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Iron content in a galvanized coating of zinc-iron alloys was determined using atomic absorption

spectrometry and two X-ray fluorescence (XRF) methods (fundamental parameter and empirical

coefficient methods). Results indicated that the chemical method provided the highest accuracy in

measuring iron content. However, it suffered from a low detection efficiency, making it less suitable for

use in production quality control. In contrast, the two XRF methods (fundamental parameter and empirical

coefficient methods) offered viable alternatives for monitoring iron levels in galvanized coatings during

manufacturing, with repeatability of 0.2% and 0.4%, respectively, superior to the 0.6% repeatability

observed with the chemical method. However, it is important to note that the accuracy of these two XRF

methods (fundamental parameter and empirical coefficient methods) could vary depending on the stability

of processing units involved, potentially leading to less reliable results compared to the chemical method.

Therefore, while the two XRF methods (fundamental parameter and empirical coefficient methods) are

useful for rapid quality control, their applications should be carefully managed. They should be

supplemented with more accurate techniques when necessary.
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1. Introduction 

Zinc–iron alloy steel plate is developed on the basis

of hot-dip pure-zinc steel plate, which is mainly used in

the automobile plate industry. This plate has been widely

used because of its good corrosion resistance, heat

resistance, paintability, weldability, anti-rust capability

after painting, and good scratch resistance [1]. Zinc–iron

alloy steel plate will form a zinc–iron alloy layer on

coatings by alloying the hot-dip galvanized steel plate,

and iron content in the whole coating is usually 8%–

15% (see Q/BQB 420–2024 hot-dip galvanized/zinc–

iron alloy/zinc magnesium alloy-coated steel plate and

strip). The coating of zinc–iron alloy steel plate is not

uniform. The surface layer is alloy in phase ζ, followed

by phase δ1. The transition layer between the iron base

and zinc coating, that is, phase Γ [2]. The iron content

of the coating will affect the formation of the

metallographic structure of each coating layer, cause

pulverization and delamination defects, and affect the

surface quality of stamped and formed parts [3].

Therefore, iron content in coatings is an important

control item for product quality.

The chemical method is the standard measurement

method for iron content in zinc–iron alloy steel plate

coatings (GB/T 24514–2009 Zinc and/or aluminum-

based coatings on steel—Determination of coating mass

per unit area and chemical composition—Gravimetry,

inductively coupled plasma atomic emission spectrometry

and flame atomic absorption spectrometry). After the

coating is completely stripped with the stripping solution,

flame atomic absorption spectrometry or inductively

coupled plasma atomic emission spectrometry is used to

determine the iron content in the stripping solution. The

standard method has a long operation process and is

unsuitable for production quality control. The X-ray

fluorescence (XRF) method has been widely used in the

detection of coated steel plates due to its advantages of

accuracy, speed, and non-destructive testing [4-7]. XRF

methods include different test principles and applications,

which include empirical coefficient method [8,9] and

fundamental parameters (FP) method [8,10-13]. Due to

the presence of iron elements in both the substrate and

coating of zinc-iron alloy steel plate, The commonly

used K-line with strong penetration will excite the iron

elements in both the substrate and coating. X-ray method
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cannot distinguish whether the fluorescence intensity of

the iron element to be measured comes from the coating

or substrate. Therefore, the empirical coefficient method

of X-ray cannot complete the determination of iron

content in zinc-iron alloy coatings. To solve this

problem, the author’s laboratory attempted to conduct a

large number of experiments using the FP method and

the less commonly used L-line of empirical coefficient

method. The application of XRF method on the iron

content of zinc–iron alloy steel plate coating has been

developed [14]. This article summarized the practical

application advantages and disadvantages of these two

X-ray fluorescence methods in the quality inspection of

iron content in zinc-iron alloy coatings.

2. Experimental Procedures

2.1 Experimental instruments

Simultix 14 XRF spectrometer (Rigaku Corporation,

Japan), ZSX Primus XRF (Rigaku Corporation, Japan),

and Magix Pro XRF spectrometer (Malvern Panalytical,

Netherlands) were used in this research.

2.2 Experimental condition

Measurement conditions of XRF spectrometers are

presented in Table 1.

