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Calibrated Relative Sensitivity Factors for Elemental Quantitative
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Abstract: The experimental conditions of fast-flow glow discharge ion source to analyze the trace ele-
ments in superalloy were optimized in details. Based on comprehensively investigation on mass spec-
trometry interferences due to the most complex matrix elements in nickel superalloy, the analytical
isotopes and appropriate mass spectrometry resolution for analyze the trace rare earth & precious met-
al elements were adopted. Relative sensitivity factors calibration scheme, which was calibrated in
matched matrix by the homemade wrought superalloy reference material series of gradient content,
has been established. Thus the relative error of analysis results was optimized from 4. 0%—-80% to
7.7%-20%. In addition, the reliable guarantee for metrological traceability of trace analysis has
been achieved. The glow discharge mass spectrometry (GDMS) method for determining rare earth ele-
ments and precious metal elements in nickel base superalloy has been developed with detection limit
in 0. 001 0-0. 015 pg/g, and quantitative limit in 0. 003 0—-0. 045 pg/g. The established method was
applied to analyze rare earth elements and precious metal elements in actual samples of wrought or
cast superalloy, the measurement results are in good agreement with the reference values of wet anal-
ysis, which verifies the advantages fast treating solid samples by glow discharge, and the characteris-
tics of high resolution mass spectrometry with low detection limit, wide linear range, and multiple el-
ements analytical ability. It also shows great application prospects in the quality control of superalloy
materials.
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BE R A SN L. ARG i EZAPRL, AR E &Sk R AR T #
F T 0 s o) B SROTT B A I A SR AR T B A BERTE PR OB B 2 (GDMS) 3 ¥ >R FH GDMS
108 HAT bR I R T (RSFs) AT & 00T, B A T e s W A 43 47 .z PR A
T PR EER A, SRR R B MBS, A s ol el B 4 B U T R A
RIS SR, T RIS ARy, R EELR S, Bz A E N TR T B R R
Wt , SRR IR A 4R BT R I IR R R AR R XU o I AE ST 00 T 8G 2Rk I i
FEAE VC L AR E Y RS HE RSF, BUS T\ M0RCR" Y, @i R LG REGEEIEB. Mg, S, P,
As, Se, La, Y. Sn. Pb 10 FhC MK AR, it & SLA 00 7 0 a2k X ) ) e %
SR RSO R AR R A A B 26 R R ROR BT R TIE , AR RN S5 2%
FA—F, WE SR AR R ZE(RSD, n=6)"40. 90%~15%.

IR R B S ) AR T i B bR T € T GDMS I RSFARIE %8, @y T S A4
Wi +t%(Se. Y. La, Ce. Pr. Nd. Sm., Eu, Gd. Tb., Dy. Ho. Er. Tm. Yb. LuZ)fI5i&)EIC
#(Ag. Au. Ru. Rh., Pd. Ir. Pt. Os%)0)optririk, AMUEeh RS2 BT, n Haeft 7o
B IR N TR R s R A i L on RS SR TR E , SRR T A
HABFN 2, R 7 R RN GDMS R . A RAL . SR SE . WAt
EE 2L DN vk XA gt v kS DT ol o R SN SN ) VA 5=
1 SLIGERSY
1.1 BRI ESH

R H ELEMENT GD PLUS ¥ %780 B8 Bt 54X ( ThermoFisher, Bremen) 52 e Sl st . 1% ikt v,
1100V, HCHHLIR4S mA, B 450 mL/min, SRS EHRL 14 °C, BEHRIHE-2000 V, FEE
RAEWE-1258 V, KA MAELE-85 V, BIBWE 125V, XMEFHIE2. 65V, Y FFHIE2.75 V.
IR EICE M TGS AT 2ENE 1R,

1 RRENSTEW IR ZE | A B K 4 R

Table 1 ~ Analytical isotopes, relative abundance and resolution for the elements

Isotope Relative abundance/% Resolution Isotope Relative abundance/% Resolution
#Se 100 MR 15Gd 20. 47 MR
8y 100 MR 7 100 MR
2Ry 31.63 HR Dy 24.97 MR
'%Rh 100 MR 'Ho 100 MR
1%pq 22.23 HR RO 33.41 MR
Ag 51.82 HR ' Tm 100 MR
¥La 99.91 MR "2Yh 21.82 MR
e 88. 48 MR Lu 97. 41 MR
4py 100 MR ®0s 16. 1 MR

ONd 17.22 MR 93y 62.7 HR
28m 26.72 MR 1%5py 33.8 HR
BEu 52.18 MR 7 Au 100 HR

MR stands for medium resolution, HR stands for high resolution(MR 438148, HR Jy 23 9E)
1.2 KK 5+

ZFECA Al . i G RS BT 99. 995%) . ANERARHE . AEEEEIMRIE . ANEERSIRE,
SZIG 7K A Milli-Q A4 7K (18. 20 MQ-em) .

