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Abstract:

Mechanical properties of aluminium alloys highly depend on their phase
composition and microstructure. High strength can be achieved among others by
introduction of a high volume fraction of fineomogeneously distributed second
phase particleand by a refinement of the grain sizBowder metallurgy allows to
preparefine grainedmaterias with increased sal solubility which are favourable
precursos for further precipitation strengthenin@as atomizationwas used for the
preparation of powders of the commercial AI7075 alloy and its modification
containing 1 wt% ZrA part of gas atomized powders was mechanically milled at
different conditions. Mechanical milling reduced the grain size downetmanesize
range and the corresponding microhardness exceeded the value of 300 HV. Powders
were consolidaéd by the sparkplasma sinteringmethod to nearly fully dense
compacts. Due to a short time and relatively low temperature of sintdreng t
favouralbe microstructure can be preserved in the bulk matéeFia. grain size of
compacts prepared from milled powder was retained in the submicrocrystalline range
and the microhardness close to 200 HV exceeded that of the specially heat treated ingot
metallurgcal counterpast The prepared compacts retained their fine grained structure

and high microhardness during their exposition to the temperature éf €25
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Introduction

The growth of natur al resourceds scal
problem in our continuously developing world industry. The difficulty made by
limited resources should be faced and the material and energy efficiency have to be
improved. A reductin in environmental impact can be managed using recyclable
mat erials and reducing mechanical part 6
Aluminium-based alloys represent an appropriate candidate, due to their properties as
low density, high specific stngth and oxidation resistance. Therefore, they can be
utilized in longlife applications. Moreover, aluminium is highly suitable for recycling.

It is reported to be almost infinitely recyclaljld and the recycling process rés
only 5% of the energy of primary Al productifiy 3].

High purity aluminium is a soft material with the ultimate strength of
approximately 10 MPR], which limits its usability in industrial applications. In order
to compete other constructional materials, the strength diaded materials has to be
significantly increased. There are several ways how to increastehgth of metallic
materials:alloying by adequate elements, introduction of appropriate strengthening
particles, plastic deformation or grain size reduction. At present, the strongest
commercially available Al alloy is an Al7068 alloy whose yield and ultimate tensile
strength can bincreased up to 683 and 710 M&aplyingspecialheat treatmerb].
Usingspecialprocessing technologies, the yield strength of Al alloys can be increased
up to 1 GPa, as it was shown for a nanostructured Al7075 alloy prddegdegh
pressure torsiof6].

A serious drawback of Al alloys is a drop of their strength at elevated
temperatures. In case of algardenable Al alloys, the high temperature exposition
usually leads to coarsening or dissolotwf strengthening second phase particles. In
case of wrought Al alloys, the deformation energy stored in the material during its
processing is released by recovery or recrystallization processes occurring at elevated
temperatures. Finally, the high temgiere exposition can also result in grain
coarsenig. All above mentioned structurehangegenerallyresult in a écreasen
strength. The solution of this problem represents one of the most important tidxeks
production of modern Abased materials.



As the efficiency of traditional processing routes for the developmdmngbf
strengthAlbased alloys is rather | imited, alte
are sought. In the ¥0and 84" of the last century, rapid solidification (RS) processes
were intensively studied and used for the preparation of materials with an improved
microstructure. Due to cooling rates reaching evérKsd the solid solubility can be
strongly enhancef¥]. The supersaturated solid solution is a perfect precursor for the
precipitation of a sufficiently high volume fractionaypropriately dispersecery fine
second phase particles. Simultaneously, a-dgwmaned microstructure (graisize
usually close to Irm) is typical br rapidly solidified material$8, 9]. Both these
aspects might conbrute to a strength enhancement.

Rapid solidification represents a basis for processing routes such as melt
spinning, atomization or a variety déposition techniqudd]. In all these methods,
at least one dimension of the product has to be minimized in order to ensure a
sufficiently rapid heat transfao thatno bulk material suitable for further commercial
utilization can be produced. Especially the atomized powder represents a good
precursor for further treatment. The powder can be mechanically milled which can
result infurther microstructurathangeqe.g. dissolution of second phase particles,
grain sizerefinement deeply below Irm) [10, 11] Nevertheless, for their commercial
use the powders have to be consolidatéa a bulk material. This can be performed
using different methods. To minimize the porosity of resulting bulk materials, classical
consolidationmethodsashot isostatic pressinfy] require a high temperature and a
long time of sintering. Unfortunately, thmolonged exposure to high temperatures
usually results in a degradation of benefits from RS or milling.

From tre 90" of the last century, severe plastic deformation (SPD) methods as
e.g.equal channel angular pressifig, 13]were widely used for processing Al -
based materials. The resulting bulk material usually does not contain any porosity and
its strengths increased predominantly by a large amount of stored deformation energy
and by a distinctive reduction in the grain size (typically belowri. On the other
side, these methods allow only a limited variation of mechanical properties by changes
in phase composition.

In the last decade, the material research turned baotvtder metallurgial
(PM) routes and improved/ developed new methodpforwd er 6 s consol i d

example microwave sintering or spark plasma sintering (SPS). These consolidation



methods are capable of producing nearly-fidhsty compacts at relatively low
temperature and short heat exposure tinj@4]. Additionally, the microstructure is
influenced predominantly in the vicinity of contact points of powder part[d&s
Therefore, the benefits of RS or mechanical milling can be better maintained in the
powder paitle interior. In our research, a combination of rapid solidification,
mechanical milling, and spark plasma sintering was chosen for the preparatian of
aluminiumalloys and inveggation of their microstructurand properties.

The thesis is divided int5 chaptersAfter sectiondntroduction and th&ims
of the thesisChapter 1 is describingthe strengthening mechanisms in metallic
materialsfollowed bythe high temperature stability of the second phase particles and
grain structure. Further, it bringescription ana short literature review of processing
methods and studied Al alloys. Chapt2rbrings the experimental procedures
employed during the mberials preparation and experimental methods used for
characterization of materials. Chapsguresents the results of the experimental work,
which are discussed in ChapterChaptel lists the main conclusions of the research
work and gives suggestiohsor t he future work regarding

This thesis is based upon the experimental work carried out at the Department
of Physics of Materials on Charles University (Prague, Czech Republic). Part of the
works, the sintering and the-pdy diffraction measurements were carried out at the
Institute of Plasma Physic€zech Academy of Sciencé@Brague, Czech Republic)
under the common project GACR-15609S. Some samples were sintered by Hanka
Becker at Bergakademie Freiberg, Germany.



Aims of the thesis

The principal task of the present thesis was to verify the possibility of
producing advanced aluminium alloys via the PM route using a new combination of
gas atomization, mechanical milling of powders, and SP$@ssalidatiortechnique.

Gas #omization was used to get powders with a-eguailibrium phase composition

and finegrained microstructure. A part of these powders was mechanically milled with

the aim to change their phase composition, especially to refine or even dissolve the
second phse particles, to introduce a high deformation energy into the masemhl

to refine the grain size. Milling was carried out with different parameters in order to

study the impact of various parameters on powders final microstructure. The powders
were tlen sintered by SPS to g##nsecompacts with otherwise minimized influence

of sintering on powder6s initial microstr
at various temperatures to study their microstructural and mechanical high temperature
stablity.

Two Al-based alloys (Al7075 alloy ad7075+ 1wt% Zr alloy) were selected
for this research with the main aim to increase their strength both at room and elevated
temperatures. The influence of different stages of processing on the microstructure,
phase composition, and mechanical properties of these alloys was investigated using a
variety of experimental methods light microscopy (LM), scanning electron
microscopy (SEM), electron bastatter diffraction (EBSD), transmission electron
microscopy (EM), scanning transmission electron microscq3TEM), energy
dispersive spectroscopy (EDS);rXy diffraction (XRD)and microhardnesgHV)
measurements.

To verify the efficiency of the processing technology, the -“ketiwn
commercial Al7075 alloy wasvestigated. This choicef materialenabled us to
compare the achieved results with tege amount of data reported by other authors
on this alloy prepared by a variety of processing routes, especially with values reported
for the Al7075 alloy after sppgal thermal treatment airdéo reach the highest strength
[16-18]. As the phase composition of this allbighly alters with temperature, the
investigation of its high temperature behaviour was more focused on the
microstructure stability with agoaltaicr eas e t he tmbyastablefmé 60 s st

grain size.



In order to improve the microstructiistability, 1wt% of Zr was added to the
Al7075 alloy. It is believed that very fine particles of theZklphase can pin the grain
boundaries and retardetin migrationwhich otherwise wouldesult in a grain growth
[19]. The positive influence of Zr on the microstructure stability was reported
previously both at materials prepared through rapid solidification techr2@jesnd
severe plastic deformatig@l].

The experimental results obtained during this research should open a new way
to the development of high temperature Al alloys which would retain their high

strength ugo the temperaturesafb out 400 AC.



1. Theoretical background

1.1. Introduction

There have been long lasting efforts to improve the strength of metallic
materials. The influence of composition and microstructure on mechanogarties
of materials wa widely studied. There are several reviews and books dealing with
strengthening mechanisms of metals.g. [22-24]. Nevertheless, the theory of
individual strengthening mechanisms, their superposition and interaction is rather
difficult and requires aleep knowledge of mathematics, mechanics and chemistry.
The detailed elucidation of tsemechanisms was not the aim of the present thesis
and, therefore, only a short, mostly qualitative introduction into strengthening
mechanismef metallic materials wilbe given in the following sectien

1.2. Strengthening mechanisms in metals

The slip of dislocations is considered to be the most important deformation
mechanism in a majority of metallic materials. Material strength is then connected with
interactions dmoving dislocations with obstacles opposing their slip. Ahjectin
the crystal lattice which creates its own strain field will interact with dislocations. The
degree of hardening by an obstacle is then determined by the type and magnitude of
interacton between the strain field$ dislocation and obstac|25].

There are several possibilities how to increase the strength of metallic materials
I by dislocations, foreign atoms dissolved in the matrix, second phase pastiules,
grain boundaries. The basic strengthening mechanisms theref{2dJare

A Work hardening

A Solid solution strengthening

A Precipitation and dispersi@trengthening

A Grain boundary strengthening

The materials strengtithen results from a superposition of individual
strengthening mé@nisms.

Materials strength can be characterized also by its hardness; however, it is not
an intrinsic property of materials. Nevertheleksuitimate tensilestrength( ) for

anumkber of metals was showto be related to the microhardn€bl/) as[26-28]:



0w o, . 1
This relationship was found by Zhang et al. to hold for miganed,

ultrafine-grained and also nanocrystalline materjdig.
1.2.1. Work hardening

Work hardening also called strain hardening or deformation strengthéning
Is a strengthening method often used in materials whose strength cannot be increased
by heat treatment, e.g. by changes in their phase composition.

Work hardening is a consequence of plastic deformation, which introduces
deformation energy into the material. The deformation energy is mainly increased due
to the introduction of dislocations during plastic deformation. By heavy straining, the
dislocation dasity of metalscan be increased from 20" m? (characteristic for
annealed material) to 1910 m? [29]. Beside dislocations also other defects, as
stacking faults or anfphase boundaries can be introduced into the material during
deformation, all representing obstacles for the movement of dislocations.

As obstacles resist movement of dislocations, funti@remenbf dislocation
onagiven slip systensan appear first after increasing stress alloweritical resolved
s hear cswhosevalsedepehds upon the resisting mechaf®shsA short list
of the most common mechams resisting dislocation motion foll@w

The basic mechanism acting against each moving dislocation is themitier
in the atomic s9pareianda@rouad it. The redulprep acalledo n 6
PeierlsNabarro stress for an isolated edge disiooaih an otherwise perfect crystal
can be expressed g, 25]:

T —Q 2

whereG is the shear modulusthe Poisson ratid) the magnitude oBurgeis
vectorandw the distance around the dislocation where atomic arrangement differs
from that in a perfect crystalowever, this equation is inaccurate for dislocations with
complex structures.

