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Abstract A

Abstract

Nanoporous materials are enormously interesting for future applications due to many ex-
cellent properties including: high surface-to-volume ratio, high strength-to-weight ratio,
electrical and thermal conductivity, or radiation tolerance. These excellent properties can be
used for combining structural purpose and a certain functional use in the same material at
the same time. To use these foams more efficiently in the future, it is necessary to acquire
information about the foam manufacturing, their thermo-mechanical properties, and the

plastic deformation mechanisms.

Therefore, the objective of this diploma thesis was to manufacture nanoporous copper, to
determine the thermo-mechanical properties, and to elucidate the deformation behavior at
elevated temperatures. The experimental approach for manufacturing the foam structures
used high-pressure torsion, subsequent heat treatments, and selective dissolution. Scanning
electron microscopy was used for identifying the shape and size of the foam structures and
their thermal stability. In-situ nanoindentation was conducted to determine mechanical

properties and deformation mechanisms at elevated temperatures.

High-temperature nanoindentation was successfully conducted on nanoporous copper,
showing a room temperature hardness of 220 MPa. During high temperature experiments,
unexpected oxidation of the copper occurred even at low temperatures and the hardness
rapidly increased to ~ 1 GPa. A model was developed, taking into account the mechanical
properties of the copper oxides, which allows to explain the measured mechanical proper-
ties in dependence of the proceeding oxidation. The strain rate sensitivity of the copper
foam strongly correlates with the strain rate sensitivity of ultrafine grained bulk copper. Alt-
hough oxidation occurred near the surface, the rate-controlling process was still the defor-
mation of the softer copper. An increase in the strain rate sensitivity with increasing tem-
perature was observed, comparably to that of ultrafine grained copper, which can be linked

to thermally activated processes at grain boundaries. Important insights into the effects of



Abstract Vil

oxidation on the deformation behavior were obtained by assessing the activation volume.
Oxidation of the copper foam, thereby hindering dislocations to exit to the surface, resulted
in a pronounced reduction of the apparent activation volume from ~ 800:-b> to ~ 50-b>, typi-
cal for ultrafine grained materials. These basic mechanistic insights shall contribute to a bet-
ter understanding of the deformation processes of nanoporous materials at a microscopic

level.
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1 Introduction

Nanoporous materials have received considerable interest due to their many excellent
properties including: electrical and thermal conductivity, or high surface-to-volume ratio.
These kind of foams are widely used as catalysts, sensors, actuators and energy absorbing
materials, and for many other applications. One potentially interesting application is to use
foams as structural and functional material at the same time. Combining structural purpose
and a certain function in the same material would be the desired solution for many applica-
tions. Decreasing the length-scale of ligaments down to nanometers leads to an enormous
increase of the yield strength of the ligaments, approaching the theoretical strength of the
material. Therefore, weight can be reduced due to the fact that nhanoporous materials show
mechanical properties close to their corresponding properties of the particular bulk material.
Furthermore, special material properties, such as a high surface-to-volume ratio, can be uti-
lized for special purposes. With such promising material properties, this kind of material has

high potential for future applications.

One impressing fact about nanoporous materials is that the ligament size and morphology
can be controlled by the manufacturing process, dedicated heat treatments, or chemical
treatments. Adjusting these parameters in the desired way will allow tailoring of these
foams for specific purposes. Therefore, the application of foams will continuously grow in

the next years.

Even if the intended application is a functional purpose, it is required to acquire infor-
mation about the mechanical properties of the material in order to understand the behavior
of foams in many applications. Nanoindentation is a well-suited method to obtain many me-
chanical properties for micro- and nanoporous structures with high lateral- and depth reso-
lution. Important data about the material can be obtained to determine the dominant de-
formation processes and mechanical behavior, even at elevated temperatures. Better
knowledge about mechanical properties of hanoporous materials at elevated temperatures

will improve our understanding of foams.
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2 Theoretical Background

2.1 Severe plastic deformation

Severe plastic deformation (SPD) allows producing ultrafine-grained (UFG) and nanocrystal-
line (NC) metals and alloys with a high amount of high angle grain boundaries in a very effec-
tive way compared to other available techniques. SPD counts to the “Top Down” methods.
The coarse grained starting material is highly deformed by large amounts of imposed strain
during the “top down” production process to a fine-grained material. The three most common
SPD methods are Accumulative Roll Bonding {(ARB), Equal Channel Angular Pressing (ECAP)
and High Pressure Torsion (HPT) as shown Figure 2.1. During the ARB process (Figure 2.1 (a)) a
sheet is cut into two pieces and the surfaces are cleaned in order eliminate oxides and dirt.
These two sheets are stacked together again, rolled to 50% thickness reduction and this pro-
cess repeats several times to gain the desired grain refinement. The principle of ECAP is
shown in Figure 2.1 (b). For this process a round or square shaped sample is pressed several
times through a two channel consisting die. The angle ¢ of these two channels, as shown in
Figure 2.1 (b), controls the amount of imposed shear. For the experiments conducted in this
thesis, the HPT process was used for manufacturing the samples, which is yet another SPD
technique that will be detailed in the following chapter. A more detailed description of the

before mentioned SPD methods can be found in [1].
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Figure 2.1: Schematic sketches of the most common SPD-methods: (a) ARB-Process (by Tsuji et al.[2]) (b) ECAP-
Process (by Valiev et al.[3]) and (c) HPT-Process (by Valiev et al.[3]).

2.1.1 High pressure torsion

The most attractive grain refinement method among SPD techniques is HPT due to the very
large imposed strains. The principle of this process is a simple torsion experiment as shown in
Figure 2.1 (c). During this process a disk shaped specimen is set under hydrostatic pressure of
several GPa between two anvils. The upper anvil is fixed, while the lower anvil is rotating and
highly deforming the specimen in shear due to the friction between the specimen and the
anvils. The high pressure during the process is the reason for avoiding crack initiation during
the HPT-process and achieves largest strain values compared to all other SPD-methods possi-
ble. The shear strain ¥ imposed during the process at a distance R and a thickness t of the

sample can be calculated with the following equation:

_ 2mwRN
Tt

, (1)

where N is the number of applied turns of the lower anvil.

At the Erich Schmid Institute two HPT-machines are installed. The first HPT machine has a
maximum load of 400 kN, the second machine 4000 kN, respectively. With the large HPT-tool
large samples with a diameter ranging from 30-50 mm and a thickness of 10 mm can be de-
formed. For comparison, the small HPT-tool is able to produce samples with a diameter of 6-
14 mm and a thickness of maximum 1 mm. The small HPT tool additionally provides the possi-
bility of cooling or heating the system during the deformation process from liquid nitrogen (-

196°C) temperature up to 800°C.
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During this diploma thesis a two-step HPT process was used as described by Bachmaier in [4]
to create a nanocomposite from a mixture of two powders. After the first HPT step the final
grain size d; of the individual phases in a composite can be described by the equation [4]:

)

dl - v1' (2)

where d, is the grain size of the initial component and y; is the shear strain applied in this

deformation process.

The experimental approach of this two-step HPT process is shown in the Figure 2.2. The de-
formed samples produced by the large HPT tool are then used for cutting smaller samples.
These are used for the small HPT tool, but the shear direction now is rotated by 90°. After the
second step, the grain size can be drastically reduced, which is described by following equa-
tion [4]:

_ 4 dg

S (3)

d, = =
27w T onw

where d, is the individual composite structure size after both HPT steps and y; and y, are the

applied shear strains of step 1 and step 2.

1st HPT step 2nd HPT step
5

I
I
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Figure 2.2: Schematic picture of the specimen processing: the grey zone of the compacted disk of the first HPT

step was used for making a rod and cutting out smaller pieces for the second HPT step [4].

The main advantages related to this novel process are the capability to produce nanocom-
posites very fast and to achieve a homogeneous material microstructure. In addition, this is a
more flexible way of handling the starting materials; the powders can be mixed to get materi-
als with the desired composition [4]. Note that this kind of approach for nanocomposites is
not possible by a melting metallurgy manufacturing route due to thermal activated processes

leading to grain growth or immiscibility of certain elements as in the present work.
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2.1.2 High pressure torsion of 2-phase metal-metal composites

The following chapter should give you an overview about metal-metal composites, with the
focus on the Fe-Cu system. In general, there are three possibilities of what can be obtained

during the HPT process of metal-metal composites [4]:

* A nanostructered composite due to grain refinement
* The formation of a supersaturated solid solution

* An amorphization reaction

The first step of an SPD process in a metal-metal-composite is grain refinement of both met-
als. If a critical thickness, which is dependent on the phase stability and phase mixtures of the
constituents, is reached during the deformation process, unique futures such as supersaturat-
ed solid solution or amorphization reactions can occur. Especially for immiscible systems such
as Fe-Cu (Figure 2.3), an enhancement of supersaturated solid solution can be observed [5-7].
The main mechanisms of this supersaturating process are diffusion, defect-enhanced diffu-
sion, and mechanical intermixing driven by the plastic deformation [8]. Subsequent annealing
can reverse the effect of supersaturated solid solution. Amorphization reactions are usually
not observed in the case of Fe-Cu [9,10] and thus not discussed here. A detailed discussion of

amorphization processes is given in [8].

Besides very high strength, this new class of metal-metal composites with immiscible ele-
ments exhibits great potential for superior magnetic, thermal, and electrical properties. How-
ever, for this work the main interest was the complete immiscibility of the two elements dur-

ing the HPT process for the later foam processing.

The positive heat of mixing energy [11] and a different lattice structure of a-Fe (body-
centered cubic (BCC)) and Cu (face-centered cubic (FCC)) ends up in an immiscibility even up
to high temperatures of around 600°C as shown in the Fe-Cu phase diagram in Figure 2.3. In

the Fe-Cu system the following phases can be found depending on the Cu and Fe ratio:

* Single phase FCC or BCC supersaturated solid solution for very low Cu or Fe contents
or

* Two phase supersaturate solid solutions for intermediate compositions
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Figure 2.3: Fe-Cu phase diagram: shows the insolubility of Cu and Fe at low temperatures [12].
2.2 Foams

Nanoporous metals have attracted considerable interest in the past for various applications
due to their excellent electrical and thermal conductivity properties, and a high surface-to-
volume ratio. Foams are widely used as catalysts, sensors, actuators, lightweight structural
materials, acoustic dampeners, energy absorbing materials, separation membranes and radia-
tion tolerant materials [13—17]. In the near future, the importance of hanoporous structured
materials will rapidly grow especially due to high demand of functional materials in the before
mentioned applications. There are many methods to produce foams effectively, but recently
the process of selective dissolution has been the focus of much attention for open cell na-
noporous structures. Nanoporous metals, such as gold, palladium, silver, platinum, and cop-
per have been successfully prepared by selective dissolution of a less noble alloying element

in an agueous solution [18].

2.2.1 Selective dissolution

In this work, the goal was to produce a nanoporous Cu (NPC). The requirements for a suc-
cessful selective dissolution is to select a suitable copper alloy or composite as precursor and
a desired open cell nanoporosity (porosity <60%). The precursor should have a large electro-
chemical potential between copper and the other alloying component. The standard reversi-
ble potentials of Cu/Cu®" and Fe/Fe®" are 0.342 V and -0.037 V (vs. standard hydrogen elec-
trode) [19]. The electrochemical gap between the elements should normally be larger for ideal

dealloying conditions, but the CuFe-system shows the best preconditions due to the immisci-
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bility during the HPT-process. The process of selective dissolution is influenced by many pa-
rameters, such as the composition of the alloy, the concentration and the composition of the
electrolyte, treatment time, and the temperature [20,21]. By controlling pore size, ligament
size, and surface properties, a designing of foams for novel optical, sensing, and other special
applications is possible [22,23].

The Pourbaix diagrams for Cu and Fe are shown in Figure 2.4. Every environment has a cer-
tain pH-range and an intrinsic oxidization power. This yields to specified areas in the Pourbaix
diagram. HCl (Hydrocloric) acid is a reducing acid and the region of HCl is marked orange in
the Pourbaix diagram of Fe and Cu (Figure 2.4). These diagrams are for a first estimation of
what to expect during the selective dissolution process. Generally, this process is very sensi-
tive to small changes of parameters and therefore it requires a great deal of experimentation
to identify the perfect conditions for the dealloying experiments. For example, Figure 2.4 (a)
shows that Fe should be immune in an environment of HCI, but a slow corrosion by dissolu-
tion exists at room temperature (RT). This indicates that the Pourbaix diagrams are just for a
first approximation. The immunity of Cu can be seen in Figure 2.4 (b) and Figure 2.5 from

room temperature up to 55°C.
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Figure 2.4: (a) Pourbaix diagram for Fe in aqueous solution (not available for Cl-agqueous solution). The arrow
shows the change of the Fe*'/Fe transition line to lower potentials at higher temperatures [24]. (b) The Pourbaix

diagram for Cu in Cl-aqueous solution.
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Figure 2.5: Change of the Pourbaix diagram for Cu at 298 K (a), 323 K (b) and 353 K (c) [25]. The arrows indicate

the reduction of the potential.

2.2.2 Maechanical properties of foams

The efficient use of foams in many applications requires a detailed understanding of their
mechanical behavior. Even when the main use is not related to a mechanical issue, such as
thermal isolation, the strength and fracture toughness are still important to know. For basic
understanding of the deformation of foams, it is essential to comprehend the deformation
behavior during compression. In this diploma thesis, an elastic-plastic behavior is observed for
the NPC. Therefore the following theoretical paragraphs deal with elastic-plastic metal foams,
with a focus on the yield strength and the elastic modulus. Figure 2.6 shows a schematic
compressive stress-strain curve and the different regimes for an elastic-plastic foam. The
graph contains a linear elastic region for low stresses, followed by a long collapse plateau, and
finally a regime of densification in which the stress subsequently rises steeply. Bending, simple
extension or compression of the cell walls controls the linear-elastic regime. The Young’s
modulus is the initial slope of the stress-strain curve. The formation of plastic hinges occurs
during the collapse plateau after the yield stress of the metal. When the cells are completely
collapsed and opposing cell walls touch, densification occurs and the solid itself leads to the
final rapidly increase of the flow stress. Higher relative densities raise the plateau stress, re-
duce the strain for the start of densification and increase the Young’s modulus [26].
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Figure 2.6: Elastic-plastic behavior of an open cell foam during compressing [26].

Gibson and Ashby have developed scaling equations for foams by using the relative density
and the bulk material mechanical properties for a good estimation of the mechanical proper-
ties of foams. The yield strength asl of open-cell foams related to the relative density (p*/ps)

is given by equation [26]:

O-;l =(ye Oys* (p*/ps)n’ (4)
where g5, p;, and p*are the yield strength of the solid, the density of the solid, and the densi-

ty of the foam, respectively. C; is the proportionality constant describing the cell geometry,
and n depends on the deformation mechanism of the cell. Experimental data shows that a

wide range of open-cell foams can be described by ; = 0.3 and n=1.5 [26].

The Young’s modulus of an open-cell foam can be described by following equation [26]:

E*=0Cy Es- (p*/ps)nr (5)

where E, pg, and p* are the Young’s modulus, the density of the solid material, and the den-
sity of the foam, respectively. C, is the proportionality constant which describes the cell ge-
ometry, and n describes the elastic cell deformation via ligament bending. Open-cell foams

are usually well fitted by using C, = 1 and n = 2 as given in [26].

