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Purpose of the study: This study aims to evaluate and compare the spectral
sensitivity, detection capability, and quantitative accuracy of X-ray fluorescence
and optical emission spectroscopy in determining the elemental composition of
alloy steel.

Methodology: X-ray fluorescence analysis was conducted using Niton XL2
GOLDD (Thermo Scientific), while optical emission spectroscopy analysis
employed ARC Met 8000 (Oxford Instruments). Samples included stainless
steel (SS-304, SS-310), alloy steel (17-4PH), and duplex steel (Zeron 100).
Calibration was performed using Analytical Reference Materials International
standards. Data analysis included averaging repeated measurements, relative
error calculation, and comparative evaluation using Microsoft Excel and Origin
software.

Main Findings: Optical emission spectroscopy demonstrated higher spectral
sensitivity, particularly for light elements such as carbon, while X-ray
fluorescence provided rapid multi-element detection with acceptable accuracy.
Relative deviations between methods varied across elements, with significant
discrepancies observed in nickel measurements due to matrix effects and
detection limitations.

Novelty/Originality of this study: This study introduces a comparative spectral
performance analysis of X-ray fluorescence and optical emission spectroscopy,
emphasizing matrix-effect-driven deviations and highlighting the nickel (Ni)
anomaly as a key spectroscopic case. The work provides deeper insight into the
influence of spectral interactions on analytical accuracy in complex alloy
systems.
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1. INTRODUCTION

Alloy steel has become an essential engineering material due to its superior mechanical properties,
corrosion resistance, and adaptability in various industrial applications such as construction, automotive, and
manufacturing sectors [1], [2]. The performance of alloy steel is strongly influenced by its elemental composition,
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which determines its mechanical strength, hardness, and durability [3], [4]. Therefore, accurate and rapid
characterization of elemental composition is crucial to ensure quality control and compliance with industrial
standards [5], [6]. In recent years, spectroscopic techniques have emerged as reliable tools for elemental analysis
due to their sensitivity and efficiency. Among these techniques, X-ray fluorescence spectroscopy and optical
emission spectroscopy are widely used because of their capability to provide precise compositional data.

X-ray fluorescence spectroscopy is a non-destructive analytical technique that enables the identification
and quantification of elements in a material by measuring the characteristic secondary X-rays emitted from a
sample [7], [8]. This method is widely applied in metal analysis due to its rapid measurement time and minimal
sample preparation. It is particularly advantageous for field analysis using portable instruments, allowing in-situ
measurements without damaging the sample [9], [10]. However, its accuracy can be influenced by factors such as
matrix effects and calibration standards. Despite these limitations, X-ray fluorescence spectroscopy remains a
popular choice for preliminary and rapid elemental analysis [11], [12].

Optical emission spectroscopy, on the other hand, is a technique that determines elemental composition
by analyzing the light emitted from excited atoms in a sample [13], [14]. This method is highly sensitive and
capable of detecting trace elements with high precision, making it suitable for detailed material characterization.
Optical emission spectroscopy is commonly used in metallurgical laboratories due to its ability to provide accurate
and reproducible results [15], [16]. The technique typically involves excitation sources such as electric arcs or
sparks to generate emission spectra. Although it offers higher accuracy compared to X-ray fluorescence
spectroscopy, it often requires more complex sample preparation and operational conditions [17], [18].

Spectroscopic analysis relies on the interaction between electromagnetic radiation and matter, producing
characteristic emission or fluorescence signals that are specific to each element [19], [20]. In X-ray fluorescence
spectroscopy, elemental identification is based on the detection of secondary X-ray emissions with specific energy
levels, while in optical emission spectroscopy, excited atoms emit light at characteristic wavelengths
corresponding to electronic transitions [21], [22]. These spectral features enable both qualitative and quantitative
analysis of elemental composition [23], [24]. As a result, both techniques play an important role in modern material
characterization.

Despite the widespread use of these techniques, comparative studies focusing on spectral sensitivity,
detection limits, and quantitative accuracy under similar experimental conditions remain limited [25], [26]. In
particular, differences in matrix effects, spectral interference, and sensitivity toward light elements often lead to
variations in analytical results. Therefore, a systematic comparison based on spectroscopic performance
parameters is essential to understand the strengths and limitations of each method [20], [27]. Such an approach
allows for a more comprehensive evaluation of analytical reliability [28], [29].

