
* 49 ? * 8 s Vol.49 No.8

2013 Q 8 � * 897—910 T ACTA METALLURGICA SINICA Aug. 2013 pp.897–910&!
H? X ?V<M�YdÆ4.[i�_a ∗�zp �}l � v
(R$I6� ~>4 MKD~I6$r (s9) ^Hp, MK 110016)e ℄ �t X D�����7z�bH
_nh� :DO&, V3PJ�XD3Py_* X D�0\�|Ka
aYLK.�|Yq;, 3�|~_*j�)KE�HB�� h�5WQ, �k~_* X D�0\a
�h��T$X?�$E�J7h� O&. �d�|� X D�0\a
 QT�/5O&)e, �Aqv\>a
��`\>a
5�sa
 �g|/-, tY_n~_*DD X D�0\a
�E�R9��f|j\�l:E�_b�`Kt$W� ltbw/-, ��<?
D|_Iq

X D�~_*DD0\a
h� :<, _)-~_*DD X D�0\a
�E�J7?5S$X?lt LK$.'+� X D�, 0\a
, E�J7, !�, l:E�, �`hI� 2( TF777.1 PT�C8 A Pg�( 0412−1961(2013)08−0897−14

APPLICATION OF HIGH RESOLUTION TRANSMISSION

X–RAY TOMOGRAPHY IN MATERIAL SCIENCE

WANG Shaogang, WANG Sucheng, ZHANG Lei
Shenyang National Laboratory for Materials Science, Institute of Metal Research, Chinese Academy of Sciences,

Shenyang 110016

Correspondent: ZHANG Lei, associate professor, Tel: (024)23971551, E-mail: lzhang@imr.ac.cn
Manuscript received 2013–03–06, in revised form 2013–06–04

ABSTRACT The continuing development of X–ray light sources, optical devices and image analy-
sis technologies enables us to nondestructively analyze internal structures of materials by using 3D
imaging with a spatial resolution of micron, even dozens of nanometers. Innovations in materials sci-
ence and technology will benefit from the new achievements of the X–ray tomography with higher
resolution. This article devotes to review the origination and development of the X–ray tomography
techniques for 3D imaging and introduce the principles and specifications of three imaging methods,
including absorption imaging, phase contrast imaging and holographic imaging. The differences be-
tween synchrotron–based and laboratory–based X–ray tomography are also discussed. To explore new
opportunities of the high resolution X–ray tomography in the development of material science and
technology, particular emphasis is laid on the applications for traditional materials with a 3D view,
such as the characterizations of holes, cracks, corrosion, composites, and in situ testing etc..
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!F�IC�t [1]. Q	r��oF�W���6��%L!�v, "-}�F�W����1℄Qz!	x�7℄`	6`>%6xL�t.�B~ZG, }F�K8��!1℄bÆi�bQ�Z�y*8�N~fyPq�EE01�:�fy�6 XE�i� [2]. xT, #y X E�1℄bÆ (XRT) �{ZoM%1℄bÆi�; }M, �"y!1℄bÆi�T,

XRT i�mu!i?TX��, M`�	YE4�/4xe [3−5]. &S^, +1�=�dE��6`Jr:u�`+EE X E�1℄bÆ (HRTXRT) I�!n~, ���%} XRT i�!P'. �^�K!�6��%,�



�898 ��}�5�� * 49 ?5���.B~, XRT i��L�ZEE XRT("*)�n�
XRT(��)�FE XRT(*78) 63E XRT(C�). xT, HyEE XRT i�, ;#L�=�dEoN<`~,SL�p;`JrbÆI�<mu; x$fXi�+Q��?! X E��, HL�=�dEoN<mu. �e	X�EE XRT 'C/�.�=K�6
�T, XRT �.�Z X E�EMbÆ�X E�MobÆ�X E�}WbÆX4l�[}WbÆ. }�, ;=!�~��%,�5���!�1kRG���6%'yY��p!℄E. �eI��nY��p!$ , �f�1(W}� HRTXRT i��F�K8,wxl"�F���mu!�%', .� HRTXRT i�6F�K8!�;.. Z},�e	y{�B XRT!P'kb, x~lEE XRT !fXbÆ�h, �F�;Y�"�F�mu!���6%'�B HRTXRT i��F�K8T!mu, �F.�=�dE6`Jr HRTXRT!v�., `
&IMmu HRTXRT v�C'
�!�Y.

1 X >U;L�X��f["\A, 1895S, �&mh8t Roentgen P~}
X E�, 2�(h<�p)D�vy!xF�6�F. qIÆ�Æ"Zi�<+Y,YE8IÆ [6]. X E�Sh}�u{Z89E, +*L��!1(%. �L, qXR��=Z!��: $##lm7IC X E�rwx(LE!N℄Ao. +(�AoX�f�%P;=!C`d~F`>,  AoÆZ5, kRr�`+, �Lo
7/}9E!>�%.

1917S, Radon[7] 4n}EM48i�!Z��	:muaM48, 	�*Lm7`�b=K�7; +(^A5�7<!℄`-	�t, S7l Radon (Q, 7M`%# Radon P(Qth6��, �LZ�m7!IÆ. �L, Radon !	8�	D� 20 ip 70 S�lH��1A�. 1963 S, Cormack[8] Z{ X E�u*m7F"�Æ!�t, P'}YXM`l�m7IC X E�rwx`>!XR, �L��}l�[EM48i�Z�!h�h5. Cormack �"ZlGl�[EM48i�!P'�n}`P%��!+Y�. 1972 S, Hounsfield <oP'}YXZ�XR, �Ob�}i�<+Y% XE�l�[EM48[ (computed tomography, CT), 2{~SP.}ye1℄bÆ!�e [9]. +Y% CT [!`+�
(��{ 2 �Æ�Bz!i�) ÆZ 26 mm[10]. �}, XE�;#L*L�5?Pg:}!�7�C, L�L�`+<y��5?!;=�C [9], Y(��} X E�0�[~Fm7IÆZ5h5, `�4�}Z89E!MG%6r�%, �o} XE�Z89E�!jf�. Cormack

