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ABSTRACT: Inductively coupled plasma tandem mass spectrometry (ICP-MS/MS) has the advantage of effective separation
of spectral interference. Based on ICP-MS/MS technology, a method for the determination of ultra-trace levels of titanium in bearing

steel was established by investigating the effects of spectral interference elimination in different collision/reaction modes (no gas, He,
Ha, and O2 modes). The spectral interference from Mo*" plasma on Ti* was eliminated using the Oz mass-shift mode. Considering

the signal intensity and signal-to-background ratio of the element to be measured, the optimal O2 flow rate was determined to be

15%. #°Sc was used as an internal standard to correct the influence of instrument fluctuations, and matrix interference was eliminated

using the standard addition method. Under optimized conditions, a calibration curve for titanium was established. The mass fraction
was in the range of 0.0001%—-0.010%, the linear correlation coefficient was greater than 0.999, and the limit of detection values of
the four isotopes ranged from 0.00001% to 0.00003%. The relative standard deviation (RSD) was less than 5.0% when steel samples
with three additive levels were measured six times. The recovery of titanium ranged from 90.0% to 120.0%. This method is simple

to use, easy to popularize, and meets the
requirements daily analysis.
addition, the critical value of titanium in
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INTRODUCTION

Bearing steel is used to fabricate balls, rollers, and bearing rings.!
There is point and line contact between a ring and rolling body,
and it is subjected to concentrated alternating loads, which create
strict requirements for fatigue strength, yield strength, toughness,
wear resistance, hardness, and corrosion resistance.? Bearing steel
has the most stringent quality requirements and inspection items
among all alloy steels, and the standard level of bearing steel often
reflects the metallurgical quality of a country. However, at present,
bearing steel production in China is still dominated by low- and
middle-grade materials. The quality and stability of domestic
bearing steel are poor, and there are fewer varieties of high-end
bearing steel.’ The bearing steel used in key parts in the fields of
machinery manufacturing, railway transportation, automobile
manufacturing, and the national defense industry is still mainly
dependent on imports.* The quality of bearing steel mainly
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depends on its purity and uniformity index, which requires the
lowest possible number of inclusions in the material. The life and
stability of bearing steel is seriously affected by low purity level.
Oxide and nitride inclusions are the main factors affecting the
purity of bearing steel.> The literature shows that the harmful
index of smaller TiN particles is the same as that of larger Al2O3
particles. TiN particles with an average diameter of 8 um are as
harmful as oxide particles with an average diameter of 25 pum.’
This is because TiN inclusions are hard and brittle, with edges and
corners, which do not deform during hot processing and can easily
destroy the continuity of the bearing steel matrix. There are often
flared holes or cracks around the spot-like non-deformable
inclusions, which seriously affect the life of the bearing steel.
Nitrides of the same size have a higher hardness than the oxide.
The oxide is easier to deform and has a cluster shape, and the harm
is relatively low. In addition, TiN inclusions generally precipitate
during the solidification of liquid steel. Therefore, it is necessary
to control the Ti content in bearing steel to reduce the formation
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and precipitation of TiN inclusions.® Studies have shown that a
lower titanium content (from 0.002% to 0.0005%) in bearing steel
results in a longer fatigue life, which can be increased by
approximately two times. Bearing steel-related standards (GB/T
18254-2016 and GB/T 3203-2016) for domestic and foreign
production specify that the titanium content should be strictly
maintained at a low level to reduce the impact of titanium nitride
inclusions; the titanium content is also an indicator of some
bearing steel ratings. Therefore, to improve the service life of a
bearing steel and obtain better mechanical properties, it is
necessary to reduce its titanium content, which is also a
development trend for ultrapure bearing steel.

