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Evaluation of Grain Boundary Segregation in Neutron-irradiated Stainless Steel by Electron
Microscopy and Atom Probe Tomography
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Abstract Although analytical methods combining transmission electron microscopy (TEM) with a
nanometer-sized electron beam or scanning transmission electron microscopy (STEM) with energy dispersive
X-ray spectrometry (EDS) are widely used for quantitative evaluation of grain boundary (GB) segregation in
neutron-irradiated stainless steels, quantitative evaluation using atom probe tomography (APT), which can
acquire three-dimensional atom maps, has also been recently reported. It has been reported that (S)TEM-EDS
analysis and APT analysis yield equivalent analytical results, although the measurement and analysis
conditions are not standardized among researchers. Thus, it is necessary to clarify points to note in
measurement and analysis when treating the results of both analytical methods in a unified manner. In the
present report, STEM-EDS analysis and APT analysis were performed on the same GB of a neutron-irradiated
stainless steel with an irradiation dose of 18.8 dpa, and the effects of the thickness of thin foil specimens used
for (S)TEM-EDS analysis and the damage layer on the specimen surface due to focused ion beam (FIB)
micro-processing were quantitatively investigated from the viewpoint of spatial resolution by comparing with
model-based calculations and the APT analysis results. There was no significant difference in the obtained
bulk composition between the two analytical methods, confirming that the elemental concentrations were
accurately evaluated. But for the GB composition, the amount of GB segregation was evaluated to be smaller
in the STEM-EDS analysis than in the APT analysis. The reasons for this were thought to be as follows. (1)
In STEM-EDS analysis, even if the electron beam is ¢1 nm, the electron beam spreads within the thin foil
specimen, so the spatial resolution is approximately 3 and 6 nm for thin foil specimens with a thickness of 50
and 80 nm, respectively, thus the GB segregation was evaluated to be smaller than the GB composition
evaluated from the atom map of the GB with a thickness of 1 nm. (2) The damage layer due to FIB micro-
processing had the effect of underestimating the amount of GB segregation even if the thickness was several
nanometers. By making the spatial resolution the same, it was confirmed that the evaluation results of GB
segregation by STEM-EDS and APT analyses became equivalent. In the quantitative evaluation of GB
segregation, it is important to clarify the spatial resolution of the measurement data.
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EDS) Z A G ORI R HHENIRS DB TN D23,
BOl Tl 3 YotDIR T~ » 7 EIF A7 7 b A7 m—
7" (Atom Probe Tomography, APT) % = /oWrisi b
HESNTHWDHY, 7pds, KA TIE TEM-EDS 74T &
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BEORLFURHTIZE S 80 nm DEERENCHERD bz,
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HEM3 6132 1410 2050 1.67 1.00 1.32 WEm3 6481 1438 1607 112 1.27 -
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T~y 7&K TIOR8, RREIZEBT D Fe UAORE
T O %R LTRY, MLEIc X of%’gﬁ%m&%‘f
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APT 311, 7V 7 R A B9 D REJTIERISE T 2 73,

RIS DI DV N TIE APT 434D 5753 STEM-EDS 47
Br& v & THERIT AR E <FHB S LA R L 72 o7,

4, ER
4.1 STEM-EDSH#TIZH 1+ 5 2RI fiREE
HRAT & 18.8 dpa O HFMETHREF 2T > L Al OV T
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HAPT
STEM-EDS (50nm J& &)
CISTEM-EDS (80nm J& X)

20 2
z 10 t 1 E
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g0 =
5 Cr [] I.l_h—- Mn Mo o g
& —IUU Ni Si IUI_I IH )
i - iz
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E-10 b 1 E
£ &

20 2

X9 STEM-EDS %34T & APT Z9#4TiZ
BRI B0 Lhg:

TO Cr, Mo DRZF XN, Si LAV < FHl S,
F 7z, HIEEEINEL 725 k*iﬁfﬁﬁ FEOMEIL LD /)
& < FHfi =7z, STEM-EDS 23471361 nm O -2 — AT
1To72D, BUBHC A L2 BT B — 235 Tl s
TIEM D128, ZEMRREIE 1 nm LV <25, 20
728, JEE 1nm DJFiF~ v 7Tl L 7= APT 4T ORI
AR T, STEM-EDS 2347 C ORISR HRHT D
HEEHIE SN SVRHIRE R 2R o 72 L B2 Bivd.