These scaling equations are developed for macroporous foams and for lower densities than
the foam used in this work. The effects of scaling from “macro to nano” has barely been a
subject of discussion [27-29] and therefore very little is known and understood about the
mechanical properties of hanoporous metals. Therefore, it is not clear if these models can be

applied to porous materials on a length scale of only several hundred nanometers.



2 Theoretical Background 10

2.2.3 Plastic indentation

Foams drastically change their volume during compressing compared to dense solids, which
are incompressible when plastically deformed. This can be explained by considering that dur-
ing the deformation under the indenter the foam can change the volume and is not con-
strained by the surrounding material due to porosity. Thus the foam is compressed mostly
uniaxial and the effective Poisson’s ratio is near zero as shown in Figure 2.7. [30] A material
with non-lateral expansion (effective Poisson’s ratio near zero) during compression is then
characterized by H~oy instead of H~3 - gy for a dense solid material, whereby of is the flow
stress of the investigated material. This near-zero Poisson ratio assumption is also used for
obtaining the Young’s modulus from of the reduced modulus [31], which is assessed from the

load-displacement unloading curves.
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Figure 2.7: The ratio of indentation hardness to the uniaxial yield strength as a function of the effective Poisson’s

ratio during plastic yielding for different materials [26].

2.2.4 Effect of temperature and strain rate

The strength and stiffness of foams depend on temperature T and the strain rate &. The
Young’s modulus of a foam is proportional to the Young’s modulus of the cell walls as given by
equation (4). Increasing the strain rate does not affect the modulus but increases the strength
of the material. A convenient estimation for metal and ceramic foams is given in the following
equation [26]:

ES:Eg-(l—am-:Tn), (6)

where EJ is the modulus at a temperature of 0°K and «,, is a material constant (typically
a,, =0.5 £+ 0.2). This indicates a more or less linear variation of the Young’s modulus with

temperature.
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The plastic collapse strength 0";;1 of metal and ceramic foams can also be approximated by

equation [26]:

* % 0 AT £
Op =0y (1 - aln :0), (7)

here 0;,’10 is the yield strength at 0 K, A is a constant in the order 0.04 and &}, is a kinetic con-
stant of about 10° s™*. This equation shows a linear decrease in yield strength with increasing
temperature. An increasing strain rate just slightly influences the yield strength. The depend-
ence of O';l on density (see equation (4)) is not influenced by changes in temperature or strain

rate.
2.3 Nanoindentation

Nanoindentation has become an increasingly attractive technigue for the assessment of me-
chanical properties in submicron-sized volumes of material due to the high depth and load
resolution. This technique is especially useful in determining the change of the mechanical
properties at elevated temperatures as well as time-dependent properties, such as: creep,
relaxation, and strain rate sensitivity m. In this chapter, essential basics for the data evalua-
tion, which has been performed during this diploma thesis, and the specific nanoindenter, are

explained.

2.3.1 “Micromaterials” nanoindenter

All the indentation measurements presented in this work were performed with a
nanoindenter (Micro Materials NanoTest Platform 3, Micromaterials, UK) with a high temper-
ature option at the Department for Nuclear Engineering at the University of California in
Berkeley, CA, USA, which is illustrated in Figure 2.8. The primary section of device consists of a
movable pendulum, which is controlled by a magnetic field produced by a coil as shown in
Figure 2.8 (b). The pendulum applies a certain load on the indenter tip controlled by the ap-
plied voltage. The whole instrument is directly mounted on a special floating table to reduce
vibrations. The nanoindenter is placed in a chamber, which can be purged with gas in order to
change the experimental environment for special purposes. High temperature measurements
of up to 750°C can be performed thanks to a special heating and water cooling system, which
is described later in chapter 3.6.1. An optical microscope with four magnifications allows an

accurate placing of the indents on the specimen.
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(b)

Figure 2.8: (a) Image of the used nanoindenter and {b) Schematic of the equipment configuration [32].

2.3.2 Evaluation of the hardness and Young’s modulus

The evaluation of hardness and reduced modulus during this work is performed from the
load-displacement curves by the Oliver-Pharr-method [33]. The calibration of the tip geometry
is essential for this kind of evaluation. For the tip calibration, amorphous materials such as
fused silica are appropriate due to their isotropic elastic-plastic behavior. Figure 2.9 (a) shows
a typical load-displacement curve with essential parameters. During this indentation process a
tip is pressed into the material with a certain loading- P or indentation strain rate ¢ up to a
peak load P..... The surface deforms elastically and around the indent a plastic zone is formed.
The elastic displacements are recovered and the final depth of the residual hardness impres-
sion hyremains, when the indenter is fully withdrawn. Figure 2.9 (b) shows a cross section with

the used analysis parameters of this indentation process.

(a) | (b)
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Figure 2.9: (a) Schematic of a load-displacement curve. (b) The indentation process and contact area during and

after the indentation process [33].
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The following equations describe the calculus of hardness and the Young’s modulus [34]. For
the evaluation of the hardness and Young's modulus it is essential to determine the contact
depth A This is the difference between the maximum indentation depth h,..x and the elastic

recovery hs (Figure 2.8):

hc = hmax - hs (8)

Hereby the maximum depth A, can be obtained directly from the load-displacement curve,
and the elastic recovery hs can be determined from Sneddon’s elastic contact theory [35]. The
elastic deformation is dependent on the tip geometry and can be described by the following

equation:

R.'nx
hy = £ =, (9)

where ¢ is a geometrical factor (for a Berkovich indenter € = 0.75) and S the contact stiffness.

Combing equation (8) and (9) results in:

Cinax
h =h . 10
¢ — "'max € S ’ ( )

The unloading curve can be fitted with the following equation

P=B-(h-h)", (11)

using the fit parameters B, m and hy. The contact stiffness is calculated out of the derivative of

the fitted function at the depth at the peak load P,qx.

m~1|

S=B-m-(h—hs) |

(12)

h—max
The contact area A, of the tip can be described with following function after the calibration

on a reference material:

1 1
A(hy) = agh? + ajh, + azhc/z + a3hc/4 + o, (13)

where a, is a geometrical constant dependent on the geometry of the tip and the other con-

stants g; are describing the geometrical deviation of an ideal tip.

Finally the hardness and the reduced modulus E, are obtained from the following equations:

_ Prmax
H-——!1 ;
[

(14)
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A
LT_ 28 ‘/'A‘I (15)

where f is a depth independent geometrical factor (for a Berkovich indenter f = 1.034).

The reduced Young’s modulus combines the elastic properties of the tip and the sample, and

is associated with the Young’s modulus by

(16)

Hereby E and v are Young’s modulus and Poisson’s ratio of the sample, and E; and v; of the

indenter tip, respectively.
A more detailed explanation for the whole calculus is given in [33].

Often it is important to determine the flow stress from the indentation hardness for a quan-
titative macroscopic comparison to uniaxial tests. For the estimation of the flow stress from
the hardness, the following equation can be used:

H=c* oy (17)

Erep=8%

Hereby, H is the hardness, c¢* is the material-depending constraint factor, which links

Erep=8%
the flow stress with the hardness for a representative strain &,,,, of 8 % in the case of a Berko-
vich indenter, and oy is the flow stress. A fixed constraint-factor of 3 is often used in the litera-
ture. But in recent publications, Atkins, Tabor and Hay et al. [36,37] have shown that the con-
straint factor is dependent on the ratio of E'/or and the ratio of the residual depth of indenta-
tion to the total depth, h¢/h.,4,, of the investigated material. For fully-plastically deforming
materials like Al or Ni, where the ratio E /oy is very large or hs/h,,,, close to 1, a constraint
factor of 2.8 was determined. On the contrary, fused silica has a c*greng% value of 1.5. In

general, the following distinction of different constraint factors can be made as suggested by

Johnson et al. [38]:

*  Fully elastic deformation: ¢* < 1.07
¢ Elastic and plastic deformation: 1.08 < ¢* < 2.8

* Fully plastic deformation: ¢* > 2.8

2.3.3 Strain rate sensitivity and activation volume

The rate dependent deformation mechanisms and the underlying movement of dislocations
can be obtained by strain rate jump-tests, relaxation tests, or creep experiments. These tests

are usually based on compression or tensile experiments. Beside these methods, novel
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nanoindentation techniques have been developed in order to obtain local deformation mech-
anisms in a material. There are several characteristic properties of a material that can be used
for an understanding and description of the ongoing time and strain rate dependent mecha-
nisms inside the material. The strain rate sensitivity m and the activation volume A are two of
those characteristic properties. During an indentation experiment, the correlation between

the stress g and the strain rate € can be described by Norton’s power law [39]:

o= k-&m. (18)

In this equation, k is a proportionality constant. Correspondingly, the strain rate sensitivity is

[40,41]:

dlnoc OJlnH 1
-~ (19)
dlné dlné n

Here n is the often-used strain-hardening exponent. The strain rate sensitivity for coarse-
grained FCC metals is about 0.001 [42] and the strain rate-dependence of the deformation
behavior is very low. Contrarily, the strain rate sensitivity for UFG or NC FCC metals is larger
than 0.01 [42], respectively one order of magnitude higher due to a higher fraction of grain
boundaries. The rate-dependence of the material deformation is influenced by dislocation
activities, grain boundary diffusion and lattice diffusion [43]. For CG FCC metals, forest lattice
dislocations dominate the plastic deformation, which results in low strain rate sensitivities.
Generally, the contribution of lattice diffusion is negligible at RT, but gets more important at

elevated temperatures.

By using creep or relaxation measurements, the activation volume A can be associated with
[44]:

(20)

dlné dlné
0

A= \3kT = ¢*\3kT T

The activation volume gives information about dislocation obstacles during plastic defor-

mation [42] and can be calculated with:

A=b-d-l. (21)

Hereby, b is the Burgers-vector, d the displacement of the dislocation segment and / the
length of the dislocation segment. High activation volumes (1000 b°) can be related to forest
dislocations [42], while very small activation volumes for NC or UFG materials can be linked to

thermally activated dislocation movements at grain boundaries such as grain boundary sliding
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mechanisms (A = 1 b, m = 0.5 [45]) and Coble creep (m = 1.0 [46]). With a decrease of the
grain size to the submicron regime, the forest cutting mechanism is suppressed because of the
large amount of grain boundaries and/or sub-grain boundaries, which serve as strong influ-
encing obstacles to dislocation motions. With both parameters, m and A, important conclu-
sions about local time and strain rate dependent deformation mechanisms can be made. In
recent studies on FCC, UFG, and NC metals a decrease of the activation volume with increas-
ing temperature in a temperature range of 100 K up to 400 K has been observed for Cu and Ni
[47,48]. Such temperature dependence of A is quite different from that of CG (coarse grained)
materials. This unique phenomenon can be explained by dislocation sources in grain bounda-

ries, which control the motion of dislocations in UFG and NC metals [42].

During this diploma thesis nhanoindentation stress relaxation tests are used to obtain m and
A. Beside the stress relaxation tests, there are also two other techniques to measure m. The
first method, proposed by Mayo and Nix, uses a constant rate of loading (CRL). Another tech-
nique is the constant strain rate (CSR) method, which was proposed by Lucas and Oliver and
uses an exponential load—time function to produce a steady strain rate. However, both of the-
se methods require many indentations to obtain the necessary strain rate - hardness pairs for
the calculation of m. By using strain rate jump tests, one can overcome this weakness [34],
using a series of exponential loading rates to generate several strain rate and hardness pairs.
But the most popular technique is still the constant load (CL) method of Mayo et al. [49,50],
which uses a holding segment at a fixed peak load to achieve continually changing strain rate
and hardness pairs. This allows the calculation of strain rate sensitivity from a single indent,
and therefore less indents and a smaller area on the sample surface are required. In a couple
of studies [51-53] a good correlation of values obtained using the CL method and bulk litera-

ture values has been reported.

The data evaluation for the stress relaxation measurements presented in this work is per-

formed with the following theoretical approach [51]. The hardness and strain rate are ob-

tained from:

H= i (22)
= A

=L (23)

he

Here, h, is the absolute indentation depth, h is the displacement rate, P is the applied load,
and A. is the projected area of the indent. The size of the projected area depends on geome-

try of the indenter tip. Thus, a calibration of this tip is necessary. The instantaneous area is
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determined from instantaneous total depth and is used for a continuous hardness calculation
during the test. Figure 2.10 shows the indentation depth and load curves for the dwell period
of an indent. This depth-time curve of the dwell period can be separated into two distinct re-
gions, called Stage a and Stage b. Stage a shows a rapid increase in the indentation depth and
Stage b a rather linear increase of the indentation depth, while the load is kept constant. The-
se two regimes are sometimes referred to as a transient (Stage a) followed by a steady-state
regime (Stage b). Measured m values are mainly taken from of this regime, which is assumed
to be more stable, and results of Stage a are often discarded. In a recent publication of Peykov
et al. [51], a good correlation between m values obtained from Stage a and literature m values
for bulk samples, was observed for different materials including Cu. Peykov et al. found sever-

al advantages of using Stage a:

* No load dependence

* No significant influence of thermal drift

In this present work, m values are obtained from Stage a and Stage b.

| Stage g, Stage b

Indentation depth
Load

Time

Figure 2.10: Indentation depth and load over time curve with the distinct regimes of the dwell period.

2.4 Oxidation behavior of Cu

The oxidation behavior of Cu is not well investigated, especially for NPC. Oxidation of NPC
can strongly influence material properties due to the high surface-to-volume ratio even at low
temperatures. During this work, oxidation of the NPC was observed and further study of Cu-
oxidation deemed necessary. Figure 2.11 shows an oxidation model for bulk copper. Hereby, a

layered structure of different copper oxides can be observed for different temperature re-
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gimes, whereby Cus0, is a mixed oxide consisting of CuO and Cu,0. The different stages are
shown in Figure 2.11 and are classified into different temperature regimes: (1) below 70°C, (2)
70-110°C, (3) 110-200°C, (4) 200—270°C, and (5) 270-330°C. In stage (1) the oxidation starts
with the formation of the Cu,O structure developed between ambient temperature and 70°C.
Stage (2) oxidation apparently produces Cu,0 over the precursor oxide Cu,O. In stage (3)
Cu30; is formed, but no Cu,0 exists below this layer with the exception of the precursor ox-
ide; a defect structure of Cu,0. Oxidation in stage (4) produces CuQ, in the presence of Cu,O
and Cuz0,. Oxidation at 200°C and above produces at least three oxides Cu,0, Cu30, and CuO
with the outer layer being a mixture of CuO and Cu-(l) oxide. Oxidation in stage (5) produces
CuO over Cu and the lower copper oxides [54]. Further oxidation at 400°C mainly forms Cu,0
[55].

Figure 2.11: Model for the oxidation behavior of Cu at elevated temperatures [56].

Table 1 shows an overview of the different copper oxides and their properties. In a further
work [57], the oxidation of NPC was examined. The following equation allows an approxima-

tion of the oxide thickness on the ligaments in air [57]:

doxide(t) =A- exp (%) : ‘\ﬁ: + di}: (24)
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where doxue(t) is the thickness of the formed copper oxide as a function of time, R = 8.314-10°
kIK™ mol™ is the gas constant, T is the temperature, t is time in minutes, d is the initial copper
oxide thickness (approximately 4 nm for a natural oxide layer). The activation energy Q for the
formation of copper oxide was found empirically and is shown in Table 2. The initial coeffi-
cient A is 5.518:10° A -min®° for 100°C and 200°C, and 4.85-10° A -min®° for 300°C and 400°C
[58,59].

