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Abstract: X-ray computed tomography (X-ray CT), as a high-resolution, non-destructive, 3D visualization technology of
material characterization and measurement, shows unique advantages. It can not only provide the high-resolution external
characteristics of the sample, but also obtain the detailed internal structure information, which has attracted more and more
attention in various fields. This article highlights the uniqueness of X-ray CT by simply comparing the applicability and limi-
tations of several non-destructive testing techniques. The principle of X-ray CT and the characteristics of laboratory tomo-
graphy and synchrotron radiation computed tomography ( SRCT) are mainly described. The application of X-ray CT in fiber
reinforced polymer( FRP) composites is summarized from the aspects of exploring the internal structure, evaluating the man-
ufacturing process, obtaining the evolution of damage or failure, and combining X-ray CT with other characterization meth-
ods. The challenge and development trend of X-ray CT in FRP research are put forward.
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Fig. 1 Schematic diagram of X-ray computed tomography ( X-ray CT) (2]
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Fig. 2 Schematic diagram of in situ X-ray computed tumography[%]
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Fig. 3 In situ ultrahigh temperature tensile test n'g[zﬂ : (a) schematic illustration of in situ ultrahigh temperature tensile test rig for syn-

chrotron X-ray computed microtomography; (b) sectional view of the heating chamber, X-ray transmission path through the heat-

ing chamber and sample; (c¢) schematic of the rig in transmission mode for X-ray computed tomography
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Fig. 4 Main steps to extract the CFRP geometry from X-ray CT image slices and generate finite element ( FE) meshes
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Fig. 5 Process of using X-ray CT images for simulation analysis
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Fig. 6 Extraction and segmentation of matrix damage during in situ loading from 20% to 80% of failure load ( transverse ply cracks in

the 90° plies, 0° splits extending from the notch, and delamination occurring at 90/0 interface ) (2]



532 Hh A ki

541 %

PR AR R AR P 27 4t/ S SE AW IR 2 A b B2 R AR 1Y
MR s B AT T JCAR I A E B AR, BRI )
FITT LASRAG bt 4 s DX B s 3 PR AR, (H 5 5] A
SMIGT, AL, UIHIE A B 2 i O R K
FENTRERAR N PR IR KGRk, TRl TRS:
PERERTFSY, Wil J5 i o7 ol i 2

TESE 57 27 i Am AR R, A RRHS RS, AL
Bt %5 AR AR AR B i 23 WA e, AR 2 RE X ny Bt
FAREREEAEI, 30k 8] — & 25 RIS A RHT 2420 5
PRI A2 65 AR AT 57 1 B 0 2 S B T A v DG 7 A o 2
Dt Yu ZE I Xeray CT AT T 2 )19 J2 2 fA
HRB = HELZUE G AR AR 55 B A i 7, B
PO oA i) = e Ak, 450405 O AR B2 R I RE 8 Bl E B
oA, IR T AR A B S 05 B i B ik
h = HENLAUSE G PR R A (] S B8 57 451 03 9 e Ak 4 43t 1
T LA

X-ray CT MIRAIRZE L0 J5 19 JF 55 31 0F 290 BRBE 4%
PR SEBLSE IR | B AT S N 282 i FF A I
B An ap b4t A 16 A2 5 A I S M 3t T 1 R, T
— DRSS Ty, X T ok RO 7 Sk, LA
AL AFTEAR KA PR
3.4 Xray CTHEHMREFXLEEATESHRLH

X-ray CT AJ LUK i fF 581200 vh A7 78 (9 052 45 ] #4k
FERT ORGSR . AR RE AL EAT], 5 A — 2 A
BORMG A, AT X A0, LG 1R AE R
figg, TR T DA A A5 A A 738 SURAIE

