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Abstract

Ceramic foam filters (CFFs) play an important part when recycling aluminium due
to an often high amount of non-metallic inclusions in secondary aluminium, which will
decrease the mechanical properties of the product. CFFs are designed to filter out the
unwanted particles resulting in a better end product. While the mechanical properties of
ceramic foams are well documented at room temperature, there has been done, at the
time of writing, little to no research on the mechanical strength at working temperatures.
This thesis will focus on the compressive strength of different manufacturers at room and
working temperatures (730 °C) with different holding times.

Several analytical methods were used to get a broader understanding of the structural
properties of the CFFs. Included methods were: geometric measurements of samples,
light microscopy, scanning electron microscopy (SEM), energy dispersive spectroscopy
(EDS), and mercury intrusion porosimetry. Of special interest was how structural
properties affected the strut strength, which is an important parameter when testing
compressive strength.

The compressive strength of conventional CFF's from four different manufacturers with
varying pore density and composition was measured at room temperature and at 730
°C. While the procedures for room temperature testing is well established, the method
for compressive testing at high temperatures had to be established. When testing at
room temperatures the filter properties closely resembled established models dependent
on relative density and strut thickness. The Sivex non-phosphorous filter was found to
have the highest strength, and the Selee filter had the lowest strength.

When testing the compressive strength at working temperatures, there is generally a
decrease in strength for longer holding times at working temperature. Since the methods
for compression testing at high temperatures was under development, some inconsistencies
were found where the filters from Lanik and Selee diverted from the trend.



Sammendrag

Keramiske filtre (CFF) spiller en viktig rolle nar aluminium resirkuleres pa grunn av
at sekundaert aluminium ofte inneholder en stor mengde ikke-metalliske partikler som
vil redusere de mekaniske egenskapene til produktet. CFF-er er designet for a filtrere
ut ugnskede partikler, noe som resulterer i et bedre sluttprodukt. Mens de mekaniske
egenskapene til keramisk porgse strukturer er godt dokumentert ved romtemperatur, har
det i skrivende stund blitt gjort lite til ingen undersgkelser om den mekaniske styrken
ved arbeidstemperaturer. Denne oppgaven vil fokusere pa den kompressible styrken
til forskjellige produsenter ved rom- og arbeidstemperaturer (730 °C) med forskjellige
holdetider.

Flere analytiske metoder ble brukt for a fa en bredere forstaelse av de strukturelle
egenskapene til CFF-ene. Inkluderte metoder var: geometriske malinger av prgver,
lysmikroskopi, skanning elektronmikroskop (SEM), energidispersiv spektroskopi
(EDS) og porosimetri med kvikksglv. Av spesiell interesse var hvordan strukturelle
egenskaper pavirker styrken i strukturen, som er en viktig parameter nar man tester
kompresjonsstyrken.

Kompresjonstyrken til konvensjonelle CFF-er fra fire forskjellige produsenter med
varierende poretetthet og sammensetning ble malt ved romtemperatur og ved 730 °C.
Mens prosedyrene for testing av romtemperatur er godt etablert, matte metoden for
kompresjonstesting ved hgye temperaturer etableres. Under testing ved romtemperatur
lignet filteregenskapene godt pa etablerte modeller avhengig av relativ tetthet og
tykkelsen til strukturen. Sivex filter uten fosfor ble malt til a ha den hgyeste styrken i
kompresjon, og Selee hadde den laveste styrken i kompresjon.

Ved testing av kompresjonstyrken ved arbeidstemperaturer, er det generelt en reduksjon i
styrke for lengre holdetid. Siden metodene for kompresjonstesting ved hgye temperaturer
var under utvikling, ble det funnet noen uoverensstemmelser der Lanik og Selee filtrene
divergerte fra normen.
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1 Introduction

When producing and recycling aluminium there are several stages and methods of cleaning
the metal of impurities. These methods are split into two groups; furnace processes and
in-line processes. The furnace processes are used while the metal is still in the furnace
and includes fluxing, temperature control, settling, and skimming. After the furnace,
inclusions can still form in transit to the casting table, for example by oxidation. The
in-line processes include degassing and filtration [1].

There are mainly two types of filters used when filtering aluminium, not counting
experimental filters such as the advanced compact filter from Rio Tinto Alcan [2]. For
more critical and demanding products, deep bed filters (DBF) are used due to a high
efficiency, but they are however more expensive and less flexible when changing alloys in
a cast-house [1]. Ceramic foam filters (CFF) have a lower efficiency but are cheaper and
more flexible. This study will focus on CFFs.

CFFs are manufactured in two ways: by replication and foaming. However, for metal
melt filters the replication technique is mainly used as they yield an open-cell structure
while foaming tends to yield a more closed cell structure. The replication technique
consists of coating a polymer foam with a ceramic slurry, drying, and then burning out
the remaining polymer. The used polymer foam, normally polyurethane, specifies the
porosity as the resulting ceramic foam will copy the structural characteristics. While
this process results in a structure well suited for filtration, it also results in a multitude
of flaws and hollow struts and therefore low mechanical properties compared to foaming
techniques, due to burning out the polymer [3].

The micro structure of these CFF's that comes from the replication process, is engineered
to accumulate impurities in the multiple cavities [4]. How the filter looks like inside is
illustrated in Figure 1.1. The priming process of the filter is an important step in filtration
of aluminium, explained further in Chapter 3.3.

L’E‘%E
Y

(a) (b)

Figure 1.1: (a) [lustrates the inside of a filter, (b) illustrates how the molten metal flow
through the filter and impurities is left behind.




2 Objective

The objective of this thesis is to determine the compressive strength of ceramic foam
filters from various manufacturers with varied porosities. The experimental work is defined
in two parts, the first being compressive testing at room temperatures, to determine the
geometry of the samples and what ppi to go forward with. The second part is testing the
compressive strength at working temperatures, 730 °C, while varying the holding time
at working temperature. Various analytical methods will be used to compare the results
from compression testing with the structural properties of the filters.



3 Background

3.1 Structural Properties

Ceramic foams are comprised of two structural components, struts and cell-walls, as
seen in Figure 3.1. The distribution and ratio of struts and cell-walls is dependent on
whether the foam is closed- or open-celled, whereby highly porous open-celled foams
consist mostly of struts while closed-celled foams will have more filled cell-walls. Due to
the manufacturing process, specifically incomplete sintering, macro and micro flaws can
arise, such as micro cracks, pores in the struts, and triangular strut cavities, as seen in
Figure 3.2. Upon compression, such flaws will facilitate crack propagation, leading to a
decreased strength [5].
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Figure 3.1: Microscope picture of a ceramic foam filter.
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Figure 3.2: A SEM image of a strut at 200x and 800x magnification.

There are four types of densities used when characterizing foams; pore density, foam
density, strut density and relative density. The pore density is the number of pores in
a certain area, measured in pores per inch (ppi), and is used as a reference to different
porosities from the manufacturer. For example Sivex 30 and Sivex 65 refers to different
pore densities from the same manufacturer. The foam density (p*) is the density of the
entire foam, calculated by the total weight and volume of the foam (measured in g/cm?).
The strut density (ps) is the density (g/cm?) of the struts composing the foam. The
strut density is measured by mercury intrusion porosimetry, see Chapter 4.1.3. The strut
density can be calculated into material porosity (ps) by Equation 3.1.

bs = 1- Ps (31)

Relative density (p*/ps) describes the ratio between foam density and pore density.

Gibson and Ashby [6] detail two ways to calculate relative density, depending on the

porosity of the foams. An open cell foam with a relative density less then 0.1 will have
the relative density [7]:

(0*/ps) = (t/1)? (3.2)
When the relative density is higher than 0.1, greater consideration must be taken with
regards to cell corners and the shape of the cell. If approximating the shape of the cell
to a pentagonal dodecahedron as seen in Figure 3.3, Equation 3.3 is better suited to
model relative density [7]. The pentagonal dodecahedron shape of unit cells is further
supported by Lacroix et al. [8]. If the unit cell can be better approximated to a different
structure Equation 3.3 would not apply as it is specific to the pentagonal dodecahedron.
The relative density can also be given as functional porosity, as seen in Equation 3.4.

(t/1)* +0.766(t/1)*
0.766(1 + ¢/1)3

p=1—=(p"/p,) (3.4)

(0" /ps) = (3.3)




Figure 3.3: The pentagonal dodecahedron structure.

3.2 Uniaxial Compression of Brittle Foams

When characterizing ceramic foams various properties are used, such as porosity, density,
permeability and mechanical strength. For the description of mechanical strength, the
compressive and bending strength are taken into consideration. This thesis will focus on
the compressive strength. Compressive strength is measured by compressing the sample
between two loading plates with a constant loading rate. The force used to maintain the
loading rate is recorded. Often a compliant loading pad is used, which is a rubber pad
placed between the loading plates and the sample, used to distribute the pressure more
evenly across the sample. The compressive strength (o) is defined as:

(3.5)

Where F),,, is the maximum force recorded and A is the area of applied load. The
measurement apparatus and method is according to NS-EN-993-5:2018 [9]. Voigt et al.
[10] looked at how changing various parameters could alter the compressive strength.
They found that the size of the sample and loading plate has a significant impact on the
compressive strength, while the loading rate has less of an impact.

3.2.1 Gibson and Ashbys Model

A frequently used model for prediction of the mechanical properties of cellular materials
was developed by Gibson and Ashby [6]. They detailed a simplified unit cell with
rectangular struts as seen in Figure 3.4a. When the unit cell is placed in compression,
individual struts will break as seen in Figure 3.4b. This model suggests that failure
occurs at a certain critical load, where numerous cells break at the same time leading to
catastrophic failure.
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Figure 3.4: The structure of a unit cell from Gibson and Ashbys model [6] where: (a) shows
a cubic model of an open-cell foam, (b) shows fracture under compression, and
(c) shows the cross-section of a hollow strut.
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Gibson and Ashby proposed that the compression strength is dependent on the bending
strength of the struts. This is due to how individual struts break, as seen in Figure 3.4b.
Based on the bending strength, the following equation is proposed [6]:

)3/2 1+ (ti/t)2
1—(t:/t)?)
Where o, is the strength of the struts, (p*/ps) is the relative density, ¢ is the length of
the struts, and t; is the length of holes in the struts often created due to the manufacturing

process (see Figure 3.4c). C' is a constant found to be 0.65 by Gibson and Ashby [6]. If
one assumes that the struts are not hollow, the equation can be simplified to:

Ocr = CUfS(/)*/:Os (3.6)

oo = Cops(p*/ps)*? (3.7)

As seen in Equation 3.6, the compressive strength of a foam is dependent on the strength
and geometry of the struts and the relative density of the material. The strut strength is
further dependent on strut diameter, or thickness, and cell size. The compressive strength
increases with increased strut diameter, while the affect of cell size is disputed [11].

Equation 3.7 has however been found inaccurate with regards to the constant C. Brezny
et al. [11] found C to be between 0.13 - 0.23, while Goretta et al. [12] found C to be
0.08. This discrepancy could be due to the cell structure. Most ceramic foams below a
certain foam porosity will distribute the material in the cell faces resembling a closed cell.
Since the constant is dependent on the geometry of the cell, this could have a significant
impact. In addition, Gibson and Ashby does not take into account the variation in strut
strength that arises from variations in strut thickness and material porosity [12].

3.2.2 Damage Accumulation Model

The other model for compressive failure is the damage accumulation model. This model
suggests that failure occurs after a certain number of struts have failed. The struts will
not fail simultaneously as in the Gibson and Ashby model, but propagate from cell to cell,
often starting at a pre-existing flaw [11]. This model is quite similar to failure of brittle
materials, where failure propagates from cracks or other inhomogenities [13].



3.2.3 Anisotropy of Cells

Most polymer foams are anisotropic, which means that the structure and properties vary
with spatial direction. The anisotropy is commonly seen as an elongation of the cells,
usually axisymmetric, which comes from the production of the polymer foam used in
the replication process. Figure 3.5 shows an axisymmetric cell. An axisymmetric cell is
symmetric around its axis, implying that the length and width are equal.

Figure 3.5: An axisymmetric unit cell [6].

R= % (3.8)

A fundamental parameter characterizing an axisymmetric cell is the ratio (R) between
the height and length of the cell (Equation 3.8). The relation between the compression
strength in the different directions X; and X3, as seen in Figure 3.5, will then be [6]:

03 2R

o1 Tl + (}%) (39)

3.2.4 Failure of Ceramic Foam Filters

Brezny and Green [14] found that different ceramic foams follow different fracture models.
A vitreous carbon foam followed Gibson and Ashbys model, while an alumina-mullite
foam followed the damage accumulation model. They proposed that the cause could be
a greater amount of flaws (such as strut cavities or cracks) in the structure, mostly due
to the replication manufacturing process. This could result in a greater variation in strut
strength, causing the struts to break at different times. Failure would then happen after
a certain amount of the weaker struts have broken. Since the ceramic foam filters studied
in this paper are made using replication, similar results are expected.



3.3 Filter Priming in Advance of Aluminium Filtration

The priming of a CFF is the last step before the filtration process in the cast house.
The priming allows molten metal, like aluminium, to flow through the filter and leave
impurities behind in the numerous pores inside the filter, as illustrated in Figure 1.1.
The greatest challenge when filtering aluminium is the reaction in Equation 3.10, where
2 Al; O3 is an oxide layer that instantly forms when in contact with oxygen. This problem
is further complicated with increased ppi. To fully submerge the filter, the oxide layer
must therefore be broken [15] [16].

4AI(1) + 305 — 2 Al,04 (3.10)

In Figure 3.6 the filter bowl setup in the foundry is illustrated, and the filter placement
is represented. To properly prime the filters, it is necessary to place it in the filter bowl
tightly. The filter box is tilted with a 3° to the horizontal plane, so that air can get
out during the priming [17]. Then the filter bowl and the filter is preheated to 750 °C.
After the preheat, the metal is heated up and used to prime the filter. When the filter is
thoroughly primed and the molten aluminium flows through, the filtration of aluminium
begins. There are different ways to prime a filter other than using gravity only; Drain
Free Filtration (DFF) explained by Tundal et al. [17], Advanced Compact Filter (ACF)
explained by Breton et al. [4], and Electro Magnetic Field (EM) explained by Fritzsch et
al. [15].

Inlet

Removable dam

N Molten metal

"Filter bowl"

Filter

Qutlet

Figure 3.6: Illustration of the placement of a filter in the filter bowl at a foundry.

3.4 Phosphate Bonded Filters

Ceramic foam filters for continuous aluminium casting mainly consist of alumina, AlyO3,
and use different kinds of binder material. Inorganic binders, like phosphate or silica, are
used to lower the sintering temperature of alumina as to decrease energy usage. Phosphate
binders will lower the sintering temperature from 1600 °C to 1300 °C and result in a
relatively high bending and compressive strength [18][19]. However, phosphate bonded
filters have been found to be chemically unstable at higher temperatures, especially in



contact with aluminium. When the filters are used with aluminium alloys containing
magnesium, the following reaction results [20][21]:

3ALPO, +3Mg = MgyPy +3MgO + AlP (3.11)

Aubrey et al. [21] shows that the magnesium reaction in Equation 3.11 will cause
corrosion and reduce the compressive strength of the filter. Additionally, phosphate
bonded filters will produce phosphine after being immersed in aluminium and in contact
with water which represents a health risk.

Alternative filters have been developed that do not use phosphate binders. Pyrotek
uses colloidal silica and boric oxide as a binder [22]. Non-phosphate filters will thereby
reduce the degradation from contact with magnesium and potentially increase compressive
strength.

3.5 High Temperature Behavior of Ceramics

Little research has been done on the mechanical properties of cellular ceramics with
relation to temperature dependence. Since compression of cellular ceramics dependence
on the bending strength, it is of interest to investigate the dependence of bending strength
with temperature. In Figure 3.7 the bending strength of alumina is shown plotted against
temperature. This graph shows a significant drop in strength at working temperatures
(730 °C). This indicates that the compressive strength should exhibit a similar reduction.
Goretta et al. [12] performed compressive strength tests at different temperatures of open
cell alumina, consisting of 99 % alumina and relative densities between 0.09 and 0.24.
As seen in Figure 3.8 there was little change to the crushing strength at 800 °C. Per
the authors knowledge there has been done little to no research into the effect of longer
holding times at working temperatures.
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Figure 3.7: Temperature dependence of bending strength (inert strength) of alumina [23].
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Figure 3.8: The crushing strength of porous open-cell alumina dependent on temperature
[12].

CFFs are susceptible to thermal shock. When a ceramic material is non-homogeneous
or anisotropic (as CFFs are) and exposed to temperature change, different components
of the material will expand differently. This could occur even if the temperature change
is constant through the material. However, a rapid change from room temperature to
working temperatures will introduce a temperature gradient. This results in different
expansion rates across the structure, leading to further thermal strain [24].

As silica is a common component in many CFF's, the phase diagram between alumina
and silica (Figure 3.9) becomes relevant. As seen, silica has a lower melting point
then alumina. Although the experiments forthwith do not reach 1600 °C, ceramics can
transition into a glassy phase at lower temperatures.
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4 Experimental Procedures and
Analysis

The compression tests that were performed on the CFF's included: testing of the effect
of sample shapes (circular and square), testing at room temperature, testing the effect of
thermal shock with a ten-minute oven holding time at 800 °C, and testing the effect in
compression with different oven holding times at one-hour and two-hour at 800 °C. The
testing was performed on CFF's from four different manufacturers: Sivex (Pyrotek, Czech
Republic), Ceralu Al,O3 (Drache, Germany), VUKOPOR ®A (Lanik, Czech Republic)
and SELEE®) CS-X (Selee, United States). These are hereby referred to as Sivex, Drache,
Lanik and Selee respectively. The various filter samples tested is summarized in Table
4.1. Samples with both cylindrical and cubic shapes were also tested, shown in Table 4.2.

Table 4.1: The different manufacturers, ppi’s, and the number of filters tested at the
different holding times in the heated oven.

Filter manufacturer | ppi | Cold tests | 730°C 10 min | 730°C 1 h | 730°C 2 h
Sivex 30 22 10 10 10
65 22 10 - -
80 22 10 - -
Sivex NP 30 22 10 10 10
Drache 30 22 10 10 10
60 22 10 - -
Lanik 30 22 10 10 10
60 22 - - -
Selee 30 22 10 10 10

Table 4.2: The different tests performed to analyse the effect of sample shape.

Filter manufacturer | ppi | Cold tests
Sivex 30 22
cylinder 65 22
80 22
Sivex 30 22
cubic 65 22
80 22

As detailed by Voigt et al. [10] it is important to use identical measurements and
procedures. Sample size and the size of the loading plate can affect the results. The
method for compression testing is based on NS-EN-993-5:2018 Methods of test for dense
shaped refractory products. Determination of cold chrushing strength [9]. A compliant
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loading pad was considered, but due to the high temperatures it could not be used.

All compression testing was performed with "MTS 880 Hydraulic Tensile Testing
Machine 100 kN”, as shown in Figure 4.1. The compression speed was constant at 2
mm/min with a circular loading plate with 50 mm diameter. The compression was done
perpendicular to the elongation of the pores.

Figure 4.1: The MTS 880 Hydraulic Tensile Testing Machine 100 kN.

4.1 Analytical Methods

Several analytical tests were performed on the filters from the different manufacturers were
made prior to mechanical testing. Microscopic pictures were taken to determine the wall
thickness of the different filters. Additionally, a Scanning Electron Microscopy-analysis
(SEM) was used to analyze the surface of the filter-walls. Based on the SEM-analysis,
an Energy Dispersive Spectroscopy (EDS) was performed on different areas of the surface
to determine the various elements present in the filters. Lastly, a mercury intrusion
porosimetry test of the filters was performed to find the material- and the relative- density
of the samples.

4.1.1 Microscopic Analysis

The light microscopic images were taken with the Keyence VHX-2000 with lens VHZ20R,
to look at the pores in the filters and measure the strut thickness of the different filters
from the different manufacturers.

4.1.2 SEM- and EDS- Analysis

Samples were cut out of different filters and prepared to be analyzed. The SEM apparatus
used was an Ultra 55 LE (Zeiss) shown in Figure 4.2, which had the EDS apparatus XFlash
Detector 4010 energy-dispersive X-ray microanalysis attached. The samples were put in
an epoxy-resin (Epofix, manufactured by Struers) and then honed to a smooth surface.
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Before the SEM analyze, the samples were carbon sputtered to make them conductive,
since ceramic materials are a non-conductiv material.

55

ULTRA

Figure 4.2: The SEM Ultra 55 LE machine from Zeiss [26].

4.1.3 Porosimetry Measurement

Additionally, mercury intrusion porosimetry measurements at the ceramic foam filters
were conducted using an Autopore 5 (Micromeritics, USA). A penetrometer with 15
em? cup volume and 0.392 ¢m? stem volume were used which allow the measurement of
relatively large samples (10 2 10 z 10 mm?). The measurements consisted of 295 measuring
points between 0.15 MPa and 420 MPa and the equilibrium time was five seconds. The
pressure p was converted into the corresponding pore radius r with the help of the

Washburn equation, see Equation 4.1:

p = 2ycosO/r (4.1)

whereas 6 (140 ° was used) is the contact angle and 7 the surface tension (0.485 Nm~1
was used) of mercury.