BB — A K 0B b S AV TREE X B3R AT
LEEEE, A5 ET B — R L RBH TOBE T OREL
LD E—LADENRVIZEVRDDZENTEL. ETE
—LDIEMN Y IZOWTIE, Goldstein H72MEZ L, Reed™
\Z L B &7z Single Scattering Model (2553 < Rl
NIy (G ATR

Z /p\1/2
b=721x105—(=) ¢3/2 1
£, (A) (€Y)

ZIThIFEFE—LADENRY (em), Z FAEIOFEIH
RIFFES, B l3EFE—200ET R X— (eV),
I (gem?®), A IIMEIOVRIR2H 15, t i%ﬁﬁ
BIOEE (em) Th 5. SR 2t CETM
—[E7ZTHEL SN D & LI REICESSHEXTH . JE
& 50 nm DOWEEEREHZ ST, Z2=26,E0=2x10°, p=7.8,A
=55845 D&MD L L THET L L, BT E—LDIANY
1£3.92nm (2725, Reed™Z LB L, B—2aftd DAKE
TAEERRIE G b H T AR O S3AG A MERE L T
WHDTHIUE, EHBIRE DB B — L% CIRRAUC
KkEB.
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d'=dz+b2 (2)

AHE TIEl nm OEFE— L ZMHH LTV 52, Fé
50 nm OEEEEUEL 2 % 13¢4.04 nm (ZIRAHEHEIC
%. TEESEH @R OE T B — LD Rs (a“foezb
BRI Ze W fFRE) 1L, MRS Adtim (Fim) <
OBERZ d, Mo GEfm) CToOBERE L LM%
JhLREIR S ET D &, A TREIND.

= (d + m)/z 3)

JEE 50 nm DOMEFEEEHC WY, EiEEhEE T o
B E—AOWHRIT 2.520m LEFEEND. ek, (1)
NHERB)THN TN D E—=AERLE—LDEN YT, B
—LFEED 90% & FTHIPHICOVWTER SN HOTH
D, HURGAICET D 1/10 fEhE (Full Width at Tenth
Maximum, FWTM) (ZHHY T 2. Bk Sz e7 itk
DL B RREDFHUEA T H 223, FERERSE LT L
PIEIZE DV alb—ya & LB LIRED D,

P X BROZEMRAEO & L TR GRS T 50,
7L, H< EFTETE— AL DR E B LT-A
THV, %, Schmitz & Cappellen'®(Z L Y, Doig 5173
$£242 L7z Multiple Scattering Model Z-~<—A(Z, H#: X f
DI ~OBIZEDEL R b TN 722 b EE fE I 0 SR
(ZE[#153FRE) Rm & BEE LIoRADMER Sz,

Rm = gq ’02 + %ﬁ(kt)3 4

o=d/q ®)

q=2y2n{1/(1-Q)}  (6)

B =500 (4—2)23 %)
B E,) A

k = 0.1345 + 0.6098Q  (8)

Z 2 ColIAREF B — LAROEMERZE, q & kiZQIZH
WU ERCT, Q IR LI X BRofEuzx4 2%
ATHD. Q=090 & LT, &4 LIHE X B 9 Bl
B DRI OV T, B fiFRE A RO TSR, &
50 nm OFERFEREHI OV TIL 2.82 nm, JEE 80 nm DI
FREHZDOWTIL 542 nm ERFEo7-.
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JE X 50 nm OEMEFEHI OV TIE, T 2.82 nm D22
Sy fiERE TR DR T 24T > TV D EHRIZ/Z2 D72, [
Ty T IBIES 1 nm TR EZ Y0 1 U CRHIE L 7=
APT Z3WT ORISR & Lb 2 & 2SI fiREAS 3 fEHE 2
L7 D GBI O - B — A DR ) AR &
INSLSFHIE D EFERTHD Z & ERAET D720, K7
IR LIRS &2 ST~y 7 OES % 1 nm 1D 10
nm F T EHTBERORIFHAR DO LA Z T, APT 734
DZERFIRAEA AR T ST BRIZ STEM-EDS Z3#r OfEH &
FEEIC/2 5 Lz, X 10 [FF~ v 7TOE S LRI
FRROBMRZ R T T~ v T ORI BN 522N T,
KR4 B S D Fe, Cr, Mo OILEEIIHEINL, ki
FCHsET D8 D Ni, Si DOFEFE LD Lz, JE &S 50
nm OGO ZEF3ERE 2.82 nm (AR5, JEX 3
nm DT~ v T OVEFAIE Fe-11.55Cr-23.64Ni-2.84Si-
0.89Mn-0.91Mo T#H->7=. STEM-EDS 434 DFTHIfSE Fi%
Fe-13.19Cr-20.67Ni-1.57Si-1.00Mn-1.24Mo T& ¥, APT 4y
HTZ & 2 FHIE D )5 23 & 72 B AR AT R DA HE A K &
WEERTH 72, F72, JEE 80 nm DOFEFEEEHZ W T
1%, ZERREEE 5.42 nm ITARY 9%, JEE 5 nm DF 1~
v IR T DY A 1L Fe-13.08Cr-19.49Ni-2.05Si-
1.07Mn-1.11Mo T# Y, STEM-EDS Z3#7 DAl R Fe-
14.40Cr-16.00Ni-1.12Si-1.18Mn & [E_T, 2654 APT 43
HrOFHMME D J5 23 F 128 B AR B OREHIE 3 KR & WOk
RThoT-.

