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Applications of synchrotron microradiography in materials science

in situ visualization of the growth of metallic alloy crystals
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Abstract Metals and their alloys are an important type of structural and functional material and have
been widely used in the aerospace, automobile, shipbuilding and other industries. The macro-properties of
metallic alloys actually depend on their microstructures. The evolution of their microstructures generally in-
volves a dynamic process of crystal growth on the scale of micrometers. The crystal growth of these alloys is
still a puzzle to us due to their opacity. Conventional metallography techniques are limited by the high tem-
perature of the phase changes so it is not possible to perform in situ observation of the evolving crystal mor-
phology. The in situ visualization of the crystal growth has now become possible with the application of syn-
chrotron radiation imaging techniques, which are just the right key to unravel the mystery mentioned a-
bove. In this paper, the development and current state-of-the-art of in situ crystal growth visualization are
reviewed. Some typical application examples are presented, and promising applications in materials science
are further expected.

Keywords synchrotron radiation, metallic alloy, crystal growth, visualization

*  ERHRBEE S (S .50601003,50971032,51071035) R A SEAR B L 55 L WUR &I H ;LT H T AAA TRIE
2011—09— 20 Wi 5|
T EBIHBER A, Email: tmwang@dlut. edu. cn

* 244 http://www. wuli. ac. cn W13 .- 41 3 (2012 4E)4 HA



RL RSN R E &

1 5%

G )8 B At — S B S5 H RN T RE A R
FAHB A 1 4 JE A 4 il i U 3 R AR 282t — kI Ak
Fgh SRR 2 A SV X A P RE A &
P e PR R R L TR TR i 4 B ) A R T
T o 4 2H 2R G L RN K 2 8RR R 2 A i
AL, & & A n0 25 bl A 3 B A AR Y A
SRR HRUEE S SOK a6 , PR TR R AT R i 5
SETE DR PR AP S 0 kAL TS B e
WA ESEER. W Hh T 2R A 4 05L&
T R R D 1 R 1 4 i R A A R [ AR AL TR
B R R AR AR R BRI TR A
ASCES B A .

T H SR I A A OB R WA A & g A R e
1) B 61 4 20, SR 5 4 W 445 o A b nT g R A T MR L
PR B X 4 i AR A A R R Y K I [
PR B8 L i A A 40 5 9 5 R XA O 1% R LK 2
I AR A kOB 2 R LA TR SR A (E
X S 2 T b LT AL S B A AR AR KA R 20 i
2 80 AR , B A 3 R B WA HLY . 4n NH, CL
K TR AL 4 i 1) 245 ot ok A L S O 45 Lt A
Kot &, ok 47 B 4 A BB 5T BUAS T — 8 ik
Jet HE A HLY 5 4 B MR E — 2 B ) B
fb2FPERE S50 A7 7 B B 1 25 31 AR S F 1A RE
WA WL 45 S 0 S AR 45 SRR 2 4 R A & 1 45
fm e AR AR R A A 2 R X 2Rt 4 s A o
BE A5 T 0Y S R A K AT M AT TS g
T80 X FERAWEREMR . FE N EFRA,
A5 BRUAZ 1 225 1] TR (] 3 3 30 1 A0 IR, 5 56 WL 4% 45
S22 N L X LT BT M UL 5% B K G R b AR AR K
18, BRI ZAb 2B AR S Rk e T 2 M ik 4R
R 22 10 FH B AL 10 502 ) BRAR R, I K] 3 4 A
R854 Se it i EALBUE TR R R B T 4
J& A A 0 AR AR AT R CAnHE Y R AR R B R K
AR ] 5 4 A K S B 25 S 3 AT o R
B Y B (1 3 ST R AL R E R, AR TE
—ERITE R N T A R
S B IE.

TS A JE G A i AR AR K AT O Y JE A AT
b, T BB MR BEAE 2 15 4 8 N ER A R RE G TR, 2

1 BB e B RS O R AR R A1 [ 2B R O TR
1 B A S B 4 R G 4 MR AR K R T AR T

IR . A1 %5 (2012 £E)4 HA

http://www. wuli. ac. cn

A . [F) 25 i S 2 v 1 A7 PR A S A
I H T R A AL R — PR R e ARORE 3 R
ZLHEXT 1947 4EAE R F@E BN |8 70 MeV
14 R [ 25 T 2 B 00 2 ), PR Bk 22 ok < ) 45
SR T A A LA Al S R K DA B LY
A AN T ST R K o e R A
S HE VR LR SE. Y TR A D A XS 2 g HL
AR AT DAARAGROK G 4 25 18] 43 3% 258 R GMORD 9 114 B[] 43
P T Y PR X PR CT 5 R 3t iR MRI 214
AR 23 0] 43 B 23 Gk B 2ok B g L I, )
AR XG4 S AR H R LT 02 H i E — A s
B4 JE A 4 b AR AR K TR BT R AR Y SE 58 T B iR
F O TR BRI L F R [ 2P AR G e
L 30 S e b at R A5 R A 2 8 (BSRF, 38 — 1%
] 25 R R OG IR A5 M8 1 5K ) 26 5 55 56 % (NSRL,
55 ARG R B G IR . I G IR (SSRF . 28 = AR IR
AR SR L Horh SSRF A AE & AL U (LK
F HAK SPring-8.3E E K APS.BXIM ) ESRF).

