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Direct Analysis of Steels by Inductively Coupled Plasma Mass
Spectrometry with a cw Q-switched Nd : YAG Laser

Tadashi MOCHIZUKI, Akiko SAKASHITA, Takeshi TsuJi,
Hideo IWATA, Yohichi ISHIBASHI and Naoki GUNJI

Synopsis :

A cw Q-switched Nd : YAG laser has been applied to a laser ablation system for the direct analysis of
steels by inductively coupled plasma mass spectrometry (ICP-MS). The YAG laser used produced fine
particles (particles size, about 0.02 pm) at relatively high ablation rate (maximum 22 pg s7'); and that was
important feature to improve sensitivity and precision.

Selective vaporization of volatile elements was occurred in the ablation process, but the magnitude was
low. The use of iron asan internal standard was effective to improve accuracy and precision. Good
accuracy was obtained for trace elements such as B, As, Nb, Sn and so on. On the other hand, precision
ranged from 5 to 10(RSD, %) for the most of elements (isotope contents, 10~200ugg™'). Detection of
Si, Al and P were problematic due to molecular interferences and some contaminations in ICP-MS
measurement. But the limits of other 14 elements were excellent (0.01 pg g ' for Nd~5.6 ug g ! for Ni
at the effective integrating time of 0.18s). It was found that the laser ablation analysis without standards
has enough accuracy to apply semiquantitative analysis. )

Key words : laser ablation ; inductively coupled plasma mass spectrometry; cw Q-switched Nd : YAG laser;
steels ; trace elemental analysis.
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Table 1. Experimental facilities and operating
conditions of the laser ablation/ICP-MS system.

Laser generator (NEC cw Nd : YAG laser, SL115G)
Wavelength 1.06 pm
Maximum outpu 85 W{cw mode)

t
Q-switching (NEC, SL.231H)

Mean output 7.5W
Peak power 70 kW
Pulse repetition rate 1 kHz
Pulse duration (Half-life time) 110 ns

Laser optics (NEC, SL.213C)
Focal length of objective lens
Ablation chamber
Upper silica window

100 mm

1.0 mm thick, optical grade

Internal diameter 47 mm

Height 70 mm
Transporting tube (Tygon tube)

Internal diameter 4 mm

Length About 4 m

[CP-MS instrument (VG Elemental, PQ [l + EDR)

Admm) T, BEXEPH4m THAH. 7, LERSD-
HIZANRY ba 8oy ZFERE Nd : YAG L —H—
(Model SLL402) % i\ 7z, HEL—F—id /) —<VFE
RUAME Q-2 4 » FRIFHTE, 2R FN 750 mJ (R
B 0.4 MW), 350 mJ (LEEMT 23 MW) O F A H!
HCHERLL. &b, BIRBESE 10Hz L L, L—H—
BEE L &k Q-ew Bl YAG ERIL LD AWV
ICP-MS %13, VG Elemental $» PQII+EDR %!
THhb. MESM% Table 2 (278 L7z, LA & BiE
AETREBIEOR#EA + v L v JREEBE»EL -
7. #ZT, A4 XiE, LAWET Cr0.02% Ot
R 2 LZ2Cr DA + VRENRA L LA L) 2
RELZ., A4 VMEOWNEE, LEL m/z @O X
RIMVEUETEAF Y VE—FTBI ko7
2:2 DIRRME

HEEL— B My P L, ZOEHE L —
F—DEH FICE. RIS, L—¥F—MEEHKL,
R LEMREFEF+ VY —FRICLDEHEICP 7
FATILEAT S, b, L-F-BEHIIHY %
10 mm min~ ' TEATHBL, L—¥F-—oEHrXHHE
FitRo, A7 P VOBIEE V- —MEHO A+
CHENZEL B (W 15s %) KHEBL, RO
7HasEtllE—-F (F-8Es0MER) THIZEED
Fe' %, RIZ/NVAFHIIE— F (MERSOMER)
THMA A > OMEETH. L—¥—REOFILITHE
BTHIATY. CoORECEDE, 1 EOHHER XY
lmin THh. Ny 2779 N, L—¥F—BELH
DFIZFEIBRO P % L CHIIE L 72,
2-3 f#E#