Kim 25 J 55 409 K FH AR DAV A e 1 SF A W) = 24
AV A MR RS A R R BFSEZ T A
FCFEAA IR o3 A A 54T R T A TP, e B o rh
JH X-ray CT 43t PRG54 IR UE T T 40 FO7E B4R iy
T 4 oK 5 A 08 A ) £ 24 80 DA K A3 B a5 B, Yu
SEUUAE e M (B SR ) | SEM (2R M)
Fl X-ray CT( =4ERUE) X A BB ATGH 1Y )2 2 (modified
layer-to-layer, MLL) =Z4EHLLUE A B4 REFEF7 Ao -F7 o5 57
FA T R RS T T VEAEoE, I RAEPIAFE S h
R, H Xeray CT #8718 T 2440 (445 2% 1 56 1A 2
gr, BEm AL 2R SRS EBARS E)2 ) J2 g
RN, JfAlies 1k SR LT Y AEMAR OC 1Y 5 A = 4
TEAS . Wang 2507108 7 B 407 iy 35 A L 45 Y R kH 6 110 = 4
PRAGHLA],  XoF AT T o i s 2 4 A 114 B 1) 4 1 SR B A 7
TEBWESE, SEM 1 X-ray CT HYWE5E 45 5 AH H S 1k
B TE2 T RIEWIN G = 4e 450 i LR AE, JFifE 5
HLEEHIE A A O LR, 25 300 5 T A 1)
S AR BRI UL =4 A n Ak, B R B AR

FH X-ray CT 1 H il In 8050 4 52 B0 T BERE LT 4e g 0 5 5 44
BHALE = S fon2d B R AL, R T AN F gk
BB Xoray CT EUE,  HICARAT A0 4L N0 9 40 UL 25 44
AU AR R IEAR B A, PR RS 1A AR AR OC
2 (digital volume correlation, DVC) 3RH #8375 S A% b5
O3, RIS A WML S 52 A bt R A R 1 AR
TERHE, 5T 4L PSR AR T IR R S0 UE 330y A 70 42 1t
TH ¥k, Castaneda %' R IR0 ik, 456 %
YRLICH TG FISRAE TV, ALFRECT MG Gk (digital
image correlation, DIC) . AE Fl X-ray CT, &1k Z mZ7E
T £F 4 —AENLLUR S ARH 5 AT S Hh 52 e AL, DIC
Rt ey M =4 RE LM, AE T & 2040
X-ray CT AJ LA$RAL 7 ] 2075 J5 B J7 ) % 7 2 Pk e 52 il (1)
AL, ABATTHE ST BRI Z A TE T = M
PR 42 Ry TN AR A RN SR AR o0 e AR B AR S5 S, I
AR EN S HAMEIE A K, FFi@ i AE F1 Xoray CT i
I8 XHGUE . Zhang %6 fE X} = 4k i 212 & R RS il 2%
i FEUAPLEE R R WA T AE M Xray CT, 51190
AR E R (i 20 2k 2 T Sk ) A s 2 R AR 4
LS A, A AR E A (i 2l H TR
S MBGTE R T ERAAIERE . T i, RT3
Merdemw s, B R E A i AR ok B b AR I g )
PO F B AR B A4 BL, Djabali'®’ | Alia™®" | Zhang'®' 4%
[FAIFER ] X-ray CT, AE il DIC iX 3 F# R %t FRP #E17
ST . Djabali 55" X245 i 28 A5 45 I S8/ 28 4802 FEAR
(A9 57 400 O WL SR A2 R AT T AT SRR A Y, O 4R
HET X 0 2 A R TR I B R R AL R ) S8 R RN I AR 1Y)
i Bu =g 2% (B eV N I T T R YA = v S X
T AN [ 138 28 A g 17 (g RSS90 O g JRE 52 5 MRS
(14 T i G 00 7 5 (R o AT DU, Alia A5 COT X 3 JRR
Y34 E REW IR B & R 1= e b AT b, A
{URIE T WA, R T AR g J1 2%, I
A o 2 B DA ALY BB . 1T Zhang %1
RE T CFRP BB M Sk i R 4 il e, 81N T —
TR AL 315 A3 A 7, (R A A 005 75 B HE R Y AT
WAL T3 B Ak

