure npg and BE-npg composite with L of 150 nm using a universal testing machine 

(Zwick 1484, Hottinger Baldwin Messtechnik, Germany). The dimension of sample is 2 mm  

1 mm  6 mm. The surface of npg sample was carefully polished before dealloying, and the 

surface of the composite sample was polished after infiltration. 
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2.3.11  Tensile test 

In this work, it was a serious challenge to test bulk nanoporous gold or composite material in 

tension conditions, considering how small and brittle nanoporous gold samples are and the fact 

that they lack machineability. Therefore, a major objective of this work was to prepare a protocol 

for tension tests. The various aspects of this design will now be described; for the results see 4.2 

below. 

For tension test, mm-sized bulk npg samples were dealloyed from Au25Ag75 alloy ingots that 

were formed into a 1 mm diameter wire, followed by cutting into 20 mm in length. The long thin 

master alloy body was suspended in electrolyte during dealloying by using a custom-built gold 

container, which used thin gold wire to connect to the working electrode. The polymer samples 

of initial cuboid dimension 1  1  20 mm
3
 was cut by a diamond saw from bulk polymer that 

were collected from the respective mould after vacuum impregnation procedure. 

Specimens for tensile testing were prepared as indicated in Figure 5: The cylindrical composite 

or cuboid polymer samples were glued into Al caps (Figure 5(D)) using a two-component 

glue
[157]

 (UHU plus endfest 300, UHU, Germany). An alignment bench, Figure 5 (A) and (B), 

assured parallel mounting of the caps. The gauge section was around 12 mm in length. Tensile 

tests were performed in a testing machine (Zwick 1474, Germany) with a custom-build grip for 

the Al caps and the elongation measured by sensor clips attached to the gauge section (Figure 

5(C)). A feedback loop controlled and progressively reduced the crosshead speed so as to 

maintain constant true strain rate of 10
-5

 s
-1

 while the sample length varied.  

Figure 5: Photos of a custom-built specimen preparation apparatus: (A) adjustment 

tool (B) bench vise. (C) A photo of the special custom-built specimen’s holder of 

universal testing machine for aluminum shoulder of samples. (D) A photo of the final 

tensile testing specimens.   

 

 
 

 

A 

B 
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2.3.12  Four-point bending test 

Four-point bending tests were performed by using a custom-built machine developed at the 

Institute of Advanced Ceramics laboratory, Hamburg University of Technology. For this 

particular bending machine, the scheme of the machine is shown in Figure 6. Figure 7 shows the 

loading and support conditions. It shows a beam which is bent resting on two supports at 

distance L. The inner and outer support roller distances are 10 mm and 20 mm, respectively. The 

roller diameter is 5mm. The maximum measuring force and displacement of the device is 75 kN 

and 1500 μm. The dimension of sample is 1 mm  2 mm  26 mm. The surface of the sample 

was carefully polished after infiltration. Force and displacement in the center of the beam were 

recorded during measurement by load sensor and displacement transducer.  

 

Figure 6: The scheme of custom-build four-point bending machine. Special thanks to Dr. 

Hans Jelitto from the institute of Advanced Ceramics at Hamburg University of 

Technology for the sectional drawing. 

 

Figure 7: Four-point bending support schematic. The forces F/2 are symmetrically 

loading the beam at the inner support rollers. L and Li are the outer and inner support 

roller distances, respectively. a stands for a distance between the outer and inner 

support roller. 
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In order to discuss the result from bending test in relation to other tests on the same material, a 

stress-strain curve needs to be derived from the load-displacement curve. The measuring 

principle for stress and strain is based on Bernoulli’s bending theory[158]
. The theory considers 

bending as the behavior of a structural element under the influence of an external load applied 

perpendicular to the longitudinal axis of the beam. With the bending theory it is possible to find 

the current deflection (y) in any given distance x from the outer support up to inner support:  

 2
)(3

12
xaLa

EI

Fx
y                                                                                                                (16)     

where E is the elastic modulus and I is the moment of inertia, I = bh
3
/12 here. b and h are the 

width and the height of the sample. F is the load force and L is the length of the outer loading 

span. a stands for the distance between the outer and inner support rollers. With this equation it is 

possible to define the displacement, , in the center of the beam with a specific loading 

condition:
[159]
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The stress, σ, was calculated by[159]
:  

2

3

bh

Fa
                                                                                                                                    (18)     

In elastic bending range, application of Hooke’s Law with equation 17 and 18 yields the strain 

formula: 

 22
43

12

aL

h




                                                                                                                           (19) 

2.3.13  Load-unload compression test 

Load-unload compression tests served to explore the evolution of the stiffness as the 

compression proceeded. Rather than continuous compression, load-unload cycles were 

interposed between loading strains. The tests used exactly the same machine and strain rate as 

the compression test and performed on RIM-npg composite with ligament size of 50 nm, RIM 

epoxy, and npg with L of 20 nm, 50 nm and 150 nm. Samples shape and size is the same as those 

used in compression test. The minimum stress for each unloading step was 2 N. A high 

hysteresis of load-unload segment was found, especially at higher strain. In such situations, the 

elastic modulus is determined using a straight line fit of the unloading segment's upper half, as 

the one presented in Ref. [160] 
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Chapter 3.  

Characterization 

3.1 Characterization of microstructure  

As described in the experimental procedure section, npg samples with different structure size 

were prepared by alloy corrosion and subsequent thermal coarsening. Figure 8 shows scanning 

electron micrographs of cross-sections of RIM-npg composites with ligament sizes, L, of 205 

nm, 5010 nm, 8020 nm, 12030 nm, 15050 nm and 25050 nm, respectively. Evaluation of 

SEM images on cutting cross-sectional surface (see in left column of Figure 8) reveals mean 

diameters of npg ligament of around 20 nm in the as-prepared material. Samples with L of 

around 50, 80, 120, 150 and 250 nm were prepared by annealing at 300 ºC in air for 2, 5, 10, 30 

minutes and 3 hours, respectively.  

The solid volume fraction, , was estimated based on the amount of Ag removed and on the 

macroscopic volume contraction. EDX reveals  2 at.-% Ag in the porous metal, while in-situ 

dilatometer puts the relative volume shrinkage during dealloying at  2 %.
[16]

 This implies  = 

0.270.01 for the as-prepared porous metal. Dilatometry during the coarsening anneals shows 

volume shrinkages of < 3% and 15% for 2 and 30 min anneals, respectively. This implies solid 

fractions of 0.27-0.30 and 0.42 for the samples with L of 50 nm and 150 nm, respectively. 
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Figure 8: Scanning electron micrographs of original (left column) and polished (right 

column) cross-sectional cut surfaces of RIM-npg composites. Top image reveals mean 

ligament diameters, L, of 20 nm in the as-dealloyed npg. Following top image, images 

from top to bottom show npg samples with ligament diameter of about 50±10, 80±20, 

120±30, 150±50 and 250±50 nm, which were prepared by annealing in air at 300 °C 

for 2, 5, 10, 30 minutes and 3 hours, respectively. Epoxy phase gives no contrast in the 

SEM and therefore is not imaged. Note that the ligament structure is conserved in spite 

of the polishing. This can only be explained by stabilization of the metal microstructure 

through the interpenetrating epoxy. Integrity of the microstructure on all cross-sections 

supports complete impregnation.  
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EDX in the scanning electron microscope finds a uniform carbon signal on cross-sections of all 

composite samples (see Figure 9B), compared to EDX for pure npg (see Figure 9A), suggesting 

the complete impregnation. This notion is further confirmed by the SEM images of polished 

cross-sections in Figure 8 (right column). The polymer phase is not apparent in SEM images, 

however, its presence is evidenced by the conservation of the metal nanostructure. Polished 

surfaces of native npg, Figure 10, appear dense and featureless in the SEM due to the fact that 

polishing destroys the fragile ligament structure. By contrast, the ligament structure of the 

composites with different ligament size is perfectly retained at polished surfaces of the 

composite, Figure 8 (right column), even though the stabilization of the ligament structure 

decreases with increasing ligament size.  This results from the stabilization of the metal phase 

against collapse by the interpenetrating polymer phase. The retention of the nanoporous structure 

in composite after polishing therefore testifies to the uniform and complete infiltration of the 

porous metal with polymer.  

  

Figure 9: EDX in the scanning electron microscope for pure npg (A) and BE-npg 

composite (B). EDX finds a uniform carbon signal on cross-sections of all composite 

samples, suggesting the complete impregnation. 

 

Figure 10: Scanning electron micrograph of a cross-sections surface of uninfiltrated 

nanoporous gold with ligament size of 150 nm after polishing. Polishing destroys the 

microstructure of npg. 

A B 
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Figure 11 shows transmission electron microscope images of cross-section of RIM-npg 

composite with ligament size of 50 nm, which was prepared by microtome cutting, in different 

magnifications. The polymer phase is apparent in TEM images: gray phase is polymer and black 

phase is Au ligament. TEM images proved presence of polymer and confirmed complete 

infiltration. Extensive investigations of cross sectional TEM micrographs revealed no voids in 

the polymer. 

 

  

Figure 11 Transmission electron microscopy of a cross-section for the RIM-npg 

composite (L = 50 nm) prepared by microtome cutting. The polymer phase is apparent 

in TEM images. Gray phase is polymer phase and black phase is Au ligament. TEM 

investigations of cross-sectional micrographs revealed no voids in the polymer. 
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The complete infiltration is also confirmed by the AFM image of polished cross-section of 

composites in Figure 12. The polymer phase is apparent in AFM image, AFM investigation of 

cross sectional micrograph also revealed no voids in the polymer.   

