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Abstract: A method of quadrupole inductively coupled plasma mass spectrometry (Q-ICP-MS) based
on oxygen reaction mode was established for the accurate determination of trace impurity elements in
superalloys. The effect of the collision/reaction mode on the removal of mass spectral interference
was investigated. By contrast, the polyatomic mass spectral interference on the target element Cd can
be effectively removed under oxygen dynamic reaction cell (DRC-0,) mode. The signal-to-noise ratio
(SNR) peaked when the gas flow was 2 mL/min, and the detection limit was approximately three
orders of magnitude lower than that under standard (STD) mode. In addition, the elimination

mechanism of mass spectrometric interference was studied. It was found that for the element X
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(X=Rb, Nb, Mo, Cs, Ta, W or U), the conversion of the interferent species XO to the non-interferent
species XOO is a spontaneous reaction when the bond energy of X—O bond is higher than that of
O—O bond. Therefore, it is easier to generate ions of XOO species when there is adequate O, present
in the ion source, so as to eliminate XO interference. Based on these results, experiments were carried
out to determine elements of Rb, Nb, Mo, Cs, Ta, W and U. The matrix simulated solutions
containing high concentration of Mo, Nb, Ta, and W were used to evaluate the methodological
parameters for the measurement of trace Cd, Ag, Au, and Hg impurities, respectively. The limit of
detection (LOD) of the trance elements is 0.08-0.31 pg/g, the relative standard deviation (RSD) of the
measurement is 2.3%-3.1% (n=6), and the spiked recovery is in the range of 98%-103%. The
reliability of the method was further verified by certified superalloy reference materials. Finally, the
trace impurities in three types of superalloy samples were measured. The results indicated that the
proposed method can achieve rapid, reliable analysis with low detection limit. Besides, it can meet the
measurement requirement of trace impurities when the main elements of Mo, Nb, Ta and W exist in
superalloy.

Key words: quadrupole inductively coupled plasma mass spectrometry (Q-ICP-MS); superalloy;

mass spectrometric interference; trace element; mechanism research
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T MAT 4T (GBWO1619) A5 HEY) it : b [ 89 4
WF 5% 2 B 7 i s GHA169 UL E 8 AL 47 2 = iR &
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Table 1 Simulated solutions of superalloy matrix

[E=] LIS Simulated solution
Number Mo-A Mo-B Nb Ta w
1# 3 ug/g Mo 30 ng/g Mo 3 nug/g Nb 3 nug/g Ta 3 ug/g W

2# 3 ng/g Mo+3 ng/g Cd 30 ng/g Mo+10 ng/g Cd 3 pg/g Nb+3 ng/g Ag

3 ng/g Tat3 ng/g Au 3 pg/g W+3 ng/g Hg

3# 3 ng/g Mo+10 ng/g Cd 30 pg/g Mo+20 ng/g Cd 3 ng/g Nb+10 ng/g Ag 3 pg/g Ta+10 ng/g Au 3 png/g W+10 ng/g Hg
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A B REVE LN 0.X%~ X%, X ng/g & i 1 4% 5
BAU RGBT, ERfERil(STD) T, %
Mo-A B HEAT 0125 40 Br, 88" Cd R 33T
T HERREE o 1 WP BT A 111 AT



534

(i1 O AR

®2 RMEFETESH

Table 2 Optimal operating parameters of mass

spectrometer
BUH Value
TAEZ%L Parameter
Q-ICP-MS HR-ICP-MS
iz DRC —
IR LR HR
FAASRLN 0,(2 mL/min) _
SRR W 1350 1200
A/ (L/min) 1.06 1.005
i B 4/ (L/min) 12 0.90
A= ER % <2 1.2~1.5
2 14 A A
B R AR B B] /ms 50 10
FIREINSE AR 30 20
HEUEL 6 6

