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Abstract

Investigation of a spinel-based refractory as a carrier
for a steel melt temperature sensor

Henrik Bergvall Berglund

This master thesis work explored the possibility to measure the 
temperature in a steel melt for a longer time. A thermocouple was 
embedded in a ceramic material based on spinel (MgAl2O4), chosen as 
a sensor. The ceramic material was evaluated with regard to chemical 
corrosion from slag, thermal shock, and resistivity. Finally, a 
functional test in a steel melt was done in Sandvik’s experiment 
furnace.

The corrosion study was made with two ceramic materials, one with a 
large amount of alumina and the other with a large amount of spinel. 
The materials were synthesised from different raw materials, which 
were mixed and sintered at 1000°C and 1650°C. This process led to 
four materials that were tested against two types of slags, at a 
temperature of 1600°C for 2 hours. One of the slag types had a large 
amount of calcium oxide (CaO) and the other a mixture of calcium 
oxide and added fluorspar (CaF2). The study shows that a spinel-rich 
material can withstand the corrosive slag better than an alumina-
rich material.

The thermal shock test was done with the two kinds of ceramic 
materials that were sintered at the higher temperature of 1650°C. 
The materials were subjected to a cold shock with a temperature 
difference of 1080°C which decreased the flexural strength with 
about 90%.

The electrical resistivity test was tested by coating platina wires 
with two types of electric insulating layers of a dielectric paste 
or a type of cement. These two layers increased the resistance 
between two embedded wires inside the spinel-rich material at 
temperatures below 1000°C.

The final results from the temperature measurements showed that 
continuous monitoring of the temperature in molten steel can be 
achieved by the design of a thermocouple embedded into the spinel 
material, in shapes of cylindrical lances. Two, essentially 
identical, sensor lances were immersed 10 cm deep into molten steel, 
through the corrosive slag line, and measured the temperature in a 
steel melt around 1500°C. One of the sensors measured temperatures 
of 1100-1300°C for 18 minutes, the other sensor measured 
temperatures around 1400°C for 9 minutes.
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Sammanfattning  

Sandvik AB i Sandviken tillverkar stål i huvudsak från råmaterial av skrot som smälts och 

raffineras i olika processteg. Vid tillverkning av stål med hög kvalitet krävs det god kontroll av 

temperaturen i det smälta stålet. Temperaturen kan variera beroende på vilken typ av stål 

som skall tillverkas och brukar oftast vara runt 1500-1600 °C. 

Idag finns det några olika tekniker för att mäta temperaturen. Några av dessa använder den 

värmestrålning som kommer från smältan och kan mätas på ett säkert avstånd. En annan 

teknik är att föra ner en typ av stav, en så kallad lans, med en inbyggd sensor i smältan. Det 

finns fördelar och nackdelar med båda teknikerna. Värmestrålningen kommer bara ifrån ytan. 

På den finns ofta ett flytande lager av slagg, som en konsekvens av hur stålet tillverkas. Detta 

kan ge osäkra mätvärden på den faktiska temperaturen i smältan. Tekniken med lans är bättre 

i detta avseende, men lansarna överlever idag endast några sekunder eftersom materialet i 

den angrips snabbt i den svåra miljön. Temperaturen kan därför bara mätas i enstaka punkter 

och vid enstaka tillfällen. 

Detta examensarbete utvärderade hur en kontinuerlig mätning av temperaturen kan erhållas, 

då detta kan ge en bättre överblick över vad som sker i stålsmältan. Tidigare tester och studier 

visade att själva slaggen som flyter på smältan förstör lansar som förs ner, antingen spricker 

dom direkt eller så korroderar dom relativt snabbt och går sönder efter några få minuter. 

Därför så låg mycket vikt i detta arbete att hitta ett nytt passande material som skall klara av 

dessa problem bättre. Ett liknande material som används för ugnarna och transportkärlen vid 

stålproduktion undersöktes som potentiellt lansmaterial för att skydda en integrerad sensor. 

Arbetet omfattade fyra olika studier av keramiska material som gjorde det möjligt att skapa 

en temperatursensor för en stålsmälta: kemisk korrosion mot slagg, termochock och 

resistivitet undersöktes i laboratoriemiljö och ett slutgiltigt funktionstest av sensorprototyper 

gjordes i en stålsmälta i en av Sandviks försöksugnar. 

En korrosionsstudie gjordes på två olika sensorinbäddningsmaterial. Ett material var gjort med 

hög andel aluminiumoxid och det andra med hög andel spinell. Två olika sintrings-

temperaturer användes under tillverkningen för dessa två olika material, 1000°C och 1650°C. 

Det resulterade i fyra material som kunde testas. Dessa utsattes för två olika slagg vid en 

temperatur av 1600°C under 2 timmar. En av slaggtyperna hade en hög halt kalciumoxid (CaO) 

och den andra en blandning av samma kalciumoxid och flusspat (CaF2). Studien visade att 

spinell kan motstå den frätande slaggen bättre än aluminiumoxid. 

Mekanisk böjhållfasthet utan och efter termochock testades för de två materialen som var 

sintrade vid den högre temperaturen. Dessa utsattes för ett kallchocktest med ∆𝑇=1080°C. 

Båda materialen uppvisade en minskning i böjhållfasthet på ungefär 90%. 

Elektrisk resistivitet kan minska i ett keramiskt material då temperaturen ökar, och eventuellt 

störa signalen från sensorn. Det gäller även det spinellmaterial som testats här. För att kunna 

ansluta ett sensorelement i lansens spets utan att riskera kortslutning, undersöktes 

spinellmaterialet i detta avseende genom att trådarna isolerades med två typer av 

isoleringsmaterial. Isoleringsmaterialen var en typ av dielektrisk pasta och den andra ett typ 



 
 

av cement. Dessa isoleringsmaterial visade att högre resistans kan uppnås mellan trådarna i 

materialet vid temperaturer under 1000°C. 

Utifrån resultaten från delstudierna i laboratoriemiljö tillverkades två lansar av spinell-

materialet med ingjutna termoelement för att mäta temperaturen i en stålsmälta vid ca 

1500°C. De slutliga resultaten visade att kontinuerlig mätning av temperaturen kan uppnås. 

En av sensorerna fungerade i 18 minuter, den andra i 9 minuter. 
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1 Introduction 
Temperature measurements on a steel melt can be done by spot measurement equipment1, where 

only the temperature of a limited region is measured for a limited time. To have better control of the 

process, a continuous temperature measurement is desirable. The methods used to measure the 

temperature can be either be by physical contact, i.e. the sensor is inside the melt, or by measuring 

the radiation with no physical contact2. Present sensors for immersion use the thermocouple principle 

for measurements1. Here, the sensor is encapsulated and carried in a protective shell. These sensors 

are for one-time use only, since the harsh conditions destroy them. 

Measurement by radiation only measures the temperature of the surface. However, the steel melt is 

often covered with a layer of slag which leads to inaccurate temperature reading. To bypass this 

problem, a theoretical possibility would be to have a pipe penetrating through the slag layer and giving 

a clear path to the surface of the melt, but there might still be problems with the inaccuracy. 

For measurement by immersion, Figure 1, the sensor needs high corrosive resistance such that the slag 

and melt do not chemically react with the lance. Also, it needs a high thermal shock resistance to 

survive the immersion. The bulk material of the lances also needs reasonable thermal conductivity for 

the heat to transfer to the integrated sensor in a short time, and high electrical resistivity not to 

interfere with the signal from the sensor. 

 

Figure 1 – Temperature measurements done by a lance type sensor. The lance needs to penetrate the slag to reach the steel 
melt. 

An earlier work, conducted in a furnace in Sandvik’s experimental hall, concluded that a resistance 

temperature detector (RTD) made of platinum wires embedded in an alumina-rich lance could provide 

temperature measurements in molten steel3. Although, the lances in this work could not withstand 

the corrosive environment of the slag more than a few minutes, the molten steel did not seem to affect 

them in the same manner as the slag. It was suggested that the destruction of the lances was due to 

the chemical corrosion caused by the slag.  The manufacturing steps for the lances, specifically the 

drying and sintering, were suggested to be inadequate. 

According to researchers at Sandvik, the steel melt used in the experiment furnace has a higher quality 

and therefore produces a smaller amount of slag than the melt in the production furnaces. The steel 

melt requires protection from the oxygen in the air, so a synthetic slag is added. This synthetic slag is 

called LDSF and consists of high amounts of CaO and Al2O3
4. The slag often solidifies due to the colder 
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environment around the furnace. To get more coverage of the surface, flux reagent consisting mainly 

of fluorspar (CaF2) is added to make the slag liquid again. 

Research has shown that a spinel material of MgAl2O4 is a good candidate to withstand corrosion of 

CaO rich slag, rather than CaO and Al2O3 products, also called calcium aluminates5. This spinel can be 

formed when the components of MgO and Al2O3 are mixed and sintered at high temperatures, having 

the reaction formula: MgO + Al2O3 = MgAl2O4. The spinel is also more thermodynamically stable at 

1600°C than the calcium aluminates. 

In this work, a spinel and an alumina material were chosen to be manufactured and compared to find 

a suitable protection material for lance type sensor. A laboratory study was done for the materials 

regarding chemical corrosion from the slags, thermo-chock and electric resistance. The sensors were 

imbedded into the suitable material and tested in a real environment steel melt in Sandvik’s 

experiment furnace. 

2 Background 
The process of refining steel at Sandvik is mainly by melting scraps of used metals in a large electric arc 

furnace. The first refinement process of the steel is initiated by adding slag formers together with 

oxygen. This produces oxides from the other elements in the steel. This is called slag and consists of a 

higher amount of CaO, SiO2 and MgO, and minor amounts of Cr2O3 and Al2O3.  

