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Table 1 Main chemical components of HS7 steel (Wt%)
Element Mass fraction/ % Element Mass fraction/ %
C 4.401 3 w 6.047 5
" 00375 v Z2ms B 1R Qnuess 10A 54 R S0 B 0t LR A 400 T A
Si 0.202 5 Mn 0.186 7 . . ) .
Fig. 1 Hardness detection points using QNESS 10A
Cr 4.01 Co 1.418 3
Mo 5. 29 high-precision micro-hardness tester
R2 HERNEREENEE
Table 2 Measured vickers hardness values of the samples
Number Measurement point 1 Measurement point 2 Measurement point 3 Measurement point 4 Measurement point 5 Mean value
value/HV value/HV value/HV value/HV value/HV /HV

1% 789 809 796 794 783 794. 2
2% 787 821 809 824 807 809. 6
3% 829 807 827 823 823 821.8
4% 810 801 816 768 780 795.0
5% 788 791 786 792 796 790. 6
6% 804 802 808 791 805 802. 0
7% 819 798 808 817 805 809. 4
8% 805 804 809 814 809 808. 2
AT TG W S R A R A — E AR . HOTE R AT 9B AR .
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Fig. 2 Schematic diagram of LIBS system
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Fig. 3 Relationships between the spectral line strengths of ma-
trix elements and alloy elements and the hardness of

8 samples
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Fig. 4 Correlations between the strength ratio of ion lines to
atomic lines of matrix elements and alloying elements
and sample hardness
(a); Correlation between the strength ratio of Fe [ 238. 203 8 nm to
Fe | 404.581 3 nm and sample hardness; (b): Correlation between
the strength ratio of Cr [[ 276.258 nm to Cr | 425.433 1 nm and

sample hardness
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Fig. 5 Correlation between the spectral line strength ratio of
alloying  elements to matrix elements and
sample hardness
(a): Correlation between the strength ratio of Mo [ 313.259 4 nm to
Fe T 358.119 3 nm and sample hardness; (b): Correlation between
the strength ratio of W | 283.138 nm to Fe | 358.119 3 nm and

sample hardness
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Table 3 Evaluation index results of the model

PIPTHEATBCXS » R X o7 3% £k 56 BE 64T LU (33T

Vaciable Method Pretreatment Ve Calibration set ‘ Prediction set
method R? RMSEC R? RMSEP
¥ 17 0.996 8 0.547 2 0.894 9 3.402 2
N LS SNV 17 0.982 2 1.2721 0.902 0 2.432 6
SGEB_HS 12 0.961 6 1.965 3 0.903 6 3.240 5
e 3T U 17 0.989 5 1.041 6 0.908 7 2.9715
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8254 R2=0.98, RMSEC=1.30 TEAS R 2R 5 AR P e o LB, AR AR B
S5 PO ST R B = A A [T Ak B 7 3k i o 5 0 (A
g 815 LEA A B HEAT AL T SRS P PLS B3k 7 5 B 4
S 810 AT R R FHKS BEvk e R 2 ¢ 1 ) 40 A TF S R HO00 # . f 8E
£ 505 LVs B 1~20, BRIIS bR B 013 6 iR . 45 %W, ¥
: 800 LR 4% 5 T R B (A MR 1 g 75 A T A PLS
7954 u calibration set data RO I A . IR 7 R . KE E R B B RN 0. 99, 3
790 D oration s, hied ine IR ZE A 0. 79, BUUNAE K R ECH 0. 94, BT IR K
e —— prediction set, fitted line 2. 44,

790 795 800 805 810 815 820 825
Measured value

T 3o 7 A A SR FH A R T34 B 5 3k i e ST R (1) 4% R X

Fig. 6 The prediction results of the model established using the

JCTUI 42 ) 1 52 R BN A B 4w . HLRCIE 4R 15 B0 48 1 o
FA BN 22 (E YA i) > U A TR 0 1 G 1 BE S L ARE 1k
AT o AR U] A 3 L B A 1 5 e 2 5

full-band spectral line intensities after SNV pretreat-

ment
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Table 4 Spectral lines of manually selected matrix elements and alloy elements

e & PK /nm

248.327 1, 248.814 3, 249.064 4, 252.284 9, 271.902 7, 278.810 5, 344.060 6, 358.119 3, 371.993 5, 373.486 4,