Further, dislocations can interact with each other. In case they aresantiee
slip plane, they will either repel (if they have the same sign) or attract and annihilate
(if they haveBurgers vect@with opposite sigg). If adislocationglide is blocked by
an obstaclethe dislocations will create pHeps at that obstacleThe resulting

strengthening effect from the pilgp dislocationslie-up can be expressed [25]:

7
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whereN is the numbeof dislocations in the pilep andUis the shear stress for
a single dislocation.

In case,a gliding dislocation interacts with dislocations intersecting its slip
plane, also called forest dislocations, the cutting process can be very complex.
Nevertheless, the resulting strengthening from forest dislocatieart be expressed
as[24, 28]

t | o0&, (4)

wherej is the forest dislocation density,is a constant connected with the
strength of actual intertion force G is the shear moduluandb themagnitude of the
Burgers vector.

Dislocation motion can be accelerated by terapge elevation, as dislocations
can overcome obstacles by thermally activated procg25¢sAt sufficiently high
temperatures, recovery of deformed structure can occur. During recovery the
dislocations annihilate andearrange in order to minimize the stdrdeformation
energy.Alternatively, arecrystallizationprocess can occuwhen new defedree
grains nucleate and grow at the expense of the deformed structure.

1.2.2. Solid solution strengthening

Atoms of differait elements dissolved in the matrix phase can lead to its
strengthening by solid solutiostrengthening These impurity atoms, either in
substitutional or interstitial positions, impose lattice strains on surrounding atoms
resulting in a lattice strain fié. Interactions of these strain fields with dislocation
distortion field affects the dislocation movement.

There is a variety of interactions existifgetween solutes and lattice
dislocations. Considering only the elastic ones, two main types can g uirstied
the size effect and the modulus effect. The first one stems from the size misfit of the
solute and matrix atoms, the other from the difference in the shear modulus. Both
differences lead to a variation in the local stress field around the stbrtein a
different manner leading to restriction of dislocation movement.

The strengthening effect of obstacles (solute atompd) which need to be
bypassed by dislocations was originally described by Orowan in theg2dijm

yt - (5)



whereFy is the obstacle strengththemagnitude of th&urgers vectgrandL

the obstacle average spacing. This obstacle spacing is usually expressed in two forms.
Assuming a straight dislocation line, itis -, for a flexible dislocation lin@ P

wherec is the concentratioaf solutes

The equationg) can be rewritten (through substitution FyandL) to express
the strengthening effect from the difference in size and/or modulus of solutes at 0 K
as[24, 28}

yt "0Q®m , (6)

whereG is the shear moduluka measure of the obstacle strengttihe solute
concentrationn resp.m varies assuming different nature of obstacles resp. on the
averaye obstacle spacing.

According to the assumed natwfeobstacles, the average obstacle spacing and
the dislocation flexibilitythere are several models describing the dislocatixstacle
interaction. There aretwo main statistics, the Mettabusch statistics foa dense
distribution of weak obstacles ardiedel statistics foa dilute solution of strong
obstaclesFlexible dislocation lines in Fried&leischer approximation cd dilute
solution of strong obstaddeads to n = 3/2 and m = 124, 30, 31] In Mott-Labusch
approximation of dense distritban of weak obstaclethe strengthening effect of a
random array of obstacles is characterized by4/3 and m = 2/R4, 32]

At temperatures above 0 K tlikslocations can overpass obstacles also by
thermally activated processes. Moreover, tainperatures, when the solute atoms
become mobile, the soldiffuseto dislocationsaandform atmospheres around them.
As a result, the dislocatiomsin bepinned by solute atonmendan increased stress has

to be applied in order to unpin the dislocation
1.2.3.Precipitation and dispersi@trengthening

Second phase particles present further type of obstacles for dislocation
movement. Theresencef a second phase particepresents distortion in the matrix
lattice. Therefore, the obstacles whicmter the dislocation motion are either the
strain field around second phase particles or the squoask particles itself or both
[33]. A short description of this problematics follaw

The particlematrix interface gives ris® interfacial energy, whose magnitude
depends on the interface properties. Therefdre,interaction between dislocations

9



and second phase particles depends on the type of the interface. According to the
matching up of matrix and second phase lattideset types of interfaces can be
distinguished. In coherent interfaces, where the crystal structure and atomic
arrangement of second phase and matrix match up on the boundary, the interfacial
energy, normally consisting afhemical and structural contribati, has only the
chemical part. In sengoherent interfaces, where the failure in periodicity is solved
by the introduction of misfit dislocations, the structural contribution of the interfacial
energy appears. In incoherent interfaces, there is a lasgecamisfit between the
second phase and matrix lattices which results in a huge increase in interfacial energy.

Beside the particlenatrix interface whose matching leads teo called
coherency hardeninghe second phase patrticles strengthening eff@eratsalsoon
the particlesnternalstructure and properties. In case, the dislocation cuts the particle
there ardurthercontributions to precipitation hardening

1 modulus strengthening

1 strengthening frondifference in stacking fault energy

1 strengthening bgntiphase boundaries

1 strengthening frommew interfaces

The second phase patrticles fsamed by foreign atomm combinationwith
the matrix atoms and usuahlwvea different structure than the matrix. Therefore, they
usually have shear modulus different from that of the matrix. This leadshtingan
the dislocation linetensionwhen it enters the particle. Moreover, the particle and
matrix can also differ inheir stacking fault energy, which can meachange irthe
flow stress to cross the particle by a dislocation. In casafrdered particle, its
crossing by a perfect dislocation can lead to g of an antiphase boundary,
leading tostrengtheningFurther, dislocation dting produces new ledges dhe
particle, whichs anew interface between the particle and matrix, therefore it increases
the interfacial energy.

The main strengthening effect of second phase particlesusllyexpressed
by Labusch theory af24]:

Y& QY h i

or by Friedel theory gg4]:

(- (7.2

=<

Y& "Q7Y -h R

py
=<

- (7.2)
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where™Q is the weight fraction ofsecond phase particleR is the radius of
second phase particlesandtidenotes the relative change of shear modulus and lattice
parameter, denotes the anphase energy, is the difference of stackinfqult
energy inparticle and matri¥, denotes th@articlematrix interface energy.

The second mechanismhendislocations caby-passsecond phase particles,
is Orowan dislocation looping. The strengthening effect connected with dislocation
bending needed in this process can be expresgeéajas

Yt — ®)

whereG is the shear modulub,the magnitude of the Burgstvecbor, L is the

average obstacle distanégis the radius of theecond phase patrticles

Orowan looping

cutting

Strength

critical radius

radius of second phase particle

Figure 1. The scheme of dependence of the strength needed to cut through ¢
phase particle by a dislocation or to bypass it by Orowan looping on the rac
the second phase particle.

Consequently, the strength needed to cut through or bow the dislocations
around the particlselectsthe active mechanism. However, as remarkable from Eq.
(7.1) or (7.2)and @), the active mehanismlargely depends on the radiwf the
obstacls. Figure 1 shows the dependentéoth mechanisms dheprecipitate radii

(with coherent boundary). It can be seen, that dislocagbould cut the smallest

11



second phase particldsut above a critical radius, thelyouldbypasghem by Orowan
looping[24].

In case of particles with sesir incoherent boundaries, the val¥iein Eq. (8)
is not changed, but the val¥d in Eq. (7) is increased. Therefore, the critical radius
decreases. Consequentlynaximum strengthening effect can be achieved by
precipitates with coherent boundaries and with radius equal to the aitiealvhere
the values o¥t derived fromEq. (7) and (8) are equal.

At elevated temperatures, the dislocations are thermally activated, and
bypassingparticles beconweasier. Therefore, the strengthening effect of second
phase particles decreasEsrther, ligh temperatures can result in particle coarsening
which lead to a decreasef their strengthening effecAt certain temperatures the
second phase patrticles can dissolve, reducing thus the matstriaiggth, however,

dissolution of second phase particles leads to solid solution strengthening.
1.2.4. Grain boundgrstrengthening

Grain boundaries represent inportant obstacle for moving dislocations in
polycrystalline material The strengthening due to grain boundaries has been found to
be expressible by the HaMetch relation for both pure metals and alloysr @avkarge
range of grain sizes §24, 28]:

N ¢ O 9)

where 0y is the yield stresstlo is the contributionof other strengthening
mechanismdd is the grain size, arklis a constant individual for each material. This
constant characterizes the shear stress required to release accumulated dislocations.
Reducing the grain size, the density of grain boundaries and their strengthening effect
increases. Therefore, grain balamy strengthening is the most essential strengthening
mechanism in ulafine-grained materials.

The HallPetch relation is applicable only@ase ofnaterials with a grain size
above a critical value. When the grain size decreases below the critical aralu
becomes unable to support dislocation -pibes, weakening mechanisms as viscous
flow occurs and leads to a decreasstimengthwith decreasing grain siZ84]. This
critical grain sizas below 10 nm for most metdl34, 35].

At higher temperatures or in materials containing -aquilibrium grain

boundaries (as in heavitrainedmaterials), dislocations can be trapped by grain

12



boundaries and annihilate thede. materials with high volume fraction of grain
boundariestis mechanism leads temarkablesoftening. Moreover, with decreasing
grain size, other deformation mechanisms like grain boundary sliding occur, leading

to abreakdown of the HalPetch relation.
1.3. High temperature stability of strength

A brief overviav of strengthening mechanisms given in previous paragraphs
shows that temperature strongly influences the madéésabngth especially through
phag composition and microstructurahanges. In order to maintain high material
strength also at elevated tpanatures, the stability of second phase particles and grain

structure is required. Both thesspacts will be discussed below.
1.3.1.Stability of strengthening particles

Due to the temperature dependence of the equilibrium solid solubility of solutes
in solvents, the content of second phase particles varies with varying temperature.
Changing the temperature, the decreasing equilibrium solid solubility leads to
formation ofsecond phase particles, whereas increasing equilibrium solid solubility
results in their dissolution.

Beside processes induced by altering the temperature, second phase particles
can evolve also at a constant temperature. The material containing secasé p
particles can reduce its energy among others by lowering the surface to vatiome
of second phase patrticles, i.e. by a growth of larger particles at the expense of smaller
ones.The kinetics of this process, also called Ostwald ripeningorgrolled by
volume diffusion of solute atoms from shrinking second phase particles to growing
ones.

As showed B Lifshitz, Slyozov and Wagn¢B6-38] for coarsening of particles
in binary alloysthe average particiadius6YOincreases with timeas fdlows:

dyoO o6vyo mO Qo (10)

wheredY 0 Ois the average particle radius at timéY 6 1 Omeans the
average particle radius at the beginning of coarsenin@Xisdhe rate constant, which
can berelated to properties of system as

Q6 0w,, (12)

13



whereD is diffusivity of alloying element is the equilibriunsolid solubility
of thealloying element and is the matrixprecipitate interfacial enerdg8].

In order to maintainthe strengthening effect of second phase particles also at
elevated temperatures, their size has to be stabilized, i.e. Ostwald ripening has to be
prevented. Hence, it is essential to choose proper alloying elements. According to Eq.
10and 1, elements wittow diffusion coefficient and low equilibrium solid solubility
in matrix, which form second phase particles with a low interfacial energy (low misfit)

to the matrix phase should minimize the coarsening rate of second phase patrticles.
1.3.2.Stability of gmain structure

It has been shown in paragraph 1.2.4. that grain boundaries represent obstacles
to dislocation movement and Incomertonetaimut e t
its contributionto strength the grain size has to be stabilized. Howeadrigh amount
of energy connected with grain boundaries especially in fine grained materials
represents a large driving force for total energy redndhrough grain coarsening
[39].

Grain coarsening occurs usually throwgiigration of grain boundaries into
neighbouring grains. The velocity of grain boundary migratjenduring grain
coarsening can be expeed a$39, 40}

o 00 0 Q7 —, 12

whereM is the grain boundary mobilityy denotes the driving force for grain
growth, Mo is the grain boundargnobility constantQm is the activation energy for
grain boundary migratior, is the grain boundary free energy per unit paear the
radius of grain boundary curvature.