After a desirable amount of impurities is removed, the next step is to pour the molten steel into the 

argon-oxygen-decarbonization vessel (AOD). At this stage, a refinement similar to the arc furnace 

occurs, but with more oxygen gas added to control the amount of carbon in the steel. Important for 

the steel, is to have the slag as a protective top layer, preventing oxygen in the air to react with the 

iron in the steel. The amount of slag can be regulated at this stage, by removing the existing slag or 

adding a synthetic. After the refinement is done, the casting process can be initiated. 

During the refinement step in the AOD, two important things need to be controlled: the chemical 

composition and the temperature. Monitoring these in real-time is difficult due to the harsh 

environment in the steel melt at temperatures around 1600°C. 

2.1 Refractory materials 
The furnaces and vessels that hold and transport the molten steel need to be highly inert and withstand 

the high temperatures. Therefore, ceramic materials are commonly used. During the refinement of the 

molten steel, the refractory materials in the furnace wear and need maintenance mainly due to the 

corrosion caused by the slag produced in the process. 

Alumina (Al2O3) is a common ceramic refractory material used in high-temperature applications such 

as furnaces and insulators. Spinel (MgAl2O4) is also used in steel furnace inner linings as it provides a 

good resistance to slag corrosion and high thermal shock resistance. Studies have examined the effect 

of slag attack on spinel-alumina refractory castables. Some of the results show different penetration 

and wear effects, depending on manufacturing parameters such as choice of raw materials and 

sintering temperature6–8. 
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2.1.1 Background literature for spinel and alumina refractory materials 
Itoh et al.6 showed with thermodynamic calculations that alumina with the presence of magnesia or 

calcium oxide at 1600°C forms spinel and calcium aluminates. They also studied the difference 

between these two formations and concluded that spinel is more thermodynamically stable than 

calcium aluminates. This indicates that a spinel material can withstand corrosion from slags with 

calcium oxide content more than an alumina material. 

Braulio et al.7 did a corrosion slag test with samples of alumina, spinel and calcium aluminate which 

showed that in-situ formed spinel can lower the penetration and wear of a basic slag with high content 

of alumina and calcium oxide. Pre-formed spinel in the mixtures showed more penetration and wear 

than in-situ formed. They also concluded that a selection of higher quality raw material plays a big role 

in reducing pore diameters and the formation of cracks which increase the ability for slag to penetrate 

further into the material. Sako et al. 8 did a similar study with similar results. 

Schnabel et al.9 did a comparison between different raw materials, mixes of pre-formed spinel and in-

situ formed spinel. Their evaluations showed that properties such as thermomechanical strength, 

corrosion- and wear resistance can be tuned with different ratios of raw materials for different 

applications in steel furnace linings. They also showed that adding 0.5 % fumed silica can increase the 

thermomechanical strength. 

Parr et al.10 studied the effect on Young’s modulus and flexural strength of a spinel material, with 

different manufacturing parameters such as raw materials and additives. Their work shows that finer 

alumina, together with lower water demand in the raw material mixture, decreases porosity which 

correlated to increased mechanical strengths. 

Aksel et al.11 explain the microcracks from spinel formation at the interfaces between magnesia and 

alumina. When the spinel is formed at the grain boundaries, the unit cell expands and thus initiates 

crack formation at these locations. 

J. Ma and L. C. Lim12 showed how particle size distribution of raw materials affects the porosity of the 

finished materials. Particles that cover a wider range of different sizes, densify the materials to a 

greater extent than those covering a narrower one. 

J. Li and L. Hermansson13 did a study on the effect of densification of calcium aluminates from cold 

isostatic pressing and showed that this could densify the ceramic further. 

Almatis14 which makes raw materials of alumina and spinel have gathered data on how different raw 

materials of alumina, magnesia and spinel are affected by slag penetration and wear, together with 

mechanical properties of steel furnace linings with spinel content materials. They showed that 

materials with spinel content can lower the penetration and wear against slags. 
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2.2 Theory 
This section explains the theory behind some of the parts that were used in this work: spinel 

synthesising, solid mechanics for bending test, electric resistivity in ceramic materials and the voltage 

output from a thermocouple. 

2.2.1 Spinel synthesises 
To make a bulk material of spinel (MgAl2O4), a common synthesising method is to mix the raw materials 

of alumina (Al2O3) and magnesia (MgO) together and heat them up to higher temperatures where the 

reaction occurs faster. This method is called sintering or solid state reaction and is most common to 

form a bulk material with spinel. The spinel can also be formed from other precursors in different soft 

solutions at lower temperatures5. 

When the spinel is formed during the sintering the material expands due to the increase in size of the 

unit cell. The spinel is formed at the interface between the Al2O3 and MgO. When more spinel is formed 

at these interfaces the ions must diffuse longer way which decreases the rate of more spinel to form. 

This is a complex procedure since the results are affected by the purity of raw materials, and the unit 

cell expands during the formation. The spinel forms at the interface between the magnesia and 

alumina grains, also known as in-situ formed spinel. When this occurs, the newly formed spinel act as 

a diffusion barrier that slows down the reaction to form more spinel. To counter this, a two-stage firing 

method is used where first some spinel is formed, then the material is broken down into pieces and 

sintered again. This two-stage firing requires a lot of time but is not required to form a spinel 

material5,11,15. 

Pre-formed spinel is commercially available, for example from the company Almatis, which has AR-90 

and AR-78 as spinel raw materials. The name AR means alumina-rich spinel, and the number indicates 

the amount of alumina, which is shown in the phase diagram of Figure 2. According to Almatis, the AR-

90 has shown to be suitable for the formation of spinel aggregates, together with spinel AR-78 in the 

matrix of the larger AR-90 particles. 

 

Figure 2 - Phase diagram for spinel. The regions contain different amount of spinel depending on the composition of magnesia 
(MgO) and alumina (Al2O3). At about 67 wt% alumina, there is pure spinel MgAl2O4 with a larger region at higher temperatures 
where this composition has more solubility. To the left of spinel is a larger two-phase region of magnesia and spinel, and to 
the right, a two-phase region of spinel and alumina. The red dashed lines indicate the composition of the raw materials AR-
78 and AR-90 from Almatis. 
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2.2.2 Solid mechanics 
Materials can be tested for different mechanical properties with one being flexural strength which is 

the maximum stress a material can handle by an applied force. The method to test this is done by 

placing samples with the shape of bars horizontally on two supporting ends. A force is then applied 

from the top, either at the midpoint between the ends (3-point-bending) or at two locations (4-point-

bending), and the resulting deflection is measured16.  

The main difference between the two setups is how the stress is distributed in the material. The 3-

point-bending concentrates the load, in effect testing only a small part of the sample. In the 4-point-

bending, Figure 2, the stress is distributed over the section between the two loading points. Therefore, 

the volume under stress is larger for the 4-point-bending leading to more reliable measurements of 

these properties, especially for ceramic materials which are brittle. 

 

Figure 3 - 4-point bending setup of a bar with thickness a, force P and supports separated by a length L. 

Theory for thermal shock resistance17 provides a relationship between the mechanical properties and 

the tolerated temperature difference, ∆𝑇, in 

∆𝑇 = 𝐴
𝜎𝑓𝑟

𝐸𝛼
,                                                                                   (1) 

where 𝜎𝑓𝑟 is the fracture strength, E is the elastic modulus, and 𝛼 is the coefficient of thermal 

expansion. 𝐴 is a constant with different values depending on if the material is subjected to cold shock 

or heat shock. The theory states that the value for A is 2-3 times larger for heat shock than cold shock.  

2.2.3 Thermal sensing by a thermocouple 
The thermoelectric effect is the phenomenon employed by a thermocouple. Two connected metal 

conductors create an electromotive force (emf), when there is a temperature difference between the 

hot and cold end, which causes moving charge carriers inside the materials18, Figure 4. The voltage 

from the emf can be measured and converted to a temperature with Seebeck’s equation, 

𝑉𝑒𝑚𝑓 = −𝑆∆𝑇 ,   (2) 

where Vemf is the generated voltage, S is the Seebeck coefficient, and ∆𝑇 is the temperature difference 

between the hot and cold junction. To measure this difference, there is a requirement of a 

temperature reference at the cold side, which is often included in some measuring equipment for 

thermocouples. 
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Figure 4 - The thermocouple principle. Temperature T is the hot junction. Yellow and green wires represent of different 
conductors connected at one end. The other end can be extended with any other suitable conductor wire, where the voltage 
can be measured farther away from the hot junction. A temperature reference 𝑇𝑟𝑒𝑓 is required to get ∆𝑇 = 𝑇 −  𝑇𝑟𝑒𝑓 together 

with the voltage V to calculate T. 

Thermocouples can be compared to other temperature measurement devices19, such as resistance 

temperature detectors (RTD) and thermistors. When it comes to technical applications, the 

thermocouple can take measurements over a larger range of temperatures, but with lower accuracy 

than the RTD. Thermocouples are self-powered, meaning that no external power source is needed. 

The RTD requires an external power source that generates the electrical current, such that it can 

measure the difference in resistance. The thermistor is similar to the RTD, but is more useful at lower 

temperatures, and uses a ceramic, polymer or a semiconductor such as doped silicon. 

There are standard types of thermocouples with specific conductor metals for different temperature 

ranges. For high temperatures, there are types R, S, and B, which all have wires of platinum and 

platinum alloyed with rhodium at their hot junction, Table 1. There are also some which can measure 

even higher temperatures but those require a specific environment due to their high oxidation rate. 

Table 1 – Commercial standard thermocouple types S, R and B for higher temperature measurements1. 