42 FIBEA—CEOEE

STEM-EDS Z3#H7(Z K 2 RIS URAT SO S 5723 APT 47
HHZ LDl R L /S < e o e BIDHER & LT, #
RN O FIB M TAZ X % & A — VOB RITH
95, FIB N LOED Ga A A2 B— LD AFHZ X - C,
SIZTIHTENT 7 ABRELCDEARHY, £12, AT
L ATTIX FCC 725 BCC ~RZERENRE U 25808 H
%18 STEM-EDS ATl A U 7= #lEakHE: FIB N C
ERLL TRV, BN TE2kV O Ga A A BE—LTHE
i LT FIB # A—VEOMHEZR > TWDH D0, 3
FIHTIE Ga ZET FIB X A —VENETED LTS
5. BHEINTHED Ga A A DAFHES %, W5
Ga A A DAFHAEZ 10 £, TR LXF—%2kV &
LT, 5 2 — F SRIM201309% TR L7558,
3nm Th o7z, HEEORT & EIHIZIE, 2kV O Ga A
T =L X B EE 6nm D FIB X A —Vf@H3 %> TV
L0 EHESND.
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FIB # A—VJETIE, Ga A A2 L VBRSO -1/X
MaAMEA S, £72, BCC ~OHERLELTWASZ &
D TRRZ I, MEAROREED S KE ML L= b DI
STV EEZBND. TERITKIR TH > 72HFTIZ OV T
b, BRSO (RAT) ZHERFCE TV DA TH
%. b L, FIB# A — U Gk oh SR 251 2
LTWDETDE, RIFURHTO & 5 72545 D & 2 3kt
% FIB ¥ A—V@alE LU CHE LSS, RESAIER
F o THIE SN, BEYRITEOHHED N & < FHli S b
AREMER B D, F o, AL CILEREE R X 2 ERHE
BREORIREROD 2 b T A FOZEALE W TEHME L T
573, FIB & A — VR CIERI & R CE Tuven k
T 5 &, ZOHETHHESILDE S TR HEIED 72\ FIB
FA=VEEEATELT, BIEAOEDE XY, EE
50 nm OFEFEELEFCIL 56 nm, JE X 80 nm O CIE
86nm TdH D AIREMEN 8 5. £ 2 C, Mkl OJE X % FIB
HA=VBEIMZTBMEICE S5 & & HIZ, FIB # A
— U OB AT 2N L CrL 7 fik & RIS e -
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TWDEREL, FIB X A — V%@ L ORISR 2 3
LI B ORI L) et Lz

N; = (Ni,GBWGB + Ni,BulkWFIB)/ (Wgg + wgp) (9)

ZZT, Nildoc# i ORFURETH Y, »IL 7Rk & [R5
DR E AT D EAGE LT- FIB # A — V458 L CREf
LA OB TH 5. Nigs (X APT 04T TR R
DT~y BT HIHE 1 OFERETH Y, i~
T ORI I XV FHE S D LR RREICHS T 5
EZEEH L. Nipu (13707 FHRICEB T A58 1 O
THY, wes & wrslTZNEIRI 2 b T A M TR L
TR DIE S & FIB # A—VBDOESTHD. FIB X
A—VRBOEXOEETF S R F R XU ChE
SRR S D b0 & LCRIE L.

