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This study proposes a new method of detecting tungsten inclusions in nuclear fuel rod upper-end plug welds using energy-dispersive
X-ray fluorescence (EDXRF) analysis. The Monte Carlo simulation method was used to simulate the process of detecting tungsten
inclusions in nuclear fuel rod upper-end plug welds by the EDXRF. The detectable tungsten particle diameters in the zirconium alloy at
different depths in welds and the detection limits of the trace tungsten dispersed in welds were obtained. Then, we constructed an
experimental device that uses a CdTe detector with an X-ray tube. The results showed that the relative standard deviation of the net count
rate of tungsten K-series characteristic X-rays [W (K,,)] was 1.46%, and the optimum parameters are a tube voltage of 150 kV and current
of 0.5mA. These values were used to perform energy-dispersive X-ray fluorescence analysis. These results were compared to the X-ray
radiographic results, which were broadly similar. Furthermore, the results of EDXRF analysis were more legible and reliable than those
from X-ray radiographic inspections. This study demonstrates the feasibility of applying EDXRF analysis to detect tungsten inclusions.

1. Introduction

Most nuclear fuel rods contain an upper-end plug, a cladding
tube, fuel pellets, and a lower-end plug [1, 2]. To prevent ra-
dioactive fission products from leaking during the fuel rod
manufacturing process, sealed welds are required between the
fuel cladding tube and end plug. End plug welding is the most
crucial procedure during nuclear fuel rod manufacturing [3-5].
Tungsten inert gas welding (TIG) produces relatively strong
and higher quality welds, so it is widely used to weld precision
instruments in the atomic energy and aviation industries [6-9].
If they are not inspected during welding, these welds can
contain many types of defects. Under stress, these defects may
grow and lead to failure.

Tungsten inclusions are one type of welding defect. They
are formed when the end plug and cladding tube of nuclear
fuel rods are welded using the TIG method. The tungsten
electrode can break and fall into the welded pool because of
the wrong polarity of the power source or a high current
density. The geometric shape of the tungsten inclusions is

irregular, and its sharp corners have a splitting effect on the
weld. This inclusion easily produces stress concentrations
and microcracks and reduces the toughness and strength of
the weld [10].

An inclusion defect can reduce the strength and toughness
of the end plug welds. This defect results in a decline in the
quality of end plug welds and reduces the nuclear fuel rod’s life.
When nuclear fuel rods are exposed to the severe conditions of
high temperature, high pressure, and intense radiation for an
extended period of time, any existing weld defects are likely to
be further expanded. As a result, radioactive fission products
can escape through the defects and damage the reactor cooling
circuit. In severe cases, it will cause damage to the fuel rod
cladding, which affects the safe operation of the nuclear reactor
and can cause substantial economic losses [11, 12]. Therefore, it
is essential to detect these tungsten inclusion defects in the
welding process.

Metallographic examination and X-ray radiography are
commonly used methods of detecting these defects. How-
ever, metallographic inspection damages the sample and
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cannot test every fuel rod in the production process. This
method is more suitable for the analysis and testing of spent
fuel. Although the X-ray imaging detection method can be
used to detect tungsten inclusion defects, the size that can be
seen is limited [13, 14]. A study by Hui et al. showed that a
cylindrical girth weld’s image sensitivity (minimum visible
wire diameter) is 0.20 mm in digital X-ray radiography, and
the end girth weld is 0.10 mm [15]. In a study by Ewert et al.
an X-ray digital imaging detection method was used to
examine the welds in the austenite pipelines of nuclear
power plants. Some cracks and pores (approximately
0.2mm) were detected [16]. When using TIG to weld, the
broken tungsten electrodes may be melted in the molten
pool of the end plug, or they may exist in the form of
particles. When a small amount of tungsten is present in the
weld seam of an end plug, it is even more challenging to
accurately identify it by X-ray imaging. In addition, the
results are greatly influenced by human factors, and
therefore, the reliability is low. Although the above methods
can detect tungsten inclusions, each has disadvantages.

