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ii Abstract

The goal of this master thesis is to stabilize nanocrystalline Cu for high temperatures applications.
This is tried by stabilizing the Cu-grains with different particles. Eight different materials were
deformed with high pressure torsion (HPT), their microstructure was investigated with scanning
electron microscopy and their mechanical properties with hardness measurement and tensile tests.
Four materials were produced by using powder as initial material (Cu-W, Cu-Y203, Cu-Fe and
pure Cu) and for the other four materials industrial produced bulk materials were used (three W-
Cu samples with different composition and pure Cu). For powders, a two-step HPT-process was
used and the bulk materials were deformed in a single HPT-step. The obtained microstructure
was in the range of hundreds of nm for higher applied strain and the influence of additional
deformation steps at higher temperatures was investigated.

To compare the microstructural stability of different materials at higher temperatures, samples
were annealed in a vacuum furnace and in air by inductive heating. Materials produced by
powder compaction showed after heat treatment, additional to grain growth, a generation of
porosity. Emerging of pores was especially strong for pure Cu, Cu-Y203 and Cu-W specimens
on which little deformation were applied. If the applied strain was high enough, Cu-W samples
showed a good stability at higher temperatures and up to 810°C the microstructure did not
change. Industrial produced W-Cu samples also got a good temperature stability after little
applied strain.

In tensile tests, additions of W and Y903 decreased the ductility and the particles agglomerate
in the samples, which were produced with powders. This caused an early fracture. The surface of
W-Cu tensile samples influenced the fracture behavior as a poor surface quality caused an early
fracture. Fe was the only element which influenced positively the behavior in tensile testing and
after the proper heat treatment fracture strains in the same range as for Cu-bulk samples could
be obtained.
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iii Kurzfassung

Das Ziel dieser Diplomarbeit ist es nanokristallines Cu fiir Hochtemperaturanwendungen zu erzeu-
gen indem Cu-Korner durch Partikel stabilisiert werden. Es wurden acht verschieden Materialien
mittles High Pressure Torsion (HPT) verformt, ihre Mikrostruktur anhand Rasterelektronen-
mikroskopie und ihre mechanischen Eigenschaften mittels Hartemessung und Zugversuchen un-
tersucht. Vier dieser Materialien wurden aus Pulver hergestellt (Cu-W, Cu-Y203, Cu-Fe und
eine reine Cu-Probe), die anderen vier aus industriell hergestelltem Festmaterial (drei W-Cu
Proben mit unterschiedlicher Zusammensetzung und ein rein Cu). Durch einen zweistufigen
HPT-Prozess bei Pulvern, bzw. eine einfache HPT-Verformung bei Festmaterial, wurde ein sehr
feine Mikrostruktur eingestellt, die sich bei hoheren Verformungen im Bereich hundert bis einige
hundert Nanometer befindet. Zusétzlich wurde bei erhohten Temperaturen HPT-verformt und
die Auswirkungen auf Mikrostruktur und mechanische Eigenschaften untersucht.

Um die Temperaturstabilitit der Materialien vergleichen zu kénnen, wurden Glihversuche im
Vakuumofen und mittels induktiver Heizung durchgefithrt. Dabei kam es bei den aus Pulver
hergestellten Materialien nicht nur zu Kornwachstum der Cu-Matrix, sondern auch zu Porenbil-
dung. Diese war besonders stark bei rein Cu, Cu-Y203 und niedrig verformten Cu-W. Anson-
sten konnte hoher verformtes Cu-W durch seine Temperaturestabilitat bis zu 810 °C iiberzeugen,
genauso wie die Proben aus industriell erzeugten W-Cu, fiir die bereits wenig Verformung ausre-
ichend war.

Allerdings verringerte bei Zugversuchen die Beimengung von W und Y503 die Duktilitdt und Ag-
glomerate, bei den aus Pulver erzeugten Proben, fiihrten bereits frith zum Bruch. Bei den W-Cu
Proben war auflerdem die Oberflichenqualitdt der Zugproben von grofier Bedeutung, da Ober-
flachenfehler einen frithzeitigen Bruch hervorriefen. Nur Fe beeinflusste das Zugverhalten positiv
und mit der richtigen Warmebehandlung konnten sogar dhnliche Bruchdehungen bei héherer Fes-
tigkeit wie beim Cu-Festmaterial erreicht werden.
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1 Motivation

Nanocrystalline materials have an interesting combination of properties like high strength and
acceptable ductility, but at high temperatures the grain size increases and the properties change.
However, many applications at higher temperatures require a challenging mix of properties and
most importantly that they do not change over a wide temperature range. Hence, in this work,
it was tried to produce copper-based materials with a nanocrystalline matrix which is stabilized
by fine particles to slow down the motion of grain boundaries and to allow high temperature
applications.

Microelectronics and certain components in fusion technology have both in common that the used
materials must have a high thermal conductivity and an acceptable ductility and strength both
at room and higher temperatures. Additionally, it is also important in fusion technology that the
materials do not become radioactive because of neutron bombardment. Cu fulfills this conditions
as it is one of the metals with the highest thermal conductivity and is also eligible for application
in fusion reactors [1].

Another requirement for applicability is the possibility to produce nanocrystalline materials cost-
effectively at a larger scale. Nanocrystalline materials produced by high pressure torsion (HPT)
are free of pores and the output is in the range of cm®. Furthermore, with this process it is also
possible to mix immiscible components as Cu-W and Cu-Y20Os3 or elements with poor solubility
as Cu-Fe. Therefore, the elements in powder form were mixed and compacted and deformed
by HPT. The simplicity and speed of this process allows to produce a relatively high amount
of particle-stabilized nanocrystalline material in a short time which cannot be produced easily
otherwise. The immiscibility of the elements is important for stabilizing the material at higher
temperatures as the particles cannot dissolve in the matrix and thereby they are capable to hinder
the movement of grain boundaries and oppress grain growth.

This thesis shows how nanocrystalline Cu can be stabilized with different particles and how this
effects the mechanical properties. To check the thermal stability of the microstructure a large
number of thermal treatments were performed. In addition, challenges of the production of bulk
samples starting with powders are described and for comparison bulk W-Cu composites were
deformed by HPT, annealed and investigated.
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2 Literature overview

2.1 Production of nanocrystalline materials

Nanostructured materials (NsM) can be produced by one of the following four methods: Firstly,
bulk NsM can be achieved by producing separated crystals in the range of nanometers and an
additional consolidation step. Another method is to strongly deform a single- or coarse grained
polycrystal until, due to a large increase of crystal defects, a nanostructure is generated. The
third approach starts with an unstable material such as metallic glasses or supersaturated solid
solutions. In a second step crystallization in glasses or precipitation in supersaturated solid solu-
tions takes place and NsM are obtained. Furthermore, NsM can be obtained by depositing atoms
or molecules by using Chemical Vapor Deposition (CVD), Physical Vapor Deposition (PVD),
precipitation of dilute solutions or electrochemical methods [2].

The disadvantages of the first and last method are the porosity which cannot be fully prevented
and the little amount of out-coming material, respectively. In contrast to these two approaches
the second method starts already with bulk material and only refines the microstructure by ap-
plying high plastic deformation. This can be achieved by ball milling, extrusion, shear, wear or
can result from high energy irradiation. In the 1980s, Russian research groups developed methods
to deform bulk materials strongly enough to achieve a NsM [3].

Those methods are summarized as Severe Plasctic Deformation (SPD) and are defined [4]: "as
a metal forming method under an extensive hydrostatic pressure that may be used to impose a
very high strain on a bulk solid without the introduction of any significant change in the overall
dimension of the sample and having the ability to produce exceptional grain refinement.”

The importance of this route is shown by the great variety of processes which were developed in
the last years such as the equal channel angular press process (ECAP), the accumulative roll-
bonding (ARB) process, the cycle extrusion compression (CEC) process, the cyclic closed-die
forging (CCDF) process, the repetitive corrugated straightening (RCS) process, the high pressure
torsion (HPT) process and many more. The advantages are the low porosity and the high output,
so that samples for mechanical testing can be produced quickly and the superior properties can
be shown [5].

2.2 HPT - High pressure torsion

In the HPT-process, the cylindrical specimen is deformed between two anvils under high hydro-
static pressure while one of the anvils rotates and applies shear strain causing grain refinement and
an increase in hardness. An advantage is the easily changed pressure and temperature (cooling
by liquid nitrogen or inductive heating) under which the process is conducted [6]. Furthermore,
the initial condition of the material to be deformed can vary as not only bulk material but also
powders can be easily consolidated and plastically deformed. The time intensive step of mechani-
cal alloying of immiscible elements can be omitted and a source of errors as impurities introduced
during a long mixing procedure is avoided [7]. Additionally, even high-strength and brittle mate-
rials can be deformed because of the high hydrostatic pressure [8].

By deformation, dislocations are generated, but they are not randomly distributed. In the begin-
ning, they are mainly at the grain boundaries. Later on, when the concentration of dislocations at
the boundaries becomes too high, they divide grains into cells with more or less misorientations.
With increasing strain, the original grains cannot be seen any longer and the microstructure be-
comes finer until a saturation grain size is obtained which does not change even after further
deformation. This grain size depends on the deformed materials (alloying elements, purity), the
deformation temperature and eventually on the pressure [8], but not on the original microstruc-
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ture; so by deforming single- and polycrystalline material, the saturation grain size is the same.
A steady state where the grain size reaches a saturation can be described with a process that
eliminates dislocations as dynamic recrystallization and recovery and so, new dislocations evolv-
ing due to a continuous deformation are counterbalanced (the dislocation density stays the same)
(7, 9].

The equivalent strain (e,) in the sample can be calculated with:

2mnr

=7

(1)

€v

where r is the radius, n the number of turns and t the thickness of the sample [10].

In Equation 1 can be seen that at radius zero the deformation should also be zero but the applied
pressure also affects the center region and as soon as the rotation axis of the anvils shifts a little,
deformation occurs at radius zero [8, 11].

The form of the anvil influences the deformation behavior: In Figure 1 schematic pictures of three
different types of HPT can be seen. The cavities in Figure 1c reduce the height loss which occurs
in planar anvils (see Figure la and Figure 1b) and additionally enables to apply a hydrostatic
pressure. Only a small amount of material flows into the gap between the anvils until the friction
force balances the pressure which leads to the material flow. This is the cause for the hydrostatic
pressure which enables to deform brittle materials and also prevent the touching of the anvils
which would result in a strong increase of friction [8]. The friction between anvil and material

X X = < X
{0 —

(a) idealized and unconstrained (b) idealized and constrained  (¢) practical solution,
HPT HPT quasi-constrained

Figure 1: Schematic pictures of three different HPT-types and the corresponding bisected samples underneath
taken out of [8].

also causes that a small region (<20pm) on the surface is not as strongly deformed and shows
coarser grains than the majority of the material [8, 12].
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2.3 Hall-Petch Effect

Not only strain-hardening induced by the increasing amount of dislocations occurs, but also a
hardening effect due to the decreasing grain size can be observed. This is called Hall-Petch effect
and bases on the fact that grain boundaries are invincible for dislocations which begin to build
up. That causes an increasing force on following dislocation in the same slip plane and impedes
further deformation which equals an increase in hardness. This is described in Equation 2:

azmﬁ—& (2)

VD

where o is the flow stress, o is the lattice friction stress in a poly crystal with infit grain size, D
the grain size and &, the Hall-Petch constant which depends on the material [13]. However, this
equation is only valid down to a grain size of approximately 20nm. Conrad et al.[14] suggests
three grain size regimes (see also Figure 2):

(a) Regime I, d ~ 10~%m to 103 m: in the material cell structures are developed until the grain
size is smaller than the cell size and the Hall-Petch law is fulfilled.

