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Abstract

Precise control and characterization of coating thickness are critical for the reliability and
structural integrity of zirconium alloy claddings in nuclear reactors. However, conventional
techniques such as scanning electron microscopy (SEM) and metallographic microscopy
are often limited by low efficiency, complex sample preparation, and destructive testing.
This study proposes a fundamental parameter method based on energy-dispersive X-ray
fluorescence. It is designed for the rapid, accurate, and non-destructive determination
of zirconium alloy coating thickness. X-ray fluorescence intensity is theoretically calcu-
lated from measurement conditions and fundamental parameters, with consideration of
absorption-enhancement effects from primary and secondary fluorescence. Quantitative
thickness is obtained through iterative calculations until the measured intensity agrees with
the theoretical intensity. Using this method, a series of chromium coatings with different
thicknesses deposited on zirconium substrates were analyzed. The relative error of the
calculated thickness was within £5% for most samples compared with cross-sectional SEM
results, demonstrating the accuracy of the proposed method.

Keywords: energy-dispersive X-ray fluorescence; fundamental parameter method; zirconium
alloy; coating thickness; non-destructive testing

1. Introduction

Zirconium (Zr) alloys are widely used as nuclear fuel claddings due to their low

W) Check for updates neutron absorption, good mechanical properties, and corrosion resistance [1]. However,

in loss-of-coolant accidents (LOCAs), Zr alloy cladding tubes may fail to maintain their
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Typically, chromium (Cr) itself is highly resistant to corrosion due to the formation of
a dense protective oxide layer via passivation. However, under the actual harsh service
conditions in nuclear reactors [6], such as moisture, complex chemical corrosion (e.g.,
salts), intense irradiation, high pressure, and elevated temperatures, this dense protective
layer can still transform into a porous structure by reacting with oxidizing media and
generating gaseous products. In such cases, degradation of Cr coatings occurs in the
form of blistering, accompanied by spallation of the oxide layer, ultimately exposing the
substrate and facilitating hydrogen uptake [6,7]. Therefore, accurate measurement of Cr
coating thickness is crucial for evaluating its protective performance and service reliability.

Currently, several methods exist for measuring the thickness of Zr alloy coatings,
including the ultrasonic pulse-echo method (UPE), scanning acoustic microscopy (SAM),
eddy current testing (ECT), scanning electron microscopy (SEM), and metallographic
microscopy. Among them, UPE is a conventional non-destructive technique that deter-
mines coating thickness by analyzing reflected echoes generated at interfaces with acoustic
impedance mismatches. However, limited by insufficient device sensitivity, poor spatial
resolution, and a large detection dead zone, this method cannot detect weak signals from
interfaces with negligible impedance differences or accurately measure micron-scale coat-
ings [8-10]. In contrast, SAM utilizes focused high-frequency ultrasonic pulses coupled
with a medium to detect reflected or scattered echoes from interfaces or internal microstruc-
tures for high-precision thickness measurement and imaging. However, it strongly depends
on probe frequency (which is negatively correlated with penetration depth) and is sensitive
to coating microstructure. Moreover, coupling conditions and filtering parameters must
be strictly controlled during operation [11-13]. Based on the principle of electromagnetic
induction, ECT establishes a coupling system in which variations in workpiece thickness
induce impedance changes. Despite its simplicity, this method struggles to accurately
measure micron-scale coating thickness, mainly due to transmission line interference.
Specifically, operating frequency-related impedance interference easily causes measure-
ment errors, restricting its application in high-precision thickness measurement [14-18].
Both SEM and metallographic thickness measurement typically require cutting, mounting,
grinding, and polishing of samples [19-22]. The cross-sections of the samples are then ob-
served to measure the thickness along the substrate—coating interface. These two methods
are both destructive testing techniques with the drawback of complex sample preparation.

Energy-dispersive X-ray fluorescence (EDXRF) enables rapid, non-destructive anal-
ysis of thin films and layers, allowing simultaneous determination of both composition
and thickness [23]. With a simple setup and low measurement costs, EDXRF has found
rapidly expanding applications across diverse fields, including optical and protective coat-
ings, magnetic and optical recording media, superconducting films, and semiconductor
wafers [24]. Nevertheless, it is rarely used in the characterization of coating thickness for
Zr alloys serving in nuclear power plants [25].

