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ABSTRACT 

Microreactors have great potential to decrease capital costs and construction timelines, reducing the 

barriers to implementing advanced nuclear reactor technologies. However, the lower power output of 

these microreactors introduces economic challenges if the operation and maintenance costs cannot be 

reduced sufficiently. Many microreactor concepts use graphite materials for in-core moderator and 

structural purposes, which will require periodic inspection or, ideally, in situ structural health monitoring. 

This work describes an initial evaluation of the feasibility of leveraging graphite’s semiconducting 

properties to perform electrical impedance tomography (EIT) for defect localization. 

First, a study was performed to identify the best methods for bonding electrical contacts to minimize the 

effects of contact resistance that interfere with impedance measurements of the graphite. After 

determining the best bonding approach, electrodes were attached to multiple graphite components with 

varying geometries (e.g., simple block and more representative microreactor hexagonal block). In 

parallel, finite element analysis approaches were developed and implemented to analyze the impact of 

defects and contact resistances and to inform an iterative inverse model for reconstructing the 

conductivity distribution. 

The results of this study show that defect localization in graphite components is possible using EIT if a 

sufficient number of electrodes (to improve spatial resolution) can be bonded using a technique with very 

low contact resistance and those contact resistances remain stable during reactor operation. If the reactor 

core and vessel design do not allow electrodes to be bonded during reactor operation, then it may be 

possible to detach/reattach electrodes between reactor operation and outages if a suitable mechanical 

connection that offers repeatable contact resistance can be identified. Alternatively, future work could 

focus on identifying contacts that can survive the harsh reactor operating environment so that contacts do 

not need to be removed. 

1. INTRODUCTION 

Microreactors offer many benefits compared with conventional gigawatt-scale light-water reactors 

(LWRs), including factory assembly, transportability, reduced onsite construction, and enhanced passive 

safety. They are particularly attractive for remote locations, rural communities, military bases, and some 

industrial sectors, among other applications [1-3]. However, their reduced power output does not offer the 

same economies of scale, and microreactors would likely require lower operation and maintenance costs 

compared with those of LWRs to remain economically viable [3]. The US Department of Energy’s Office 

of Nuclear Energy has been funding efforts across multiple programs and national laboratories [4-6] to 

enhance reactor control automation to reduce the number of operators and thereby a portion of the 

operation and maintenance costs. However, even if these efforts are successful, automation and enhanced 

monitoring of other reactor operations will be required to further reduce costs. 

Structural health monitoring of microreactors is a particular concern. These reactors will be quite different 

from conventional LWRs, so they will not have the decades of operational experience to draw upon. 

Microreactors generally operate at higher temperatures, and many concepts are attempting to reduce the 

frequency of refueling outages to further improve economics. This will place a larger burden on structural 

components, pumps, turbines, valves, and heat exchangers to operate longer and under harsher 

environmental conditions. In addition, the smaller size of microreactors requires some of these 

components to be located closer to the core, resulting in exposure to higher temperatures and higher levels 

of radiation (smaller cores have higher radiation leakage). Finally, the more compact reactor size could 

also make access to some components more difficult. 
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Longer refueling outages and a more compact core will also introduce challenges for inspecting in-core 

components. Graphite is one of the most common in-core materials in microreactors that could be 

exposed to the harshest environmental conditions (outside of the fuel). Graphite is an excellent neutron 

moderator, and its high-temperature capabilities make it a common choice for some structural 

applications. Graphite is currently the material of choice for the core block of heat pipe-based 

microreactors due to its combination of favorable neutronic, structural, and heat transfer properties [7, 8]. 

However, graphite is known to undergo significant radiation-induced dimensional changes (compaction 

followed by swelling late in life), creep, and ultimately fracture [9, 10]. Localized cracks or other defects 

in graphite could prevent heat transfer from the fuel to some of the heat pipes, requiring the surrounding 

heat pipes to reject even more heat. Previous reports have documented concerns that this could cause 

cascading failures if the heat pipes cannot handle the excess heat rejection [11]. Therefore, there is 

increasing interest in the ability to monitor the structural health of graphite components. Ideally this could 

be done in situ during reactor operation to identify early signs of impending failures and allow the reactor 

to be safely shut down so that the graphite could be replaced. However, developing sensor technologies 

that can survive the harsh in-core operating environment may be challenging. Alternatively, techniques 

that could be deployed during outages to rapidly identify not only signs of failure in graphite components 

but also the locations of those failures or defects would be of interest.  

2. SCOPE OF WORK 

The goal of this project is to develop a nondestructive method for evaluating and localizing defects in 

graphite microreactor components. More specifically, this project evaluates the feasibility of leveraging 

graphite’s semiconducting properties to use electrical impedance tomography (EIT) to identify regions 

with significant changes in electrical impedance that can be related to specific defects. The first step is to 

evaluate methods for attaching an array of electrodes throughout the component and to accurately 

measure electrical impedances across all pairs of electrodes and how they evolve over time. The next step 

is to develop a computational approach to solve the inverse problem (i.e., estimating the electrical 

conductivity changes in the graphite using the measurements obtained in the initial step). The long-term 

goal would be to combine the experimental measurements and computational modeling to determine 

whether the models, with input from EIT measurements, can locate specific defects in graphite 

components. 

3. METHODOLOGY 

3.1 EXPERIMENTAL 

3.1.1 Articles Under Test 

3.1.1.1 Material 

The material under test in these experiments is POCO graphite, which has long been considered for 

nuclear reactor applications [12] due to its isotropic properties, fine grain structure, and high strength. 

Because its electrical properties are consistent in all directions, POCO graphite minimizes potential 

variations in impedance measurements that could otherwise arise from directional anisotropy. These 

qualities will benefit the sensitivity and reliability of EIT methods for defect detection because any 

localized impedance changes can be more confidently attributed to anomalies (e.g., cracks, voids, and 

holes) rather than inherent material property variations in an otherwise defect-free component. 
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The grade of POCO graphite used in these experiments is AXF-5Q, purchased from POCO Graphite Inc. 

Notable manufacturer-reported mechanical and electrical properties for EIT measurement can be seen in 

Table 1. 

Table 1. Notable grade AXF-5Q graphite electrical and mechanical properties for EIT measurement [11]. 

 

3.1.1.2 Geometry 

As shown in Figure 1, initial experimental testing was performed on a rectangular graphite block with the 

following dimensions: width = 27 mm, length = 111 mm, height = 15 mm. This simple geometry was 

selected due to ease of fabrication and fixturing design. 

 

Figure 1. Rectangular graphite sample 
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After initial testing of the rectangular specimen was complete, researchers fabricated a hexagonal graphite 

sample for use in later testing to better represent a graphite hexagonal block with heat pipe through holes 

for use in microreactors. A picture of the sample is shown in Figure 2. 

 

Figure 2. Hexagonal graphite sample. 

3.1.2 Electrode Contact Techniques Employed 

3.1.2.1 Spring-Loaded Pogo Pins 

The first method of making electrical contact with the graphite sample’s surface was gold-plated, spring-

loaded pogo pins (Figure 3). Spring-loaded pins from Mill-Max (#0914-3-15-20-77-14-11-0) were 

selected to promote firm contact with the graphite sample’s surface regardless of uneven dimensions. This 

contact method would also have the benefit of being removable from the system and would not require 

physical modification of the graphite material via drilling or adhesives.  

These pins were mounted in a 3D printed fixture to fit snugly around the graphite block (Figure 4). The 

fixture consisted of three parts: two halves of a surrounding shell that each contained three spring-loaded 

pins and a third piece that acted as a retaining ring to ensure the pins were at approximately mid-stroke 

when touching the graphite sample, applying 60 gf (approximately 0.6 N) of pressure at mid-stroke [11]. 
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Figure 3. (a) Single spring-loaded pin located in fixture shell and (b) single spring-loaded pin location on 

graphite sample surface (with retaining ring removed). 

