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Abstract: Materials genome initiative is one of the routes towards high-efficiency design of aluminum alloys, to which
quantitative structure characterization is the indispensable input and verification. As for Al alloys, the quantitative micro-
and nano- structure characterization includes the accurate and high-precision determination of not only crystal structures
and the corresponding compositions, but also that of key structure parameters such as the sizes, number densities and
volume fractions of phases. This paper takes the example of Al-Mg-Si(-Cu) alloy and summarizes the applications of
various techniques to quantitative micro- and nano- structure characterization in Al alloys. Firstly, it is pointed out that
advanced techniques such as high-resolution transmission electron microscopy, high angle annular dark firld and annular

bright field scanning transmission electron microscopy, show apparent advantages in investigating the atomic scale structure

of nano-precipitates in Al alloys, meanwhile they display the

Wi BEHE . 2016-12-09 high risk of electron beam damage; 3D atom probe fits very
E&WmB.: EBFXHRFAESTRITH (51501230, 51531009) ; well the demands for accurate and precise compositional
i [ R AR 4T B35 E (2016M600634 ) determination of atomic clusters and nano-precipitates but is
F—1EE. & 9, F, 1986 44, R, 4L S0, destructive and restricted by the small specimen volume and
Email; leking@ csu. edu. cn the quasi-nano spatial resolution; selected area electron
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should be paid to the low-voltage low-dose high resolution TEM study. On the other hand, an accurate, precise and facile

method has been established recently for the determination of precipitate volume fraction based on convergent beam

electron diffraction. Lastly, it has been predicted that the coupling of the above mentioned nano- to atomic- scale structure

characterization techniques with the micro- to nano- scale characterization techniques such as focused ion beam serial

sectioning, electron tomography and X-ray nano-tomography in the multi-procedure multi-scale quantitative structure

characterization of Al alloys, as well as the incorporation of dynamic structure characterization by in-situ heating TEM

observation, is possible trends in future Al alloy studies.
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Fig. 1
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R A 22 BT . F14% 8% ( Scanning Electron
Microscope, SEM) K 3T SEM F &5 B4 L FIREN B 404
(Electron Probe Microanalysis, EPMA) | HL T 75 B8+ A1 5
( Electron Backscatte Diffraction, EBSD) %5 T Bt 2 #fF 5% 1
KRS B S as f R e QiR 3 . R 230 | oK)
S ZATBORL I 5 O A B 5 1 S 2 8k, RIS
PR, MR RGE B P AT B AR R OR RO, D)
Al-Mg-Si &4 R0, HATH T F00 5 o A i [ 7 A
(SSSS) — JEFHfE — GP K—p Rk — p'— B/
UL/U2/B'— B + Si(FsEAl) ™, Cu ¥R Al LU i 8
JRERR B Cu iy Q AR LA IR A QA 2 sk kg
R HT S IR HRGE TR 2 Cu il AR,
WCH, LA, SAH, QP AHFT QC AR > fEIXLLHT i)
b, BR T B Si R RAN(B B AT RER S TR,
RYIHERIR, WO B 2 B AL AR B M RST hy
B 2~4 nm, KEHN 10~50 nm'>",

XX EEAE SEM AN UL | AR BEERAR (1~2%)
R AR AT AR T A B ST, B W R AR A S
i, 4% ( Transmission Electron Microscope, TEM) T~ i i3 BE X,
HL 4774+ ( Selected Area Electron Diffraction, SAED) | 44
K AT ( Nano-Beam Diffraction, NBD) | &> ¥t i+
B ( High Resolution Transmission Electron Microscopy,

R i ik D TR 50 S B AE

Schematic of materials genome initiative in Al alloys

HRTEM) | =ML 13 - 54 % 55 i 7 2 3OR (High
Angle Annular Dark Field-Scanning Transmission Electron
Microscopy, HAADF-STEM ) . ¥ JE B 3% ( Annular Bright
Field, ABF) UG A KA 58 BT Hh AH 19 25 44 OF HL7E R 08 %
PR TS B gk vh AR R JE e AL, (R TT L iE
i STEM #5207 A% H, 7 g 2 45 25 3% ( Electron Energy Loss
Spectrometry, EELS) ST T Ay HERE TS ( High Resolution
Energy Dispersive X-Ray, HREDX) 437 2k 5% 81 5 2% A
o3I 5E R iR