2 ZHmEEKREMTAM

1999 4, Mathiesen 5% AJE Physics Review Letter
e dp e AT AT T A AR R R R 2D R ARG R SR H
X RO AR AR LB T e & B 6 4 ik
A 4RSI AR ARSI TT LI M b L ¢ 3]
K /5. Sn—Bi Fl Sn— Pb & 4 1Y i & FEL ey JE 55 1
A FR AR S ERAT R ZJE RRIE T A 4
8 18] o T2 i 2R AT Sy B AR W 5 1 L A 5T
AT A3 R FE RO [ 2B A G e 8 (ESRE)MT U H
A [A] A 4 5 25 B (SPring-8) 021 | 36 [ i 43 /R i AiE
)25 IR (CHESS) 2 v [ b 5 [ 25 4 G 2
(BSRF)™##0, %) Sn SEARM A5 4 VAL JER Fe 55
Hh s R A B AR AT S B AT 4R SR A
S IS WL ¢ S AL R T SR S IRt ) A B o A
AR it 18] 5 4 A At R L AL A — JR A &5 i Bl )
TROUL B G, 3 6 J AV A5 25 SR M B UE A58 3% 2 B A
A4 B ) AR T R O B R R D S 52 Y
B B 1 BaREE Al—Cu & & HRE MR K
AR H o — ARG R A TR TR IERTR
W S A A TR L TR L O e 0 B B R A R KR
WS BELAT 1 AR iy i — 20 AR K A T IR A A
AR O ) Al A A B T 2 1 D AR A R ) B
JInvE B HoiE 5% T Sn— Bi & 4 AR M 5 i AR R T 4R
B 4 SO e 2 AR B 5 42 W 2L 1 3l 2 i B L AT

- 245 -



F&EM MR L&

IS,

BARSE T B E A KA

BT Al—Cu A i b i 0BT 28 L0 9 B R 4R 1) 458 il 6 A2 47
Ay 1) 2 i 5 DA £20

I £ N
. D A
200pm 4

2 Sn— Bi & 4 RE AR UG 45 0 D 4 A O G
fgron

3 Z R AEK R A

] 20 4 5 X SR R HOR B B, JE HE T
55 = AOBE AT — 18 CCD #y CT W 2 B 8 44 4 =
HeEMEAR LR EE G & =4 R K AT
JE A AT AL AR BE T AT BE. Ludwig % AFEBK I ESRF
1) ID15 e 2k 223l %t Al—Cu & 489 Sk 4 K
T AR IEAT A B A AR XS R I R Y
Dalsa #i#L. 7F Ludwig % AR TAEFE A F . Limodin
4 \FERRUN ESRF 19 ID19 Y6 48 X Al—Cu &
& BB S ARG R IEAT T 4R IR A AR R Y
ESRF H A7 1 % 1) 8 P AR e ¥ 1Y FReLoN AHAL,
AR A TR KA &, 3 prosts . 22
PR TE [ 25 4 S Ol 2 28 3 A Y ] B 5 il A B
P TR — 5 1 ff S B A BE 180, 4 bR — 4% E Ml I ]
80— IR — AW 2R (B 3 R G ¥ T4
0 SRR A AR S5 A0 FRAE AR B BHR L & Rl = 4
T G R4S = AR ER (B 3(b)) . [R5 5 X 5
LR B ARMIR S T % M A B R R ok R AE
T i B4 = OO 5 A 10 R 5T A A 5 R i R =
Y 25 K4 £ BN AT B8 Bl 1) A 4 BT T B

2001 4, Margulies % AXE Science E & FT |
FHE BE[A) A5 48 5 B AR 0 X B4k = 48 137 55 B0 R LA
W5 6055 A 52 A8 TR BF PR ¥ b b i A A T R B R 5 T
YER), 242 | Offerman %8 AFE Science F il T F|
FZBARWE T G 4 WA S 2y g 2% 0 U S 3RA T 8k
RIRTE A R 5 ok A2 B IR B (D i 2 g1 ¢
RS, Schmidt 4878 DL b T AE /Y S Al 1 3F —
R T R AL AR S SRR ROR B AR R AR Al AR A I

