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Abstract 
Large-sized nonmetallic inclusions are usually the main cause for the fracture or cracking of 

aluminum-based alloy products [4]. Two main aspects were investigated in this study. One is the 

temperature measurement of bath during aluminum alloy melting process, which can provide the 

information of temperature distribution of the melt after turning on electromagnetic stirring. The 

other is the chemical extraction of the inclusions (especially the large-size nonmetallic inclusions) 

which can work as an alternative tool to study the composition, number, size and morphology of 

inclusions in the aluminum alloys. Both can be the validation data for the simulation of production 

process. 

Literature review 
1). Scrap melting process: 

There are two ways of producing aluminum products, primary aluminum from bauxite or 

secondary aluminum from aluminum-containing scraps. As aluminum oxide cannot be reduced to 

aluminum by carbon or other cheap elements. The only way to produce aluminum from ore is to 

supply power to electrolyze aluminum ores. A lot of electricity is consumed during the electrolysis 

process. Due to the price of energy going high, the industries tend to choose secondary aluminum 

production. The secondary aluminum production process can be divided into four stages: 

remelting (holding), refining (alloying) and casting [2]. The remelting process is to melt the 

planned amount of aluminum scrap. Several charges will be added to the furnace so more amount 

of scrap can be process and less energy will be wasted. The purpose of this step is to melt the 

scrap fast and get high yield of aluminum (less oxides and dross formed during melting) [2]. 

The refining process is mainly to add alloys to obtain planned composition, to get rid of the 

impurities and get appropriate temperature for casting. The last stage is tilt the refining furnace 

to cast the aluminum alloy melt to the mold. 

 

2). Temperature measurement 

Temperature of the melt is a very important parameter in aluminum industry. There is a very wide 

range of temperature measurement methods using different features of material like thermo-

resistance, thermos-expansion and so on [3]. Generally these temperature measurement 

methods can be divided into three different groups: invasive, semi-invasive, and noninvasive. 

Invasive method is that the temperature-measuring instrument has a direct contact with the 

object to be measured, for example the thermocouple in water.  

 

Semi-invasive: the temperature measuring device is not in full contact with the object to be 

measured, for example the object surface can be coated with thermographic phosphor of which 

the color change with temperature. 

Noninvasive: the temperature of the object can be measured remotely, for example infrared 

temperature measurement device.  



In the temperature measurement type K thermocouples were chosen for measuring since it can 

get continuous reading of the temperature in the melt. Thermocouple is a temperature measuring 

sensor that contains two different kinds of conductors which connect at the “junction”. The outer 

part of thermocouple is protected by stainless steel or other material from corrosion or heat 

wearing. If the junction detects temperature change, there will be a voltage change that can be 

measured in the circuit. This voltage change can be interpreted into temperature readings. 

Thermocouples are divided into several types based on the type of material used as in the junction. 

Type K is the most widely used thermocouple. It uses chromel and alumel in the junction. It has a 

wide range of measuring and is also accurate and inexpensive. The accuracy [8] of type K 

thermocouple can be +/- 2.2C or +/- .75% for general conditions. 

 

Figure 1 The structure of type J thermocouple [7] 

To protect thermocouples from the interference of the electromagnetic field, several methods 

can be used. The first is to use metal casing to protect the junction from high (>400 Hz) frequency 

magnetic field. The second is to connect a same type cable to neutralize the influence of low (<400 

Hz) frequency magnetic field. The third is to connect a transmitter and an electrical signal 

converter between the thermocouple and temperature reading device to get enough attenuation 

to make the serial interference into common noise. 

 

3). Previous studies on dissolving aluminum-based alloys.  

The inclusions in the aluminum alloys can mainly be divided into three groups: nonmetallic 

inclusions either endogenous or from refractory, intermetallic phases formed during solidification 

and oxide films [5]. There are many kinds of intermetallic phases formed during the aluminum 

alloy casting and heat treatment process. The type of intermetallic phases varying from the 

composition of the aluminum alloys.  Al(Fe,Si), Al(Mn,Si),Mg2Si,CuAl2 and other intermetallic 

particles might form  during solidification [1]. The particles accumulate and form big cluster in 

solidification but will break into small pieces (size ranging from 1 to 30 μm) and will not distribute 

homogeneously in the ingot. The particles containing elements like Cu, Mg can be dissolved and 



turn into medium-sized particles (0.1 to 1 μm) [1]. The particle location in the ingot and size of 

the particles is usually decided by the homogenization temperature and time. Aging treatment 

can help get smaller size (<1 μm ) of intermetallic particles and better distribution in the ingot. 