Table 1: Properties of different copper oxides [56-59].

Hardness Young’s modulus Density Crystal structure
[MPa] [GPa] [g/cm’]

u 2050-2490 [59)] 81.6 [60] 645(61]  Monoclinic [61]
2010-2030 [59] 30.1 [62] 6.15 [61] Cubic [61]

Table 2: Activation energies for the formation of copper oxide [55,58,59].

Activation energy Q in air | Activation energy Q in Ar + 1% O,
Temperature [°C]
[kJ/mol] [kJ/mol]

33 &
42 58
42 58

The crystal structures of CuO and Cu,0 are monoclinic and cubic. Cu,0 has a complex crystal
structure. The oxygen ions are ordered on a BCC cubic lattice and the copper ions occupy the
positions of a FCC cubic lattice. The structure consists of two completely intertwined and iden-
tical frameworks, which are not cross-linked by any primary Cu-O bonds. Regarding the de-
formation of copper oxides, only the deformation behavior of Cu,O has been investigated in
prior studies [63—65]. It has to be mentioned that the dislocation dynamics is very sophisticat-
ed due to the complex crystal structure. The polycrystalline cuprous oxide is ductile at tem-
peratures over 350°C, and brittle at lower temperatures. Therefore, extensive plastic defor-
mation is not observed at low temperatures and dislocation movement is restricted. There

have not been prior studies on CuO and Cus0, regarding deformation mechanisms.
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3 Experimental Procedure

This chapter will give an overview of the experimental procedure for the whole material
manufacturing route, microstructural characterization, and mechanical testing of the foam.
The process includes compacting the powder to disk shaped specimens, heat treatment,
preparing and dealloying the disks, and finally testing the resulting foam at different tem-

peratures and strain rates.
3.1 High pressure torsion

The first step of the manufacturing chain was to create a disk shaped bulk sample from a
powder mixture, which can be later used for another deformation step. The basic raw mate-
rials for the HPT process were copper powder (99.9% purity, - 170 + 400 mesh, 37-88 um)
and iron powder (99.9% purity, - 100 + 200 mesh, 74-149 um). The two different powders
were premixed in a ratio of 50 at. % Cu and 50 at. % Fe (CusoFesq). The powder mixtures
were prepressed and deformed to a disk shaped specimen in a large HPT tool at room tem-
perature. Severe strain was imposed through 20 revolutions under constant pressure of 2.4
GPa. This compacted disk was 50 mm in diameter and 9.6 mm thick and was used for cutting
out a rod with 8 mm diameter at a radius between 5 and 15 mm. The rod was used for mak-
ing small slices with a diameter of 8 mm and thickness of 0.8 - 0.9 mm for a second HPT de-
formation step in order to get a homogenous and fine microstructure. These small slices
were deformed through 200 revolutions with a rotation speed of 0.6 turns per minute under
a constant pressure of 7.8 GPa in a small HPT tool at RT. An air-cooling system was used to
keep the temperature constant during the deformation process. The single steps of the spec-

imen production are shown in Figure 2.2 [4].

The microstructure of the HPT-processed specimen disks was characterized by a light mi-
croscope (LM; Olympus BX51, Olympus Corporation, Japan) and scanning electron micro-
scope (SEM; LEO type 1525, Carl Zeiss GmbH, Germany) after the second HPT step. A back-
scattered electron (BSE) detector was used for gray scale based phase separation by making

use of the different scattering factors. The aim of the two-step HPT-process was to obtain a
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fine and homogeneous microstructure. Therefore, during this diploma thesis all microstruc-
tural investigations were made in an axial and/or tangential direction at a radius of 3 mm
due to the high-grade of deformation at this radius. The investigations were always per-
formed with the before mentioned LM and SEM and at least in one of both directions to
characterize microstructure variations due to the shear texture evolving during the HPT pro-
cess. The directions of the microstructural examinations are given in Figure 3.1. For the ex-
amination the disks were warm-embedded in an electrically conductive polymer, and subse-
guently ground and polished down to 1 pm. Afterwards, a further polishing of the polished

disks with a 0.05 pum colloidal silicon oxide suspension was performed.

Y

. : i T T
ol T !

‘i‘, i3 o AT R T s
e st R
1 %- >

% 8 W | =,
£

[

Figure 3.1: Directions of the microstructural observations [66].
3.2 Heat treatment

In order to prepare the samples for selective dissolution and to reduce the amount of
forced mechanical mixing between Cu and Fe, a heat treatment was conducted at 500°C for
one hour in a vacuum furnace (SERIES XRETORT, Xerion Advanced Heating Ofentechnik
GmbH, Germany). The pressure never exceeded 3:10™ mbar during the heat treatment. The
heating rate of the furnace was 10°C per minute and the cooling down to RT required eight
hours. After the heat treatment an investigation of the microstructure was performed again

in tangential direction using the LM and SEM.
3.3 Sample preparation

The next step was to prepare the disk specimens for nanoindentation experiments. There-
fore, samples were fixed with a double-faced adhesive tape on small sample holders for sub-
sequent preparation. The aim was to create a homogenous area of the sample, which is lo-
cated in the middle of the disk height, since the deformation is mostly homogeneous and

defined in this zone. The specimens were ground down from a starting thickness of 0.6 - 0.8
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mm to 0.3 - 0.4 mm, as shown in Figure 3.2, and subsequently polished with 9 um, 3 um and
1 um diamond suspension. After the polishing, a 0.05 um colloidal silica oxide suspension
was used for preparing the disks for nanoindentation. Subsequently, the round samples
were quartered into four similar pieces with a water-cooled diamond wire saw as shown in

Figure 3.2.

Grinding direction Quartered sample disk
Prepared sample surface

1 /1
— . L B

0.6 - 0.8 mm thickness 0.3 - 0.4 mm thickness

Figure 3.2: Schematic sketch of the sample preparation. The height of the sample is reduced exactly to the

center of the HPT disk to perform the indentation experiments in the middle of the origin sample.

3.4 Foam processing

The bulk nanoporous copper (NPC) was prepared using a free corrosion process by selec-
tive dissolution of the iron. During nanoindentation experiments non-porous regions should
not influence the plastic-zone and therefore a certain dealloying depth is necessary to per-
form nanoindentation properly without influence of the underlying non-porous material.
The aim was to dealloy the quartered specimens at least 50 microns from both sides in order
to reach the mentioned non-influencing depth level. The inner part of the samples should
not be porous in order to later prevent sponging of the high temperature fixing cement for
nanoindentation. For this dealloying process the polished slices of CusgFesq were emerged in
5 wt.% hydrochloric acid (HCI) for 35 hours at a temperature of 55°C and opened to air. After
35 hours the samples were removed from the solution and cleaned in Acetone and Ethanol
to remove the residual HCl-solution. Cross-sectional ion polishing was performed to check
the reached dealloying depth and porosity quickly and without damaging the material as
shown in Figure 3.3. The ion polishing was done with an argon ion milling System (E-3500 lon
Milling, Hitachi High Technologies Pte Ltd, Japan) for eight hours. The white area in Figure
3.3 shows the size of the Ar ion polished region and the arrow indicates the direction of in-

coming ions.
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Direction of the incoming Ar-ions

Figure 3.3: Sketch of the half of the whole sample, which was emerged to 5 wt.% HCI for 35 hours and ion pol-

ished 3 mm outside of the center.

3.5 Foam characterization

After the dealloying process the morphologies and structures of the NPC were investigated
to confirm a successful dissolution process. The microstructural investigations were per-
formed in an axial direction using an SEM equipped with an energy dispersive X-ray spectro-
scope (EDX) or a dual beam FIB-SEM (Qanta 3D FEG, FEIl, USA). The remaining iron was de-
termined by EDX. EDX spectra were collected for the NPC over a certain axial region to check

the remaining Fe concentration.

A further method to get information about the porosity is to obtain the relative density
from micrographs. SEM pictures were processed using the computer software Analysis
(AnalySIS Pro 5.0, Olympus Soft Imaging Solutions GmbH, Germany) to prepare the images
for a professional phase separation. The first step of this process contained the change of
normal image into a grey scale image. Then a band-pass filter was used to remove variation
in brightness. The next step was the binarization of the image into pores and struts for a
phase distinction. The algorithm for differentiation between the two phases was proofed by
manually drawing and differentiating copper from pores.

Later, local cross-sections were performed with a FIB (Focused lon Beam) using Gallium
ions, additionally to the ion polishing method of investigating the structure and morphology
beneath the surface of the foam.

3.6 Nanoindentation

The mechanical and deformation properties were tested using a nanoindenter (Micro Ma-
terials NanoTest Platform 3, Micromaterials, UK) with a high temperature option at the De-
partment for Nuclear Engineering in Berkeley, CA, USA (Figure 2.8a)). The machine was
placed into an environmental chamber purged with high purity argon to reduce the oxygen

level below 2% aiming to minimize oxidation of the sample. The measurements, data record-
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ing and data evaluation were carried out with the software “NanoTest Platform Three,

Origin and Microsoft Excel.

3.6.1 Preparations for nanoindentation

For RT measurements the samples were fixed with super glue on a common sample hold-
er. For the high temperature measurements the specimens were mounted onto the heata-
ble sample stage with a special high temperature cement Omegabond 600 (Omega Engineer-
ing Inc., Stamford, USA) as shown in Figure 3.4. The heating system of the indenter consists
of resistance heaters on the sample stage and the indenter tip, as shown in Figure 3.5. Two
thermocouples were mounted, on the sample surface of a reference specimen close to the
measured sample and directly above the resistance heater of the heating stage to control
the temperature accurately. A second heating element and thermocouple were used to con-
trol the temperature of the indenter in order to minimize thermal fluctuations during inden-
tation. Additionally, a water-cooled heat shield was used to reduce the thermal drift as

shown in Figure 3.5.

Buried reference sample with
Mounted sample
thermocouple

Heating wires

Figure 3.4: Heatable sample stage with a mounted sample and reference sample surrounded by high tempera-

ture resistant cement. The thermocouple is fixed on the reference sample.
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Cement

AlN tile Insulating base

Figure 3.5: Schematic shows the separately working water cooled heating system of the tip and the sample

stage [32].

3.6.2 Conducted indentation experiments

Indentations were performed at RT, 50°C, 100°C, 200°C and 300°C in argon atmosphere
(oxygen content < 2 %). For the high temperature measurements of up to 300°C, a cubic Bo-
ron Nitride (cBN; mechanical properties: £ = 800 GPa, v = 0.12) Berkovich indenter was used
in an argon atmosphere. After measurements at elevated temperatures were acquired, all
the used samples were measured again with a diamond (mechanical properties: £ = 1141
GPa, v = 0.07) Berkovich indenter at RT to get information about changes of the microstruc-
ture. Indentations were performed on the planar, “polished surfaces” of the samples. The tip
calibrations were performed on fused silica (E = 72 GPa, v = 0.18) before and after each high
temperature indentation experiment. Before each experiment the floating table was
brought into an equilibrium position for minimizing vibrations. All measurements were con-
ducted at a radius of 3 mm from the center of the sample and the distance between the in-

dents was 50 um as shown in Figure 3.6.
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4 mm

Figure 3.6: Schematic sketch of the positioning of the indents.

An overview of the parameters used for all conducted experiments is shown in Table 3,
while Figure 3.7 shows the schematic correlation between the load and time for the all ex-
periments. Depth sensing nanoindentation was performed to 2000 nm with a constant strain
rate of 0.1 s in order to achieve reference values for the hardness and Young’s modulus of
the NPC. The dwell segment for the depth-controlled measurements was 30s (Figure 3.7)
and the unloading rate was 10 mN/s. Constant load relaxation tests were performed to de-
termine the strain rate sensitivity m of the material. For the determination of m it is essen-
tial to test a similar volume. Thus, for the experiments loads of 8 mN were used for the RT
measurements at the beginning, and 30 mN for the high temperature tests and RT tests after
high temperature nanoindentation due to an increase of hardness during the heating. For all
constant load measurements a dwelling time of 200 s (Figure 3.7), a loading time of 10 s and
unloading time of 5 s were used. A minimum of 10 indents per temperature and condition
were performed tangential as shown in Figure 3.6. The 60 s thermal drift correction was per-
formed post-indentation at 10% of the maximum peak load. The last 60 % of the recorded
drift data was used for the thermal drift correction. The thermal drift of all measurements

was below 0.3 nm/s.
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Table 3 Overview of the used parameters and conditions for the conducted measurements.

Load Controlled | Load Controlled Depth Controlled
Parameters/Measurements (LC) (LC) (DC)

Depth/Load 8 mN 30 mN 2000 nm
Dwell Time 200 s 200 s 30s

Loading Time 10s 10s -

Unloading Time 5s 5s -

Unloading Rate - - 10 mN/s
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Figure 3.7: The load over time correlation for the three different nanoindentation set-ups in Table 3 (a), (b)
and (c).

3.6.3 Evaluation of the strain rate sensitivity and activation volume

Measurements with dwell times of 30 s and 200 s were performed for obtaining infor-
mation about the rate controlling deformation mechanism of the material. The changes in

hardness and strain rate during the dwell period allow the calculation of the m and A values.
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With both parameters, conclusions about local time- and strain rate-dependent deformation
mechanisms can be made. The following paragraph explains the evaluation of m and A.

The relative depth-time curves of each indent were fitted with the following empirical

function:

he () = A~ |h—x|", (25)

where h;, is the relative indentation depth, h the actual indentation depth, and A, x.and P are
fitting parameters. For Stage b all the data (200 s) were fitted (Figure 3.8), while for Stage a
just the first 20 s were used to obtain an accurate fit (Figure 3.9). The reason for this ap-
proach was that the density of recorded values in the first regime is less than in Stage b.
Therefore, the best and most accurate results of the fits were achieved by two distinct fits.
The m values for each regime were calculated and compared to each other. The least-square
method was used to fit the depth-time curves. The absolute depth h, must be used for the
further calculation of the displacement rate.

h,(t) = h(t) + hy (26)

Hereby hy is the depth of the beginning of the dwell period.
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Figure 3.8: Relative depth of the dwell segment and the corresponding depth-time fit for 200s. The dashed

blue line separates the two distinct regimes. The table insert shows the resulting fitting parameters.
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Figure 3.9: Relative depth of the dwell segment and the corresponding depth-time fit for 20 s (Stage a). The

table shows the resulting fitting parameters.