6 Hounsfield h}W� 1979 S!X�MUhZ8
.�1G XRT !"a�K�{Z8bÆ, LGx$��mu!"a=;~. j`<, 
�u
U�!+
,

XRT i��
Uk�*9X7!mu%e"K [11]. YX7, 
Ukuk�*9I�A,mu; 	YX7, b|!Zu CT [#��PS�u. +QFn!l, 
Uk�*9Y�#�i/4xe!0<�t, `+�#� �&.�uKi!%�, �1G XRT i�!`+Lq4n}	�!Q
. +( XRT !x�`+�L�/4xeX4f
�W4!xe��W4xe, Um��F�+tL�C�m;F�!�9�"�T!
b�g%W���7L`ZoMXe�6. 20 ip 70 S�`F, 0y��O%WEu
i���Go, O�u{ X E�:�6bÆ!�8��, + Fresnel 6ÆhbZML. X E��8��, Nh} X E�u*mP[2E��, ;LÆM��YPy�2E6SE!�., ��4�} X E�bÆ!`+�. 1982 S, Elliott 6 Dover[12] +Y~
 XRT!`+�
�YW4!xe. }M, =�dE��OL`48XebÆ, Flannery % [13] { 1987 SW�}�&
1 µm `+�!1℄IÆ, Haddad % [14]  { 1994 S=P`48<e%Y�W�}>�`+�ÆZ 100 nm!1℄IÆ.mu�{?�v=�dE X E���, 2�;�`+6��	;=�! X E�*L{, XRT i�!mu#,�!�C. 1997 S, Guvenilir % [15] y~C'} XRT!�a`J, �O} Al–Li �U℄JPk��3�uy!�g,C. 2003 S, Nielsen % [16] mu XRT i�6-nHpi�, �6} Al–W ;"T W Hp�;��3�uy!a\, y~W�}"�F��%("!a\1?,xI, &S^, #1mu X E�FE`~}K*1℄bÆ, 2�;�a`J	F�1℄���[z!GL�Z+�℄, 4n} 4D i�.��mu�{?=�dE��M`���PxIÆ,�lux�`Jr��%# HRTXRT, YDlq��!B-BY. 2008 S, mu`Jr X E���Z��!
XRT i�!Qz`+�^
� 1 µm, QK<W4!�l [17], bZ�8}W16EE/480y}W1!ye9j. B~, �&K8t^mu=�dE��X`JrW�. XE���Z��, u HRTXRTi��6}F�K8T!`Kh5 [1,18−22],  +,{%k[F�TS:!i��"*�7℄`	6IC!.7℄ [23−26], m;F�T;=i�|℄!`> [27], W�F�T5?PgGW�%L!o
 [28], "�F�!�X4�g�1℄Qz!v;%, "*67℄`	 [29−33], "�F�!q8%L/("[O}W��!�v [34−41], `
QbF�;��℄J*f!�a�O%�X�9[O!�6 [42−48], �Z�
8�



* 8 s S�z# : }^)CC X C�/[`��D~I6R�ks 899�y!#Z [49,50] %.

2 G> X >U;L�X�b3
XRT v�bQx X E���Pk%�*L{6l�[	;thv��b. X E��PE! X E��u*Pk[}PkPU�J�u. x{PkIC!;=W���!℄?;=, 5�℄?�t�*L{"n�, 7U��Yg�,℄?�t!N℄Ao; ` X E��6*L{T�v�!yDX�Z2m_, 	Pk 360◦ 2m, 2%Æ?z�IaN℄Ao,  +.2m 1◦, W�YgN℄Ao,C+2m 360◦ F, 7M`�� 360 g�,℄?�t!N℄Ao. �;5�N℄Ao, Iu Fouier �6SAo�R [51], 7LZ�n}℄?�Gm!Pk��!"q���6`>, d=�Pk7℄!1℄W���. N℄Ao!	B�K, Z�F!1℄IÆ!�� ��, dIÆPx��.B~, Z{zS�0S�X E�6 γ E�%�Xmh_P�!bÆi�"
u!bÆ℄?<e�Zrw��a�n��3E�FE6�t%; F�K8��mu!EE

XRT bQIurw℄?bÆ��a℄?bÆ6�tbÆ
3 X℄?bÆ<e.

2.1 RE���Zrw℄?bÆl XRT Iu!�Z�6�p,!bÆ<e. $!h�Zrl Beer–Lambert 6�X4
�6�, +ye"g:

N1 = N0 exp






−

∫

path

µ (x, y1) dx






(1)+(L�Lxn,E�y	 N0 6CY8� y=y1u*Pk!EE�y	 N1, 7M`l�}�2<! µ !