These intermetallic particles have great effect on the performance of the final products, including 

the corrosion, fracture and surface quality. The medium-sized particles can affect the strain 

distribution when the material is deformed. In this case, various extraction techniques have been 

developed to characterize the intermetallic particles so better production route can be designed.  

One way is to dissolve the aluminum matrix so the rest of the particles that people want to 

investigate remain in the solution. As in the aluminum alloys, the intermetallic particles can also 

react readily with the reagents in the solution, so we can investigate the nonmetallic particles that 

still remain in the solution. Many kinds of dissolution has been used to investigate specified types 

of intermetallic particles. HCl, NaOH and HNO3 are all aggressive reagents that can dissolve both 

aluminum matrix and  

Pryor, M. and D.S. Keir once used 10% iodine methanol to isolate the oxide film of aluminum alloy 

[6], so iodine methanol is a possible solution for the investigation of nonmetallic inclusions in 

aluminum alloys. 

  



 

Experiment 
1). Temperature measurement 

Equipment preparation:  

A 90° bent steel rod with diameter of 15mm was prepared, the short end (oxide paint coated) was 

around 1.5m. 

 

Figure 2 Position of two thermocouples on the rod 

As Figure 2 shows, two thermocouples (type K) were fixed onto the steel rod, one is around 50mm 

above the bottom and the other around 50mm beneath the bath surface.  

GRPAHTEC GL200 midi logger was used to record the temperature reading from the 

thermocouples, as can be seen from figure 3. 

 

Figure 3 Temperature recording device: GRPAHTEC GL200 midi logger 

Temperature measurement process: 



First the thermocouples were connected to the temperature recording device to test if it could 

work. The bottom thermocouple was connected to channel 1 and surface thermocouple is 

connected to channel 2. The main diagram scale was set to 500 to 1000 °C. After the charging and 

skimming step was finished, a short period was spent waiting for the EMS to turn off for some 

time to get some temperature gradient in the bath. Then the EMS was turned on before the 

temperature measurement. Then the furnace door was slightly opened to put the rod with 

thermocouples into the bath. The thermocouples were kept in the bath to get continuous reading 

of temperature for both bottom and surface position (for 2-3 min). The measuring point was at 

the middle of width and at the right side of furnace, which is shown in figure 4. 

 

Figure 4 Position of taking temperature measurement 

2). Chemical extraction of inclusions 

As the brief introduction in the literature review shows, HCl, NaOH and HNO3 are too strong 

reagents that might dissolve nonmetallic inclusions, butanol or phenol have complicated 

conditions for dissolution. Due to the limitation of the lab ventilation facilities, iodine methanol 

was chosen as the solution to dissolve aluminum alloy samples because it is safer to use organic 

reagents without heating. 

Experiment equipment for aluminum dissolution: beaker, electronic balance, suction filtration 

system, tweezers, ultrasonic cleaners. 

Dissolution process: 

According to the concentration of iodine methanol and dissolved total weight of aluminum alloys 

in previous chemical extraction of aluminum alloys studies, only 0.2g to 0.3g aluminum alloys can 

be dissolved in 10%(10g iodine/100mL methanol) iodine-methanol solution. 

Set No. Main composition Alloy type Charge Sample No. 

Set 1 Al-2Mn-2Zn AA3003 FA6815, No.215373 K373-1 

Set 2 Al-10Si-1Mg AA4004 FA6691, No.215269 K269-1 

Set 3 Al-1Mg-1Si AA6063 FA7870, No.217802 K802-1 

Table 1 Two sets of aluminum alloys used in chemical extraction 



As is shown in Table 1, 3 sets of aluminum alloys were used in chemical extraction experiments 

to test the feasibility of using iodine methanol solution for different types of aluminum alloys.  

