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Abstract 

It is well known that the quality of carbon anodes is important for the aluminum industry. Carbon anodes provide the necessary carbon for the reduction reaction in the Hall-Héroult process. An increase in their electrical resistance results in an increase in energy consumption and greenhouse gas emissions. It is thus important to have, at the disposal of the industry, a non-destructive tool to ensure their quality. Current practice uses visual inspection or destructive sampling methods, which offer limited information on the anode quality. In contrast, SERMA (Specific Electrical Resistance Measurement of Anodes) is a non-destructive method that uses the electrical resistivity distribution to determine the state and the integrity of the anode. This method, which can be implemented easily in a production line, allows the quality control of both green and baked anodes. The method used by SERMA has been validated on lab-scale anodes, and the results have been published previously. In this study, a prototype for industrial application has been built, and tests have been carried out on industrial green and baked anodes. In this article, the results of this study will be presented, which shows the ability of the method to detect both green and baked defective anodes.
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1. Introduction

An important part of the aluminum production cost pertains to carbon anodes, which includes the raw material and fabrication costs.  Their poor performance in terms of energy and carbon consumption in the electrolysis cell could increase their contribution to the cost of production even further. Poor mechanical or chemical anode properties decrease the anode life due to breakage, thermal shock or increased air and CO2 reactivities [1-3]. This, in turn, decreases the productivity. Thus, it is important to fabricate good quality anodes. 

Three main steps of the anode production are paste formation, compaction, and baking. During the baking process, the release of volatiles from pitch, which is used as the binder, exerts pressure within the anode. This might cause the formation of cracks and defects in baked anode, which affects its final quality [1-3]. Therefore, it is important to control the anode quality before its introduction into an electrolysis cell. Two main quality control methods that are widely used in the industry are visual inspection and tests on cores from baked anodes. Visual inspection provides limited information on the anode quality based on only surface defects. In contrast, coring provides more, but limited information on the internal anode defects but only in a small region, usually close to the top part of the anode. This does not represent the entire anode quality. Moreover, coring is a destructive technique, which is applied to only  a small number of anodes (about 1.5% of the anodes produced) [1].

There exists, however, some non-destructive techniques that are widely used in other fields. Among them, the ultrasound and the eddy current techniques have been applied for material inspection. Some researchers investigated the use of ultrasound inspection for carbon anodes. Amrani et al. [4, 5] applied this technique on core samples obtained from carbon anodes and was able to detect cracks on these samples. More recently, Ben Boubaker et al. [6] used the ultrasound inspection on thin slices taken from an industrial anode and analyzed the acoustic response using wavelet transforms. Then, they combined the signal and multivariable statistical analyses in order to determine the internal morphology of the anode samples. They validated their method comparing with the X-ray tomographic analysis of the same samples. Both works of Amrani et al. [4, 5] and of Ben Boubaker et al. [6] were carried out on small samples. To the best of authors’ knowledge, currently there is no reported study, which demonstrates the possible application of ultrasound inspection on full size anodes due to the short penetration of the acoustic waves into the carbon material. Electrical resistivity measurement is another promising non-destructive technique for inspecting conductive materials. In general, it is based on the strong correlation between the local resistivity and the local density of a material. Variations in the resistivity values indicate variations in the state of the anode, reflecting possibly the presence of cracks or large pores in the material if the values are higher than normal. In addition, electrical resistivity is also related to anode reactivity since air and carbon dioxide can penetrate more easily into a porous structure, increasing the reactivity in the case of carbon anodes. These also affect other physical, thermal, and mechanical properties. Thus, electrical resistivity is a strong indicator of anode quality. This technique is employed in several fields [7-10]. For carbon anode inspection, the use of electrical resistivity has gained the interest of many researchers.