Wires Type Max temp. 

Pt + Pt90%Rh10% S 1767°C 

Pt + Pt87%Rh13% R 1767°C 

Pt70%Rh30% + Pt94%Rh6% B 1820°C 

 

2.2.4 Electric conductivity of ceramic materials 
Most ceramic materials are insulators for electric currents. However, when the temperature rises some 

ceramics can become a semi-conductor. The current is caused by moving charges of positive ions or 

negative electrons which is dependent on the structure and composition of the ceramic. Ion current 

can occur by vacancies in the structure where ions can jump from one site to another. Electron current 

can occur by doping or other impurities in the material creating free charges. When the temperature 

increases, the ions and electrons gain more energy and move easier through the material20–22.  

Lekholm et al.23 observed this behaviour of ion current for yttria-stabilized zirconia (YSZ8), where the 

resistance decreased between 30 MΩ to 100 Ω, at temperatures 400-1000°C from 30 MΩ to 100 Ω.  

This change of resistivity with temperature, is of course important to take into consideration when 

ceramics are used as carriers or encapsulation of resistive sensor elements, like here.  
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3 Methods and materials 

3.1 Synthetisation of materials 
The two materials used in this work were made from two different recipes shown in Table 2. The spinel 

raw materials were supplied by Almatis and had to be mixed in specific proportions with the different 

sizes of particles. The alumina raw materials were supplied by MiTec and was only mixed with the 

water. 

Table 2 - Raw materials and composition for the spinel-rich and alumina-rich material examined in this work. 

Spinel-rich material  Alumina-rich material 

Spinel AR 90 wt%  MiMix wt% 

3-6 mm 30  Alumina 97-98 

1-3 mm 10  SiO2 + MgO 2-2.2 

0.5-1 mm 15  Iron oxide <0.1 

0-0.5 mm 11  Alkali <0.3 

Spinel AR 78    100% 

0-0.5 mm 15  Water 6.5 

Alumina     

CL 370 16    

Cement     

CA-14 M 3     
100%    

Water 4.5    

Additive     

ADS 3 0.35    

ADW 1 0.65    

 

The dry materials were weight in correct ratios and then mixed in a mixing machine (Elektrolux 

Ultramix Professional EKM 9000) at low rotational speed for 1-3 minutes. Water was added and then 

mixed for 3 minutes more in the machine. Some mixtures needed more water added to compensate 

for some of the water that got stuck on the sides in the bowl in the machine. Different moulds, seen 

in Figure 5, were filled with the mixes to make the wanted samples. The moulds, with the wet mixes 

inside, were then vibrated to shape the correct samples. As the mixes had different viscosities, 

different vibration methods had to be used. The vibration also extracted bubbles and densified the 

samples further. 

3.1.1 Moulds for the samples – Cups, bars and lances 
A mould made of cone shape polystyrene cups (Shot glass 50cl, AllOffice AB) was used to make samples 

for the corrosion test and electrical resistivity test, left image in Figure 5. The samples for the 

laboratory corrosion test had a PMMA rod of diameter 10 mm inserted to the wet mix from the top, 

approximately 10 mm deep, to create a hole where slag could later be held inside. The rods had a 

slightly conical shape with a bottom diameter of 9.5 mm which lead to an easier extraction of the rods 

after the material had set. 40 g (+/-3 g) of wet mix was put in each polystyrene cup. Dimensions of the 

cup samples varied slightly due to the amount of added material and depth of the rod. A total of 24 

cups was made for the corrosion test, 13 of spinel-rich material and 11 of alumina-rich material. The 

two spinel-rich samples for the electric resistivity test used the same polystyrene cups as moulds, but 

without the rod and instead with platinum wires embedded inside the samples. 

The moulds for the bars used for mechanical test were made of PDMS (Sylgard 184 Silicone Elastomer 

+ curing, ratio 9:1), middle in Figure 5, which were created by pouring the PDMS into a Petri dish with 

five aluminium bars placed inside, and then cured inside an oven at 50°C for some hours. The 
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aluminium bars had a size of 12x12x118 mm and thus made it possible to copy the dimensions for the 

alumina- and spinel-rich bar samples. A total of 20 bars for each material were made. 

To make samples in the shape of lances, PVC pipes were used with length of 280 mm and a diameter 

of 28 mm, right image in Figure 5. To fill these moulds with the wet-mix, a 15 mm wide opening was 

cut along the pipe. This enabled easier extraction of bubbles during the next step of vibration and 

resulted in a more homogeneous sample. Four lances were made for the corrosion test in Sandvik’s 

test furnace, and two additional ones with embedded sensors for temperature measurements in the 

same furnace. 

   

Figure 5 – The three different types of moulds used. Left: Polystyrene cup with PMMA rod inserted from the from top. A lid 
with a hole was used to fixate the rod in the centre which is not shown in this image. Middle: Moulds made of PDMS with 
12x12x118 mm cavities for bar samples. Right: PVC pipes used as moulds for the lances. 

3.1.2 Compact the content of the moulds 
Two vibration methods were used to compact the samples more inside the moulds. One pressing the 

moulds on top of an upside-down sander machine (Skil 7347) fixed on a table. The other using a 

laboratory vortex shaker (IKA MS3 Basic) with the moulds attached. The choice of compacting relied 

on the size, texture and water content of the mixes. The vortex shaker was used for all cups and the 

alumina-rich bars, with a speed of 750 vibrations per minute for 10 minutes. The sander machine was 

used for all the lances and the spinel-rich bars for approximately 5 minutes. 

3.1.3 Sintering 
The drying and setting of the samples followed basically the same procedure done in an earlier work7. 

The moulds, with their respective sample, were put in an oven at 50°C for 24 h for the wet-mix to set. 

The moulds could then be removed, and the samples were dried at 110°C for 24 h. Then the samples 

were sintered in a high-temperature furnace (Entech EFC 20/18) at 1650°C for 5 h, which was a 

suggested sintering temperature by Almatis. This was done for all samples, except half of the cups and 

two of the lances that were sintered at 1000°C for 5 h. The temperature profile for the sintering and 

corrosion tests can be seen in Figure 6. 
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Figure 6 - Sintering profile for all samples with included corrosion test profile explained later under section 0. 

Table 3 shows a summary of all the samples synthesised in this work. The cups for the corrosion test 

had varied dimensions and masses, due to the different amount of material that could be added before 

and during the compacting of these samples. The masses of these cups were about 37-43 g and were 

not expected to impact the corrosion test results. The bars for mechanical bending test had a rougher 

top side than the other sides, due to the different sizes of raw materials, leaving some large particles 

sticking up more than others. 

Table 3 - Summary of all samples synthesised in this work. Al: Alumina-rich material, Spi: Spinel-rich material. 

Sample Test Shape / dimensions [mm] # Samples Vibration Sintering temp. [°C]  

Cups Corrosion 
Cone: d1=27 d2=34-35 h=18-24 
Rod: d1=9.3-9.5 d2=10 h=9-11 

11 Al 
13 Spi 

Vortex shaker 
1650 (6 Al, 6 Spi) 
1000 (5 Al, 7 Spi) 

Lances 
Corrosion 

in Sandvik’s 
test furnace 

Cylinder: d=28 L=280-300 
2 Al 
2 Spi 

Sander 
1650 (1 Al, 1 Spi) 
1000 (1 Al, 1 Spi) 

Cups 
Electric 

resistivity 
Cone: d1=27 d2=34,5 h=20 2 Spi Vortex shaker 1650 

Bars 
Mechanical 

bending 
12x12x118 

20 Al 
20 Spi 

Al: V. shaker 
Spi: Sander 

1650 

Sensor 
lances 

Live sensor Cylinder: d=28 L=280 2 Spi Sander 1650 

 

3.2 Corrosion test with synthetic slag LDSF and fluorspar 
The corrosion tests were done to simulate the interface reaction between the slag and the protective 

material for the sensors. Two kind of slag types was placed inside the holes in the cups. One of the slag 

types had 100% synthetic slag (LDSF) and the other one with 70% of the same synthetic slag plus 30% 

fluorspar, also known as fluorite (CaF2). Flourspar is used to make the slag less viscous. The LDSF is a 

commercial product and consists of 54wt% CaO and 45wt% Al2O3 with some traces of SiO2, TiO2, and 

Fe2O3. The fluorspar is 100% CaF2 with some minor trace amounts of metals. The slag and fluorspar 

were acquired from Sandvik, and the ratio for the second slag type was chosen because it is about the 

maximum amount of fluorspar used in the experiment furnace at Sandvik. The slag and fluorspar were 

also mixed with 10wt% Fe2O3 to make a slightly more iron-containing slag similar to the one used in 

Braulio’s corrosion test7. The particles were ground with a mortar to make a finer homogenous sized 

powder, Figure 7, before the cups were filled up to 2 mm from the rim giving 0.7-0.9 g of both slag 

types held inside the cavity. All the cups could then be placed in the different testing groups, Figure 8, 

and put inside the same sintering furnace used earlier but at 1600°C for 2h. 
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Figure 7 – LDSF and fluorspar before and after being ground. 

 

Figure 8 – 23 cups placed in different groups for corrosion test (one alumina sample was destroyed prior to the test). Blue 
represents spinel-rich samples and green represents alumina-rich samples. 