At present, the standard for super high quality bearing steel in
China is Ti < 0.0015%,’ while the titanium content in the bearing
steel produced by Kobe Steel of Japan can be maintained at
approximately 0.0007%, and the titanium in the bearing steel
produced by Datong of Japan and Pohang of South Korea can be
maintained at approximately 0.0005%. To catch up with the
international level, some domestic research teams are also
developing ultrapure high-quality bearing steel with a lower
titanium content and intend to set the requirement for ultrapure
high-quality bearing steel to 0.0005% or less. However, the
existing detection methods have difficulty accurately determining
a titanium level of less than 0.001%, which is not conducive to the
development and evaluation of ultrapure high-quality bearing
steel.!'*13 Some studies have used spectrophotometers to analyze
the titanium content of steel samples using different color-
developing methods. However, the pretreatment process for these
methods is complicated, and it is sometimes necessary to use
matrix separation to determine a low titanium content. In addition,
the testing process requires the use of a large number of organic
reagents, which is not friendly to the human body or the
environment, and is not conducive to the rapid analysis of a
sample.'* A photoelectric direct-reading spectrometer has also
been used to determine trace levels of titanium in high-alloy steel.
The titanium content in the test results was greater than 0.03%,
which was not sufficient to meet the requirements of ultra-trace
analysis. In addition, this method is only applicable to bulk
samples, which have a high dependence on the certified reference
material.!® In addition, trace levels of titanium in alloy steel have
been determined using graphite furnace atomic absorption
spectrometry. However, titanium is a refractory metal that requires
a high atomization temperature, which shortens the service life of
the graphite tubes. Thus, this method is not suitable for long-term
analysis. Inductively coupled plasma atomic emission
spectrometry (ICP-AES)'%!? is commonly used to determine trace
levels of titanium in different alloy steels. However, the detection
limit is greater than 0.001%, and the compositions of these steel
samples are relatively simple. For bearing steel with a complex
composition, the four commonly used spectral lines of titanium are
subjected to different degrees of spectral interference. An
interference with standard  elements

experiment single
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superimposed on the spectral graphs showed that 334.188 nm was
subject to interference by V, Co, Mo, Cr, Fe, and Nb. Likewise, Cr
and W interfered at 334.941 nm; Ni, Mo, and W interfered at
336.122 nm; and Mo and Nb interfered at 337.280 nm. Thus, a
trace level of titanium in a bearing steel with a complex
composition cannot be detected using ICP-AES.?%?! Inductively
coupled plasma mass spectrometry (ICP-MS) has also been used
to determine ultra-trace amounts of titanium in steel, but the
interference of the matrix and co-existing elements has not been
considered. Although this interference has little impact on samples
with a slightly higher titanium content, such effects cannot be
ignored for samples with a Ti content below 0.001%. Therefore,
there is a lack of simple, rapid, and accurate detection methods for
trace levels of titanium in complex bearing steels.?>?6 ICP-MS/MS
utilizes two sets of quadrupoles that can fully realize the potential
of'a collision reaction cell (CRC). Compared to single quadrupole
mass spectrometry, ICP-MS/MS is a powerful trace analysis
method with higher sensitivity, lower background, and stronger
interference removal capability.?’?8 In previous studies, the O/Hz
and NHi/He mode were used to determine trace levels of Ti in
human serum. The detection limit for NH3s/He was higher than that
for O2/Hz (Table S1) because the conversion rate of Ti with NH3
was lower than that with O2. Because of the complex matrix of
bearing steel, this study used the O2 mode instead of the NH3/He
mode for detection; the detection limit was between 0.00001% and
0.00003%, which met the detection requirements.

Bearing steels can be divided into four types: high-carbon

chromium, carburized, high-temperature, and high-carbon
chromium stainless-steel bearing steels. There are significant
differences in their components, as listed in Table S2. Currently,
there are few reports on the determination of ultra-trace amounts
of titanium in bearing steel using ICP-MS/MS. There is an urgent
need to solve problems such as dissolving high-carbon and high-
tungsten eliminating
polyatomic ions in the bearing steel, and reducing the detection

limit. Therefore, an accurate and rapid method for analyzing trace

samples quickly, interference  from

amounts of Ti in bearing steel was established using ICP-MS/MS
with Oz as the reaction gas and a standard addition method to
completely eliminate matrix interference. This method could be
used to control the amount of Ti in bearing steel and develop
ultrapure high-quality bearing steel products, improve their life
and performance, and promote the upgrading and development of
related manufacturing industries.