(b) Regime II, d ~ 10~8m to 10~®m: The grain size is smaller than the typical cell size of the
used material and the deformation is only realized by intergranular dislocations until the
separation of them becomes larger than the grain size because of elastic interaction. The flow
stress in regime II is only weakly dependable on the grain size.

(c) Regime I1I, d < 10~®m: The spacing between the dislocations becomes larger than the grain
size and so no intergranular dislocation activities occur and the Hall-Petch law ceases to be
valid.
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0O M  Ono&Karashima (B) | & ¢  Neihman et al (VP+C)
$ Huang & Saepen (VP) | A A Sanders et al (VP+C)
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Figure 2: The flow stress ¢ as a function of grain size d with results from different research groups. The flow
stress can be grouped in 3 regimes. [14]
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In contrary to Conrad et al., Chen et al. [15] postulates that the Hall-Petch law is also valid
for grain sizes smaller than 10nm and explains the discrepancy with process induced flaws or
porosity in the tested specimens.

2.4 Deformation of pure Cu

As the grain boundaries are not pinned by another phase, the recovery and recrystallization in
pure Cu is more pronounced than in multiphase materials and the saturation grain size larger.
In literature, different saturation grain sizes after severe plastic deformation are obtained (80 nm
to 90 nm [16], 200 nm [17], 250 nm [18]) depending on the purity of the used Cu, the temperature
at which the material was deformed and even on deformation parameters such as pressure or
geometry of the anvils.

Kilmametov et al. [7] showed with in-situ XRD that as soon as the deformation stops, recovery
starts and even at room temperature the needed recovery time is in the range of 100s. In
Figure 3, the recovery at room temperatures can be seen. The relative change of the full width
at half maximum (FWHM) implies a broadening or narrowing of a diffraction peak. FWHM
depends on the grain size and in highly deformed material also on the density of dislocations
and internal stresses caused by dislocations. Thus, the decrease of FWHM after the deformation
process stopped is related to an increase of the structural size and recovery.
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Figure 3: Time-dependent FWHM for 2 0 0 (squares), 2 2 0 (circles) and 3 1 1 (triangles) Bragg peaks of Cu. [7]

2.5 Deformation of Cu-W

In Figure 4a, the phase diagram of Cu-W can be seen which shows that even up to the melting
point of Cu the miscibility is zero. So, with classical metallurgical methods no Cu-W alloy can
be produced.

Pintsuk et al.[1] solved this problem by using laser sintering or plasma spraying and with both
methods, a microstructure in the range of um has been achieved. However, there is the danger
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of vaporization of Cu or delamination. In case of plasma spraying, no fully dense material can
be produced. Additionally, plasma sprayed samples show a poor thermal conductivity because of
residual porosity. Another method is to use HPT to refine the microstructure by deformation of
consolidated Cu-W powder or a coarse bulk material which is produced by liquid phase sintering.
In [19-21] it has been shown for W-Cu bulk material, that after an equivalent strain of €, = 256 at
room temperature the particle size of W is 10 nm to 20 nm and it does not change after applying
more strain. Until then, the fragmentation of W-particles follows a fractal distribution [20].

The refinement of the harder W in the softer Cu can be explained by a localized region with high
plastic deformation where also the W-particles are deformed until the plastic deformation spreads
throughout the whole sample because of the strong strain-hardening in the localized region [22].

2.6 Deformation of Cu-Fe

The Cu-Fe phase diagram shows a spinodal decomposition and at room temperature the miscibility
of Cu in Fe and Fe in Cu is almost zero but near the melting temperature T, of Cu the solubility
of Fe goes up to about 5wt% (Figure 4b).

In recent years it was tried to generate a supersaturated solid solution by HPT-process. As soon
as the Fe- or Cu-fragments go below a certain size they become unstable because of capillary
pressure [23]. This can be used to produce nanocrystalline materials with a grain size of about
15nm being smaller than the grain size achievable with HPT deformation of the pure materials
(300 nm for Cu and 400nm for Fe). During heating, the supersaturated solid solution becomes
unstable and pure nm-scaled Cu- and Fe-crystals begin to evolve. The obtained structures are
stable up to annealing temperatures of 620 °C for 1h before grain growth occurs. Interesting is
the fact that the hardness of the supersaturated solid solution increases with increasing annealing
temperature until the material decomposes and the hardness decreases [10].
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Figure 4: The phase diagrams of Cu-W and Cu-Fe show both a spinodal decomposition but contrary to Cu and
W, Cu and Fe show a very low solubility near the melting points (=~ 5 wt%).

2.7 Deformation of Cu-yttria

Stobrawa et al. [26] produced Cu-yttria microcomposites with different compositions by milling
Cu and Y203 powders in a planetary ball mill in an argon-methanol atmosphere for 30 h. This was
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done until the particle size was below 200 nm with a majority share of 20nm to 40 nm particles.
After milling, low temperature sintering at 550 °C to 570 °C was conducted. The grain size did
not increase during sintering, but the danger of agglomeration of the nanocrystalline powder or
increasing porosity of the sintered material exists.

The compression test shows that a higher amount of Y203 increases the yield strength and up
to 1 wt% the plasticity of the material is not reduced. But samples containing more than 2 wt%
Y203 can be brittle.

2.8 Reinforcing the matrix for applications at higher temperature

One of the drawbacks of nanocrystalline materials is the poor microstructural stability at higher
temperature as the large amount of grain boundaries not only encourages creeping but also grain
growth and so worsens the ratio between hardness and ductility. Pure Cu was deformed by HPT
to a resulting strain of ¢, = 100 at a radius of 3mm and subsequently annealed. In Figure 5a,
the development of micro-hardness and grain size over annealing temperature can be seen. With
increasing annealing temperature the grain size increases and so the hardness decreases. To take
advantage of the superior properties of nanomaterials also at higher temperatures, it is important
to stabilize their microstructure. In the last years, a stabilization was achieved by addition of
dispersed particles, mostly oxides (e.g. Y203) or carbides (e.g. WC) [26-30]. The idea is to place
fine particles at the grain boundaries to hinder their movement and oppress grain growth, but the
efficiency depends on the content of particles and their size. Additionally, the fine dispersoids in
the grain hinder dislocation movement by forcing them to by-pass the particles or to leave behind
a dislocation loop around the dispersoids (Orowan bowing), leading thus to strain hardening
stronger than in pure materials [13].

One obstacle when producing dispersion strengthened nanocrystalline materials is how to insert
the particles in the matrix as most of the time immiscible elements are used (e.g.: Y203 in Cu).
Stobrawa et al. [26-30] obtain the desired structure by using powder metallurgic technology
namely milling the primary powders, compacting and finally sintering. In contrast to the Cu-WC
samples, the pure Cu softens after annealing at 550°C for 8 hour and after annealing at 600 °C
the hardness is nearly reduced by half (see Figure 5b). Similar results for pure Cu can be found
in [18], where after annealing at 0.5 T}, (T ~ 400°C) for 1 hour the values of undeformed Cu are
reached again.

A result of milling is that the powder which is in the um-range is refined to below 50 nm and
homogeneously distributed throughout the whole material. However, the properties as hardness,
yield strength and conductivity are not maximal because of a remaining porosity, which cannot
be fully removed by compacting and sintering, and furthermore, because of the brittleness of the
dispersoids [27] .
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3 Experimental

3.1 Starting material

As initial material for the majority of the produced specimen powders were used. Additionally,
three bulk materials produced by Plansee SE, Austria (W — 10 wt% Cu, W — 20 wt% Cu and W —
25 wt% Cu) and one pure Cu-bulk material (Cu: 99,9% purity) were used as reference materials.
In Figure 6 W — 20 wt% Cu as it was received can be seen with gray-blue W-particles in a reddish
Cu-matrix. Comparison of results from HPT-specimen produced via the powder route or from
bulk materials allows the depiction of the influence of the powder route on the microstructure
and the mechanical properties of the final bulk material. Due to the large specific surface of
powders and the decrease of purity, the properties of the produced materials might be changed
in comparison to initial bulk specimens.

Powders were measured (Cu — 25wt% W, Cu — 12wt% Fe - equals the vol% of W - and Cu
— 4wt% Y20s3) and mixed by a circular mixing tool. In Figure 7, SEM-micrographs of powder
particles used for this thesis can be seen. The Cu-powder consists of dendritically grown particles
which are approximately 2pum in width and 20 pm in length. It can be seen that the powder
is agglomerated. Larger particles in the Fe and W-powder have a diameter of 2ppum but a large
amount of the particles is smaller than 0.5 pm. The shape of the Fe-particles (99,9% purity) is
globular but W.particles are more polyhedral. The particle size of the Y9Os-powder (99,90%
purity) is not homogeneous and is difficult to determine (approximately 5pm) because it is also
agglomerated. Furthermore, the yttria-particles are full of cracks.

10 pm

Figure 6: Light microscopic image of industrial produced W — 25 wt% Cu as it was received fron Plansee SE,
Austria. The W-phase is gray-blue and Cu gray-red.
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(c¢) W-powder, in Lens (d) yttria-powder, SE

Figure 7: SEM-micrographs of the powders which were used for the consolidation of various HPT-deformed spec-
imen. They consist of dentritically (a), globular (b) and polyhaedrical (c¢) shaped particles but the
yttria-powder (d) consists of fragments full of cracks.
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3.2 Two-step HPT-process

For this thesis two different HPT-devices were used in a two-step process (Figure 8). First, larger
samples were produced with an HPT-devices with a maximal force of 4000 kN, but due to the used
high force and amount of material, the deformation causes heating of the material. To minimize
this effect, only a low velocity (=0.07rpm) can be used. The second HPT-engine can deform
smaller specimen with a maximal force of 400 kN and a velocity of 0.7 rpm. One big advantage
of the smaller HPT-engine is the possibility of deforming not only at room temperature, but in a
temperature range from —196 °C to 720°C.

After mixing the powders, they are filled into a Cu-ring with an outer diameter being larger
than the cavity of the anvils. The ring is glued on the lower anvil of the larger HPT. The inner
diameter of the Cu-ring is as large as the cavity and thereby the amount of material that can be
processed, is maximized. The anvils are closed, force of approximately 210kN applied and one
anvil is rotated for 2° to 3° against the other. The compact disc has to be removed so that the
flattened Cu-ring can be cut off. That is important in order to prevent cracks from growing from
the edge to the center on the one side and on the other, to prohibit the mixing of Cu of the ring
with the powder and so changing the percentages of Cu in the specimen.