3.2.1 Analysis of corrosion 
Evaluation was done to examine how much the slag would corrode and penetrate the materials. The 

cups were cut with a diamond blade (Buehler Isomet 2000 precision saw, with diamond blade Struers 

MOD 13, size: 127 mm dia, 0.4 mm) to get a cross-section through the middle of the slag. Using light 

optical microscope and SEM with EDS (SEM Zeiss 1550 with AZtec EDS), the microstructure and 

chemical composition could be studied. The bottom centre of the holes in the cups was analysed for 

average penetration depth and chemical analysis with the EDS, Figure 9. Only one sample from each 

of the eight combinations of materials and slag types was examined for chemical content. 
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Figure 9 – Drawing of the cross-section of the cups with the slag, before (left) and after (right) they had experienced a 
temperature of 1600°C for 2h. The bottom of the cups was analysed for penetration depth and EDS chemical composition. 

3.2.2 Average penetration depth 
To calculate the average penetration depth, microscopic images were taken from the samples, and 

opened in the software program ImageJ v1.52a (NIH, USA). The procedure for each image was as 

follows: First, the image was calibrated to correct scale so that the program calculates correct area 

values, as the program measures in pixels. Then the image was cropped to only calculate the 

penetration depth at the bottom. The colour image was then transformed into an 8-bit black and white 

image, and a threshold setting was made to make dark part black and the rest white, Figure 10. The 

size of the black area could then be calculated by the program in mm2. For a more detailed explanation 

of these steps, see Appendix A). Pores and holes leaving more slag available at these locations leading 

to higher penetration values were excluded. 

The threshold window has a red rectangular selection (with two red arrows) indicating the darker 

penetrated parts that should be included in the measurement. The rightmost peak (green arrow) 

corresponds to the whiter part of the samples, and little or none affected samples. The aim was to only 

select the darker part exclude the white part. The selection was done between the right red and green 

arrow. The resulting selected area is shown in the right image (red part) and was calculated by the 

program. The width of all images was measured between 9-12 mm for each sample at the bottom 

centre of the cups. The areas could then be divided by the width, to get an average penetration depth 

of the slag into the samples. 

 

Figure 10 - Example of a typical image calculation in the software ImageJ. Left: Original microscopic image. Middle: Threshold 
window where the red rectangular selected area corresponds to the darker areas on the original image. The rightmost peak 
(green arrow) corresponds to the whiter areas and the two left peaks (red arrows) corresponds to the darker areas. Right: The 
resulting areas that are affected by the selected region. 
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3.2.3 Chemical analysis 
For the SEM with EDS, the settings for the acceleration voltage was 10 keV, and the cups were sputter 

coated with 10 nm gold-palladium (Polaron SC7640 Sputter coater) to avoid charging during the 

analysis. Gold and palladium were excluded from the element analysis in the EDS. Line scan and 

element mapping were scanned 4-5 times for each image. The data points collected for the line scan 

were smoothened by a factor 3 and binning factor 8 to visualize the resulting line scans more clearly. 

3.3 Mechanical bending with thermal shock 
The materials were tested by heating half of the bars of each material to 1100°C, and then quickly 

moving them one by one, using tongs, from the furnace into a larger size bucket with 25 L water at 

20°C. The bars were swirled up and down in the water for approximately 5 seconds. The water 

temperature was measured before each test to make sure the water stayed at 20°C. The water was 

replaced when the temperature rose to 22°C, which was done in total four times during the 

experiment. 39 of the 40 bars were then evaluated for their fracture strength with the 4-point bending 

method described in the theory section. The last sample was excluded due to some large pores from 

the manufacturing. This sample was instead used for testing the setup in the test machine (Shimadzu 

AGS-X 10kN) used for the bending of the bars. 

3.3.1 ASTM Standard C1161-13 
The 4-point bending method was based on the ASTM standard C1161-1316. To calculate flexural 

strength, 𝜎𝑓𝑙, 

𝜎𝑓𝑙 =
3

4

𝑃𝐿

𝑎3,    (3) 

where L is the distance between the supporting points, a is the thickness of the sample, and P is the 

maximum load before failure. 

The standard was not followed rigorously, mainly because of the raw materials for the spinel-rich bars 

having aggregates up to 6 mm (AR90 in Table 2) in size. These sizes did not follow the standard, where 

the average grain size is supposed to be less than 1/50 of the sample thickness. The bars were tested 

as-fabricated, as stated in the standard.  

The setup for the bending test can be seen in Figure 11, with the support cylinders having diameters 

of 9 mm and the loading cylinders a diameter of 12 mm. The top side of the bars had rough surface 

due to the manufacturing. The sample bars were therefore mounted so that a smoother side faced the 

load cylinders, resulting in an equal load of applied force. 
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Figure 11 - Four-point mechanic bending setup in the Shimazdu machine. 

3.4 Electric resistivity at elevated temperatures 
The resistivity in the spinel-rich material was examined by embedding platinum wires (Ø0.3 mm) inside 

the material before sintering. Eight wires with a length of 50 mm were used, where two were coated 

with an insulating layer of Buster cement (Buster Alumina Cement GC001, Zircar Zirconia) and two with 

an insulating layer of dielectric paste (Dielectric paste 4531-A, Ferro), both being alumina-based 

materials. This was done to examine how well these materials could electrically insulate the wires, with 

the uncoated ones as reference. The coated ones were left uncoated 1 cm from each end so that they 

could be connected for resistance measurements. The insulating materials are initially liquid, and the 

coating procedure was slightly different between the types, described below. 

3.4.1 Coating I – “Buster cement” 
The wires were cleaned with isopropanol, and then masked with a 2 mm isolating tape that was placed 

10 mm in from both ends of the wire. The coating was done by placing droplets on a flat surface and 

then pulling the wires through the droplets. The coated layers were inspected with a microscope to 

examine the coverage. After the first coating cycle, cracks and uncoated locations could be seen. 

Therefore, the coating was done three times in total. The wires were then left to dry under a fume 

hood at room temperature. 

3.4.2 Coating II – “Dielectric paste” 
Similar to the buster coating, the wires were cleaned, and masked with tape 10 mm from both ends of 

the wire. The wires were then slightly bent to be dipped into the container of coating paste. The 

inspection showed better covering than the Buster cement so that only one coating cycle was needed.  

The wires were dried for a few minutes at room temperature before putting them into an oven for 

further drying. The heating profile was set to max temperature 850°C and heating rate of 300°C/h, 

where the temperature went up to the maximum and then back to room temperature again. However, 

when the wires were taken for inspection, one of the coatings accidentally cracked. Therefore, this 

wire was cleaned again and coated once more with the same procedure except it was dried at 150°C 

for 1h instead. 

To be able to place the wires in the spinel-rich samples, four holes were made from laser cutting in 

two of the polystyrene cup moulds. The wires were then placed in these holes, Figure 12. The cup 
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moulds had two coated and two non-coated wires placed inside. The moulds were then filled with the 

wet-mix of spinel-rich material and made the same way as the samples for corrosion cups, with same 

drying and sintering steps. 

 

Figure 12 – Illustration of the wires before being embedded into the spinel-rich material. Two insulated wires and two non-
insulated wires with length 5 cm went through the polystyrene cup at the bottom sticking out 1 cm at the bottom. The later 
added spinel-rich material left 1 cm wire sticking up at the top. 

When the sintering was done, the wires that stuck out on each side of the samples could be spot-

welded (Labfacility L60+ Thermocouple and Fine Wire Welder) with an extension wire of Kantal D (Ø0.3 

mm). This was done such that resistance measurements could be made while the sample was kept 

inside a muffle furnace (Thermolyne Benchtop Muffle Furnace, Thermo Scientific) at temperatures up 

to 1000°C.  

The extension wires were pulled through a hole in the furnace door and connected to a multimeter 

(Agilent 34450A). To insulate the wires from the furnace walls and each other, an insulating material 

of alumina wool (Superwool HT blanket, Skandinaviska IFAB Isolering AB) was used, Figure 13.  

Some of the platinum wires broke during the setup. However, the experiment could still be done 

because new extension wires could be spot-welded to the other end of the platinum wires, on the 

other side of the samples.  

 

Figure 13 - A: The two samples of spinel-rich material with four embedded platinum wires going through each sample. B: Point 
welded extension wires of Kantal D. C: Setup inside the muffle furnace with extension wires going through the door. D: Outside 
the muffle furnace with the four wires coming out through the insulating wool to be connected to the multimeter. 

Measurements were done by setting the multimeter to resistance measurements with two connected 

wires. The furnace was heated to 1000°C and measurements were taken at temperature steps of 10°C 
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when the furnace was cooling down. (The range on the multimeter was set to “Manual 100 MΩ” rather 

than “Automatic” due to jumps in resistance reading when the instrument automatically changed 

range. Slow mode was used for more accurate readings.) At each temperature step of 10°C, four 

connection setups (R1-4) between the wires was used, Figure 14: R1: insulation to insulation. R2: non-

insulation to non-insulation and two R3-4: insulation to non-insulation. The whole experiment was 

made twice. 

 

Figure 14 - Bottom/top view of a sample with schematic measurement setup. Resistances R1-4 was measured by manually 
cycling through the respective connection wires at each temperature step of 10°C from 1000°C to 450°C. 

3.5 Final thermocouple sensors 
After the results from previous tests: corrosion with slag, mechanical strength and electric resistivity, 

the conclusion was to embed thermocouple sensors within the spinel-rich material. Two types of 

temperature measurements were done on the thermocouples, before and after embedding, to make 

sure their functionality before the field test at Sandvik.  

3.5.1 Naked thermocouple wires 
A standard thermocouple of type S (uninsulated wires Pt-Rh matched pairs, SP10R-010, Omega UK), 

which is made of two different conductors, one platinum wire and one wire made of the alloy platinum 

+ 10% rhodium, both with diameter of 0.25 mm, was chosen as sensor. This thermocouple was pre-

tested before encapsulation into the spinel-rich material. The temperature readings were compared 

to two other type K thermocouples, one external thermocouple inserted into the furnace similar to 

the type S thermocouple, and one used by the muffle furnace itself. 