The development of portable and advanced spectroscopic instruments has significantly improved the
efficiency of elemental analysis in industrial environments [30], [31]. Devices such as Niton XL2 GOLDD have
enabled rapid, on-site analysis using X-ray fluorescence spectroscopy, making them highly practical for field
applications [18], [32]. Similarly, advanced instruments such as ARC Met 8000 utilize optical emission
spectroscopy principles to deliver accurate compositional data in laboratory and industrial settings [33], [34].
These instruments have become essential tools in ensuring material quality and consistency. However, differences
in their operational principles may lead to variations in analytical results and performance.

Previous studies have explored spectroscopic techniques from different analytical perspectives, yet a clear
gap remains in integrating their comparative performance under unified conditions Imashuku and Wagatsuma [35]
focused on imaging measurement in emission spectrometry for inclusion analysis in steel materials, emphasizing
spatial distribution and microstructural characterization rather than comparative analytical performance.
Meanwhile, Porcinai et al. [36] investigated quantitative analysis using portable X-ray fluorescence spectroscopy
for copper alloys, highlighting sample preparation effects such as surface versus shavings, but without
incorporating complementary spectroscopic techniques. In contrast, the present study addresses this gap by
providing a direct comparison between X-ray fluorescence spectroscopy and optical emission spectroscopy based
on spectral sensitivity, detection capability, and quantitative accuracy under comparable conditions. Furthermore,
this research introduces matrix-effect-driven deviation analysis and the identification of nickel anomaly as a
specific spectroscopic case, which has not been explicitly explored in previous works. Therefore, this study
contributes a more integrated and mechanistic understanding of spectroscopic performance in alloy steel
characterization.

From a practical perspective, industries require analytical methods that are not only accurate but also
efficient in terms of time and operational simplicity. Rapid testing is especially important in production lines where
delays can affect overall productivity and cost efficiency [37], [38]. While X-ray fluorescence spectroscopy offers
fast analysis, questions remain regarding its comparability with the more precise optical emission spectroscopy
[39], [40]. Conversely, optical emission spectroscopy provides detailed results but may not always be suitable for
rapid field analysis [41], [42]. This trade-off between speed and accuracy creates a critical challenge in selecting
the most appropriate technique.
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This study goes beyond a conventional comparison of analytical instruments by introducing a detailed
evaluation of comparative spectral performance between X-ray fluorescence spectroscopy and optical emission
spectroscopy. The novelty of this work lies in its focus on matrix-effect-driven deviation analysis, which explains
how absorption and enhancement phenomena influence the accuracy of X-ray fluorescence spectroscopy
measurements in complex alloy systems. In addition, this study identifies and analyzes the nickel anomaly as a
spectroscopic case, where significant deviation between the two techniques is observed and interpreted based on
spectral interactions [43], [44]. By integrating spectral sensitivity, detection capability, and quantitative accuracy,
this research provides a more comprehensive understanding of the strengths and limitations of both techniques.
Therefore, the findings offer not only practical insights for material characterization but also contribute to the
advancement of applied spectroscopy analysis.

Furthermore, this study addresses the need for efficient and reliable analytical methods in industrial
material testing. Therefore, the objective of this study is to compare the analytical results obtained from the Niton
XL2 GOLDD instrument based on X-ray fluorescence spectroscopy and the ARC Met 8000 instrument based on
optical emission spectroscopy in order to evaluate their performance in achieving faster and more accurate testing
processes.

2. RESEARCH METHOD
2.1. Instrumentation and Materials

The X-ray fluorescence spectroscopy analysis was performed using a Niton XL2 GOLDD instrument
manufactured by Thermo Scientific, equipped with a silicon drift detector and operating within an energy range
of 1 to 50 kiloelectron volts. The detector provides an energy resolution of approximately 145 electron volts at the
manganese K-alpha line, allowing effective separation of characteristic X-ray peaks. The excitation source
operates at variable voltage, reaching up to 50 kilovolts, with current settings optimized automatically by the
instrument for different elemental groups. The measurement time was set to 20 seconds, divided into main element
and low element modes to improve detection capability. The estimated limit of detection for most transition metals
ranges from 1 to 10 parts per million, depending on the matrix composition [45].