The disc is placed again in the anvil and is deformed for 10 turns at room temperature. The
final measurements are 4 cm in diameter and 7mm in height. Afterward, it is cut into half with a
cutting disc (Struers Secotom) and a slice with a thickness of 2mm is produced that can be used
for hardness measurement. For the second HPT-step, two pieces (8 mm thick) are cut parallel to
the first cuts and are turned round to a cylinder with a diameter of 7mm to 8 mm (see Figure 8).
These two cylinders are not fully circular as the height of the first large HPT-disc is smaller than
the radius of the cylinders, but due to the compression deformation in the second HPT-step this
is compensated. For the second HPT-step, pieces are cut off the cylinders at different radii (0 mm
to 8.5mm) which are approximately 0.8 mm thick. Figure 8 shows schematically the two-step
HPT-process [31] and Figure 9 shows the cutting for a real Cu - 4wt% Y203 sample.

1st HPT step 2nd HPT step

r1s

------------- e Diameter B mm
o - S - .-"f - T + + Thickness 0.8 mm

DCiametar 8 mm

Diameter 50 mm

Figure 8: Schematic illustration of the two-step HPT-process for compacting and deforming powders given by
Bachmaier et al. [31].

The exact outline of the second HPT-step on the smaller HPT varies from sample to sample. Not
only is the number of turns (hence, the strain) and velocity of the rotation (hence, the strain
rate) changeable but also the applied pressure and temperature. Even the diameter of the final
specimen can be altered by using anvils with different cavities. For all but one sample, anvils with
cavities of 8mm are used and the pressure varies from 5GPa to 7GPa, so that the specimens
are comparable. After the HPT-process, the height is reduced to approximately 0.5 mm because
material was pressed between the anvils. This thickness was used for determined the equivalen
v. Mises strain depending on the radius (subsection 2.2: HPT - High pressure torsion). For
deforming the samples at higher temperatures, a water-cooled coil is placed around the anvils.
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Smm

(a) large HPT-sample, cut in half  (b) after cutting and turning round (c) finished for second HPT-step

Figure 9: Preparation for the second HPT-step: (a) Large HPT-sample was cut in half and a 2mm slice was
removed for hardness measurements and (b) A 8 mm piece was turned round. (c¢) The cylinder is cut
into pieces with a height of 0.8 mm.

The anvils are heated inductively and which then heat the sample. The temperature is measured
with a pyrometer on the anvil surface.

For further investigations the samples were cut into half which shows a fully tangential view and at
a radius of 3 mm which shows a fully radial view in the center and towards the edge the tangential
part increases. Those pieces were embedded (EpoFix from Struers with coal), grinded (SiC) and
polished (OPS). In the beginning the samples were only cleaned with 2-Propanol in an ultrasonic
cleaner, but doing so not all of the OPS-particles were removed. An additional cleaning step with
soapy water in an ultrasonic cleaner and manual cleaning is needed to achieve clean specimens.

3.3 Thermal treatment of HPT-processed materials

The thermal treatment were either conducted in a vacuum furnace and inductively in vacuum as
well as in air. The samples were placed on AloOg3 to reduce the heat conduction to the quartz glass
tube for annealing in vacuum and on a steel anvil for the heat treatment in air (see Figure 10).
Temperatures within the vacuum furnace were 720 °C, 800 °C, 810 °C and 900 °C and inductively
achieved temperatures were 580 °C, 850°C, 900°C and 1000°C. In the vacuum furnace, the
heating rate was 10°Cmin~' and the holding time 1h. The furnace cooling occurred under
vacuum and was due to that fact slow. With inductive heating the end temperature was reached
after approximately 1 min and the temperature was kept constant for 30s to 60s. In the furnace,
the pressure was approximately 10~% Pa at room temperature and 1073 Pa at higher temperatures
and during inductive heating, the minimal pressure was 10% Pa.

3.4 Characterization of the processed material

The microstructure was characterized in a light-microscope and scanning electron microscope
(SEM) type LEO 1525 using secondary electrons (SE) or backscattered electrons (BSE). For
determination of the chemical composition of the produced materials, energy dispersive X-ray
analyzes (EDX) were also performed at the SEM LEO 1525. Typical settings used were a volt-
age of 15kV to 20kV and a working distance between 0.5cm to 1cm, but for EDX scans larger
distances were used. For this thesis, contrast and brightness of SEM micrographs were adjusted
to improve the distinguishability.

The grain size of Cu in selected materials was determined with linear intercept method by using

12
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b

-

(a) annealing in vacuum (b) annealing in vacuum (c) annealing in air

Figure 10: Samples were annealed in vacuum and air to investigate the influence of higher temperature on struc-
tural stability. (a) and (b) show annealing in vacuum and in (c¢) the heat treatment in air of three
HPT-samples can be seen.

SEM-micrographs (which are included in section 4). Six lines (two in shear direction, two per-
pendicular to the shear direction and two under 45°) were used.

To characterize the particle size of W, SEM-images were used. For the evaluation with ImagelJ,
ellipsoidal particles were assumed.

The Vickers hardness was measured with BUEHLER Microsmet using 500 g or 1000 g along the
radii of the specimen divided in half. Hence, the correlation between hardness and strain can be
seen. The distance between the measured points were 250 pm for small indentations and 500 pm
for larger ones.

Tensile tests were conducted at room temperature to determine mechanical properties in depen-
dance of the resulting microstructure as a consequence of the chemical composition, the applied
strain and the thermal treatment. The fact that after the second HPT-step the sample thickness
is only about 450 pm complicates the testing as the maximal diameter of the tensile specimen
must be smaller. The average diameter was approximately 300 pm and even so not all samples
could be produced fully circular, nevertheless, the correct cross-section area was taken into ac-
count for evaluation of stress. The HPT-discs were cut into halves after the second HPT-step, so
that material at the edge (at radius 1.5 mm to 2mm) which has experienced more strain could
be tested.

To reduce geometrical mistakes as shoulder offset and the thermal influence the circular grinding
tool (see Figure 11) developed by G. Rathmayr was used [32]. This tool consists of a grinding
disc, an adjustable specimen holder, a liquid cooling system and a dial gauge. There are two
shafts with a fixation for the samples in the specimen holder, which are synchronically driven by
a motor. Due to this fact, the twisting moment on the sample is almost zero, because no side can
slow down or accelerate individually. To measure the position of the specimen holder on the linear
bearing, a dial gauge is used. The linear bearing is perpendicular to the axes of the grinding disc,
so that the rotation axis of the specimen is perpendicular to the shoulder. For the liquid cooling
system, water with some additive (Corrozip from Struers) is used.

13
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As the specimen and the grinding disc rotate, the diameter is adjusted by moving the specimen
holder along the linear bearing. After the grinding, an additional polishing step can be conducted.
This was omitted because of the danger of breaking the very thin specimens (diameter ~ 300 pm).
Before testing, the diameter was measured with transmitted light on an optical microscope and
it was controlled if the samples were completely circular.

The testing was performed at a Kammrath& Weiss (K& W) miniature tensile testing device and
the exact procedure for tensile testing and evaluation is described by Rathmayr et al. [32]. Two
different load cells were used: 200N and 10kN. A diode provided the light from underneath the
specimen, so that the recorded pictures show a high contrast between the sample (dark) and the
background (light).

The specimens were lying on the holder to avoid bending and only plasticine was used to absorb
the released energy upon fracture and prevent the specimen from flying away. The speed of testing
was 2.5 um s~ During testing, pictures of the sample were taken with a single lens flex camera.
They are used to determine the changing specimen geometry such as the thickness reduction and
the increase in length. With this information available, it is possible to calculate true stress-strain
values by using a Matlab package written by G. Rathmayr [32]. It was not controlled in this thesis
if all requirements for a correct determination of true stress and true strain are fulfilled. Thus,
only strain-stress curves are obtained.

grinding disc & spindle
/ ‘ | dial gauge

Figure 11: Picture of circular grinding tool which allows producing tensile samples with gauge length in the
mm-regime and a diameter below 1 mm.
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4 Results

In this thesis, the deformation behavior of several materials composed of one or two phases are
described. The deformation was applied by HPT-process using different parameters (applied
deformation, deformation temperature). An important aspect of this work is the investigation
of the high temperature stability of the microstructure. Hardness measurements and tensile
test were performed to characterize mechanical properties. For structural characterization SEM-
images were taken and EDX-scans were performed. SEM-micrographs were used to investigate
the grain size, the fraction size distribution of particles and the fracture surface. In Table 1 an
overview of the used materials, HPT-parameters and results are shown.

15



Lisa Kramer

4 Results

- - - - sok - IY ¥e 00T - no %Maeg - M
- - - - sk D,0001 ye Ut g IM 1 0€ -

- - - - S0 D, 006 e U g I e 0€ - Gz ‘0% ‘01=X
- - - - sak D008 e U G IM e 08 - N %INY - M
- - SoA - SEIN - IY e 0¢ -

- sok sok - sok - I e 0¢ - ymaq-no

- sok sok - sok 2 omm. i LY 3¢ 08 - wopmod-ny
- - soA - - - I¥ ¥ ¢ + D,00¢ ¥ 0F

- - - sk sk - 1Y 1% 00F S

- - SoA - soh - I 3% 002 m mnu

- - - - sofk - IM e 1e1 2 N

- - - - sal Do 000T ¥e uru T IY e 0€ g =

- - - - - D, 08 e uru | IM Y% 0F = <

- - - - sok 0,018 12 1 T IAT 98 08 E <

- - - - so 0,089 9 urur | IM 8 0€ o

- - - - sok D, 08 ¥e uru | IM 9e 0€ - “

- SoA SoA SETN SoA - I4 7% 0¢ Iy e swny O

- - sok - - - 0,00¢ 78 G + IM 78 0¢

- - sk - - - IM 1® ¢ + D, 006G 1% 08 S Q

- - sok - - - D6 008 Y% 0 £ g

- SoA - SoA SoA - IM e 00 2 o

- - - - sk - IH e 00 =4 3

- - - - sak D,006 ¥ U T IM e 08 = M

- - - - sof || 0,068 Y8 urw | I 1 08 — ®

- SEIN SoA SETN SEIN - IY e 0¢

- sok oA - sk - 0,008 %8 G + I % 0¢

- sk - - sk - IM ¥ ¢ + D, 00¢ ¥ 0¢

- SoA SoA - SoA - Do 008G 1% 0¢

- SEIN SoA - SEIN - 0,006 1% G

- sk sof - sk - D, 00€ ¥e 0 s Q

- - - - sof Do 018 38 U T T4 e 00F £ L

- - - - sal D,03L ¥e U T IM ¥e 00 g o
ST S9A - S9A S9A - I 72 00F =4 3

- - - - sok Do 006 Y€ U T 14 e 00T = =

- - - - sof || D, 0001 ye um | I Y 0g E =

- - - - sok D006 e U T I 78 0¢

- - - - sad Do 068 Ye ur | IY e 0€

- - - - sok Do0TL ¥ U T IM 2 08
SoA SEIN SoA SoA SEIN - IY e 0¢

:oE:QMMWMMM%on%d 9zIs UTRIs | 9803 O[ISU)} | Y (I | ssouprey Surresuue M@MM%%W WMMHMMW doys-TLdH 41 [erIoYetn

S}[mnsox umoys

SISOUY SIY} Ul posn sojdures Jo MOIAIOAQ) :T O[QelL,

16



4 Results Lisa Kramer

4.1 Deformation at room temperature
4.1.1 Hardness

In Figure 12 it can be seen that the hardness of 13 different HPT-deformed samples depends on
the chemical composition and the applied strain. In general, it can be said that the hardness
increases with increasing strain: For higher strain all three materials, Cu — 25 wt% W, Cu —
4wt% Y203 and Cu — 12wt% Fe, approach about the same value (right side of Figure 12). Cu
— 12wt% Fe reaches that hardness very quickly, but in the region €, = 1000 — 8000 the hardness
abates for 20 HV to 30 HV before it increases again. Cu — 25 wt% W and Cu — 4 wt% Y503 show
a very similar distribution of hardness. At low strains, the hardness increases slightly before it
stays stable for €, ~ 1000. Then the hardness increases more strongly and even after €, = 10000
the curve does not level. Interesting is that even the pure Cu-specimen produced out of powder
shows the same hardness as W- and yttria-reinforced Cu, while the Cu-sample produced with
bulk material is softer (only 180 HV instead of 215HV).