The first step was to cut the cylinder aluminum alloy sample into the size that can be used to 

dissolve. The cutting part is shown in figure 5. In figure 6 the parts used for chemical extraction is 

shwon The Two general sizes were chosen, one is small size pieces (0.001g to 0.08g, around 15 

pieces), and the other size is one big block (0.2g to 0.3g). The aluminum alloy pieces are cleaned 

in methanol using ultrasonic cleaner for 3 min then dried. The preparation of solution is at 

different proportions. (Concentration is calculated in this equation c=mass (iodine/g)/volume 

(methanol/mL)) The iodine was blended with methanol using ultrasonic cleaner for 10 min. Then 

the aluminum alloys pieces or block were put into the solution to start the dissolution using 

ultrasonic cleaner. The small pieces were taken out during dissolution, cleaned by methanol then 

dried to weigh the mass of different pieces by electronic balance. The aluminum alloy pieces were 

put back into the iodine-methanol to continue dissolution. The weighing of aluminum pieces was 

repeated three or four times before the end of dissolution. After the dissolution process, the final 

pieces (if there were still aluminum alloy pieces remain) were taken out from the solution, cleaned 

with methanol, dried and weighed. The remaining solution was then filtered by a suction filtration 

system (0.4μm PC-filter). The undissolved particles were left on the PC-filter and kept for SEM 

observation. 

 

  

Figure 5 Front view of the cylinder ingot 

 

Figure 6 Part of the slice cut from the ingot 

  



 

Result and discussion 
1). Temperature measurement 

 

Figure 7 The result of first temperature measurement 

From figure 7 we can see the relationship between temperature and time starting from room 

temperature. The surface thermocouple got an increase in temperature reading earlier than the 

bottom thermocouple. This might be because there was a pause when putting the rod into the 

furnace, the surface thermocouple was already inside the furnace but the bottom thermocouple 

was still at the door of furnace. Between 20s and 50s, the surface temperature fluctuated because 

of the repositioning of rod to make sure the surface thermocouple was beneath the melt surface 

approximately 50mm. After 55s, surface temperature kept growing due to heating from the 

furnace walls and cold aluminum went down while hot aluminum went up. While the bottom 

temperature almost kept the same.  

There was a delay for the EMS to take effect because it took some time for the equipment to be 

lifted to the working position. After 80s the surface temperature started to decrease steadily, and 

this can be inferred as the working of EMS equipment since the forced convection mixed the melt 

with different temperatures and the temperature gradient would become smaller. The bottom 

temperature also started to increase as it took some time for the upper hot metal to move down 

to the bottom. The difference between surface temperature and bottom temperature got smaller 

as stirring continued. The measurement was aborted at 121s due to too much heat radiation from 

the furnace.  

One interesting fact was that there was also a delay for the bottom temperature to increase than 

the surface temperature to drop. This might be because the stirring direction of the melt. We can 
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see from figure 8, the flow pattern in the measurement was anticlockwise, so for the two points 

we took measurement, the time needed for the hot top melt to go to the colder bottom melt was 

longer than the colder bottom melt to go up to the hot top melt.  

The estimated homogenization (difference between surface and bottom temperature less than 

5°C) time was 52s. With EMS operational, the surface temperature decrease rate was 1.238°C/s, 

bottom temperature increase rate was 0.619°C/s. 

  

Surface temperature 

Bottom temperature 

Flow pattern 

Figure 8 Front view of the melt and the flow pattern in the melt 



 

 

Figure 9 The result of second temperature measurement 

As figure 9 shows, the second temperature measurement took longer time to put the rod inside 

the furnace because of the small problem with the opening the furnace door. At around 41s the 

rod was put into the furnace, the bottom thermocouple was dipped into the aluminum bath first 

so the bottom temperature increased first, and bottom temperature increased first. Then the 

surface thermocouple was dipped into the bath later so the surface temperature increased later 

than bottom temperature.  

The time of EMS taking effect is similar like temperature measurement 1, at around 81s. Then the 

surface temperature started to decrease steadily, but the bottom temperature almost kept the 

same, which is quite strange. One possible explanation to this was that most of the melt had small 

temperature gradient only a tiny surface layer of the melt has higher temperature, when forced 

convection produced by EMS brought the top hot melt to the colder bottom layer, very small 

temperature difference to the bottom temperature. Another possibility was that the flow pattern 

in the melt didn’t work as we expected so the top hot melt was not well mixed with the colder 

bottom melt. The difference between surface temperature and bottom temperature didn’t get 

small enough when we aborted the measurement due to too much radiation from the furnace 

wall. 

