ChinaRxiv [f)]

AT translation - View original & related papers at
chinarxiv.org/items/chinaxiv-202201.00027

&% X §ik KES ST RESTHRSENEEXARE

Authors: Ju, Xiao-Lu, Deng, Biao, Li, Ke, Yu, Fu-Cheng, Zhang, Hai-Peng,
Xu, Ming-Wei, Du, Guo-Hao, Xie, Hong-Lan, Li, Bin, Xiao, Ti-Qiao, Xiao,
Ti-Qiao

Date: 2021-12-31T14:49:254-00:00

Abstract

Doped elements in alloys significantly impact their performance. Conventional
methods usually sputter the surface material of the sample, or their performance
is limited to the surface of alloys owing to their poor penetration ability. The
X-ray K-edge subtraction (KES) method exhibits great potential for the non-
destructive in situ detection of element contents in alloys. However, the signal
of doped elements usually deteriorates because of the strong absorption of the
principal component and scattering of crystal grains. This in turn prevents
the extensive application of X-ray KES imaging to alloys. In this study, meth-
ods were developed to calibrate the linearity between the grayscale of the KES
image and element content. The methods were aimed at the sensitive analy-
sis of elements in alloys. Furthermore, experiments with phantoms and alloys
demonstrated that, after elaborate calibration, X-ray KES imaging is capable
of nondestructive and sensitive analysis of doped elements in alloys.
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Abstract

Doped elements in alloys significantly impact their performance. Conventional
methods typically require sputtering of the sample surface material, or are lim-
ited to surface analysis due to poor penetration capability. The X-ray K-edge
subtraction (KES) method exhibits great potential for nondestructive, in situ
detection of element contents in alloys. However, the signal from doped elements
often deteriorates because of strong absorption by the principal component and
scattering from crystal grains, which has prevented the widespread application of
X-ray KES imaging to alloys. In this study, we developed methods to calibrate
the linearity between the grayscale of KES images and element content, aimed
at enabling sensitive elemental analysis in alloys. Experiments with phantoms
and alloy samples demonstrated that after elaborate calibration, X-ray KES
imaging is capable of nondestructive and sensitive analysis of doped elements
in alloys.

Keywords: X-ray KES imaging; Grayscale calibration; Element analysis for
alloy; Nondestructive imaging of elements

1 Introduction

The type, distribution, and content of elements in alloys significantly affect their
performance, including heat resistance [1-3], machinability [3,4], strength [1,3-
5], and plasticity [4,6]. Conventional techniques based on mass spectrometry or
spectroscopy have been developed for elemental quantification, including laser
ablation inductively coupled plasma mass spectrometry [7-9], time-of-flight sec-
ondary ion mass spectrometry [10], nanoscale secondary ion mass spectrometry
[11], laser induced breakdown spectroscopy [12], and inductively coupled plasma
atomic emission spectrometry [13]. However, these spectroscopic methods are
destructive, typically requiring sputtering of the sample surface for composition
analysis, and their repeatability cannot be guaranteed. Alternatively, nonde-
structive methods such as scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and electron probe micro-analysis (EPMA) are used
to determine elemental distribution in alloys [5,14,15], but their limited pene-
tration capability restricts analysis to the alloy surface. X-ray spectroscopy
methods, including energy dispersive X-ray fluorescence (EDXRF) and X-ray
photoelectron spectroscopy (XPS), are also employed for elemental analysis in
alloys [16,17]. While the sensitivity of X-ray spectroscopic methods is relatively
high, XPS is limited to surface detection of excited electrons.

X-ray fluorescence (XRF) spectroscopy has been extensively employed to ana-
lyze element content and distribution [18,19]. When combined with tomography,
X-ray fluorescence tomography can image the three-dimensional distribution of
elements in bulk samples [20-23]. In X-ray fluorescence imaging, pencil-beam
scanning is typically employed to achieve spatial resolution, resulting in time-
consuming data acquisition. Full-field X-ray fluorescence imaging was developed
to obtain element distribution images without beam scanning [24], but the ex-
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tremely low flux of X-ray fluorescence requires long exposure times to achieve
sufficient signal-to-noise ratio. For rapid and efficient imaging of element distri-
bution in alloys, an imaging strategy that shows significant differences around
the K-edge of X-ray absorption for specific elements represents a promising ap-
proach.