Fe | 373.713 2, 374.556 1, 374.948 5, 375.823 3, 382.042 5, 385.991 1, 404. 581 3, 438.354 5
Fe [l 234.349 5, 238.203 8, 239.562 5, 240.488 6, 249. 326 4, 258.587 6, 259.836 9, 260.708 7, 261.187 4, 273.954 7,
N 274.932 2, 275.573 7
Cr | 357.868 2, 359.348 1, 360.532 0, 425.433 1, 427.480 6, 428.973 3, 520.450 5
Cr Il 205. 559, 206. 154, 206. 546, 267.719, 276. 258, 276. 655, 283. 563, 284. 324, 285. 567, 286. 51
Mo | 313.259 4, 315.816 7, 317.034 4, 319.397 9, 320.883 8, 344.712 4, 379.825 2, 386.410 4, 390.295 3, 406. 988 2,
© 418.832 4, 441.169 5, 550. 649 4, 553.303 1, 557.044 4
w1l 255. 135, 268. 142, 272.435, 283.138, 289. 644, 294. 699, 321. 556, 361. 752, 400. 875, 407. 436, 429. 461, 430. 211
*5 ATHELREELENLE
Table 5 Spectral lines used to calculate spectral line intensity ratios
L L 2] ) 3 1% 4 5 LU A Y 15 28 /nm
Fe | . 248.327 1, 248.814 3, 249.064 4, 252.284 9, 271.902 7, 278.810 5, 344.060 6, 358.119 3, 371.993 5,
Fe I /Fe T 373.486 4, 373.713 2, 374.556 1, 374.948 5, 375.823 3, 382.042 5, 385.991 1, 404.581 3, 438.354 5
Fe Il : 240. 488 6, 249. 326 4, 258. 587 6, 259.836 9, 260.708 7, 261. 187 4, 273.954 7, 274.932 2, 275.573 7
Cr 1 /Cr | Cr [ :357.868 2, 359.348 1, 360.532, 425.433 1, 427.480 6, 428.973 3
T Cr Il : 267. 719, 276. 258, 276. 655, 283. 563, 284. 324, 285. 567, 286. 51
Mo [ . 313.259 4, 315.816 7, 317.034 4, 319.397 9, 320.883 8, 344.712 4, 379.825 2, 386.410 4, 390.295 3,
406.988 2, 418.832 4, 441.169 5
Mo | /Fe 1
Fe | . 248.327 1, 248.814 3, 249.064 4, 252.284 9, 271.902 7, 278.810 5, 344.060 6, 358.119 3, 371.993 5,
373.486 4, 373.713 2, 374.556 1, 374.948 5, 375.823 3, 382.042 5, 385.991 1., 404.581 3, 438. 354 5
W 1. 255.135, 268.142, 272.435, 283.138, 289.644, 294.699, 321.556, 361.752, 400.875, 407.436,
429. 461, 430. 211
W I /Fe [
Fe | . 248.327 1, 248.814 3, 249.064 4, 252.284 9, 271.902 7, 278.810 5, 344.060 6, 358.119 3, 371.993 5,
373.486 4, 373.713 2, 374.556 1, 374.948 5, 375.823 3, 382.042 5, 385.991 1, 404.581 3, 438.354 5
F 6 EEKIEMIBIR
Table 6 Evaluation index results of the model
Calibration set Prediction set
Variable Method Pretreatment LVs ~ - -
method R? RMSEC R RMSEP
Jc 16 0.993 3 0.785 1 0.944 1 2.436 5
TR SR+ R SNV 15 0.960 0 1.932 6 0.909 1 2.902 7
Bl 2 O b (i PLS S AT — ,
2R R LU SGEB S 12 0.990 8 0.939 5 0.925 5 2.995 4

e T U D 15 0.971 1 1.674 4 0.920 7 2.7815
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Fig. 7 Prediction results of the model established by combining
the original data of spectral line intensity with the spec-

tral line intensity ratio

BE LG | A 4 0 3R i 2 0 32 5 ik PR O R 0 K 08 R 119 9 JBE LU R 2
AREB I A S, BB P T PLS BRI T4 & 44
P TS 0000 ()80 0 A ke » O ELA S T — Rl T S 4 B 58 ) S
HOTATRERL, [, S5 A U] BE S I AR LR AR 2
TR B — R0 AR OF SR B L B R DR AR T RO B S R B A

References

file-f R S DR O S 15 0 3 5 0 R A B
3 45 &

WO S 28 6% £ AR (LIBS) AN X RE X B 5 o0 2 k47
OB K LG A A T B 2 2 A A T X 4 B AR A % e T R ik
AT TN ARG B, S0 e BURR 8 5 LR T R (Fo Rl 400
F(Cr, Mo fl WO I 5 2658 B . B9 T 5 JR T 48 0 38 B2 B0 (E
(/IO RE AT RERRIE S AT R 408 & o &
VAR CA/MD By ) 8 7 A ] 2 8 (0 4 06 56 R, I 1) FH 3% 48 5
BE TR A A I 4R B LR S AR Ay B S T PLS
BB, DIk o B O A8 B AR R SNV AR B 2
ST PLS B O B A, TN AR (9 8 R ECH 0. 90, 5 R
V25N 2. 43, DA SRR B 45 G T 4R 0 B L O 7E B Y AR R o
S BB B 8 57 10 PLS 45 RRCH dme A L 0 4R 10 A E R B
g 0. 94, HIFALIRE N 2. 44, H X HG & I LT 2R 0 BE 45 4
2R A R LU (R Ay 728 1 10 R 0 A e R R M L T U
i 2 B B O E R I AR T A TR T TROE /L R O A
S EIE ARG SN R E RSN TR R
Al ik, s AT E. A ER R,
YR A R B AT R — R IR

[ 1] HUANG Ling(# #¥). China Basic Science (1 [EJEAliFF2%), 2018, 20(6): 61.
[ 2] Gan Feng, Dai Huanyun, Gao Hao, et al. Wear, 2015, 4(19); 569.