Some measurements were done just above room temperature to see if the setup worked before 

measuring high temperatures. The setup for this was done by placing the type S and type K 

thermocouple through the hole in the muffle furnace door. Measurements were done by connecting 

the two thermocouples to a data acquisition unit (NI cDAQ-9178) and collect the data in a LabVIEW 

program, Appendix C. This was a simple and fast way to make measurements without calibrating the 

thermocouples voltage to temperature relation from Seebeck’s equation (eqn. 3). Instead, this 

software had a pre-setting for the standard types of thermocouples, where only the temperature range 

and data acquiring rate were set. 

3.5.2 Coated and embedded thermocouples 
The type S thermocouple was cut into two pieces for the two lance sensors. They were spot-welded at 

one end (hot junction), left figure in Figure 15, and coated with the insulating dielectric paste. 1-2 cm 

of the open ends were left uncoated where later an extension wire of Kanthal D (Ø0.3 mm) was 



16 
 

connected. The coated wires were then dried at 150°C for 1 h. Microscope revealed holes in the 

insulation, Figure 15 to the right. Some drops of the same insulation were added to cover the holes 

and then the thermocouples were dried once more. 

   

Figure 15 - Microscopy images of thermocouple type S wires. Left: Spot-welded type S wires without coating acting as the hot 
junction. Right: One of the wires coated once with dielectric paste after drying. 

The two paired wires were embedded into the spinel-rich material by placing them inside a half-filled 

PVC pipe mould, during the manufacturing of the lances. The top half could then be filled up and cover 

the whole sensor leaving it embedded inside. The sensor lances were then dried and sintered with 

same procedure as the earlier spine-rich sample materials. This resulted into the two complete sensor 

lances. To make sure the thermocouples had survived the sintering, they were tested with resistance 

measurements between the open ends. 

The three sensors were tested at temperatures up to 500°C inside the same muffle furnace used 

earlier. This was made to make sure the sensors were working properly. Extension wires of same Kantal 

D (Ø0.3 mm), with length about 4 m, were spot-welded the same way as the electrical resistivity test, 

to the two thermocouple wires that was pointing out from the top of the sensor lance. Two layers of 

insulating wool (same as used for the electrical resistivity test) were placed in the door opening 

because this setup could not be done with the door shut, Figure 16. 

 

Figure 16 – Schematic of the sensor lances inside the muffle furnace. Because of the longer lances, the door had to be open 
and two insulating layers approximately 6 cm thick layers of insulating wool were inserted instead.  

3.5.3 Final assembly of the complete thermocouple lances 
After the evaluation of the three sensors, the lances were attached with two steel hose clamps each, 

to the end of 1 m long (Ø8 mm) construction steel bars, Figure 17. The wires were insulated with the 

same insulating wool used during the muffle furnace tests and attached along the steel bar with the 

extension wires inside the insulation. A final measurement was done to the complete assembly of the 

two lances in the muffle furnace up to 1000°C. The other end of the steel bar could later be attached 

to a stand in Sandvik’s experiment furance. 
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Figure 17 – One of the two complete sensor lances attached to a 1 m construction steel bar with insulating wool for the 
extension wires to be held in place. 

3.6 Live testing at Sandvik – Four material sample lances and two sensor lances 
The four sample lances, made of the same materials as the cups for corrosion test, and the two lances 

with embedded sensors, were tested in Sandvik’s experiment furnace. Before the transport, all the 

lances were dried at 110°C and packed into plastic bags with added moisture absorbents of silica gel, 

to make sure a low amount of water was present in the materials. 

The molten steel in the furnace had elements of 22% chromium and 5% nickel. The two lances sensors 

were tested first, one by one, with different amounts of slags, followed by the four sample lances. Part 

of the setup for the test in the furnace can be seen in Figure 18. 

  

Figure 18 – Live testing in Sandvik’s test furnace. Left: Setup for Temperature measurements. One of the two lances immersed 
approximately 10 cm deep into the melt, and data acquired by the laptop some meters away. Right: The four sample lances 
with spinel and alumina materials, immersed aproximatley 10 cm deep into the melt. 

The first lance was preheated above the melt for about 2 minutes (no increase in temperature readings 

could be seen from the sensor at this moment) and then immersed approximately 10 cm deep into the 

melt, with about 0.3 kg of LDSF slag on the surface of the melt. Temperature measurements were then 

acquired until no further readings could be made. After about 20 minutes, approximately 0.3 kg LDSF 
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slag was added together with approximately 0.2 kg fluorspar to the steel melt. When these were 

added, a cracking sound was heard, the readings become corrupt, and the test was aborted. 

The second lance was preheated and immersed the same way as the first. The main difference 

between lance 1 and lance 2 test was that lance 2 penetrated a higher amount of slag during the 

immersion, which was a consequence of the slag added in the first test. 

Lastly, the four material sample lances were preheated and immersed the same way as the sensor 

lances. After about 22 minutes, floating pieces were found in the melt and the lances was taken out 

for inspection. Three lances were destroyed, and one survived the test. 

3.6.1 Analysis of lances 
The lances that survived the tests in the steel melt were cut with a diamond blade (Buehler Isomet 

2000 precision saw, with diamond blade Struers MOD 13, size: 127 mm dia, 0.4 mm). Three different 

cross-sections of the lances were chosen: the slag line, just below the slag line and at a depth of 

approximately 8 cm from the slag line, Figure 19. The slag has a thickness of a few centimeters, and 

the slag line defined in this work is about in the middle of this thickness. The cross-section just below 

the slag line helped with finding the correct location of the slag line after the test in the steel melt. 

These cut cross-sections could show how infiltrated the lances were at these locations. 

  

Figure 19 - The three locations for the cross-sections that were analysed: Slag line, below slag line and inside the steel melt. 

Lance 1 was analysed in the SEM with EDS with an acceleration voltage of 10 kV. Lance 2 was analysed 

the same way but with a higher acceleration voltage of 20 kV. The higher acceleration voltage made it 

possible to find the heavier elements of Fe, Cr and Ni from the steel, and distinguish these from other 

elements found. 
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4 Results 

4.1 Corrosion with synthetic LDSF and fluorspar slag 
All the 23 cup samples survived the corrosion test and an overview of the cut samples can be seen in 

Figure 20. The fluorspar group showed that a more reactive event had occurred, as there was slag 

substance found on top of the cups, as if there could had been a boiling event. Also, this group had 

brown colorization of the samples, whereas the LSDF group was darker. The spinel-rich samples were 

less affected by the slag type with fluorspar then the alumina-rich samples. The samples with only LDSF 

showed no significant difference between the samples at this stage. The microscopic images in Figure 

21 show a clearer difference between the eight groups. One representative sample from each group 

was selected to be shown here and evaluated further. 

The three red marked cups were excluded for further evaluations because they showed severe flaws 

in the structure. These red-marked cups were the last three in line during the vibration step in the 

manufacturing. 

 

Figure 20 – Cups after the corrosion test. All cups survived the test and the slag type with fluorspar (top samples) show a more 
reactive event than the LDSF slag type (bottom samples). The biggest impact is shown for the alumina-rich cups in with 
fluorspar added in the slag mix.  
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Figure 21 – Microscopy images for the eight combinations of material and slags tested. All eight samples can be compared to 
each other regarding their material type, sintering temperature, and slag type. In the top left of each image is the notation of 
each sample “Material-Sintering Temperature-Slag type”. Hence, the top four are with 30% fluorspar and 70% LSDF, denoted 
F. The bottom four is with 100% LSDF. Left samples are the 1650°C sintered cups, and the right samples the 1000°C sintered 
cups. 
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The spinel-rich material shows a smaller corrosion depth than the alumina-rich one in the fluorspar 

group seen in the top four images. With only LDSF slag, there is no significant difference between the 

materials, only that there is a higher contrast between the slag and materials, which indicates less 

corrosion, seen in the bottom four images. The most corroded samples were the alumina-rich ones in 

the fluorspar group (sample AL-1650-F and AL-1000-F). These samples have a light pink colorization 

which cannot be seen in the other slag group. 

The number of pores is larger for the spinel-rich material compared to the alumina-rich one, which can 

be seen especially for the SPI-1000-LDSF sample.  

From the 20 cups, the penetration could be calculated, Figure 22. The largest penetration depth was 

found for the combination of alumina-rich material sintered at 1650°C with slag type fluorspar, sample 

AL-1650-F. The smallest penetration was found for the same slag type but with spinel-rich material, 

sample SPI-1650-F. This difference can also be seen in the microscopy images, Figure 21. 

 

Figure 22 – Average penetration depth for the eight combinations examined. Grey bars are values calculated values from the 
individual samples. The black bar is the average value for the samples in each group. 

4.1.1 Chemical composition 
The chemical analysis was done on the same samples shown in the microscopy images in Figure 21. 

The results show the elements Al, Mg and Ca for an easier comparison between the samples. Other 

trace elements, such as C, N, Na, Fe, and Si, were excluded as these were detected in too small 

amounts. The images are oriented with the line scan is done from left to right, which corresponds to 

the bottom and down into the material. 
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4.1.1.1 Sample SPI-1650-F 

Figure 23 shows the line scan and element mapping of the spinel-rich sample SPI-1650-F. Calcium has 

higher concentration levels at the bottom of the cups, and decreasing levels deeper into the sample to 

around 2600 µm, where no signal is detected. This can also be seen from the element mapping where 

calcium is brighter to the left and fades further into the sample. Magnesium is present all over of the 

sample, indicating that spinel is present here. 