X-ray K-edge subtraction (KES) imaging was proposed by Jacobson et al. in
1953 [25]. This technique enables full-field, in situ, and rapid imaging. The KES
method has been successfully used to observe copper ion adsorption in polymer
particles [26] and to achieve real-time full-field imaging of biomedical samples by
illuminating with two monochromatic beams at energies before and after the K-
edge of the element of interest [27,28]. In principle, the grayscale of KES images
is proportional to the content of the element of interest and is commonly used
to depict its spatial distribution. Bayat et al. used KES imaging gray values
to observe element distribution and control inhaled gas content in biological
tissues via a ventilation device for quantitative functional lung imaging [29-31].
Elleaume et al. measured contrast agent concentration based on KES image
grayscale together with the theoretical attenuation coeflficient of the element
of interest in a biomedical phantom [32]. Furthermore, when combined with
tomography, the KES method enabled three-dimensional mapping of strontium
in bone with theoretical analysis based on a priori information [33].

To date, most KES applications for element evaluation have focused on biomed-
ical samples rather than alloys. In alloys, the principal component of bulk
samples dominates X-ray absorption during KES imaging, and scattering from
crystal grains significantly deteriorates signals from doped elements. Conse-
quently, the signal-to-noise ratio of KES images for specific elements is severely
degraded, making direct evaluation of element content based on image grayscale
difficult. Various factors affect the precision of quantitative analysis based on
KES image grayscale. Specifically, noise sources—including photon shot noise,
detector noise, and scattering noise—reduce the signal-to-noise ratio and affect
the linearity between element content and grayscale, particularly for low element
content and small mass absorption differences around the K-edge. This effect
is especially significant for alloy applications where strong absorption typically
produces noisy images. Additionally, subtraction between images acquired be-
fore and after the K-edge introduces further noise. For in-situ imaging of raw
samples, random sample thickness can also result in inaccurate quantification
of element content.

In this study, we report a series of solutions to address these problems in ap-
plying KES imaging to alloys, aiming to eliminate factors that deteriorate the
linearity between element content and grayscale.

2.1 Grayscale of KES Image

K-edge subtraction X-ray imaging (KES), also termed energy subtraction tech-
nology, is based on the relationship between incident and transmitted beams
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where (u/p), denotes the mass absorption coefficients of elements, d represents
X-ray penetration depth through materials, and p, denotes element densities.
Furthermore, (z,y) is the coordinate of the pixel of interest. As long as pro-
jections are recorded linearly by an X-ray detector, the grayscale of images is
proportional to intensity. As proposed by Lehmann et al. [34], the content of
element j in the sample, which is the product of density and depth, can be
obtained by processing two sets of images at energies slightly above and below
the K absorption edge of the element of interest:
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where G denotes the gray value captured by a charge-coupled device (CCD)
after X-rays penetrate the sample, and G, denotes the gray value from the X-
ray beam without the sample. The subscripts ‘object’ and ‘base’ indicate
parameters related to the element of interest or base material, while (4) and (-)
indicate values for high-energy X-rays after the K-edge and low-energy X-rays
before the K-edge, respectively.

According to these equations, obtaining the specific distribution of the element
of interest requires knowing mass absorption coefficients for all elements at both
energies. However, for a specific sample, element types and proportions are
difficult to measure, and introducing theoretical mass absorption coefficients in-
creases data processing errors. Therefore, a uniform background approximation
was proposed [26], in which absorption differences of non-target elements at the
two energies can be ignored. Accordingly, the distribution of the element of
interest is:

Gos G-
s o () n(E)4(2) ot 0

obj obj

where A(p/p); denotes the difference in attenuation coefficient at the two
energies, and the numerator represents the grayscale of the KES image after
uniform background approximation. Although absorption differences for non-
target elements can be ignored under this approximation, an optimized energy
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range should be selected during KES experiments to maintain the attenuation
difference for the element of interest without interference from other elements.
According to Eq. 4, a linear relationship exists between the grayscale of KES
images after uniform background approximation and the distribution of the
element of interest in the sample.

To evaluate image quality during data processing, the contrast-to-noise ratio
(CNR) is introduced [35] and expressed as:

|S_o _S_b|
\/o2 + o}

where S_O denotes the average grayscale of the object area, S_b denotes the average
grayscale of the corresponding background area, and o, o, denote the standard
deviations in the respective regions.

