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Figure 4.25: 7 particles selected for first EDS element analysis.

Table 4.4: My caption

Element
[at%]

Particle
type 1

Particle
type 2

Surface
(matrix)

Al 72.4 89.5 88.1
Fe 8.8 0 0
C 12.1 8.2 9.3
O 1.5 1.1 1.2
Mg 0.9 0.9 0.8
Mn 2.4 0 0.1

4.3.6 Density

The density measured by pycnometer and contrast area mapping is described in table 4.5. The

density is about 98% from the pycnometer measurement. This measurement combined mate-

rial from both AlF10-450 and AlF10-490 to measure the density.

Table 4.5: Density of AlF10 using different techniques. SEM = Scanning electron microscope.

Method Density [g/cm^3] Percent of theoretical
Theoretical density 2,7943 100%
Pycnometer 2,7392 98.03%
OM contrast 2,7496 98.4%



5 | Discussion

5.1 Electrical conductivity

5.1.1 Calibration

Comparing the measurements done on the reference wires A-D in 1992 by Hydro Sunndalsøra

with present measurement conducted in 2018, shows an average difference of measured resis-

tance of 0.6%. This implies that the OM21 apparatus gives comparable results after 26 years.

5.1.2 Effect of screw extrusion process on electrical conductivity

The conductivity of super pure aluminium is referenced in literature to 64.5%IACS[29], 64.95%IACS[17]

and 64.944[30]. Previous experimental work done in 1992 by Sintef and Hydro Sunndalsøra gives

a calculated conductivity of 65.138%IACS for a Vigeland 3,47mm wire with the OM21 apparatus

used in this thesis. The calculated electrical conductivity from OM21 measurements is higher

than any reported conductivities earlier,so the OM21 apparatus must show too low resistance.

The results are still close to the values listed in literature.

The conductivity of screw extruded 99.99% pure (super pure) aluminium is about 64.9%IACS for

all tested specimens. This is only 0.05%IACS away from values given in literature[17][30]. Con-

sidering that the OM21 apparatus gives slightly too low resistance, the calculated conductivity of

screw extruded wires is slightly too high. The estimated value for a "more correct" conductivity

for screw extruded SP-AL is about 64.6%IACS. This assumes that the reference wire should show

a conductivity similar to the values given in literature.

The reason for a drop in conductivity for screw extruded wires can be attributed to deformation
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induced during screw extrusion[19], oxide formation in the bulk of the material[27] and change

in amount of elements in solid solution[15]. If a deformation of 1500% from screw extruding is

assumed[31], according to figure 2.7 an increase of resistivity of about 10% should be observed.

The difference between the estimated conductivity for screw extruded 99.99% pure aluminium,

versus literature values is only 0.5%. This indicates that the deformation is recrystallized as it

is being extruded. The effect of oxides, and the amount of alloying elements in solid solution is

assumed to be low, as the conductivity is still high after screw extrusion.

5.1.3 Effect of screw extrusion temperature on conductivity

The effect of a die temperature of 220◦C versus 320◦C is minimal for screw extruded super pure

aluminium wires. A bigger temperature difference should be used to easier differentiate the

effect of extrusion temperature, with larger parallels to reduce variance within each extrusion

temperature. Previous work shows better properties for commercially pure aluminium at 335◦C

than for 400◦C[32].A Study done on equal channel angular extrusion gives a lower grain size

for a lower extrusion temperature[33]. As precipitation of iron and recrystallization for 1xxx

commercially pure aluminium occurs around 450◦C[15], a change in properties could occur

around this temperature. The reason that the low extrusion temperature (220◦C) for SP-Al is

possible is due to the low flow stress of the material.

5.1.4 Effect of annealing screw extruded super pure aluminium 3mm wire

The evolution of electrical conductivity as seen in figure 4.2 shows a decrease in electrical con-

ductivity for different annealing compared to as-extruded. This trend is also found in[15] and

partly in[32]. Due to the deformation induced by screw extrusion one could expect an increase

in conductivity after annealing due to dislocation termination[19], however the experimental

results do not support this. The reason for the reduction in conductivity is not known, but the

amount of alloying elements in solid solution is believed by the author to play a role in this.
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5.1.5 Electrical conductivity of screw extruded aluminium foil based 3mm

wire

The conductivity of screw extruded aluminium foil based 3mm wire described in figure 4.10

varies substantially, from 56%IACS to 57.8%IACS. The two different samples for each die tem-

perature are not consistent neither. The difference could indicate microstructural variance or

variance in composition for the screw extruded wire along its length.