 

Figure 12: Atomic force microscopy of a cross-section for the RIM-npg composite with 

ligament size of 150 nm after polishing. AFM investigation of cross-sectional 

micrograph revealed no voids in the polymer.  

3.2 Electrical properties 

An exemplary study of electric conductivity was performed on several BE-based composite 

samples with L of 150 nm. Resistance measurements on samples with dimension of 4.21.80.6 

mm
3
 resulted in the electric conductivity value of 260±30 kS/m at 298 K. At roughly 1% of the 

conductivity of massive high-purity Cu, this is considerably larger than state-of-the-art 

composites of epoxy and carbon nanotubes, which reaches 13 kS/m
[161]

. The material achieves a 

near metallic conductivity, predestining it for applications where, for instance, static electric 

charging needs to be avoided or lightning-strike tolerated. 

3.3 Thermal properties 

The interpenetrating polymer phase of the composite exhibit a glass transition temperature, Tg, 

which is defined as the temperature at which amorphous, in other words noncrystalline polymers 

are transformed from a glassy, brittle state to a liquid or rubbery state, that is to say, if curing has 

already occurred.
[162] 

It is important to note that it involves a local degrees of freedom change. 

Moreover, there are segmental motions above the glass transition temperature are relatively 

unhindered by neighboring chains. On the other hand, such motions are restricted to a great 

extent below the glass transition temperature and they are characterized by relatively long 
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relaxation times in comparison to the experiment's duration. It is a significant feature of the 

polymer, especially because mechanical behavior of polymers alters to a great extent at the glass 

transition temperature. Above the glass transition temperature, the properties of the material such 

as elastic modulus degrade significantly. In order to assure that the mechanical stiffness and 

creep resistance of the material is satisfactory in structural application, it is necessary that the 

application temperature for a polymeric composite is below the glass transition. The glass 

transition temperature, or typically a temperature well below the Tg, is often as an upper limit for 

the use of polymeric composites in structural applications.
[162]

 The Tg of a material is usually 

measured by such thermal analysis techniques as differential scanning calorimetry (DSC), 

dynamic mechanical analysis (DMA), or thermo mechanical analysis (TMA). Although there are 

several thermal techniques available to make Tg measurements, by far the most sensitive 

technique is DMA. 

In this work, the thermal properties of RIM-based composite and pure RIM epoxy have been 

studied by dynamic mechanical analysis. As was described in synthesis section 2.2.4, some of 

the specimens were post-cured at 60°C for 24h. Figure 13 shows the tan delta vs. temperature for 

RIM-based specimens that were post-cured for 2h and 24h, respectively. The glass transition 

temperature was determined from the peak of the tan delta curve, which is a good measure of the 

midpoint between the glassy and rubbery states of a polymer.
[152]

  

RIM epoxy is a thermosetting polymer that undergoes an irreversible chemical reaction, known 

as curing, which produces a crosslinked structure.
[162]

 The ultimate Tg of a thermoset material is 

determined by a number of factors: the chemical structure of the epoxy resin, the type of 

hardener and the degree of cure.
[162]

 Tg increases significantly as the curing reaction proceeds to 

completion due to the decrease in the system's mobility caused by the formation of covalent 

bonds.
[162]

 Eventually, as the thermoset completely cure, the Tg of the material will reach a 

limiting value.
[162]

  

Figure 13 shows that the Tg of pure epoxy is larger than that of composites, especially for small-

L samples. It can be described in terms of the amine hardener depletion due to the formation of 

covalent bonds between amine groups and gold surface
[147]

 when epoxy-amine hardener liquid 

mixtures are infiltrated into nanoporous gold. The depletion of amine hardener leads to a 

decrease of the curing degree of epoxy phase in composite. Figure 14 shows the graph of the Tg 

of RIM-epoxy and RIM-based composite specimens that were 24h post-cured versus different 

ligament size. It is found in Figure 14 that the glass transition temperature of RIM-based 

composite depends on the ligament size. A downward shift of the glass transition temperature for 

composite at small ligament size was observed in Figure 14. It could be attributed to the increase 

of surface per volume at small ligament size composite. The increase of the surface area by 

decreasing the ligament size will promote the amine hardener depletion. 

Figure 13 shows that the Tg for the 24h post-cured specimen (see Figure 13(B)) is larger when 

compared to the 2h post-cured specimen (see Figure 13(A)). For instance, Tg of RIM-based 

composite with L = 50 nm increases from 64 °C for 2h post-cured specimen to 87 °C for 24h 

post-cured specimen. Results indicate that Tg increases with increasing of post-cure time. It is 
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also speculated that this treatment will lead to enhanced mechanical properties. In some epoxy-

based systems, the cure reaches a point where increased post-cure time causes little to no 

increase in either the modulus or Tg.
[152]

 At this point, increased post-curing gives no advantage 

and only wastes money and time. In some systems, this occurs as low as 94% of complete 

cure.
[152]

 Future experiments with a more purposeful curing step in the sample preparation are 

necessary in order to be aware of this value and of where full mechanical strength is developed. 

 

 

Figure 13: Tan delta, tan , determined from DMA vs. temperature, T, curves for (A) 

RIM epoxy and RIM-npg composite with ligament size, L, of 50 nm that were 2h post-

cured, and for (B) the epoxy and composite with L of 20, 50 and 150 nm specimens that 

were 24h post-cured. The glass transition temperature was determined from the peak of 

the tan delta curve. 

A 

B 
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Figure 14: Glass transition temperature, Tg, of RIM-based composite specimens (blue 

squares) that were 24h post-cured versus ligament size, L, and Tg of RIM epoxy (gray 

dash line) that was 24h post-cured. The glass transition temperature of composites 

decreases with decreasing ligament size. 
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Chapter 4.  

Plastic deformation 

In this chapter plastic deformation observed in both compression and tension for npg-based 

composites is systematically studied taking into account different ligament size and varied 

interpenetrating polymers. The plastic deformation behavior of composite is compared with their 

constituent materials, such as npg and polymer. It concentrates on researching ductile behavior 

and strength of composites since the main purpose of this work is to create high-strength and 

ductile npg-based nanocomposite materials. A full understanding of structure-property relations 

of npg-polymer composites and native npg will be further researched.  

4.1 Compression 

4.1.1 Experimental results 

4.1.1.1 Vickers hardness tests 

The Vickers microhardness, Hv, for all composite materials and their constituent phases are 

tabulated in Table 1. In case of some types of composite materials, it is difficult to measure the 

residual indentation diagonals due to the fact that indentation marks are not visible, especially 

when ligaments sizes are bigger. This is why there is no hardness data for PU-npg composites at 

150 nm.  
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Figure 15(A) displays results of Vickers microhardness tests on the RIM-npg composite material 

and on its individual constituent phases versus different ligament size. Figure 15(B) and (C) 

show optical micrographs of indention marks of Vickers hardness test in npg and BE-based 

composite with ligament size of 150 nm. It is observed that there are a lot of cracks surrounding 

the indent in npg, while in the indent of the composite, it is free of cracks. 

 

 

 

Figure 15: (A) Vickers microhardness, HV, of npg, RIM epoxy and RIM-npg composite 

samples versus the ligament size, L. Epoxy samples were taken from the same mould as 

the composites and data is plotted at the respective L-value. Dotted lines represent best 

linear fits; grey line is a guide to the eye. Hardness data is tabulated in Table 1. 

Representative optical micrographs showing indentation marks of Vickers 

microhardness tests
[36]

: (B), as-prepared npg; (C), BE-based composite sample. 

Ligament size is 150 nm. Note cracks in npg and absence of cracks in composite. 

From Figure 15 (A), it is observed that the hardness values for npg agrees well with the 

previously reported trend of increasing HV with decreasing L. The dotted lines represent the best 

linear fits in the log-log graph, which gives a power-law HV  L
-1.00.1

 for npg. It is steeper than 

in some of the previous data but in agreement with Ref. [19]. It is speculated that the samples 

densify during coarsening, and that increasing strength of metal foams at higher density may 

partly compensate the decreasing strength of the ligaments at larger L. HV data from the epoxy 

were taken on samples collected from the same mould as the respective composite samples and 

are displayed at the L-value of the respective composite. The data testifies to a well reproducible, 

constant hardness of the pure epoxy. At HV = 1143 MPa, the hardness of epoxy considerably 

B 

C 

A 
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exceeds that of the nanoporous gold (around HV = 33 MPa with ligament of around 20 nm). 

Nonetheless, the hardness values for the composites are again higher. In fact, at HV = 3537 MPa 

the hardest composite is threefold harder than the epoxy. Straight-line fits the composite data that 

gives HV  L
-0.210.01

. From Table 1, it could be seen that the Vickers hardness of RIM-npg 

composite increase with decreasing ligament size. 

4.1.1.2 Instrumented indentation test 

For some composite materials, it is impossible to measure hardness value by the Vickers 

hardness method because the end edge of indentation marks is unclear. Due to the limitation of 

Vickers hardness method, the hardness of composites was also measured by the instrumented 

indentation method. An advantage of this method is that the hardness value can be directly 

determined from the indentation load-displacement curve without the need of optically observing 

the indentation marks. However, in this device the sample has to be fixed by a special cylinder 

ring, what make the application of this method impossible for npg because the it would be 

crushing.  

 

Figure 16: Hardness determined by Oliver and Pharr method, Ho-p, of composites 

versus ligament size, L. Polymer samples were taken from the same mould as the 

corresponding composites and data are plotted at the respective L-value. The gray line 

is a guide to the eye. Hardness data are tabulated in Table 1. 

Figure 16 shows the hardness value determined by Oliver and Pharr method, Ho-p, for RIM- and 

PU-based composites and their polymer material, the numerical values are tabulated in Table 1. 