Optical emission spectroscopy measurements were conducted using the ARC Met 8000 instrument
manufactured by Oxford Instruments, employing spark discharge excitation under a controlled argon atmosphere
[46], [47]. The system operates in the ultraviolet to visible spectral range, typically between 130 and 800
nanometers, with high spectral resolution that enables precise identification of atomic emission lines. The spectral
resolution of the instrument allows effective separation of closely spaced emission lines, thereby reducing spectral
interference. The argon flow rate and discharge parameters were optimized to ensure stable plasma generation and
consistent excitation conditions. The limit of detection for optical emission spectroscopy is generally lower than
that of X-ray fluorescence spectroscopy, particularly for light elements such as carbon, with detection capability
reaching sub-parts per million levels.

2.2. Research Object

The object of study in this research is alloy steel metal, which includes several types of materials, namely
stainless steel, alloy steel, and carbon steel [48], [49]. These three types of steel were chosen because they have
different elemental composition characteristics and are widely used in various industrial applications. This
composition variation allows for a more comprehensive analysis of the performance of the spectroscopic method
in identifying the constituent elements of the material. In addition, the differences in chemical and physical
properties of each type of steel present unique challenges in the testing process [50], [51]. Therefore, the selection
of this research object is expected to provide a representative picture of the capabilities of the analytical method
used.

2.3. Experimental Procedure

Prior to analysis, all samples were mechanically ground and polished to obtain a clean and homogeneous
surface, thereby minimizing surface contamination effects. For measurements using X-ray fluorescence
spectroscopy, the instrument was calibrated using certified reference materials to ensure accuracy and
reproducibility [52], [53]. Each sample was analyzed three times, and the average value was used for further
evaluation. In optical emission spectroscopy analysis, a pre-burn cycle was applied to remove surface impurities,
followed by controlled spark excitation for measurement. Multiple burn cycles, typically five repetitions, were
performed to improve precision and reduce random error.
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2.4. Research Flowchart
The flow diagram using Niton X12 Goldd based on X-Rays Fluorescence can be seen in Figure 1.

Prepare samples in the form of stainless steel metal, tools and other materials
to be used.

'

Grind the metal sample and clean it with a cloth so that the surface is clean
and not affected by corrosion.

!

Entering the data required for testing

!

Place the sample that is ready to be tested until it covers the surface and
covers the window.

'

Carry out the burning process by pressing the button and X-rays are fired.

'

Waiting for the results by displaying the content of the existing elements

!

Print Results

Figure 1. Flowchart of research implementation using Niton XL2 Goldd based on X-Rays Fluorescence

The flow diagram using Arc Met 8000 based on Optical Emission Spectroscopy can be seen in Figure 2.

Prepare samples in the form of alloy steel metal with specimen tools and other
materials used.

'

Grinding the metal sample and cleaning it with a cloth to make the surface
clean.

!

Enter the data needed for testing by selecting the model to be used.

I
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Place the sample that is ready to be tested until it covers the surface and
covers the window.

!

Carry out the burning process by pressing the existing button and the Argon
gas is fired.

'

Wait for the results to appear on the monitor by displaying the contents of the
existing elements.

'

Print Results

Figure 2. Flowchart of research implementation using Arc Met 8000 based on Optical Emission Spectroscopy

2.5. Data Analysis

The analytical results were processed by averaging repeated measurements and calculating the standard
deviation to assess precision [54], [55]. Elemental identification in X-ray fluorescence spectroscopy was based on
characteristic energy peaks, while in optical emission spectroscopy it was determined through wavelength-specific
emission lines. Quantitative analysis considered peak intensity and calibration curves derived from certified
standards [56], [57]. The relative error between X-ray fluorescence spectroscopy and optical emission
spectroscopy measurements was calculated to evaluate method accuracy. Additionally, differences in detection
limits and spectral resolution were considered when interpreting variations between the two techniques.