In a recent article of Rouget et al. [11], the use of Van der Pauw method is suggested to measure the resistivity and detect the flaws in a core sample. However, this is limited to a small sample and not applicable to a large anode block. Formerly, Seger [12] developed a system to measure the resistivity of a full size baked anode. In this system, the current enters the anode from the stub holes and leaves through a set of probes at the bottom. The voltage drop between the stub holes and the probe as well as the current flowing through each probe are measured. The electrical resistivity is then calculated from the values of the current and the voltage drop. Later, a similar system was proposed by Chollier-Bryn et al. [13] and by Leonard et al. [14] where they attempted to mimic the current distribution in an electrolysis cell. In this system, the current enters the anode from the stub holes and leaves from a metallic brush carpet at the bottom. The voltage drop is measured between a reference point at the top surface and a number of predefined points on the large side surfaces. The resistivity is determined by comparing the measured voltage drop to that obtained by a numerical model of a homogenous anode. Recently, Gagnon et al. [15] presented  the results of the testing of this system  in a plant environment.

The last two systems are only applicable to baked anodes. It would be helpful to control the quality of green anodes in order to reject defective ones as early as possible in the process and save the cost of unnecessary baking.  Kocaefe et al. [16, 17] developed a technology, SERMA (Specific Electrical Resistance Measurement of Anodes),  applicable to both green and baked anodes.  SERMA is based on the measurement of electrical resistivities in two directions in the anode and the construction of a map of the anode’s resistivity distribution. The analysis of the resistivity distribution permits the localization of internal defects. The experimental validation of SERMA using laboratory anodes  was previously presented [18, 19]. Predefined defects were intentionally created in these anodes. The experiments showed that the resistivity values were correlated well with the anode porosity and the defects present in the anodes. In addition, a comparison with the X-ray tomography results of the same anodes showed the ability of SERMA in localizing the defects.
In this paper, the results of the testing of SERMA on full size green and baked industrial anodes using a prototype, developed by the UQAC Industrial Materials Chair (CHIMI) in collaboration with Dynamic Concept, are presented. A measurement campaign was carried out using 58 green and 55 baked anodes, yielding a total of 113 sets of measurements. Then, these distributions of the green and baked anodes were analyzed to determine the relationship between them. 

2. Methodology

2.1. Principle of SERMA

As mentioned above, SERMA has already been described in detail by Kocaefe et al.  [16, 17] and more recently by Benzaoui et al. [18, 19]. This method is based on passing a DC current through the anode using multiple points between two opposite faces and then measuring the voltage drop between the two faces (between top and bottom faces as well as two side faces) at each point using probes placed adjacent to the current contacts. The current contacts as well as the voltage drop measurement points are placed at exactly the same positions on the opposing faces of the anode and are distributed over a rectangular grid covering the entire face. The electrical resistivity is then determined directly at each position from the measured voltage drop and the known values of the current and anode dimensions.  In addition to the resistivity distribution, the results of the statistical analysis of the distribution give an indication about the anode quality. The arithmetic mean of the distribution in each direction gives an indication of the overall quality while the standard deviation reflects the heterogeneity of the anode. 

Using this method, a map of the electrical resistivity distribution is obtained, indicating the actual state of the anode, a reflection of its properties between the two opposite faces. In general, high resistivity values correspond to regions of low density indicating either high porosity or the presence of cracks and defects in baked anodes. However, for green anodes, high resistivity values might also result from a high pitch concentration (non-homogeneous pitch distribution in an anode resulting from non-homogeneous mixing) due to its considerably low conductivity. Nevertheless, overpitched regions are likely to contain more cracks and defects after the baking process due the pressure of the high quantity of volatiles released.

2.2. The industrial prototype 

In order to test SERMA at industrial scale, a prototype that could measure the electrical resistivity distribution of full size industrial anodes was built. In this prototype, four plates are used to measure the resistivity in two directions as described above. The plates contain the current contacts and the voltage probes arranged on a rectangular grid with forty-five points (59 grid) for measurements between top and bottom and twenty five points (55 grid) for measurements between the small side faces. The current circuit was designed in such a way that uniform electrical resistance of each circuit branch is ensured. A power generator is connected to the circuit in order to supply the desired DC current. The total current is measured via a shunt resistor. The voltage probes and the shunt resistor are connected to an automated data acquisition system to which a digital multimeter is integrated.