The source of Ho-p data in case of the polymer were samples collected from the same mould as 
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the respective composite samples. This data is presented at the L-value of the respective 

composite where the grey line serves as a guide to the eye. Moreover, the polymer's hardness 

data is found to be constant and well reproducible. The Ho-p of RIM epoxy is around 1792 MPa 

and that of PU is around 804 MPa. Still, it can be noticed that the hardness values are higher for 

the composites. For example, with a ligament size reaching 20 nm, the RIM-npg hardness is 

three times higher compared with the RIM epoxy. The RIM-npg composite hardness data are fit 

straight-line which gives HV  L
-0.210.03

 and the PU-npg data gives HV  L
-0.270.04

.  

Table 1: Numerical values from microhardness tests of the composites and of its 

constituents, nanoporous gold (npg) and polymer. L – ligament size; Hv – Vickers 

hardness, HO-P – instrumented hardness; E – elastic modulus, which is calculated 

according to the load-displacement data of the instrumented hardness test. The 

instrumented hardness test cannot be performed on the npg samples. 

 L  [nm] Hv 
 
[MPa] HO-P 

 
[MPa] E [MPa] 

npg 

20nm±5nm 334.0 — — 

50nm±10nm 8.23.0 — — 

80nm±20nm 8.02.5 — — 

150nm±50nm 3.60.2 — — 

250nm±50nm 3.50.3 — — 

RIM-npg 

composites 

20nm±5nm 353.46.5 538.720.5 11.20.3 

35nm±10nm 318.58.7 479.817.7 10.70.3 

50nm±10nm 259.719 401.918.0 10.40.2 

80nm±20nm 237.55.3 379.78.0 10.20.5 

120nm±30nm 227.47.1 352.09.6 10.10.4 

150nm±50nm 219.58.2 349.27.9 9.90.4 

250nm±50nm 214.45.1 336.85.1 9.60.3 

RIM  1143.0 1792.0 4.20.2 

PU-npg 

composites 

20nm±5nm 144.112.1 189.410.2 6.00.3 

50nm±10nm 126.43.7 141.98.1 4.90.2 

150nm±50nm — 115.213.5 4.40.3 

PU  — 80.14.2 1.60.1 
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4.1.1.3 Compression tests 

As a preliminary to the results obtained with composite samples, Figure 17 shows compression 

stress-strain curves of npg samples with different ligament size. The stress-strain curves of npg 

illustrate the excellent deformability of npg in compression. Three regions may be distinguished 

for the as-prepared npg with L = 20 nm: an initial regime of apparent linear elastic strain is 

followed by a gradual elastic-plastic transition region, after which the flow stress continuously 

increases. For npg samples with larger L, the yield stress is not resolved, and the plastic flow 

behavior is characterized by a continuously increasing flow stress, for instance from an initial 1 

MPa to > 150 MPa for L = 150 nm sample. The absence of transverse plastic flow, which 

underlies the work hardening, is illustrated by the images of npg before and after compression, 

see inset in Figure 17. It is observed in Figure 17 that the plastic flow stress of npg increases 

with decreasing ligament size. 

 

Figure 17: Compressive true stress, , versus engineering strain, E, curves of pure npg 

with cylinder shape of initial dimension 1 mm
2
  1.7 mm, with true strain, T, shown 

on the top abscissa. Tests were performed to engineering strain of 0.7, corresponding to 

nearly full density for the nanoporous gold samples. The inset
[36]

 displays side views of 

as-tested npg samples before (left) and after (right) compressive deformation to E of 

0.6, illustrating absence of transverse plastic flow. Data for yield strength is tabulated 

in Table 2. 

Figure 18 shows compressive stress-strain curves for mm-sized composite samples with different 

ligament size and various polymer phases. The graphs show engineering strain values up E = 0.5. 

All samples could be deformed plastically up to higher nominal strain of at least 0.7 without 

failure, yet the increasing lateral flow at the high strains prevents a meaningful discussion of the 
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relevant data because an obvious sample barreling was observed after E of 50%. As measures 

for strength we use – where possible – the 0.2%-offset strain yield strength, Y
0.2, as a more 

robust but less fundamental measure. The Y
0.2 was determined as the stress where the line with 

the same slope as the linear elastic curve at 0.2%-offset intersects the stress-strain curve. Table 2 

summarizes the 0.2%-offset yield strength for different kinds of composites and their individual 

constituent npg as well as polymer phase.  

The compressive stress-strain curves for the polymers are included in Figure 18. Clear yield 

points are distinguished for the two epoxies, followed by regions of approximately constant flow 

stress and a final work hardening stage prior to failure. The PU behaves similarly except for the 

absence of a clear yield point. The strengths vary considerably, with the RIM being strongest, the 

BE only about half as strong and the PU again weaker by half.  

Composite samples with L = 20 nm typically fail at lesser strain than those with larger ligaments, 

and also exhibit a somewhat larger sample-to-sample scatter in yield stress. Yet, it is apparent 

that all composite materials exhibit excellent deformability in compression. The composites 

showed a significantly different stress-strain behavior as compared to pure npg. Yielding is well 

defined for the RIM- and BE-based samples. The PU-based material exhibits a more gradual 

elastic-plastic transition, yet its initial stress-strain response is still considerably steeper than in 

case of the metal samples. A more gradual increase in the initial stress of the PU-composite at 

larger ligament size reflects the enhanced initial elastic-plastic compliance of the pure npg 

samples at larger L. Each type of composite shows a strong increase in flow stress with 

decreasing metal ligament size, emphasizing that the strengthening of the metal at small structure 

size is indeed transferred into the composite. The composites are significantly stronger than the 

respective pure polymers. For the strongest composite, RIM in L = 20 nm npg, the compressive 

yield strength reaches 120 MPa. 

As opposed to npg, in case of composite samples stress-strain curves show a strong decrease in 

work hardening. While the work hardening index varies between n = 1 and 0.5 for npg samples 

in the course of the compression test, whereas the n-values for the BE-npg composite samples 

for strains sufficiently beyond the yield point are much smaller, never exceeding 610
-2

 for L = 

20 nm and 410
-3

 for the larger L.  

An exemplary study of the volume change was performed on npg, BE epoxy and the BE-based 

composites. As expected, the change in macroscopic volume, V, is suppressed in the 

composites. The native npg samples exhibit relative volume shrinkage (density increase) of V/V 

 -0.62±0.05 for L = 150 nm and V/V  -0.72±0.04 for L = 50 nm during an engineering strain 

of -0.70, bringing the solid fraction, , after compression close to 1. By contrast, the volume of 

the BE-npg composite sample changed only slightly. For a compressive strain of -0.71, we found 

V/V0  -0.03±0.01 for a diameter of 150 nm and -0.046±0.01 for a diameter of 50 nm. A similar 

volume change, -0.0250.01 is found for the pure epoxy sample. The slight decrease of the 

composites’ macroscopic volume may be understood as the result of the rearrangement of 
polymer chains under compressive stress.

[163]
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Figure 18: True compressive stress, , versus engineering strain, E, curves of 

compression tests, with true strain shown on the top abscissa. Tests were performed at 

strain rate of 10
-4

 s
-1

 on composites with different ligament size, L, and polymers: (A) 

RIM-npg composites and RIM epoxy, (B)
[36]

 BE-npg composites and BE epoxy, (C) PU-

npg composites and PU. Data for yield strength are tabulated in Table 2. 

A 

B 

C 
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Table 2: Numerical values of structural and mechanical characteristics in compression 

tests of all composites and their constituents, nanoporous gold (npg) and different 

polymers. L – ligament size; E – elastic modulus, Y
0.2

 – 0.2% offset yield stress. For the 

npg samples with ligament size of 150 nm, elastic region and yielding is not resolved in 

the stress-strain curves. 

 
L  

[nm] 
E [GPa] Y

0.2 [MPa] 

npg 
20 0.81 20±1 

50 0.17 5.1±0.2 

RIM-npg 

composites 

20 4.18 115±5 

35 4.01 112±5 

50 3.34 90±3 

80 3.21 85±1 

120 3.12 78±4 

150 2.98 75±4 

250 2.39 73±3 

RIM epoxy  — 1.25 56±3 

BE-npg 

composites 

20 2.78 8010 

50 2.74 663 

150 1.69 543 

BE epoxy  — 1.05 283 

PU-npg 

composites 

 

20 2.36 52±1 

50 1.14 32±1 

150 0.71 18±1 

PU — 0.31 9±0.5 
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Figure 19 shows cross-sectional SEM images of npg and composite samples after compression. 

The cross-sectional surface of compressed npg was obtained by bending the sample (after the 

compression test) with the help of tweezers, inducing brittle fracture. Due to their ductility, the 

composite samples could not be fractured in this way and had to be cut. It is apparent that the 

metallic ligaments have not failed during the compression tests. This is consistent with the notion 

of ductile deformation at the nanoscale. Figure 19(a) shows stronger densification in compressed 

npg, while the SEM image of compressed composite shows an apparent texture, with a 

preferential alignment of the ligaments normal to the load axis.
 

   

Figure 19
[36]

: Scanning electron micrographs of cross-sections of materials with 

ligament sizes of 150 nm after compression to engineering strain 0.7 (arrows: 

compression direction). (a) Cross-sectional surface of the compressed npg sample; (b) 

Cross-sectional surface of compressed composite. Note the much stronger densification 

in npg. Also note that ligaments do not break except at the macroscopic cut/fracture 

surface. The polymer phase is transparent in the images. The SEM image for the 

composite shows an apparent texture, with a preferential alignment of the ligaments 

normal to the load axis. 