EXPERIMENTAL

Reagents and standard solutions. An internal standard solution
of Sc (GSB G 62013-90, 1000 png/mL), and standard solutions of
Ti (GSB G 62014-90, 1000 ng/mL), S (GSB G 62010-90, 1000
pg/mL), and P (GSB G 62009-90, 1000 pg/mL) were purchased
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from the National Steel and Iron Material Testing Center (Beijing,
China). A certified bearing steel (YSBC 28322-01) reference
material was purchased from the Shandong Institute of
Metallurgical Sciences (Shandong, China). Another certified
bearing steel (GBWO01317a) reference material was purchased
from the Wuhan Ruichen Standard Technology Co., Ltd. (Wuhan,
China). The reagents used in this study, including HC1, HNOs, HF,
and HClO4, were of the CMOS grade and purchased from the

China National Pharmaceutical Group Chemical Reagent Co., Ltd.

(Shenyang, China). All of the solutions were prepared using
deionized water with a resistivity of 18.2 MQecm and a MILLI-Q
Reference ultrapure water treatment system.

Requirements for sampling and experimental vessels. The
samples were obtained by grinding or drilling cuttings. The
surfaces of the samples were clean and free of oil, oxide scale, and
overheating. Each sampling position was free of pores, cracks,
loose material, burrs, and other surface defects, and should not
have affected the surface composition of the sample. Because the
titanium content was very low, to avoid residual pollution of the
experimental vessels, the experimental digestion tank, volumetric
bottle, bottle cap, piping, and other vessels in contact with the
samples were soaked in heated 5% dilute HNO3 for 1 h before use.

Instrumentation and operating conditions. All of the
measurements were performed using an ICP-MS/MS instrument
(Agilent 8900, USA) equipped with an HF-resistant sampling
system and octopole impact reaction cell (ORS) located between
the two quadrupole analyzers. A Milli-Q water purification system
was purchased from Millipore (USA). Elemental glow discharge
mass spectrometry (GD-MS) (NU Astrum ES, USA) was used to
obtain analyte reference values. The optimized operating
conditions for ICP-MS/MS are listed in Table 1.

Table 1. ICP-MS/MS operating parameters

Experimental methods. A sample of 0.1 g bearing steel was
accurately weighed (accurate to 0.0001 g) and placed in a 50 mL
digestion tank (polytetrafluoroethylene material). Ultrapure water
and 1 mL of HNOs were added and after reacting for a period of
time, 3 mL of HCI and 1 mL of HF were added, and the mixture
was heated at 60 °C to completely dissolve the sample. The
mixture was cooled to room temperature, transferred to a 50 mL
plastic volumetric bottle filled with ultrapure water, and mixed
well. A blank test was then conducted.

The reagent blank solution, calibration series solution of titanium,
and sample solution were used. The test procedures were based on
the operating conditions for the instrument listed in Table 1, and
the ICP-MS/MS instrument was used for the test. Simultaneously,
a Sc internal standard solution was added online for calibration.
The internal standard and sample solutions were added online
through a three-way valve at a volume ratio of 1:20. The
workstation software analyzed the data, drew a calibration curve,
and calculated the titanium content in the measured sample.

RESULTS AND DISCUSSION

Selection of the mixed acid ratio. The ranges for the contents of
the main components of the four types of bearing steel with
different compositions are listed in Table 2.

In this experiment, four bearing steel samples with large
compositional differences were selected to investigate the
influences of high C, Cr, Mo, and W contents on the acid
dissolution effect. The specific components are listed in Table 2.

Parameter Value
Scan type MS/MS
RF power/W 1550
Sample depth/mm 10.0
Atomization chamber S/C Temperature/°C 2
Peristaltic pump/(r/s) 0.20
Plasma gas flow rate/(L/min) 15.0
Nebulizer gas flow rate/(L/min) 1.01
Auxiliary gas flow rate /(L/min) 10
O, Flow rate /(%) 15
Octopole bias voltage/\VV -5.0
Octopole RF voltage/\V/ 170
Mass pairs Q1(m/z=46,47,48,49) Q2(m/z=62,63,64,65)

Table 2. Contents of main components of four bearing steels (%)

No. Fe C Si Mn Cr Mo \% Ni Co W
#1 Matrix 0.09 0.25 0.27 4.10 4.26 1.29 341 / /
#2 Matrix 101 0.23 0.35 1.59 0.02 / 0.04 / /
#3 Matrix 0.90 0.44 0.81 16.3 0.52 0.24 / 1.45 /
#4 Matrix 0.52 0.41 0.58 5.42 0.52 1.69 0.04 / 14.0
www.at-spectrosc.com/as/article/pdf/2024204 475 Atom. Spectrosc. 2024, 45(6), 273—-280.