4.2 Mechanical Testing at Room Temperature

The cold compression strength tests were conducted at room temperature and 22 samples
were tested per CFF type. The tested CFF samples were taken from filters for continuous
casting (600 mm x 600 mm x 50 mm). There were two possibilities for cutting the
samples: usage of a band saw for the cubic samples and usage of a hollow drill which
result in cylindrical samples. As mention in Chapter 3.2; the size and shape of the filter
sample and of the loading plate influence the compression strength, and for that reason
the first task was to investigate the influence of the samples form. The influence of sample
form was tested using Sivex filters with functional pore sizes of 30 ppi, 65 ppi and 80 ppi.
The circumference of the loading plate and the cylindrical filters was identical. The same
loading plate were used for the cubic formed filters, resulting in samples surface area
larger than the loading plate.
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4.2.1 Preparation of Samples

Filters were cut into smaller samples, as shown in Figure 4.3a, from the 50 mm x 600
mm x 600 mm square filters. The cylindrical samples were cut by using the core drill
"Eibenstock EFB152PX Tile Drilling Machine Wet 120.0 mm” as seen in Figure 4.3b,
dressed with a diamond bit and water cooling attached. The cubic samples were cut with
a band saw into 50 mm x 50 mm x 50 mm cubes, while the cylindrical samples had a height
and diameter of 50 mm x 50 mm. Some of the filters were dried in oven shown in Figure
4.3c overnight at approximately 100 °C. The filters that were not dried in the oven, were
dried on a cardboard box at room temperature. After the drying all the filters, they were
weighted and its height and diameter was measured before performing the compression
testing. The balance used was ”Mettler Toledo SB32001 DeltaRange Balance” shown in
Figure 4.3d, with an accuracy of = 0.1 g.

(b) Eibenstock EFB152PX Tile Drilling
Machine Wet 120.0 mm.

(d) The Mettler Toledo SB32001 Delta Range
(c) Oven used for drying the samples after Balance used.
cutting and prior to compression test.

Figure 4.3: The equipment used for the preparation of the samples.
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4.3 Mechanical Testing at 730 °C

Compression strength measurement at room temperature is an important part for the
development of new compositions and quality control, but has limited value, since the
compressive strength at the much higher operating temperature could be expected to be
significantly different. Therefore, mechanical testing of CFF samples was also performed
at temperatures between 650 °C to 750 °C in order to document the effect temperature
has on the samples compressive strength.

To reach the chosen test temperature of 730 °C, the oven was preheated to 800 °C.
The development of the sample temperature was monitored and controlled by using a
temperature drop test. A thermocouple wire were attached to a sample as shown in Figure
4.4, while the oven preheated to 800 °C. When the oven reached the desired temperature
of 800 °C, the sample with the thermocouple wire attached was put into the oven. The
temperature of the sample was measured continuously. When the sample reached the
desired temperature, the samples were transferred with great caution from the oven to
the compression test machine. By doing this, the filters got minimal time exposed to the
room temperature air. This procedure was done four times with cylindrical Sivex 30 ppi
samples, and once using cylindrical Sivex 80 ppi, to get a more statistical precise result.

Figure 4.4: A sample with a thermocouple wire attached.

4.3.1 Different Holding Times

The mechanical tests at 730 °C were performed with three different holding times in
the oven to determine the influence of this parameter. Particular attention was on the
heating /testing procedure to reach optimal testing conditions. For every holding time
this procedure was adapted to the time the samples were in the oven.

Ten samples of each CFF type were tested at the different oven holding times. Due to
capacity limitations of the oven, samples were heated in batches of six. The samples were
places in a systematic order to avoid mixing them.
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Ten - Minute Holding Time at 800 °C

Ten samples per filter type were tested with ten minutes holding time in the oven at 800
°C. The first filter went into the oven, and after ten minutes, the second filter were put
in the oven while the first was taken out of the oven and transferred to the compression
machine for the compression test. When the second filter were ready to be compressed,
the third filter was put in the oven as the second filter were taken out. This system
continued with the remaining filters, with the time for the take out and put in as shown
in Table 4.3.

Table 4.3: Ten-minute holding time at 800 °C.

Sample No. | Time going in the oven [min| | Time out of oven [min]
1 0 10
2 10 20
3 20 30
4 30 40
3 40 20
6 50 60
7 60 70
8 70 80
9 80 90
10 90 100

One - Hour Holding Time at 800 °C

Ten samples per filter type were tested with one-hour holding time at 800 °C, to document
whether the high temperature and holding time affects the ceramic bonding in the filters.
The heating schedule (sample number, when it was put in to and taken out of the oven)
is summarized in Table 4.4.

The first sample was put in the oven at 800 °C, after ten minutes, sample number two
was put in the oven. Taking care with placing the samples in the oven, the process was
repeated until all six filters were in the oven. Once the first sample had been in the oven
for one hour it was quickly transferred to the compression test machine and tested. It was
crucial to use as little time as possible to move the sample out of the oven to the testing
machine, as tested in temperature drop testing. When the second sample was tested, the
seventh sample was put in the oven in sample number one’s place. This system continued
through the remaining samples, this way all the samples had a one hour holding time in
the oven at 800 °C.
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Table 4.4: One-hour holding time at 800 °C.

Sample No. | Time going in the oven [min| | Time out of oven [min]
1 0 60
2 10 70
3 20 80
4 30 90
D 40 100
6 50 110
7 70 130
8 80 140
9 90 150
10 100 160

Two - Hour Holding Time at 800 °C

Ten samples per filter type were tested with a two-hour holding time at 800 °C, to see if
the high temperature and holding time affects the ceramic bonding strength in the filter
material. The heating schedule is summarized in Table 4.5.

The procedure to the two-hour holding time was similar to the one hour holding time
in the oven. The difference was a longer wait between putting samples number six in
the oven and the start of compression testing of sample number one. This wait was 70
minutes long due to the oven limitations. When sample one had been in the oven for the
two-hours, it was removed from the oven for compression strength testing. After putting
sample number ten in the oven, there were a new waiting period of 90 minutes due to
oven limitations. When the sixth sample had been in the oven for two hours, the second
round of testing began with ten minutes in between each test.

Table 4.5: Two-hour holding time at 800 °C.

Sample No. | Time going in the oven [min| | Time out of oven [min]
1 0 120
2 10 130
3 20 140
4 30 150
D 40 160
6 50 170
7 130 250
8 140 260
9 150 270
10 160 280
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5 Results and Discussion

5.1 Analytical Methods

The following analytical methods were conducted on the different filter samples before
cold and warm compression testing. Geometric and weight measurements of individual
samples are shown as foam density in Appendix A.

5.1.1 Microscope Pictures

All sample were studied under the light microscope, as seen in Figure 5.1 for the 30 ppi
samples, and Figure 5.2 for the 60 - 80 ppis samples. Although these foams are classified as
open-celled structures, the microscope images shows a significant amount of closed cells.
The images indicates that decreasing cell/pore size correlates with increasing pore density
and increasing presence of closed cells. As discussed in Chapter 3.1, it is common that
foams with a relative density over 0.1 will have more filled wall faces than struts, which
further increases with increasing relative density. Struts and cell walls will subsequently
be collectively referred to as struts.
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(a) Sivex 30. (b) SivexNP 30.

(c) Drache 30. (d) Lanik 30.

(e) Selee 30.

Figure 5.1: Microscopic photos of the 30 ppi samples at 30x magnification.
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(a) Sivex 65.

(c) Drache 60. (d) Lanik 60.

Figure 5.2: Microscopic photos of the other sample ppis at 30x magnification.

Strut Thickness

Table 5.1 shows the average strut thickness found by measuring the struts under the light
microscope. As seen the strut thickness seems to be half as large with 60 and 80 ppi
filters compared to 30 ppi filters. While this is positive for the function of the filters
(as it results in greater permeability), it would result in weaker struts and potentially
lower compressive strength. While SivexNP and Lanik 30 appear to have thicker struts,
the sizeable standard deviation indicates large inaccuracies. However, a large standard
deviation was expected due to the substantial variation in the structure of the foams.

Table 5.1: Average strut/wall thickness.

Filter Average Thickness (pm) | St. Dev. (pm)
Sivex 30 291 73
Sivex 65 162 53
Sivex 80 147 43

Sivex NP 30 341 74
Drache 30 319 111
Drache 60 130 37
Lanik 30 337 54
Lanik 60 130 o1
Selee 30 295 62
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5.1.2 Scanning Electron Microscopy-Analysis (SEM)

A SEM-analysis was conducted on samples from the different manufacturers prior to
compression testing. SEM-analysis shows the surface of the filter, and how the different
elements sintered together in the filter walls. The analysis also show pores in the structure,
which can affect the mechanical strength in the material. One of these that is frequent in
all of the filters are the triangular hole left in the structure after the melt out process.

Figure 5.3a and 5.3b shows two different struts from the same sample. Visible is the
large variation in the strut cavities left from the production process. The large difference
in strut structure is evident, as Figure 5.3a has two small triangular cavities while Figure
5.3b has one large cavity, almost comprising the entire width of the strut in some areas.
This large variation was common in all filter samples. Note that Figure 5.3 are two-
dimensional images of a three-dimensional structure. According to Equation 3.6 the size
of the cavities has a significant impact on the compressive strength, as an increase of
(t;/t) will decrease the strength. The average size of the strut cavities can be seen from
Figure 5.5, where Sivex has significantly smaller strut cavities, possibly increasing the
compressive strength.

100 pm EMT=1000kV  Signal A= SE2 Date :25 Apr 2020 ® NTNU

200 pm EHT=1000kv  Signal A= SE2 Date :25 Apr 2020 g NTN U
WD=100mm  Mag= 200X F— inmovation and Crestivty

WD =10.0 mm Mag= 200X

(a) Small strut cavity. (b) Large strut cavity.

Figure 5.3: SEM photos of the Drache 30 ppi filter at 200x magnification.

Figure 5.4 shows the SEM photos at 800x magnification of all the 30 ppi filters. While
all the filters have material pores ranging in diameter from a couple pm to 20 pm, the
average size and distribution varies.

As shown in Figures 5.4a, 5.4c, and 5.4d Sivex, Drache, and Lanik seem to have a
similar average pore size, where most of the pores are smaller than 10 gm. However,
the distribution is quite different where Drache has the largest areas with dense material,
while in the Lanik sample the pores are finely distributed. Denser material lends to a
higher compression strength. However, there are many pores with sharp edges, which
could result in weaker struts leading to decreased strut strength.

Figures 5.4b and 5.4e indicate that SivexNP and Selee have larger pores, with several
pores exceeding 20 um. However, Selee has fewer, but larger pores, which could lead to
decreased compressive strength, as discussed in Chapter 3.1.
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(e) Selee.

Figure 5.4: SEM photos of different 30 ppi filters at 800x magnification.
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5.1.3 Energy Dispersive Spectroscopy (EDS)

The EDS-analyses picks up the energy of X-ray photons from the different elements, with
different constraints. These constraints involve a limit of detection and energy-resolution,
and no indication of elements lighter than beryllium. This can cause a misinterpretation
of the elements present in a filter. Elements as boron may not show, due to the similar
output energy as neighboring elements. This indicates that boron may show as carbon,
and because of the carbon sputtering prior to the EDS-analysis, it will not show. Here,
the elements with an atomic % (at.%) less than 1 will be excluded from the results. The
results form the EDS-analysis is listed in Table 5.2.

Table 5.2: Elements found in the EDS-analysis from the different filters.

Sample Average at. % St. Dev. at. %
Elements O Al Si P Mg | Ca O Al Si P Mg | Ca
Sivex 30 48.06 | 46.38 - 451 | - - 1043|105 | - 0.53 | - -
Sivex 65 47.63 | 47.28 - 3.99 | - - 10331064 | - 0.52 | - -
Sivex 80 49.27 | 43.98 - 6.23 | - - 10321063 - 021 ] - -
Sivex NP 30 | 49.15 | 43.93 | 5.48 - - - 1066|195 |1.09]| - - -
Drache 30 | 48.35 | 45.01 | 3.53 | 1.98 | - - 1050|107 |0.67]051| - -
Drache 60 | 47.42 | 46.53 | 3.426 | 1.44 | - - 10451209 140|049 | - -
Lanik 30 47.73 | 43.40 | 7.84 - 1.08| - 040 |1.18]0.88| - 011 ] -
Lanik 60 47.85 | 44.38 | 6.65 - .07 - 1023(1044]0.34 | - 012 | -
Selee 30 53.24 | 26.51 | 18.15 | - - 1.56 | 0.36 | 1.14 | 1.02 | - - 1025

As shown, all the samples except Selee seem to be alumina based, where Sivex appears
to have a higher content of phosphorus. SivexNP 30, Lanik 30 and Selee 30 appear to be
phosphorus free, and instead having higher content of silicon. Selee further diverges from
the others with an apparently high ratio of oxygen and silicon compared to aluminium.
The high content of silica could be explained by the presence of a mullite phase. XRD
analysis could be used to determine the phase composition. According to the patent for
SivexNP, the filter could also include boron, which an EDS analysis would not detect [22].

5.1.4 Mercury Intrusion Porosimetry
Density

Table 5.3 shows the material and relative densities. Relative density was calculated from
the material density and the foam density in Appendix A. As supported by the SEM
pictures in Figure 5.4, the Drache, Sivex and Lanik 30 filters seem to have a high material
density and low relative density. While SivexNP and Selee exhibit a lower material density.
While Sivex and Drache 30 have a similar material density, Sivex 30 has a significantly
higher relative density, possibly due to smaller pores. SivexNP has a relatively high
relative density compared to the other 30 ppi filters, indicating less empty space in the
filter. This could be impacted by the thicker struts leading to more material per cell.
Otherwise the order of relative density is well matched to the material density, as a lower
material density yields a higher relative density.
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Table 5.3: Results from porosimetry.

Sample Material Density + St. Dev. (g/cm?) | Relative Density
Sivex 30 2.14540.015 0.192
Sivex 65 2.249+0.012 0.217
Sivex 80 2.088+0.040 0.245
Sivex NP 30 1.73840.047 0.226
Drache 30 2.281£0.224 0.182
Drache 60 2.15740.033 0.214
Lanik 30 2.029+0.024 0.199
Lanik 60 2.076+0.006 0.204
Selee 30 1.687 0.193

Pore Size

Figure 5.5 presents the cumulative pore volume in dependence on the pore size of the
different filter types. Each measurement possesses two main increases of the cumulative
pore volume. The first increase at mean pore sizes between 30 pm and 150 pm is the
filling of the strut cavities resulted from the decomposition of the polyurethane foam [27].
There are significant differences between the filter types whereby the repeat measurement
(two measurements per filter type) show a good agreement. It is notable that within
one producer the mean pore size decreases with increasing pore density (ppi-number).
A comparison between the producer gives no correlation which can be explained by the
usage of polyurethane from different producers and different shrinkages during sintering
caused by the slurry composition. The second main increase is caused by the mercury
filling of the material porosity. It should be pointed out that the amount of intruded pore
volume will not be consider due to sample taking issues discussed in Voigt et al. [27].
The mean pore size of the second increase of the intruded pore volume of the phosphate
bonded Sivex filters (30, 65 and 80 ppi) show a pore size of around 1.5 pm and are in good
agreement. This indicated the usage of the same slurry for the different pore densities
(ppi-numbers). The Lanik filters possess a mean pore size of the second increase in the
intruded pore volume of around 2.2 pm and are in good agreement. The Drache filter
show a comparable mean pore size at the beginning of the second increase in the intruded
pore volume of around 2.8 pm but then the 60 ppi measurement shows a smaller gradient.
The SivexNP and Selee filter (both are non phosphate compositions) presents significant
larger pore size for the material pores which is consistent with the SEM images. The
main pore size of the second increase is for the SivexNP around 4.1 pm and for the Selee
a main pore size is difficult to define.
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Figure 5.5: Cumulative pore volume dependent
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5.2 Compression Testing

The compression tests were performed in accordance with the procedures detailed in the
method section. The results are summarized in Appendix A, and represent the peak
values recorded for compression strength. Due to time constrictions and availability of
the 30 ppi filters, they were prioritised for the different tests at a working temperature of
730 °C.

5.2.1 The Effect of Sample Shape

Figure 5.6 shows the compressive strength of cylindrical and cubic samples from the Sivex
filters. The cubic samples exhibit a higher compressive strength, which was expected due
to the rise in sample size [10]. The compression strength is comparable for the 30 ppi
filters, while the difference increases with higher pore density where the cubic samples
have the higher compressive strength. A statistical analysis using p-value was done,
with a null hypothesis of a strong correlation between the compressive strengths of the
cylindrical and cubic samples, meaning a significant resemblance between the values. The
p-values for 30, 65 and 80 ppi respectively were 0.26, 0.04 and 5.39e-7. While the p-value
suggests a correlation for the 30 ppi samples, there is little correlation between the 65 and
80 ppi filters, suggesting that the compressive strength is not sufficiently similar between
the cylindrical and cubic samples. Therefore, cylindrical and cubic samples cannot be
used interchangeably. While both shapes can be used according to the standard [9], the
cylindrical tests exhibit a smaller standard deviation, see Appendix A. This could be due
to the fact that the loading plates cover the entirety of the cylindrical sample surface, while
the cubic samples had corners that were not being compressed, causing stress anisotropy
in the sample. It was therefore decided to proceed with cylindrical samples.
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Figure 5.6: Compressive strength of cylindrical and cubic samples at room temperature.
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5.2.2 Room Temperature Testing
Pore Density

Figure 5.7 shows the compressive strength plotted against pore density, showing three
different responses to increased pore density. Sivex 65 shows an increase from 30 ppi,
as could be expected from the higher relative density and material density. While both
Sivex 65 and Sivex 80 have similar strut thickness (around half of Sivex 30), Sivex 80
exhibits a decreased strength compared to 30 ppi. This could potentially be due to the
lower material density or impacted by a lesser phosphorus content. There could be a
fault with the filter used in the test. As shown in Figure 5.8, there was a ring around the
middle indicating a possible production fault. In addition, there was significantly more
"snowing” from Sivex 80, snowing being lose particles emanating from the sample when
moved or shaken. The Drache filters appear to have no noticeable change from 30 to 60
ppi, while Lanik exhibits a significant decrease in strength from 30 to 60 ppi, however
due to the decrease in size of the Lanik 60 it is not comparative. The results suggests
that compressive strength isn’t necessarily directly dependent on pore density, but rather
a combination of relative density and strut thickness.
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Figure 5.7: Compressive strength at room temperature of varying ppi filters.
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Figure 5.8: A sample of Sivex 80. Note the ridges around the middle.

The method of shaping the filter samples, by cutting them with a diamond bit, could
yield variable results. The Lanik filters had a tendency to crumble, which resulted in
cavities in the samples, especially around the middle, see Figure 5.9. The Lanik 60 filter
had a diameter of 43 mm compared to the standard 50 mm, and as detailed by Voigt
et al. [10] the sample size has a significant impact on compressive strength. This could
explain the low compressive strength of the Lanik 60 filters.

(a) Lanik 30. (b) Lanik 60.

Figure 5.9: Pictures of Lanik samples.

Comparison With Established Models

Equation 3.6 suggests that the crushing strength increases with an increased strut
strength, relative density, and ¢;/t. Relative density is given in Table 5.3, and although
strut strength was not measured, it can be discussed by examining the material porosity,
composition and strut thickness. When looking at the lowest and highest strength filters
they fit Gibson and Ashbys model well. Sivex NP had a high strength combined with the
highest relative density and strut thickness. Although, the material porosity does also
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seem to be quite high. Meanwhile, the Selee filter has the lowest strength, moderately
low relative density and strut thickness as well as a seemingly high material porosity.
Selee also has a different composition than the other filters, using mullite instead of pure
alumina.

Figure 5.10 shows the compressive strength plotted against relative density, with a
trendline (Equation 5.1):
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Figure 5.10: Compressive strength of 30 ppi filters dependent on relative density.

Oer = 35.5(p* /ps)? (5.1)

This trend is quite similar to that found by Goretta et al. [12], with a slightly higher
exponent than the one proposed by Gibson and Ashby’s model in Equation 3.6 and 3.7.
A higher exponent would indicate a higher dependence on relative density. However, the
trend from Figure 5.10 was made from five data-points and does not fit perfectly and,
unlike Goretta et al. and Brezny et al. [11], Equation 5.1 does not factor in the strut
strength. This can for example be seen for Drache and Sivex, where the compressive
strength is high compared to the trend. This could be due to the slightly higher material
density, less porous struts, and in Sivex’s case smaller strut cavities. These factors would
comparatively increase the strut strength.

5.2.3 Temperature Drop Test

Figure 5.11 shows the measured temperature rate and the temperature drop of five
samples, where test one - four are Sivex 30 ppi filters while test five is a Sivex 80 ppi
sample. As seen in the graph demonstrated by the trendline, the average temperature drop
is 2.07 °C/second. The time it took between the sample exiting the oven and completing
the compression test was determined to be 35 + 5 seconds. In this time the temperature
of the sample will be approximately 730 °C based on the average temperature drop rate
and the time used by moving the sample. The time it takes a sample to reach 800 °C is
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approximately 480 seconds, around eigth minutes. This implies that a ten minute heating
time in the oven will be sufficient for heating the samples to the given temperature. This
gives the filters a temperature around 730 - 740 °C at the time of the compression test.
It is assumed that the filters made from the different manufacturers does have a relative

similar temperature drop rate. The exception being the difference in the ppi.
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Figure 5.11: The temperature drop when the filter is moved from the oven into room
temperature. The increment to the trendline shows the average drop in
temperature per second.

5.2.4 Compression Strength Measurements at 730 °C

Figure 5.12 shows the results from compressive tests while the samples are hot after
different holding times (ref. Appendix A). The compressive strength of the samples
generally decrease with higher temperature and longer holding times. The two exceptions
are Selee and Lanik. Lanik decreases significantly after ten-minutes, followed by an
increase after one-hour, and decreases again after two-hours. The nearly opposite happens
with Selee, where the compressive strength is higher at two-hours than at one-hour. In
both these cases two separate filters were used, where room temperature and one-hour
samples were taken from one filter and ten-minute and two-hour samples were taken from
another filter. As previously seen with the Sivex 80 filter see Figure 5.8, flaws can arise in
individual samples, which could result in the different results. In addition, the one-hour
tests were done by the supervisor, so slight changes in method could arise. The Lanik
filter was tested a second time by the supervisor with a ten-minute holding, yielding an
average compressive strength of 0.915 MPa. While there were only tested four samples
and the loading plate was different, the difference is significant indicating that there could
be some variation in how the tests were performed. Alternatively, Selee has a different
composition than the other filters, containing a high amount of silica. This could result in
the Selee filters transitioning into a more glassy phase after two-hours, thereby softening
pores and cracks, possibly regaining some strength and explaining the high compressive
strength observed at the two hour holding time.
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Not counting Selee and Lanik the average temperature drop was 18 %, 27 %, and 26 %
respectively for ten-minutes, one-hour, and two-hours.