B IR A Ay T MR AR HE Y Bt GBW01636~01640 ANEMFIE AR ) . YSBS11590~11594 (ARHF
N TR INEE AR B A PR 2 | AR TR S EE B W2, £3,
1.3 #HmHl&E

FERE SN A g o] LAFEZ 00, X T KBRS, EAEUIR R AR 40 mm, JEFE 10~30 mm AYEE
PR, IR —mIG; SR 80 HWPARKH AL N — A i B0-F I, FES RN HREN GO
FEah IS i FOGH - FIr eels il LB 2 . TSRS CREE RIS YR, TS EAL AR
YR E VR )
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#2 GBWO01636~01640 bW Frh i/ felll e R i & i (ug-g™)
Table 2 The content of some elements in GBW01636-01640 reference materials(pg-g™")

No. Ag Ce Sc
GBW01636 0.78 0.37 -
GBW01637 1.0 1.8 2.7
GBW01638 2.5 0.44 1.2
GBW01639 4.4 0.28 1.2
GBW01640 5.4 0.19 -

F3  YSBS11590~11594 bRt lit sl or Rell e Z 0 & & (pg- o)
Table 3 The content of some elements in YSBS11590-11594 reference materials(pg-g™)

No. Au Ag La Ce Sc Pd Pt Y Ru
YSBS11590 0.1 0. 06 0.1 0.1 0.1 0.1 0.1 0.1 0.1
YSBS11591 0.3 0.22 0. 06 0.1 0.1 0.5 0.51 0.1 0.6
YSBS11592 1 0.44 0.6 0.5 0.1 1 1.1 0. 62 4.3
YSBS11593 2.3 0.98 0.44 0.5 0.1 1.9 2.2 0.53 8.6
YSBS11594 4.3 1.8 1. 05 0.9 0.3 4.7 5.3 0.5 17.1

2 GRS

2.1 SEFHHMAK

FEa R AR 2 I R T RESFR R TS Gy, Tl LS T 0d LU ORIE I & 25 SR RO, (E e St i
()t KB M5 5 BRI E S5 SR PR A R . TS S A, DURTS R IR S
ZRHIRFE T B BT P RS TG S B 1) 5 B B SGHEA T T Ak

ST IO HLIRTE 30~55 mA i[5 N OW SE RS S B s . A VA T, E G H L A 3
S, B TE RN, AH O B K S S BRSO S ZE PHAR IR AN S A A HE AR, A
PE ST R . YT B 5 45 mA B, AR/ PR T 0945 S5 BT 35 7x10 cps, Ol
JEMNATE R o PR BEBOR T A 45 mA

¥ 78 T HL L IR R 45 mA, S EE T IR0 A A 300~510 mL/min B0 SEARERAE S0R BERY 520 . fnIE] 1B
Ji, 55 0 EERE A ORI A S R IR IS RIS, S A M 450 mL/min B, {5558
FEIRFIEAL , IS/ PRl T IS S50 4 6. 5%10 eps, THEMLRTR, kS INBOR ST, 15
TR MR . ORI A B A 450 mL/min.

[i5] 5 SR HL I R 45 mA, LA 450 mL/min, #%E 7L HLEE A 800~1 400 V B REAR S 5
SEPE . HIE 1CHTR, U EER 1100 V)G4RS3E DIRCREE, (5558 A HH A,
B (550 TR . P Be e L LM 1 100V,

1E LRSI T, U155 Na, K. ALRG{E 550 5 ASKE P SeF Asf 1] (0 S2E < 7 Sk 25 A AR &4
WIS, A 1D R, Pk 10 minJ&, Na, K. Al3ROCENE B TIAE . Z BRI E) T
KT RES SRS RBUEFRAIG,  SEOR P T S B 1) 24 10 min.