The instantaneous displacement rates h, were achieved from the derivative of this fitted

. . .
curve and then the strainrates ¢ = ;—“ were calculated from equation (22). The current
a

hardness values were obtained with equation (21) from the average load during the hold
segment and the projected area (obtained from the original data). As requested by equation
(18), the hardness and strain rate were plotted in a double natural logarithmic plot to
achieve the m value by two linear fits for each regime. Hereby, the m values for Stage g were
assessed from the recorded data of the first 20 s, and the linear fit of Stage b included data
between 30 s and 200 s. The data of the transient region between 20 s and 30 s was

discarded. Finally, activation volume was obtained for each regime by using equation (19).
3.7 X-ray diffraction measurements

In the present work oxidation of the open-cell NPC foams occurred. In order to verify the
oxide type and temperature of oxide formation, besides confirming increased oxygen con-
tent with EDX on the sample surface after the high temperature nanoindentation, the oxide
was examined by XRD (X-ray diffraction). Previous studies in bulk copper showed that XRD
can be used to follow the formation of the different copper oxides ex-situ [57].1n the present
work the XRD measurements were performed with a X-ray diffractometer (Smartlab X-RAY
DIFFRACTOMETER, Rigaku Corporation, Japan) on a polished sample surface in air. First an
ex-situ experiment was performed on a non-oxidized sample and an oxidized sample after
300°C for six hours, respectively, to identify peak positions of distinct elements and chemical
compounds, and intensities at 25°C. This experiment was also used to find the best condi-

tions for performing more demanding in-situ heating experiments in air. The further proce-
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dure was the XRD in-situ measurement of a non-oxidized sample, where the temperature
was raised in 20°C steps with a short holding segment for obtaining the XRD spectra. The
measured temperature profile is shown in Table 4, whereby the heating rate was 2°C per

minute.

Table 4: Temperature steps for the in-situ XRD measurements to study oxidation of NPC.

Temperature Holding time
[°C] [Minutes]

B
o
100 50
150 10
w0
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4 Results

4.1 High pressure torsion processing

Fully dense two phase supersaturated solid solution Fe-Cu nanocomposites are obtained
by a two-step HPT process, as observed by Bachmaier et al. [67]. Figure 4.1 shows the de-
formed microstructure after the deformation process for FesoCusg in the SEM. The Fe and Cu
phase can be easily distinguished due to the lower scattering factor of the Fe phase. Thus,
the brighter appearance of the Cu-phase and the bands of Fe and Cu rich regions can be
easily distinguished. The thickness of the bands shown below is several hundred nanome-

ters.

Figure 4.1: SEM images (back scattered electron mode) showing the microstructure of the FesoCusy before heat

treatment after the second deformation step at a radius of 3 mm in tangential direction. Fe rich regions appear

darker, Cu regions brighter. (a) Microstructure with low magnification and (b) with higher magnification.

Figure 4.2 shows the microstructure in axial direction in the light microscope after the heat
treatment. The difference of the microstructure over the radius can be seen, which is related
to the differences in the imposed shear strains. The outer area of the sample gets most de-
formed and shows therefore a finer and more homogenous microstructure, as desired for

further experiments.
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Figure 4.2: Light microscope images showing the deformation structure in axial direction after the heat treat-
ment. (@) Low magnification overview of the microstructure of half the HPT disk. (b) Detailed micrograph of the

outer area.

The imposed shear strain during the first and second HPT step can be calculated with
equation (1). For this calculation the mean initial grain size dy is about 50 um, the shear
strain y; of the first HPT step is ~ 130, and y, for the second step is ~ 4200. The calculated
band thickness with equation (3) should be about 0.02 nm. This calculation example shows
that the equation can only be used up to a saturation deformation. After a certain number of
turns the saturation grain size is reached, and the grain refining stops due to grain boundary
migration and dynamic recrystallization processes [66]. Nonetheless, this demonstrates that
our samples were deformed to a steady state where grain refinement saturation was

reached.

Figure 4.3 shows the microstructure in tangential direction after the conducted heat
treatment of 1 hour at 500°C. The band structure has changed during the heating process to
a fine homogeneous structure. The decomposition of the supersaturated solid solution has
occurred during the heat treatment, as also observed by Bachmaier et al. [67]. The grain size
of the final structure is about 200 nm. Figure 4.4 shows the microstructure after the heat
treatment in axial direction. The resulting band structure of the shear deformation process is

partly remaining.
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Figure 4.4: SEM images (back scattered electron mode) recorded axial at a radius of 3 mm after heat treatment

at 500°C for 1h. (a) Overview of microstructure with a low magnification. {(b) More detailed micrograph.

The aim of the heat treatment is to reach a decomposition of the supersaturated solid so-
lution phases into a FCC Cu phase and a BCC Fe phase without grain growth. Bachmaier et al.
observed that the decomposition of the supersaturated Fe phase starts at 300°C and ends at
480°C [67]. The decomposition of the supersaturated Cu phase also starts at 300°C, but ends
at a temperature of 585°C [67]. Thus, some soluted Fe is still remaining in the Cu phase. An-
nealing at higher temperatures would lead to a full decomposition of the supersaturated Fe
in Cu, but also to an undesired grain growth, which would potentially degrade the mechani-

cal properties of the foam.
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4.2 Foam manufacturing and characterization

The NPC is obtained by selective dissolution as detailed in chapter 2.2.1. During the im-
mersion, hydrogen bubbles were generated as expected from the Pourbaix diagrams in Fig-
ure 2.4, hinting at a successful dissolution. The resulting structure after this process in axial
direction is shown in Figure 4.5. The ligament size of the structure is about 200 nm, as was
expected from the grain size of the composite. Both ligament width and pore size are not

perfectly homogenous throughout the whole specimen related to manufacturing process.

magnification in (a) and high magnification NPC in (b).

Figure 4.6 (a) shows the ion-polished surface in tangential direction. The intensity distribu-
tion of the incoming argon ions can be identified by the resulting round structure. In the
middle, most of the material is milled away due to the highest intensity of argon ions. This
method serves as a quick-check for controlling the porosity without damaging the material.
The velocity of the milling process should not be at a maximum level in order to get a con-
sistently smooth milled area. The band-structure of the HPT-process can still be seen after
the dealloying process, although a two-step HPT-process has been used. The detail high-
lighted in Figure 4.6 (a) is shown in higher magnification in Figure 4.6 (b), showing the deal-
loyed material. The image confirms the successful dealloying process and the reached deal-
loying depth of at least 50 um for nanoindentation. Figure 4.7 shows a local FIB cross-section
under an indent, which also confirms the reached dealloying depth and the layered structure
of the HPT deformation. The bright and non-porous zone on the top of the imprint is a local-
ly sputter deposited Platinum protective layer (Figure 4.7) to avoid material removal near
the surface and curtaining of the cross-section. The deformed area below the imprint will be

discussed later in chapter 4.3.3.
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ion-polished area of a dealloyed. (a) Overview. (b) Detailed micrograph of the

Fiure 4.: SEM images of the

marked area of image (a).

Figure 4.7: Dealloyed zone below an indent in order to check the dealloying depth and morphology. The bright

area on the top surface of the indent is a protective Platinum layer.

4.2.1 Relative density measurements

The porosity of the foam is an essential criterion to know. Many assumptions and calcula-
tions can be justly used if the relative density of the porous material is known. In order to
obtain this information, first the EDX and then the SEM imaging results are shown and ex-
plained. The yellow marked region in Figure 4.8 (a) shows the area which was used for the
conducted EDX measurement. The measured area should cover a relatively wide range to
get a good average result for the chemical composition of the foam. The EDX spectra of the
examined area can be seen in Figure 4.8 (b). Two different elements can be distinguished,
namely Cu and Fe. The foam approximately contains 97 wt.% Cu and 3 wt.% Fe. There are
two assumptions of where the remaining Fe could be: Either still solidly supersaturated in
the Cu phase, or during the dealloying process some of the Fe remained. In order double-
check this, SEM images are analyzed to determine the porosity.
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Figure 4.8: (a) SEM image of the polished and dealloyed surface in axial direction of the foam. The area inside
the yellow rectangle shows the EDX examined area. (b} EDX-spectra of the polished surface and the chemical

composition of the foam.

An example of a SEM processing sequence is shown in Figure 4.9 for an SEM plan view mi-
crograph of the open cell NPC. The original micrograph is shown in Figure 4.9 (a). Figure 4.9
(b) shows the image processed to a grey scale image. Figure 4.9 (c) is the image processed
with a bandpass filter and Figure 4.9 (d) shows the binarized image with pores and struts
clearly distinguished. The relative area is identical to relative density for statistically isotropic
structures of the whole specimen at a radius of 3 mm of the center. The information provid-
ed by the SEM micrographs using secondary electrons (SE) contains mainly information
about features close to the focal plane since signal detection probability exponentially de-
cays when electrons travel in the out-of-plane direction [29]. After processing sufficiently
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focused images, the relative density averaged over a narrow region close to the surface can
be obtained. If a sufficiently large amount of struts and pores are captured in the micrograph
view, then the relative density of the micrograph is independent of the field of view. This
was proven by processing images having three different magnifications, where the images of
the two higher magnifications are shown in Figure 4.10. The average relative density for all
magnifications was 53.5 % * 1.5 %. This result also indicates the proposed assumption that

around 3 wt.% of the Fe is still solidly supersaturated in the Cu phase.

500 nm .
| a W

Figure 4.9: Image sequence showing how an SEM micrograph is converted to a binary image for relative density

< n. \"
-

measurements: (a) Plan-view SEM micrograph of open cell NPC. (b} SEM image after converting into a grey

scale image. (c) The image after using a bandpass filter. (d) The binary image after converting the filtered im-
age.
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rized images.

4.3 Nanoindentation

In the present work, the mechanical properties of the NPC with a relative density of 53%
are investigated by nanoindentation between room temperature and 300°C. The mechanical
properties, such as hardness and elastic modulus, are measured and evaluated. Further-
more, the strain rate sensitivity and activation volume of the material are determined to
reveal information about the material deformation mechanisms. The deformation of the
NPC during nanoindentation is demonstrated by the load-displacement P-h indentation
curves, displayed for different temperatures in Figure 4.11, where the left column shows DC
experiments data, while CL data is provided in the right column, respectively. These experi-
ments were performed on the polished surface of the sample to minimize the effect of sur-
face roughness. The experiments do not probe the mechanical properties of individual liga-
ments, but an average mechanical response of a large number of ligaments and pores has
been assessed. This is ensured by the high indentation depths, ranging from one up to three
microns, resulting in large imprints probing a volume in the order of several cubic microns.

Compared to this, the typical ligament width of 200 nm is significantly smaller. A certain var-
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iation of the P-h curves can be observed, but this was expected considering the inherent

inhomogeneity of a random porous material.
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Figure 4.11: Load-Displacement curves for all temperatures and parameters. On the left side the depth-
controlled {DC) measurements for {a) 25°C (c) 50°C (e) 100°C (f) 200°C (i) 300°C and (k) 25°C (After 100°C/15h
and 200°C/15h) are shown, and on the right hand side the curves for (b) 25°C (d) 50°C (f) 100°C (h) 200°C (j)
300°C and (l) 25°C (After 100°C/15h and 200°C/15h) for constant load measurements (CL).
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4.3.1 Young's modulus and hardness

This chapter provides information about the mechanical properties of the foam. To access
the change of hardness and Young’'s modulus over temperature, DC measurements were
performed with a constant strain rate. Figure 4.12 visualizes the correlation between
Young’s modulus, which was obtained from the reduced modulus by using equation (16),
and temperature. The obtained values for 25°C in the non-oxidized state are symbolized by
“Start”. First, an increase of the Young’s modulus from 17 + 3.5 GPa to 26.8 + 3 GPa was
observed up to 100°C, which was followed by a decrease in modulus down to 22.2 + 2.2 GPa

at 200°C and 16.7 + 2.1 GPa at 300°C, as expected from equation (6).
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Figure 4.12: Young’s modulus versus temperature for NPC up to 300°C. “End” symbolizes the RT modulus after

high temperature experiments.

Figure 4.13 shows the change of hardness over temperature. A strong increase of the
hardness from 220 + 60 MPa up to ~ 950 4+ 300 MPa was observed at 50°C, which stayed
constantly at 100°C and 200°C, contrary to the predicted decrease by equation (7) with in-
creasing temperature. At 300°C a hardness drop from 940 + 140 MPa down to 300 + 60

MPa was observed.
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Figure 4.13: Hardness over temperature for NPC up to 300°C. “End” symbolizes the oxidized sample at RT.



4 Results 42

The values of the RT hardness after the high temperature experiments at 25°C are shown
in both graphs close to the symbol “End”. The sample after high temperature indentation
shows an enormous increase of around 500 % in hardness and 200 % in Young’s modulus
compared to the original 25°C experiments, which will be discussed later in chapter 5.2.1.

The hardness and the Young’s modulus values are tabled in Table 5.

Table 5: Overview of the mechanical properties of the NPC obtained from DC measurements.

Temperature
[°cl

220 (+60) 17.0 (£3.5)
970 (+340) 26.8 (+3.0)
960 (+320) 28.1 (+£2.8)
940 (+140) 22.2 (£2.2)
300 (+60) 16.7 (+£2.1)
B R e 1170 (+£180)  37.2 (+4.1)
Oxidized 300°C - 6h 1280 (+410)  32.8 (+5.1)
Oxidized 400°C—5 h 1610 (+180)  26.2 (+1.8)

The obtained mechanical properties back at 25°C after the high temperature experiments
are shown in Figure 4.14. The oxidized samples were measured after the high temperature
nanoindentation experiments in order to get a better understanding of the change in mate-
rial properties. Equation (24) and Table 2 were used to estimate the thickness of the oxide
layer and the results of calculation are shown in the tick labels of the x-axis in Figure 4.14.
The oxide types for the different temperature regimes were obtained from the model shown
in Figure 2.11 and from XRD ex-situ and in-situ measurements. A pronounced difference in
hardness and Young’s modulus between non-oxidized and oxidized samples is observed
(Figure 4.14).
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Figure 4.14: Mechanical properties for different oxidized samples. The dwell time at a certain temperature and

the estimated thickness of the oxide are indicated in the x-labels.

4.3.2 Strain rate sensitivity and activation volume

The results of the nanoindentation stress relaxation tests are presented in this chapter.
The aim of these experiments was to obtain material parameters characteristic for strain
rate- and temperature dependent deformation mechanisms. An example of a double loga-
rithmic plot for determination of the m value is shown in Figure 4.15. The slope of the two
distinct regimes corresponding to Stage a and b is similar, namely between 0.03 and 0.04.

The m value was calculated by using equation (19), which is given by the slope of the curve

in Figure 4.15.
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Figure 4.15: Double logarithmic plot of hardness versus strain rate. Similar m values for Stage a and b are

observed.
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Figure 4.16 shows the m value versus temperature for CL and DC measurements. In gen-
eral, an increase of the strain rate sensitivity over temperature from 0.03-0.04 to 0.1-0.2 was
observed for all different experimental conditions. For Stage a and Stage b of the CL experi-
ments the same trend of the m value was observed. The m value for 100°C DC measure-
ments slightly differs compared to that of the CL measurements. The effect of the oxidation

and temperature on the m value will be discussed later in chapter 5.2.3.
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Figure 4.16: Strain rate sensitivity over temperature for CL and DC measurements.

The results of the investigation of the RT experiments after high temperature indentation
are shown in Figure 4.17. No significant changes of the m value between the measurements
before and after the oxidation were observed for the DC measurements, which show a very
constant value of 0.03 for all different conditions. The Stage a m values of the LC measure-
ments are around 0.04 and show higher scattering than the DC measurements. The Stage b
results of LC measurements are between 0.04-0.06 and show significantly higher standard
deviations. The reason for the high standard deviation is the roughness of the surface due to

heavy oxidation. The m values for all temperatures are summarized at the end of this chap-
terin Table 6.
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Figure 4.17: Strain rate sensitivity for a non-oxidized and different oxidized samples at RT. The tick labels on

the x-axis symbolize the length of the heating segment and the estimated thickness of the oxide layer.