The analytical data were processed by calculating the average values of repeated measurements.
Quantitative comparison between XRF and OES results was performed using relative error (%), defined as:

Relative Error (%) = |[XRF — OES|/ OES x 100 ... (1)

Statistical evaluation included standard deviation to assess measurement precision. The results were also
compared with standard composition ranges based on ASTM specifications to evaluate analytical accuracy. In
addition to relative error calculation, spectral data were analyzed based on peak intensity and characteristic
emission lines. The identification of elements was confirmed through comparison of spectral peaks with reference
databases. This approach ensures both qualitative and quantitative reliability in spectroscopic analysis.

3. RESULTS AND DISCUSSION

Based on the graphical results obtained from X-ray fluorescence spectroscopy and the average values
derived from optical emission spectroscopy, the analytical results from both techniques show a general agreement.
This similarity indicates that both methods provide comparable measurements for the elemental composition. The
consistency between the two techniques can be observed in the data presented in Table 1. Minor differences are
present but remain within acceptable analytical limits. Therefore, both techniques demonstrate reliable

performance for elemental analysis.

Table 1. Differences in Elemental Content of SS-310 Type
No.  Element Content  X-ray Fluorescence Spectroscopy results Optical Emission Spectroscopy results

1 Iron (Fe) 53.70% 53.69%
2 Chromium (Cr) 25.09% 24.44%
3 Nickel (Ni) 0.33 % 20.07%
4  Molybdenum (Mo) 0.11% 0.15%
5 Manganese (Mn) 1.51% 1.60%
6 Silicon (Si) 1.07% 0.63%

Table 1 presents the comparison of elemental composition in stainless steel type three hundred ten
obtained using X-ray fluorescence spectroscopy and optical emission spectroscopy techniques. The results indicate
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a strong agreement for major elements such as iron and chromium, with only minor deviations between the two
methods. However, a significant discrepancy is observed in nickel, where X-ray fluorescence spectroscopy reports
a substantially lower value compared to optical emission spectroscopy. This difference suggests the presence of
matrix effects and limitations in the sensitivity of X-ray fluorescence spectroscopy for certain elements. Overall,
the data highlight the superior capability of optical emission spectroscopy in accurately detecting elements in
complex alloy systems.

Comparison of Elemental Composition: S5-310
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Figure 3. Comparison of Elemental Composition in Stainless Steel Type Three Hundred Ten Using X-ray
Fluorescence Spectroscopy and Optical Emission Spectroscopy

The graph for stainless steel type three hundred ten illustrates a comparison between measurements
obtained using X-ray fluorescence spectroscopy and optical emission spectroscopy for each element. A significant
deviation is clearly visible in nickel, where optical emission spectroscopy reports a much higher concentration
than X-ray fluorescence spectroscopy. This result highlights the limitation of X-ray fluorescence spectroscopy in
detecting certain elements within complex matrices. Meanwhile, other elements such as iron and chromium show
consistent trends between both techniques. The graph emphasizes the higher sensitivity of optical emission
spectroscopy in spectroscopic analysis.

Table 2. Differences in Elemental Content of SS-304 Types
No. Element Content  X-ray Fluorescence Spectroscopy results Optical Emission Spectroscopy results

1 Iron (Fe) 70.10% 70.46%
2 Chromium (Cr) 17.96% 18.86%
3 Nickel (Ni) 7.71% 7.06%
4  Molybdenum (Mo) 0.06% 0.01%
5 Manganese (Mn) 1.32% 1.37%
6 Silicon (Si) 0.16% 0.39%

Table 2 shows the elemental composition of stainless steel type three hundred four measured using X-ray
fluorescence spectroscopy and optical emission spectroscopy. The results demonstrate relatively consistent values
for all major elements, including iron, chromium, and nickel. Minor differences are observed, but they remain
within acceptable analytical deviation ranges. This indicates that both techniques provide reliable quantitative
analysis for medium-alloy compositions. The agreement between the two methods suggests minimal influence of
matrix effects in this material.
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Figure 4. Comparison of Elemental Composition in Stainless Steel Type Three Hundred Four Using X-ray
Fluorescence Spectroscopy and Optical Emission Spectroscopy

The graph for stainless steel type three hundred four shows a close agreement between measurements
obtained using X-ray fluorescence spectroscopy and optical emission spectroscopy across all elements. Both
techniques follow similar trends, indicating consistent analytical performance. Slight deviations are observed but
remain within acceptable limits. This suggests that the material composition does not significantly affect the
measurement accuracy of either method. Overall, the graph confirms the reliability of both techniques for this
alloy type.