4.1.2 Discussion 

4.1.2.1  Microhardness testing 

The microhardness results from the two microhardness tests presented in the previous section 

were discussed in order to compare the hardness of composite to its parent materials, npg and 

polymer. The Vickers hardness of both npg and composite is size-dependent. It increases with 

decreasing ligament dimension. Even though the size-dependence of the hardness is weaker for 

the composite than for npg, the data shows that the enhanced strength of the nanoscale ligaments 

propagates into enhanced composite mechanical properties. Remarkably, the hardness of the 

npg-polymer composite of any L exceeds that of each of its constituent phases.  
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The Ho-p values of composites increase with decreasing L, which agrees well with the previously 

reported trend in Vickers hardness, even though the deformation and calculation methods are 

different for the two hardness tests. It was noted that the difference of hardness values between 

polymer and the composites are bigger when the ligament sizes are smaller. This observation 

will be discussed together with the results of the compression test. 

4.1.2.2 Compressive plastic deformation 

From Figure 17 and Figure 18, it is apparent that all materials exhibit excellent deformability in 

compression although the stress-strain relationship of the composites, nanoporous gold and 

polymer are different. Figure 17 shows that for npg samples with larger L, the apparent elastic 

regime is suppressed in favor of immediate onset of plastic deformation. This agrees with 

previous results in Ref. [164]. The behavior, in fact, resembles that of well-annealed single 

crystal samples
[63]

. Figure 18 clearly shows that the strength of the composites at any given L 

follows the trends of the polymer strengths, with RIM-composites stronger than BE- and then 

PU-based composites. Furthermore, the characteristics of the composites also follow the trend of 

“smaller is stronger” that is so clearly confirmed by the npg samples. Finally, the strength of the 
composites also exceeds those of the constituent phases at any L, which agrees well with 

hardness data.  

The work hardening behavior of npg is unusual in as much as the work hardening rate increases 

with increasing strain. In relation to plasticity, experiments show practically no transverse plastic 

strain in the macroscopic during plastic compression under uniaxial load. The fact that transverse 

plastic strain is absent in macroscopic nanoporous material seems to suggest that the process of 

compression in case of uniaxial stress is conducted by the densification of the ligaments' network. 

By virtue of the scaling
[64]

 of the flow stress, F, with solid volume fraction, , as F  3/2
, the 

densification causes a particularly strong work hardening at the macroscopic scale
[19]

. 

The study of the volume change with deformed pure npg and the BE-based composites shows 

that the composite increase the transverse plastic strain and suppress the change in macroscopic 

volume during plastic compression, whereas the pure npg samples deformed by densification 

with no detectable transverse plastic strain. As opposed to npg, the composite samples and 

particularly those RIM epoxy based exhibit extended regimes of almost constant flow stress, see 

the stress-strain curves in Figure 18. It supports the observation of the suppression of 

densification which causes work hardening in case of pure metal samples. It is a fact that, work 

hardening can be suppressed if the densification is suppressed by infiltrating the npg pores with a 

polymer. 

From Figure 19, it is natural to assume that impregnation with polymer changes the mode of 

deformation of the metal. Similarly to a conventional metal foam,
[64]

 the pure nanoporous metal 

may deform at low stress by local bending of the ligaments. The ensuing densification is 

apparent when Figure 19 (a) is compared to Figure 8 (left column). In contrast to the pure porous 

metal case, the embedding in a composite matrix forces the ligaments to strain along with an 
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essentially volume-conserving macroscopic flow field. This emphasizes axial elongation or 

shortening of ligaments in the local deformation modes, as supported by the horizontal texture 

and the elongated aspect of the ligaments in Figure 19 (b).  

4.1.2.3 Theory of npg-polymer composite materials 

The strength, eff
, of nanoporous metal-polymer composites was found to considerably exceed 

that of each of the constituent phases. This statement is connected with a simple rule of mixtures 

approach, in which the nanoscale metal network maintains its (effective, macroscopic) strength, 

N
, and in which the polymer component contributes in proportion to its volume fraction, 1-  

where  denotes the metal volume fraction, and to the strength, P
, of bulk polymer: 

eff
 = N

 + (1-)  P
                          (20) 

It is characteristic of the present type of composites that the reinforcing metal phase exists in the 

form of load bearing monolithic bulk samples that can be tested, providing experimental data for 

N
. Since  and P

 are also known, the prediction of the rule of mixtures, Eq. 20, may be 

compared to experimental data for the strength of the composite. This experimental strength is 

found to be much higher than the prediction of the simple estimate. This is not surprising, since 

the deformation mode of the metal changes when the pore space is filled with polymer, so that 

load no longer densifies the metal network and plastic deformation is instead carried by a 

volume-conserving flow field, similar to conventional massive materials. Here, the mechanical 

behavior of the composites will be discussed in relation to a more conventional rule of mixtures 

approach. 

An alternate rule of mixture 

It is of interest to separate the contributions of the polymer matrix and the embedded metal 

network to the net load carried by the composite. For the elastic problem this is a classic problem 

of heterogeneous medium theory that has approximate solutions in the form of, for instance, the 

Hashin-Shtrikman model.
[132]

 Here the focus is on the plastic deformation, which is open to a 

simpler, if also approximate, analysis.  

The key observation is that, as interconnected networks of nanoscale metal ligaments which are 

infiltrated with a polymer, the npg-polymer materials are interpenetrating phase composites. The 

reinforcing nanoscale metal network on its own thus forms massive samples that can be tested, 

see the results in Figure 17. As the experiment sets the strength of the composites several times 

higher than either the pure nanoporous metal or the pure polymer, a rule of mixture based on the 

weighted sum of the strength of the individual phases, as in Eq. 20, does not appropriately 

describe the mechanical behavior of the polymer.  

The failure of Eq. 20 is not surprising, since filling the pore space with the polymer changes the 

mode of the formation of the nanoscale metal network. While compression of the pure 

nanoporous metal is carried entirely by densification, plastic flow of the composite material at 
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constant effective macroscopic flow stress eff
 involves a volume-conserving flow field. In fact, 

plastic flow of the bicontinuous microstructure is consistent with metal and composite deforming 

coherently with uniform and identical values of the strain rate,   , in each phase. This flow field is 

also consistent with constant (but not necessarily uniform) stress at each material point in each 

phase and, therefore, with a volume-conserving flow. In fiber-reinforced composites, relaxation 

at the fiber ends and slip at the fiber-polymer interface are well known to imply a significant 

deviation from the uniform strain rate that requires correction, for instance by a “strength 
efficiency factor”.[97]

 Furthermore, the essentially brittle behavior of classic reinforcements such 

as carbon fibers prevents the coherent plastic deformation of fiber matrix and leads, instead, to 

failure at small plastic strain. The present material presents a more benign case for analysis, since 

the stiff phase is locally ductile, and since the requirement of maintaining contiguity in the 

bicontinuous microstructure enforces the plastic flow to be coherent. 

The material used is macroscopically isotropic and it may be safely assumed that this isotropy 

can be carried over to the local flow field. In doing so, the crystalline anisotropy of the metal is 

ignored of the metal in each of the randomly oriented grains (a few tens of micron in size
[19]

) of 

the metal microstructure. The assumption appears reasonable since pure nanoporous gold does 

deform uniformly at the micron scale.
[19]

 

If one accepts the flow field as volume-conserving and the material as isotropic, then the uniaxial 

load simply leads (in an orthonormal coordinate system) to a strain rate tensor, dtdEE / , 

according to 

                                       (21) 

In other words, the plastic flow is parameterized by the scalar strain rate   alone, and is 

therefore identical to that in a pure polymer sample deformed at the same strain rate.  

As it is reasonable to assume that the stress in the polymer phase is governed by the strain rate, it 

is concluded that this stress is identical for composite and pure polymer samples since the test is 

done at identical strain rate. This makes it possible to exploit the pure polymer experiments for 

identifying the stress in the polymer phase of the composite. 

With the above insights it is straightforward to decompose the net load, T, on a cut surface (area 

A) through the composite, normal to the load axis, into contributions from metal and polymer 

according to the rule of mixture 

T = eff
 A = [ M

 + (1-) P
 ] A .                                                                                          (22) 

The symbols have the following meaning:  stands for metal volume fraction, M
 stands for 

stress in the metal and P
 stands for stress in the polymer. An analogous equation is known to 

apply to the axial strength of fiber-reinforced composites in the limit of very long aligned 

fibers.
[97]
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The consistency of equation 22 with our data may be checked by inspecting its implications for 

the strength of the metal ligaments. To this end, Eq. 22 is rearranged into  

M
 = [eff

 - (1-) P
 ]  /                                                                                (23) 

which affords a computation of the metal flow stress from the data for , P
, and eff

 that are 

measured for the composite and pure polymer samples. Figure 20 shows M
 obtained in this way. 

The data is for the deformation at net engineering strain E = 0.1, the smallest strain value where 

the flow stress of all composite samples first tends towards a nearly stationary value. It is seen 

that samples with ligament size L = 20 and 50 nm yield values of M
 that agree closely (the data 

for all three composites at L = 20 nm actually superimpose in the graph), independent of the 

nature of the polymer. This finding is consistent with the notion that the flow stress is 

characteristic of the metal, and is therefore supportive of the stress decomposition strategy as 

embodied in Eq. 23.  

Figure 20 also includes data for the strength of nanoporous gold ligaments that are estimated 

from the compression and microhardness tests of Ref.[19].
1
  The analysis find that the estimated  

M
 values of the composites are of similar magnitude as those estimated for pure nanoporous 

gold in Ref. [19] which used the same npg synthesis protocol, and in particular the trend of 

smaller is stronger is reflected by the composite. Overall, this finding gives further support to our 

data analysis.  