There aretwo possibilities how to reduce the velocity of grain boundary
migration: a thermodynamic and a kinetic way. The thermodynamic way of grain size
stabilization is based on the reduction of activation energy for grain boundary
migration Qm), which is oftendone by doping boundaries with solutes having large
atomic sizemismatch with the matrix atonj41]. The kinetic approach relies on the
reduction of grain boundary mobilityl [39, 42] This is performed especially through
secom phase particles and inclusions, dispersed in matrix, which can apply pinning

pressure on grain boundaries (Zener drag mechanism), which counteract driving force

14



of grain boundaries movemerithe pinning pressur®yf) exerted by particles on unit
area ofgrain boundary can be expresse{4a3:

o — (13)

wherefp is the volume fraction of randomly distributed spherical precipitates,
rpis their diameter and is the specific grain boundary free energy.

If the driving force of grain growthR) becomes balanced by Zener pinning,
the grain coarsening stops. The materials final average graifGiQthen can be

expressed g44]:
0O | -2 (14)

whered Qdenotes the average radius @ifilis an average volume fraction of
spherical second phase particles, @and is a constant. According to Eq4,1
introduction ofa high volume fraction of fine second phase partic@senhancthe
Zener pinning on grain boundaries and a fine grain size can be retained.

Coarsening of second phase particles at elevated temperatures results not only
in a reduction of their strengthening effect (as mentioned in the previous paragraph)
but also in arop of the Zener drag and a higher grain boundaogility. Moreover,
in case of extreme temperatures, the kinetic way of grain size stabilization becomes
impractical, since the mobility of grain boundaries follows an Arrhenius type function.
Under theseconditions the thermodynamic way of stabilization becomes more

important as the grain boundaaryergy is only slightlydependent on temperat#b].
1.4.Theory of pocessing methods

As mentioned in the introduction, the dey@ient of modern materials with
unique properties requires usually alternative processing routes. In the current thesis a
PM route was chosen. Both its parts, i.e. the powder production and its consolidation

will be discussed below separately.
1.4.1. Powdeproduction techniques

Fine grained powders can be processed by a widetyarigechniques, as
listed in[7] or [46]. The three main powder production methods are:

1 physical methods as rapid solidificatjon
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1 mechanical methods: crushing, grindinggchanical alloying, milling

9 chemical methods: electrolytic deposition, precipitation from liquid or gas
etc.

Rapid solidificationand milling, used in the current reseayatill be further

described in detail.
1.4.1.1. Rapid solidification

Rapid solidification techniques enable a rapid extraction of thermal energy
from the molten metal. Cooling rates up to® k8! can be achieved, whereas
conventional castinig characterized bgooling rates below £Ks™ [8, 47]. The high
cooling rate of RS leads tandercooling of the melby 100K or more[7, 8]. This
technique therefore offers advantages in comparison to conventional casting
techniques, like:

1 extended solid solubility

1 suppression of precipitation cefinement of precipitates

1 formation ofnonequilibrium phases, quasicrystals

1 grain size reductian

The solidification microstructure is influenced by the rate of the iojidd
interfacemovement(solidification velocity, Vs) and the émperature gradiefGr),
resulting from the melt underabng and the recalescence. Beside these thermal effects
also the kinetic effects have to be considered. The solidification kinetics is mainly
influenced by solute segregation and interface en&igy

Undercooling ofthe melt to a high degree can lead to extreme temperature
gradient and formation of a single phase metastable solid solutiarseregation
free microstructure. The resulting material then exhibits a compositional uniformity,
and the supersaturated sio$iolution can serve as a basis for controlled precipitation.
However, this is attainable only at a specific undercoolingarying with the
concentration of solutewhere the free energy per unit volume of the liquid toed

solid solution is the san{d7].
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Figure 2. Schematic representation of the dependence of solidific

microstructure on the temperature gradient aotidification velocity during
solidificationof alloys taken fron{48].

During solidification of alloys, solute atoms usually are unable to diffuse away
from the fast moving solitiquid interface to maintain a uniform composition in
liquid, which leads to a constitutional undercooling of the melt along the interface. The
resulting thermal gradient can destabilize the planar growth front. Nevertheless, at
higher growth rates the interface energy has a stabilizing effect, resulting in a planar
growth. However, as the solidification front velocity slows down or the temperature
gradient decreases a transition from planar to cellular, or from cellular to dendritic
growth mode can appef, 47], as illustratedn Figure2.

The high degree of undercooling leads also to a high nucleaierand thus
to a fine grain sizg8]. However, gtreme cooling rates small volumes of material
can result imninsufficient time to more than one nucleation event leading to single
crystalline powder particig49].

Thebroad spectrum of rapid solidification techniques can be divided into two
basic groups. In the first group, the RS is achieved by a high rate of heat extraction.

The melt spinning is a typical representative of these so called chilling methods. In the

17



seond group, the melt is undercooled before nucleation, which is typical for so called
atomization method®0].
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Figure 3. The scheme of the gas atomization methibid

During atomization, thenolten liquid metal is broken up into droplets which
then solidify into a metal powder. Three different types of atomization processes can
be distinguished according to the processes disintegrating the molten exglakion
of liquid metal, fragmentatio by centrifugal acceleration or impingement by an
atomizing media. In the first case, for examplemg vacuum atomization, the molten
metal is exploded into droplets after its exposition to vacuum. Centrifugal atomization
forms droplets of metal by rdtag a molten metal electrode. In the last c#se}iquid
metal stream is impinged into droplets by a high pressure gas or liquid stream serving
as the cooling media (see Figure 3).

Powders of metallic materials are frequently prepared by gas atomiasitign
inert gases like p) He or Ar. The inert atmosphere helps to avoid moisture absorption
on the powder surface and the degassing step prior to consolidationézedet]47].

The disintegration of molten metal during gas atomization can be divided into
5 stepd8]:

A unstable wavy melt stream after its contact with the atomizing gas

A formation of ligaments or wave fragments

Athe decompositionof ligaments/iwave fragments into droplets/primary

fragments

A further disintegration of droplets/primary fragments
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A collision and coalescence between the droplets/primary fragments
The size distribution and shape of resulting powder particles depemaiogea
of variables, ke nozzle design, type of atormg gas, gas flow rate, moltenaterid
flow rate, type of metal and its temperat{ife8]. Depending on the cooling rate and
the surface tension of the cooled material the atomized powder shapescfrange
spherical through coalescence spheroids to coalescence membrane product (with

decreasing surface tension and increasing cooling rate).
1.4.1.2. High energy milling

As mentioned above, RS extends solute solubility eefohes grain size.
Further microstructural refinement can be achieved by mechanical milling of the
rapidly solidified powder. Simultaneously, mechanical milling can extend solid
solubility compared to RE1].

There are two differerterms denoting the processing of powder particles in
high-energy mills. Mechanical alloying is used for processes where mixtures of
dissimilar powders are milled togeth#&f]. The goal is to obtain a homogeneous alloy
through naterial transfer. Milling of frequently pralloyed powders, where the
material transfer is not the primary goas, denoted as mechanical millig1].
Mechanical millingis a widely usedPM method developed for powders grain
refinement and producing dispersion strengthened alloys with a uniform distribution
of fine second phase particles.

Mechanical millingcan improve the material strength as follows:

A the high density of dislocations lesatb work hardeningEq.4)

Athe refined grain size raises the strength accordifgt®

Amilling usually extends solid solubilityenhancing solid solution

strengthenindEq.6)

A'second phase particles, dispersoids or precipitates, introduced @to th

material or evolved during milling contribute to dispersion or precipitation

strengtheningEqg. 7.1, 7.2 and 8.

From the macroscopic point of view, the powders evolve through repeated
deformation, fracture and welding of powder parti¢l€ld. On a microscopic scale, at
early stages of milling the deformation is localized in shear bands. After reaching a

certain strain level the dislocations recombine or annihilate leadiafptonation of
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small angle boundaries. In this stageanometer sized crystallites can be formed.
Further milling leads to a steady state grain size distribution with randomly oriented
grains dvided by high angle boundarigkl].

The minimum grain size obtainable by milling istetenined by a balance
between the dislocation generation induced hardening rate and the recovery rate from
dislocation annihilation and recombinatidrhe model developed by Mohamg®]
predicts that the minimum grain size s=lnversely with hardness, proportionally
with stacking fault energy and exponentially with recovery activation energyfaeec
centred cubicnetals were long claimed to be too soft for effective energy storage
from milling and, thus, for grain size dection due to their high recovery rate.
Nevertheless as shown first by Edket al.in [35], choosing proper conditions even
nanocrystalline fcc metals can be prepared.

During milling, impurities can be introduced into the milled powder from the
milling media, as ballsjar or atmosphereFor example, niling of Al powders is
carried out usually in a stainless steel me@@ntamination of Al powder by Fe during
MM was reported to beery low, since Fe content in milled Al powders was reported
to be 0.04 at%fter 20 h of milling35] resp. 0.12 wt%fter 8 h of milling[53], which
is below the impurity level of Fe imostcommercial Al alloys[54]. The milling
atmosphere can be diffused or entrapped into powder particles during milling or it can
form various second phase particles with the powders matrix. Nitrogen or ammonia
can be used to prodemitrides; hydrogen atmosphere contributes to formation of
hydrides. Further, milling in air leads formation of oxides[55]. To avoidthis
contamination the milling area should be evacuated or filled with inert gases,
esped@lly in the case of reactive elementsfa$10, 11]. Nevertheless, the introduced
solutes, oxides nitrides or other phasesan play a significant role in materials
microstructural stabilizatiothrough solute dra@56] and Zener pinning57, 58].

Zener pinning of grain boundaries by AIN and@{ particles was shown ®uppress
grain coarseninguring consolidation ofryomilled Al5083powderg58].

Beside fracturingalso cold welding of powder particles can ocduring
milling. Cold weldingoccurs alsobetween power particles and milling balls or
milling jar. This process diminishes the production efficiency of mechanical milling
as a significant amount of the pogrdremains stacked to the milling balls or jar.
Removing of these stacked powder particles is very complicated and if the same

milling balls and jar are used for further milling the new powder carpdrtially
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contaminated by residwsafrom previous millirgs. A process control agent (PCA),
which absorbs on the powder particle surface and reduces the surface energy prevents
excessive agglomeration and mediates cold weldfily In case of Al alloys stearic

acid is usually used,ub ethanol, toluene or methanol were also reported as PCA for
ball milled Al [10]. PCAIis alsoa source of hydrogemxygen and carbof60, 61].
Therefore, it is suggested to dedfae milled powders before consolidatiorrémnove

volatile contaminants, since after powders consolidation the dissolved and trapped
gases can result in porosity and degrade final mechanical propedfie®n the other

side, PCA also canad to dispersion strengthegof material by oxides and carbides
derivedfrom the agent

Beside the PCA, cold welding can be suppresssoby lowering the milling
temperatur§l1]. This acceleratdsacture processes and helps to attain the steady state
conditionsmore rapidly Cryomilling (milling at cryogenic temperatures) offers the
following advantages compared to milling at rotemperatur¢62-64]:

A suppresses agglomeration and welding of the milling media

A suppresses solid redistribution, recoveryecrystallization

A contributes to further grain refinement, deeently up to a nanocrystalline

range

A reduces the milling time required to form a nanocrystalline structure due to

a suppresen of dislocation annihilation,

A reduces oxidation under tipeotective nitrogen or argon atmosphere

Beside the milling temperature, there are also other variables which determine
theresulting microstructure of milled powdei hese variables, likiype of the mill,
material & milling balls and jarsize of balls ball to powder weight ratio, filling,
milling time, and milling rate have then a pronounced effect on powders final
microstructure and properti€k0, 11].