CNR = (5)

2.2 Experimental Setup

Experiments were conducted at BL13W1, the X-ray Imaging and Biomed-
ical Applications Beamline at the Shanghai Synchrotron Radiation Fa-
cility., The experimental setup is illustrated in Fig. 1. X-rays were
emitted from a wiggler source and monochromatized by a double-crystal
monochromator to modulate the photon energy required for KES imag-
ing, with output X-ray energies in the range of 8-72 keV [36]. The
X-ray detector was a Hamamatsu Orca Flash 4.0s CMOS camera with
2048% % 2048pizels.Combinedwiththe HamamatsuAAdQopticaltrans formation(1 :
1), theef fectivepizelsizewas6.5um. Thedetector fieldo fviewwas13.3mmx$13.3
mm, enabling evaluation of element distribution over relatively large alloy
sample areas. The detector was placed 6.5 cm downstream of the sample, with
an exposure time of 50 ms per projection.

Prior to experiments, calibration with standard samples for the element of in-
terest was required. In alloy materials, Cu and Ag doping affects structure,
density, strength, and shape. We selected copper (Cu) and silver (Ag) for in-
vestigation. Attenuation coefficient curves of standard Cu and Ag samples were
measured experimentally by scanning photon energy from 8.8 to 9.2 keV in 10
eV steps for Cu, and from 25.3 to 25.5 keV in 10 eV steps for Ag. Based on the
obtained attenuation coefficient curves (shown in Appendix A, Supplementary
Information), we selected 8.935 keV and 9.005 keV for the Cu K-edge, and 25.37
keV and 25.43 keV for the Ag K-edge for subsequent experiments.

3.1 Different Element Content in One KES Image

The X-ray absorption coefficient of elements is not always continuous with chang-
ing X-ray energy. When X-ray energy reaches values that excite electrons at
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different inner-shell energy levels, the substance exhibits strong X-ray absorp-
tion at that energy. This absorption discontinuity is known as the K-edge of the
element. Theoretically, the magnitude of this discontinuity is linearly related
to the density of the element of interest, meaning the amount of the element
in the optical path directly affects the degree of attenuation coefficient change
when photon energy is scanned across the K-edge.

We prepared standard samples with known element contents to investigate their
linearity with KES image grayscale. During sample preparation, CuSO, solu-
tions of different concentrations were injected into polyamide 1010 sample tubes
with inner and outer diameters of 0.5 mm and 1 mm, respectively. In this CuSO,
solution model, Cu exists as ions. Sample tubes were arranged from left to right
in descending density order, corresponding to 9 mg/ml, 8 mg/ml, 7 mg/ml, 6
mg/ml, 5 mg/ml, 4 mg/ml, 3 mg/ml, 2 mg/ml, 1 mg/ml, 0.8 mg/ml, and 0
mg/ml. During image acquisition, the full phantom was accurately positioned
within the incident X-ray beam shadow to ensure identical exposure conditions
for all samples with different element contents. As mentioned, energies of 8.935
keV and 9.005 keV were selected to record images before and after the Cu K-edge.
The KES image and related analysis are shown in Fig. 2.

Figure 2(a) shows the KES image of Cu element content in the phantom. Back-
ground noise is visible after K-edge subtraction, particularly around samples
with lower Cu concentrations. Additionally, the shadow of sample tubes remains
in the subtracted image due to slight X-ray beam movement during acquisition,
introducing additional noise for quantitative analysis. This demonstrates that
linearity between grayscale and element content deteriorates with noise presence.
In alloys, various crystal types exist inside samples after different treatment pro-
cedures [37,38], and X-ray scattering from randomly distributed crystals signifi-
cantly contributes to noisy backgrounds in KES images. Therefore, eliminating
noise effects is critical for applying KES X-ray imaging to element content anal-
ysis in alloys.

Figure 2(b) shows the grayscale distribution directly obtained from KES im-
ages of samples with different Cu concentrations. Linear fitting was performed,
and the coefficient of determination (COD, denoted as R?) was introduced to
evaluate distribution linearity, with values closer to 1 indicating better linear-
ity. Figure 2(b) reveals a positive correlation between KES image grayscale and
Cu concentration, demonstrating the potential of KES imaging for quantitative
element content analysis with large field of view compared to conventional elec-
tron methods. However, direct observation shows that grayscale variation with
element concentration clearly deviates from linear distribution, with a COD of
0.979 for linear fitting. This implies an overall deviation of 2.1% when using
grayscale to evaluate element content, limiting KES method accuracy to 2.1%—
insufficient for identifying element distribution, especially when element content
in alloys is below 2.1%.