DL Al-Mg-Si(-Cu) /& F 19 F= ZE 9 Ak A1 g7 A i, 7
T 20 4RI RIIBESE HIZ AR A5 B 245 8 7B &Y
AIREAT . 1998 4F fif =2 48R & FE B T. K 2% 1Y Zandbergen
4V 5 35T HRTEM A9 H 59 % 5 M 5 AR A AT T JE Cu
(9 Al-Mg-Si 1345 BT B 40 4R B AR AL, JF3 3 NBD
XA RIIEAT T Ak, B A5 % B 25 ALy S AR
C2/m, MIPH Mg, Si,, a= 1.516(2) nm, b=0.405 nm,
¢=0.674(2) nm, £B=105.3(5)°, FAIIT MK 2,
SR, T Mg, AL, SifEJGER JA I 2 S A AR,
SER AT WARIT, DTN BESE 2 HERR AR 73 Mg 5038 Si fif
BAFE Al, b TIESEX — AT REE, 2009 4R f U RHE K
2 (NTNU) i Hasting, Holmestad % 5 ¥ Bl Bl 22 5 7=l
58 B4 25 (SINTEF) 4 Andersen %51 5% ] = 4 i 4R
£ (3D Atom Probe, 3DAP) £ RIKG T B FH N AY BL 5L
WAy, KEBEA 20 at% Ay Al H Mg/Si b4 1. 1, 1
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A A AR F T, R R 2 AR B X Mg, AL Si, 14
e EMERE, HES Al B TR, A8
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2014 4 #F B Bl %% % Ninive 5 Holmestad % i i 7E
HAADF-STEM &%} Al-Mg-Si &4 1 8" Mg, . Mg, .
Mg, . Si,. Si,. Si,%JiF51 &I Al {95151 52 i 1F
LA a 2B, Mg, Ml Si, (B RRES Al M EES,

PRI AT ) G 26 {3 8y AL (5 38, X2 B T HAADF-

STEM i J5EHH 2 AR 40 e 1 o 41 o e X 4 — A i i i
SRR SRR RO R TR R, MR TFHI T Z
K, HEMGRE TS, KB 1«2 KR,

2 Zandbergen 25 %E ) B7-Mgs SiGQﬂnf*@*ELFQLZSJ
Fig.2  Structure model of B"-MgsSiy established by

Zandbergen et al. [?%)
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AN, TR Z IR, TCigsE HRTEM, HAADF-
STEM i&J& ABF MY F 2o Bl R, B 204 =g
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Mz —,

B3 Xt— AN A FE AL-Mg-Si-Cu & & W IR — A, 78
200 kV ML FiEAT58 — W (a) . B K (b) KB =1 (c)
HAADF-STEM WSS 55 A RE A, ARiisdiicA [ 001,

Fig. 3 HAADF-STEM images of the same precipitate in an aged Al-

Mg-Si-Cu alloy, at 200 kV. (a) The first, (b) the second

and (c) the third images, zone axis is [ 001 ],

3 HMASEEMEMRIER

X TR A T A B R | RO EE B AR R B
FERRIE, HEFEZM AT, 24 Hod G
RARBRAS , Hean, ARSI WD (1 X RGN K 4 B R
AHA ( X-ray Nano-Tomography) ' *' LA & & F SEM/FIB
WA HL, 4% ( Scanning Electron Microscopy with Focused Ion
Beam) V- ML Y] ik 2 B nl T =4 L+
Gk =L RORRAR R AR . =D — AR RS
T 10 nm BGERIURL, AT LLE G TEM H ) 5 o2 A
F4 A AR (Quantitative Electron Tomography, QET) 2k
AT Z YR SR QET 5 B AE— N K M A i
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AR E] (BB 46 min) , PRHOIFANTE F T 0 i 7 SRBURL
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(Small-Angle X-ray Scattering, SAXS) AJ DA AT H A7 R
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ARG K3

{55 —T5 Wi, TEM H i 2 Ay AR RF (A 4a) |
R i WL DX R T B D v A 7 A i (B 4b) E
O ELOLAEE T G o 00 UL DX R R DU Ay T (] R
ffC B, Marioara 5" SR 19 2 L F AR B BT K 3%
(Electron Energy-Loss Spectrometry, EELS) 3¢ il & £ i J&
JE o R AT E — S SRR A T
— AN XA S A A, AR 2E T RE R ik £20% Y L
HNAEAT S A AR 4 7 2 R AR TEM R it FL I 3 2 42
TE W DX MRS A S A 1) 45 PRI Ol 2 B8 H R A T3 — {2
R R IOR R R 2

Shy IR B WD i JRE B A e A b A R R 2 By H B9
AR R T 2 R A AL T AT 4T ( Convergent Beam
Electron Diffraction, CBED) iX F f£ 45 {H kG i 1 T Bt e
JE TEM FEGHEBE , F A G BTG B BUR 25, (4338
SR — R RO AT S SRR PO IR B R — AR A T R A
FRANP G, AT BE R S S I R G T 3 A B
PGS I S A (TN de) 38R I AT S A T
WA BLZ A AG, . AG,, . A, , (i WZ0 kB H) 5[] i
(LA B P 2 IR A B 20, , AT LIRIE A2 (1)

