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A Study on Quantitative Thickness Evaluation Using Film
Density Variation in Film Radiography
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Abstract Based on the assumption that film density increases exponentially with exposure in the industrial
radiographic film. an equation representing the characteristic curves of industrial radiographic films and a new density-
thickness relation are suggested. The accuracy and reliability of the suggested relation has been tested using
radiographs of a carbon steel step wedge with known thickness variation by polychromatic X-ray and y-ray (Ir%2). The
experimental results were well agreed to the proposed relation in the range of film densities from 1.0 to 3.5 and it was
more accurate than the conventional relation. It is also found that y-ray is more effective in this purpose than
polychromatic X-ray, which results in variation of effective linear absorption coefficient due to beam hardening effect
as thickness increases. Therefore using the equation and experimentally determined parameters the quantitative
evaluation of thickness variation is possible and it can be used to evaluate the depth of local corrosion of pressure

vessels in plants.

Keywords: the characteristic curve of a radiographic film, polychromatic X-ray, ¥ray. film density-thickness relation.
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A ool g &4 A (monitoring) st AA
(inspection)7t YLt} welA] gixiel 38 2
2§38 FFENAE A 7)1TE o) &3 RAHA
(maintenance inspection) 2 Av]e] AAAZL Atk
sta glEd, ol AlFY BF Y E ek ARS
A AAHP.S.DE &) AMEF MvldA F2day
o3 22 3 A4 (erosion-corrosion)el 2 57
22 &3, A2 dale Ad T F9 BFo =2 P}
ol g BAAA oA, FHAQ A AT} H A4 9
T 57 A RS s A bz 25
7 &3 9 C-scan $% ¥°| o|&3tn Jev 23
ot 57 EA716) 23 AP g FE 2 GG
@l olHAnZ HA BY ol9le] B TG &
4 ¥3 ¢ e 7o) 21, 2&9 Cscanel 9
T AFL N nE Qe RES FAslEE IRAQ &
A& BAAE govk Alg Aol 4| Heln Ay
Tz utet 443517 2EF A= ot

ol @A BAFE S FES] 95t B S
APE o] &3 FA F3 Wl S| A= gedl,
PES o] 83 Yoz Bed ulBdA BeAE
AAsA @3 wiEe] FH o] 716 tangen-
tial radicgraphy®t 34 9 & oA w2aE &3
sl FAE Hrlste Wi g A Y S o).
Tangential radiographys WAMe] uj#e] %4
B2 538, 2F Aol T 43 (image)ol #olA|
Al sl M@ HA FAE AF Wl e
olo| #H#ME Leell,2). Burkle(3), Krolicki
(4)7} B33 ui7b gtk o] Al L wiFe) AA| F
A AR &4 = ke M e w$ Zgdgont
&8 2212 FshA (tangentially) WA ylo] &
Bl gow FAE AT & gl T A g
= A4 4 gle 3lo] Byolth

FEAE o) 48 A HrhH-L 33k 249 FAo
2 AL £ & FoA = H3E e
He Rl 7zt ok F, FH P A7
(intensity)7} 3} A2l we A4 Aoz 7
2302 3 9F 49 3T WA ylo] £
FA9} 43§ AFAHE A At 286 NEAA
AAE WHe, FHE gEe 54 FH(charac-
teristic curve)®l 2% ¥ A #HT film
gradient® 188ld AN F=-F4 BAYo|mn=m
)9 2 FE HoM e Fxol g FA BAASL
ol # AR T W7t Fo1te] wel 3 84

o] A BAA ETH5). ol YESA IJAAM ¥
T gradient® &3t = W7 S84 =9
BE film gradient® 2z} Fxe] &ldshs A
film gradient$}e) U7l F718le] A o] Hojx
7] g &olct, wtd 7R d7d A2 o Al
T = ¥ Z2 Ay gAY F4d &
Qorz A 289 o] ulL Aol U

E AFdAE 7129 #AYAE g2 3P4 9
07k = WE 1.0~3.59 Fx ¥4 Wl v= 2
g Z2Ago=N T A3E dold F de Wy
AEatgE =l o] WHS ARSI o 87 9 Ay
EolA 32 (pitting) o] el HETE ASA &
obd F glom=z Al ki Bt N1AG 5 9
& Aoz 7|,