Closer inspection of Figure 20 shows that the size-dependence of strength in the composite is 

somewhat less than what is inferred from pure nanoporous gold. One might speculate on a 

dependency of the polymer properties on the ligament size, which is ignored in our data analysis. 

Reconciling the data for strength derived from composite samples and derived from pure 

nanoporous gold in this way would require that the polymer phase in the composite at small 

ligament size is weaker than bulk polymer. A weakening at small ligament size might be 

understood in terms of incomplete curing. This might result from depletion of the resin/hardener 

mixture in hardener if the hardener molecules would be adsorbed at the ligament surface. The 

small-L composites have more surfaces per volume and may, therefore, be more prone to this 

process. In fact, examining the material with L = 40 nm as an example and using the supplier’s 
data for the number-density of amine groups in the hardener, we find that the resin in the pore 

space contains 300 times fewer hardener molecules than Au surface atoms. This implies that, in 

principle, all hardener molecules could entirely be withdrawn from the resin by adsorption on the 

Au surface. Obviously, that extreme scenario is not compatible with the mechanical strength of 

the composite samples in our study. Yet, the finding - in Figure 20 - of a reduced apparent 

strength of the polymer component does support a certain degree of hardener depletion at small L. 

Studies with systematic addition of extra hardener are in preparation to explore this issue.  

                                                 

1 The data of Fig. 3B of Ref. [19] is used. As indicated there, the Gibson-Ashby scaling relation for the strength, eff = 0.3M3/2, 

was used to estimate the local strength of the metal ligaments from the effective macroscopic mechanical behavior.  
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Figure 20: The metal flow strength, M
, of the ligaments that are obtained according to 

eq. 23 as a function of ligament size, L, for RIM-npg (filled diamante), BE-npg (filled 

circle) and PU-npg (filled square) composite samples, and the metal flow strength of 

ligaments for nanoporous gold that are estimated from the compression (open circle) 

and microhardness tests (open triangle) of Ref.[19] versus ligament size. 

Metal flow stress: work hardening 

Figure 21 displays graphs of M
 at different deformed strain versus true strain, T, for RIM-npg, 

BE-npg and PU-npg composites with different ligament size. It suggests that the ligament 

strength increases with decreasing ligament size in composites, which confirms that the 

composites follow the trend of “smaller is stronger”.   

For pure npg samples, it is difficult to distinguish the initiative of the increase of the strength 

during compressive deformation. It can be derived either from the work hardening of the 

individual nanoscale ligament at the microscopic scale or from the work hardening 

macroscopically caused by the densification of the network of the ligament. In contrast, the 

interpenetrating polymer in composites prevents the densification, which gives a chance to study 

the work hardening of the ligament in this work. In Figure 21, a linear work hardening law at the 

larger strains and larger ligament sizes were observed. It seems that the formula  = 0 + H, 
where H stands for the work hardening coefficient, is best suited for observation from a number 

of various conceivable work hardening laws. The H was evaluated from the slop of stress-strain 

curve at the larger strains (T of 0.2-0.6) in Figure 21 and tabulated in Table 3. It shows that the 

work hardening coefficient is more significant for large ligament. The work hardening of the 

ligament results in the increase of the M
 at larger deformation. 
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Figure 21: The metal flow stress, M
, of ligament at different deformed strain plotted 

versus true strain, T, for RIM-npg (A), BE-npg (B) and PU-npg (C) composites with 

different ligament size.  

A 

B 

C 
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Table 3: The work hardening coefficient, H, which is evaluated from the slop of stress-

strain curve at the larger strains in Figure 21, for different types of polymer-npg 

composites with different ligament size, L. 

 L  [nm] H 
 
[MPa] 

RIM-npg 

composite 

20nm -38 

50nm 91 

150nm 101 

250nm 101 

BE-npg 

composite 

20nm 63 

50nm 136 

150nm 198 

PU-npg 

composite 

20nm - 

50nm 98 

150nm 64 

 

 

4.2 Tension 

4.2.1 Experimental results 

4.2.1.1  Three-point bending test 

Previous research and sources show a relatively low number of studies devoted to tensile test of 

macroscopic nanoporous gold due to a limited access to the equipment suitable for tension test of 

npg. Mostly researchers studied the failure behavior of nanoporous gold by three-point bending 

test
[5, 19, 35]

. As a preliminary test of tensile behavior three-point bending experiments were 

performed for the native npg and the BE-npg composite. Both samples are with ligament size of 

150 nm. The stress concentrated under the center of the loading point. Photographs of the as-

tested samples are shown in Figure 22. For native npg, crack propagation is very fast under a 

small load and failure is observed without any sign of plastic deformation (Figure 22A), 

supporting previous reports of an intrinsic brittleness of npg materials in tension
[5]

. In striking 

contrast to the brittle failure of native npg, the BE-npg composite (Figure 22b) can be deformed 
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with no apparent failure in the compressive and tensile regions of the sample. An evaluation of 

the bending geometry reveals that the maximum true tensile strain was 0.1. 

 

 

Figure 22
[36]

: Photographs of native npg with ligament size of 150 nm (A) and its 

composite filled with BE epoxy (B) after the three-point bending tests. Samples are 

shown edge-on and in top view. 

4.2.1.2 Tensile test 

To start with, this section discusses tensile stress-strain curves of the pure polymers as presented 

in Figure 23. While it has been found that the PU and BE have equal strength in tension and 

compression, the RIM strength in tension is down to half the compression value. From a 

preliminary compression experiment with strain rate changing, it is apparent that the strain rate 

sensitivity of RIM is stronger than that of PU. Therefore, it is likely that the strength of RIM 

epoxy in tension will decrease more as the strain rate changes from 10
-4

 s
-1

 for compression to 

10
-5

 s
-1

 for tensile test. All polymers can be deformed to large strain in tension. 

The stress-strain curves of tensile tests on the composite samples with ligament size of 50 nm 

and 150 nm are shown in Figure 24. 0.2%-offset yield stresses, Y
0.2, fracture strength and strain 

were measured and shown in Table 4. The composites are distinguished from pure npg by their 

noticeable fracture strain. This strain increases with increasing ligament dimensions. The plastic 

strain to failure is quite small for the RIM-npg samples, but the BE-npg sample with L = 150 nm 

and all PU samples show appreciable strain, reaching > 10% for the PU-composite specimen 

with L = 150 nm.  
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Figure 23: The tensile true stress, T, versus engineering strain, E, curves of the RIM 

epoxy, BE epoxy and PU samples of initial dimension 1 mm  1 mm  12 mm at a 

nominal strain rate of 10
-5

 s
-1

. Data for yield strength, fracture strength and strain were 

tabulated in Table 4. 

As demonstrated by the compression tests, the composites are stronger in tension than their pure 

epoxy counterparts. For instance, Y
0.2 of RIM epoxy-npg with L of 50 nm is almost 3 times 

larger than Y
0.2 of pure RIM epoxy. Furthermore, it is remarkable that the yield stress of 

composite increases with decreasing ligament size. Similar to Y
0.2, the fracture strength also 

increases with decrease of L.  

Tests with several nominally identical samples found failure mostly within the gauge section, 

with only occasional failure events at the gripping shoulder. Figure 25 shows photographs of as-

tested sample. It shows surface grooves from wire-drawing and small defects which results from 

handling the nanoporous gold samples in their as corroded and has annealed states, prior to 

infiltration with the polymer.  
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Figure 24: The tensile true stress, T, versus engineering strain, E, curves of the 

samples of initial dimension 1.2 mm
2
  12 mm: (A) RIM-npg, (B) BE-npg and (C) PU-

npg composites with ligament size, L, of 50 nm and 150 nm at a nominal strain rate of 

10
-5

 s
-1

. Data for yield strength, fracture strength and strain are tabulated in Table 4. 

A 

B 
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Figure 25: Photographs of fractured RIM based-composite samples from tensile tests 

with different ligament size, L: L = 50nm (left) and L = 150 nm (right). The top surfaces 

of samples are fracture surfaces. Some surface grooves and small defects were observed, 

which results from wire-drawing or handling the nanoporous gold samples prior to 

infiltration with the polymer. 

Table 4: Numerical values of structural and mechanical characteristics in tensile tests 

of the composites and different polymers. L – ligament size; E – elastic modulus, Y
0.2 - 

0.2% offset yield stress.  

 
L  

[nm] 

E 

[GPa] 
Y

0.2  

[MPa] 

Fracture stress 

[MPa] 

Fracture strain 

[%] 

RIM-npg 

composites 

50 7.78 69.30.5 70.1 1.1 

150 4.87 49.50.5 54.5 1.4 

epoxy RIM — 2.75 23.01 23.3 38.5 

BE-npg 

composites 

50 5.48 33.00.5 37.2 1.2 

150 2.47 13.10.4 17.7 3.2 

BE — 2.35 21.90.5 35.5 45.4 

PU-npg 

composites 

50 2.64 14.30.6 14.8 5.0 

150 1.61 10.30.6 11.9 10.5 

PU — 0.90 8.00.1 10.1 73.2 
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4.2.1.3  Four-point bending test 

The motivation for the bending test was the suspicion that surface flaws determined the fracture 

strength. From Figure 25, some surface flaws on tensile tested samples were observed. However, 

the geometry of the sample prevented applying a satisfactory polish to optimize the surface. The 

bending test works with samples that can be brought to higher surface finish and should therefore 

be stronger. Despite the fact that three-point bending tests are generally easier to perform 

compared with four-point bending test, in this case four-point bending test was conducted to 

examine composite material's plastic deformation in tension conditions. Stress concentration of 

four-point bending tests is over a larger region, avoiding premature failure, whereas the stress 

concentration of three-point bending test is in small region and concentrated under the center of 

the loading point.  