2.3 Experimental method

At least six groups of zinc–iron alloy samples were

prepared with different coating amounts and iron content

in coatings. Every sample group should not be less than

4–5 pieces. Each sample was continuously punched

along the rolling direction in disc specimen with a

diameter of 50 mm. The XRF intensity of characteristic

elements of each sample plate was measured under

experimental conditions of the XRF instrument. The two

samples with the closest XRF intensities were selected

(the deviation of the XRF intensity of the two samples

should be less than 1%). One was retained as a standard

sample, and the other was used to determine the coating

mass and iron content in coatings by the chemical

method. Under experimental conditions of the XRF

instrument, the X-ray intensity of Zn and Fe was

measured using zinc–iron alloy standard samples. On

Simultix 14 XRF spectrometer X-ray intensity of Zn-

kα(20
o), Fe-Kα(20

o), Zn-kβ1(40
o) and Fe-Kα(40

o)were

tested. On ZSX Primus XRF and Magix Pro XRF

spectrometer X-ray intensity of Fe-Lβ were tested. Then

A linear or quadratic linear relation of iron in coatings

was determined on the three type of X-ray spectrometers.

The iron content of coatings can be calculated on the

linear or quadratic linear relation by measuring the

X-ray intensity of characteristic elements of the

samples.

3. Results and Discussion

3.1 Influencing factors of the fundamental parameter

method

The irradiation depth of the K-line of metal elements

detected by the XRF instrument is approximately 200 g/m2.

Since steel is the base material of zinc–iron alloy steel

plates, the determination of iron content in coatings via

the K-line of Fe is inevitably disturbed by Fe in the

substrate. The detection principle of the Simultix 14

XRF spectrometer is to detect Fe-Kα at different angles.

High-energy spectral lines were used to measure the

deeper position of the zinc-iron alloy layer as much as

possible. In order to distinguish the thickness of the

coating and the signal of iron content in the coating,

Table 1. Measurement conditions of XRF spectrometers

Instrument Method Element Spectral line Integration time /s PHA Detector

Simultix 14 FP method Zn/Fe

Zn-Kβ

Zn-Kα

Fe-Kα

Fe-Kα

20 100–300 PC/SC

ZSX Primus 
Empirical coefficient 

method 
Fe Kβ1 20 100–300 SC

Magix Pro 
Empirical coefficient 

method
Fe Kβ1 20 100–300 SC
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different fluorescence intensities of zinc and iron were

collected at high and low angles. The fluorescence

signals were calculated by the ratio processing method

using the FP method [15]. Strength ratios of Zn-kα(20
o)/

Fe-Kα(20
o) and Zn-kβ1(40

o)/Fe-Kα(40
o) were calculated

and corrected by the FP method. The iron content of the

coating was obtained by establishing a mathematical

model (Fig. 1).

Irradiation through this method can reach the coating

depth of 200 g/m2, and the coating thickness of zinc–

iron alloy steel plate is generally 30–70 g/m2. Therefore,

in principle, this method can detect iron content in the

coating of all zinc–iron alloys. This method has been

practically applied in the author’s laboratory for ten

years. However, this method was unsuitable for two

types of samples: low-coating and ultra-high-strength

steel substrates. Low-coating zinc–iron alloy samples of

30–40 g/m2 or lower cannot be tested by this method,

mainly due to the insufficient detection resolution in the

low coating caused by the detection principle of the

equipment [4]. For zinc–iron alloys with ultra-high-

strength steel substrate, equipment test results are

occasionally completely consistent with those of the

chemical method. However, abnormally high test results

are also possible.

Table 2 shows the results of iron content measurement

in the coating via the FP and chemical methods for a

zinc–iron alloy sample of a certain steel-grade substrate

with ultra-high strength.

As shown in Table 2, for zinc–iron alloy samples with

a substrate of the same steel grade, two different

determination results were obtained by the FP method.

Some findings were consistent with those of the
Fig. 1. Principle diagram of Simultix 14 X-ray fluorescence
spectrometer of Rigaku

Table 2. Test results between XRF fundamental parameter and chemical methods

Sample
Iron content in the coating/% Substrate state after 

coating stripping 
Remark

FP method  Chemical method Deviation

1 12.1 8.4 3.7 With stripe defects

2 13.8 8.5 5.3 With stripe defects

3 12.6 12.8 −0.2 No stripe defects

4 10.6 10.1 0.5 No stripe defects
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chemical method, and others were abnormally high.

Abnormally high results occurred for samples with black

stripe defects on the substrate after coating stripping due

to the transformation of black stripe defects on the

substrate to an abnormal bulge after high-temperature

treatment, which shortened the optical path of X-ray of

Fe and led to high values. However, whether such black

stripe defects will appear on the zinc–iron alloy substrate

of the same steel grade could not be observed from the

surface. These defects can only be detected after the

coatings are stripped by the chemical method, and whether

these substrate stripes would appear on the zinc–iron alloy

sample could not be predicted in advance. Therefore, there

are high risks of result deviation for such samples measured

by the FP method.

