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The possibility of adapting the X-ray fluorescence analysis to determine the
carbon content in steels is considered. The proposed method is based on the
comparative analysis intensity of diffraction peaks in fluorescence spectra.
The optimal geometry of the spectrum recording is determined experimental-
ly, and it is established that in the case of unalloyed steel, this technique pro-
vides an adequate estimation of the carbon content in the sample. The re-
strictions and obstacles for the accurate carbon content determination in al-
loying steels is discussed.
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V¥ maniit cTaTTi posrasmaeThCcad MOMKJIUBICTD aganTallii MeTogy peHTIeHo(Iyo-
PEecIIeHTHOT0 aHaJIidy IJis Bu3HaueHHA BMicTy Kapbony y kpunax. Byno sa-
IIPOIIOHOBAHO METOI OIliHKY BMicTy KapOoHy Ha OCHOBi iHTeHCHUBHOCTI Audpa-
KIiAHUX ITiKiB y QJIyOpeceHTHUX cueKTpax. EKcnepuMeHTaIbHO BUBHAUEHO
ONTUMAaJIbHY T€OMeTPil0 3TOMKHU CIEeKTPY, Ta BCTAHOBJIEHO, IT[0 Y BUMIAAKY He-
JeroBaHOl KPHIIi JaHa MeTOoAMKa OAa€ aJeKBaTHY OIiHKY BMmicTy Kapbony y
3pasKy.
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1.INTRODUCTION

Analysis of the chemical composition of carbon steels is a widespread
and critically important task in modern industry, for example, in the
control of the quality of raw materials or finished products, since dif-
ferent grades of steel have different mechanical and physical proper-
ties [1]. Currently, the main methods for analysing the composition of
carbon steels are chemical analysis and atomic emission spectroscopy,
but their effectiveness is limited by their destructive nature, relative
complexity of preparing samples for analysis and cost. An attractive
alternative for the analysis of steels is the X-ray fluorescence analysis
(XRF) method. This method is widely used for the analysis of the
chemical composition of materials, due to its simplicity, express na-
ture, and minimal need for sample preparation for measurements.
However, this method has poor sensitivity to elements with low atomic
number (low Z elements), due to the low yield of fluorescence from at-
oms of light elements, and strong scattering of low-energy X-ray radi-
ation in the air. That’s why is unsuitable for determining the concen-
tration of carbon in samples that significantly limits its capabilities
for the analysis of steels. There are different approaches to expand
XRF analysis range to low Z elements. The most straightforward is
creating measurement conditions that will allow fluorescence peaks of
those elements to be recorded in the spectrum, mainly by elimination
scatter of low energy emission in air by implementing a vacuum setup
or purging air with lighter gas such as helium [2]. However, vacuum
setups are not suitable for portable spectrometers, and introduction of
helium only extends the analysis range to sodium, which means carbon
is still undetectable by such devices. Another approach is use of neural
networks to predict low atomic number element concentration [3].
Usually, this approach relies on correlation between element concen-
trations in natural samples, such as soils, or different types of X-ray
scattering still visible in the spectrum, e.g. Compton scattering. While
relatively new, these methods show promise at least in specific analysis
tasks. This paper considers the possibility of using diffraction peaks in
fluorescence spectra to adapt the X-ray fluorescence method for the
analysis of carbon steels. In unalloyed and untempered steels carbon is
mostly present in the form of cementite—Fe;C compounds with iron, as
the solubility of carbon in a-iron is quite low (about 0.02 wt.%). There-
by, the part of the cementite phase is directly proportional to the car-
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bon content in the alloy. By choosing the geometry of the survey in
such a way that the diffraction of X-ray radiation on the cementite lat-
tice was observed, and analysing the intensity of the diffraction line in
the spectrum, it is possible to estimate the carbon content in the sam-
ple. Therefore, the purpose of this work is to verify the possibility of
analysing the carbon concentration in steels based on diffraction peaks
in the spectra.

2. THEORETICAL BACKGROUND

The X-ray fluorescence analysis method is based on the quantification
of the characteristic fluorescence spectrum that occurs during the ine-
lastic interaction of X-ray radiation with the sample. At the same time,
elastic scattering of X-rays also takes place, and if the spectrum acqui-
sition geometry satisfies the Wolff-Bragg equation (1),

2dsin 6 = mhi (1)

for a certain wavelength present in the spectrum of the primary radia-
tion beam, diffraction peaks will also be observed in the fluorescence
spectra. Diffraction peaks in fluorescence spectra are considered as
parasitic effect since they are not used directly in the XRF method. In
certain cases, they may overlap or be falsely interpreted as characteris-
tic fluorescence lines. Nonetheless, diffraction lines contain infor-
mation about the phase structure of the sample, and therefore could be
used to obtain additional information about the sample.