2.3. The measurement campaign 

Sixty green anodes were received from the plant for the measurement campaign. However, two green anodes were broken and damaged extensively during the manipulation and the transportation. Measurements were carried out on 58 green anodes. Of the 58 green anodes, 20 were designated as rejects by the plant’s inspection procedure (30% by visual inspection and the rest is due to non-conformity: 25% anodes with particularities such as ‘without slots’ and they were produced for certain testing in the plant, 40% due to height, and 5% a small piece missing from the corner). 

After measuring the electrical resistivity distributions of green anodes, they were sent back to the plant for baking. Out of 58 baked anodes, again three were damaged. Thus, the resistivity distributions of the 55 anodes in baked state were measured in order to analyze and correlate the defects of green and baked anodes. It is important to note that the baking conditions and the position of the anodes in the furnace were not controlled. Therefore, the baking process may not have had the same effect on each anode. 

3. Results and Discussion

3.1. Preliminary tests

After the prototype was ready, preliminary tests were carried out. First, the influence of the amount of current on the measurements was studied. Since it is possible to measure the resistivity distribution for both green and baked anodes with SERMA, it is important to use currents that permit accurate measurements without affecting the green anode properties by softening and/or pyrolyzing the pitch. For this purpose, five tests were performed on the same green anode, by varying the current from 1 A to 20 A without removing the measurements plates between the tests (i.e. the current contacts and the voltage probes remained at exactly the same positions for all the tests). Then, the five measured voltage drops umes at each position were compared. 

The measured voltage drop vs. the current showed nearly a perfect linear relationship (R2=0.9999). The curve is not presented in the article due to space limitation. This result confirms that:

· the measurements are reliable and repeatable ,
· the measured resistivity, which is proportional to the slope of the curve, is independent of the current,
· within the current range studied, the green anode properties are not influenced by the Joule effect since no sensitive variation of the slope was detected (this is due to the relatively low local current density obtained by distributing the total current on the whole area of the measurement surface),
· the measurement errors are small.

In order to quantify the measurement error, the root mean square error between the measured and the theoretical voltage drop was calculated using: 

		(1)
where:  	Root mean square error	 
	Total current intensity, A 
	Measured local voltage drop, V
	Theoretical resistance (slope of the least square line), Ω
	Number of the current intensity variation tests

The root mean square error was calculated for the seventy measurement points (the two measurement directions) and was found to be less than 0.05. 

Since the measured resistivity is independent of the amount of current within the range tested, a constant current of 5 A was used for all the experiments for both green and baked anodes. A low current also means that no new safety issues will arise in the plant environment.



3.2. Repeatability tests 

The electrical resistivity distribution measurements were repeated five times on the same anode under the same conditions. The current was 5 A. The plates containing the current contacts and the voltage probes were removed and reinstalled after each test. It is difficult to place the measurement probes at exactly the same position every time.  Thus, the measured resistivity values at a given position may differ slightly from one test to another since the anodes are not homogeneous. 

As expected, there was a slight variation in the local resistivity values from one experiment to another. However, the obtained distributions are quite similar. Figure 1 compares the resistivity distributions obtained during these five tests. In this figure, the normalized resistivity values are presented. The normalization was done based on the maximum and minimum values of each test for each direction. Then, in each case, the values measured between the top and the bottom faces are represented on a horizontal plan, whereas those measured between the small side faces are represented on a vertical plan. The results show that there is globally the same high and low resistivity regions in all cases although small shifts in the position and small differences in the resistivities (shown with different colors) were observed.

Quantitatively, although there is a slight variation in the local resistivities, their effect on the mean resistivity, one of the key indicators of the anode quality, is small. The mean resistivity, , its average, , and the standard deviation, ,were calculated for each case and each direction. The relative error of the mean resistivity was calculated from  and was found to be about 3%, which means that the mean resistivity measured by SERMA is repeatable. 

