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Development of Industrial X-ray Computed Tomography and

Its Application to Refractories

Yoshiro A1BA, Kazuo OKI, Shigeo NAKAMURA and Masashi Fujn

Synopsis :

An industrial X-ray computed tomography was developed under the influence of the rapid spread of the
use of the X-ray CT scanner in the medical field and improvements of the equipment. Although current
nondestructive testing machines of refractories use the ultrasonic inspection method or the X-ray fluoro-
scopic method, these equipments cannot produce a tomogram or cannot carry out quantitative evaluation.
By using an industrial X-ray computed tomography, submerged nozzles for continuous casting of steel

were analyzed with interesting results.
plied for refractory nozzles are as follows:

(1) It promptly detects interior defects.

(2) It can measure dimensions and shapes.

The features of the industrial X-ray computed tomography ap-

(3) It can numerically express the distribution of density. '
Accordingly, it is expected that the industrial X-ray computed tomography will widely be used in the
fields of development and quality control of refractories and advanced ceramic materials.
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X B 4% E (X-ray Computed Tomography :
DIFX# CT 2% 4 — L3N 1973 FroRExh
TLRY, & Lo TR THLhEBOHE S &R
e ELERLHER L LTSH, RAREbDE S
FHiA BT 5. 1970 EROBEBRAC ST L% v ¥
Bl mt e iR I h CEER~OBEMEH IR T
VDGR, WAYORBERE, HERBARCXE
HERY 2FH LR EREREENERAI R T E -
2, WTR L EENAERYIEET SRR ToTHo
fo. —BACIIXBRBREY ZRLIER LA VI A VB
FRHELTELIFELR T30, ERBLMBTELR
|, ZRTHEY RO E L TE L2 B dXER
DFEBG A THERVEETAREEFHE>T W 5. X &
CT A% 4+ K X HWBBRIINSW LY 0 Lol
HEREYEE L L CERBR T 5D T2 RTIICHREES
A TED. FAXBREBBL L THRLL A5 1,
2V OREBRICLOREHRL TS %, SN HoR
WEBEOT -4 3B bh b, E RS RO BREE
BOTERTWEDHFRO—DOTHL. FoiAF —

it

CT 2A# 45— (TOSCANER-3200) }&E=F¥—
CT 2% 4 +— (TOSCANER-4100) # F\ it k-~
DI A B LRIF IR 2B o T, #itssERm A
My DRI B 5 DT 5.

O: SAMPLE X:X-RAY TUBE

a : Ist generation b : 2nd generation
d : 4th generation

Fig. 1. Evolution of CT scanner.

D: DETECTOR

c : 3rd generation
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Detector uni
P E— ‘ 1 c Fig. 2. Block diagram of middle-energy
ay Coﬂgggfggt onsole industrial CT scanner.
Table 1. Specifications for middle-energy CT MBEHA~EOLNS. 1REOBECE2EAN L 10 H5
scanner. DF—2%H/H. TOF— 2 ¥ACCEGHEREE Y
Scanning method By rotating of object (3rd generation scanner) T\ ‘%ﬁ%@&’ﬁfﬂz? 5. 1 ﬁﬁ'ﬁ@ﬁ%}ﬁwi I5s Tﬁ % .

Object
) . Plastics, Rubber, Wood, Foods : Max. 300 mm
material
Maximum . .
. Ceramics, Refractories : 200 mm
thickness

Size and weight | Dimensions: Max. ¢ 300 mm X 600 mm (standard)

of object Weight : Max. 100 kg/large table (standard)

Scanning time 15 s/scan

Slicing thickness | 0.5, 2.0, and 5.0 mm

X-ray rating 140kV, 300 mA, 2.0 ms pulse (standard)
Detector High pressure Xe detector (512 channels)
Image

reconstruction 320 x 320

matrix

Scanning field 150 mm¢ 240 mm¢ 300 mm¢

Pixel size

For data

mm collection 0.3 0.6 0.6
For zooming { 0. (1)-47 0. %)._75 0. 5—94

CT value From—1000 to +8000

Functions Averaging, Standard deviation,

Area calculation, and Distance calculation
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Fw =y ALY v LRI XD RHEL X
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Table 2. CT Values of typical substances.