The reduced electrical conductivity compared to super pure aluminium is largely due to the high

iron content (1.24 wt%) as seen in table 3.3. The calculated conductivity based on figure 2.9 gives

a value of 57.18%IACS which matches the experimental results.

The evolution of electrical conductivity does not show any clear trends. Figure 4.11 shows that a

die temperature of 500◦C gives a higher conductivity, but this drops with annealing at 500◦C for

30 minutes. As the results after annealing at 500◦C are the same, this could mean they are struc-

turally more similar now. The microscopical images does not reflect a change in microstructure

for either of the extrusion temperatures after annealing.

5.2 Variation in cross-sectional area

Calculating the conductivity using equation 2.4 for screw extruded super pure aluminium wires

gives consistent results compared to averaging the cross-sectional area of the wire. Screw ex-

truded wires does not give an uniform thickness using neither single flight screws[32] nor dou-

ble flight screws. The cold drawn reference wires all uniformly measure a diameter of 3,47mm.

Therefore the result calculated by the density method matches the result calculated by the area

much better as seen in Ref. Vigeland Al in figure 4.1. If uniform thickness is required for applica-

tions of screw extruded wires, cold drawing the wires after screw extrusion could be attempted.

This could also enhance mechanical properties[34]. Due to the uneven surface of single flight

screw extruded profiles, a double flight screw extruded wire would be more fit to be cold drawn.
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5.3 Mechanical properties of screw extruded aluminium

5.3.1 Hardness

The hardness after different processing steps as presented in figure 4.3 shows that screw ex-

trusion greatly increases hardness from feedstock. Annealing at 150◦C gives a slight increase

in hardness, however this is well within the standard deviation. The hardness is reduced after

annealing at 500◦C, likely due to recrystallization and grain growth as can be seen in figure 4.5.

The hardness of screw extruded aluminium foil based 3mm wire as presented in figure 4.12

shows a large difference between an extrusion(die) temperature of 450◦C and 500◦C. The hard-

ness is higher for the 500◦C screw extruded sample for all stages. The microstructure as seen in

figure 4.15 and figure 4.16 does not show large differences, and this points to recrystallization

not being present. Due to the high concentration of iron, concurrent precipitation will delay

recrystallization by a large factor. An increased temperature could allow more iron to go into

solid-solution, giving a strength contribution. This would however reduce the electrical con-

ductivity[15], but it is not shown clearly in figure 4.10.

The hardness of the screw extruded aluminium foil based 10mm profile with an extrusion tem-

perature of 450◦C and 490◦C is within/ very close to the standard deviation of each other. This

indicates that a difference in screw extrusion temperature of 40◦C does not affect the hardness

much. Compared to the screw extruded aluminium foil based 3mm wire, the hardness is similar.

As the chemical compositions and extrusion temperature ranges are relatively close, this is ex-

pected. The large standard deviations and variances between wires indicates that the hardness

varies due to other factors such as pores and an inhomogeneous particle distribution.

5.3.2 Tensile testing

The tensile tests for screw extruded super pure aluminium 3mm wire gives consistent values for

they yield strength and UTS. The strain varies significantly, from about 0.20 to 0.55. An expla-
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nation could be stress localization, where stress is concentrated at inhomogeneities or pores in

the structure, causing an early fracture in screw extruded products.

The tensile tested screw extruded aluminium foil based 3mm wire shown in figure 4.13 gives

very similar results for all parallels. The results are also similar to the tensile tests for AlF10.

The tensile tests for screw extruded aluminium foil based 10mm profile as seen in figures 4.19

and 4.20 shows similar results for the yield strength and UTS. The last 490◦C specimen deviates

from all other, and shows a much larger UTS, about 150MPa. The increased UTS of 150MPa was

only found in 1 out of 6 tensile tested AlF 10mm, and 0 out of 2 successfully tensile tested AlF

3mm. This indicates a deviation that is not commonly occurring.

5.4 Behaviour of screw extruded aluminium foil based wire and

profile during fracture

The fracture as seen in figure 4.14 shows indications of mainly microvoid coalescence with dim-

ple formation. The circular pattern in figure 4.14 (a) could make the material more anisotropic

compared to conventional extrusion techniques.

The SEM-images in figure 4.21 shows that the normal AlF10-490 tensile tested sample has a duc-

tile fracture with microvoid coalescence and dimple formation. The deviating contains dimple

formation at the side cup, with an unknown fracture surface down in the large hole in the cen-

tre. Comparing the fracture surface seen in figure 4.21 (f) to an Al-Al2O3 Metal Matrix Com-

posite(MMC) fracture as seen in figure 5.1 shows some similarities. However more evidence for

alumina particles being the cause of the fracture is needed to draw a clear conclusion. If an ele-

ment analysis could be conducted at the fracture surface, this could indicate if oxygen is present.