3.2 Influencing factors of the empirical coefficient method

The empirical coefficient method selected the characteristic

spectral lines of Fe-Lα through experiments. The XRF

irradiation depth of Fe-Lα was generally 10 g/m
2. Thus, the

influence of iron on the substrate can be completely

avoided. A 10 g/m2 detection depth was observed for

the Fe-Lα spectrum line, and such a value was needed by

the 10 g/m2 coating to represent all coatings. Glow

Discharge Optical Emission Spectrometry (GDS) is a

spectral analysis technique developed based on the

principle of inert gas discharge at low pressure. The

quantitative layer by layer analysis of GDS results in a

graph with the analysis depth (m) of the tested sample

as the x-axis and the mass fraction (%) of the elements

as the y-axis [15]. Fig. 2 shows the GDS analysis

diagram of the zinc–iron alloy sample plate.

As presented in Fig. 2, iron content in the whole zinc–

iron alloy coating was uneven and gradually increased

with the increase in coating depth. The theoretical basis

for the accurate determination of this method was based

on the results presented in Fig. 3. The change trends of

iron in the coating of standard samples used to establish

the calibration curve of the XRF empirical coefficient

method and samples to be tested were similar. Therefore,

this method can be used to determine iron content in

coatings when standard samples and samples to be tested

match.

The control test between the empirical coefficient and

chemical methods was carried out on zinc–iron alloy

samples of various steel grades using the same process

in the same production unit. The results are shown in

Table 3.

As presented in Table 3, the results of the empirical

coefficient method were in agreement with those of the

chemical method in the same production process.

Whether iron content distribution in the zinc–iron alloy

coating is consistent for different production processes

and areas needs to be tested and confirmed before this

method is practically applied. If iron content distribution

in the coating is inconsistent, specific XRF calibration

curves must be established to ensure the accuracy of

measurement results.

Fig. 2. GDS analysis chart of the Zn–Fe alloy sample plate
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3.3 Precision test

Different methods were used to repeatedly determine

the iron content of coatings on 11 zinc–iron alloy

samples, which were continuously punched along the

rolling direction on the same steel coil. Relative standard

deviations of the results were calculated, and findings are

listed in Table 4. The results show that the repeatability of

FP and empirical coefficient methods reaches 0.2% and

Fig. 3. Distribution of Fe content in the Zn–Fe alloy sample plate

Table 3. Test results between empirical coefficient and chemical methods (%)

Samples
Iron content in the coating

Empirical coefficient method  Chemical method Deviation

1 10.37 10.15 −0.22

2 10.19 9.60 −0.59

3 10.86 10.37 −0.49

4 10.98 11.35 0.37

5 10.05 10.51 0.46

6 10.18 9.76 −0.42

7 9.55 9.22 −0.33

8 9.42 9.53 0.11

9 9.45 8.29 −1.16

10 9.05 9.41 0.36

11 9.22 9.00 −0.22

Table 4. Precision test (n = 11) (%)

Method Result Average Standard deviation 

Fundamental parameter 

method 

10.51, 10.72, 10.70, 10.86, 10.37, 10.84,

10.37, 10.88, 10.50, 10.45, 10.82
10.64 0.2

Empirical coefficient 

method

10.42, 10.70, 11.35, 10.63, 10.98, 10.27,

10.65, 10.25, 10.15, 10.82, 10.35
10.60 0.4

Chemical method
10.42, 9.52, 9.97, 10.63, 11.21, 9.68,

10.27, 11.18, 9.57, 10.07, 11.04
10.32 0.6
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0.4%, respectively, which are better than that of the

chemical method (0.6%).

4. Conclusions 

Although the iron element substrate can cause serious

interference in the X-ray fluorescence detection of iron

content in in the galvanized coating of zinc-iron alloy,

X-ray fluorescence can still reduce this interference

through methods such as FP method or selecting Lβ

spectral line with shallow excitation depth. In this paper,

the application of XRF methods to determine the iron

content in zinc–iron alloy steel plate coating has been

established and well applied in quality control of zinc-iron

alloy. According to the discussion and analysis above,

several conclusions can be summarized as follows.

(1) FP and empirical coefficient XRF methods can be

applied in the production quality control of zinc–iron

alloy coatings, and the detection repeatability of XRF

methods was better than that of the chemical method.

(2) For zinc–iron alloy coatings with 30–40 g/m2 or

lower and ultra-high-strength steel as substrate, accuracy

was poor due to the defect of detection sensitivity of the

FP method and limitation of the XRF optical path. The

application of this method in these kinds of samples

should be studied more carefully.

(3) Application of the empirical coefficient method in

the detection of iron content in zinc–iron alloy steel plate

coating was closely related to the distribution characteristics

of iron content in the coating caused by the production

process and process stability of the unit. The detection

accuracy of zinc–iron alloy coatings produced by

different units was poorer than that of the chemical

method if the same XRF linear relation was used, and

thus, such a procedure should be carefully applied.
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