00F . Ce— ~ 4
¥ K————XK ¥ +++/ﬂ'
— //v///'ii
; 250 ///.,,,,,1,,%22 H/)Z—/Z';;/v -
o . T ey e
3 —~—77a:777::*: ;: — A
2 a— s
g 200 Cu-powder N = 30at RT
o B Cu-bulk N = 30at RT 7
— Cu-25wt% W N = 30at RT —=—
@2 Cu-25wt% W N = 30at RT ——
& Cu-25wt% W N = 20at RT ——
ae! 150 + Cu-25wt% W N =400 at RT —— |
= Cu-12wt% Fe N = 30at RT ——
s Cu-12wt% Fe N =200 at RTT ——
Cu-—12wt% Fe N =400 at RT
Cu—-4wt% Y203 N = 30at RT —=—
100 Cu—4wt% Y203 N = 121 at RT —o—
Cu — 4wt% Y203 N = 200 at RT —=—
| Cur4wt% Y203 N =400 at RT —— |

100 1000 10000

equivalent v. Mises strain [-]

Figure 12: Vickers hardness as function of equivalent v. Mises strain. Notice the logarithmic scale for equilvalent
strain. The hardness depends on chemical composition: Fe-particles influences it even at low strains,
whereas W and yttria only distribute and increase hardness after higher deformations.

4.1.2 Scanning electron microscopy

The micrographs in Figures 13 to 15 and 17 to 23 show the samples in the same position. The
samples were bisected in the middle or at a radius of 3mm and in the SEM-images the radius
changes from the left to the right (compare subsection 3.2). The images are never taken at the
very edge of the sample, because of possible edge effects influencing the structure.

In Figure 13 the different behavior of bulk and powder as initial material can be seen. The
microstructure is homogenous in both specimens and the grain size decreases only slightly with
higher deformation (at larger radii). Compared to the deformed bulk material, the grain size in
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the powder specimen is half the size. The grain size is even smaller if the Cu-powder is mixed
with additional powders as Fe, W or yttria. Additionally, the decrease of grain size from the
center to the edge is in these specimens more pronounced than in the Cu-bulk sample. Table 2
summarizes the grain size of all investigated powder-processed materials and the size decreases
compared to bulk processed Cu due to three different aspects:

e using powder instead of bulk material
e addition of elements (W, Fe) or particles (yttria)
e applying higher strains

In the following images (especially in Figure 14 and 19 at higher resolution), there are some bright
circular particles with a diameter of ~ 100 nm. These are OPS-particles which are in the begin-
ning not fully removed by cleaning after the polishing step (see subsection 3.2).

The gray particles in Figure 14 and Figure 15 are W-particles, while the Cu-matrix is darker. In
Figure 17 and Figure 18 Fe-particles are darker than the surrounding Cu-matrix. Similar to the
Fe, the yttria-particles are also dark-gray.

The portion of the larger particles decreases with higher applied deformation. This can be ob-
served by comparing specimens with different amount of applied strain (compare specimen with
30 turns and specimens with 400 turns) and comparing the center with the edge of the same sam-
ple. In Figure 16, the fraction size of W-particles can be seen and with higher strain the portion
of larger particles nearly vanishes. After higher applied strain, a large amount of the particles
become too small to be measured by SEM and so the absolute number of particles decreases.
The co-deformation of Fe in the Cu-matrix works well and only some circular particles do not
change their shape or size after deformation. In Figure 17a and Figure 18e such dispersoids can
be seen and compared to the initial powder (Figure 7b) they do not change their shape. The
microstructure of these particles is in the range of 200 nm and so the grains are more coarsen
than the surrounding matrix (Figure 17c and Table 2).

Y20s-particles (Figure 19) only break up at higher strains and they are not plastically deformed.
So, their form is more angular in the center as well as at the edge and only the particle size
changes.

W-particles are strongly agglomerated and it needs a very high strain to break them up (Figure 14
and Figure 15). Even after higher applied strain large agglomerates and particles remain in the
samples. Because of some breaking of the particles, the fractions of small particles increase.
Furthermore, the shape of the larger dispersoids changes to a more elongated form. This can
be observed by comparing Figure 14a and Figure 14d, where the form changes for two large W-
particles from circular in the center of the specimen to elongated at larger radii. Small particles
have a circular shape. Interesting is how the Cu-matrix flows around larger particles as it happens
in Figure 14a and Figure 15b as well as in Figure 18e. At higher resolution, it can be seen that
small W-particles flow with the Cu-matrix around the agglomerates.
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500 nm 500 nm
(a) Pure Cu-powder: tangential at the center, (b) Pure Cu-powder: tangential at the edge,
SE-micrograph BSE-micrograph

e

500 nm
(c) Pure Cu-bulk: tangential at the center, (d) Pure Cu-bulk: tangential at the edge,
SE-micrograph BSE-micrograph

Figure 13: SEM-micrographs of two pure Cu-samples (one produced with powder and one with bulk as initial
starting material) were deformed for 30 turns at room temperature.
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(¢) radial view near the edge, SE-micrograph (d) radial view near the edge, in Lens-micrograph

Figure 14: SEM-micrographs of Cu — 25 wt% W after 30 turns at room temperature: The grain size of Cu refines
with higher strain, i.e. from the center to the edge of the specimen.
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(c) tangential view near the edge, SE-micrograph (d) tangential view near the edge, BSE-micrograph

Figure 15: SEM-micrographs of Cu — 25 wt% W after 400 turns at room temperature: The W-particles become
smaller at the edge, but even after such high applied strain large particles still remain.
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o N = 30 RT, center —=—
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Figure 16: Fraction size distribution of W-particles after 30 and 400 turns near the center and the edge. The low
number after 400 turns is due to the limited SEM resolution.
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(a) tangential view near the center, SE-micrograph (b) tangential view near the center, SE-micrograph

(c) tangential view at a undeformed Fe-particle near
the center of the HPT-disc, SE-micrograph

(d) tangential view near the edge, SE-micrograph (e) tangential view near the edge, BSE-micrograph

Figure 17: Microstructure of Cu — 12wt% Fe after 30 turns at room temperature. The Cu-grain size decreases
slightly from the center to the edge and grain size of the Fe-grains is approximately two times as large.
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S?n

(a) tangential view near the center, SE-micrograph (b) tangential view near the center, BSE-micrograph

(e) Fe-particle in Cu, SE-micrograph

Figure 18: Microstructure of Cu — 12wt% Fe after 400 turns at room temperature. The Cu-grain size decreases
slightly from the center to the edge and in Figure 18e the flow of the Cu-matrix around an almost
perfectly circular Fe-particle can be seen.
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(¢) radial view near the center

500 nm

(b) tangential view near the center

500 nm

(d) radial view near the center

Figure 19: SEM-micrographs (SE) of Cu — 4wt% Y203 after 30 turns at RT. The yttria-particles do not change
their form, but with higher strain their size decreases by fracture of the particles or clasters of particles.

Table 2: Grain size of the Cu-matrix after HPT-deformation near the center and the edge

Number of turns

Grain size near the

Grain size near the

25

center edge

[] [nm] (nm]

1 | Cu-powder 30 300 240
2 | Cu-bulk 30 520 470
3| Cu—25wt% W 30 250 120
4| Cu- 25wt W 400 120 100
51| Cu-— 12wt% Fe 30 120 100
6 | Cu— 12wt% Fe 400 100 <70
7 | Cu—4wt% Y203 30 230 150
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For comparison W-bulk material produced by Plansee SE, Austria with different Cu percentages
were deformed by HPT. The appearance of W in BSE micrographs is light gray and Cu is again
darker (dark gray to black). In Figure 20, a W — 10 wt% Cu sample deformed up to 30 turns can
be seen. W-lamellas are in the center parallel to direction of strain, but with higher strain, at
the edge of the sample, the lamellas are more distorted and finer. With a higher amount of Cu,
the W-lamellas become finer and the microstructure becomes more homogeneous. The structure
of W — 20wt% Cu with 30 turns at room temperature (Figure 21) is more uniform than with
only 10 wt% Cu, but W — 25 wt% Cu (e.g Figure 22) is even more homogeneously. Hence, at the
edge of this sample and at higher resolutions (Figure 22c¢) areas with a homogenous mix of Cu
and W can be seen. For further investigations, the applied strain was increased and after 100
turns at room temperature, separated Cu and W areas remain only at the center (Figure 23a).
But even in this area (Figure 23a: up to a radius of 500 pm or at an equivalent v. Mises strain of
approximatly 450) the microstructure is very fine and the largest W-lamellas are in the range of
1pm (Figure 23b). At the edge of the same sample, the structure is so fine and homogeneously
that W- and Cu-grains smaller than 50 nm are only vaguely perceptible (Figure 23d).

(a) tangential view near the center (b) tangential view near the edge

Figure 20: SEM-micrographs (BSE) of W — 10 wt% Cu after 30 turns at room temperature. W- and Cu-lamellas
oriented in direction of strain can be seen, which become more distorted near the edge.
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(b) tangential view near the edge, SE-micrograph (c) tangential view near the edge, BSE-micrograph

Figure 21: SEM-micrographs of W — 20 wt% Cu after 30 turns at room temperature: The lamellas refine and the
structure becomes more homogenous.
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(b) tangential view near the edge, BSE-micrograph (c) tangential view near the edge, BSE-micrograph

Figure 22: SEM-micrographs of W — 25 wt% Cu after 30 turns at room temperature: The microstructure refines
and shows no longer a lamellar structure near the edge.
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lmm

(a) tangential view near the center (b) tangential view near the center

500 nm

(c) tangential view near the center (d) tangential view near the edge

Figure 23: SEM-micrographs (BSE) of W — 25 wt% Cu after 100 turns at room temperature: At the edge it is
no longer possible to distinguish W from Cu and only in a small region in the center a pronounced
lamellar structure exists.
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4.1.3 Energy dispersive X-ray analysis

To investigate the distribution of the added particles, energie dispersive X-ray anlalysis (EDX)
has been used. In Figure 24 a scan across a Fe-particle in a Cu-matrix and in (a) the content
of Cu and Fe along a line scan across this particle can be seen. The other two images show the
distribution of the same elements in the same investigated area and it can be seen that the dark-
gray particle in (a) coincide with the red area in (c) and the dark areas with the Cu-matrix (b).
The diagram in Figure 25 shows an EDX-line scan along the radius of a bisected Cu — 12 wt% Fe
sample. The red line shows the content of Fe and the green one the content of Cu. Due to the
low solubility of Fe in Cu the percentage of Fe is nearly 100 wt% and 0 wt% in the particle and
the matrix, respectively. Only the average percentage of Fe is 12wt% in the sample.

