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ABSTRACT: Duplex stainless steel Z3CN20-09M serves as the predominant material for the primary pipeline within the
first circuit of pressurized water reactor (PWR) nuclear power plants. Its aging grade estimation plays a crucial role in ensuring the
safety of the nuclear island infrastructure. To achieve this goal, fiber-laser-based laser-induced breakdown spectroscopy (FL-LIBS)
was introduced as the non-destructive and in-situ rapid detection technique for aging grade estimation. The spectral signals laser-

induced plasma properties, and laser ablation processes of various Z3CN20-09M specimens with different aging grades were

analyzed together with their microstructure and metallography. It
was found that the spectral signal intensities of the matrix element
(Fe) and the alloying element (Cr) increased with increasing aging
grade, which was well explained by the increase in plasma
temperature and ablation mass. Most importantly, reliable linear
relationships were obtained between the signal intensity ratios of Fe
II/Fe I, Cr II/Cr 1, and Fe I/Cr I, to the aging grades, with the
coefficient of determination (R?) ranging from 0.94 to 0.99. These
results demonstrate that FL-LIBS is a feasible method for aging
grade estimation of the Z3CN20-09M from nuclear power plants.
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INTRODUCTION

Nuclear power, as a clean, highly-efficient, economic-friendly, and
stable power generation, has become an effective way to resolve
the contradiction between energy supply and environmental
pollution. It has entered a phase of accelerated development and
received extensive attention from the global market.! However,
given the long-standing nuclear contamination caused by nuclear
power accidents, ensuring safety and high efficiency is the core
guarantee for the sustainable development of nuclear power.”
Among them, the in-service safety and reliability evaluation of the
primary pipeline within the first circuit is critical, and its material
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is usually duplex stainless steel Z3CN20-09M.?> The Z3CN20-
09M serves as the predominant pipeline material, which is
susceptible to thermal aging and embrittlement during long-term
use. Therefore, its aging grade turns to be a key indicator for
material degradation diagnosis and safety hazards investigation.
The higher the aging grade, the greater the degree of material
failure and the greater the safety hazard at the site. Conventional
inspection methods, such as pipe-cutting inspection, can only
conduct testing on samples cut from the whole pipeline, resulting
in irreversible damage to the mechanical components. Other rapid
measurement methods, such as X-ray and ultrasound,** can only
detect macroscopic defects after material failure, making it
difficult to meet the need for advance warning of material failure.
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Thus, it is necessary to develop non-destructive, in-situ rapid early
warning aging grade detection techniques applicable to nuclear
power facilities.

Laser-induced breakdown spectroscopy (LIBS) has been
extensively employed for material inspection in diverse industrial
applications,*® due to its advantages of effortless sample pre-
treatment, simultaneous multi-element online analyses, and the
feasibility of remote in-situ measurements.>!! However, the
material physicochemical properties, such as microstructure,
hardness, smoothness, etc., have a great impact on the interaction
between the laser and the material. Therefore, it is feasible to
reflect the material physicochemical properties by characteristics
and emission spectroscopy of laser-induced plasma.!? Existing
research has successfully used LIBS spectroscopy and plasma
such as

properties to characterize parameters annealing

13-17 In

temperature, strength, and hardness of metallic materials.
addition, our previous studies have developed an efficient
approach to evaluate the aging grade of the heated-resistant steel
surface based on LIBS'3?! and a portable instrument for T91 steel
failure warning.?? These findings break through the limitations of
LIBS as a means of elemental analysis and demonstrate that LIBS
can be used to estimate changes in material properties by taking
advantage of the sensitivity of plasma and its spectral

characteristics to material properties.