In unalloyed and untempered steels, the main phase components are
ferrite, which is a weak solid solution of carbon in a-iron (a-ferrite)
with a bee lattice or in y-iron (y-ferrite) with an fcc lattice, and cement-
ite (FesC) [4]. Due to the very low solubility of carbon in ferrite, most
of the carbon is in the cementite phase, and the amount of this phase is
directly proportional to the concentration of carbon in the sample.
Having selected the geometry of the spectrum acquisition in such a
way that a diffraction line from the cementite lattice is observed in the
spectrum, based on its intensity, it is possible to estimate the content
of the cementite phase and, accordingly, the carbon concentration in
the steel. Even though in XRF a non-monochromatic bremsstrahlung
emission is used as an excitation source, for the purpose of quantita-
tive analysis it is reasonable to select a geometry that will satisfy the
Wolff-Bragg equation for characteristic emission of X-ray tube anode.
This choice is explained by the fact that the tube anode line is not de-
pendent on sample composition, as is the most intensive part of the X-
ray tube spectrum. Note that the relative intensity of this line to the
fluorescent line of iron is meant here and hereafter. Since all iron at-
oms contribute to the intensity of the fluorescent line, and only those
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in the cementite phase contribute to the diffraction line, their ratio
will be proportional to the proportion of the cementite phase in the
sample.

3. EXPERIMENTAL SETUP

The experimental setup is a model of Elvatech Prospector portable X-
ray spectrometer with a moving energy-dispersive SDD detector and
an X-ray tube with a titanium anode. This facility was intended to de-
termine the optimal spectrum acquisition geometry for observing the
diffraction of the K, line of titanium (AL=2.745A). For this wave-
length, the diffraction spectrum on the lattice of cementite (Fiig. 1) and
ferrite (Fig. 2) was simulated using the VESTA program [5].

To find the optimal geometry, the spectra of unalloyed steels with
carbon content ranging from 0.086 to 1.33 wt.% were recorded at dif-
ferent angles. At the recording angle 20 =86°, a significant increase in
the intensity of the titanium line was observed in the spectra (Fig. 3),
and directly at this angle, the intensity of the titanium line exceeded
even the fluorescent line of iron. This result is explained well with the
simulated spectra since the most intensive cementite line (031)esC is
located at the angle 20 = 86°. However, no correlation between the car-
bon content and the intensity of the K, line of titanium was observed
(Fig. 4). Moreover, for the same sample, the intensity of the titanium
line varied significantly during repeated measurements.
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Fig. 1. The simulated diffraction spectrum of cementite for the wavelength
A=2.7T45A.
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Fig. 2. Simulated diffraction spectrum of ferrite for the wavelength
A=2.745A.

This is because, as can be seen from the simulated diffraction pat-
terns, the most intensive peak of cementite (031) is very close to the
peak of ferrite (110)-Fe. At the same time, a significant correlation
was observed at the angle 206 =95° (Fig. 5), where the less intensive
peaks of cementite (221)esC, (131)FesC, and ferrite peaks are absent.

4. QUANTIFICATION OF CARBON CONTENT

A regression model built in the ElvaX program, developed by Elvatech
for processing fluorescence spectra, was used to quantify the carbon
content in steels. It was found that carbon concentration in steels de-
pends linear on the normalized intensity of K, Tiline:

C=alg,y;+b (2)
where C is the mass concentration of carbon, Ix.mi is the normalized in-
tensity K, of the titanium line, a and b are regression coefficients.

To determine the regression coefficients, measurements of unal-
loyed steel samples with a mass concentration of carbon ranging from
0.086 to 1.33% were carried out. To check the quality of the obtained
regression, an analysis of samples that were not included in the initial
set was carried out. The results are presented in Table 2. Thus, as can
be seen from the results, the obtained regression allows for a fairly
good estimate of the carbon content in the simple case of unalloyed and
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untempered steel, while the absolute error on the tested samples did
not exceed 0.05 wt.

5. DISCUSSION

In spite of good results obtained the spreading of this method to other
steels is restricted, primarily due to existence of titanium in many
grades of alloy steel. This problem can be solved by using another an-
ode of the X-ray tube, or by removing an additional spectrum with a
filter of soft X-ray radiation installed after the X-ray tube, to remove
the anode line from the incident beam. In this case, only fluorescence
of titanium, which presents in the sample, will be visible in the record-
ed spectrum. This will allow us to calculate the concentration of titani-
um in the sample, and make a corresponding correction when calculat-
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Fig. 3. The peak of titanium in the spectrum of the unalloyed steel sample at
different 20 angles. 20 = 86° (1), 20 = 90° (2), 20 = 95° (3).
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Fig. 4. Dependence between the carbon content and the intensity of the titani-

um line at 20 = 85°.
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Fig. 5. Dependence between the carbon content and the intensity of the titani-

um line at 20 = 95°.

ing the concentration of carbon. It will be more difficult to solve prob-
lems related to the presence of other phases containing carbon, namely
austenitic in alloyed steels and martensitic in hardened steels since in
this case carbon will be partially or completely in other phases [6, 7],
and therefore there will be no direct relationship between the propor-
tion of the cementite phase, and accordingly the intensity of the dif-
fraction peak, and the carbon content in the sample.