℄`:

ln
N0

N1
=

∫

path

µ (x, y1) dx (2)

µ(x, y) l. (x, y) t!�%rwv	. µ(x, y) }�yLx E, �LF�!5? ρ `
�y0	 Z y�. �
200 keV `y, Pxrwv	 µ/ρ ��)[_{ E 6 Z,+ye"g [52]:

µ

ρ
= K ·

Z4

E3
(3)eT, K lT	. �;e (3), G{�6!,E�yLx

E, µ > { ρ 6 Z4. � E W* 200 keV [, �y,EFPU Compton 3E, x{ µ fG;[_{ Z 6 E,h}, M`RU} ρ fGb> !�t. ;*, � Beer–

Lambert 6�MA, x{�yLx��, µ mq �&,h}, �Lm7IÆ!G ?SU&Y�. G{ X E�EE1℄bÆ, rw℄?!R?D�Sq}PkIC X E��%rwv	!`>. PkI;=��! µ P/��,��!IÆ℄?��, 5	'{IÆ`o.G{C?Z t !�PF�, e (1) M`s�Z N1 =

N0exp(–µt). Z}�?IÆ<y0!G ?, �yEE�mq�{ 20%[4]. +("y�PF�!EE� T =

N1/N0 A� 20%, x��PF�!�%rwv	 [53], 7M`l�n X E�uE��PF�!��C? tmax. �u E !4�, tmax :�"u. . 1 �n}T��PF�! E 6Gm! tmax. n+�P Al, � E Z 10, 30 6
150 keV [, tmax `/Z 0.227, 5.286 6 43.273 mm;LG{�P Fe, � E Z 10, 30 6 150 keV [, tmax `/Z 0.012, 0.2506 10.411 mm. +Qid!l, . 1 T! tmax l8G�6 X E�, S7l�yLxl6E!�� 1 <> X F��zMy E zU��QG�" X F��
vFD� tmax

Table 1 Maximum thickness tmax for normal single substances under different X–ray energy E

(mm)

E Mg C Si Al Ti Fe Ni Cu Zr Ag Ta Pb W

keV

5 0.059 0.371 0.028 0.031 0.005 0.015 0.010 0.010 0.005 0.002 0.002 0.002 0.002

10 0.440 2.993 0.204 0.227 0.032 0.012 0.009 0.008 0.033 0.013 0.004 0.011 0.009

20 3.353 16.068 1.548 1.733 0.225 0.080 0.056 0.053 0.034 0.084 0.015 0.016 0.013

30 9.954 27.720 4.812 5.286 0.718 0.250 0.175 0.165 0.100 0.042 0.044 0.047 0.037

40 18.979 34.210 9.854 10.489 1.613 0.563 0.393 0.371 0.217 0.089 0.094 0.099 0.078

50 28.139 37.958 15.758 16.199 2.945 1.044 0.731 0.691 0.401 0.163 0.169 0.177 0.141

60 36.045 40.513 21.546 21.465 4.663 1.697 1.195 1.133 0.660 0.266 0.271 0.283 0.225

80 47.481 44.111 31.014 29.549 8.816 3.435 2.474 2.366 1.437 0.579 0.127 0.587 0.107

100 54.944 46.908 37.656 34.994 13.128 5.501 4.071 3.937 2.560 1.044 0.225 0.256 0.188

150 66.453 52.724 47.720 43.273 21.663 10.411 8.186 8.141 6.524 2.829 0.632 0.705 0.529

200 74.406 57.786 54.195 48.757 27.186 14.005 11.425 11.578 11.054 5.164 1.273 1.422 1.066



�900 ��}�5�� * 49 ?Y^l�!, +(1℄bÆv�!��Pn!�lK6�, E�lALxQ&{���yLx. }[, mq
uE�lALx�. 1 TN9 tmax. n+, G{K6�v�,���yLxZ 150 keV, �lA�yLxZ 80 keV [,m�; 80 keV "Gm! tmax ^4�Pk.

2.2 WO���ZG{;A�!Pk, X E�u*Pk[, x:g6�a;UPU(L. 5X(LMu�P!m	2E�^.g. �2E��&{ 1 [, X E�u*m7[!2E� nMxye^.g [54]:

n = 1 − δ − iβ (4)eT, β lrw�, }F�T! µ b> ; δ Z�a�, }F�T!0y5?b> . �6QT, 6VZ λ !l7�6 X �6C z _x5[, MnZ exp
(

i2π
λ

z
)

. �2E�Z n !F�T, X �6Z exp
(

i2π
λ

nz
)

. +(�m7Ao�Y�yD{x5X�!l7<, Sq2E�`>Ao!EE-	 T (x, y) M`.gZ [55]:

T (x, y) = A (x, y) eiϕ(x,y) (5)eT, :g
A(x, y) = exp(−B(x, y)), B(x, y) =

2π

λ

∫

β(x, y, z)dz

(6)

�a3O
ϕ(x, y) =

2π

λ

∫

[1 − δ(x, y, z)]dz =

ϕ0 −
2π

λ

∫

δ(x, y, z)dz (7)eT, ϕ0 l,ym7[!�a3O. G{rw℄?bÆ,{2mPk 360◦, 2%z�IaKg µ !N℄Ao, ��;Yv�!N℄Ao, IuZ��RZ�n µ(x, y, z) X4 β(x, y, z) !1℄`>. ��, SM`u=P!XRZ�n�a� δ (x, y, z) !1℄`>, W��a℄?IÆ.

X E�u*�PF�[! δ 6 β ;=�, Y�Z
10−5—10−6 6 10−8—10−9[55], S7lÆG{�PF�!9x%, �a℄? rw℄?Q� 2—3 �	xe [56],<y	0!bÆLq [57]. +QFn!l, 5j"Æ!�PF�bQFx�P�� + H, C, N 6 O %���b!F� [56,58−60]. B~�a℄?bÆ!XRbQy*7vHR [61]�FE"�R [62]��%~�R [63] 6x5R [57].

2.2.1 u�o|n 1965S, Bonse6 Hart[61] �Ob�+Y%M`Lx�a(L! X E�vH℄. 1972S, Ando 6 Hosoya[64] mu Bonse P:! X E�*7vH℄, [y}I4��C!�a℄?IÆ, bZ X E��a℄?bÆ!{�. �F, *7vHRbZ X E��a℄?1℄bÆ!XRBY [65]. +I 1a "g, �YV�!