There are several types of ball mills differing in their setup, arrangement for
cooling, atmospher control and efficiency of millingThe planetary ball mill and
attritor belong to thenost commonly used mills in production of fine grained Al
powdes[10, 11].

Planetary ball mills get balls into stirring motion ayotation of the hollow
cylindricalmilling jar about its axis with a concurrent rotation of the milling jar system
in the opposite direction resulting in a platiké motion. The scheme of a planetary

ball mill with the marked rotation directions is presented in FidareSince the
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individual jars and the jar system rotate in opposite direction the centrifugal forces act
in like and opposite directi@j10]. This causes the milling balls to run down the wall
of the jar and keep on grinding the powflkt].

Attritor (Figure4b) consists of a stationary cylindrical grinding chamber and a
drive shaft with multiple impellers set at right angles to each other and perpendicular
to the shafts axis. This rotating shaft puts theinglinedia and powder into stirring
motion. It energizes the milling balls, causing impact between balls, charge, shatft,
impellers and container wall. The attritor tanks are jacketed allowing thus a more
precise temperature controbmpared to usual planeyaball mills. Flowing water
between thenilling jar and its jacket cools the tank vessel aetps tosuppress heat
generation during milling, which could lead to massive solid reorganisation, recovery
and recrystallization of the powder material.

As different mills differ in setup, temperature and atmosphere contrahetc.
efficiency of milling differs. According to[10] the milling efficiency of attritor is

above that of the planetary ball mills.

d

Figure 4. Thescheme of the most commonly used mills in production of fine gre

Al powders a) planetary ball mill and b) attritor

During ball milling, powder is altered through the high energy collisions by the
milling jar and milling balls. The energy introduciedio the powder material depends
also on the characteristics of the milling jar and balls. Milling jars and balls are usually
made of steel, tungsten carbide, alumina or zirconium oxide. Using WCOr Zr
diffusion and abrasion resulting in contaminatiam ®e minimizedtthe expense of

the higher codtl0]. The size and density of balls influences the grain refinement rate,
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since balls of higher specific gravity provide higher impact energy events resulting in
ahigher transfeedenergy{11].

Increasing balto-powder (BTP) ratio increases the number of collisions per
unit time and thus the energy transferred to powder particles. However, this also leads
to a possible increase in generated hedingitlepends on the mill type used, usually
it is about 50% to ensure enough space for the motion of milling medipoavaker
[11].

Increasing milling time reduces the grain size exponentially up to a certain
stationary valug¢l1]. However, prolonged milling can lead to undesired contamination
or formation of unwanted phases. Increase in milling rate characterized by rewlution
per minute (RPM)usually increases milling intensity leading to quick#ainment of
the steady state. However, there is an upper limit as the balls should not be pinned to
the walls of themilling jar (in case of moving jars)urthermore, a very high RPM
can lead to undesirable temperature increase which might neganflelnce the

microstructure of the milled powdgt1].

1.4.2. Powder consolidation methods

The small size of powder particles limits their engineering appliba
Therefore, they have to be compacted into bigger parts usitaple techniques.
These techniques should lead to full density compacts and, simultaneously, have a
minimum influence on the powders favourable properties in order to retain them in the
compact.Solid state consolidation of powders is completed througheamally
activated mass transport driven by a surface and grain boundary energy reduction.
Most consolidation methodsas cold pressing (CP), cold isostatic pressing (CIP), hot
pressing (HP) and hot isostatic pressing (HIB¥e pressure (and in casfeHP and
HIP also elevated temperatures) to produce bulk samples. OthersSRHiBeise
additional sintering mechanisms in order to get full density at temperatures lower than
thoseused during HP and HIR5].
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1.4.2.1. Coldpressing, cold isostatic pressing, hot pressing, hot

isostatic pressing

Bulk samplescan be preparefilom powders using pressuless and pressure
assisted forming operations, with or without externahting[10, 65, 66] To the
pressurdess sintering tehnologies belong methods as slip casting or microwave
sintering. During sintering by these technologies, the powder is filled into a mould
with or without a convenient liquid. Further, the mould is trimmed and led to d@sy or
heated by microwave heatif@jy].

During pressure assisted forming methods, the powder is filled into a closed
die and the pressure is applied using punches or isostatically by a bath. According to
the measure of external heating, these methods are divitiedoold and hot
compaction methods.

In cold compaction methods, the temperature does not exceed the level, above
which typical high temperature deformation mechanisms like distocabr
diffusional creep occufl0, 46] During cold compaction theensfication proceeds
due torearrangement of powder particles, their plastic deformatnmhformation of
mechanical bonds at intparticle interfacef46].

The most widely used cold compaction methodsCi*r@ndCIP. During CP,
the pressure is applied uniaxially, using one or two punches. The friction at the die
wall and the nature of the load distribution inside the die leads to heterogeneous density
of the green sampld6]. CP is usuayl used to prepare a desired shape compact from
the pavder, with a density around 80968]. During CIP, the pressure is applied
simultaneously and equally in all directions using a pressure transmitting fluid or
powder bed, whees the powder is sealed in elastomer container shaped for the
application. The absence of wall friction enablesnbgeneous density distribution
[46]. Material processed by CIP can reacko8% of the theoretical densi{6, 69.

Higher densitycompactsan be obtained by sintering at elevated temperatures,
where additional densification mechanisms occur. Temperatures above half of the
melting point of given material lead to thermal activation of matandltosufficient
masstransport between powder particles. The activated densification mechanisms are
plastic yelding, powetlaw creep, diffusional creep and grain boundary slidé&].

HP andHIP belong to the most used hot compaction methods. Similar to CP, HP uses

axial pressure whereas during HIP the pressure is applied isostaasdilying CIP.
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Due to the elevated temperature the porosity is reduced byagaksth, plastic
deformation ofpowders, creep and mass diffusion, leading to samples with improved
density (when comared with CP and CIP samplg¢6p]. HP was reported to lead to
densities up to 99% of theoretical density inreAl-Cu sample, but the sangplvas
processed at 458 C  u n dMPa withi@ 8 long period,I2 whichled to extensive
grain growth[70]. HIP was reported to lead to density up to 98i8 an AFCu-Mg
alloyusing580QA C and 1 3andiiRedighftempatu® was repoet to lead
to localized melting71].

The conventional consolidation methods as CP, CIP, HP, and HIP, are usually
followed by secondary processing @xtrusion, forging or rollin§j72-75]. Theseare
used to change the shape of the final part, to further raise the densitybaedkdhe
oxide layer present otine surface of powder particlas some alloys. Oxide layers,

due to low diffusion rates through the oxide layer, hinder solid stateisgifé8]. But

using secondary processing techniques these oxide layers can be destroyed and a

metatmetal contact between powder particles can be achieved.

Althoughthese method<CP, CIP, HP and HIPnake possibléo attain a fgh
density compact and complex shapadples, they are regarded to regspecialized
and costly instruments which operate at high pressures and daswple size
restrictions which present serious prohibitions in significant upsgfO]. Another
issue is connected with the relativelyslove at i ng r at e [{7§ which n d
also varies with the sinted part 6s v ol ume. The sl ow
temperature means prolonged heat exposure. As already mentioned, spowder
processed by RS or mechanical millageusually in a norequilibrium state with a
high level of supersaturation, metastable phdsgh,dislocation density (just in case
of mechanically millegpowder) and small grain size. Such mateméll tend to their
equilibrium during long exposition to elevated temperatyv@3. Prolonged heat
influence could leatb solid redistribution, transformation of metastable phases to the
stable ones, dislocation rearrangement and annihilation dueogvery and
recrystallization.Further, grain coarsening can occur along with precipitation of
phases from thsolid solution. Therefore, the powder should be exposed to the lowest
possible temperature for the shortest time at which it is still possible to achieve a full
density materialCompaction methods capable to produce high density predittt
ashort exposition to thiewest possible sintering temperature have to be sought.
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1.4.2.2. Sparklasmasintering

Sparkplasmasintering also called pulsed electric current sintering or plasma
assisted sinteringombines uniaxial pressure with heating by a direct pulsed e#dctric
current[15, 79].

The current enabledirect heating through Joule heat, witéating rates up to
1000A C/ mi n ,helps oilimiththe heat exposure time of the powder. Further
advantages of SPS are the lower sintering temperatmgpared to conventional
sintering techniqguesno need of preompaction of powders and the possibility to
producecompactwith nearly theoretical densitj15].

Figure 5shows the scheme of an SPS device and adlypcheme fothe SPS
process. During SP$1e powder is placed in @ed vacuum is set and a lamitial load
is applied to ensure the contact between the loosely packed powder particles. The
powder is heated with a defined heating rate to the chosen sintering temperature, and
a pressure is simultaneously appliEdyure %). Both the mechanical loashd electric
current can be maintained constant during the sintering cycle or they can vary during
the sintering process. The pressure may incrgieskially during the sinteringnd an
on-off pulse pattern with a-B00ms pulse duration can be appliedeltemperature
is usually controlled through axial pyrometers placed in a hole in the punch or by radial
pyrometer placed in a hole in the die, or with a radial pyrometer focusing on the outside
of the die. After sintering the sample is unloaded and cooled

The sintering is usually reported to occur in the following sti§:

A rearrangement of powder particles

A powders activation

A sintering neck formation

A sintering neck growth

A plastic deformation

In case of conductive powders, powders activation is reported to be promoted
by the spark discharge, which removes surface oxides and increases powder surface
leading to neck formation by evaporation, condensation and diffusion. The third and
fourth stepsare promoted by current, which flows through necks leading to Joule heat
and therefore fast densification. The plastic deformation in the last step is enhanced by

the applied pressure at high temperaf863.
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Figure 5 The typical scheme of aa) SPS devic¢l5] andb) of the SPS process

In conductive powders, the energy is dissipated within the sample and
conductive parts of the SPS toolinthus,the Joule heat makes possible to reduce
beside the duration also teaergy costs of sinterirf@5]. In non-conductive pwders,
conductive tooling neetb be used and the Joule heat generated in the SPS tooling is
transmited to the powder.

The maximumusedload is between 50 and 28 depending on the SPS
tooling materia[81]. The process can be carried out under vacuum or in a protective
inert gas atmospher&amples after sintering are free cooled, alternatively cooling
ratesup to150A C/ men be achievedue to the water cooling of the chamberaor

cooling rate o#00A C/ men be attainedith additional toolind81].
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In order to choose the proper sintering parameters, the processes taking place
during SPS should be discussed.

Mechanical aspects

Applying pressure during powder sintering was shown to promote
densification[82]. The pressure breaks up the powder particle agglomerates, changes
the amount and quality of contacts between powder particles. This way, it helps to
reduce sintering temperatures and to shorten sintering times without a negative
influence on the density amplain size of sintered compa¢&i].

The effect of pressure changes with temperatdirdhe sinteringpressure is
appliedalreadyat low temperatures (at the beginning of sinteringg,belowthe yield
strength of the powat and no plastic deformation occarrlf the same pressure is
applied at high temperatures, plastic deformation of powder particles can occur, as the
increasing temperature leads to a drop in the yield strength of most metallic powders.
Therefore, in conv@ional pressure assisted consolidation processes the pressure is
applied preferably at elevated temperatures, where the pores can effectively collapse
leading to higher densifB3]. Guillard et al. reported about sinteringS€C particles
by SPS[84]. They demonstrated, that application of pressure at the temperature of SPS
helped removing closed porosity and led to improved densification, compared with the
sample at which the pressure was applie@mperature below the SPS temperature.

On the other side, pressure applied already at temperatures below the SPS temperature
led to a slightly higher density in low temperature BBOAC) SPS compact s
milled Al powder [85]. The discrepancy can be explained by the behaviour of
materials. Whereas SiC particles are hard at lower sintering temperatures, Akexhibit

plastic flow which Imits formation of closed pores.
Thermal aspects

During SPS, the sample is heated directly by Joule heating, which in
conductive powdergeads tohigh heating rates. It enhancasnsificationdiffusion
processes and reduces the time and the temperature needed to attain full density
compared to conventiahsintering methods as HP or HIP, where the powder is heated
by conductior]15, 86}
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The rapid heatingnakes possiblé reduce the influence of prolonged, high
temperature exposition. Among others, it lintitegrain growth. Sintering of alumina
was praeented to lead tafiner grain size if higher heating ratevae used87]. Munir
et al concluded the same inverse proportion between the heating rate and resultant
grainsize[88].