Table 3. Differences in the Elemental Content of Type 17-4PH
No. Element Content  X-ray Fluorescence Spectroscopy results Optical Emission Spectroscopy results

1 Iron (Fe) 75.5% 74.6%
2 Chromium (Cr) 15.4% 15.48%
3 Nickel (Ni) 4.1% 3.46%
4  Molybdenum (Mo) 0.3% 0.4%

5 Manganese (Mn) 0.6% 0.41%
6 Silicon (Si) 0.58% 0.56%

Table 3 presents the comparison of elemental composition for precipitation-hardening steel type
seventeen dash four PH measured using X-ray fluorescence spectroscopy and optical emission spectroscopy. The
results show good agreement across all measured elements, including iron, chromium, and nickel. Slight variations
are observed in minor elements such as molybdenum and manganese, but these differences are relatively small.
This consistency indicates that both spectroscopic techniques perform well for precipitation-hardening steel. The
data confirm that both X-ray fluorescence spectroscopy and optical emission spectroscopy can provide accurate
and reliable results for this material type.

Comparison of Elemental Composition: 17-4PH
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Figure 5. Comparison of Elemental Composition in Precipitation-Hardening Steel Type Seventeen Dash Four
PH Using X-ray Fluorescence Spectroscopy and Optical Emission Spectroscopy

The graph for precipitation-hardening steel type seventeen dash four PH demonstrates a strong correlation
between results obtained using X-ray fluorescence spectroscopy and optical emission spectroscopy. The data
points for each element are closely aligned, indicating minimal variation. This suggests that both techniques are
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equally effective in analyzing this type of steel. Minor differences are observed but do not significantly impact the
overall interpretation. The graph supports the conclusion that both methods provide consistent results for this
material.

Table 4. Differences in Elemental Content of Type Zeron 100
No. FElement Content  X-ray Fluorescence Spectroscopy results Optical Emission Spectroscopy results

1 Iron (Fe) 80.5% 79.6%
2 Chromium (Cr) 15.4% 15,48%
3 Nickel (Ni) 6.8% 6.4%
4  Molybdenum (Mo) 0.3% 0.4%
5 Manganese (Mn) 0.6% 0.41%
6 Silicon (Si) 0.67% 0.61%

Table 4 displays the elemental composition of Zeron 100 analyzed using X-ray fluorescence spectroscopy
and optical emission spectroscopy. The results indicate close agreement between the two techniques for all major
elements. Minor deviations are observed, particularly in manganese and molybdenum, but these differences are
not significant. This suggests that both methods are effective for analyzing duplex stainless steel. The consistency
of the results reflects stable spectroscopic performance under these conditions.

Comparison of Elemental Composition: Zeron 100
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Figure 6. Comparison of Elemental Composition in Zeron 100 Using X-ray Fluorescence Spectroscopy and
Optical Emission Spectroscopy

The graph for Zeron 100 shows a high level of agreement between measurements obtained using X-ray
fluorescence spectroscopy and optical emission spectroscopy. The trends for all elements are nearly identical,
indicating consistent spectroscopic performance. Small deviations are present but are not substantial. This suggests
that both techniques are suitable for analyzing duplex stainless steel. The graph highlights the reliability of both
methods in this application.