 

Figure 4. Full fixture installed (a) with retaining ring and (b) without retaining ring. 

3.1.2.2 Threaded Contacts (metal posts and graphite electric discharge machine rods) 

One route considered for electrically contacting the graphite sample’s surface was using threaded posts 

mechanically coupled into the sample via drilled and tapped holes along the sample’s sides. There were 

concerns that solid metals employed in standard bolts such as steel may fail to achieve proper electrical 

contact with graphite due to the brittle nature of graphite, which can chip or powder, compromising the 

connection interface. Dimensional changes in graphite under irradiation could also present challenges for 
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this mechanical coupling method. Therefore, metal posts were not employed in this feasibility study but 

may be required in further exploration to verify whether these concerns are valid. 

To mitigate this concern, graphite electric discharge machine (EDM) electrode rods were selected as a 

possible alternative with the thought that a similar material would lessen physical damage or potentially 

fill in any created voids with more graphite from the rod. However, it was discovered that graphite EDM 

electrode rods, while conceptually promising, are often not manufactured to standard thread sizes. The 

specified thread dimensions refer to the hole that the EDM process will produce, not the electrode itself, 

resulting in mismatch issues. Matching actual physical dimensions to standardized threads could mitigate 

this issue but requires further exploration. 

3.1.2.3 Epoxied Copper Wire 

One set of electrodes used in these experiments was standard 22 AWG tinned copper wire adhered to the 

graphite sample’s surface using TIGA 920-H conductive silver epoxy (McMaster-Carr #7661A13), as 

shown in Figure 5. Before conducting measurements using these epoxied electrodes, the epoxy was 

allowed to cure for 24 h to ensure mechanical and electrical property stability. 

 

Figure 5. Copper wire adhered to graphite surface with silver epoxy. 

3.1.2.4 Tapes (copper foil and conductive fabric) 

Two electrically conductive tapes were selected as potential electrodes for testing. A copper foil tape 

(McMaster‑Carr #76555A711) and a conductive fabric tape (McMaster‑Carr #3413A41) were adhered to 

the graphite sample’s surface using the tape’s included adhesive backing (Figure 6). 
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Figure 6. (left) Copper tape and (right) conductive fabric tape adhered to the surface of the graphite sample. 

After the initial round of testing with the tape’s adhesive backing acting as the sole method of contact, 

another round of testing was performed using the conductive silver epoxy to adhere these materials to the 

graphite because the epoxy exhibited desirable electrical properties when tested with standard wire. 

Notably, the epoxy application to the tape electrodes of this first sample was difficult to perform 

smoothly. Epoxy was applied to the graphite surface, tape was placed on the wet epoxy, and another layer 

of epoxy was applied to the top of the tape (Figure 7). This application process was perfected in 

subsequent samples and is discussed later in this report. It is acknowledged that the epoxies used here 

likely are not suitable for in-core applications and that further development of bonding techniques would 

be required for such an application. 
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Figure 7. Electrode layout with epoxy used for adhesion at all points. 

3.1.3 Equipment 

3.1.3.1 Keysight E4990A Impedance Analyzer (20 Hz-20MHz) 

This first run of feasibility testing was carried out using a Keysight impedance analyzer (Figure 8). This 

analyzer allows precise measurement (0.045% accuracy) [12] of impedance across a broad frequency 

spectrum of 20 Hz–20 MHz. For this testing, a driving voltage of 500 mV was employed, and 

measurements of electrical properties were taken at 20 Hz, 1 Hz, and 10 kHz frequencies. 

 

Figure 8. Keysight E4990A impedance analyzer connected to the graphite sample. 
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3.1.4 Challenges 

3.1.4.1 Equipment Resolution/Accuracy 

Standard lab multimeters lack the resolution required to measure the sub-ohm resistance values that are 

observed for contact resistance when comparing electrodes or the sub-ohm resistance across the graphite 

samples themselves. Equipment such as the aforementioned Keysight E4990A impedance analyzer must 

be used to obtain precise measurements. This equipment allows for calibration and measurement of 

values that are accurate to within 0.01 mΩ, enabling comparisons of different electrode pairs that would 

otherwise be read as nearly (or exactly) the same value in a lower-resolution device. 

3.1.4.2 Minimizing Contact Resistance 

For EIT measurements, it is critical to ensure that contact resistance remains substantially lower than the 

intrinsic resistance changes expected from defects; otherwise, measurement accuracy and defect 

sensitivity are compromised. Electrical contact resistance typically ranges from microohms to milliohms 

(or higher for poor connections) and can introduce significant errors if not controlled. A method for 

controlling issues arising from contact resistance is discussed in Section 3.2. 

3.1.4.3 Measurement Repeatability 

Repeated reconnection of copper tape using alligator clamps leads to deformation and variability in 

contact resistance, compromising measurement consistency (Figure 9). 

 

Figure 9. Physical deformation of a copper tape electrode. 

Even for mechanically stable electrodes, detaching and reattaching electrodes introduces a measurable 

fluctuation in contact resistance. Future testing will incorporate a multiplexer module such as 

DAQM903A (Figure 10) to streamline measurements and reduce physical manipulation, improving 

repeatability. This experimentation intended to include multiplexing testing, but multiple issues with the 
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control method and calibration issues encountered when using a new potentiostat (Gamry Interface 

1010E) delayed this testing until after the writing of this report. Wiring of the control system is complete, 

and once the new potentiostat is obtaining readings, data can be obtained using this setup to eliminate 

contact resistance variation. 

  

Figure 10. (a) Multiplexer card wired into one of six electrode relay configuration and (b) the relay tree 

diagram used for wiring. 

3.2 MODELING 

The standard approach to EIT [13,14] involves connecting multiple electrodes to the sample of interest 

and applying a current excitation across pairs of electrodes while measuring the voltage at each electrode. 

The voltage measurements are then used to reconstruct the conductivity distribution across the sample. In 

this study, an iterative algorithm was employed to perform this reconstruction in a difference EIT setting 

[13], which entails measuring the potential of each electrode relative to that of a reference electrode. The 

algorithm involves two key components: (1) a forward model that generates potential field in response to 

a given current excitation and conductivity distribution and (2) an inverse model that computes the 

updates to the estimated conductivity based on the difference between the measured and predicted 

potential response. 

3.2.1 Forward Model: 

The forward model involves the solution to the conductivity equation as given by [14]: 

  ∇. (𝜎(𝒓)∇𝜑(𝜎(𝒓))) = 0 𝑖𝑛 𝛺 (1) 

where 𝜑 is the potential field in response to the conductivity distribution 𝜎(𝒓) across the sample in the 

volume 𝛺  due to an applied current excitation at the electrodes given by the boundary condition: 

  
∫ 𝜎

𝜕𝜑

𝜕𝑛
𝑑𝑠

 

𝐸𝑙

= 𝐼𝑙  𝑜𝑛 𝜕𝛺 (2) 

Eqn. (2) represents a surface integral along the normal to the boundary 𝜕𝛺 on the lth electrode, and Il 

represents the corresponding current excitation. 
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In the present study, we use Ansys Maxwell [15] to solve the equation (number) for an AC current 

excitation between electrodes at 60 Hz. For exciting a pair of electrodes, m and n, we set a 1 A current 

excitation at the face of electrode m, and electrode n is set as sink. 

