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Multiscale Synchrotron X-ray CT Analysis of Sintering Defects for Highly Reliable Materials
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ABSTRACT

Synchrotron X-ray multiscale tomography is a 3D imaging technique that integrates microtomography and

nanotomography, enabling high spatial resolution analysis across a broad field of view. This approach allows for

tracking 3D microstructural changes at multiple length scales in processes such as powder compaction, sintering,

and ceramic microfracture. The heterogeneity, complexity, diversity, and hierarchical nature of powder compacts

give rise to various defect types that influence product quality, reliability, and lifespan. In spark plasma sintering,

defect formation and elimination are influenced by applied external stress, while internal stresses generated during

differential and constrained sintering also play a critical role. Furthermore, the intricate subsurface crack networks

formed by Vickers indentation highlight how heterogeneous microstructures contribute to toughening mechanisms.

KEY WORDS

X-ray computed tomography, sintering, heterogeneity, microstructure

1 # 3

MERE T, 7otk X - RS - R o BIR & RS
5T ENEELIETH S, FFIZ, 3WILONEFIL, 7
Tt 2 MR EOBREH ST 5 L CTEERAE A R
729, MR A LB R BEYICHAG DY L2 LT, #
M, B, A WA, BB T ROVF — AR OBk
BIRZFEOYT I v 7EHR TN, A @ HHE TR
THIENMREL 25D, WS MEHE, v 7oAy —
WVTIEHWEHICRZ 225, BTV hok, 370, AV
EWV S SRR A — MIZBWT, N R G A 7
WS 5. INOORMRAEMEL, RO F
W, SOIREMIEELZLE 25, INOOERIIHART
Ot AR L, BEREPICEEICRET S L3 LW
—HT, B EZRBESEL720120E, MR E A Y
PERHFIEL, <VF A7 —VORSEHES %2 355 2 & 25k
WOENSL. PIZIE BEEIIvraryFry (MLCO) I,

* Corresponding author, E-mail: OKUMA.Gaku@nims.go.jp

AR#LIE CCBY-NC-ND 5 4 £ v 22X o THFH SR T T

T4 Y ADONEERIY 72w,
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.ja T ZHfERE 72 X W,

202545 H

TEIE S 755 AR & W S & W T 5 2 & T
ENBY. RS, AEECERRBRLREER (SOFC) @
BARFOBIE IS WK T o b AN EE L ZEZ2 R, &
73 v 7 AR O FI2E, A ¥ 23R
WO DB AN R TH . Wk b O BoHIRE & o 5 g 1,
A E DFENT X B2NERIS ST GREEZERERS) R0, FAKeuifl
MOWMEIZ X 2328 (B 2205, 20720, BE
RNFRICAEAET AN e KR R AL 2 BRI X - Toea
WCHRETHZEEIREETH L. MET O ADBICLD,
HA 7 2B 70 v 2% 7 AR R K B o ) )
MHEATE0 F/2, MEEERL 3D 7Y ¥ 74 v 7
DIBIZE Y, FEMERAERDL Z L THHERIRO M %15
WL EHUREE Lo TS, 51T, YRR, 7
T v T a ks, BEEARBER, IV FBER S wo L
VBT & D, BERE T O RGeS E O AR 2 E ISR T X 5
LI hoTz MBOGBHELZRIET 5 7-0121%, MM R
IR A & O I -ME % RN EIT§ % 2 & SRR
Thh.

X CT 0%, BT A7 —VICBT B 3 RT3
BEx ISR CHMiTX 2MaTihEThHhs. ZoOHMEZIGH



122 KHig

4

T52 LT, BERTORTIEROFMEEEBISTE,
oy 7B, WA, KT oMEB) - WiR, S5YEO T
ek bn. $72 KFAFr—ILVTOBEIZLY, KILBKRD
ZALZ FLak§ 2 - i aasitg sy, bR o -2 kR
FTA T =K, MR~y Te OB A TH D, il
Bk Clx, ABNAOAREE R SILT ¥ A V25 T O B
WZIER S, Coble' AMEIE L 72 ZH MU - 72 AR JE
WAy bU— 7 L3RG 2B RS R RO 2 LS
o> Twab. KILF ¥ AVORTHTIEIRIE, F v AV ERD
PO T ORITHIET 22 ML LCERIAS NS, IR
BT 8T B OIS 212250 T, ke zgIkeE
FEOGILF X AVDPREEINS. KiLr vy b7 —27 OFIR
1Z, I RIBERS TIZEILT v R OV D 2 WS X o THE
T& 5. LILEMEOELIE, ML SEILE Y T
T =27 DROFEALIIC A A4 T — % T
LZENTELY. HSILAMBEE CHAT 5 &, RpE
W& o TERARII IR T RO B2 5.