Effective energy : 100 KeV
: Value of air : —1000

Value of water : 0

Assumption

Mass absorption X-ray absorption

Substance coefficient coefficient CT value
H to =pXp

Air 0. 155 0.279x10°* —1000

Water 0.171 0.171x1=0, 171 0

Concrete 0. 169 0.169x2. 3=0, 389 1275

Aluminium 0.169 0. 169X 2. 69=0. 455 1661

Steel 0. 370 0.370 x 7. 86=2. 908 16 006

Lead 5. 46 5. 46 x 11, 34=61. 916 361 082
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BeFfA¥— CT 2% .3 — T, HBHv,> 10
pm, BHBBEOEE 2 714 AERE 10 pm LD 32D
HIX5ITHRINTEY, NELZEMEHRBEECKIEL T
BETED. 20 2 -2 —ZXBHEIBHBLEREEL T
WBI LIV BROEELYZT VI SER I L T W
B, FBREBAO /NI LcE, BEAEEYRD
DXE7 + P VELBIT S, TR T — x NEKRD
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RTw5. BEEEEAYYE—+THY 7Y 2 712
12, T2 REDOXF XELHRCHIETE 5Tkt
Bl Twbied, GEORNEYHBRITS 2 &N TE
5. BRALRLY BEEROBSE, RESAYHACKE
LBhiR, FHEE, XBEAVHEITIE LR TWBE
bRHRO—DTH 5.

3. XCT 2F++—DMAY~DER

BE 7 AEFLET 5 ESEMRG k4, RH By <2
BRI KD WE LTV K~ FR LB L.
3.1 ERSFEHRRK/ XVMADER

R AF—Ax p F—IOKRKE %, =2V
b, BIEBOBE, CT HEEYHRHN L. HER H i
140kV, 300mA, 5mm A5 1 ATH5.

3-1-1 ’kfaiFEs, X, AV, rOEXR

R—3iv ruERTS L 100 pm PUTF oK% b 370
TELMBEHEZFIALT Photo. 1 &7 1 3 5 - B4NH
By v 7L ORBERSI(2), ERIRERE, X
NDZHBEF (D), KLXORY , x4 FBE, XL
DA¥ v/ 75 s (c), BFMECKTHEBEG(d)
rhrhrd. K, &8, 29V, P2ABHERCERZ
NRTWB. AV oy ML/ AARNCREEY AZEA L £
Z v, NEHORELXHIET S BN TRILR TV 5%
DTARALLALRCEE SN D LEN DD AV o ME
BOERIZHEELE RO CEETHS.

3-1-.2 {FRBEBE, L0 F0 1

FR%, ERIhe, ArrACClBER ATV X
omIuE (CT ff)) %FRL # flx Photo. 2 iR
T RAMETAL A FOSBECERE IR
DTHB. AF v/ 75 2:BOHHIL ERDEAVEBH L
ONaA=TEEMELTERTHE-AL AV X —5 1
v (CBRER) ThHDH. HILPICERIED B\
BEN, TAHIFRNEDEHEEIRDLONBE LT
B0hbh%h. BREMLTONBG A (b) R, /
ANVBHRBRAYELLYEAROEOITH 5. = 04
A, HEITCIEEOB\ M TEYHERL T\ b D
BRDHID. WIFEONEYTRLIEHED 259 15

gas inlet

stice
position

(a) Crack found in an alumina-graphite imitation
specimen

(b) Cracks found in a used submerged nozzle

(c¢) Scanogram image of slit type submerged nozzle

(d) Tomogram of slit type submerged nozzle.

Photo. 1. Cracks and slit of alumina-graphite
submerged nozzle.

