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III Aim

The aim of this master’s thesis is to manufacture an aluminium matrix titanium
carbide-nanocomposite wire by a metal continuous screw extrusion (MCSE) pro-
cedure. The intentional future use of the nanocomposite wire is as a filler wire for
welding purposes, specifically for wire arc additive manufacturing. Therefore, it is
required that the reinforcing nanoparticles are uniformly distributed, so that they
may act as inoculants during welding to achieve grain refinement in the finished
welded products. A uniform distribution of nanoparticles will also lead to isotropic
mechanical properties. Additionally, to ensure structural integrity after welding,
the amount of pores and oxides in the extruded wire should be minimised. To
achieve this, different measures were taken both in the preparation of the feedstock
material and in the processing conditions during MCSE.

A secondary objective is to investigate the correlation between the microstruc-
ture, mechanical properties and processing parameters of the extruded wires.
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IV Abstract

Metal Continuous Screw Extrusion (MCSE) is a novel solid-state manufacturing
method which facilitates for the production of metal alloys and composites with
new properties. MCSE is developed at the Norwegian University of Science and
Technology (NTNU), in collaboration with Norsk Hydro.

In this work, MCSE was used to create two aluminium matrix composite (AMC)
wires, consisting of an 5183 aluminium-magnesium (Al-Mg) alloy matrix reinforced
with titanium carbide (TiC) nanoparticles. The nanoparticles had a diameter
of approximately 50 nm. Two corresponding monolithic (i.e. pure 5183 Al-Mg,
without TiC reinforcement particles) wires were also produced. One of the AMC
wires was extruded with added carbondioxide (CO2) gas to the screw extruder
chamber, in an attempt to inhibit oxidation of Mg. The same was done for one of
the monolithic wires. The pre-treatment procedure of the feedstock materials (5183
granules) was also different between the wires extruded in ambient atmosphere and
the wires extruded with added CO2, in another effort to minimise oxidation of Mg.

The microstructures of the AMC wires were investigated using Scanning Elec-
tron Microscopy (SEM). It was found that the TiC nanoparticles were uniformly
distributed throughout the material, mainly appearing as small clusters. The con-
tent of TiC was fairly low in both wires. It was observed that some TiC nano-
particles agglomerated around Mg-oxide phases, implying that the TiC particles
attach to surface Mg-oxides on the 5183-granules during dry coating, before MCSE.

Mechanical testing showed that the AMC wire extruded without CO2 gas shield-
ing (i.e. in ambient atmosphere) had the highest hardness and tensile strength. A
Vickers microhardness of approximately 103 HV0.1, yield strength of 233 MPa,
tensile strength of 386 MPa and elongation of 22%EL was measured for the AMC
wire extruded in ambient atmosphere. The AMC-wire extruded in a CO2 rich at-
mosphere had a Vickers microhardness of approximately 95 HV0.1, yield strength
of 198 MPa, tensile strength of 374 MPa and an elongation of 23%EL. No signific-
ant differences in strength or hardness were observed between the two monolithic
wires. Thus, it is assumed that the inferior mechanical properties of the AMC wire
extruded in the presence of CO2 gas is due to an unintentional lower TiC con-
tent. The ductility of the monolithic wire increased by 6 percentage points when
CO2 cover gas was applied. This is attributed to the inhibited formation of brittle
Mg-oxides.

Additionally, it was observed that strain hardening slightly increased during
tensile testing for the wires extruded with CO2 cover gas. The underlying mech-
anism is assumed to be an increase of Mg content in solid solution, when applying
the CO2 cover gas, which reduces the amount of Mg-oxides formed. The addition
of TiC nanoparticles had a negative effect on strain hardening. This might be ex-
plained by a significant interparticle spacing between the TiC nanoparticles, hence
resulting in large spacing between the dislocation generating Frank-Read sources.

The intended future application for the AMC products are as welding wires
in Wire Arc Additive Manufacturing (WAAM). Therfore, it is required that the
amount of pores and oxides present in the extruded AMC-wires is minimised.
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V Samandrag

Kontinuerleg skrueekstrusjon av metaller (Metal Continuous Scew Extrusion, MCSE)
er ein nyutvikla, fast tilstands produksjonsmetode, som tilrettelegg for framstilling
av metallegeringar og komposittar med nye eigenskapar. MCSE er utvikla ved
Noregs Teknisk-Naturvitskaplege Universitet (NTNU), i samarbeid med Norsk Hy-
dro.

I denne oppg̊ava har MCSE blitt brukt til å produsere to aluminium-matrise
kompositt (aluminium matrix composites, AMC) tr̊adar, best̊aande av ei 5183
aluminium-magnesium (Al-Mg) legering som matrise, forsterka med titankarbid
(TiC) nanopartiklar. Diameteren til naopartiklane var omtrent 50 nm. To tils-
varande tr̊adar av reint 5183 Al-Mg, det vil seie utan TiC nanopartiklar, vart ogs̊a
produserte p̊a same m̊ate. Ein av AMC-tr̊adane vart ekstrudert med tilsett karbon-
dioksid (CO2) gass under ekstrudering, i eit forsøk p̊a å motverke oksidasjon av Mg.
Det same vart gjort for ein av dei reine 5183-tr̊adane. Rensinga av r̊amaterialet
(5183 granular) vart ogs̊a tilpassa for å minimere oksidasjon.

Mikrostrukturen til dei produserte AMC-tr̊adane vart undersøkt ved hjelp av
eit Scanning Elektron Mikroskop (SEM). Desse undersøkingane viste at TiC nan-
opartiklane var uniformt fordelte i materialet, hovudsakleg i form av sm̊a klynger.
TiC innhaldet i begge tr̊adane var relativt l̊agt. Nokre av TiC nanopartiklane
omkransa Mg-oksid. Dette kan tyde p̊a at TiC partiklar har festa seg til Mg-oksida
p̊a overflaten av 5183-granulane under ”tørr-coating”, før MCSE vart iverksett.

Mekanisk testing viste at AMC-tr̊aden som vart ekstrudert utan bruk av CO2

gass, alts̊a i luft, hadde høgast hardhet og styrke. Vickers mikrohardhet for denne
tr̊aden vart m̊alt til omtrent 103 HV0.1, flytespenning til 233 MPa, strekkfasthet til
386 MPa og forlenging til 22%EL. For AMC-tr̊aden som vart ekstrudert i CO2-rik
atmosphere vart det m̊alt Vickers mikrohardet p̊a omtrent 95 HV0.1, flytespenning
p̊a 198 MPa, strekkfasthet p̊a 374 MPa og forlenging p̊a 23%EL. Dei to reine 5183-
tr̊adane hadde omtrent like verdiar for styrke og hardhet. Difor er det antatt at
den svakare styrkeaukninga for tr̊aden ekstrudert i CO2-rik atmosfære, samanlikna
med tr̊aden som vart ekstrudert i luft, skuldast eit utilsikta, l̊agare innhald av TiC
nanopartiklar. Duktiliteten for dei reine 5183-tr̊adane auka med 6 prosent poeng
n̊ar CO2 gass vart tilført under ekstrudering. Det er antatt at auka i duktilitet
skuldast at CO2 gassen reduserte danninga av sprø Mg-oksid.

Det vart ogs̊a observert at arbeidsherdinga auka svakt under strekktesting for
tr̊adane som vart ekstruderte i CO2-rik atmosfære. Det er antatt at dette skuldast
ei auke i Mg-innhaldet i fast løysing, for̊arsaka av at CO2 forhindra danninga av
Mg-oksid. TiC nanopartiklane hadde negativ innverknad p̊a arbeidsherdinga til
AMC-tr̊adane. Det kan forklarast ved å anta at den betydelege avstanden som vart
observert mellom TiC nanopartiklane førte til stor avstand mellom dislokasjonane
som vart danna under strekktesting. Dette førte til redusert arbeidsherding. Alts̊a,
kan det antakast at TiC nanopartiklane har opptredd som Frank-Read sources, med
stor avstand seg i mellom.

Det tiltenkte bruksomr̊adet for dei produserte AMC-tr̊adane er som sveisetr̊adar
i additiv tilverkning. Difor m̊a innhaldet av porer og oksider i dei ferdige tr̊adane
haldast p̊a eit minimum.
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1 Introduction

The rapid development within transport, defence industries, space exploration and
marine applications requires stronger and lighter materials. In many cases a com-
bination of structural integrity, high strength, resistance against corrosion and
wear is sought, combined with low weight and low cost. A promising material
class capable of fulfilling these requirements are the aluminium matrix compos-
ites (AMCs). AMCs consist of aluminium alloys reinforced with hard (often non-
metallic, ceramic) particles or fibres. These materials are intensively researched
and continuously developed, as they are of vital importance within multiple engin-
eering industries. Using AMCs for e.g. aerospace and automotive parts improves
fuel efficiency and thus reduces the emissions of greenhouse gases [1].

An obstacle for industry-wide application of AMCs, are the energy demand-
ing, complicated and expensive production methods. These often involve melting
the unreinforced alloy and then adding the reinforcement particles in the molten
metal, or by sintering metallic and ceramic powders [2]. A common challenge in
the production of AMCs is to obtain a uniform distribution of the reinforcement
particles. This is only obtained to a varying degree for some of the conventional
production methods. Additionally, unwanted reaction frequently occur between
the matrix and the reinforcement particles in the production methods involving
molten aluminium [3][4][5].

A novel method for the production of AMCs is metal continuous screw extrusion
(MCSE), developed at NTNU (Norwegian University of Science and Technology),
in cooperation with Norsk Hydro. This solid-state production process provides
promising results in the manufacturing of extruded products with unique proper-
ties, and has the ability to use various different aluminium materials as feedstock
[6][7][8].

An emerging technology predicted to radically change today’s manufacturing
industries, is the additive manufacturing (AM) of materials. Among the benefits of
AM, compared to traditional manufacturing methods, is increased design freedom,
a wide variation of processable material types, the ability to produce highly complex
and customised parts, and shorter time to market for new designs [9][10]. To
further develop new AM-material with high strength and structural integrity, new
raw-materials are needed.
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2 Litterature review

2.1 Aluminium and its alloys

Aluminium (Al) is the third most abundant element and the most abundant metal
in the Earth’s crust. Due to the useful inherent properties of aluminium, such as
low density (2.7 g cm−3 vs. 7.9 g cm−3 for steel [11]), good thermal and electrical
conductivity, and corrosion-resistance in common environments, aluminium is be-
ing produced and applied at a large scale. The main drawback for the use of Al is
considered to be the low melting temperature at 660°C [11].

The most common production process for primary Al production today is the
electrochemical Hall-Hèroult process, in which alumina (Al2O3), dissolved in mol-
ten cryolite (Na3AlF6), is carbothermically reduced to Al on the cathode. Carbon
dioxide (CO2) is produced through consumption of the carbon-anode [12].

More than 60 million tonnes of primary Al is manufactured annually. Figure 1
shows the total tonnage of primary Al manufactured in 2018, as well as the amount
produced in different parts of the world (given in thousand metric tonnes) [13].

Figure 1: Map showing total primary aluminium global production for 2018. The
production numbers for the different geographical sections are given in thousand
metric tonnes. From [13].

Al has a face-centred cubic (fcc) crystal structure, in which the internal resist-
ance to dislocation-movement is small [14]. Therefore, pure Al is ductile even at
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low temperatures. This facilitates for the use of mechanical processing methods
such as rolling, extrusion and drawing, to shape a finished Al-product [11]. The
slip plane in the Al fcc crystal structures is the {111} plane and the slip direction
is <110>, resulting in 12 different slip systems [11].

The low resistance to dislocation-movement in commercially pure Al (99.5%-
99.8% [15]) restrict its uses to packaging and electronics. When high strength or
stiffness is required, defects are intentionally introduced into the material either
through addition of alloying elements or by cold work (plastic deformation at am-
bient temperatures). These defects will hinder the propagation of dislocations
induced by external loads, resulting in a mechanically stronger material. The most
common alloying elements in Al-alloys include copper, manganese, silicon, mag-
nesium and zinc [14].

Aluminium alloys are designated either as wrought or cast alloys. Wrought al-
loys are formed mechanically into the desired shaped by drawing, rolling, extrusion
or forging to induce plastic deformation in the materials. This leads to strengthen-
ing of the alloy through strain hardening. Wrought alloys contain relatively small
amounts of alloying elements to ensure low resistance towards plastic deformation,
as well as high ductility [14].

Cast alloys are required to have a short solidifying interval and flow smoothly,
so that casting conditions are optimal. The only strengthening contribution in
cast alloys come from the alloying elements. A combination of high strength and
suitability for casting is therefore achieved by adding large (near eutectic) amounts
of alloying elements to the Al-melt before casting [14].

Both types of alloys may be further differentiated based on the possibility of
heat-treating the alloy to achieve higher strength. Strengthening by heat-treating
occurs due to the introduction of strengthening phases/particles, occurring as a
consequence of thermal treatments, such as quenching, precipitation, solution heat
treatment or age hardening. The introduced phases/particles need to be coherent
(i.e. have continuous atomic-planes across the matrix-phase boundary) to the Al-
matrix in order to strengthen the alloy. If the phases/particles are not coherent to
the matrix, they might decrease the strength of the alloy. The alloys in which the
precipitated phases are densely distributed and contribute to increased strength
are known as ”Heat-treatable” alloys [14]. If the precipitation occurs to a small
degree or if the precipitated phases lead to a decrease in strength, the alloy is
”Non-heat-treatable” [16].

Aluminium alloys are classified based on composition by the American nomen-
clature. This designation uses 4 digits for wrought-alloys and 3 digits for cast-alloys.
The first digit indicates the predominant alloying elements as shown in Table 1.
The second digit indicates the number of modifications made to the original alloy.
So a 3 as the second digit means that this alloy is the third modification of the
original alloy, which has a 0 as the second digit. For pure Al (1xxx-series), the
two last digits indicates the minimum purity above 99 % Al (so that 43 means
minimum 99.43 % Al). For other alloys, the last digits are numbers identifying the
specific alloy [14].

4



Table 1: Classification of aluminium alloys based on the predominant alloying
element [17].

Wrought alloys Cast alloys
Principal alloying element Series Principal alloying element Series

None (min. 99% Al) 1xxx None (min. 99% Al) 1xx
Copper 2xxx Copper 2xx

Manganese 3xxx Silicon (+copper/magnesium) 3xx
Silicon 4xxx Silicon 4xx

Magnesium 5xxx Magnesium 5xx
Magnesium and silicon 6xxx Unused series 6xx

Zinc 7xxx Zinc 7xx
Other elements 8xxx Tin 8xx
Unused series 9xxx Other elements 9xx

2.1.1 Aluminium-magnesium alloys

Aluminium alloys where magnesium (Mg) is the primary alloying element are des-
ignated as 5xxx-alloys, as shown in Table 1. Al-Mg alloys exhibit strong strain-
hardening properties, but are not strengthened when subjected to thermal treat-
ment. Thus, Al-Mg alloys are classified as wrought, non-heat treatable alloys [16].
Mg has a density of only 1.7 g cm−3, is a relatively cheap alloying element (∼2.2$/kg
vs ∼5.9$/kg for copper [18]) and has a hexagonal close packed (HCP) crystal struc-
ture [11]. Alloying Al with Mg results in light and inexpensive alloys, with high
specific strength (strength to density ratio).

Al-Mg alloys are ductile, exhibiting around 20% elongation (%EL) when ho-
mogenised, and show ultimate tensile strengths (σUTS) between 180 and 300 MPa
[14]. Adding Mg to Al reduces the stacking fault energy, i.e. the energy increase of
introducing a stacking fault in a perfect fcc crystal. This restricts the mobility of
the dislocations in the alloy [19].

As seen from the Al-Mg phase diagram in Figure 2, up to 18.9 wt% Mg may be
dissolved in Al (at 450°C) to form a solid solution [20]. However, commercial 5xxx-
alloys usually do not contain more than 5 wt% Mg, in order to avoid the formation
of the brittle β-phase at the grain boundaries. The exact stoichiometry of the β-
phase is debated, both Al3Mg2 and Al8Mg5 are used in literature. In addition to
being brittle, the β-phase is anodic (active) relative to the Al-Mg matrix, so both
mechanical and corrosion properties worsen with the precipitation of these phases
[14].
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β( )

Figure 2: Al-Mg phase diagram, adapted from [20]. The dashed, red line corres-
ponds to the Mg-content of a 5183 Al alloy (≈ 4.5 wt%).

Mg atoms in solid solution contribute to both solid solution hardening and
strain hardening in 5xxx-alloys. Solid solution hardening occurs due to the larger
size of the Mg atoms, relative to Al, which induce stress fields in the surrounding
matrix. These stress fields will hinder the propagation of dislocations, so that the
strength of the alloy is increased [11].

Strain hardening is a consequence of the stress fields forming around dislocations
induced to the material under external loads (i.e. plastic deformation). The stress
fields in the matrix around these dislocations will (on average) be repulsive towards
the propagation of other dislocations, so that the material is strengthened under
plastic deformation [11]. The increase in strength, ∆σ due to strain hardening at
a certain strain ε, may be written as [21]:

∆σ = σY

(
ε

εY

)n
(1)

where σY is the yield strength of the alloy, εY is the yield strain and n is the
strain hardening exponent (around 0.1 for 5183 alloys, depending on mechanical
processing [21]). Strain hardening and solid solution strengthening increases with
the Mg-content of Mg in Al-Mg alloys [22][23].
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Manganese (Mn) is often added to Al-Mg alloys to control recovery and recrys-
tallisation. Mn is not solved in the Al-Mg matrix but forms complex precipitates,
which may act as nucleation sites for recrystallisation and pin the grain boundar-
ies. These precipitates will also induce point defects in the material which hinder
dislocation-movement, and thus increase the strength of the alloy [21][23].

In this work, a 5183 Al-Mg alloy is investigated. A dashed, vertical red line
corresponding to the Mg-content in this alloy (≈ 4.5 wt%) is inserted in the phase
diagram in Figure 2.

2.2 Portevin-Le Chatelier effect

An interesting phenomenon which may occur when Al-Mg alloys are strained (e,g
in a tensile test), is the Portevin-Le Chatelier (PLC) effect [24]. This behaviour,
first reported by Portevin and Le Chatelier [25], is not exclusive to Al-Mg systems,
but also occurs in other important industry materials like other aluminium alloys
(e.g. Al-Cu) and steels [26].

The PLC effect is a consequence of the interactions between mobile solute atoms
(like Mg) and dislocations in the (Al-)matrix. Dislocations present in the material
will induce an elastic strain energy field in the surrounding lattice. If energetically
favourable, the solute atoms will diffuse to the dislocation core, reduce the elastic
strain energy and form clusters. These clusters create a drag force which hinders
the further movement of the dislocation [21]. Thus, the alloy is strengthened, as the
stress necessary for the dislocation to break the cluster and propagate is increased.
When this new stress limit is reached, the cluster is broken and Mg atoms will
then again diffuse to the tip of the dislocation. This results in another instance of
strengthening.

The diffusion of solute atoms from the surrounding solid solution matrix to a
dislocation requires a finite time to create the strengthening atomic clusters. This
creates a fluctuation in the required stress for propagation of the dislocation, which
is lower when no cluster is at the dislocation core and higher when the cluster
is present. These dynamic interactions between the Mg atoms in solid solution
and the dislocations are termed dynamic strain ageing (DSA)[27], and results in
serrated stress-strain curves. The grey stress-strain curve in Figure 3 displays
typical serrated PLC behaviour in a low carbon steel at elevated temperatures.
The black curve in the same figure shows that PLC effect does not occur for the
same steel at ambient temperatures [28].
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Figure 3: Left: Tensile curves of low carbon steel at different temperatures, show-
casing the temperature dependence on the onset of PLC behaviour. The upper,
grey curve shows the serrated stress caused by the PLC effect. Right: Tensile
samples from the same experiment. The left sample (tested at 25°C) has a typical
ductile fracture appearance, the right sample (tested at 85°C) indicates a brittle
fracture. From [28].

Figure 3 illustrates that the testing temperature affects the serrated flow. If
the temperature is too low (which is the case for the black tensile curve), there
is not enough energy present for the diffusion in the DSA mechanism to take
place. Figure 3 also shows that materials showing PLC behaviour are more brittle.
Therefore, PLC behaviour is an unwanted effect for most materials, as brittle
fractures may result in catastrophic failures.

Another parameter determining the occurrence of PLC behaviour, in addition
to temperature, is the strain rate (ε̇) during the tensile test. Figure 4 shows the
temperature and strain rate ranges where PLC (serrated flow) occurs for a 5083
Al alloy [29].
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RT

Figure 4: Strain rate and temperature regions in which DSA (and thus serrated
flow; PLC) occurs for a 5083 Al-Mg alloy. The inserted, red line corresponds to
room temperature (298 K). Adapted from [29].

From Figure 4 it may be seen that to achieve PLC behaviour in a 5083 alloy at
room temperature, the logarithmic strain rate should be lower than 10−3 s−1.
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2.3 Oxidation of Al-Mg alloys

The corrosion properties of pure Al are generally improved when Al is alloyed
with Mg. Mg increases the stability of the protective Al2O3 oxide film formed on
the surface of Al alloys, so that the corrosion resistance in alkaline environments
(e.g. marine environments) is enhanced [14]. However, under certain processing
conditions (e.g. at elevated temperatures), the oxidation of Al-Mg alloys may
become problematic.

A model for the oxidation mechanism of solid Al-Mg alloys has been suggested
by Wefers [30]. The model is based on gravimetric, microscopic and diffraction
analyses of thin Al-Mg flakes, isothermally heated in dry air conditions. A schem-
atic sketch for the suggested mechanism, along with the oxide-thickness evolution
(copied with permission from [31], redrawn from [32]) is included in Figure 5.

Figure 5: Schematic sketch of the oxidation mechanism and oxide thickness evol-
ution for solid Al-Mg alloys, at a constant temperature above 400°C. Copied with
permission from [31], redrawn from [32].

Initially, as for all Al-alloys, an amorphous Al2O3 oxide layer is present at the
Al-Mg alloy surface, as illustrated in the top left drawing. The oxidation rate at
this point is low, and controlled by the diffusion of species through the amorphous
layer. This results in a parabolic oxidation rate converging towards a limiting oxide
thickness. After heating above 400°C for a certain time period, denser, crystalline
oxides occur at the interface between the amorphous oxide layer and the metal, as
shown in the top middle drawing. This further leads to cracking in the amorphous
layer, creating open pathway channels to the underlying Al-Mg alloy. The oxidation
rate increases and the oxide thickness-time curve in Figure 5 changes from parabolic
to linear. Now, secondary Mg-oxides are formed in the air-metal-oxide interfaces.
These secondary Mg-oxides eventually cover the surface and pathways, as shown in
the top right drawing, reducing the oxidation rate. Wefers [30] observed that if the
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Al-Mg alloy contains more than 2 to 3 % Mg, Mg will diffuse (preferentially to Al)
to the oxide/air interface in the open channels, at temperatures over ≈ 300°C. This
results in a duplex film of aluminium oxide adjacent to the metal, and Mg-oxide
(MgO or MgAl2O4) particles are formed on the alloy-surface, as seen to the top
right in Figure 5. The formation of Mg-oxides reduces the Mg content in solid
solution in the Al-Mg alloy.

The mass gain per area over time, attributed to the formation of oxides, for a
6010 alloy at different holding temperatures in dry air atmosphere is included in
Figure 6 [30].

Figure 6: Mass gain per area of an 6010 Al-Mg-Si alloy during oxidation in dry air,
at various temperatures. From [30].

From Figure 6 it may be observed that the mass gain per area is increasing
rapidly with increasing temperatures.

Lea and Ball [33] confirmed that in solid Al-Mg alloys held at elevated tem-
peratures (350–600°C, i.e. in the alloys common fabrication temperature range),
Mg will diffuse from the bulk material to the surface, so that the bulk material is
depleted of Mg. If the alloy is heated in vacuum, Mg evaporates from the surface.
If it is heated in air, an Mg-rich oxide (MgO or MgAl2O4) forms at the surface,
preferentially to Al2O3, due to a lower Gibbs free energy change for the reactions
producing Mg-oxides [34].