Four-point bending experiment was performed on the rectangular sample of RIM-npg composite 

with L of 150 nm. The sample surface was carefully polished. Photographs of the as-tested 

sample at non-deformed, maximum bending and final unloaded states are shown in Figure 26. 

From the middle photo of Figure 26, it can be seen that the composite can be deformed to the 

displacement of 1500 μm, which is a maximal possible measuring range, with no apparent failure 

in the compressive or tensile regions of the sample.  

   

Figure 26: Photographs of the as-tested RIM-npg composite sample with ligament size 

of 150 nm at non-deformed (left), maximum bending (middle) and final unloaded (right) 

states during four-point bending measurement. The sample surface was carefully 

polished. 

The graph of force, F, versus displacement, δ, was recorded during measurement, which is 

shown in Figure 27(A). It shows a significantly linear force-displacement behavior. The stress 

and strain was calculated based on F-δ curve according to the equation 18 and 19. At the 

maximum measuring range, the sample could be deformed at strain of 2% with the stress of 140 

MPa, which is stronger and has higher plasticity than the wire-shape RIM-npg sample with L of 

150 nm in tensile test (see in Figure 24(A)).  
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Figure 27: (A) Graph of force, F, versus displacement, δ, which was recorded during 

four-point bending measurement. (B) The stress, , versus strain, , curve of four-point 

bending test, which was calculated according to the equation 18 and 19. 

4.2.2 Discussion 

4.2.2.1 Macroscopic failure behavior of nanoporous gold 

Experimental tensile tests so far invariably revealed brittle failure of npg. Balk et al.
[29]

 

developed a testing technique that permits tension tests in small sample volumes. Tests showed 

that npg exhibit no apparent plastic deformation, even though individual ligaments at the fracture 

surfaces did deform. Li et al.
[5]

 investigated npg in three-point bending, linking brittleness to the 

ratio of sample size to intrinsic pore size. It is a fact that micro- and recently also macroscale 

nanoporous gold samples exhibit very good deformability properties in compression, still, it has 

to be added that brittle failure in tension occurs in most studies. This phenomenon has been 

attributed to a certain property of porous bodies, namely, tension-compression asymmetry of 

their mechanical behavior.
[36]

 Density decrease in tension leads to work softening even though 

densification of the network would suggest work hardening in compression. The former trend 

points towards plastic instability with shear localization as well as brittle failure in tension. 

Strength and ductility are two of the most important mechanical properties of structural materials. 

As an ensemble of interconnected ligaments, nanoporous gold offers an implementation of the 

mechanical properties of nanowires, including specifically their high strength, into a 

macroscopic material. It has to be added that, even though the nanoscale ligaments are 

characterized by high local strength, it is crucial that npg are brittle in tension and therefore it is 

questionable whether they can be regarded as advanced and structural materials. It goes without 

saying that for ductilization of the material it is important to have a material design able to 

prevent density change under load. 

A B 
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4.2.2.2 Tension behavior of npg-polymer composite 

The discussion in this section will focus on the plastic deformation in tension of composite, 

because the main motivation of this work is a design of ductile npg reinforced nanocomposites. 

The results presented in compression section demonstrate that impregnation with a polymer is an 

efficient method of reducing the density change during plastic flow of nanoporous materials in 

conditions of uniaxial load. It is conjectured that suppressing the density change would also 

suppress compression/tension anisotropy of work hardening and the npg-polymer composite 

should therefore be ductile in tension. In view of the brittle behavior of npg in three-point 

bending test, it is remarkable that our composite specimens do exhibit ductile deformation. The 

plastic deformation of the composite in three-point bending testifies to its tensile ductility, which 

is a promising improvement to the tensile behavior of pure npg material. This drastic 

enhancement of tensile ductility confirms our strategy. The impregnation indeed leads to 

ductilization.  

The plastic deformation in tension of the composite is investigated under uniaxial loads. As 

shown in Figure 24, it is found that the amount of plastic deformation of composite in tension 

depends on the ligament size and the ductility of the interpenetrating polymer. For each type of 

the composite, plastic deformation prior to failure increases with increasing ligament size. It 

follows the generic trend of more ductility at lesser strength.
[165]

 The different interpenetrating 

polymer phase makes tensile behavior of composites completely different. The composites 

follow the trends of the polymer ductility. Noticeable fracture strain was achieved for the PU-

based composite, which is a remarkable finding in view of the brittleness of npg samples in all 

previous studies. However, compared to the deformed strain of polymer in Figure 23, the result 

is that reinforcing polymer with npg increases the strength of the polymer matrix, but also leads 

to brittle polymer materials. 

Li et al.
[5]

 determined the fracture strength of 8.2 MPa for millimeter-scale bulk nanoporous gold 

with ligament size of around 20 nm by carrying out three-point bending tests. Balk et al.
[29]

 

found nearly the same values of tensile yield and fracture strengths measured by tensile testing of 

bulk npg microspecimens. Both references indicated that npg specimens fractured abruptly in 

tension test, with no apparent plastic deformation. From the results of bending and tension tests 

of composite in this work, it has been found that the composite specimens exhibit significantly 

larger fracture strength. The mechanical features of the composites also follow the trend of 

“smaller is stronger”. 

The comparison of the stress-strain curve of the RIM-npg composite with L of 150 nm in Figure 

24(A) in tension test to that in Figure 27(B) in bending test shows that tensile strength and strain 

to failure remain low. It appears natural to speculate on the role of the surface finish of the 

samples on their failure. Microscopic investigation shows surface flaws results from handling the 

npg samples in their preparation states, prior to infiltration with the polymer. The result of four-

point bending test demonstrates that optimized surface equals a stronger and more ductile sample. 

Figure 27 shows a remarkably linear the force-displacement behavior in four point bending test. 
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However, the sample cannot be further deformed in such a test because of the measuring range 

limitations. 
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Chapter 5.  

Elastic deformation:  

A preliminary study 

In this work the elastic deformation behavior of materials was explored with three methods: 

instrumented indentation test, load-unload compression test and dynamic mechanical analysis. 

The elastic behavior of interpenetrating polymer phase in composite are affected by a lot of 

factors which are not studied or illustrated in this chapter, such as frequency, temperature, curing 

state, ligament size and so on. This chapter only presented a preliminary study of elastic 

deformation of composite in specific curing state. In future, other mentioned factors should be 

studied systematically to understand the elastic deformation of the composite. 

5.1 Experimental results 

5.1.1 Instrumented indentation tests 

The elastic modulus can be determined by analyzing the indentation load-displacement curves of 

instrumented microhardness test. Figure 28 summarizes the elastic modulus, E, determined from 

instrumented hardness tests according to equation 15 for RIM- and PU-based composites and 

polymers. The elastic modulus of composites is larger than that of its constituent pure polymer. 

For example, at L = 20 nm the elastic modulus of RIM-npg composite is around 12 GPa, which 
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is about three times larger than RIM epoxy (around 4 GPa). All the composites are much stiffer 

than their interpenetrating polymer material. The E of the composite is ligament size-dependent. 

It decreases with the increase of L. For instance, the elastic modulus of the RIM-npg composites 

with L of 20 nm, 50 nm and 150 nm is around 9.9 GPa, 10.4 GPa and 11.2 GPa, respectively. 

 

Figure 28: Elastic modulus, E, evaluated from indentation load-displacement curves of 

RIM and PU-based composites (squares) and their interpenetrating polymers (circles) 

versus ligament size, L. Polymer samples were taken from the same mould as the 

composites and data are plotted at the respective L-value. Gray line is a guide to the 

eye.  

5.1.2 Load-unload compression tests 

Change of elastic modulus during compression was examined in load-unload compression tests. 

Figure 29(A) shows experimental results of nanoporous gold with ligament size of 20 nm, 50 nm 

and 150 nm. The graph of true stress versus strain curves of npg is highly consistent with 

previous results in compression section. Nevertheless, the collected data shows not only the 

envelope curve of stress compared with strain observed during continuously growing 

deformation, but also presents intermediate load-unload segments where it is possible to identify 

the elastic fragment of the deformation. In Figure 29(A), the observation of residual strain after 

unloading even from quite a small stress indicates early plastic deformation. Figure 29(B) shows 

the results for elastic modulus of npg determined from load-unload segment, which is plotted vs. 

engineering strain. It can be seen that the elastic modulus values start out extremely low. Then 

the plastic compression brings a rapid increase in the modulus. Results of load-unload 

compression tests for RIM-npg composites with an L of 50 nm, and RIM epoxy are shown along 

with the results of npg samples of the same ligament size for comparison (see Figure 29(C)-(D)). 

It can be seen that the E of composites is larger than that of native npg and epoxy. The load-
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unload segments from which E is inferred in the compression test exhibit nonlinearity and 

hysteresis, indicating a partial recovery of the plastic deformation during unloading. 

  

  

Figure 29: Results of load-unload compression tests: (A) The diagram of load-unload 

true stress, T, versus engineering strain, E, for the npg with ligament size, L, of 20, 50 

and 150 nm. (B) Change of elastic modulus, E, of npg with different ligament size, L, 

during load-unload compression (squares). Also shown E as measured independently in 

the dynamic mechanical analyzer for the npg samples with L of 20 nm (green diamond), 

50 nm (green circle) and 150 nm (green triangle). The two data sets appear to be 

consistent. (C) The graph of true stress, T, versus engineering strain, E, for the RIM-

npg composite with L of 50 nm and its individual constituent RIM epoxy and npg 

samples. (D) Elastic modulus, E, determined from the load-unload segments presented 

in graph (C) versus engineering strain, E. The unloading curves at minimum applied 

stress were the source of the engineering strain values.  