[ 3] Singh K, Khatirkar R K, Sapate S G. Wear, 2015, 328: 206.

[ 4] Dong M, Wei L., LuJ, et al. Journal of Analytical Atomic Spectrometry, 2019, 34(3) . 480.

[ 5] Khajehzadeh N, Haavisto O, Koresaar l.. Minerals Engineering, 2016, 98; 101.

[ 6] Meng D, Zhao N, Wang Y, et al. Spectrochimica Acta Part B: Atomic Spectroscopy, 2017, 137 39.

[7] SunL X, Yu H, Cong Z, et al. Spectrochimica Acta Part B: Atomic Spectroscopy, 2015, 112 40.

[ 81 MA Cui-hong, ZHAO Yue-hua, MENG Fan-wei( 2247, #X A4, & NLfF). Laser Journal (364 &) . 2018, 39(4): 30.
[ 9] GomezNubla L., Aramendia J, de Vallejuelo S F O, et al. Microchemical Journal, 2018, 137 392.

[10] Huang Jianwei, Dong Meirong, Lu Shengzi, et al. Journal of Analytical Atomic Spectrometry, 2018, 33(5): 673.
[11] JIA Hao-yue, GUO Gu-qing. ZHAO Fu-qiang, et al(35f% H . 5875 % . B & 58 . %), Spectroscopy and Spectral Analysis(J%ii 2% 5% i

ZHT) . 2020, 40(12): 3895.

[12] Patel D N, Singh R P, Thareja R K. Applied Surface Science, 2014, 288 550.

[13] Bilal M, Zou X B, Arslan M, et al. Journal of Near Infrared Spectroscopy, 2021, 29(4). 191.
[14] Huang J, Dong M, Lu S, et al. Journal of Analytical Atomic Spectrometry, 2018, 33(5): 720.
[15] CastroJ P, Pereira-Filho E R. Journal of Analytical Atomic Spectrometry, 2016, 31(10): 2005.



5 10 DR PH 2 [ 45 - OGS il 2 0 1 R X v 4k 7 8 TR 5 0 A 7 G AL BT 5 3115

Optimization of Hardness Testing Model of High-Speed Iron Wheel by
Laser-Induced Breakdown Spectroscopy

OUYANG Ai-guo, LIN Tong-zheng, HU Jun, YU Bin., LIU Yan-de
School of Mechanotronics and Vehicle Engineering, East China Jiaotong University, Nanchang 330013, China

Abstract China’s railway has a long span, long operation time and great changes in operation environment, so the wear of
wheels is large. In order to ensure the safe operation of high-speed railways, the surface hardness of high-speed train wheels has
become an important parameter. The laser-induced breakdown spectroscopy (LLIBS) experimental platform was used to conduct
the breakdown of eight HS7 high-speed rail wheel steel samples with a different hardness to obtain the LIBS spectral data. It was
found that the spectral intensity of matrix elements (Fe) and alloy elements (Cr, Mo, W), the intensity ratio of ion line to
atomic line ([[ /1 ), and the spectral intensity ratio of alloy elements to matrix elements (A/M) had different degrees of
correlation with the hardness of the samples. Partial least squares (PLS) quantitative analysis model with spectral line intensity
and spectral line intensity combined with spectral line intensity ratio as variables was established. Before the establishment of the
model, three preprocessing methods, standard normal variable transformation (SNV), Savitzky-Golay convolution second
derivative and Gaussian filter (Gaussian filter), were used to reduce the experimental error. The results show that the PLS
model established by SNV pretreatment is the best in the model with spectral line intensity as a variable. The determination
coefficient of the calibration set is 0. 98, the root mean square error is 1. 30, the determination coefficient of the prediction set is
0. 90, and the root means square error is 2. 43. The PLS model established with the original data has the best effect in the model
with the ratio of spectral line intensity to spectral line intensity as the variable. The determination coefficient of the calibration
set is 0. 99, the root mean square error is 0. 79, the determination coefficient of the prediction set is 0. 94, and the root means
square error is 2. 44. Through comparison, it is found that the prediction accuracy and stability of the model with the ratio of
spectral line intensity to spectral line intensity as the variable are improved compared with the model with the spectral line
intensity as the variable. The results show the combined results of spectral line intensity and the intensity ratio of ions to atomic
lines. Moreover, the spectral line intensity ratio of alloy elements to matrix elements is used as model variables, which can
significantly improve the solution of the PLS model for the prediction of surface hardness of metal materials and construct a
quantitative analysis model with stronger correlation. Studies have shown that it is feasible to quantitatively analyze the hardness
of high-speed railway wheels by using laser-induced breakdown spectroscopy combined with the partial least squares method.
This technology can be applied to the field diagnosis and estimation of the surface hardness of high-speed train wheels,

guaranteeing the safe operation of high-speed trains.

Keywords Laser-induced breakdown spectroscopy; Surface hardness of high speed train wheels; Spectral line intensity; Partial

least squares
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