The deviating sample displays a problem for screw extruded products, where inclusions or in-

homogeneous particle distributions can occur. As screw extrusion is still in the research stage,

these problems can be further investigated before commercialization of the process.
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Figure 5.1: Fracture image in SEM for an Al-Al2O3 MMC showing Al2O3 at the fracture surface.
From [35].

5.4.1 Particle analysis in SEM

The particles found in the EDS analysis for AlF10 consists of two types, one containing iron and

one with equal composition as the surface. It is very unlikely that the composition is the same

for the surface and the particles, so this is more likely a problem with the EDS measurements.

Due to the emission volume of the electron beam it is not able to pick up particles with a size

lower than about 1µm. Because of this, other techniques such as TEM or XRF could be used to

better characterize the particles. Research conducted by Skorpen, Roven, and Reiso shows that

oxide particles in screw extruded aluminium can be seen using TEM[36]. The natural oxide layer

thickness is only a few nanometres, so these are not measurable by SEM.
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5.5 Electrical conductivity and mechanical properties of screw

extruded wires compared to commercial alternatives.

Selected properties of screw extruded wires and comparable alternatives found in literature is

presented in table 5.1. The 1199 alloy found in literature is the same purity as the screw extruded

SP-Al, and 6101-T61 is a common electrical conductor alloy with the same conductivity as the

screw extruded AlF3.

Table 5.1: Comparison of screw extruded wires with alloys produced by conventional tech-
niques. The AA1199-O Alloy is from[17], where O means un-tempered state and the AA6101-
T61 alloy is from[37]. *As ASTM E-140 does not give conversion rates from HB to HV under HB
values of 44, the ratio at the lowest conversion rate is used (HV=HB * 1.2).

Name
Electrical conductivity

[%IACS]
Hardness

[HV]
Tensile strength

[MPa]
Ultimate tensile strength

[MPa]
SP-Al-220 64.90 19.4 35 43
SP-Al-320 64.92 21.4 35 43
AA1199-O 64.5 19* 15 50
AlF3-450 56.75 33.8 65 110
AlF3-500 56.80 38.4 65 110
AA6101-T61 57 X 100 140

Comparing the hardness of the screw extruded Super pure aluminium to an AA1199 alloy (99.99%

pure aluminium alloy), the hardness of screw extruded super pure aluminium is about equal for

SP-Al-220 versus the un-tempered state of AA1199. SP-Al-320 is about 10% harder than the un-

tempered state of AA1199. If the AA1199 alloy is tempered to H18, the hardness increases to

33HV*. (*As ASTM E-140 does not give conversion rates from HB to HV under HB values of 40,

the ratio at the lowest conversion rate is used (HV=HB * 1.2).) The hardness of the AA6101 alloy

was not given.

The yield strength and UTS of an AA1199 alloy can be seen in figure 4.4 as a function of purity.

Comparing the yield strength and ultimate tensile strength of screw extruded super pure alu-

minium to an AA1199 alloy we see that the yield strength is larger for the screw extruded wires

( 30 MPa vs 15MPa) and the UTS is lower for the screw extruded wires ( 44MPa vs 50 MPa). The
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tempering state for the 1199 alloy is not known in figure 5.2.

For the aluminium foil the two successful specimens gives very similar results. Comparing a

screw extruded aluminium foil based profile to an AA6101 alloy gives a lower yield strength for

the screw extruded wire ( 70MPa vs 100MPa) and a lower UTS (110 MPa vs 140MPa).

Figure 5.2: Tensile strength for different purities of unalloyed Aluminium.

5.6 Screw extrusion as a compacting technique

5.6.1 Chemical composition change for super pure aluminium

The change in chemical composition for super pure aluminium from as-received blocks to screw

extrusion screw-tip can be seen in table 5.2. This shows a reduction in purity of 0.015%. This

is before the largest compacting occurs at the die, so even more contamination could occur for

screw extruded profiles. The contamination is mostly iron, which increases from 0 to 0.01%.

As the screw, chamber and dies are all made from tool steel this could be a potential source of

contamination. The chemical analysis did not check for carbon, which is another element that

is found in the steel made die, container and screw[38].
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Table 5.2: Change in chemical composition from as-received blocks of super pure aluminium to
screw extruded super pure aluminium, as measured by the material plug in front of the screw
tip.