0.0024

[ IMixed acid I
I Mixed acid I
0.0020 - | Mixed acid TI
[ Mixed acid IV
I Mixed acid V
0.0016 |-
=
~
£ 00012
=
@
v
1=
w 0.0008 -
@
V]
=
0.0004
0.0000

#1 #2 #3 #4

Different samples

Fig. 1 Results for four bearing steel samples dissolved in five mixed acids.

Fig. 2 States of samples #2 (bottles 1 and 2) and #3 (bottles 3 and 4) in two
dissolution sequences.

Table 3. Interference with Ti isotopes by polyatomic ions

Isotope Abundance/% Polyatomic interfering ions
46Ti 825 4SSCH+7 92M0H7 ZQSiIGOl_rr
47Ti 744 94M0++7 31P160+’ BOSiIGOH+
il M 73.72 *Mo™, *Mo™, *'POH", ¥S'°O*
49Ti 541 98M0+—F’ 97M0*—+’ BZSIGOH+7 31P180+

5.18 0Crt, S0vF, #§160*, B3SIOH”
ST >

IOOMOH

Mixed acid I (3 mL HCl and 1 mL HNO3), mixed acid I (3 mL
HNOs and 1 mL HCI), mixed acid III (3 mL HCl and 1 mL HNO3
and 1 mL HF), and mixed acid IV (3 mL HNOs and 1 mL HCI and
1 mL HF) were heated at 60 °C to dissolve them. In addition,
mixed acid V (5§ mL HClO4) was smoke dissolved at high
temperature to destroy carbide. The measurement results are
shown in Fig. 1. As shown in Fig. 1, for samples #1 and #2, the
test results of the five dissolution methods were consistent. For
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samples #3 and #4, the results with mixed acid III and mixed acid
V were basically the same, the results with mixed acid IV were
slightly lower, and the results with mixed acid I and mixed acid II
were significantly lower. This occurred because when the Cr and
W contents in the bearing steel were high, they were passivated by
HNO:3, lowering their dissolution efficiency and even producing
insoluble matter. When the amount of HNO3 was appropriately
reduced, adding a certain amount of HF formed good complexes
with Cr, W, and other elements and achieve a good dissolution
effect, making the test more accurate. In addition, when dissolving
samples #2 and #3, which had relatively high carbon contents,
HNO; was first added. Then, HCI and HF were added, and the
mixture was mixed well at a constant volume and allowed to
precipitate overnight. Thus, the carbides precipitated at the bottom
of'the bottle (see bottles No. 2 and No. 4 in Fig. 2) and were tested
directly in the machine (note that the sample tube was not inserted
into the bottom of the bottle). If HCI was added first, followed by
the addition of HNOs and HF to dissolve the sample, the carbide
was suspended on the surface of the solution and the bottle wall
(see bottles No. 1 and No. 3 in Fig. 2), and the carbide needed to
be separated before being tested in the machine. Otherwise, the
carbide particles could enter the instrument and easily block the
three-way valve and atomizer. Although mixed acid V could
destroy carbides, the cost of perchloric acid is relatively high. It is
also flammable and explosive, making it very dangerous to use.
Thus, it should be avoided as much as possible. The test results
with mixed acid III were basically the same as the smoke test
results with perchloric acid, indicating that the Ti in the carbide
precipitation could be ignored. Therefore, the use of mixed acid I11
is more recommend.

Spectral interference elimination mechanism. Theoretical
analysis was used to determine the main ions causing interference
with the five isotopes of Ti during the mass spectrometry of the
bearing steel, as listed in Table 3.