ZAVEM B OIS SR T A =V CRAHETH S
A, X7 UAF =V TRERKE LTbh3'. ok
RERRIC B B A SO O L ODMEERREH (RVE) T
»%. RVEIX, 327 0xr—VofEHz+oicagishoo,
<7 B AT = IVOYHKIZ AR T4 S WA I B o4k
mMELTEHREINS'. RVEDWE&IZHEDX, KA —
OREEWE A MNTERE, PR, DR, gl vo
TEBWN G NT A= LHEMAT A2 LD REE RS, 2O
A —VOs5ENE, Ira-AY - aEEY L LTHS
NTw5b. RVEJEE, NROFEEEICHEMST LN,
A1, XM CTIZ X o TRTF R 7 — )V THEI S N5 RN 7%
HNBEOW S X oHETE 5",

tT Iy AOBIEIE, PRELY DIELEZNITKRE R
KR RGBS 5 7280, BEBRIYGRIE A2 MM %P5

(a) Micro-CT mode

T 512, BT B ARBERTORMIZE A = X L% B
fH3 22 LA RTHSL. Bl X7V AP
WZRBIE 7O AT DA, HEBIGARISBHECRAS A 0kt
FARIZ X o TR R B, 20, WEEZ v
THEMEZ ) LSS5 7200 RAMER S, T2
ROBE S TERT 5. BekitoMeHaE, K& 2R
SALDERA L, BB EEEOKTICOR2 5, XHCTH
i, €5 3y 7 BERERNEED 2 U A — VIEE OIS
WHENTBY, BREM T OBEZE?, HARKIL?Y,
BRI TSY, BURKKY oAl s ns. /2, &
BT Iy AORBEERICI D EL MBI L KGO
KR, dhBERE 2 & A MLCCY 3 X OF SOFC™ o> ki 7% 5T
flilcd Mo s, TR, BSHOLREEE SPring-8 Tl&, A
- ARIREE D~ A 7 0 CT &S - S G oA+
J CTRHMALGDLELIIVT A — IV XHCT ¥ AT A D5
Fane? (Figl). COYVATFLA2FMATHI LT, AR
B2 (COD) 23D TN S WRIDBIZEDSTREL 72 D)

7 ahbF ) A —IVETORMIG 2 EEITHITE %
X ot. KELHETIE £F3I vy ZAORYY LB
R KM, UNEEOMEALEBNZ OV TRIN T 5.

2 WIEBRICE T 2 AE L 5EL A & R Bk G

1 PRI ECERRS K h  BR R AR
YTIzavRF ) A — VO R K E 7 B
i, ME T NA A DRI - AR o S5
At - BEFEMEAHWE LTERHEISNLTWS., ZH50®
BRI R, WIEBER S ZBRRBEE 2 FIH 56 2 & T, il
et R B A MERE L 7 B e MR 2 RS 2 Z L SRR T
HbH —HT, BEIEELLINLEMMELTI Y ZAD
BEIE, RS HEME HIP), vy M 7L A (HP),
BT T ARG (SPS) & \wo ZNESERENEICH LR

i
o

Detector

1st Hutch - 2nd Hutch -

X-Rays

Detector

0.5m ~160 m
Fig. 1 Schematic image of multi-scale X-ray CT at SPring-8 (BL20XU).”®
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Fig. 2 X-ray CT images of alumina in the final stage of sintering. (a) 2D
cross-sectional image, (b) 3D pore distribution (depth: 5 pm), (c)
magnified view of the red-framed region in (b), (d) nano-CT image
of (¢).”?
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Fig. 3  Size distribution of pores and defects. (a) pore size observed by SEM, (b) defect size observed by nano-CT, (c) defect size observed by micro-CT.