Green anode resistivity measurements 
 
The resistivity distributions for 58 industrial green anodes were measured. They consisted of both accepted and rejected anodes by visual inspection as well as a number of them rejected due to non-conformity. It should be noted that if the green anodes are non-conform due to their heights, it is expected that they will have high resistivities due to the high resistivity of pitch. After baking, their resistivity will approach to that of the regular anodes. In any case, such anodes need not be tested by SERMA since they cannot be processed. Figure 2 and Figure 3 illustrate the resistivity distributions obtained using SERMA for two anodes, one with low resistivities (Anode 30) and one with high resistivities (Anode 60) among the anodes tested. In Figures 2a and 3a, the maximum and the minimum resistivities of each specific anode were used for normalization. In addition, the maximum and minimum resistivities used to normalize the results between top and bottom face and between two side faces are specific to that direction for the same anode since the resistivities are higher between top and bottom faces compared to those between side faces. Thus, the value “0” corresponds to the lowest resistivity and the value “1” corresponds to the highest resistivity measured on a given anode in the direction of measurement. Therefore, the same color does not necessarily correspond to the same resistivity value for different anodes or in different measurement directions of the same anode. This type of normalization permits the identification of the highest and the lowest resistivity regions of each anode. In these figures, the high and low resistivity regions of both anodes can be seen clearly. However, it is difficult to say if anode quality is poor or good relative to all the anodes tested.
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[bookmark: _Ref490141822]Figure 1. Comparison of the normalized resistivity distributions of the same anode for the five repeatability tests in two measurement directions. Resistivities are normalized based on the maximum and minimum values of each case and each direction.

In Figure 2b and Figure 3b, the maximum and the minimum resistivities used for normalization are the maximum and the minimum of all anodes tested in a given direction. This representation does not show the details of the resistivity distribution in each anode, especially if there are anodes with very high and low resistivities. However, it allows the comparison of the quality of a given anode to those of all the anodes tested. These figures show that Anode 30 has a better quality compared to Anode 60.
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[bookmark: _Ref490499719]Figure 2. Resistivity distribution for Anode 30 along the two measurement directions: 
a) Values are normalized based on the maximum and minimum resistivities measured in each direction for this anode; b) Values are normalized based on the maximum and minimum resistivities measured in each direction for all the anodes tested.
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[bookmark: _Ref490499749]Figure 3. Resistivity distribution for Anode 60 along the two measurement directions: 
a) Values are normalized based on the maximum and minimum resistivities measured in each direction for this anode; b) Values are normalized based on the maximum and minimum resistivities measured in each direction for all the anodes tested.
It is also possible to compare the anode quality using the mean resistivity values. Due to the space limitation, only the mean resistivities measured between the top and bottom faces are presented in Figure 4. However, measurements between the side faces show a similar trend. The mean resistivity values are also normalized using the highest and the lowest values found for all the anodes. It appears from this figure that in general anodes rejected by visual inspection have the highest mean values. This confirms that the mean resistivity measured by SERMA is a good indicator of the anode quality. Similar trend is found for the standard deviation, which indicates the heterogeneity of the anodes (rejected anodes generally have much higher standard deviation. Nevertheless, it is important to note that this is not true for all the cases. Some anodes rejected by visual inspection have low mean resistivity while some accepted anodes have high mean resistivity. That is, an accepted anode by the visual inspection might be rejected by SERMA while a rejected anode by visual inspection might be acceptable according to SERMA. This shows the possibility that some anodes rejected based on superficial defects on the surface might not contain major internal defects and can be used for electrolysis. This would decrease the rejection rate and the cost. On the other hand, the anodes accepted based on the external appearance might have internal defects, which might increase the carbon and energy consumption. In order to verify these points, the anodes tested with SERMA should be followed during the electrolysis. 

The rejection criteria have to be adjusted to each plant individually since the acceptable anode quality varies from plant to plant. For example in Figure 4, if a threshold value of 0.4 is used, it appears that 12 anodes rejected by plant are acceptable according to SERMA; however, if the non-conform anodes are excluded, 6 anodes could be saved. If a threshold value of 0.2 is used, 6 anodes appear to be acceptable by SERMA, and 4 could be saved after the exclusion of non-conform anodes. 



[bookmark: _Ref490558267]Figure 4. Dimensionless mean resistivity values (the minimum value of 0 for anode 5 and the maximum value of 1 for anode 60) for the green anodes measured between the top and the bottom faces (acceptance or rejection was determined by visual inspection).