Note that while the averages of SivexNP resemble the pattern of Lanik, the standard
deviation is sufficiently high as to overlap. However, SivexNP shows a large decrease in
compressive strength at increased temperature indicating that while it is the strongest at
room temperature, it is comparable with Sivex and Drache at higher temperatures.
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Figure 5.12: Compression tests of 30 ppi filters at working temperatures with varying
holding times compared with room temperature tests.

Furthermore, The method used for heating the samples could have an affect on the
measured compressive strength. Each time a new sample was placed in the oven or taken
out, there was a 30 °C temperature drop in the oven. Therefore, there were fluctuations
in the temperature, especially during one- and two-hour holding times. In addition, there
would be a temperature shock whenever placing and removing the sample from the oven.
An ideal test environment would be to have the compression test machine inside an oven,
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so that the samples could be heated from room temperature without large fluctuations.
However, this would significantly increase the time for each test. Additionally for future
testing, it is recommended to take samples from one filter, as the mechanical properties
vary greatly between different filters.
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6 Conclusion

Compression tests of various filters were performed, from different manufacturers
and pore densities, at room and working temperatures. The results resembled previous
studies and models, where the compression strength had a significant dependence on
relative density, where SivexNP exhibited the highest compressive strength at 2.09 MPa,
and the Selee filter had the lowest compressive strength at 1.20 MPa. While the strut
strength was not measured, it was discussed through various analytical methods such as;
microscopy, mercury intrusion porosimetry, SEM, and EDS analysis, to characterize the
structural properties of the CFFs. A significant match between structural properties and
the compressive strength was found.

For the compressive testing at working temperatures, the compressive strength
generally decreased with increased holding time with 18 %, 27 %, and 26 % respectively
for ten-minutes, one-hour, and two-hours. While the Lanik and Selee filters exhibited a
different pattern, it was attributed to flaws in the testing procedure and variations in
quality between individual filters.

6.1 Further Work

This thesis may be used as a groundwork for future work in compression testing ceramic
foam filters. Based on the procedures that have been created in coordination with this
test, it is possible to conduct a larger scale test. It would be interesting to study the
structure of the filters after holding time in the oven. If it has changed, and if this affects
the compressive strength, particularly with regards to the material porosity.

It would be interesting to test the repeatability of the results, as there were some
inconsistencies, in particular with regards to different holding times. Future refinement of
the methods and possibly a different setup for compressive tests at working temperatures
would be of interest to achieve more accurate results.

Measuring the strut strength of the different manufacturers at different temperatures
could be of interest, as it is an important factor when characterizing the compressive
strength of brittle foams. This could also give a better indication as to the affect of
various structural parameters.

At the time of writing preliminary tests have been done on samples primed with molten
aluminium at working temperatures. The progress of these tests will be interesting, as it
closely resembles working conditions in the cast house.
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7 Appendix
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A The results from the compressive
strength testing of all the filter
types, filter porosities and
experimental parameters
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Table 0.1: Results from compression testing of all combinations of filter type, filter porosity and
experimental parameters.

Sample Foam Density(g/cm?) Compressive Strength(MPa)
Average ‘ St. Dev. Average ‘ St. Dev. ‘ Min ‘ Max ‘ Diff. from cold
Room temperature
Sivex 30 0.412 0.024 1.60 0.33 1.06 | 2.19 -
Sivex 30 (cubic) | 0.371 0.027 1.67 0.37 0.82 | 2.21 -
Sivex 65 0.489 0.023 2.09 0.60 1.17 | 3.43 -
Sivex 65 (cubic) | 0.493 0.030 2.43 0.72 1.31 | 4.25 -
Sivex 80 0.511 0.031 1.04 0.30 0.46 | 1.54 -
Sivex 80 (cubic) | 0.441 0.031 1.79 0.37 0.83 | 2.39 -
Sivex Np 30 0.391 0.011 2.09 0.17 1.65 | 2.48 -
Drache 30 0.415 0.016 1.43 0.19 1.11 | 1.79 -
Drache 60 0.460 0.017 1.43 0.22 0.98 | 1.79 -
Lanik 30 0.404 0.011 1.33 0.15 1.07 | 1.62 -
Lanik 60 0.423 0.028 0.36 0.08 0.21 | 0.53 -
Selee 30 0.325 0.011 1.20 0.14 0.90 | 1.50 -
10 min holding time at 800°C
Sivex 30 0.416 0.008 1.63 0.06 1.50 | 1.71 +0.03
Sivex 65 0.478 0.017 1.30 0.44 0.36 | 1.88 -0.79
Sivex NP 30 0.363 0.014 1.36 0.17 1.07 | 1.60 -0.73
Drache 30 0.384 0.019 1.27 0.19 0.88 | 1.50 -0.16
Drache 60 0.547 0.002 1.11 0.27 0.56 | 1.58 -0.32
Lanik 30 0.391 0.017 0.56 0.09 0.36 | 0.73 -0.77
Selee 30 0.344 0.006 1.09 0.08 1.01 | 1.26 -0.11
1 hour holding time at 800°C
Sivex 30 0.382 0.017 1.37 0.13 1.21 | 1.59 -0.23
Sivex NP 30 0.392 0.011 1.50 0.18 1.20 | 1.70 -0.59
Drache 30 0.423 0.014 1.27 0.16 0.97 | 1.56 -0.16
Lanik 30 0.398 0.010 1.05 0.12 0.83 | 1.21 -0.29
Selee 30 0.320 0.011 0.88 0.13 0.62 | 1.08 -0.31
2 hours holding time at 800°C
Sivex 30 0.401 0.022 1.44 0.16 1.14 | 1.69 -0.16
Sivex NP 30 0.391 0.003 1.29 0.17 1.00 | 1.50 -0.80
Drache 30 0.404 0.020 1.13 0.16 0.88 | 1.39 -0.30
Lanik 30 0.375 0.037 0.67 0.18 0.54 | 1.16 -0.66
Selee 30 0.342 0.009 1.15 0.09 0.97 | 1.31 -0.05




B Raw data from room temperature
compressive tests
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Sivex cylindrical:

navn pa filter g
produsent  sys navn ppi Weight
Sivex Sivexcy30_1 a0 48.80
sylinder Sivexcy30 2 30 45.40
Sivexcy30_3 30 43.90
Sivexcy30 4 30 43.80
Sivexcy30_5 30 42.90
Sivexcy30_6 30 44.80
Sivexcy30_7 30 43.20
Sivexcy30_8 30 43.80
Sivexcy30_9 30 42,00
Sivexcy30_10 30 41.70
Sivexcy30_11 30 42.60
Sivexcy30_12 30 41.90
Sivexcy30_13 30 41.60
Sivexcy30_14 30 40.50
Sivexcy30_15 30 42.00
Sivexcy30_16 30 41.20
Sivexcy30_17 30 38.60
Sivexcy30_18 30 38.40
Sivexcy30_19 30 38.20
Sivexcy30 20 30 37.10
Sivexcy30_21 30 36.90
Sivexcy30 22 30 37.40
Average 41.67
Standard deviation
Max. value 43.80
Min. value 36.90
Max. Min. difference 11.500
navn pa filter g
produsent  sys navn ppi Weight
sivexas sivexcys5_1 47.3
sivexcysS_2 49.5
sivexcy6s 3 48.1
sivexcye5_4 48,9
sivexcy65_5 50.0
sivexcyss_6 516
sivexcy6S_7 48.5
sivexcyes_8 518
sivexcys5_9 55.0
sivexcy65_10 47.9
sivexcys5_11 51.2
sivexcy65_12 47.6
sivexcys5_13 45.4
sivexcy65_14 49.3
sivexcy63_15 47.9
sivexcy65_16 48.0
sivexcy65_17 47.3
sivexcyb5_18 47.8
sivexcy6S5_19 449
sivexcy6s 20 45.7
sivexcy65_21 43.4
sivexcygs 22 43.6
Average 48.4
standard deviation
Max. value 5540
Min. value 434
Max. Min. Difference 11.6

mm
Height

mm
Height

50.12
50.20
50.12
50.27
50.05
50.06
50.17
50.00
50,05
50.32
50.01
49.90
50,03
50.14
49.94
50.07
50.01
50.24
50.14
50.46
50.19
50.17
50.12

50.46
49.90
0.560

50.41
50.33
50.40
50.51
50.36
50.67
50.54
50.66
51.06
50.86
50.62
50.87
50.61
50.44
50.81
50.56
50.57
49.37
50.56
51.01
50.88
51.02

50.6

511
45.4
1.69

mm
Diameter

mm
Diameter

50.72
50.79
50.70
50.73
50.94
50.72
50.83
50.65
3077
50.79
50.30
50.68
50.51
50.75
50.70
50.78
50.26
50.33
50.72
50.69
50.62
50.74
50.67

50.54
50.26
0.680

47.90
50.31
50.43
49.15
49.80
50.76
a7.87
50.77
50.72
50.69
50.82
49.66
49.90
50.80
50.01
50.42
50.56
50.61
4871
50.80
49.32
47.68
299"

50.8
47.7
3.15

#DIV/0!

0.0
0.0

dm3
volume
0.101
0.102
0.101
0.102
0.102
0.101
0.102
0.101
0.101
0.102
0.099
0.101
0.100
0.101
0.101
0.101
0.099
0.100
0.101
0.102
0.101
0.101
0.101

0.102
0.099
0.003

dm3
volume

0.091
0.100
0.101
0.096
0.098
0.103
0.092
0.103
0.103
0.103
0.103
0.099
0.099
0.102
0.100
0.101
0.102
0.099
0.094
0.103
0.097
0.091

0.1

0.1
0.1
0.01

kg/m3
density

481.904
446.381
433.858
431.068
420.577
442,934
424.336
434.766
414.516
409.024
428.674
416.246
414.971
399.309
416.577
A06.298
389.041
384.183
377.078
364.328
365.321
368.669
A12.275

24.238
451.504
364.328
117.576

kg/m3
density

520.695
494.743
477.801
510.264
509.725
503.229
529.013
505.080
532.920
466.686
498.446
4383.105
499.114
A82.230
479.935
474,357
465.869
481.285
476.555
442,022
446.304
478.612
A89.0
23.345
532.9
A42.0
90.899

kM Mpa
max force  Crushing strength
4,152 2.115
3.674 1.871
4,300 2150
3.969 2.021
3.659 1.864
3.489 1.777
3.398 1.731
3.397 1.730
3.386 1.724
2.851 1.452
3.585 1.826
3.045 1.551
3.284 1.673
3.210 1.635
3.228 1.644
2.925 1.450
2.520 1.283
2.170 1.105
2.274 1.158
2.233 1.137
2.076 1.057
2.263 1.153
N —T
0.327
4.300 2.150
2.076 1.057
2.224 1.133
kN Mpa
max force  Crushing strength
3.983 2.029
3.985 2.030
3.983 2.029
5.160 2.628
4.219 2.149
5.772 2.340
4.544 2.314
5.965 3.038
5.264 2.681
4.487 2.285
6.734 3.430
4,228 2.153
3.801 1.936
3.890 1.981
2.755 1.403
3.883 1.978
3.288 1.675
2.562 1.305
2.188 1.114
2.693 1.372
2.918 1.486
2.463 1.254
0.602
6.7 3.4
2.2 1.1
4.546 2.315



navn pé filter g mm mm dm3 kg/m3 kN Mpa

produsent sys navn ppi Weight Height Diameter volume density max force  Crushing strength
sivex sivexcy80_1 80 50.30 459.43 48.61 0,092 548.323 2,546 1.257
sylinder sivexcy80_2 80 5L.30 49.58 48.26 0.091 565.648 2,263 1.153
sivexcy80_3 80 50.70 49.59 48.71 0.092 548.640 1.322 0.673
sivexcy80 4 80 50.90 49.35 48.30 0,090 562.920 3.018 1.537
sivexcy80 5 20 41.50 49.69 47.48 0,088 471.702 2,087 1.063
sivexcy80_6 80 49.30 49.76 48.95 0.034 526.467 2,414 1.229
sivexcyB80_7 80 49.00 49.35 47.71 0.088 555.393 2,441 1.243
sivexcy80 8 20 42.30 49.56 47.45 0.088 482.666 2.363 1.203
sivexcy80_9 80 44.40 49.75 47.67 0.089 500.046 2,469 1.257
sivexcy80_10 80 43.70 45.49 47.31 0.087 502.306 2,076 1.057
sivexcy80_11 80 45.30 49.66 47.80 0.089 508.330 1.509 0.769
sivexcy80_12 80 45.00 49.54 47.90 0.0389 504.076 2,452 1.249
sivexcy80 13 20 46.40 49.69 47.60 0,088 524,741 2,834 1.443
sivexcy80_14 80 48.70 49.71 48.81 0.093 523.574 2,451 1.243
sivexcy80_15 80 47.60 49.38 48.19 0,090 528.509 1.135 0.578
sivexcy80_16 20 43.30 49.62 48.12 0.090 479.833 1.888 0.962
sivexcy80_17 80 42.80 49.56 48.05 0,090 476.251 1.322 0.673
sivexcy80_18 80 41.80 49.44 47.46 0.087 477.917 1.702 0.867
sivexcy80_19 20 43.30 49.58 47.69 0.089 488.919 1.984 1.010
sivexcy80_20 80 48.90 49.76 48.65 0,092 528.656 2,643 1.346
sivexcy80_21 80 43.30 49.80 47.76 0.089 485,333 0.501 0.459
sivexcy80_22 80 40.50 50.00 47.63 0.089 454,605 1.229 0.626
Average 45.92 49.60 48.01 0.090 511.130 2.048
standard deviation 31525 0.296
Max. value 51.30 50.00 48.95 0.054 565.648 3.018 1.537
Min. value 40.50 49.35 47.31 0.087 454.605 0.901 0.459
Max. Min. difference 10.800 0.650 1.640 0.007 111.043 2117 1.078

Sivex cubic:

navn pa filter g mm mm mm dm3 kg/m3 kN MPa
produsent Sys navn ppi Weight Height lengde Width volume density max force Crushing strength
Sivex (kvadrat) sivexsq30_1 30 43,9 50,26 50,82 43.84 0.125 400,007 4,143 2.110
sivexsq30_2 30 44.8 50.25 48.96 48.86 0.1200 372.689 3.017 1.537
sivexsq30_3 30 46.0 50.29 49.38 45.49 0.123 374.250 3.211 1.635
sivexsq30_4 30 44,9 30,31 5114 49,15 0.126  355.065 2.851 1.452
sivexsq30_3 30 50.7 50.37 49.24 50.62 0.126  403.827 3.646 1.857
sivexsgq30_6 30 44.6 50.22 43.95 50.32 0.124  360.549 3.210 1.635
sivexsq30_7 30 44.9 50.23 49.37 48.97 0.121  369.734 3.018 1.537
sivexsg30_8 30 45.3 50.28 45.02 50.42 0.124  364.525 3.031 1.544
sivexsg30_9 30 47.5 50.44 50.26 45.04 0.124 382.072 3.772 1.921
sivexsq30_10 30 48.4 50.41 49.87 50.48 0.127 381.391 3.772 1.821
sivexsg30_11 30 37.7 50.74 459.20 48.25 0.1200 312.989 1.702 0.867
sivexsq30_12 30 49,2 50,23 459,52 50.02 0.124 395,437 4,340 2.210
sivexsg30_13 30 38.5 50.82 49.41 45.21 0.124 311.572 1.608 0.819
sivexsg30_14 30 50.0 50.42 50.57 49.37 0.126 397.361 3.626 1.847
sivexsq30_13 30 44,9 50,34 49,79 43.87 0.122  366.563 3.959 2.016
sivexsq30_16 30 47.4 50.34 49.31 49.27 0.122 387.568 3.298 1.680
sivexsq30_17 30 47.2 50.08 49.16 45.76 0.123  385.288 3.585 1.826
sivexsg30_18 30 43.0 50.39 50.01 43.66 0.123  350.667 3.181 1.620
sivexsq30_19 30 42,2 30,30 49,64 49,90 0.125 338.698 2.450 1.248
sivexsq30_20 30 43.6 50.46 49.31 49.59 0.123 353.354 2.514 1.280
sivexsq30_21 30 48.3 50.23 50.08 45.02 0.123 391.693 4.007 2.041
sivexsq30_22 30 51.0 45.93 43.67 45.05 0.119 427.866 4.339 2.210
Average 459 5033 49.62  49.42 0123 371964  3.285
standard deviation 27.525 0.373
Max. value 51.0 50.82 51.14 50.62 0.127 427.866 4.340 2.210
Min. value 37.7 45.93 48.67 48.25 0.119 311.572 1.608 0.819
Max. Min. Difference 13.3 0.89 2.47 2.37 0.008 116.295 2.732 1.391



nawn pa filter g mm mm mm dm3 kg/m3 kN MPa

produsent sys navn ppi Weight Height lengde Width volume density  max force Crushing strength
sivexsge5_01 67.6 50.33 50.55 50.69 0.123 523.655 6.873
sivexsgb5_02 68.7 50.44 50.78 50.60 0.130 530.070 6.413 3.2606
sivexsg65_03 61.7 50.66 50.16 50.93 0.123 476.748 2.895 1.474
sivexsqBs_04 64.9 50.99 30.26 49.74 0.127 509.133 5.017 2.555
sivexsgb5_05 56.7 50.92 50.51 50.42 0.130 437.235 2.947 1.501
sivexsg65_06 66.2 50.53 50.87 51.03 0.131 504.686 5.492 2.797
sivexsgbs_07 65.9 50.69 50.21 50.86 0.130 508.080 5.191 2.644
sivexsg65_03 66.3 50.94 50.99 50.66 0.132 503.854 4.673 2.380
sivexsgb5_09 69.1 50.67 50.72 50.96 0.131 527.617 8.344 4.250
sivexsg65_10 67.0 50.82 50.54 50.55 0.131 511.988 5.198 2.647
sivexsgBs_11 64.1 30,76 30.60 30.76 0.130 491.659 4.358 2.220
sivexsgbs_12 65.9 50.76 49.44 50.94 0.128 515.497 4,782 2.435
sivexsgB5_13 70.0 50.74 50.65 51.04 0.131 533.651 6.301 3.515
sivexsgbs_14 62.5 50.92 50.80 49.85 0.129 484.689 4,020 2.052
sivexsg65_15 62.8 50.39 5113 50.86 0.131 479.251 4.829 2.453
sivexsgb5_16 55.7 50.98 50.26 5114 0.131 425.081 3.323 1.692
sivexsg65_17 60.0 50.80 51.06 50.97 0.132 452,937 2.755 1.403
sivexsge5_13 66.9 50.55 50.93 51.02 0.131 509.320 5.094 2.594
sivexsgb5_19 66.3 51.07 50.71 51.20 0.132 500.016 5.553 2.828
sivexsgB5_20 57.7 50.83 50.91 50.28 0.130 443.463 2.562 1.305
sivexsgbs_21 63.0 50.99 50.83 51.24 0.1332 519.559 5.785 2.546
sivexsqB5_22 62.8 50.93 50.08 51.35 0.131 479.4392 4.164 2.121
Average 644 5077 5061  50.78 0130 493.986 4872
standard deviation 3.971 0.202 0.289 0.404 0.001 30.348 1.444 0.717
Max. value 70.0 51.07 5113 51.35 0,133 533.651 8.344 4,250
Min. value 55.7 50.38 49.44 45.74 0.127 425.081 2.562 1.305
Max. Min. Difference 14.3 0.69 1.69 1.61 0.005 108.570 5.782 2.945
navn pa filter g mm mm mm dm3 kg/m3 kN MPa
produsent sys navn ppi Weight Height lengde Width volume density  max force Crushing strength
Sivex (kvadrat) sivexsqB0_1 39.0 30.82 49.66 30.72 0.128 460.926 3.959 2.016
nummer forskjgvet sivexsgs0_2 80 55.1 45.85 44.97 46.23 0.095 578.050 3.017 1.537
pa kompressjonstest sivexsgs0_3 &80 53.2 50.11 49.43 49.75 0.123 431.721 3.917 1.995
sivexsgqael_4 80 54.4 50.02 49.57 50.06 0.124 438.274 4.434 2.258
sivexsqB0_5 80 53.8 50.42 49.51 49.96 0.125 431.384 3.958 2.016
sivexsqi0_6 80 53.7 50.48 49.80 49.47 0.124 431.801 3.585 1.826
sivexsgal_7 80 55.0 50.34 50.01 49.36 0.124  442.606 3.772 1.921
sivexsqB0_8 80 34.6 50,48 49,58 50.15 0.126  435.007 3.871 1971
sivexsqi0_9 80 54.3 50.35 50.31 50.03 0.127 428.465 2.954 1.504
sivexsqe0_10 &80 52.9 50.62 50.26 49.26 0.125 422,101 3.209 1.634
sivexsge0_11 80 54.6 50.53 49.81 50.24 0.126  431.795 3.678 1.873
sivexsqB0_12 80 53.2 50.63 49.66 49.65 0.125 426.165 3.520 1.793
true number sivexsgB0_13 80 55.4 50.75 50.56 49.68 0.127 434.595 3.492 1.778
sivexsqie0_14 &80 54.3 50.99 49.36 49.75 0.125 433.657 4.130 2,103
sivexsqB0_15 80 35.0 30.74 50.58 49.10 0.126  436.467 2.736 1.393
sivexsqB0_16 80 54.0 50.54 50.97 49.75 0.128 421.358 1.873 0.954
sivexsqB80_17 80 55.6 51.00 50.56 49.80 0.128  432.980 3.398 1.731
sivexsqse0_18 80 53.9 50.50 50.44 49.67 0.128 422.670 3.300 1.681
sivexsqB0_19 80 52.8 30.42 30.24 49.66 0.126  419.735 1.635 0.833
sivexsq0_20 80 55.9 50.40 49.92 49.49 0.125 448.941 4.692 2.390
sivexsqB0_21 &80 57.9 50.50 49.56 49.86 0.125 463.985 4.102 2.083
sivexsge0_22 80 56.7 50.50 49.06 50.65 0.126  448.289 4,050 2.063
Average 548 5035 4972 49.65 0.124 441.862 3 .513
standard deviation 31.830 0.369
Max. value 59.0 51.00 50.97 50.72 0.128 578.050 4.692 2.3%0
Min. value 52.8 45.85 44,97 46.23 0.095 419.735 1.635 0.833
Max. Min. Difference 6.2 5H5 6.00 4.49 0.032 158.316 3.057 1.557