Two sample geometries were evaluated. Figure 11 shows the first sample, represented by a thin 

rectangular graphite block (shown in grey). This sample was selected because of its simplicity, making it 

amicable for setting up the initial model framework and experimental tests. Six brass electrodes were 

attached to the side walls (shown in green), consistent with the initial experimental setup. 

 

Figure 11. Thin rectangular graphite block with six electrodes attached to the side walls. 

 

Figure 12. (left) Hexagonal graphite block, representative of the graphite core, and (right) a thin slice of the 

hexagonal block with six electrodes, scaled down (1:3) for ease of experimentation and faster simulations. 

The left panel of Figure 12 shows the second sample that consists of a hexagonal block graphite, which is 

representative of the graphite core in microreactors. The first set of simulations were performed on this 

sample for qualitative analysis. Later, the sample was scaled down by a factor of 3.0, and a thin slice was 

cut out for ease of experimentation and faster simulations. Six brass electrodes (shown in green) were 

attached to the top face. The scaled sample is shown in the right panel of Figure 12.  
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For both samples, the graphite and brass properties were obtained from the Ansys materials library; in 

particular, the conductivity for the two materials was set as 70,000 and 15,000,000 S/m, respectively. 

Note that there is a wide range for the estimated value of conductivity for graphite (10,000 to 100,000). 

The 70,000 S/m value is consistent with the manufacturer’s estimate for nominal bulk conductivity of 

POCO graphite; the actual conductivity of a given sample can vary. The conductivity value in the 

simulations was later scaled to show better agreement with the experimental measurements of the tested 

samples. More details can be found in the next section. 

The initial experiments on Sample 1 indicated challenges with repeatability in resistance measurements 

caused by variations in contact resistance in the setup shown in Figure 13. To overcome these challenges, 

copper wire electrodes were connected to the top face of the sample using silver epoxy, which resulted in 

better repeatability. The top face connection was not updated in the simulations for Sample 1 but was 

incorporated in Sample 2, as shown previously. The contact resistance was incorporated into both samples 

using the setup shown in Figure 13. A close-up of the updated electrode is shown in the left panel. The 

thin, cylindrical electrode was divided into three sections that were 1, 3, and 1 mm in length. The first two 

sections were modeled using brass and are shown in green. The voltage measurement in the simulations 

was approximated as the mean voltage on the outer 1 mm section. The current excitations were applied to 

the outer face of this section. The conductivity of the inner 1 mm section shown in brown was controlled 

to incorporate contact resistances (𝑅 =
ℎ

𝜎𝜋𝑟2
) consistent with the experiments. Consider measuring the 

resistance between electrodes 1 and 3, as shown in the right panel of Figure 13. The total resistance 

between the electrodes can be approximated as the sum of the resistance between the points in the sample 

where electrodes 1 and 3 connect to the sample, plus the contact resistance at electrodes 1 and 3. In 

general, for electrodes pair m, n: 

 𝑅𝑚𝑛
𝑇𝑜𝑡𝑎𝑙 = 𝑅𝑚

𝐶𝑜𝑛𝑡𝑎𝑐𝑡 + 𝑅𝑚𝑛 + 𝑅𝑛
𝐶𝑜𝑛𝑡𝑎𝑐𝑡 (3) 

 

 

Figure 13. Approach for contact resistance. (left) Electrodes modeled as thin cylinders: the first two parts 

shown in green are modeled with brass, and the conductivity of the third part shown in brown is controlled to 

model the contact resistance variations. (right) The resistance between electrodes 1 and 3 is approximated as 

the sum of sample resistance and contact resistance. 

The electrode is connected to the measurement device via wires, and these connections also impart some 

varying resistance. The net contact resistance is the sum of these and the resistance at the contact of the 

electrode and the sample: 

 𝑅𝑚
𝐶𝑜𝑛𝑡𝑎𝑐𝑡 = 𝑅𝑚

𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑎𝑡 𝑠𝑎𝑚𝑝𝑙𝑒
+ 𝑅𝑚

𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑎𝑡 𝑤𝑖𝑟𝑒  (4) 
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The two components of the contact resistance in Eqn. (4) can be approximated as samples from a 

Gaussian distribution whose mean and standard deviation are fixed by the electrode material, sample 

material, connecting agent, and connecting wires. Thus: 

  𝑅𝑚
𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑎𝑡 𝑠𝑎𝑚𝑝𝑙𝑒

= 〈𝑅𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑎𝑡 𝑠𝑎𝑚𝑝𝑙𝑒〉 +  𝛿𝑅𝑚
𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑎𝑡 𝑠𝑎𝑚𝑝𝑙𝑒

 (5) 

  𝑅𝑚
𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑎𝑡 𝑤𝑖𝑟𝑒 = 〈𝑅𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑎𝑡 𝑤𝑖𝑟𝑒〉 +  𝛿𝑅𝑚

𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑎𝑡 𝑤𝑖𝑟𝑒 (6) 

The <> brackets in Eqns. (5) and (6) represent the mean expectation value, which is independent of 

electrode m, and 𝛿 represents the deviation, which is m dependent. The total variance in contact resistance 

is thus the sum of variances from contact at sample and contact at wire. It is assumed that the value of the 

resistance for the contact at the sample gets fixed once the electrodes are attached to the sample using the 

silver epoxy. The value of the resistance due to contact at the wire will vary every time the sample is 

connected to the measurement apparatus. The conductivity of the third section (shown in brown) in Figure 

13 is controlled to incorporate the impact of both of these factors. Note that the first two sections in the 

electrode impart a small resistance of 0.34 mΩ, which is subtracted to match the overall resistance. 

 

Figure 14. Example of representative defects: (left) two through cracks in the rectangular sample and (right) 

a thin, through crack between two slots (marked with dashed red box) in the hexagonal block sample. 

Defects were incorporated into the sample as through cracks. The left panel of Figure 14 shows two 

through cracks in the rectangular samples, and the right panel shows a small crack between two 

cylindrical slots in the hexagonal sample, marked by a dashed red box. The objective is to quantify the 

change in impedance and resulting voltage drop caused by these defects and to test if the inverse model 

can detect and localize the defects as regions of low conductivity in the reconstructed images. 

3.2.2 Inverse Model 

Figure 15 depicts the overview of the inverse model. The inverse model involves reconstructing the 

conductivity distribution using the voltage measurements from each electrode pair excitation. The team 

adopted a difference EIT approach [13,14,16] for this study. Consider a 1 A current excitation on 

electrode m, and electrode n is set as the sink. The voltage at all electrodes is measured with respect to n. 

For a six-electrode setup, this gives a vector of length 5. For example, the voltage vector for excitation 

pair 1, 2, where electrode 2 is set as the sink and is given in the following: 
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𝑽12 =

(

  
 

𝑉12
12

𝑉32
12

𝑉42
12

𝑉52
12

𝑉62
12)

  
 

 (7) 

 

Figure 15. Overview of the iterative algorithm for the inverse model of EIT. 

The term 𝑉𝑝𝑛
𝑚𝑛 is the potential difference between electrodes p and n when a current is applied across 

electrodes m and n (n being the sink). 

All possible pairs are excited sequentially, resulting in 15 unique excitations for a six-electrode system. 

The voltage vectors from all of these are stacked into one 75 × 1 vector: 

 

𝑽 =

(

 

𝑽12
𝑽13
..
𝑽56)

 

75×1

 (8) 

 

Figure 16. Discretization of the sample domain into a grid for reconstructing the conductivity distribution. 