(a) SEM-micrograph (SE) (b) Cu-distribution (¢) Fe-distribution

Figure 24: EDX-line and area scan over an Fe-particle (red) in Cu-matrix (green).

Figure 25: SEM-micrograph with an EDX-line scan over a biseced Cu — 12 wt% Fe sample deformed for 30 turns
at room temperature.
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The diagrams in Figure 26 show again EDX-line scans along the radius of bisected HPT-discs
with three different compositions (Cu — 25 wt% W, Cu — 12wt% Fe and Cu — 4 wt% Y203) with
30 and 400 turns at room temperature. The red lines are the moving average of the investigated
elements Fe, W and Y and the green lines show the trend of the percentage. So while the trend
line for Cu — 12 wt% Fe with 30 turns at room temperatures decreases with the radius, it is the
other way around for the sample with 400 turns, where the amount of Fe increases slightly along
the radius. In the diagrams of Cu — 25 wt% W both trend lines decrease along the radius, but the
slope of the sample with 400 turns is steeper and the percentage of W in specimen with 30 turns
at room temperatures varies stronger. On the other hand, the percentage of Y does not show a
linear course, but there are several plateaus for one sample (400 turns at RT) and varies along
the radius for the other one (30 turns at RT) without showing a defined trend.

4.2 Deformation at higher temperatures
4.2.1 Hardness

To improve the properties of some of investigated W-containing materials, the temperature of
the second HPT-step is increased from room temperature to 500 °C, which is above the brittle
to ductile transition temperature of W. In Figure 27 the line with squares represents the sample,
which was deformed for 30 turns at room temperature and it is included for reference. The
specimens marked with circles, which were both deformed for 5 turns at 500 °C, show a decreased
hardness - especially at the center - compared to the sample represented by squares. In contrast to
the magenta lines, the blue marked in samples are only annealed at 500 °C under pressure, but not
deformed and have got a higher hardness than the deformed ones. Even though they were cut of
at the same radius in the large disc after the first HPT-step, they show a different behavior along
the radius. This might come from a still inhomogeneous distribution of - in this case - W-particles
after the first HPT-step. Interesting is that the sample with 30 turns at 500 °C (orange line) has
the same hardness as the ones after 5 turns at 500°C. The two pronounced peaks in hardness
are caused by W-agglomerates and should be ignored for comparing with other samples. After 30
turns at 500 °C and 5 turns at room temperature (red line) the hardness increases and at higher
radii approaches the hardness of the sample only deformed at room temperature. Contrary to
this, the hardness for the sample represented by the green line (30 turns at temperature and 5
turns at 500 °C) is lower, though the sum of the applied strain is the same.

In summary, it can be pointed out that there is a very pronounced influence coming from an
increased deformation in the last step. The hardness and thus the microstructure is strongly
influenced by deformation temperature, the number of turns and most important, the sequence
of deformation steps. Thus, deformation steps at different temperatures are not commutative.
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Figure 26: Energy dispersive line scans of HPT-samples with 30 and 400 turns at room temperature. The scans

show no radius dependence of the content of W, Y or Fe.
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Figure 27: Vickers hardness as function of radius for W-stabilized Cu, which is deformed at room temperature,
500 °C and at both temperatures.
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4.2.2 SEM-images

The following SEM-images show a radial view of the microstructure near the edge of the specimens
deformed at 500 °C and the determined grain sizes in Table 3. The sample with the largest grain
size is deformed for 30 turns at 500 °C (Figure 28) and is followed by the specimen with 5 turns
at 500 °C (Figure 30). In Figure 28a in the left lower corner only larger W-particles can be seen
and the Cu-matrix is more coarse in this area, too. This is caused by a very large W-agglomerate,
which is located at the left side of the investigated area.

Compared to the other specimens, the sample which was first deformed for 30 turns at room
temperature and then for 5 turns at 500 °C (Figure 29) has got more homogeneously distributed
W-particles and also the lowest Cu-grain size. Even though only large W-agglomerates can be
seen in the sample which was annealed under pressure - for the same amount of time which is
needed for 5 turns - without additional deformation to the first HPT-step, the Cu-matrix does
not grow as strong as in other samples (compare Table 3).

(a) radial view near the edge, SE-micrograph (b) radial view near the edge, BSE-micrograph

Figure 28: SEM-images of Cu — 25 wt% W after 30 turns at 500 °C: The Cu-matrix shows a strong recrystallized
structure especially at (a) at the left side, where only large W-particles can be found.
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(a) radial view near the edge, BSE-micrograph (b) radial view near the edge, BSE-micrograph

Figure 29: SEM-images of Cu — 25 wt% W after 30 turns at room temperature and 5 turns at 500 °C: The W-
particles are refined and stabilize the grain size of the Cu-matrix. The Cu-grains are not strongly
coarsened.

(a) radial view near the edge, BSE-micrograph (b) radial view near the edge, BSE-micrograph

Figure 30: SEM-images of Cu — 25 wt% W after 5 turns at 500 °C: Strong grain growth of the Cu-matrix occurs.
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(a) tangential view at the Cu-matrix and (b) tangential view at the Cu-matrix near the edge,
W-agglomerate near the edge, SE-micrograph BSE-micrograph

Figure 31: SEM-images of Cu — 25 wt% W after 0 turns at 500 °C: As expected, no refinement of W-particles
takes place. However, the Cu-matrix does not coarsen as strong as in other samples.

Table 3: Cu-grain size near the edge of the Cu-matrix after HPT-deformation

Number of turns grain size near the edge
] [nm]

1] Cu-25wt% W || 30 at 500°C 670

2| Cu—25wt% W || 30 at 500°C + 5 at RT 370

3| Cu—25wt% W || 30 at RT + 5 at 500°C 200

4| Cu-25wt% W || 5 at 500°C 560

5] Cu—25wt% W || 0 at 500°C 300
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4.3 Tensile testing
4.3.1 Tensile testing of pure Cu deformed with HPT

Both pure Cu samples (powder and bulk as starting material) are deformed by HPT and tensile
tests are performed at room temperature (Figure 32). The virgin material of the stress-strain
curve with the purple line was bulk Cu and for the blue stress-strain curve a powder was used.
The yield strength of the powder processed material is higher, which was expected by the hardness
measurement. In contrary, the bulk material shows significant strain hardening and obtains a
higher tensile stress additionally to the higher fracture strain.

SEM-micrographs (Figure 33) show the fracture surface of both samples. For Cu-bulk it evident
that a fully ductile, intergranular fracture has occurred, but at the same resolution the dimples
in the tensile specimen produced of initial Cu-powder are smaller and not distributed as evenly.

1400

1200 r

1000

800

600

Stress [MPa]

400

200

=30RT —
=30 RT

Cu-powder N
Cu-bulk . N

0 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Strain [-]

Figure 32: Tensile tests of two pure Cu-samples can be seen. For one bulk was used as initial material (purple)
and for the second powder was used (blue). Even though nothing was added to the Cu-powder, the
properties of this material change strongly compared to the bulk processed material.
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(a) View at the ductile fracture surface of (b) View at the fracture surface of HPT-deformed
HPT-deformed Cu-bulk, SE-micrograph Cu-powder, SE-micrograph

Figure 33: SEM-micrographs of the fracture surfaces of HPT-deformed pure Cu tensile specimens showing larger
dimples for the more ductile bulk material and a less pronounced ductile fracture surface of the HPT-
deformed Cu-powder.
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4.3.2 Tensile testing of W-reinforced Cu

In Figure 34 the stress in dependence of strain of W-reinforced Cu can be seen. The two red
lines are obtained on samples which are deformed for 30 turns at room temperature and show
the highest yield stress. Compared to pure Cu, this two samples have similar properties as HPT-
deformed Cu-powders. The differences can be explained by fluctuation in the production and
testing. The other five samples are deformed at 500 °C in the last HPT-step and the purple (5
turns at 500°C) and green (30 turns at 500 °C) lines show a significant plastic deformation and
even a rudimentary strain hardening, but the tensile strength is only a third of the strength of
the samples deformed for 30 turns at room temperature.

The SEM-micrographs (Figure 35) of a sample which was deformed for 30 turns at room tem-
perature show the elongated form of W-particles due to the HPT-process and again a ductile,
intergranular fracture of the Cu-matrix, while the W-particles are teared out or fracture brittle.
Large agglomerates of W, as they can be seen in Figure 36, break along the particles boundaries
or intergranular.
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Figure 34: This stress-strain diagram shows the results of Cu — 25 wt% W samples which were deformed differently
by HPT. The highest tensile strengths are obtained by defoming only at room temperature, but
additional turns at 500 °C at the small HPT-device increase the plastical deformability.
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(a) overview of the fracture area (b) detail of fracture matrix and W-particles

Figure 35: SEM-micrographs (SE) of the fracture surface of a Cu — 25 wt% W sample deformed by HPT for 30
turns at room temperature. In (a) the elongation of the W-particles can be seen and in (b) the different
behavior of Cu and W in a tensile test can be compared.

(a) overview of the fracture area (b) detail of fracture matrix and W-particles

Figure 36: SEM-micrographs (SE) of the fracture surface of Cu — 25wt% W sample with 30 turns at room
temperature and 5 turns at 500°C. A W-agglomerate with a diameter in the range of 100 pm can
be seen. While the fracture of the Cu-matrix is ductile, the W-agglomerate breaks along the particle
boundaries or along the W-grain boundaries.
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4.3.3 Tensile testing of Fe-reinforced Cu

In contrary to brittle W, Fe does not decrease the ductility in tensile testing so strong. The
curves also show an increased amount of plastic deformation and strain hardening even after
being deformed only at room temperature during the HPT-process. Additionally, the tensile
strength for samples which are deformed for 30 turns at room temperature is approximately two
time as high as for W-reinforced specimens with the same HPT strain path. This can be explained
by the Hall-Petch effect due to the smaller grain size (see Table 2). A similar behavior has been
observed for the Vickers hardness (see Figure 12). The orange line (30 turns at room temperature
and 5 turns at 500 °C) obtains a lower yield strength, but due to a high strain hardening the tensile
stress at fracture is approximately as high as for the other Cu — 12 wt%Fe specimens and most
importantly the fracture strain is nearly two time higher.