The estimated temperature homogenization time in this measurement was 203s. With EMS 

operational, the surface temperature decrease rate was 0.504°C/s and the bottom temperature 

increase rate was -0.062°C/s 
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Figure 10 The result of third temperature measurement 

As is shown in figure 10, the third temperature measurement was quite successful. The bottom 

thermocouple was dipped into the bath first at around 25s, the bottom temperature started to 

increase first and later the surface temperature started to increase after the surface 

thermocouple was dipped into the melt.  

The original purpose in this measurement was to turn on the EMS equipment earlier than in the 

previous measurement, but a problem with the furnace door controlling system made it 

impossible to accomplish this. The switching on time of EMS equipment was almost the same as 

previous measurements at around 81s. Then the surface temperature started to decrease 

immediately and the bottom temperature started to increase at around 92s. The sudden peak at 

the surface temperature was because the hot temperature of bath made the rod bend, so the rod 

sank down a little. So the rod was lifted up so the surface thermocouple could maintain the 

previous position. During this process, the surface thermocouple was lifted out of the surface and 

exposed in heat radiation from furnace wall for some time, which caused the small peak at around 

110s. This could also be explained by the thin layer of thermal boundary because in this 

measurement the surface thermocouple might be lower than previous measurements and the 

surface temperature had lower final reading. The melt almost reached temperature 

homogenization at the end of the measurement. 

The estimated temperature homogenization time was 101s. With EMS operational, the surface 

temperature decrease rate 0.980°C/s, the bottom temperature increase rate 0.250°C/s 
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2).Chemical extraction 

Repeatability 

The first purpose was to check the feasibility and reliability of dissolving aluminum alloys with 

iodine-methanol solution. If the aluminum alloys can be dissolved with similar dissolution rate, 

then the solution can be determined as a valid way to continue researching. 5% iodine methanol 

was used to test the repeatability. 

Dissolution rate is introduced in this part to describe the speed of dissolving the aluminum alloy 

samples. Dissolution rate (DR) = dissolved weight/time of each dissolution period.  

 

Figure 11 Repeatability - dissolution rate of several 5% experiments 

The relationship of dissolution rate and time is shown in figure 11. The three dissolutions that 

used similar weight (around 0.25g) block have very good consistency, the one that used multiple 

pieces but higher initial weight (around 0.64g) had higher dissolution rate than the three one 

block dissolutions. That was reasonable because more amount can be dissolved at the same time, 

and the multiple pieces have more surface area, which could also contribute to the dissolution 

rate of the aluminum pieces. If we rule out the factor of initial weight with the method of dividing 

the dissolution rate by initial weight, an interesting result can be obtained in figure 10. 
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Figure 12 Unit weight dissolution rate of several 5% experiments 

From figure 12, we can see that the multiple pieces dissolution curve can be connected with the 

three one-block dissolution rate curves and the two parts have similar dissolution rate trend. And 

it can also be inferred from this figure whether the sample is cut into pieces or one block i.e. the 

surface area of the sample does not have too much effect on the dissolution rate. With this good 

repeatability result, we can use iodine methanol to continue further research. 

Parameter in chemical extraction: time and initial weight 

The dissolution process was investigated in detail with sample K-373-1-5. In this extraction 

experiment 50mL iodine-methanol solution was used and the sample was cut into 16 pieces 

(weight range 0.01g-0.14g). At 20, 40, 60, 90 min of dissolution the pieces were taken out from 

the beaker to clean, dry and then weigh, so the dissolution at different periods can be investigated.  

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0 10 20 30 40 50 60 70 80 90 100U
n

it
 W

ei
gh

t 
C

h
an

ge
 R

at
e 

(g
/m

in
)

Time (min)

DR/W(0) - Repeatability 5%IM 

5%IM 50ml 5%IM 50ml 1b1 5%IM 50ml 1b2 5%IM 50ml 1b3



 

Figure 13 The dissolution rate relationship with different piece weight 

Figure 13 shows the influence of initial weight on dissolution rate more directly. In the first 20 

min, the pieces with higher initial weight have much higher dissolution rate than the ones with 

lower rate. But after 20 min, the pieces with higher weight still have higher dissolution, but the 

difference between the dissolution rates of lower weight is not so much like the first 20 min. 
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Figure 14 Weight change per unit weight 