The algorithm starts with getting the voltage measurement vector, V (as shown in Eqn. [7]), for the 

sample of interest. This is the reference measurement, called V0. Next, the sample domain for the 

simulations is discretized into a Cartesian grid, as shown in Figure 16. (A grid size of 20 × 6 was selected 
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for this initial study.) The conductivity for each cell in the grid is initialized to a constant value equal to 

the conductivity of graphite. The forward model is simulated to obtain the predicted value of the voltage 

vector, called VP. Further, the forward model is used to compute the Jacobian matrix, which is the 

sensitivity of the voltage response to the conductivity of each cell in the grid: 

 
𝑱(𝜎(𝒓)) =

𝜕𝑽𝑃
𝜕𝜎

 (9) 

 
𝐽𝑖
𝑚𝑛→𝑝𝑛

(𝜎(𝒓)) =
𝜕𝑉𝑝𝑛

𝑚𝑛

𝜕𝜎𝑖
 (10) 

Eqn. (9) describes the sensitivity of the voltage difference between electrodes p and n, due to the 

conductivity of the ith cell, when a current is applied across the electrodes m and n. The brute force 

approach to obtaining the matrix described previously is to perturb the conductivity of each cell by a 

small amount and run the forward model while holding all the other cells constant. However, this is 

computationally too expensive. This is where the difference approach for EIT offers an analytical 

workaround. In the difference setting, the same can be calculated by the volume integral of the dot 

product of electric fields, as given by [17]:  

 
𝐽𝑖
𝑚𝑛→𝑝𝑛

(𝜎(𝒓)) =  
−1

𝐼
∫ 𝐸𝑚𝑛(𝜎(𝒓))𝐸𝑝𝑛(𝜎(𝒓))𝑑𝛺

 

𝛺𝑖

 (11) 

In Eqn. (11), 𝐸𝑚𝑛(𝜎(𝒓)) is the electric field across the sample in response to the conductivity distribution 

𝜎(𝒓), when a current I is applied across electrodes m and n (n being the sink). The integral is over the 

volume of the ith cell. 

The conductivity in the kth iteration can then be updated based on the Jacobian and the difference between 

the reference and predicted voltage using the Newtown’s method along with a regularization, as given by 

 𝜎𝑘+1 = 𝜎𝑘 + (𝑱
𝑇𝑱 + 𝜆𝑰)−1𝑱𝑇(𝑽0 − 𝑽𝑃 (𝜎𝑘)) , (12) 

where I is the identity matrix, and λ is the regularization coefficient.  

A key limitation of the above reconstruction approach lies in the fact that the experimental measurement 

V0 for the sample of interest will include the impact of the contact resistances described earlier. The 

simulated response cannot include this because the contact resistances are unknown. To resolve this, 

consider making the same measurements on the virgin sample before deployment to get an initial base 

value for a sample with no defects. Then measure the sample during inspection. Assuming that the contact 

resistance before and after deployment remains constant, and the variance in the resistance at the 

electrode and wire contact (see Eqns. [4] to [6]) is small, 

 𝑉𝑚𝑛
𝑚𝑛|𝐼𝑛𝑖𝑡𝑖𝑎𝑙

𝐸𝑥𝑝𝑡
= 𝐼𝑅𝑚

𝐶𝑜𝑛𝑡𝑎𝑐𝑡 + 𝐼𝑅𝑚𝑛
𝐼𝑛𝑖𝑡𝑖𝑎𝑙  +  𝐼𝑅𝑛

𝐶𝑜𝑛𝑡𝑎𝑐𝑡  (13) 

𝑉𝑚𝑛
𝑚𝑛|𝐹𝑖𝑛𝑎𝑙

𝐸𝑥𝑝𝑡
= 𝐼𝑅𝑚

𝐶𝑜𝑛𝑡𝑎𝑐𝑡 + 𝐼𝑅𝑚𝑛
𝐹𝑖𝑛𝑎𝑙  +  𝐼𝑅𝑛

𝐶𝑜𝑛𝑡𝑎𝑐𝑡  (14) 

In the case of simulations, contact resistance is unknown and can be neglected to get 

 𝑉𝑚𝑛
𝑚𝑛|𝐼𝑛𝑖𝑡𝑖𝑎𝑙

𝑆𝑖𝑚 = 𝐼𝑅𝑚𝑛
𝐼𝑛𝑖𝑡𝑖𝑎𝑙   (15) 
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𝑉𝑚𝑛
𝑚𝑛|𝐹𝑖𝑛𝑎𝑙

𝑆𝑖𝑚 = 𝐼𝑅𝑚𝑛
𝐹𝑖𝑛𝑎𝑙   (16) 

Whereas the initial value of Rmn can be simulated by assuming a defect free sample, the final value is 

unknown and can not be directly simulated. However, using Eqns. (13) to (16), 

𝑉𝑚𝑛
𝑚𝑛|𝐹𝑖𝑛𝑎𝑙

𝑆𝑖𝑚 = 𝑉𝑚𝑛
𝑚𝑛|𝐼𝑛𝑖𝑡𝑖𝑎𝑙

𝑆𝑖𝑚 + 𝑉𝑚𝑛
𝑚𝑛|𝐹𝑖𝑛𝑎𝑙

𝐸𝑥𝑝𝑡
− 𝑉𝑚𝑛

𝑚𝑛|𝐼𝑛𝑖𝑡𝑖𝑎𝑙
𝐸𝑥𝑝𝑡

 (17) 

Thus, the following approximation can be made inside Eqn. (12): 

𝑽0 = 𝑽0|𝐼𝑛𝑖𝑡𝑖𝑎𝑙
𝑆𝑖𝑚 + 𝑽0|𝐹𝑖𝑛𝑎𝑙

𝐸𝑥𝑝𝑡
− 𝑽0|𝐼𝑛𝑖𝑡𝑖𝑎𝑙

𝐸𝑥𝑝𝑡
 (18) 

Note that Eqn. (12) is strictly valid only when the excited electrodes are the same as the measured 

electrodes. The validity and effectiveness of the approximation is evaluated in Section 4. 

Last, a 12-electrode setup, as shown in Figure 17, was tested to improve the resolution of the defects. 

Note that the number of possible pair excitations increases as square of the number of electrodes.  

 

Figure 17. A 12-electrode setup for the rectangular block sample to improve the resolution of the 

reconstruction. 



 

17 

4. RESULTS 

4.1 CRACK IMPACT: QUALITATIVE ANALYSIS 

 

Figure 18. Variation in the current density across a slice of the full-scale hexagonal graphite block with and 

without a defect. 

The primary objective of the present study is to test whether defects like cracks between walls in the 

graphite core have an impact on the current flow through the electrodes and whether it is significant 

enough to be discernable through impedance or voltage measurements. As a first test, the team evaluated 

the hexagonal graphite block sample (see Figure 12, left panel) with and without a crack in the wall 

between the two slots. Figure 18 shows the electric current density variation across the sample as a 

voltage is applied between electrodes at two opposite faces. The top panel shows a reference sample 

without any defects, whereas the bottom panel shows a sample with a crack between two slots. The 

current adopts an alternate path in the defect sample, shown by red arrows indicating high current density 

through paths above and below the region with defect. This is encouraging because it implies that such 

cracks may result in discernable changes in impedance, which may help detect and possibly localize such 

defects using the inverse model. The rest of this section probes this question in more detail.  

4.2 ELECTRODE CONTACT IN RECTANGULAR BLOCK SAMPLE 

Testing with spring-loaded pins resulted in visible mechanical wear on the graphite surface during 

placement and did not make solid, reliable contact. Measurement across the graphite sample with standard 

multimeter probes showed that resistance readings could swing heavily based on the contact angle and 

amount of pressure used. The repeatability of measurements was poor, with differences seen in excess of 

100% in some cases. This finding pointed to further testing toward rigidly adhering electrodes to ensure 

repeatable, comparable readings rather than temporary mechanical coupling. 
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Figure 19. Setup for measuring the impedance of the rectangular graphite block by attaching electrodes of 

different materials to the sample using silver epoxy. 