Sivex NP:

navn pa filter g mm mm mm dm3 kg/m3 kM MPa
produsent sys navn ppi Weight  Height Lengde Width volume  density max force Crushing strength
SivexNP30_01 30 395 50.29 51.15 0.103 382238 3.699 1.884
SivexNP30_02 30 41.2 51.25 51.07 0.105 392448 4073 2.074
SivexNP30_03 30 41.9 50.37 50.85 0.102 40961 4263 2171
SivexNP30_04 30 417 50.5 50.84 0.103 406.765 4.034 2.054
SivexNP30_05 30 36.9 50.56 50.92 0.103 358387 3.229 1.645
SivexNP30_06 30 422 50.58 50.83 0.103 411153 4872 2.481
SivexNP30_07 30 387 50.57 50.87 0.103 376534 3.855 1.963
SivexNP30_08 30 40.3 50.35 50.84 0.102 39428 3.883 1.978
SivexNP30_09 30 399 50.72 50.9 0.103 386.606 407 2073
SivexNP30_10 30 40.4 50.47 50.89 0.103 393544 4.269 2174
SivexNP30_11 30 40.6 50.63 50.86 0.103 394708 3.883 1.978
SivexNP30_12 30 40.6 50.77 50.87 0.103 393.464 4.451 2.267
SivexNP30_13 30 40.2 50.42 50.89 0.103 391984 3.883 1.978
SivexNP30_14 30 40.1 50.37 50.86 0.102 391.859 3.985 2.03
SivexNP30_15 30 40.5 50.52 50.74 0.102 396.461 4264 2172
SivexNP30_16 30 416 50.43 50.86 0.102 406.033 4 545 2315
SivexNP30_17 30 388 50.51 50.75 0.102 379.745 4358 222
SivexNP30_18 30 40.3 50.62 50.8 0.103 392795 436 2221
SivexNP30_19 30 40.4 50.67 50.82 0.103 393.071 3.883 1.978
SivexNP30_20 30 39.3 50.51 50.75 0.102 384639 3.859 1.965
SivexNP30_21 30 40.8 50.87 50.85 0.103 394936 4.451 2.267
SivexNP30_22 30 399 50.45 50.82 0.102 389899 407 2073
Average 40.3 50.57 50.87 0.103 391.871 4.102 2.089
standard deviation "11.36442 " 0171712046
Max. value 422 51.25 51.15 0.105 411.153 4.872 2.481
Min. value 36.9 50.29 50.74 0.102 358.387 3.229 1.645
Max. Min. Difference 53 0.96 0.41 0.003 52766 1.643 0.837
Drache:
navn pa filter g mm mm mm dm3 kg/m3 kN MPa
produsent sys navn ppi Weight Height Lengde ‘Width volume density max force Crushing strength
drachecy30_01 30 39.4 43.76 50.92 0.093 396.795 2.755 1.403
drachecy30_02 30 39.8 43.60 50.45 0.097 409.670 2.755 1.403
drachecy30_03 30 41.0 43.71 50.91 0.093 413.454 2.754 1.403
drachecy30_04 30 41.6 48.82 50.86 0.093 419.424 2948 1.501
drachecy30_05 30 42.7 48.67 50.98 0.093 429,810 3.129 1.594
drachecy30_06 30 42.1 48.63 50.91 0.093 425.287 3.230 1.645
drachecy30_07 30 40.5 48.69 50.79 0.093 410.553 2988 1.522
drachecy30_08 30 39.6 48.67 50.76 0.098 402.069 2.474 1.260
drachecy30_09 30 42.6 48.48 50.73 0.098 434,738 3.149 1.604
drachecy30_10 30 43.1 48.70 50.58 0.098 440.454 3.362 1.712
drachecy30_11 30 42.1 48.76 50.66 0.098 428.349 3.515 1.750
drachecy30_12 30 42.4 48.65 50.63 0.098 432.850 3.269 1.665
drachecy30_13 30 42.9 438.75 51.04 0.100 430.102 2.562 1.305
drachecy30_14 30 42.9 43.56 50.74 0.098 436.906 2.233 1.137
drachecy30_15 30 40.5 43.58 50.87 0.093 410.189 2.190 1.115
drachecy30_16 30 38.3 43.70 50.44 0.097 393.577 2771 1.411
drachecy30_17 30 37.7 43.81 50.73 0.093 382.132 2647 1.348
drachecy30_18 30 38.2 48.86 50.67 0.093 387.720 2764 1.408
drachecy30_19 30 39.2 48.66 50.85 0.095 396.682 2.755 1.403
drachecy30_20 30 40.1 48.77 50.86 0.095 404.715 2176 1.108
drachecy30 21 30 41.3 43.65 50.86 0.099 417.854 2.490 1.268
drachecy30_22 30 42.5 43.76 50.81 0.093 429.870 2.755 1.403
Average 40.9 48.69 50.78 0.099  415.149 2.303
standard deviation 16.671 0.185
Max. value 43.1 48.86 51.04 0.100 440.454 3.515 1.750
Min. value 37.7 43.43 50.44 0.097 382.132 2.176 1.108
Max. Min. Difference 5.4 0.28 0.60 0.003 58.323 1.339 0.682



navn pa filter g mm mm mm dm3 kg/m3 kN MPa

produsent sys navn ppi Weight Height Lengde ‘Width volume density max force Crushing strength
Drachecy60_01 60 37.4 47.97 - 48.19 0.087 427.463 2.129 1.084
Drachecys0_02 60 38.1 48.05 - 47.57 0.085 446.144 2.375 1.210
Drachecy60_03 60 384 47.81 - 43.40 0.088 436.548 2.475 1.261
Drachecys0_04 60 39.3 48.05 - 47.90 0.087 453.877 2.282 1.162
Drachecy@0_035 60 40.9 47.90 - 43.07 0.087 470.439 2.656 1.353
DrachecyG0_06 60 39.6 47.82 - 47.40 0.084 469.288 2.607 1.328
Drachecy@0_07 60 40.6 47.79 - 43.14 0.087 466.753 2.755 1.403
DrachecyG0_08 60 40.8 47.98 - 47.50 0.085 479.869 2.755 1.403
Drachecy60_09 60 39.7 48.05 - 47.03 0.083 475.617 2.188 1.114
Drachecy60_10 60 40.8 48.05 - 48.30 0.088 463.428 2.562 1.305
Drachecy60_11 60 41.7 47.89 - 43.42 0.088 472.881 2.581 1.314
Drachecye0_12 60 39.7 47.88 - 48.76 0.089 444,037 2.988 1.522
Drachecy@0_13 60 411 47.90 - 48.53 0.089 463.870 3.276 1.668
DrachecyG0_14 60 41.8 47.88 - 47.86 0.086 435.274 3.036 1.546
Drachecy@0_15 60 40.5 47.99 - 47.17 0.084 432.928 2.562 1.305
Drachecy60_16 60 42.8 48.18 - 48.88 0.090 473.396 1.847 0.341
Drachecy60_17 60 39.6 48.44 - 49.84 0.095 419.020 2.234 1.138
Drachecy60_18 60 45.5 48.00 - 50.685 0.097 470.459 2.562 1.305
Drachecy60_19 60 46.0 47.96 - 50.64 0.097 476.213 3.352 1.707
Drachecys0_20 60 44.0 47.90 - 50.37 0.095 450.981 3.509 1.787
Drachecyg0_21 60 42,2 47.90 - 50.09 0.094 447.080 3.324 1.693
Drachecyg0_22 60 40.9 43.03 - 49.43 0.092 443.751 2.734 1.392
Average 410 47.97 48.60 0.089  460.426 2.5?2
standard deviation 0.215
Max. value 46.0 48.44 50.65 0.097 485.274 3.509 1.787
Min. value 37.4 47.79 47.03 0.083 419.030 1.847 0.941
Max. Min. Difference 8.6 0.65 3.62 0.013 66.244 1.662 0.346
Lanik:
navn pé filter g g mm mm mm dm3 kg/m3 kM MPa
produsent sys navn ppi Weight weight dry Height Lengde Width volume density max force  Crushing strengt
lanikcy30_01 30 36.6 36.9 47.68 50.80 0.097 378.728 2.170 1.105
lanikcy30_02 30 37.8 37.7 47.81 50.30 0.095 397.876 2.486 1.266
lanikecy30_03 30 38.5 38.3 47.69 50.26 0.095 406.910 2.985 1.520
lanikcy30_04 30 38.7 38.5 47.63 50.04 0.094 413.148 3.185 1.622
lanikecy30_05 30 39.1 39.0 47.80 50.82 0.097 403.264 3.044 1.550
lanikcy30_06 30 38.3 38.3 47.69 50.59 0.096 399.533 2.739 1.395
lanikcy30_07 30 38.3 37.4 47.61 50.34 0.095 404.189 2.631 1.340
lanikcy30_08 30 39.9 38.6 47.64 50.50 0.095 418.147 2.189 1.115
lanikecy30_09 30 38.1 37.5 47.84 50.70 0.097 394.483 2.461 1.253
lanikcy30_10 30 38.3 37.5 47.86 50.62 0.096 397.042 2.099 1.069
lanikcy30_11 30 38.8 38.8 47.85 50.26 0.095 408.710 2.315 1.179
lanikcy30_12 30 37.3 36.6 47.99 50.77 0.097 383.932 2.320 1.182
lanikey30_13 30 38.7 38.2 48.01 50.43 0.096 403.563 2.188 1.114
lanikcy30_14 30 41.6 39.4 47.61 50.77 0.096 431.609 2.651 1.350
lanikey30_15 30 38.2 38.0 47.70 50.69 0.096 396.836 2.609 1.329
lanikcy30_16 30 39.5 38.9 47.64 50.44 0.095 414.940 2.803 1.428
lanikcy30_17 30 39.7 37.6 47.61 50.31 0.095 419.463 2.562 1.305
lanikcy30_18 30 38.3 38.2 47.61 50.79 0.096 397.058 2.849 1.451
lanikecy30_19 30 38.3 38.0 47.70 50.70 0.096 397.717 2.849 1.451
lanikcy30_20 30 39.8 39.4 47.68 50.72 0.096 413.141 2.655 1.352
lanikcy30_21 30 39.4 39.0 47.59 50.75 0.096 409.278 2.850 1.451
lanikcy30_22 30 38.7 38.2 47.88 50.80 0.097 398.786 2.946 1.500
Average 38.7 38.2 47.73 50.56 0.096  404.043 2.618
standard deviation 11.567 0.154
Max. value 41.6 39.4 48.01 50.82 0.097 431.609 3.185 1.622
Min. value 36.6 36.6 47.59 50.04 0.094 378.728 2.099 1.069
Max. Min. Difference 5.0 2.8 0.42 0.78 0.003 52.881 1.086 0.553



navn pa filter
produsent sys navn

lanikcys0_01
lanikcys0_02
lanikecy60_03
lanikcy60_04
wet lanikecy60_05
wet lanikcy60_06
wet lanikcys0_07
wet lanikcy60_08
wet lanikecy60_09
wet lanikcys0_10
lanikcy60_11
lanikcys0_12
lanikecy60_13
lanikcy60_14
lanikecy60_15
lanikcy60_16
lanikcys0_17
lanikcys0_18
lanikecy60_19
lanikcys0_20
lanikcys0_21
lanikcys0_22

Average

standard deviation
Max. value

Min. value

Max. Min. Difference

Selee:

navn pa filter

produsent SYs navn

ppi
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60

ppi

seleecy30_01
seleecy30_02
seleecy30_03
seleecy30_04
seleecy30_05
seleecy30_06
seleecy30_07
seleecy30_08
seleecy30_09
seleecy30_10
seleecy30_11
seleecy30_12
seleecy30_13
seleecy30_14
seleecy30_15
seleecy30_16
seleecy30_17
seleecy30_18
seleecy30_19
seleecy30_20
seleecy30_21
seleecy30 22

Average

standard deviation
Max. value

Min. value

Max. Min. Difference

g g mm mm mm dm3 kg/m3 kM MPa
Weight weight dry Height Lengde Width volume density max force  Crushing strengt
28.7 28.3 47.37 41.46 0.064 448,776 0.394 0.201
30.1 29.9 47.33 43.49 0.070 428.116 0.492 0.251
31.3 29.7 47.02 42.44 0.067 470.567 0.562 0.286
27.0 27.0 47.02 40.00 0.059 456.953 0.669 0.341
32.3 29.4 46.88 43.66 0.070 460.212 0.671 0.342
29.2 27.9 47.72 42.09 0.066 439.779 0.305 0.155
32.2 32.1 47.65 43.37 0.070 457.430 0.650 0.331
34.5 34.0 47.66 46.64 0.081 423.700 0.492 0.251
31.8 31.7 47.32 44.50 0.074 432.088 0.640 0.326
32.7 32.4 47.14 45.46 0.077 427.375 0.362 0.184
27.2 27.1 47.06 44.48 0.073 371.961 0.658 0.335
28.3 28.2 46.99 43.34 0.069 408.238 0.634 0.323
26.5 26.2 46.83 41.12 0.062 426.114 0.493 0.251
26.4 26.2 46.79 43.27 0.069 383.096 0.492 0.251
28.8 28.7 47.05 42.67 0.067 428.053 0.665 0.339
27.0 26.9 46.82 43.16 0.068 394.166 0.535 0.272
26.9 26.7 46.87 43.87 0.071 379.693 0.319 0.162
28.9 28.7 46.93 41.33 0.063 459.015 0.492 0.251
27.8 27.6 47.26 44.23 0.073 382.849 0.656 0.334
28.4 28.3 47.36 43.33 0.070 406.667 0.493 0.251
26.1 26.0 46.82 42.37 0.066 395.369 0.389 0.198
28.9 28.7 47.11 42.58 0.067 430.808 0.492 0.251
29.1 4?.14' #DIV/0! 43.13 0.069 423.256 0.525] 0.267
0.059
34.5 47.72 0.00 46.64 0.081 470.567 0.671 0.342
26.1 46.79 0.00 40.00 0.059 371.961 0.305 0.155
8.4 0.93 0.00 6.64 0.022 98.605 0.366 0.186

g mm mm mm dm3 kg/m3 kN MPa
Weight Height Lengde Width volume density max force  Crushing strength
30 32.3 50.34 50.26 0.100 323.411 1.902 0.969
30 345 50.24 50.90 0.102 337.477 2.426 1.236
30 323 50.23 50.82 0.102 317.015 2.391 1.218
30 316 50.17 50.78 0.102 311.005 2.284 1.163
30 30.6 50.07 50.47 0.100 305.483 2.095 1.067
30 318 50.20 50.76 0.102 313.033 2.321 1.182
30 33.2 50.58 50.81 0.103 323.721 2.095 1.067
30 337 49.82 50.37 0.099 339.463 2.235 1.138
30 311 49.98 50.62 0.101 300193 2282 1.162
30 32.0 50.22 50.76 0.102 314.876 1.774 0.903
30 337 50.15 50.79 0.102 331.675 2.352 1.198
30 340 50.10 50.92 0.102 333.253 2930 1.492
30 34.1 50.39 50.91 0.103 332.441 2.388 1.216
30 347 50.48 50.79 0.102 339.284 2.562 1.305
30 3.7 50.04 50.82 0.102 312.308 2.295 1.169
30 335 50.14 50.93 0.102 327.962 2.471 1.258
30 337 50.34 50.83 0.102 329.903 2.522 1.284
30 33.4 50.22 50.92 0.102 326.590 2.001 1.019
30 345 49.93 50.85 0.101 340.240 2.948 1.501
30 325 50.26 50.85 0.102 318.412 2.281 1.162
30 35.4 50.23 50.82 0.102 347.441 2.682 1.366
30 33.8 50.25 50.74 0.102 332.652 2.378 1.211
33.1 50.20 50.76 0.102 325.765 2.346] 1.195)
11.478 0.279 0.142
35.4 50.58 50.93 0.103 347.441 2.948 1.501
30.6 49.82 50.26 0.099 305.483 1.774 0.903
48 0.76 0.67 0.003 41.958 1.174 0.598



C Raw data from working temperatures
compressive tests
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Sivex:

navn pa filter E E mm mm mm dm3 kg/m3 kM MPa
produsent sysnavn |ppi weight wet weightdry height Lengde Width volumee density max force Crushing strength
sivex30_30 30 41.4 50.36 50.65 0.101| 408.005 3.365 1714
sivex30_31 413 50.33 50.55 0.101 414.815 3.160 1.609
sivex30_32 437 50.36 50.72 0.102 429.484 3.124 1.551
sivex30_33 415 415 50.01 5076 0.101 410.070 3.365 1.714
sivex30_34 416 416 49.81 50.72 0.101 413.360 3.141 1.600
sivex30_35 418 415 4594 50.20 0101 409.998 2.948 1.501
sivex30_38 1.4 41.4 45 86 50.73 0.101 410738 3.131 1.535
sivex30_37 419 418 49.83 50.34 0.099 421472 3.230 1.645
sivex30_33 438 437 50.09 50.81 0.102 430271 3.132 1.626
sivex30_39 417 415 50.10 5078 0101 408.997 3.311 1.626
Average 42.0 420 50,07 " #DIV/O! 50,69 0101 415827 3.197
standard deviation 7.885 0.062
Max. value 433 437 50.36 0.00 50.81 0102 430271 3.365 1.714
Min. value 414 414 45 81 0.00 50.34 0.099 408.005 2.948 1.501
Mazx. Min. Difference 2.4 73 0.55 0.00 0.47 0003  22.266 0.417 0.212
Sivex30_40 30 330 180 50.07 50.79 0.101 334451 2.951 1.503
sivex30_481 374 373 50.26 50.65 0.101 369.318 2.561 1.304
Sivex30_42 78 375 45 95 50.82 0101 373.001 2.562 1.205
Sivex30_43 377 7E 45,95 50.29 0.102 371.066 2.467 1.256
Sivex30_44 373 73 50.10 50.57 0101 376.63% 2.584 1.318
Sivex30_45 38.1 38.1 4376 50.31 0101 376.13% 2.375 1.210
Sivex30_48 e 366 4594 50.39 0.102 358.39%9 2.375 1.210
Sivex30_47 40.1 333 50.25 50.23 0.102 393.259 2.938 1.436
Sivex30_a3 42 .4 422 50.08 51.03 0.102) 413.962 3.129 1.594
Sivex30_43 417 418 50.21 50.33 0.102 407.670 2.964 1.510
Average 388 8.8 50.06" #DIV/O! 50.84 0.102 322440 2 591
standard deviation 1.826 1798 0.151 " #DIjD 0.136 0001 16642 0.263 0.134
Max. value 42 4 427 50.26 0.00 51.03 0.102 413.962 3.129 1.594
Min. value 366 366 4376 0.00 50.57 0101 353.859 2.375 1.210
Mazx. Min. Difference 5.2 5.6 0.50 0.00 0.46 0002  55.083 0.754 0.384
sivex30_50 413 412 50.00 51.01 0.102| 404.184 2.730 1.390
sivex30_51 41.1 40.3 5012 50.38 0.102 401.736 2.850 1.451
sivex30 52 40.5 40.1 50.30 51.00 0103 394148 2.562 1.205
sivex30_53 382 38.1 49.95 50.75 0.101 378.064 2.562 1.305
sivex30_54 356 35.5 50.08 50.65 0101 352.307 2.233 1.137
sivex30 55 ELE: 335 50.26 5036 0103  382.226 3.129 1.594
sivex30_5H 429 42.4 50.13 50.97 0.102| 419.412 3.322 1.692
sivex30_57 42 6 425 50.18 50.33 0102 416717 3.182 1.610
sivex30 53 433 43.3 50.22 50.75 0.102 426.235 2.948 1.501
sivex30_59 437 435 50.16 50.72 0101 431.197 2.348 1.451
Average 40.9 50.14" #DIv/O! 50.87 0102 401372 2.835
standard deviation 2.332 2.387 o.104 " #DIv/D 0.130 0001  22.756 0.311 0.158
Max. value 437 50.30 0.00 51.01 0.103 431.197 3.322 1.692
Min. value 356 4995 0.00 5065 0101 352.807 2.233 1.137
Max. Min. Difference 8.1 0.35 0.00 0.36 0002 78390 1.089 0.555