3.3. Baked anode resistivity measurements

As mentioned previously, after the resistivities of the green anodes were measured, they were baked in an industrial furnace, but they were baked in different batches and the placement of anodes in the furnace was not prearranged. Thus, anodes may not have been all subjected to the same baking environment because of the differences in their positions in the furnace as well as in baking conditions of different batches. 

Figure 5 shows the normalized mean resistivities of the baked anodes between the top and bottom faces. Rejected anodes with internal defects in green state have high mean resistivities. However, those that were rejected in green state due to non-conformity have in general low mean resistivities, showing that they did not have internal defects. Meanwhile, some of the anodes accepted in green state have high resistivities; this shows that defects have formed during baking. A bad green anode cannot be improved during baking; however, the quality of a good green anode could deteriorate if the baking is not done properly. 



[bookmark: _Ref490558343]Figure 5. Dimensionless mean resistivity values (the minimum value of 0 for anode 26 and the maximum value of 1 for anode 10) for the baked anodes measured between the top and the bottom faces (acceptance or rejection refers to the visual inspection results of these anodes in green state).

In order to understand the relationship between green and baked anode resistivities, the baked anode mean resistivities were plotted as a function of the green ones mean resistivities (Figure 6). Although there is some scatter (which is normal due the non-homogeneous nature of the large industrial anodes), a correlation exists. In general, the higher the green anode mean resistivity is, the higher the baked anode mean resistivity is. This shows that it is important to detect the defective green anodes, which is the objective of SERMA, since the quality will also be poor after baking. This will help prevent the baking of poor quality anodes and reduce the baking cost. It can be seen in Figure 6 also that green anodes with high mean resistivities, rejected due to non-conformity (but with no internal defects), gave low mean resistivities after baking. A few accepted green anodes with low mean resistivities resulted in baked anodes with high mean resistivity due to baking conditions.  

There is a great deal of variability in the anode production parameters ranging from changes in raw material quality to differences in operating conditions. A green anode may have a very high resistivity only in a small region, but this may be sufficient to result in a high mean resistivity for that green anode. The corresponding baked anode quality will be different than the others. Thus, a statistical analysis of the measurement results is also carried out (not presented here). This helps better understand the relationship between the green and baked anode resistivities.  


[bookmark: _Ref490558465]Figure 6. Correlation between the green and baked mean resistivity of anodes measured between the top and the bottom faces (acceptance or rejection refers to the visual inspection results of these anodes in green state).

SERMA gives the mean resistivities and the resistivity distributions in both directions. In addition, the statistical analysis provides additional information that gives insight into the state of a given anode (green or baked). The rejection is based on a number of criteria based on the results of the measurements and statistical analysis. The threshold for the criteria has to be adjusted according to the needs of each plant.   

4. Conclusions

In this paper, the results of an experimental testing of the SERMA technology are presented. For this purpose, a prototype was built to measure the electrical resistivity distributions of full size industrial anodes. Using the prototype, a measurement campaign was carried out on industrial anodes to measure their electrical resistivity distributions before and after baking. Results show that SERMA can give detailed information on anode quality, and it can be used for quality control. Some of the anodes rejected by visual inspection were found acceptable by SERMA while others found acceptable by visual inspection were rejected by SERMA. This is due to the limitation of the visual inspection since the decision is based on the surface defects while SERMA evaluates the quality of the whole anode. This means that it is possible to save good quality anodes that are rejected or to reject poor quality anodes that are accepted. Furthermore, the experiments indicated that the higher the green mean resistivity is, the higher the baked mean resistivity is. It is thus possible to use SERMA to reject green anodes based on their resistivity values. This will also help identify the problems in the paste plant and take corrective action before the poor quality anodes are baked. SERMA can be used for baked anode quality control as well; however, it is preferable to use it for green anodes to avoid their further processing.