B AT & o S gk MR ERE (JSS v —X),
e B EEHOHAEERB RO EH®MES (ME
99.98%) HHW7:. ZhoHFEESHEICT VI F 5%

Table 2. Operating conditions of ICP-MS.
RF output 1.3 kW
Reflected power <10W
Argon flow rate
Coolant 14.01 min~!
Plasma 1.01 min~ !
Carrier 0.81 min"!

Ion extracted position
Sampling cone
Skimmer cone
Dwell time
Number of channels
(for B determination)
Number of sweeps
(for B'determination)
Scan period
(for B determination)
Pressure in spectrometer
1st stage
2nd stage
3rd stage

10 mm from the load coil
Nickel ( Aperture 1.0 mm)
Nickel (Aperture 0.7 mm)
160 ps channel ™!
2048(512) channels

100(400) times
About 0.2(0.04) s
0.23 kPa

<2X10” % kPa
2.3%x1077 kPa
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Fig. 1. Effect of peak power of laser pulses on

the amounts of fine particles. The value at each
point is current(A) of krypton arc lamp.
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Photo. 1. TEM photomicrograph of the fine parti-
cles produced from pure iron. Laser pulses were
irradiated at the peak power of 70 kW.
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Fig. 2. Effect of peak power of laser pulses on Boiling point (°C)

selective evaporation. The content ratios of Mn
and Ni to Fe on the JSS150-10 standard are 0.0169
and 0.0356, respectively.
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Fig. 3.
point.

SVF values as the function of boiling .
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Fig. 4. Single ion response on “Cr obtained by
monitoring domestic steel standard (Cr content;

0.02%).
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VEREOHBM % Table 3 ISR F. MxSREE T,
70 kW, 100 kW LI ATE V. 4R12, 117 100 kW
CBWTIE, SEIHD A+ X iEIWHMED 10% 2
B ETIETL, HEEHTEEFZE (RSD; Relative
Standard Deviation, %) T 60~90% T®H 7. Hih %
T0kW & LTl FRAZETRT S5 L&, BHELM
JEOREFEALIZEED SNk e o 7288, MXFTRIEETO
¥ 20~30% (RSD) Th b, METESHLDOTIE
ez,

Z 2T, PIREREDRIC X B KN EERRET L 2,
Table 3 i Fe $7:13 Cr * NiZ#E L LT ORBE %
PERE L 7247, PUREHEEOFRAIC X 0 KR 2 R e Avn)
e Td -7z, Fe WIEH#EETHI)) 7T0KkW & 100 kW & %
BT HLLEELOEGH T D 25, T0KkW O FAHT
ZLRWHERNEONL. 22T, EEMOLEMSED
EZR L CRERTIIREMT 7T0kW & L7z 72, i
T T0KkW 2B W T Fe NIR#EH L Cr WIZHER & 2 1L

g% &, B Cr MR O SIAHERE AT R V. Zhig,
Cr LD THE M- 2% v YNTHETE, NEHEN

EEWMLE L TVDOIHL, @RED Fe ld 70 7Et
WE— FTHNCME L, BEICRNFEENE TR0
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E
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Fig. 5. Mass spectra of the JSS168-6 steel standard and pure iron. Values in

parentheses are the compositions in %.
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Table 3. Comparison of relative standard deviations (RSDs, %) for intensity and intensity ratios relative to

iron or chrominum.