Element
Change
[wt%]

Element
Change
[wt%]

Element
Change
[wt%]

Al 0.0154 Ti 0.00024 Ca 0.00047
Si -0.00166 Cr 0.00043 B 0.00006
Fe 0.01042 P 0.00003 Ag 0
Cu 0.00046 Ni 0.00031 Co 0.00001
Mg 0.00048 Pb 0.00002 Zr 0.00002
Zn 0.00009 Sn 0.00002
Mn 0.00072 Na 0.00001

5.6.2 Density

The density seems to lie between 95.8% and 99% for all samples, and the same density is also

measured for previous studies[32]. As the pycnometer measures the density for the entire sam-

ple, while image contrast measurements only cover a portion of the sample, the pycnometer

measurements should be more accurate. The results indicate that the density is higher in the

super pure aluminium, while the increased alloying content or higher extrusion temperature

decreases the density for the screw extruded aluminium foil. The image contrast measurement

indicate that there are local variations in density in the sample, i.e. that the porosities are not ho-

mogeneously distributed. Previous studies point to that the cleanliness of the feedstock[28] for

screw extrusion and the extrusion ratio for hot extrusion of scrap[39] affects the density. These

aspects should also be considered when evaluating the need of a high-density product. Com-

pared to other compacting techniques such as Briquetting[40] that gives a density of 65% of

theoretical density, the density of screw extruded profiles is superior.
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6 | Conclusion

This study has assessed two possible applications of screw extruded products; (i) electrically

conducting wires, and (ii) as a compacting technique for aluminium scrap. The mechanical

properties and electrical conductivities are measured and compared to alloys produced using

existing methods. The key findings are presented as follows:

• The screw extrusion process does not significantly affect the conductivity of a super pure

aluminium wire. The values measured for the screw extruded super pure (99.99% pure)

aluminium wire closely matches values given in literature for electrical conductivity of

99.99% pure aluminium.

• Screw extrusion of clean commercial aluminium foil gives a metal-bonded product with

high density and adequate mechanical properties. The material fractures in a ductile

manner. Screw extrusion as a compacting process displays promising results for alu-

minium foils. This can ease recycling of materials that are difficult to recycle today.

• The screw extrusion process introduces some contamination in the produced material.

The main element introduced is iron, this is most likely due to the screw extruder con-

tainer, screw and die are all made from steel.

• Annealing of screw extruded wires at 500◦C or 150◦C for 30 minutes does not improve elec-

trical conductivity in this study. After the material recrystallizes the conductivity should

increase due to less deformation, however the experimental results do not support this.

The reason for the reduced electrical conductivity is not known, and should be further

investigated.
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7 | Future work

Based on the results given by this thesis and results given in literature, two suggestions to further

study are presented as follows:

• Evaluate if screw extruded wires can be cold drawn after screw extrusion to further in-

crease mechanical properties, with a limited decrease in electrical conductivity. This could

possibly optimize the relationship between electrical conductivity and mechanical prop-

erties[15].

• Attempt compacting industrial foil/thin sheet waste according to different foil scrap grades[10].

Both contaminated and clean foils should be experimentally tested to further investigate

if screw extrusion could provide an environmentally friendly way to recycle commercial

foil scrap.
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A | Appendices

A.1 A: Calibration of OM21 electrical resistance apparatus

The electrical resistance measurements done using OM21 compared with measurements done

in 1992 when the apparatus was initially purchased is presented in table A.1.

Table A.1: Resistance change for reference wires in 1992 and 2018.

Reference % change Sintef result (1992) [mΩ]
Avg. Measured
in 2018 [mΩ]

Std dev.
Measurements
in 2018[mΩ]

A 0.454545455 0.275 0.27625 0.00050 0.277 0.276 0.276 0.276
B -0.087565674 0.2855 0.28525 0.00050 0.286 0.285 0.285 0.285
C -0.877723971 0.3304 0.3275 0.00058 0.327 0.327 0.328 0.328
D -0.830924855 0.4152 0.41175 0.00050 0.412 0.412 0.412 0.411
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A.2 B: Measurements to calculate electrical conductivity

Table A.2 through A.5 provides the measured data to calculate the electrical conductivities pre-

sented in this thesis. Equation 2.3 and 2.4 were used to calculate the electrical conductivity. σ is

the electrical conductivity, L is the length between the measuring points for the OM21 appara-

tus. R is the measured resistance from the OM21 apparatus. A is the cross-sectional area of the

wire to be tested. l is the length of the wire to be tested, ρd is the density of the wire to be tested,

and m is the mass of the wire to be tested.

Table A.2: Electrical conductivity based on area before heat treatment.

