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Abstract—ZrO2 is coated on nuclear fuel rod to protect it 

from high temperature steam oxidation and erosion, the 

degeneracy of the coated ZrO2 is inevitable and needs to be 

measured in-situ periodically to ensure a qualified 

performance and meet the safety standard. The existing 

magnet-based method involves complex calibration 

procedure, which is sensitive to the radiation of the 

environment, and the sensor module can hardly be placed in 

the tiny gap between array of the fuel rods. Here, we 

demonstrated an extended industrial application of 1310 nm 

wavelength-based spectral domain optical coherence 

tomography for the non-destructive in-situ thickness 

measurement of the aforementioned ZrO2 materials coated on 

the fuel rod. The nature of optical fiber overcomes the 

aforementioned challenges for magnet-based methods. The 

acquired data show a high signal to noise ratio and distinct 

difference between different thickness, and thus confirms the 

potential applicability of optical coherence tomography for 

in-situ thickness measurement of coated ZrO2 materials.

Keywords-Coated ZrO2;Thickness;Non-Destructive;Optical 
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1. INTRODUCTION 

ZrO2 coating process on nuclear fuel rod has been widely used 

to cover the base material and protect it from damages of 

erosion, heat, and mechanical force in the nuclear energy 

industries[1-4]. Degeneracy of the coated ZrO2 thickness is 

inevitable during the service, especially in harsh environment 

such as high temperature, high radiation, and with flow of acid 

liquid. The in-situ measurement of the coating thickness is 

mandatory to ensure a qualified performance and safety 

standard, and keep the costs under control[5]. Typically, non-

destructive techniques are used for in-situ measurements of 

the coated ZrO2 thickness, which includes X-ray Fluorescence 

Spectroscopy(XRF)[6],[7],ElectronProbeMicroanalysis(EP

MA)[8], [9], [10], Ellipsometry[11], [12], Rutherford 

backscattering spectroscopy(RBS)[13], [14], and Resonant 

Methods[15], [16], [17]. But for a in-situ thickness 

measurement, the fuel rods are immersed in hot water with 

radiation, and they are typically assembled as a honeycomb 

structure with gap less than 2mm [Figure 1]. Most of the 

aforementioned method fail to reach the measuring surface 

and isolate the measurement procedure from the effect of the 

high temperature and radiation. 

Figure 1. The fuel rod assembly

The most commonly used method for evaluating the thickness 

of coated ZrO2 is electromagnetic radiation, which determines 

the thickness by exploiting the resonance frequencies using 

both microwaves [18] and visible light [19], [20]. But the 

calibration process is complicated and the measurements are 

sensitive to the radiation and environment temperature. Hence, 

the necessity for devising a non-destructive in-situ inspection 

technique for measurement of coated ZrO2 thickness, which 

could isolate the measurement from the effect of the harsh 

environment, and be small enough to reach the measuring 

surface, has gained remarkable attention.

Optical Coherence Tomography (OCT) is an optical medical 

imaging technique [21], [22], which was recently employed in 

diverse defect-inspection applications as a powerful 

inspection tool for industrial products owing to its high 

resolution (on the order of microns) and non-destructive 

imaging capability. Reinforced from the high axial and spatial 

resolution of OCT, numerous studies on disease diagnosis and 

clinical management of tooth by OCT have been reported in 

the literature [23], [24], [25]. OCT has been widely used to 

image the cross-section of tooth for evaluation of dental caries, 

tooth crack, and age-related changes in tooth structure, in 

which the main chemical component is ZrO2. Hence, OCT is 

a potential solution for in-situ thickness measurement of 

coated ZrO2 material. The extra benefit of OCT system is that 

it delivers the detecting beam to the measuring surface though 

optical fiber. Given a radiation-proof optical fiber, the whole 

measurement process would be isolated from the effect of 

radiation and water, which would solve the most challenging

issue during the thickness in-situ measurement for the coated 

ZrO2 on fuel rod. On the other hand, the focusing lens of OCT 

could be integrated to the end of fiber, hence the end-detector 

could be as small as 1 mm, which is well suited for being 

flexibly located in the honeycomb structure of the fuel rod 

array. Hence, OCT is a potential solution for in-situ thickness 

measurement of coated ZrO2 material.
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In the study proposed here, we demonstrated an OCT based 

thickness measurement method for coated ZrO2 materials on 

fuel rods to quantitatively investigate the material loss after a 

certain period of service. The primary focus of the study was 

to evaluate the measurement capability of OCT in terms of 

Signal to Noise Ratio (SNR), Precision, Measurement Range, 

and compare it with the industrial requirement. SD-OCT 

system were built and used to acquire A-scan depth profiles 

for ZrO2 coated sample with different thickness. Algorithm  

for detecting the interface between the ZrO2 and base material 

were developed and evaluated. The main conceptual 

breakthrough of this study is expanding the industrial 

application of OCT system from qualitatively defect detection 

and analysis to quantitative thickness measurement. The 

results provided an elaborate performance evaluation of the 

thickness measurement of coated ZrO2, which suggests that 

OCT holds a great potential for application in the coated ZrO2 

thickness measurement. 