SEM-micrographs show the fracture surface and in Figure 38 two samples - (a) deformed at room
temperature and (b) additional turns at 500 °C - can be seen and both show necking due to the
tensile test. In Figure 39, the overview (a) shows significantly less necking.
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Figure 37: Fe-reinforced samples show depending on the HPT-deformation different behaviors in tensile testing.
Not only variies the tensile strength, but also the strain hardening and the fracture strain.
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(a) overview of a Cu — 12wt% Fe specimen deformed  (b) overview of Cu — 12wt% Fe deformed for 30 turns
for 30 turns at room temperature in the second at room temperature and additional 5 turns at
HPT-step 500°C

Figure 38: SEM-images (SE) of the fracture surface of two Cu — 12wt% Fe with HPT-deformation at different
temperatures. Both show a pronounced necking.

(a) overview of the fracture area (b) detail of matrix and Fe-particles

Figure 39: SEM-micrograph (SE) of the fracture surface: After 30 turns at 500 °C and 5 turns at room temperature
the Cu-matrix fractures ductile, while the remaining larger Fe-particles are pulled out.
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4.3.4 Tensile testing of yttria-reinforced Cu

In Figure 40 it can be seen that the behavior in tensile testing of yttria-reinforced Cu is similar
to HPT-deformed Cu-powder and W-reinforced Cu. A higher applied deformation, as 200 turns
compared to 30 turns, increases the tensile strength, but fracture strain remains the same. On
the other hand, deformation at 500°C seems to reduce strength and ductility. SEM-images
(Figure 41 and Figure 42) show that the oxide-particles are very brittle and even cracks and
crumbeled dispersoids can be detected. In both specimen, ductile fracture behavior of the matrix
can be observed but the existence of large and brittle oxides do not improve the results of these
materials in a tensile test.
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Figure 40: Stress-strain diagram of yttria-reinforced Cu samples. Due to changing of the amount of applied strain
and the deforming temperature the results of tensile stress vary.
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(a) overview of the fracture area

Figure 41: The SEM-images (SE) of the fracture area of an yttria-reinforced Cu sample with 30 HPT-turns at
room temperature shows a ductile fracture of the Cu-matrix and a brittle failure of the Y2Ogs-particles.
Additionally, large Y2O3s-agglomerates can be seen.

(a) overview of the fracture area (b) detail of matrix and yttria-particles

Figure 42: SEM-images (SE) of the fracture surface: Even though the matrix shows a ductile fracture, the yttria-
particles fail brittle and even after deforming for 30 turns at 500 °C and 5 turns at room temperature
cracks in the large oxide-particles are detectable.
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4.3.5 Tensile testing of nanocomposites from industrially produced W-Cu

Due to the high amount of W, the samples in Figure 43 show high Youngs moduli and tensile
strength, but also a low ductility. Depending on the composition, the Youngs modulus decreases
with increasing Cu-content but even higher Cu-amount does not markedly increase the ductility.
The sample W — 20 wt% Cu even fails at 200 MPa which is only one seventh of the tensile test of
the other two specimens. The corresponding SEM-image (Figure 44b) shows that the initiation
of fracture is at the edge of the sample which indicates a defect indroduced during the sample
preparation.

In Figure 44 the fracture surfaces of these three samples are compared. The fracture surface of W
—10wt% Cu looks rough and the lamellas from the HPT-deformed microstructure can be detected
(see Figure 21). Compared to this sample, the other two have a more homogenous fracture surface
and the origin of fracture can be found at the surface of the samples. Due to the appearance of
the fracture surface, it can be concluded that the microstrucure becomes finer if the volumes of
Cu and W are more equal and the obtained surface quality during sample preparation becomes
more important for tensile testing.
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Figure 43: Due to the high percentage of W, these industrial produced virgin samples show low ductility in tensile
testing. One specimen - W — 20 wt% Cu - even breaks at one seventh of the fracture stress of the other
two samples (due to a defect).
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#

(a) SEM-images (SE) of the fracture area of W — (b) SEM-images (SE) of the fracture area of W —
10wt% Cu (30 turns at RT) 20 wt% Cu (30 turns at RT)

Ly

(c) SEM-images (SE) of the fracture area of W —
25wt% Cu (30 turns at RT)

Figure 44: The appearance of the fracture surface changes with the composition of the sample. With only 10 wt%
Cu the area looks rough and no origin of fracture can be detected, but for the other two samples -
20 wt% and 25 wt% Cu - the critical area for starting the fracture lies at or near the surface. In both
cases, the region of crack initiation is at the bottom of the fractographs.
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4.4 Annealing of HPT-deformed specimens
4.4.1 Annealing of W-reinforced Cu

After annealing the HPT-deformed samples, the hardness depending on the applied strain is
measured. In Figure 45, Cu — 25 wt% W in different deformation and annealing states can be
compared to samples without applied temperature treatment (green lines): To the right side, the
strain increases and so does the hardness. Specimen, which are deformed for 400 turns at room
temperature, show no decrease in hardness after annealing, whereas all samples, which are only
deformed for 30 turns at room temperature and are annealed, become softer. Also, the sample
with 200 turns at room temperature and annealed at 900 °C experiences a decrease of hardness,
but it can be clearly seen that to the right, i.e. at higher applied strains, the sample is significantly
harder.

SEM-micrographs of annealed Cu — 25 wt% W can be seen in Figure 46 and Figure 47. The
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Figure 45: Hardness of Cu — 25 wt% W depending on applied strain and annealing treatment. Please notice the
single logarithmic scale for the applied strain.

microstructure of the sample with 400 turns at room temperature and annealing for 1 h at 720°C
does not change the microstructure compared to the same sample without heat treatment, but
the SEM-image of the sample with 200 turns shows coarser W-particles which are all circular.
Samples with less applied strain show also pores additionally to the recrystallized, coarsen matrix.
Those are positioned next to W-particles most of the time and they are in the same size range as
the grain size of Cu.
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(a) Sample with 400 turns deformed at room (b) Sample with 200 turns deformed at room
temperature, which has been annealed for 1h at temperature, which has been annealed for 1h at
720°C. 900 °C

Figure 46: SEM-micrographs of Cu — 25 wt% W with 400 and 200 turns at room temperature, which have been
annealed. Both show no strong grain growth of the Cu-matrix or appearance of pores.
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(c) annealed for 1h at 900 °C, SE-micrograph (d) annealed for 1 min at 1000 °C, SE-micrograph

Figure 47: SEM-micrographs near the center of Cu — 25 wt% W with 30 turns at room temperature, which show
the influence of the heat treatments: Coarsening of the microstructure and appearance of pores occurs.
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4.4.2 Annealing Fe- and yttria-reinforced Cu as well as pure Cu

In Figure 48 the hardness of Cu — 12wt% Fe and Cu — 4wt% Y203 after deforming at room
temperature and different heat treatments can be seen. Fe-reinforced Cu softens with increased
annealing time and temperature (left diagram: compare the two annealed samples to the green
line of the specimen without heat treatment). On the contrary, material reinforced with yttria
obtains always the same hardness after different heat treatments.

Fe-reinforced Cu recrystallizes stronger if annealing time and temperature are increased. The

300 _7C}17—.1%vit‘?rlf‘re”1 L [Cu - 4wt% Y203 |
250 —+ e
=200 | + §
3
d N "
Z 150 F e 1 ]
7
g 100 wa -+ B
o
o
<
s

[
o
T
I
T
1

-
N =30 at RT ——
0t T | N=30at RT + 1min at 580°C —=— |
N = 30 at RT —— N =30 at RT + 1min at 680°C —~—
N =30 at RT + 1min at 850°C —— N =30 at RT + lhat 810°C ——
N =30 alt RT + 1hlat 900 °C S N =30 a:c RT + lminlat 1000 °C :
0 1000 2000 3000 O 1000 2000 3000
Position [pm)] Position [pm)]

Figure 48: Hardness of Fe- and Y2Ogs-reinforced Cu after various heat treatments.

SEM-images (Figure 49) show that the specimen annealed inductively for 1 min at 850 °C obtains
Cu-grains in the range of 500 nm and Fe-particles with a diameter of 100 nm. After 1h at 810°C
the Fe-particles and Cu-grain size are both in the range of pm. The larger Fe-particle in the
left image is not due to segregation from supersaturated solid solutions or coarsening at higher
temperature, but it has not been refined during HPT-process.

During annealing, Cu — 4wt% Y203 shows strong grain growth of the Cu-matrix and pores
emerge. This is clearly visible in the SEM-images of two samples with different applied annealing
temperature (Figure 50). The sample, which has been annealed at 580 °C, was compacted under
vacuum to reduce the inclosed air, but the SEM-image in Figure 50a show no reduction of pores
after annealing.

Pure Cu-powder was deformed for 30 turns and annealed for 1h at 720°C. Because of the lack
of stabilizing particles, the grain growth is only hindered by emerging pores. But the volumes of
these pores is large enough to change of the annealed sample. In Figure 51 the Cu-grain growth,
emerging of pores, and the deforming of the sample can be seen.
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(a) annealed for 1min at 850 °C, radial view near the (b) annealed for 1h at 900 °C, tangential view near the
center (BSE-micrograph) center (SE-micrograph)

Figure 49: SEM-micrographs of Cu — 12wt% Fe with 30 turns at room temperature, which have been annealed
at two different temperatures for two different times. Coarsening of the Fe-particles and the Cu-grains
can be seen.

(a) annealed for 1min at 580 °C (b) annealed for 1 min at 850 °C

Figure 50: SEM-micrographs (BSE) of HPT-deformed Cu — 4wt% Y203 with 30 turns at room temperature,
which has been annealed inductively. It can be observed that the Cu-matrix coarsens strongly and a
large amount of pores emerges most probably due to the expansion of the enclosed gas.
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(a) annealed for 1h at 720 °C, SE-micrograph (b) annealed for 1h at 720 °C, BSE-micrograph

Figure 51: SEM-micrographs of HPT-deformed Cu powder with 30 turns at room temperature, which has been
annealed for 1h at 720 °C. It can be observed that the Cu coarsens strongly and a large amount of
pores emerges. The sample even changes its shape due to the heat treatment.
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4.4.3 Annealing of industrial produced W-Cu specimens

Three different materials from Plansee SE, Austria are deformed by HPT and annealed. In
Figure 52, the hardness as a function of position and annealing treatment is presented. The
temperature treatment hardly influences the hardness of the material with the lowest amount of
Cu (W — 10 wt% Cu). Even the fluctuations due to the inhomogeneous structure are larger than
the absolute reduction. In contrary to W — 10wt% Cu, W — 20 wt% Cu becomes harder with
annealing. Especially pronounced is this hardening for both samples annealed at 900° (red lines)
- for the short inductive heating treatment as well as for the long furnace annealing. But also
the specimen annealed at 1000° (orange line) shows an increase in hardness. Only the violet line
(annealing at 800° for 5h) is lower than the reference sample without any heat treatment. For
W — 25 wt% Cu, the difference in hardness is not larger than the range of the errors in hardness
measurement.
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Figure 52: Vickers hardness of three different industrial produced materials. The hardness various due to the four
different applied heat treatments.