Following this, the electrodes were attached at the top face of the sample using a silver epoxy as shown in 

Figure 19. Three different electrodes were tested, as described in Section 3.1: (1) copper tape, (2) 

conducting fabric, and (3) copper wire. The impedance was measured twice on the same day after 

recalibrating the apparatus, and the electrodes were disconnected from the measuring apparatus after 

every single measurement. The impedance values from this experiment are listed in Table 2. The total 

impedance values for the conducting fabric seem to be visibly higher than that of the other two electrodes. 

Thus, while it could be a viable candidate for use on other materials, considering graphite’s low resistance 

values, the higher contact resistance seen in conducting fabric would likely be a cause for concern. 

Table 2. Impedance values across electrode pairs in the rectangular graphite block for the setup shown in 

Figure 19. 

Excitation Pair 
Impedance Measurement (mΩ) 

1 2 

(1,2) 125.39 161.6 

(1,3) 146.14 168.59 

(1,4) 53.117 54.748 

(1,5) 63.801 56.864 

(1,6) 54.085 53.979 

(2,3) 246.37 290.51 

(2,4) 153.93 180.48 

(2,5) 162.97 180.95 

(2,6) 152.37 178.89 

(3,4) 163.48 187.46 

(3,5) 171.08 189.61 

(3,6) 163.95 186.34 

(4,5) 79.959 78.369 

(4,6) 68.427 73.909 

(5,6) 77.546 74.159 

 

Although the contact and the sample resistances (see Eqn. [3]) cannot be directly extracted from these 

measurements, if the sample is assumed to be defect-free, the symmetry of the sample can be used to 

deduce the approximate values of the two components. The following constraints can be applied using 

symmetries: 
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 𝑅12 = 𝑅56 = 𝑥1 (19) 

  𝑅14 = 𝑅23 = 𝑅36 = 𝑅45 = 𝑥2 (20) 

  𝑅15 = 𝑅26 = 𝑥3 (21) 

  𝑅16 = 𝑅25 = 𝑥4 (22) 

  𝑅13 = 𝑅24 = 𝑅35 = 𝑅46 = 𝑥5 (23) 

  𝑅34 = 𝑥6 (24) 

Table 3 lists the simulated values for each of these pairs, demonstrating that the symmetry constraints are 

satisfied in an ideal system. 

Table 3. Simulated values of the impedance across each pair of electrodes indicating the symmetries shown in 

Eqns. (19) to (24) are satisfied. 

Variable Excitation Pair Sample Resistance (mΩ) 

x1 

(1,2) 15.25 

(5,6) 15.26 

x2 

(1,4) 16.36 

(4,5) 16.33 

(2,3) 16.34 

(3,6) 16.35 

x3 

(1,5) 18.22 

(2,6) 18.16 

x4 

(1,6) 18.19 

(2,5) 18.21 

x5 

(1,3) 16.32 

(3,5) 16.33 

(2,4) 16.33 

(4.6) 16.33 

x6 (3,4) 14.90 

 

Using these relations along with Eqn. (3), we can write: 

 𝐴𝑋 = 𝐵 (25) 
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where: 

 

𝐴 =  

(

 
 
 
 
 
 
 
 
 
 
 
 

1 1 0
1 0 1
1 0 0

    
0 0 0
0 0 0
1 0 0

    
1 0 0
0 0 0
0 1 0

    
0 0 0
0 1 0
0 0 0

1 0 0
1 0 0
0 1 1

    
0 1 0
0 0 1
0 0 0

    
0 0 1
0 0 0
0 1 0

    
0 0 0
1 0 0
0 0 0

0 1 0
0 1 0
0 1 0

    
1 0 0
0 1 0
0 0 1

    
0 0 0
0 0 0
0 0 1

    
0 1 0
1 0 0
0 0 0

0 0 1
0 0 1
0 0 1

    
1 0 0
0 1 0
0 0 1

    
0 0 0
0 0 0
0 1 0

    
0 0 1
0 1 0
0 0 0

0 0 0
0 0 0
0 0 0

    
1 1 0
1 0 1
0 1 1

    
0 1 0
0 0 0
1 0 0

    
0 0 0
0 1 0
0 0 0)

 
 
 
 
 
 
 
 
 
 
 
 

;𝑋 =

(

 
 
 
 
 
 
 
 
 
 

𝑅1
𝐶

𝑅2
𝐶

𝑅3
𝐶

𝑅4
𝐶

𝑅5
𝐶

𝑅6
𝐶

𝑥1
𝑥2
𝑥3
𝑥4
𝑥5
𝑥6)

 
 
 
 
 
 
 
 
 
 

;𝐵 =

(

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

𝑅12
𝑇𝑜𝑡𝑎𝑙

𝑅13
𝑇𝑜𝑡𝑎𝑙

𝑅14
𝑇𝑜𝑡𝑎𝑙

𝑅15
𝑇𝑜𝑡𝑎𝑙

𝑅16
𝑇𝑜𝑡𝑎𝑙

𝑅23
𝑇𝑜𝑡𝑎𝑙

𝑅24
𝑇𝑜𝑡𝑎𝑙

𝑅25
𝑇𝑜𝑡𝑎𝑙

𝑅26
𝑇𝑜𝑡𝑎𝑙

𝑅34
𝑇𝑜𝑡𝑎𝑙

𝑅35
𝑇𝑜𝑡𝑎𝑙

𝑅36
𝑇𝑜𝑡𝑎𝑙

𝑅45
𝑇𝑜𝑡𝑎𝑙

𝑅46
𝑇𝑜𝑡𝑎𝑙

𝑅56
𝑇𝑜𝑡𝑎𝑙)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (26) 

Thus, X can be calculated using the pseudo inverse of A as: 

 𝑋 = 𝑝𝑠𝑒𝑢𝑑𝑜𝑖𝑛𝑣𝑒𝑟𝑠𝑒(𝐴) × 𝐵 (27) 

Using Eqn. (27), the contact resistance was calculated on the six electrodes, which are listed in Table 4. 

As noted earlier, the conducting fabric (electrodes 2 and 3) exhibits the highest contact resistance, 

whereas both copper tape and copper wire show reasonably smaller values that are consistent across the 

two runs. Using the average across these two, the sample resistances across each electrode pair are 

obtained, as listed in Table 5. Notably, the experimental resistance values are higher than the simulated 

values, though in the similar order of magnitude. On average, the simulation estimates are about 0.62 

times smaller than those of the experiments. This may be a result of a lower bulk conductivity in the 

actual sample compared with that used in the simulations. Further, the ratio between the simulated and 

experimental estimates for each independent symmetric value from Eqns. (19) to (24) vary between 0.37 

and 0.84. Although this may suggest that the actual sample does not exhibit the same scaling between the 

symmetric estimates as compared to the simulations, this could also be a result of calculating 

experimental values while neglecting variations caused by contact between the electrodes and the wire. 

This could be significant. Also, fabric contact exhibits noticeably higher contact resistance, potentially 

distorting estimates for sample resistances, which are an order of magnitude smaller. Thus, further 

analysis is needed with all electrodes using either copper wire or copper tape electrodes. Copper tape 

shows lower contact resistance, but it presents challenges with repeatability due to physical deformation 

of the copper foil after repeated disconnections and reconnections of the alligator clamps used to connect 

to the potentiostat, resulting in inconsistent readings across test runs. The wire electrodes exhibited 

slightly higher contact resistance than that of the copper tape but were far superior in terms of 

repeatability of measurements. Based on these findings, epoxied wire electrodes were used in all testing 

going forward.  