However, due to the complex equipment layout and stringent
technical requirements of nuclear power plants, the characteristics
of conventional LIBS systems to focus the laser directly on the
sample surface are limited. The fiber optic-LIBS (FO-LIBS)
system, which delivers the laser beam to the surface of the target
through an optical fiber, provides a solution to this problem.?
More recently, the FO-LIBS that coupled a solid-state Nd: YAG
laser with a transmission fiber was frequently used for nuclear-
related materials inspection. Zeng et al. developed a mobile FO-
LIBS instrument for rapid quantitative analysis of trace elements
in steel samples, with average relative errors in the range of 2.9%
to 15.7%.2* Nakanishi ef al. determined the Gd content in nuclear
fuel fragments using FO-LIBS, with the limits of detection ranging
from 0.03 wt% to 0.08 wt%.?* To improve the limit of detection
for trace elements in Z3CN20-09M steel, Qiu et al. proposed a
double-pulse FO-LIBS and optimized relevant measurement
parameters.?®?” Despite of its flexible operation, FO-LIBS
encounters some problems in practical use introduced by the
optical fiber transmission. The output laser energy must be
adjusted below the damage threshold of optical fiber. Meanwhile,
the laser focusing efficiency after transmission decreases to some
extent. The maximum pulse frequency of a Nd: YAG laser usually
ranges from tens to hundreds Hz, making it challenging to scan the
entire sample surface within a brief timeframe. All these features
are not conducive to material inspection, in terms of sensitivity,
spatial resolution, and measurement efficiency.
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The key to solving the above problems lies in selecting lasers
that meet the need of portable in-situ detection with stable laser
in field
applications. The fiber laser has been widely used in the industrial

transmission and high measurement efficiency
field due to the advantages of high beam quality, compact, long-
term output power stability, and the ability to adapt to high
temperature and high dust environments.?®3° The use of fiber laser
as a source of plasma excitation for LIBS analysis is receiving
increasing attention from researchers, namely fiber-laser-LIBS
(FL-LIBS). Previous research has suggested that the analytical
performance of FL-LIBS can be comparable to that of
conventional LIBS regarding elemental determination.’'32 Lv et
al. used the high-frequency characteristics of a fiber laser for
quantitative analysis of elemental content in aluminum alloys, and
found that the measurement time was only 24 ms per sample,
which is significantly more efficient than the conventional LIBS
system. The results showed that the root mean square error of cross
validation (RMSECV) for Cu, Mg, and Mn was 0.0414 wt.%,
0.0462 wt.% and 0.031 wt.%, respectively.® Xu et al. further
investigated the effect of laser ablation characteristics on the
elemental analytical properties of aluminum alloys. The results
showed that the spatial resolution of the ablation process of the
fiber laser was extremely high. By optimizing the laser ablation
parameters, the RMSECVs were 0.0103 wt.%, 0.0384 wt.%, and
0.0295 wt.% for Cu, Mg, and Mn, respectively.>* The above study
illustrates that the FL-LIBS system provides a rapid, stable and
precise method for metal element analysis. Making full use of a
high repetition rate and stable energy output, the fiber laser also
serves as the extra energy source for plasma to enhance the plasma
emission intensity. Jiang et al. first applied a fiber laser as an
excitation source to laser-ablation spark-induced breakdown
spectroscopy (LA-SIBS) for analysis of minor elements in copper
alloys. The results show that the detection limit of Pb, Fe, and Al
was reduced by 3-9 times.> This indicates that the LA-SIBS based
on fiber laser can help to achieve more sensitive elemental analysis.
Although FL-LIBS holds great promise in metallic material, few
studies have investigated the feasibility of FL-LIBS analysis of
nuclear-related material inspection, not to mention the aging grade
estimation of nuclear-related material.

In this paper, duplex stainless steel Z3CN20-09M samples with
different aging grades were measured using FL-LIBS. The
microstructural changes of the samples with different aging grades
were analyzed. A detailed study of the peak intensity of the spectral
lines was carried out to establish a correlation between the spectral
characteristics and the aging grades. This work aims to find
reliable correlations between the aging grades and spectral
characteristics of the Z3CN20-09M for the primary pipeline
within the first circuit of PWR nuclear power plants, thus laying a
foundation for the development of rapid aging grade estimation
technology for the critical metal equipment of nuclear power
plants.
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EXPERIMENTAL

Samples. The material used in this study was duplex stainless steel
Z3CN20-09M provided by Suzhou Nuclear Power Research
Institute Co., Ltd. Table 1 shows its elemental compositions. The
Z3CN20-09M is an austenitic stainless steel with ferrite content of
about 12 %-20 %.3¢

Artificial aging tests were conducted to obtain five Z3CN20-
09M samples with different aging grades. The aging tests will be
time-consuming and troublesome if the aging temperature is set to
the real service temperature (280 °C-320 °C) of the main pipeline
in PWR power plants. Previous studies have suggested that the
aging mechanism of Z3CN20-09M remains unchanged as long as
the aging temperature does not exceed the specific upper limit of
475 °C 3738 In this study, the aging temperature was set to 400 °C
to accelerate the aging process of Z3CN20-09M. In addition,
according to the Chinese standard ‘Guidelines for Aging
Management of Pipelines in Nuclear Power Plants’,* the main
index to evaluate the aging degree of Z3CN20-09M is to measure
the Charpy V impact energy of the material at room temperature
after aging at 300 °C~400 °C. Therefore, the Charpy V impact
energy was tested at six points on each sample surface and the
averaged values are shown in Table 2. It can be found that the
Charpy V impact energy of the sample decreases gradually with
aging time. Based on the aging time and the Charpy V impact
energy, the aging grade of the sample was determined to be 1-5.