As analyzed above, noise is the primary factor affecting linearity between
grayscale and element content. By normalizing pixel grayscale of the element
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of interest with respect to adjacent background noise, noise effects on linearity
can be eliminated. Recently, CNR was introduced to calibrate the nonlinearity
of original KES image grayscale. As shown in Eq. 5, signals were normalized
by the standard deviation of grayscale in adjacent areas. Substituting original
KES image grayscale with corresponding CNR values yields a new element
distribution image, as shown in Fig. 2(c). The linearity of the distribution
is improved through CNR calibration, with linear fitting yielding a COD of
0.995. This implies that the accuracy of KES imaging for element content
evaluation can be significantly improved. It should be noted that accuracy
does not indicate resolution limit. Based on experimental results, samples with
concentrations as low as 0.8 mg/ml could be resolved, giving KES imaging
a sensitivity of 88$x107{-4}$ in this experiment and a dynamic range of
8$x10{-49x100.31¢  These results provide a reference for evaluating other
elements in alloys, such as Sn, Ag, Mo, and Au.

3.2 Element Content in Different KES Images

Based on linearity in KES X-ray imaging, the gray value of standard sample
KES images can serve as a benchmark for quantitative analysis of elements
in real samples. However, before applying this benchmark, the consistency of
linearity between grayscale and element density must be verified across different
KES imaging experiments, which is crucial for testing multiple samples.

For quantitative analysis, phantoms with standard samples were prepared to
verify experimental consistency. To confirm applicability to other elements, Ag
was used. Standard samples with different AgNO4 solution concentrations were
filled into polymethyl methacrylate tubes (inner/outer diameter: 2.0 mm/3.0
mm). Three phantoms composed of four standard samples each were designed
for verification, with concentrations sequenced in ascending order. Two standard
samples of the same concentration in different phantoms enabled comparison
between experiments.

Figure 3 shows consistency evaluation results. Figure 3(a) displays KES images
of the three phantoms arranged in ascending Ag concentration order. From left
to right, AgNO, concentrations were 0.4 mg/ml, 0.6 mg/ml, 0.8 mg/ml, and
1 mg/ml for phantom No. 1; 1 mg/ml, 2 mg/ml, 4 mg/ml, and 6 mg/ml for
phantom No. 2; and 6 mg/ml, 8 mg/ml, 10 mg/ml, and 0 mg/ml for phantom
No. 3. The water sample without Ag is not depicted in the KES image, confirm-
ing that KES image grayscale solely reflects the element of interest. Grayscale
decreased correspondingly with lower Ag concentration, with the lowest concen-
tration of 0.4 mg/ml AgNO; clearly revealed, implying a detection limit below
43x107{-4}$ for Ag.

A critical step in KES imaging involves switching energies before and after the
element K-edge. At synchrotron beamlines, double-crystal monochromators typ-
ically monochromatize and modulate X-ray photon energy. Due to monochro-
mator hysteresis error and beam shift effects, precisely maintaining the same
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X-ray beam across experiments is difficult. The vertical profile of synchrotron
X-ray beams normally exhibits Gaussian distribution, with output directions at
the two K-edge energies deviating slightly. Image subtraction leads to one-way
tilting backgrounds, and incident beam pointing errors increase overall grayscale
distribution. Beam intensity fluctuations among experiments can cause zero po-
sition deviations in different KES images. Before calibrating beam tilting and
zero position drift effects, evaluating element content based on grayscale distri-
bution across multiple experiments is difficult.

Figure 3(b) shows grayscale distribution along pixels in KES images. The origi-
nal grayscale distribution is indicated by the blue line, revealing tilted baselines
with varying slopes across different experiments. Grayscale for standard samples
with identical concentrations differs between phantoms, particularly for higher
element content. Ideally, grayscale profile baselines should be horizontal. We
implemented rotation transformation for each profile according to its slope, then
reset calibrated baselines to zero position. After these two calibration processes,
grayscale profiles for the three phantoms are shown by the red line in Fig. 3(b).
After calibration, grayscale for samples with identical concentrations becomes
equal across phantoms, and linear correlation between grayscale and element
content is observed in each phantom.

For further quantitative analysis, grayscale statistics for all samples across three
phantoms were compiled with respect to element content, as shown in Fig. 3(c).
Linear fitting yielded a high fitting degree with a COD of 0.994, demonstrating
that linearity between grayscale and element content remained consistent across
different experiments after elaborate calibration. Therefore, element evaluation
of multiple samples using the developed KES imaging method is feasible. The
accuracy for element content evaluation based on KES image grayscale was 0.6%.
Based on standard samples, the method’ s content resolution was 2§x107{-4}$
with a lower limit of 4$x107{-4}$. Theoretical mass absorption coefficients
for typical elements around K-edges are shown in Appendix B (Supplementary
Information), and these resolution and limit values indicate that linearity in
KES X-ray imaging applies to various doping elements in alloys.