This article uses EDXRF to detect whether tungsten is in
the weld and identify any tungsten inclusions. EDXRF
analysis is an analytical method used to determine the type
and content of elements in a material. It uses primary X-ray
photons to excite atoms to generate secondary characteristic
X-rays. A detector characterizes the photons with a pulse
height analyzer for element identification according to the
spectrum for a pulse height distribution, which can then be
used for the quantitative analysis of elements. The analysis
time depends on the type of instrument, which varies from
tens of seconds to several minutes. This method can analyze
more than 80 elements between Be and U. Its sensitivity is
broad, as it can explore from ppm to 100%. The EDXRF
method has many advantages: it is fast, easy to operate,
nondestructive, and provides in situ analysis [17-21]. As a
result, it has been used for decades in archaeology, geology,
biology, chemistry, and other fields [22-31]. In this paper,
we use EDXREF to detect tungsten inclusions in the welds of
nuclear rods.

2. Methods and Experimental

2.1. MCNP Simulation. It is common to simulate EDXRF
through Monte Carlo software. This paper uses a MCNP5
Monte Carlo simulation software package to do so. This
simulation includes two items. The first is to simulate the
diameter of tungsten particles that can be identified at
different depths of zirconium alloys. The second is to
simulate the detection limit of tungsten when tungsten
inclusions melt on the top of the end plug.

Figure 1 shows a diagram of the detection device that was
used in the Monte Carlo simulation. The detector is a CdTe
detector (Amptek, X-123) which uses the parameters shown
in Table 1. In the simulation, the sensor was simplified to
include only the CdTe sensitive volume, the Be window, and
the top shell of the detector. This simulation uses the device’s
dimensions and the parameters described later in the paper.
The X-ray source uses a 150 KV rhodium spectrum. The
MCNPS5 results are normalized for each particle. The photon
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FIGURE 1: Schematic diagram of the detection device in the Monte
Carlo simulation.

TaBLE 1: Main parameters of CdTe detector.

Technical index Parameters

Detector type Cadmium telluride (CdTe) diode
Detector area 9 mm?>

Detector thickness 1mm

Detector window
Resolution

Maximum count rate
Optimal energy range

Be: 4mm thick (100 ym)
<1.2keV FWHM@122keV, typical
Up to 2x10°cps
5 to 150 keV

Upper end plug

N
N

N
Tungsten Granule

FIGURE 2: Schematic diagram of simulation experiment for
tungsten particle detection.

is counted by the F1 card, which bins the data into energy
intervals. The photon energy is recorded at intervals of
0.1keV from the minimum energy of 1 keV to the maximum
energy. The number of photons is counted by the energy box
method, similar to that used to determine the multichannel
spectral statistics. The simulation includes the interactions of
electrons and photons. We used the default setting of the
PHYS card, which used a detailed physical simulation of the
MCNP, which used the photoelectric effect, Thomson co-
herent scattering, Compton scattering, and pair production.
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The number of simulated particles was 2 x 10°. It took ap-
proximately eight hours for each program to perform the
calculations.

Figure 2 is a schematic diagram of the simulation. The
depth of the zirconium alloy was 0 mm to 0.7 mm with a
0.1 mm step size. The diameter of tungsten particles varied
from 0.01 mm to 0.5 mm. Particles were placed in the center
of the shaft to simplify the model. The weld seam was ap-
proximately hemispherical (the nuclear fuel rod can be
rotated for multiple measurements). When simulating each
depth, the tungsten particles were located at the farthest
distance from the detector. When the particles are farther
from the axis, the signal increases and the identifiable size of
the particles become smaller. Figure 3 is a diagram of the
simulation when the tungsten inclusions are present in the
upper-end plug weld in a dispersed form after melting. In the
simulation, tungsten elements were only added to the upper-
end plug welding and the content distributed in a range of
approximately 50-800 ppm.