2. SYSTEM OF SD-OCT 

2.1. Theory 

In a SD-OCT system, a low-coherent light is directed into a 

2x2 fiberoptic couple implementing a simple Michelson 

interferometer, with electric field expressed in complex form 

. The coupler splits the light into 

sample and reference arms. Light exiting the reference fiber is 

incident upon a mirror and redirected back into the same fiber 

with electric field . Light exiting the 

sample fiber is incident upon an optical subsystem designed 

to focus the beam on the sample. The light backscattered or 

reflected from the sample with electric field 

 is redirected through the same 

sample arm fiber, where it is mixed with the returning 

reference arm light in the fiber coupler, and the combined light 

is made to interfere on the surface of a photoreceiver. The 

returning fields generates a photocurrent proportional to the 

square of the sum of the fields incident upon it, given by  

 
The electronic signals detected at the photoreceivers are 

processed into an A-scan, representing the depth-resolved 

reflectivity profile of the sample. The sample reflectivity 

profile  is estimated from the inverse 

Fourier transform of ,which is referred to as the “A-

scan”: 

 
 

As can be seen, the desired sample field reflectivity profile 

 is reproduced in the 

cross-correlation term. 

2.2. System 

The system [Figure 2] mainly consists of four arms from a 

50:50 fiber optic coupler (TN1360R5A2; Thorlabs, Inc., 

Newton, NJ). The light source (SLD) is a fiber pigtailed SLD 

with close-loop thermoelectric cooling and measured to have 

a center wavelength of 1310 nm and a full width at a half 

maximum bandwidth of 42 nm. The spectrometer is based on 

a CMOS sensor array consisting of 1x2048 pixel array with a 

A-scan line rate 100kHz. A MEMS scanner is embedded in 

the focusing box to scan the beam in one or two directions for 

imaging transversely. The use of the two liquid lens in sample 

and reference arm, respectively, enable focusing at multiple 

depths without having to adjust imaging optics. The OCT 

software is a custom Windows application written in C++ and 

Qt, the main OCT algorithm (Dispersion compensation, 

Inverse FFT, Windowing) are computed parallelly in a GPU 

(GeForce RTX 3090). 

 
Figure 2. Schematic of the proposed SD OCT system  

2.3. Material and Test Method 

ZrO2 coated rod samples [Figure 3] with five thicknesses (0um, 

5um, 15um, 30um, 45um) coated by coating process-1 and 

two thicknesses (30um, 45um) coated by coating process-2 

[Figure 3] were measured with a static beam dot on the surface 

of the rod bar at the focused plane of the measuring beam. 500 

A-scan data were captured and post-processed for individual 

samples. Figure 4 show the raw interference pattern of the 

sample 1 to sample 5 which shows significant difference in 

spectrum domain. 
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Figure 3. ZrO2 coated rod samples: the ones labeled 

1,2,3,4,5 are 0 um, 5 um, 15 um, 30 um, 45 um thick and 

coated with process-1 and the ones labeled 6,7 are 30 um, 

45 um thick and coated with coating process-2 

  

Figure 4. Raw data of the interference pattern of the 5 

thicknesses coated by coating process-1 

3. THICKNESS MEASUREMENT 

The interference pattern captured in the spectrometer needs to 

be processed to get the depth profiles by following the steps 

of k-linearization, dispersion compensation, inverse FFT, and 

windowing.  The interference patterns collected by the camera 

are sampled with equal wavelength increment while the 

inverse FFT takes wave number as input, hence, the k-

linearization is conducted to sample spectrum evenly in wave 

number by translating the wavelength spectrum into wave 

number using a nonlinear scaling algorithm. The phase 

dispersion caused by sample material is compensated by 

method introduced by Maciej [28]. Finally, the depth data 

after inverse FFT is windowed to reduce the side lobes.  

Figure 5 shows the thickness profile, which corresponds to the 

7 samples labeled in Figure 3. The cake shape denotes the 

reflectivity of the inner structure and the depth that the probe 

light transmits before it hits the surface of the stainless rod 

which is opaque. As can been seen, they differ significantly 

and show great potential of measuring the thickness. The top 

surfaces of the cakes are distinct which are the surfaces of the 

coated ZrO2, the bottoms are the boundaries between the ZrO2 

and the stainless shafts. Figure 2 shows the individual A-scan 

(depth profile) for the 7 samples with the beam entrance point 

labeled as breakpoint A and the interface between the ZrO2 

and the stainless rod labeled as breakpoint B. In order to 

quantitatively measure the thickness of the ZrO2, those two 

points need to be determined automatically and the distance 

between A and B is regarded as the thickness of the measured 

sample of the coated ZrO2. Algorithm was developed and 

detailed in the following section for detecting A and B points. 