In short, the formation of Mg-rich oxides will deteriorate the surface properties
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(corrosion resistance, wear etc.) of the alloy and is therefore unwanted. The Mg-
content in solid solution will also be reduced, leading to decreased solid solution
strengthening and strain hardening [23]. Therefore, prolonged exposure to elevated
temperatures during production of Al-Mg alloys should be avoided when possible.
Dry air storage at 60°C was found to have no significant effect on the formation of
Mg-oxides [33].

Historically, the most used method to avoid oxidation during casting of Al-Mg
melts has been to add small amounts of beryllium (Be) to the alloy melt. Working
with Be involves serious health risks (lung and skin diseases) [35]. Therefore, other
methods of oxidation inhibition are needed. A summary of different inhibition
methods to prolong the breakaway oxidation of molten Al-Mg alloys is included
in Figure 7 [36].

Figure 7: General curve for the formation of oxides during casting in molten Al-
Mg alloys, showing the sudden increase in the amount of oxides after breakaway
oxidation. Different factors which decrease/prolong the time before breakaway
oxidation are included. From [36].
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As shown in Figure 7, using an atmosphere containing carbon dioxide (CO2)
may increase the time before excessive oxidation of the Al-Mg alloy occurs. A
graph of the required percentage of CO2 (in terms of partial pressures to air) in the
atmosphere to achieve this delayed breakaway oxidation condition, as a function of
Mg content for Al-Mg melts is shown in Figure 8 [36].

Figure 8: Recuired content of CO2 in the casting atmosphere, to avoid excessive
oxidation of molten Al-Mg. The inserted red line corresponds to the Mg-content
(4.5 wt%) in the 5183 Al-alloy used in this work. From [36].

The inserted red line in Figure 8 at ∼4.5wt%Mg (corresponding to a 5183 Al-Mg
alloy), shows that a casting-atmosphere of at least 10 % CO2 is needed to protect
a 5183 alloy against oxidation during casting.

The use of CO2 gas as an oxidation inhibitor for Al-Mg melts has been further
investigated by Nicholas Smith in his PhD thesis Methods of Oxidation Inhibition
for Al-Mg alloys [31]. This thesis confirmed that oxidation of molten Al-Mg alloys
at elevated temperatures may be reduced by applying a CO2 rich atmosphere (5-50
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% CO2) during casting. The proposed mechanism is that CO2 acts as an oxidation
inhibitor by diffusing from the atmosphere and inwards in the MgO oxide layer,
which is formed at the alloy surface. The oxide layer continues to grow around the
CO2 molecules, resulting in decreased oxygen partial pressure. CO2 then further
reacts with Mg and forms a Mg-O-C phase, structurally different from the MgO
phase formed in ambient atmospheres. The carbon-rich granular oxide layer will
act as a protective ”cap” at the surface, slowing down further out-diffusion of Mg.
Smith et al. found that even a small presence of CO2 (5% to air, in terms of partial
pressures) decreased oxidation significantly [37].

It is assumed that the same principles are transferable to the oxidation of solid
Al-Mg alloys.

2.4 Composite materials

By combining different materials, unique and tailored products may be manufac-
tured. Artificially made materials of different phases with distinct properties are
known as composites. In most cases, composites consists of two phases; a con-
tinuous (ductile) matrix phase, surrounding a discrete reinforcing (hard) dispersed
phase. The resulting characteristics of the composite is usually given by the prop-
erties of the matrix, the dispersed reinforcement phase and the amounts of each
phase. Usually, the mechanical properties will lie in between the inherent values of
the parent materials [11].

Composites are classified either based on the characteristics of the dispersed
reinforcement phase or of the matrix material, as shown in Figure 9.

Composites (based
on matrix material)

Ceramic matrix Metal matrix Polymer matrix

Composites (based on
reinforcement)

Particle-reinforced Structural Fibre-reinforced

Large-particle
Dispersion

strengthened
Continuous Discontinuous

Figure 9: Classification of composites, based on matrix material (top) or reinforce-
ment (bottom). The red boxes and arrows indicate the composites of interest in
this thesis.
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The composites classes of interest in this thesis are the particle-reinforced metal
matrix composites (MMCs), indicated with red boxes and arrows in Figure 9. Com-
mon matrix materials for MMCs are copper, aluminium, titanium, magnesium and
superalloys [11]. Particle reinforced matrix composites exhibit strong creep and
fatigue resistance, as well as increased tensile/yield stress compared to their mono-
lithic (pure matrix) alloys. The strain hardening rate in particle reinforced MMCs
has been found to be larger than in comparable monolithic alloys, and to increase
with the weight fraction of reinforcement particles [38]. However, Chawla and Shen
[39] argue that this is mainly a consequence of the lower matrix volume achieved by
the addition of reinforcement particles, and not necessarily due to an improvement
in strain hardening properties from the addition of ceramic reinforcement particles.

As shown in Figure 9, particle-reinforced composites may further be divided
into two groups; Dispersion strengthened and Large Particle composites, based on
the nature of the matrix-particle interactions.

Dispersion strengthened composites contain small reinforcement particles (dia-
meters between 10 and 100 nm). The particle-matrix interactions may be described
on the atomic or molecular level. The small particles introduce compressive strains
in the matrix phase, similar to the mechanism of precipitation hardening known
to occur in many common metallic alloys (e.g. in the 2xxx and 6xxx series of Al
alloys) [11].

Large Particle composites are reinforced with particles of a diameter larger than
100 nm. For large-particle composites, continuum mechanics are used to describe
the particle-matrix interactions. The reinforcing particles hinder the movement of
the matrix phase and thus makes the composite material stiffer and stronger than
the matrix itself [11].

In all particle reinforced composites, a uniform distribution of the particles is a
crucial requirement for obtaining sufficient structural integrity, and for exploiting
their full strengthening potential [2]. A large volume fraction of the reinforcement
phase results in a brittle, but hard material (ceramic-like properties), while a low
volume fraction gives a ductile and soft material (matrix-like properties). If the
particles agglomerate, the mechanical properties will vary throughout the material.
Some parts will be brittle, some will be ductile, depending on the distribution
of the reinforcement particles [39]. Additionally, if the particles are to be used
as nucleation sites for heterogeneous nucleation (discussed in subsection 2.6), a
uniform distribution is required to obtain fine, equiaxed grains in the material
after solidification [40].

A popular class of metal matrix composites are the aluminium matrix com-
posites (AMCs). AMCs are interesting for several applications due to their low
weight/strength ratio compared to commercial aluminium alloys, and low cost and
weight compared to other metal matrix composites. AMCs may be tailored to fit
various purposes within different engineering sectors [1].

The reinforcing phases in AMCs are usually ceramics, such as silicon carbide
(SiC), titanium carbide (TiC) or alumina (Al2O3), with a volume fraction cor-
responding to the desired properties of the AMC. Based on the geometry of the
reinforcing phase, AMCs may be classified into the following four groups; Particle-
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reinforced AMCs, Whisker- or short fibre-reinforced AMCs, Continuous fibre-reinforced
AMCs or Mono filament-reinforced AMCs. Composites with more than one type
of reinforcement are known as Hybrid AMCs [1]. Images of AMCs reinforced with
different reinforcement types are shown in Figure 10 [1].

(a) Particle-reinforced cast aluminium
matrix composite, with a 40 vol% SiC.

(b) Short fibre-reinforced aluminium mat-
rix composite.

(c) Aluminium matrix composite rein-
forced with continuous Al2O3 fibres.

(d) Hybrid aluminium matrix composite,
with 10 vol% SiC particles and 4 vol% lar-
ger graphite particles.

Figure 10: Optical microscopy images showing the microstructures of aluminium
matrix composites with different types of reinforcement. Information on the per-
centage of reinforcement in (b) and (c), and the reinforcement material in (b) was
not given in the reference [1]. The scale bar in image (d) may be used for all images.
The Al matrix is the white phase, while the reinforcement phases are seen as dark
particles or fibres. From [1].

Reinforcing an aluminium alloy with uniformly distributed ceramic particles
produces an AMC with higher density, hardness, compressive strength and tough-
ness, compared with the monolithic (unreinforced) alloy. Porosity should be avoided,
as it may adversely affect the material properties. Tensile and flexural strength of
the composite will scale with the fraction of ceramic particles added, but only up
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to a certain amount. Exceeding this threshold leads to lower tensile and flexural
strength [41].

Due to their excellent mechanical, tribological and corrosion properties, AMCs
are being extensively researched and are replacing their corresponding monolithic
alloys in the automobile, aviation and marine industry [1].

In this work, an AMC consisting of a 5183 Al-Mg matrix reinforced with TiC
nanoparticles (with a diameter of approximately 50 nm) was manufactured and
investigated.

2.5 Strengthening mechanisms in nanoparticle reinforced AMCs

In general, the strength of a material is viewed as its ability to restrict the move-
ment of dislocations induced in the material under external loads. Strength is
commonly determined by performing tensile tests on standard specimen samples.
The strength is often given as either ultimate tensile strength (σUTS) or yield
strength (σY ). σUTS is the largest tensile stress (load per area, unit: MPa =
N mm−2) endured by the material during tensile testing. σY is the stress required
to induce plastic (irreversible) deformation in the material [11]. To increase the
strength of a material, i.e. to increase the resistance against dislocation movement
by slip, different approaches may be taken.

A well-known strengthening mechanism in polycrystalline materials is strength-
ening by grain size reduction. Grains usually have different crystallographic orient-
ations and will therefore force a propagating dislocation to change its direction of
motion. The smaller the grains, the more frequently a dislocation will be hindered.
Grains will also impose atomic disorder around the grain boundary region, which
results in a discontinuity of slip planes between the grains. These two effects will
hinder the movement of dislocations in the material, and thus increase its strength.
The relationship between yield strength and grain size is for most metals given by
the Hall-Petch relationship [11]:

σY = σ0 + k
1√
d

(2)

where σ0 the lattice friction stress, k is the Hall-Petch coefficient given for the
material and d is the average grain diameter.

When the size of the grains in a material decreases, its yield strength and
toughness will increase [11]. If the grains are small, the total grain boundary area
will be large and the dislocations will be hindered to a larger extent. The increase
in yield strength due to grain refinement (∆σGR) can be written as:

∆σGR = k
1√
d

(3)

Ceramic nanoparticles may act as inoculants during casting or welding of particle
reinforced AMCs, during the solidification of molten Al. TiC reinforcement particles
have been shown to produce fine grain sizes through heterogeneous inoculation (dis-
cussed in subsection 2.6) in several experiments [42][43][44]. The fine grain struc-
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ture achieved after solidification will increase the yield strength of the composite,
as according to Equation 3.

An additional mechanism for grain refinement in particle reinforced AMCs is
Zener pinning. In Zener Pinning, second phase particles (e.g. ceramic nano-
particles) situated on the grain boundaries hinder grain growth at elevated tem-
peratures by exerting a Zener drag against the movement of the grain boundaries
[45]. Zener pinning results in an upper limit for the diameter of the solidified grains,
dZ , given by the Zener equation [46]:

dZ =
4γdp
3Vp

(4)

Where γ is a proportional constant, dp is the average reinforcement particle dia-
meter and Vp is the volume fraction of reinforcement particles. From Equation 4 it
may be observed that the smaller the reinforcement particles are, the smaller will
the resulting grain size. Nanosized particles are therefore ideal to achieve a large
strengthening contribution from grain size reduction (through Zener pinning).

The different properties of the phases present in composites will also affect
the yield strength. The matrix phase and the reinforcing phase will have unique
coefficients of thermal expansion (CTE, unit: K−1). When cooled from elevated
temperatures, the different phases will contract to a varying degree based on the
magnitude of their inherent CTE. This ”thermal mismatch” will result in resid-
ual plastic strain, which increases dislocation density around the reinforcement
particles. If the material is cooled rapidly (i.e. quenched), the dislocations will
remain around the ceramic particles when the material reaches ambient temper-
atures. The increase in yield strength due to CTE-mismatch in AMCs containing
ceramic nanoparticles may be estimated by the following equation [47][48]:

∆σCTE = αGb

(
12∆T∆CVp

bdp

)1/2

(5)

Where α is a material constant, G is the shear modulus, b is the Burgers vector,
∆T is the difference in manufacturing temperature and tensile testing temperature,
and ∆C is the difference between the CTEs of the matrix and particles.

A difference in the elastic modulus (EM, also called Young’s modulus) of the
phases present in composites will also contribute to strengthening. In particular
during tensile testing of the AMC where an EM-mismatch will contribute to the
formation of dislocations around the ceramic nanoparticles, and thus increase the
material strength. In AMCs, stiff ceramic particles will have a higher EM than the
soft matrix. The strengthening effect, ∆σEM (in general, since EM-mismatch not
only increases yield stress), of an EM-mismatch may be estimated by the following
equation [46]:

∆σEM =
√

3αGb

(
6Vp
πd3p

ε

)1/2

(6)

Where ε is the uniform deformation in the material (increases during tensile test-
ing).
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Using nanoparticles to reinforce AMCs, as opposed to microsized particles, leads
to a comparably larger interfacial area with the matrix so that the total area of
increased dislocation density (e.g. as a result of different CTEs or EM) is increased.

In dispersion-strengthened composites, the small reinforcing particles strengthen
the material by introducing compressive strains in the lattice, increasing the dis-
location density so that the movement of other dislocations is hindered [11]. For
closely spaced, hard particles, this strengthening mechanism is known as Orowan
strengthening. Propagating dislocations are pinned when they encounter non-
shearable ceramic reinforcement nanoparticles in the composites. To further propag-
ate, the dislocations must bow or glide around the nanoparticles. After the dislo-
cations have passed, Orowan dislocation loops are created around the nanoparticles
[49].

The effect of Orowan strengthening is commonly larger in nano-composites than
in composites containing microparticles, because microsized particles are coarse
and have large interparticle spacing [50]. A large interparticle spacing will reduce
Orowan strengthening and have a negative effect on the mechanical properties of
the composite [51].

Zhang et al. [50] found that particles with diameter smaller than 100 nm will be
situated closer together and effectively hinder the propagation of dislocations, so
that yield strength for nanoparticle reinforced composites is increased by ∆σOrowan
[47][52]:

∆σOrowan =
0.81MGb

2π(1− ν)1/2
ln(dp/b)

dp

(
1
2

√
3π
2Vp
− 1

) (7)

Where M is the Taylor factor and ν is the Poisson ratio of the material. A more
general equation for the strength increase due to the Orowan mechanism (τOrowan),
as a function of interparticle spacing λ is [51]:

τOrowan =
Gb

λ
(8)

In AMCs reinforced with larger particles, a load transfer between the soft matrix
and the hard particles will contribute to strengthening. This effect of the load trans-
fer is expected to have a small contribution on the strengthening of nanoparticle
reinforced composites, since the required amount of particles for strengthening is
lower [53].

For AMCs reinforced with small particles (≤ 50 nm in diameter), the most
important strengthening contributions come from the interface between the nan-
oparticles and the Al-matrix, due to CTE mismatch and Orowan strengthening
[2][54]. From Equation 5 to Equation 7, it may be seen that the CTE-mismatch,
EM-mismatch and Orowan strengthening contributions are all increasing with the
volume fraction of particles (Vp) in the composite and decreasing with the size of
the particles (dp).

Fattahi et al. [47] have made vital contributions in determining the effect of
the different strengthening mechanisms for nanoparticle-reinforced welds. In their
experiments, they used titanium dioxide (TiO2), Al2O3 and TiC nanoparticles as
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reinforcement and an 1100 Al alloy (commercially pure Al) as the matrix phase
to create AMC fillers for Gas Tungsten Arc Welding (GTAW). The fillers were
manufactured using Accumulative Roll Bonding (ARB, discussed in subsection 2.8).

To summarise the increase in yield strength (∆σY ) caused by the above men-
tioned mechanisms, researchers suggest different summation models. Fattahi et al.
[47] found that the quadratic summation model (Equation 9) provided the best
fit for their yield-strength measurements of welds produced with nanoparticle/Al
composite fillers.

∆σY =
√

(∆σGR)2 + (∆σCTE)2 + (∆σOrowan)2 (9)

The estimated yield strength, σY (est) of the material may then be written as:

σY (est) = σ0 + ∆σY (10)

The main results from the calculations and welding experiments done by Fattahi
et al., are presented in Table 2. The upper four values (average nanoparticle
diameter, dp, to grain size) were determined experimentally, while the remaining
values were calculated using the corresponding equations mentioned above.

Table 2: Mechanical properties, grain size and relative contributions of the indi-
vidual strengthening mechanisms to the yield strength of nanoparticle reinforced
1100 aluminium welds [47].

Unreinforced 0.5vol% TiO2 0.5vol% Al2O3 0.5vol% TiC
dp [nm]: - 50 40 60
σUTS [MPa]: 97 126 121 134
σY (est) [MPa]: - 91.8 80.1 87.5
σY (exp) [MPa]: 46 71 65 78
Grain size [µm]: 93 54 46 37
∆σGR [MPa]: - 5.4 5.9 6.6
∆σCTE [MPa]: - 56.1 46.2 52.5
∆σOrowan [MPa]: - 22.5 15.3 19.4

As seen from Table 2, Fattahi et al. estimated that CTE mismatch (∆σCTE)
and Orowan strengthening (∆σOrowan) had the largest effect on the yield strength
for the nanoparticle reinforced 1100-Al welds. The estimated effect of grain size
reduction (∆σGR) was not be of the same extent, despite the fine grain size
achieved by adding the nanoparticles, due to the low Hall-Petch coefficient of Al
(=0.04 MPa

√
m) [47]. The experimental results indicated that the addition of TiC

gives the strongest weld, both in terms of tensile strength (σUTS) and yield strength
(σY (exp)). According to Fattahi et al., the good mechanical properties of the com-
posite welds were caused by the strong interfacial bonding and good ”wettability”
(discussed in subsection 2.7) between the molten aluminium and reinforcement
particles, and the homogeneous distribution of the reinforcing particles [47].

In another article by Fattahi et al. [55], it was reported that the yield and
tensile strength of welds increased with the weight fraction of TiC added to the
4043 Al-alloy filler wire, while the ductility decreased. The stress-strain curves
from these experiments are presented in Figure 11.
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Figure 11: Measured stress vs. strain for joints welded using a 4043Al-TiC nano-
composite filler material. From [55].

The behaviour showcased in Figure 11 above, illustrates the typical trend of
increasing strength and brittleness with increasing the fraction of reinforcement
particles in composites. The reinforcement particles acts as dislocations barriers,
so increasing their numbers (i.e. higher volume/weight fraction) will increase the
strength of the composite. But as a result, the volume of the plastic matrix acco-
modating the deformation will decrease, leading to reduced ductility [56][57].

According to all the expressions for the strengthening of nano-AMCs discussed
in this section (Equation 3 – Equation 7), reducing the reinforcement particle dia-
meter (dp) leads to larger strengthening contribution. Using equivalent relations,
Casati and Vedani [2] calculated the strengthening contribution from each mech-
anism (and the total strengthening contribution; ∆σTOT) as a function of the
reinforcement particle size dp in a 2wt% Al2O3 reinforced pure Al matrix compos-
ite. Their results are shown in Figure 12.
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Figure 12: The effect of reinforcement particle size on the strengthening mechan-
isms in a 2wt% Al2O3 reinforced AMC. From [2].

Figure 12 shows that small reinforcement particles gives stronger composites,
and that the contribution from load transfer is low for nanoparticle reinforced
AMCs. Another incentive for the use of nano-sized reinforcement particles is that
small particles are distributed more homogeneously (compared to larger particles)
and do not fracture themselves, leading to both increased yield strength and ductil-
ity of the reinforced material [58].

Decreasing the size of the reinforcing particles will also have a positive effect
on the hardness of composites. Kaftelen et al. [42] compared Al-Cu matrix com-
posites reinforced with TiC particles in two different size ranges (0.6–3.5 µm and
0.8–5.6 µm) and found that the smaller reinforcement particles produced harder
composites.

In summary, nanoparticle reinforced AMCs are highly promising composite ma-
terials, with a low weight and high strength compared to monolithic Al-alloys and
microparticle reinforced AMCs, suitable for numerous applications. A critical re-
quirement for reinforcement effect is that the nanoparticles are uniformly dispersed
in the composite. If the particles agglomerate this will adversely affect the mech-
anical properties [41][47].
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2.6 Heterogenous nucleation by the use of inoculants

In metal melts, heterogeneous nucleation is normally the process by which solid-
ification occurs [59]. When the melt temperature is beneath the alloys liquidus
temperature, the first solid nuclei form at inhomogeneities in the melt and are
further transformed into larger solid particles as more and more nuclei solidify.
When the phase transformation is complete, a solid grain structure will be formed
[11]. Since the grains grow outwards from the initial solidification point, an inocu-
lant particle is expected to be present in the middle of each grain if heterogeneous
nucleation by inoculation has occured [40].

In casting or welding, a thorough understanding of the nucleation process is
crucial to ensure strong mechanical properties in the produced material. To achieve
high strength, a fine grain size is desired, as shown by the Hall-Petch relationship
in Equation 2. A fine grain size also leads to other improvements in the produced
alloy, such as a reduction in porosity, and reduced probability for hot tearing and
cracking during casting or plastic deformation processing [40]. It is also often
desired that the grains are equiaxed to create a material with isotropic physical
properties on the macro scale and thus have satisfactory structural integrity in all
directions.

By adding inoculant particles to the melt before solidification, the number of
inhomogeneties at which heterogeneous nucleation may take place increases, so
that many solid particles are formed in the melt at the same time. When these
solid grains meet, the solidification stops and the grains do not grow further. If
the inoculant particles are uniformly distributed in the melt, an alloy with a fine,
equiaxed grain structure will be formed.

Grain refinement in casting of Al alloys is usually achieved by adding Master
alloys (solid rods of e.g. Al-Ti-B or Al-Ti-C) to the Al-melt. These rods dissolve
into inoculant particles (e.g. titanium boride (TiB2) or TiC), which facilitate for
nucleation of α-Al during solidification [40]. The effect of inoculation on the result-
ing grain structure of a cast aluminium alloy is shown in Figure 13 [40][60]. Here,
three different micrographs are shown to illustrate the resulting grain structure of
an Al-Mg alloy, with and without the addition of inoculants.
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Figure 13: Optical macrographs of grain structures in solidified castings of alu-
minium alloyed with 2.5wt% Mg. Image from [40], re-given from experiments by
McCartney [60]. a: Inoculant added; fine, equiaxed grain structure; b: No inocu-
lant added; coarse, columnar structure; c: No inoculant added; coarse, twinned
columnar grains.

Heterogeneous nucleation may be described theoretically by the Spherical-cap
model. In this model, the solidified nucleus is represented by a ”spherical-cap”
forming on a solid substrate (e.g. an inoculant). This solid spherical-cap induces
surface energies at the interfaces between the substrate, the spherical-cap (an α
nucleus in the case of Al melts), and the molten metal. These surface energies are
denoted σ, with the subscripts L for the liquid metal, α for the sperical cap and S
for the substrate. The interfacial energies in the system determine the contact angle
(Θ) between the solid-liquid interface and the substrate interface by the following
equation [40]:

cos Θ =
σLs − σαL

σαs
(11)

When the contact angle Θ is low (below 90°), the solid particle is said to have high
wettability with the liquid melt. High wettability indicates that the liquid-solid α
interface energy (σαs) is low. The solid inoculation particles will then be prevented
from clustering together as they collide in the melt [44]. The Spherical-cap model
is illustrated in Figure 14.

24



Substrate
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σαL
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Figure 14: Solid ”spherical cap” α-nucleus formed by heterogeneous nucleation on
a substrate (i.e. an inoculant particle). The interfacial energies are indicated as σ,
with a subscript designating the interface between the phases (L for the liquid melt,
α for the solid grain and s for the substrate). Θ is the ”contact angle” between the
substrate and the solid α-nucleus. Redrawn from [60].