Isotope Element content*g%) Laser power, 70 kW Laser power, 100 kW
(Isotope content(%)) Intensity Ratio to Fe Ratio to Cr Intensity Ratio to Fe
g 0.0014(0.0011) 25 9.1 4.9 79 6.0
295 0.06(0.003) 24 5.9 3.9 67 8.7
3p 0.005(0.005) 29 17 12 57 29
Sty 0.007(0.007) 23 5.4 2.6 80 4.5
52Cr 0.02(0.017) 22 5.6 — 78 6.6
57Fe Balance(2.1) 20 — 6.9 78 o
50N 0.06(0.016) 21 4.7 1.1 69 5.5
83Cy 0.05(0.035) 21 5.8 2.0 67 6.9
SAs 0.005(0.005) 25 7.9 3.9 81 5.4
SMo 0.05(0.008) 26 6.8 5.7 86 9.4
1205, 0.003(0.001) 26 12 8.6 91 13

* Domestic steel standard was analyzed in eight replicate.

Table 4. Accuracies (g,, %) obtained by

Table 5. Detection limit (ugg ') for the analysis

LA/ICP-MS. of steel samples by laser ablation/ICP-MS.
Element | Range of content (%) Mean of content (%) | Accuracy Measured isotope Contentl* Detection limits
B 0.0009~0.0115 0.0040 0.00033 (Abundance (%)) (ugeg ) This work Ruby?
Al 0.015~0.054 0.035 0.0030

Ti 0.013~0.32 0.078 0.0060 11B(81.02) <0,5 0.5 5.9

v 0.01~0.3 0.073 0.0046 27A1(100) 60° 66 10

Cr 0.002~0.094 0.042 0.0010 295i(4.71) <30° 59 —

Co 0.003~0.096 0.041 0.0035 31p(100) 4¢ 10 —
Ni 0.001~0.1 0.044 0.0015 43T4(73.45) 3b 0.9 6.4

As 0.005~0.13 0.037 0.0017 51v(99.76) —d ;0.1 17

Zr 0.009~0.048 0.026 0.0025 52Cr(83.76) 20° Y06 18

Nb 0.011~0.21 0.058 0.0055 Mn(100) 5b 2.1 —
Mo 0.0002~0.33 0.091 0.0042 59C0(100) 1P 1.8 5.3

Sn 0.005~0.12 0.037 0.0056 50N;i(26.16) 3b 5.6 15

Sb 0.0019~0.019 0.007 0.0002 Cu(69.09) 5b 4.3 —
As(100) —d 0.3 9.9

907 ¢(51.46) b 2.1 29

33Nb((100) ) <1:' 0.01 16

Mo(24.00 <1b 0.3 . 11
- NICERY - i 7 33 L T T I oy 1185,(24.01) <1b 0.06/.% 7.4
LA Rw, 7, Cr FIEEEICB W TIEER O 1215p(57 25) b 0,06 ¢ 17

EOEWEEETLYL, FebAF RT3 v VD
BV P RBE, MUKRBEORVICEIT EHES R
THho:.

3:3-4 tREH

JSS 165-167, JSS 168-175 M U5k % FH v 13 T#F
WKOWTHREBREEN L 72, Fe WAEREE TR L 72K
B, TRTOTLEICOWTE N 2 ELHEE 7 - 7.
Table 4 iZ Fe PE#ECTHONLIERE (04, %) %
RUDS, REFRIEMS Th o 7.

3:3'5 BMHTH

Migkatkl % 6 BV E LS L, MIBTHR (KL
I 0, D 3 f5) Zk® 7. Table 5 IZHskDILF5>
Fifie RBIC XD BEOSNARETRERT. 17 TEI
2T 0.01~66 ug g ' DB TIRTH - 7245, Si, Al
P USAOIEFEIZD VT 0.01~5ug g~ ! O BEF Ak SR
AEON/. Al ORIBTRSE VO, REORES
ICP-MS a2 — > DRIEBICHEWAT VI FICLBHiHY
Db EEbhA SIOTHIZ A LFELAALVTH -
feAs, S hid Si DERMAKTH B ®Si iz VN, ®
SFe2 flift A > DNw 25 FE=25HY, [
PIRGEACE A 4.7% SRV ESE F 2t E a5 %

* Pure iron was used for estimating detection limits.:Analytical
methods : ICP-AES after distillation of methyl borate(a); ICP-MS
(b); Spectrophotometry after extraction of molybdenum blue complex
(¢); Not determined(d)