Therefore, this study pioneers the application of EDXRF to the accurate thickness
measurement of Zr alloy coatings. Theoretical formulas for Zr alloy substrates and their
coatings were first derived, and a computational program based on the fundamental
parameter (FP) iteration method was developed to achieve reliable coating thickness deter-
mination. Finally, the proposed algorithm was verified by testing a series of Zr alloy coating
samples with different thicknesses. The results demonstrate that FP-EDXRF provides a
reliable non-destructive method for the quality and service performance evaluation of
nuclear-grade Zr alloy components.
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2. Materials and Principles
2.1. Reference Samples

In this study, Zr-4 alloy was selected as the substrate material, and its chemical
composition is presented in Table 1. The main components of Zr-4 alloy include Zr, Sn, Fe,
and Cr. Impurity components are strictly controlled: the mass fraction of each individual
impurity does not exceed 0.01 wt.%, and the total impurities are determined by production
and testing. The Zr-4 substrate samples were cut into square specimens with dimensions
of 20 mm x 20 mm X 2 mm. Subsequently, both sides of the samples were mechanically
polished using 4004, 600#, 800#, and 1000# SiC sandpapers. They were then ultrasonically
cleaned in ethanol for 10 min and dried with compressed air.

Table 1. Elemental composition and contents (wt.%) in Zr-4 alloy.

Sample

Cr

Sn Fe Zr Impurities *

Zr-4

0.062

0.754 0.156 Balance Each impurity (e.g., H, N, Si, etc.) < 0.01

Notes *: Impurities in Zr-4 alloy typically include trace elements like H, N, Si, Cu, Ni, Ta, etc. Each impurity
content is usually <0.01 wt.%, with total impurities depending on production and testing.

Afterwards, Cr coatings with different thicknesses were deposited on the Zr-4 alloy
substrate samples by arc ion plating (AIP) technology [20]. Prior to the deposition of
the coating, the vacuum chamber was evacuated to a base pressure of 3 x 10~* Pa and
heated to 325 °C. The surface of the Zr alloy was further cleaned using an arc discharge-
assisted ion etching device, with a bias set at 150 V, an arc current of 120 A, and Ar gas
pressure maintained at 0.5 Pa for a cleaning duration of 1 h. Subsequently, Cr coatings were
deposited onto the substrates using a Cr target with a purity of 99.99%. In this study, a
total of 9 samples (labeled 1-9#) were prepared, and the corresponding process parameters
are detailed in Table 2. These samples were used for subsequent EDXRF experiments,
providing basic data for establishing an accurate quantitative relationship between coating
thickness and characteristic X-ray intensity.

Table 2. AIP parameters of samples 1-9#.

Sample Arc Current (A)  Bias Voltage (V)  Duty Cycle (%)  Gas Pressure (Pa)
1# 80 40 20 0.8
2# 80 80 50 1.8
34 80 120 80 2.8
4# 110 40 50 2.8
5# 110 80 80 0.8
6# 110 120 20 1.8
7# 140 40 80 1.8
8# 140 80 20 2.8
o# 140 120 50 0.8

2.2. Energy-Dispersive X-Ray Fluorescence (EDXRF)

For the measurement of monolayer films, Figure 1 illustrates the excitation of primary
fluorescence in the target element.

The intensity and flux of incident X-rays with a wavelength A are denoted as dIp(A)
and ®(A), respectively. As X-rays pass through a homogeneous material, they interact with
the atoms of the material via the photoelectric effect, Compton scattering, and Rayleigh
scattering. Primary fluorescent photons are emitted when the X-rays are photoelectrically
absorbed by elements. Consequently, the primary fluorescent intensities recorded by the
detector from the coating and the substrate are denoted as I.; and I 1, respectively, as
expressed in Equations (1) and (2).
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Figure 1. Schematic diagram of parallel X-rays with a wavelength A incident on a monolayer film
sample, exciting the primary fluorescence of the target element.
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Here, d and d; are the thicknesses of the coating and the substrate, respectively; p
and ps are their densities. C.; and C; represent the concentrations of the target element
in the coating and the substrate. y ) and y; ) denote the mass absorption coefficients of
the coating and the substrate for X-rays with a wavelength A. i 5; is the mass absorption
coefficient of the coating for the characteristic rays of target element i with a wavelength
Ai. Similarly, pg s corresponds to the substrate and element j. 7.;, and 7, are the
mass photoelectric absorption coefficients of the target element for incident X-rays of
wavelength lambda. ¢ is the angle between the incident ray and the sample surface, 6. and
85 are the angles between the emergent ray and the sample coating surface and substrate
surface, respectively. A, is the minimum wavelength of the primary spectrum, while A, ;
and A,p; are the maximum wavelengths in the primary spectrum capable of exciting the
target elements in the coating and substrate, respectively, via the photoelectric effect. This
process is determined by the absorption jump factor J, fluorescence yield w, and transition
probability f. Finally, these fluorescent photons are detected over a solid angle () with a
detection efficiency ¢. The detailed derivation process can be referred to in our previous
work [25].