The activation volume versus temperature is plotted in Figure 4.18. The activation volume
was normalized using the volume of a cubic Burgers vector for Cu (Dislocation: 1/2-{110}, b =
0.255 nm [68]). An upper and lower boundary calculation of the activation volume using
equation (20) was performed. The upper boundary is indicated by H ~ 3 - gy (behavior of
low density foams), and the lower boundary by H ~ o, as explained in chapters 2.2.3 and
2.3.3. This assumption was taken into account to account the densification of the foam dur-
ing oxidizing and the correlation for ceramics between vyield strength and hardness of
H ~ 1.5 - ;. The minimal activation volume versus temperature is plotted in Figure 4.18 (a)
and the maximal in Figure 4.18 (b). Hereby, a similar trend for Stage a and Stage b was ob-
served. The activation volume strongly decreases from approximately 250-850 b’ at RT to
20-150 b° at 50°C, 100°C, 200°C and 300°C, respectively. Thus, A remains rather constant at
elevated temperatures. The activation volume for the oxidized sample is about 10-15 times
lower (10-100 b°) than that of the non-oxidized material.
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Figure 4.18: (a) Normalized A over temperature for CL measurements with the assumption: H~g;. (b) Normal-

ized A over temperature for CL measurements with the assumption: H~3 - 0.

The activation volume was also obtained from the dwell segment (only Stage a) of DC

measurements and is plotted in Figure 4.19 (a). Again, the lower and the upper boundary of

the relative activation volumes are displayed, and generally the same trend and activation

volumes as for CL-tests (Stage a) were observed as shown for comparison in Figure 4.19 (b)

for the upper boundary.
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Figure 4.19: (a) Relative A obtained from DC measurements. The minimal and maximal normalized A are plot-

ted. (b) A versus temperature plot comparing DC and CL Stage a results.
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Finally, the obtained activation volumes for different oxidized samples at RT after high
temperature testing are shown in Figure 4.20. No significant differences were observed for
different oxidation temperatures and times as shown in the labels on the x-axis. A certain
tendency of a lower activation volume for the 400°C after-heating experiments is given, but
overall the activation volume of the oxidized samples is between 20 b* and 150 b, and re-

mains relatively constant for all different heating conditions.
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Figure 4.20: Relative activation volume for different oxidized dealloyed specimen at 25°C. The tick labels on the

x-axis symbolize the length of the heating segment and the estimated thickness of the oxide layer.



4 Results 48

For summary, Table 6 shows all activation volume and strain rate sensitivity values for dif-
ferent temperatures and stages. Furthermore, the RT measurements of different oxidized

samples are shown.

Table 6: Average m and A values for different experimental conditions.

Temperature/ m m m A A A

Testing condi- | LC(Stagea) | LC(Stageb) | DC (Stagea) | CL(Stagea) | CL(Stageb) | DC (Stage a)
tions [b] [6°] [6°]

0.033 0.038 0.029 283-848  236-708  205-616
0.035 0.056 0.046 57-172 48-112 28-83
0.097 0.148  0.046 46-139 35-105 48-143
0.094 0.121 0.064 26-77 24-72 34-103
0.162 0.237 0.116 35-106  34-102 58-174
Oxidized
100°C—15 h 0.046 0.060 0.031 30-90 26-78 39-116
200°C—-15h
Oxidized
0.036 0.038  0.032 31-94 33-99 37-110
300°C—-6h
Oxidized
0.039 0.053 0.029 18-55 15-46 30-90

400°C-5h

4.3.3 SEM and FIB investigations

Indents, which were placed in very heterogeneous areas, were discarded for 25°C experi-
ments by analyzing SEM images, as shown in Figure 4.21. Areas with irregularities nearby
(circled in Figure 4.21) could be clearly correlated to low apparent modulus of the nearby
indent. The SEM approach was not possible for high temperature experiments due to the
oxidization of the sample surface making the indents disappear over time. Therefore, based
on the insights from the RT investigation for RT and high temperature experiments a thresh-
old of 10 GPa for the Young’s modulus, which is very sensitive to inhomogeneities, was de-

fined as a criterion in order to discard adulterated values.
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Figure 4.21: Overview of CL indents at 25°C. Circled areas show measurement-influencing areas.

The dominant deformation mechanism during nanoindentation in the NPC was expected
as ductile, plastic densification. In order to prove this assumption, the residual imprints were
studied using SEM to analyze the deformation of the NPC. Figure 4.22 shows SEM micro-
graphs of 2000 nm depth-controlled imprints on the polished surface using a Berkovich tip
after RT experiments. A confined deformation can be observed in the contact area, which is
dominated by ductile densification of the foam. The pore structure is undisturbed adjacent
to the indents. This demonstrates the absence of pronounced long-range stress fields and
confirms the assumption H ~ oy, as described in chapter 2.2.3 and 2.3.2. During the indenta-
tion process at RT no ligament cracking was observed, which was proofed by detailed inspec-
tion of Figure 4.22 (c).
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(a)

Figure 4.22: SEM micrographs of {(a) an orview of an indent (b) more detailed image of the indent and (c) the

deformed ligaments in the center of the indent.

Additionally, SEM images of the cross-section of an indent are shown in Figure 4.23. Figure
4.23 (a) shows the approach for making a local cross-section of an indent. Prior to the FIB
milling process, Platinum was locally deposited via sputtering diagonal on the top of the in-
dent in order to protect the surface and prevent curtaining of the cross-section surface. The
SEM images Figure 4.23 (b) and (c) reveal that the deformation is contained in the contact

area, and no pileup adjacent to the residual impression was observed.



4 Results 51

5 um

5 um

Figure 4.23: (a) Inclined SEM image of an indent sputtered with platinum to prevent curtaining. (b) Micrograph

of a local cross-section beneath an indent and {c) more detailed micrograph of the local cross-section.

Investigation of the oxidation of the NPC

In order to understand the rapid increase of hardness and the Young’s modulus over tem-
perature, the specimen surface and local cross-sections were investigated by EDX after the
high temperature nanoindentation experiments. The result of the EDX surface-scan after the
measurements at 100°C and 200°C is shown in Figure 4.24. An increase of the oxygen con-
tent was detected close to the surface compared to the inner NPC. This result confirms that
oxidation has occurred during heating. Especially the volume close to the surface was affect-
ed by the oxidation as shown by local cross-section and EDX line-scans in Figure 4.25, where

the top 1.5 um show increasing oxygen content.
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Figure 4.24: (a) EDX-spectra of the surface after high temperature nanoindentation. {b) Overview of the

measured area.
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Figure 4.25: (a) Local cross-section of the surface after oxidation. (b) EDX line-scan close to the surface, which

is indicated by the red arrow in image (a).
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Figure 4.26 (a) and (b) show micrographs of the oxidized sample surface after six hours at
100°C and 200°C, respectively. A densification up to ~95% relative density during the oxida-
tion process was observed due to conversion of copper into copper oxide, which was
proofed by analyzing the SEM image (Figure 4.26 (a)) with the explained method in chapter
4.2.1. Furthermore, a strong increase of the surface roughness was detected. An indent after
high temperature measurements at 100°C is shown in Figure 4.26 (c). Crack propagation
around the indent was not observed. Note that possible small cracks could not be detected
due to the oxidation process during high temperature testing. The local cross-section of an
indent after high temperature testing revealed a rather dense oxide layer on the top of the
NPC, as shown in Figure 4.26 {(d). The thickness of this oxide layer is in the order of 1-2 um,
even after low temperature oxidation of the NPC at 100°C for six hours and 200°C for six

hours.

- Rl N 4T e
— ; 5 um
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Figue 4.26: SEM micrographs of the sample surface after 100°C/6'H hours and 200°C/6 hours: (a) Oxidized

- - —— - =

sample surface. (b) Detailed micrograph of the oxidized surface. {c) Overview of an indent after 100°C/6h hours

and 200°C/6 hours. (d) Local cross-section of an indent showing a rather dense oxide layer.



4 Results 54

The XRD-measurements revealed a detectable oxidation at a temperature of 150°C, as
shown in Figure 4.27 (a) and (b). The differentiating between CuO and Cu,0 is quite difficult
due to similar positions of the peaks, as shown in Figure 4.27 (b). The XRD-spectrums of a
non-oxidized sample and an oxidized sample at 300°C for six hours are overlaid in Figure
4.28. Mainly the formation of Cu,0 was observed, but also low intensity peaks of CuO were
detected. Moreover, a diminishing of the Cu (111) peak and a slight move to lower diffrac-
tion angles were observed. The Fe (110) peak belongs to small amounts of not dissolved
crystalline Fe, which is encapsulated by Cu and not reachable for the HCI.
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Figure 4.27: (a) XRD-spectrums for different temperatures of the oxidizing sample. (b) Detailed view of the

growing Cu,0 peak for relevant temperatures.
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5 Discussion

5.1 Sample fabrication

In the present work, a mixture of UFG supersaturated FCC Cu and BCC Fe is obtained after
the two-step HPT process, where the formation of supersaturated solid solutions occurs as a
result of the severe plastic deformation. The microstructure of the finally obtained NPC
showed slight inhomogeneities after the manufacturing process as shown in Figure 4.4, Figure
4.7 and Figure 4.24 (c), although the novel two-step HPT route {proposed by Bachmaier et al.
[4]) was used up to the saturation regime for the production of the primary material. One
possible solution for this inconvenience would be an increase of the used HPT steps in order
to reduce the grain size homogenously in all directions. For further decrease of the grain size
by HPT, lower temperatures would be required during deformation as shown in Bachmaier’s
work [4], but this would possibly limit the high temperature stability. In general, this novel

method is a good and effective way to obtain nanocomposites.

The heat treatment after the HPT deformation is essential for a further dealloying process.
The annealing at a temperature of 500°C for 1 hour is used in order to stay in balance be-
tween achieving the desired decomposition and retaining the UFG microstructure. Finally,
several percent of the supersaturated Fe in the Cu phase are still present after selective disso-
lution, as shown by the EDX surface-scan in Figure 4.8. One possibility to reduce the remaining
Fe would be changing the time and temperature of the heat treatment. This, however, re-

guires many processing steps and was not carried out in this thesis.

The selective dissolution process is an easy method to obtain nanoporous structures with
different ligament shapes and sizes, as presented in this work. A minimal change of the pro-
cess temperature or concentration of the acid would lead to different nanoporous structures
[20,21]. For the CuFe-system just a low concentration of HCl is required to reach the wanted
nanoporous material. The increase of the temperature to 55°C accelerates the process, but
also influences the ligament shape. Exceedingly higher temperatures and long etching times

would also lead to an unwanted dissolution of the Cu phase. To sum up, the difficulty is to find
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the balance of the right etching time and temperature for the desired ligament morphology.
However, for the CuFe system selective dissolution is a simple and efficient method to obtain

nanoporous structures.
5.2 Nanoindentation

5.2.1 Young’s modulus and hardness

The hardness values of CuO and Cu,0 are between 2050-2490 MPa and 2010-2030 MPa
[59], respectively, while the yield strength value of UFG Cu (grainsize around 200 nm) is
around 450 MPa [42,69]. This corresponds to a hardness for UFG Cu of 1350 MPa (H = 30y).
Thus, the difference in hardness between copper and copper-oxide is significant. The increase
of Young’s modulus cannot only be explained by the values of CuO and Cu,0, which are 80
GPa and 30 GPa [60,62], respectively, because during the oxidation of Cu to copper oxide
(mainly Cu,Q), the relative density of the foam increases due to increase in volume. This is
because of the uptake of oxygen from of the atmosphere. The volume of the foam would in-
crease by 40-45% if the copper completely converts to copper oxide. Thus, the relative densi-
ty would be ~95% up to nearly 100%. The increase of relative density close to the surface can
be seen in Figure 4.26 (a) and (b) after annealing at 100°C for 6 hours and 200°C for 6 hours,
respectively. Identification of the porosity has become almost impossible in this state. Fur-
thermore, the roughness of the surface has increased dramatically, resulting in a relatively
high standard deviation of hardness and Young’s modulus values. This is related to an inho-
mogeneous oxidation process of the surface, as shown in Figure 4.26. The local cross-section
of an indent in Figure 4.26 (d) shows that the first one or two micrometers of the surface are
completely oxidized and seemingly dense. The zone below the oxidized layer is not much af-
fected by the oxidation. Therefore, changes in the measured foam hardness values allow es-
timating the ratio of copper-oxide and copper-foam. A model was developed in the present

work to estimate hardness and Young’'s modulus, which is explained later.

Comparison to Gibson and Ashby equations

The flow stress of the foam can be compared to the values predicted by scaling laws, which
are explained in chapter 2.2.2. The flow stress of the NPC was assessed from the hardness
values obtained by the indentation experiments (for low density foams: H = 0}7‘-‘). A more de-
tailed discussion of the validity of this assumption can be found in chapter 2.2.3. According to
this relationship, the flow stress of the NPC investigated in the present study is 220 MPa at
25°C. The yield strength for bulk copper with an average grain size of 200 nm is 450 MPa
[42,69]. Note that the flow stress is obtained from the hardness of nanoindentation tests, and

the yield stress of the scaling law equations. Nevertheless, the flow stress and the yield stress
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can be compared for a good estimation, since for these high strength NPC materials the work
hardening is not very pronounced. The yield strength for the porous material was estimated
by using the scaling equation (4) and was compared to the measured flow stress (H = Gf*).
The experimentally determined value of the yield stress and the flow stress is nearly five times
larger than the value predicted by scaling laws, 220 MPa instead of 52 MPa. This deviation
gives rise to the question whether the scaling laws deduced from macroscopic foams can still

be applied to nanoporous materials. Further possible explanations for this difference are:

* There is still supersaturated Fe in the Cu ligaments

* The Gibson and Ashby equation is rather valid for homogenous foam structures and
lower relative densities

* The theory of the near zero Poisson’s ratio is not completely valid for the NPC

* The used yield strength for bulk Cu with 200 nm grain size is just an estimation

But if we assume that equation (4) describes the mechanical properties of the NPC, the ex-
perimentally determined value of 220 MPa for the yield strength of the NPC would require
that the yield strength of the foam ligaments be in the order of 1.9 GPa. This interpretation
suggests that the yield strength of the ligaments in the NPC would approach the theoretical
strength of Cu (> 6 GPa [70]). Similar high values were also achieved for NC Au foams by Bie-
ner et al. [28].

The Young’s modulus of the NPC is 17 GPa at 25°C. Assuming that the NPC sample exhibits a
relative density of 53 % and using equation (5) for Cu, E = 100 — 130 GPa, the scaling law
would predict a Young’s modulus of 28-36 GPa. The difference of 10-20 GPa can be explained
by the layered-structure of the NPC from the HPT shear deformation process, which is shown
in Figure 4.7. The ligaments in the direction of indentation do not exist in the same density
like the ligaments perpendicular to them, what is related to the inhomogeneity of the defor-

mation process. The outcome of this is a lower Young’s modulus in loading direction.