Table 5. Relative Error (%) Between X-ray Fluorescence Spectroscopy and Optical Emission Spectroscopy
Measurements
Material  Fe (%) Cr(%) Ni(%) Mo (%) Mn (%) Si(%)
SS-310 0.02 2.66 98.36  26.67 5.63 69.84
SS-304 0.51 4.77 9.21 500.00 3.65 58.97
17-4PH 1.21 0.52 18.50  25.00 46.34 3.57
Zeron 100 1.13 0.52 6.25 25.00 46.34 9.84

The relative error analysis shows that most major elements, such as iron and chromium, exhibit low
deviation, while extremely high errors are observed in nickel in stainless steel type three hundred ten and
molybdenum in stainless steel type three hundred four. These findings indicate strong matrix effects and limitations
of X-ray fluorescence spectroscopy in accurately detecting certain elements in complex alloy systems.

The spectroscopic performance of both techniques was further evaluated based on sensitivity, selectivity,
and detection capability [58], [59]. Optical emission spectroscopy exhibited superior sensitivity due to its ability
to directly measure atomic emission lines with high spectral resolution. In contrast, X-ray fluorescence
spectroscopy showed limitations in detecting low atomic number elements due to weak fluorescence signals.
Matrix effects were identified as a major factor affecting the performance of X-ray fluorescence spectroscopy [60],
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[61]. The presence of multiple elements in alloy steel influences the absorption and enhancement of X-ray signals,
leading to deviations in quantitative results. This effect is minimized in optical emission spectroscopy due to the
use of controlled excitation conditions and wavelength-specific detection.

The observed discrepancies between X-ray fluorescence spectroscopy and optical emission spectroscopy
measurements can be further explained through detailed matrix effect mechanisms, particularly absorption and
enhancement effects. In X-ray fluorescence spectroscopy analysis, absorption occurs when emitted characteristic
X-rays from a target element are partially absorbed by other elements within the sample matrix, reducing the
detected signal intensity [8], [62]. Conversely, enhancement effects arise when secondary fluorescence from one
element increases the excitation of another element, artificially elevating its signal intensity [63], [64]. These
competing interactions significantly influence the accuracy of X-ray fluorescence spectroscopy measurements,
especially in complex multi-element alloys such as stainless steel. Therefore, matrix effects play a critical role in
determining analytical reliability.

Nickel appears to be the most affected element in this study, particularly in stainless steel type three
hundred ten, due to its intermediate atomic number and its spectral position relative to major elements such as iron
and chromium. The characteristic X-ray energies of nickel are more susceptible to absorption by surrounding
elements, leading to signal attenuation and underestimation in X-ray fluorescence spectroscopy results [65], [66].
Additionally, spectral overlap and interference from nearby emission lines can further distort nickel detection in
energy-dispersive X-ray fluorescence systems [67], [68]. In contrast, optical emission spectroscopy is less affected
by these phenomena because it relies on wavelength-resolved atomic emission lines, allowing more selective and
accurate identification of nickel. This explains the significantly higher nickel values obtained using optical
emission spectroscopy compared to X-ray fluorescence spectroscopy.

However, significant discrepancies are observed in the measurement of nickel, particularly in stainless
steel type three hundred ten samples. In this case, X-ray fluorescence spectroscopy tends to underestimate the
nickel concentration compared to optical emission spectroscopy results [32], [69]. This deviation highlights the
limitations of X-ray fluorescence spectroscopy when applied to complex alloy matrices. The presence of multiple
elements can influence signal absorption and enhancement effects. As a result, the accuracy of X-ray fluorescence
spectroscopy measurements may be reduced in multi-element systems.

The differences between X-ray fluorescence spectroscopy and optical emission spectroscopy can be
explained by their fundamental spectroscopic principles. X-ray fluorescence spectroscopy relies on secondary X-
ray fluorescence, where emitted radiation is influenced by matrix interactions. These interactions can alter signal
intensity and affect quantitative accuracy. In contrast, optical emission spectroscopy is based on atomic emission,
where excited atoms emit light at characteristic wavelengths [70], [71]. This mechanism provides more direct and
element-specific spectral information.

Furthermore, optical emission spectroscopy offers higher spectral sensitivity compared to X-ray
fluorescence spectroscopy, especially for trace elements. Its ability to resolve emission lines allows better
discrimination between overlapping signals. This advantage becomes critical in complex materials such as alloy
steels. In addition, optical emission spectroscopy can detect light elements such as carbon with high accuracy [72].
X-ray fluorescence spectroscopy, on the other hand, is limited in detecting such elements due to low fluorescence
yield.