Wi ThHhH, F72, Mn, Co, Ni, Cu DiEH TIRIZ
¥opgg ' LT, Nb, Mo, Sn, Sb #»<0.3ug g™ !
EHELTHS., TGP O L XV Eeie
HEEDbNLY, FOMOBEKNEL TN #Ha—-r2
CuBa— T ELREDPSLDERIEEZLNLS.
Table 5 (2L ¥ — L —H#— % F\Tig 6 n - HsE™Y
PHEELZ. Al 2RI RTOTEICO>VT, BT

PEAKEICEE SN, i3 Q-cw B YAG 2 WA Z

LK D Z RO T & FRHICERTE 220 TH
5.

4. REENOICH

4-1 ME BOEE

ZR— 7 BEKEICE B B OgEd, BERLENS
WHODOHK pgg ' LT LT+ TIRA
<, 8512 Si, Mn, S, W, V®Fe Z&lilLbARY
FLOELZDEFEO LS EEND B, —F, REIC
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Table 6. Determination of trace amount of boron
in steels by laser ablation/ICP-MS.

Sampl Found+ SD{pg g™ ) Reference SD*
ample 10 ng (ngg™
NKK-B-1 0.5+0.47 0.3+0.07 0.3%£0.15
NKK-B-2 4.4+1.2 4.0+0.78 4.140.26
NKK-B-3 2.8%1.5 2.9+0.37 3.410.40
NKK-B-4 — - 11.94£0.31

SD; Standard Deviation (2= 5)
* B determined by ICP-AES after distillation of methyl borate

L2 BOEEW, HIAACOELRONLL, Bifh
EERPHETE L. 22T, LA/ICP-MS EIC X 51
2 B g R L7z Bahic @R EM A RES R
(4 &) 2 HV, B OfLSAEiia ) fx F L ER S
BE/ICP-AES Tk 7z, RLBEOH B-4 HEH
LB EmERETE O EREY, Table 6 12717
10 » UB % kT 5L, UB 2HWLHFEOSHICH
gE ERES CERCWA, ThiE, B offfEiss 1B
D AT, EEEIEONRILOTHDS. T, 1B
RHVBA, EREEGEESIEL R-BL, Kk
DA RAMENIRE S N

4-2 BEESEERVEVWEERIMR

LA/ICP-MS 7% & O BEERFE S IE T, —iKic
BARO REESE Y BV CERIIT LT . Bl
v»Tid, JSS, NIST (National Institute of Standards
and Technology) % &% HORKK»H % 4%, KiREFNE
KKoOWTIH4T vy, F70, REESEHRICHES
FTHROMEC B ISRTEETH 525, ZOIHPHRFS L
AIMEOSH CIREBEE OBV IREHI R Vv o
THEV. 23T, FREEREE BV & e
R PRAR

BT ORTTE I OBEY C (%) &L, NIEED
FfifkE LT 5Fe # BV 8A, G kA THrbh
A,

¢, I(AN) A(*Fe) 1

Cr. I(>Fe) A(AN) R
Z 2T, AN;i TEOSIICHV2EAAE, I (k); LA
ECELhERIMA k oA F i, A(k) ; R k
DHEFELTHSH. R iE 1 TED Fe i35 ICP-MS
DREBBIERZ T, 4HIE 100ng m BRAEEERE
e LR 7.

L—F—BEHI X D BT HERF O | TEORFiRE
o (v), RBhOBEFREL o, (s) ET5HL, WH
B 2) R R S T H D 292D Hacer' 12 2 0
#HWT LA/ICP-MS I X A BB ERAA TV S,

a(v)~n(s) exp(— LiM/NgkTy) --eeeevvereeenses (2)

SZTC, L BEERECTOHMNERD D DFEFER
DERTANF—22 M TEEH, N 37 F 7 PO,
EERVYy < BB THE RE Ty (T7L—var
WE) EHITRE TS O,

T, L—¥—METERELLEF S E ORI EHE
FEL TR TFE 20 ICPICEASNLETHE, i B
T Felotd$ s SVF iz (2)RX& 0 (3):XTHLS
nas.