2.2. Experimental Apparatus. The X-ray energy device
consists of a CdTe detector (Amptek, X-123 model) and an
X-ray tube (BJKVXD, Series X160klmA-B). The CdTe de-
tector and X-ray tube parameters are shown in Tables 1 and
2, respectively. A schematic diagram of the device is pre-
sented in Figure 4. The angle between the detector centerline
and horizontal line was 20°. The distance from the collimator
outlet to the welds was 6 mm, and the distance from the
detector outlet to the end plug welding point was 15 mm.
The X-123 CdTe was a completely integrated system that
contained a CdTe detector, a preamplifier, a DP5 digital
pulse processor (DPP) and MCA, and a PC5 power supply.
The X-ray tube was equipped with a power supply and
control software. The CdTe detector and X-ray tube were
independent of each other. We used the X-ray tube’s pri-
mary rays to excite tungsten X-rays in the welds. We used the
sensor to measure the excited X-rays. The experimental data
were collected and analyzed by the MCA and DPPMCA
software with X-123 CdTe.

2.3. Samples. The experimental samples were obtained from
the Nuclear Fuel Element Manufacturing Company as
shown in Figure 5. There were seven nuclear fuel rods in
group A and ten in group B. A schematic diagram of the
nuclear fuel rods is shown in Figure 6. All the samples
included a part of the fuel cladding tube and upper-end plug.
The upper-end plug, cladding tube, and hole in the upper-
end plug were welded together via TIG. The sealing welds on
the upper-end plug were measured. X-ray energy spectrum
analysis was used to detect whether tungsten inclusions were
in the nuclear fuel rod upper-end plug welds. The analytical
results were compared with radiography images provided by
the Nuclear Fuel Element Manufacturing Company.

2.4. Experiments. To evaluate the device’s precision, the No.
7 nuclear fuel rod from group A was used in an experiment.
The net area and value of the peak position of W (K,,) were

Upper end plug

N
N

N
The part with tungsten

FIGUrRe 3: Schematic diagram of simulation experiment for
detecting dispersed tungsten.

TaBLE 2: Parameters of the X-ray tube.

Anode Focus size Tube voltage Anode current
Rhodium 0.8 * 0.8mm 130 to 160kV 0.3 to 1.0 mA
Fug¢l r¢d

X-ray

FIGURE 4: Diagram of the experimental device.
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FiGURE 5: Experimental samples.
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FIGURE 6: Schematic diagram of the nuclear fuel rod structure.
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FiGgure 7: Continued.



Journal of Spectroscopy

1600
1400 + Zr—Depth—0.6 mm
1200 +
" 1000 +
S soof E
3 3
600 | WK,
400 +
WK,
200 +
0 1 1 1 1 1
57.5 58.0 58.5 59.0 59.5 60.0 60.5
E (keV)
— 0.010mm —— 0.100 mm — 0.200 mm
— 0.030 mm —— 0.120 mm — 0.250 mm
— 0.050 mm  —— 0.130 mm — 0.300 mm
—— 0.070mm  —— 0.140 mm —— 0.400 mm
— 0.090mm —— 0.150 mm — 0.500 mm

(®)

1600
1400 Zr-Depth-0.7 mm
1200
1000
800 +
600 -
400} WK,
WK,
200 +
0 1 1 1 1
57.5 58.0 58.5 59.0 59.5 60.0 60.5
E (keV)
—— 0.010 mm — 0.110 mm — 0.190 mm
— 0.030 mm — 0.130 mm —— 0.200 mm
— 0.050 mm — 0.140 mm —— 0.300 mm
—— 0.070 mm — 0.150 mm —— 0.400 mm
— 0.090 mm —— 0.180 mm — 0.500 mm

FIGUure 7: The simulation of tungsten particles at different zirconium depths.

used as an index to evaluate the device’s precision. Next, we
optimized tube voltage and anode current, and the net count
rate and the peak-to-background ratio of the W (K,) were
used as evaluation indicators.