For a sufficiently thick coating d, Equation (1) simplifies to Equation (3), while for a
sufficiently thick substrate ds, Equation (2) simplifies to Equation (4).

Q /\ab,i IO A T iA
Ie1,d—00= (csC tpEsC,i)EcliCCj /A - %d)\ 3)
— . Q /\ab,j _ Io(A)T A
Ls1,ds—o0 = € Heypdesct (cscyp 4_7T€S/j)ES,jCS,j N e Meapdesey EEE— 22 dA 4)
min S

Secondary fluorescence can be produced within the same layer or across different
layers [26,27]. The former involves characteristic photons being absorbed within their
originating layer to induce secondary fluorescence, as illustrated in Figures 2 and 3. The
latter involves characteristic photons crossing at least one interlayer boundary before
being absorbed by another layer, leading to secondary fluorescence there, as illustrated in
Figures 4 and 5.
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Figure 2. The intralayer secondary fluorescent from the coating.
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Figure 3. The intralayer secondary fluorescent from the substrate.
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Figure 4. The interlayer secondary fluorescent from the coating.
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Figure 5. The interlayer secondary fluorescent from the substrate.
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The 1ntralayer secondary fluorescent intensity L;_,; of the target element i excited by

1 —1i
element i’ in the coating is derived as Equation (5) below.

t <2
/\ab,i’ I'max [0=TT , gl(ftg 4 2 .
= /A | /t / /9 1 d0drdtdN, e = § o 0 > 3 )
o Width 0 = I
1 “He A, T . —He ). p(t—rcosh) / sind¢ Q
g =1 211, " sin 0] (Cc,iPTc,i,/\i/) (]c,iwc,ifc,i) [e Fei ](47[ £ci)

Liy= Mo ()‘)efymptcsmp] (Cc,i’PTc,i’,A csc ‘/’) (] A/ Wei! Fc,i’)

The intralayer secondary fluorescent intensity L 7 i of the target element j excited by
element i’ in the substrate is derived as Equation (6) below.

0 <z
I N )\]pdcscﬁs ab] ts=ds T'max d0drdt dA _ L—Stf 0 >2 s 6
o € . - 0 /\ rats Imax = 4 cos(7—-0)’ 2 6)
Amin /= Width ,0 =

1 —HsA, PsT —ig 7. Ps (ts— rcosh) / sindg @)
L= slrae T sin 0] (Cs,jpsTs,j,Aj/> (]s,jws,jfs,j) [e ™ ](Efs,j)

L= [To(A) e~ (Heapdescptpis rpstscse l/’)} (Cs/j/ PsTgj \CSC 1,0) (Js,j'ws,j’Fs,j’)

The interlayer secondary fluorescent intensity [,; of the target element i in coating
excited by element j in the substrate is derived as Equation (7) below.

ab] 0=m _ ) . 19(: Q
]%1 / /t /9:0 I{,A (Cc,iPTc,i,)\j) (]c,iwc,ifc,i)e ,‘uc,)\lpt/ s (Hsc,i)detd)\ (7)

mln

. ts+d —t 0 < s

ts=ds _ _ A 7 ~

I, = / {11Me [rspjpstsseetponplrtosecdl o o1qy,, p—{  cosO 2
T =0 (27 Width,@:g

I]., A= [IO (A) e (Hcapdescyptp ) pstsese !P)] (CS,]- PsTsj,ACSC 1p) (]S,j ws,st,j)

The interlayer secondary fluorescent intensity I;_,; of the target element j in substrate
excited by element i in the coating is derived as Equation (8) below.

ab,i —Hs A sts/ sindg Q
1—>] / /t /9 , ,]pSTs,], ) (]s,jws,jfs,j)e Hs AP (Ess,j)dedtd/\ (8)
t=d[1 ts+d—t g > 2
1 1T, . aHonptsect—pig a. ps (r+tsect) _ g 2
Ij,)» = /ti {211,”3 sin 0]dt, r{\/c\?isdth,e_ z