FL-LIBS setup. Fig. 1a illustrates the schematic diagram of the
experimental setup employed in this study. A fiber laser (Raycus
Laser P20Q) with a wavelength of 1064 nm, a pulse width of 120
ns, and a repetition frequency range of 20 to 60 kHz was used. The
laser operated at an average output power of 20 W, with the pulse
power set to 30 % and the repetition rate to 35 kHz for all
experiments. The laser beam was focused onto the metal surface
using a plano-convex quartz lens (f = 100 mm). To optimize the
spatial resolution and minimize the focal spot diameter, the laser
focal point was precisely set on the sample surface. As shown in
Fig. 1b, the diameter of the laser ablation crater is 44.6 pm. Since
the output energy of the fiber laser was below the air breakdown
threshold, no spectral signals from ambient air breakdown were
detected during the experiments. Samples were positioned on a
custom-built three-dimensional motorized moving platform,
emission was collected, coupled into a fiber, and recorded by a 4-
channel spectrometer (Avantes, Netherlands), which covered a
spectral range of 178 to 827 nm with a resolution of 0.08 to 0.10
nm. The spectrometer was triggered by a digital delay generator
(DGS535, Stanford Research System, USA). For spectral signal
acquisition, the integration time was set to 100 ms, with a
programmed to follow an S-shaped path as depicted in Fig. 1a. The
platform's translation speed was set to 3 mm/s. Plasma light
repetition rate of 5 Hz. Prior to analysis, each sample surface was
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Table 1. The component content of the duplex stainless steel Z3CN20-09M
(wt. %)

Cr Ni Si Mn Mo N C P S Fe
Con. 2019 892 127 113 021 0031 0027 0023 0014 Bl
Table 2. The aging time and grade of the samples
No. Aging time (h)  Charpy V impact energy (J)  Aging grade
0--1 0 369.83 1
T-2 500 337.33 2
T-3 1000 286.33 3
T-4 3000 167.75 4
T-5 6000 122.67 5

ground with 800 mesh sandpaper and cleaned with alcohol to
ensure that the obtained spectra accurately reflected the sample
matrix for subsequent aging grade estimation.

Spectral data pre-processing process. During the experiment,
200 spectra were collected for each sample. The spectral data were
initially screened for validity using a data filtering algorithm,*
with Fe I 424.11 nm selected as the characteristic line. The
threshold for validity, set at a standard deviation (SD) value of
4500 counts, ensured that spectra not accurately reflecting the
sample's elemental composition were excluded. Valid spectral
counts per sample ranged from 140 to 180. To minimize the effects
of source noise and spectral drift, a normalization method was
employed. This involved dividing the intensity of spectral lines
within the same spectrometer channel by the reference intensity,
which is the sum of spectral intensities of that channel. Finally, the
valid, normalized spectral data were averaged. Considering that
the spectral characteristics are affected by the fluctuation of
spectral intensity at different measuring points, the measurements
were repeated five times for each aging grade sample.

RESULTS AND DISCUSSION

Material microstructure analysis. The microstructural morphology
of Z3CN20-09M with varying aging grades was analyzed using
metallographic microscopy, as illustrated in Fig. 2. In Fig. 2a, the
microstructure of sample O--1 is observed to consist of ferrite and
austenite. Ferrite exhibits a discontinuous distribution within the
austenitic matrix, primarily taking the form of islands, bars, and
petals. As thermal aging progresses, mottled structures and
granular precipitates emerge within the ferrite at both phase and
grain boundaries, as shown in Fig. 2b-e. This leads to the
development of a mottled spinodal structure and sparsely
distributed G-phase precipitates. The formation of these new
phases contributes to a precipitation-strengthening effect, resulting
in increased strength of Z3CN20-09M but decreased toughness.*!
Overall, with increasing thermal aging time (0-6000 h), Z3CN20-
09M is observed to undergo spinodal decomposition, generating
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Fig. 1 LIBS spectra collection: (a) schematic diagram of the FL-LIBS experimental system; (b) the crater ablated using fiber laser.