By considering the free energy during the nucleation, equations for a critical
nucleus radius (r∗) and a thermodynamical energy barrier for heterogeneous nuc-
leation (∆G∗

het) may be derived. The critical radius is given by [11]:

r∗ = −2σαL
∆Gv

(12)

Where ∆Gv is the volume free energy.
When the radius of the solid nucleus is below r∗, the nucleus is not stable and

may re-dissolve into the melt. The energy barrier for heterogeneous nucleation is
given by [11]:

∆G∗
het =

(
16πσ3

αL

3∆G2
v

)
S(Θ) = ∆G∗

hom · S(Θ) (13)

Where ∆G∗
hom is the energy barrier for homogeneous nucleation (i.e. nucleation

in the melt without the aid of a solid surface) and S(Θ) is a function only of the
contact angle Θ, with a numerical value between zero and unity. The energy barrier
of heterogeneous nucleation will thus always be equal to or less than the energy
barrier of homogeneous nucleation.

An expression for the nucleation rate, Ṅ , during solidification is given in Equa-
tion 14 (adapted from [11]).

Ṅ = K

[
exp

(
− ∆G∗

het

kT

)
exp

(
− Qd
kT

)]
(14)

Where K is a constant accounting for the number of solid nuclei formed and the
number of atoms on a nucleus surface, k is the Boltzmann constant, T is temper-
ature and Qd is the activation energy for diffusion.

As the contact angle Θ decreases, so does the energy required to create a stable
solid on the substrate, ∆G∗

het. The nucleation rate will then increase with decreas-
ing Θ, as according to Equation 14. A small contact angle with the α-Al spherical
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cap (i.e. high wettability) is therefore an important requirement of potent inocu-
lants. This means that the interface energy between the inoculant particle and the
α-nucleus, (σαs) should be low. If this is the case, the driving force for nucleation
is large. That is, the undercooling below the melting temperature required for
solidification to occur is small, less than 1 K for potent inoculants [40].

2.7 TiC as inoculation particles in AMCs

TiC particles are used extensively for reinforcing aluminium matrix composites,
and may also function as inoculants in Al melts [43][44].

Contreras et al. [61] have investigated the wetting of Al-Mg alloys on TiC-
substrates. In their sessile drop experiments, it was found that the contact angle
between the solidified Al-Mg cap and the TiC substrate stabilised below 60° for
1wt%Mg Al-alloy, and below 40° for the Al-alloy with 20wt% Mg. It is reasonable
to assume that the contact angle for a 4.5wt% Mg Al-alloy will stabilise between
40 and 60°. The results of Contreras et al. are given in Figure 15.

Figure 15: Time development of the contact angle between a TiC substrate and
two different Al-Mg alloys. From [61].
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Since the contact angle between the TiC substrate and the α-Al cap is small
(less than 90°), TiC is said to have high wettability with the Al-Mg melt. High
wettability prevents the TiC particles from clustering, so that a uniform distribu-
tion of particles in the Al-matrix is obtained. This results in a fine grain structure
in the aluminium alloy after solidification. Kennedy et al. have investigated the
grain-refining properties of TiB2 and TiC. The effect of these inoculants on the
grain structure in a cast pure Al alloy is shown in Figure 16 [44].

(a) Un-reinforced. (b) Reinforced with 5 vol% TiB2.

(c) Reinforced with 5 vol% TiC.

Figure 16: Optical macrographs of a cast commercially pure Al alloy, showing the
grain structure with and without inoculants. The grain refining effect is larger for
the TiC inoculants, compared with the TiB2 inoculants. From [44].

It can be seen from Figure 16 that the resulting grain structure in TiC-reinforced
composites (Figure 16c) is finer than in the pure alloy (Figure 16a) and in the TiB2-
reinforced composite (Figure 16b). Small-scale clustering of the TiB2 particles
was observed, while the TiC particles were more distributed uniformly. A pro-
posed explanation for the distribution difference was that the molten Al wets the
TiC particles better than the TiB2 particles, leading to less agglomeration of TiC
particles. Kennedy et al. suggested that this small-scale clustering explains why
the grain structure of the TiB2 reinforced composite was coarser than the TiC
composite [44].

Kennedy et al. also found that the TiC-reinforced composite had higher stiff-
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ness, strength and ductility than the composite reinforced with TiB2, which was at-
tributed to the stronger interfacial bonding between the reinforcement TiC particles
and Al-matrix in the Al-TiC system [44].

2.8 Manufacturing of nanoparticle reinforced MMCs

The main challenge related to the manufacturing of metal matrix nano-composites
(MMnCs) is to achieve a uniform distribution of the reinforcement particles. This
is a crucial requirement for producing strong composite materials [2].

Casati and Vedani present various manufacturing techniques in their review
on the production of bulk nanoreinforced MMCs [2]. The different techniques are
divided into liquid, semi-solid and solid production methods.

In composites manufactured by the conventional liquid-casting metallurgical
approach, many ceramic nanoparticles will cluster together due to low wettability
with the molten metal matrix, high surface-to-volume ratio and high viscosity. This
results in an heterogeneously reinforced material. To avoid clustering in liquid-state
processes, high intensity ultrasonic waves may be used to create collapsing micro-
bubbles in the melt, which break up the nanoparticle clusters. The nanoparticles
are then dispersed evenly in the liquid metal [2].

Liu et al. [4] mixed potassium aluminium fluoride KAlF4 salts and TiC nano-
particles to effectively manufacture Al-TiC nanocomposites with a uniform particle
distribution, through a solidification process. The molten Al was mechanically
stirred to avoid clustering of the TiC nanoparticles. An overview of this salt-
assisted solidification method is shown in Figure 17.

Figure 17: Salt assisted solidification method, used to produce uniformly reinforced
Al-TiC nanocomposites by introducing TiC nanoparticles to molten Al. The mol-
ten Al is stirred to avoid clustering. Ultrasound is used in pre-processing to mix
the TiC nanoparticles and the salt (KAlF4). From [4].

Other liquid state MMnC-manufacturing processes processes include disinteg-
rated melt deposition, in-situ processing, selective laser melting and melt stirring
[2]. A disadvantage with the liquid state processing methods is that the high tem-
peratures may result in the formation of unwanted reaction products (as shown in
subsection 2.9).
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A semi-solid MMnC-production method is rheocasting. In rheocasting, pre-
heated nanoparticles are added to a semi-sold metal slurry under vigorous stirring
to achieve uniform distribution. The slurry is then squeezed to a solid form, using a
hydraulic press. Semi-solid casting is another promising method, shown to produce
composites with the same strength as ultrasound-assisted cast MMnCs, but with
higher ductility [2].

Solid state methods often use metallic and ceramic powders as starting materials
to produce MMnCs. A common solid-state technique is mechanical alloying. In
this method, powders are repeatedly cold welded, fractured and re-melted in a high
energy ball mill, in order to produce a powder mixture with a uniform distribution
of ceramic nanoparticles. The powder mix is further pressed to a compact material,
through a variety of different hot or cold pressing/extrusion techniques (in some
cases sintering is also used) [2].

Fattahi et al. used a solid-state spray technique known as accumulative roll
bonding (ARB), to produce ceramic nanoparticle/Al composite filler wires for use
in Gas Tungsten Arc Welding [47]. The ceramic nanoparticles used were TiO2,
Al2O3 and TiC. An image showing the process steps in ARB is shown in Figure 18
[47].

Figure 18: The processing steps in the accumulative roll bonding technique used
by Fattahi et al. to manufacture a nanoparticle/Al composite filler wire. From
[47].

The ARB method is an iterative process, with the starting point of a powder-
layer of nanoparticle ceramic particles ”sandwiched” in between two aluminium
metal plates. This ”sandwich” was rolled and cut into two equally sized rectangular
rods, which were then rolled again. After a satisfactory number of rolling steps,
the plate was cut into thin plates which were used as fillers in welding of two 6061
Al plates. Fattahi et al. reported that a uniform distribution of nanoparticles in
the fillers was achieved through ARB [47].
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2.9 Instability of TiC in AMCs

There are some difficulties involved with the use of TiC as reinforcement in AMCs,
mainly related to the instability of TiC at elevated temperatures. Kennedy et
al. [5] found that titanium aluminide (TiAl3) precipitates and brittle aluminium
carbide (Al4C3) blocks form at the TiC-matrix interface when held at higher tem-
peratures (600-900°C) for extended periods (over 48 hours). These precipitates will
deteriorate the mechanical properties of the composite, therefore their formation
should be avoided. The following reaction was suggested:

13 Al(l/s) + 3 TiC(s) 3 TiAl3(s) + Al4C3(s) (15)

The reaction above occurred in molten Al above 600°C, but also in solid Al-TiC
composites at 600°C. At 900°C, TiC was found to be stable [5].

When using Al-Mg alloys as the matrix in AMCs, it is crucial to consider the
interfacial reactions that may occur between the Al-Mg matrix and TiC at elevated
temperatures (e.g. during manufacturing). Pure Mg does not form thermodynam-
ically stable carbides, but will react with oxygen (O) to form MgO. The Al2O3

oxides present on the surface of Al-alloys, which are stable in pure Al, may react
in the presence of Mg and O to form MgAl2O4 [62].

Contreras et al. [3] studied the reactions that occur between molten Al-Mg
alloys and TiC. This was done by wetting solid, dense TiC substrates with a drop
of Al-Mg, at temperatures between 750 and 900°C. The holding time was 120
minutes. After the Al-Mg drop had solidified, the chemical composition of the
interface between the TiC substrate and the Al-Mg drop was analysed. Both
Al4C3 and TiAl3 was detected, presumably formed by the reaction in Equation 15.
Contreras et al. include the possibility that TiAl3 could also have formed as a
consequence of a TiO2 oxidation layer at the TiC substrate, through the following
reaction:

13 Al(l) + 3 TiO2(s) 3 TiAl3(s) + 2 Al2O3(s) (16)

Lee et al. [63] also detected reaction products in a TiC reinforced Al-Mg matrix
composite, fabricated by the Pressureless infiltration technique. Temperatures in
the range of 700 – 1000°C were used, and the holding time was 1 to 5 hours. Many
different compounds were found near the interface between TiC particles and the
Al-Mg matrix, among those Al4C3 and TiAl3.

To avoid the formation of deteriorating reaction products, temperatures dur-
ing manufacturing of TiC-reinforced AMCs should be kept below 600°C. If higher
temperatures must be used, the holding time should be minimised.
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2.10 Screw extrusion

Screw extrusion is a continuous manufacturing process, applying an ”Archimedes”
type screw to create an extruded profile. Feedstock material is introduced to the
system as solid granules or pellets, in a feed hole at the rear end of the screw. As
the screw rotates, material is pushed forwards in a chamber, compacted and then
forced through an orifice in the die at the front of the machinery, as a forward
pushing pressure gradient evolves. Thus, an extruded profile is made.

Screw extruders with one rotating screw are referred to as Single-screw ex-
truders. It is also possible to use multiple screws for increased mixing and com-
pounding of the solids. Screw extruders with two screws are known as Twin-screw
extruders, and screw extruders with three or more screws are known as Multiple-
screw extruders [64].

The geometry of the rotating screw may also be tailored to suit different pur-
poses. Screws are commonly designated either as single flight (SF) or double flight
(DF) screws. SF screws have one thread running along the screw stem in a spiral
motion, while DF screws have two symmetric threads on opposite sides of the screw
stem. Sketches of the two screw types are shown in Figure 19a [65]. A schematic
side-view drawing of a screw extruder is shown in figure 19b [65].

(a) Types of screws and their geometries. (b) Designation of essential parts.

Figure 19: Schematic drawing of a screw extruder. From [65].

The active flight of the screw is the side of the thread that participates in
pushing the material forwards when rotating. This side will be subjected to large
pressure forces. The passive flight does not push the material, but rotates around
in front of it.

Screw extruders are fundamental processing tools in the polymer industry. Since
the 1950s, screw extruders have been used to manufacture various rubber and
plastic products such as films, construction materials and polymer pipes. Because
screw extrusion is a continuous process, with a range of different processable poly-
mer materials, it is one of the most popular production methods for polymers [64].
The raw materials are polymers in the form of solid granules or pellets (as shown
in Figure 21). From the rotation of the screw, a friction force occurs between the
screw, the solid granules, and the barrel wall. The friction will increase the tem-
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perature in the system, but in some cases external heaters are also applied. Due
to the low melting point of polymers, the solid granules are transformed into a
low-viscous melt even at moderate temperatures. This melt is pushed forward by
the rotational motion of the screw [66].

2.11 Metal Continuous Screw Extrusion

The use of screw extruders is no longer limited to the polymer industry. Due to
recent research advances, screw extrusion of metals is now possible. The technology
facilitating for solid-state screw extrusion of metals is known as Metal Continuous
Screw Extrusion (MCSE), and is developed at NTNU (Norwegian University of
Science and Technology), in collaboration with the aluminium production company
Norsk Hydro [67].

A model of the developed single-screw extruder used for MCSE is shown in
Figure 20 [6].

Figure 20: 3D model of the metal continuous screw extruder developed at NTNU,
in cooperation with Norsk Hydro. From [6].

As seen in Figure 20, solid granules are added through a feed hole at the rear
end of the screw. The granules trickle downwards in the extruder and land at the
bottom of the screw chamber. Due to the friction which arises between the granules
and the tooling surfaces in the machine, the rotating screw will push the granules
forwards in the screw chamber. To achieve efficient forward material flow in the
extruder, the friction between the granules and the internal walls of the screw
chamber should be large, while the friction between the granules and the screw
itself should be low [65]. Figure 21 shows a sketch of the different stages for the
added material during MCSE, as described in the original patent by Werenskiold
et al. [67].
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Figure 21: Illustration of the different process stages during MCSE. From [67].

As more and more granules are added, a solid plug will form in the extrusion
chamber at the screw front, and a pressure build-up will commence. The material is
consolidated due to the high pressure and temperature in the system, and the large
shear strains caused by the rotation of the screw [65]. The pressure in the screw
chamber continues to increase until it is high enough to push the solid material out
of the chamber, through the die orifice at the front of the extruder. This creates an
extruded profile. As long as the screw rotates, the temperature is controlled and
granules are added, a solid profile will be continuously extruded.

The process of screw extruding highly-viscous materials, such as aluminium,
poses different challenges compared to polymer screw extrusion. MCSE is also a
fully solid-state process, unlike polymer screw extrusion, and the forces required
to deform and extrude solid metal are, naturally, larger than for polymer melts.
Therefore, a more powerful engine to rotate the screw is necessary for MCSE.
Additionally, the operating temperature for metal screw extrusion is higher than
for polymer extrusion, since the energy demand for decreasing the viscosity is
larger. To ensure sufficiently low viscosity of the consolidated material, and prevent
cracking from thermal stresses, the steel-machinery used in MCSE is heated with
an induction coil in front of the screw extruder. The induction heating is applied
before and during screw extrusion [6].

If the temperature in the rear part of the screw extruder (near the feeding
hole) exceeds a certain level (∼ 280°C), compaction and sticking friction may oc-
cur [6]. The consolidated material will then extend backwards along the screw,
leading to an excessive load on the gear motor. The rotation of the screw will then
stop (by a failsafe mechanism), and the steel barrel and the screw will both be
stuck in the aluminium. The backwards (with respect to the extrusion direction)
propagation of heat is avoided by cooling the extrusion chamber with compressed
air, through cooling ribs in the container barrel. The cooling medium also aids
in achieving stable temperature conditions for each experiment. The temperat-
ure during MCSE is measured and logged using thermocouple wires at different
positions in the extruder.

MCSE may use recycled aluminium scrap as feedstock, facilitating for solid-
state recycling of aluminium. Solid state recycling of Al uses less than 7% of the
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energy required for state-of-the-art remelting routes [68]. When compared to other
solid state recycling routes for Al, Duflou et al. [69] found that screw extrusion had
the smallest environmental impact per kg material, measured in the dimensionless
energy consumption unit milipoints [mPt]. Their results are included in Figure 22.

Figure 22: Environmental impact of different recycling processes of aluminium.
From [69].

As a novel processing method, MCSE is expected to produce materials with
unique properties, that may be applicable in many industrial sectors. In this work,
MCSE is used to produce a TiC-nanoparticle reinforced (5183-)AMC wire. Nor-
mally, the manufacturing of MMCs (including AMCs) involve at least two steps;
consolidation or synthesis (introducing reinforcement into the matrix) and shaping
[11]. Using MCSE, both consolidation and shaping (by extrusion) is achieved in a
single processing step.

Further information on MCSE may be found in the PhD thesis: Screw extrusion
of light metals: development of materials, characterization and process analysis by
Kristian Grøtta Skorpen [6].
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2.11.1 Flow during MCSE

An important aspect to consider in screw extrusion is the material flow through
the screw chamber. The flow will affect the resulting microstructure and properties
of the extruded material, as well as the effectiveness of the extrusion. Widerøe and
Welo [65] used materials with different etching properties (a 6060 Al-alloy and Al
alloyed with 1.8 wt% copper) to illustrate metal flow during screw extrusion. The
6060 alloy was extruded first, then the Cu-rich alloy was added. After extrusion
was completed, the aluminium plugs (remaining inside the screw extruder) were cut
along the transversal and longitudinal plane, and etched in concentrated NaOH.
The Cu-rich alloy develops a black colour under etching, while the 6060 alloy keeps
its metallic (white) appearance. This colour difference displays the metal flow in
front the screw, in longitudinal and transversal direction.

Photos of two screw plugs are shown in Figure 23. Plug a was retrieved after
30 s of feeding the dark contrast material (Cu-rich Al-alloy), plug b after 60s. The
photos are created by merging one photo of the longitudinal plane of the plug and
one photo of the transverse plane.

Figure 23: Etched aluminium plugs from screw extrusion using a single flight screw,
illustrating the material flow. (a): after 30 s of contrast material feeding; (b): after
60s. From [65].

As seen from Figure 23, the new material (Al-Cu, black) and the old material
(6060 Al-alloy, white) are in some areas mixed, resulting in an alternating black
and white spiral pattern. In other areas, near the middle and at the edge, the white
material still dominates. These areas are so-called dead zones, were the material
does not move within the screw channel. In between the middle and the edge of
the plugs, the new, black material predominates after 60 s. This is due to a higher
sticking friction along the chamber walls, slowing down the material flow near the
edges of the plug. The central zones have no restricting friction [65].

Figure 23 a illustrates that asymmetric material flow occurs in single flight screw
extrusion, since the spiral core is located slightly below the centre of rotation. This
is a consequence of the material only being pushed forward by the active flight,
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which produces an unsymmetrical product. A more symmetrical flow path may be
seen in Figure 24, which shows the screw plugs from a double flight screw extrusion
experiment.

Figure 24: Etched aluminium plugs from screw extrusion using a double flight
screw, illustrating the material flow. (a): after 30 s of contrast material feeding;
(b): after 60s. From [65].

The double flight screw pushes the material forwards at two points simultan-
eously, since there are two active flights across from each other. This results in a
more symmetric material flow.

In summary, the typical flow pattern in the screw channel during extrusion may
be illustrated as shown in Figure 25 [65].

Figure 25: Typical material flow pattern in the screw channel during extrusion,
from [65].
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2.12 Improving weldability of Al-alloys using nanoparticles

The incorporation of ceramic nanoparticles to metallic alloys may improve other
material properties than strength and grain size; the weldability may also be greatly
enhanced. The aluminium alloy 7075 is traditionally known to be non-weldable,
as hot cracking occurs during welding. Sokoluk et al. [70] recently found that by
incorporating 1.7vol% 40–60 nm diameter TiC nanoparticles to 7075 welding filler
rods, the formation of hot cracks was minimised. The filler rods were fabricated
using the salt-assisted liquid state incorporation method [4], discussed in subsec-
tion 2.8 and illustrated in Figure 17. Images documenting the macroscopic effect
of the TiC nanoparticles on hot crack formation during Gas Tungsten Arc Welding
(GTAW), are shown in Figure 26.

Figure 26: Weld appearance after Gas Tungsten Arc Welding of two 7075 Al-alloy
sheets. a: Dimensions of the two 7075 Al plates welded together. b and c: Hot
cracks formed during the welding using, respectively, 7075 and 5356 Al alloy as
fillers. d: Bead melting zone of the 7075TiC weld, showing no macroscopic signs
of cracking. The scale bar in all images is 10 mm. From [70].

From the images above, it may clearly be seen that the incorporation of TiC
nanoparticles (shown to the right, figure d) to the welding rods have prevented the
formation of hot cracks during GTAW. Thus, by adding TiC nanoparticles to the
7075 alloy, the non-weldable alloy became weldable.

Additionally, it was found that the TiC particles gave a fine-grain structure in
the weld which in turn gave exceptional post-weld tensile strength (UTS≈ 525 MPa)
compared to other common Al-filler materials (see e.g. Table 2). It is expected
that the same nanoparticle-treatment may give similar results for other hot crack
susceptible metal alloys.
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2.13 Wire Arc Additive Manufacturing

Additive Manufacturing (AM) technologies are manufacturing methods being in-
troduced to automotive, aerospace and biomedical industries at a rapid pace. AM
methods provide increased design freedom and possibilities for fast prototyping, in
addition to high cost and resource efficiency, compared with traditional manufac-
turing methods [71]. AM-products are created as layer-by-layer three-dimensional
(3D)-structures, with the possibility of using both polymers and metals as feed-
stock. A division of AM into 7 different categories (based on deposition technique),
showcasing the variety of materials suitable for AM, is included in Figure 27 [9].

Figure 27: Classification of different additive manufacturing technologies, based
on deposition technique. The materials which may be used for each process are
written in the blocks to the right. From [9].

From Figure 27 it is seen that four of the seven different AM-processes may
be used to create metal products. Among these four, directed energy deposition
(DED) is one of the most common for AM of metals. The different categories of
DED are shown in Figure 28 [9].
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Figure 28: Classification of the different Directed Energy Deposition techniques,
from [9]. The red lines indicate the wire arc additive manufacturing (WAAM)
process.

The path shown by the red lines in Figure 28 indicates the method known as
Wire Arc Additive Manufacturing (WAAM). In WAAM, a metal wire is heated
beyond its melting point by an electric arc. The molten metal is then deposited
on an underlying metal structure and quickly solidifies, forming a new layer of
material. The underlying metal also melts and solidifies, so that a metallic bond
is formed between the metal layers. A wire-feeding mechanism pulls more wire
into electrical contact with the arc, facilitating for continuous deposition of new
material. A positioning system moves the weld gun around to create a 3D structure.
In principle, this process is the same as conventional arc-welding, combined with a
positioning system.

A WAAM-setup used by researchers at Technische Universität Darmstadt is
shown in Figure 29a [72]. The fundamental parts of a WAAM system are illustrated
in Figure 29b [73].
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(a) Image taken during a wire arc ad-
ditive manufacturing (WAAM) experi-
ment at Technische Universität Darm-
stadt, showing a typical WAAM-setup.
From [72].

(b) Sketch of the fundamental compon-
ents of a WAAM system. Adapted from
[73].

Figure 29: The WAAM system.

The advantages of WAAM, compared to other AM methods, are high deposition
rates, low material and equipment costs and good structural integrity [74].

Using wire as the starting material, compared to powder, lowers the cost and
increases the possible size of the manufactured product. The dimensions of struc-
tures produced by powder-processes are limited by the size of the surrounding
chamber required to provide an inert atmosphere [73]. Most WAAM-products may
be manufactured in an ambient atmosphere, with a local gas shielding of the weld
arc. Thus, the dimensions of WAAM products are not limited by a chamber size.
Powder-bed processes are suitable for complex parts demanding high resolution,
but the deposition rate is one order of magnitude lower than for WAAM [74]. For
simple to medium complex parts, WAAM is the most suitable AM method [73].