(a) Scanogram (b) Tomogram (c) Profile (d) Histogram
Photo. 2. Tomogram of used alumina-graphite
submerged nozzle and its processing.

mm ThHb. (c)BIMBRELD 7 v —-X7 , 7RTH
W ECOCTEHTr 7 4 —A%KRT. 7 AT CT
fEr#y 2800 o v riemypfiTsn. wHflfilo CT #&
(1 4000~6400 & BNMETHS. Zhid/ XAMEBEX
DABENREVCHBEIMTEL TS L2 ERTS.
(dyapBcHE >k fHifkics? s CT e A+ 735
AT, TOeA NS5 ADRT, 7 AAFGMDO CT
it 2800 D ¥ — 7 b E LeHHTHD, BRILS
nxv EXFo —1000 DSy, Fizr x A3 TFHD 6000

— 127 —



1696 B L M

# 71 & (1985) 14%

(a) Tomogram (b) Cut surface
Photo. 3. Tomogram and cut surface at the
tomographed position.

(a) Tomogram (b) Polished surface of the sample
(c) FeK, image Condition : Acceleration voltage : 15 kV

(d) AIK, image Probe current : 0.1 pA

Pixel size : X=100gm, Y=80pm
Measuring point : X=300
Y =460

Photo. 4. Images by wide area mapping
(EPMA).

DE— 7 FENLhBELRT L Ebrb.

BB X b B Ih I{FREBRER , X A OREBRG
2%y CT fB, BIREOEEL » AAME, FEFRS L
OMHEMAHRTHSHNTEE , ALr® A5 1 2B L
F—@ERTC T L7 EPMA i@ X 5 ARESH (= »
v 7)) REELNBERESE S B L. Photo. 3 12
Wrigth & UL O GBI EREA2/7"3. ZOUKEO £
il B> & » FERK 2 ER L Al, Fe, Ca D& TH
TOWT LR HTH ER L7z, Photo. 4 HFEm & &

TLHRO< y ¥V 7R T (2) HEROB L KoM
s Fe TRERSCHRTHEET S, —F ALIXEH
EMEMCRED LR DHAMAERD AlIRRTHS.
ERIXER DT OLEE Fe, Al, Ca, Si X hEBH I,
WY E—=-3ATHD. LEDOOWR/ERIY , A2
£+ LB XRoRNOE - (CT Eomy) |
ww Fe &, Al #, Si 8, Ca F2xH0, Fe Bt
W LB TH D ENEB L. 2T Photo.
2(d) Dextr 73 a05b Kk b CT ERFHVE—2
132 Fe To A2 A icli¥T5. coxzrb /) AL
o ¥ — 7% Al FE & LBt RAGEWILE
L, ¥7-7 XA (CT {H 2800 D v —7) L7245
ovr—z7 (CT {H-1000 o —27) Ehit, Si, Ca 7o &
BRI XFEOBRIAME TR, Al RBIEHHEE -5
AWK THEELTWALHLDEHESIRD. 2T CT
O & EPMA & X 20 HRERI1E, @ENIEL T
5T ENFIEL .

3.1.3 HABBE, ALOBK--FD2

BE/ AVBEBO—Mc B MFAINRTWBZ &
L FEES L IIMEARCBEIRSLERT RN
H5. EEIVBLBOELUE LGN, BRECID
FER L T2 0B & KRBT OERIRAR T
HEIHEBECH oI, CT A% 4 7 —OWBG L »#L
B f@HT L7-Bl% Photo. 5 i3, —oEUEHL 1600
°C, 5h » A CTInBEES LEBBLB k= —7 4 v 7
DFIEE L FEER OB LR T BR L. ABEOR

(a) Tomogram (b) Profile
(c) CT value=800—1 200
(d) CT value=1400—1800

Photo. 5. Analysis of oxidized layers (CT values
and band display).
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(a) Position where tomograph was taken
(b) Cut surface after inspection by CT scanning
(¢), (d), (e), (f) Tomogram

Photo, 6. Tomograms of used submerged nozzle.

B PBRIEINIEHTHSD. X—3 v 7% (b)) ©
CTHEZ w7 4 =2 X% EBEBHMIIENMEL fooT
WhD FRAV T, AT V-G (c), (d)ickb
LERBAEER (c) & REBREEH (d) 2EMRICH FIw]
BEThD. COX>hBBEMELTS L0t h Mo
FILET L CORBEXYBBCHMLZ ENTES. A F
T4 ATV-REEEDHLFRODMRED B\ LR
WMRADF v 7t ERIEATHZ ENTES.