 

 

Figure 23 – Sample SPI-1650-F: EDS line scan and mapping of the bottom edge of the cups into the samples. The line scan is 
displayed in counts per second (cps). Calcium is present at the left bottom surface and decreases further into the sample to 
about 2600 µm. Magnesium is present in the whole sample.  
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4.1.1.2 Sample SPI-1000-F 

Figure 24 shows the line scan with element mapping for the spinel-rich sample SPI-1000-F. Similar to 

sample SPI-1650-F, a decrease in calcium is detected along the scan line from the bottom deeper into 

the sample. From the line scan, calcium (blue) is present mostly at the bottom surface and at depths 

of 1250 µm and 1900-2400 µm. 

 

 

 

Figure 24 - Sample SPI-1000-F: Magnesium is detected throughout the sample and calcium is only detected of the bottom 
surface and further into the cup. The line scan is displayed in counts per second (cps). A larger darker region in can be seen in 
the middle of the mapping for calcium, where magnesium and aluminium are present instead.  
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4.1.1.3 Sample Al-1650-F 

Figure 25 shows the line scan with element mapping for the alumina-rich sample AL-1650-F. Calcium 

is present at the bottom edge but also through the whole sample. The values for calcium are nearly 

constant until about 900 µm where a drop occurs, and then close to constant again through the whole 

sample.  

As this value for calcium was constant and going deeper into the sample, the levels were examined 

with further scanning deeper into the material to the right, outside of the image shown below. Those 

scans showed that calcium was present through the whole sample to the other side of the cups. This 

means that calcium has penetrated through the whole sample as calcium is not present in the original 

raw materials for the alumina-rich samples. A smaller amount of magnesium can be seen at the bottom 

of the scan, which is a part of the alumina recipe, but exact amounts are unknown from the recipe in 

Table 2. 

Because of the light pink colorization, seen from the microscopy image in Figure 21, this sample was 

examined further to find the cause of this, but it was inconclusive. All elements found were present in 

small amounts and could not be distinguish from one another. 

 

 

 

Figure 25 – Sample Al-1650-F: More calcium is detected at the bottom surface of the sample. Then the levels are almost 
constant to depth of 900 µm, where a distinct decrease in level occurs. The line scan is displayed in counts per second (cps). 
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4.1.1.4 Sample Al-1000-F 

Figure 26 shows the line scan with element mapping for the alumina-rich sample AL-1000-F. This 

sample shows results similar to the previous sample, AL-1650-F, with the only difference being the 

sintering temperature. As confirmed with further scanning, calcium was present throughout this whole 

sample. 

 

 

 

Figure 26 – Sample AL-1000-F: Calcium is present in the whole sample with almost constant concentration levels. The line scan 
is displayed in counts per second (cps). 
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4.1.1.5 Samples with only LSDF 

The last four samples with only LDSF slag showed similar results for the EDS line scan and element 

mapping. Therefore, sample SPI-1650-LDSF, Figure 27, represents the whole group. The rest of the 

samples are shown in Appendix B.  

Calcium has a distinct decrease at about 1100-1300 µm below the bottom surface, with a very low 

signal further into the samples. This decrease in signal for calcium can be seen for all the samples (SPI-

1650-LDSF, SPI-1000-LDSF, AL-1650-LDSF, AL-1000-LDSF). 

 

 

 

Figure 27 – Sample SPI-1650-L: Calcium is present to the left and magnesia more present to the right. There is a distinct drop 
for calcium at about 1200 µm where more magnesia is present, which can also be seen in the element maps. The line scan is 
displayed in counts per second (cps). 
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4.2 Mechanical bending with thermal shock 
Table 4 shows the calculated flexural strength for both materials from the mechanical bending test. 

The values were calculated from equation 1 with measured force P from the testing machine, fixed 

support length L=100 cm and width of samples a=11.8 mm. The spinel-rich material shows the highest 

values for flexural strength, but also largest deviation. Both materials had their flexural strength 

lowered about 90% when they had been subjected to the cold shock. 

Table 4 - Flexural strength values with standard deviation for the spinel-rich and alumina-rich material before and after cold 
shock. 

 
No shock 
𝜎𝑓𝑙  [MPa] 

Cold shock 
(∆𝑇 = 1080 ℃) 

 𝜎𝑓𝑙  [MPa] 
Loss 

Spinel-rich 50.6 (+/-8.7) 4.2 (+/-0.9) 91.7 % 

Alumina-
rich 

49.0 (+/-4.7) 5.0 (+/-1.3) 87.9 % 

 

4.3 Electric resistivity at elevated temperatures 
Figure 28 and Figure 29 show the resistance measurements done for the two spinel-rich samples, with 

the insulated wires of Buster cement and dielectric paste respectively. Resistances of 1-120 MΩ can 

be seen in the temperature range of 475-1000°C, with an inverse proportional relationship. The two 

different insulated wires show higher resistance than the non-insulated wires, indicating that the two 

insulated materials work at the lower temperatures. The difference in resistance between all measured 

wires decreases when the temperature increases, and they converge to about the same resistance in 

higher temperatures. The two insulated wires (blue) of Buster cement show a resistance of 117 MΩ at 

610°C. The two insulated wires (blue) of dielectric paste show a resistance of 110 MΩ at 660°C. The 

second measurement showed about the same results as the first, with some difference in values. The 

lowest resistances values, seen in the insets, was fluctuating a lot during the measurements. These 

fluctuations were about +/- 0.5MΩ at the higher temperatures and decreased at the lower 

temperatures. 

 

Figure 28 - Resistance in the spinel-rich material with wires insulated with Buster cement and non-insulated wires as reference. 
The combination of two insulating wires (R1, blue) shows the highest resistances up to about 800°C. At temperatures above 
800°C the resistances converge to about the same resistance values of 1-2 MΩ. 
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Figure 29 - Resistance in the spinel-rich material with insulated wires of dielectric paste and non-insulated wires as reference. 
The combination of two insulating wires (blue) shows the highest resistances up to about 800°C, but also the combination of 
one insulated wire and non-insulated wire show the same values (grey). At temperatures above 900°C, the resistances 
converge to about the same values for the different combinations of wires. 

In the dielectric paste graph, Figure 29, the resistance values for the combination of I1-12 (blue) show 

about the same higher resistance values as the combination of I2-N2 (grey). At the same time, the 

combination of N1-N2 (red) shows about the same lower resistance values as the combination of N1-

I2 (yellow). This result indicates that the insulating wire of I1 did not work as intended, because it 

shows the same values as a non-insulating wire. This wire is from the coating procedure with drying at 

850°C. The working insulation of I2 corresponds to the coating that had dried at 150°C for a shorter 

time. 

4.4 Final thermocouple sensors – laboratory tests 
Figure 30 shows the results from the temperature measurements for the naked type S thermocouple 

sensor before it was cut and embedded in the sensor lances with the spinel-rich material. A type K 

thermocouple was used as a reference for the type S thermocouple. These two thermocouples were 

heated in the muffle furnace at the same rate as the furnace itself. The muffle furnace’s temperature 

is not shown in the graph, but it was set to be heated up to 500°C and was held until sufficient amount 

of data had been acquired. The measurements for the furnace temperature are taken from deep inside 

the furnace. In the graph, there is an offset of 20-50°C, which can be explained by the location of the 

thermocouples, as they were placed just inside the door. 
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Figure 30 – Results from the temperature measurements for the naked thermocouple type S before being embedded into the 
spinel-rich material. The thermocouples were heated at the same rate as the furnace and show an offset of 20-50°C. The zig-
zag behaviour is explained by the furnace’s heating elements turning on and off, which was also shown in the software 
program that controls the furnace. 

The embedded thermocouples, into complete sensor lances, showed similar behaviours as the naked 

ones, Figure 30, when they were tested at the same temperatures up to 500°C. However, the heating 

took longer time for the sensor lances and measured temperatures up to 450°C, after about 1.5 h, 

when the test was stopped because no increase could be seen. 

4.4.1 Complete assembly of lance sensors 
Figure 31 shows the results from the measurements done on the two assembled lances, before the 

test in the steel melt. These results show that the sensor lances can measure values up to 960-980°C 

for approximately 1.5 h in the laboratory environment with the muffle furnace set to 1000°C. The 

lances were kept in the furnace for different durations. 

 

Figure 31 – Results from the temperature measurements for the two lances with approximately 15 cm of the lance inside the 
furnace and with 8 cm thick insulation wool. The inset shows some disturbances in measurement at the higher temperatures. 
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4.5 Live testing at Sandvik – Four material sample lances and two sensor lances  
The lances tested in experiment furnace were four material sample lances (same materials used for 

laboratory corrosion test) and the two sensor lances made of the spinel-rich material with embedded 

thermocouples.  

4.5.1 Sample lances – Alumina-rich and spinel-rich materials 
The material sample lances were made of the same materials used for the cups in the corrosion test. 

This made it possible to compare the materials in the two different environments. The steel melt was 

prepared with LDSF slag and fluorspar, as is the routine at Sandvik. Figure 32 shows the results after 

they had been in the melt for approximately 22 minutes.  

The dark grey areas are substances from the slag and melt, and the white areas are the samples. The 

red arrow points at the approximate location of the middle of the slag line during the test, as the slag 

has a thickness of about 0.5-2 cm. The location of slag line differs between the samples because the 

lances moved slightly when they were immersed into the melt. The slag line for the destroyed samples 

was difficult to locate.  

The only sample that survived the melt was the spinel-rich material sintered at the higher temperature 

of 1650°C, noted SPI-1650. This is the same material that showed the least amount of corrosion in the 

laboratory corrosion test. 