B 

D C 

A 
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5.1.3 Dynamic mechanical analysis 

The modulus measured in dynamic mechanical analysis (DMA) is not exactly the same as the 

Young’s modulus of the classic stress-strain curve. First of all, they are determined in different 

ways. Young's modulus is calculated from the slope of a stress-strain curve in the initial linear 

region. By contrast, in case of DMA, a complex (E*), an elastic (E´), and an imaginary (loss) 

modulus (E´´) are determined from the material response to the sine wave. The various types of 

moduli help better characterize material's properties, such as its ability to store or return energy 

(E´), to lose energy (E´´). 

 

 

Figure 30: The storage modulus, E´, of the RIM epoxy and RIM-npg composite with 

ligament size, L, of 20, 50 and 150 nm samples versus temperature, T. All the samples 

were post-cured at 60°C for 24h. After glass transition, the values of E´ for the RIM-

based composites drop drastically. 

The macroscopic elastic modulus values obtained by DMA on several npg samples with different 

ligament size are shown in Figure 29(B) for comparison with the results from the load-unload 

compression tests. It is apparent that both of the data sets for elastic modules of npg are 

consistent. This supports the validity of the DMA data. The section below focuses on studies 

elastic behaviour of composite and polymer at various temperatures. For thermosets, the degree 

of cure is a significant parameter in determining the end-use properties, for instance creep or 

stiffness of a material. Therefore, for stiffness measurement, all the samples were post-cured at 

60°C for 24h. The storage modulus, E´, of the samples versus temperature for post-cured RIM 

epoxy and RIM-npg composites with different ligament sizes are shown in Figure 30. It can be 

seen that the E´ of composites at any L and at any temperature is larger than that of pure RIM 
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epoxy. It shows that E´ of the RIM-npg composite before transition increases with decreasing the 

ligament size. For example, at room temperature, E´ of the composites with L of 20, 50 and 150 

nm are 5.6 GPa, 4.8 GPa and 4.1 GPa, respectively. When the temperature is raised to 90 °C 

(over the Tg) the E´ values of the RIM-based composites drop drastically. The E´ of the 

composites in rubbery state also increases with decreasing the ligament size.  

5.2 Discussion 

5.2.1 Elastic modulus of npg 

From Figure 29(B), it is apparent that the elastic modulus of npg obtained from DMA and load-

unload compression tests at the onset of deformation are consistent. These results agree well with 

the data of npg with similar ligament size from refs. [166] and [164]. However, as stated in ref. 

[166], these results for E of npg are at least one order of magnitude lower that what was deduced 

in several previous reports on npg. They found E in the range 3-13 GPa for ligament sizes of 20-

40 nm by using nanoindentation, film bending and microtensile or compression tests.
[29, 61, 77]

 

The npg samples in this work are of the crack-free type that previous studies have shown to be 

perfectly deformable in compression and to yield strong and ductile nanocomposites when 

infiltrated with polymer. Therefore, structural imperfections such as native cracks as the origin of 

the large compliance are ruled out. The origin of the higher stiffness in data by other authors has 

been discussed by Mameka et al. in reference [166]. These authors suggest the following: The 

higher stiffness can be explained by densification during loading that occurs in the case of 

nanoindentation. Another possible reason in the case of thin films may be synthesis. Synthesis by 

dealloying can be followed by considerable volume shrinkage which leads to densifying and 

increased stiffness of the material.
[18]

 Even in cases when bulk shrinkage is not present, densified 

layers located near the surface of the macroscopic sample have been found.
[167]

 The denser and 

at the same time stiffer layer constitutes a large part of the sample volume in thin-film samples 

and it can also affect the whole elastic response. In future studies exact density measurements are 

needed to help assess the influence of this feature on the npg samples' stiffness. 

The analysis of the load-unload segments confirms the pronounced increase in the stiffness of 

npg as the plastic deformation proceeds (see in Figure 29(B)), as was noted in refs. [164] and 

[166]. In previous studies, it is significant that npg samples lack transverse plastic strain during 

compressive deformation, which results in the solid fraction increase during compression. By 

virtue of the Gibson-Ashby scaling law
[64]

 of the modulus with solid volume fraction, , as E  

2
, the densification increases macroscopic stiffness of npg samples. Yet, it is found that the 

increase is less than the 2
 scaling. As was discussed in ref. [164], the npg sample at any state of 

deformation remains significantly more compliant than it was predicted by the Gibson-Ashby 

law. 
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5.2.2 Elastic modulus of composite 

While studying the mechanical properties of interpenetrating composites, it is necessary to use a 

theoretical model to describe the relation between its properties and microstructure. For the 

elastic problem, perhaps Hashin-Shtrikman bound model
[132]

 are the most well-known bound for 

elastic moduli of interpenetrating composite.
[78]

 In this model materials were considered to be 

described as mechanical mixtures of a number of different isotropic and homogeneous elastic 

phases.
[132]

 Considering such a material as quasi-isotropic and quasi-homogeneous when 

composite has a large enough volume, the elastic moduli of the multiphase material can be 

estimated in terms of the elastic moduli and volume fractions of the constituting phases.
[132]

 The 

bounds for two-phase material can be presented as the two-sided inequalities: 

K*1  K*  K*2 ,                                                                                                                     (24) 

G*1  G*  G*2 ,                                                                                                                     (25) 

where K* and G* are the effective bulk and shear moduli, respectively
[132]

 In this work, the 

superscript “1” and “2” presents interpenetrating polymer phase and metal phase, respectively. 

According to Hashin-Shtrikman model
[132]

, the expressions of the effective bulk modulus and 

shear modulus for the two-phase material can be presented as:                               ,                                                                                                    (26)                               ,                                                                                                    (27)                                              ,                                                                                              (28) 

                                              ,                                                                                              (29) 

which can be used in inequalities (24) and (25). The ν is the phase volume fraction. Then the 

bounds for the elastic modulus, E, can be obtained by using the usual relation: 

E = 9GK / (3K + G).                                                                                                               (30)  

In this work, bulk values of (polycrystalline, isotropic) gold were chosen for the elastic 

parameters of the metal phase. The bulk modulus and shear modulus of bulk gold is 180 GPa and 

27 GPa, respectively.
[76]

 The elastic modulus of RIM epoxy is obtained from DMA measurement 

and Poisson’s ratio of RIM is 0.35, which is the average value estimated from other literatures.  

Figure 31 shows all the previous experimental data of the elastic modulus of the RIM-based 

composite with L of 20 nm versus metal volume fraction, together with the Hashin-Shtrikman 

bounds determined with using equation 24-30. The metal volume fraction for the npg with L of 

20 nm is round 0.27, which has been studied in section 3.1. It can be seen from Figure 31 that all 

experimental data fall within the Hashin-Shtrikman bound. The model prediction offer upper and 
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lower bounds to compensate the scatter of the data. The data of elastic modulus for large 

ligament size samples is not shown in this graph due to the fact that precise solid volume fraction 

is not determined for these samples. The precise density measurement is indispensable for future 

studies, in order to assess the role of this parameter for the stiffness of composite samples. 

Comparing all of the previously obtained experimental data of the elastic modulus for different 

ligament size composites, it is concluded that the elastic modulus from the hardness test and 

ultrasonic velocity measurement correlate really well. And the value of elastic modulus in 

compression test of a magnitude consistent with that in DMA test. However, it is noted that the E 

values in compression and DMA are lower than that in hardness and ultrasonic velocity 

measurements. Such systematic variations are usually thought to be real and caused by strain rate 

or frequency dependent stiffness of epoxy. Preliminary study of stiffness of epoxy by DMA in 

frequency sweep mode found that the stiffness of epoxy increases at higher frequency. Therefore, 

it is likely that the composites stiffness measured by means of the ultrasonic velocity 

measurement is higher than that determined with DMA due to the fact that the frequency in 

ultrasonic velocity tends to be much higher than in case of DMA. At this point, the Hashin-

Shtrikman bounds should be recomputed with a higher stiffness value for the pure polymer. 

However, the required stiffness value of the pure epoxy is not determined yet. In future work, the 

measurement for the stiffness of epoxy at different frequency is necessary in order to understand 

the role of this parameter for composite samples' stiffness. 

 

 

Figure 31: Comparison of experimental data on the elastic modulus of RIM-based 

composite with ligament size of 20 nm in DMA (square), ultrasonic velocity (triangle), 

compression (diamond) and hardness (hexagon) measurement with Hashin-Shtrikman 

bound model as a function of metal volume fraction. The data of elastic modulus of 

RIM-based composite in ultrasonic velocity was measured by Dr. Grewer at Saarland 

University, Germany. Experimental data fall within the Hashin-Shtrikman bound. 
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Chapter 6.  

Summary and outlook 

This work presented a novel type of interpenetrating phase nanocomposite material that exploits 

the high-strength of metal nanostructures. Dealloying creates macroscopic bodies of a uniform 

metallic network structure, which is vacuum-impregnated with polymer. Thus formed 

interpenetrating nanoporous metal-polymer composite material is light-weight, and exhibits a 

number of unusual and technologically attractive properties, specifically ductility in tension, high 

electric conductivity and a strength significantly exceeding that of each of the constituent phases.  

In recent years, fibre or carbon nanotubes have been widely used as reinforcing materials for 

polymer based composites. However, a lot of researches found that despite fibre reinforced 

polymer composites possess excellent in-plane specific mechanical properties, most traditional 

fibre reinforced polymer composites suffer from a relatively poor out-of plane performance. The 

application of carbon nanotubes in the role of fillers in polymer composite systems yields great 

results, however, there is a risk that the dispersion of carbon nanotubes in polymer matrix will 

not be homogenous and it can affect the resulting composites' mechanical properties. The 

presented nanoporous metal reinforced composite in this work has great potential for future 

development owing to its special reinforcement structure which is a uniform metallic network 

structure. Compared to traditional fibre reinforced polymer composites or carbon nanotubes 

reinforced polymer composites, this novel interpenetrating nanoporous metal-polymer composite 

exhibits more homogeneous, isotropic mechanical behavior, opening up the way to further 

interesting application options. 