As listed in Table 3, S and P interfered with the last four isotopes
of Ti; therefore, H2SO4 and H3PO4 had to be avoided when
dissolving the sample. In the experiment, 0.03% S and P were
added to the pure iron matrix, and the test results were consistent
with those of the pure iron matrix, as shown in Fig. 4; therefore,
the mass spectrum interference of P and S in the sample could be
ignored. In addition, Mo interfered with all the isotopes of Ti. For
“48Ti, which had the highest abundance, the interference of Sc, Si,
Cr, and V was avoided.

A calibration curve was drawn by adding different amounts of
Ti to bearing steel samples that did not contain Ti and Mo, and the
influence of Mo in different test modes was analyzed, as well as
the test results for sample #1. The linear correlation coefficients for
each mode are shown in Fig. 3. In the no-gas mode, the curve
fitting of the five isotopes of Ti was poor, all lower than 0.9,
indicating obvious spectral interference. In the He, Hz, and O2the
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Fig. 3 Linear correlation coefficients for different analysis modes.

curves of the other four isotopes were well fitted, except for the
poorly fitted °Ti curves.

As shown in Fig. 4, pure iron samples were tested using the He,
Hz, and O2 modes, and the results were consistent. However, for
the samples with Mo added to pure iron, in the He and H2 modes,
each isotope was subjected to different degrees of spectral
interference, and a higher Mo content led to greater spectral
interference. However, sample #1 contained 4% Mo, which
resulted in high isotopic results. With the mass shift mode of Oz,
the results for the pure iron sample containing 4% Mo and 8% Mo
were basically consistent with those for the pure iron sample
without Mo, with the exception that °Ti was still subject to Cr and
V interference. The results for the other four isotopes of sample #1
containing 4% Mo were basically consistent, and the interference
of Mo™ was removed.

In relation to the specific mechanism, the reaction enthalpy, AHr,
of Ti*+02—TiO" is -1.65. In the mass-shift mode, “°Ti*, *'Ti*, “*Ti*,
and ®Ti* can easily react with Oz in the reaction pool to form
HTi00*, 4Ti'°0F, ®Ti'°0O*, and “Ti'°O", respectively. The
reaction enthalpy, AHr, of Mo"™™+ O2—MoO"" is 0.15. The
reaction is endothermic and difficult; therefore, Mo can only pass
through Q1 but not Q2, thus eliminating the interference of Mo*™".
In addition, in the mass shift mode of Oz, the reaction enthalpy,
AHr, of Sc™+02—ScO" is -1.69, which is easily formed into
$Sc!%0™ and ¥Sc!’0O", which have mass numbers of 61 and 62,
respectively. The former can be removed by Q2. Although the
latter can interfere with “°Ti'®O" in theory, it can be ignored in
practice. Since the effect of 10 pg/L Sc (the concentration of added
internal standard) on the test results is less than 0.00001%, thus
eliminates the interference effect of *ScH* on “°Ti*. The reaction
enthalpy, AHr, of Si*+02—SiO" is 0.09. It was difficult to generate
SiO*, and SiOH* could not undergo an O atom transfer reaction in
the Oz reaction mode. It could be removed by Q2, which
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eliminated the interference effects of 2°Si'®OH* and #’Si'°OH* on
46Ti" and 4"Ti™.

In addition, although the results for the various isotopes of Ti
were consistent, because “*Ti had the largest abundance and
sensitivity, its relative standard deviation and detection limit were
the smallest. Thus, in an actual test, only *~*Ti would be of concern.

Selection of internal standard elements and elimination of
matrix effects. Based on the internal standard principle in mass
spectrometry, the mass number of the element to be measured
should be similar to the mass number of the internal standard
element. However, attention should be given to selecting an
internal standard element that does not interfere with the measured
element, and ensuring that the internal standard element does not
exist in the sample to be measured. Therefore, 45Sc was selected
as the internal standard, and adding 10 pg/L of the scandium
internal standard element online to improve the signal drift
phenomenon caused by the deposition of the matrix and other
elements in the instrument interface during the detection process.
The relative standard deviation was thus reduced, as shown in Fig. 5.