3-1-4 (FRERBE ALVDOENF-F+D 3

FERINCRE AVOXRULIBRET S L
b AVDRE L BRBROBRIESVTEE L. *
DfF% Photo. 6-1/RT. MIBBREIMILIYS v o F
(8-1), HERER (S-2), HILE (S-3) ® 3 HFTT
H%. (5-1) OWEGE (c) TRALBDOLEEHTHS
DNERD Y, BESTRIETHERBINR T2 E05,
Z DEALTREBEROH AR > THA T o b D & HEE
Sh, AZA VY- rOBHES T EEIRL,DLE
zbh%. (5-2) OWiEHR (d) TRHMEDOMNBE L
BIEB I BERIRTHS.
PO EHEIN L NEBILOB RN OEELZT Tk
D, RRHEMANLLTRTWS. ZONERHEE LIfE

ZhI DB RBITE.

YOEZIIK 8mm THS. (5-3) OWiEBG (e), (f)
Tk AP, SRCHBEWHIERL TV D0
bhs. BB Lo RcC X % L4582 CT o
BUVEEAO 2 2 VA L.5mm, FOA e —
SAWRT NI FRERIEHHH 8mm DEXCHELETS.
THOMNEW L, AR X0 HBEL T2 REMN X<
bhhh. BEEIN L EEOBBEELYHATLI &N
TE . WIBREK X > CEREEZO BRI EHE
BEIND D XVBEHOHEENR, Flx i IBE, gh,
fHEWER, FAERED 2 H = X ADBICES LT —
2 DR BRI DR B,
32 MARBICHTZ XKRBRAE (CT @) OEA
BER L CE e X S e poliEg s bmg e &
D THbWPLHHyD CT EREHE IR, - OBEEY
MHAT % it ko NERERL BUEL U CFHliT % = &
MTEDL. LITHRELDL Hubh w5 ey b
CT fHo MBI 2T T 4 3 F B ERBIC TR E
Tv, B f#EHA% RH By 2BEBhANOBIneE
ML
3:2.1 7 BINEHRRC KT 2 EEE CT &
¥ el

Tl B0 ETERER ¢ &% 1000 kgf/cm?
DRFETTEH U TR R L. Eatk 40¢
mm), FEERKE (40¢gmm) o CT {E, MK EH 3%
EDBEtRA Fig. 3 1id. B 40¢mm DK Ciz
FH, BERRE b CT fERERIL7 A 7 EFED
BACHB L TE F Lo SEECHEBEIT 2. F -5IRfE
L7 130 g mm A % CT {Hiz 40 ¢ mm RBHC H

19} g O:FIRED BODY 300
\‘ @®:GREEN BODY
\ 0: BULK DENSITY  +290 _
18} . {FIRED BOBY) 3
8 SAMPLE SIZE N
-~ :40mmd #uo;
8 E
=17t 8 ®
CAL AN o \ o H2705
= :
il o ® j
>16f ~N o -2.60%
- F: >
o a o
—2.50
1sb \8\
o~
240
14}
-2.30
T. I I . 1 L f;
AlO; 90 8 70 60 50
c 10 s0 (Wrx)

20 30 40

COMPOSITION
Fig. 3. Correlation of composition of alumina
graphite material with CT value.
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~NEVETH Ok, THhEXBORERILC X V&M  TH8H6, BRETFEYZIBCARLT XLy,

WRBDL o r LB, §EoT CT fHIZ X b #¥x 2HE

(a)
(b)
(c)

(d)

Scanogram

Tomograms : No.l, No.2, No.3, No.4
Profile of CT value from tomogram in the
longitudinal direction

Cut surface

Photo. 7. Tomogram and CT value of magnesia-

chrome brick used for a RH method.