From the obtained experimental results, it can be concluded that
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TABLE 1. Certified and calculated according to the regression parameters
carbon content in the samples was used to construct the regression.

Absolute regres-

Sample name ;‘jﬁerf% ;%al% sion error,

wt.%
138-1 0.11 0.011
138-1 0.086 0.088 0.011
138-1 0.105 0.012
138-2 0.23 0.012
138-2 0.243 0.214 0.012
138-2 0.236 0.012
138-3 0.295 0.012
138-3 0.343 0.327 0.012
138-3 0.323 0.012
138-4 0.563 0.013
138-4 0.592 0.623 0.014
138-4 0.611 0.013
138-5 0.852 0.015
138-5 0.857 0.874 0.014
138-5 0.863 0.015
ug0 1.31 0.02
ug0 1.33 1.33 0.02
ug0 1.34 0.02

with the correct selection of the spectrum acquisition geometry, a sim-
ple linear regression based on the intensity of the tube line diffracting
on the cementite lattice allows to estimate the carbon content in unal-
loyed steel. However, when this technique is applied to alloy steels, a
number of problems are expected, primarily related to the formation of
carbides of alloying elements. In general, alloyed steels are quite com-
plex systems to describe, and usually their description is limited to ter-
tiary phase diagrams, but even from them, a number of problems that
arise when the proposed method is extended to alloyed steels can be
outlined.

Such alloying elements as Cr, Ni, Mn in small concentrations form
carbides of the cementite type Ms;C, however, when their concentra-
tions increase, carbides of the types M:Cs, M23Cr are formed in the case
of chromium [8], M:Cs, M5C., in the case of Mn [9]. Mo, Ti and V at suf-
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TABLE 2. Certified and calculated according to regression parameters carbon
content in test samples.

Absolute regres-
Ccerty Ccalcs

Sample name Wt. Wwt. sion error,

« /0 « /0 Wt.%

Cco1 0.051 0.012
0.004

Cco1 0.001 0.014

C03 0.028 0.013
0.029

Cc03 0.034 0.013

C04 0.18 0.013
0.155

C04 0.185 0.014

C06 0.351 0.013
0.395

C06 0.354 0.015

ficient concentrations in turn form carbides Mo:C, TiC and VC, respec-
tively [10-12].

It is worth noting that even elements that do not form their own car-
bides can significantly change the phase diagram of alloy steel. For ex-
ample, Si acts as an inhibitor of cementite phase formation, greatly
slowing down its formation at relatively low firing temperatures [13].

In part, these problems could be solved by taking into account the
correction for the content of carbide-forming elements in the regres-
sion, but this implies the requirement for the same steel production
technology, since the temperature and duration of annealing of the alloy
largely determine its composition. This is especially true for alloy steels.
For example, in the Fe—Cr—-Mo-V-C system, cementite is a metastable
phase relative to carbides M:Cs, M23sC, MsC, MC, and is observed only
under conditions of low temperature and duration of annealing [14].

In general, the problems described above make this method poorly
suited for the analysis of alloyed steels, since if the content of alloying
elements can be obtained by the XRF method, and potentially make a
correction for the content of carbide-forming elements, the conditions
of steel production are generally unknown, it makes it possible to esti-
mate the distribution of phases in the studied sample without addi-
tional heat treatment or preliminary information about the sample
manufacturing method.

6. CONCLUSIONS

The possibility of using parasitic diffraction effects of the X-ray
fluorescence analysis for determining the carbon content in unalloyed
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steels is confirmed.

It was found the correlation between the carbon content in unalloyed
steels and the intensity of the peak of diffraction of the characteristic
TiK, line of X-ray tube on cementite phase with correctly chosen ge-
ometry of the spectrum recording.

Linear regression that used to relates the mass concentration of car-
bon to the intensity Ti K, diffracted line allowing us determines the
mass fraction of carbon with the absolute error less than 0.05 mass% in
the samples with a carbon content ranging from 0.086 to 1.33 wt.%.

Despite the good results for unalloyed steels, some difficulties are
foreseen when applying this method to the analysis of alloyed steels:
presence of other metal carbides, austenitic and martensitic phases as
well as interfering the method by the Ti alloying in many grade of
steels.
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