In figure 14 we can see how much sample can be dissolved per unit weight in each test using 

different concentration. 14% iodine methanol solution has highest ability of dissolving samples, 

then is 10% iodine-methanol solution. 5% and 3% iodine-methanol have close ability of dissolving 

samples but the 5% is still a little higher. However, if the volume of 3% iodine-methanol solution 

is doubled to 100mL the ability of dissolving samples will be closer to 5% iodine methanol solution 

or even the same, but influence of volume still requires further investigation though it doesn’t 

change so much dissolving speed. 
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Figure 15 Dissolution rate per unit weight relationship with time

Relationship between dissolution rate and concentration, dissolution rate and time is shown in 

figure 15. 14% iodine methanol has the highest dissolution rate, 3% has the lowest. The 

tendencies of different concentrations are similar. The dissolution rate of sample is very high in 

the first 20min, then the rate decreases significantly to a low level between 20 and 40min. The 

100mL iodine methanol solution can have the similar dissolution rate as 5% iodine methanol 

solution.  

 

There are many parameters controlling the dissolution rate of aluminum alloy samples. For the 

experiments we have done now, the most important factor is the concentration of iodine 

methanol solution. Second is the initial weight of sample. Volume of iodine methanol and surface 

area of sample also has an influence on the dissolution rate, but not so important.  
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SEM observation and dissolution of intermetallic phases 

Area fraction is introduced in this part to describe the amount of IMP 

%fA(IMP)=A(IMP)/Aobs*100%  

A(IMP) is the area of IMP in SEM observation. Aobs is the area of observation. %fA(IMP) is the fraction 

of area covered by IMP. 

IMP are some secondary phases precipitated during solidification. The number of IMP is much 

larger than nonmetallic inclusions (NMI). But the target we are looking for is NMI, especially the 

large-sized (100μm) ones. If the area fraction of IMP is too large, then NMI are also covered by 

IMP and hard to find under SEM. Figure 16 shows two typical situations: a is covered by 

IMP, %fA(IMP) is larger than 90. b is clean and not covered by IMP, %fA(IMP) is less than 1.  

 

Figure 16 Two typical SEM images of covered by IMP and clear without IMP 

Figure 17 and 18 shows the morphology and composition analysis of IMP. The IMP usually have 

dendrite shapes and Al or Si content is still very high. While figure 19 shows the morphology and 

composition of NMI. Unlike IMP, NMI have relatively regular shape. The oxygen content is much 

higher than that of IMP. 



 

Figure 17 SEM image and composition analysis of IMP 

 

Figure 18 SEM image and composition analysis of IMP 



 

Figure 19 SEM image and composition analysis of NMI 

 

 

Figure 20 Area fraction of IMP relationship with time 
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There are also many parameters we need to consider how to dissolve the IMP, concentration, and 

volume of iodine methanol, initial weight of sample and time of dissolution. So many parallel 

experiments were carried out to test the effect of different factors.  

The first parameter we investigated was the concentration of iodine methanol solution. The 

weight of samples were cut to similar values (0.24g-0.28g). All are one big block (similar surface 

area). Dissolution time was set to 20 min. 3%, 5%, 10% was tested separately but the area fraction 

didn’t change much (higher than 90%). So the concentration of iodine methanol is not the 

determining factor of dissolving IMP.  

The volume of solution was also tested. K-269-1-5 uses 100mL 3% iodine methanol, 30 min of 

dissolution time. K-269-1-9 uses 50mL 3% iodine methanol, 20 min of dissolution time. K-269-1-5 

has twice the amount of solution of K-269-1-9 and the dissolution time was also longer, but still 

K-269-1-5 had over 90% area fraction of IMP. Though the SEM of K-269-1-10 wasn’t done, but it 

could be inferred from K-269-1-5 that the area fraction of IMP would be larger than 90%. 

Time was also an important factor we investigated. The first way was to dissolve the previous 

samples’ PC filter which had too many IMP on them i.e. prolonged the dissolution time of IMP. 

Three tests were done with different dissolution time and vibration time. But none of the three 

tests got less area fraction of IMP, still higher than 90%. The reason for this result might be 

explained by the oxide film of IMP on the PC filter as the filter was kept for too long time thus it 

was hard for the iodine methanol solution to dissolve the oxide film and IMP in a short time. 