From an analytical perspective, relative error analysis indicates that optical emission spectroscopy
provides higher quantitative accuracy. This is particularly evident in the measurement of minor and trace elements.
Meanwhile, X-ray fluorescence spectroscopy demonstrates acceptable accuracy for major elements with the
benefit of rapid analysis [73], [74]. The non-destructive nature of X-ray fluorescence spectroscopy also makes it
suitable for field applications. Therefore, both techniques offer complementary advantages depending on analytical
requirements.

The spectral intensity data obtained from X-ray fluorescence spectroscopy provide useful information for
elemental identification [75], [76]. Each element produces characteristic peaks corresponding to specific excitation
energies. These peaks confirm the presence of elements through their unique spectral signatures. However,
intensity-based quantification is often affected by matrix effects. As a result, it is generally less accurate than
emission-based quantification methods such as optical emission spectroscopy.

Unlike conventional comparative studies, this research emphasizes the role of spectroscopic interactions
in determining analytical performance. The identification of nickel anomaly provides a specific case that
demonstrates how matrix effects can significantly distort X-ray fluorescence spectroscopy measurements. This
approach strengthens the interpretation of results by linking quantitative deviations to underlying spectral
phenomena. Consequently, the study contributes to a more mechanistic understanding of spectroscopic analysis
rather than a purely descriptive comparison.

This study provides significant contributions to the field of applied spectroscopy by offering a
comprehensive evaluation of the comparative spectral performance of X-ray fluorescence spectroscopy and optical
emission spectroscopy in alloy steel analysis. The findings highlight the importance of selecting appropriate
spectroscopic techniques based on analytical requirements such as sensitivity, accuracy, and operational
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efficiency. The identification of matrix-effect-driven deviations, particularly the nickel anomaly, enhances the
understanding of how spectral interactions influence quantitative results. These insights are valuable for both
industrial applications and laboratory-based material characterization. Furthermore, the study supports the
development of more informed decision-making in selecting analytical methods for quality control and material
verification.

Despite its contributions, this study has several limitations that should be considered. The analysis was
limited to a specific set of alloy steel samples, which may not fully represent all types of metallic materials. In
addition, the study did not include advanced statistical validation such as correlation analysis or regression
modeling to further quantify the relationship between X-ray fluorescence spectroscopy and optical emission
spectroscopy results. The evaluation of detection limits and spectral resolution was based on instrument
specifications rather than experimental determination. Furthermore, potential environmental factors and
instrument calibration variability were not extensively analyzed. Therefore, future research is recommended to
include a broader range of materials, more detailed statistical analysis, and experimental validation of
spectroscopic parameters.

4. CONCLUSION

The results of this study demonstrate that both X-ray fluorescence spectroscopy and optical emission
spectroscopy provide reliable elemental analysis of alloy steel, with distinct differences in spectroscopic
performance. X-ray fluorescence spectroscopy offers rapid and non-destructive analysis suitable for field
applications, while optical emission spectroscopy provides superior spectral sensitivity, resolution, and
quantitative accuracy, particularly for trace and light elements. The observed discrepancies between the two
methods are primarily attributed to matrix effects in X-ray fluorescence spectroscopy and differences in detection
mechanisms. Optical emission spectroscopy, with its ability to analyze atomic emission lines, exhibits enhanced
selectivity and reduced spectral interference. Therefore, the integration of both techniques can provide a
comprehensive approach to material characterization by combining speed and analytical precision.

Future studies are recommended to expand the analysis to a wider range of alloy compositions and
material types to improve the generalizability of the findings. In addition, further research should incorporate
advanced statistical approaches such as correlation analysis, regression modeling, and uncertainty evaluation to
strengthen quantitative validation. Experimental determination of detection limits and spectral resolution is also
suggested to provide more accurate instrumental characterization. Moreover, investigating spectral interference
and matrix effects in greater detail, particularly through controlled experiments, would enhance the understanding
of spectroscopic interactions. Finally, integrating complementary analytical techniques could provide a more
comprehensive approach to material characterization and improve overall analytical reliability.
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