J 1 )6uGQ�ED!�Q��$}�Q5w4Q 4 W�`\>a
WQ f
H
Fig.1 Schematic drawing of several phase contrast imaging methods

(a) crystal interferometer imaging (b) diffraction enhanced imaging

(c) grating based imaging (d) propagation based imaging



* 8 s S�z# : }^)CC X C�/[`��D~I6R�ks 901��* Si <, On1V*7: +YVl`�*7, 	,E�`bDE�6FE�; +NVlEE*7, 
w�`f!�v X E�Z;, RUvH8g; +1Vl`o*7, ��yi?!vH8gY�Z��i?! X E�vH8g.hZ,yPk[SyvH8g, `J��!vH8g2;lQ�xPk�KRU!, ;*IÆthM`6xZ�nPk"RU!�a3O.

2.2.2 �{�wn X E��a℄?1℄bÆ!+ 2 XXRlFE"�R, z^ZgoR (schlieren

method)[62,66] X4�a`3bÆR [67]. 1980 S,

Forster % [62] y~mu�*FE℄%#} X E��a℄?bÆ�6, 16}FE"��a℄?XR!Zr. +I 1b "g, +YV*7��{rD{, u^�O,E�!Æ?6�qTX, S7l	K6�mQb�6�; +NV*7l`o*7, ��{Æ?*�{, u^2oC�PUZ�v3E! X E�6�C`PU�Æ�v3E! XE�, #��PU2E! X E�. +(`o*7!�wÆff�6{!nEÆ, X E�u*Pk["PU!2EÆf\7Us(E�.`o*7FE!�?, �L�*L{<RU rw℄?�!2E℄?. x{2E�Sq}PkIC!;=��&�!�t, 2E�!1?��, "��!2E℄?��, IÆbÆPx�0 [68].

2.2.3 q�txn �%~�Rlmu�%~�vH^4�.*Pk!;=Æ?!2E�, `W�2E℄? [63,69]. +I 1c "g, =�v�+Q 3 ��Jl#!�%. {F�_YNPk!�Y. +Y��% G1 bQl	Z�v��m(ZK��J<o!�v�� [70], h},���l X E��[, +Q
u+Y��%; ���l=�dE��, ;+Q+Y��%. +N��% G2 !�ul	Y��`Zw�FE�. F�� X E�!6VÆZ
10−10 m, L�%!z�ÆZ 10−6 m, "`w�FE�!

qÆUZT�; �w�FE�fC G2 Lx5[, $1fGQ�Z5�Yy2PUvH [17]. YX7, M`�
f
G2 �%Æ d tYY*L{, D�n�vH8g, �l5P��!IhQz`+�=&; 	YX7, M`�
f G2�%Æ d tYY�`o�% G3, ^4�+Qn�!�!Æ?, 2	vH8gaNm(Z�?!(L. YNPkF,FE8g6~W
, vH8gs(. ;*3� G2 6 G3!�GaN, W�;m	x!�y	, ��Pk!2E℄?IÆ.

2.2.4 mkn G{x�!W�. X E��Pn!K6 X �, X E��Qz!{xx5TSL	G,E�!�a3OmQZ:g3O [71]. +I 1d "g, G{x5R, ;+Q`o*76�%, H+Q	*L{Y�
fPk!aN. +(rwbÆ!Pk6*L{!>fZ
10 mm, +I 1d TB6,�aNt, C+Pk6*L{!>fÆ+Q 1 m. X E�u*PkF, �PkT<y;=0y5?!F�!&�tPU2E, X E�(�P3,2}PUEE! X E��v. �aN��	m(Z��!N��	 [57,71], �L��Pk!2E℄?Æ.

2.3 :S�ZG{i�ZW4i?!�PF�, Z}s8rwbÆPx, Cloetens % [54] P'}M`�n�a1℄`>!�tbÆXR. �; Talbot �m, Y�\uZ a !a�m7 (�6;*5�m7[, Hs(,E�6!a�L;s($!:g) �>fPk pa2/λ t;URU!8℄? (xT, λ l,E6!6V, p l=	)[72,73] . h}, �Y�6>ft, HLn�C`�a�t, kRn��C�a�t.Z}��Q=-�!�a�t, �tbÆ+Q�>fPk;=aNtn�KgIÆ, +I 2 "g [54], m8Pk4�K�Æ?, .�Æ?An�KgIÆ. .�Æ?!KgIÆGmYg�aI. 	"yÆ?!�aIZ�, 7M`

J 2 �sa
nMf
H (�=eOj:<`Msm�JfH
, �El7Oj3�J�
>Yl|)e)[54]

Fig.2 Schematic drawing of the holotomography setup (Images recorded at different distances from the sample are

combined to retrieve numerically the phase of the exiting wave from the sample. This is repeated for a large

number of angular positions of the specimen)[54]



�902 ��}�5�� * 49 ?�� δ X40y5?!1℄`>.

3 %�	G> X >U;L�X�^`
3.1 /�,yS:!F�M`��`Z 2 
: S:�Zb7!�SwF�6S:�Z��!p;F�. �SwF�+x"��,{6:;m%Ob!CSX!S_�F�<y Z&� �?�6IC.7℄�!0., a�bZ
f���U
u!� F� [74]. 5
F�!hb%LbQ��{5?�S!���S#C?6S!v;%%J	.L5�J	�1℄Qz!`>6Lx+Q�,1℄�t!IÆ [75]. HRTXRT i�M`Q/)��5�h5, +G�;"6�;"_�F�%#1℄"*.<% [76,77].