JE X 50nm OFEEELEHZ DUV TS, FIB % A — @400
ZTAREHE X 56 nm &72 0, (@) L 0 Reb7- 22/ 45
AEIE3.290m & 72 5. JEX 329 nm ORIR D~ 7
DR IE Fe-11.88Cr-23.00Ni-2.73Si-0.91Mn-0.95Mo ¢
BV, FHE L 72RO AT Fe-12.48Cr-21.89Ni-2.49Si-
0.99Mn-1.06Mo & 727z, FIB ¥ A —VBDOEEAE L
TR LR SRR, STEM-EDS ST K % 2F-ATE Fe-
13.19Cr-20.67Ni-1.57Si-1.00Mn-1.24Mo & Hb_T, 1%FRE
DFETH 72, 32 3 1R LTz STEM-EDS 9411Z & DR
OESHORERTIE, BERIZE > TIE NI < Cr O
FEMR N%IEE R > TR Y, FIMHRONEM & FHHEMED
EWIEO X OHANTH L. JES 80 nm DOfEUE
IZOWTIE, FIB ¥ A—VfEa iz -3 BE & 1% 86nm &
720, @)LV ROTZZE M RREIL 6.02nm &7 5. JEX
6 nm ORISR DR A~ v 7 OFEFA AL Fe-13.69Cr-
18.04Ni-1.79Si-1.16Mn-1.18Mo TV, RIFHEL OF AL
1% Fe-13.95Cr-17.67Ni-1.708i-120Mn & 72V, FEAMAE Fe-
1440Cr-16.00Ni-1.12Si-1.18Mn & DFEIZ H 5 1%FEE
Tdh 7. (STEM-EDS /4T ChLSHmAT % & il § 5 B
W20, B 2B U — AR D 2 & X D 2eM s fihe
DIE T EFEEERE O FIB ¥ A — Vg O Chi R &
OREHEI NS S FHl SN D Z S IZKRE T D 0ER S
5. FElz, ZEWsfERe A R TIUE, (S TEM-EDS 447
& APT Z0WTIZ K BRHMlE ARSI/ D 2 L DR &4
7e.

43 HRFEFTOEEFEMICEH (T 5 STEM-
EDSHHDAER
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RFURHT O E E7HlZ351F 5 STEM-EDS 5341 & APT %>
BT & 2 S-S oo N, 22 REEDE Y, b b
STEM-EDS 4TI 351 5 il O 1- B — A DIRAH
V& FIB & A —VRBORETHRGBIAT L Z LT
K@NTHSL &, APT TS L 23Tl & A% 1nm @
223 fifRE % STEM-EDS 7341 CiEER T 2 721, &1
B — A% 1 nm KT 5 & & ISR 2 TX 572
T THMERSHDH. B —LF8% 03~05nm & L7
A, 200 KV ONNEEETIE, #HEEOE S8 25 nm @
BRI 2R RREDS 1 nm IZHEYS 9%, 2D & 9 Zaydiv ikt
TIE, FAIZ FIB X A—VENEIGAEORETL VK
L B0, BRILFT v T I L HREHER S 50
IHERIME T R —DA A 2 Y 7 % AT iR LB
DIFENEENZ /25, REINELS b L, ETE—2DA
ZMZ LV EDS HEHFIZEEISHET A Al ReER H Y, ©
—AH L R EKL T D E L HITHRHREE ORERDT= 0
\CRIFFORESMLEIC 20, AIERORE R Y 7 okt
JRICHIEENMEIC/R D, ZHBITEETDHZ LT, APT
ST CIENE L 72 1 nm DZE[E5iERE & [F1% ORLFURAT O &
BFMANS)TEM-EDS 04T CHh afAEL 72 5. (S)TEM-EDS
AT APT 20T 2 AR O CREFYRAT 2 595 &
THHVOZEMSFREEZE L T ZEBKRETHY, 5F
it A ST D BRI HRET — Z OZERM S ke & WR
THZEDRHETHS.

5. ¥&OH

MU 18.8 dpa DT AT L AEHDFRI—D Z
B BRI 2 %1512 STEM-EDS Z3#T & APT 34T ThiA
FRR &R S URAT B R EE L, (S)TEM-EDS ZHriz v b
5ERRELOIE & & FIB MNTAC & 2 e o & A
—VREOFREY, BT MESEERE S APT iR &
DLHT K 0 ZE[R1 53 fRRE D BL D & TE BRI L7,

« 2OV RRA R L 72 RE RSO WD T HTE TR
TIEWVTRD HNT, IO THRBE ZTHMECE
HZ L ERMERLI-. —F, RIFSERIC W T, Fe,
Cr, Mo D & Ni, Si DAL T THERR ST
7= b0, KiFUREITEIX STEM-EDS 34T )73 APT
TR b/ANE FHiiS A, Ei, WEEEINEL 7
% ERIFURAT EIT L 0 /b & < FHlE vz,

« ZOJFAIE STEM-EDS 7341 & APT ZpHTicisi) 522
M fREEDEN T Y, STEM-EDS Z3H7 Tlddl nm 0
EAE—LTHHT LT, ZZRIARAEITE S 50nm O
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HEEEAEE T3 3 nm, JEE 80 nm OFEEEUENTIEK
6nm 272V, JEEX 1nm ORIRE DR~ v TN HRE
fili U 72 b FSH B S TRAT 23 722 - TRl S D
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FREE CHLS THILENRH Y, Ttk oERl
WITBRILFT v F 2 7 % D W RILET R L ¥ —
DA A2 2V T W T IR AEE D FEk 3 LS
72 % RLSUYRHT OFHMRE R 2 ST D BRIIE, WET
— X DL RREE R T 5 Z ESFETH 5.
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