In addition to the existence of an iron matrix in the bearing steel,
there were various co-existing elements. The commercial pure
iron was not pure enough, containing approximately 0.0001%
titanium. Therefore, the determined value for the pure iron bottling
was slightly different from the actual value. In particular, after the
internal standard element was added, the test results were
significantly lower, as shown in Fig. 5. This was because the signal
response of the internal standard element in the bearing steel
sample was larger than that of pure iron. Therefore, to better correct
the interference of the matrix and coexisting elements and
eliminate the matrix effect of the internal standard elements, this
study adopted a standard addition method to fully match the matrix
and reduce the error.

Selection of reaction gas flow rate. The reaction gas flow rate
was very important for eliminating interference. In a reaction gas
flow range of 5-25% O, the signal intensity changes in the blank
solution, 0.0005% Ti standard solution, and sample #2 solution
were monitored, as shown in Fig. 6a. The signal-to-background
ratios of the Ti standard solution and sample #2 solution were
graphed against the Oz flow rate, as shown in Fig. 6b. As can be
seen from Fig. 6b, the signal intensities of both the sample and
blank solution were the highest when the Oz flow rate was 20%.
However, as can be seen from Fig. 6b, when the O2 flow rate was
20%, the signal-to-background ratio of the sample solution decreased,
indicating a larger proportional increase in the background
intensity. The signal-to-background ratio of the sample was the
highest when the Oz flow rate was 15%. In addition, the signal
strength when the Oz flow rate was 15% (Fig. 6a) was lower than
that when it was 20%. Therefore, an Oz flow rate of 15% was

finally selected. This was because a low Oz flow could not fully
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determination (n = 6).
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combine with Ti, resulting in a small overall migration of Ti and
low sensitivity. However, an excessive flow of Oz collided with
the generated TiO", causing some TiO™ to lose kinetic energy and
fail to reach the quadrupole mass analyzer, which reduced the
overall sensitivity.

Linearity of the method and limit of detection (LOD). Under
optimized equipment conditions, the LOD of each Ti isotope was
calculated as three times the standard deviation of 10 consecutive
calibration curve. The LOD values of the four isotopes ranged
from 0.00001% to 0.00003%, and the limit of quantitation (LOQ)
values ranged from 0.00003% to 0.00010%, which met the
detection requirements.
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Table 4. Comparison of analyzed values for reference materials by ICP-
MS/MS and GD-MS

Certified ICP-MS/MS GD-MS
Sample measured measured
value/% value/% value/%
C30 / 0.00076.0001 0.0008
M50 / 0.0010-60.0002 0.0010
YSBC
28322-01 0.003040.0003  0.00316.0002 /
GBWO01317a  0.007420.0005 0.007540.0003 /

When determining the Ti content in the range of 0.0001%—
0.001%, five 0.1 g alloy samples were weighed, dissolved, and
transferred to 50 mL volumetric bottles. Then, 0.5 pg/mL Ti
standard solution (0, 0.2, 0.8, 1.4, and 2.0 mL) was added to each
bottle, diluted with ultrapure water to the line, and mixed well.
‘When determining the Ti content in the range of 0.001%-0.010%,
five 0.1 g alloy samples were weighed, dissolved, and transferred
to 50 mL volumetric bottles. Then, 5.0 pg/mL Ti standard solution
(0, 0.2, 0.8, 1.4, and 2.0 mL) was added, diluted with ultrapure
water to the line, and mixed well. The strength of the calibration
series was measured; the signal strength of titanium was taken as
the ordinate, and its mass fraction was taken as the abscissa to draw
the calibration curve. The results showed that each isotope of Ti
had good linearity in the ranges 0f 0.0001%—-0.001% and 0.001%—
0.010%. The correlation coefficients were greater than 0.999.

Standard recovery test. Two bearing steel samples were selected
to determine the titanium content as a background value, and
titanium standard solutions with known concentrations were then
added. Repeatability tests were performed under the same test
conditions (n = 6), and the relative standard deviation and recovery
rate of titanium were calculated. The measurement results are
listed in Table S3. The recovery of titanium with the standard
addition ranged from 90.0% to 120.0%, and the relative standard
deviation was less than 5.0%, which met the technical
requirements for determination.
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Sample determination and evaluation. Four bearing steel
samples with different contents were tested using the experimental
method and GD-MS, and the test results are listed in Table 4. The
results of experimental method were consistent with the GD-MS
results or certified values of the samples, indicating that the
method was accurate and reliable. In addition, after the calculation,
the uncertainty of a Ti content below 0.0005% was +£0.0001%.
Thus, the Ti test results needed to be no greater than 0.0004% to
ensure that the sample could be evaluated as ultrapure high-quality
bearing steel (assuming Ti < 0.0005% indicates ultrapure high-
quality bearing steel).