SRS, AE W] DR 20T AR | SRR
FENLAAR S, (ER A J0 75 o 0 4 W SRR TR . R
INFIGY 5 R DIC AR AT DUARAS 2% 18 5 % 3 (14 0] it
MR, RRAEIR G MR R MR ) = AT ok, BT
DLW IR AR S AR H N R 20 A R B B R R A
1M X-ray CT 3XFP5RA 1004 AR BB X5 BT A5 00 1R 19 46
PR T o B MG B 0 RO, (A AFAE A L 240 R
T ZIABERGI IR A IR S s AR B — T )y B



o557 1

PG Xeray CT ELFHENG 58 R G W) A 0B (9 DL AT S 2E JE 533

XF FRP #EAT RALIF AR SEIEMY, IR 2 MR AR T Ben]
DABCRAME | A SE

4 % iE

X BRI HLNTJZ FHE ( X-ray computed tomography,
X-ray CT){ER—FhIREsR K MM AR, &) &
N T4 e 58 B 59 (fiber reinforced polymer, FRP) &
B RERSUR I E A E PP, DRI FE S R TR X
SRR I N AR S A EAT W6, R B AT LA
PN EAE RS hous S5 BB AR B 4 P 2
PO AR AT G, AR R L BEE K [H
AR R AN T R 15 LA R 26 % T2 4 P S T i
X-ray CT 7 M 8] 73 B 5 H 45 (8] 73 B 3807 K A5 2 i —
HIEEE, [HAE FRP 4R I HTS AR T Il 2 —LE Bk«

(1) 24 FRP (R [F)AH A [ ) AR X L AR
HRTTLUE R gort © A5 ik m o HUEE, HL HRE
BB R B S SRR 5 Y BRI T
e SRR B AR ROR Z 57, B T4 i R,
SZBRT Xeray CT BYZE[RI0HER, AR S EHRH X 73
SRAE SRR, T ELRE A bR AN 5T 7
A A IR 2T i Tl AR, PR )R o
b IX 53 AN [T AE LA B AS () G o Bt — AP B B R T

(2) REZHFET Xoray CT A A i i B LA
FLAR S SCR A RS LU BT T MRS AIE , [HR X R 24
PRI 3 R AT JLART R AR ARG BE 2 BT, X BT S i Y
R = U] — 20k, X AT REE AL B b = A HUE
RS A SR AN ) o [ QR 4 R Ak Bl s T
b R T b N R T PO B B o E 19
IIEMGOR ARG LT AR R A SE B, H A LA AY X T 2K
Y TAE, AR I (R 7R BARAY 7 B3R T S A
BE A ShEE [ s R0k, AR el ek, A
T# g (artificial intelligence, Al) T.HF1 X-ray CT $ AR
B, AT RAE S G BB RAE AR o 72 v 5 Ak 3R 8
PEARSC Y I

(3) AR ROST FLERAS 1 R 43 B 58 Z TR A7 A AH L
T2y, o3 PR B i BOWL AR 1R B Rk e, X
AR AT RLERE IR R KN, TR R PR 5 e e
TN, IRGERE R R/ N DRSE T R 25 BE % A RICR 4L 31
FEROA RLIX I, T ELAE AR B A B0 T i T 2 R
B X-ray CT WFGEHIE—AEE B[R],

(4) XTI B, T BB T A IR 2
e, LURERE/DRES S X LRI, HT AR
F17E A R Xeray CT % 8 B B 7 220t — 20 iy
T o TRARIANE Xeray CT £E5 57 it X 06 5 A v 119

R RATARAK AN AE o K5 A TR] ) 2R 280 7 0 285 4 b b Jé
AR, w5 BERT LI A 2% R R kAT b B R AR
FEXHRAIHEATERA A 51, DR e 30 D) 0 = 4 T A
PR RBERNBT K, T AORG e 280 I 3l Ak I ik PR &R
GEE TIPS DAL i 7

SE Xt References

(1] xUfhpR, Jrig, Jrfe. @sizimdi[)], 2019, 40(4): 1-16.
LIU W Q, FANG H, FANG Y. Jounal of Building Structures[J],
2019, 40(4). 1-16.