3.3 Alloy Sheet with Uneven Thickness

Strong absorption effects must be considered for alloy samples, requir-
ing sufficiently high X-ray energy around the element K-edge to ensure
acceptable transmission. Element Ag was selected for experiments. In
typical Sn-Ag-Cu lead-free solders, Ags;Sn growth and distribution affect
alloy mechanical properties and solder joint fatigue life [1]. Moreover, Ag
content influences Ag,Sn formation, making quantitative evaluation of
Ag content and distribution in lead-free solder important.  Considering
strong absorption effects, an alloy sheet was used. During sample prepa-
ration, M705 (HIROSAKI) model lead-free solder containing 3% silver was
flattened from a 0.3 mm diameter cylinder into a sheet. The detector com-
prised a 2048$%x2048pizel HAM AM AT SUCMOSdetector(model : ORCA —
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Flash4.0C11440)withanOptique Peteropticalconversionsystem(model :
MICRX016).TheCMOSdetector’ sbasicpizelsizewas6.5um, with10x$ optical
magnification yielding an actual pixel size of 0.65 m, enabling higher spatial
resolution evaluation of element distribution in alloys.

Figure 4 shows lead-free solder alloy sheet KES imaging results, obtained by sub-
tracting the image acquired at 25.43 keV from that at 25.37 keV after calibration
(Fig. 4(a)). Comparison before and after calibration is shown in Appendix C
(Supplementary Information). The surface plot of Fig. 4(a) grayscale is shown
in Fig. 4(b). Based on KES imaging principles, grayscale value is proportional
to the line integral of the linear coefficient for the element of interest, meaning
the integral path (e.g., sample thickness) affects results and must be eliminated
before evaluating element content. To demonstrate thickness effects, Fig. 4(c)
shows the absorption image of lead-free solder at 25.43 keV, an energy just
above the Ag K-edge. The images were spliced from two separate measure-
ments, though the border is difficult to discern. Image splicing does not cause
abnormal grayscale distribution (Figs. 4(b) and 4(d)), demonstrating feasibility
of extending field of view (FOV) by splicing multiple measurements. In this
experiment, KES imaging FOV was 1.33 mm$x$2.66 mm at 0.65 m pixel size
—a large FOV compared to electron-based in-situ methods while maintaining
high spatial resolution. Large FOV analysis capability benefits evaluation of
element distribution uniformity across extensive alloy sheet regions.

Figure 4(b) shows a surface plot of Fig. 4(a) grayscale. Based on linearity
between grayscale and element content in KES imaging, Fig. 4(b) results rep-
resent actual Ag content distribution in flattened lead-free solder, revealing a
sinusoidal distribution in the alloy sheet cross-section. Element content obtained
by KES imaging reflects the additive effect of element concentration and sample
thickness at each point. Rosin is typically injected into alloy hollow cylinders
to aid soldering; during sample preparation, rosin was squeezed to both sides,
reducing alloy material thickness accordingly. Therefore, the sinusoidal Ag dis-
tribution in Fig. 4(b) was obtained. For conventional lead-free solder, Ag doping
concentration is completely uniform overall with minute fluctuations, implying
thickness variation dominates element content distribution. This deduction is
confirmed by grayscale distribution of the absorption image collected at 25.43
keV (above Ag K-edge). As shown in Fig. 4(d), this distribution is similar to
Fig. 4(b), though Fig. 4(b) shows higher noise, particularly at thicker alloy
locations. This indicates noise also affects element distribution evaluation in
alloys. Before calibrating thickness and noise effects, quantitative analysis of
element distribution characteristics is difficult.