 

 

 



 

21 

Table 4. Contact resistances for the rectangular block calculated using Eqn. (25). 

Variable Contact Material 

Contact Resistance (mΩ) 

Measurement (B) 

1 2 Mean 

𝑅1
𝐶  Copper 6.71 7.34 7.03 

𝑅2
𝐶  Fabric 106.34 131.50 118.92 

𝑅3
𝐶  Fabric 110.41 128.99 119.70 

𝑅4
𝐶  Copper 17.38 17.10 17.24 

𝑅5
𝐶  Wire 34.92 28.38 31.65 

𝑅6
𝐶  Wire 25.17 25.22 25.19 

 

Table 5. Sample resistances for the rectangular block calculated using Eqn. (25), compared to simulated 

estimates for the same. 

Variable 

Sample Resistance (mΩ) 

Ratio (Sim/Expt) Measurement (B) 
Simulations 

1 2 Mean 

x1 14.90 21.66 18.28 15.25 0.83 

x2 28.67 31.34 30.01 16.36 0.55 

x3 21.52 21.66 21.59 18.22 0.84 

x4 21.96 21.24 21.60 18.19 0.84 

x5 27.72 31.99 29.86 16.32 0.55 

x6 35.70 41.38 38.54 14.9 0.37 

Mean 25.08 28.21 26.64 16.54 0.62 

 

4.3 HEXAGONAL BLOCK WITH COPPER WIRE ELECTRODES 

Next, the hexagonal block sample was tested (see Figure 12) using copper wire electrodes attached to the 

top face using silver epoxy. Again, symmetry considerations can be used to obtain three independent 

resistance values associated with sample: 

𝑅12 = 𝑅23 = 𝑅34 = 𝑅45 = 𝑅56 = 𝑅16 = 𝑥1 (28) 

𝑅13 = 𝑅24 = 𝑅35 = 𝑅46 = 𝑅15 = 𝑅26 = 𝑥2 (29) 

𝑅14 = 𝑅25 = 𝑅36 = 𝑥3 (30) 

As before, using Eqns. (28) to (30) along with Eqn. (3) gives: 

 𝐴𝑋 = 𝐵 (31) 

 

where: 
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𝐴 = 

(

 
 
 
 
 
 
 
 
 
 
 
 

1 1 0
1 0 1
1 0 0

    
0 0 0
0 0 0
1 0 0

    
1 0 0
0 1 0
0 0 1

 

1 0 0
1 0 0
0 1 1

    
0 1 0
0 0 1
0 0 0

    
0 1 0
1 0 0
1 0 0

 

0 1 0
0 1 0
0 1 0

    
1 0 0
0 1 0
0 0 1

    
0 1 0
0 0 1
0 1 0

 

0 0 1
0 0 1
0 0 1

    
1 0 0
0 1 0
0 0 1

    
1 0 0
0 1 0
0 0 1

 

0 0 0
0 0 0
0 0 0

    
1 1 0
1 0 1
0 1 1

    
1 0 0
0 1 0
1 0 0

 
)

 
 
 
 
 
 
 
 
 
 
 
 

;𝑋 =

(

 
 
 
 
 
 
 

𝑅1
𝐶

𝑅2
𝐶

𝑅3
𝐶

𝑅4
𝐶

𝑅5
𝐶

𝑅6
𝐶

𝑥1
𝑥2
𝑥3)

 
 
 
 
 
 
 

;𝐵 =

(

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

𝑅12
𝑇𝑜𝑡𝑎𝑙

𝑅13
𝑇𝑜𝑡𝑎𝑙

𝑅14
𝑇𝑜𝑡𝑎𝑙

𝑅15
𝑇𝑜𝑡𝑎𝑙

𝑅16
𝑇𝑜𝑡𝑎𝑙

𝑅23
𝑇𝑜𝑡𝑎𝑙

𝑅24
𝑇𝑜𝑡𝑎𝑙

𝑅25
𝑇𝑜𝑡𝑎𝑙

𝑅26
𝑇𝑜𝑡𝑎𝑙

𝑅34
𝑇𝑜𝑡𝑎𝑙

𝑅35
𝑇𝑜𝑡𝑎𝑙

𝑅36
𝑇𝑜𝑡𝑎𝑙

𝑅45
𝑇𝑜𝑡𝑎𝑙

𝑅46
𝑇𝑜𝑡𝑎𝑙

𝑅56
𝑇𝑜𝑡𝑎𝑙)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (32) 

Table 6 lists the impedance measurements across each excitation pair, which represents RTotal in Eqn. (3). 

These values constitute matrix B in Eqn. (32). Using these and the pseudo inverse of A as before, the 

contact resistances are obtained for each electrode and are listed in Table 7. Note that the impedance 

value across electrodes 3 and 4 is significantly higher than that of all other electrode pairs. If this was 

caused by a high contact resistance at either of those electrodes, then the higher values would have also 

shown up in other measurements for that electrode. Thus, this is a result of either a defect in the sample 

between these electrodes or an error during measurement. In either case, removing this measurement will 

likely give a better estimate of the contact and sample resistances using the pseudo inverse method.  

Table 6. Impedance measurement across each electrode pair (i.e., R total from Eqn. [3]). The value for 

excitation (3, 4) is an outlier and is marked in red. 

Excitation Pair Impedance Measurement 

(mΩ) 

(1,2) 106.24 

(1,3) 109.12 

(1,4) 111.56 

(1,5) 108.20 

(1,6) 107.65 

(2,3) 106.13 

(2,4) 114.83 

(2,5) 109.09 

(2,6) 110.42 

(3,4) 126.33 

(3,5) 111.10 

(3,6) 116.27 

(4,5) 105.83 

(4,6) 110.17 

(5,6) 105.53 
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Table 7 lists the contact resistances using the whole data, as well as when the (3,4) measurement was 

removed. All contacts show similar resistance values, with a mean and standard deviation of 36.63 and 

1.22 mΩ, respectively. Note that the 1.22 mΩ contains the standard deviation from both the sample–

electrode contact and the electrode–wire contact, the latter probably being the smaller one (see Eqn. [4]). 

Thus, the standard deviation from just the electrode–wire contact is probably of a lower magnitude. This 

justifies the assumption in the previous calculations that the variations due to electrode–wire contact are 

small compared to the contact resistance and can be neglected during the calculations.   

 

Table 7. Contact resistances calculated using Eqns. (28) to (32). 

Variable 
Contact Resistance (mΩ) 

Whole Data (3,4) removed 

𝑅1
𝐶  34.44 35.57 

𝑅2
𝐶  35.42 36.55 

𝑅3
𝐶  40.98 37.76 

𝑅4
𝐶  40.93 37.70 

𝑅5
𝐶  33.68 34.81 

𝑅6
𝐶  36.26 37.38 

Mean 36.95 36.63 

STD 3.22 1.22 

 

Table 8. Sample resistances from simulations and those calculated using Eqns. (28) to (32) after removing the 

excitation pair (3, 4). 

Variable 
Sample Resistance (mΩ) x/x1 Ratio 

(Sim/Expt) Experiment Simulation Experiment Simulation 

x1 33.46 19.72 1.0 1.0 0.59 

x2 37.38 22.09 1.12 1.12 0.59 

x3 39.05 22.80 1.17 1.16 0.58 

 

Next, the three sample resistances from Eqns. (28) to (32), as shown in Table 8, along with the simulated 

values for the same. As before, the experimental values are higher than the simulated values. 