2.2 SMEMIEAERERTMIER

ME2A. C. E. GFIR, EPSPER(R=4 000) F, ESiL&4E I3k &40 2k A
WS FAW S L 515 T4, W®Ca®Ar. *Zr°0. HF0. "'Ta"0 %5, 4355 Pd. "“Ag.
P, Au ST R M EN B REEE S, MAEE S PHEN(R=10 000) T, XLFHI 0T LL5E 405 (E
2B. D, F., H),

2.3 EFYNEERKEARR

i o B —Fh G ik AR A AR SRR R, BRNiL Fe. CréESEMAMIN, BHEE
ERMEIF &ECE WMo, W, AlL Nb, TaZ%f, Wi HARIESHE A EANM-S ARG 2R ETEN
SRR K. ASGE HAERIE SR A SR RIS S BT R TR, T RN
w2, DL 3,
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Fig. 1 Effects of discharge current(A), discharge airflow(B), discharge voltage(C) and pre-sputtering time (D)

on matrix signal intensity
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Fig. 2 Elimination for polyatomic ion interferences by medium & high resolution modes

A PERBET Pd, Ag. Pt AuZJETE T Hua0 T

A, B: Pdby GaAr, C, D: AgbyZrO, E, F: Ptby HfO, G, H: AubyTaO; A, C, E, G: R=4000, B, H: R=10000

3L, BIERASP S Cu, Y. V. TiZTEn, EAEM S EiRS S i an &
HETIREERMRA, DD6F R A BA) VL KB TR A K465 A N 58 VT R B o
M2 4%, HAtoTRM A MR AR FERRE N 255, RITEAE R Z M IR . WX &2 A5k i 22
SV SR RN, S0 R 45 S TP AR

Fi MR 22 o0 F 42 A LR RE Sl b BRI 6 20 B -5 B B IBRX/M € AR, %% 7 GH4169, DD5 .,
DD6. DD9. K465, K417 SF AT I it i & 4 £ ZE RS A b P RE S I THEBR G (A Y . Ze, V.,
Cu. Mg, Ti. GaiBILHEM RSFAE, WH4.

D, F,
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N TP TE S NLIE e oL T
IE RSF 5 brif RSFAEF] — 42, {HARREL 3 B
FH A A T R A IE RSF RS AE, 7776 s 2]
g W SR BRSOV s B ASTE v £ 4 S £ -
S L A A B G T 2 T "
W RSF A AT, WS L SR S T £ 0]
SRR E B, TR R IR R A E
ST £ G 2R R 35 RS SR 1 BE A 7 i i
ISCHHEERS fal 8, DRI AT B R T g, 1.

T R A A A T R B R T

%51 RSF AR IE (&3 [ —TeRAEA ] e B A e v B 5 B o R e e
oL ° Fig. 3 Comparison of ion intensity per unit content for the same ele-

ment in different superalloy types

R4 AFZEVBRIL R O SR L RTT R AL IE RSF(RSF,, )5 RSEAREME (RSF,, ) B9 HLAL
Table 4 Comparison of calculated RSF(RSF,, ) to standard RSF(RSF,, ) for the typical elements in different types of superalloy
RSF_

Element RSF_, =

GH4169 K465 DD5 DD6 DD9 K417
Y 0.54 - 0. 31 - - 0.26 -
Zr 0.56 0.47 0.24 0.14 - . 0.37
A\ 0.54 0.59 0.43 - 0.41 - -
Cu 2.4 1.8 1.6 - 1.8 1.6 -
Mg 1.5 1.1 1.5 - 1.3 1.5 1.6
Ti 0.41 - - - 0.37 0.32 -
Ga 2.3 1.4 1.5 1.5 1.6 1.5 1.4

2.4 RKHEMZERSFHKRIE

DU B A A8 TR E T GBW01636~01640 . YSBS11591 ~ 11594 H i & (B i 27 +
Bt 4 Jm e S oA, AHR I BT IR AR AR A M 28, IR H A E R US43
>k F RSF FRUE(E B RSF A IEARDA S £ 4 v 0 SR Bl 0% 4 JB ARG 1 A2 T R Ag Ml Ce BEATIHERE, 25 2R IL
5. HEWH, RSFFRUE(ENT AgFl Ce A E 45 R SYGEME M) ZZEER , AHRHR F i 51k 80%; RSF
B F B B 5 25 SR 5 IGEEARSE . AR ZENT 20%, L b 25 S B AR I o T 2 4 5% P FRUER oA 1F
RSFJ&, WSS Vs i, JHR0 7ol S2a0 2 IR