Since the WAAM-process may use conventional welding wires, there is already
a wide range of starting materials available. Still, these wires have potential for im-
provement. Martin et al. [10] found that by introducing nanoparticle nucleants to
Al powders for powder-additive manufacturing, the resulting 3D-printed products
had crack free, equiaxed grains and thus high structural integrity. It is believed
that the introduction of nanoparticles will also benefit structures produced by the
WAAM method. The work done by Fattahi et al. [55] indicates that introducing
ceramic nanoparticles to wires used for WAAM will give products with increased
hardness and yield strength, compared to the use of unreinforced metal wires.

WAAM is particularly suited for AM of Al-alloys, compared to using powder-
feedstock, as Al-powders have a large surface area and therefore larger amounts of
oxides than wires. These oxides are difficult to remove due to their thermodynamic
stability. Another disadvantage of using powders for AM of Al is that the low
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melting point of Al (at 600°C) makes it difficult finding a suitable binder-material,
which is needed for the selective laser melting approach [75]. Thus, WAAM is the
most promising candidate for AM of Al-alloys.
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3 Experimental procedures

In this section, the characteristics of the raw-materials, the utilised equipment and
methods are presented. First, flow charts summarising the experimental procedures
are presented. A flow chart illustrating the experimental pre-treatment procedure
before MCSE, and experimental conditions during MCSE, is shown in Figure 30.

5183 Welding wire

Cutting

5183 Granules

Rinsing with
water and acetone

Rinsing with
acetone

Heating at
130°C

for 24 h

Heating at
130°C

for 24 h

Heating at
350°C
for 1 h

TiC coating TiC coating

DF screw
extrusion

in air

DF screw
extrusion

in air

DF screw
extrusion
in CO2

DF screw
extrusion
in CO2

5183 wire 5183TiC wire 5183-CG wire 5183TiC-CG wire

SF screw
extrusion in air

SF screw
extrusion in air

Chemically+thermally
rinsed 4043 Granules

4043+5183TiC wire

4043 wire

Figure 30: Preparation and screw extrusion procedure for produced wires. The
4043 granules were rinsed using the same procedure as for the 5183 granules
(cutting, rinsing in water and acetone, heating at 130°C for 24 h and 350 °C for
1 h). The abbreviations SF (single flight) and DF (double flight) indicate screw
geometry.
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A flow chart illustrating the sample preparation and investigation methods ap-
plied after MCSE is shown in Figure 31.

Screw extruded wire

Sawing

Epoxy-
casting

Tensile test
specimen

prep.

Grinding &
polishing

Tensile testing

SEM (EDS
+ EBSD)

Microhardness
Optical

microscopy

Figure 31: Sample preparation and characterisation methods.

The experimental procedure and sample preparation methods are written in
more detail in the following subsections.
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3.1 Chemical analysis and preparation of materials

Granules of the commercial aluminium alloy 5183 were used as the starting material
for MCSE. The 5183 aluminium alloy was produced by Safra, and delivered as
a 1.2 mm diameter welding wire. To measure the chemical composition of the
provided material, the wire was cut into granules, which were cast to a disk sample
and sent to Hydro Sunndalsøra for Optical Emission Spark Analysis (OES).
The composition was estimated from the average values of four sparks. The results
from the OES analysis are given in Table 3. The composition as according to the
datasheet provided by Safra (included in section A in the appendices), is shown
for comparison.

Table 3: Measured chemical composition of 5183 welding wire, compared with
values from the datasheet supplied by the producer Safra. The datasheet may be
found in section A in the appendices.

Element
Content [wt%]
OES Datasheet

Al Balance Balance
Mg 4.65 4.3-5.2
Fe 0.12 <0.40
Ti 0.11 <0.15
Cu 0.01 <0.05
Mn 0.66 0.6-1.0
Si 0.15 <0.25
Zn 0.01 <0.25
Cr 0.09 0.05-0.25

From the table above, it may be observed that the OES measured values fall
well within the given composition values given by the supplier, Safra.

To transform the welding wire into granules suitable for MCSE, wire pieces
were bent by hand into approximately 40 cm long bundles (shown in Figure 32a).
These bundles were then inserted into the rotating knife apparatus (Figure 32b) to
produce 5–15 mm long granules (shown in Figure 32c).

A parallel batch of 4043 (Al-5wt%Si) granules was prepared using the same
procedure as for the 5183 granules.

44



(a) Bundles of 5183 welding wire.

Knife

Electrical engine

(b) Rotating knife apparatus.

(c) 5183-granules

Figure 32: Materials and equipment in the granule preparation procedure.

A total of six wires were made, differing in granule material, preparation pro-
cedure and screw extrusion conditions (as shown in Figure 30). The motivation for
the variations in the experimental conditions was to investigate if the pre-treatment
procedures affect the presence of oxides in the screw extruded wire, as well as the
influence on the mechanical properties. The mixed 4043+5183TiC wire was pro-
duced in an attempt to illustrate flow conditions in the SF screw extruded wire.

Table 4 shows the details regarding the different screw extruded wires. The
different wires and the corresponding granules are hereon referred to by their alloy
designation, with ”TiC” added at the end for the composite wires. The wires
produced with CO2 as a cover gas during the screw extrusion, and from granules
not rinsed with water or thermally rinsed at 350 °C to inhibit oxidation of the
Al-Mg alloy, are additionally designated with ”-CG” (abbreviation for cover gas).
Table 4 also summarises the pre-treatment method of each wire. All extruded wires
had a measured diameter of ≈ 9.8 mm ± 2 mm. The reason for the large deviation
in wire diameter was that the screw extruder die was been damaged/worn in earlier
experiments, as shown in Figure 36. This resulted in irregular, elliptical transversal
cross-sections of the wires, shown in Figure 52 in the results section (section 4).
Some variation may also be attributed to the varying screw extrusion speeds, which
depends on granule feeding rate, temperature and screw rotation speed.
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Table 4: Material, pre-treatment and screw extrusion conditions for the different
wires/granules. The abbreviations for the screws are: SF=single flight, DF=double
flight. All wires had a diameter of 9.8 mm ± 2 mm.

Designation
Chemical
cleansing

Thermal
cleansing

Atmosphere Screw

5183 Acetone+Water
130°C - 24 h.
350°C - 1 h.

Air DF

5183TiC Acetone+Water
130°C - 24 h.
350°C - 1 h.

Air DF

5183-CG Acetone 130°C - 24 h. CO2-rich DF
5183TiC-CG Acetone 130°C - 24 h. CO2-rich DF

4043 Acetone+Water
130°C - 24 h.
350°C - 1 h.

Air SF

4043
+5183TiC

Acetone+Water
130°C - 24 h.
350°C - 1 h.

Air SF

The 4043 and 4043+5183TiC wires were produced in the same screw extrusion
session, by first adding 4043 granules, and then adding 5183TiC granule after some
4043 had been extruded. Thus, wire 4043+5183TiC was produced as a mixture of
the two alloys. The first part of the wire was pure 4043, the rest a 4043+5183TiC
mixture.

For the wires produced in ambient atmosphere, compressed air was used con-
tinuously to cool the screw extruder during extrusion. When the extrusion was
performed in the CO2-rich atmosphere, no cooling air was used until high temper-
atures deemed it necessary. This was another measurement made to prevent the
formation of oxides.

3.1.1 Chemical cleansing

A chemical cleansing procedure was implemented to remove dirt and grease from
the granule surfaces. The granules were poured into a large (approx. 10 L) bottle
containing some (approx. 1 dL) acetone. The bottle was shaken by hand for about 1
min, before the content in the bottle was poured into a sieve to remove the acetone.
At this point, the chemical cleaning for the granules intended for screw extrusion
using CO2 cover gas was stopped to avoid oxidation and minimise the amount
of oxides and hydroxides in the ”-CG” wires, which could form through surface
reactions between the granules and water (producing e.g. aluminium hydroxide,
Al(OH)3). The other granules were further rinsed with tap-water in the same
bottle.

3.1.2 Thermal cleansing

Residue from the chemical cleaning step was removed by heating the granules
according to the following procedure:
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1. Heating at 130 °C to remove acetone (and eventual water) from all granules.
The heating was done in a Termaks heating cabinet.

2. Degreasing at 350 °C of the granules intended for wires 5183, 5183-TiC, 4043
and 4043+5183TiC. This was done in a Nabertherm P300 thermical convec-
tion oven.

Both the Termaks heating cabinet and the Nabertherm P300 thermical convec-
tion oven were operated in an ambient air atmosphere. The temperatures for the
pre-treatment were chosen based on the observations made on the pre-treatment of
materials for screw extrusion in the PhD thesis Solid state recycling of aluminium
scrap and dross characterisation by Jirang Cui [68].

3.1.3 Coating with TiC-nanoparticles

After thermal cleansing, the preparation of the granules intended for the manu-
facturing of the monolithic 5183 wires was finished. The granules intended for
the production of the 5183TiC composite wires were further dry coated with TiC.
This was done by mixing the granules and TiC nanoparticle powder in cylindrical
containers, which were further placed on top of a rotating roller mixer (IKA Roller
10 Digital, shown in Figure 33a). The weight ratio of TiC to Al for all the coated
granules was 3/100, i.e 3wt% TiC. During storing and extrusion, some of the TiC
particles dusted off the granules, so the fraction of TiC is most likely below 3wt%
TiC in the extruded wires.

The coating-treatment was done by Sintef Industry. The roller rotation speed
was 60 RPM (rounds per minute) and the treatment duration was 5 days. An
image of the wire-granules without TiC-coating (left) and with TiC-coating (right)
is included in Figure 33b.

(a) IKA Roller 10 Digital rotating roller
mixer, used to cover the 5183 wire granules
with TiC coating.

No coating TiC coating

(b) 5183 granules without coating are
shown to the left, the 5183 granules with
black TiC-coating are shown to the right.

Figure 33: Equipment used in TiC-coating procedure, and appearance of the non-
coated/coated 5183 granules.
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The TiC-nanoparticles were produced by US Research Nanomaterials Inc.,
and had diameters around 50 nm. Scanning electron microscopy (SEM) images of
the coated granules may be found in section B in the appendices.

3.2 Equipment and Methods

3.2.1 Screw extrusion

A laboratory prototype metal continuous screw extruder (patent: [67]), was used
to produce the different wires. The screw rotates counterclockwise, and extrudes
the wire horizontally out at its front. A photograph of the screw extruder, with
inserted part designations, is included in Figure 34.

Feeder cone

Electrical engine

Fume hood

Feed hopper

Feeding hole

Screw barrel

Cooling air pipe

Thermocouple wire

Gear Box

Figure 34: Side view of screw extruder.

48



An image of the screw extruder front (during screw extrusion) is shown in
Figure 35.

Granule funnel

Thermocouple
measurement
position(T1)

Induction coil

Extruded wire

Figure 35: Close-up image of the screw extruder front during extrusion of the
approx. 9.8 mm 4043+5183TiC wire, using a single flight screw.
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The internal die opening was measured to be ≈ 10 mm in diameter. The
internal tooling diameter (diameter of the metal plug at the front of the screw) was
measured to be≈ 34 mm for the 4043 and 5183TiC+4043 wires. For the other wires,
the internal tooling diameter was increased to ≈ 43 mm due to accidental damages
inflicted to the die in other experiments, while the internal die diameter remained ≈
10 mm. A photograph of the damaged die, after it had been mechanically restored
(using a lathe), is included in Figure 36.

≈ 10 mm

Die diameter

≈ 43 mm

Tooling diameter

Figure 36: Photograph of the damaged, non-circular screw extruder die. As indic-
ated by the glossy surface, an attempt to mechanically restore the die was made,
by the use of a lathe.

Ideally, the die opening should be circular to avoid anisotropic properties in the
extruded material. The damages also resulted in some scratches and defects along
the surface of extruded wires. As seen in the image above, the die opening is larger
in the vertical direction, than in the horizontal direction. The extruded wire will
have the same, ”elliptical” cross sectional shape.

The extrusion ratio (ER) during MCSE may be estimated as the cross sectional
area of the internal tooling divided by the cross sectional area of the die opening,
and gives an indication of the reduction in area which occurs through the die.
Since the die diameters varies for the different wires, two distinct extrusion ratios
are estimated. For the 4043 and 4043+5183TiC wires, which were screw extruded
using the single flight screw, the extrusion ratio (designated as ERSF) is given as:

ERSF =
π ·
(

34
2

)2
π ·
(

10
2

)2 =
342

102
≈ 12 (17)
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Since the die used to produce the other wires was not circular (as shown in Fig-
ure 36), the diameter is not constant. The smallest diameter measured (≈10 mm)
is chosen for the estimation of the die diameter, as this gives the largest reduction
in area. For the remaining wires, which were screw extruded using the double flight
screw, the extrusion ratio (designated as ERDF) is:

ERDF =
π ·
(

43
2

)2
π ·
(

10
2

)2 =
432

102
≈ 18 (18)

A slowly rotating drum, shown in Figure 37, was used to collect the extruded
wire.

Figure 37: Drum used to collect extruded wire. The wire in this image is the 4043
wire, produced with a single flight screw.
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An important parameter during screw extrusion is the temperature in the screw
extruder system. The temperature was logged using a total of six thermocouples
wire at different positions in the screw extruder. The designation and position of
each thermocouple (T1 – T6) is presented in Figure 38.

T1

T2/T3 T4

T5 T6

(a) Side-view schematic drawing of the
screw extruder, including the designa-
tion of essential parts (black) and the
placement of the thermocouples (red).
Figure from [65].

Temperature sensor Placement
T1 Die
T2 Extrusion chamber left
T3 Extrusion chamber right
T4 Screw channel front
T5 Screw channel rear
T6 Screw stem

(b) Placement of the temperature
sensors in the screw extruder.

Figure 38: Position and designation of temperature sensors in the screw extruder.

Before extrusion could start, the screw extruder was pre-heated to avoid thermal
cracking. The heating was done by placing a copper induction coil at the front of the
screw (as shown in Figure 35), close to, but not in contact with the die. The effect
of the coil was adjustable, but was mostly kept in the range 2-6 kW, depending on
temperatures conditions.

In an attempt to avoid oxidation of the Al-Mg wire, chemically pure CO2 gas
from a bottle at 3 bar pressure was introduced to the screw chamber for the ex-
trusion of the 5183-CG and 5183TiC-CG wires. This was done by flushing CO2

through a tube connected to the hopper feeder of the extruder module (see Fig-
ure 39). Since CO2 is ≈ 1.5 times denser than air [76], it was believed that the
CO2 gas would settle at the bottom in the screw chamber, create a CO2 rich (but
still containing air) atmosphere and thus reduce the oxidation of the Al-Mg wire
during screw extrusion.
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Figure 39: CO2 transporting tube, connected to the granule funnel of the screw
extruder. The tube flushed CO2 gas (from a bottle at 3 bar) into the rear end of
the screw chamber.

When CO2 was used, the compressed cooling air (at 4.5 bar) was not applied
until deemed necessary, which was when the rear temperatures (T5 and T6 in Fig-
ure 38) reached around 280°C. Although the compressed air passes through cooling
ribs separated from the screw extruder chamber, it was omitted in an attempt to
minimise turbulent airflow within and around the screw extruder chamber and thus
keep the CO2 gas in the screw chamber.

Important process parameters (temperature, screw momentum, screw rotation
speed, air-pressure and approximate feeding rate, etc.) were measured and logged
using the software Labview. In an attempt to obtain fast, but stable extrusion, the
granule feeding rate, the effect of the induction coil and the rotation speed of the
screw were adjusted accordingly throughout the experiment.

After the experiments were stopped, the screw extruder module was disas-
sembled, the metal plug remaining at the front of the screw was removed and the
parts which contained Al residue were etched in a basic sodium hydroxide solution.
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An overview of the complete screw extrusion experimental procedure is included
in Figure 40 [65].

Figure 40: Illustration of the different experimental steps in the screw extrusion
procedure, showing the approximate temperatures in selected processing steps.
When producing the 5183-CG and 5183TiC-CG wires, CO2 gas was added through
a transporting tube attached to the granule funnel in the feeding hole. Modified
from [65].
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3.2.2 Sample preparation

To measure the microhardness and observe the microstructure of the extruded
wires, multiple samples of each wire were prepared as described in this section.

About 12 cm long pieces from each extruded wire were cut using a bolt cutter.
Using a Struers Labotom-5 water-cooled saw, the pieces were further cut into 1-3
cm long pieces. The wire pieces were then cast in Epofix epoxy-resin. To remove air
bubbles from the resin, the samples were held at 0.3 bar for five and a half minutes
in a Struers Citovac vacuum chamber, before the resin was allowed to harden for
a minimum of eight hours.

The planes of interest in the samples are the transverse cross sections and the
longitudinal cross sections of the wires, as indicated in Figure 41.

Transverse cross-sectionLongitudinal cross-section

Figure 41: Sketch of the investigated wire planes and corresponding mounting/cast
geometries.
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To reach the longitudinal and transversal cross sections shown in Figure 41, the
samples were grounded and polished using the procedure shown in Table 5:

Table 5: Polishing procedure. The duration of each step varied from sample to
sample, depending on visual observations.

Step Surface Suspension/Lubricant
1 SiC FEPA#320 Water
2 MD-Largo 9µm Diapro All/Lar.
3 MD-mol 6µm Diapro Mol
4 MD-mol 3µm Diapro Mol
5 MD-NAP 1µm Nap-B/NAP-R (depending on availability)

The initial polishing was done using a semi-automatic combined polisher (TegraPol-
31 ) and load applier (TegraForce-5 ). The polishing machine is shown in Figure 42a.
The two different sample holders used, referred to as sample holder 1 and 2 are
shown in Figure 42b and Figure 42c, respectively.

(a) Struers TegraPol-31/TegraForce-5.

(b) Sample holder 1.

(c) Sample holder 2.

Figure 42: Equipment used for sample preparation.

The 5183TiC+4043 and 4043 wires were polished using sample holder 1, the
remaining wires with sample holder 2. The different sample holders resulted in
no visual differences in the appearance of the samples. To achieve a flat polishing
plane on the samples, dummies of pure resin were placed in each empty position
around sample holder 1, while the samples in sample holder 2 were placed around
the holder as shown in Figure 42c.
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Before each polishing step, the sample holder (and samples for holder 2) was
cleaned in the Strues Lavamin ultrasonic water-cleaner (Figure 43a), while the
sample and the dummies in sample holder 1 were rinsed with tap-water and cleaned
in the VWR Ultrasonic cleaner (seen in Figure 43b, filled with distilled water).

(a) Strues Lavamin. (b) VWR Ultrasonic cleaner.

Figure 43: Ultrasonic cleaners.

After the polishing procedure in Table 5 was finished, the samples were further
polished using a Vibromet 2 vibratory polisher (produced by Buehler, seen in Fig-
ure 44a). Samples were mounted in a holder (shown in Figure 44b), weighing 400 g,
which pushed the sample down towards the vibrating plate) and polished for one
to two hours in a colloidal Buehler MasterMet 2 suspension, containing 0.02 µm
SiO2 particles. After 1 hour in the vibratory polisher, the samples were taken out
and washed with water and ethanol, then dried using a hairdryer. This procedure
produced a plane sample surface, free of scratches and deformations.
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(a) Buehler Vibromet 2 vibratory pol-
isher.

(b) Sample holder for vibration polish-
ing, weighing 400 g, containing a longit-
udinal 4043 single flight-wire sample.

Figure 44: Vibration polising equipment.

Investigation of the sample surfaces in the scanning electron microscope revealed
that some of the SiO2 particles from the vibration polishing suspension remained
on the surface. In an attempt to remove these particles, some of the 5183TiC
and 5183TiC-CG samples were vibration polished in distilled water for one hour,
before they were rinsed in an ethanol solution in the VWR Ultrasonic cleaner for
30 minutes. This was determined to be successful only for the 5183TiC wire, as the
other 5183TiC-CG wire samples were surface contaminated by Cu clusters through
this procedure. It is believed that the presence of Cu on the samples was a result
of tap-water contamination of the polishing pad used in the vibratory polisher.

The samples intended for scanning electron microscopy (SEM) examination
were required to have electrical conductivity from the metallic wire-surface to the
backside of the epoxy sample, so that electrons which do not contribute to the
imaging are led away. This will minimise charging effects in the image. To achieve
conductivity to the backside of the samples, two different approaches were taken.
One approach was to ground the backside of the sample with coarse SiC-paper
(first #120, then #320) until the rear end of the wire-piece in the epoxy cast was
reached. This approach was used for the transversal cross-section samples of the
DF screw extruded wires. To illustrate this procedure, a transversal SEM sample
of the 5183 wire is shown before and after grinding in Figure 45.
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(a) Before. (b) After

Figure 45: Grinding of transversal cross-section SEM sample of 5183 wire.

The second approach was to cover the samples with aluminium foil, so that
electrical conductivity was achieved from the wire surfaces to the backside of the
epoxy sample. The longitudinal cross-section samples (as well as the transversal
cross-section samples of wires 4043 and 4043+5183TiC) were covered by aluminium
foil from top to bottom, as shown in Figure 46.

The SEM samples were kept in a heating cabinet at 65°C for degassing at least
12 hours before each SEM session. Based on availability, two different SEM sample
platforms were used. Figure 46a shows a transverse cross-sectional sample on a
sample platfrom, Figure 46b shows a longitudinal cross-sectional sample in a SEM
sample cup holder.

(a) Transverse cross-section sample of
wire 4043+5183TiC, on SEM sample
platform.

(b) Longitudinal cross-section sample of
wire 4043+5183TiC, in SEM sample cup
holder.

Figure 46: Samples of wire 4043+5183TiC wire, prepared for SEM imaging.
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The purpose of the sample holder is to ensure electrical conductivity from the
sample to the SEM stage, so that excess electrons which do not contribute to
imaging the sample are led away from the sample surface. The use of different
sample holders did not result in observable differences in the observed image quality.

3.2.3 Microscopy images

Electron microscopy images were taken using a Zeiss Supra 55-VP low vacuum field
emission scanning electron microscope (LVFESEM). This microscope is equipped
with secondary and backscattered electron detectors. The samples were qualit-
atively analysed using energy dispersive X-ray spectroscopy (EDS) in the same
microscope, with an EDAX EDS unit and the software EDAX Team.

Unfortunately, the backscattered electron detector in the Zeiss Supra 55-VP
was out of order for the duration of this work. Therefore, all SEM images were
taken with the secondary electron detector. Secondary electrons only image the
surface of the sample since they are emitted from the surface and only slightly
beneath it, i.e they have low emission volumes. Since the emission volume of EDS-
signals and backscattered electrons match better than EDS-signals and secondary
electrons, the EDS analysis throughout this work was not optimal with regards to
the comparison between EDS-signals and electron imaging.

Optical microscopy images were mostly taken using a Zeiss AXIO inverted
microscope and post-processed using the software Zen Core. Low magnification
microscopy images at 10X magnification) were taken using Leica CTR6000, by
stitching together approximately 140 images at 100X magnification. The software
Leica Application Suite (LAS) Core was used to stitch the images together.

3.2.4 Electron back scatter diffraction

Electron backscatter diffraction (EBSD) analysis of was done using the Zeiss Ultra
55 SEM. The sample stage was inclined at 70°, the working distance was ≈ 25 mm
and the acceleration voltage was 25 kV.

The electron backscatter diffraction patterns were collected using the software
NORDIF developed by Prof. Jarle Hjelen (NTNU), indexed and mapped using OIM

Data collection 7 and analysed using the software TSL OIM Analysis™ (both
developed by EDAX ).

3.2.5 Microhardness measurement

The Vickers microhardness (HV0.1) of each a transversal sample of each wire was
measured using the Leica VMHT MOT hardness measurement device (seen in
Figure 47a). An indentation force of 100 grams, and a dwell time of 15 seconds was
used. To avoid faulty measurements, a distance between the indents was at least
6 times the mean indent-diagonal (corresponding to 200-300 µm) was used. The
indents were applied along the diameter of the transversal cross-sectional samples,
from top to bottom (relative to the screw extruder). Approximately 25 indentations
were used for each wire. The indentation force for all measurements was 0.98 N.
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The results from the microhardness testing were post-processed using Microsoft

Excel.