Interestingly, the ratios x2/x1 and x3/x1 match well between the simulations and the experiments. This 

indicates that the resistances across electrode pairs show the same scaling for both simulations and 

experiments. Thus, the ratio between simulation and experimental estimates is constant at 0.59, which is 

close to the average value of this ratio in the rectangular sample (0.62). As discussed earlier in this 

section, this ratio is most likely indicative of a difference between the bulk conductivity in the simulations 

compared with that of the experiments. Following this, the bulk value of the conductivity for the sample 

in simulations was scaled down by a factor of 0.59. Table 9 shows the sample resistances from the 

simulations after performing this scaling. The simulations were performed with and without the contact 

resistances obtained from Table 7 (see Figure 13. Approach for contact resistance. (left) Electrodes 

modeled as thin cylinders: the first two parts shown in green are modeled with brass, and the conductivity 

of the third part shown in brown is controlled to model the contact resistance variations. (right) The 

resistance between electrodes 1 and 3 is approximated as the sum of sample resistance and contact 

resistance.). In both setups, scaling the bulk conductivity leads to excellent agreement between the 

simulations and experiments. The total impedance between each electrode pair from the simulations, after 
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inclusion of the contact resistances, are shown in Table 10. Again, the simulation estimates are in good 

agreement with the experiments, indicating that the simulations can be used to model both the sample and 

contact resistances.  

Table 9. Sample resistances from simulations after scaling the bulk conductivity by 0.59, compared against 

those calculated using Eqns. (28) to (32) after removing the excitation pair (3, 4). 

Variable 

Sample Resistance (mΩ) Ratio (Sim/Expt) 

Experiment 

Simulation Without 

Contact 

Resistance 

With Contact 

Resistance Without Contact 

Resistance 

With Contact 

Resistance 

x1 33.46 33.38 34.08 1.00 1.02 

x2 37.38 37.41 38.10 1.00 1.02 

x3 39.05 38.62 39.30 0.99 1.01 

 

Table 10. Total impedance across each electrode pair from experiments and computed using simulations with 

scaled bulk conductivity and inclusion of contact resistance. 

Excitation Pair 
Impedance Measurement (mΩ) 

Sim/Expt 
Experiments Simulation 

(1,2) 106.24 107.28 1.01 

(1,3) 109.12 112.55 1.03 

(1,4) 111.56 113.65 1.02 

(1,5) 108.20 109.47 1.01 

(1,6) 107.65 108.06 1.00 

(2,3) 106.13 109.52 1.03 

(2,4) 114.83 113.50 0.99 

(2,5) 109.09 111.72 1.02 

(2,6) 110.42 113.01 1.02 

(3,4) 126.33 110.67 0.88 

(3,5) 111.10 111.70 1.01 

(3,6) 116.27 115.50 0.99 

(4,5) 105.83 107.74 1.02 

(4,6) 110.17 114.30 1.04 

(5,6) 105.53 107.17 1.02 

 

4.4 DEFECT IMPACT AND RECONSTRUCTION 

Next, the scaled value of the bulk conductivity, along with the contact resistances obtained from the 

previous subsection, were used to analyze the impact of defects on the measured impedance values. Table 

11 shows the change in total impedance across each electrode about the reference value caused by the 

introduction of defects into the sample. Three cases are considered: (1) a single crack in the rectangular 

sample, (2) two cracks in the rectangular sample, and (3) a crack between two slots in the hexagonal 

sample (see Figure 14). Evidently, the impedance change is high for the electrode pairs that surround the 

defect. For example, the crack is between electrodes 5 and 6 in the hexagonal sample and leads to an 
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impedance change of 3.38 mΩ. Table 11 shows the maximum change for each case in bold. The 

rectangular sample shows smaller changes, especially for a single crack. This could be due to the specific 

location of the crack between two slots in the hexagonal sample. Other locations may not be as sensitive. 

The important point is that, at least for some cracks, the change is a few times greater than the overall 

estimated standard deviation (approximately 1.2 mΩ) in the contact resistance (see Table 7). Considering 

that the electrode–wire contact will have a smaller deviation than 1.2 mΩ , it should be possible to make 

multiple measurements to reduce the noise and resolve impedance changes caused by defects like the one 

tested here. 

Table 11. Change in impedance between the reference and defect sample, computed using simulations with 

scaled bulk conductivity and inclusion of contact resistances. 

Excitation Pair 

Change in Impedance (mΩ) 

Hexagonal Block with 1 

Crack 

Rectangular Block 

1 Crack 2 Cracks 

(1,2) 0.17 -0.01 0.00 

(1,3) 0.31 0.80 0.82 

(1,4) 0.73 0.67 0.74 

(1,5) 1.80 0.76 1.76 

(1,6) 0.34 0.73 1.33 

(2,3) 0.07 0.87 0.87 

(2,4) 0.28 0.66 0.63 

(2,5) 1.14 0.73 1.70 

(2,6) 0.60 0.79 1.30 

(3,4) 0.09 0.02 0.02 

(3,5) 0.62 0.05 1.00 

(3,6) 1.10 0.02 0.51 

(4,5) 0.25 0.00 0.92 

(4,6) 1.83 0.05 0.61 

(5,6) 3.38 -0.06 0.14 

 

The sensitivity of the measurements to the location of the crack was tested by moving the crack along the 

length of the sample. Figure 20 shows the variation in measurements across four key electrode pairs that 

capture the crack. Note that these simulations were performed before scaling the bulk conductivity and 

inclusion of contact resistances. Thus, the values have been presented as percentage changes about the 

reference sample. The values vary between 3.5% and 1.8%, and these preliminary results show some 

pattern and sensitivity (though small) to the location of the sample. Although these patterns may encode 

information necessary to localize the defects, further tests are necessary for more conclusive evidence.  
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Figure 20. Variation in voltage measurements across key pairs of electrodes as a crack is moved along the 

length of the sample. 

 

Figure 21. Reconstruction of one and two cracks in the rectangular sample after six iterations. 

Figure 21 shows the reconstruction of samples with one and two cracks after six iterations. The high 

conductivity pixels are shown in black (graphite), and low conductivity pixels (defect) are shown in 

white. The inverse model is able to detect the presence of a crack and its location on the right or left of the 

sample. The overall reconstruction is blurry, but this is expected when using only a six-electrode setup. 

Better localization can be achieved by using more electrodes (discussed in Section 4.6). Note that these 

reconstructions were performed without scaling the bulk conductivity and inclusion of contact resistances 

in the simulations. The impact of these effects is discussed in the next subsection. Figure 22 shows the 

variation of the root mean square (RMS) value of the difference between the reference and the predicted 

voltage measurements with the reconstruction iterations (see Eqn. [13]). The black curve used the 

perturbation approach for calculating the Jacobian. This is computationally expensive, and thus a lower 

resolution was used (10 × 4), and the Jacobian was calculated only once during the first iteration. The red 

curve uses the same resolution but with the analytical Jacobian from Eqn. (12), updated every iteration. 

The use of the analytical Jacobian not only results in significant time savings but also produces lower 
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error values. The blue curve shows the same with a higher resolution, indicating that the system can 

converge to lower error values using more iterations for higher resolutions. The green curve shows the 

results for two crack systems and seems to be converging toward similar values. More tests are needed to 

establish if there is a lower bound to error values at which the reconstruction stops improving with more 

iterations. The magnitude of the regularization parameter λ will also play a role in this convergence.  

 

Figure 22. Variation in the difference between the reference and predicted voltage response across 

reconstruction iterations for different resolutions and Jacobian approaches. 