Fig. 2 The microstructure of the duplex stainless steel Z3CN20-09M with different aging grades at 5x magnification.

Fe-rich and Cr-rich phases; however, the morphology of ferrite
within the metallographic structure remains largely unchanged.
Notably, there is no significant alteration in the continuity of the
ferrite distribution within the austenitic matrix. Additionally, the
size of the ablation craters is comparable to the spatial scale of the
microstructure, indicating that FL-LIBS is capable of effectively
detecting spectral responses associated with changes in material
properties.
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Spectral characteristic analysis. 3 presents the
representative spectra of the original state sample (O--1) within the
range 0f 227.99 - 499.21 nm. The spectrometer effectively detects
and resolves a variety of characteristic spectral lines. Given the
microstructural changes in thermally aged Z3CN20-09M, the

matrix element Fe and alloying element Cr were selected for

Fig.

subsequent spectral analysis. The parameters of the analysis lines
according to the NIST database are listed in Table 3, where
‘wavelength’ denotes the wavelength of the atoms observed in air,
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Fig. 3 The representative spectra of the original state sample (O--1).

Table 3 The parameters of analysis lines

Spectral Wavelength  giAu(s™) Ei(eV) Ex(eV)
line (nm)
Fel 259.42 1.30e+07 091 5.69
Fell 261.76 7.00e+08 8.13 12.87
Fel 273.46 4.84e+06 0.96 5.49
Fel 275.01 1.92¢+08 0.05 4.56
Fel 282.88 1.31e+07 0.99 5.37
Fell 283.50 8.80e+06 7.99 12.36
Fel 283.82 6.40e+07 0.99 536
Fel 37244 7.28e+07 228 5.61
Fel 37748 1.67e+07 222 5.51
Fel 380.83 5.31e+06 3.02 6.27
Fel 382.78 5.25e+08 1.56 4.80
Fel 395.00 2.40e+07 2.18 5.31
Fel 403.32 7.56e+05 2.56 5.63
Fel 405.97 1.71e+07 3.55 6.60
Fel 42411 1.30e+06 2.83 5.75
Fel 429.41 2.81e+07 1.48 437
Fe Il 440.29 9.40e+05 6.14 8.95
Crl 262.05 5.70e+07 0.98 5.71
Crl 267.20 6.00e+07 0.97 5.60
Crll 401.25 / 5.66 8.75
Crl 405.00 3.60e+06 2.54 5.60
Crl 426.24 2.20e+07 3.08 599
Crl 427.60 2.40e+08 3.88 6.78
Crl 431.25 1.50e+07 3.11 5.99
Crl 437.13 2.90e+07 1.00 3.84

‘gkAki’ denotes the weighted transition probability, ‘Ei’ and the
‘Ex’ are the lower and upper energy level with respect to the
ground state.

To verify the feasibility of FL-LIBS estimating the aging grade,
the influence of the aging grade on spectral characteristics was
initially investigated. Spectral lines, including Fe I 259.42 nm, Fe
[273.46 nm, and Cr 1 262.05 nm, not interfered by other spectral
lines, were chosen as analytical spectral lines. As can be seen from
Fig. 4, there is a positive correlation between the average
normalized intensity of each spectral line and the aging grade with
coefficient of determination (R?) of 0.95, 0.94, and 0.95,
respectively.
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The differences in spectral intensity exhibited by samples of
different aging grades can be well explained by the matrix effect.
At the same time, the matrix effect is also an important factor
affecting the plasma parameter. The integrated spectral intensity of
a specific spectral line can be expressed as Eq.1 under the
assumption of local thermodynamic equilibrium (LTE):?!

M

o g exp(—+
] Ug(T) kT
where / is the spectral line intensity, 4;; is the transition probability,
Us(T) is the partition function, & is Boltzmann’s constant and g; is
the statistical weight. 7 is the plasma temperature. #°is the total
number density of the species s in the plasma, limited by the
ablation mass of the material.

Eq.1 shows that the signal intensity of a spectral line is
determined by plasma temperature and total number density. The
total number density is positively correlated with ablation mass
under the assumption of stoichiometric ablation. The changes in
mechanical properties that occur during the thermal aging of
materials produce physical matrix effect influences, which cause
changes in plasma temperature, ablation mass, and consequently
spectral intensity. Therefore, it is necessary to compare the plasma
temperature and ablation mass of samples with different aging
grades to verify the above observations.