SivexNP:

navn pa filker
produsent
SivenMPS0kor_10m_30
SiverMP3E0hot_10m_31
SiverMP30hot_10m_32
SivenMPS0khor_10m_35
SiverMPE0kot_10m_3d
SivenMPS0kor_10m_35
SiverMP30kot_10m_36
SiverMP30hot_10m_37T
SivenMPS0khor_10m_35
SiverMP3E0kot_10m_33
fuerage
standard deviation
Max. walue
Min. walue
Max. Min. Difference
SiverMP30hot_1H_d40
SivesMPS0khor_TH_4H
SiverMP3I0hot_1H_d2
SiverMP30hot_1H_43

| SivertP30hat_th_dd
SiverMP3E0hot_1H_d45
SivesMPE30hot_TH_d4E
SiverMPE0hot_1H_d47
SiverMP30hot_1H_48
SivenMPS0khor_TH_43
Auverage
standard deviation
Mar. value
Min. value
Max. Min. Difference
SiverMP30kor_2k_50
SiverMP30hot_2kH_51
SivenMPS0har_Zh_52
SiverMP30kor_2kH_53
SiverMP30hot_2k_5d
SivenMPS0har_Zh_55
SiverMP30kot_2H_56
SiverMP30hot_2H_57
SiverMP3I0kor_2k_55
SiverMP30hot_2H_53
HAuerage
standard deviation
Max. value
Mir. walue
Max. Min. Difference

SUS MAavn Ppi
SivenMP3I0_3C
SivexMP3I0_3
SiverhMP30_3z
SivenMP3I0_32
SiverMP3I0_3d
SivenMP3I0_3E
SiverMP30_3E
SiverkMP30_37T
SivenMP3I0_3E
SiverMP3I0_3%

SiwerMP30_d4C
SivenMP3I0_4
SiverMP3I0_dz
SiwerMP30_d4=
SivenMP30_dd
SiverMP30_dE
SivesMNP3I0_d4E
SiverMP3I0_d7
SiwerhMP30_dE
SivenMP3I0_42

SiverMP30_5C
SiwexhMP30_51
SivenMP3I0_52
SiverMP3I0_5=
SiwerMP30_54
SivenMP3I0_55
SiverMP30_5E
SiwerkMP3I0_57
SiverMP30_5E
SiverkMP30_5%

g9

‘weight
5.6
TR
3.3
351
36T
T
3TE
36.3
361
35
Fr.oz

39.3
35
43
39.4
33z
335
38.3
396
416
413
416
41
40.5
40,z

416
38.3

40.0
335
40.6
385
40.5

4.4
40.0
333
40.2
40.03

40.6
335
11

mm
Height

50.35
50,18

077

S0.6
S0.45
50.54
50.41
50,73
S0.46
50.51
50.35

50,74
50.546

50,75
50.35

0.37
50.57
S0.62
50,64
50.80

Q06T
50674

S0.87
S0.57
0.3

mm
Lengde
" DD
0
0
0
" #Om0!
0
0
0
" #DMD!
0
0
0

mm

‘wiidth
50.77
50.7
S0.75
S0.62
50.73
50.58
S0.82
20.81
50.23
50.7
S0.637

50.82
5023

0.53
50.85
50.56
50.91
S0.83
50.58
S0.83
50,30
S0.80

50.58
50,857

5031
50.8
on
S0.65
S0.67
50.76
S0.64

50.54
50.711

50.584
50.64
0.z

dm3
valume
0.1024
01021
01015
01023
01023
01012
01024
0.1023
01010
01015
010z

01023
0.0
0.00z
0103
003
003
00z
003
0.0z
0103
0.0z

kalm3
density

376,965
370,335
F57.6S
342,334
358627
372436
3E7.206
352,623
357.555
3dd. 200
363.083
13.526
387 6S
342,934
dd 174
F53.419
382223
383942
Frd.did
383774
406,271
401,835
407,337
399.383
382.573
391524
10.953
407,337
3T 44
32,983
352571
386.975
396156
3586061
395.930
353.396
393614
390.562
388.973
F90.815
=i =
3.233
396136
F56.061
10125

kM

max force

MPa

Crushing strength
16071
1.536
1512
13351
1.406
1318
1.355
1.306
1116
1.063



Drache:

navn pa filter

produsent SYE Navn ppi

Drachehot30_10min_01drachecy30_3
Drachehot30_10min_0Z drachecy30_3
Drachehot30_10min_0Z drachecy30_3
Drachehot30_10min_04 drachecy30_3
Drachehot30_10min_0f drachecy30_3
Drachehot30_10min_0€ drachecy30_3
Drachehot30_10min_07 drachecy30_3
Drachehot30_10min_0£ drachecy30_3
Drachehot30_10min_0¢f drachecy30_3
Drachehot30_10min_1C drachecy30_3
Average

standard deviation

Max. value

Min. value

Max. Min. Difference
Drachehot30_1h_30  drachecy30_40
Drachehot30_1h_31  drachecy30_41
Drachehot30_1h_32  drachecy30 42
Drachehot30_1h_33  drachecy30_43
Drachehot30_1h_34  drachecy30_44
Drachehot30_1h_35  drachecy30_45
Drachehot30_1h_38  drachecy30_46
Drachehot30_1h_37  drachecy30 47
Drachehot30_1h_38 drachecy30_428
Drachehot30_1h_3%  drachecy30_43
Average

standard deviation

Max. value

Min. value

Max. Min. Difference
Drachehot30_2h_1 drachecy30_%
Drachehot30_2h_2 drachecy30_5
Drachehot30_2h_3 drachecy30_5
Drachehot30_2h_4 drachecy30_5
Drachehot30_2h_5 drachecy30_5
Drachehot30_2h_& drachecy30_5
Drachehot30_10m_01 drachecy30_5
Drachehet30_10m_02 drachecy30_5
Drachehot30_10m_03 drachecy30 5
Drachehot30_10m_04 drachecy30_5
Average

standard deviation

Max. value

Min. value

Max. Min. Difference

11
12
13
14
15
18
17
12
15
20

e R I S Y I

wn

<]
(=]

g

Weight
41.4
40.7
41.3
41.4
38.0
42.0
40.6
25.3
37.3
28.9
39.8

420
353

6.7
43.0
42.8
43.2
42.83
42.4
41.4
40.5
40.4
41.4
281
417

432
39.1

4.1
34.5
352
38.1
35.2
385
38.0
38.7
40.1
8.7
40.1
379

40.1
35.3
43

mim
Height
48.74
438.85
48.69
48.85
48.59
48.62
43.68
49.08
48.99
43.95
48.8

49.1

426

0.46
48.66
48.67
48.65
43.53
43.70
48.66
48,61
48.64
48.58
4878

487

433

486

0.20
48.97
48.97
43.80
49.06
48.63
48.67
48.77
48 68
48.73
48.61

4538

491
486
0.45

mm
Lengde

" spivjor

0.0
0.0
0.00

" soivjon

0.0
0.0
0.00

" soivjon

0.0
0.0
0.00

mm
Width
50.72
50.72
50.67
50.55
50.79
20.59
50.78
50.44
50.82
50.88
50.7

50.9

50.4

0.43
50.84
50.83
50.64
50.70
50.88
50.62
50.86
50.83
50.83
50.75

50.8

50.9

50.6

0.26
50.64
50.84
50.76
50.84
50.69
50.57
50.48
50.67
50.56
50.91

50.7

50.9
50.5
0.43

dma3
volume
0.098
0.099
0.099
0.098
0.099
0.098
0.099
0.098
0.100
0.100
0.1

01

0.1
0.002
0.093
0.095
0.098
0.082
0.095
0.098
0.095
0.099
0.093
0.095

01

01

01
0.001
0.099
0.095
0.095
0.100
0.098
0.0938
0.098
0.098
0.098
0.0%5

01

01
01
0.002

kg/m3
density

354.388
357.653
385.010
358.965
388.682
388.821
352.541
402.884
387.535
402.910
383.581
18.669
408.884
354.398
54 485
435.307
433 383
440.883
436.3%6
428.206
422.760
410.097
4058.315
419.965
386.253
423.255
13.649
440.883
396.253
44 830
419.752
408.415
418.213
415.682
387.388
4759 647
415.953
359.611
381.245
353.123
404005
20.166
425 647
359.611
70.037

kM MPa
maxforce Crushingstrength
2.049 1.451
2763 1.407
2.943 1.501
2374 1.209
2.531 1.289
2752 1.402
2.552 1.305
1.725 0.879
2.0 1.025
2.337 1.190
2.486 1.266
0.365 0.186
2.948 1.501
1725 0.8379
1.223 0.623
2168 1.114
2547 1.297
3.065 1.561
2754 1.403
2.552 1.305
1.903 0.969
2.307 1.175
2382 1.203
2.687 1.368
2582 1.305
2.454 1.270
0.306 0.156
3.065 1.561
1.903 0.969
1.162 0.592
1.932 0.984
2168 1.114
2.096 1.067
1.720 0.876
1.953 1.018
2.001 1.019
2.353 1.138
2718 1.385
2721 1.386
2479 1.263
2221 1131
0.321 0.164
2721 1.386
1.720 0.876
1.001 0.510



Lanik:

navn pa filter
produsent
Lanik30_10m_30
Lanik30_10m_31
Lanik30_10m_32
Lanik30_10m_33
Lanik30_10m_34
Lanik30_10m_35
Lanik30_10m_36
L amik30_10m_37
Lanik30_10m_35
Lanik30_10m_33
fuerage

standard deviation
Man. value

Min. walue

Max. Min. Difference
Lanikhot30_1h_30
Lanikhot30_1h_31
Lanikhot30_1h_32
Lanikhot30_1h_33
Lanikhot30_1h_3d
Lanikhot30_1h_35
Lanikhot30_1h_36
Lanikhot30_1h_37
Lanikhot30_1h_38
Lanikhot30_1h_33
fAuerage

standard deviation
Max. value

Mir, walue

Max. Min. Difference
Lanik30_2h_50
Lanik30_2h_51
Lanik30_2h_52
Lanik30_2h_53
Lanik30_2h_54
Lanik30_zh_55
Lanik30_zh_56
Lanik30_2h_57
Lanik30_2h_58
Lanik30_2h_53
fverage

standard dewviation
Max, value

Mir, walue

Max. Min. Difference

SYE MAYn

Seleecy30_!
Selescy30_]
Selescy30_]
Seleecy30_!
Seleecy30_!
Selescy30_]
Selescy30_]
Seleecy30_7
Seleecy30_!
Seleecy30_!

PRI

lanikey30_ 30
lamikeu30_3"
lanikey30_30
lanikey30_3]
lanikey30_3¢
lanikey30_38
lanikey30_3E
lanikey30_3"
lanikey30_ 3¢
lanikey30_3%

Seleecy30_t
Seleecy30_!
Seleecy30_!
Selescy30_!
Selescy30_!
Seleecy30_!
Seleecy30_!
Selescy30_!
Selescy30_!
Seleecy30_t

=]
‘weight

35.5
33.4
337
33.1
315
32.9
34.3
316
327
35.6
335

35.6
15

33.3
3r.g
37T
351
33.3
38.9
7.0
376
375
38.7
38.2

39.3
3r.0

34.1
g
337
32.2
3.2
379
34.0
36.1
3.7
32.8
34.2

379
38
6.1

mm

Height

435.04
47.78
47.75
47.67
47.91
43.20
43.01
47.85
47,77
435.00

47.3

45.2

47.7

0.53
47.78
47.69
47.40
47.65
47.76
47.93
47,77
47.33
47.96
47.68

47.8

45.0

47.4

0.539
47.45
47.45
47.90
47.91
47.75
47.83
47.72
47.55
47.85
47.82

47.7

47.39
47.5
0.43

mm

Lengde

M it
0o
0o
0.00

M it
0o
0.o
0.00

" 4Dk
0.o
0.o
0.00

mm

fidth

47.14
43.81
47.26
47.26
47.02
43.47
43.93
45.99
47.15
435.03

47.7

43.9

46.0

3.54
50.81
50.86
50.72
50.55
50.20
50.70
50.79
50.61
50.71
50.52

50.7

50.9

50.2

0.ve
43.65
50.63
435.53
50.83
50.56
50.83
50.70
50.07
43.15
43.18

43.4

50.9

7T

dm3
wolume
0.084
0.033
0.034
0.084
0.083
0.033
0.034
0.073
0.083
0.087
0.1

0.1

0.1
0.3
0.037
0.037
0.036
0.036
0.035
0.037
0.037
0.037
0.037
0.037

0.1

0.1

0.1
0.003
0.03z2
0.036
0.0583
0.037
0.036
0.037
0.036
0.034
0.031
0.070

0.1

0.1
0.1
0.027

kglm3

density
423,405
373,588
402 327
395.827
378642
365,924
37262
397.547
392,045
4058.328
391230
18.537
423,405
363,924
23481
405 656
330,141
393,654
398153
413,743
402,010
382,296
383,470
387 46
398573
336.23
3.37
415.7
3823
33452
370,950
331681
380,350
I31.207
356,737
383,563
352917
385577
382218
468,392
374.980
37.070
458,332
F31.z07
137.185

kM
mat force

1053
0.967
1071
1434
0.708
1147
1237
1073
1053
1280
1102
0.185
1434
0.708
0.726
1902
1816
1621
2.375
1975
2.356
1383
2.010
2.148
2.375

2.1

)
16
0.754
1053
1387
1434
1182
1246
2,284
1053
1100
1225
1147
13N
0.346
2.284
1053
123

MPa
Cruszhing strength
0.536
0.432
0.545
0.730
0.361
0.5584
0.630
0.546
0.536
0.652
0.581
0.054
0.730
0.361
0.370
0,363
0325
0.826
1210
1.006
1.200
1.010
1024
1.094
1210
1047
0123
1210
0.826
0.384
0.536
0.706
0.730
0.602
0.635
1163
0.536
0.560
0.624
0.584
0.665
0176
1163
0.536
0.627



Selee:

navn pa filter a mm mm mm dm3 kg/im3 kN MPa

produsent SYs navn ppi Weight Height Lengde Width volume density mazx force  Crushing strength
Seleehot30_10m_30 11 30 35.7 50.92 50.75 0.103 346.581 2280 1161
Seleehot30_10m_31 12 30 36.0 51.05 50.96 0.104 345.747 2478 1262
Seleehot30_10m_32 13 30 345 50.85 50.61 0.102 337.261 2138 1.089
Seleenot30_10m_33 14 30 35.0 50.77 50.43 0.101 345.138 2.001 1.019
Seleehot30_10m_34 15 30 35.0 50.63 50.74 0.102 341.877 1.983 1.010
Seleehot30_10m_35 16 30 34.0 50.83 50.78 0.103 330.281 2233 1137
Seleehot30_10m_36 17 30 35.5 50.87 50.76 0.103 344 853 2.001 1.019
Seleehot30_10m_37 18 30 35.4 50.66 50.62 0.102 347.21% 2.002 1.020
Seleehot30_10m_38 19 30 35.4 50.71 50.70 0.102 345.783 2.001 1.019
Seleehot30_10m_39 20 30 36.4 50.63 50.74 0.102 355.552 2285 1164
Average 35.3 508" #DIV/O! 507 0.1 344.030 2.140 1.090
standard deviation 6.300 0.163 0.083
Max. value 36.4 511 0.0 51.0 0.1 355.552 2478 1262
Min. value 34.0 50.6 0.0 504 0.1 330.281 1983 1.010
Max. Min. Difference 24 0.42 0.00 0.53 0.003 25.271 0.495 0.252
Seleehot30_1h_30 seleecy30_30 30 e e 4982 50.78 0.101 M0.217 1.475 0.751
Seleehot30_1h_31 seleecy30_31 30 328 50.24 50.84 0.102 321.605 1.220 0.621
Seleehot30_1h_32 seleecy30_32 30 42 50.21 50.84 0.102 335533 2118 1.079
Seleehot30_1h_33 seleecy30_33 30 349 5042 50.82 0.102 341.243 1.620 0.825
Seleehot30_1h_34 seleecy30_34 30 341 50.55 50.90 0103 331.519 2.000 1.019
Seleehot30_1h_35 seleecy30_35 30 313 5012 50.76 0101 308.603 1.780 0.807
Seleehot30_1h_36 seleecy30_35 30 "7 50.20 50.87 0.102 30701 1.621 0.826
Seleehot30_1h_37 seleecy30_37 30 321 5011 50.78 0101 316.304 1813 0823
Seleehot30_1h_38 seleecy30_38 30 323 50.15 5073 0101 318.649 1.839 0.937
Seleehot30_1h_39 seleecy30_39 30 36 50.07 50.93 0102 309.793 1.813 0923
Average 326 5027 #DIVIO! 50.8 01 320417 1.730 0.881
standard deviation 11.215 0.125
Max. value 349 50.6 0.0 50.9 01 341.243 2118 1.079
Min. value 313 498 0.0 50.7 01 308.603 1.220 0.621
Max. Min. Difference 36 073 0.00 0.20 0.002 32,640 0.898 0.457
Seleehot30_2h_50 1 30 36.1 50.91 50.78 0.103 350.130 2375 1.210
Seleehot30_2h_51 2 30 36.3 50.77 50.66 0.102 354.715 2.376 1.210
Seleehot30_2h_52 3 30 348 50.70 50.80 0.103 339.625 1.902 0.969
Seleehot30_2h_53 4 30 339 5057 50.82 0.103 330.482 2.095 1.067
Seleehot30_2h_54 5 30 334 50.65 50.68 0.102 326.892 2188 1114
Seleehot30_2h_55 & 30 343 50.78 50.71 0.103 334.445 2188 1114
Seleehot30_2h_56 7 30 346 50.65 50.87 0.103 336.111 2.060 1.04%
Seleehot30_2h_57 3 30 36.1 50.81 50.78 0.103 350.819 2562 1.305
Seleehota0_2h_58 9 30 364 51.09 50.95 0.104 345.452 2.356 1.200
Seleehot30_2h_59 10 30 36.0 50.84 50.84 0.103 348.816 2375 1.210
Average 352 5087 #DIV/DI 508 01 342.145 2.248 1.145
standard deviation 9.304 0.186 0.095
Max. value 364 511 0.0 510 01 354.715 2.562 1.305
Min. value 334 506 0.0 507 01 326.892 1902 0.969
Max. Min. Difference 3.0 0.52 0.00 029 0.002 27.823 0.660 0.336



Selee:

navn pa filter
produsent
Seleehot30_10m_30
Seleehot20_10m_31
Seleehot20_10m_32
Seleehot30_10m_33
Seleehot30_10m_34
Seleehot30_10m_35
Seleehot30_10m_36
Seleehot30_10m_37
Seleehot30_10m_38
Seleehot20_10m_39
Average

standard deviation
|Ma)(. value
Min.value

Max. Min. Difference
Seleehot30_1h_30
Seleehot30_1h_31
Seleehot30_1h_32
Seleehot30_1h_33
Seleehot20_1h_34
Seleehot30_1h_35
Seleehot30_1h_36
Seleehot30_1h_37
Seleehot30_1h_38
Seleehot30_1h_39
Average

standard deviation
Max. value

Min. value

Max. Min. Difference
Seleehot20_2h_50
Seleehot20_2h_51
Seleehot30_2h_52
Seleehot30_2h_53
Seleehot30_2h_54
Seleehot30_2h_55
Seleehot30_2h_56
Seleehot30_2h_57
Seleehot30_2h_58
Seleehot30_2h_59
Average

standard deviation
Max. value
Min.value

Max. Min. Difference

SYS navn

WowmowmoWm W n

m

m M m MM

11
12
13
14
15
16
17
18
19
20

eecy30_30
eecy30_31
eecy30_32
eecy30_33
eecy30_34
eecy30_35
eecy30_36
eecy30_37
eecy30_38
eecy30_39

WD e W A Wk e

[
=

ppi

a
Weight

35.7
36.0
3458
35.0
35.0
340
35.5
354
354
364
35.3

326

349
313

36.1
36.3
3458
33.9
334
34.3
346
36.1
36.4
36.0
35.2

364
334
3.0

mm mm
Height Lengde

50.92

51.05

50.85

50.77

50.63

50.83

50.87

50.66

50.71

50.63

508" #DIV/0!

511

50.6

042
4982
50.24
50.21
50.42
50.55
5012
50.20
50.11
50.15
50.07

5027 #DIVIO!

0.0
0.0
0.00

50.6
49.8
073
50.91
50.77
50.70
50.57
50.65
50.78
50.65
50.81
51.09
50.84
508" #DIV/0!