Beside the heatq rate, the cooling ratan also have a pronounced effect on
the samples final microstructure. Ciogj rates of 1.6 to 6.9%¢ were achieved by gas
guenching after SPS of Ti6Al4V alloy and led to an increase in materials ultimate
compressive strength and ductility and to the formation of nanocrystalline
intermetallic phas€89]. A rapid cooling from isitering temperature can avoid further
inconvenient processes as grain coarsening or undesirable coarsening of second phase
particles.

The nonuniform arrangement of powder prior to sintering can lead te non
uniform heating. Further, the ndmomogeneous ctent path can lead to high local
temperature gradients, local melting, which is more remarkable at larger sintered
sample sizes and complex shap@k, 90] The noruniform temperature field can
create thermal stresses which contribute to the deformaitjpowder particles during
sintering through dislocation creep.

Electrical aspects

Due to the nothomogeneity of the packed powder partiaiegss the current
flows at the beginningfesintering through powders contact points making percolation
current pats. This asymmetric distribution of current leads to changing magnetic flux
in each grain, which then become individual heat soufdes.Joule heat generated
along the current path leads to neck formation, where the electric resiftilgiyand
high curent density appears leading to high heating rate. The temperature at these
places can highly exceed the set one, which can lead to local melthadjcbstate
recrystallization. However, the electric resistivity of the hot spots increases,
consequentlyhe current flow is diverted to other contact points forming further necks
at various places, leading to a more uniform sintering. The presence of localized high
current density, along with localized high temperature and stress at contact point of

particles was rgealed by finite element modellin@1]. These mechanisms were
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considered to be responsible fmbimodal microstructure of an SPS consolidated
cryomilled AI5083 powdef91].

As the material bthe SPS tooling is different from that of the sintered powder
the Peltier effect can appear. The discontinuity of the Peltier coefficient leads to
differences in the tooling and powders temperature, which in case of conductive
powder can be neglectéstl].

Although usually only the thermal effects of the current are discussed, the
current has also netlhermal effects. The electrical fields present in the sintering die
influence the mass transport. The contact of different SPS tooling and powder
materials cases also electrochemical reactions and electromigrgg&2]

The presence of current leads to electroplastic effect. It means, that under the
effect of electric field, metallic materials exhibit lower yield strengthnttiin the
absence of the field5].

Further, electrical current can cause nucleation of second phase pg88tles
Increased current density can decrease incubation time and increase the growth rate of
second phase particles, asmhances mobility and defect concentraf@$i95].

Generation of electrical discharge and spark ptadratween the powder
particles was discussed Inyany researchers, however, their presence was not yet
unambiguously demonstrated. They are proposetbemsurface ofpowder particles
leading to enhanced sintering. However, the low values of applied voltage in SPS does
not fulfil the basic principle for plasma generation between gaps of powder particles
as stated i96]. Sone researches confirmed, some refused themeration during
SPS.0zaki showed, that during SPS of Al powder no discharge was present when
graphite die was usd#7]. Tokitareported neck formation due to presence of plasma,
but his research was declined by othf88]. Yanagisawa reported sparks between
some particular Cu powder particles subjected to single pulse discharges, but it had no
apparent influence othe neck formation98]. A research conducted to understand
SPS mechanms by Zhang et a[99] showed the occurrence of spark discharges
during sintering by direct visual observatidn contrast, Hulbert et glL00] utilized
acoustic emissiospectroscopy and ultrafastsitu voltage measurement beside direct
visual observation of SPS process on various powders and concluded, that no plasma

was present during sintering.
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Material aspects

SPS is widely used for consolidation of a large variety of both novel and
traditional materials. SPS was reported to produce biomaterials, catalysts, glassy
materials, nanostructures, piezo and pyroelectrics[&®¢. Moreover,it was meny
times shown to enhance the properties of the final samples, compared to samples
prepared by traditional routes. SPS led for example to appearance of superplasticity in
ceramicg101], improved magnetic properti¢s02], improved bonding qualit{88]
etc.

Sintering parameters of different materials differ due to the intrinsic and
extrinsic characteristics of the sintered powders. As SPS is a solid stateginter
technology, the sintering temperature is below the melting point of the sintered
powder. Nevertheless, ceramics need high temperatures and pressure for densification
as they have covalent bonding and low -siffusion coefficient[81]. Metallic
materials have to be sintered at temperatures, where grain boundary and volume
diffusion are present. Nanostructured materials have to be sintered with short holding
times and large pressu@avoid undesirable coarsenifi@3].

The effect of the sintered powder size on the samples final mechanical
properties was studiegimong otherdy Diouf et al.on a Cu gas atomized powder
[104]. He showed, that the compacts final densityrel@ses with increasing particle
size. Similarly, sintering of sieved Mg powder led to higher density compact when
powder with firer particle size was compactdd5]. Similar effect was observed for
several Al alloys prepared b$PS[85, 106]

1.4.2.3.Comparison of consolidation methods

During SPS, the direct Joule heating of the conductive powder and the high
heating rate enhance densification processes, compared to other consolidation methods
(as e.g. HIP). Further, tlikensificatiormechanisms activated by pressure, thermal and
electrical effects promote to attain a high densttynpact.

Several studies compared the influence of different sintering technigues.
nanopowders were compacted by HIP and SPS by Gubicz§8&]aEPS was shown
to lead to dense samples already at lower temperatures than HiRtlalaited grain
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growth. Similarly, Bousinina et al. sintered Ni nanopowder by SPS and HIP and
concluded that the grain coarsening wasefimited in case of SPS procgd®7].

Zadra et al. performed experiments on pure Al sintered by SPS technology in
two modes. They sintered samples in contact with SPS punches through a conductive
graphite foil or placing a neoonductive alumina spacer between the sample and the
powder. In thesecond case the sample was heateddnaatly as in case of HP. Zadra
showed that thelirect Joule heatingged to amore uniform sintering108]. Similar
experiment was performed by Kellogg et al. Using insulating die, no degkity
sample could be processed from atomized Al5083 poyld®]. SPS of cryomilled
Al5083 powder led to bulk compacts using both, insulating or conductive die, but there
were found differences in theiraitture morphologyrad hardnesgL09, 110]

Khalil sintered an AI6061 alloy with HIP, microwave sintering, furnace
sintering and SPS, and found that the highest densis obtained for SPS samples
[111]. Eldesouky et al. reported enhanaedchanical properties of SPS processed
micro- and nanesized Al2124 powder compared to the HP countefgait Similar
enhancement of mechanical properties of an SPS sintered Al alloy compared to the
material preparelly HP was reported ifi12].

Due to the economic and technological advantages of the SPS technique like
enhanced heating rate, relatively low sintering temperature, shorter holding time, not
necessary preompaction, no need sfntering agents, applicability to haralsinter
materials, cleaning effect on boundaries and enhanced final properties along with the
retention of powders initial microstructyréis technology offers a lot of advantages

compared to conventional sintering technologies.
1.5. Aluminium alloys

Al uminium is denoted as the most abun.
however, due to its high chemical activity it never exisissipureform. Al is present
in the form of compounds almost in all minerals, vegetation and animals. Al is about
three times lighter than iron or copper and is an excellent conductor of heat and
electricity. Furthermore, a tough inert oxide film is immeelyaformed on its surface
when exposed to air, leading to its high corrosion resistance. Therefore, Al is widely
used in transportation, building materials, consumer durables or chemical and food

processing equipment.
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Pure aluminium (99.996%) is soft andeak with an ultimate strength of
approximately 10MPa[4]. Al of commercial purity (999.6%) becomes harder and
stronger due to the presence of impurities, especially of Si and Fe. Further strength
increase can be achieved iftBased alloys. According to the main alloying elements
(e.g. Cu, Mn, Si, Mg, Mg+Si, Zn), the aluminium alloys are divided by the Aluminium
Association system into 9 familieAlLxxx to Al9xxx). Some alloying elementfor
example Mg) exhibit a relativelyhigh solid solubility in Al already at room
temperature and solid solution strengthening is typical for such gldy. The
strength of these alloys cannot be significantly influenced by thermal treatment and
thus these allayare norheat treatable. On the othedesi Al alloys containing alloying
elements with limited solid solubility at room temperature and with a strong
temperature dependence of solid solubf{lity exampleCu) can be strengthened by a
suitable thermal gatment. Appropriate precipitates can be introduced into the alloy
during this thermal treatment improving thus its strength. Suckisatice called heat
treatableThe strength of heat treated commercial Al alloys exceed®®%(]4, 5].

Grain refinemento submicrocrystalline or even nanocrystallimange can
further improve the materid@sstrength. Methods of severe plastic deformation
(especially the method of equethannel angular pressing) were frequently used for
these purposes. However, it is difficult to combine SPD techniques with heat
treatment. Formation of precipitates of stréwgting phases prior to SPD usually
limits deformability of the material ancesults in cracking during SPIThis is
espeially true formost Al 7xxx type Al alloys containing Zn as the main alloying
elemen{114, 115] where strengthening phases form rapafter quenching, limiting
thus the time for the following SPD. This limitation was overcome byagneg
treatment, however it led to overagiconnected withemarkablestrength los$116].

Powder metallurgy represents aneatiative processing route which could
combine the contribution of several strengthening mechanisms. The following sections
provide a overview of results obtained arious PM Al alloys, especially on those

with composition similar to materials investigdtin our research.
1.5.1. Powder metallurgy of aluminiuatioys

Powder metallurgys widely used in the production of Al alloys. Materials with

desirable properties, not attainable through conventional metal working processes, can
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be praluced through PMMoreover, PM processing route is characterized by a large
flexibility in material selection and design. PM route is currently extensively used to
produce high strength and/or creep resistant Al alloys with properties beyond the levels
of ingot metallurgy The best green material for such applications is a powder with
fine, supersaturated microstructure, or with a dense distribution of fine strengthening
particles which are resistamt coarsening and dissolution. Such microstructiare
usuallyachieved byapid solidification, mechanical milling and alloying.

Gas atomization belosgo the most widely used rapid solidification methods
for the preparation of PM Al alloys. Atomization processes were reported to produce
generally spherical powder particlesthva wide size range. Yng the medium of
atomizationor the process parametgise resulting particle size can be tailored. Since
the solidification rate of the powder particledsterminedorimarily by the size of the
solidifying droplet the actuapowderparticle size also influences itsicrostucture
[117]. Atomized powder particlegere reported texhibit segregation free, celarlor
dendritic microstructuie[49, 118124. An increasingsolidification velocity and
temperature gradiendlter the microstructure from dendritic through cellular to
segregation free. Therefotle largest powder particlesharacterized bihe slowest
solidification rate- exhibit dendritic microstructurfl25]. Faster solidification leaxd
to cellular microstructure. Increasing cooling rate leadsto a refinement of cells
and dendrite§49, 121, 122, 121 The highest solidification rates suppress formation
of intermetallic particles, and cdead to formation of amorphous phases as it was
shown for an AlINi based alloy irf122].

Atomized powders are characterized by grain sizes from a few micrometres up
to several tens of micrometrgkl8, 124]. The rapid coolingluring gas atomization
influences also the alloys phase composition. Metastable phases and extended solid
solution is widely reported to occur in atomized pow{#®]. All thesecharacteristics
the fine grain sizepresence ometastable phaseand extended solidolubility can
lead to relatively high microhardness of these powders.

Further microstructural refinement can be achieved by mechanical milling of
powders. The actual measure of refinement depends on the alloystipsoped
milling parameters. Milling usually leads toa remarkable refinement of
microstructure.