In this study, the metal host structure is nanoporous gold. Three kinds of polymer were used for 

infiltration: Bisphenol A epoxy resin, bisphenol F epoxy resin and polyurethane. Evaluation of 
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SEM images on fracture surfaces of composites reveals mean ligament diameters, L, of around 

205 nm in the as-prepared material. Samples with different L could be prepared by annealing in 

air at 300 °C for different times. The complete infiltration was confirmed by the SEM images of 

polished cross-sectional surfaces of npg and composites samples. It has to be noted that in SEM 

images the polymer phase is not visible, however, the conservation of the metal nanostructure is 

a clear sign of its presence. To be more precise, the polished surfaces of native npg look dense 

and featureless in the SEM due to the fact that the polishing process causes damage to the 

delicate ligament structure. On the other hand, for composites of different ligament size the 

ligament structure is perfectly preserved at the composites' polished surfaces. The observation of 

stable nanoporous microstructures after polishing can only be understood in terms of complete 

impregnation. TEM and AFM images of cross-section of composite proved the presence of 

polymer and further confirmed the complete infiltration. Extensive investigations of cross-

sectional micrographs revealed no voids in the polymer. 

The interpenetrating polymer phase of composite exhibits a glass transition temperature, above 

which the properties of material such as stiffness degrade significantly. The glass transition 

temperature is often seen as the upper limit for the use of polymeric composites in order to 

assure that the mechanical properties is satisfactory in structural application. In this work, Tg of 

material is measured by dynamic mechanical analysis. The Tg of pure epoxy is larger than that of 

composites. It could be explained by the depletion of the amine hardener in resin/hardener 

mixture due to the chemisorption of the amine hardener on the gold ligament surface. In addition 

to this, in case of composites of small ligament size, a decrease in glass transition temperature 

occurred. It can be possibly down to the growing of the surface-volume ratio for composites of 

small ligament size. The increase in amine hardener depletion is obtained through the lowering 

of ligament size and consequently, increasing the surface. 

The compression data confirm the trends from the hardness tests, in particular i) the strengths of 

both, npg and composite samples, increase with decreasing L and ii), the composite material at 

any value of L is much stronger than each of its constituents. The compression tests showed 

clearly that suppression of the densification of the ligament network can be achieved by 

impregnation with polymer. It is particularly important because the densification is the source of 

work hardening in the process of plastic compression. Indeed, the stress-strain curves in 

compression evidence a drastic reduction of the work hardening for the composite material. The 

compression tests also demonstrate interesting mechanical properties of the composites, which 

maintain the large deformability of npg, and reflect the enhancement of strength with decreasing 

ligament size. It is suggested that the improved strength of the nanoscale ligaments means 

improved mechanical properties of composites. This confirms the main design strategy in this 

work that yield high strength nanocomposites by exploiting the mechanical properties of metal 

nanostructure. SEM images of microstructure of compressed samples prove that impregnation 

with polymer changes the mode of deformation of the metal. Pure nanoporous metal is 

comparable to conventional metal foam in the sense that it may become deformed in low stress 

conditions due to local bending of the ligaments. As opposed to pure porous metal, the ligaments 
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in the composite are forced to strain together with the volume-conserving macroscopic flow field 

by the embedding in a composite matrix. 

Testing nanoporous gold or the composite material of this thesis in tension is a serious challenge 

in view of the smallness of nanoporous gold samples, their lack of machineability, and their 

brittleness. A major task of this work that designs a protocol for preparing and examining cm-

sized bulk samples in tension has been successfully achieved. The tensile ductility behavior of 

npg-based composites with various polymers was explored. The composite's plastic deformation 

in tension is a proof of its tensile ductility, despite the fact that native npg is confirmed to be 

brittle in tension, as shown in the three-point bending test. The finding is important since it 

confirms the strategy that the impregnation of npg with a polymer leads to ductilization. 

Regardless of the composite type, the larger the ligament size, the higher the increase in plastic 

deformation preceding failure which agrees with the more ductility at lesser strength trend. 

Moreover, the composites follow the polymer ductility trend. A particularly important finding 

was achieving a noticeable fracture strain in case of the PU-based composite, which is 

remarkable finding in view of the brittleness of npg samples recorded in previous research. The 

four-point bending test works on samples with higher surface finish confirmed that surface flaws 

determine fracture strength in tension and the sample with optimized surface is stronger. 

In this work, the consistency of elastic modulus of npg obtained by DMA and load-unload 

compression tests at the beginning of deformation has been observed. These results are a 

magnitude consistent with that in ref. [166] and [164]. The elastic modulus data confirms that the 

composite material is stiffer than each of its constituents. All experimental data of elastic 

modulus from different methods for npg with L of 20 nm are compared with the Hashin-

Shtrikman bounds model. According to the model prediction, there are upper and lower bounds 

that compensate for the scattering of data. The experimental data fall within the Hashin-

Shtrikman bound. It suggests that it is possible to estimate the composite's elastic modulus with 

the help of Hashin-Shtrikman bounds. In future studies, it is necessary to measure the precise 

metal solid volume fraction in assessing the role of this parameter in the stiffness of composite 

samples.  

The present results demonstrate that the compression-tension anisotropy of the work hardening – 

which leads to instable plastic flow and brittleness in tension – can be suppressed by 

impregnation the pore space of npg with a polymer. Indeed, a considerable reduction of the work 

hardening for the composite material is observed in compressive stress-strain curves. 

Furthermore, tensile ductility of composite is confirmed by the composite's plastic deformation 

in tension as well as bending tests. These findings, along with the high electric conductivity, 

have several important implications: 

1) The materials design strategy in this work points the way towards implementing the high 

strength of metal nanowires in to a macroscopic structural material. Ligament sizes, L, in npg 

can be tuned down to 4-5 nm,
[8, 10]

 almost a factor of 3 smaller than the present material, while 

the compressive ductility and low mass density are maintained.
[19]

 Even smaller ligament sizes 

have been reached when the surface was covered with an atomic monolayer of stabilizing 
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oxygen species.
[9] 

Due to its size-dependence, the strength of the metal phase may be enhanced 

in such porous materials. Strength can be further enhanced by embedding massive dendritic 

reinforcements into the porous metal.
[31]

 Thus, nanoporous metal based composite materials may 

reach higher strength than what is reported in the present work. 

2) It is remarkable that the composite is substantially stronger and harder than each constituent 

phase individually. As discussed above, the finding may partly relate to a change in the mode of 

deformation of the metal, emphasizing axial flow of the ligaments over bending. Yet, other 

factors may also contribute, such as strengthening by interfacial phenomena. For the nanoporous 

metal this has been demonstrated by reversible switching of the strength when npg is wetted by 

an electrolyte and electric charge or adsorbate layers at the surface controlled via the electrode 

potential.
[16]

 Bonds with functional groups of the amine hardener may have a similar effect, such 

as strengthening of the metal on top of the size-effect. For the polymer, it is well known that the 

structure in layers – the “interphase” – near the interface with another solid differs from bulk,
[168, 

169]
 and this may further affect the strength. These considerations point toward interesting size 

effects to be explored in future studies with smaller structure size. 

3) The finding in this work confirms the strategy that the impregnation of nanoporous metal with 

a polymer leads to ductilization. The ductility of the composites depends on the ligament 

dimension of npg and the interpenetrating polymer phase. Different polymeric composites were 

explored and it was shown that - depending on the nature of the polymer - good ductility can be 

achieved. For composite specimens, the amount of plastic deformation prior to failure increases 

with increasing ligament size. The noticeable ductile behavior of composite achieved with the 

PU phase and large ligament size confirms the approach to suppress the npg’s work softening in 

tension, thereby removing that material’s shear instability and enabling uniform plastic flow in 
tension.   

4) Shaping structural – for instance, fibre-reinforced – composites for application requires time-

consuming and labor-intensive curing in a mould. By contrast, the high ductility of the present 

material suggests shaping by deep-drawing at ambient temperature, a considerably more 

convenient procedure. Alloy corrosion may be applied to less costly metals, such as Cu or Ni, 

opening the way to structural nanocomposites for applications that can be manufactured as semi-

finished products in sheet form and shaped by conventional drawing, forging or machining. 

5) Finally, the material achieves a near metallic conductivity, which makes it suitable for 

applications where, for instance, static electric charging needs to be avoided or lightning-strike 

tolerated. 

The research in this work implies the deformation behavior of npg-polymer composites can be 

adapted with respect to the applications by exploiting the mechanical properties of metal 

nanostructures or by selecting a different type of a component. The strength and ductility of 

composites can thus be matched to varied structure application. It will be possible to produce 

light-weights nanoporous metal-polymer composites characterized by adjustable mechanical 

properties in future. Furthermore, the integration of additional non-mechanical functions will get 
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more importance. For that purpose, thermal and acoustic insulation or electric conductivity might 

be realized by the use of different interpenetrating materials.  

Alloy corrosion has already been applied to a wide variety of metals, and can yield nanoporous 

metals with structure sizes well below what was achieved in the present study. At the same time, 

polymer science offers a wide parameter space in terms of bonding agents and the possible use 

of thermoplastic or phase-separating materials. Such studies promise insights into size- and 

interface or interphase effects on the mechanical properties of the metallic and the polymer 

phases, as well as enables progress towards a new class of strong, ductile and electrically 

conductive nanocomposites. 
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