202545 H

Defect size, D (pm)

0 5 10 15
Defect size, D (um)

25)



124 KHig

4

2.2 Rk 0 R B a0

Fig. 5121, 7V 3 F ki CKRHMLA2DS31) % #IEHERS L
7o R (MR 98%) INBBICHBIE: X 7= K Bkt % /R §

X%, SEM % (Fig.5 (a)(e)™, B EXM~A 7 aCTIC
X 53D1% (Fig.5(), BIUOZEXRMY 4 TRRILOKE
B2 AR L7 (Fig. 5 ()" 25k s h 5.

Fig. 5 (a)(c) 121, B% b 54 7ORERKEAITRENTH
D, Typel (BRIRXHE) (EABRNZ A $ % —T5, Typell (45
I 2RI B & O Type I CEFZAZIRKIR) &, 2
NZENER R OB R B X OBRIN O 22 R8I RN 5.

Type 11 35 & O Type I IGMIEEELIC R & CBBL, ARFAD
A2 0.6 um LT THAH. THUITH L, Type [IZ/hSWnizo,
REENDOFEBIIRENTH 5. Fig. 5 (d), () 121, /ML
SZALFI R M R TR OFIABE SN TBY, T HIdK
BRI E T N2 BHE AR PR o FHURIB ISR K9 2 Wik
Wb, w4 7aCTTIE, ThoDHEZERIRKIE LT
—HE LTINS 2N H 5 A%, SEMBIERORER,S, %
BRI ENIEI ES K HFAEL VI EDVRIEES LS.

Pressin%

direction, z
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rectangular one in the cross-section.”
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Fig. 5 Defect structure of alumina granules after CIP processing followed by pressureless sintering. (a)—(e) SEM images™, (f) Synchrotron X-ray Micro-CT

image™, (g) Schematic diagram™.
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(a) Low pressure (30MPa)

Fig. 6 (a) Schematic diagram of the granule packing structure after low-pressure loading at 30 MPa. (b) Micro-CT and SEM images of rod-shaped defects
after SPS at 30 MPa. (¢) Nano-CT and SEM images of complex pores after SPS at 50 MPa. (d) Nano-CT and SEM images of elliptical porous regions

after SPS at 50 MPa™.
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Fig. 7 Nano-CT image of small defects in SPSS0MPa. (a) Top view. (b)(c) Side view from the view direction of white arrows in (a). The pressing direction is

indicated by red arrows™.

50 MPaf2 D RIGDOEM S % RS T/ CTHERT. Th
O OFEMERL FLEBUE, MRS TANR L CHRE 2 N IZIE K
ENTBD, EfMishZBROMARESICHKET L EE2 5
N5 (Fig.6(a). F72, TNHOLILEBIIERICETEN
LREARARIECTH LD H 5. SPS o LifE T
X, TNSOLILFEBIIRITNIIETRT 5 2 LRSI
%, 51T, Fig THOHBNIZRT X 912, HAHHTER L
7RI D BIgE S

SPS 50 MPa £ & Z 4 & O H3E % KALRAE MRS FLAEUE
— AT L7228, FOJHEEHBOT/II VW0, iE I
BRERICIE R DI wWEEZ LN D, BIEMRE % FMi§
57:0121%, BABOEFRBNTRRKORMEREET S L
HPERETHY, TOHRTIA 7 0CTIZENLRTHEERL.
SPS 50 MPa £ DU TlZ, 100 um ##8 2 2 MO TR E /R
MadsiEil s 7z (Fig. 8). Z OMRR G B g X < g,
S50 MPa AN D, JERL I oS L 72 BRI 25— 55 AFE L ¢
WARETOEIS SN, S0 BRIBEIBDTHTH Y,
SPS 30 MPa D RAE TlIMmM SN e o7z, T b DK
i, IKETOSPSIZBWT, WO NFEIHIZ X - TEIK
SNt E2o6N5.

202545 H

Fig. 8 Largest defect larger than 100 um found in a cylindrical sample
after SPS at 50 MPa. This defect was enclosed by some granules in
the cross section. The pressing direction is vertical®.
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Fig. 9 Distribution of Ni metal in an electrode layer. Sintering temperatures; (a) 1000°C, (b) 1150°C, (c) 1250°C. The continuous electrode region is shown in

magenta, while isolated regions (islands) are shown in cyan. The discontinuities are seen as black background™.
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Microcrack zone

Fig. 10 Micro-CT and nano-CT observation of Vickers indentation cracks at 9.8 N load. (a) Top view and (b) side view of micro-CT image. (c) and (d) side

view of a region-of-interest observed by nano-CT*.
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