I = [Ip(A)e HerPele V) (Ci070 5 4 esc ) (JoiweiFes )

where [ ) is the characteristic X-ray intensity generated by element j in the substrate for
incident X-rays of wavelength A. 7 ) is the mass photoelectric absorption coefficient of
element j in the substrate for incident X-rays of wavelength A. i, 5, is the mass absorption
coefficient of the substrate for the characteristic X-rays of element j. ), is the mass
absorption coefficient of the coating for the characteristic X-rays of element j. 7 ), is the
mass photoelectric absorption coefficient of element i in the coating for the characteristic
X-rays of element j in the substrate. “Width” denotes the sample width. Similar definitions
apply to Equation (8), with the positions of i and j interchanged.
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Consider a scenario where the sample contains multiple elements (e.g., k, 1, m,n, ...,
z) that can excite the target element via the same physical mechanism. In this case, the
secondary fluorescence intensities from all contributing elements and all their characteristic
spectral lines must be summed. Thus, the total interlayer secondary fluorescence intensity
I, detected from the coating and substrate is expressed by Equations (9) and (10) below.

Io=) ) T )

ele. line

Lo=Y ) T (10

ele. line

Typically, tertiary fluorescence accounts for no more than 4% of the total fluorescence
intensity; thus, tertiary and higher-order fluorescence can be neglected. Only the pri-
mary and secondary fluorescence of the target element are considered in this study [27].
Accordingly, the total fluorescence intensity detected from the coating and substrate
is the sum of the primary and secondary fluorescence photon intensities, as given by
Equations (11) and (12) below.

I = Ic,l +1c2 (11)

I = Is,l + Is,2 (12)

When the target element of interest exists in both the coating and the substrate, the
corresponding expression is given by Equation (13) below.

I=L+1 (13)

To reduce the impact of uncertainties in detection efficiency, fluorescence excitation fac-
tor, and absorption coefficient on thickness calculation results, relative intensity (RI) is used
to represent the fluorescence intensity. The relative intensities of characteristic fluorescence
from the coating and substrate are given by Equations (14) and (15), respectively.

I
RI(coa.) = . (14)
Aabi Io(A o
(CSCI/J%EZC,i)EC,ifAm}; oM Tin ;;A dA
Is

Ri(sub.) = (15)

Aabj To(A)Ts;
Q. . . [rabj 20U Ts A
(CSC l)bﬁgs/] )ES’] f/\min V;( d/\

2.3. Correlation Between Characteristic X-Ray Intensity and Coating Thickness

In this work, FP-EDXRF was employed to determine the surface coating thickness of
Zr alloy samples. This method is based on fundamental physical parameters and rigorous
theoretical formulations of X-ray fluorescence intensity [28,29]. First, it calculates the
theoretical intensity. Next, the method compares this theoretical value with the actual
measured intensity. Finally, the thickness is continuously corrected using an iterative
formula until the preset accuracy requirement is met [30,31].

The RI of the Zr K4 ray in the Cr-coated sample can be obtained from Equation (16).
The numerator corresponds to the total fluorescence intensity of Zr K from the actual
sample. Since the Cr coating contains no Zr, interlayer secondary fluorescence is neglected.
The denominator refers to that from a pure Zr sample. By combining the fluorescence
theoretical formula for the Zr Ky spectral line with the First Mean Value Theorem for
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Integrals, the simplified formula for the relative intensity of the Zr K spectral line can be
derived as Equation (17).

Iz7r4.7:K,
7 X (16)
Aab,zrky Lo(A) Tz
(CSC 11['7 i}y‘CJZr,ZrKa )Eer)\ },J'Z ko (V) B dA

3
min Hzr

RI 7k, =

*
Hzr = Hzy \CSC Y+pzr, 75K, CSC 6,Ez =] 71, 71K, WZr, 71K, er,ZrK,x

B A _ Io(A) Tz
e HerzkopdesedCy o fA;l;)r;ZrKa e—Herpdescy O(M)ETf: 40 0 W

RI_Zrka ~

B3

f)‘ab,ZrK,g Io(A)Tzen da
Amin Hz:

~ —ufpd _ —Bd
~ Czrazic,e 1P = ae P
roa = cscy + cscO,Ezy =7 w f
Hzra Hzr-4.1 P HZ.-4,7rK, s BZr-4 Zr-4, 77K, W Zr-4,72rK 17r-4,7rK,,

where e #1#4 is the weighted mean function value. Calculating coating thickness involves
nonlinear relationships, such as the exponential attenuation term, and lacks a direct an-
alytical solution. Furthermore, measurement errors, model inaccuracies, and potential
parameter coupling effects exist. Therefore, an iterative method is adopted to gradually
correct the thickness value. Specifically, the current result is compared with the measured
value. Repeated adjustments are then performed to approach the true value. The iterative
correction formula for the coating thickness d is given by Equation (18).