0.0
0.0
0.00

511
50.6
0.52

0.0
0.0
0.00

mm
Width

50.75
50.96
50061
5043
50.74
50.78
50.76
50,62
50,70
50.74

50.7

510

504

0.53
50.78
50.84
50.84
50.82
50.90
50.76
50.87
50.78
50.73
50.93

50.8

50.9

507

0.20
30.78
30.66
50.80
50.82
50.68
50.71
50.87
50.78
50.85
50.84

508

510
507
0.29

dm3
valume
0.103
0.104
0.102
0.101
0.102
0.103
0.103
0.102
0.102
0.102
0.1

0.1

0.1
0.003
0101
0.102
0.102
0.102
0.103
0.0
0.102
0101
0101
0.102

0.1

0.1
0.1
0.002
0.103
0.102
0.103
0.103
0.102
0.103
0.103
0.103
0.104
0.103
0.1

0.1
0.1
0.002

ka/m3
density

346.581
345.747
337.261
345.138
341 877
330.281
344 853
347.21%
345783
355.552
344.030
6.300
355.552
330.281
25.271
310217
321.605
335.533
341.243
331.519
308.603
310.701
316.304
318.649
309.793
320417
11.215
341243
308.603
32.640
350.130
354715
339.625
330.482
326.882
334.445
336.111
350.819
345452
348 816
342.149
9.304
354.715
326.892
27.823

kM
max force

2.280
2478
2139
2.001
1.983
2.233
2.001
2.002
2.001
2.285
2140
0.163
2478
1983
0.495
1.475
1.220
2118
1.620
2.000
1.780
1621
1813
1.839
1813
1.730

2118
1.220
0.598
2.375
2.376
1.902
2.095
2188
2188
2.060
2.562
2.356
2.375

2248

0.186

2562

1902

0.660

MPa
Crushing strength
1.161
1.262
1.089
1.01%
1010
1.137
1019
1.020
1.019
1.164
1.090
0.083
1262
1010
0.252
0.751
0.621
1.079
0.825
1.019
0.907
0.826
0.923
0.937
0.923
0.881
0.125
1.079
0.621
0.457
1.210
1.210
0.969
1.067
1114
1114
1.049
1.305
1.200
1210
1.145
0.095
1.305
0.969
0.336



D Microscopic photos with strut
thickness displayed of the filters
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Sivex 80 ppi

. Ergebnis
150um
188um
102um
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109um
127um
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Sivex Non Phosphorus 30 ppi




Sivex Non Phosphorus 30 ppi




Drache 30 ppi

.. Ergebnis
235um
363um
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Drache 60 ppi
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Lanik 60 ppi

.. Ergebnis
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Selee 30 ppi




Selee 30 ppi
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Areal

Date:4/25/2020 12:47:58 PM
Image size:1024 x 768
Mag:600x

HV:20.0kV

cps/eV
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N
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o

w
o

N
o
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o

o

| T T | T T T | T T T | T T T | T T T | T T T
4 6 8 10 12 14 16 18 20
keV

65 Date:4/25/2020 12:50:44 PM  HV:20.0kV Puls th.:20.62kcps

N
o

oo by o by b b by a b g bagag
N 3

El AN Series wunn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%]
O 8 K-series 24.48 37.99 51.27 2.88
Al 13 K-series 21.49 33.34 26.69 1.05
Si 14 K-series 18.48 28.67 22.05 0.81



cps/eV

1

0—_I_I_I_| LIS B S Y L L Y L N S B D B D B NN B B B B

4 6 8 10 12 14 16 18 20
keV
66 Date:4/25/2020 12:51:24 PM  HV:20.0kV Puls th.:21.94kcps
El AN Series wunn. C norm. C Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.%] [wt.%]
O 8 K-series 19.81 37.97 51.28 2.32
Al 13 K-series 16.27 31.19 24.98 0.80
Si 14 K-series 16.10 30.85 23.74 0.71
Total 52.18 100.00 100.00
cps/eV
80
70
60
50
1 is
40 51l
110 Al
30
20
10 dl
0—__|_|_|_| T T T I T T T I T L IIIIIII IIIII I I
4 6 8 10 12 14 16 18 20
keV

67 Date:4/25/2020 12:52:05 PM  HV:20.0kV Puls th.:21.97kcps

El AN Series wunn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%]
O 8 K-series 19.88 37.91 51.23 2.33
Al 13 K-series 16.41 31.31 25.08 0.81
Si 14 K-series 16.14 30.78 23.69 0.71



cps/eV

I
4 6 8 10 12 14
keV

68 Date:4/25/2020 12:52:46 PM  HV:20.0kV Puls th.:20.65kcps

El1 AN Series wunn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%]
Al 13 K-series 45.59 59.23 48.17 2.20
O 8 K-series 26.54 34.48 47.30 3.17
P 15 K-series 4.01 5.21 3.69 0.18
Si 14 K-series 0.83 1.08 0.84 0.06

Area 2

Date:4/25/2020 1:01:14 PM
Image size:1024 x 768
Mag:169.812x

HV:20.0kV



cps/eV
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keV
77 Date:4/25/2020 1:04:30 PM HV:20.0kV Puls th.:20.01kcps
El AN Series wunn. C norm. C Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.%] [wt.%]
O 8 K-series 27.56 35.80 48.84 3.27
Al 13 K-series 43.00 55.85 45.17 2.08
P 15 K-series 5.24 6.81 4.80 0.23
Si 14 K-series 1.18 1.54 1.19 0.08
Total 76.99 100.00 100.00
cps/eV

70

60

50

40 si

10 Al [P
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OJ_V_V_V_JH T T T I T T T I T T T I T T T I T T T I T T T I T I I
2 4 6 8 10 12 14 16 18 20

keV

78 Date:4/25/2020 1:05:10 PM HV:20.0kV Puls th.:19.71kcps

El AN Series wunn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%]
O 8 K-series 27.17 35.25 48.18 3.24
Al 13 K-series 44.45 57.67 46.74 2.15
P 15 K-series 4.65 6.03 4.26 0.21
Si 14 K-series 0.81 1.06 0.82 0.06



cps/eV

Si
o AP

I
4 6 8 10 12 14
keV

80 Date:4/25/2020 1:05:51 PM HV:20.0kV Puls th.:19.60kcps

El1 AN Series wunn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%]
O 8 K-series 25.34 34.74 47.62 3.03
Al 13 K-series 42.061 58.42 47.48 2.06
P 15 K-series 4.30 5.90 4.18 0.20
Si 14 K-series 0.68 0.93 0.73 0.06

Date:4/25/2020 1:08:58 PM
Image size:1024 x 768
Mag:135.09164x
HV:20.0kV



cps/eV

4 6 8 10 12 14 16 18 20
keV
81 Date:4/25/2020 1:10:11 PM HV:20.0kV Puls th.:19.37kcps
El AN Series wunn. C norm. C Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.%] [wt.%]
O 8 K-series 13.66 35.09 48.05 1.64
Al 13 K-series 21.60 55.48 45.06 1.06
P 15 K-series 3.00 7.70 5.45 0.14
Si 14 K-series 0.47 1.20 0.94 0.05
Na 11 K-series 0.21 0.53 0.50 0.04
Total 38.93 100.00 100.00
cps/eV
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60
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2 4 6 8 10 12 14 16 18 20

keV

82 Date:4/25/2020 1:10:51 PM HV:20.0kV Puls th.:19.25kcps

El AN Series wunn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%]
O 8 K-series 22.60 35.00 48.00 2.70
Al 13 K-series 36.77 57.03 46.30 1.78
P 15 K-series 4.12 6.38 4.51 0.19
Si 14 K-series 0.98 1.52 1.18 0.07
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keV
83 Date:4/25/2020 1:11:32 PM HV:20.0kV Puls th.:19.52kcps
El AN Series wunn. C norm. C Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.%] [wt.%]
O 8 K-series 25.92 35.20 48.12 3.09
Al 13 K-series 42.42 57.60 46.70 2.05
P 15 K-series 4.31 5.86 4.13 0.20
Si 14 K-series 0.99 1.35 1.05 0.07
Total 73.65 100.00 100.00
cps/eV

70

60

50

40Jag Si

10 AP [Ag

30

20

10

0_ - I‘III I“Iul‘l‘I I T T T T I T T T I T T T I T I I

2 4 6 8 10 12 14 16 18 20

Date:4/25/2020 1:12:12 PM HV:20.0kV Puls th.:19.05kcps

El AN Series wunn. C norm. C Atom. C Error (1 Sigma)

(wt.%] [wt.%] [at.%] [wt.%]
O 8 K-series 13.97 35.15 48.34 1.68
Al 13 K-series 22.13 55.68 45.42 1.08
P 15 K-series 2.82 7.09 5.04 0.14
Si 14 K-series 0.54 1.35 1.06 0.05
Ag 47 L-series 0.29 0.73 0.15 0.04
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Sivex65 area
Date:26.04.2020 11:56:05
Image size:1024 x 768
Mag:200x

HV:20,0kV

cps/ eV

si
o Al A

|

2 4 6 3 10 12 14 16

kev

147  Date:26.04.2020 11:57:49 HV:20,0kV  Puls th.:26,92kcps

El 2N Series unn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%]
K-geries 42,75 58,26 47,57 2,06
E-series 25,32 34,50 47,51 2,96
F-series 4,12 5,61 3,99 0,19
K-series 0,76 1,04 0,81 0,086
L-series 0,43 0,58 0,12 0,04

T T
2 4 6 -3 10 12 14 16
keV

148  Date:26.04.2020 11:58:29 HV:20,0kV  Puls th.:26,98kcps

El AN Series unn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%]
0 8 K-series 23,63 34,41 47,38 2,77
21 13 K-series 39,38 57,34 46,82 1,80
P 15 K-series 3,41 4,97 3,53 0,16
8i 14 K-series 1,88 2,75 2,16 0,11
Ag 47 L-series 0,37 0,54 0,11 0,04

68,69 100,00 100,00

aalaaa e byl

T T T
& -3 10 12 14 16
kev

150 Date:26.04.2020 11:59:50 HV:20,0kY  Puls th.:26,58kcps

El AN Series unn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.5]
0 8 EK-series 16,18 34,97 48,16 1,90
Al 13 EK-series 26,42 57,08 46,61 1,29
P15 K-series 2,89 6,25 4,44 0,14
5i 14 E-series 0,34 0,74 0,58 0,04
Ag 47 L-series 0,44 0,96 0,20 0,04

Total: 46,28 100,00 100,00

Total: 73,37 100,00 100,00

cps/ eV

160

1404
1:0—3
:.uu-f
EU—:A,g Na Si

lol Al ag

T
2 4 & 8 10 12 14
kev

149  Date:26.04.2020 11:59:10 HV:20,0kV  Puls th.:26,93kcps

El AN Series unn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%]
Al 13 E-series 41,24 58,14 47,50 1,99
0 & EK-series 24,19 34,09 46,98 2,83
P 15 K-series 3,60 5,07 3,61 0,17
8i 14 E-series 1,17 1,65 1,30 0,08
Na 11 E-series 0,37 0,53 0,51 0,05
Ag 47 L-series 0,37 0,52 0,11 0,04

Total: 70,%4 100,00 100,00

cps/ev

si
AllEL Ag

o4 fr T e e T T T T A R
2 4 6 8 10 12 14 16
kev

151  Date:26.04.2020 12:00:31 HV:20,0kV  Puls th.:26,52kcps

El AN Series wunn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%]
Al 13 K-series 41,65 59,03 48,18 2,01
0 8 EK-series 24,27 34,41 47, 3¢ 2,85
P__15 E-series 3,53 5,00 3,55 0,16
5i 14 K-series 0,72 1,01 0,80 0,06
Ag 47 L-ssries 0,39 0,55 0,11 0,04

Total: 70,55 100,00 100,00



/|

Sivex6S area?2
Date:26.04.2020 12:05:00
Image size:1024 x 768
Mag:200x

HV:20,0kV

] Ag

Si
L T
4 6 8 10 12 14 16 18

J
e
2
kev

Date:26.04.2020 12:06:27 HV:20,0kV  Puls th.:27,08kcps

Series unn. C norm. C Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.%] [wt.%]

K-series 42,66 58,85 48,02 2,08
K-series 25,01 34,51 47,48 2,92
K-series 3,66 5,08 3,59 0,17
K-series 0,73 1,01 0,79 0,06
L-series 0,42 0,58 0,12 0,04

Total: 72,4% 100,00 100,00

4 6 g8 10 12 14 16 18 20
kev
Date:26.04.2020 12:05:46 HV:20,0kV  Puls th.:27,05kcps
Series unn. C norm. C Atom. C Error (1 Sigma)
[wt.%] [wit.%] [at.%] [wt.%]
K-series 43,06 58,39 47,67 2,08
K-series 25,37 34,40 47,36 2,87
K-series 3,65 4,95 3,52 0,17
K-geries 1,26 1,71 1,34 0,08
L-series 0,41 0,55 0,11 0,04
Total: 73,76 100,00 100,00
cps/ eV
160
140
120
100
a0 Si
O (A g
60
40
20
0 T T T T T T T T
2 4 & g 10 12 14 16 18 20

keV
156 Date:26.04.2020 12:07:07 HV:20,0kV  Puls th.:27,07kcps

El BN Series unn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%]
Al 13 K-series 40,38 58,61 47,77 1,95
0 8 K-series 23,89 34,67 47,65 2,79
P15 K-series 3,49 5,07 3,60 0,16
51 14 K-series a,77 1,11 0,87 0,086
Ag 47 L-series 0,37 0,53 0,11 0,04

100,00 100,00




Sivex65 areald

Date:26.04.2020 12:09:37 '

Image size:1024 x 768
Mag:200x o o
HV:20,0kV T

158 Date:26.04.2020 12:11:21 HV:20,0kV  Puls th.:26,95keps

El AN Series

unn. C norm. C Atom. C Errcr (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%]
0 8 EK-series 24,78 34,67 47,68 2,85
Al 13 K-series 41,57 58,15 47,42 2,01
P 15 K-series 3,88 5,58 3,96 0,18
5i 14 K-series 0,76 1,06 0,83 0,06
Ag 47 L-series 0,39 0,55 0,11 0,04
Total: 71,4% 100,00 100,00
cps/ eV
160
140
1203
100 4
80 5
{0 Al lag
60
40
204
i L L
o M5 } T T T T T
2 4 5 8 10 12 14 16 18 20
keV

160  Date:26.04.2020 12:12:43 HV:20,0kV  Puls th.:26,74kcps

El BN Series

unn. C norm. C Atom. C Error (1 Sigma)

0 B8 EK-series
Al 13 K-series
P 15 E-series
51 14 E-series
Ag 47 L-seriles

[wt.%] [wt.%] [at.%] [wt.3]
25,71 34,96 48,02 3,00
42,29 57,51 46,34 2,04
4,42 6,00 4,26 0,20
0,73 1,00 0,78 0,06
0,39 0,53 0,11 0,04

73,54 100,00 100,00

S e I B B A S S B B S B |

|
4 6 8 10 12 14 16

18 20
kev
Date:26.04.2020 12:10:41 HV:20,0kV  Puls th.:27,29kcps
Series unn. C norm. C Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.%] [wt.%]
K-series 25,60 34,79 47,83 2,98
K-series 42,45 57,70 47,03 2,05
K-series 4,33 5,88 4,17 0,19
K-series 0,80 1,09 0,85 0,06
L-series 0,40 0,54 0,11 0,04
Total: 73,58 100,00 100,00
cps/ eV
160
140
120
100‘
a0 Jug Si
{10 [aE jag
60—
40
209
oM e e — —
2 4 6 g8 10 12 14 16 18 20
kev
159  Date:26.04.2020 12:12:02 HV:20,0kV  Puls th.:26,36kcps
El AN Series unn. C norm. C Atom. C Errcr (1 Sigma)
[wt.%] [wt.%] [at.%] [wt.%]
2l 13 HE-series 42,83 58,64 47,78 2,07
0 8 EK-series 25,36 34,73 47,72 2,97
P 15 K-series 3,73 5,10 3,62 0,17
51 14 K-series 0,71 0,97 0,76 0,06
Ag 47 L-series 0,41 0,56 0,12 0,04
Total: 73,04 100,00 100,00
ev
150
140
120
100
0fg s
{0 el g
60-]
a0
20
o :
L e e e e B e e T v
2 4 6 8 10 12 14 16 18 20
keV

161 Date:26.04.2020 12:13:23 HV:20,0kV  Puls th.:26,99kcps

El AN Series unn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wE.%]
0O 8 EK-series 13,78 34,78 48,05 1,62
a2l 13 K-series 22,12 55,84 45,75 1,08
P 15 K-series 3,08 7,72 5,51 0,15
51 14 E-series 0,23 0,58 0,46 0,04
Ag 47 L-series 0,43 1,08 0,22 0,04

Total: 38,62 100,00 100,00
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Application Note B%n

~amnanv | Nanartmaoant

Sivex80_area 1
SE MAG: 100
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BRUKER
(<O

cps/eV
50
40
30
(e} Al Si P
20
10+
0 T I T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T I T
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
keV

Atomic percent (%)

Spectrum O Na Al Si P

180 49,68 0,52 43,42 -6,38

181 49,12 0,74 43,25 0,51 6,38
182 49,58 -4431 -6,11

184 49,47 -43,720,43 6,38
Mean value: 49,46 0,63 43,68 0,47 6,31
Sigma: 0,24 0,15 0,47 0,06 0,13
Sigma mean: 0,12 0,08 0,23 0,03 0,07
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Atomic percent (%)

Spectrum O Na Al Si P

185 49,61 -43,340,596,46
186 49,50 -44,20 -6,30
187 49,50 0,52 42,99 0,50 6,50

Mean value: 49,53 0,52 43,51 0,54 6,42
Sigma: 0,06 0,00 0,62 0,06 0,10
Sigma mean: 0,04 0,00 0,36 0,03 0,06

Sivex80_area 3 G
SE MAG: 100 x HV: 20,0 kV WD: 10,0 mm Px: 0,78 um

C><)
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Atomic percent (%)

Spectrum O Na Al Si P
188 49,24 -4462 -6,14
189 48,97 -44,57 0,49 5,97
190 49,27 -4487 -5,85
191 49,00 0,48 44,53 -6,00

Sigma: 0,16 0,00 0,16 0,00 0,12
Sigma mean: 0,08 0,00 0,08 0,00 0,06

BRUKER
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Application Note B%n

~amnanv | Nanartmaoant

SivexNP30_are
SE MAG: 50 x §

cps/eV
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Atomic percent (%)

Spectrum O Na Al Si Ca Fe Zn

153 49,52 0,50 42,09 6,62 0,63 0,31 0,34
154 48,80 0,76 45,704,31 0,42 - -
155 48,49 0,65 46,323,96 0,59 - -

Mean value: 48,93 0,64 44,70 4,96 0,54 0,31 0,34
Sigma: 0,530,13 2,29 1,44 0,11 0,00 0,00
Sigma mean: 0,30 0,07 1,32 0,83 0,06 0,00 0,00

L
SivexNP30_area 2 _ V%
SE MAG: 50 x HV: 20,0 kV' WD: 10,0 #im_R:

C><)
Bh@RER

Page 3/
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cps/eV

60—_
5o
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30—_
Zn Si

20—

10+

Atomic percent (%)

Spectrum O Mg Al Si Ca Zn

157 47,92 0,65 46,37 4,34 0,44 0,28
158 49,04 -44,54 5,32 0,68 0,42
161 49,25 -44,745,130,57 0,31

Mean value: 48,73 0,65 45,22 4,93 0,57 0,34
Sigma: 0,72 0,00 1,01 0,52 0,12 0,07
Sigma mean: 0,41 0,00 0,58 0,30 0,07 0,04
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cps/eV

40

30 Zn

4K Na Si
10 Al
Ta

20—
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Ca
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cps/eV
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Atomic percent (%)

Spectrum O Na Al Si K Ca Zn

162 49,83 0,6941,486,96 -0,700,34

163 49,28 0,67 44,334,91 -0,82 -

164 49,15 0,8043,645,61 -0,79 -

165 50,55 0,63 39,91 7,49 0,31 0,78 0,33
166 48,82 0,84 44,11 561 -0,63 -

Mean value: 49,53 0,73 42,69 6,12 0,31 0,74 0,34
Sigma: 0,68 0,09 1,92 1,07 0,00 0,08 0,01
Sigma mean: 0,30 0,04 0,86 0,48 0,00 0,03 0,00
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Drache30_area1
Date:25.04 2020 14:47:21
Image size: 1024 x 768
Mag:100x

HV:20, 0kV

cps/el
70
&0
50
409K nnllI [Ra.
o A K
20
20
10 L
0 S e B A BN B e e S S S S A A T
z 4 6 8 10 12 14 16 18
ke
99  Date:25.04.2020 14:48:50 HV:20,0kV  Puls th.:19 42kcps
El AN Series unn. C norm. C Atom. C Error (1 Sigma)
[wt. %] [wt.%] [at.%] [ug. %1
0 8 FK-series 14,46 36,08 49,35 1,73
Al 13 K-geries 21,03 52,44 42,54 1,03
5i 14 K-series 1,88 4,69 3,65 0,11
P 15 E-szeries 1,68 4,14 2,82 0,09
Na 11 K-zeries 0,31 0,78 0,74 0,05
K 19 K-series 0,45 1,13 0,63 0,04
Ag 47 L-series 0,30 0,74 0,15 0,04

Total: 40,09 100,00 100,00

(cps/eV

4 5 8 10 12 14 15 18 20
kav
98  Date:25.04.2020 14:48:09 HV:20,0kV  Puls th.:18,76kcps
El AN Seriesg wunn. C norm. C Atom. C Error (1 Sigma)
[wt. %] [wt.%] [at.%] [mr-&]

0 8 FE-series 23,84 35,71 48,58 2,83
Al 13 K-geries 36,89 55,72 44,85 1,79
51 14 K-series 2,93 4,42 3,43 0,15
P15 EK-series 2,31 3,49 2,45 a,12
Mg 12 E-szeries 0,44 0,88 Q, 359 0,05

Total: 66,21 100,00 100,00

cps/EV

80

70

&0

S50

FLE |%

ol K

20

20

10

o T | R LI T ™1 T 1

2 4 - 8 10 12 14 18 18 20
foe

100 Date:25.04.2020 14:49:30 HV:20,0kV  Puls th.:19,64kcps

El AN Series

unn. C norm. € Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [we. %]
0 8 FK-series 26,34 35,69 48,62 3,13
Al 13 K-series 39,59 53,66 43,34 1,92
5i 14 K-series 3,889 5,27 4,08 0,18
P15 K-series 2,54 3,44 2,42 0,13
Na 11 K-series 0,46 0,82 0,58 0,08
Mg 12 K-series 0,46 0,82 0,55 a,085
K 18 K-series 0,52 0,71 0,38 0,04