Parameter SP-Al-220 #1 SP-Al-220 #2 SP-Al-320 #1 SP-Al-320 #2 Ref. Vigeland Al AlF3-450 #1 AlF3-450 #2 AlF3-500 #1 AlF3-500 #2
L [mm] 98.45 98.45 98.45 98.45 98.45 98.45 98.45 98.45 98.45
A [mm^2] 6.342144711 6.238419794 6.267968218 6.319845948 9.456900746 6.099018165 6.099018165 6.099018165 6.106315822
R [mΩ] 0.422625 0.42825 0.42425 0.429875 0.27625 0.511 0.49825 0.51325 0.510375
σ [MS/m] 36.73029272 36.85053124 37.0226144 36.23823521 37.68466013 31.58892841 32.39727529 31.45044796 31.58981373
δσ [MS/m] 0.053265563 0.056631852 0.057013156 0.058026523 0.05930149 0.065474822 0.05373502 0.054105937 0.057941524
σ [%IACS] 63.3280909 63.53539869 63.8320938 62.47971588 64.97355195 54.46366966 55.8573712 54.22491027 54.46519608
δσ [%IACS] 0.053265563 0.056631852 0.057013156 0.058026523 0.05930149 0.065474822 0.05373502 0.054105937 0.057941524

Table A.3: Electrical conductivity based on length, mass and density before heat treatment.

Parameter SP-Al-220 #1 SP-Al-220 #2 SP-Al-320 #1 SP-Al-320 #2 Ref. Vigeland Al AlF3-450 #1 AlF3-450 #2 AlF3-500 #1 AlF3-500 #2
L [mm] 98.45 98.45 98.45 98.45 98.45 98.45 98.45 98.45 98.45
l [mm] 201 200 201 199.5 199 201 201.5 201.5 201
m [g] 3.3568 3.2964 3.3435 3.2747 5.087 3.3175 3.3213 3.21 3.3188
ρ [g/mm^3] 0.0026989 0.0026989 0.0026989 0.0026989 0.0026989 0.002784352 0.002784352 0.002784352 0.002784352
R [mΩ] 0.422625 0.42825 0.42425 0.429875 0.27625 0.511 0.49825 0.51325 0.510375
σ [MS/m] 37.64592051 37.64395385 37.65090266 37.65578496 37.62630451 32.50155063 33.3779372 33.52593631 32.52860499
δσ [MS/m] 0.11180592 0.11180568 0.11180568 0.111805281 0.111803444 0.111804722 0.111806958 0.111806958 0.11180592
σ [%IACS] 64.90675951 64.90336871 64.91534942 64.92376717 64.8729388 56.03715625 57.54816759 57.80333847 56.08380171
δσ [%IACS] 0.11180592 0.11180568 0.11180568 0.111805281 0.111803444 0.111804722 0.111806958 0.111806958 0.11180592

Table A.4: Electrical conductivity based on length and density after heat treatment of 150C for
30 minutes.

Parameter SP-Al-220 #1 SP-Al-320 #1 AlF3-450 #1 AlF3-500 #1
L [mm] 98.45 98.45 98.45 98.45
l [mm] 201 201 201 201.5
m [g] 3.3568 3.3435 3.3175 3.21
ρ [g/mm^3] 0.0026989 0.0026989 0.002784352 0.002784352
R [mΩ] 0.424 0.427 0.514 0.513
σ [MS/m] 37.52383763 37.40842027 32.31185286 33.54227449
δσ [MS/m] 0.111806958 0.111807197 0.111808236 0.111806958
σ [%IACS] 64.69627178 64.49727633 55.71009114 57.83150774
δσ [%IACS] 0.111806958 0.111807197 0.111808236 0.111806958
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Table A.5: Electrical conductivity based on length and density after heat treatment of 500C for
30 minutes.

Parameter SP-Al-220 #2 SP-Al-320 #2 AlF3-450 #2 AlF3-500 #2
L [mm] 98.45 98.45 98.45 98.45
l [mm] 200 199.5 201.5 201
m [g] 3.2964 3.2747 3.3213 3.3188
ρ [g/mm^3] 0.0026989 0.0026989 0.002784352 0.002784352
R [mΩ] 0.429375 0.432125 0.511375 0.510875
σ [MS/m] 37.54532341 37.45971781 32.52125585 32.49676882
δσ [MS/m] 0.11180592 0.111810392 0.111804642 0.111806559
σ [%IACS] 64.73331622 64.58572036 56.07113078 56.02891176
δσ [%IACS] 0.11180592 0.111810392 0.111804642 0.111806559


	
	
	
	
	
	
	
	
	
	

	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	


	
	
	
	

	
	
	

	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	


	
	
	
	
	
	
	

	
	
	
	

	
	

	
	
	
	


	
	
	
	
	