(2] BRE, B, KTE, 5 BN LEHHI], 2018(9):
5-10.

MAOL T, WEI K, ZHU Z Y, et al. Fiber Reinforced Plastics/
Composites[ 1], 2018(9) : 5-10.

[3] DILONARDO E, NACUCCHI M, de PASCALIS F, et al. Composites
Science and Technology[ J], 2020, 192 108093.

[4] LIUY, de ARAUJO M, HU H. Advanced Fibrous Architectures for
Composites in Aerospace Engineering [ M 1//SOHEL RANA, RAUL
FANGUEIRO. Advanced Composite Materials for Aerospace Engineer-
ing. Woodhead Publishing, 2016; 17-58.

(5] ZEmH. FETHESHE ST 2D K 3D 5815 e bttt
HIBFFEL D). L, ZREEREE, 2015,

LI L. Investigation on Damage Mehanisims of 2D & 3D Fabric Com-
posites Based on Acoustic Emission Signal Analysis[ D]. Shanghai:
Donghua University, 2015.

(6] BKilERs. BRETHE=HEImSUL AR MR 5 8t i iR oY
[D]. PRE: fHLR, 2018.

ZHANG Y N. Study on Tensile Deformation and Progressive Damage
of Carbon Fiber Three Dimensional Braided Composites[ D]. Baoding:
Hebei University, 2018.

[7] ELLISON A, KIM H. Journal of Composite Materials[ J], 2019, 54
(4); 549-561.

(8] Maks. FETECFRUSAC I RIS KBRS G R Z BT
FE[D]. fR%E: WHLAE, 2017.

YANG Z. Study on Delamination Damage of Composite Materials
Based on Digital Image Correlation and Acoustic Emission[ D]. Baod-
ing: Hebei University, 2017.

(9] oz, FET75 R HE S I BAR T IE M S AR R
WD), PE: LR, 2017,

LUBY. Study on Damage of Braided Composite by Acoustic Emission
and Digital Image Correlation Method[ D]. Baoding: Hebei Universi-

ty, 2017.
[10] TANG G, YANY, CHEN X, et al. Materials & Design[J], 2001,
2(1): 21-25.

[11] MOFFAT A J, WRIGHT P, BUFFIERE J Y, et al. Scripta Materia-
lia[J], 2008, 59(10): 1043-1046.

[12] SCOTT A E, MAVROGORDATO M, WRIGHT P, et al. Compos-
ites Science and Technology[J], 2011, 71(12); 1471-1477.



534 rf Ak i XA

[13] LU T, CHEN X, WANG H, et al. Polymer Testing[ J], 2020, Engineering (IGNITE-AICCE’17) ; Sustainable Technology and Prac-
91. 106730. tice for Infrastructure and Community Resilience. American Institute of

[14] GHOLIZADEH S. Procedia Structural Integrity[J], 2016, 1. 50— Physics Conference Series. American Institute of Physics, 2017.

57. [31] MAHADIK Y, BROWN K A R, HALLETT S R. Composites Part A;

[15] DWIVEDI S K, VISHWAKARMA M, SONI P A. Materials Today: Applied Science and Manufacturing[ J], 2010, 41(7): 872-880.
Proceedings[ J], 2018, 5(2): 3690-3698. [32] MELENKA G W, LEPP E, CHEUNG B K O, et al. Composite

(16] fERAL, XAF, XIHESE, % TRIEENIH[I], 2020, 48 Structures[J], 2015, 131 384-396.