In(RI
d/ — d n( cmﬁZrKa) (18)
ln(R IcaLZrKu )
where Rl 7k, is the calculated value of RI during iteration. Rl.y, 7k, is the corrected

measured value of RI, which is calculated according to Equation (19).

a‘Imea_sam_ZrKa +b (19)

RI =
em_Zrka a Imea_pbs_ZrKa +b

Here, Inea sam_zrk, is the measured Zr K fluorescence intensity of the unknown
sample. Imea_pbs_zrk, is the measured Zr K« fluorescence intensity of the pure Zr bulk. a
and b are the linear calibration parameters for the measured and theoretical fluorescence
intensities of standard samples, derived from Equation (20).

Icmfstd = Icalfstd = a'Imeafstcl +b (20)

Iem_std is the corrected measured fluorescence intensity of the standard sample. I, stg
is the theoretical fluorescence intensity of the standard sample. Iy stq is the measured
fluorescence intensity of the standard sample.

In this work, Python was used for programming implementation. The thickness of
the Cr coating on was calculated iteratively via the fundamental parameter method, and a
simplified flowchart of the algorithm is presented in Figure 6.

Step 1: Input the convergence limit (Ad) of the calculated thickness of the coating; the
measured fluorescence intensity (Imea_sam_zrK,) of Zr K« from the unknown sample; the
measured fluorescence intensity (Imea_zra_zrk,) of Zr Ky from the Zr-4 substrate; the linear
calibration parameters a and b; and the matrix D composed of a series of coating thickness
values (covering the thickness range of the unknown sample and meeting the requirements
of statistical fitting).
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Input Ad, Imea sam zika, Imea_zra_ziKa,

a, b, D=[Ds, D2, D3, **+, Dn]

l

Rlam_zrka=[(a-Imea_sam zrka+b)/(a-Imea zr4 7
Ka+b)] - (Leal_zea_zeKa/Tcal_pbs_zrkar)

Calculate a series of Rlal_zka using
Eq. (12) and D.

l

Calculate o, 3 and do through
Rlal_zikoa=f(X)=ae P,
do=f1(Rlem_zrKa)

l

> Rlcal_zrka=lcal_sam_zrKa/Ical_pbs_zeKa

l

According to Eq.(19),
d’=d(InRIam_zrka)/(InRlcal_zrka)

Outputd

End

Figure 6. Iterative flowchart for the fundamental parameter method of EDXRF. Ad is the convergence
limit of the calculated thickness of the coating. Imea 7r4 7rk, is the measured Zr Ky fluorescence
intensity of the Zr-4 bulk (i.e., the sample back side in the experiment). dg is the initially calculated
thickness value of the coating. D is a matrix consisting of a series of arbitrary thickness values. d’ is
the updated calculated value of the coating thickness. In this work, the substrate of the sample has a
thickness of 2 mm, which can be regarded as infinitely thick.

Step 2: Based on the linear calibration parameters a and b, the calibrated measured
value of relative fluorescence intensity (Rl.ym 7k, ) for the unknown sample was calculated
to reduce instrumental systematic errors and interference from the testing environment.

Step 3: According to Equation (16), the theoretical values of relative fluorescence inten-
sity (Rlea1_zrk,) corresponding to each coating thickness value in matrix D were calculated,
so as to establish a quantitative correlation between thickness and fluorescence intensity.

Step 4: The thickness-fluorescence intensity was fitted by Equation (17) to obtain
the model parameters « and 3. The calibrated measured value of relative fluorescence
intensity (Rl zrk,) for the unknown sample is substituted into the model to obtain its
initial calculated coating thickness (dp), and the initial iterative value was setas d = dj.

Step 5: According to Equation (16), the theoretical values of relative fluorescence
intensity (Rl zsk,) corresponding to the current iterative thickness d was calculated.

Step 6: Combined with the calibrated measured relative fluorescence intensity
(RIem_zrk,) and the theoretical relative fluorescence intensity (I 7x,) corresponding
to the iterative thickness d, the updated coating thickness value (d') was calculated through
Equation (18).