The tube voltage setting range was from 130kV to
160kV with an interval of 10kV. The anode current varied
from 0.3mA to 0.9mA with an interval of 0.1 mA. Each
measured condition was valuated at least five times with no
changes in the other parameters. The tube voltage and anode
current were combined to produce 28 measurements. Using
these optimal parameters, we took an EDXRF analysis of the
nuclear fuel rods and compared the results with X-ray ra-
diography measurements.

3. Results and Discussion

3.1. Monte Carlo Simulation Results. Monte Carlo simula-
tion method is used to simulate the identifiable diameter of
tungsten particles at different depths in the zirconium alloy
in the rod. Figure 7 shows the energy spectrum from the
simulation.

In the manufacturing of nuclear fuel rods, the effective
penetration depth of the end plug is required to be less than
or equal to 0.65 mm. Our Monte Carlo simulation studies
the depths of approximately 0-0.7 mm. It can be seen from
Figure 7 that the W characteristic X-ray intensity of different
diameters tungsten particles is various at different depths of
the zirconium alloy. According to the formula [32, 33], the
detection limit of the W peak can be calculated. The results
are shown in Table 3. We fit these results and obtained a
function of the depth of the zirconium alloy with the di-
ameter of the tungsten particles. The results are shown in
Figure 8.

It can be seen from Table 3 and Figure 8 that, as the depth
of the zirconium alloy increases, the size of the identifiable
particles also increases. The depth of the zirconium alloy has

TaBLE 3: Results of the simulation.

Zr depth (mm)

W diameter(mm)

0 0.04
0.1 0.05
0.2 0.06
0.3 0.08
0.4 0.10
0.5 0.12
0.6 0.14
0.7 0.20
0.18 -
Equation y =a*exp (b*x) , /
Plot N-Diameter (mm)| ,
0.15F |a 0.0387 ,/
. b 228854 L,/
g R-Square (COD) 0.98735 4
\g 012 Adj. R-Square 0.98524
5
Q
g
5 0.09
=
0.06
0.03 -
1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Zr-Depth (mm)

—m— W-Diameter (mm)
- -~ Exponential Fit of "W-Diameter (mm)"

Figure 8: Fitted graph of zirconium alloy depth and detectable
tungsten particle diameter.
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FIGURE 9: Energy spectrum of the simulation results of different tungsten contents in the end plug welds.

TABLE 4: Peak area counts of the simulation of different contents of tungsten in end plug welds.

Content (ppm) LOD 50.0 100 150

200 250 300 400 500 600 800

Net peak counts 26.8 21.9 35.9 50.0

61.0 75.0 87.0 106 136 166 225

an exponential relationship with the size of the identifiable
tungsten particles.

Tungsten inclusions are not allowed in the
manufacturing process of nuclear fuel rods. However, in the
existing technology, the size of detectable tungsten is limited.
Research by Hui et al. showed that the X-ray imaging
method could effectively detect pores, inclusions, and other
defects with a diameter greater than 0.2 mm in the cylin-
drical girth weld of the annular nuclear fuel element. The
device can see volumetric flaws such as pores and inclusions.
At the end of the rod, it can detect face girth welds with a
diameter greater than 0.1 mm. By comparison, EDXRF can
detect smaller defects in the range of approximately
0-0.4 mm.

As shown in Figure 3, we simulated adding evenly dis-
persed trace tungsten in the range of 50 ppm to 800 ppm,
alongside blank samples. The results are shown in Figure 9, and
the calculated values and detection limit are shown in Table 4.