Hot .
face Original brick zone
350
32 ] 120
BULK DENSITY 4
Cam
®
-
3 1 >
=
—_ ~aco{a
. =18
2 CT VALUE 1 $le
- =
= o~ Ze
300~ =
[ 4w 415
2 c e
® 1]
> 1'5 1 5
- 1= la
29}~ 312
(& APPARENT m |
POROSITY —]250
28}~ 1 Jo

! ) 1 | | 1 H
010 20 30 40 50 60 70 80 90
Distance from hot face (mm)
Fig. 4. Bulk density, apparent porosity and CT
value at different places of magnesia-chrome
brick used for RH method.

3.2.2 #HAK~< 77 e BRADDOREN

CT {H: W KHOWrEE»HEETs o E2FIA L C
RH i 7 % E (170 ¢ Egh, 300 [EicCEIR) <
FHERIc~ 7 - 72 e BRADDENT % 17>7-. Photo.
T kG, BB, CT #E7 e 74—, UKHEER
w3, CT fEik (a) AR LcHARAME FEmEmL D
10mm ¢, F) CHEGLHELFh ZTh—EHEDF
¥ CT fExRHF:. RFEHAKER LT HOKEE (c)
X pEBEEaEEE s CT EAEV. X LR,
EULADOLNDB. Tz 4 —A (c) b LBEEH
(Y TER A — Ay — AL TW5, FREFTTHD
TWAORBIROREE LI X 5. WiBEBEE BFS
AV T (0B © Y L, WiBmAC YT A E T
R AR LR RE L. 2 EE, RBESILXR
CT EOZFHAIC 35 1T % WERKRE Fig. 4 wrd.
»XEE, CT rBBEfcm, REKILRIE
BEREADD. ZITBEMA T 7 BERO B A
BAL LB LD s BExbhb. BALL RO
BEHANES LY CT HEOBVERYEE TS &
BiE X v # 30mm FEHC CT fil, » ITEEIMET LR
BHEILENEA L TS0 FERAREOEYy A 7 41T LDH
AR LA & 2 ERT 5. Photo. 7(d) oY)
WimrEET s & LaMmBMEC/NEHIBEIRIO
BEREABMAT SR T\, HETE (10mm) &JhAL
% (80 mm) OAIE TERER L 7-Fk O LELITH R &
Table 3 5:3. = Table X v BEEE S Si, Al
Fe, Mn M2 AL—FERAD XD Mg, Cr ®onE
HLTWaZ ENBDLRE. #OTHEBEK 37 5
CT fio LHit Fe, Mn oA L BLEMCERT S &
HEIXhS. ok scIEgEc CT EXHETSC
LI XY hADERECEET 5 ASIER YT O

EMTES.
33 BIaNL¥—X#ECT X% +F+—0ORARHD
A

e, BMARAHE LTHERIR TV AHEOHRT
BER L CE bk ¥ —BEECIREBLEVSOHH

Table 3. Results of quantitative analysis of Magnesia-Chrome brick after use at

RH method on steel industry.

(wt%)
Si0, Al;0; TiO, Fe; O, CaO MgO Na,O Cry03 MnO Total
Hot face 7.89 19.97 0.39 32, 49 1.32 32.21 0.02 3.99 413 101. 28
S:i":ine 2.13 6.65 0.22 128 0.82 74.59 0.02 10.21 0.04 99. 48
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(a) Position where tomograph was taken
(b) Tomogram at the powder line

Photo. 8. Tomogram at the powder line of
submerged nozzle, taken with high-energy CT
scanner.

5. Pl =THEHTHBE, Are—1L F
VE=FAVER, DN =T BEYT 4y Ve AN
ThbH. BHEBZRIES 420kV OF=x1 ¥ — &5 4
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KRT. "o ¥ =S4 vBifBrEmartosra =
TENE NAE 7L > BINEE L BBk T
H5. BARCRUCMBETAS 1 2 LENBE, —
BHEEDORLLE (BEED L), BEAREN T < H
BRINTWD. NERDBOHE,HMFELTCEDLE
HHNMD. lebZOBROBELEMR, X HEBE : 360
kV B :3.5mA X v — 4ig:
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