(10): 162-166+171. [33] SENCU R M, YANG Z, WANG Y C, et al. Composites Part A
FUTH, LIUSP, LIUFF, et al. Engineering Plastics Application Applied Science and Manufacturing[ J], 2016, 1(91). 85-95.
[J], 2020, 48(10); 162-166+171. [34] HUANG W, CAUSSE P, BRAILOVSKI V, e al. Composites Part

[17] FASR. BFIEL[T] , 2019(19): 86-88. A: Applied Science and Manufacturing[ J], 2019, 124 105481.
YU X Y. Electronic Test[J], 2019(19): 86-88. [35] LIU X, ZHANG D, SUN J, et al. Composite Structures[J], 2020,

[18] TOWSYFYAN H, BIGURI A, BOARDMAN R, et al. Chinese Jour- 245; 112347.
nal of Aeronautics[J], 2020, 33(3): 771-791. [36] CAO W, ZHANG J, SUN B, e al. Composite Structures [ J ],

[19] B, XU, bk, %5 WA/RBEHT RS4RI, 2020, 25 2019, 230: 111525.

(2): 64-72. [37] LI'Y, SUNB, GUBH. Composite Structures[J], 2017, 176; 43—
WELJ C, LIUJ Y, HE L, et al. Journal of Harbin University of 54,
Science and Technology[J], 2020, 25(2): 64-72. [38] SOMASHEKAR A A, BICKERTON S, BHATTACHARYYA D.

[20] Ay, w/NGHE, BRXIGE, 25 ISR [T], 2009, 30(6): Composites Part A: Applied Science and Manufacturing[ J], 2011, 2
768-771. (42) : 140-150.

CHENG Q Y, TONG X Y, CHEN L D, et al. Chinese Joumal of Sci- [39] de PARSCAU DU PLESSIX B, LEFEBURE P, BOYARD N, et al.
entific Instrument[J], 2009, 30(6) ; 768-771. Journal of Composite Materials[J], 2019, 53(28-30): 4105-4016.

[21] WATANABE T, TAKEICHI Y, NIWA Y, et al. Composites Science [40] VILA J, SKET F, WILDE F, et al. Composites Science and Tech-
and Technology[ J], 2020, 197. 108244. nology[J], 2015, 119; 12-19.

[22] NARESH K, KHAN K A, UMER R, et al. Materials & Design[J], [41] NGUYEN N Q, MEHDIKHANI M, STRAUMIT I, et al. Composites
2020, 190. 108553. Part A; Applied Science and Manufacturing[ J], 2018, 104; 14-23.

[23] XM, WLOEF, MR, % JEaOiZsiR R2EMm 1], 2016, [42] Jrfd. SEF=HL5HEARIEN E MR GHLEIIE [ D]. &
42(2); 211-217. A ERREERAR R, 2017.

LIUZG, YA JX, LIN Q, et al. Journal of Beijing University of FAGN J. Research on the Composite Damage Mechanisms Based on
Aeronautics and Astronautics[ J], 2016, 42(2). 211-217. 3D Structrue Evolution Characterization[ D]. Hefei: University of Sci-

[24] GARCEA S C, WANG Y, WITHERS P J. Composites Science and ence and Technology of China, 2017.

Technology[J], 2018, 156; 305-319. [43] JKEE. HTRA RS 3D-DIC (1 =448 & b RHE SR 058

[25] BUFFIERE J Y, MAIRE E, ADRIEN J, et al. Experimental Mechan- EWFFE[ D], BT ¥TIRR2E, 2019.
ics[J], 2010, 50(3) . 289-305. ZHAGN L. Damage Evolution of 3D Braided Composite Shaft Based on

[26] LIZ, GUO L, ZHANG L, et al. Composites Science and Technolo- Acoustic Emission and 3D-DIC[ D]. Zhenjiang; Jiangsu University,
gy[J], 2018, 162; 101-109. 2019.

[27] BALE H A, HABOUB A, MACDOWELL A A, et al. Nature Mate- [44] SKME €. BT Mirco-CT 575 K HARMREE SRR
rals[J], 2013, 12(1): 40-46. [D]. £, ek, 2020.