SVF, = exp | — (LiM;— LpeMpge )/ NakTp} <+ (3)
SF N, WK T, ¥kHsZEHTENE, BEMREER
BErRws e (1) (3)Ric X PpEd ot
BeThbH. ThliowTiX, L—¥—XoME 8
BOHER L — ¥ — T 3V F—OWILDORREE 5 &KL
TAHIENBESATVBA, 32 IIRLALIIT,
REMPL AT 2 L AL LI LT SVF ot
EORBIROLN o/, %D, HEENHEL
7BE, TAa 3 BIE—ELABTIENTEDL, ZIT,
KIFZECix, 3-2 TR 7 SVF, il & 3k 22) o L,
FHOWTER/N2®BET TL,28HL, TofExrHWT
WIEZITH) Sk L BB, R/ 2HERETHLNAL
T, %, 39800K TH - 1-.

JSS168-6 & 169-6 (% 7:ix JSS172-6 & 174-6)
Rl L, 55 niaE I AR O MIE & IRE R
DWIE% Lk HR % Table 7 /R, FafEidEEM
D 0.4~3.7HECTHY, BREBOMEZITLESTYH
+3d = BB TH - 72, ZOHH, FFICB,
Nb, Mo #{&f%, Sn, Sb 2SS %R L 7. KEER
LOAEBETLHET, SEL2R LI -OMEHLOTHET
bHZ D, ThOHOFAEOFIIEFIERERICL
HborkEbhb, KT, Ty % 40000 K & LT, #
RERICHET AWIE® KA. KR%E Table 7 (2R
Lo, EEEEEREEIILTO0.4 (Mn) ~2.7 (Zr)
BTdH o728, PR LSl eI LTE
ashHEsnTEh, (3K HBIREFEICHT A
WMIEDOHBMAIHERTE .

PR & L E R EOBEER & L Tid, HO0 &
ADOHEIZ LD L 7 LIRSS ICP 1 4+ ~{Lii
DRV L AEREL LA BL 0KEREOED
BEZLN, SHINLOEBIIOVWIRHT L TFET
Hh.

5. E

FE D B 2 SR O STEOREFHNE LT,
BEEQ-A4 vF cw B Nd: YAG L—HF— 12X %%
v 7)) v 7 /ICP-MS % et LT o s 18 4.
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Table 7. Semi-quantitative analysis of the JSS (6)Fe & DR ILICHEE I © BIRER OMIE % 17
standard steels by laser ablation/ICP-MS. I EIICED, EERXEYHWAEZ L2 (L0.4~2.7
S ' Found (%) BORETEERINTH I LATEL
Flement Certified
(%)
Method A(R;) Method B(SVF;)
X 18
B 0.0014 0.0009(0.47) 0.0013(0.65)
0.0048 0.0027 0.0042
Al gmg 8%¥Lm) g&ng) 1) /NEFERAE - S5 A4 &, 1985 (1985), p. 789
Ti 0,078 0.061(1.02) 0.072(0.85) 2) BHFER) : SAS A, 1986 (1986), p. 794
0.012 88009 1.05) 88}(1)(0 - 3 ) L. M.-BLANKENBURG: Chemical Analysis Vol. 105 “Laser
v 88%8 0:04(73( e 0.062 Microanalysis” (1989) [John Wiley & Sons]
Cr 0.01 0.010(1.26) 0.010(1.05) 4 ) R. WENNRICH and K. DITTRICH: Spectrochim. Acta, 37B
0.096 0.078 0.074
Mn 0.41 0.26(1.11) 0.17(1.49) (1982), p. 913
0.41 8.327(] 02) 8.(1)29(0 %) 5) W.ScHroN, G. BomBach and P. BEUGE: Spectrochim.
Co 0-00% oo 0o Acta, 38B (1983), p. 1269
Ni 8.82 8'8%0(] .00) 8.%2(0.%) 6 ) M. TnompPsoN, J. E. GOULTER and F. SIEPER: Analyst
As 0.0097 0.011(0.13) 0.0078(1.40) (London), 106 (1981), p. 32
8.005 8 8(1)6(0 66) 8.324]1(0 56) 7 ) H. Kawacucu, J. Xu, T. TANAKA and A. MIZUIKE: Bunseki
Zr Oggg 0.0zf 0.045 ) Kagaku, 3] (1982), p. E 185
Nb 0.050 0.022(0.69) 0.055(0.40) 8 ) T.IsHizUKA and Y. UwaMINO: Spectrochim. Acta, 388
0.020 0.011 0.027
Mo 0.095 0.050(0.77) 0.10(0.48) (1983), p. 519
0.0630 8»8‘%2(0 ) 8-8513%(1 40) 9) P. G. Mircugn, J. SNEDDON and L. J. RApziEMSKE: Appl.
Sn 88(1)2 0:036 - 0.025 ’ Spectrosc., 4] (1987), p. 141
Sb 0.0021 0.0075(0.23) 0.0048(1.58) 10) T.IsHIZUKA and Y. UwaMiNO: Anal. Chem., 52 (1980),
0.0101 0.038 0.024 p. 125