Then we tried to prolong the whole dissolution time to 60 min. Four experiments were done with 

different concentrations, 14%, 10%, 5% and 3%. Similar initial weights (0.24g-0.28g) were used. 

All of these four experiments got clean PC filter, the area fraction of IMP was lower than 2%. And 

this can be clearly seen from the figure of area fraction that only the dissolution time exceed some 

critical point can low area fraction be obtained. Time is the most important factor for dissolving 

the IMP for better observation of NMI under SEM. A possible theory for this is that aluminum 

matrix is easier to react with iodine methanol solution than the IMP. Only after the iodine 

methanol solution finishes the intensive reaction with aluminum matrix in the beginning 30min 

then the IMP starts to be dissolved by the remaining iodine methanol solution. 

From figure 20, the function between Fa(IMP) and many other parameters like time, 

concentration are shown. When the dissolution time increased from 30 to 60 min, the Fa(IMP) 

decreased significantly. The other parameters like concentration had no big influence on the 

change of Fa(IMP).  

 

  



Conclusion 
For temperature measurement: 

1. EMS is a very effective equipment for the string of melt and improves the temperature 

homogenization. 

2. The temperature distribution of the melt can work as validation data for the simulation. 

3. There might only be a very thin thermal boundary near the surface of melt 

For Chemical extraction: 

1. Chemical extraction using iodine methanol solution can work as a reliable method for 

investigating the IMP and NMI in aluminum alloys. 

2. Concentration of iodine methanol solution is the determining for aluminum alloy sample 

dissolution 

3. Time is the determining factor to dissolve the undissolved IMP for better observation of 

NMI under SEM 

4. More optimization work needs to be done for preservation of NMI. 
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Appendix 1 
Chemical extraction experiment data 

Sample Solution Time and 
procedure 

W(0)/g DR/W0 
g/min 

(IMP)Area 
fraction % 

K-373-1-4 14% IM 
50ml 

30,60(F) 0.2669 30:0.0303,60:0.0165 3.090 

K-373-1-5 5% IM 
50ml 

20,40,60,90(F) 0.6397 20:0.0150,40:0.0084,60:0.0059,90:
0.0042 

3.701 

K-269-1-1 10% AA    54.44 

K-269-1-2 10% AA    43.97 

K-269-1-3 10% AA    51.51 

K-269-1-5 3% IM 
100ml 

3,5,10,15,20,30(
F) 

0.3536 3:0.0472,5:0.0314,10:0.0229,15:0.0
187,20:0.0158,30:0.0133 

93.501 

K-269-1-6 5% IM 
50ml 

3,5,10,15,20(F),1
b 

0.2773 3:0.0328,5:0.0296,10:0.0220,15:0.0
184,20:0.0166 

 

K-269-1-7 5% IM 
50ml 

5,10,20(F) ,1b 0.2500 5:0.0304,10:0.0252, 20:0.0180 98.564 

K-269-1-8 5% IM 
50ml 

5,10,20,1b 0.2665 5:0.0289,10:0.0229, 20:0.0188  

K-269-1-9 3% IM 
50ml 

3,5,10,15,20(F) ,
1b 

0.2469 3:0.0275,5:0.0231,10:0.0186,15:0.0
162,20:0.0146 

 

K-269-1-
10 

10% IM 
50ml 

3,5,10,15,20(F) ,
1b 

0.2769 3:0.0495,5:0.0441,10:0.0368,15:0.0
314,20:0.0282 

94.194 

K-269-1-
11 

5% IM 
50ml 

20(US),10(no 
US)(F) ,1b 

0.2478  94.988 

K-269-1-
12 

5% IM 
50ml 

10(US),10(no 
US)(F) ,1b 

0.2241  96.248 

K-269-1-
13 

5% IM 
50ml 

5(US),5(no 
US)(F) ,1b 

0.2181  92.660 

K-802-1-1 14% IM 
50ml 

60(F) 0.2775  0.761 

K-802-1-2 10% IM 
50ml 

60(F) 0.2502  1.086 

K-802-1-3 5% IM 
50ml 

60(F) 0.2546  1.825 

K-802-1-4 3% IM 
50ml 

60(F) 0.2462  1.097 

 

 