It can be seen from Table 4 that the detection limit of
tungsten is about 100 ppm. From the previous analysis, there
is a certain size limit for the detection of tungsten in welds
from X-ray radiography. When tungsten is melted into the
weld, it is challenging to detect it by X-photographic
methods. Under certain conditions, the EDXRF method can
detect tungsten inclusions in the weld tungsten. In the
production of nuclear fuel rods, tungsten inclusions are not
allowed in the end plug welds. The simulation shows that the
detection of these inclusions is better with EDXRF than
X-ray radiography because it can detect inclusions that are
smaller in size and content.

3.2. Determining the Device’s Precision. To evaluate the de-
vice’s precision, the No. 7 fuel rod in group A was placed on
the measurement device, and the noncontinuous repeated
measurement was performed at least 20 times. The mea-
surement time was 60 s, the X-ray tube voltage was 160kV,
and the anode current was 0.6 mA. The individual results
were reported, and the average net count rate, average
deviation (AD), relative average deviation (RAD), standard
deviation (SD), and relative standard deviation (RSD) were
calculated.

Figure 4 shows the measured value of the W (K,) net
count rate and deviation. Table 3 presents the average net
count rate, average deviation, relative average deviation,
standard deviation, and relative standard deviation of the net
count rate of the W (K,).

As shown in Figure 10 and Table 5, the average net count
rate of W (K,) was 68.2, and the deviation range was from
—1.51 to 1.6. The W (K,) peak position’s channel was almost
at the same location each time (channel 1354), and only
three measurement results slightly differed. Table 3 shows
that the relative standard deviation of W (K,)‘s net count
rate was 1.46%. The data from each test had no significant
differences. The results demonstrate that the X-ray analysis
was precise and provided accurate data.

3.3. Tube Voltage and Anode Current. In X-ray energy
spectrum analysis, the sample’s characteristic element X-ray
is excited by the X-ray tube’s primary spectrum. If the X-ray
tube’s voltage is too low, the primary spectrum’s energy will
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FIGURE 10: Results of the precision experiments. The error bars
represent the difference between the measurement and the average.

TABLE 5: Parameters of measurement results.

AVG AD RAD (%) SD
68.2 0.851 1.25

RSD (%)
0.995 1.46

not reach the characteristic element X-ray’s absorption edge.
If it is too high, a more significant bremsstrahlung back-
ground is introduced, and the measurement results will be
affected. Changing the X-ray tube’s current will have an
impact on the measurement’s signal-to-noise ratio. There-
fore, detecting tungsten inclusions requires a suitable tube
voltage and current. Because of those reasons, we varied the
tube voltage and current. Figures 11 and 12 present the
results.

As shown in Figure 11, the net count rate of the W (K,)
had a constant upward trend as the tube voltage and
current increased. However, the W (K,) peak-to-back-
ground of the trend was different as the tube voltage and
current changed. Figure 12 demonstrates that the peak-to-
background ratio of the W (K,) steadily increases as the
X-ray tube voltage increases at the same tube current. The
peak appeared when the tube voltage was approximately
150kV and then decreased slightly. As the tube current
increased, the peak-to-background ratio of the W (K,)
first showed an upward trend and then slowly became
smaller. When the tube voltage was in the range of ap-
proximately 130kV-140kV, the peak-to-background
ratio of W (K,) had the maximum value at a tube current
of 0.5mA, and when the voltage was 150 kV~160kV, the
peak-to-background ratio of W (K,) had a higher value at
a wide range of tube currents from 0.4 mA to 0.6 mA. In
general, when the X-ray tube voltage was 150 kV and the
current was 0.5mA, the peak-to-background ratio of W
(K,) had a relatively high value, and the net count rate of
W (K,) was also greater than 70. According to the results,
we selected 150kV and 0.5mA as the X-ray tube’s op-
erating parameters for the following experiments.

104
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Count rate (cps)

40
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e 7 155 ~— .
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) 165 03

FiGURE 11: Net count rate of the W (K,) under different tube
voltages and currents.
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FIGURE 12: Peak-to-background of the W (K,,) under different tube
voltages and currents.