HRTXRT i�v.BYlM`GPkT!S:%#6x`o. �
�Iu HRTXRT i�, GUZ;"Pk%#6x.<. 7℄Z 650 µm × 650 µm × 1500 µm!Pk���y 379 �S:. "yS:!7℄`>� 4—

62766 µm3 !TXI. +(	��S:%�ZY�D2Z
d1 !%7℄	, d V(pore)=V(sphere)= πd3

1/6, C+"yS:!%�D2ÆZ 2—49 µm. I 3a �n}UZ�
;"j!%�D2ÆZ 4—49 µm !1℄S:"*, ;=!B6�.};=S:!i�`>. I 3b 6 c  `/�n}Y�;! S:6Y�	"S!"*. }�, x�`oxC+480y}W16"�}W1, kR��I 3T!6x�t
��S:!1℄"*. Z}W�PkTS:!	K�t, G 650 µm × 650 µm × 1500 µm !Pk��j!"yS:%#}�l, I 4 l;=i�!S:	B!�l�(. M`Dn, S:!i���, 	B�K. +%�D2Z 2—4 µm !S:Æy 156 �, %�D2Z 16—18 µm !S:Æy 8 �, L%�D2W* 30 µm!S:}�y 11 �.�ZZoM.<xC, HRTXRT i�M�fg�N℄bÆ!w�. Chaijaruwanich % [78] Gg� Al–Mg;"�APL�th[, �"�}W1yP~;"ICl

AS:%�i�"u, dIC!S:PU}./! Ost-

wald |L (ripening) �m, =[SP~, S!	BS:}"u, 5�G6|L�m(I. �L, HRTXRT !�(�=0)�n}5�(I, `o<, x{"�}W16
HRTXRT `+�!�O, w
S:G`��O�: Y
lD2�{ 5 µm !&��"S:; 	Y
ly�i��{ 5 µm !<ym�"qxÆM"!�dU ��!S:. APLth|LF, +N
S:!xÆHL, y�i�"u, 5
S:7yML��O�. x{"�}W1HL�O�5XU ��S:!N℄�7, =YS:�;=�7<.~"e;=, y[.~ZY�S:, y[.~Zf�S:, �La�� “S:	B:}"u” !w�, L
HRTXRT �O�y�)$6}5Xw�!PU. G{�o7;*| AL–6XN, x�N℄.<xCL�O�S:!��, �5�S:l�r�Pk*fT+�=^�[i,!. Fonda % [79] Iu HRTXRT i�;#�O�}�o7;*| AL–6XN j7!�% σ �!1℄`>�ICv;%6"*, O�O�}} σ �t{=Yl7X4��!ICdU ��!S:. 
�h,!l, .Y� σ�K?GmY�S:, y[Y� σ �G{f�S:. S:MZ σ �!&�X4	 2 �XK� σ ��v. j`<,

AL–6XN IC�O�!�K	S:^{{#O("[Z76on�Hp!m(;d`, OyY�MLlx{HpE�X4�("[�g!C�"L.}M, mu HRTXRT L�O℄J�3y, |TS:!"4�V�6;2 [80] `
�;"TS:!"46V�*f [81,82], h}, M	S:};"!q8%Luvy^. +G{�*UZ�
;", Z}4��
�?, Tu,G&"�+ W, Re, Mo 6 Ta %��, x,x�K, Sw���. 1100 �*([, �*z^��!S6�RU!�S''V�, �VbZdK77!S [83]. Weiler % [84]� AM60B ;g-;"!℄J`JTP~, S:7℄`	�6}℄JE�m(6mq!��: �Sw�� 0.1%"

J 3 lt~_*DD X D�0\a
 (HRTXRT) h�V� TY:!S R9 0\_=, b: �R95�!R !)
Fig.3 3D rendering of the pores in a Ni–based alloy (a), irregular pore (b) and sphere pore (c) acquired by high

resolution transmission X–ray tomography (HRTXRT)
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Fig.4 Histogram for the pore number in the Ni–based alloyu� 1.3%[, Æh�?� 135 MPa ��} 117 MPa,E��?� 223 MPa ��} 153 MPa, E�m(�
8.13%��} 2.38%. }M, .�Pk!E��;���!S:t.

3.2 906Q
f;"F�!
bz;K�ZQ. Qr��LF�!
bz;, y{Q�x}�
b�g!2U6[', `
$1}F�IC��!�J�u. x�!N℄i�xC;L�n�g2U6['!1℄�t. mu HRTXRT M`�O�;" [85−87]��;" [88]�	?g9 [89] 6| [90]%F�T!�g�1℄Qz!GL#Z. 
b�g"<y!m�1℄"qo
x['!#Z, h}, �
bPk.7"�O�!�g['2;L�.�g�=�V7Pkj!['#Z [91]. Iu HRTXRT G�;" [92,93] 6g9 [94] !�6.:, ��_
bT, �Sq��t2U�g!f�[_{}���.7!>f; +(Y����.7!>f�{���K!i�, C+�5���2U�g!ML%7=�. 	MY��1℄bÆ��!y��tl, (�fG"y}.7PU�J�u!��;U2UY��g, �l�K	!�g2;[' [93], 5lhZ(���g���o&�g2U!�8q~��, �l�g['!�8q&&"L [93−95]. }M, ;*xL�Og��;"TY�S:\X!��g[', P~
bz;�,}Y�	S(Z�g!*f. �5�*fT, *�M`�Z-�mAP�g![' [96].Z}%Y�'g HRTXRT �
b�g�6X7!vk, �
�G 316L ;*|!�&�U1.P

(SENB) Pk%#}Lu. � SENB LuT, �3a\
�%,Z�%�CF, �;B}a\Z 0.68 mm [:Gu�, 2GqPk%#4801 (SEM) 6 HRTXRT.<. I 5a lqPk! SEM Æ. �ITHL�O�Pk.7!�g�t, d�g,y:}(L. I 5b lIu
HRTXRT i�W�!Pk"*, L�I 5c T, 	Pk�

E:th, L	�gC`�`7L.g, xT�Z}�U��g`
�g['!�t. �;I 5c, ���g�Pk.7,yPU:}[', �l.wx�OPkICTz��, ��g~A, ^.n~}i?Zf
W4!�g. 5.:IC�g^.9C['.