5.2.2 Oxidation of the NPC

During the high temperature measurements oxidation occurred despite the Ar atmosphere
with a relatively low O, content (1 % — 3 %). In this kind of atmosphere, the oxidation was
supposed to be widely prevented due to the higher activation energies for the formation of
copper oxides. The values for the activation energies of bulk copper for an Ar atmosphere
with 1 % O, are shown in Table 2. Note that the activation energies are valid for bulk copper
and can be different for the oxidation of the NPC. The approximation of the oxide layer thick-
ness with equation (24) and the activation energies for the Ar + 1 % O, atmosphere revealed

an oxide thickness below < 50 nm even at high temperatures and long oxidation times. But
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the thicknesses of the oxide layers were obviously thicker, as shown by local cross-sections.
This indicates a strong dependence of the oxidation rate on slightly higher oxygen contents (>
1 %) for the NPC.

In order to understand the change of hardness and Young’s modulus, a model is proposed
to predict the hardness for different oxidized samples at 25°C. By inspecting Figure 4.26 (a)
and Figure 4.26 (c) closer, a grown layer of different copper oxides was observed. During the
oxidization of the NPC, an increase in volume of ~45% occurred. Therefore, the assumption of
a dense oxide layer, which is growing from the top of the NPC, can be used for developing a

model as shown in Figure 5.1.

o 2

Plastic zone

Figure 5.1: Schematic model of the oxidation behavior of the NPC and the plastic zone beyond the indenter tip.

This composite model will allow a prediction of the hardness and stiffness characteristics of
the oxidized NPC. The following expression basically describes the ratio of oxide to foam in the

area of the plastic zone and allows estimating the hardness:

HC= H*'U*‘l‘Ho'vo. (27)

Where H, is the hardness of the composite, H* the hardness of the foam, v* the fraction of
the foam, and H, and v, are the corresponding values for the oxide. For the approximation of

the modulus of the composite the following equation of the composite theory is used [71]:

Ec = oyrring (28)
Here E. is the Young’'s modulus of the composite, E*of the NPC and E, of the oxide, v* and
v are the particular fractions of foam and oxide. This equation is derived from the composite
theory for the Young’s modulus according to fiber-reinforced composites, whereby the load

direction is perpendicular to the fiber direction.
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This assumption makes an estimation of the hardness values possible, but for estimating the
Young’s modulus a detailed knowledge about the oxides after different oxidation time and
temperature is necessary. The mechanical properties for CuO and Cu,0 are known and shown
in Table 1, but distinct hardness and Young’'s modulus values for the not well-investigated
Cu30,, which is a defect structure of Cu,0, are not accessible. There have been some studies
regarding to the oxidation temperature and time, and the resulting ratios of different copper-
oxides [54,55,58,72]. Figure 4.14 shows that not only the thickness of the grown oxide is cru-
cial, also the type of oxide after different oxidation temperatures plays a major role. The low
Young’s modulus of 25 GPa after 400°C (Table 7) indicates that mainly Cu,O was formed dur-
ing the oxidation [55], which has a Young’s modulus of 30 GPa. The modules after
100°C/200°C and 300°C are between 30-40 GPa, which can be associated with higher ratios of
CuO/Cus0, compared to Cu,O [73], assuming that CusO, has a modulus between CuO and
Cu,0 . According to the hardness in Figure 4.14, the higher hardness slightly differs from 1200-
1700 MPa due to different thicknesses of the oxide layers after annealing at certain tempera-
tures. The individual influence of the different types of oxide on the hardness is relatively

small due to similar hardness values of the oxides.

Figure 5.2 shows the model for obtaining hardness and Young’s modulus values depending
on the measured amount of oxide in percent inside the plastic zone. The prediction for the
hardness values shows realistic values compared to the experimental values because of the
relatively identical oxide hardness. A precise estimation of the Young’s modulus is not possible
due to the fact that the ratio of different oxides is unknown. According to the ex-situ and in-
situ XRD-measurements up to 300°C, Cu,O and CuO were formed as shown in Figure 4.28.
Comparing the XRD-spectrums of Figure 4.27 and Figure 4.28, a significant higher amount of
CuO was detected after long dwelling times at high temperatures. Such a change in the ratio
of the oxides was also found by Lenglet et al [73]. A possible explanation of the high Young’s
modulus values (Table 7) is a relatively high amount of CuO compared to Cu,0. The developed
model requires a minimum ratio of 1:1 of CuO/Cu,0 or higher, and a high grade of oxidation
(> 60 %) to explain the Young’s modulus of 32.8 GPa after 100°C/200°C and 300°C as shown in
Figure 5.2. The model predicts an oxidation of the NPC around 60-80 % for the hardness and

the Young’s modulus.
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Table 7: Mechanical properties of different oxidized samples at 25°C.

Hardness Young’s modu-

Temperature/Oxidation time lus

[MPa] [GPa]

Oxidized 100°C/200°C - 15h/15h 1170 37.2

Oxidized 300°C — 6h 1280 32.8
Oxidized 400°C—5 h 1610 26.2
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Figure 5.2: Graph of hardness and Young's modulus for different amounts of oxidized NPC in the plastic zone.

The RT hardness values for NPC of the present work and of a recent publication of Cheng et
al. [57] are shown in Figure 5.3 (a). The increase of the hardness with relative density seems to
be extraordinary high. One possible explanation would be the strong effect of the supersatu-
rated Fe in the Cu ligaments. Another possible explanation is the local densification of the
foam due to higher indentation depths (2000 nm) in the present than in the mentioned publi-
cation (1000 nm). Figure 5.4 (b) shows the hardness over relative density for oxidized NPC.

The high hardness value for a relative density of 53 % is related to the longer heating process.
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Figure 5.3: (a) Hardness over relative density for NPC with different ligament sizes. (b) Hardness over relative

density for different oxidized NPC with different ligament sizes.

5.2.3 Strain rate sensitivity

The examination of the strain rate sensitivity m and the activation volume A is necessary in
order to understand the deformation behavior of the material. The occurred oxidation makes
the interpretation of governing deformation mechanisms more difficult. First of all, an expla-
nation of the measurements at 25°C is necessary. All obtained m values from DC and CL
measurements for Stage a and Stage b are around 0.03-0.04 in the non-oxidized state, as

shown in Figure 4.16.

It is important to mention that besides the stress relaxation tests, Verena Maier has per-
formed strain rate jump tests on the NPC in Erlangen at RT in order to double check the ob-
tained results. The strain rate jumps were performed at an indentation depth of 1000 nm and
1500 nm from 0.05 s to 0.001 s . These tests revealed a similar strain rate sensitivity of
0.026-0.029 for the NPC.

Overall, at RT m is similar to the observed m for bulk UFG-Cu with a grain size around 150-
200 nm (0.03 as summarized in Meyer et al. and Chen et al. [42,74]). The high value of m is
related to the increased amount of grain boundaries, which are able to influence the disloca-
tion dynamics of the material. Therefore, the behavior of the NPC and bulk UFG-Cu concern-
ing the strain rate sensitivity are similar. After oxidation of the NPC, the m is still in the same
order (~ 0.03 — 0.04) for Stage a tests, as shown in Figure 4.17. Thus, the rate-controlling
phase of the foam has to be the copper and not the copper oxides. This is because of a quasi-
elastic behavior of the rather dense oxide on the top of the foam and a plastic behavior of the

underlying copper ligaments.
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Note that CSR-tests were also performed to determine m of the NPC. These tests have
shown that this method is too sensitive for nanoporous materials due to the high standard
deviation of the hardness/strain rate pairs. Stress relaxation and strain rate jump tests are
more appropriate methods for the determination of the strain rate sensitivity of hanoporous

materials.

Strain rate sensitivity over temperature

For an interpretation of the strain rate sensitivity it is essential to distinguish between the
influence of the Cu and the copper oxide. The main deformation mechanism for copper oxide
(Cu,0) polycrystals were found to be dominated by a very limited dislocation mobility [62,63],
thus resulting in a brittle behavior up to 300°C. The melting points T, of the copper oxides are
around 1200°C-1300°C and for Cu it is 1084°C. For UFG metals, thermal activated processes
can even occur at temperatures > 0.2:T,,. But thermally activated processes are not possible
for the copper oxides up to 300°C as found by Vagnard et al. [65]. Hence, during the stress
relaxation tests the rate-controlling mechanisms are governed by the deforming copper. The
increasing strain rate sensitivity over temperature from 0.03 to 0.1-0.2, which is shown in
Figure 4.16, can be explained by thermally activated climb-controlled annihilation of lattice
dislocations in the Cu ligaments, which favorably takes place at high angle grain boundaries.
The increased amount of high angle grain boundaries is a consequence of the HPT process.
The high misorientation and amount of the high angle grain boundaries enhances climbing
controlled processes even at low temperatures. At elevated temperature a similar behavior
(100°C-300°C) was found for ECAP UFG Al by Priftaj et al. [75] and for ECAP UFG Cu by Bach et
al. [76].

5.2.4 Activation volume

The obtained activation volume for the NPC at 25°C does not correlate with the values of
bulk UFG Cu with the same structure size. The activation volume for non-oxidized NPCis in the
order of 250-850 b (Table 6) by taking the upper and lower boundary for the hardness to
yield strength conversion into account. This indicates a dominant deformation mechanism of
forest lattice dislocations, which is found rather for CG Cu (~1000 b*). Lower values of ~100
b* were observed for UFG Cu [77] and UFG Al [78]. The obtained activation volume for the
oxidized sample is this order of magnitude, namely 50-150 b>. Hereby, the use of the relative
activation volume of Cu is feasible due to the nearly same Burgers vector for the 1/2-{110}
dislocation in Cu (b = 0.255 nm [68]) and for the 1/2-{100} dislocation in Cu,O (b = 0.213 nm
[64]). Note that this is just an assumption, because the Burgers vector is dependent on the
kind of activated dislocations and this can vary, for example for Cu,0 [64]. Furthermore, the

Cu mainly dominates the plastic deformation during indentation, and the influence of the
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copper oxides is relatively low. In general, after the oxidation the density of the NPC increases
and an oxide layer grows, and the measured activation volume significantly drops from 250-
850 b® to 20-100 b* as shown in Figure 4.19 and Figure 4.20. Probably, this drop can be ex-
plained by studying the deformation behavior of Cu,0. No further studies about the defor-
mation behavior of CuO or Cus0O, were accessible. Polycrystalline Cu,0 does not extensively
plastically deform in a temperature range from 25°C up to 300°C at atmospheric pressure
[64,65]. Thus, the Cu ligaments govern the plastic deformation during nanoindentation and
not the copper oxide. The reason for the subsequent drop of the measured activation volume
of the NPC is that the oxide layer on the top of the Cu-ligaments has an influence on the de-
formation mechanism of the NPC. This growing oxide layer traps dislocations inside the Cu-
ligaments and strongly reduces the activation volume of the foam. Dislocations are not able to
glide from the Cu phase into the ceramic phase due to differences of the crystal structure and
the volume for possible dislocation dynamic is significantly reduced inside the plastic zone,
which is shown in Figure 5.4 (b). Contrarily, in the case of the non-oxidized Cu ligaments,
which is shown in Figure 5.4 (a), the A and so the dislocation dynamic is not influenced by sur-

face oxides and the dislocations can exit to the surface.

(a) )

«— .1 s

|
Figure 5.4: (a} Schematic of a non-oxidized ligament. Dislocation can leave the sample over the surface. (b)

Schematic of an oxidized ligament. Dislocations are trapped inside the Cu-phase of the ligament.

Activation volume over temperature

The observed temperature dependence of A for the NPC partly correlates with the behavior
found in bulk UFG Al determined using strain rate jump tests [78]. The decreasing activation
volume with increasing temperature hints towards a change of the deformation mechanism
related to conversion of the metal to a metal oxide. The CL and DC measurements show a
sudden decrease of the A immediately after first oxidation has occurred. Thus the grown ox-
ide layer on the Cu ligaments strongly influences the deformation behavior inside the material
by preventing the dislocations from leaving the sample. After this first drop the activation vol-
ume up to 300°C approximately remains on the same level of 50-150 b* (shown in Figure 4.18
and Figure 4.19). Thus, no significant changes in the deformation mechanism are observed
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anymore. To further understand the deformation behavior of the pure NPC, it would be es-

sential to obtain data in vacuum at elevated temperatures to avoid any oxidation.

5.2.5 Comparing Stage a to Stage b

Similar trends for all measurements were obtained from DC and LC measurements concern-
ing the stress relaxation tests. Strain rate sensitivity values obtained from Stage b were signifi-
cantly higher than from Stage a, as shown in Figure 4.16 and Figure 4.17. This observation was
also made before by Peykov et al.[51] and is related to thermal drift induced errors. Generally,
DC measurements are the better method to obtain strain rate sensitivity and activation vol-
ume of nanoporous materials over a certain temperature range. The reason is that for obtain-
ing activation volume the tested volume should be comparable. Therefore, the standard devi-
ation in the mechanical and deformation properties for DC tests is significantly lower than
that for CL tests due to sampling to the same plastic indentation depths, which correlates di-
rectly with the tested volume. Inhomogeneities and different temperatures prevent identical
indentation depths for CL controlled measurements, as shown in the right column of Figure
4.11.

5.3 XRD measurements

The performed XRD measurements reveal more information about the oxidation behavior of
the NPC. The in-situ measurements with relatively low dwelling times at certain temperatures
indicate a starting oxidation at 150°C, as shown in Figure 4.27. Even at lower temperatures
oxidation occurs [73] and strongly influences the mechanical properties during high tempera-
ture nanoindentation. It is important to mention that this XRD method is not sensitive enough
to detect oxide layer thicknesses in the range of several nanometers that form at low temper-
atures. More sensitive methods are required to study the starting temperature of Cu oxida-
tion. The Cu peak diminishing in Figure 4.27 and Figure 4.28 offers information about the
transformation from copper to copper oxide in the measured zone. The slight change of the
Cu (111) peak position in Figure 4.28 hints at the expansion of the lattice during heating. The
ex-situ measurements revealed similar results for the oxidation of the NPC and bulk Cu, and
thus most information about the oxidation behavior of Cu was taken from prior studies
[57,73,79]. The Fe (110) peak (Figure 4.27 and 4.28) can be explained by encapsulated crystal-
line Fe, which is surrounded by the Cu. Therefore, the HCl is not able to dissolve this crystal-
line Fe, which is isolated by the Cu. This isolation of the Fe is related to the HPT process, heat

treatment and selective dissolution manufacturing process.
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6 Summary and Outlook

In this thesis, nanoporous copper was created by selective dissolution of Fe from a nano-
crystalline Cu-Fe composite produced by a high-pressure torsion process. The mechanical
properties and deformation behavior of the nanoporous copper were investigated using
nanoindentation in a temperature range between 25°C — 300°C. High temperature
hanoindentation was performed to obtain mechanical properties of the material at elevated
temperatures and acquire information about the governing deformation mechanisms in the
material. During the high temperature nanoindentation, oxidation of the nanoporous copper
could not be avoided. To investigate the formed copper oxides, room temperature
hanoindentation of the oxidized samples after high temperature tests and XRD measure-
ments were performed in-situ and ex-situ to complement the microstructural characteriza-

tion.

From the depth-sensing nanoindentation experiments, an increasing hardness and Young’s
modulus were observed, which is related to the oxidation of the copper foam. A model was
developed taking into account the mechanical properties and growing rates of the copper
oxides, which allows to explain the measured mechanical properties in dependence of the
proceeding oxidation. Furthermore, depth- and load-controlled measurements were per-
formed to obtain the strain rate sensitivity and activation volume. This allows identifying the

nature of the dominating thermally activated deformation processes.