3.2.6 Tensile testing

Tensile tests were performed using a Multipurpose servohydraulic universal
testing machine (series LFV 100 kN), produced by Walter + Bai AG. The tensile
testing machine is shown in Figure 47b. A strain rate of 1.8 mm min−1 (correspond-
ing to 10−3 s−1) was applied. The extensiometer (produced by Epsilon technology),
had a gage length of 25 mm for all tensile tests.

The tensile data was gathered with the software DION 7, developed by Wal-
ter+Bai AG, and post-processed using Python.

(a) Leica VMHT MOT microhardness
measurement device, used to measure the
Vickers microhardness (HV0.1) of the dif-
ferent wire samples.

(b) Walter + Bai Universal Testing Ma-
chine, used for tensile testing of wire
samples.

Figure 47: Equipment used for microhardness measurements and tensile testing of
the extruded wires.
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The tensile ”dogbone” samples were obtained by machining approximately
10 cm long wire pieces cut off the extruded wires. The tensile load was thus ap-
plied parallel to the extrusion direction. The dimensions of the samples depended
on the geometry of the extruded wire. The 4043 and 4043+5183TiC wires were
wave-like due to the asymmetric pressure generation caused by the single flight
screw material. Therefore, these ”wavy” single flight tensile samples had smaller
dimensions than the ”straight” double flight tensile samples, since more material
had to be removed to create straight samples. The dimensions for the single flight
(4043+5183TiC and 4043) and double flight (others) tensile specimens are included
in, respectively, Figure 48a and Figure 48b.

(a) Single flight.

(b) Double flight.

Figure 48: Tensile test specimen dimensions. All numbers are in mm.

As seen in Figure 48, the diameter of the investigated samples was either 4.0 or
6.0 mm, so that surface defects and pores present in the extruded ≈ 9.8 mm wires
were not likely to affect the outcome of the tensile tests. The strain measurement
length was 30 mm for all samples.
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Typical appearances of two single flight wires and one double flight wire are
shown in, respectively, Figure 49a and Figure 49b. Figure 49a also shows the mac-
roscopic difference between single flight wires extruded at low and high extrusion
speed.

Slow extrusion

Fast extrusion

(a) Single flight 4043+5183TiC wire pieces.
The lower wire piece was extruded at a
higher extrusion speed than the upper wire
piece.

(b) Double flight pure Al wire.

Figure 49: Typical appearance of extruded wires, showcasing the difference between
wires extruded by single and double flight screws.

As seen from Figure 49 above, wires produced using double-flight screws are
more straight than the ones produced using single-flight screws. The double-flight
wires are therefore more suitable for further processing (rolling and drawing).

The samples for the tensile tests of the 4043+5183TiC and 4043 wires were
prepared by Finmekanisk verksted at NTNU. The other, double-flight samples
were prepared by Sintef Industry.

Unfortunately, the elongation under tensile loads was measured precisely only
for some of the specimens, due to connectivity issues between the extensiometer
and the software used. Therefore, the tensile results presented in subsection 4.7
only shows the measurements of representative samples, i.e samples that fractured
within the extensiometer measuring range, had similar behaviour to the other
samples and for which the strain was accurately measured.
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4 Results

The measured temperatures during screw extrusion, results from microstructural
SEM and EBSD analysis, and the measured mechanical properties of the double
flight (DF) screw extruded wires, i.e. the 5183, 5183TiC, 5183-CG and 5183TiC-
CG wires, are presented in this section. Results from the investigations of the
single flight (SF) screw extruded wires (4043 and 4043+5183TiC) may be found in
section C in the appendices. The DF wires differ in presence of TiC, atmosphere
during screw extrusion (air/CO2) and pre-treatment of granule raw material (with
or without water rinsing), as shown in Figure 30 and Table 4 in the experimental
procedures (section 3).
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4.1 Temperature during screw extrusion

An important parameter to consider when investigating the microstructure and
mechanical properties of the extruded wires is the processing temperature during
screw extrusion. The measured temperatures during double flight screw extrusion
wires are shown in this section.

The temperature evolution during screw extrusion of wires 5183 and 5183TiC,
produced from water-rinsed granules and extruded in ambient atmosphere, is presen-
ted in Figure 50.

(a) 5183 wire.

(b) 5183TiC wire.

Figure 50: Temperature evolution during screw extrusion in ambient atmosphere.
The dashed, red, vertical line indicates the start of the extrusion. The different
temperatures correspond to thermocouple measurement in the following positions:
T1: Die T2: Extrusion chamber left T3: Extrusion chamber right T4: screw
channel front T5: Screw channel rear and T6: Screw stem.
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The position of each temperature measurement (T1 – T6) may be found in
Figure 38.

The temperature evolution during screw extrusion of wires 5183-CG and 5183TiC-
CG, produced from 5183-granules not rinsed in water and extruded in CO2 atmo-
sphere, is presented in Figure 51.

(a) 5183-CG wire.

(b) 5183TiC-CG wire.

Figure 51: Temperature evolution during screw extrusion in CO2 atmosphere. The
dashed, red line indicates when screw extrusion started, the dashed, blue line indic-
ates when cooling (by compressed air flow) was initiated. Note that the horizontal
time-axes in the two plots differ. The position of the temperature measurements
are as follows: T1: Die, T2: Extrusion chamber left, T3: Extrusion chamber right,
T4: screw channel front, T5: Screw channel rear, T6: Screw stem.

From Figure 50 and Figure 51, it may be observed that the extrusion of all
wires started at T1≈450°C.
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4.2 Optical microscopy images

In this section, optical images of the cross-section wire-samples are presented.
Optical microscopy images of the transversal cross sections of each wire are

shown in Figure 52.

(a) 5183. (b) 5183TiC.

(c) 5183-CG. (d) 5183TiC-CG.

Figure 52: Optical microscopy overview images of the transversal cross sections of
each wire, showcasing the irregular elliptical shape of the extruded wires caused by
the damaged extrusion die (see Figure 36). Some pores may be seen around the
circumference of all wires. The large crack inside the dashed yellow circle in (c) is
most likely a consequence of insufficient compaction in the screw extruder.

The irregular cross-sectional shape of the wires is caused by the damages in the
die opening. The damaged die may be seen in Figure 36.
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Optical micrographs of the longitudinal cross section samples of the wires ex-
truded in ambient atmosphere (produced from granules rinsed with water and
heat-treated at 130°C and 350°C) are presented in Figure 53.

(a) 5183.

(b) 5183TiC.

Figure 53: Optical microscopy images of the longitudinal cross section of wires
extruded in ambient atmosphere. These wires were produced from granules rinsed
with acetone and water, and heat treated at 130 and 350 °C.
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Corresponding images for the wires extruded in a CO2-rich atmosphere (pro-
duced from granules not rinsed with water and heat-treated only at 130°C) are
shown in Figure 54.

(a) 5183-CG.

(b) 5183TiC-CG.

Figure 54: Optical microscopy images of the longitudinal cross section of the wires
extruded in a CO2-rich atmosphere. These wires were produced from granules heat
treated only at 130°C and rinsed without water.
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By comparing Figure 53 with Figure 54, it may be seen that the porosity (pores
are visible as dark spots of varying sizes) is significantly higher in the surfaces of
the 5183 and 5183TiC wires, than in the 5183-CG and 5183TiC-CG wires. The
5183 and 5183TiC wires were produced from acetone and water-rinsed granules,
which were heat-treated at 130 and 350 °C, and extruded in ambient atmosphere.
The 5183CG and 5183TiC-CG wires were produced from aceton-rinsed granules,
which were heat-treated only at 130 °C, and extruded in a CO2-rich atmosphere.
The different pre-treatment and screw extrusion procedures for the wires shown in
the image above are shown in Figure 30. Some pores were found in the surfaces of
all the wires, but the different pre-treatment parameters and/or use of a CO2 cover
gas has a clear effect, for both the composite TiC-wires and the monolithic alloys.

The porosity difference is also clearly visible in optical microscopy images of
the transversal cross-section samples of the composite wire, shown in Figure 55.

(a) 5183TiC.

(b) 5183TiC-CG.

Figure 55: Optical microscopy images of the transversal cross section samples of the
TiC-AMC wires, showing a cross-section of the wire surface. It may be observed
that the 5183TiC wire is significantly more porous than the 5183TiC-CG wire.
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4.3 Investigation of cracks and pores in extruded wires

The SEM images in this section present cracks and pores found near the surfaces
of the extruded wires. It was observed that deep cracks were present in both the
5183TiC and the 5183TiC-CG wire. Two similar cracks from the 5183TiC and the
5183TiC-CG wires are shown, respectively, in Figure 56a and Figure 56b.

(a) 5183TiC. (b) 5183TiC-CG.

Figure 56: Secondary SEM micrographs showing pores near the surface of the
longitudinal TiC-nanocomposite wire samples. The samples are oriented so that
the extrusion direction is horizontal in the images.

The alternating grey-layer structure seen in the lower parts of Figure 56a was
found to consist of oxides, as shown in section D in the appendices.

A crack of the same appearance was also found in the transversal 5183TiC wire
sample shown in Figure 57a. The more shallow pore to the right in Figure 57a is
imaged at higher magnification in Figure 57b.

(a) Transversal 5183TiC sample. (b) Higher magnification image of shallow
pore.

Figure 57: Secondary SEM images from transversal cross section sample of 5183TiC
wire, showing two different surface defects.
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The results from the EDS mapping of the pore in Figure 57b are shown in
Figure 58.

Oxide

(a) Shallow pore in 5183TiC wire.

(b) Al EDS signals. (c) Ti EDS signals.

(d) Mg EDS signals. (e) O EDS signals.

Figure 58: SEM and EDS analysis of pore near the surface of the 5183TiC wire.

Figure 58c shows that Ti signals agglomerate from within the pore shown in
Figure 58a. It may also be noticed that characteristic O signals are emitted from
the lower left edge of the pore, along with Mg signals. This implies the presence of
a magnesium oxide (MgO or MgAl2O4).
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4.4 Surface oxide in 5183TiC-CG wire

Oxides were also observed near the surface of the 5183TiC-CG wire. One of these
surface-oxides are shown in Figure 59a, along with the EDS signals for Al, Ti, Mg
and O (Figure 59b–Figure 59e).

Surface
Mn

(a) Oxide near surface.

(b) Al EDS signals. (c) Ti EDS signals.

(d) Mg EDS signals. (e) O EDS signals.

Figure 59: SEM and EDS analysis of an oxide phase in the 5183TiC-CG wire. The
edge surface of the wire is visible in the upper right corner in (a). The grey phases
in (a) bear resemblance to Mn precipitates.
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Since no characteristic Al signals (seen in Figure 59b) are emitted from the
phase in the centre of Figure 59a, while Mg signals in Figure 59d are, it may be
assumed that this phase is mainly MgO. From Figure 59c and Figure 59e, it may
be seen that Ti signals agglomerate in the same area as the O signals, indicating
TiC particles within the oxide.

4.5 Distribution of TiC nanoparticles and oxides

SEM images of the 5183TiC and 5183TiC-CG wires, showing the distribution and
morphology of the TiC nanoparticles and Mg-oxides present in the 5183-Al matrix,
are included in the following subsections. EDS point analysis was used to confirm
the identity of the different phases observed. The EDS spectra from this analysis
may be found in section E in the appendices. It is assumed that there is no dif-
ference in TiC-distribution between the transversal and longitudinal cross-section
samples, as they will both give a representative illustration of the cross-sectional
the microstructure in the wires. All SEM images in this section are taken of areas
close to the centre of the wire, so it may be assumed that they are representative
for the microstructure of the bulk material.

4.5.1 5183TiC wire

A sample of the 5183-TiC wire (extruded without CO2 cover gas) is imaged in this
section. The sample was prepared as indicated in subsubsection 3.2.2, including
vibration polishing in distilled water and ultrasonic rinsing in ethanol in order to
remove residual SiO2 from earlier vibrational polishing steps. A secondary SEM im-
age of the matrix in the longitudinal cross section of the 5183TiC-wire is presented
in Figure 60.
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TiC

TiC

Mn

MgO

Figure 60: Secondary electron image of the 5183TiC wire (longitudinal cross
section), showing the Al-matrix near the centre of the longitudinal cross-section
sample. The inserted arrows show which phases were identified using EDS (see
subsection E.1 in the appendices). The bright, white particles are TiC clusters,
the light grey irregular shaped phases are Mn precipitates and the dark phases are
MgO. The area within the dashed box is examined at higher magnification, shown
in Figure 61.

As seen from Figure 60, multiple phases are present in the 5183TiC-wire. The
inserted arrows indicate the phases which were identified using EDS, as shown
in subsection E.1 in the appendices. The dark phase in the center right area of
the image, indicated by an orange arrow, was confirmed to have a composition
corresponding with MgO. The light grey phase in the center left of the image,
indicated by a yellow arrow, was confirmed to be a Mn precipitate. The bright
spots indicated by the black arrows are TiC nanoparticle clusters.

Phases and particles in the image with similar appearance to those indicate by
the arrows, may be assumed to be of the same identity. Thus, all the small, bright
particles seen in Figure 60 may be assumed to be TiC. It is clear that TiC is evenly
(but rather scarcely) distributed in the area imaged in Figure 60, indicating that
a uniform distribution of the nanoparticles was achieved through MCSE.
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The area in the inserted, dashed box in the centre of Figure 60 is imaged at
higher magnification in Figure 61.

TiC

TiC

TiC

MgO

Mn

Mn

Figure 61: Secondary electron image of the longitudinal cross section 5183TiC
wire sample, showing the Al-matrix in the centre of the longitudinal cross-section
sample. The arrows show the identity of the different phases, confirmed by EDS
analysis. The bright particles are TiC-clusters, the light grey phases are Mn-
precipitates and the dark phase is MgO. The area within the dashed box is imaged
at higher magnification in Figure 62.

Several smaller TiC particles were found in the area imaged in Figure 61, as
shown by the black arrows, as well as additional Mn and MgO phases.
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The area inside the dashed box in the top right corner of Figure 61, is imaged
at higher magnification in Figure 62 to further investigate the appearance of the
TiC particles.

TiC clusters

TiC particle

Mn

Figure 62: Secondary electron image of the longitudinal cross-section 5183TiC wire
sample, showing TiC clusters and particles, and a Mn precipitate. The EDS spectra
confirming the identity of each phase may be found in Figure 107 in the appendices.

The EDS spectra confirming the identity of each phase in Figure 62 may be
found in Figure 107 in the appendices.

Figure 62 shows that TiC is present both as clusters of nanoparticles and as
single nanoparticles. The diameter of the single particle is approximately 50 nm
in diameter. The clusters are around 100 nm in diameter, while not completely
equiaxed. The clusters in Figure 62 above are on average smaller than the clusters
shown in Figure 61. This indicates a variation in the number of TiC nanoparticles
in each cluster.

From Figure 60 through Figure 62, it is seen that the TiC particles were uni-
formly distributed in the composite, mainly present as small clusters (≈ 100 nm to
200 nm in diameter), but in some cases as single nanoparticles. The small diameter
of the single particles makes it difficult to observe their distribution in the wire, as
they are barely visible even at high magnifications (as in Figure 62).

It may also be observed that the area fraction of TiC particles in the images
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is quite low, even when assuming all bright particles in Figure 60 are TiC. The
interparticle spacing (i.e. the distance between the TiC-particles and clusters) is
observed to be quite high, several micrometers separate some of the TiC clusters
in Figure 61.

Several other high magnification SEM images of TiC particles and clusters in
the 5183TiC wire, and their EDS spectra, may be found in subsection E.1 in the
appendices.

4.5.2 5183TiC-CG wire

The 5183TiC-CG wire sample (extruded with CO2 cover gas) imaged in this section
was also prepared as according to subsubsection 3.2.2, but this sample was not vi-
bration polished in distilled water and rinsed in ethanol. The sample thus contains
some SiO2 residual particles from the vibration polishing in silica suspension. The
EDS point analysis confirming the presence of TiC, MgO, Mn and SiO2 particles
in this wire may be found in subsection E.2 in the appendices.

A secondary SEM-image of the matrix in the transversal cross-section of the
5183TiC-CG wire is shown in Figure 63.

Figure 63: Secondary SEM image of the 5183TiC-CG wire, showing the Al-matrix
in the centre of the transversal cross-section wire. The area inside the dashed box
is imaged at higher magnification in Figure 64.
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The light grey phases (some seen in the lower left corner of Figure 63) may be
assumed to be Mn precipitates, the dark spots are most likely MgO phases and the
bright particles may be assumed to be TiC or SiO2, given their similar size and
morphology.

The area in the dashed black box in Figure 63, is further imaged at higher
magnification in Figure 64.

TiC

SiO2

Mn

MgO

Figure 64: Secondary SEM image of the central section of the 5183-CG wire,
transversal cross-section sample. The arrows indicate phases which were confirmed
by EDS analysis (as shown in subsection E.2). The black arrows point to TiC
particles, the orange arrow to a (subsurface) MgO particle, the blue arrows to
SiO2 particles (residue from vibration polishing) and the yellow arrows point to
Mn precipitates. It may be seen that TiC particles encapsulate the MgO phase in
the top, right corner. The area within the dashed box in the upper right corner
was examined at higher magnification, shown in Figure 65.

It is observed that the TiC particles are somewhat brighter than the SiO2

particles. Therefore, it may be assumed that the brighter particles/clusters in
Figure 64 are TiC, while the more dim, spherical particles are SiO2. Particles
situated below the sample surface will reflect fewer secondary electrons and thus
give a weaker signal, so these may be similar to the SiO2 particles. For this reason,
it may be difficult to distinguish sub-surface TiC from SiO2, and observing the
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relative TiC-amount in the specific area is subsequent to errors. The SiO2 particles
may give an impression that a larger fraction of TiC particles is present in the
5183TiC-CG wire than what is actually the case.

The MgO phase in the top right corner of Figure 64, within the dashed box,
is investigated closer in Figure 65. Here, a secondary SEM image is shown in
Figure 65a, along with EDS signals (Figure 65b – Figure 65e). It may be seen
that the Mg and O signals agglomerate in the dark phase in the centre. Ti signals
come from the bright spherical particles surrounding the oxide. It may thus be
assumed that the dark particle seen in the centre of Figure 65a is a MgO particle
encapsulated by TiC. Due to electron-drift during SEM-imaging, the position of
the EDS signals are slightly shifted upwards and to the left, relative to the position
of the MgO phase in Figure 65a.
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(a) MgO phase.

(b) Al EDS signals. (c) Ti EDS signals.

(d) Mg EDS signals. (e) O EDS signals.

Figure 65: SEM and EDS analysis of MgO phase in the 5183TiC-CG wire. It may
be observed that the round MgO phase (≈ 0.5 µm in diameter) is encapsulated by
bright TiC particles. A yellow, dashed circle has been inserted in the images in
order to show the position of the encapsulated oxide.
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4.5.3 Comparison of microstructures

For comparison, SEM images of the matrix near the centre in 5183TiC and 5183TiC-
CG wires are shown again in Figure 66 and Figure 67.

MgO

TiC

Figure 66: Secondary SEM image of the matrix in the 5183TiC wire. The inserted
arrows indicate the phases which were identified using EDS, as seen in subsec-
tion E.1 in the appendices. The small, bright particles (bearly visible) are assumed
to be TiC nanoparticles. The larger, dark phases are assumed to be Mg-oxides.
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TiC

MgO

Figure 67: Secondary SEM image of the matrix in the 5183TiC-CG wire. The in-
serted arrows indicate the phases which were identified using EDS, as seen in sub-
section E.2 in the appendices. Small, bright particles (bearly visible) are assumed
to be TiC nanoparticles or SiO2 particles (residual from vibrational polishing). The
dark phases are assumed to be Mg-oxides.

By comparing Figure 66 and Figure 67, it may be seen that the dark Mg-oxide
phases in the 5183TiC wire are somewhat larger than the Mg-oxide phases in the
5183TiC-CG wire. To compare the distribution of the TiC nanoparticles in the
different composite wires, the central areas in Figure 66 and Figure 67 are shown
at higher magnification in Figure 68 and Figure 69, respectively.
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TiC

TiC

TiC

Figure 68: Secondary SEM image of the 5183TiC wire matrix. The black arrows
indicate the clusters confirmed to consist of TiC nanoparticles, by using EDS point
analysis as shown in subsection E.1 in the appendices. It is observed that the
TiC clusters are uniformly distributed in the matrix, though with a rather large
interparticle spacing in between. The total amount of TiC particles in the structure
is quite low.
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TiC

SiO2

Figure 69: Secondary SEM image of the 5183TiC-CG wire matrix, displaying the
same area as in shown Figure 64, but at a lower magnification. The inserted arrows
indicate the phases which were identified using EDS, as shown in subsection E.2
in the appendices. Several bright particles, similar to the one in the centre of
the image, may be seen throughout the matrix. Thus, it may be concluded that
the TiC nanoparticle clusters are uniformly distributed. The interparticle spacing
between the TiC clusters is rather large also in this wire. The total amount of TiC
particles in the structure is quite low.

From Figure 68 and Figure 69 it may be observed that the TiC nanoparticles
mainly appear as small clusters in both wires. These clusters are uniformly distrib-
uted throughout the matrix. It may also be noticed that both wires have rather
low contents of TiC.
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4.6 EBSD analysis

In this section, the results from the EBSD (Electron BackScatter Diffraction) ana-
lysis of the 5183-CG and 5183TiC-CG wires are presented. As mentioned in the
experimental procedures (see Figure 30), these wires were produced from granules
pre-treated without water-rinsing, and with the use of CO2 acting as a shielding
gas during MCSE. The temperature at which the 5183TiC-CG and 5183-CG wire
samples were extruded should be similar, as indicated in Figure 51. The only
difference between these wires should be the presence of TiC in the 5183TiC-CG
wire. Comparing these wires will therefore illustrate the effect of TiC nanoparticles
on the grain structure in the extruded wires. The EBSD grain orientation maps
(hereon referred to as orientation maps), inverse pole figures (IPFs) and image
quality (IQ) maps in this section were all obtained from the centre region of the
wires. The orientation maps have dimensions 99.6 X 99.6 µm and indicate the
crystallographic orientation and size of the grains in the different wires. Extrusion
direction (ED) is from right to left in all orientation maps.

An orientation map of the 5183-CG wire is shown in Figure 70, along with
an IPF assigning different colours corresponding to the different crystallographic
directions of the grains in the wire, relative to the extrusion direction (ED).

(a) Orientation map.
(b) Inverse pole figure, rel-
ative to ED.

Figure 70: Orientation map of the longitudinal cross-section of the 5183-CG wire.
The different colours of the grains shows their crystallographic directions, as in-
dicated by the inverse pole figure. The extrusion direction is from right to left in
the image. Subgrains, observable as adjacent grains with small colour differences,
may be seen in multiple locations in the orientation map. The abbreviations used
in the direction designation are: ED=Extrusion Direction and TD=Transversal
direction.
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An orientation map of a similar area (i.e. of the same size, and also from the
centre section of the wire) in the 5183TiC-CG wire is shown in Figure 71.

(a) Orientation map.
(b) Inverse pole figure, rel-
ative to ED.

Figure 71: Orientation map of the longitudinal cross-section of the 5183TiC-CG
wire. The different colours of the grains shows their crystallographic directions, as
indicated by the inverse pole figure. Extrusion direction is from right to left in the
image. Subgrains, observable as adjacent grains with small colour differences, may
be seen in multiple locations in the orientation map. The abbreviations used in the
direction designation are: ED=Extrusion Direction and TD=Transversal direction.

Both orientation maps (Figure 70 and Figure 71) indicate elongation of the
grains in the extrusion direction (ED), perhaps to a slightly larger degree in the
5183TiC-CG wire. The total number of grains identified in each of the orientation
maps above is presented in Table 6. The area of both orientation maps is the same,
99.6 µm X 99.6 µm.