Step 7: If the absolute error between the updated thickness d’ and the current iterative
thickness d is less than or equal to Ad, the iteration is considered to converge, and the final
calculated coating thickness d is output. If the absolute error is greater than the convergence
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threshold, set d =d’ and return to Step 5 to continue the iteration until the convergence
condition is satisfied.

3. Experiments
3.1. Measurement Device

In this study, EDXRF measurements were performed using a self-developed system.
This system consists of a silver (Ag)-anode X-ray tube with a tube operated at voltage of
30 kV, a Si-PIN semiconductor detector with an energy resolution of 196 eV (at °Fe), a
detector collimator, an X-ray tube collimator, a sample stage, and electronic components
for data acquisition and processing, as shown in Figure 7.

Infi nitesimalh

volume

Sample stage

Figure 7. Schematic of the EDXRF measurement system structure.

Electrons in the X-ray tube are accelerated to 30 keV; then, bombard a silver (Ag)
target, generating primary X-rays with a continuous spectral distribution, including
bremsstrahlung and characteristic X-rays, as shown in Figure 8. Notably, distinct character-
istic peaks of Ag can be observed in the spectrum, including K (~22.1keV), Kg (~24.9 keV),
Ly (~2.9 keV), and Lg (~3.1 keV). In general, the lower the absorption edge energy, the eas-
ier it is to excite the characteristic X-rays of the corresponding series. For each sample, the
measurement time was set to 5 min, and both the coated side and the back side (substrate)
of each sample were measured three times, with the average value calculated.

riginal X-ray spectrum distribution

w ~
T T

Relative intensity o
[\V]
T

J 1 1 1 1 1

0
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035
Energy (keV)

Figure 8. Original X-ray spectral distribution of silver target.
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3.2. Experiment Process

The original spectra of the coated sample 1# are shown in Figure 9a,b. Within the
energy range of 4-8 keV, distinct characteristic Ky (~5.4 keV) and Kg (~5.9 keV) peaks
of Cr can be observed. Meanwhile, in the range of 14-20 keV, obvious characteristic K«
(~15.7 keV) and K (~17.6 keV) peaks of Zr are present. The original spectra of the back
side of sample 1# are displayed in Figure 10a,b. Only tiny characteristic peaks of Cr are
found, with a photon count as low as 148, originating from the primary and secondary
fluorescence of Cr element inherently present in the Zr alloy. In the range of 14-20 keV,
distinct characteristic peaks of Zr are observed as well, and the photon count increases
significantly, with the maximum value reaching approximately 10,000.

8103 1 Sample 1# (Coating) | 12,000 — Sample 1# (Coati
2o b 2 } 2 ample oating)
—3 10000 ——3
1,097 i 1 1
403 b - 8,000 = .l
7] w)
s 148 F =
E £ 6,000 | ]
=}
S 5k @) T
. N 4,000 f
20 f \ /
r | i) l L .| .l
g )" i -} L\ 1
5 Il Il
il 1
1 I\l J\w“l L A L A ( 0 .J L A L A
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Energy (keV) Energy (keV)
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Figure 9. Raw energy spectra of sample 1# (coated side) from three same measurements. (a) Ordinate
presented on an ‘Ln’ (natural logarithm) scale; (b) Ordinate presented on a linear scale.
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Figure 10. Raw energy spectra of sample 1# (back side) from three same measurements. (a) Ordinate
presented on an ‘Ln’ (natural logarithm) scale; (b) Ordinate presented on a linear scale.

In EDXRF analysis, baseline correction—the first step in spectral analysis—is crucial
as it ensures the accuracy of subsequent procedures, including multi-peak analysis and
content quantification. By appropriately selecting baseline data points for spectral fitting,
the baseline can be accurately estimated [32]. Figures 11 and 12 show the spectra of
the coated side and the back side of sample 1# after baseline subtraction and baseline
correction, respectively.
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Figure 11. Data procession of sample 1# (coated side). (a) Baseline; (b) Baseline-corrected spectrum.
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Figure 12. Data procession of sample 1# (back side). (a) Baseline; (b) Baseline-corrected spectrum.

Due to the distinct elemental difference between the substrate and the coating, they
can be distinguished by comparing the Zr fluorescence intensity. After obtaining the
baseline-corrected energy spectrum, it is necessary to first determine the position of the
Zr K characteristic peak, then identify its boundaries (defined as the positions where the
intensity fluctuates within the baseline range), and subsequently calculate the peak area of
this characteristic peak. This peak area serves as a key basis for subsequent analysis. Table 3
presents the relative intensities of all samples, the average counts of the Zr K« characteristic
peak on the coated side and back side, and the relative deviation. The standard deviation
of the average counts is calculated using the error propagation formula o; = V/1/k where
I= %Ele I;, k represents the number of measurements and [; is the fluorescence intensity
of each measurement.