246 - http://www. wuli. ac. cn

J5 P45 i R I 35 A 4 B ) 91 = 4 R i 5T
R K T A 4 7 HYRY Science 171, Offerman 7
[FH 8 Science b4 T8 SCVFHR T3 WA 5% AR
FRZ R ELIE B OO ZH 20 4D AT 5 Wi A% e RS2, M 6
1) TAEIR B 45 Larson % AN 7E Nature |4l 18 1 i
B AN AR R AR Y 4 XS A I E B
AU Igbal %8 A& BLAY Al—Ti—B 414k & &
RO ATLER

1075,629°C

1635,626'C  219s5,623C  2755,620C

N

4405,612°C

(®)
. 11
5 0
f g

1635,626C,0.19 2195,623C,0.29 275s,620°C,0.37 3295,618°C,0.42

2223

3845,615°C,0.46  440s,612°C,0.52 4955,609°C,0.56 551s,606°C,0.58

6035,604°C 7685,596°C  9355,587°C

B3 Al—Cu & & A0 A K i B () 25 4 5 = 4t U fr i 42
OB Z4EW R A %5 (b T HL = e T 5 (9 B dh
A = A E R

4 NFEEBETREELEKTH

SN ¥y (R Y (RGBS XAl Ak A &
v R R 5% B4 A AT 45 A W) 0 2801 A 4 D R T ik
TR vt o b U PRI T DA W B 2 60 ARAR, B
9% % B I RE RS AR 4 R A 4 S A T oA AT e e
L0 A= T NG o NN 1 QU L= I AR 7 N
[Fi) R, Y 0 24 K F 2 IO0T 45 o 21 U 5 L R R T
SIS S Sn—Pb & 4. a5 1 Al— Cu,
Al—Si%E G 4, T 2 1o 1 s 00 B9 Bk 34 A 4 Ak ook 8K
R HETT SR , i T R RS B
PR Sk B A7 A A 14 ket B A L T L TR
et S FLTTREAS - DTG 52 0 1 & Rz A= 1 i A ) 2%
Bl 2 BRI RS I A B B R R AR TR

WIIE - 41 % (2012 )4 8



RL RSN R E &

IIMT T — ELJG R AL WSS LU N 4 R B 4 ik
AR B A PR PR AR DRI BR T R R A K
L A PR ML BE B TR B A . T [R5 R 3 =X
VA ) 25 A S DG U T S [R l AR B AR TS L
LU (B 4) bk e 3t (18 S5) PR TR Sn— Bi 4
TG 181 5o At PP A AR R BT AR AT O B TR O D o A
it 73 A S AR SRS T A AL ML, BT R 3 OB
Ry FEMG IR 4y T A B MR

B 4 EFRAFRFEET Sn—12wt. % Bi & 4 4% i T 505 A8 R 4
AR () B A 0 A/em?; (b) LU E Ol
19 A/cm?

@)

5 Bkl AR T Sn—12wt. %Bi & & MR AR AT 8
Ca) AT ok ot 2 2 5 (b)Y HLTR S 7V LT R 2. 7A e g 1N 8] 2%
0. 5s (IR ro D IRAR 5 36 T T 16t AL B9 16 2204 s Ay I 1) B
Eip

5 #in5REZE

7] A2 i S X AR A 0 5 A | B I
23 0r B T AR S Ml B RRAE R S B R A
I 8 [P A o o A 2 R AT R S R R AN T ik
A4 S5 BRI I 1B R B 2 75 T i A i B
IR Bl 12 R R RS0 B A2 R R 4 5 T
W rh A 20 ARG A . R R B 4k
T2 41 4 = A A B ) R R A L B O T AR
Gk IR R () 2 0 2 20 2 DU AR R
e AT BB 2 5 TR Ui A7 R T Bz

B - 41 % (2012 5 )4 85

http://www. wuli. ac. cn

— MME IR S — GG B MOk 2 )iz
JS2 . 5 A e LA T[] 20 i S s B B R S I WL
J K A v S5 S BURE 9 328 B0 DA R R AR R I ST 1
JRAZ AT 2

it RS EERFEHERABLISWIL &35 1
HIEAR BT R FRHLR R AWIA &35
FHIHEAR.

5% ik

L1 KREPE . 4@ 8 2. db st Ul At 1983 48, 58
1—2 51

[27] Young K P,Kirkwood D H. Metall. Trans. A,1975,6A:197

[ 3] Peterson P W, Kattamis T Z,Giamei A F. Metall. Trans. A,
1980,11A:1059

[ 47 Grugel R N.]J. Mater. Sci. .1993.28:677

[ 5] Flemings M C,Kattamis T Z,Bardes B P. Trans. AFS,1991,
176:501

61 A& AR, Pt Tk K224, 1988.6:29 [Jie W Q.
Zhou Y H. Journal of Northwest Polytechnical University,
1988,6:29 (in Chinese) |