 

 
Figure 5. Depth profiles after the post processing. a: the 

reflectivity of the inner structure; b: the individual A-scans 

for the 7 samples 

The A and B points were determined by the sharp change 

which could be calculated as standard deviation. Firstly, for 

each ten A-scan data, a window function was set with the 

length of 10-15 according to pauta criterion, which calculates 

the arithmetic mean x and the residual error  of the 

corresponding window each time. And then the standard 

deviation  by the Besser formula was calculated. If the 

residual error is more than three times of , the outliers are 

removed.  is defined as follows: 

 

 

Then the data after the outliers been removed were averaged 

by ten A-scan data to reduce the noise in the direction of time. 

Finally, moving average by a window function was used to 

get the final searching result. The window size was different 

according to the different algorithms, and the window’s step 

was 1 to average the original data. In the process of smoothing 

the mean, the abnormal data that exceeded 97% of the 

confidence interval after fitting the history window were 

removed to achieve noise reduction on the data space. 3 static 

window size (3,10,15) and 2 dynamic window size (5-10,3-5) 

were tested for searching the breakpoint A and B for 

measuring the thicknesses of the samples. 
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�

Figure 6. Schematic diagram of standard deviation and 

breakpoint ab calculated from raw data extracted randomly  

4. RESULTS AND ANALYSIS 

4.1. Measurement Metrics 

The performances of the algorithm are evaluated in terms of 

signal-to-noise ratio (SNR) and sensitivity, which are defined 

as follows:  

� SNR: the ratio between the average of signal and the STD 

of the background noise. The formula for SNR is defined 

as follows: 

 

In this experiment, is defined as the identified 

thickness, and  is defined as the standard 

deviation of the noise. 

� Sensitivity: a metric that evaluates the change of the 

measured result of the sensor when given a unit change 

on the measured object. Here, the sensitivity is defined as 

the measured thickness change in pixel per unit change 

on the real thickness of the sample. It is calculated as 

follows: 

 

Where  is the measured thickness in pixel and 

 is the actual thickness of the corresponding 

sample.

                              

                                 
 

 

Figure 7. Results of the four metrics using the 5 sets of searching parameters. a: Averaged thicknesses; b: STD; c: SNR; d: 
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4.2. Analysis 

The above five searching results were obtained by changing 

the size of the window in the algorithm statically and 

dynamically. Figure 7a shows the averaged thickness in pixel, 

which increases nonlinearly with the increasing of the actual 

thickness of the measured sample. The nonlinearity could be 

caused by a poor dispersion compensation which blurs the A-

scan, or the un-uniformity of the coated material itself. A 

mapping between the pixel thickness and the physical 

thickness could be done by nonlinear fitting for real thickness 

measurement. The window size does not significantly affect 

the main trend on the averaged thickness. 0 um and 5 um show 

an abnormal trend which indicates the current imaging and 

postprocessing was not able to measure the thickness thinner 

than 5 um. 

Figure 7b shows the STD of measured thickness in pixel, the 

measurement with higher thickness shows a higher STD, 

which could be caused a weakened beam after it penetrates the 

material. It sets a limit on the maximum thickness it can 

measure. The searching process with window size 10 shows 

the lowest STD. Figure 7c shows the SNR with different 

samples and windows size. The window size 10 shows the 

highest SNR, with most of which are great than 8, which is 

acceptable in the coated ZrO2 thickness measurement for fuel 

rod. 

Figure 7d shows the sensitivity of the measurements, as can 

be seen, the thicker the measured object, the higher the 

sensitivity is, which indicates that a thickness greater than 45 

um can be measured potentially. Sensitivity at 5 um thick is 

around 0 which means it is not able to differentiate the 

thickness variation thinner than 5 um. Window size doesn’t 

significantly affect the sensitivity. 

Window size 10 performs the best in terms of STD and SNR 

which could be adopted as the standard widow size for 

searching breakpoint A&B in future measurement process. 

With widow size 10, the measurement SNR are greater than 8 

in the thickness range from 5 um to 45 um. The proposed 

method is not able measure the thickness less than 5 um, but 

it has potential to measure thickness greater than 45 um. 

 

 

5. CONCLUSION 

The utilization of micrometer resolution of OCT for the 

thickness measurement of coated material is a conceptual 

breakthrough. The aim of this study was to exploit the 

potential merits of OCT by quantitatively evaluating the 

thickness measurement performance of ZrO2 including 

sensitivity, Signal to Noise Ratio, and the Measurement 

Range. The OCT proposed here show a great potential to 

quantitatively measure the thickness of the coated ZrO2 on the 

fuel rod. It shows the capacity of measuring thickness from 5 

um to 45 um with SNR greater than 8 (precision: 12.5%), 

which is commonly acceptable for the thickness measurement 

of fuel rod. The result could be further improved by 1) 

conducting a series of dispersion compensation for a set of 

stepped thicknesses rather than just one time dispersion 

adopted in this research. With an auto iteration dispersion 

process, the boundary between the coated material and the 

stainless surface of the rod could be more distinct; 2) having a 

brighter and more focused beam which helps to penetrate deep 

to achieve a larger measurement range. By further minimizing 

the collimating and focusing module into the end of fiber, 

OCT could potentially play a vital role by serving as an in-situ 

quality assurance method of coated material with a high 

sensitivity as an essential tool in nuclear energy industry. 
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