Fcc metals, as Al, were for a long time considered to have a limited ability to

grain size reduction through milling, claiming they are too soft for effective storage of
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deformation energy. Nevertheless, appropriate milling times were reported to lead to
grain sizes in the nanocrystallimangein Al-based materialglO]. Several authors
reported about remarkable grain size refinement using different mills dhdgmi

parameters (see Tallg

Material Parameters of milling Final grain size Reference
Pure Al Shaker mill, 22 h 22 nm [35]
Pure Al 20 h 39 nm [126]
Pure Al 100 h 25 nm [127]
Pure Al 32h 21 nm [128]
PureAl Cryomilling, 8h 26 nm [129]
Al6061 20 h 30 nm [130]
Al2124 60 h 18 nm [77]
Al-Cu 4 h 60 nm [131]
Al-Ti 60 h 21 nm [132]
Al-Ti Cryomilling, 60 h 16 nm [132]
Al-Fe 150 h 26 nm [61]
Al-Mg Cryomilling, 7 h 29 nm [133]
Al-Mg Cryomilling, 8 h 26 nm [63]
Al-Mg Cryomilling, 8 h 20-200 nm [60]
AI50Mg50 76 h 2nm [134]

Table 1. The final grain sizef Al alloys reached by mechanical milling with different

parameters

The minimum ever achieved grain size reported for any Al alloy was 2 nm.
Such grain size was achieved by mechanical alloying of Al and Mg powders with a
composition corresponding to AI50Mg50 for 76 h in amause built mill[10,134].
Beside the graisize reduction, mechanical milling refines/dissolves second
phase particles and enhances solid solubiMgchanical alloying of A a6 Fe
powder ed to dissolution of 3.3 & Fe [61]. An enormous enhancement of the
solubility of Fe in A up to 4.5 at% was reported [ih35] (the maximumequilibrium
solid solubility of Fe in Al is0.025 a¥% at 655A G4]). In an AF15 at% Cu alloy,
mechanical milling was reportdd enhance solid sdhility of Cu in Al to 5.6 a%
[136], whereas mariumequilibrium solid solubility of Cu in Als 2.48 &% at 550A C
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[4]. The solid solubility of Mg was reported to be enhanced @%8n an AI70Mg30
and up o 45 a% in an AI50Mg50 alloy134], although the equilibrium solidbubility

of Mg in Al is 1.2 a% at RTmaximum is 16.26 &6 at 450A ¢4]. Mechanical milling
was shown to enhance solid @olity of Ti in Al to 7.5 wt%[137], however, it has a
maximum equilibrium solid salbility of 0.57 a% at 665A 4]. After P0h of
mechanical alloying3 a6 of Zr werereported to be successfully dissolved in Al,
although themaximumequilibriumsolid solubilityof Zr in Al is 0.085 & at 660A C
[4, 138]. Mendis et al. dissolved up 1%tof Zr in Al-Fe alloy aftero0h of milling
[139].

Powder consolidation is probably the most serious problem of powder
metallurgy of Al alloys.There are several problematic issues connected wigl it.
powders usually need degassing priacdasolidation. Thattainment of high density
compact requires generally high pressure and/or temperatures and long times of
sintering.The hard oxide layer on the Al powders surfac®lers attainment aigood
metatmetal contactA brief review concermig these issues follawv

Aluminium powders are usually degassed before their consolidation to remove
the trapped contaminants which can contribute t@gty and material degradation
[140]. This is usually performed at tempenatsbetween4d00AC &26AC f or
several hourd72-75]. This long exposition to elevated temperatures can lead to
degradation of powdergqpertieq60].

There are several low and high temperature consolidation methods widely used
in PM of Al-alloy powders. Low temperature consolidation methods as CP and CIP
use high pressure to enhance plastic flowtarmbnsolidate powders to compacts. CP
of air atomeed Al powder using 165 MPa led to porosity aroun@&ol@41]. Similar
porosity was attained in another Al compact prepared usindViE#[142]. Higher
density samples can be achieved by increasingvélhee of pressureBall milled
nanocrystalline pure Al powder was reportetdécompacted b P using up to GPa
pressure to 998% of theoretical density128]. CP of all milled Al-Cu sample
required extreme pressure, abov GPa to attain full density131]. However,
achievement of such high pressures reguostly tooling and limg thesamplesize.

High final density samples can be attained also using high temperature
consolidation methods & or HIP. Hot pressing (4%0C, 30 MPa, 90 mi n)
atomized Al alloy powdr was reported to lead to 9%ensity. An AlFe-Zr alloy
was reported to attain 97% density when compacted by HP st80AC wi t h 445
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MPa for 10 min[138]. Further, 94% density was reported for AICrCuFeNiZn
sample hot pressed at 680vith 650 MPa for 15 mifi143].

Further problem during consolidation Af alloys powderss connected with
the presence of hard, thermodynamically stable oxide layers on the surface of powder
particles. These layers cannot be simply broken by pressure or removed, iuseat
they usually remain between the powder particles in PM saniese layerseduce
the quality of interparticle bonding in prepared compacts. The poor quality of the
interparticle contacts deteriorates mechanical properties of consdlidaaterials
[112, 144, 145]Therefore, Al powders compacted by isostatic deformation processes
as CIP[72, 75] or HIP [73, 74] have a reduced ductility. Therefore, usually post
processing in form of extrusion, rolling or forging is applied in order to break up and
disperse the oxide boundaries shear stresgg4]. Moreover, thes@ost processing
methods also help to reduce remaining porosity increasing thus the materials final
mechanical propertigg2]. Nevertheless, these post processing methods are usually
carried out at elevated temperatures, wisc@hcompletely change the microstructure
and phase composition addgrade the samples final properties.

In summary, the attainment of low porosi#-based compacts with
conventional consolidation methods neezktremely high pressurandbr high
temperatres [46]. Extended heat exposition can also help to increase the samples
density. Further reduction of porosity can be achieved through post processing. The
long exposition to high temperatures during powder consolidation rimgdpost
processing can have an undesirable effect on the compacts final microstructure.
Thereforethepowder consolidation method has to be chosesfalty. It should have
a minimizd heat influence othe powder and be capable to enhance tbeding
quality of powdersChoosing SPS akeconsolidation method should ensailenited
high temperature exposition of powder andirect metalmetal contact of sintered
powder particles. A short literature review concerning the Al powders sintered by SPS
follows.

Contrary toproblems connected with conventioransolidation methodsas
listed above, SPS wasmany times reported to sintehl powders to high density
compacts during a short periad relatively low sintering temperaturéSPS was
severely timesised to prepare bulk samples from pur@éiderq108,144-147], Al
alloys [14, 106, 123, 145, 148, 149 mechanically milled Al and mechanically
alloyed Al composite powdef$1, 85, 91, 121, 130, 138, 139, 1557]. The rapid
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internal heating through Joule heat allows minimizing the sintering time which
consequently reduces the heat influence. SPSisaseported to be capable to break
surface oxide layer during sintering and lead to mmeigtal contacf106, 112, 144,
145, U7].

A limited grain size increment in case of both atomized and milled pewder
was reported by several auth¢t21, 130, 139, 147, 150, 151, 15#]was explained
by a pinning effect of Al oxide particlesand impurities introduced into the matrix
duringmilling and byarapid heating.

Mechanical properties of SPS compacts of Al alloys prepared with different
parameters were found to be similar or improved compared to the wrought or-thermo
mechanically treated Al alloys counterpart by several researf@ter91, 106, 108,
123, 130, 138, 14446, 148, 154153, 155, 15p The improved properties were
explained bya high-quality metallurgical bonding of powder particlés,ge fraction
of submicron or nanometsized grainsbimodal microstructurdine predpitates and
high contentof intermetallic particle§61, 123, 130, 138, 148, 149, 155, 156

1.5.2 High temperature aluminiuailoys

As mentioned in the introduction, a poor thermal stability of Al alloys
represents a serious drawback in their application field. The high strength of
commercial Al alloys is usually achieved through precipitation strengthening. Fine
grain size, i.e. a lge number of grain boundaries, can contribute to further
strengthening. Unfortunately, it is very difficult to retain the adequate phase
composition and microstructure during exposition of Al alloys to elevated
temperatures, u[$58].aDlud t theaempevature depehderc€ of the
solid solubility of alloying elements in Ahatrix someprecipitates can dissolvé
tendency to lower the internal energy and enhanced diffusion at elevated temperatures
contributes also tooarsening of remaining precipitat@slditionally, they reduce also
the pinning effect of precipitatell these effects result in degradation of strength
of Al alloys during their exposition to elevated temperatures.

In order to maintain the high stigthof Al alloys despite of their exposition to
elevated temperatureall above mentioned processes have to be avoided or at least
minimized. A theoretical background tbfe high temperature stabilization is given in

section 1.3. As stated in that seatj proper choice of alloying elements represents the
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way how to fulfil the theoretical requirements. The stabilization of the second phase
particle content and of the grain size will be described separately.

In order to maintaim sufficient fraction osecond phase partidethe alloying
elementshave tobe selecteccarefully. They should have a low solid solubility and a
low diffusivity in Al bothat room and at elevated temperatures. Moreover, they should
form such intermetallic phase with the matrix atomsich has a low mismatch with
the Al matrix. This way, the second phase particles dissolution and ripening can be
suppressed and a persistegtand phase particle content can be maintained.

The most widely used commercial high temperature Al alloys contain elements
as Fe, Cr, Mo, Ti etc. Thestementdorm in the Al matrix second phase particles
with a high temperature stability and appropriate morphology to serve as dispersion
hardener andmprovethe high temperature stability of grain size as grain boundary
pinners[159, 160].

Another group of high temperature Al alloys consa#in, Sc, Ti, Hf, V etc.
which have averylow diffusion coefficient at RT and elevated temperatures and a low
equilibrium solid solubilityf4, 161]. Moreover, theyre able tdorm with Al particles
of trialuminides which have a low mismatch with the Al mataspecially when they
are present with Lzlstructure. This structure iypical only for the AlSc phase,
however, other elements as Zr, Ti, Hf or V can form trialuminides withstriicture
as a metastable phase. These trialuminides fulfil all requiremintsuppress
effectively Ostwald ripening.

Zr has a special position among elements used for production of high
temperature Al alloys, since Zr has the slowest diffusion [d&82], its equilibrium
solid solubility in Al is very low (with a maximum @&.28wt% (0.083 at.%) at 668 C
[163)). It forms the A$Zr phase, which appears in two modifications. The formation
of stable phase with the structure 23@s preceded by a metastable phase aof L1
structure, see Figu@
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Figure 6. The scheme daifnit cels of the AlsZr phase:a) metastable Li

modification,b) stable DQz modification.

The L1 structure metastable phase has a lower lattice mismattiAl matrix
(about 0.794164, 165) compared to the stable phase (about 2184)]). This reduced
mismatch, according to the theory of the diffusion controlled particle coarsening, leads
to increased thermal stability ifese seconphase particles.

Transition of the metastable phase to the stable structure occurs at relatively
high temperatures after prolonged times. No transition to the stable phase was found
to occur after agingf an A-Zr (0.2 at%)alloy at 425A C r ¥6@0h by Knipling et al.

[166]. The absence of transition of theolstructure to the stable erwas found after
aging for 100 at 500A ¢167]. Only aging for more than 20kt temperatures above
550A C r e s atransigod to thenD@ structure.

For effective strengthening a homogeneous, dense precipitation of fine
particles is needed. In Adr alloys, coarse particles were found only at low
solidification rates of the order of K&, higher slidification rates suppressed their
formation even at high Zr conter[ts68]. Thus,RS methods can lead to convenient
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microstructure for precipitation of appropriate second phase particles during the
materials following treatnre.

1.5.3 The AFZn-Mg-Cu system

The AlZn-Mg-Cu alloy system belomsgto the Al7xxx group, whose main
alloying element is Zn, the most useihor alloying elements are Mg al. These
Al alloys are traditionally used for aerospace and transportation applications thanks to
their high strength and heat treatabi[uy.