2. 0|2 uid

2 o) &3 A EAAI G A E A T4 W3t
o g0 v A AME AR TR/, AIEA)
As 2 BE9 B HeErh X-ME o828 AL
23 9N e A= (intensity) S &$-3te AFSFA
(linear absorption coefficient)& X-A1 24 A
47 ARA Ase 38 2 wel SeRed,
AN FHl 9 o p-Ade g W oA &
AEYE A 9 XA A, AdA9 AN g
HAE FEHdtz X-4Ae FE oA (effective en-
ergy) % @eA B2 FAd vl §5 JFFAs
(effective linear absorption coefficient, p,,)
GA] AatA ATH6).

FUE BES ST AEA FA Wt M2 UF
T #Ad & %L 7Aed, 9% 54 24
(characteristic curve)elX F49] 71&712 et
U film gradient® 34 "EdA EEGAE
(contrast)& #%31 film gradient’} &% vl
A& FA dsld dg wx s dudez aA v
Ehdtt,

YA} AR o] AR B Fapelda FXE A 5
o 2| 4 WA EC] AAUEH(T) ol A& W
Aoz Qg B3 ¥ A7) (intensity)e] F3
BEAZ ARAE T B AR e AEA
£ nlZ(directly) T3 HFAkde] Z=rrl #x)A)
A(8). watd olEd LAES BFE ;i
Fig. 15 22 34 YA =&9 A4 d<
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(logE) 9 mlA WAzle] Ul Fxo] ¥kt 2F gra-
dient, yol Walgcin 7Fgeta vla A At of
g ArE HALAlY] WEE FAIEE, AEAe] nik 7
7 Wk ax) o] dE 959 v W3 AaD)E ofHet
Zo) vERE 4 1} (8,9).

AD ==0434- 9 lyr - DX oo )

714 yE film gradiente] L p,,, & F&E A&
Agolth. 4 (1) 9499 film gradientl B3
£ oA 55 WYl tisir e ax ol Wiz AD 9] B/A
7} o} 25T AN S YA FA) M3t AA
31 F% 38k Zo| AXE A A ZA RoluA
gt} ole A& X8 AT BS p,, 9 B8 3
ola A EslolA AR AR AR o 2l
A g7e #4, FEnE B S4IH Ao &
A 22dM9 film gradient, & 9 F=oA
T 5954 n2tslr] gEeltt. wekA] ol exE
ZAF7) YaXe T Bl 4E fE AFFAF
9] BAF z} & Ugeh= film gradient, ve) &
o] glofof gt
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The characteristic curves of radiographic
films

Fig. 1

3. FH-S& A4

Fig. 17 2 dnt 348 A A58 S =
AL g =29 48§ dF ghog E)°l S7HR w2t
Hgo v AF FFH oz Irrem v, b
g 3.59 T WA =7 LE FEE oty
2ol A% g BA Yt 7P E F Ao

D=f exp(alogE) ............................................. (2)

714 D& HE F=, f. v & £=(film speed)
#AH A4, EE xZ(exposure),
arithmic film gradient® film gradient, y9=
S=y/D 8 BAE zter), A, AgA o AR HAL
4 9] A7) (intensity), I,© ABAE F3stEA
A e oz agnr, weby Add(scattering)
g nashd oz 7L ABA FA, « &
S35 A glo) A7), 1 e oeT) 2e] Evi(11).

6= log-

o714 B & A AR 9% 7 57E Vel
£ 21&A(build up factor)elm(8), E & A1 e
A7l 18} =2 A7F 19 FolER o] nFHFH A
AA FA & BF & @A ohLx Zo] A
& & it

logD :l()gDO—O_4342 6.ueffx ........................ 4)