CONCLUSIONS

The findings of this study demonstrated that ICP-MS/MS with Oz
as the reaction gas could be used to detect ultratrace levels of Ti in
bearing steel. The influence of the matrix and co-existing elements
on the test and internal standard elements was eliminated by the
standard addition method, and the signal drift was improved by the
online addition of the internal standard scandium. The accuracy of
the method was proven by methodology verification and sample
comparison tests, and it can adapt to daily analysis requirements.
We recommend the application of the developed analytical
method for determining Ti levels in a larger number of fields.

ASSOCIATED CONTENT

The supporting information (Tables S1-S3) is available at
www.at-spectrosc.com/as/home

Atom. Spectrosc. 2024, 45(6), 273—-280.



AUTHOR INFORMATION

Hui Li received his master in 2009 from
Institute of Metal Research, Chinese Academy
of Sciences (IMR, CAS). He is a senior
experimenter and the director of the chemistry
laboratory in IMR, CAS. His work mainly
covers the theoretical research, instrument
function development and application in the
field of chemical analysis, and has made
achievements in the application of metal
materials, such as non-ferrous metal, high-

temperature alloy, and stainless steel.

Corresponding Author
*H.Li

Email address: huili@imr.ac.cn

Notes

The authors declare no competing financial interest.

ACKNOWLEDGMENTS

The authors gratefully thank the Technical Innovation Project of
Institute of Metals, Chinese Academy of Sciences (E42P850271)
for financial support of this work.

REFERENCES

1.  Q.Wang, L.J. Han, and J. Q. Lu, Hebei Metallurgy, 2022, 7,
39-43. https://www.doc88.com/p-78347543567743 .html

2. B.Liu, and M. Yu, Bearing, 2020, 11, 65-69.
https://www.doc88.com/p-38947519924096.html

3. D.M. Huo, and B. G. Xiao, Sichuan Metallurgy, 2015, 37,
61-64+70. https://www.doc88.com/p-78761637631751.html

4. Y.L.Fu, X. Zhang, and X. J. Wei, Shanxi Metallurgy, 2023, 46,
80-81. https://www.cnki.com.cn/Journal/B-B5-SDYZ-2023.htm

5. Y. Unigame, K. Hiraoka, I. Takasu, and Y. Kato,
ASTM International, 2015, 3, 34-41.
https://doi.org/10.1520/STP41637S

6. T. Uesugi, Tran. Iron Steel Inst. Japan, 1986, 26, 614-620.
https://doi.org/10.2355/isijinternational1966.26.614

7. W.Wu,Y.Liu, L. Liu, and Z. L. Xue, J. Iron Steel Res. Int., 2008,
15, 29-32. https://doi.org/10.1016/S1006-706X(08)60261-7

8. J.Fu, P. Wang, J. H. Xu, and D. G. Zhou, Special Steel, 1988, 6,
31-34. http://www.doc88.com/p-637428728728.html

9.

10.

11.

12.

13.

14.

15.

16.

20.

21.

22.

23.

24.

25.

26.

27.

28.

N. E. Zhong, H. Zhang, and X. Z. Zhang, Bearing, 2017, 1,
48-53. https://www.doc88.com/p-40329342981734.html
Z.G. Gao, F. Chen, and J. C. Feng,

Chemical Industry Management, 2021, 30, 133-134.

https://www.doc88.com/p-90759230605960.html

S. Nazimunnisa, V. Veeranna, V. Venkatalakshmi, and

S. Yallappa, Results in Chemistry, 2022, 4, 1-6.
https://doi.org/10.1016/j.rechem.2022.100564

A. Varghese, A. Khadar, and B. Kalluraya, Spectrochim. Acta A,
2006, 64, 383-390. https://doi.org/10.1016/j.saa.2005.07.034