3.4. Detection of Tungsten Inclusions. Using these experi-
ments, we obtained the optimal conditions for analyzing
tungsten inclusions using EDXRF analysis. We used X-ray
energy spectrum analysis to test two batches of samples from
the Nuclear Fuel Element Manufacturing Company. The
measurement results are shown in Figures 13 and 14.

Figure 13 shows the X-ray energy spectra of the nuclear
fuel rods in group A. The chart indicates that there were no
obvious characteristic X-ray peaks in fuel rods No. 1 to No. 6.
However, there were obvious characteristic X-ray peaks of
tungsten element in the X-ray energy spectrum of fuel rod
No. 7, where the peaks of W (K1), W (Kq2), W (Kpg;), and W
(Kp) are visible. The results demonstrated that there were
tungsten inclusions in that rod.

Figure 15 presents a radiography image of the nuclear
fuel rods in group A from the Nuclear Fuel Element
Manufacturing Company. As shown in the radiography
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FIGURE 14: X-ray energy spectra of the nuclear fuel rods in group B.

image, there was a white area in the upper end plug welds
(the area circled by the red box). The Nuclear Fuel Element
Manufacturing Company staff concluded that the white
area’s position is the area containing tungsten inclusions.
Tungsten inclusions appeared because during the inert
tungsten gas-shielded welding process, high-density tung-
sten from the electrode tip was trapped and deposited in the
weld. There was no white area in the radiography images of
fuel rods No. 1 to No. 6, which indicated that these fuel rods
had no tungsten inclusions. Comparing the energy-dis-
persive X fluorescence analysis results with the radiography
imaging results demonstrated that the two methods agree.

Figure 14 shows the X-ray energy spectra of group B
nuclear fuel rods, and Figure 16 presents a radiography
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FIGURE 16: Radiography image of nuclear fuel rods in group B.

image of group B. The group B spectra demonstrated that
fuel rods No. 1 to No. 6 had characteristic X-ray peaks of
tungsten, but fuel rods No. 7 to No. 10 did not. The radi-
ography images showed that fuel rods No. 1 to No. 6 had a
white area in the upper-end plug welds (the area circled by
the red box), indicating that these fuel rods had tungsten
inclusions in the nuclear fuel rod upper-end plug welds. In
the group B fuel rods, the two methods of detecting tungsten
inclusions were consistent.

Comparing the EDXREF results and X-ray radiographic
results, it can be seen that some of the X-ray radiographic
inspection results are not very clear. These results require
professional inspectors who have years of work experience to
determine whether there are tungsten inclusions. However,
the results from EDXRF analysis are clearly evident.

4. Conclusions

Detecting tungsten inclusions in nuclear fuel rod upper-end
plug welds is an indispensable and vital step in the
manufacturing process of nuclear fuel assemblies. This step
is critical to ensure the safe operation of nuclear reactors.
The main disadvantages of current methods are destruc-
tiveness, complicated procedures, lack of real-time data, and
the limited size and content of detectable inclusions. This
paper uses Monte Carlo software to simulate the EDXRF
analysis of tungsten inclusions in nuclear fuel rods. The
results show that the EDXRF analysis method is superior to
the X-ray radiography method, as it can detect welds at the
depth range of 0 to 0.4 mm. In addition, this paper also
simulates the trace tungsten inclusions dispersed in the weld.
The results show that the detection limit of EDXRF can reach
100 ppm. However, when tungsten inclusions are present, it
is challenging to detect them by X-ray radiography. EDXRF
analysis was carried out on the solder joints of the upper-end
plugs of two sets of nuclear fuel rods using a measuring
device. The results were consistent with X-ray inspections,
but the EDXRF analysis had better readability and reliability.
EDXRF does not damage the nuclear fuel rods and improves
the reliability of detecting tungsten in the nuclear fuel
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manufacturing process. Therefore, this method can achieve
real-time quality control of nuclear fuel rod welds.
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