o] 714 logD,=0.434 Slog(I ) +log f,, +0.4348log B,
o] FAlol glom AgH FA7E 0 RelA BEFE
9} A% digolm £, 8 B, = AR T2 01 2l
A 98 7% &% ¥39aHbuild up factor)o]
o} $H, logD, & 4 (2)7F B 54 A Hd
o e B W3] Aol A5 F4HA AFS
Yehlle d97x % neisln 7] wie] =& Al
o] AAASFE 7513 AR Aoz Ve AR, AR
9 9E ¥Ee wFo] Z7d uet 78] Tt
Z7lehs Ao) ohm A F ghollq X)) wf
A g2 AT W HE S5 f = LT
BE Alolo] AlFA 7} E2A3A, FAN FALETE E
Eo| ABHE £57) 2ol g FA9 ggoln, ¥
AP g} Abedel] ol gk 72 ARHB) HAl FAA wer &
Ak webd logD & logarithmic film gra-
dient(®, & £X(f), =F F(y), 73 A2B),
T8 AFFAS, w1, o A& AFA L] FAZ F
AJALE 74484 J=d beam hardening &3
of & AFR FAN FANEAFE p & FEIL,
fo 92 FAZ FANRAC wdet Fadeg 4 e
A, x 7} F74stol wel logD 7t @] AEAoz
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23R B2 AR FAL T8 71L710t &
HE29| 7)1 g7]dl vla] o=y AZE vERA 2
wh2bA] x o] Tt logD o) WHETT AFAQ #A
A=A @onz T Wald U wxeo ¥IE ol
AgstA nd F71 HAE 28 S € AFFA
9} 73 QIzle] FrA Walo] wE W BF 1
3 Fojof it

T, Ao WA BHUAE AHRE S
A& X-Aof wig) A 2HER ] dEsied T4
Hslol] i 8 AFFA T ¥ E A FAG F
gomz 1.0~3.59 5 A5 E 7l o S A
o dsfl A A4 $xo 7 Aol ¥yt a8 2
A @otxn ZPEEE 4 (4)E o o] Ve £
At

LS

ANlogD =-0.4342 o THPRAS T (5)

weta] 9)e] 7Hgol Aok F9iA Aulrt e Tk
Wl sFete A A dis s9d 53 FE
olX = WEE FHst FA WS dopd F
Ao},

4 4 ¥

A APAY 160kVp, AF 5mA9 tAE X-
ray A& AHg-stq FA HHY7F 1~16mmel s 54
27F ImmQl §47 AT A8 e =& 248 9
2)sle] #gstgrt. =g 20 Cil Irl928 o] g3l T
A Y 7F 2~24mme] gi7}e] el =2 AL Z
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Fig. 2 Density variation v.s. thickness at
different exposure condition

glete] &gsldnt. 5 25 Agfa D58 AMS-8ls
a2, P 2§ 2 A=-SFD)E Xrayel A%
600, y-ray®l A% 300mm= 27t AAsdt. 48
AL 30T &= 2A4AN 2AHF AstT A
viewerd] Z¥¥i AHZA°] 3mm<l TE ZF7]
(densitometer) & ] &3 ==& S},

5 &N U E9

Fig. 2& 9oz X-A& A183t3, 5mAY
4y AfFel =F AIFE 7} 30%, 48%, 64%,
80%, 902= du|ste FFst A|He] FA WMl
& F= b2 TAEla blol8 S 93 best fit
& VR Felth. Ad ANHe FAN RANEASE
FEE A 93] HgAes 4adA g F
A7t FAYASE TY FA sl g3 = 2o
2717 18 e ol FAED 4 (49l &
& MESAS7F beam hardening effectdl] <& 2+
o}A)7] WEolct. ZAH ez A (1) o4 FA - F
T g AP e 1.0~3.59 He v HYdME
o] FoixA 9% & & St Fig. 32 $lot 54%
Al 224 Q% 292, 4 (@A AAE, FA
Wil tig T A8 dig WMEs SAF Zojth
ZAAA oz 4] (4)9 BAI ] FHAL=Z 9n Qe
1.0~3.59 = ¥ AFH ez & A3z
o} ol A 4 (DIHe 23 4 @dME %
W 3lol W& film gradient, ye] W7} o|n n2is
A7) fFoltt, EF Fig. 2% 301]"1 20| F7}gl
wa} 7127171 guElRla 9E8S B 5 e ole
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Fig. 3 Logarithmic density variation v.s.
thickness at different exposure condition
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o] F71gt et BLE s d-g3e AW A
Hel B FA 4 JA FUiEeE §5 AEFFAST
7t Zelx] 7] g Eolt}. 4] (5)F A& Ha FA 3
gl og F& AFFASe ¥EE ZAEE Fig.
49} ZFth. X-ray oUA7E 150keVYE o &8 2
(Fe)9} 2% AEFFAF7T 0.154/mm ¥-& 7Atsa
(12}, gut &gi7o] gl 160keVe) X-rayd A3}
o d¥zoz 13 FE NEFLASs W A3
B Y e Aoz Bad,