In this study, when X-rays are incident on the sample coating, the Zr K counts
detected originate not only from the primary fluorescence of Zr in the substrate, but
also from the secondary fluorescence of substrate Zr excited by the fluorescence of other
elements. The RI of Zr K is defined as the ratio of the total Zr counts from the coated
side of the sample to the Zr counts when the Cr coating thickness is 0 (the back side of
sample). RI (%) of Zr K for 9 samples was measured as follows: 40.76, 51.07, 67.95, 33.93,
52.87,36.10, 32.01, 25.41, 36.94. Subsequently, by using the fundamental parameter method
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in Figure 4 for multiple iterations, the calculated values of Cr coating thickness for the
9 samples were finally obtained.

Table 3. The relative intensities of all samples, as well as the average counts of the characteristic K
peak of Zr in the coating side and back side (d — o0) of each sample (where d denotes the coating
thickness of each sample).

Samples Average Countof  Average Count of Relative
Coated Side Back Side Intensities (RI)
1# 46,546 £+ 125 114,187 4 195 0.41 £ 0.0013
24 55,644 + 136 108,949 + 191 0.51 £ 0.0015
3# 75,898 &+ 159 111,698 + 193 0.68 £ 0.0018
4# 37,017 £ 111 109,102 £ 191 0.34 £ 0.0012
5# 56,284 + 137 106,452 + 188 0.53 £ 0.0016
o# 40,647 + 116 112,603 + 194 0.36 4 0.0012
7# 32,986 + 105 103,042 + 185 0.32 £ 0.0012
8# 27,588 £ 96 108,564 + 190 0.25 £ 0.0010
o# 42,072 £ 118 113,890 £+ 195 0.37 £ 0.0012

4. Results and Discussion

SEM was used to characterize the coating thickness of different Zr-4 alloy samples,
with the results presented in Figure 13. As shown in the figure, the coating thickness of
all samples ranges approximately from 8 pm to 30 um. For the coating of each sample,
10 different positions were selected for thickness measurement, and the average value

_ _2

d= %Z{‘:l d;) and standard deviation (o4 = \/ ﬁ Yiog (di — d) ) of the actual thick-
ness were calculated. The specific data are listed in Table 3, and these data can be used as
the reference thicknesses for this study.

Sample 1# Sample 2# Sample 3#

(d) (e) ()

Sample 7#

(8 (h) (@)

Figure 13. SEM characterization results (reference thickness) of coating for samples: (a) Sample 1#;
(b) Sample 2#; (c) Sample 3#; (d) Sample 4#; (e) Sample 5#; (f) Sample 6#; (g) Sample 7#; (h) Sample
8#; (i) Sample 9.
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The calculated thicknesses required for the method proposed in this study were ob-
tained by using the FP method of EDXREF. Table 4 and Figure 14 present presents the
calculated thicknesses, reference thicknesses, and relative errors of the coatings for samples
1-9#. The calculation of the standard deviation of the calculated thickness values is rela-
tively complex. The parameter x = RI%IERI follows a standard normal distribution N (0, 1).
Then, multiple random samplings are performed on the fluorescence relative intensity RI,

as shown in Equations (22) and (23). In the formulas, ug; = % can be regarded as
d—roc0
the conventional true value of the measured relative intensity. og; = IL, / % + 5 1
d—c0 d—o0

is the deviation of the relative intensity. y is a random number sampled from the range
(0,1). Finally, the sampled Rl is substituted into the fundamental parameter method and
iterated multiple times to obtain the coating thickness corresponding to the sampling result.
Combined with the standard deviation calculation formula, the deviation of the calculated
coating thickness for each sample can be obtained.

X 1 ;tz
y—F@%in%Ee dt € (0,1) 1)
RI = ugr + O'RIF(y)il (22)

Table 4. Calculated thickness, reference thickness, and relative error of coatings for samples 1-9#.