4.5 HANDLING UNKNOWN CONTACT RESISTANCE 

As discussed earlier, a real sample will contain unknown contact resistances, which cannot directly be 

included in the simulations informing the reconstruction algorithm. One approach to resolve this is to use 

the virgin sample, without defects, along with symmetry constraints like the one used here to get an 

approximate estimate of the contact resistances. Note that these symmetries may not always be present or 

may not be enough to calculate contact resistance. However, as demonstrated in Eqn. (19), the 

reconstruction can still be performed as long as the reference values of the voltages are available from the 

virgin sample. The contact resistance model for the electrode was used to simulate and test this condition. 

Two sets of simulations were performed on the virgin and defect samples. The first set was performed 

without the inclusion of contact resistance, and the second set included contact resistance, serving as a 

surrogate for experimental data. Figure 23 shows the comparison of the difference between the voltage 

measurements (total 75 measurements) from the virgin and defect samples, with and without the inclusion 

contact resistances. The two estimates are close for most measurements but show some deviation for a 

few cases. Note that Eqn. (19) was derived only for cases in which the excited electrode pair was the 

same as the measured electrode pair (15 measurements out of 75). Figure 24 specifically covers these 

measurements for each pair excitation. The agreement between the two cases is better for these 

measurements, but there is still some deviation for a few data points, like the excitation pair (1, 5). Thus, 

Eqn. (19) may not be strictly valid, which can have an impact on the final reconstruction. To test this 

impact, reconstruction was performed on data with and without the inclusion of contact resistance, and 

the comparison between the two is shown in Figure 25. Whereas the algorithm is still able to detect and 

localize the defect to an extent even after the inclusion of contact resistances, the reconstruction gets 

slightly distorted. Thus, it may be possible to detect defects in the presence of unknown contact 
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resistances, but the localization capabilities are likely to be limited. The incorporation of more electrodes 

may alleviate this problem. 

 

Figure 23. Difference between the reference and defect sample voltage response with and without inclusion of 

contact resistance for (left) a single crack and (right) two cracks. 

 

 

Figure 24. Difference between the reference and defect sample voltage when the excited pair is the measured 

pair, with and without inclusion of contact resistance, for (left) a single crack and (right) two cracks. 
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Figure 25. Comparison of the reconstruction after five iterations, using measurements with and without 

contact resistance. 

4.6 HIGHER RESOLUTION WITH MORE ELECTRODES 

Figure 26 shows the reconstruction after 5 iterations using the 12-electrode setup from Figure 17. 

Essentially, the setup contains five electrodes along each length, with one electrode each on the front and 

back face. Note that these reconstructions were performed with the initial value of the bulk conductivity 

(no 0.59 scaling) and without any contact electrodes. While the six-electrode setup was only able to detect 

whether there was a crack in the left or right half of the sample, the 12-electrode setup was able to detect 

in which quarter the crack was present. Though not explicitly tested here, for smaller cracks, this setup 

should also be able to resolve if the crack is on the top or bottom half.  
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Figure 26. Comparison of reconstruction after 5 iterations using 6 vs. 12 electrodes. 

5. DISCUSSION 

5.1 MODELING VS. EXPERIMENTAL DISCREPANCIES 

As seen in Sections 4.2 and 4.3, the two major sources of discrepancies between the experiments and the 

simulations arise from the contact resistance and the mismatch between the bulk conductivity of the real 

vs. simulated sample. The use of copper wire electrodes attached to the sample using silver epoxy 

resolved the contact resistance issue to a large extent. With this setup, symmetry constraints were used to 

compute an approximate estimate of the contact resistance and the ratio between the simulated and real 

bulk conductivity of the sample. Although this ratio may not capture all the discrepancies, it was likely 

responsible for most of them. Incorporating this scaling of the bulk conductivity, along with the contact 

resistances, led to excellent agreement between the simulated and experimental impedance measurements. 

However, more testing is required, especially with defect samples, to establish if this approach is 

complete or if other factors are missing from the model.   

5.2 IMPLICATIONS FOR RESOLVABLE DEFECTS 

Although experimental data on defect samples are not available yet, the simulations indicate that the 

hexagonal sample representative of the microreactor component can result in about 3.8 mΩ of impedance 

change across key electrodes due to a through crack along a wall joining two slots. The standard deviation 

in the contact resistance estimates was computed to be approximately 1.2 mΩ. This includes resistance at 

both the sample–electrode contact and the electrode–wire contact. The former may not be a cause of 

concern, as long as it remains constant between the reference and defect samples (though it may result in 

some distortion), whereas the latter is likely to be of a smaller magnitude. Further, the latter can be 
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minimized by making multiple measurements (goes down as 1
√𝑁
⁄  for N measurement). In the 

rectangular samples, the reconstruction algorithm was able to detect defects that resulted in smaller 

impedance changes. Thus, there is a strong chance of resolving such defects in the hexagonal sample. 

However, conclusive statements can only be made once the reconstruction is performed on experimental 

data from the defect samples.   

5.3 EXPECTED SPATIAL RESOLUTION 

The resolution of the defect is largely dependent on the number of electrodes. For the six-electrode setup 

with three electrodes on each side, the model was able to resolve which half of the sample contained the 

crack. When the electrodes were increased to 12, the model resolved the crack’s location to the quarter of 

the sample (i.e., a region of approximately 27 mm). The actual resolution in the sample of interest would 

depend on the sample size and the number of electrodes. Note that although in principle, higher resolution 

can be obtained by increasing the number of electrodes, there are practical limitations, as the number of 

excitation pairs increase as square of the number of electrodes. However, some of this load can be 

alleviated by leveraging ML for better sample placement and selective pair excitations.  

5.4 REMAINING GAPS AND SUGGESTED FUTURE WORK 

As observed from the present study, the key challenge of using EIT on graphite is attaching electrodes to 

the sample with minimal contact resistance and high enough repeatability. The electrical property 

measurement of the hexagonal block shows promise for EIT measurement with a multiplexing setup. With 

a multiplexer mitigating contact resistance variance, the low overall resistance between epoxied wire 

electrodes is expected to allow physical defects to be located and resolved when introduced into future 

samples. The modeling results further bolster this expectation. 

The reconstruction resolution was found to be highly dependent on the number of electrodes. However, as 

the number of pair excitations increases as the square of the number of electrodes, more efficient 

strategies can be adopted for electrode placement and selective pair excitation for maximizing 

information extraction using ML techniques. ML can also be used for developing surrogate models for the 

forward problem to accelerate the reconstruction algorithm and perform more iterations. Further, ML can 

be employed for a smarter approach to selecting the regularization parameter. In particular, an adaptive 

regularization approach can enable converging to lower error bounds at higher iteration steps.  

6. SUMMARY AND CONCLUSIONS 

This feasibility assessment demonstrates the potential for using EIT to detect and localize structural defects 

that may arise in graphite components used in microreactors. Experimental testing identified an electrode 

material and adhesion method that can be used in a lab setting to minimize contact resistance variability in 

order to perform future testing to validate results seen from the modeled simulations of defects. These 

simulations validated the necessary sensitivity of this measurement method for graphite components, 

showing that through-wall defects in a representative hexagonal graphite block resulted in impedance 

deviations measurably larger than deviations in contact resistance. Simulations of a twelve-electrode 

configuration demonstrated notable improvements in spatial resolution compared with that of models of 

the tested six-electrode samples. This improved spatial resolution allows for defect localization within a 

tighter window in comparison with the coarser results seen in the six-electrode sample. 

Although challenges such as handling contact resistance variation and improving defect construction 

remain, the findings in this report provide a robust foundation for future work. Implementing 

multiplexing and optimizing electrode arrays will enhance the measurement repeatability and accuracy of 
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defect localization. These improvements have the potential to establish a route forward for validation that 

EIT can be a robust method for in situ structural health monitoring of graphite components, ensuring 

microreactor safety and longevity. 
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