According to the existing literature the-Zh-Mg-Cu alloy system forms four
majorine r met al | i(Mg(Zp,GuaAde T (Mgs4pzAl2), S(AI.Cu Mg) and
(Al2Cu) [163, 169,170]. The mainintermetallicphase present in a given-Zh-Mg-

Cu alloy depends on the alloys exact elementary composition. In case the Zn:Mg ratio
i s o0 Vv ephaseZs peeferentjally formed, whereas lower saegad to formation of

T phase[171]. Cu with a concentration up towt% remains in solid solution or
substitutes Zn aanddecelerates thdir caarsenjhgl]. Abdva s e
this concentratiorS phase is formed through heat treatment abovéd1Z5 sk of c a
much higher concentration of Cihis S phase can form alrgadluring alloys
solidification[163, 172].

The strength of the AZn-Mg-Cu alloy is connectegredominantlywith the
evolution of d phase.The precipitationtreatmenthas to bepreceded by rapid
guenching froma sufficiently high solution temperatur@he precipitation proces
starswith the formation of solute (Zn, Mg, Cu) and vacanich solute clusters. These
clusters are precursofor GuinierPreston (GP) zones. GP zones are coherent,
metastable precipitates withdeameter of a few nanometdis’3,174].

Two types of GP zonesere found and described in an ageeZAtMg alloy
[175]. GP(l) type is reported to forfrom soluterich zones at temperatures between
RT and150 A §176-178]. They are formed by ordered layers of Zn and Mg/Al in
{100} Al plane and exhibit spherical morphology. GP(Il) type forms after quenching
from temperatures above 480C and agiAQ@ farbocom-roh aludiems c y
[175,178]on {111} Al planes with plate like morpholod$75].

During futher aging the GP zones are replaced by metastableceberient

d hasewith a hexagonal structufd75, 178, 179]. The main hardening effect is
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attributed to this hexagonal phd4&5]. The typical size of thegdatelike precipitats
is 34 nm inthickness and-40 nm in width.

At higher aging temperatures and longer aging times incoherent equilibrium
hexagonald phase formswhich has slightly different cell parameters than the
metastable formThed phaseprecipitates are preferentially locatedgatin boundaries
andhavegenerally darger size (>5Gim)[17, 175, 178.8]].

Cu atomshave an overall hardening effect inZh-Mg-Cu alloy as istrongly
influences the evolution dhed (Mg(zZn,Cu,Aly) phaseCupromotes early clustering
processes due to strong interactisith vacanciesind solute atoms. Cu decelerates
dissolution of GP(l) zone at 158 C, w h i it Gu wouldt dissolve completely
[171, 182] Further, itstimulates formation of GP(ll) zes andts transformation to
d @has€182]. Cu also retards formatiom f phdse andlecelerateshusoveraging
[182].

The materials final mechanical propertéependbeside the size and type of
precipitaes also on thedisplacement Thi s was reported to
dislocaton structure, grain boundariestmating characteristics

Dislocations and grain boundariespresent sin& for vacancies and solute
atoms, thus they can reduce solatacentration and limit following precipitation
[178,183]. A lower density of precipitates formed in extruddttafine-grainedAl-
Zn-Mg-Cu alloy compared t@oarse grainedounterpart was presented [ib83].
Neverthelessgrain boundaries also serve as heterogeneous nucleation c&hwes.
solutevacancy complexes diffuse to and decompose at grain boundaridésaarad
segregates behind. These segregates then can act as nuclei for GR| zonegy n d
particles leading to #ir discontinuous distributio{124, 183186] Moreoves
dislocations and grain boundaries enhance coarsening kinetics as they present easy
route for diffusional process§s86,187].

The high volume fraction of grain boundari@s UFG alloys hinders
homogeneous nucleation of precipitates during afiBg, 188]. The precipitatiorat
grain boundaries, connected withe formation ofprecipitation free zonem the
vicinity of boundaries, leading to stress corrosion cracking is characteristic for highly
alloyed AFZn-Mg-Cu alloys[18, 171].

The parameters of thermal treatment can markedly affect the resulting
microstructureProper solid solution treatment prior to aging can dissolve most of the

precipitates present in the material. A slow quenchingoatdead to heterogeneous
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nucleation and precipitates coarsening, on the other side, rapid quenchmg rate
promote homogeneous nucleation of phasésow heating ratesto the aging
temperaturaver e r epor t ed t o pHaseaodg dislocatibso ranmad i o
phasein the matrix, resulting in higher peak strength in jdeformed sample
compared to wdeformed one$l87]. High heating rateso the aging temperature
resulted iml ower number of GP Zed toprecipitatiordreed 6 par
zonesalong with coars precipitates on dislocations.

One representative of t#d 7xxx group is the high streng 7075 alloy.The
Al'7075 alloy has a strength comparable to many steels: The yield and ultimate strength
of anneald alloy (so called Gtemper)are about 105 and 230 MPE89], but
precipitation stregthening can highly increase Heevalues.

The strengthening &l 7075 alloy through heat treatment is caused bigh
number of GP zones and precipitated175, 185,190]. The hghest strength athe
Al7075 alloyis achievable bya peak ageing treatment (so call&@8-temper)
consising of solution heat treatment at temperatures between 450 a®d@90f ol | owe d
by artificial aging at 120A Cor geveral hourEl8, 184, 185191]. The development of
GPzones with a diameter of2nm and dine dispersion ofhed ' pirtsidesgmins
and along grain boundariésads to a yield resp. ultimateestgth of 505 MPa resp.
580 MPa[189, 191]. Furtherstrength increase Al 7075 alloy can bachieved also
through work hard@ng and grain size refinement.

Cryorolling of an Al7075 alloy led to nanocrystalline grains and a vyield
strength of 550 MPa, higpr than those of commercial ZI75T6 counterpart (@5
MPa) [16, 189]. Low temperature aging of the sample increased the materials yield
strength to 615 MPE.6]. Ultrafine-grainedAl 7075 alloy (grain size 400 nm) prepared
by ECAPexhibited ayield and tensile strength of 650 ai@@0 MPa[115]. An
extremely high yield strength &Pa) was reportefdr anAl7075alloy produced by
HPT at RT[6]. The remarkable strgth was explained by nanograins arahonetric
intergranular clusters.

Another way in processing fine grained sample from theZiAMg-Cu,
particularly Al7075 alloy is the PM routeAl7075 compacts wer@repared by HIP
and extrusionohgas at omi zed powder wi t[[A83JaThd i nal
samples yield and ultimate tensile sggnwere 283 and 436 MPa. Ulfiree-grained
samples, with grain sizes ofLl50-300 nm were prepared by cryomilling of gas
atomized powder followed by HIP and extrus[d]. The yield and ultimate tensile
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strength of theesultingsample was 583 and 631 MPa, highamntthat of commercial
Al7075T6 [17]. This was attributed to strengthening by grain boundaries.
Nanocrystalline grains with a siz€22 nm were reported for a milled and hot pressed
(400AC, 500 MPa, [192]) Theicbniplc?wias rapbrteaty have a high,
288 HV microhardnessPrealloyedAl 7075 powder was cold compacted and hot
forged at differentemperaturefl93]. The forged sample showed a density of 99.6%
and a slight anisotropy of hardness. The compacts microhardness was low, around 55
HV.

Othersamples fromhe AlI7075 alloy were processed lacombination of gas
atomization and high pressure cott&position; however the sampleexhibited a
remarkableinhomogeneity along the deposition directidi8]. Spray forming of
Al7075 powdes followed by extrusin led to porosity up to 20 \841[194]. Atomized
Al7075 powdes were sintered by SPS to study corrosion properties by Tian et al.
[124].

Further, alsccomposite materials were prepared using the Al7075 akog
matrix. Mechanicallyalloyed AlI7075 powder was milled with different amaaiof
graphite. Themilled powder wa cold pressed and hot extrud&85]. The mechanical
properties of the composite material were found to be considerably higher than those
of plain AlI7075 alloy. Another composite sample was prepared by hot extrusion from
mixed pure Al and Al7075 powdef196]. Decreasing amount of pure Al powder led
to a change of fracturenodefrom ductile to nearly brittleA composite of Al7075
alloy with carboncoated silver nanoparticlesasprepared by mechanical milling
[197]. The nanoparticles with a content up tow®o were shown to enhance
microhardnessy 80 HV. Nanocrystalline Al7075 alloyeinforced by AlOs was
mechanically milled and hot pressdd98]. The hardness of the composite sample
increased with increasing amount ob®@4 particlesup to 204 HV

Addition of Zr tothe AI7075 alloy was reported to improwdioys properties
First of all Zr can form relatively coarsélsZr particles at the beginning of
solidification, which therserveas heterogeneous nuclei for Al grains, trealingto
agrain size refinement. Theffect of Zrwas demonstrated for exaie in[166, 199]
Moreover fine AlsZr particlescanalso serve as grain boundary pinnérhis was
confirmed for example {200, 201]

A combination of gas atomization and sesulid rolling was tested at the Al
Zn-Mg-Cu-Zr alloy [202]. A sample with 91% density and 158 HV was prepared. The
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effect of Zr addition was not discussédotherAl-Zn-Mg-Cu-Zr alloy modified by
the addition of Zr was processed by atomization followed by extrusion. The fine
grained microstructurdgra n si ze around 1 Om) was
temperature exposition due to the developesZAparticles[203]. Zr addition and
rolling of PM (gas atomization+hot extrusion) sample was shote lead to
superplasticity at tatively high strain rates as consequence of significant gna
refinement[20]. Zr addition led to continuous recrystallization durshgformation
since it effectively hinderedredistribution of dslocations and motion ofjrain

boundaries
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2. Materials preparation and experimental procedure

2.1. Materials preparation

In this thesis two Al alloys were studied. The widely studied Al7075 aluminium

alloy and its modification, alloyed with Wt% of Zr (alloy further denoted as

Al7075Zr) were investigated.he chemical compositionf both alloysaccording to

the mantacturer is presented in Table 2

Zn Mg Cu Zr Ti Al
Al7075 6.6 2.3 1.7 - - balance
Al7075Zr 6.6 2.3 1.7 1.0 - balance

Table 2 The chemical composition ofvestigated alloysn wt%.

2.1.1. Gas atomization

The gas atomized powders with chemical composition presented in Table 1

were delivered byNanoval GmbH & Co. KG, Berlin, Germany. The alloys were
sedianv dacheted (the n
droplet size corresponding to 50% cumulative frequency) of Al7075 and Al7075Zr

atomi zed

alloysop owd e r

by nitrogen

wa s

stated

2.1.2. Highenergy milling

To alter and refine materials microstructure the gas atomizedgys were

and

by

producer

t o

be

high-energy milledin a Retsch PM 100 CM planetary ball mill (Retsch GmbH,
Germany) orin an UNION HDO1 Lab attritor (Union process Inc., USWhich

enabledo decrease the milling temperature to cryogenic ones.

High-energy milling of gas atormeéd powders was carried out at room

temperature in an inert Ar atmospleor at cryogenic temperatures, in I(Njuid

nitrogen) using stainless steel vessel and stainless steel balls with a BTP ratio of 32:1

(in case of attritorjesp. 40:1(in case of @netary ball mill)

During milling in attritor the jacketed milling jar was cooled by flowing water.

During cryomilling liquid nitrogen (boiling temperature 77 K) was continuously

charged into the milling area in order to maintain a constant milling emagot. The
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evaporated nitrogen was removed through a blower equipped with a particle filter to
filtrate the powder particles from the gas flow. After the milling process the vessel
with the milled slurry was closed with a cover so that the powder was thedigguid
nitrogen surface. After the evaporation of the liquid nitrogen the powder was separated
from the milling balls.

During milling in the planetary mill, the process was interrupted for 30 min
after every 30 min long milling period in order totreg further heat generation and
allow cooling.