Correction method
A; Response ratio X abundance ratio X (1/R;)
B; According to Equation (1), T4=40 000 K

(1)L —F—% Bz Ry L TS B R
O.OvamﬂE e MM TH D, TR HE A RN 22
pugs tEEIW, F70, BMIRARIIOWTIRBO L —F—
EHBL T <, L%y —F— 3BT E LT
ﬁﬂtv~$~f% 7z.

2 )HTEIL, Fe WIRHEERIZ X D RIS E S N
2. L2L, RSD T5~10% T&» 0, H|ZIEENN L
DAEETH - 7.

(3NMEEMBEIFE L BAHHME LY, ZOFMESIR
HThoi:.

(4 VBRI TRRIEAETOTLHEICOWT 0.01~5pgg !
THY, RESHBELFETHD I e25h - 7.

(5)0.3~4ugg ' ® B % 10~20% ® RSD TE&
T&, FHESERFTH 7.

11) T. MocHizuki, A. SakasHITa, H Iwata, T. Kacava, T.
SHIMAMURA and P. BLAIR: Anal. Sci., 4 (1988), p. 403

12) P. ARrowsMITH; Anal. Chem., 59 (1987), p. 1437

13) A. L. GrAY: Analyst (London), 110 (1985), p. 551

14) J. W. HAGER: Anal. Chem., 61 (1989), p. 1243

15) T. MoCHIZUKI, A. SAKASHITA, T. AKivosHI and H. IWATA:
Anal. Sci., 5 (1989), p. 535

16) T. MocHizukl, A. SAKASHITA, T. TsuJi, H. IwaTa, Y,
IsHiBasHI and N. GuNJI: Anal. Sci., 7 (1991), p. 479

17) Hece i, B8 #ih, 0 B, BUET L ——Tse,
15 (1987), .p. 721

18) M. THOMPSON, S. CHENERY and L. BRETT: J. Anal. At.
Spectrom., 4 (1989), p. 11

19) K. DITTRICH and R. WENNRICH: Prog. Analyt. Atom.
Spectrosc., 7 (1984), p. 139

20) J. F. READY: Effects of High-Power Laser Radiation
(1971), p. 67 [ Academic Press]

21) G. I RAMENDIK, B. M. MaNzoN, D. A. TYurin, N. E.
BENYAEV and A. A. KoMLEVA: Talanta, 34 (1987), p. 61

22) R. C. WEasT: CRC Handbook of Chemistry and Physics,
65th ed. (1984), F-181 [CRC Press]

23) J. F. ALDER, R. M. BomBELKA and G. F. KIRKBRIGHT:
Spectrochim. Acta, 358 (1980), p. 163
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