(28] BAMAE. FET Micro-CT M) =HEgREVE ARG AI LB )24 ZHAGN P F. The Study of Damage and Failure of Braided Composites
REATD]. MA/REE, M/REE ALK, 2017. Based on Mirco-CT and Acoustic Emission Technique[ D]. Baoding:
CHEN C H. Refine Modeling of Three-Dimensional Braided Compos- Hebei University, 2020.
ites Based on Micro-CT and Analysising of Mechanical Properies[ D]. [45] WRIGHT P, FU X, SINCLAIRI, et al. Journal of Composite Mate-
Harbin; Harbin Institute of Technology, 2017. rials[J], 2008, 42(19); 1993-2002.

[29] NAOUAR N, VASIUKOV D, PARK C H, et al. Journal of Materi- [46] T, XA, gih, & FHMETZ[I], 2019, 49(3):
als Science[ J], 2020, 55(36): 16969—16989. 67-71.

[30] Naouar N, Vidal-Salle E, Boisse P. Meso FE Simulation of Composite YU S, LIUXD, QIANK, ef al. Aerospace Materials and Technolo-
Reinforcement Deformation Based on X-ray Computed Tomography ay[J], 2019, 49(3): 67-71.

[C]// Proceedings of the International Conference of Global Network [47] HU X, WANG L, XUF, et al. Carbon[J], 2014, 67. 368-376.
for Tnnovative Technology and Awam International Conference in Civil [48] SAITO H, AOYANAGI Y, MIHARA T, et al. Polymer[]], 2017,



7 S : Xeray CT AR SV A bR ORISR 535

116: 556-564. (11, 2017, 160 917-924.
[49] LIUB, HUX, L1Y, et al. Carbon[J], 2020, 157. 506-514. [58] CASTANEDA N, WISNER B, CUADRA J, et al. Composites Part
[50] ENFEDAQUE A, MOLINA-ALDAREGUIA J M, GALVEZ F, et al. A: Applied Science and Manufacturing[ 1], 2017, 98: 76-89.

Journal of Composite Materials[J], 2010, 44(25) . 3051-3068. [59] ZHANG P F, ZHOU W, YINHF, et al. Composite Structures[J],
[51] BULL D J, SPEARING S M, SINCLAIR I, et al. Composites Part 2019, 226. 111196.

A Applied Science and Manufacturing[J], 2013, 52. 62-69. [60] DJABALI A, TOUBAL L, ZITOUNE R, et al. Composites Science
[52] LEONARD F, STEIN J, SOUTIS C, et al. Composites Science and and Technology[ J], 2019, 183: 107815.

Technology[ 1], 2017, 152; 139-148. [61] ALIA A, FANTOZZI G, GODIN N, et al. Journal of Composite Ma-
[53] ZHOU H, LI C, ZHANG L, et al. Composites Science and Tech- terials[ J ], 2019, 53(24) . 3377-3394.

nology[ 1], 2018, 155: 91-99. [62] ZHANG H, 11 C, DAI W, et al. Composite Structures[]], 2020,
[54] YU B, BRADLEY R S, SOUTIS C, et al. Composites Part A; Ap- 234, 111667.

plied Science and Manufacturing[ J], 2015, 77. 37-49. [63] SCHILLING P J, KAREDLA B P R, TATIPARTHI A K, et al.
[55] YUB, BLANC R, SOUTIS C, et al. Composites Part A; Applied Composites Science and Technology[J], 2005, 65(14): 2071-2078.

Science and Manufacturing[J], 2016, 82. 279-290. [64] RASHIDI A, OLFATBAKHSH T, CRAWFORD B, et al. Materials
[56] KIMKJ, YUW R, LEEJS, et al. Composites Part A; Applied (Basel)[J7, 2020, 13(16): 3606.

Science and Manufacturing[ J], 2010, 10(41) . 1531-1537. (¥ % #)
[57] WANG Y, BURNETT T L, CHAIL Y, et al. Composite Structures