5 R RSFFRUE( K RSF A IEAERS Ag Fl Ce O HFELE RHLEE (n=7)

Table 5 Comparison of the determination results for Ag and Ce respectively calculated by standard RSF or calibrated RSF (n=7)

Element CRM Certified/(pg-g?) R SF., Found by I?ISFs‘ ./ Relative RSF., Found by I?ISFCBI_/ Relative error

(pg-g') error/% (pgeg') 1%
Ag GBW01636 0.78+0. 15 3.85 1.3+0. 10 65 2.21 0. 84+0. 07 7.7
GBW01637 1. 0+0. 40 1.420. 11 36 0. 88+0. 07 12
GBW01638 2.5+0.70 4.5+0.37 80 3.0+0. 24 18
GBW01639 4.4+0.50 7.7+0. 63 76 5.0+0. 41 15
GBW01640 5.4+0. 60 8.9+0.72 64 5.9+0. 48 9.0

Ce YSBS 11591 <0.10 0.75 <0.10 - 0.51 <0.10 -
YSBS 11592 0.50+0. 10 0. 66+0. 02 36 0. 55+0. 02 12
YSBS 11593 0.50+0. 10 0. 54+0. 02 8.0 0. 46+0. 01 8.0

YSBS 11594 0.90+0. 10 1. 0+0. 03 4.0 0. 88+0. 03 15

2.5 KHREEE TR

TEACHIAES S50 T, B A 42 GHA169 FE N ESEI E 117K, 5 H 50 5T 22 i b
WiZZ(SD), LL4. 6545 SD Az B (DL), 14. 1£5SD A & FHR(LOQ)™, iHEARI& TR R S
EE TN, WR6, CDMSIE R SRS &R EM o EZMSt 4| T M 7k R % 0. 001 0~
0.015 pg/g, &= FHRHA0.003 0~0. 045 pelg.
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Table 6 Detection limits and quantification limits for rare earth & elements

Element DL/(pg g ™) LOQ/(pg-g™) Element DL/(pg-g™) LOQ/(pg-g™)
Sc 0. 004 0 0.012 Gd 0.001 0 0.003 0
Y 0.015 0. 045 Th 0.007 0 0.021
Ru 0.007 0 0.021 Dy 0.005 0 0.015
Rh 0. 008 0 0. 024 Ho 0.002 0 0. 006 0
Pd 0.014 0.042 Er 0. 008 0 0. 024
Ag 0.012 0.036 Tm 0. 006 0 0.018
La 0.009 0 0. 027 Th 0. 006 0 0.018
Ce 0. 006 0 0.018 Lu 0. 008 0 0. 024
Pr 0. 009 0 0. 027 0Os 0. 004 0 0.012
Nd 0.003 0 0.009 0 Ir 0.005 0 0.015
Sm 0. 004 0 0.012 Pt 0.010 0. 030
Eu 0. 006 0 0.018 Au 0. 002 0 0. 006 0

Au, Ag, Pd, Ru, Ce, Y, La, and Sc were calibrated according to RSF. The other elements were calibrated according to standard RSF

(Au. Ag. Pd, Rull Ce. Y. Lafll ScARYEHIE RSF . HAhITZ K HIFRE RSF)
2.6 TFmah

% H GDMS il e B AR T B iR &4 GHA169(587#) . Ak i &4 DD5(20BS127361) . ZFihih &
B4 K465(19SH038229) Hffi Loe EM Bt &R e XM &=, “PATIE 7k, WRT. Horh-S5ESR
BE&PIAg, Tr. Pr. AudFhoeE R P DYARFFRB ICP-MS T E I PP R, Bl H = FE DU AT
ICP-MS il %E .

HHER T, GHA169 HEahH i F GDMS & & F BRI 8 Fot R4 IE RSF AN G SR IESHEV AR
UF, AHXTIRZE(RE)RIEG; ZAKES, DDSHEHIY Y JTLEHE I K465 HHi Ce T H SR IE EW) &
Flf, HATCERB TEbR S ARG, RAERERSFIHEAT TR R, (HXFE—E%&, GDMS kMK
W EL IR R E R S~ 105 . 5 ICP-MS /T ST L 45 IR, SbriEd) TR 1IE G RSF HA 3 i
HIPCECPEFI W] SEPE , JFR4Rft it SRR TodE R, BT GDMS W MR BERE, G 1 IR TH AR P k)
EYE T, HiZiEHS PR dkm 5 RrERiaant . G RE0E s . oPeRE, ol e i 25 iR
) AT L