By normalizing Fig. 4(a) with Fig. 4(c), sample thickness effects can be elimi-
nated, revealing element of interest distribution characteristics as shown in Fig.
5. According to Figs. 5(a) and 5(b), the sinusoidal distribution dominated
by alloy thickness is removed, and thickness-normalized content distribution
reveals concentration fluctuations in the alloy sheet—pivotal for alloy quality
evaluation. The image background is quite noisy upon direct observation (Fig.
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5(a)), confirmed by Fig. 5(b) where signals representing element content are
submerged in noisy background. As demonstrated in Section 3.1, CNR was
introduced to reduce noise effects, with results shown in Figs. 5(c) and 5(d).
Figure 5(c) shows efficient noisy background suppression. Figure 5(d) displays
the surface plot of Ag concentration distribution in lead-free solder alloy, reveal-
ing Ag content fluctuations with limited amplitude above and below an average,
indicating fairly uniform Ag distribution. Based on noise-free distribution, clus-
ter phenomena are explicitly revealed in the alloy sheet. As previously indicated,
local agglomeration affects solder joint fatigue life.

To quantitatively verify this effect, the average and standard deviation of Ag
concentration in Fig. 5(d) were determined as 0.04283+30.0011, implying a
relative concentration deviation of 2.57%. Overall, Ag distribution uniformity
in lead-free solder was fairly good, though local Ag agglomeration relates to alloy
mechanical properties and solder joint fatigue life. Therefore, local anomalous
Ag distribution was investigated in further detail.

In engineering applications, parameter deviations exceeding twice the standard
deviation are typically considered abnormal. Abnormal Ag agglomeration is
shown in Fig. 6(a), referring to Ag agglomeration regions with concentration
deviation exceeding twice the standard deviation. According to Fig. 6(a), abnor-
mal Ag agglomeration areas are mainly localized in the central part of lead-free
solder, with maximum agglomeration size approximately 50 m. In solders, ele-
ment agglomeration does not directly affect solder joints due to remelting during
welding. However, agglomeration with unique sizes exhibits high probability of
directly contributing to performance. In this context, the critical value for a
unique size is defined as twice the average size corresponding to 20, with ag-
glomeration shown in Fig. 6(b) representing typical abnormal agglomeration
distribution. Accordingly, the number of Ag agglomerations with concentration
deviation exceeding twice the standard deviation and size exceeding twice the
average size is 78, potentially contributing to solder joint fatigue life.

4 Conclusion

Doped elements in alloys significantly impact performance. Conventional meth-
ods—including destructive techniques such as mass spectrometry and optical
spectroscopy, and nondestructive electron-based microscopy—have been exten-
sively applied for alloy element analysis. However, these methods typically re-
quire sample surface sputtering for composition analysis or are limited to alloy
surfaces due to poor penetration capability. Exploiting high X-ray penetra-
tion, the X-ray K-edge subtraction method, which uses KES image grayscale
to evaluate element content, exhibits high potential for nondestructive, in situ
detection of element content in alloys. However, factors including X-ray scat-
tering in alloys, weak doped element signals in strong absorption backgrounds,
and energy modulation of monochromatic X-ray beams severely affect linear-
ity between grayscale and element content, limiting KES method application
for alloy element analysis. This study developed methods to calibrate linearity
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between KES image grayscale and element content to promote KES imaging
applications for alloy element analysis.

X-ray scattering and weak doped element signals in strong absorption back-
grounds prevent sensitive detection of doped elements in alloys. CNR-based
analysis, as opposed to direct KES image grayscale, was proposed to calibrate
noise effects on measurement efficiency. Phantom experiments with Cu demon-
strated that after normalizing KES image grayscale with adjacent noisy back-
ground, CNR values are linearly related to element content, implying that elab-
orate noise calibration enables CNR-based KES method application for alloy
element analysis. Currently, KES imaging of element distribution is a relative
measurement, making consistency across multiple sample measurements criti-
cal for alloy element analysis. Targeted approaches were developed to calibrate
discrepancies between different measurements. Three phantoms with standard
sample series were specially designed, and experimental results verified that
linear coefficients remained consistent after elaborate calibration. The results
indicated a lower content evaluation limit of 4§x107{-4}$ for Ag, establishing
KES imaging applicability for multiple alloy element content measurements.

A lead-free solder alloy sheet with uneven thickness served as a test sample.
Splicing two adjacent areas validated measurement consistency by extending
KES imaging field of view for alloy element distribution. Uneven sample thick-
ness typically dominates element content, making abnormal element distribution
difficult to reveal based on primary KES image grayscale. An absorption image
collected at upper K-edge energy was introduced to normalize thickness effects.
Results demonstrated that element distribution discrepancies were revealed af-
ter elaborate calibration, and quantitative analysis located anomalous element
distribution due to local agglomeration. Based on these developed calibration
approaches, we conclude that X-ray KES imaging is capable of nondestructive
and rapid screening of doped elements in alloys.
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