3.3 #A�Zk�{Li�, HRTXRT i�M`u{'��j!PkbÆ, Z�6F�k℄#Z4
h	xC. G{[#{, �|k℄l�bQ!k℄[O, xT �ZQ!l*zk℄. x{*zk℄bQPU�F�IC, 1℄bÆl�m;!.<xC. Knight% [97] �6}.Qu�;" Al–Zn–Mg–Cu (7050–T7451)6 Al–Cu–Mg (2024–

T351) !�|k℄#Z, P~;"k℄!L?67℄;�k℄[z!AVL"u, L��'T!,Nx��, k℄���W. Eckermann % [98] �a�O} AlMgSi ;"�1℄Qz!k℄*f, P~� 0.7 mol/L HCl k℄WT, *zk℄(bQ)a, L� 2.5 mol/L HCl k℄WT, bQPU��k℄; ;"!.7("M{PU*zk℄, �FPU;A�k℄; �V7Pkk℄*fT, "�zL;mQ�'�, Lmux�!N℄i�%#Pk.<fG;ML�O�5X~�.��!1℄`>G;"k℄, wxl.℄y8o
SM`Iu1℄bÆ^.<. Davenport % [99] �6} Y���-;" WE43 k℄T!�u, P~� 0.1 mol/L

NaCl (pH=10) 'WT, Z7!n Y �� x$��!k℄��&; LG WE43 ;"%#u�A�LthF, A�`>! Y 4�};"!Ek℄Lq, �l#���9C!A�k℄6.℄. G{;*|, ?0
<ey, HyY�.℄�; ?0;<ey, =[PUK�.℄. 5�.℄��;dÆK�q [100]. �.℄��!yC.TL�O�Y�Gy, ML};"#OX�l#! MnS !`>y� [100]. .℄(aP'bmqk℄E� (SCC), GL*fY�Z.℄"4�.℄['�.℄m(Z�g�B�g['6V�g['. �l, �{.<XLxxC, .℄��g!m(*f=;�p. Horner % [101] Iu HRTXRT G;|i�[u! 3NiCrMoV \|! SCC �6.:, W* 80%!�gl�d U q!.℄#<"4!, #y?x�.℄!(C"4. �.℄#"4F!K��g�.℄��[', �V;2bY�uE%�g.}M, k℄RmSM`�f HRTXRT ^%#`o. AZ91 ;"�<O7Wj'_F!k℄RmML�, AZ91 Z7a>��Z�RZ6 Mg17Al12 �. �L,d
6!,y Mg17Al12 �, x7℄`	SUZT?, #m)DX4 X E�FE6"�}W1G`8s�q�!`>. 	k℄Rm;hF, %# XRT `o, I 6a lk℄Rm!hqPk.1℄bÆFZ�n!1℄"*. �IT
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J 5 316L :){�%�T0-O�Oj SEM 
, _bpOj8B6\5�f�\ HRTXRT /g
Fig.5 SEM image of 316L stainless steel sample after three point single–edge notched bend (SENB) test (a), volume

renderings of local volume of the sample (b) and the crack morphology (c) acquired by HRTXRT

J 6 AZ91 :!j\Ql gpOj X D�0\a
Y�H5wSA5� 0\_=H
Fig.6 Volume rendering of a plate specimen from the corro-

sion products of AZ91 alloy (a) and 3D distribution

of the red phase shown in Fig.6a (b)M`�O� 3 �;=!�: `6!Z7�d8q!�6�6B6�. �;B6MA, 3 ��G X E�!rw[~"�. l�℄E, B6�MLl Mg17Al12 �, I 6b �n}B6�!1℄`>I. +QÆ:!l, QQ��6}��l Mg17Al12 �, =+�Pk!�maNt%#Lq`o.

3.4 $*�5���Wr�}�"�Zm;F�+N�!Qz`>�t, G{h�("[OZTZQ. :�P'! XRT i�
W�

+N�!`>IbZML. �1;#LG�;"T TiB2Hp!1℄`>%#bÆ [33], OL�n�#_dg�
Al–12%Cu(Px`	) ;"!eq�*!1℄"*, 2��*!1℄��Zr<%#y��<O, %Lh�;"!
(#Z [102]. � Al–Sn K*;"T, �� Sn �*�<on, Dobrich% [103] mu HRTXRTb���} Al–Sn;"*�!1℄U ��. �
u XRT Gm;F�%#.<[, TTL�O�Y�<0!���. G{<yÆX5F℄��! Mg–9Al ;", �6�V�*fT, Wang% [104] P~, α–Mg �*d~fGQ/!Æ~G^, Y~�*#!qÆÆZ 60◦. }M, O�O�}�*zon!
β–Mg17Al12 �*�.�u XRT i�!P', `~kR
urw℄?bÆ!m;F�~�SM`��+N�!1℄"*. �Uu{}XXK!��|!q8%L}��5���. ��|!Z7l9�7, +N�Z"o7. *�IuoMPk!"�R^�6"o7!`>, kR��r�!1℄�t.x{9�76"o7! X E�rwv	ZT�&, Iurw℄?1℄bÆkR`+9�76"o7. Landron% [105] Iu X E�1℄�tbÆ.<}"o7�!1℄`>. �"�0hT, M`�O�/ !9�7*�6<6!"o7+N�. � HRTXRT Z�F!Y�N℄�h<SM`�O�<6!"o7�, �lx{9�7*p6*�!0y5?fG,yPg, kR�O�9�7!*�. �"y"o7!1℄`>T, ;=B6u{�`��!"o7. =K�N℄Ih<�O�!<o"o7�, `o<�1℄Qzl�Jv;!Y�J�.