In conclusion, nanoindentation experiments at elevated temperature were successfully
conducted for a hanoporous Cu. During high temperature tests, an unexpected oxidation of
the copper occurred at low temperatures. This oxidation influenced the mechanical proper-
ties and the activation volume, but the rate-controlling mechanism was still dominated by
the softer Cu phase. An increase of the strain rate sensitivity over temperature was ob-
served. The formation of copper oxides rapidly influenced the activation volume due to a

change in the deformation mechanism.
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For further experiments it would be interesting to conduct experiments in vacuum at ele-
vated temperatures in order to obtain high temperature information about the non-oxidized
nanoporous copper, or to use face centered cubic metals with oxidation resistance, such as
Au. After being able to deal with this problem, high temperature nanoindentation on lower
density foams and different morphologies can be conducted in order to study the influence

of these parameters more detailed.
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Abstract

Nanoporous materials have a high potential for future applications due to excellent prop-
erties such as high strength-to-weight ratio, high surface-to-volume ratio or radiation toler-
ance. To use these foams efficiently in the future, it is necessary to acquire information
about the foam manufacturing, their thermo-mechanical properties, and the plastic defor-
mation mechanisms. The objective of this work was to manufacture nanoporous copper, to
determine the thermo-mechanical properties, and to elucidate the deformation behavior at
elevated temperatures. The experimental approach for manufacturing the foam structures
used high-pressure torsion, subsequent heat treatments, and selective dissolution. Scanning
electron microscopy was used for identifying the shape and size of the foam structures and
their thermal stability. In-situ nanoindentation was conducted to determine mechanical

properties and deformation mechanisms at elevated temperatures.

High-temperature nanoindentation was successfully conducted on nanoporous copper,
showing a room temperature hardness of 220 MPa. During high temperature experiments,
unexpected oxidation of the copper occurred even at low temperatures and the hardness
rapidly increased to ~ 1 GPa. A model was developed, taking into account the mechanical
properties of the copper oxides, which allows explaining the measured mechanical proper-
ties in dependence on the proceeding oxidation. The strain rate sensitivity of the copper
foam strongly correlates with the strain rate sensitivity of ultrafine grained bulk copper. Alt-
hough oxidation occurred near the surface, the rate-controlling process was still the defor-
mation of the softer copper. An increase in the strain rate sensitivity with increasing tem-
perature was observed, comparably to that of ultrafine grained copper, which can be linked
to thermally activated processes at grain boundaries. Important insights into the effects of
oxidation on the deformation behavior were obtained by assessing the activation volume.

Oxidation of the copper foam, thereby hindering dislocations to exit to the surface, resulted
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in a pronounced reduction of the apparent activation volume from ~ 800 b* to ~ 50 b>, typi-
cal for ultrafine grained materials. These basic mechanistic insights shall contribute to a bet-
ter understanding of the deformation processes of nanoporous materials at a microscopic

level.

1 Introduction

Nanoporous materials are enormously interesting for future applications due to many ex-
cellent properties including: high surface-to-volume ratio, high strength-to-weight ratio,
electrical and thermal conductivity, or radiation tolerance. These excellent properties can be
used for combining structural purpose and a certain functional use in the same material at
the same time. Decreasing the length-scale of ligaments down to nanometers leads to an
enormous increase of the yield strength of the ligaments, approaching the theoretical
strength of the material [1,2]. Therefore, weight can be reduced due to the fact that na-
noporous materials show mechanical properties close to their corresponding properties of
the particular bulk material. Furthermore, special material properties, such as a high surface-
to-volume ratio, can be utilized for special purposes. With such promising material proper-
ties, this kind of material has high potential for future applications. One impressing fact
about nanoporous materials is that the ligament size and morphology can be controlled by
the manufacturing process, dedicated heat treatments, or chemical treatments. Adjusting
these parameters in the right way will allow tailoring foams for certain purposes. An easy
method to obtain nanoporous structures from a Cu-Fe composite is selective dissolution,
which already has been used in prior works for the fabrication of metal foams such as Ag,
Au, Cu, Pd or Pt [3]. The Cu-Fe system shows perfect precursor requirements for the manu-
facturing of a nanoporous foam by severe plastic deformation (e.g. High Pressure Torsion),

due to the complete immiscibility of Cu and Fe [4].

However, to use these foams more efficiently in the future, it is necessary to acquire in-
formation about the foam manufacturing, their thermo-mechanical properties, and the plas-
tic deformation mechanisms even if the application has a functional purpose. Nanoindenta-
tion is a well-suited method to obtain many mechanical properties for micro- and nanopo-
rous structures with high lateral- and depth resolution [1,2]. Important data about the mate-
rial can be obtained to determine the dominant deformation processes and mechanical be-
havior even at elevated temperatures. The rate dependent deformation mechanisms and
the underlying movement of dislocations can be locally obtained by strain rate jump-tests,
relaxation tests, or creep experiments [5—8]. These novel nanoindentation techniques have

been developed in order to obtain local deformation mechanisms in a material. There are



several characteristic properties of a material that can be used for an understanding and
description of the ongoing time and strain rate dependent mechanisms inside the material.
The strain rate sensitivity m and the activation volume A are two of those characteristic
properties. In prior works, nanoindentation has only been used for the determination of m
and A for UFG (ultrafine grained) and CG (coarse grained) bulk metals [5,9-16], but never for
nanoporous metal foams. In this this work, m and A, beside the mechanical properties, were
determined by stress relaxation tests in order to get a better knowledge about the dominat-

ing deformation mechanisms of nanoporous materials at elevated temperatures.

2 Experimental procedures

2.1 Foam processing

The first step of the manufacturing chain was to get a disk shaped bulk sample out of a Cu-
Fe powder mixture. The basic raw materials for the HPT {(High pressure torsion) process were
Copper powder (99.9% purity, - 170 + 400 mesh, 37-88 um) and iron powder (99.9% purity, -
100 + 200 mesh, 74-149 um). Both powders were premixed in a ratio of 50 at. % Cu and
50 at. % Fe (CusoFeso) and deformed by using a novel two-step HPT process, which was pro-

posed by Bachmaier et al. [17], to achieve a homogenous and fine grained microstructure.

In order to prepare the disks, with a diameter of 8 mm and thickness 1 mm, for selective
dissolution, and to reduce the amount of forced mechanical mixing between Cu and Fe, a
heat treatment was conducted at 500°C with a dwelling time of 1h in a vacuum furnace (SE-
RIES XRETORT, Xerion Advanced Heating Ofentechnik GmbH, Germany). The pressure never
exceeded 3-10™ mbar during the heat treatment. The heating rate of the furnace was 10 °C

per minute and the cooling down to RT required eight hours.

The bulk nanoporous copper (NPC) was prepared using a free corrosion process by selec-
tive dissolution of the iron. For this process, the before ground and polished slices of
CusoFeso were emerged to 5 wt.% hydrochloric acid (HCl) for 35 hours at a temperature of
55°C and opened to air. After 35 hours the samples were removed from the solution and

cleaned in acetone and ethanol to remove the residual HCl-solution.



2.2 Foam characterization and testing

During this work all microstructural investigations were made in axial and/or tangential di-
rection at a radius of 3 mm step related to the high-grade of deformation at this radius. After
the dealloying process the morphologies and structures of the NPC were investigated to con-
firm a successful dissolution process. The microstructural investigations were performed in
axial direction by scanning electron microscope (SEM; LEO type 1525, Carl Zeiss GmbH, Ger-
many) equipped with an energy dispersive X-ray spectroscope (EDX) or a dual beam FIB-SEM
(Qanta 3D FEG, FEI, USA). EDX spectra were collected for the NPC over a certain axial region
to roughly proof the remaining Fe concentration. A more accurate method to get infor-
mation about the porosity is to obtain the relative density from micrographs. SEM pictures
were processed using the computer software AnalySIS (AnalySIS Pro 5.0, Olympus Soft Imag-
ing Solutions GmbH, Germany) to use the images for a professional phase separation. Later,
local cross-sections were prepared with a FIB using Gallium ions for investigating the struc-

ture and morphology beneath the surface of the foam.

The mechanical properties were tested using a nanoindenter (Micro Materials NanoTest
Platform 3, Micromaterials, UK) with a high temperature option. The machine was placed
into an environmental chamber purged with high purity argon to reduce the oxygen level
below 2% aiming to minimize oxidation of the sample. The measurements, data recording
and data evaluation were carried out using the software “NanoTest Platform Three”, Origin,
and Microsoft Excel. For RT measurements the samples were fixed with super glue on a
common sample holder. For the high temperature measurements the specimens were
mounted onto the heated sample stage with a special high temperature cement Omegabond
600 (Omega Engineering Inc., Stamford, USA). The heating system of the indenter consists of
a resistance heater at the sample stage and the indenter tip. Two thermocouples were
mounted onto the sample surfaces of a reference specimen close to the measured sample
and directly above the resistance heater of the heating stage to control the temperature
accurately. A second heating element and thermocouple were used to control the tempera-
ture of the indenter in order to minimize thermal fluctuations during indentation. Addition-
ally, a water-cooled heating shield was used to reduce the thermal drift. Indentations were
performed at RT (22 °C), 50 °C, 100 °C, 200 °C, and 300 °C in argon atmosphere (oxygen con-
tent < 2 %). For the high temperature measurements a cubic Boron Nitride {cBN) Berkovich
indenter was used up to 300 °C in argon atmosphere. After the measurements at elevated
temperatures all the used samples were measured again with a diamond Berkovich indenter
at RT to get information about changes of the microstructure. Indentations were performed

on the planar, polished surfaces of the samples. The tip calibrations were performed on



fused silica before and after each high temperature indentation experiment cycle. For mini-
mizing mechanically vibrations the floating table was brought into an equilibrium position
before each experiment. All measurements were conducted at a radius of 3 mm from the

center of the sample and the distance between the indents was at least 50 pum.

In order to get reference values for the hardness and Young’s modulus of the NPC, depth
sensing nanoindentations were performed to 2000 nm indentation depth with a constant
strain rate of 0.1 s™. The dwell segment for the depth-controlled (DC) measurements was 30
s and the unloading rate was 10 mN/s. Constant load (CL) relaxation tests were performed to
determine the strain rate sensitivity m of the material. For the determination of m it is es-
sential to test each time a similar volume. Thus, for the experiments loads of 8 mN were
used for the RT measurements at the beginning, and 30 mN for the high temperature tests
and for the tests after high temperature nanoindentation up to 400 °C due to an increase of
hardness related to the oxidation during the heating. For all constant load measurements a
dwell time of 200 s, a loading time of 10 s and unloading time of 5 s were used. A minimum
of 10 indents per temperature and condition were performed tangential. The 60 s thermal
drift correction was performed post-indentation at 10 % of the maximum peak load. The last
60 % of the recorded drift data was used for the thermal drift correction. The thermal drift of
all measurements was below 0.3 nm/s. The evaluation of hardness H and the reduced modu-
lus E, during this work was performed from the load-displacement curves by the Oliver-
Pharr-method [18]. The near-zero Poisson ratio v assumption (v = 0) for low density foams
was used for obtaining the Young’s modulus £ from the reduced modulus and for obtaining

the flow stress from the hardness of the NPC (H = af“) [19].

Measurements with dwell times of 30 s and 200 s were performed for obtaining infor-
mation about the rate controlling deformation mechanism of the material. The dwell period
allows an exact calculation of the m and A value. The depth-time curve of the dwell period
can be separated into two distinct regions, called Stage a and Stage b as proposed by Peykov

et al. [6]. The following paragraph explains the evaluation of m and A.

The relative depth versus time curves of each indentation were fitted with the following

empirical function [6]:
hr(t) =A- |h_xc|Pr (1)

where A, is the relative indentation depth, h the actual indentation depth, and A, x., and P
are fitting parameters. For Stage b all the data (200 s) were fitted, while for Stage a just the

first 20 s were used to obtain an accurate fit. The reason for this approach was that the den-



sity of recorded values in the first regime is less than in Stage b. Therefore, the best and
most accurate results of the fits were achieved by two distinct fits. The m values for each
regime were calculated and compared to each other. The least-square method was used to
fit the depth-time curves. The absolute depth A, must be used for the further calculation of

the displacement rate.

ha(t) = hr(t) + hO (2)
Hereby Ay is the depth of the beginning of the dwell period.

The displacement rates fla were achieved from the derivative of this fitted curve and then

. ; h
the strain rates & = "—“ were calculated. The current hardness under load values were ob-
g

tained from the average load during the hold segment and the projected area (obtained from
the original data). The hardness and strain rate were plotted in a double logarithmic plot to

achieve the m value with two linear fits for each regime by using following relation [20,21]:

_alna dlnH
M= 9né e

(3)

Hereby the m value for Stage a was assessed from the recorded data of the first 20 s and the
linear fit of Stage b included data between 30 s and 200 s. The data of the transient region
was discarded between 20 s and 30 s.

Finally, the activation volume A was obtained for each regime by using the following equa-
tion [22]:

A = kT (4)

dlné — Odlné
— = ¢*V3kT—

do dH

Here k= 1.3806488 x 10> m*kgs?K™ is the boltzmann constant and c* is the constraint
factor, which describes the relation between hardness and flow stress at 8 % representative

strain for a Berkovich indenter [23].
3 Results

3.1 Foam manufacturing

The NPC is obtained by selective dissolution. During the immersion, hydrogen bubbles
were generated as expected by the Pourbaix diagrams hinting at a successful dissolution

[24]. The resulting structure after this process in axial direction is shown in Figure 1. The lig-



ament size of the structure is about 200 nm. Both ligament width and pore size are not per-
fectly homogenous throughout the whole specimen, related to manufacturing process. The
relative density of this foam structure is 53 % £ 1.5 %, which was proven by EDX and by ana-

lyzing SEM-images.

Figure 1: The SEM images show the obtained foam structure in axial direction after the selective dissolution

with a low magnification in (a) and a high magnification in (b).

3.2 Young’'s modulus and hardness

To access the change of hardness and Young’'s modulus over temperature, DC measure-
ments were performed with a constant strain rate. The pink line in Figure 2 visualizes the
correlation between Young’'s modulus, which was obtained from the reduced modulus, and
temperature. The obtained values for 25 °C in the non-oxidized state are symbolized by
“Start”. First, an increase of the Young’s modulus from 17 + 3.5 GPa to 26.8 + 3 GPa was ob-
served up to 100 °C, which was followed by a decrease in modulus down to 22.2 £ 2.2 GPa at
200 °C and 16.7 £ 2.1 GPa at 300 °C. The black line in Figure 2 shows the change of hardness
over temperature. A strong increase of the hardness from 220 60MPa up to
~ 950 £ 300 MPa was observed at 50 °C, which stayed constantly at 100 °C and 200 °C. At
300 °C, a hardness drop from 940 + 140 MPa down to 300 £ 60 MPa was observed. The val-
ues of the RT hardness after the high temperature experiments at 25 °C are shown in both
graphs close to the symbol “End”. The sample after high temperature indentation shows an
enormous increase of around 500 % in hardness and 200 % in Young’s modulus compared to

the original 25°C experiments.
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Figure 2: Young’s modulus versus temperature for NPC up to 300°C (pink squares). “End” symbolizes the RT
modulus after high temperature experiments. Hardness over temperature for NPC up to 300°C (black circles).

“End” symbolizes the oxidized sample at RT.