Sample Calculated Thickness Reference Thickness Relative Error
P (um) (um) (%)
1# 19.62 + 0.07 19.64 £+ 0.26 —0.10
24 14.67 + 0.07 14.55 + 0.68 0.84
3# 8.43 £+ 0.06 8.58 + 0.36 —-1.77
44 23.64 + 0.08 22.07 £0.37 7.13
5# 13.92 + 0.07 14.78 + 0.19 —5.81
o6# 22.28 +0.08 23.25 +0.29 —4.18
7# 24.92 +0.08 26.68 + 0.37 —6.58
8# 30.00 £ 0.09 29.55 £ 0.39 1.50
o# 21.78 +0.08 20.29 4+ 0.64 7.33
45 b - Calculated thickness —e— Relative error
Reference thickness =20
E
=T -——*~\q//A\\V,—k\\/////» 10 =
4 e
v
g =
§ 27k 1205
2 @
: .
Y 1405
-E 18 | ~
= NS
g <
o = —60
0=
- —80
0

1# 2# 3# 4# S# 6# T# 8# 9#
Sample

Figure 14. Column charts showing reference thickness and calculated thickness of coatings for
samples 1#-9#, along with the corresponding relative error (blue line). The red error bars represent
the uncertainties of the calculated thickness and the reference thickness, respectively.
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The comparison between the FP-EDXREF calculation results and the SEM measurement
results is presented in Table 4. The errors in these results arise from two primary sources.
First, the non-uniform thickness caused by the AIP process [33,34]: restricted by coating
preparation techniques such as spraying, coating, and curing, thickness variations are
inevitable on the flat coating surface. However, the XRF calculation assumes an aver-
age thickness over the measured area (ideally a uniform thin layer). Second, statistical
fluctuations in detector counts [35]: the interactions of X-rays with matter (photoelectric
effect, Compton scattering, Rayleigh scattering) exhibit randomness. Consequently, the
full-energy peak counts display statistical variability. Averaging multiple measurement
results can significantly reduce errors caused by these statistical fluctuations.

Comparing the two sets of data, it is found that the relative errors for Samples 4#,
5#, 7#, and 9# are larger (with a maximum value of 7.33%), possibly attributed to the non-
uniformity of the coating. Samples 14#, 2#, 3#, 6#, and 8# show good agreement between
calculated thickness values and reference thickness values (with relative errors less than
£5%), indicating that the FP-EDXRF technique can rapidly and accurately characterize the
thickness of Cr coatings on Zr alloys.

On the other hand, the theoretical RI of Zr K and Cr K rays as a function of Cr
coating thickness is shown in Figure 15. It can be observed that the initial RI of Zr K, rays is
close to 100% and decreases gradually with the increase in Cr coating thickness, and when
the thickness reaches approximately 100 um, the RI approaches 1.09 and tends to stabilize.
In contrast, the initial RI of Cr K, rays is close to 0 and increases rapidly as the Cr coating
thickness rises, and when the thickness is around 34 um, the RI approaches 100 and reaches
saturation. Accordingly, when Zr is used as the target element, the maximum measurable
coating thickness can reach 100 pum. When Cr serves as the target element, the maximum
measurable coating thickness is limited to 34 um. This is attributed to the fact that Cr
exhibits a larger mass absorption coefficient than Zr. When the coating thickness exceeds
34 um, the RI becomes nearly constant, making it impossible to characterize samples with
thicker coatings using Cr K rays.

120 T T T T T
=« Zr Ka = =Cr Ka
100—.—-—._.\. ’\———q
N\ / (34, 100.10) i
N/
80 | \

— 60 | /.

ok / \

/ '\
20 / *

7/ \‘ (100, 1.09)
7 o
(Lo - = | | \I
0 0 1 10 100 1,000

Cr coating thickness (um)

Figure 15. Relative intensity (RI) of Zr_Ky and Cr_K as a function of Cr coating thickness (nm).
The abscissa is presented on a ‘Log10’ scale.
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5. Conclusions

In this work, FP-EDXRF was successfully applied to the thickness measurement of
Zr alloy coatings. Compared with conventional techniques such as cross-sectional SEM
and metallographic methods, this method offers significant advantages including non-
destructive analysis, high efficiency, and freedom from elaborate sample preparation.
Validation experiments on nine Zr alloy specimens with different coating thicknesses
showed that the maximum relative error was 7.33%, while most samples presented relative
errors within £5%. The observed deviations mainly originate from two sources: one is the
thickness inhomogeneity introduced during the AIP process, and the other is the statistical
fluctuations of detector counts. These results verify the reliability, stability, and accuracy
of the FP-EDXRF method for Zr alloy coating thickness characterization. This approach
provides a valuable tool for material quality control and structural integrity evaluation in
nuclear applications.
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