Further testing of the SERMA technology on industrial anodes will be carried out. A follow-up of these anodes during baking and their performance in the electrolytic cell would help improve greatly the understanding of the relationship between the resistivity values and the anode quality.   
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Dimensionless resistivity



Accepted anodes	1	2	3	4	5	6	7	9	10	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	41	42	43	44	45	46	47	48	49	51	52	53	55	56	57	58	59	60	0.41437301074131844	0.46240570077784654	0.54562235038623896	0.64298310643179912	0.21830759263375601	0.42116497017557969	5.4582082271581518E-2	0.69376256311149564	0.62928604485749473	0.49865234882602011	0.54371483969370205	0.36362242433736647	0.19630285869226385	0	0.14108996787689909	0.49814926372953178	0.16758439490476557	0.18602649676167282	7.9959994690540895E-2	0.31753003057893797	0.5063184631644575	0.47596374823751886	0.34840614688189264	0.34117677870804347	0.48404551398901768	0.87221316040454144	0.44325530245184813	0.41773791696192819	0.63664289587811329	0.62690438548255245	0.39446107635366728	0.31785416211160805	0.5864142272720464	0.5189011127632368	0.4032843469514531	0.24205291163826548	0.79291950106866871	0.76864692030038573	Rejected anodes	0.46076505861305428	0.51790951385776618	0.81707478226558516	1	0.5372803944499106	0.60471700312853172	0.69958895003395172	0.58119980509609448	0.39973079431007441	0.52036329762018041	0.38066320156954386	0.83334673185381158	0.76993031406133694	0.59868179729908455	0.6414313533909648	0.28736024822697143	0.98970221908259493	Anode number

Dimensionless resistivity



Accepted anodes	3.5236427118039537E-2	2.2319233771989074E-2	4.5198968436847148E-2	3.3942554202177427E-2	2.1732261354056294E-2	0.20164271064317993	2.2777143177057379E-2	0.34935449382420075	0.11132378296930281	9.1855979671287724E-2	0.11488324492515524	8.9703691671791472E-2	0.15816429983014554	5.7919013468203003E-2	0.12193446963029042	7.6412422570711E-2	9.7794022211534146E-2	0.12515343639502238	7.4240340427486173E-2	5.7279921142224771E-2	5.1690590419214394E-2	7.8738915575368912E-2	4.2565824606296376E-2	5.3975925558508192E-2	4.2976918323826108E-2	3.4102665093838455E-2	7.1088743185875616E-2	8.2406712473950105E-3	1.0235067877115553E-2	7.3563267072899202E-2	8.2348165765274969E-2	6.6045428183320237E-2	8.5480286303056263E-2	7.1129861663372707E-2	0.2450484267914243	0.18486336766527806	9.2847358392924753E-2	9.2345617971327551E-2	0.41437301074131844	0.46240570077784654	0.54562235038623896	0.64298310643179912	0.21830759263375601	0.42116497017557969	5.4582082271581518E-2	0.69376256311149564	0.62928604485749473	0.49865234882602011	0.54371483969370205	0.36362242433736647	0.19630285869226385	0	0.14108996787689909	0.49814926372953178	0.16758439490476557	0.18602649676167282	7.9959994690540895E-2	0.31753003057893797	0.5063184631644575	0.47596374823751886	0.34840614688189264	0.34117677870804347	0.48404551398901768	0.87221316040454144	0.44325530245184813	0.41773791696192819	0.63664289587811329	0.62690438548255245	0.39446107635366728	0.31785416211160805	0.5864142272720464	0.5189011127632368	0.4032843469514531	0.24205291163826548	0.79291950106866871	0.76864692030038573	Rejected anodes	9.2965626000990662E-2	0	0.1508017703771502	0.38247250599763044	0.2770700535196734	0.43365995531774876	0.75942515048396086	0.45329263788082408	0.31710301610958969	0.32103640643692832	0.33962772159667642	0.2123199055301829	0.40768936848506254	9.0434493609362065E-2	9.0999315359070465E-2	0.82542556755255647	0.7293849378209446	0.60994458561909348	0.18250753458213698	1	0.46076505861305428	0.51790951385776618	0.81707478226558516	1	0.5372803944499106	0.60471700312853172	0.69958895003395172	0.58119980509609448	0.39973079431007441	0.52036329762018041	0.38066320156954386	0.83334673185381158	0.76993031406133694	0.59868179729908455	0.6414313533909648	0.28736024822697143	0.98970221908259493	Dimensionless green resistivity

Dimensionless baked resistivity
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