®3 FHUATENREMUZERSEFEFTRHEREH
Table 3 Measured isotopes of elements and mass
number of polyatomic interferences
D R 3R B TR B4
Measured isotope and
interference mass number

TERERMET

Element and ion

cd M'cd, Med., 'Pad, Med
MoO 110.9007(111), 111.8996(112),
113.9003(114)
MoOO 126.8957(127) ., 127.8945(128).
129.8952(130)
Ag Ag, Ag
NbO 108.9013(109)
NbOO 124.8962(125)
Au N
TaO 196.9429(197)
Ta0O 212.9378 (213)
Hg *"Hg
WO 199.9459(200)
WOO 215.9408(216)

TE: *ff FTHR-ICP-MS/M T, 7881 43 HEAE 20 F il Au(HR, R=
10 000)
10°, 7% Mo'°0 4k, #1 24 F£9 380 ng/g Cd., 7]
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TEREME LK R MoO T4

7£ DRC-NH; #3 F, SNR Fifi NH, i 1% T =
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(D~560 kJ/mol) K T O—O 4tk (D,~498 kJ/mol),
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Nb #l U3k 6 Moo &R PRI E . Bl 3 ug/g Cs.
Rb. Ta, W, Nb Fll U (1 52 0L H AR 35 Wi, X 1 A9
X—O #EfE . XO fl XOO0 #Y &+ i & {5/~ T & 2,
= e R W O AN i | = P O 8
Hr, Rb Al Cs JC & ) X—0 ## fig /T 0—0 #t fiE
(498 kJ/mol), RbO H. RbOO [ i [ 15 £ 2.4x
10°, CsO L CsOO HY 58 J3 155 24 5.0x10°, R H X 1
) XO B 7 5 J& K [\ 72 & Hb = T XOO & 1 5t
B, Nb, Ta, W, UTTE M X—O #HE KT 0—0
SAE, A B 1Y XOO B 5 B Y 5 T X0 B

TR (L 3~5 MRS,

TSR T FiR R, BIFE DRC-O, £
T, XOO 1 XO B F 5 J& %2 X—O HERE MY 52 1,
A KRR R T EIS R R, IR R E
HAIR B IT R
23 AEFSEMR

FEMAL 254 T, ¥EAf 32 & Mo, Nb, W, Ta
TCRAFAERT B TR T K Cd. Ag. Hg. Au
(0 B 7k 2k B, DA e — 3R 51 FE AR 1 A
2 BT 8T T m ., % 1 h R
FAABERLA W IEAS Q-ICP-MS 1Y STD(O, S A i
4 0 mL/min) 1 5 5 DRC-0,(0, S MR i # Hh
2 mL/min) BN H 4570 & B9 £ PR (LOD), 45
BRI T34,

F 4 ETFTEMFERLATRR STD #1 DRC R TRETEME H IR

Table 4 LODs of elements based on matrix simulation solutions under STD and DRC modes

. Kt BR LOD/(ug/g)
#53 Mode
lllCd]] 111Cd2) 107Agl) lUgAgl) 197Au]] ZOOHgl)
STD 114.8 — 0.10 126.6 124.6 187.4
DRC 0.12 0.08 0.32 0.17 0.31 0.11

TE: DTS png/g TR AR RTA 45 5 OO I 5 3% R R R R 10 00065 3BT ks HBR ) 5 2) 36130 pg/g ModEAARE IR PP A 25 SR (X bz

3% E AR REL 00065 43T A H B ; O/ IE# 42 mL/min

% 4 AT 441, 7€ DRC-0, #isU R, ¥ FHLc %
B G MBI 24 A5 O ) R B Bk . G Hg I
BF, AT A 8K BR TS T 4R W0 (F E 30.6%),
bt STD AR A i BREEAR 1700 4%, LAt m] )
] i % "Hg. *'Hg. *“Hg i 46 H BR -t A A [ 72
JBERIBEAIC, ABAZ T SC PRl it 25K