The plasma temperature can be obtained by the ratio method,

which has been described in detail in other literature,*? using the
following equation:
Ll — Alglﬂ'zuzm exp(— E1 — Ezj )
I Azgz/llulnz kT

where # is particle number density. If the two spectral lines belong
to the same ionization level, # and U correspond equally. Since the
spectrometer integration time is much larger than the plasma
lifetime, the calculation results in the average temperature of
multiple plasmas.
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Fig. 4 The relationship between the normalized intensity and the aging grade, with error bars representing the standard deviation of the measurements.
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Fig. 5 The correlation between the plasma temperature and the aging grade.

The spectral lines used to calculate the plasma temperature are
Fe 11 261.76 nm and Fe II 283.50 nm, with specific parameters
provided in Table 3. Fig. 5 illustrates the correlation between
plasma temperature and aging grade, showing a strong positive
correlation with an R? value of 0.98. When the laser interacts with
Z3CN20-09M, free electrons absorb energy, transforming into
high-energy electrons that collide with phonons, thereby
transferring energy to the lattice. Continuous absorption of laser
energy results in melting, evaporation, and ionization of the
sample, ultimately leading to plasma formation. The interaction
mechanism of the laser with thermally aged steel demonstrates
that less energy is consumed for material ablation and more for
plasma heating.*® This suggests that plasma temperature
significantly influences the peak intensity variations in the spectral
lines of materials with different aging grades.

In order to assess the sample ablation mass, the surface
topography of the ablated sample was first probed using a
scanning electron microscope (SEM). As seen in Fig. 6a, it can be
found that there are three regions on the surface of the sample after
ablation by the fiber laser, which are the core region of the laser
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ablation, the heat-affected region of the laser ablation, and the
surface of the sample that is not ablated, corresponding to the
labels 1, 2 and 3. The surface temperature of the sample in the
ablation region of the laser core reaches the melting point forming
a superheated liquid.** With the disappearance of the laser pulse,
the superheated liquid produces violent boiling, generating a large
mixture of bubbles, droplets and particles. These substances
undergo sputtering and oxidize on contact with air and are
deposited on the sample surface.*> The heat-affected area is
subjected to the action of the pulsed laser and the temperature rises
to the vaporization temperature range without reaching the melting
temperature.*® The material is only vaporized by the pulsed laser,
resulting in a reduction in height. Subsequently, the three-
dimensional surface topography of the ablation pits of the samples
with different aging grades was analyzed using an optical profiler
(UP-3D, Rtec Instruments). The measurements were performed
immediately after laser ablation to avoid oxidation of the ablation
pits, which could interfere with the measurement results. As
shown in Fig. 6b, three regions exist on the ablated sample's
surface, which coincides with the SEM results.

Due to the high repetition characteristics of the fiber laser, there
are overlapping regions between the laser pulses, making it
difficult to directly calculate the ablation mass of a single point on
the surface of the sample. Based on the 3D morphological
characterization, it can be seen that a more uniform ablation path
is formed on the sample surface after laser ablation. Therefore, it
is possible to try to consider the single ablation path as a whole,
thus realizing the evaluation of the ablation mass. To accurately
assess the mass condition of the laser-ablated sample, the initial
height is defined as the sample surface height, and the height
difference between the core ablation region and the heat-affected
region is used as an index for evaluating ablation quality. Using
data from a 3D optical profiler, heights from 750 measurement
points were selected in each ablation region, as shown in Fig. 7a.
The heights of the sample surface, the ablation core region, and the
heat-affected region were calculated separately. Additionally, to
account for surface non-uniformity and variability in the laser
ablation process, height measurements were repeated three times
to minimize error, with the average value used to establish correlations
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Fig. 6 Surface morphology of the sample after laser ablation: (a) SEM images of craters produced by laser ablation of T--3: (1) the core region of the laser
ablation, (2) the heat-affected region of the laser ablation, and (3) the surface of the sample; (b) 3D morphology analysis of T--3 after laser ablation.
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Fig. 7 Ablation mass assessment: (a) average height distribution of ablated path; (b) the correlation between the ablation mass and aging grade.

with aging grade. The results indicate a positive correlation
between ablation mass and aging grade, with an R? as high as 0.97.
This finding further elucidates the differences in spectral
intensities observed in samples with varying aging grades
(according to Eq.1). Thus, the aging grades of the samples can be
predicted by comparing the peak intensities of the characteristic
spectral lines.