Y. Xiong, Z. R. Zhou, and F. H. Wu, J. Anal. At. Spectrom., 2007,
17, 418-423. https://doi.org/10.1016/S1006-1266(07)60117-5

Z. Li, Shandong Yeijin, 1997, 19, 44-47.
https://www.doc88.com/p-93973744675654.html

B. L. Sun, X. Y. Zhang, and B. Li,

Rare Metal Materials and Engineering, 2003, 32, 76-79.
https://www.doc88.com/p-150571859117.html

Y. Okamoto, H. Murata, and T. Kumamaru,

Anal. Chim. Acta,1990, 239, 139-143.
https://doi.org/10.1016/S0003-2670(00)83844-1

. H.B. Gao, L. T. Dong, and S. J. Wang,

Chemical Analysis and Meterage, 2019, 28, 86-89.
https://d.wanfangdata.com.cn/periodical/hxfxj120190502 1

. W.Tian, Y. N. Jiang, and G. Yang, Heibei Metallurgy, 2013, 1,

60-61. https://www.doc88.com/p-41899838153351.html

. Y Ishibashi, Anal. Sci., 2001, 17, 153-i55.

https://doi.org/10.2355/isijinternational.42.Suppl_S137

J. H. Liu and M. Y. Ding, Science and Technology of Baotou
Steel, 2011, 37(6), 22-24. https://www.doc88.com/p-
9813410357337 .html

Y. Cheng and M. H. Huang, Metallurgical Analytical, 2011,
31(5), 31-35. https://www.doc88.com/p-0923765164066.html
Y. Zhang, Z. Pan, P. Jiao, J. Ju, T. He, T. Duan, and H. Cai,
Atom. Spectrosc.,2019, 40, 167-172.
https://doi.org/10.46770/AS.2019.05.003

L. Fu, H. L. Xie, J. H. Huang, and L. Chen, Anal. Chim. Acta,
2020, 1112, 1-7. https://doi.org/10.1016/j.aca.2020.03.054

S. Xing, M. Y. Luo, N. Yuan, D. Q. Liu, Y. Yang, X. X. Dai,
W. C. Zhang, and N. Chen, Atom. Spectrosc.,2021, 42, 62-70.
https://doi.org/10.46770/AS.2021.011

H.J.Yang, L. Fu,J. H. Huang, and L. Chen, Afom. Spectrosc., 2024,
45, 191-199. https://doi.org/10.46770/AS.2024.091

Y. B. Zhu, T Ariga, K Nakano, and Y Shikamori,

Atom. Spectrosc.,2021,42,299-309.
https://doi.org/10.46770/AS.2021.710

L. Fu, H. L. Xie, J. H. Huang, X. H. Chen, and L. Chen,

Anal. Chim. Acta, 2021, 1165, 338564.
https://doi.org/10.1016/j.aca.2021.338564

L. Balcaen, E. B. Fernandez, M. Resano, and F. Vanhaecke,
Anal. Chim. Acta, 2014, 809, 1-8.
https://doi.org/10.1016/j.aca.2013.10.017

www.at-spectrosc.com/as/article/pdf/2024204 480

Atom. Spectrosc. 2024, 45(6), 273—-280.


https://doi.org/10.1520/STP41637S
https://doi.org/10.2355/isijinternational1966.26.614
https://doi.org/10.1016/S1006-706X(08)60261-7
https://doi.org/10.1016/j.rechem.2022.100564
https://doi.org/10.1016/j.saa.2005.07.034
https://doi.org/10.1016/S1006-1266(07)60117-5
https://doi.org/10.1016/S1006-1266(07)60117-5
https://doi.org/10.1016/S0003-2670%2800%2983844-1
http://dx.doi.org/10.2355/isijinternational.42.Suppl_S137
http://dx.doi.org/10.46770/AS.2019.05.003
https://doi.org/10.1016/j.aca.2020.03.054
http://dx.doi.org/10.46770/AS.2024.091
https://doi.org/10.1016/j.aca.2021.338564
https://doi.org/10.1016/j.aca.2013.10.017