The milled powders were stored in plastic bags without inert atmosphere.

The first choice of milling parameters was based on the previous experience in
the research groups using the attritor and the planetary ball mill. The milling time,
milling temperature, andRPM were then varied to optimize the microstructural
refinement of milled materials. The exact milling parameters are listed in the section

3.2.separately for each studied material.
2.1.3. Sparlplasmasintering

Bothatomized and milled powders were sintelogdhe spark plasma sintering
technology using the FCT SR825 (FCT Systeme GmbH, EffeldBauenstein,
Germany) and SPS #(Thermal technology, USA) devices.

The powders were placed in a graphite die with an additional graphite foil
between the die, pehes and the powder in order to proteetdie and punches from
reactionwith the powder material. Approximatelyg3of powder were sintered into
cylindrical specimens with the dimensions approximately 20 mm in diameter and 5
mm in heightThe sinteringparameters were selected based on the previous experience
in the research groyi19]. All samples were sintered at 425C f or 4 mi n wun
MPa. At the beginning of sintering a 5 MPa initial load was applied to press thi/loose
packed powder in the die. Maintaining the pressure, the samples were free heated up
to 400AC wi t h a h eAanin. Mhg sintesing eemperatur@4®5A Qvas
reached with a heating rate of A5C / nSimultaneouslythe uniaxial pressure was
increased up to 80 MPa. After the 4 min holding time, the sample was unloaded and

free-cooled.
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2.1.4. Denotation of studied samples

In order to make the reading of this thesis easier and more comfortable, the
following table(Table 3)was prepared in oed to show the logic of the denotation

used throughout the text. The exact denotation of each sample will be listed during the

thesis in the related sections

Description Denotation

Example

Atomizedpowder _AP

Al7075_AP

Milled powder, in attritor, aBRT | _MP_RT

AI7075 MP_RT_3_180

Milled powder, in attritor, LN | _MP_LN

AI7075 MP_LN_3_180

Milled powder, inplanetary mill | _MP + P

AI7075 MP_RT_8_40®

Compact fromatomized powder | _AC

AI7075 AC

Compact frompowder milled in | _MC

attritor

AI7075 MC_RT_3 180

Compact from powdemilled in | _MC+P
planetary ball mill

AI7075 MC_RT_8_40@

Table 3 The logic of the denotation of samples and an example

2.2. Experimental techniques

Light microscopy, scanning electron microscopy, transmission electron
microscopyandscanning transmission electron microsceygre used to investigate
the materials microstructure. The phase composition was studied usiag X

diffraction. Mechanical properties of powders and compacts were characterized by

microhardness measurement.

Sample preparation

For microstructual investigation and microhardness measuremermtadpr
particles were cold mounted into an acrylic resin. Alternatively, for scanning electron
mount eaiwbgnl 80
filler. From the sintered compacts, thin samples with an area of 5 x%Sa@ra cut

mi croscopy, they were hot

parallel to the direction of stress applied during SPS using a Struers Aes0tom

precision cuoff machine. Each sample was mechanically grinded and polished up to
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suspension.
Light microscopy

The morphology and microstructure of all powders was obseoyeliight
microscopy (LM)using a metallographic microscope Olympus GX5ald nounted
ard polished gas atoned powders were etched with Bieller reagent for 10 s to

reveal constituents.
Scanning electron microscopy

Scanning electron microscopy (SEM) was usét more detailed
microstructural observations. SEM investigations, as secondary electron
imaging(SE), baclscattered electron imagindBSE), electron backcattered
diffraction (EBSD) and energy dispersive spectroscopy (EDS) were performed using
a FEI Quanta 200F scanning electromcroscope equipped with field emission
cathode SE and BSE imagingvere performed to study themorphology and
microstructure of samplesEBSD technigue was used to determine the
crystallographic orientations of grains. Information about the grain sizeitand
distribution, misorientation of neighbouring grains, and type of grain boundaries was
obtained from these measurements. EDS investigations showeeldmental
composition of samples and tlistribution of individual elements in the studied
samples.

For EBSD measurement, the samples were further elpotished by
Lectropot5 at-25A C  wi M for 54 &ing33% solution of nitric acid in methyl
alcohol,in order to remove a thin surface layer, which could be deformed by polishing.

SE and BSE imagmwereperformed at 15 kV, whereas EBSD measurement
was carried out at 10 kV in order to ensure a relatively low interaction volume of
electrons with the studied sample. In order to make a reliable statistics of grain sizes
several powder particles wereted in case of powdered material. In case of compacts
an ar ea ¢fvas Rested i @aseoincompacts from gas atomized powders, in
case of compacts from milled powder an are8 & x 3 6 wa® t@sted. The EBSD
mapping step size was chosen based anall $est mapping using a step size of 0.1

Om. ith\he help of this step map an approximgtain size of the sample was
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estimated. Further EBSD mapping of the sample was performed with a step size which
ensured to have at least 5 tested goma grain Thus,step size differed for different
mat eri al s, f r Theoriéntatbn image rMapsdram EBBD investigation
were processed using OIM Analysis progrdine average grain size (area) was stated
by this program as number of points within a grain times the squared step size times a
number characterising the scanning gfide grain diameter wassaluated supposing
circular grainsGrain disorientation wagated using the same program. Plots were
generated using angles from 5 to 650U0.
High-angle grain boundary (HAGB) was stated as boundary between 15
andl180A, wher 4&derebconsitekd asiloangle drain boundary
(LAGB).
EDS analysis was perfoled using an acceleration voltage of 2Q Rithough
this high voltage increased the interaction volume of electrons with the material,
enabled to make visible each element in the spectrum of investigated materials. The

interaction volume can be determited be ar[20dnd 2 Om
Transmssion electron microscopy

To monitor materials microstructure in more detarlsnsmission electron
microscopy (TEM) investigation was carried out ussngEOL 2200F 3$nicroscope
Observations ibright field (BF), dark field (DF), and selected area electron diffraction
(SAED) were performed at an acceleration voltage ofi@QMoreover, the scanning
transmission electron microscopy (STEM) was used for the investigation of the finest
microstructwal details(carried out by JEOL 2200FS microscope in STEM mode)
High quality figures were taken with HAADF (higdngle angular dark field) detector
in STEM, showing mainly atomic number contrast.

Specimens for TEM observations were cut from powders eddaedh a
conductive resin using a focused ion beam (FIB) in Zeiss Auriga scanning electron
microscope. Lamellae with a size of a few tens of microns were cut with Ga+ ions
from the interior of a chosen powder particle. The lamellae were placed with phe hel
of a micromanipulator on a Cu hafid and fixed by platinum welding, where they
were further thinned by ions to electrransparency. Samples from compacts were
grinded to the thickness of 0.1 mm and then eleatished in Tenupel under 15 V
atil5AC in 33% solution of nitric acid in
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X-ray diffraction

The phase composition and structural changes were investigatedrdy X
di ffraction ( XRD)diufsfi magc tao mestr d@ ri-Bré&thnoli s ¢c o v
geometry witmhdCNKBbsoadcataon filter. Ph
using Diffrac.Eva with accessed PRFdatabase of crystalline phases. Quantitative
Rietveld analysis was performed by TOPAS V5 to determine the weight fraction of all
identified phase$205]. X-ray diffraction measurement of powdered samples was
carried out on nomounted powders. Sintered samples were fully polished before
XRD observation in order to remove their surface influenced by grinding. All XRD
investigations andhe data evaluation were performed at the Institute of Plasma
Physics of the Czech Academy of Sciences within a common research project GACR
15-15609S.

Fundament al Parameters Approach was
broadening because of instrumentakef§. Sizes of coherently diffracting domains
(CDD, or crystallite size) and microstrains were evaluated from the broadening of
diffraction peaks assuming that small crystallites and microstrains contribute to
broadening of Lorentzian and Gaussian comptmeif pseude/oigt function,

respectivel\yj206].
Microhardness measurement

To evaluate the materid@sbility to resist plastic deformation the Vickers
microhardness testing was used. MicrohardrfeRg was measured using@ness
Q10A+ automatic microhardness tester. Measurement was carried ofutilyon
polishedsamples. The microhardness of powdered materials was measured at a load
of 10 N. Each indent was applied to a different powder particle. At least 10 different
powderparticles were tested. The characteristic size of indents, in case of powdered
materialwas around-100m, t heref or e, mi crohardness t
on powder particles with a polished cross sectioappiroximately85 O m(according
to the ENISO 6507, in case of Al alloys the distance of indent from the samples edge
has to be 3 times the indents diamet&fhe load of 50 N was used for compacts
samplesin case of compacts at least 20 intents were applied with a distance of 200
Om b et wwedaahindentsdaccording to the EN ISO 6507, in case of Al alloys

the distance between indents has to be 6 times the indents diameter).

51



Heat treatmendf samples

Compact samples were heat treasdett 3 0 0  a to dtudyt tBeStheridl
stability of their microstructuréThe temperature 308 C was ovemgedhe t o
microstructure. Temperature 425C was c¢ h @lese to the dissolittien
t emper at ur leut beldw the tempermtsre which according to trevipus
experiences of research group led to voids and blistering4458 C )

Samples wer@ut into ovens heated todahrequired temperature. Afteh bf
annealing theyvere removed from the oven and water quenched. As the AI7075 type
alloys exhibitintensive natural agin@ constant time of 1 week was maintained
between quenching from annealing temperature and further sample investigation in all

heat treated samples.
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3. Experimental results

The commercial Al7075 alloy antsimodificationcontaining 1 Wi Zr were
selected to verify the processing route consisting from gas atomization, mechanical
milling, and spark plasma sintering and to study the influence of processing parameters
on the microstructure, phase composition, and mechanicpégies. The chemical
composition of gas atomized powders stated by the manufacturer is given in section
2.1. (Table2). The composition was also verified byrXy fluorescence analigs
which showed slightly higher contents of alloying elements. Botlysaliere studied
at different stages of their processing and the results arenfgdsa the following

sections.
3.1. Gas atomized powders

The method of LM revealed that the gas atomized powder parttldse
Al7075 and AI7075+1 wt% Zr alloys (further eferred as Al7075_AP and
Al7075Zr_AP) exhibited mostly a spherical shape, some particles were surrounded by

satellites (Figurg).

Figure 7. The morphology of gas atomized powder particles: a) Al7075_Al
Al7075Zr_AP, constituents revealed étching with DixKeller solution, LM.

The powder material consisted of both coarser particles with the size up to
several tens of em and numerous murch fin

finer as presented in Figure 8his figure also shows that some initially spherical
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liquid droplets collided during atomization process and solidified together to form
powder particles of more complicated shapes. SEM investigation showed mostly
cellular microstructure in both powder (Figure 9). Higher magnification
investigations revealed a segregation free microstructure in the smallest powder

particles and in the satellite regions (Figli@.

Figure 8 The size distribution of gas atomized powder particles demonstratec
the AI7075_APpowder, SEMSE.

Figure 9 The cellular microstructure of gas atomized powder particles and vari
of cell size with the powder particle siz9:Al7075_AP, bAI7075Zr AP, SEM
BSE.
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Figure 10 The segregation free microstructuagin the finest powder pécles in
the AI7075_AP powdeh) in satellites in the AlI7075Zr_AP powdeSEM-BSE.

Figure 11 The microstructure of the largest powder partiébesd in both alloys:
a) AI7075_AP, b) AlI7075Zr_AP, SEMBSE.

The typical cel |l size is in thie order
clearlydependent on the powder particle size, see Figure 9. Larger powder particles
seemed to contain larger cells, whereas a finer microstructure was observed in smaller
particles. Figure 9 shows the cross sections of powder particles, so that the true size of
powder particles is unknown. However, especially the very small powder particles are
very close to each other and it can be assumed, that the actual size of the cross sections
is in a reasonable relation to the real size of powder particles. Figure Thetdsihe
microstructure of the largest powder particles found in both alloys and it can be
concluded that their cell size is comparable.

55