Table 6: Number of identified grains in the inverse pole figures of the 5183-CG and
5183TiC-CG wires, over a 99.6 µm X 99.6 µm area.

Wire Number of grains Grains per micro meter
5183-CG 973 0.098

5183TiC-CG 1499 0.151

From Table 6 it may be observed that a significantly higher number of grains
were identified in the investigated area in the 5183TiC-CG wire, compared to the
area of the same size in 5183-CG wire.
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Pole figures of the 5183-CG and the 5183TiC-CG wires, showcasing the grain
texture in the extruded wires, are included in Figure 72 and Figure 73, respectively.

(a) Pole figures. (b) Texture in-
tensity.

Figure 72: Pole figures of 5183-CG wire in {111} and {001} directions, showing a
fiber-like texture in the {111} direction. The texture intensity has the unit ”times
random”.

(a) Pole figures. (b) Texture in-
tensity.

Figure 73: Pole figures of 5183TiC-CG wire in {111} and {001} directions, showing
a fiber-like texture in the {111} direction. The texture intensity has the unit ”times
random”.

The {111} pole figures for both wires have weak, fiber-like textures [77]. By
comparing the texture intensities, it may be observed that the texture strength in
the 5183-CG wire (Figure 72) is only slightly higher than in the 5183-CG wire (Fig-
ure 73). The small difference in texture strength is considered to be insignificant
for the material properties.

Bar charts showing the grain diameter distribution in the areas examined in
Figure 70 and Figure 71 are shown in Figure 74a and Figure 74b, respectively.
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(a) 5183-CG.

(b) 5183TiC-CG.

Figure 74: Bar charts showing the grain diameter distribution in the wires which
were extruded in a CO2 rich atmosphere. Obtained from EBSD analysis.
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From the bar charts in Figure 74, it may be seen that the grain diameter
distribution in the 5183TiC-CG wire is more skewed to the left than the distribution
for the 5183-CG wire. That is, the grains in the wire containing TiC particles have,
on average, a lower diameter than the grains in the monolithic alloys.

As the grains are elongated in the extrusion direction (leftwards in Figure 70
and Figure 71), the grain diameter is for most grains larger in the extrusion dir-
ection than in the transversal direction. Thus, the diameter may be a fallacious
measure for determining the grain size in the wires. For that purpose, a grain
area distribution is more suited. Bar charts showing the grain area distribution for
grains with an area less than 50 µm2 are included in Figure 75.
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(a) 5183-CG.

(b) 5183TiC-CG.

Figure 75: Bar charts showing the grain area distribution in the wires which were
extruded in a CO2 rich atmosphere. Obtained from EBSD analysis.
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As seen from the bar charts in Figure 75, the grain area distribution is clearly
skewed towards lower areas for the 5183TiC-CG wire, compared with the 5183-CG
wire.

The measured average grain diameter and grain area from the EBSD analysis
of the areas shown in Figure 70 and Figure 71 are included in Table 7.

Table 7: Average grain size (both in terms of diameter and area) from EBSD
analysis of the longitudinal cross section of wires extruded in CO2 atmosphere.

Wire Grain diameter [µm] Grain area [µm2]
5183-CG 3.07 10.15

5183TiC-CG 2.56 6.59

Table 7 shows that the 5183TiC-CG wire contains the smallest grains, both in
terms of grain diameter and grain area.

The misorientation angle between the subgrains seen in the orientation maps
(Figure 70a and Figure 71a), was also investigated. A low misorientation angle
between the subgrains indicates that recrystallisation has not occured, since the
grains are still oriented with their {111} direction along the extrusion direction,
and thus have low misorientation angles.

Image quality (IQ) maps, with superimposed colour designations of the mis-
orientation angles between the grains in the monolithic (5183-CG) and composite
wires (5183TiC-CG), are included in Figure 76a and Figure 76c, respectively. The
IQ maps show same areas as imaged in the orientation maps in Figure 70a and
Figure 71a.

Bar charts showing the distribution of the misorientation angles below 5° in the
5183-CG and 5183TiC-CG wires are shown in Figure 77. It is likely that these low
misorientation angles originate from subgrains in the wires, which are indicated by
the yellow lines within the grey grains in the IQ maps.
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(a) 5183-CG. (b) Direction and grain bound-
ary designation, and numerical
results.

(c) 5183TiC-CG. (d) Direction and grain bound-
ary designation, and numerical
results.

Figure 76: IQ maps, with highlighted high and low angle grain boundaries. The yel-
low lines, accumulated within dark-coloured grains in the IQ maps above, indicate
the presence of subgrains with low misorientation angles. (b) and (d) also indicate
the total length of grain boundaries and number fractions for low misorientation
angles (1–5°) and high misorientation angles (5–180°).
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(a) 5183-CG.

(b) 5183TiC-CG.

Figure 77: Misorientation angle distributions in the wires extruded in CO2-rich
atmosphere. The angles measured are below 5°, and may be assumed to originate
from the grain boundaries between subgrains in the structures.
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From Figure 77 it may be observed that the misorientation angle distribution
is slightly more skewed towards small angles (less than 1°) for the 5183TiC-CG
wire. The total number fractions of grain boundaries, having misorientation angles
below certain values are presented in Table 8.

Table 8: Total number fractions of grain boundaries below certain misorientation
angles in the wires extruded in CO2 rich atmospheres.

Below:
Number fraction

5183-CG 5183TiC-CG
0.125° 0.11 0.13
0.375° 0.34 0.42
0.625° 0.60 0.67
0.875° 0.80 0.85
1.125° 0.88 0.91

Table 8 shows that the 5183TiC-CG wire has larger accumulated number frac-
tions of small angle grain boundaries than the 5183-CG wire. This implies that
a larger fraction of the grain boundaries between subgrains in the 5183TiC-CG
wire have close to no misorientation between them, which further indicates that
recrystallisation in this wire has been hindered to some extent.
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4.7 Mechanical properties

In this section, the mechanical properties of the DF (double flight) screw extruded
wires are included. The same results for the SF screw extruded wires (4043 and
4043+5183TiC) may be found in section C in the appendices. All the presented
strength and elongation measurements are made on wire samples deemed to be
representative. Representative samples showed similar mechanical properties as
the other samples of the same material, and fractured within the extensiometer
gage length. A more scientific determination of the mechanical properties would
be achieved if the average values of multiple samples were used. Unfortunately,
the strain during tensile testing was measured accurately for only some of the
investigated samples, thus calculating average values for the yield strength and
elongation was not possible. Therefore, representative values were used in the
following analysis.

Representative stress-strain curves for the four double flight screw extruded
5183 wires are presented in Figure 78.

Figure 78: Engineering stress-strain curves from the tensile test of representative
double flight screw extruded wire samples.
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The yield strength (σY ) was estimated by applying the 0.2 % strain offset
method on the tensile curves shown in Figure 78. Ultimate tensile strength (σUTS)
is the maximum engineering stress (σ) value of each curve. EL is the elongation at
fracture for each sample. The values for σY , σUTS and EL for the different wires
are presented in Table 9.

Table 9: Yield strength (σY ), ultimate tensile strength (σUTS) and elongation at
fracture (EL) for the double screw extruded 5183 wires.

Wire σY [MPa] σUTS [MPa] EL [%]
5183TiC-CG 198 374 23
5183TiC 233 386 22
5183-CG 190 366 30
5183 191 354 24

From Table 9 and Figure 78 it is clear that the 5183TiC wire exhibits the highest
ultimate tensile strength (σUTS), followed by 5183TiC-CG, 5183-CG and lastly
5183. When it comes to yield strength (σY ), the trend is the same, except that the
5183 and 5183-CG wires have almost identical yield strength. From Figure 78 it
may also be observed that the 5183-CG and 5183TiC-CG wires, which presumably
contain fewer oxides, are more ductile than the wires extruded without the addition
of CO2; 5183 and 5183TiC. These wires are expected to contain more brittle oxides,
since no attempts to minimise oxidation was made.

The results of the Vickers microhardness (HV [HV0.1]) measurements of the DF
extruded wires are presented in Table 10.

Table 10: Microhardness measurements of double flight screw extruded composite
and monolithic wires.

Wire HV ± Standard devation [HV0.1]
5183TiC-CG 94.7 ± 2.7
5183TiC 103.1 ± 3.5
5183-CG 86.3 ± 2.6
5183 87.8 ± 2.4

The results from microhardness (HV) analysis follows a trend similar to the
results from tensile testing; 5183TiC is hardest, followed by 5183TiC-CG. 5183
and 5183-CG exhibit similar microhardness values.
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The increase in yield strength, ultimate tensile strength and microhardness
due to the addition of TiC nanoparticles to each wire (i.e. calculated by comparing
values for 5183-TiC vs. 5183 and 5183TiC-CG vs. 5183-CG), as well as the decrease
in ductility, is presented in Table 11.

Table 11: Increase in yield strength, ultimate tensile strength and microhardness,
and decrease in ductility attributed to the presence of TiC nanoparticles in the
AMC wires.

Wire ΔσY [MPa] ΔσUTS [MPa] ΔHV ± STD [HV0.1] ΔEL [%]
5183TiC-CG 8 8 8.4 ± 3.7 -7
5183TiC 42 32 15.3 ± 4.2 -1

It may be observed that the increase in strength (both yield and ultimate tensile
strength) due to the addition of TiC is significantly higher in the 5183TiC wire than
in the 5183TiC-CG wire.
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5 Discussion

5.1 Temperature conditions during MCSE

In this section, the cause and some possible consequences of the temperature evol-
ution during metal continuous screw extrusion (MCSE) of the different wires are
discussed. The temperature plots referred to are included in subsection 4.1.

The initial increase in temperature in the plots in Figure 50 and Figure 51
is driven by the external heating from the induction coil. As the induction coil
is placed in front of the screw extruder die, T1 will rise at first, since the T1
thermocouple wire is situated in the die and is closest to the induction coil. The
heat from the induction coil will over time propagate backwards along the screw and
the barrel walls by conduction, so the other thermocouples (T2 – T6) will experience
increased temperatures. When granules are added (starting at T1≈ 100°C), the
friction and deformation heat arising from the compounding and kneading of the
granules by the rotating screw, will also contribute to increase the temperatures in
the system.

The rising temperatures lead to a decrease in the viscosity of the screw-plug,
i.e. the material situated in front of the screw. When the temperature has reached
a sufficient level, the decrease in viscosity allows the continuously fed material to
push the plug forward from behind, so that an extruded profile escapes through
the die. In all temperature plots it may be observed that extrusion of each wire
initiates at T1≈ 450°C, thus this is the required temperature to achieve extrusion.

When T1 reaches 500°C, the extrusion temperatures in the frontal section (T1–
T4) are stabilised for all the different wires. Stable temperatures are achieved
through balancing the effect of the induction coil with the amount of fed granules
(which will reduce temperatures in the system). The alternating spikes in tem-
peratures are attributed to the varying granule feeding rate. Cooling by flushing
compressed air through ribs within the screw extruder module also decreased the
temperatures.

In Figure 51, it may be seen that applying cooling by compressed air in the
extrusion of the ”-CG” wires (indicated by blue, dotted vertical lines in Figure 51)
gives an immediate decrease of the temperatures in the system, in particular near
the screw stem and the rear of the screw channel, i.e. temperatures T5 and T6.
These temperatures should be kept low (under 280°C) to avoid heating the material
in the rear of the screw extruder chamber which may ”stick” to the screw. Sticking
of the material will impose excessive loads on the electrical engine [6].

When extrusion starts, indicated with red, dashed lines in Figure 50 and Fig-
ure 51, the temperatures in the frontal part of the screw chamber (i.e. T1–T4)
exceed 240°C. According to the phase diagram for Al-Mg alloys in Figure 2, the
system is at this point situated within the one-phase α-Al region. The frontal tem-
peratures remain above 240°C for all the extruded wires. Thus, the wires should be
homogenised during screw extrusion, according to the phase diagram in Figure 2.

The phase diagram in Figure 2 is, as all phase diagrams, valid only for a system
at thermodynamic equilibrium and at atmospheric pressure. It does not consider
the effect of kinetics, but only shows which phases are more thermodynamically
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stable. Due to the large plastic deformation and pressures during the screw extru-
sion, it is likely that the system is not at thermodynamic equilibrium. Additionally,
the local temperatures in areas were the material experiences excessive plastic de-
formation, e.g. near the screw tip or between the screw flights and barrel walls,
may exceed the measured temperatures in Figure 50 and Figure 51 [6]. Thus, phase
diagrams may only give rough indications on which phases that are stable during
screw extrusion.

No β (Al3Mg2) phases or remains of corroded β phases were observed along
grain boundaries in the OM and SEM analyses, although all extruded wire were
slowly cooled in air after screw extrusion. Slow cooling facilitates for the formation
of β along the grain boundaries, as this gives the time for the system to reach
equilibrium conditions and for β to precipitate. [14]. When the temperature is
below ≈ 240°C, the precipitation of β should occur in an Al-4.6wt%Mg alloy, ac-
cording the phase diagram in Figure 2. The absence of observed β phases might
indicate that precipitation was avoided, possibly due to the fairly low Mg content
in the produced wires. The frontal temperatures stabilise near 450°C, where the
solubility of Mg in Al has its maximum at 18.9wt%. Thus, it may be assumed that
most of the Mg present in the extruded wires is dissolved in solid solution with the
Al-matrix. A large concentration of Mg in solid solution results in increased solid
solution and strain hardening strengthening contributions [14] [23].

Some β phase may be initially present in the feedstock-granules before screw
extrusion. If this is the case, these will melt according to the Al-Mg phase diagram
in Figure 2, when the temperatures are above 450°C in the extruder chamber.
This local melting might have resulted in the formation of pores and holes in the
extruded wire.

The frontal temperatures T1–T4 in the screw extruder are all kept well above
400°C for extended periods (longer than 20 mins) in all extrusion runs. This
facilitates for oxidation of the solid Al-Mg material during screw extrusion, creating
MgO and MgAl2O4 on the granule surfaces exposed to air within the screw extruder
chamber, as well as on the wire surface itself after extrusion [32][33]. CO2 gas was
used to inhibit the oxidation of the Al-Mg alloy. It should be noted that the
oxidation is not completely avoided by applying CO2 cover gas, only inhibited.
MgO is also expected to be initially present on the feedstock granules, so some
MgO will inevitably be found in examined material. When oxidation is inhibited,
the content of Mg in solid solution is expected to increase.

As seen from the horizontal time axes in Figure 50 and Figure 51, the duration
of each screw extrusion session varied, from approximately 100 min producing the
5183-CG wire to approximately 200 min manufacturing the 5183TiC-CG wire. The
duration of a screw extrusion session depends on the amount of extrudate desired,
amount of raw material available, temperature conditions, etc. It is believed that
when steady-state extrusion is achieved, extrusion may continue for extended time
periods. Continuous extrusion requires that cooling is applied to keep the rear
temperatures T5 and T6 low, below 280°C, in order to avoid sticking. Stable,
continuous extrusion was achieved between 100 min and 200 min during extrusion of
the 5183TiC-CG wire, as shown in Figure 51b. The limiting factor for all extrusion
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runs in this work was the amount of available feed stock. If more feed stock
material was available, it is believed that extrusion may have continued for many
more hours.

A sudden temperature peak may be observed at ≈ 200 min in Figure 51b. This
peak is due to an intentional increase in screw rotation speed, in order to remove as
much material as possible from the screw chamber before disassembly was initiated.

5.2 Porosity and cracks in the extruded wires

In this section, the occurrence and possible causes for the observed cracks near the
surfaces of the DF screw extruded wires are discussed. First, the optical microscopy
images in subsection 4.2 are examined.

As seen in Figure 52, all wires have an irregular, close to elliptical shape in
their transversal planes. This abnormal shape is caused by the damages inflicted
to the die opening during earlier screw extrusion experiments. The damaged die
is imaged in Figure 36. Ideally, the die and the wires should be circular to avoid
anisotropic strain conditions during extrusion. The uneven shape of the die also
introduces surface defects, such as the ”needle” shape seen on the right hand side of
the 5183TiC wire in Figure 52b and sharp edges, as seen in the lower left quadrant
of all wires.

It is believed that the large, dark crack in the top right quadrant of the 5183-
CG wire (indicated with a yellow dashed circle in Figure 54a) is an indication
of insufficient compaction of the granules. This assumption is based on its large
size and elongated shape along the typical spiralling material flow (as shown in
Figure 24). Pores and holes from entrapped gas or corrosion are expected to be
significantly smaller than this crack.

From the optical microscopy images in Figure 53, Figure 54 and Figure 55, it
is clear that the wires produced with the CO2 cover gas have fewer and somewhat
smaller pores near the surface. It is assumed that the presence of CO2 gas is the
main reason for the reduction in pores, but the use of a pre-treatment procedure
without water and/or the temperature of the thermal-rinsing may also have affected
the surface appearance.

Though the CO2 concentrations in the screw extrusion chamber were most likely
low for the 5183-CG and 5183TiC-CG wires, due to the somewhat primitive gas-
feeding procedure (seen in Figure 39), a significant effect on the porosity was still
observed in the optical micrographs in Figure 53 and Figure 55. This supports the
conclusions by Smith et. al [37], that even small amounts of CO2 to air (5%, in
terms of partial pressures) have significant inhibiting effects on the oxidation of Mg
in the Al-Mg alloy.

The presence of CO2 gas will only inhibit, and not fully prevent oxidation. Thus,
some MgO will inevitably be formed during MCSE of all wires. It is expected that
MgO present in the wires may react with water during sample preparation and
form magnesium hydroxide (Mg(OH)2) through the following reaction:

MgO(s) + H2O(l) Mg(OH)2(s) (19)

Mg(OH)2 is water-soluble, though to a small degree (0.0012g/100g water [78]).
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This porosity difference between the wires, illustrated in Figure 53, Figure 54
and Figure 55, may be explained by assuming that less MgO is formed during screw
extrusion in the presence of a CO2 cover gas due to the oxidation inhibiting effects
of CO2. Thus, less material will dissolve through Equation 19 in the 5183-CG and
5183TiC-CG wires compared with the 5183 and 5183TiC wires, and fewer pores
will be formed. Another plausible cause for the formation of pores is that hard
MgO phases may detach during grinding/polishing procedures.

Cracks and pores in the TiC-wires were examined at higher magnifications in
the SEM images in subsection 4.3.

Cracks seen in Figure 56 and Figure 57a (found near the surfaces of the wires)
are assumed to be formed as a result of insufficient compaction of the granule
feedstock during MCSE, based on their large size and depth. It is observed that the
cracks in Figure 56 elongate along the extrusion direction, which might indicate that
the crack is formed when granules situated parallel to each other during compaction
are not fully packed together. Large cracks were not found in the central parts of
the wires (shown in Figure 60 and Figure 63), which suggests that the granules
near the centre of the wire were more densely packed.

The shallow pore seen in Figure 57b (in the 5183TiC wire) contains significant
amounts of TiC particles, as shown by Figure 58c. Some traces of a residual
(presumably Mg) oxide phase is seen in its lower left parts. The pore may have
formed due to local melting of a large β phase at temperatures above 450°C. The
molten β phase may further have absorbed large amounts of TiC nanoparticles
during its spiralling flow through the screw extruder. When the wire is cooled after
extrusion, the β phase solidifies, shrinks and further detaches from the matrix by
brittle fracture. This leaves behind the pore (or fracture surface) seen in Figure 57b,
filled with TiC nanoparticles. The detected oxide phase suggest that the β particle
has oxidised to form MgO. MgO may further have reacted by Equation 19 to form
Mg(OH)2, which dissolves in water.

Another oxide phase was detected near the surface of the 5183TiC-CG wire, as
shown in Figure 59. Comparing the EDS maps, it may be seen that this phase is
likely MgO as no characteristic Al signals are emitted from the oxide. Figure 59c
shows that TiC particles have also agglomerated around this phase. It is believed
that this oxide phase has formed as a consequence of the TiC coating process. It
is assumed that Mg-oxides are initially present on the 5183 welding wire used to
produce the granule feedstock, as it is likely that this wire has experienced elevated
temperatures (i.e. above 300°C) during manufacturing. Literature supporting this
assumption is reviewed in subsection 2.3. Thus, when granules are coated with TiC
nanoparticles, some of the reactive nanoparticles attach to the Mg-oxide particles
already present on the surface.

The intended final use for the extruded wire is as a welding wire in a WAAM
(Wire Arc Additive Manufacturing) procedure. To ensure that the wire surface
is smooth enough for the welding applications, an additional rolling and drawing
procedure is needed. Welding wires are typically 1.2 mm in diameter or thinner
[79]. Therefore, a drawing procedure is also necessary to make the extruded ap-
proximately 9.8 mm diameter wires suitable for welding. Another requirement is
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that the amount of pores, oxides and hydroxides in the wire should be kept to a
minimum. Thus, the best candidate material for welding is the 5183TiC-CG wire,
since this has fewer pores (than the 5183TiC wire, as seen by comparing Figure 53
with Figure 54) presumably contains less Mg-oxides, and was not rinsed in water
(see Figure 30 in section 3). The absence of water in the cleaning procedure of
the feedstock granules is expected to minimise the amount of hydroxides in the
extruded wire, though this was not verified in this work.

5.3 Distribution of TiC Nanoparticles

In this section, SEM images in subsection 4.5 are discussed.
All SEM images of the matrix in the composite wires (shown in Figure 60

through Figure 69) indicate that a uniform distribution of the reinforcing TiC
nanoparticles was achieved through MCSE. The distribution is easiest to observe
in the 5183TiC wire, shown in Figure 60 and Figure 61, as this was free of SiO2

particles. It is reasonable to believe that all visible bright particles in these images
are TiC, and that no degrading reactions (e.g. Equation 15 in subsection 2.9) have
occurred since no traces of Al4C3 or TiAl3 were observed in their vicinity. This is
further supported by the extended EDS analysis shown in subsection E.1 in the
appendix. Thus, it may be assumed that the temperatures during MCSE were low
enough (i.e. below 600°C [5]) to avoid forming these unwanted reaction products.

Some SiO2 residual particles are seen in the SEM images of the 5183TiC-CG
wire in Figure 63 and Figure 64. These particles may be difficult to distinguish from
TiC particles, but some difference in their brightness may be seen in Figure 64.
Assuming that all the brighter particles are TiC nanoparticles, it is seen that they
are uniformly distributed also in this wire.

A uniform distribution is crucial as it gives structural integrity and isotropic
mechanical properties in the produced composite, as well as a fine grain structure
when the wire is melted in the future WAAM-welding procedure, as the TiC nan-
oparticles will likely act as inoculants for heterogenous nucleation when the weld
is cooled [42][43][44][55]. Unfortunately, a large interparticle spacing was observed,
on the order of several micrometers, as seen for both TiC-wires in Figure 68 and
Figure 69. A large interparticle spacing will lead to increased grain sizes after
welding, since the grains will start to grow farther apart [44]. This will in turn will
result in a smaller Hall-Petch strengthening contribution in the solidified weld, as
according to the Equation 2.

Large interparticle spacing between the TiC nanoparticles will also lead to de-
creased contribution from Orowan strengthening [53]. The strengthening contri-
bution from Orowan strengthening is inversely proportional with the interparticle
spacing, as seen in Equation 8. Instead of producing many, closely spaced disloca-
tion loops which act as barriers towards the propagation of other dislocations, and
thus increases strength, the TiC nanoparticles will form dislocation loops spread
far apart, which will not effectively hinder the movement of dislocations.

From Figure 61, the clustering behaviour of the TiC-nanoparticles may be ob-
served. The TiC nanoparticle manufacturer (US Research Nanomaterials Inc.)
reported an initial diameter of around 50 nm for the single particles, which was con-
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firmed in section B in the appendix. The SEM image of a TiC-coated feedstock
granule surface in Figure 79 shows that the TiC particles are somewhat clustered
before they are screw extruded.