Xt Cd M, hF4afEm R cd, "'ed.,
"Cd 45 ) ¥ 52 B[R R BE 9 MoO T4, A it e
P R AR Cd AT IR IE A . R
4 0] 1, £ DRC-O, #5255 ''Cd i, & H PR
STD B X FEAK 956 18 . B T il & 4 Mo &
i — R AE 0.X%~ X% Fl N, 43 7l 3% #% 3 pg/g
Mo F (A5 6L 3 B (6 I Mo 75 £ S 3% [ 14 Fi
10 000 15 ) 5 30 pg/g Mo K& 4 451 48 355 i (X
N Mo % it A 3%[E 4K F B 1 000 A% ) X A it BR
BEATIEAL o X T A 3%Mo B 52 BREE B A S
F 10 000 % K & B Ab BRAS B IE AL 'Cd 19 K
BR A 0.12 pg/g, 53T 1000 175 FE 5h fi 4b 2R B
AL A5 3] A B 0.08 pg/g #H 24, 2 B BT & 57

(4 75 2% BB W6 W 2 32 0T B EAE 0.X% ~ X%
FEL PN 24 5 G 2R 1 00 5 R

T Ag i, H'7Ag 5'%Ag 2 MR R ]
Ve, KT EC P Ag B NbO T 14 5 15
1O, A2 NbO T ' Ag AT L #R . 7
DRC-O, # X F, "“Ag K H BR i STD 45 =X i)
126.6 pg/g FEAR 2 0.17 pg/g, 5'Ag Ml A4
PR—3k . KL O, ;M 7 2XLT- 7] LASE 41l
BP0, AT 35 B 5 oK T 9 o0 A 2 1K B
K-

i A 4 Ta & IE N 0.0X%, (HA 2
X Au i BN ] Z AR BRE . ARAE T
TaO T 5 Au 43775 ZEHE i 40 PR R> 8 330,
HEAT RS Ay BB, s TR S A e 2 d &
Au KR (AW TTE, LA sk
Pr&ELHEE, & 4004, £ DRC-O, X T,
T Au [ K BR H STD #85 5X FEIK T 400 fiF, R
0.31 pg/g, AT LA & IR 0 2% o I 2 220K o Sy alf—
TR L BRAE J1, 43 4 HR-ICP-MS 1)
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EE & IR REOT R SR T BR AL 5T 537

2 HE(MR) | 543 (HR) #1 Q-ICP-MS () DRC-
O, B R 43 17 & i & 4 GHA169-4#FF i (Ta 24
500 pug/g) H Au gt R i, 45 R TR S, AT
PL % B, 78 HR-ICP-MS 1 # 43 HE 45 3 (R=4 000)
T, FEAE TR Y B T, 4] Q-ICP-MS {1k
ik LA BB T8, 15 HR-ICP-MS 7 73 B
i) F 485 SR —

R 5 AuITEHK HR-ICP-MS # Q-ICP-MS 4R

Table 5 Analytical results of element Au by
HR-ICP-MS and Q-ICP-MS

Ik PRI it
Method Resolution/mode Content/(pg/g)
MR 13.2740.31
HR-ICP-MS
HR 3.93+0.11
Q-ICP-MS DRC-0O, 3.79+0.12

s ¥ BRI HERHE R 22 (n=6)

e Ab, A S 56 ik of P i E A PR AT IR A E
AL 25T, i Q-ICP-MS X A5 451 175 ¥k 3% 252

6 U, LIS 2 M SRR, Hisoc
F R BR IR 22 (RSD) FE 2.3%~3.1%2 [4], 5]
T 6.
*o6 BIRTERNEEESM
Table 6 Measurement repeatability of

target element

JG# Element FAXT AR UENR 2 RSD/%
cd 2.3
Au 3.1
Ag 2.9
Hg 2.5

24 FHIRWIE

oY BT R AT RE M, A3 0 E T AR AR
Mo. Nb, Ta, W HiE S IFR#E THLICER Cd. Ag.
Au, Hg(F 1 v SE AR W) 2E 47 I [l i 552
55, @R T8 7. L1FA, X T 3 ng/g(10 ng/g)
YT T E Ag. Cd. Au Fl Hg I 1 [ % Ky
98%~103%, 7% W% 7 I R 1l 5