HRTXRT �.<Y�m;F�[<y}dvk. I
7a lY� C–C m;F�Pk XRT Z�F!1℄"*.IT!B61?�.}qPkT;=!rw℄?, B6��G XE�!rw��, v6��G X E�,yrw, d}��lQ!. �;I 7a, M`�p)�O��Z;=X�(|℄�I!K���1℄Qz!"*
`>. I 7bl�I 7aT�<4�n!B6�!1℄`>I. xT, ;
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J 7 C–C l:E�Oj X D�0\a
Y� 0\!)��H 7a S3�m A5� 0\_=H5�H 7a S3�m �f0\_=H
Fig.7 Volume rendering of the C–C composite after reconstruction of the data obtained from X–ray tomography

(a), the 3D distribution of the red phase in Fig.7a (b) and the 3D distribution of the crack in Fig.7a (c)=B6u`�`��!�7. �I 7b TMA, I 7a T!B6�xY�i���!`6�76.K�!�7�=�b. I 7c l�I 7a T�<4�n!�g!1℄`>I. M`D�, o}Y���gBM, Oyf��!�g,  +I 7cT<C!`6��g�B6��g6_6��g.

3.5 
O�Z�6F��X�9[O!x�xCloMPk, Iu"�xCaM`o, �l, 5XXe1\�x[z, ;#�Pk=^*fT(ai,w�, L�G`4
PkT�9PU!{F
0!�t. HRTXRT �a.<xCNh}x�"�xC!�.. B~, HRTXRT �6, �Z�;"Pk! %E�*fTS:!"4�V�6;2 [106,107], ,{F��>�*fTSw�6*p?!(L [49], Ti–6246 (Ti–6Al–2Sn–4Zr–6Mo);"
bu�[B
b�g![' [108], SiC Hp"�! 6061 �;"m;F�!�u�%("[O [109] 6m;F�*(�9GL[O [110] %.G{"�F�!℄JX4;�`J, u�*fTT
�PkPnY�S�2. 5�S�2lb}Pk!�9��+QIu�a`J^W�	K!�t. Maire % [111]IuW� XRT �a�6}℄J[ AA–2124 �;"m;F�PkE�!*f, P~�u�*fT, PkSPEj�!	B}�Ih`oT*L�!�g	B�YL, 2�S�2Lx}6u�_�yD7I!��g!.7℄b> . G{�;"!�a�6 [112] O.:, ℄J[�g!"4�}Hp�1℄Qz!;A�`>y�, �&m(y, "bJ�!Hp ��<oHp	aPU�g"4;�Hp6<y�2 !Hp"4�S�G��.o}T
!�a`J, ��
ySM`%#;"!�a�6. �;"V�*fT, �*!�L[OY`m�. Al–10%Cu(Px`	) ;"V�*fT�*��!GL, o}��UVM, OMLK?ywX�L[O: YXl�!N~�*#&L, �%\X��*#!UV; 	YX

l���7℄`	��[, ��N~�*#!;2 [113].V�*fTmu HRTXRT M�V7Pk<4�nN℄�h [113]. �V�[zZ 163 6 275 s !�hTM`�O��!N~�*#!&L, L�V�[zZ 275 6
935 s !�hT �O�}��N~�*#!;2.

4 %�	G> X >U;L�X��1B~, �0
u��!;=, EE XRT bQywX:YXl=�dE�� XRT; 	YXlZ{W�. X E��!`Jr XRT.

4.1 F
"�=N�Z=�dE�l�?�&��!Æ0py�zSTfm[, Cfm"���X�PE!v1q!0z6, xiqX�v1M3 (<y�
BM� X E�TXI!v1�q)��{? ( p; X E��Pn!�{ 106 � 1012� [49])��rD? (l#�, oÆkY��m) 6r�v%<0!%L. h{?�, IÆr�[zB, ;=`JoN!Y~	;Ia[zM� 10−3 h(W�1℄bÆ) �
1 h[114]. x{=�dE X E�bÆ*
ul#�6�,"W�!IÆ;��E��pL (FK6 X E�u*Pk[, hLx�&!�yv{�Q�rw"iy!lA XE�LxC,E�2"u!~�) iy!PkT=YW����;=aNt<y;=℄?!w�. I 8 ZZ^=�dE�� ID19 ���*!`JoNgdI [109]. M`D�, ��6bÆoN!>fZ 145 m, Z�;=aNtn�IÆ4
}~�!Qz>f. hL, o}Z�!rw℄?bÆM, OL%#�a℄?bÆ6�tbÆ [1]. }M, Pk6*L{Bz!>f��M
 5 m, TzMYN�
��RLq8uJ[6FE`o℄%oN^L'muTX [104].. 2 �n}�Z%� Spring–8, /&��&t`Jr!{%�� APS6R&!Z^=�dE�� ESRF �I!i�1��L (0y�LxW* 5 GeV) =�dEoN`
&I=�dE��! X E�bÆ�*. B~, &M�=�dE��! X E�bÆ*bQaT�`W4X4
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J 8 Y℄<?
D�� ID19 ���)_InMf
H [109]

Fig.8 Schematic drawing of the experimental set–up used at ESRF on the ID19 beam line[109]� 2 'N
R,2��&M>AeF�	7'J>AeF�	" X F�
��+
Table 2 X–ray tomography beamlines in the synchrotron facilities in China and the major 3rd gen-

eration synchrotron light sources in other countries

Country Location Facility Beamline Energy, keV

France Grenoble European Synchrotron Radiation Facility ID19 7—250

America Argonne Advanced Photon Source 2–BM 5—30

Japan Hyogo Super Photon Ring–8 BL47XU 5.2—37.7

China Shanghai Shanghai Synchrotron Radiation Facility BL13W1 8.0—72.5

China Hefei National Synchrotron Radiation Laboratory U7A 7—11

China Beijing Beijing Synchrotron Radiation Facility 4W1A 5—20<W4xe, QK	�Qz`+�GF�K8�U;Z8�L8�N0K86F�8%8K!Y�ZQh5!�6.&I!���aSmu XE�bÆ*C'}=K
�,  +�+=�dE�� X E�bÆ�*%#} X E��a℄?bÆXR!`J�6, 4n}p,!FE"�bÆXf, 2Z{FE"�bÆXR, 4n} 2 �2E��	�2E�1?62E�!Z��RÆe [115−118]; T&Ki�8&t=�dE`Jr�E4F���
UV[h��3L�UmP��[h��h`o��	P}x�!�J�u`
�UmLZ%X�>�C'
�; L<+�� Lq{Um-�C
& Z F�!&jx6�`+1℄bÆ�6. +QFn!l, mu=�dE��{?��bÆ�?W!0., 	a{C'G8'*f!�6.