 

Figure 32 - The four material samples after being tested in the experiment furnace. These samples are made of the same 
materials as the cups in the corrosion test. The darker areas are substances from the slag and melt. The red arrow points at 
the approximate location of the slag line during the test. The two detached pieces were found floating in the melt, and one 
piece was never found. 

4.5.2 Sensor lances 
Figure 33 shows the two sensor lances after the test in the experiment furnace. Both lances show 

similar results as the spinel-rich sample SPI-1650 in Figure 32. The recording of temperatures started 

before the sensors were immersed in the steel melt. The sensors were tested one by one, with 

different amount of slag added to the steel melt. Lance 1 was cracked at the slag line when more slag 

was added. Lance 2 survived the whole test and has a smaller diameter at the slag line which can also 

be seen in the same sample material of SPI-1650, Figure 32. This diameter was measured to be about 
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0.5 mm less than the unaffected diameter of the lance. Lance 1 was held in the steel melt for 

approximately 25 minutes and lance 2 for approximately 15 minutes. 

 

Figure 33 - The two lances with embedded sensors after the temperature measurements in Sandvik's test furnace. Lance 1 
was cracked at the slag line and broken into two pieces. Lance 1 has a glossier brown affected surface than lance 2 which 
has a grey colouring. 

After preheating, the first sensor lance was immersed through the slag line into the steel melt with a 

small amount of LDSF slag on top. The temperature recordings can be seen in Figure 34. At maximum 

temperature, the signals decreased from about 1300°C to about 1100°C. This indicated that something 

was wrong, and the furnace was turned off for a few minutes. After approximately 22 minutes, more 

slag and fluorspar were added to the melt with the sensor still inside. At this moment, a cracking sound 

was heard from the lance and the signal from the temperature sensor could not be recorded anymore. 

The lance was picked up after a total of 25 minutes in the melt and the second sensor was prepared.  

 

Figure 34 - Temperature measurements for the first lance in steel melt. The sensor could measure the temperature up to a 
maximum of 1290°C. The temperatures could not stabilize over the 18 minutes and were decreasing until faulty recordings 
occurred when the lance cracked. The temperature of the melt was measured three times (orange), by Sandvik’s measurement 
equipment. 

Still more slag together with fluorspar was added to the steel melt, before the second sensor lance 

was immersed. The lance was preheated the same way as the first for about 2 minutes but immersed 

through a thicker layer of slag. No more slag was added during this test and recording of the 

temperatures could be done for approximately 13 minutes in the steel melt. After this, faulty reading 

began, so the test was stopped. The second lance was picked up after a total of 15 minutes in the steel 

melt. The results from the temperature measurements can be seen in Figure 35. 
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Figure 35 - Temperature measurements for the second lance in the steel melt. The temperature stabilized around 1400°C for 
approximately 9 minutes. The temperature of the melt was measured twice (orange) by Sandvik’s measurement equipment. 

4.6 Analysis of the survived lances 
The three lances that survived the steel melt were analysed. The three cross-sections for each lance 

are seen in Figure 36. The slag line cross-section shows less infiltrated areas than the ones in the steel 

melt. The lances that have been in the melt for a longer time seem to have darker infiltrated areas, 

when compared with the whole cross-sections. An EDS element analysis was done to find the cause of 

the faulty temperature readings which can be seen in the next section. 

 

Figure 36 – Three cross-sections for the three survived lances of spinel-rich materials. The red circles show the location of the 
sensor wires, and the blue lines indicate the location of chemical analysis with EDS. Some slag and melt substance can be seen 
on the outer round edges of the samples. The time in the melt for each lance is given at the bottom of the image. 
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4.6.1 EDS analysis - Lance 1 
Lance 1 was analysed with EDS with an acceleration voltage of 10 kV. The elements Al and O were 

excluded because of their high levels in the sample and both the slag and lance material contain these 

elements. No information for the infiltration could be gained from these elements. 

Figure 37 show the SEM image with mapping and line scans from the EDS. The surface of the samples 

is shown to the left and the line scans were done from the surface into the samples, shown by the 

white lines. The levels of Mg are higher than the levels of Ca, Si and F. The elements Si and F are not 

present in the original sample of spinel-rich material, but Mg and Ca are. This indicates that F and Si 

are from the slag. The SEM image shows smaller pores all over the sample and but no cracks. 

 

 

Figure 37 - EDS results for Lance 1 at slag line. Left side of the sample is the surface to the slag. The line scan is done from the 
surface into the sample, seen at the white line, and show values in counts per second (cps). The line scan shows smaller 
amounts of slag elements and larger amount of spinel from Mg. The signals for Ca, Si, and F decreases slightly deeper into the 
sample, and the mapping show these elements mostly on the surface to the left. 
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Figure 38 shows the result from the EDS analysis of the steel melt sample from Lance 1. The line scan 

can be separated into two parts, where the first part (to the left) is from the surface to about 2.5 mm 

depth with all the displayed elements at about the same levels. In the second part (to the right), deeper 

into the sample, Mg has higher levels than Ca, Si and F. The SEM image shows cracks close to the 

surface and pores in the whole sample. Some of the cracks contain more of F and Ca, indicating that 

more slag and steel substance could penetrate these areas. A scan was also made in the centre of this 

sample where cracks were also found, but in lower levels of F and Ca. 

 

 

Figure 38 - EDS results for the sample that has been inside the steel melt for Lance 1. Left side of the sample is the surface to 
the slag. The line scan is done from the surface into the sample, seen at the white line. The values for the line scan are displayed 
in counts per second (cps). The levels of Ca, Si, and F is lower deeper into the sample.  
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4.6.2 EDS analysis - Lance 2 
Lance 2 was analysed with EDS with an acceleration voltage of 20 kV. This acceleration voltage was 

higher than the analysis done for Lance 1, which made it possible to find the heavier steel and alloying 

elements that was not found in Lance 1. The elements Si, F, Fe, and Cr were found in different amounts 

at different locations in the samples. 

The element maps show only two colours, red for Mg and green for Ca, because this could visualize 

the microstructure better for these samples and enhanced the difference between these two 

elements. These elements were also in higher levels than other elements in the whole sample. 

Figure 39 shows the slag line cross-section with a high amount of Ca at the surface and few spots inside 

the sample. The curvature of the lance is seen between the red Mg and green Ca part, indicating that 

the Ca to the left is a part of the slag and Mg to the right is part of the lance. The line scan confirms 

this by showing a lot of Ca at the surface and then decreased at the line between slag and lance. Mg is 

found both inside the lance and in the slag outside. Si is more abundant on the surface. The levels of 

Ca and steel elements on the surface indicate that there not only slag here, but also some steel 

substance found. This indicates that the slag is not pure slag substance, but rather a mix with some 

steel elements. 

 

  

Figure 39 - EDS results of Lance 2 at the slag line. Green represents Ca and red represents Mg. The line scans show a higher 
level of slag and steel elements at the surface. The values for the line scan are displayed in counts per second (cps). At the 
lance edge, these levels drop, and more of Mg is observed. This indicates a small amount of infiltration into the lance. 
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Figure 40 shows the same sample analysed (Lance 2, slag line) at a location closer to the centre. Here 

smaller amounts of the slag substances are found. There is also a spinel grain visible to the top right 

and smaller spinel grains in the bottom left, in a calcium matrix. 

 

 

Figure 40 - EDS results for lance 2 at slag line, inside the sample closer to the centre. Green represents Ca and red represents 
Mg. A larger spinel grain is visible to the top right, covering half the image, and smaller spinel grains embedded in a calcium 
aluminate matrix to the left and bottom. Small amounts of steel and slag elements are present in this part of the sample. The 
line scan display values in counts per second (cps). 
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Figure 41 shows the cross-section from the part inside the steel melt, with network of Ca visible more 

than the sample at the slag line, Figure 39. The red areas contain more Mg and are probably the spinel 

grains inside the material. Ca has penetrated more around these grains. This shows that a larger 

amount of Ca has penetrated this part of the lance which has been in steel melt, compared to what 

was seen at the slag line. The line scan shows alternating levels between Mg and Ca in the sample. It 

also shows decreasing levels of the steel elements Cr and Fe, but in smaller amounts than Ca. The levels 

for Si have the same trend as Ca, with highest levels at the surface and decreasing levels deeper into 

the lance. 

 

 

Figure 41 - EDS results for lance 2 in the steel melt. Green represents Ca and red represents Mg. Ca has higher levels at the 
surface and lower levels deeper into the sample. The spinel grains are visible inside a matrix of calcium. The levels of steel 
elements Cr and Fe is higher at the surface and decrease further into the sample. Some visible pores are shown, but no clear 
indication of cracks. 
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Figure 42 shows the cross-section of the sample that has been inside the steel melt. It shows that more 

Ca has penetrated further into the sample. The darker parts of the microscope image correlate with 

the higher amount of Ca at these locations. Two cracks, with more Ca shown, were found in this part 

of the sample, seen in the SEM image to the right, together with the green parts in the EDS map to the 

left. More areas of the sample were scanned, which showed similar cracks containing more Ca. These 

cracks indicate that more Ca could penetrate the lance. Lower levels of the steel elements Fe and Cr 

were found, which can be seen in the line scan.  

  

 

Figure 42 – EDS results for lance 2 in the steel melt, inside the sample. Green represents Ca and red represents Mg. Two cracks 
were found in the SEM image with more Ca present in these cracks. Smaller spinel grains are embedded in a calcium matrix 
and a larger spinel grain is seen in the bottom right. The line scan show values in counts per second (cps). 
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5 Discussion 

5.1 Manufacturing of samples 
The process to manufacture the samples showed difficulties at the vibration step. The spinel-rich 

samples were harder to make, because of the small amount of water used, and the larger aggregates 

of the AR-90 (3-6 mm). The higher porosity of the spinel-rich materials is probably an effect of 

insufficient vibration. Regardless of these difficulties, the spinel-rich material could still handle the 

corrosion of the slag in the corrosion test and steel melt much better than the alumina-rich samples. 