Correlation analysis between spectral signals and aging
grades. In the previous section, it was observed that the spectral
intensities of Z3CN20-09M with different aging grades exhibit
specific variations that characterize the material's matrix properties.
Additionally, the peak intensity ratio of ionic lines to atomic lines
has proven to be an effective indicator of the matrix effect,
commonly used to assess material hardness, sphericity, tensile
strength, and other properties.*”#*This paper aims to establish the
relationship between the aging grades of the samples and the ratios
of peak intensities of ionic-to-atomic lines, with the results
presented in Fig. 8. For the matrix element Fe, a negative
correlation is identified between the ratio Fe 11 440.29/Fe 1 259.42
and aging grade, with an R? value of 0.95. Similarly, for the
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alloying element Cr, negative correlations are found for the ratios
Cr 11 401.25/Cr 1 262.05 and Cr IT 401.25/Cr I 267.20, with R?
values of 0.96 and 0.95, respectively. These trends suggest
similarities in the plasma characteristics of samples with varying
aging grades. The peak intensity ratios of ionic and atomic lines
for both matrix and alloying elements effectively reflect property
changes during thermal aging, facilitating the prediction of the
samples' aging grade.

Alloying elements play a crucial role in the microstructure and
mechanical properties of Z3CN20-09M, significantly influencing
the matrix characteristics. Chromium is the primary alloying
element in Z3CN20-09M and a critical factor affecting the matrix
properties during thermal aging. Fig. 9 illustrates the relationship
between the peak intensity ratios of the matrix element Fe and the
alloying element Cr in relation to aging grade. Negative linear
correlations are observed between the aging grade and the
following ratios: Fe 1282.88/Cr1262.05, Fe 1 283.82/Cr1262.05,
Fe1372.44/Cr1262.05, Fe 1395.00/Cr1262.05, Fe 1403.32/Cr I
262.05, and Fe I 429.41/Cr 1 267.20. The R? values for these
correlations are 0.98, 0.99, 0.99, 0.99, 0.94, and 0.95, respectively.
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Fig. 9 The negative correlations between the Fe I /Cr I and the aging grade, with error bars representing the standard deviation of the measurements.

The emergence of these relationships can be attributed to phase
transformations occurring in Z3CN20-09M during thermal aging,
resulting in the formation of Fe-rich and Cr-rich regions. These
microstructural changes alter the material's matrix, subsequently
impacting the interaction mechanisms between the laser and the
material. This is specifically reflected in the differences observed
in the spectral and plasma characteristics. Consequently, the
intensity ratio of the corresponding characteristic spectral lines can
be used to characterize the aging grade of the material.

The peak intensities of the characteristic spectral lines of the
same element at different wavelength positions are distinct due to
variations in the excitation energy levels, refer to Table 3 for
detailed parameters. The positively correlated linear relationships
were obtained between Fe 1 259.42/ Cr1405.00, Fe 1259.42/ Cr 1
427.60, Fe 1259.42/ Cr1431.25, Fe 1 259.42/ Cr 1437.13, Fe 1
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259.42/ Cr1426.24 and the aging grade, as shown in Fig. 10. The
R? of those are 0.97, 0.98, 0.98, 0.97, and 0.97, respectively.

CONCLUSIONS

The results of this study show that FL-LIBS can provide a fast
and stable method for assessing the aging grade of the duplex
stainless steel Z3CN20-09M. Analysis of the microstructure
morphology of the samples with different aging grades using
metallurgical microscopy revealed that the ferrite phase in
Z3CN20-09M undergoes spinodal decomposition and G-phase
precipitation with the prolongation of thermal aging time, resulting
in Ferich and Crrich phase regions. The changes in the
microstructure of the material further affected the laser-sample
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Fig. 10 The positive correlations between the Fe I /Cr I and the aging grade, with error bars representing the standard deviation of the measurements.

interaction mechanism. Specifically, the normalized peak intensity
of the spectral lines of the matrix element (Fe) and alloying
element (Cr) increased with increasing aging grade. The plasma
temperature and ablation mass showed the same trend, which
explained the variation of the spectral characteristics. Furthermore,
reliable linear correlations were established between Fe II/Fe I, Cr
II/Cr I, Fe I/Cr 1, and the aging grades, with R? above 0.94. Taken
together, these findings reported here provide a basis for the
development of a rapid in-situ diagnostic technique for the aging
state of key metals used in nuclear applications.
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