4.2 B\D=N�Z�}=�dE����bÆ, v�!�� kR� , ��1STT&�}`Jr HRTXRT !�q [119].�w4!0., +(`~ 2 Xi��&	`, `Jr
HRTXRT !�(M�Z=�dE��!�Amu`JIl�Pk74`
{u!ifi�r�!JF.`Jr HRTXRT "
u!��lW�. X E��, Pn! X E�lK6�. �uE4�. X E��6�`+l�*L{ (2048×2048×2048) !n~, /4x

e!"�F�PkbÆ!7�i���M
 0.4 µm, Qz`+�ÆZ 1 µm[120]. &Y�0�8ry 7 %`Jr
X E�bÆI�, M`%~�XF��<W4�/4xe!Ki?`+Q
. &fS^, `Jr HRTXRT �x�!rw℄?bÆ [121,122] !Zr<, O8G�8m6-�C [123,124]�(|℄�,yK�G X E�rwv	�&!�!m;F�`
:;m [125,126] %`~}x5�a℄?bÆ [127,128]. }M, 	?g9
b�g['!�a�OSM�`Jr HRTXRT I�<Qb [129].B~, &I`JrW�. XRT KaT{UmPk,Sy?x8G:;m [130], 8G"�F�!1℄bÆ!�6yyy�. "�F��O�6[u
*fTU;M$6)i,Y���, +q��|S6�S%. 5�����3yGF�q8%L!o
l;MH�!. T&K8
"��6"! Gao % [131] P~, ZrTiCoAl V7"�3r�℄J�3y!E��?`>�Y�ZT�!TXI, �
310 MPa � 1690 MPa, lA℄J�?#Z 1090 MPa.G℄J�?%# Weibull �l`o, x1J	 Weibull <x m3p1 60�mqE σµ #`/Z 1.8 6 250 MPa. 5.:#�ilA℄J�?l;�!, 	m�i σµ. L0�mqE}F�j!���t5���. �L, G���u!"aO

;�,  +Pk%LG��9x!i�TX
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; ���PkI!`>lbo
q8%L; i��=, �"*;=!���F�u�*fT#Zlb�=%. x�!N℄.<xC, +4801HL�nPkE�.7!��0h, kR�n=�Pk7℄I!���t, kR	��}F�!q8%Luvy^. HRTXRT ���.<X7<y<0vk: M`G=�Pk7℄I!��%#k�bÆ, ym{+/���F�V�T!�u, %L�f`oV�[h,`vLO�*f6s8F�Px.

2012 S, T&K8
"��6"OMF�K8&t
(u;) `Jr� Xradia Æ��, VersaXRM–500 EE
XRT v�. I 9 Zqv�!��gdI. +I 9 "g,qv�M`~f8Y�6�8Y�!NeY�bÆ. qv�!Qz`+� R Muye^l�:

R =

√

P 2
D +

(

S dsd

dss

)2

MgMo
(8)eT: PD l*L{!Æ�i�; S l X E���.i�;

dsd lPk}*L{!>f; dss lPk} X E��!>f; Mg lf8Y��	, x	EZ (dsd + dss)/dss; Mol�8Y��	. �;e (8), PD ��, S ��, Y��	��, Qz`+���. G{Hyf8Y�!x� XRTI�, �E��6*L{Y6!�Yy, Qz`+�bQ��{ dss. �L, Pki���[, dss S��, kRW��`+�!IÆ. �f8Y�!Zr<`W�8Y�, 7M``~�i�Pk!�`+bÆ. +QÆ:!l, `+���, bÆsS��. G{ VersaXRM–500 EE XRTv�, sS!i�ÆZ`+�! 1000 �.  +, sSZ
1 mm [, `+�ÆZ 1 µm. B~, muqv�, `�
;"�|��;"��;"�-;"�,{6(F�%ZG�C'}�x
�. �
�T!I 3—7 ! HRTXRT Lu;l� VersaXRM–500 EE XRT v�<Qb!.

J 9 S%J7�!�?5!NLE�J7%s (t:) _Iq
X D�0\a
��f
H

Fig.9 Schematic drawing of the Lab–X–ray tomography

experimental set–up used in Shenyang National Lab-

oratory for Materials Science, Institute of Metal Re-

search, Chinese Academy of Sciences

5 ,7)fK
2012 S 7 �, +Y�1℄F�K8&oUf�0uRN<1C [132], X E�1℄bÆ}F�K8!�;lxTY�ZQ!.�X�. 5.:�^�K!�Cd*�F�1℄W����t}%L!�v. o}�8}W160y}W1M, X E�1℄bÆbZ*�F�W�i�!zY�ZQ!i�xC.�ZYXk�Lui�, }x�!k�{LxC� , HRTXRT yx{g!0.. x�!��k�{LxC�ZWS�E��za6RE. Y�^Æ, za6REmu{.76&.7!k�{L, WSRmu{CPkIC��k�{J, E�Rmu{�PkIC��k�{J. x�E�R!Qz`+�Y��/4xe. L
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