Figure 79: SEM image of the surface of a TiC coated 5183 granule, used as feedstock
for the MCSE manufacturing of AMC-wires. Bright TiC clusters may be seen. The
diameter of a single nanoparticles is around 50 nm. The EDS spectra confirming
that the bright particles are TiC nanoparticles and diameter measurements may
be found in section B in the appendix.

It is believed that these particles may remain clustered throughout the screw ex-
trusion, resulting in the small, irregular shapes seen in Figure 61 and Figure 62. It
is assumed that the particles remain clustered due to their high surface/volume ra-
tio, which results in increased reactivity. Clustering is likely to reduce the achieved
strength in the TiC-reinforced wires [57]. Agglomeration of the TiC-nanoparticles
results in a larger effective reinforcement particle size. This decreases the effect of
the different strengthening contributions, as illustrated in Figure 12. Small scale
clustering of the TiC nanoparticles will also likely decrease their grain refining effect
during solidification through heterogeneous nucleation [44].

From the SEM images in subsubsection 4.5.1 and subsubsection 4.5.2 it is also
observed that the area fraction of TiC particles present in the structure is quite
low, most likely well below 3wt% which was the initial weight fraction during the
coating of the 5183-granules. This indicates a significant loss of TiC particles during
coating, storing and screw extrusion. An exact estimate on the weight or volume
fraction TiC achieved in the composite wires is difficult to obtain. A possible
method is to measure the area fraction covered by TiC in the SEM images, but
this would be time-consuming and prone to significant error sources.

It is believed that the MgO particle shown in Figure 65 originates from the
surfaces of the 5183-granules used to produce the wire. The TiC nanoparticles
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may have attached to the MgO particle on the granule surface during coating,
encapsulating it. As apparent from Figure 65, this TiC-encapsulated MgO particle
is not affected by the screw extrusion, the TiC particles are not broken off, resulting
in a agglomeration of TiC particles. Ideally, this cluster of TiC should be broken
up, so that the nanoparticles are distributed in the martix.

In summary, a uniform distribution was obtained, which is promising for the
further use of MCSE for the production of AMC. But large interparticle spacing
and a low fraction of TiC was observed, which will decrease their strengthening
effects. Therefore, a new TiC-feeding procedure should be implemented, in order
to decrease particle spacing and avoid attachment of TiC to the Mg-oxides initially
present on the Al-Mg granules.

5.4 Oxidation inhibition

For simplicity reasons, the products from the oxidation of Mg in the Al-Mg alloys
are in this section referred to as only MgO, although MgAl2O4 might have also
been formed. The focus in this discussion is on whether or not oxidation has
occurred during screw extrusion, and to which extent. The exact stoichoimetry of
the oxidation product is thus in this case of secondary importance.

By considering the difference in the appearance of the dark MgO phases found
in the matrix of the 5183TiC and 5183TiC-CG wires (shown in Figure 66 and
Figure 67, respectively), it is apparent that the dark MgO phases are on average
larger in the 5183TiC wire than in the 5183TiC-CG wire. However, the number of
MgO phases is roughly equal in both wires. It is assumed that the size difference
between the MgO phases is a consequence of the oxidation inhibiting properties of
CO2.

A mechanism for the oxidation inhibition achieved when using CO2 cover gas
during screw extrusion is proposed below, building on the findings of Wefers [32]
and the suggested mechanism by Smith et al. [37]:

1. When CO2 gas is flushed into the screw extruded chamber through the feeding
hole, CO2 molecules are rapidly absorbed onto the MgO surface layer on the
TiC-coated 5183 granules. As seen in Figure 79, the TiC nanoparticles do
not cover the entire granule surface, exposing plenty of MgO surface which
will interact with CO2 from the atmosphere.

2. The oxide layer grows around the absorbed CO2 as the temperatures in the
screw extruder rise. An Mg-C-O phase is formed on the granule surface, from
a reaction between absorbed CO2 and the MgO layer, due to a decreased
oxygen partial pressure.

3. The Mg-C-O phase acts as a protective cap, hindering further out-diffusion
and oxidation of Mg in each granule. This will increase the fraction of Mg
present in solid solution in the 5183-CG and 5183TiC-CG wires, compared
with 5183 and 5183TiC, and decrease the amount of MgO phases present.
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Each feedstock granule is assumed to initially have an MgO layer on its surface,
formed during production of the delivered 5183 welding wires, which has likely
included elevated temperatures. This facilitates for the oxidation of the solid Al-
Mg wire [33]. During thermal rinsing at 350°C (of the 5183 and 5183TiC wire
granules), the oxide layer has most likely grown further, depleting more Mg from
the bulk material in the granules. According to the literature (reviewed in subsec-
tion 2.3), the thermal rinsing at 130°C does not involve temperatures high enough
for oxidation.

During screw extrusion, the temperatures exceed 300°C (as seen in Figure 50
and Figure 51), facilitating for another instance of oxidation. When CO2 gas is
flushed to the screw extruder chamber (in the rear, see Figure 39), the atmosphere
surrounding each granule becomes CO2 enriched. The CO2 gas will inhibit oxida-
tion by the above mentioned mechanism, reducing the amount of MgO formed on
the granule surfaces significantly.

When the granules are compacted and the wire is screw extruded, the MgO
phases are further distributed in the wire. The MgO phases present on the gran-
ule surfaces are assumed to merge together under the severe deformation forces
during screw extrusion, producing larger MgO phases. Since the number of MgO
particles on the 5183TiC granules is larger than on the 5183TiC-CG granules, the
MgO phases in the 5183TiC wire will be larger than in the 5183TiC-CG after the
deformation during screw extrusion (as seen in Figure 66 and Figure 67). A sketch
illustrating the suggested mechanism for the difference in MgO-size is included in
Figure 80.
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Figure 80: Sketch illustrating the suggested mechanism for oxidation inhibition
during screw extrusion, and the compaction and distribution of MgO particles.
It is assumed that the small MgO particles on the granule surfaces are merged
together due to the large deformation forces during screw extrusion to form the
larger MgO phases seen in the SEM images. The resulting concentration of Mg in
solid solution in the wire which is screw extruded in CO2-rich atmosphere (cMg,CO2

)
will be larger than the Mg concentration in the wire which is screw extruded in air
(cMg,Air), and vice versa for the concentration of MgO in the different wires. The
dimensions in this sketch are not to scale.

As shown in Figure 80, it is expected that the amount of Mg in solid solution in
the extruded wires (cMg) is increased when using CO2 cover gas during extrusion,
as less MgO is produced.

Drawing a certain conclusion on the mechanism for the formation and distribu-
tion of the Mg-oxides, illustrated in Figure 80, from just the two images in Figure 66
and Figure 67 is dubious. It might also be that the reason for the larger MgO phases
is the difference in thermal pre-treatment of the granules (seen in Figure 30). To
further test the suggested mechanism, more research is needed. Another possible
reason for the comparably larger MgO phases in Figure 60 is that this wire was
vibrational polished in destilled water for 1 hour and rinsed in ethanol for 30 min
in an effort to remove residual SiO2 particles from the surface. During this ex-
posure to water, further the MgO phases may have reacted with water through
Equation 19 and dissolved, making the MgO phases appear larger. The additional
SiO2-removal procedure was not done for the 5183TiC-CG wire sample shown in
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Figure 63, thus this sample was not exposed to water for prolonged periods.

5.5 Grain structure investigation - EBSD

When comparing the orientation maps in Figure 70 and Figure 71, it may be seen
that the both wires show a deformed grain structure. The 5183TiC-CG grains
are slightly more elongated in the extrusion direction compared to the 5183-CG
grains. This might indicate that TiC has hindered recrystallisation to a small
degree, keeping the deformed grains in the TiC-reinforced wire from re-orienting
and growing into more equiaxed grains, as are seen in the 5183-CG wire.

Table 7 shows that the number of identified grains in the 5183TiC-CG wire
is significantly larger than in the 5183-CG wire. For the same areas of 99.6 X
99.6 µm2, 526 more grains were observed in the 5183TiC-CG wire than in the
5183-CG wire. This indicates that the grain size is reduced in the TiC containing
wire, which is further supported by comparing the grain diameter distributions for
the 5183-CG and 5183TiC-CG wire in Figure 74a and Figure 74b, and the grain
area distributions in Figure 75a and Figure 75b. The grain size difference may be
explained by assuming that the TiC nanoparticles has pinned the grain boundaries
through Zener Pinning, hindering grain growth at elevated temperatures [54].

Repeated instances of deformation and recrystallisation occur throughout the
screw extrusion. When the wire is extruded through the die opening, the material
recrystallises for the last time, before cooling in ambient air atmosphere [80]. It
is believed that this final recrystallisation step during extrusion is inhibited to a
larger extent in the TiC-reinforced wire, due to Zener pinning.

The PFs (pole figures) in Figure 72 and Figure 73 indicate a weak {111} fiber
texture in both wires [77]. The texture orientation direction is coinciding with the
{111} slip plane in the fcc crystal structure of Al [11]. Both wires showed fairly low
texture intensities, with maximum at 6.095 times random for the 5183-CG wire,
and at 4.385 times random for the 5183TiC-CG wire. The difference in texture
intensities/strength was assumed to be insignificant.

From the bar charts in Figure 77 and Table 8 it is apparent that the introduction
of TiC to the 5183 alloy increases the fraction of grains with misorientation angle
below 1°.

Figure 77a shows that a significant higher fraction of the grains in the 5183-CG
wire have recrystallised to achieve a low misorientation angle, compared with the
5183TiC-CG wire, which has a more deformed structure. This might also indicate
that TiC hinders the recrystallisation of the deformed grains in the 5183TIC-CG
wire at the elevated temperatures experienced during MCSE, through Zener pin-
ning.
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In summary, the EBSD analysis indicated that the structure in the extruded
”-CG” wires was highly deformed, with smaller grain sizes in the 5183TiC-CG wire
due to Zener pinning, exerted by the TiC nanoparticles on the grain boundaries.
A weak {111} fiber texture was observed, with no significant difference in texture
strength between the wires.

5.6 Mechanical properties

In this section, the mechanical properties of the 5183, 5183-CG, 5183TiC-CG and
5183TiC wires are evaluated and discussed. It is assumed that the determining
factor for the mechanical properties of these wire is the presence of TiC and/or
Mg-oxides, since all other parameters should be constant. The stress-strain curves
in Figure 78 all show clear serrations, indicating PLC (Portevin-Le Châtelier) be-
haviour for all tested wires. Thus, it may be assumed that the addition of TiC
nanoparticles had no significant effect on the dynamic strain ageing responsible for
the serrated stress-strain behaviour.

From the stress strain curve in Figure 78 and the numerical results in Table 9,
it may be seen that the 5183TiC wire (extruded without CO2 cover gas shielding)
exhibits the highest strength, both in terms of yield strength and ultimate tensile
strength. Compared with the monolithic 5183 wire, it is clear from Figure 78 and
Table 11 that the presence of TiC increases both yield strength and ultimate tensile
strength significantly. It is believed that the increase in strength is mainly due to
the EM (elastic modulus) mismatch between the stiff TiC nanoparticles and the
soft Al matrix.

The effect from Hall-Petch strengthening is likely to be small, as the difference in
grain diameter is in the order of 0.1 µm (see Table 7) and the Hall-Petch coefficient
for Al is low (=0.04 MPa

√
m) [47].

The SEM images in subsection 4.5 revealed that the distance between TiC
clusters/particles in the 5183TiC and 5183TiC-CG wires is fairly large (order of
micrometers). Therefore, it is assumed that strengthening contribution from the
Orowan mechanism is insignificant, as indicated by Equation 8 [51].

Since the wire was left to slowly cool at ambient temperatures after extrusion,
it is believed that the dislocation density in the vicinity of the TiC particles will be
annihilated. Thus, no strengthening through CTE (Coefficient of Thermal Expan-
sion) mismatch will take place. CTE mismatch strengthening is more apparent in
composites manufactured through a liquid state processing route (MCSE is a fully
solid state manufacturing process). However, if the TiC-wires are used as weld
filler wires, CTE is expected to give a large strengthening effect, as reported by
Fattahi et al. [55].

A similar increase in yield and tensile strength as seen for the 5183TiC wire
was not observed for the 5183TiC-CG wire, as revealed by the numerical results
in Table 11. The increase in yield strength in the 5183TiC-CG wire is less than
20% of the increase for the 5183TiC wire, while the increase in tensile strength
is 25% of that in the 5183TiC wire. From the tensile curve in Figure 78 and
the numerical results in Table 9 and Table 10, it is seen that the 5183 and the
5183-CG wires exhibit similar mechanical properties. It is therefore expected that
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the mechanical properties should improve equally in both the 5183TiC and the
5183TiC-CG wires, with the addition of TiC. Since this is not the case, it is assumed
that a lower fraction of TiC reinforcement particles were added to the 5183TiC-CG
wire than the 5183TiC wire. This might be explained by looking at the presumably
only differing factor between the two wires, namely the supplying of CO2 gas to
avoid oxidation. As the CO2 was flushed to the screw chamber through a tube
connected to the granule funnel (see Figure 39), it might have blown some of the
TiC nanoparticles off the granules and out of the chamber. This will result in
a lower fraction of TiC nanoparticles in the 5183TiC-CG wire compared to the
5183TiC wire.

When comparing the ductility of the 5183 and 5183-CG wires, the effect of the
CO2 gas is apparent as the elongation increases when the formation of Mg-oxides
is reduced by CO2 gas shielding. From Table 9 it may be seen that the ductility
increases with 6 percentage points when MgO is ”removed” from the 5183 wire. It
is likely that presence of larger, brittle Mg-oxides in the matrix of the 5183 and
5183TiC wires decreases ductility. The ductility of the 5183TiC-CG wire is slightly
(1 percentage point) larger than for the 5183TiC, supporting this assumption. The
smaller increase of the ductility in the TiC-reinforced wires may be attributed to
the fact that the TiC particles themselves will decrease the ductility of the material,
by acting as local stress raisers.

For its intended purpose as a welding wire in a WAAM procedure, the mechan-
ical properties are not the most crucial (no special requirements for strength etc.).
The main requirement is an uniform distribution of reinforcement particles, which
was achieved. But for the necessary drawing procedure it is an advantage if the
wire is ductile, therefore the 5183TiC-CG wire is the most promising candidate for
further processing. In addition, a strong strain hardening behaviour is desired, as
this will also facilitate for easier drawing since the risk of premature fracture is
reduced. The strain hardening behaviour of the different wires is investigated in
the following subsection.
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5.6.1 Strain hardening investigations

The strain hardening properties of the double flight (DF) screw extruded wires are
investigated in this section, based on the data obtained in the tensile testing.

By assuming that no volume change occurs during deformation, true stress and
true strain during the tensile testing may be estimated by the following relations
[11]:

σT = σ(1 + ε) (20)

εT = log(1 + ε) (21)

Where log is the natural logarithm, σT is true stress, σ is engineering stress, ε is
the engineering strain and εT is the true strain. The relationship between true
stress and true strain may be approximated by Hollomon’s equation [11]:

σT = KεnT (22)

where K and n are material and condition dependent constants. K is known as
the strength coefficient and n as the strain-hardening exponent [11]. Hollomon’s
equation is only valid for the true stress-strain relationship after the onset of plastic
deformation, and before necking occurs. Therefore, an evaluation interval from
ε = 1% to ε = 10% in the tensile curve in Figure 78 was chosen for the strain
hardening investigation. The engineering stress-strain curve for this interval is
shown in Figure 81a. The corresponding true stress-strain curve, calculated using
Equation 20 and Equation 21, is shown in Figure 81b.
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(a) Engineering stress-strain curve.

(b) True stress-strain curve.

Figure 81: Stress strain curves under uniform plastic deformation during tensile
testing of the representative DF screw extruded wire samples.

By rearranging Equation 22, a linear expression for true stress versus true strain
is obtained:

ln(σT ) = n ln(εT ) + ln(K) (23)

A plot of ln(σT ) versus ln(εT ), with inserted linear regression lines, is shown in
Figure 82. The linear regression lines were estimated using values for within the
chosen strain interval for the representative DF wire samples.
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Figure 82: Plot of logarithmic true stress versus logarithmic true strain, used to
obtain the strength coefficient K and the strain hardening coefficient n for each
sample. The fitted linear regression lines are inserted as dashed, black lines.

The values for the strain hardening coefficient n and strength coefficient (K) of
each DF screw extruded wire were obtained from the linear regression approxima-
tion lines in Figure 82. The estimated strain hardening n and strength coefficients
K are included in Table 12, along with the standard error for the approximation
of n (SEn).

Table 12: Estimated strain hardening exponents (n) and strength coefficients (K)
for the DF wires, from a strain interval of ε =1% to 10%.

Wire n K [MPa] SEn
5183TiC-CG 0.283 740 4.2 · 10−4

5183TiC 0.256 748 4.0 · 10−4

5183-CG 0.312 768 4.4 · 10−4

5183 0.273 695 4.1 · 10−4

The estimated values in Table 12 were inserted into Hollomon’s equation (Equa-
tion 22) to obtain a smoothed true stress-strain curve for each sample. These
smoothed curves are shown in Figure 83a. The smoothed curve was further numer-
ically derivated (by a central finite difference scheme) to acquire a curve showcasing
the strain hardening rate (dσt/dεt) evolution for the different wire materials, with
increasing uniform true strain. This curve presented in Figure 83b.
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(a) Smoothed true stress-strain plot, approximated by Hol-
lomon’s equation.

(b) Strain hardening rate versus true strain. Obtained by
numerical derivation of the smoothed curve in Figure 83a.

Figure 83: Smoothed and derivated curves for the uniforming strain region of the
tensile curve for the DF screw extruded wire samples. The curves illustrate the
strain hardening behaviour as the true strain increases.
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High strain hardening rates are desired in the material as it may prolong the
onset of localised deformation (necking) under tensile stress [81].

The curves in Figure 83b show that the strain hardening rate behaviour is
similar for all wires, though slightly better for the 5183-CG wire. The numerical
results in Table 12 indicate that the strain hardening exponent is larger for the wires
extruded in CO2-enriched atmosphere, 5183-CG and 5183TiC-CG. The enhanced
strain hardening behaviour of the 5183-CG wire (versus 5183) may be explained by
considering the mechanism illustrated in Figure 80 once more. When CO2 gas is
applied during screw extrusion, the formation of Mg-oxides is hindered, increasing
the Mg content in solid solution. As shown by Ryen et al. [23], the strain hardening
rate (dσt/dεt) in Al-Mg alloys increase with the Mg content in solid solution. Thus,
it may be assumed that the strain hardening rate increases for the 5183-CG wire due
to the oxidation inhibition properties of the CO2 cover gas. The same mechanism is
believed to be responsible for the higher strain hardening coefficient, n in Table 12,
of the 5183TiC-CG wire, compared with 5183TiC.

It may also be noticed from Table 12 that the strain hardening exponent n
decreases with the addition of TiC nanoparticles. This might be attributed to the
large interparticle spacing between the TiC nanoparticles. From e.g. Figure 61, it
may be seen that the interparticle spacing is on the order of µm. It is suggested
that the TiC nanoparticles act as Frank-Read sources [82], generating dislocations
under tensile load. As a result of the large interparticle spacing, the dislocations
responsible for strain hardening are formed far apart and will thus not hinder the
propagation of other dislocations, but decrease the strength of the wire. Thus,
the strain hardening properties of the wires are reduced with the addition of TiC
nanoparticles.

5.7 Main effects of TiC nanoparticles

The main effects of adding TiC nanoparticles to the 5183 Al-Mg matrix may be
summarised as follows:

• Yield strength and ultimate tensile strength is increased. This is attributed
mainly to EM mismatch strengthening. The other strengthening mechanisms
will have a larger effect after the TiC-reinforced wire is used for welding.

• Ductility decreases with the addition of TiC nanoparticles. This is likely a
consequence of the brittle nature of the TiC.

• The grain size is reduced. The TiC nanoparticles have likely reduced the
grain growth in the wires during the recrystallisation stages when the wire
was screw extruded, through Zener pinning.

• Strain hardening properties are reduced. It is assumed that the decreasing
effect on strain hardening is caused by the TiC nanoparticles acting as Frank-
Read sources, generating dislocations which are spread too far apart to induce
strain hardening under tensile loads.
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6 Conclusions

Metal continuous screw extrusion (MCSE) is a solid state manufacturing method,
operated at relatively low temperatures, with a wide range of different processable
feedstock materials. In this thesis, MCSE was used to produce two different TiC
reinforced aluminium matrix composite wires were manufactured. The key findings
in this thesis are summarised below:

• An aluminium matrix composite wire reinforced with TiC nanoparticles was
successfully manufactured through metal continuous screw extrusion (MCSE),
introducing reinforcement particles to the matrix and forming the wire in a
single step. MCSE is a solid state process, operated at relatively low tem-
peratures. The reinforcement particles were uniformly distributed, in the
composite wires, but present in rather low amounts. Both clusters and isol-
ated TiC nanoparticles were found, with rather large interparticle spacing in
the order of micrometers. To fully exploit the strengthening potential of the
TiC nanoparticles in further applications, the fraction of particles should be
increased and interparticle spacing reduced.

• Evidence of TiC agglomeration around Mg-oxide particles was found. This
implies that TiC has attached to the Mg-oxides initially present on the feed-
stock granules during coating.

• The EBSD analysis showed that the grains in the TiC-containing wire were on
average smaller than in the corresponding monolithic wire. This suggest that
Zener pinning due to the presence of TiC nanoparticles has occured to some
extent. The EBSD analysis also indicated that the grains were elongated in
the extrusion direction, and that both wires had a weak {111} fiber texture.

• By introducing CO2 gas to the screw extruder chamber, the porosity close
to the wire edges was substantially reduced. It is believed that this effect
may be attributed to the oxidation inhibiting properties of the CO2 cover
gas. CO2 hinders the formation of Mg-oxides so that fewer Mg-hydroxides,
and thus fewer pores, are formed in the wire.

• The mechanical properties was found to increase with the incorporation of
TiC, although to a varying degree for the two different AMC wires extruded.
It is assumed that the discrepancy in strengthening is caused by an uninten-
tional reduction in the fraction of introduced TiC nanoparticles in the weaker
wire.

• The strain hardening properties of the extruded wires increased with the
addition of CO2 gas during extrusion. It is believed that an enriched CO2

atmosphere during screw extrusion inhibits oxidation of Mg in the Al-Mg
alloy. Thus, the Mg content in solid solution in the Al-Mg matrix is increased.
A higher Mg content in solid solution improves strain hardening of the wire
during the tensile tests.
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7 Further work

MCSE is a novel manufacturing technique, with multiple promising features. The
continuous, low-temperature conditions facilitate for further safe and environment-
ally friendly development of new materials. In this work, it was shown that MCSE
may successfully produce materials with a uniform distribution of reinforcement
particles, a crucial requirement for aluminium matrix composite (AMC) manufac-
turing. Some challenges regarding the production of AMCs by MCSE still remain
to be solved. A list including suggestions on further research work follows below:

• First, the 5183TiC-CG wire produced in this work should be drawn in order
to reduce the diameter of the wire to a suitable size for welding applications.
Further, it is believed that using this wire for Wire Arc Additive Manufactur-
ing may yield stronger structures (due to the presence of TiC-nanoparticles),
compared to a structure produced using a corresponding monolithic 5183
wire.

• Accurate mapping of pressure and strain (in addition to temperature) during
MCSE to gain further knowledge on how the processing conditions affect the
final product.

• Different alloy/reinforcement combinations may be explored to produce new,
novel AMC materials. In particular, it is believed that the weldability of
some Al alloys (e.g. in the 6xxx or 7xxx series) may be significantly enhanced
through the introduction of TiC nanoparticles.

• A method to precisely determine the weight or volume fraction of the rein-
forcement particles is needed. Optical emission spark analysis (OES), which
was used to analyse the chemical composition of the feedstock granules might
prove useful for this. Quantitative analysis through X-ray diffraction analysis
might also be used to determine the reinforcement particle content.