Additionally to the hardness, the microstructure is investigated. For W — 10 wt% Cu no difference
can be detected (Figure 53) between the annealed samples. Compared to the structure without
annealing (Figure 20), the W-lamellas are rounded. In contrary, differences between the heat
treatments can be observed (Figure 54) for W — 20 wt% Cu : All three micrographs show coarser
W-lamellas compared to the sample without annealing (Figure 21), but this is less pronounced
for the sample annealed at 900°. It is the same for W — 25 wt% Cu (Figure 22 and 55) as all
samples coarsen due to annealing.
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S pm

(a) tangential view near the center: 5h at 800°C (b) tangential view near the edge: 5h at 800 °C

By X 4 R

(e) tangential view near the center: 1min at 1000°C  (f) tangential view near the edge: 1 min at 1000 °C

Figure 53: SEM-micrograph (SE) of annealed W — 10 wt% Cu samples. The heat treatment hardly changes the
structure and compared to the sample which is not annealed (Figure 20) the W-lamellas become more
roundly.
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(a) tangential view near the center: 5h at 800 °C (b) tangential view near the edge: 5h at 800°C

S pm

(c) tangential view near the center: 1min at 900°C (d) tangential view near the edge: 1min at 900°C

(e) tangential view near the center: 1min at 1000°C  (f) tangential view near the edge: 1min at 1000 °C

Figure 54: SEM-micrographs (SE) of W — 20 wt% Cu samples show the influence of different heat treatments on
the microstructure.
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S pm

(e) tangential view near the center: 1min at 1000°C  (f) tangential view near the edge: 1min at 1000 °C

Figure 55: SEM-images (SE) of three W — 25 wt% Cu show that a longer time and higher temperatures of the
heat treatment coarsen the microstructure stronger.
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5 Discussion

5.1 Deformation at room temperature

The goal of this master thesis is to develop a Cu-based material, which grains are in the nanometer
range and is also stabilized for applications at higher temperatures. To achieve this goal, fine
particles are placed at the grain boundaries to hinder their movement and prevent grain growth.
The HPT-process has so three functions: compact the mixed powder, create a nanostructured
Cu-matrix, break up the harder particles and create so fine particles, which are homogeneously
distributed in the matrix. After the second HPT-step, first of all the hardness was measured. It
does not only show how homogeneously the powders were mixed, but the shrinking grain size can
be estimated. In Figure 56, the hardness of all materials used for this thesis is presented. In this
plot, all materials were deformed for 30 turns at room temperature.
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Figure 56: Vickers hardness as a function of the radius for all materials investigated in this master thesis: All
samples were deformed only at room temperature for 30 turns. The hardness depends on chemical
composition and the applied strain.

5.1.1 Influence of the position in the large sample after the first HPT-step

The applied strain depends strongly on the position in the HPT-disc as it increases with the
radius and approaches zero in the middle. So one question is, how important the radius is at
which the sample is cut out after the first HPT-step. With Equation 1 it can be calculated that
the maximum strain after the first HPT-step is approximately €, = 70 and after additional 30
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turns with the small HPT the applied strain sums up to more than ¢, = 500 at the edge of the
specimen. While at large radii the strain of the first step can be easily neglected, it is not clear
what happens in the center of the specimen since the low amount of additional strain can make a
bigger difference there. But after comparing the distribution of hardness along the diameter for
samples taken out at different radii it can be concluded that in the center the influence can also
be neglected. In Figure 57 the distribution of hardness for two Cu — 25 wt% W samples can be
seen. Both have obtained 30 turns at room temperature in the second step, but while one was
cut out of the center of the large disc obtained by the first HPT-step, the other was positioned
near the the edge and has experienced more deformation in the first step. In Figure 57 it can be
seen that the hardness after 30 turns is about constant over the whole diameter and therefore it
can be concluded that the strain obtained in the first HPT-step can also be neglected.

300
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Figure 57: The hardness of two Cu — 25wt% W samples after the second HPT-step. The hardness does not
depend on the original position in the first HPT-disc, but is determined by the applied strain in the
second deformation step. Sample Cu — 25 wt% W R6,3 shows two peaks, which can be easily explained
because at that position where the hardness was measured there were large W-agglomerates.

5.1.2 Influence of the added elements

In Figure 56, it can be observed that Cu — 25 wt% W, Cu — 4 wt% Y403 and Cu-powder have got
the same hardness after 30 turns, while the hardness of Cu — 12 wt% Fe is higher and the hardness
of Cu-bulk is lower. The differences between Fe and W or YoOg3 are the hardness and the misci-
bility in Cu. So on one hand the hardness of Fe is similar to Cu and so it is easier to co-deform
both phases by HPT, on the other hand, W and Y203 are nearly immiscible. These lead to a finer
microstructure and therefore to the higher hardness of Cu — 12wt% Fe. The lower hardness of
Cu-bulk can be explained by knowing that it is received as bulk material which results in a higher
purity than the Cu-powder. The large surface of powder and the contact with the environment
leads to an increase of impurities which cannot be detected by EDX. So, the microstructure of
HPT-deformed Cu-powder is finer than of HPT-deformed Cu-bulk, because impurities stabilize
the grains and slow down grain growth.

Finally, it can be concluded that after 30 turns, hard materials as yttria and W do not contribute
strongly to the hardness, but impurities in the Cu matrix sustain a major part. Only at higher
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strains (Figure 12) W and Y203 increase the hardness further up to nearly 300 HV and a satura-
tion could not be found even at an equivalent strain ¢, = 10000. The decrease and later increase
of hardness of Cu — 12wt% Fe samples deformed for 200 and 400 turns (Figure 12) cannot be
explained. One idea is that the material becomes a supersaturated solid solution (subsection 2.1)
and due to the heat of deformation and friction of additional turns the HPT-disc is heated up
and so coarsening or segregation takes place. This might explain the decrease of hardness after
200 turns and the increase of hardness after 400 turns due to the formed very fine nanoscaled
structure (=~ 70nm) is obtained. The fact that in the center, the grains are slightly larger than
at the edge (Table 2) contradict this theory because it is a sign that grains are refined due to the
applied strain and no supersaturated solid solution was generated, because then the grain size
should be the same over the whole radius.

5.1.3 Deformation and refinement of particles

It is difficult to deform a small amount of hard particles in a softer matrix because the majority of
the strain is only realized by Cu. Although the plastic deformation in Cu is high, a majority of the
harder particles just flow in the matrix without changing their form or breaking up. In Figure 18e
the Cu-matrix flows around a circular Fe-particle and Figure 15b shows the deformation and
flowing behavior of the matrix and small W-particles near a large W-agglomerate: The small
dispersoids in the range of 50 nm to 100 nm become more elongated and align in direction of the
flow. Near the large agglomerate the particles are parallel to the shear direction. To obtain such
a distribution, the strain along the large particle must be higher than in the remaining matrix.
This is very similar to phenomenon in fluid mechanics where the velocity of a fluid that flows
around an obstacle is higher. This effect can also be seen on larger scale as also W-particles with
a diameter larger than 1pm are circular in the center of the specimen, but change their forms
at the edge to a more lenticular form (Figure 14 and Figure 15) and their size decreases. The
distribution of the particle size shifts at higher applied strains to smaller values as the number of
large particles strongly decreases (Figure 16).

Yttria is more brittle than W and cannot be deformed in Cu even at high strains. So, in Figure 19
the form of the YoOs-particles does not change and only the size becomes smaller as the breaking
down of particles increases with the applied strains (compare center and edge).

In contrary, Fe and Cu are similarly deformable which has a big impact on the way of deformation.
Not only the Cu-grains refine quickly, but also the Fe-particles break down. Compared to the
center of a Cu— 12wt% Fe sample (Figure 17a) the fraction of larger Fe-particles nearly vanishes
at the edge (Figure 17d).

Not only the mechanical properties influence the behavior of deformation, but also the ratio of
volume of the harder to the softer phase. If the volume of the softer phase is significantly larger,
the majority of plastic deformation can take place there. But as soon as the volume of the harder
phase reaches the extent of the matrix, the strain in the harder phase increases too (compare
Figure 14 to Figure 22). So, a higher amount of W leads to two results: Larger areas of W are
teared apart (compare Figure 22 and Figure 20) and the grain size of Cu as well as of W decreases
strongly.

If samples with different percentages of W are compared (Figure 14 to 20), W — 25 wt% Cu shows
the most homogenous microstructure. For obtaining uniform microstructure after a strain as small
as possible, the volumes of soft and hard phase should be equal (25 wt% equals approximately
60vol%). On the other hand, if enough strain is applied the out-coming microstructure does
not depend on the starting microstructure. Sabirov et al. [22] also deformed W — 25 wt% Cu

59



5 Discussion Lisa Kramer

produced by Plansee SE, Austria but the initial particle size of W was 2 pm and in this master
thesis it was between 5 pm to 10 pm. The coarser initial material showed after 100 turns the same
fine homogenous microstructure as it was achieved by Sabirov et al. after 30 turns. Hence, if
the applied strain is high enough the ratio between soft and hard phase does not matter and the
particles break up, but with a finer initial material homogeneity will be reached sooner.

5.1.4 Energy dispersive X-ray analysis

In Figure 16 it can be seen that the number of particles in a specific range of size depends on the
applied strain and so on the radius. Another question is, if the concentration of the elements also
depends on the radius. Scanning a large particle in the Cu-matrix (Figure 24) shows that in the
particle, the Fe-content is nearly 100% and nearly no Fe is soluted in the matrix. EDX line-scans
were performed which can be seen in subsubsection 4.1.3, where three different materials - Cu —
25wt% W, Cu — 12wt% Fe and Cu — 4wt% Y203 - after 30 and 400 turns were investigated.
The scans show no correlation between the number of turns and the distribution of concentration
along the radius. Whereas the concentration of Fe and W slightly increases with smaller radius
for the samples with 30 turns, it is reversed for the other specimen containing W with 400 turns
and for the Fe-sample with 400 turns the slope is only less steep. The independence of chemical
composition on the radius is even more pronounced in the Cu — 4 wt% Y503 sample with 30 and
400 turns; there is no even slope but two separate plateaus which can only be explained with an
inhomogeneous distribution of the elements in the bigger HPT-sample. On the other side there
are no plateaus in a Cu — 4wt% yttria sample with 30 turns, but the distribution of Y varies
strongly with the radius, so that the green trend line in Figure 26 only shows that the distribution
does not depend on the radius.

Hence, the distribution of the concentration depends only on the initial distribution in the large
disc after the first HPT-step. To obtain a homogeneous distribution, the mixing of the powder
before HPT-deformation is of great importance as inequalities can be hardly compensated by
HPT-deformation.

5.2 Deformation at higher temperatures

One idea was to increase the ductility in the materials with added particles for stabilization by
increasing the process temperature of the second HPT-step. The applied temperature was 500 °C,
which is above the ductile to brittle transition temperature of W. Additionally, the high pressure
prevents the oxidation of the specimen, because only little material at the edge has direct contact
with air. The SEM-pictures (see Figure 28 to 31) do not support the hypotheses that the particles
are more ductile at higher deformation temperatures. The main effect is that grain growth of the
Cu-matrix takes place. Also after additional turns at room temperature (see Figure 27: green
line - 30 turns at 500°C and 5 turns at room temperature) the hardness approaches again the
hardness of the reference sample which was only deformed at room temperature. This shows only
the independence of the results from the initial structure, as the hardness approaches again the
same saturation level as before.