Fig. 5% x&(0gE) & F7MAE o F=WD) ¥
5 Jerd otk 471 A9l 71&7]1E log-
arithmic film gradient, §oli y AHe HE 7
&%, f.9 48 d geoltl. Film gradient, y7}
o ael Rl ggd vE, se & 54 F
A oAl tigk 3.5 o5t Fx HY A T Hald
E film gradient®] ¥3LE olv] nisiz 37 A&
o &9 gradient 545 JehiE 57 €9 o
24 2t Alg Al diE AR 23, sx HH97E 3.5
olatellA] Agfa D5 BE9 6+ 1.80+£0.152 &4
At} Fig. 62 WARMQo 2 [r1928 AHgsln, x2
Z4& gelsie] A AUS 293 AIF Aot
Fig. 39 X~ 9& AAel= @2 2o Fotol o
£ 71€719) ¥} A YehiA @ed ole Irl1%9
o)zl ~HEZ XM(spectrum lines) % 0.3, 0.47
MeV ouA]e) of Zukddo] oF 90%E A3t
{13,14) 9% X-Aol v 2HER o] TEdle
beam hardening effectdll 9% F& MFFA T2
W7l Aol dojukA] &7 woltt,

Fig. 7& g oz X-A-& A3t Ald AlH
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Fig. 4 Effective linear absorption coefficient for
carbon steel as a function of thickness
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Fig. 6 Logarithmic density variation v.s.

thickness at different exposure
conditions
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Fig. 7 Comparison of X-ray test results
evaluated by conventional and
proposed relations respectively
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O conventional relation
25 o proposed relation
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Fig. 8 Comparison of Yy-ray test resuits
evaluated by conventional and
proposed relations respectively

S #YHT 4 (D3 (5 9T 7 2%E AL A
] A 7% vlmE Relch. AHAL2 2 (5
9% ot 4 (D 98 97t Aok B g B
A teids 9ok, Fig. 82 -4 o143l A A
e BIT F A (OF A (9 94 2HE 44 F
Ast wmg Rolch. vh7AZ 4 (DA ¥lal 4 (5)
of @ B7b7h B% BEsle], Fig. 79 X-H) 9
A3}sh W ek - o143k o] BE BT A
g 233 5 ¥sE AR oz dashed ug
FUYE & 5 At

6.8 E

280z ALREE YEAA BT 4 ¢
o] B2 st Ad =& A8 dF ol tdte A
# Aoz F7IET D o UE S4d a¢ I
218 Aslsla X-ray® y-ray® ol &3l AH3 2
o e 285 dug.

1) Logarithmic film gradient, 6= ¥E EA
ZH A Pz 9n Sle TEY 1.0~
3.59 ¥x HSdA = W3l wE film
gradiente ¥3E UEslT e B A5l
B Ao ALEE Agfa D5 &9 §= 1.80%
0.152 B7tg AUt

2) X-A3 y-Aoz A AN #Ystx = ¥t
2 235t T ASE o &3 A1, AFHA &
Adld] va) £ Aol At Ao o3 Hrivt
o A&t

3) 9& ¥k W3E 2o FAE 9otE B¥ X-
ray Bt} y-rayE o|-43He Aol B AE3 A
E 7 s o) y-A9 dyA] 28 ERe] A%
X-Ad g Aoz dedtd FA WSt o
& AFFASe Wyt A< gl7] W&ot

4) ANF BAA AL o] L3A ¢ £V oA FTHA
ol FAd 97 £4& Hrd F glenz FF 4
9] Adule) bAA Holo] TEE 4 Utk
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