Total: 73,79 100,00 100,00



A

|

I
2 4 3 8 10 12 14

Drache30 area? © 1w
—_ ke
Date:25.04 2020 14:53:31 101 Date:25.04.2020 14:54:33 HV:20,0kV  Puls th.-20,20kcps
Image SlEE'IﬂE-ﬂ- x ?58 El AW Series wunn. € norm. € Atom. € Error (1 Sigma)
M gg 92645 [wt.21 [wt.%] [at.%] [We.2]
g' ¥ C 8 FH-series 24,68 35,34 43,19 2,94
Hvzﬂ {]W 21 13 K-series 39,54 56,60 45,77 1,91
- ¥ 5i 14 K-series 3,28 4,70 3,65 0,17
P15 K-series 1,45 2,08 1,46 0,08
Mg 12 K-series 0,44 0,62 0,56 0,05
K__19 K-series 0,46 0,66 0,37 0,04
Total: 69,85 100,00 100,00
cpsfev "
ED: o0 cpsfal
703 70
60
4 &0
504
50
Ag
[3 40K Mh
o AP K
30
20
| 10
e —
4 6 8 10 12 14 16 18 20 o T L T T T T T T T T
keV' 2 4 6 8 10 12 14 16 18
K
102 Date:25.04.2020 14.55:13 HV:20,0kV  Puls th.:19,19kcps v
103 Date:25.04.2020 14:55:54 HV:20,0kV  Puls th.:19 90kcps
El AN Series unn. C norm. C Atom. C Error (1 Sigma)
[wt.2] [wt.¥] [at.%] [wg- %] El AN Series unn. C norm. C Atom. C Error (1 Sigma)
[we.3l  [wr.3] [at.%] wg- 51
0 8 EK-series 13,43 36,17 49,37 1,62
21 13 K-geries 20,55 55,34 44,80 1,01 g0 8 K-series 25,44 36,16 49,11 3,03
Si 14 K-series 1,50 4,03 3,14 0,08 Al 13 K-geries 39,06 55,53 44,72 1,88
P_ 15 K-serieas 0,62 1,68 1,18 0,05 Si 14 K-series 3,03 4,31 3,33 0,16
K 19 K-zeries 0,45 1,22 0,88 0,04 P 15 K-series 2,01 2,86 2,00 0,11
Wa 11 K-series 0,25 0,68 0,65 0,08 Mg 12 K-series 0,41 0,58 0,52 0,05
Ag 47 L-series 0,32 0,87 0,18 0,04 K19 K-series 0,40 0,36 0,31 0,02
Total: 37,13 100,00 100,00 Total: 70,34 100,00 100,00
eV
20
70 80
o 70
50 60
50
409K Naﬁ Ag
10 40 FOK
20
20
. 20
1
o l J : \.4 0
e : Al
2 4 3 g 10 12 14 16 18 20 o Emama I e S e e
keV 4 e e 10 12 14 16 18
ke
104 Date:25.04.2020 14:56:34 HV:20,0kV  Puls th.:20,28kcps
! ’ P 105 Date:25.04.2020 14:57:15HV:20 0kV  Puls th.:19,81kcps
El 2 Series unn. C norm. C Atom. C Error (1 Sigma) . .
= [wt.2] [wt.3] [at.%] (Wt 31 El AN Series unn. C norm. C Atom. C Error (1 Sigma)
f—— [wt.2]  [wt.%] [at.$] [wg. %]
0 8 FK-series 13,91 36,00 49,20 1,67 -
21 13 K-series 21,07 54,54 44,21 1,03 %3 ﬁ‘ser}es ;3'32 gg';i 33’?2 é'gg
5i 14 K-series 1,69 4,37 3,40 0,10 - e ' ' ' 4
P 15 K-series 103 2 65 187 0,07 5i 14 K-series 2,50 6,50 5,08 0,13
N " " " ’ P15 H-series 0,389 2,32 1,65 0,06
E_19 K-series 0,43 1,11 0,82 0,04 K_ 10 R-series 0,58 1,50 0,84 0,05
Ha 11 K-series 0,22 0,357 0,354 0,04 Na 11 K-series 0,29 0,74 0,71 0,05
Ag 47 L-series 0,29 0,75 0,18 0,04 Ag 47 L-series 0,34 0,88 0,18 0,04
Total: 38,43 100,00 100,00 Total: 38,38 100,00 100,00




160
140
120
100
20K Na
ar "
80
40
20 [
0 .I‘T'..."'|...|‘..|...|‘..|--.|...|..|...
2 4 & 8 10 12 14 16 18
keV
135  Date'26 04 2020 112700 HV-20,0kV  Puls th -25 11kcps
El AN Series unn. C norm. C Atom. C Error (1 Sigma)
Drache30_area3d wti) el lacos) ve-a)
Date:26.04.2020 11:25:117  &ifmms =3 on @3 oo
. - . . - Bl 13 K-series 37,37 55,53 45,40 1,81
. 5i 14 K-series 3,93 5,84 4,59 0,19
Image size: 1024 x 768 P is oseries 130 26 1,31
. Na 11 K-series 0,41 0,61 0,58 0,05
M _gg 92645 K 19 F-series 0,44 0,65 0,37 0,04
ﬂ.g_ : x Ag 47 L-series 0,39 0,58 0,12 0,04
HV'ED {]W Total: 67,29 100,00 100,00
- {
150 cpseV
W\
160 Spsfe’
140
140
120 120
100 100
80
80 ha
£ S » o=
60 &0
40 40
20 |. 20
a TR ‘.l.I T ; : I . ] T ', T T T T T T T
z 4 3 ! 10 1z 14 16 18 20 2 4 6 8 10 12 14 16 18 20
kev ke
136 Date:26.04.2020 11:27:40 HV:20,0kV  Puls th.-23,91kcps 137 Date:26.04.2020 11:28:21 HV:20,0kV Puls th.:23,86kcps
E1l AN Seriez unn. C norm. C Atom. C Error (1 Sigma) El BN Series L['z:;'%f]: ni‘i’:'%f Ai;:'%g Ezzor (1 S[;?:;
[wt.®] [wt.%] [at.®] [wE. 3] i : ) )
- 0 8 K-series 12,56 35,61 48,41 1,49
0 & EK-series 13,26 35,11 48,29 1,58 Al 13 K-series 20,46 58,03 46,78 1,00
Al 13 K-series 21,42 56,70 46,25 1,05 Si 14 K-series 1,15 3,27 2.53 0,08
5i 14 K-series 1,20 3,19 2,50 0,08 P15 K-series 0,57 1,80 1,13 0,05
P15 K-series 1,21 3,21 2,28 0,07 Na 11 K-series 0,28 0,81 0,76 0,05
K 18 K-series 0,33 0,88 0,49 0,04 K 19 K-series 0,24 0,89 0,38 0,03
Ag 47 L-series 0,35 0,92 0,19 0,04
35,26 100,00 100,00
Totsl: 37,78 100,00 100,00
cps/el/
160 -
140 140
120 120
100 100
80JK Na 803K ta
AP Ap Ah
€0 &0
40 40
20 [ 20 l
A A f
o U 1 R | | T ™ 0 L e e e e e o e e e e B LA e T
2 4 & e 10 12 14 16 t1-1 20 2 4 3 8 10 12 14 16 18
ke ke\
129 Date:26.04.2020 11:29:01 HV:20,0kV  Puls th.:24,46kcps 140 Date:26.04.2020 11:29:42 HV:20,0kV  Puls th.:24 75kcps
E1 AN Series wunn. C norm. C Atom. C Error (1 Sigma) E1 AN Series unn. C norm. C Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.%] [we. %] [wt.%] [wt.2] [at.%] [wt. 2]
Bl 13 K-series 39,34 58,42 47,59 1,30 0 8 EK-series 24,08 33,85 46,70 2,84
0 8 EK-series 23,20 34,45 47,33 2,74 Al 13 K-series 40,16 56,48 46,18 1,94
5i 14 K-szeries 2,43 3,61 2,82 0,13 5i 14 E-series 3,80 5,34 4,19 0,19
P15 K-zeries 1,29 1,81 1,36 0,08 P15 E-series 1,90 2,87 1,80 0,10
Na 11 H-series 0,34 0,51 0,48 0,05 Wa 11 E-series 0,44 0,62 0,59 0,06
E 15 E-szeries 0,37 0,55 0,31 0,04 K 1% E-zeries 0,40 0,586 0,32 0,04
Lg 47 L-series 0,38 0,58 0,11 0,04 Ag 47 L-series 0,36 0,50 0,10 0,04
Total: 67,33 100,00 100,00 Totsl: 71,14 100,00 100,00
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141 Date:26.04.2020 11:33:51 HV:20,0kV  Puls th.:23,65kcps
Dracheaﬂ_aread- El AN Seriez unn. C norm. C Atom. C Error (1 Sigma)

Date:26.04.2020 11:32:57 SR ey

K 8§ K-series 13,48 34,89 28,08 1,60

|mage Ard{=} ‘l {]24 ¥ Tﬁﬂ Al 13 K-series 20,82 53,89 44,03 1,02
- Si 14 K-series 1,98 5,11 4,01 0,11

. 15 K-series 1,18 3,08 2,20 0,07
Mﬂg_gglgzﬁq'E}x E-=zeries 0,51 1,32 a,75 0,04
K-series 0,30 0,77 0,74 0,05

vaﬂrﬂw L-series 0,36 0,92 0,19 0,04

Total: 38,63 100,00 100,00

cos/eV cps/Ev
160 160
140 140
120 120
100 100
80 MNa 80 Ma
am S aH
60 60
40 40
20 l 20 l
" |
0 ——————— 77— o ol . . . , .
2 4 5 8 10 12 14 16 18 20 2 4 6 8 10 12 14
leeV ke\
142 Date:26.04.2020 11:34:32 HV:20,0kV  Puls th.:23,54kcps 143 Date:26.04.2020 11:35:13 HV:20,0kV  Puls th.:24,14kcps
E1 AW Series wunn. C norm. C Atom. C Error (1 Sigma) ELl AN Serie= unn. C norm. € Atom. C Error (1 Sigma)
[we.%] [wt.%] [at.%] [wt. %] [wt.2] [wt.%] [at.%] [wE.%]
¢ 8 K-series 12,87 34,78 47,38 1,354 0 8 K-zeries 13,91 35,31 43,48 1,65
Al 13 K-series 20,41 55,13 45,01 1,00 Al 13 K-series 22,01 55,86 45,48 1,08
51 14 K-series 1,88 4,48 3,51 0,10 Si 14 E-szeries 1,49 3,77 2,858 0,09
P_15 K-series 1,22 3,29 2,34 0,07 P15 K-series 1,01 2,55 1,81 0,07
E 19 K-szeries 0,37 1,01 0,57 0,04 K 18 F-series 0,38 0,96 0,54 0,04
Na 11 K-series 0,21 0,38 0,35 0,04 Wa 11 E-series 0,22 0,56 0,53 0,04
Ag 47 L-szeries 0,28 0,78 0,15 0,04 Ag 47 L-series 0,39 0,99 0,20 0,04
Iotal: 37,03 100,00 100,00 Total: 38,40 100,00 100,00
cpsla\’
160 cps/eV
| 160
1404
] 140
120 120
100 100
soi% s0JK ta
B A
7 Ag
€0 60
E 40
40-]
] 20
20 ‘ g
] L s e e e e e e e B e e s e ey
o] = I.', e L o e e e o e e T L s s s s s e 4 s & 10 12 14
2 4 3 g 10 12 14 16 18 20 keV
kev 145  Date:26.04.2020 11:36:34 HV:20,0kV  Puls th.224 29kcps

144 Date:26.04.2020 11:35:53 HV:20,0kV  Puls th..24,49kcps

El AW Seriesz unn. C norm. C Atom. C Error (1 Sigma)

El AN Series unn. C norm. C Atom. C Error (1 Sigma) [wt.3] [wt.®] [at.®] [we.3]
[we.s] [we.3] [at.s] [we. 5]

O & K-series 23,60 34,20 47,10 2,79
A1 13 K-series 42,36 59,43 43,40 2,05 21 13 E-series 39,13 36,72 46,32 1,83
0 8 EK-series 24,67 34,61 47,53 7,91 51 14 K-series 3,34 4,84 3,80 0,17
Si 14 K-series 1,92 2,70 2,11 0,11 E_15 E-series 1,74 2,52 1,73 0,03
P 15 H-series 1,82 2,55 1,81 0,10 Ha 11 E-zeries 0,38 0,57 0,55 0,05
Ag 47 L-series 0,51 0,71 0,14 0,04 E 18 K-series 0,40 0,53 0,33 0,04

Ag 47 L-series 0,39 0,57 0,12 0,04

Total: 71,28 100,00 100,00
E— Total: 68,98 100,00 100,00
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146 Date:26.04.2020 11:37:14 HV:20,0kV  Puls th.:24 01kcps

El AN Seriez unn. C norm. C Atom. C Error (1 Sigma)

[(wt.%] [wt.%] [at.%] [wt.%]
0 8 FK-series 22,56 34,43 47,43 z,87
Al 13 H-serie=s 35,96 54,36 44,82 1,74
S5i 14 K-series 3,10 4,72 3,71 0,16
P15 E-zeries 2,82 4,30 3,06 0,14
Na 11 K-series 0,35 0,53 0,51 0,05
K 19 H-seriesz 0,42 0,85 0,36 0,04
Ag 47 L-serie=s 0,34 0,52 0,11 0,04

Total: &5,55 100,00 100,00
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Application Note BRGKER

~ramnanv | Nanartmaoant

Drache60_area 1
SE MAG: 60 x HV:20,0kV WD: 10,0 mm Px: 1,31 um
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C><)
BRUKER

Atomic percent (%)

Spectrum 0 Na Al Si P K
268 47,75 0,78 43,67 5,32 1,85 0,63
269 47,71 0,70 47,80 2,56 0,82 0,41
270 47,94 0,75 45,74 3,06 1,90 0,61

Mean value: 47,80 0,74 45,74 3,65 1,53 0,55
Sigma: 0,12 0,04 2,06 1,47 0,61 0,12
Sigma mean: 0,07 0,02 1,19 0,85 0,35 0,07

Drache60_area 2
SE MAG: 50 x HV: 20,0 kV WD: 10,0 mm Px: 1,58 pym
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Atomic percent (%)

Spectrum 0 Na Mg Al Si P
271 47,26 0,56 - 47,36 2,34 2,48
272 46,66 0,57 0,65 48,82 2,34 0,96

Mean value: 46,96 0,57 0,65 48,09 2,34 1,72
Sigma: 0,42 0,01 0,00 1,03 0,00 1,08
Sigma mean: 0,30 0,01 0,00 0,73 0,00 0,76

Drache60_area 3
SE MAG: 80 x HV: 20,0 kV
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Lanik30_area1
Date:25.04.2020 13:44:25
Image size: 1024 x 768
Mag:99,92645x

cpsel/

8o

70

&0

S50

40

30

e

20

i0
kel

85  Date:25.04.2020 13:45:43 HV:20,0kV  Puls th.:18,85kcps

Hvzﬂ {]W El AN Series unn. C norm. C Atom. C Error (1 Sigma)
- ' [wt.2] [wt.%] [at.%] [WE. 2]
0 & HK-series 20,55 34,11 45,69 2,47
Al 13 K-series 33,41 55,45 45,01 1,62
51 14 K-szeries 5,55 5,21 7,18 0,28
Mg 12 E-series 0,75 1,24 1,12 0,07
Total: 0,26 100,00 100,00
_coseV. cps/ev
70
60
L I B e S e R T T R T R —~——T T T S
4 3 g 10 12 14 16 18 20 4 6 8 10 12 14 16 18
kel ke
86 Date:25.04.2020 13:46:24 HV:20,0kV  Puls th.:18,50kcps 87 Date:25.04.2020 13:47:05 HV:20,0kV  Puls th.:18,91kcps
El AN Seriesz unn. C norm. C Atom. C Error (1 Sigma) El AN Series unn. C norm. C Atom. C Error (1 Sigma)
[wt.3] [wt.%] [at.$] [wE.%] [wt.%] [wt.%] [at.%] [wE. 3]
0 8 EK-series 20,24 33,85 48,54 2,44 0 2 K-series 22,89 34,11 48,70 Z,75
Al 13 K-series 32,54 54,58 44,36 1,58 Al 13 K-series 37,19 55,43 45,00 1,80
5i 14 EK-series &,15 10,31 5,05 0,29 5i 14 K-series  §,21 3,25 7,22 0,23
Mg 12 K-series 0,69 1,16 1,04 0,07 Mg 12 K-series 0,81 1,20 1,09 0,07
Total: 58,61 100,00 100,00 Iotal: ©7,0% 100,00 100,00
cps/eV
FE T T T T T S T o
4 & e 10 12 14 15 18 20
ke\/
88 Date:25.04.2020 13:47:45 HV:20,0kV  Puls th.:18,96kcps
E1l AN Series unn. C norm. C Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.%] [we .1
0 8 K-series 24,15 34,06 46,63 2,90
Al 13 K-series 39,52 55,73 45,25 1,91
Si 14 K-series 6,33 8,02 6,96 0,30
Mg 12 K-series 0,91 1,29 1,16 0,08

Total: 70,91 100,00 100,00




T
4 ) = 10 iz 14 16

Lanikso_areaz 89  Date:25.04.2020 13:54:22 HV:20 OK\TVP Is th.:18,93k
ate:25.04. 04 20, uls th.:18,93kcps
Date:25.04.2020 13:53:29
= El AN Seriez unn. C norm. C Atom. C Error (1 Sigma)
Image size:1024 x 768 [we.3] [we.3] [av.3] [we- 3]
Mag:99,92645x M s Eoeries sren fnos 4o i
HV:20,0kV o il Kmries o7 ves oo oo

Total: 72,51 100,00 100,00

i=:ECY
a0
704
60

204

10

0= I e e e e e e e LA m e e e e
T T T T T T T T 2 4 & 2 10 12 14
4 =) 8 10 12 14 16 18 20 ke

ke’

91 Date:25.04 2020 13:55:43 HV:20,0kV  Puls th.119,3Tkcps
90 Date:25.04.2020 13:55:02 HV:20,0kV  Puls th.:18,15kcps

El AN Seriez unn. C morm. C Atom. C Error (1 Sigma)

El AN Series unn. C norm. C Atom. C Error (1 Sigma) [wt.%] [wt.%] [at.%] [wt.%]
[Wwt.%] [wt.%] [at.%] [wE. %]
0 8 K-series 24,76 34,28 46,87 2,96
0 & K-series 23,73 34,59 47,24 Z,85 Al 13 K-series 38,20 52,88 42,88 1,85
Al 13 K-series 37,19 54,21 43,88 1,80 S5i 14 K-series 7,98 11,04 3,60 0,37
5i 14 K-series 6,78 2,89 7,62 0,32 My 12 E-szeries 0,88 1,22 1,10 0,08
Mg 12 H-series Q0,50 1,31 1,18 0,08 Ha 11 E-series 0,42 0,58 0,55 0,06
Total: €3,60 100,00 100,00 Total: 72,25 100,00 100,00
cps/eV SﬂfPS/EV
70 70:
&0 604
50
40 _M’- o A
o A 30
20 ]
204
20 ]
104
10
0= T T T T T T T T
o 2 4 & ] 10 12 14 16
T T T T T T T T T keV/
2 4 & 8 10 12 14 15 18 20
i 93 Date:25.04.2020 13:57:04 HV:20,0kV  Puls th.:18,42kcps

a9 . R . .