S. = XA0./(26,d%) (1)
B3l -2 S ME, b A R TR, d RRiEE
AT S RO I B SR T DR, ARAE A (2)

Si/n; =a-1/np+b (n, =i, i+1, i+2-)

(2)
Al LIAERILL S /nl Ky, 1/n Hx, a HEER, bRy #E
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2
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0 0.2 04 0.6 0.8 1.0 1.2

Pl 4 X — AR AL-Mg-Si-Cu A 4 TP AR AT AR 0 PR AR A3 B0 It o A2 270 HCrl () BT B34 om0 4847 ARG

BE M7 H AR A AT LA 53 HRTEM 175

16 (b) B 7R G 37 18wl I A 40 KA AR B B B2 g R, 78 (o)

(1) CBED 3% T LA A5 2 BRI BEAE, % 3% 28 S A () BE A T4 3 7T AAS B 2= 4 (1/nf, S7/mp) AH, HULASKE R
() PR — A BRI, i ELZ A AT A AR AR T, TSR (A B3

Fig. 4 Determination of volume fraction of nano-precipitates in an aged Al-Mg-Si-Cu alloy [*’). From the bright field image in (a)

the precipitate length can be measured, the cross-section area can be measured by HRTEM, in the dark field image in (b)

the number of precipitates and the area of the field of view can be measured, with the spacings between the fringes in the

CBED pattern in (c¢) a series of (1/n}, S?/n?) values can be obtained, from which a straight line in (d) can be fitted as

well as the specimen thickness can be determined and further the precipitates’ volume fraction

LA T AR B RE R IR 27 £3% 5
WP i HAR AT EELS B9J2, CBED 75 1Y JE A4
FERE S 2 A AR 2 R HEBR X R T A AT
AR BAG R AR B, BRI ESRSIE 4, X4
R, FEMAER R E AR R, %R E
e 4b FE 4c Z[BRERBAFLE /N BEURG , (B2 5]
/NS AR U H R LN R AR E B
M) 8 PG Aot FEE sk /N TG 3 9 ) % D 3 A A T A 2
TFERRE X R ATBIE, M WSk 27], AR
TR, B4 PaEIHT AR B, Gl A, T]
VL5 3DAP Frill 5 p R B B AT g, MiEwmZE RA
4.5%, VEWIZITEAAUE B (A0 £16%) , 1 HL1fE
T 8 A

4 SHEESEEFMRMERRTEORRSE

I5LL Al-Mg-Si(-Cu) & 4 N B, YW E & iEFK
()58 S A R AR T AR, REC LU R R, A1)
FETE RS AfRYL R a8, (A ZE R R

(1) e X it 5 B 30 T8 M) RS Al e 3R AR, A
Qb Y TETTHERT H X ( Precipitate Free Zone, PFZ) Mok R
JEE RS AR ORI B A SR | AR ikt 2 8
WEER R, PR SO I A SR, — RS
[F] AN PFZ b = 4E A A A gE , 38 AR R, 26
R oA, Bua RBUMSN =4 I A S A 4
WAy, SE R A B R E M B Z B R &M
5%
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(2)BLAh, HER H T E 2 R80T B 8508 1 B IR 9 K B
R A AR B A I, (LR T A e B B A FOK
R ZFpECn . ZRIE SR Si 0k B 22 1 R AF 1 &
SERL, X — AR BRI T Tk R H & R b R
FEAE SR O, HEX THAAE MM RERE T
[P | L haT

(3) H Rl SCRik A i = — A0 A~ iR T A
SRR B R B gl 8 S 2 1k BB 5T
A T2 -5k -t 2B en, WibA
AEAE BRI B 8 AN RUBE 1) B 45 4 i A8 SRR AR 9K ST
i, ERAGHTA R T HEIEEANTE B AR T2
—LE R - AR A e

(4) T4 P ) 2 v S A AR A0 1 SR Bl S TEM BF 5%
RS TS T 1), (A Al-Mg-Si(-Cu) & 41k
AR R NG = AR AR R B X
Al-Mg & 452 I 25 5 76 fi S b 1 B AR T & AR fgfk ) =2
A R, )R 375 9 L B 09 TS 0 B4 Cin-situ heating)
AN 735 F 1 5% N W) 0 A% o R 9 & it Cu 19 AL-Mg
B &N APIE R XA R RE, KT 24 Sk R 40
2B A fh B, S BT H A A A% B A R i e
TR R S SR A IE R . KR, XA
W TREE R R A fl, 0 Mg, Cu 9B E MR
S R W N BEE 9K TR AR g A L
KoMERRGE | m R v AIRER 1y AL 44 TEM A
mnFF R I ELE R R B L, £ 2= DENSsolutions 23 7
Malladi | #3558 25 i BIF 55 120 DL K i /R 28 X 8 0 . R TL
RS MATH A EDFSE >, 397 Al-Cu & &R RN
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