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Strength and environmental durability of aircraft coatings on an aluminum
alloy with ITRO treatment

YASUOKA Tetsuo'', TAKEDA Tomo '’

ABSTRACT

ITRO treatment has potential to be an innovative surface treatment for aircraft coatings because the treatment can be
rapid, automated and clean. In this study, the surface conditions of aluminum alloy substrates with ITRO treatment, the
initial adhesion strength of coated test pieces with ITRO treatment, and short-term and long-term environmental
durability of coated test pieces were investigated. Scanning electron microscopy and Fourier transform infrared
spectroscopy were performed for analyzing substrate surfaces after ITRO treatment. Three points were revealed from
the analyses: nanoparticles adhered to the surfaces; silicon dioxide, water, and silanol groups were contained on the
surfaces; the amount of those chemicals on the surfaces increased with the number of treatments. Adhesion strength of
coatings was evaluated by means of pull-off tests. As a result of the tests at initial conditions, the pull-off strength of
coated test pieces with ITRO treatment was higher than that with only degreasing and with a flame treatment.
Furthermore, just one-time ITRO treatment resulted in high strength comparable to that with a benchmark treatment,
that is, a chromic acid anodizing treatment. Short-term environmental durability was evaluated by means of testing in
Japanese Industrial Standards: heating tests, humidity tests, and hot wet and cold cycling tests. As a result, blistering or
other defects was not observed on coated test pieces, in other words, they had sufficient environmental durability. Long-
term environmental durability was evaluated by means of pull-off tests using coated test pieces stored in a dark place at
room temperature for 600 days. The pull-off strength after long-term storage dropped to 40% of the initial strength.
However, the pull-off strength recovered to the equivalent level to the initial strength after exposing the stored test pieces
to vacuum and heat conditions at 125 °C.

Keywords: Surface treatment, Adhesion, Aluminum alloy, Pull-off tests, Aircraft coatings
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DOEEITHARTEL, 1 BOERCRF~—T THDHT ) XA KBRS 258 2588 U=, B
HIZRMHERBEMREAN & U C A APESERFI IS < MhnEalie, MR, mhmEs 2GR LR Z1T
ST, TORER, BT A N E— X ZBEOEN TR LT, +o7RBREEZ 635 Z LRS-,
TR MMBR MR HE L C, 600 H =NREATICIRE LT BT AN — 2D 7 VA 7 i B a A To72. TORER, A
MW E U727 AN —AD T VA7 REEI IR D A0%FEE ECIK FL7Z. UL, BRER DT AR — A%
125 ‘CTEZNET DL, FIIREL[FEL ~ L ETRIEL.

1. %%

WZERENR R EH G OREEEM X, M ORI, HBINRLBIEZED T DICBEI N D ON

—WRTH D, EIEEIEEL, FmmE (FHLE), I 14 ~—@H (F&Y), by 7a—h#EH
(Ey), EnEL 2 OTREZEL, a2 AN, ANIX IREL D0, LVEKa Xk
TIEXTEZ LR EARRDOLN TS, BEEEDOS LREWLIEIZERTDHE, TAHI=ZULE
G OBIETIX— R T ) XA R U< MR FALEE S @ H ST 2, Zh b
A 7R AVER 5 TR T AL ER « Y« BEfR E DO TR A LE L T2 F, HFERMEPDE ZEHT D52 &b
BREEAM b E. EAMEM OB CIIREAE L U CTHEBAIE (T 4 7)) Bk Th s
N, ZiE~=a T MHEEL 20 THEBRN ST, F7-, SIS S 5 kR
F e HREERICBWTHEOMEND D, LR -> T, a A b EEEAROKRE EHT D, 7
Y — Tl ho BEME SN2 8= R R ALERE R R D 5TV 5.

WZE R Tl - e R mERyE & LC L — =ML L RQUET 7 A< ABERER S TEY,
TIUDITHFICEEERLEE L L COBANMB EINTWD M. 26 DIFFEITE L BNMEAM 2 XI5 &
LTW5b. HikitIRICB W TUIEAMOFEHBIER L TWA 0D, TAI =0 AE&F5 07
BHAREMOEETMECTH L. T =0 AEEREM~O L —F —MEE L KAE T T A~ 4L
HBIE, BIEARNTFRE L LTHIIES N TSN 129 BBERi R mLH L 25605 & L72iFgei 72,
Polini & [ZIR&GET 7 AVUHIEIC LIV T NI =T L GE&~DT 74 ~v—DfENRILINTZZ &
ZHEL TS W,