As the grain growth is strongly influenced by deformation induced defects, there is an important
coincident with the applied strain and the deformation temperature. If the strain increases and so
does the density of defects, the needed time for the recrystallization decreases. Fine W-particles
would hinder the grain boundaries to move freely and slow down the recrystallization. Therefore,
only a sample with refined particles to stabilize the microstructure due to a sufficient high applied
strain will obtain the same hardness as the reference specimen: In Figure 27, the green line (30
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turns at room temperature and 5 turns at 500 °C) decreases in the center stronger than at the edge.
So at the edge the applied strain was high enough to influence the recovery and recrystallization.
SEM-images of this sample (Figure 29) support this theory as fine W-particles are homogeneously
distributed in the Cu-matrix.

In the center, the hardness approaches the same value for samples with 5 and 30 turns at 500 °C.
The significant peaks in the hardness are caused by large W-particles at the measured positions.
Due to the increased process temperature, the saturation in hardness is reached after smaller
strains and the saturation hardness is lower. This is a typical phenomenon in warm SPD of single
phase materials ([11]) or hot deformation. A saturation is reached at smaller strains and the
evolving structure is coarser.

An interesting fact is that if no additional strain is applied (the blue lines in Figure 27: no second
HPT-step is applied, but the samples are annealed at 500 °C for the same time as it was needed for
applying 5 turns) the recovery and recrystallization is not as fast as if the samples are deformed
in addition at 500°C. The density of defects did not increase in this second HPT-step and so
recovery and recrystallization processes are less pronounced.

5.3 Tensile testing

Tensile testing shows one of the most important drawbacks of using powder as initial material.
Because of impurities, the tensile strength and fracture strain is lower compared to material
with the same composition (compare Figure 58, Cu-powder and Cu-bulk). Fe strongly improves
the properties of powder-processed samples as it increases not only strength but also encourages
strain hardening. By comparing SEM-micrographs in subsection 4.3, it can be concluded that
this is obtained not only because of the ductile behavior of Fe-dispersoids but also due to their
fine distribution. Additional turns at higher temperatures further increase the ductility and the
sample deformed for 30 turns at room temperature and 5 turns at 500°C (see orange line in
Figure 37 and Figure 38b) obtains nearly the same fracture strain as Cu-bulk material and even
strong necking can be seen. For other materials this behavior could not be confirmed as the
corresponding specimens fractured during preparation or show poor results in tensile testing due
to large agglomerates (see orange line in Figure 34 and Figure 36).

Y203- and W-agglomerates are larger than Fe-particles and some agglomerates can always be
found on the fracture surface. This explains also why W-reinforced Cu shows inferior results in
tensile testing compared to yttria-reinforced Cu: In the tested samples the volume of W is higher
than that of yttria and so is the proportion of large W-particles and agglomerates. Thus it is
more likely to find one large, defect-containing agglomerate within the gauge length. This will
promote fracture. The importance of the fraction of the brittle phase can be also observed in the
three samples produced from the Plansee materials: The sample with the highest amount of Cu
not only shows the highest tensile strength, but also the highest fracture strain. Additional SEM-
micrographs show that the microstructure refines with higher amount of Cu (subsubsection 4.1.2)
and also the fracture surface becomes more smooth (subsection 4.3). But this also show the
importance of the quality of sample surface for testing, as W — 20 wt% Cu as well as W — 25 wt%
Cu have got the fracture origin at the edge and so the additional polishing step after grinding
should improve the behavior in tensile testing.

5.4 Stabilization of the microstructure at higher temperatures

The stability of the microstructure during annealing depends strongly on the applied strain and
the composition of the annealed material. The influence of strain can be seen for Cu — 25 wt%

61



5 Discussion Lisa Kramer

1400
1200 |
1000
Q"F 800
=
A
£ 600 Cu-powder N = 30 RT
an Cu-bulk N =30 RT
Cu-25wth% W N =30RT —
Cu-25wt% W N =30RT —-
400 Cu 12wt% Fe N—30RT
Cu-12wt% Fe N =30RT
Cu - 4Wt% Y203 N =30 RT —
200 Cu—-4wt% Y203 N =30 RT ——-
W -10wt% Cu N = 30 RT
W -20wt% Cu N = 30 RT
ol . . . W - 25wt% Cu N =30 RT
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Strain [-]

Figure 58: Comparison of tensile test data of all investigated materials after a HPT-deformation for 30 turns at
room temperature. Interesting is that reinforcing with W and yttria hardly influences the behavior of
Cu-powder, but Fe does.

W in Figure 45: The green lines represents the hardness of specimens which were not annealed.
On the right side (at higher strains), there are full lines which show samples with 400 turns and
which show no softening during annealing. The sample with 200 turns experiences a decrease
of hardness after 1h at 900°C. In contrary, the hardness is strongly reduced for samples with
only 30 turns (same color, but dashed lines at the left side of the diagram). By looking at the
corresponding SEM-images, it can be seen that the decrease of hardness and a change in the
microstructure are connected. The blue lines corresponds to an annealing temperature of 720°C
and the SEM pictures (Figure 46a and Figure 47a) show that the Cu-grains grow stronger in
samples with less applied strain. Cu — 25wt% W with 200 turns at room temperature does not
show a strong grain growth of the Cu-matrix, but the W-particles are coarser which is expressed
in a decrease in hardness. With lesser applied strain, not only the hardness decreases due to the
coarser Cu-matrix, but also pores appear (see Figure 47).

In contrary to W, Y203 could not be refined strongly enough to stabilize the microstructure at
higher temperatures. In Figure 48, the green line represents a sample which was not annealed. It
can be seen that even the hardness of the specimen with 400 turns at room temperature decreases
strongly after being annealed for 1h at 810°C. The hardness of the Cu — 4 wt% Y203 samples
with 30 turns which were annealed inductively (1 min at 650 °C or 1 min at 1000 °C) were always
below 50 HV and the one annealed at 850 °C for 1 min was too porous for hardness measurement
(see Figure 50b).

Fe reinforces the Cu-matrix better and hardly any pores emerge. However, as it can be seen in
Figure 49, the recrystallization of Cu and Fe becomes stronger if annealing time and temperature
are increased as this process is controlled by diffusion. Hence, the sample annealed for 1h at
900 °C shows a lower hardness due to larger Cu-grains and Fe-particle size than the specimen
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annealed for 1 min at 850°C (see Figure 48).

Also in pure Cu, produced from powder, deformed for 30 turns at room temperature and annealed
for 1h at 720°C, pores emerge (see Figure 51). It was tried to reduce the porosity in Cu — 4 wt%
Y203 by compacting the powder under vacuum (the sample which was annealed for 1min at
580°C), but again only a hardness of 50 HV was obtained. In Figure 50a it can be seen that the
Cu-matrix is strongly coarsened and again pores weaken the material.

Even though, W-samples produced from industrial starting material were annealed at even higher
temperatures than the samples produced of powder, no pores appeared and the hardness did not
change that strongly. This can be attributed to the fact that the purity of this sample is higher
and additional, the percentage of Cu is lower. Figure 52 shows that the hardness for W — 10 wt%
Cu and W — 25 wt% Cu does not depend on the annealing temperature, but is always in the
same range as for the sample which was not annealed. On the other hand, for W — 20 wt% Cu
the hardness even increases during annealing. For W — 10 wt% Cu the hardness does not change
because the microstructure does not change: If the pictures of all samples are compared for this
material, the distance of the W-lamellas stays the same, which is true for the region near the
center and the edge (Figure 53). The SEM images of W — 20wt% Cu (see Figure 54) show that
the W-lamellas are more rounded, but the distance between the W-particles stays the same. The
increase of hardness is a consequence of the recovery because only few defects remain and so new
dislocations must be generated for plastic deformation. In contrary to W — 20 wt% Cu, the part
of Cuin W — 25wt% Cu is so high that the growth of the grains is not fully disabled by the
W, but also strongly hindered. The hardness is influenced by the growth of Cu-grains and the
decreased density of dislocations and vacancies has not a big influence.
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6 Conclusion

In this thesis eight different Cu-based materials were investigated for applications at higher tem-
peratures. Not only the composition influences mechanical properties, but also the amount of
applied strain and deformation temperature. Two pure Cu materials - one starting with pow-
der and one with bulk material - were investigated for the purpose of gaining reference results.
To study the influence of adding a hard bcc material suitable for fusion purposes, four Cu-W
materials were taken in account. One was made of a powder mixture and three were made out
of industrially produced bulk materials. Cu - Fe and Cu - Y203 were investigated to study the
influence of a soft fcc phase and a hard and brittle ceramic phase on the mechanical properties
and the microstructural stability.

Out off the seven used materials, Cu - Fe was the easiest to deform and a homogenous structure
was soon reached with improved hardness as well as the tensile strength. This could be explained
by the similar hardness of Cu and Fe which enables a simultaneous deformation of both phases and
promotes so the development of a very fine microstructure. The deformability is also increased by
the little, but nevertheless existing, mutual solubility which enables to produce a supersaturated
solid solution. For W and Y2Ogs the deformability as well as solubility was smaller than for Fe
and not the same homogeneous microstructure could be reached. This becomes present in the
hardness and especially in the results of tensile experiments. Only after application of significant
higher strain, the hardness approaches the same values as for Cu - Fe. Additionally, due to large
agglomerates and a coarser microstructure the full potential of these two materials could not be
exploited. This problem can only be solved by refining the Y2O3- and W-particles, which can
occur if the whole process - from mixing the powder to higher HPT-deformation - is improved.
One idea would be to mix the powders in a ball mill to start the HPT-process with an already fine
and homogeneously powder and handling all powders under a protective atmosphere (e.g. a glove
box) to minimize the contamination. Another way is to increase the portion of W to force the
material to deform simultaneously as it happened for one of the industrial produced material. To
improve the ductility, the specimens should experience additional strain at higher temperatures
as this reduces the density of defects.

The largest advantage of Cu - W is the good temperature stability. This is the case when the
samples experienced enough strain to refine the W-particles, but then temperatures even as high
as 720 °C for 1h do not change the hardness and consequently the grain size. This is not the case
for annealing Cu - Fe, for which coarsening of the Cu-matrix and the Fe-particles occurs, and for
Cu - Y203. Yttria-reinforced materials show two problems: Yttria-particles cannot be refined
sufficient to stabilize grain boundaries, so grain growth takes place and additional pores appear.
These pores are likely caused by using powders as initial start material, as Cu-samples produced
from powders show also pores after annealing, while industrial produced materials show no ap-
pearance of pores even after annealing at 1000 °C. To retain full density even during application
at higher temperatures, the powder route must be improved, as pores are a sign of encased gases
or water.

The three industrial materials show, due to the low percentage of Cu in the W, a high hardness
and a good temperature stability. But tensile tests exhibit a low ductility, which could be im-
proved by adding a polishing step to the grinding of the tensile samples. Without this step, for
two out of three tensile tests the initiation of fracture was near or at the surface of the specimen.
All in all, Cu - W materials show a good potential for application at higher temperatures, but
the production route has to be optimized. In case the temperature of application is lower, Cu -
Fe, due to the improved mechanical properties, is preferable.
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