• To further improve the production of the 5183 matrix and TiC reinforcement
system, a new TiC nanoparticle introduction procedure should be implemen-
ted to avoid clustering of TiC particles around surface oxides and to increase
the TiC content in the extruded wires.

• The effect and mechanism of the CO2 gas inhibition on Al-Mg solids should
be verified through more tailored and accurate experiments.
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A 5183 Welding Wire Datasheet
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Aluminium Mig Wires | Safra 5183  

www.safrawelding.com.au 
Dynaweld Industrial Supplies Pty Ltd is the official Australian distributor for Safra products  |  +61 2 9772 1144 

 
 Key Facts 
• Precision layer wound, double diamond 

shaved wire 
 

• Excellent feedability and arc control 
 

• Very high quality welds 
 

• Excellent where sea water corrosion 
resistance is required 

 
 Description 
Recognised as the highest quality aluminum welding 
wire. Precision layer wound and double diamond 
shaved for superior feed ability. Designed to meet the 
tensile strength requirements of high magnesium 
alloys. Clearly the professional’s choice. 

 
 Classifications, Approvals &  
 Conformances 
AWS A5.10 ER5183 
ABS - American Bureau of Shipping 
DNV - Det Norske Veritas 
Lloyd’s Register of Shipping 

 
 Applications 
5183 is used where high sea water corrosions 
resistance is needed.  Applications include 
construction of ships, storage tanks and in the 
automotive industry. 
 

• General aluminium fabrication and repairs on 
boats and ships 
 

• Bullbars and rollbars 
 

• Storage tanks 
 

• Welding of many aluminium alloys where 
higher strength is required 
 
 

Operational Data 

Wire Size 
Welding 
Current 

Range (A) 

Arc Voltage 
 Range *(V) 

1.2mm 150 – 250 20 - 27 
1.6mm 200 – 350 23 - 30 

 
 
 
 
 

 
 
 Recommended Shielding Gas 
100% Argon / Helium Mixtures Flow Rate: 30 - 50 
CFH 

 
 Welding Positions 
All positions 

 
Typical Wire Analysis  

Cu - 
Copper 

Mn - 
Manganese Si - Silicon Zr - 

Zirconium 

< 0.05 0.60 – 1.0 < 0.25 -  

Zn - Zinc Ti - Titanium Mg - 
Magnesium 

Cr - 
Chromium 

< 0.25 < 0.15 4.30 – 5.20 0.05 – 0.25 

Fe - Iron Ai - 
Aluminium   

< 0.40 Balance   

 
Typical Weld Mechanical Properties 

0.2% Proof Stress > 125N/mm2 

Elongation > 17% 

Tensile Strength: > 275N/mm2 

 
Packaging & Ordering Information 

Size Packet Part Number 
0.9mm 6kg 200217S 
1.0mm 6kg 200218S 
1.2mm 6kg 200219S 
1.6mm 6kg 200220S 

 
 
 
	  

Disclaimer: The above information is provided as a guide; actual welding current and voltage will depend on the welding machine characteristics, which will vary from model to model. Other 
variables include run length and size, plate thickness, operator technique and gas type (if used). The user must evaluate the process, application and recommended professional advice. Under no 
circumstance will Dynaweld or its affiliates be liable for misuse or application of products this is entirely up to the user’s ability. 
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B SEM and EDS analysis of TiC-coated granules

The feedstock material used in the screw extrusion of AMCs (5183-TiC) was invest-
igated using an electron microscope. The granules were gently rolled on a carbon-
tape before being inserted into the vacuum chamber of the Ultra LVFESEM, to
remove ”loose” TiC particles from the granule the avoid contamination of the SEM
chamber. A SEM image of the granule surface is included in Figure 84.

Figure 84: Secondary SEM image of the surface of a TiC-coated Al-granule, used
as raw material for the screw extrusion process.

The same area as shown in Figure 84 was analysed using an EDS spot scan
to confirm that the white particles are TiC. The spots analysed are indicated in
Figure 85.

Figure 85: Secondary SEM image of the surface of a TiC-coated Al-granule, used
as raw material for the screw extrusion process. Spots 1–4 were analysed using
EDS.
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The EDS signals from spots 1-4 in Figure 85 are shown in Figure 86. Spot 5
showed the same signals as spot 4, and was thus disregarded.

(a) EDS-spectrum for spot 1, indicating TiC.

(b) EDS-spectrum for spot 2, indicating TiC.

(c) EDS-spectrum for spot 3, indicating TiC.

(d) EDS-spectrum for spot 4, indicating that the matrix is Al.

Figure 86: EDS-spectra for the spots in Figure 85.
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The results from the EDS analysis in Figure 86 confirms that the bright spheres
on the Al-granule surface are TiC particles. The peaks at ≈ 4.5 keV are character-
istic for Ti.

A rough size-estimate of some TiC particles is included in Figure 87. The
diameters of the particles were measured using a built-in measuring function in the
SEM software.

Figure 87: Secondary electron micrograph of the surface of a Al-granule covered
with TiC particles, with inserted diameter measurements.

The SEM image above confirms that the size of the TiC particles are in the
vicinity of 50 nm (i.e near the SEM resolution limit), as was expected from the
specifications from the manufacturer of the TiC particles; US Research Nano-
materials Inc.. A precise determination of the size of the particles needs more
accurate tools.
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C 4043 and 4043+5183TiC wires

In this section, the experimental conditions and results from investigations and
testing of the 4043 and 4043+5183TiC wire are presented. Both wires were ex-
truded in the same extrusion session, by first extruding pure 4043, then adding
5183TiC granules to the extruder, so that a mixed 4043+5183TiC wire was pro-
duced. The wires were extruded using a single flight (SF) screw. The detailed
experimental procedure may be found in Table 4 and Figure 30.

C.1 Temperature evolution

The temperature evolution during the single flight (SF) screw extrusion of the 4043
and 4043+5183TiC wires is shown in Figure 88.

Figure 88: Temperature evolution during screw extrusion of 5183TiC+4043 wire in
ambient atmosphere. The placement of the temperature sensors are as follows. T1:
Die, T2: Extrusion chamber left, T3: Extrusion chamber right, T4: screw channel
front, T5: Screw channel rear, T6: Screw stem.

First, the 4043 granules were added and extruded until ≈ 45 min, when the TiC-
coated 5183 granules were added. Thus, before 45 min a 4043 wire was extruded.
After 45 min, a wire consisting of mixed 4043 and 5183-TiC was extruded. Later
SEM analysis confirmed that the 4043 material remained in the screw channel long
after the 5183-TiC granules were added. This shows that it is not possible to
extrude to different two different, pure wires in the same MCSE session, as the
material which is added first will remain within the screw extruded for extended
periods.
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C.2 Microstructure

SEM images of the longitudinal cross sectional plane of the 4043+5183TiC wire,
showing the presence of both the 5183-TiC (Mg-rich) phase and the 4043 phase,
are presented in Figure 89.

(a) Secondary electron image.

(b) Backscattered electron image. The area within
the dashed box was further examined at larger mag-
nifications, as shown in Figure 91a.

Figure 89: SEM micrographs of the longitudinal cross section of the 4043+5183TiC
wire.

Since the bright particles in Figure 89 are only visible in the secondary electron
image Figure 89a, they may be assumed to be surface impurities.

The area in Figure 89 was EDS-mapped, as shown in Figure 90.
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Figure 90: EDS mapping of the 4043+5183TiC wire sample, longitudinal cross
section.

Since the 5183-TiC phase contains Mg, and the 4043 phase does not, it is easy to
distinguish the two. Figure 90 shows that the sample has an alternating structure of
5183-TiC (blue) and 4043 (red). The area within the dashed box seen in Figure 89b,
corresponding to the green box in Figure 90 in the blue 5183-TiC area, was imaged
at higher magnification, as shown in Figure 91a. The characteristic Ti x-ray signals
from an EDS mapping analysis of this area are presented in Figure 91b.
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(a) Backscattered electron image. (b) Ti signals from EDS mapping.

Figure 91: SEM and EDS analysis of the longitudinal cross section of the
4043+5183TiC magnification.

Figure 91b shows that Ti-rich particles have agglomerated in the vicinity of the
dark phases in Figure 91a. The area indicated by the black box in Figure 91a is
further imaged at higher magnification in Figure 92.

(a) Backscattered electron image. (b) Ti signals from EDS mapping.

Figure 92: SEM and EDS analysis of the longitudinal cross section of the
4043+5183TiC wire at 3000X magnification.

From Figure 92b it is clear that Ti-containing particles have accumulated near
the dark phases in Figure 92a. The area inside the inserted box was further analysed
at higher magnification in Figure 93.
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Al2O3

TiC

MgO

(a) Backscattered electron image.

(b) Ti EDS-signals. (c) Al EDS-signals.

(d) Mg EDS-signals. (e) O EDS-signals.

Figure 93: SEM and EDS analysis of the longitudinal cross section of the
4043+5183TiC wire at 10 000X magnification.
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C.3 EBSD

An EBSD orientation map, along with the inverse pole figure (relative to the normal
direction out of the image plane), from the 4043+5183TiC wire is included in
Figure 94. The investigated area shows the interface between the 4043 phase and
the 5183TiC phase in a longitudinal 4043+5183TiC sample.

4043

5183TiC

(a) Orientation map. The smalls grains are 5183-TiC,
the large ones are 4043.

(b) Inverse pole figure
indicating, the crystallo-
graphic directions.

Figure 94: Orientation map and inverse pole figure (IPF) acquired by an EBSD
analysis of longitudinal cross-section of the 4043+5183TiC wire. Extrusion direc-
tion (ED) is downwards in the image. The crystallographic directions in the IPF
are relative to the image plane normal.

Figure 94 indicates a distinct size difference between the 5183-TiC grains and
the 4043 grains. Some of this difference may be attributed to the Zener pinning of
the TiC nanoparticles, which will restrict grain growth during the recrystallisation
that occurs after extrusion.
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An image quality map, with superimposed low (yellow) and high (blue) angle
grain boundaries is included in Figure 95

(a) Misorientation of grain boundaries in
4043+5183TiC wire.

(b) Designation of low-angle and high-
angle grain boundaries.

Figure 95: Investigation of grain boundaries in a 4043+5183TiC longtiudinal
sample.
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C.4 Mechanical properties

The results from tensile testing of the representative single flight wire samples are
shown in Figure 96.

Figure 96: Engineering stress-strain curves from the tensile test of representative
SF-screw wire samples.

The measured yield strength (σY ), ultimate tensile strength (σUTS) and elong-
ation (EL) at fracture for the samples above are included in Table 13.

Table 13: Yield strength (σY ), ultimate tensile strength (σUTS) and elongation
(EL) at fracture for the SF screw extruded wires.

Wire σY [MPa] σUTS [MPa] EL [%]
4043 81 137 29

4043+5183TiC 120 191 13
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The Vickers microhardness (HV0.1) was measured along the diameter of the
wires, as shown in Figure 97. The measured hardness values for each indent along
the diagonal is superimposed on the image. An additional 7 indents measuring the
hardness of the 5183TiC-phase in the 4043+5183TiC wire may be seen within the
dashed, green rectangle in Figure 97a.
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(a) 4043+5183TiC wire.
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(b) 4043 wire.

Figure 97: Microhardness indents in transversal cross-section samples of the SF
screw extruded wires. The peaks in hardness in (a) indicate the position of the
5183TiC phase, which is slightly brighter than the 4043 phase. The indents seen
within the dashed, green rectangle in (a) were used to determine the hardness of
the 5183TiC phase.
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The estimated microhardness vaues of the 5183TiC and 4043 phases in the
4043+5183TiC wire and 4043 wire, are presented in Table 14.

Material Microhardness [HV0.1] Standard devation [HV0.1]
5183-TiC
(in 5183TiC+4043)

91.4 1.5

4043
(in 5183TiC+4043)

40.2 1.1

4043 39.8 0.9

Table 14: Microhardness measurements of 4043 and 4043+5183TiC SF screw ex-
truded wires.

An EDS-map of another transversal cross-section 4043+5183TiC sample, show-
ing the emitted Mg-signals in yellow, is included in Figure 98. The image is taken
of a central ”swirl” of the 5183TiC material in the wire, similar to the central area
in the wire shown in Figure 97a.

Figure 98: Mg signals from transversal cross sectional plane of 4043+5138TiC wire,
retrieved using EDS.

Figure 98 illustrates the spiralling flow of the ”new” 5183TiC material added
to the screw extruder, as no (yellow) Mg signals are emitted from the ”old” 4043
material. The spiral flow is a result of the single flight screw geometry. These
results are coinciding with the findings by Widerøe and Welo [65].
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D Layered oxide structure in early parts of 5183TiC
wire

A wire section 30 cm from the wire beginning, hereon referred to as the early
section, is investigated in this section.

An image of the early transversal cross section of the 5183TiC wire is shown in
Figure 99a, while a similar image of the cross-section later in the wire is shown in
Figure 99b.

(a) Early section. (b) Late section.

Figure 99: Optical microscopy images of the 5183TiC wire at 10X magnification.

From Figure 99, pores may be seen in the surface of the wires, all around its
circumference, though to a larger extent in the early section shown in Figure 99a.

The 5183TiC wire (and all other wires) were deformed to an elliptical-like shape
and not circular due to the damages in the extruder die (see Figure 36). The
”bottom” of the wire, which is deformed the most, is in the bottom in the picture.
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An optical image of the surface in longitudinal cross section of the early section
of the 5183TiC wire is included in Figure 100.

Figure 100: Microscopy image of a longitudinal cross section sample of the 5183TiC
wire, taken from the part of the wire that was extruded first. An anisotropic layer-
structure is clearly visible.

From Figure 100 above, it is apparent that there is a layer structure near the
surface of the 5183TiC wire. To further investigate the interface between these
layers, SEM was used to image the area inside the inserted box in Figure 100.
The SEM image is presented in Figure 101. The image is mirrored in the SEM,
compared to the optical image, as indicated by the different shape of the large
crack.
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Mn

Figure 101: Secondary electron image of pore and layered-structure in the longit-
udinal cross section of the 5183TiC wire.

A secondary electron image of the area in the inserted box in Figure 101 is
imaged at higher magnification in Figure 102a. Results from EDS analysis of the
same area are included in Figure 102b – Figure 102e.
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;

(a) Secondary electron image of pore and layered-
structure in the longitudinal cross section of the
5183TiC wire.

(b) Al EDS signals. (c) Mg EDS signals.

(d) O EDS signals. (e) Ti EDS signals.

Figure 102: SEM and EDS analysis of layer structure at 3000 X in the transversal
cross-section sample of the 5183TiC wire (beginning of the wire).
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The O EDS-signals in Figure 102d indicate that the grey particles in the bottom
”layer” might be oxides. Most likely the oxides here are MgO, due to the weak
Al signals seen in Figure 102b in the lower area compared with the stronger Mg
signals, seen in Figure 102c. Also, the characteristic Ti x-ray signals (Figure 102e)
seem to agglomerate in the lower layer.

An optical image from the section further back in the extruder wire in included
in Figure 103.

Figure 103: Microscopy image of the later section of the 5183TiC wire.

A distinct oxide-”layer” structure, as seen in the earlier section (Figure 100),
was not observed clearly for the later section in Figure 103 above. This indicates
that the agglomeration of oxides in a layer structure is a ”start-up” issue, which
may be related to insufficient mixing.
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E Identification of phases in TiC reinforced wires

The EDS spectra used to identify the phases observed in the screw extruded wires
wires are presented in the following subsections, along with arrows or symbols in-
dicating the EDS scanning-position in the SEM images. First the investigation of
5183TiC wire is presented, then the 5183TiC-CG, then 5183, then 5183-CG. Num-
bers are assigned to the phases/particles visible at low magnification, while letters
(or chemical formulas) are used for the ones not visible until larger magnification
was applied. All arrow, symbols and numbers are coloured as according to which
phase it was discovered to be. The colour designation is shown in Table 15.

Table 15: Color designation of symbols/arrows used in EDS analysis.

Phase Colour
Mn Yellow

MgO Orange
TiC Black
SiO2 Blue

SiO2 was only observed in the 5183TiC-CG wire.
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E.1 5183TiC wire

In this subsection, the EDS investigation of the longitudinal cross-section sample
of the 5183TiC wire is included. This sample was vibration polished in a destilled
water suspension to sucessfully remove the SiO2 residue from the previous vibra-
tional polishing in SiO2-suspension. Otherwise, the sample preparation procedure,
see subsubsection 3.2.2, was identical to the other wire samples.

The SEM image of the longitudinal cross-section of the 5183TiC wire, previously
shown in Figure 60, is presented again in Figure 104, this time with numbers
designating the different particles investigated using EDS.

1 2

3
4

5

6

7
8

9

Figure 104: Matrix in longitudinal cross-section sample of 5183TiC wire, with
numbered arrows pointing to the particles and phases investigated using EDS.
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The area within the dashed box in Figure 104 is imaged at higher magnification
in Figure 105.

7

8

9

10

11

12

13

14

Figure 105: Matrix in longitudinal cross-section sample of 5183TiC wire, with
numbered arrows pointing to the particles and phases investigated using EDS.
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The area within the dashed box in Figure 105 is imaged at higher magnification
in Figure 106.

15
16

17

18

Figure 106: Matrix in longitudinal cross-section sample of 5183TiC wire, with
numbered arrows pointing to the particles and phases investigated using EDS. The
corresponding EDS spectra to each particle is shown in Figure 107.

147



The EDS spectra from points 15 to 18 in Figure 106 are included in ?? below.

(a) EDS spectrum from spot 15, TiC
cluster.

(b) EDS spectrum from spot 16, TiC
cluster.

(c) EDS spectrum from spot 17, TiC
cluster.

(d) EDS spectrum from spot 18, sub-
surface Mn phase.

(e) EDS spectrum from matrix.

Figure 107: SEM image and EDS spectra of spots 15–18 in Figure 105, as well as
a spectrum from the matrix.
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High magnification images of particles/phases 1–14, with corresponding EDS
spectra and measurement points, are included in the following figures (Figure 108
to Figure 118).

1

2

3MgO

Matrix

(a) Secondary SEM image. (b) EDS spectrum from spot 1, Mn phase.

(c) EDS spectrum from spot 2, Mn phase. (d) EDS spectrum from spot 3, small TiC
cluster.

(e) EDS spectrum from dark MgO phase. (f) EDS spectrum from matrix.

Figure 108: SEM image and EDS spectra of Mn phases and TiC particle, spots
1–3 in Figure 104. Spectra showing the signals from the matrix and the dark MgO
phase in the middle of image (a) are also included.
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4

A

TiC

Matrix

(a) Secondary SEM image.

(b) EDS spectrum from spot 4, MgO phase
(perhaps also containing some Al2O3, due
to the higher Al and O content, compared
with point 4).

(c) EDS spectrum from spot A, also MgO
phase, with a higher content of Mg.

(d) EDS spectra from TiC particle.

(e) EDS spectra from matrix.

Figure 109: SEM image and EDS spectra of MgO, spot 4 in Figure 104. Spectra
showing the signals from a TiC cluster and the matrix is also included.
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5

Matrix

(a) Secondary SEM image. (b) EDS spectrum from spot 5, TiC cluster.

(c) EDS spectra from matrix.

Figure 110: SEM image and EDS spectrum of spot 5 in Figure 104.

6

(a) Secondary SEM image. (b) EDS spectrum from spot 6, TiC cluster.

Figure 111: SEM image and EDS spectrum of spot 6 in Figure 104.
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7

Matrix

(a) Secondary SEM image. (b) EDS spectrum from spot 7, TiC cluster.

(c) EDS spectra from matrix.

Figure 112: SEM image and EDS spectrum of spot 7 in Figure 104 and Figure 105.

8

(a) Secondary SEM image. (b) EDS spectrum from spot 8, TiC cluster.

Figure 113: SEM image and EDS spectrum of spot 8 in Figure 104 and Figure 105.
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9

14

TiC

Matrix

(a) Secondary SEM image. (b) EDS spectrum from spot 9, TiC cluster.

(c) EDS spectrum from spot 14, Mn phase. (d) EDS spectra of small TiC cluster.

(e) EDS spectra from matrix.

Figure 114: SEM image and EDS spectra of spots 9 and 14 in Figure 104 and
Figure 105. Spectra from what seems to be a single TiC particle and the matrix
are also included.
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10

B

C

D

Matrix

(a) Secondary SEM image.
(b) EDS spectrum from spot 10, TiC
cluster.

(c) EDS spectrum from spot B, TiC cluster.
(d) EDS spectrum from spot C, TiC
cluster.

(e) EDS spectrum from spot D, TiC
cluster. (f) EDS spectra from matrix.

Figure 115: SEM image and EDS spectrum of spot 10 in Figure 104 and Figure 105.
Spectra from the TiC particles in the vicinity and the matrix are also included.
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11
Mn

Matrix

(a) Secondary SEM image.
(b) EDS spectrum from spot 11, TiC
cluster.

(c) EDS spectra from the Mn phase. (d) EDS spectra from matrix.

Figure 116: SEM image and EDS spectrum of spot 11 in Figure 104 and Figure 105.
Spectra from an Mn phase in the vicinity and the matrix are also included.
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12
Matrix

(a) Secondary SEM image.
(b) EDS spectrum from spot 12, TiC
cluster.

(c) EDS spectra from matrix.

Figure 117: SEM image and EDS spectrum of spot 12 in Figure 104 and Figure 105.
An EDS-spectrum from the matrix is also included.
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13

E F

Matrix

(a) Secondary SEM image.
(b) EDS spectrum from spot 13, MgO
phase.

(c) EDS spectrum from spot E. (d) EDS spectrum from spot F.

(e) EDS spectra from matrix.

Figure 118: SEM image and EDS spectra of particles/phases around spot 13 in
Figure 104 and Figure 105. The spectra from TiC-clusters in the vicinity and the
matrix are also included.
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E.2 5183TiC-CG wire

The EDS spectra used to identify the different phases in the 5183TiC-CG wire
samples are included in this section. This wire was not vibration polished in des-
tilled water, hence some SiO2 residue is present. The attempts to remove the SiO2

particles from this wire resulted in copper oxide (CuO) cluster covering the sample
surface, most likely occurring due to contamination of the vibrational polishing pad
by Cu-rich tap water (not used intentionally, but some may have been transferred
to the vibration pad by accident).

A secondary SEM image of the transversal cross-section of the 5183TiC-CG
wire, already shown in Figure 64, is shown again in Figure 119 below. The num-
bers used to designate the different particles/phases are now reset. The colour
designation still follows Table 15.

1

2

3

4

5 MgO

TiC

Figure 119: Matrix of transversal cross-section sample of wire 5183TiC-CG, with
numbers pointing to particles/phases investigated using EDS.
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The area around the MgO phase in the upper, right corner of Figure 119 (sur-
rounded by bright TiC particles) is investigated in Figure 65a in section ??. The
EDS spectra, and high magnification images of the numbered spots in Figure 119,
are shown in the following figures.

12

Matrix

(a) Secondary SEM image. (b) EDS spectrum of spot 1, TiC cluster.

(c) EDS spectrum of spot 2, Mn precipit-
ate.

(d) EDS spectrum of matrix.

Figure 120: SEM and EDS investigation of spot 1 and 2 in Figure 119, and sur-
rounding matrix.
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3

Matrix

(a) Secondary SEM image. (b) EDS spectrum of spot 3, SiO2 particle.

(c) EDS spectrum of matrix.

Figure 121: SEM and EDS investigation of spot 3 in Figure 119, and surrounding
matrix.
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4
5

Matrix

(a) Secondary SEM image. (b) EDS spectrum of spot 4, TiC cluster.

(c) EDS spectrum of spot 5, SiO2 particle. (d) EDS spectrum of matrix.

Figure 122: SEM and EDS investigation of spot 4 and 5 in Figure 119, and sur-
rounding matrix.
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