3.3 Strain rate sensitivity

Figure 3 (a) shows the m value versus temperature for CL and DC measurements. In gen-
eral, an increase of the strain rate sensitivity over temperature from 0.03 —0.04 to 0.1 -0.2
was observed for all different experimental conditions. For Stage a and Stage b of the CL
experiments the same trend of the m value was observed. The results of the investigation of
the RT experiments after high temperature indentation are shown in Figure 3 (b). No signifi-
cant changes of the m value between the measurements before and after the oxidation
were observed for the DC measurements, which show a very constant value of 0.03 for all
different conditions. The Stage @ m values of the LC measurements are around 0.04 and
show higher scattering than the DC measurements. The Stage b results of LC measurements

are between 0.04 - 0.06 and show significantly higher standard deviations.
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Figure 3: (a) Strain rate sensitivity over temperature for CL and DC measurements. {(b) Strain rate sensitivity for
a non-oxidized and different oxidized samples at RT. The tick labels on the x-axis symbolize the length of the

heating segment and the estimated thickness of the oxide layer.

3.4 Activation volume

The activation volume versus temperature is plotted in Figure 4. The activation volume was
normalized using the volume of a cubic Burgers vector for Cu (Dislocation: 1/2-{110},
b = 0.255 nm [25]). An upper and lower boundary calculation of the activation volume using
equation (4) was performed. The upper boundary is indicated by H ~ 3 - g¢ (behavior of
low density foams), and the lower boundary by H ~ gf. This assumption was taken into ac-
count to regard the densification of the foam during oxidizing and the correlation for ceram-
ics between vyield strength and hardness of H ~ 1.5 - d¢. The minimal (red line) and maximal
(black line) activation volume versus temperature for DC measurements is plotted in Figure
4. The activation volume strongly decreases from approximately 250 - 850 b> at RT to 20 -
150 b at 50 °C, 100 °C, 200 °C and 300 °C, respectively. Thus, A remains rather constant at
elevated temperatures. The activation volume for the oxidized sample is about 10 - 15 times
lower (10 - 100 b°) than that of the non-oxidized material. Generally, the same trend and
activation volumes as for CL-tests (Stage a) were observed as shown for comparison in Fig-
ure 4 (blue line) for the upper boundary. Here is to mention that CL Stage b values are not

shown in this Figure, but Stage a and Stage b A values show a nearly identical trend.
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Figure 4: Relative A obtained from DC and CL measurements. The minimal and maximal normalized A for DC

measurements are plotted. For comparison maximal CL Stage a results are shown.

4 Discussion

4.1 Young’s modulus and hardness

The hardness values of CuO and Cu,0 are between 2050 — 2490 MPa and 2010 — 2030 MPa
[26], respectively, while the yield strength value of UFG Cu (grainsize around 200 nm) is
~ 450 MPa [27,28]. This corresponds to a hardness for UFG Cu of 1350 MPa (H = 30y). Thus,
the difference in hardness between copper and copper-oxide is significant. The increase of
Young’s modulus cannot only be explained by the values of CuO and Cu,0, which are 80 GPa
and 30 GPa [29,30], respectively, because during the oxidation of Cu to copper oxide (mainly
Cu,0), the relative density of the foam increases due to increase in volume. This is because
of the uptake of oxygen from of the atmosphere. The volume of the foam would increase by
40 —45 % if the copper completely converts to copper oxide. Thus, the relative density
would be ~ 95 % up to nearly 100 %. Figure 5 (b) shows a micrograph of a local cross-section
of a residual impression after high temperature experiments for six hours at 100 °C for and
200 °C, respectively. The increase of relative density up to 95 % close to the surface can be
clearly seen in Figure 5 (b). Furthermore, the roughness of the surface has increased dramat-
ically, resulting in a relatively high standard deviation of hardness and Young’s modulus val-
ues, as shown in Figure 2. This is related to an inhomogeneous oxidation process of the sur-
face, as shown in Figure 5 (b). The local-cross section also shows that the first one or two
micrometers of the surface are completely oxidized and seemingly dense, even after low
temperature oxidation of the NPC at 100 °C for six hours and 200 °C for six hours. The zone

below the oxidized layer is not much affected by the oxidation.
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Figure 5: {(a) SEM image of a local cross-section beneath a residual impression in the non-oxidized state. (b)
Corresponding local cross-section showing a rather dense oxide layer after 100 °C/ 6h hours and 200°C/ 6

hours.

The flow stress of the foam can be compared to the values predicted by scaling laws. The
flow stress of the NPC was assessed from the hardness values obtained by the indentation
experiments (for low density foams: H= ijf [19]). According to this relationship, the flow
stress of the NPC investigated in the present study is 220 MPa at 25 °C. The yield strength for
bulk copper with an average grain size of 200 nm is 450 MPa [27,28]. Note that the flow
stress is obtained from the hardness of nanoindentation tests, and the yield stress a;l of the
foam from the scaling law equation [19]:

Opr = Cy0ys - (p7/ps)™ (5)

Where 0,5, ps, and p~are the yield strength of the solid, the density of the solid, and the
density of the foam, respectively. (C; = 0.3 and n = 1.5 [19]). Nevertheless, the flow stress
and the yield stress can be compared for a good estimation, since for these high strength
NPC materials the work hardening is not very pronounced. The yield strength for the porous
material was estimated by using the scaling equation of Ashby and Gibson, and was com-
pared to the measured flow stress (H = aj,’f‘) [19]. The experimentally determined value of
the yield stress and the flow stress is nearly five times larger than that value predicted by
equation (5), 220 MPa instead of 52 MPa. This deviation gives rise to the question whether
the scaling laws deduced from macroscopic foams can still be applied to nanoporous materi-

als. Further possible explanations for this difference are:

* There is still supersaturated Fe in the Cu ligaments
* The Gibson and Ashby equation is rather valid for homogenous foam structures and
lower relative densities [19]

* The theory of the near zero Poisson’s ratio is not completely valid for the NPC [19]
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* The used yield strength for bulk Cu with 200 nm grain size is just an estimation

But in order to make an estimation, we assume that the Ashby and Gibson equation (5) de-
scribes the mechanical properties of the NPC well [19]. Then the experimentally determined
value of 220 MPa for the yield strength of the NPC would require that the yield strength of
the foam ligaments be in the order of 1.9 GPa. This interpretation suggests that the yield
strength of the ligaments in the NPC would approach the theoretical strength of Cu (> 6 GPa

[31]). Similar high values were also achieved for NC Au foams by Biener et al. [2].

The Young’s modulus of the NPC is 17 GPa at 25 °C. Assuming that the NPC sample exhibits
a relative density of 53 % and using the following equation of Ashby and Gibson [19]:

E" =G, Eg- (p*/ps)nr (6)

the scaling law would predict a Young’s modulus of 28 — 36 GPa. Whereby in equation (6), E
(for Cu £ =100 -130 GPa), ps, and p* are the Young’s modulus, the density of the solid mate-
rial, and the density of the foam, respectively (C; = 1 and n = 2 [19]). The difference of 10 -
20 GPa can be explained by the layered-structure of the NPC from the HPT shear defor-
mation process, which is shown in Figure 5 (a) and (b). The ligaments in the direction of in-
dentation do not exist in the same density like the ligaments perpendicular to them, which is
related to the inhomogeneity of the deformation process. The outcome of this is a lower

Young’s modulus in loading direction.

In order to understand the change of hardness and Young's modulus, a model is proposed
to predict the hardness for different oxidized samples at 25 °C. During the oxidization of the
NPC, an increase in volume of ~ 45% occurred. Therefore, the assumption of a dense oxide
layer, which is growing from the top of the NPC, can be used for developing a model as
shown in Figure 6 (a). This composite model will allow a prediction of the hardness and stiff-
ness characteristics of the oxidized NPC. The following expression basically describes the

ratio of oxide to foam in the area of the plastic zone and allows estimating the hardness:

HC: H):'U*‘l‘Ho'vo. (7)

Where H, is the hardness of the composite, H* the hardness of the foam, v* the fraction of
the foam, and H, and v, are the corresponding values for the oxide. For the approximation
of the modulus of the composite the following equation of the composite theory is used
[32]:
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E*Eg

Fe = Bovigwo (®)

Here E is the Young’'s modulus of the composite, E*of the NPC and E, of the oxide, v* and
v, are the particular fractions of foam and oxide. This equation is derived from the compo-
site theory for the Young’s modulus according to fiber-reinforced composites, whereby the
load direction is perpendicular to the fiber direction.

This assumption makes an estimation of the hardness values possible, but for estimating
the Young’s modulus a detailed knowledge about the oxides after different oxidation time
and temperature is necessary. Therefore, some studies can be found regarding the oxidation
temperature and time, and the resulting ratios of different copper-oxides [33—36]. Not only
the thickness of the grown oxide is crucial, also the type of oxide after different oxidation
temperatures plays a major role.

Figure 6 (b) shows the results of the model for obtaining hardness and Young’s modulus
values depending on the measured amount of oxide in percent inside the plastic zone. The
prediction for the hardness is quite accurate due to the nearly identical oxide hardness. A
precise estimation of the Young’s modulus is not possible due to the fact that the ratio of

different oxides is unknown. Such a change in the ratio of the oxides was also found by Leng-
let et al [37].
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Figure 6: {a) Schematic model of the oxidation behavior of the NPC and the plastic zone beyond the indenter
tip. (b) Hardness and Young’s modulus for different amounts of oxidized NPC in the plastic zone. (c) Schematic
of a non-oxidized ligament. Dislocations can exit to the sample surface. (d) Schematic of an oxidized ligament.

Dislocations are trapped inside the Cu-phase of the ligament.
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4.2 Strain rate sensitivity

The examination of the strain rate sensitivity m and the activation volume A is necessary in
order to understand the deformation behavior of the material. The occurred oxidation
makes the interpretation of governing deformation mechanisms more difficult. All obtained
m values from DC and CL measurements for Stage a and Stage b are around 0.03—-0.04 in
the non-oxidized state, as shown in Figure 3. At RT m is similar to the observed m for bulk
UFG Cu with a grain size around 150 - 200 nm (0.03 as summarized in Meyers et al. and
Chen et al. [16,28]). The high value of m is related to the increased amount of grain bounda-
ries, which are able to influence the dislocation mobility of the material. Therefore, the be-
havior of the NPC and bulk UFG Cu concerning the strain rate sensitivity are similar. After
oxidation of the NPC, m is still in the same order (~ 0.03 — 0.04) for Stage a tests, as shown
in Figure 3 (b). Thus, during stress relaxation tests the rate-controlling phase of the foam has
to be the copper and not the copper oxides. This is because of a quasi-elastic behavior of the
rather dense oxide on the top of the foam and a plastic behavior of the underlying copper
ligaments. The copper oxide (Cu,O) polycrystals were found to be dominated by a very lim-

ited dislocation mobility [30,38], thus resulting in a brittle behavior up to 300°C.

The increasing strain rate sensitivity over temperature from 0.03 to 0.1 -0.2, which is
shown in Figure 3, can be explained by thermally activated climb-controlled annihilation of
lattice dislocations in the Cu ligaments, which favorably takes place at high angle grain
boundaries [39,40]. The increased amount of high angle grain boundaries is a consequence
of the HPT process. The high misorientation and amount of the high angle grain boundaries
enhances climbing controlled processes even at low temperatures. At elevated temperature
a similar behavior (100°C-300°C) was found for ECAP UFG Al by Vevecka-Priftaj et al. [40] and
for ECAP UFG Cu by Bach et al. [41].

4.3 Activation volume

The obtained activation volume for the NPC at 25°C does not correlate with the values of
bulk UFG Cu with the same structure size. The activation volume for non-oxidized NPC is in
the order of 250 — 850 b> by taking the upper and lower boundary for the hardness to yield
strength conversion into account. This indicates a dominant deformation mechanism of for-
est lattice dislocations, which is found rather for CG Cu (~ 1000 b*). Lower values of ~ 100 b°
were observed for UFG Cu [13] and UFG Al [9]. The obtained activation volume for the oxi-
dized sample is this order of magnitude, namely 50 — 150 b>. Hereby, the use of the relative
activation volume of Cu is feasible due to the nearly same Burgers vector for the 1/2-{110}
dislocation in Cu (b =0.255 nm [25]) and for the 1/2:{100} dislocation in Cu,O (b=0.213 nm
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[42]). In general, after the oxidation the density of the NPC increases and an oxide layer
grows, and the measured activation volume significantly drops from 250 — 850 b° to 20 —
100 b* as shown in Figure 4. Polycrystalline copper oxides does not extensively plastically
deform in a temperature range from 25 °C up to 300 °C at atmospheric pressure [42,43].
Thus, the Cu ligaments govern the plastic deformation during nanoindentation and not the
copper oxide. The reason for the subsequent drop of the measured activation volume of the
NPC is that the oxide layer on the top of the Cu-ligaments has an influence on the defor-
mation mechanism of the NPC. This growing oxide layer traps dislocations inside the Cu-
ligaments and strongly reduces the activation volume of the foam, as shown in Figure 6 (d).
Dislocations are not able to glide from the Cu phase into the ceramic phase due to differ-
ences of the crystal structure and the volume for possible dislocation dynamic is significantly
reduced inside the plastic zone. Contrarily, in the case of the non-oxidized Cu ligaments,
which is shown in Figure 6 (c), the A and so the dislocation mobility is not influenced by sur-
face oxides and the dislocations can exit to the surface. Both, the CL and DC measurements
show a sudden decrease of A immediately after first oxidation has occurred (Figure 4). After
this first drop the activation volume up to 300 °C approximately remains on the same level of
50 — 150 b, as shown in Figure 4. Thus, no significant changes in the deformation mecha-

nism are observed anymore.

4.4 Comparing Stage a and Stage b

Similar trends for all measurements were obtained from DC and LC measurements con-
cerning the stress relaxation tests. Strain rate sensitivity values obtained from Stage b were
significantly higher than from Stage g, as shown in Figure 3 (a) and (b). This observation was
also made before by Peykov et al. [6], and is related to thermal drift induced errors and
higher strain rates in Stage a (¢ ~ 10— 107) than in Stage b (¢ ~107°-10") during the dwell
segment. Generally, DC measurements are the better method to obtain strain rate sensitivi-
ty and activation volume of nanoporous materials over a certain temperature range. The
reason is that for obtaining activation volume the tested volume should be comparable.
Therefore, the standard deviation in the mechanical and deformation properties for DC tests
is significantly lower than that for CL tests due to sampling to the same plastic indentation
depths, which correlates directly with the tested volume. Inhomogeneities and different

temperatures prevent identical indentation depths for CL controlled measurements.
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5 Summary

In conclusion, nanoindentation experiments at elevated temperature were successfully
conducted on nanoporous Cu. During high temperature testing, an unexpected oxidation of
the copper occurred at low temperatures. An increasing hardness and Young’'s modulus
were observed, which is related to the oxidation of the copper foam. A model was devel-
oped taking into account the mechanical properties and growing rates of the copper oxides,
which allows the explanation of the measured mechanical properties in dependence on the
proceeding oxidation. The oxidation did not significantly change the strain rate sensitivity of
the NPC, which was in the order of magnitude as for UFG bulk copper. Furthermore, an in-
crease of the strain rate sensitivity over temperature was observed and correlated to ther-
mally activated grain boundary processes. The activation volume was strongly influenced by

the oxidation due to a change in deformation mechanism.
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