®7 WTFMRTEMIRCRKIBER

Table 7 Results of spiked recovery experiments of disturbed elements

JLE Element
I I %¥ Measured property
cd cd Ag Au Hg
23 PSR BT 192.2 179.2 278.8 4215 969.0
25 USRS ng/g H ARG R 9660.9 7456.3” 7518.2 6147.9 9247.7
23 FUEAMFR10 ng/g B FRTTE IR 31267.5 145237 25420.4 19357.6 28382.7
REFE/(cps/(ng/g)) 3079.7 693.8 2531.6 1918.4 2719.2
HE bR/ (ng/g) 3.0 10.1 2.9 3.0 3.0
[l 2/%" 102.7 104.3 98.4 98.2 101.7

T 1) R 30 pg/g Mo BHITAE 25 3R (W 3% SR & i), HA T3 ng/g T EARBIA RITAL 25 3 O 0.3% SR & it ); 2) =8
AR 10 ng/g BFRICEIRIY; 3) 25 FUEARINFR20 ng/g HARTCE IR ; 4) IR (% ) =y 58 {8/ B iS vk FE (G

WAk, % GBWO01619 #il GBW01636 =ik 4
G AT A BT b HEY) R R AT 7 BE B IE, X SR EE T
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Table 8 Method validation results of key elements in superalloys

1 Content/(pg/g)

— GBWO01619 GBWO01636
JGZ Element
RGRI R N NGE IR N
Certified value Measured value Certified value Measured value
Ag 3.5+0.3 3.5+0.2 0.78+0.15 0.78+0.02
Cd 7.0+£0.4 7.1£0.2 0.31+0.03 0.31+0.01

TE: DARUEEEARAER 22 2) bR A E B (k=2); 3) BI{HAR R 2 (n=6)
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Table 9 Analytical results of impurity elements in

practical superalloy samples

i & Content/(pg/g)"

Element  GH4169-3# GH4169-4# GHIOI5  GH4043
Ag 0.83£0.03  2.1120.08  3.2+0.1 125404
cd 0.64+£0.01  2.26£0.06 16.6£0.5  3.5%0.1
Au 2.83£0.08  3.93x0.11  52+£0.1  2.92+0.06
Hg ND” ND <LOD <LOD

TE: D EAREN2E (n=6); 2) RALI

3 &g

AT AT T 3T DRC-0, # 3, Q-ICP-MS
1) R i A 4 IR 24 i T R (Ag. Cd. Au, Hg)
) T B A et Y, KT R i TR L A RO 1Y il
/R R AR SO A TG . 7E DRC-
0, iU, O, AR Ky 2 mL/min B, BEFE A
ZIH B MoO X Cd ) BT 3% 4, SNR 7] ik 80,
i 1o Xt MoO -t 74 B ML B E 47 38 350 A B8
BRI, XO THAIHER S5 0—0. X—0 #RE I
NG A 5. X—O HERE K T O—O HERERT, R
FH DRC-O, #5% 3 AT LB B 4 1) 90 T R R
[l Hf, % Nb, Ta, Rb, Cs, W, U JLEKIF T X
— B . FIAk, SR FH AR A A5 2 1 O
B A R AE 0.08~0.31 pg/g 2 8], il & & & 1
RSD 7£ 2.3%~3.1%2Z [, H Fx s 2 hinks B
T 98%~103%Z [A] . £ iR A 4 o3 b 1 9 o
HE— GBS UE T 7 ik B e SR, JF T OB RS
T A E S I A, SR AR 1 B i AR At
THE P IR ER AT SR KGRI, fEfE
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