92 Date:25.04.2020 13:56:24 HV:20,0kV  Puls th.:18,97kcps E1 AN Series unn. C nomm. G Atom. C Error (1 Sigma)

T.% T.% T.% T.%

El AN Series unn. C norm. C Atom. C Error (1 Sigma) b I | (= ! [ !

fwe.sl [we.2]  [at.®] [we. 2] 0 & EK-series 23,47 34,32 46,95 2,82

N Al 13 E-seriea 36,35 53,14 43,11 1,76

0 8 FK-series 24,81 34,91 47,61 2,88 5i 14 E-seriea 7,66 11,19 8,72 0,35

Al 13 E-zerie= 36,32 51,08 41,33 1,78 Mg 12 E-series 0,92 1,34 1,21 0,08

5i 14 K-series 8,82 12,54 4,75 0,41

Mg 12 K-series 1,04 1,46 1,31 0,08 Iotal: §%,3% 100,00 100,00

Total: 71,0% 100,00 100,00




Lanik30_area3

——— e —— 7 ———————————
4 & g 10 12 14
keV

Date:25.04.2020 14:00:29

Imﬂge Slze:‘lﬂzq' X ?68 94 Date:25.04.2020 14:01:07 HV:20,0kV  Puls th.:18,87kcps
r|”|1a'g:gg|'926lq-f}x El 2N Seriez unn. C norm. C Atom. C Error (1 Sigma)
HVED DW [wt.%] [wt.%] [at.%] [wt.%]

0 8 FK-series 23,69 34,50 47,24 2,83

41 13 K-series 36,92 53,90 43,65 1,79
Si 14 K-series 6,96 10,15 7,80 0,32

Mg 12 K-series 0,93 1,35 1,21 0,08

Total: 68,49 100,00 100,00

cpsieV

i U I U
T 4 4
4 2 8 10 12 14 16 18 0 & & Ly 1= b

ke\
95  Date25042020 14:01:48 HV-20,0kV Puls th 18 35kcps 96 Dale.25.04.2020 14.0228 HV:20,0kV  Puls th.-18,27kcps

El aM Series unn. C norm. € Atom. C Error (1 Sigma)

El AN Series unn. C norm. C Atom. C Error (1 Sigma) [Wwt.3] [wt.3] [at.%] [wt.3]
[wt.%] [wt.%] [at.%] [wt.3]

0 & FH-series 23,25 34,38 47,03 2,79

0 8 K-series 23,60 34,21  4§,83 2,84 Al 13 H-series 36,33 53,73 43,58 1,76

X1 13 K-series 37,05 53,70 43,80 1,79 S5i 14 K-series 7,32 10,83 2,44 0,34

5i 14 K-series 7,52 10,91 8,50 0,35 Mg 12 K-zeries 0,72 1,06 0,96 0,07
Mg 12 K-series 0,82 1,18 1,07 0,07

Total: 67,62 100,00 100,00

Iotal: 68,98 100,00 100,00

L e e e e e L e e e e e T NI A p e e e
4 & g 10 12 14 16 18 20
ko

97 Date:25.04.2020 14:03:09 HV:20,0kV  Puls th.z18,10kcps

El AN Seriesz unn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [Wt. %]
0 8 EK-series 23,45 34,47 47,12 2,82
A1 13 K-series 36,42 53,54 43,40 1,76
5i 14 K-series 7,36 10,82 5,43 0,34
Mg 12 K-series 0,80 1,17 1,06 0,07

Total: 68,02 100,00 100,00
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Lanik30 2-area 1
Date:02.05.2020 10:30:15

Image Size:1 024 x 768 El 2N Series unn. C norm. C Atom. C Error (1 Sigma)
Mag.so 16336X ______ [wt.%] [wt.%] [at.%] __[wt.%]_

T T
2 4 6 8 10 1z 14
kev

145 Date:02.05.2020 10:31:49 HV:20,0kV  Puls th.:10,29kcps

0 8 HK-series 25,40 35,47 48,158 3,45
HV'20 Okv 21 13 K-series 38,88 54,2% 43,73 1,89
3 5i 14 K-series 6,43 4,97 6,94 0,31

Mg 12 K-series 0,%1 1,27 1,13 0,08

Total: 71,61 100,00 100,00
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147 Date:02.05.2020 10:32:30 HV:20,0kV  Puls th.:10,26kcps

kev
146 Date:02.05.2020 10:32:10 HV:20,0kV  Puls th.:10,05kcps

El AN Series unn. C norm. C Atom. © Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%] El AN Series unn. C norm. C Atom. C Error (1 Sigma)
777777777777777777777777 [wt.3] [wt.3] [at.3] [wt.$]
© 8 EK-series 23,99 35,56 48,28 3,27 e
21 13 E-series 36,489 54,08 43,54 1,77 0 8 FK-series 22,38 35,79 48,54 3,04
8i 14 K-series 6,04 8,95 ©,93 0,29 Al 13 K-series 34,29 54,84 44,10 1,87
Mg 12 K-series 0,85 1,40 1,25 0,09 51 14 K-series 5,22 8,36 6,46 0,26
************************ Mg 12 K-series 0,63 1,01 0,s0 0,07

Total: &7,47 100,00 100,00 ————
Total: 62,53 100,00 100,00
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148 Date:02.05.2020 10:32:50 HV:20,0kV  Puls th.:10,30kcps

El BN Seriss unn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%]
0 8 K-series 22,00 36,16 48,97 2,97
Rl 13 K-series 32,07 52,71 42,33 1,56
81 14 K-series 6,18 10,15 7,83 0,30
Mg 12 K-series 0,60 0,98 0,88 0,06

Total: &0,84 100,00 100,00



Lanik30 2-area 2
Date:02.05.2020 10:36:52
Image size:1024 x 768
Mag:49,79679x
HV:20,0kV
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150  Date:02.05.2020 10:37:30 HV:20,0kV  Puls th.:10,86kcps

El BN Series

unn. C norm. C Atom. C Error (1 Sigma)

O & E-serles
Al 13 K-series
81 14 K-series
Mg 12 K-series
Na 11 EK-ssries

cps/eVv
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30 ..L
o A
20
10
0 s R R R A I R . ———
4 6 8 10 12 14 16 18 20
kev
151 Date:02.05.2020 10:37:51 HV:20,0kV  Puls th.:10,84kcps
El AN Series unn. C norm. ¢ Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.%] [wt.%]
O 8 K-series 24,14 35,29 47,98 3,27
Al 13 K-series 37,75 55,19 44,50 1,83
5i 14 K-series 5,72 8,36 6,48 0,28
Mg 12 K-series 0,79 1,1¢ 1,04 0,08
Total: 68,40 100,00 100,00

[wt.%] [wt.%] [at.%] [wt.%]

25,20 35,30 45,00 3,40

36,99 51,82 41,78 1,80

7,50 11,07 8,57 0,37

0,51 1,28 1,15 0,08

0,38 0,53 0,50 0,06

Total: 71,38 100,00 100,00

_cps/eV
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152 Date:02.05.2020 10:38:12 HV:20,0kV  Puls th.:10,90kcps

El AN Series

0.2

0.4 0.6

0.8

1.0 1.2

1.4

unn. C norm. C Atom. C Errcr (1 Sigma)

[wt.%]

[wt.%]

[at.%]

[wt.%]

O 8 EK-series
Al 13 K-series
51 14 R-series
Mg 12 K-series

Total:

688,03

100,00

100,00

1.8

2.0




L EDS RawData Lanik 60

122



—lal~aAA~A~

Application Note B%n

~amnanv | Nanartmaoant

cps/eV

70

60 —

50

40

30

20

10

0.20 0.40 0.60 0.80

Page 1/



cps/eV

CH><)
sRGRER

~
o
M|

o))
o
|

(92
o

N
o

w
o

N
o

—
o

o

|

cps/eV

0.40

I
0.60

I
0.80

I
1.00
keV

N
o

o)}
o

Ul
o

N
o

w
o

N
o

Jury
o

o

0.40

Na

Page 2/



qufg!{f§ﬂ

(%)
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Atomic percent (%)

Spectrum 0]
249 48,08
250 47,72
251 47,78
252 48,23

Mean value: 47,95
Sigma: 0,24
Sigma mean: 0,12

Lanik60_area 3
SE MAG: 70 x HV:20,0 kv WD: 10,0 m
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80
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Atomic percent

Spectrum

(%)

254
256
259

1,13 44,20
1,12 44,70
1,02 44,93

Mean value:
Sigma:
Sigma mean:

1,09 44,61
0,06 0,38
0,04 0,22
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Application Note

~amnanv | Nanartmaoant

Seleed0_area 1 <
SE MAG: 60 x HV: 20,0 kv ‘WD: 10,0 mm Px: 1.3
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Atomic percent (%)

Spectrum O Mg Al Si Ca Ti Fe

167
168
169
170
171

53,51 -26,8917,591,630,38 -
52,66 0,51 28,42 16,66 1,40 0,36 -
53,11 -27,7817,201,600,30 -
53,06 -25,9518,86 1,25 0,63 0,25
53,87 -26,1917,33 2,07 0,32 0,23

Mean value: 53,24 0,51 27,05 17,53 1,59 0,40 0,24
0,46 0,00 1,05 0,82 0,31 0,13 0,02
Sigma mean: 0,21 0,00 0,47 0,37 0,14 0,06 0,01

Sigma:

Selee30_area 2
SE MAG: 50 x HV: 20,0 kVe WD: 10,0 mm Px: 1,58 pm
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BRUKER
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60
50
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30
4T Si
10 Al Ca Ti

20—

10+

Atomic percent (%)

Spectrum O Al Si Ca Ti Fe

172 53,40 25,50 18,70 1,79 0,34 0,27
173 53,34 25,52 19,45 1,40 0,29 -
174 52,99 26,49 18,85 1,27 0,40 -

Mean value: 53,24 25,84 19,00 1,49 0,34 0,27
Sigma: 0,22 0,56 0,40 0,27 0,05 0,00
Sigma mean: 0,13 0,33 0,23 0,16 0,03 0,00

18 20
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Atomic percent (%)

Spectrum O Mg Al Si Ca Ti Fe

175 52,650,68 27,86 17,491,32 - -
176 53,43 -26,62 17,50 1,84 0,32 0,29
177 53,58 -24,36 20,04 1,63 0,40 -

Mean value: 53,22 0,68 26,28 18,35 1,60 0,36 0,29
Sigma: 0,50 0,00 1,78 1,47 0,26 0,06 0,00
Sigma mean: 0,29 0,00 1,03 0,85 0,15 0,03 0,00

BRUKER
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NTNU Prepared by  [Number Date
.. . . . HSE section |[HMSRV2601 |22.03.2011
Hazardous activity identification process
Approved by |Page Replaces
HSE The Rector 01.12.2006
Unit: (Institute) IMA Date: 06.02.2020
Line manager: Tor Grande

Participants in the identification process (incl. function):

(supervisor, student, co-supervisor, others)

Short description of the main activity/main process:

Is the project work purely theoretical? (YES/NO)

Kristoffer Smedal Olsen, Sara Linnea Larsson Grayston, Are Bergin, Robert Fritzsch

NO

Experimental assessment of the thermal stability of new and innovative ceramic foam filter
materials for aluminium melt filtration

Answer "YES" implies that supervisor is assured that no activities requiring risk assessment are involved in the work . If YES, skip rest of the form.

Will you receive industry samples?

(YESINO) YES

"YES" means that a separate risk assessment of the samples is required

Is the project work safe to perform outside normal work hours (8-17)? (YES/NO)

NO

Kristoffer Smedal Olsen, Sara Linnea

Responsible supervisor: i Student:
p p Are Bergin Larsson Grayston
Respons-|_ . .. . .
- Resp Existing Existing safety Laws, regulations
ID nr. |Activity/process ible . Comment
documentation measures etc.
person
Kristoffer
Olsen, Sara
Shaping samples Grayston
1 Using a drill to shape sylindrical Protective equipment: visor,
A [samples from a whole filter gloves and hearing protection
Drilling samples with phosphate
binding after they have been
immersed in molten aluminium will An additional measure would be better
B |produce phosphine Gas-mask ventilation to disperse the toxic gas
Kristoffer
Olsen, Sara
Compression testing at room temperature |Grayston Ventilation
P A [Placing the sample in the machine
At all times keep fingers clear of the
crushing mechanism, especially when
B |Removing the sample placing and removing the sample.
C  |Cleaning the machine from debris
NTNU Prepared by ~ |Nummer Date
. HSE section |HMSRV2603 (04.02.2011
Risk assessment
Approved by  |Page Replaces
HMS /KS The Rector 09.02.2010
Unit: (Institute) IMA Date: 06.02.2020
Line manager: Tor Grande

Participants in the identification process (incl. function):

Kristoffer Smedal Olsen, Sara Linnea Larsson Grayston, Are Bergin, Robert Fritzsch

(supervisor, student, co-supervisor, others)

Risk assessment of:

Experimental assessment of the thermal stability of new and innovative ceramic foam filter
materials for aluminium melt filtration

Kristoffer Smedal Olsen, Sara Linnea

ignatures: R nsibl rvisor: i nt:
Signatures esponsible supervisor: Are Bergin Stude Larsson Grayston
Likeli- .
Potential hoc?d' Cansequence: RLEe Comments/status
Activity from the identification . - value
ID nr. undesirable . Economy/ Suggested
process form L . Human Enviroment ) (human)
incident/strain (1-5) (AE) (AE) material measures
(A-E)
Shaping samples
1 Using a drill to shape sylindrical
A |samples from a whole filter cuts 2 A
Drilling samples with phosphate
B |binding will produce phosphine Phosphine poisoning 1 C Cl
Compression testing at room temperature
2 A |Placing the sample in the machine |Crushing injuries 1 C C1l
B Removing the sample Crushing injuries 1 C C1l
C  [Cleaning the machine from debris  [Crushing injuries 1 C Cl




Risk value = Likelihood (1, 2 ...) x consequence (A, B ...). Risk value A1 means very low risk. Risk value E5 means very large and serious risk

Likelihood Consequence
Value Criteria Grading Human Environment Economy/material
1 Minimal: Once every 50 year or less = Ve.r.y May produce fatality/ies very prolonged, non- Shutdown of work >1
critical reversible damage year.
Permanent injury, may 3
2 Low: Once every 10 years or less D Critical produce serious health Prolonged dama_\ge. Shutdown of work 0.5-1
: Long recovery time. year.
damage/sickness
3 Medium: Once a year or less (& Dangerous |Serious personal injury Minor dmge. Long Shutdown of work < 1
recovery time month
2 High: Once a month or less B Relatively |Injury that requires medical |Minor dan_\age. Short Shutdown of work <
safe treatment recovery time Iweek
. . . . 5 Insignificant damage. Shutdown of work <
5 Very high: Once a week A Safe Injury that requires first aid Short recovery fime 1day
MATRIX FOR RISK ASSESSMENT
Ver
y El
criti
W icrit
O
z ical o
2 ma
o
g nge C1
2 [k
o ativ Bl B3
o elv
2Mom A3 A4 A5
Minimal |Low Medium |[High Very high
LIKELIHOOD

Explanation of the colors used in the risk matrix.

Color  |Description

Unacceptable risk. Safety measures must be implemented.
Yellow [Measures to reduce risk shall be considered.
Green |Acceptabel risk.
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NTNU

HSE

Hazardous activity identification process

Prepared by  |Number Date

HSE section |HMSRV2601 |22.03.2011
Approved by |Page Replaces
The Rector 01.12.2006

Unit: (Institute)
Line manager:

Participants in the identification process (incl. function):

(supervisor, student, co-supervisor, others)

Short description of the main activity/main process:

Is the project work purely theoretical? (YES/NO)

Answer "YES" implies that supervisor is assured that no activities requiring risk assessment are involved in the work . If YES, skip rest of the form.

Will you receive industry samples?

(YES/INO)

IMA

Tor Grande

Date:

Kristoffer Smedal Olsen, Sara Linnea Larsson Grayston, Are Bergin, Robert Fritzsch

Experimental assessment of the thermal stability of new and innovative ceramic foam filter
materials for aluminium melt filtration

NO

YES

"YES" means that a separate risk assessment of the samples is required

Is the project work safe to perform outside normal work hours (8-17)? (YES/NO)

Responsible supervisor: Are Bergin

NO

Student:

Kristoffer Smedal Olsen, Sara Linnea

Larsson Grayston

Respons-

. . Existin Existing safet Laws, regulations
ID nr. |Activity/process ible 9 . 9 Y 9 Comment
documentation measures etc.
person
Kristoffer
Compression testing at high Olsen, Sara
temperatures Grayston
When transferring the sample from
high temperature(up to 900C) oven to Keep fingers clear of the crushing
A |crushing strength test machine mechanism at all times, always wear
1 Ventilation and protective protective equipment. Avoid dropping the
) ) . samples or other equipment as this may
equipment for high forskrift om utferelse av N
> ) damage the surroundings. Other people
X . . temperatures: heat suit, gloves arbeid. § 5 R .
B Placing the sample in the test machine and visor using the lab should be notified and a
: sign on the door warning of high
temperatures. A heat proof bucket is
required for disposal of hot waste.
C Removing sample from test machine
Kristoffer
2 Olsen, Sara
Priming the filters Grayston

A |apparatus

Transferring molten metal into priming

B Actual priming of filter

C Cooling

Protective equipment for high
temperatures: heat suit, gloves
and visor

forskrift om utferelse av
arbeid. § 5

Avoid contact with electromagnetic
components which have a high current.
A heat proof bucket is required for
disposal of hot waste.




NTNU

Risk assessment

HMS /KS

Prepared by  |Nummer Date

HSE section |HMSRV2603 |04.02.2011
Approved by  |Page Replaces
The Rector 09.02.2010

Unit: (Institute)

IMA

Line manager:

Tor Grande

Participants in the identification process (incl. function):
(supervisor, student, co-supervisor, others)

Date:

Kristoffer Smedal Olsen, Sara Linnea Larsson Grayston, Are Bergin, Robert Fritzsch

Risk assessment of:

Experimental assessment of the thermal stability of new and innovative ceramic foam filter
materials for aluminium melt filtration

Kristoffer Smedal Olsen, Sara Linnea

Signatures: Responsible supervisor: Are Bergin Student:
9 P p € berg Larsson Grayston
Likeli- ;
i : Risk
L . —— Potential hood: e Comments/status
Activity from the identification . value
ID nr. undesirable . Economy/ Suggested
process form A . Human Enviroment E (human)
incident/strain (1-5) material measures
(A-E) (A-E)
(AE)
Compression testing at high
temperatures
When transferring the sample from
high temperature(up to 900C) oven to
A crushing strength test machine Burn-injuries 2 A
1 A Crushing injuries 1 Cc C1
B Placing the sample in the test machine [Burn-injuries 2 A -
B Crushing injuries 1 C C1l
C Removing sample from test machine |Burn-injuries 2 A -
C Crushing injuries 1 C Cil
Priming the filters
Transferring molten metal into priming
A apparatus Burn-injuries 2 A
2
B Priming of filter Burn-injuries 2 A
B Electric shock 1 c C1
C Cooling
0
C
Risk valte = Likelihood (L, 2 ...) X consequence (A, B ...). Risk value AL means very 0w risk. Risk value E5 means very large and Serious sk
Likelihood Consequence
Value Criteria Grading Human Environment Economy/material
N Very - Very prolonged, non- Shutdown of work >1
1 Minimal: Once every 50 year or less E critical May produce fatality/ies reversible damage Jear.
Permanent injury, may 5
2 Low: Once every 10 years or less D Critical produce serious health Prolonged dame.lge. Shutdown of work 0.5-1
3 Long recovery time. year.
damage/sickness
3 Medium: Once a year or less C Dangerous | Serious personal injury Minor dan}age, Long Shutdown of work < 1
recovery time month
4 High: Once a month or less B Relatively |Injury that requires medical [ Minor damge. Short Shutdown of work <
safe treatment recovery time 1week
. . . . . Insignificant damage. Shutdown of work <
5} Very high: Once a week A Safe Injury that requires first aid Short recovery fime 1day
MATRIX FOR RISK ASSESSMENT
Ver
El
criti
W crit
O
z ical oA
% Da
8’ nge C1
2
Q ativ| Bl B3 B4
© ely
S om A2 A3 A4 AS
Minimal |Low Medium |[High Very high
LIKELIHOOD

Explanation of the colors used in the risk matrix.

Color |Description
Unacceptable risk. Safety measures must be implemented.

Yellow |Measures to reduce risk shall be considered.

Green |Acceptabel risk.
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When producing and recycling aluminium,
ceramic foam filters play an essential part.
They filter out unwanted particles resulting in
a cleaner, higher grade aluminium alloy with
higher mechanical properties.

I. INTRODUCTION

Recycling metal is a sustainable way to make new
products, where the need for a more environmental way
of getting metal for new products. The molten metal
contains non-metallic inclusions which affect adversely
the properties of the aluminium, For example, the tensile
strength, the elongation at rupture and the surface
quality is reduced. These inclusions needs to be removed
before the castin step, and one way of doing this is by
the use of Ceramic foam filters (CFF) as seen in Figure
1. CFFs is an in-line filtration method which is used
as the last step in refining molten metal, and there are
different aspects of a CFF that affects the filter, and how
effectively it filters the molten metal [1]. Some of these
aspects are the composition, density and mechanical
properties.

o’

FIG. 1: Hlustration of a ceramic foam filter [2].

II. PRODUCTION

A way of making a ceramic foam filter is by using a
replication process. This process works by producing
a polymer foam with specific pore sizes. When the
polymer foam is dry, it is coated with a ceramic slurry
composed by a ceramic and different binders. These
compositions are more explained in Chapter IV. Then
the slurry coating is dried, and the polymer decomposes.
Lastly, the ceramic slurry is heated, and the sintering of
the ceramic starts.

III. FUNCTIONALITY OFF A CFF

The last step in the refining is the molten metal
filtration by using CFFs, due to their ability to
withstand temperatures over 1000 degrees. The filter
is fitted in the filter bowl, illustrated in Figure 2, and

heated to approximately the working temperature, at
750 °C. Priming is a process where molten metal is
pushed through the filter and is done in advance of
filtration. This is done to break the surface tensions
between the molten aluminium and the filter, allowing
the metal to pass through the filter [3]. When the filter
is properly primed, the filtration of aluminium starts;
with the molten metal coming from the inlet, through
the filter and out the outlet to the casting.

Inlet
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FIG. 2: Illustration of inside the filtration seat in the
foundry.

The pores in the filters accumulates the impurities in
the molten metal, as illustrated in Figure 3. Here, the
molten metal enters the filter from the top and exits
through the bottom. The canals through the filters gives
it a longer distance rather than straight through, thus
making more of the impurities being collected in the filter
pores [4].

FIG. 3: Structure of a CFF.

IV. COMPOSITIONS

Most CFFs for aluminium filtration consist mainly of
alumina, and use binders like phosphate and silica to
lower sintering temperature for cheaper use. Phosphate
filters are used due to a high bending and compression
strength [5], but can be unstable at high temperatures
and release phosphine after reacting with aluminium and



in contact with water [6]. Alternative filters often use
silica, and negate the health risk of phosphine.

V. DENSITY AND STRUCTURES

The different CFF comes with different densities and
pores per inch (ppi). For each manufacturer these may
differ. Ceramic foams are often categorized into two
groups depending on their structure: open- and closed-
cell. While closed-cell foams are used for isolation or
structural components, open-celled foams are well suited
for filtration. Foams in general are made up of pores,
which contain two parts; struts and cell-walls. Struts
are the arms that bind the pores together, while cell-
walls are thinner walls that can arise when the foam is
dense enough. An example of a CFF is shown in 4.

Functional porosity [ =
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FIG. 4: Tllustrative microscope image of a CFF

VI. MECHANICAL PROPERTIES

When categorizing the mechanical properties of
ceramic foams, the most used parameter is compressive

strength. The best model for compressive strength, and
for the structure of ceramic foams in general, is from
Gibson and Ashby [7]. This model details a unit cell as
seen in Figure 5 where the struts break from bending,
ultimately making the compressive strength of CFFs
dependent on the strength of the struts (o¢s) and the
ratio between the density of the foam and the density of
the material ((p*/ps)), as seen in Equation 1.

Ocr = CUfs(p*/ps)3/2 (1)

FIG. 5: The unit cell from Gibson and Ashby[7].

The compressive strength of CFFs has been studied
well at room temperature, but when increasing the
temperature there has been done little research. Our
bachelor thesis seeks to establish methods to test the
compressive strength at high temperatures. Further
focus is on how longer time at the working temperatures
of around 730 °C affects the strength of the filters. This
could give a picture of how much the filters can handle
in the cast house before they break.
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