[ 7] Grange G,Gastaldi J,Jourdan C et al. J. Cryst. Growth,1995,
151:192

[ 8] Kauler W F, Rosenberger F, Currei P A. Metallurgical and
Materials Transactions A,1997,28(8):1705

L9 kM35 SHE, 25 %5, h AL, E 48,2005, 35: 673 [ Zhu
M F,Dai T,Li C Y et al. Science China E,2005,35:673 (in
Chinese) ]

(101 REEE. TP %S, MOES4R.2004,18:26 [Zhu C S,
Wang Z P, Jing T et al. Materials Review, 2004, 18:26 (in
Chinese) ]

[11] Lan C W,Hsu C M, Liu C C et al. Phys. Rev. E,2002,65:
061601

[12] VFERES . RBSFS& M AL APEHT4 . 2002,16:11 [Xu Q Y. Xiong
S M., Liu B C. Materials Review.2002,16:11 (in Chinese) ]

[13] Tonhardt R, Amberg G. J. Crystal Growth,2000,213:161

[14]  dE&h B, P E R34, 2005,6: 321 [Xian D C. Bulletin of
National Natural Science Foundation in China, 2005, 6. 321
(in Chinese) ]

[15] sk FJE.KF R, Y% PR, 2001,21(1) 12 [ Zhang Y X,
Zhang X Y. Progress in Physics, 2001, 21 (1): 12 (in
Chinese) ]

[16] BRafe. W3k, 22205, CT #ig 5 B 5T, 2005, 14 (1)
52 [Chen Z H. Pan L. Li H Y et al. Computerized
Tomography Theory and Application, 2005, 14 (1): 52 (in
Chinese) ]

[17] Mathiesen R H ez al. Phys. Rev. Lett. ,1999,83:5062

[18] Ruvalcaba D,Mathiesen R H,Eskin D G et al. Acta Materia-
lia,2007,55:4287

[19] Billia B,Bergeon N,Nguyen H et al. Phys. Rev. Lett. , 2004,

- 247 -



BEZ=Evdk-]

93:126105-1

[20] Yasuda H, Ohnaka I, Kawasaki K et al. J. Crystal Growth,
2004,262:645

[21] Yasuda H et al. Int. J. Cast Met. Res. ,2009,22(1—4) ;15

[227 LiB.Brody H D.Kazimirov A. Phys. Rev. E,2004.70:062602

[23] LiB,Brody H D,Kazimirov A. Metall. Mater. Trans. A,2007,
38A:599

[24] Wang T M,Xu J J,LiJ et al. Science in China,E,2010,53;
1278

[25] FERM. &S ETES BHEAR.2010.33(6):443 [Wang
T M,Xu J J,Huang W X et al. Nuclear Techniques,2010,33
(6):443 (in Chinese) ]

[26] Arnberg L,Mathiesen R H. Journal of Metals,2007,(8):20

[27] Ludwig O et al. Metallurgical and Materials Transactions A,
2005,36(6):1515

[28] Limodin N,Salvo L,Boller E et al. Acta Materialia, 2009 ,57 : 2300

[29] Margulies L et al. Science,2001,291:2392

[30] Offerman S E et al. Science,2002,298:1003

[31] Schmidt S et al. Science,2004,305:229

[32] Offerman S E,Science,2004,305:190

[33] Larson B C et al. Nature,2002,415:887

[34] Igbal N et al. Acta Materialia,2005,53:2875

+ 248 -

http://www. wuli. ac. cn

[36]

[37]
[38]

[39]

[40]

[41]

[42]
[43]

[44]

[45]

TR R AR, MLBK T 72 %2 42, 2004,40(4) : 10 [Fan J H,
Zhai Q J. Journal of Mechanical Engineering,2004,40(4) ;10
(in Chinese) ]

Asai S. Science and Technology of Advanced Materials, 2000,
1.191

Misra A K. Met. Trans. ,1985,16A:1354

Chang G W, Yuan J P, Wang Z D. Trans. Nonferrous Met.
Soc. China,2000,10:611

Coriell S R, McFadden G B, Wheeler A A et al. J. Cryst.
Growth. ,1989,94:334

Nakada M, Shiohara Y, Flemings M C. ISIJ international,
1990.30.27

Barnak J P,Sprecher A F,Conrad H. Scripta Metall. Mater. ,
1995,32:879

Liao X L,Zhai Q J.Luo J et al. Acta Mater. ,2007,55:3103
Wang T M,Xu J J,Xiao T Q et al. Physical Review E,2010,
81:042601

E LA LR L B T R E B GO, 2011, 41(1) - 23
[Wang T M.,Zhu J,Chen Z N et al. Scinece China G,2011,41
(1):23 (in Chinese) ]

Zhu J, Wang T M, Xu J J et al. Materials Science Forum,
2011,675—677:759

YR - 41 % (2012 £ )4 HA