F7 ARG S S L IC RIS SR IT R AT AR (n=T)

Table 7 Determination results of trace rare earth & elements in diffirent types of nickel base superalloys (n=7)

Wrought superalloy Single crystal superalloy Equiaxed crystal superalloy
GH4169: #587 DDS5: 20BS127361 K465: 19SH038229
Element RSF , ~ RSF = = -
Ref. Found RE Ref. Found RSD Ref. Found RE

/(pgeg")  Mpggh) 1% [(pg-g")  /(pgg") 1% Mpgg')  Mpggh) 1%
Se 0.59 = <0.1 <0.012 - <0.070 <0.004 0 = <0.070 <0.004 0 -
Y 0. 54 0. 36 3.1 2.7 15 4.9 5.1 10 14 13" 12
Ru 0.76 0.47 16 15" 4.0 <0.040 <0.007 0 S <0.040 <0.007 0 -
Rh 1. = <0.050 <0.008 0 - <0.050 <0.008 0 = <0. 050 <0.008 0 -
Pd 1.8 1.0 4.4 4.1 3.7 <0. 040 <0.014 = <0. 040 <0.014
Ag 3.8 2.2 1.7 1.7 7.4 <0.030 <0.012 = <0.030 <0.012
La 0. 64 0. 48 1.2 0.95" 18 <0.030 <0.009 0 S <0.030 <0. 009 0
Ce 0.75 0.51 0.99 0.81" 19 <0.050 <0.006 0 = 49 52" 6.0
Pr 0. 81 = <0.020 <0.009 0 - <0.020 <0.009 0 = <0.020 <0.009 0 -
Nd 0.88 = <0. 040 <0.003 0 - <0. 040 <0.003 0 = <0.040 <0.003 0 -
Sm 0.74 - <0. 060 <0.004 0 - <0. 060 <0.004 0 S <0. 060 <0.004 0 -
Eu 0. 65 S <0.020 <0.006 0 - <0.020 <0.006 0 S <0.020 <0. 006 0 -
Gd 0. 68 = <0.030 <0.0010 - <0.030 <0.0010 = <0.030 <0.001 0 -
Th 0.83 = <0.020 <0.007 0 - <0.020 <0.0070 = <0.020 <0.007 0 -
Dy 0.78 = <0. 050 <0.0050 - <0.050 <0.0050 S <0. 050 <0. 0050 -
Ho 0. 81 = <0. 040 <0.0020 - <0.040 <0.0020 S <0.040 <0.0020 -
Er 0.79 = <0. 040 <0.008 0 - <0. 040 <0.008 0 = <0. 040 <0.008 0 -
Tm 0.75 = <0.020 <0.006 0 - <0.020 <0.006 0 = <0.020 <0. 006 0 -
Th 0. 80 S <0.030 <0.006 0 - <0.030 <0.006 0 S <0.030 <0. 006 0 -
Lu 0. 67 = <0.010 <0.008 0 - <0.010 <0.008 0 = <0.010 <0. 008 0 -
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(8:37)
Wrought superalloy Single crystal superalloy Equiaxed crystal superalloy
GH4169: #587 DD5: 20BS127361 K465: 19SH038229
Element RSF_, ~ RSF_ = % -
Ref. Found RE Ref. Found RSD Ref. Found RE
pgeg)  Npgg!) 1% pgg")  Mpgg") 1% pgg)  Npgg!) 1%
Os 1.8 = <0.030 <0.004 0 - <0.030 <0.004 0 = <0.030 <0.004 0 -
Ir 1.4 = <0.020 <0.0050 <0.020 <0.0050 = <0.020 <0. 0050 -
Pt 2.4 1.5 4.7 4.70" 8.2 <0.050 <0.010 = <0.050  <0.0100 -
Au 2.4 1.5 3.9 4.40 6.6 <0.020 <0.0020 - <0.020 <0.002 0 -

* calculated by calibrated RSF, **referred values were determined by ICP-MS

3

e
ARSI TP @ T BOFEGCH REAR IE R BUE I -, XA AR S 4 CH4169, Hi =i a4 DDS5.

%

B e A K465 =R FERAN SIS S h 0RG 1 T RSt JmE e R TIE , AR R 80% R
IR 20% LA, B R AR AR 2 R, I 45 R iR e (W) &80, RISl 7l sgay it
EPIERYE . B —IeE, GDMS AL H R FLIR % 2 T B HEFRA 5~ 10 1%
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