The force used to press the moulds down to the sander had a large impact on the shaping of the cups. 

Too little force made the vibration time longer, which gave the fixed rod time to move around in the 

sample. By using the vortex shaker, this could be controlled better, as the vibration speed could be set.  

5.2 Corrosion of the spinel-rich and alumina-rich materials 
Some of the results from the corrosion test showed similarities to Braulio et al.’s corrosion test7, with 

similar methods and materials tested. Their work compared in-situ formed spinel to pre-formed spinel 

and not to an alumina-rich material. Their samples of the two types of formed spinel showed similar 

results as the LDSF slag used in this work, as their slag type was only calcium-rich with no added 

fluorspar.  

One main difference between this work and theirs was the amount of sizes of particles in the raw 

materials for the spinel samples. They had only one (or two) different sizes of aggregates (AR-90 3-6 

mm), whereas this work used five sizes of aggregates (four AR-90 + one AR-78) that cover a larger 

range of sizes. Their spinel-rich cups with the same pre-formed spinel showed large cracks through the 

whole cup, whereas the cups used in this work did not show any cracks. Ma et al.12 states, that 

densification and a less porous structure can be achieved by having a wider range of sizes of 

aggregates. The spinel manufacturer Almatis9 reports these types of corrosion tests also in their paper 

about different types of spinel-material, which shows relatively good results for both pre-formed and 

in-situ formed spinel. 

The spinel-rich cups in this work seem to handle the fluorspar slag type better than the alumina-rich 

samples during the test. This can be seen from the results of the corrosion in the fluorspar group. The 

key element present in both slag types is calcium (CaO from LDSF and CaF2 from fluorspar), which is 

also found in the chemical analysis for the corroded cups. As earlier stated about the spinel being more 

thermodynamically stable than calcium aluminates (CaOx + Al2O3y), which is basically the same kind of 

components in LDSF, the spinel might also be more thermodynamically stable than fluorspar (CaF2), 

which is shown in this work but not confirmed with other tests or calculations. The corrosion results 

for the sample lances tested in Sandvik’s experiment furnace correlates with the laboratory corrosion 

test with the cups. 

The results for calculated average penetration depth using microscope images exhibit some 

uncertainties. For example, different colours affect the threshold setting during the transformation 

from a coloured microscope image to a black and white image. This was minimized by not including 

the large peak shown in the threshold window which represented the brighter samples. When the 

samples showed a gradient region of penetration, it was harder to distinguish the affected area from 

the unaffected area in the threshold window, as they overlap for some samples, Figure 10. 

The cause of the white U-shaped area for the alumina-rich samples (AL-1650-F and AL-1000-F, Figure 

21), and the pink colouring around this, could not be found. However, this can be compared with the 

results for the alumina-rich material done by Sandin3 (seen in Figure 9b). That sample showed a purple-
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pink colouring but was never examined with respect to composition. Further investigations are 

required to conclude the cause of this coloration. 

5.3 Thermo-mechanical tests 
The bars tested in this work show a clear loss in flexural strength when subjected to this type of thermal 

chock. The difference in flexural strength between the spinel and alumina material is insignificant. This 

might be more of an issue from manufacturing rather than spinel or alumina type materials. Results 

show that the lances should be immersed into the melt slowly, or preferably the lance should be pre-

heated to minimize the heat shock. 

5.4 Final sensors 
The results from the resistance measurements for the spinel-rich material correlates with the work of 

Lekholm et al23. The insulation materials tested in this work should be suitable for applications around 

500-700°C, rather than at higher temperatures. This is because it seems to have little effect above 

800°C. The insulation of the dielectric paste was slightly better than that of the Buster cement, and 

was used in the final thermocouples, because it is still probably be better than a non-insulated wire. 

The sensor lances show that the temperature can be measured in the steel melt for about 9-18 

minutes, Figure 34 and Figure 35, up to about 1422°C for the second lance. The first lance could 

measure only up to 1290°C, but with a longer time. The first lance exhibited an unexplained decrease 

in signal from the maximum of about 1290°C down to about 1100°C where the lance broke. The second 

lance allowed a more stable measurement around 1400°C. The offset, with respect to the commercial 

sensor, can be calibrated for.  

The EDS analysis of the sensor lances showed that they were infiltrated more in the steel melt, Figure 

41, than at the slag line, Figure 39. The larger amount of Ca found inside the part of the lances in the 

steel melt indicates that slag substance was stuck to the lance during the immersion. The key elements 

found, were Ca, Si, F, Fe, and Cr, but with larger amounts of Ca than the steel elements. 

The spinel-rich material is made from the raw materials of 16wt% alumina (CL370) and 3wt% calcium 

aluminate (CA 14), Table 2. The chemical analysis for this spinel-rich material shows a matrix of calcium 

around the spinel grains which is probably the calcium aluminate from the raw material. More calcium 

is shown for the infiltrated parts, Figure 41 and Figure 39, which indicates that more calcium aluminate 

has formed when alumina exists in the material. The cracks probably promote this formation by letting 

more calcium penetrate the alumina in the matrix. 

The cracks, probably caused by thermo-shocks from the immersion, may lead to faster corrosion. 

Moreover, the cracks may have made it possible for the slag and steel to reach thermocouple wires 

and disturbing the signal. 

This work focused mainly on the spinel-rich material which could withstand corrosion from the slag, 

and not the steel melt. The spinel-rich material seems suitable to protect a thermocouple sensor that 

should be immersed through a slag with a large amount of Ca. However, improvements need to be 

made to facilitate reliable measurements over a longer time. This can probably be achieved by 

improving manufacturing and perhaps change the composition of the raw materials. 
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6 Future work 
The spinel material can be explored further by adjusting the recipe with respect to the raw materials. 

The manufacturing steps can also be optimized by having a more rigorous approach for the mixing and 

casting. More air can possibly be extracted by performing the vibration under vacuum. This can lead 

to a denser structure and reduce the risk of fracturing from heat shock. Adding fumed silica into the 

mixture can possibly make the material even more shock resistant. 

7 Conclusions 
• Temperature measurements were performed with two embedded sensors in a spinel-rich 

material, in a steel melt at about 1500°C. The first sensor recorded temperatures of 1100-

1300°C for 18 minutes. The second sensor recorded temperatures around 1400°C for 9 

minutes. 

• The corrosion study showed that the spinel material corrodes less than the alumina material. 

The results from the materials tested in the steel melt correlates with this. 

• The thermal shock test showed a significant decrease in mechanical flexural strength for both 

the spinel and the alumina material. 

• Some, but not sufficient, electric insulation can be achieved by coating wires with Buster 

cement or dielectric paste. 
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Appendix A 
Step by step to process and calculate the area of penetrated zones at the bottom of each microscopic 

image in program Image J, v1.52a. 

• Open image 

• Set correct scale 

o Draw a line where for a known distance of the image 

o Set: Analyse -> Set scale -> Known distance: <xxx> 

• Make a rectangle, where with the top side of the rectangle placed at bottom of the cups, 

where the approximate depth was before the slag test. 

• Crop this image: Image -> Crop 

• Set image to 8-bit: Image -> Type -> 8-bit 

• Adjust threshold: Image -> Adjust -> Threshold 

o Now two windows should be shown, one for the cropped image and one for 

threshold setting. 

o Threshold windows: 

   
o The slides can be adjusted to change the red rectangle selection area, to try to find 

the “correct” values for the penetration seen in the image. The darker parts should 

be covered by this step and leaving the whiter areas unaffected. The right-most 

bump in the threshold window is for the whiter areas and corresponds to the 

unaffected samples. To the left of this bump (selected red rectangle) is for the darker 

parts which corresponds to the corroded areas. 

o Select apply and a black and white image should be made out of this. 

• Cut out unwanted areas such as holes/pores and other parts that should not be included in 

the penetration depth calculations. 

• Now the area can be calculated by mearsuring the black area. 

o Analyze -> Measure 

o A table should be displayed with area in one column representing the values in mm2 

if the scale was set in mm. 

• Each area value can then be divided by the selected width of the cropped image to get an 

average penetration depth. 
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Appendix B 
This appendix shows the cups for corrosion for the samples with only LDSF slag. Samples SPI-1000-

LDSF, Al-1650-LDSF, and Al-1000-LDSF, are shown in Figure B:1, B:2, B:3 respectively. 

 

 

 

Figure B:1 – EDS results from sample SPI-1000-LDSF. The line scan shows a decrease in Ca at a depth of about 1500µm. The 
line scan shows values in counts per second (cps). 
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Figure B:2 - EDS results from sample Al-1650-LDSF. The line scan shows a decrease in Ca at a depth of about 1700µm. The line 
scan shows values in counts per second (cps). 
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Figure B:3 - EDS results from sample Al-1000-LDSF. The line scan shows a decrease in Ca at a depth of about 2400µm. The line 
scan shows values in counts per second (cps). 
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Appendix C 
The LabVIEW program can be described by a setup with input from the DAQ hardware, which is 

connected to the software through the added DAQ Assistant node, Figure C:1. Here the settings of 

collection rate of samples were set to collect 1 sample per second. Inside the DAQ Assistant the input 

was set to a thermocouple type S with temperature range of 15-1600°C. The output data of time and 

temperature were saved in real time to a file, and at the same time displayed on a time-temperature 

graph. 

 

Figure C:1 - LabVIEW DAQ Assistant node. 