L—H—MEE & KRE T T A< UFIELSNCOWT b, BT e i 2o s s iE i R i AL 1is & 72 5
AEEMER DD, BEFELILINETICT X U EE0EEEAMTIIONT, W OhOFHE L E
WA LB L2, 4 Mo UEER B 2IENE L BV EARE L RBLTH Z Lz Lz P,
FEAMEEZAGRTICONTY, 4 FBEERNEWESREZ RIS L 2WE L 19,
A b LERYE TR RBEO —FETH Y, T A FBRFEERGE R & E et a il A (Liquefied
Petroleum Gas, LPG) ZWABESH, REIZTv U W E2EAT H2RBUIETH S, 4 ST E )

HAh DIERRC AT T ARD T VR I HEBRIZE A STV A28, MLZEZER ClIE A FEIX 0.
A b BEE, BERMETEE T, SR RTEE O HEMEFTRE CTh D7, iz leiik
AR HAER & 22 D AfREMEN B D, L L, HH L EZRWLTA b o EIEIZ BT 2 HF5EM &S 130 720,
AIEINE, A FEAABZORY T u v LM OBEERGIRED, B O KRLE% OEEELR
Bk BH S TWNA EHELTWA., L, TAI=UASEHEMICA M iEs2EA L84
OBIEMEMERIIMFT S TRV, F2, A bR OF RGPS IIRH S TunZan,

AW TIE, TAI =T LEEEMICZA b WA 2 A L7256 OB S RE & 2 O
PEZFEAN U7-. BT, A4 FeBEREAEA LTV =7 A8 RMFRERICHOWT, BBl Lk
PRSI AT o 7. RIS, A PEAEEAEA LT L =0 AR EDBEEICHOWT, B SR
FE & SEERIICEHME L=, = L, AN, BEMNZNENOB A DERERE 21TV, 4 b LBk
A L7272 =0 A ESBEOMMEREMEIZ DUV CHEMN L 7=.
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2.4 FRAAEEZFERA LTV =0 258 E OREIRE

2.1. A P uREEIZONT

A bufiEis (RS ) 1F, 7 A FRFFERUCER 2 G T LPG ZMABE S B 7o KR ICHULEE
Mzl sEsZ &T, HFLHEMRRZBRILSED L LIS, BRRSICE Y HEEEMETH D
YU AEEFR LRI ESELENNTHD. A AT A =2 L LTI, ERETADIRE
ke, WiE, 7 A FRFFERUCEAORME, LBLEE (BB O KR EEmEE) , ABLEEE (RALst
MORIGEIBIEE), KFAN—T — EYPQUEM FIREESE N Do s, 205 b, FH S ITLHE R
&> THEMBERZGMTFOMENENT 52 LZ2H NI LTND 19 RIFFRIZIW T 6L
B (N) OAEZSE, MONTA—=ZFEEL THHMET 52 & & L.

22. 4 FEEEER LET VI U A58 EMOREBIE

A Mo EZEH L7 AV =0 AEEEMOREBIEZFE L. RmBlglE, SR mAE
A 7 THMEE (Field Emission Scanning Electron Microscope, FE-SEM, S-4700, H.HWEAT) Z T
{To7=. B LTT V= LaE4 (2024-T3 AlClad, AMS-QQ-A-250/5) ZHE L. Zhix”
Ty FMTHOERmIIMT VI =0 L THDH. MK A AF/LF /L7 | (Methyl Ethyl Ketone,
MEK) THiIEL, T0#% I I E 208 mE (N=1, 6, 12, 18, 30) TA Mz L. &
D=0, BEOADOY T VHHE L. AIRTRABY, 4 bW ORitk CEMEROG, &
NI 72 v o 7.

1124 b o LBtk OB R m O FE-SEM BB A RT. A A —Y 07— NI RE B LK
BEIBORETHD. BIEOALOEIBIZA NS X 912, EMERIZITITH D H DHEE O MR
ORI DAFTE LT, EMICA el 2@H T &, BB T U HX LRETA 7 = F 20X
ARy IR E =D L) IRRIRERFIZ e o 7=, ZhUT T 2 A AR A03E L T A7 & HE
BEND. FIRF OV A XTUFREE A 1, 6, 12 LTI LN > TRELRDEIICARZD
—J7, ALER[EK 12, 18, 30 OFEHEROFRMIZEELL L Tz,

K1 A MelBzEH LTV =0 AEEHEM ORmIREE.

23. 4 FRAEZER LT VI =7 A& EM O FTIR %4

A M B AEEH LTV =0 AESEMERROCTFREEZFHMET 5700, 77— U =88Rk
5315  (Fourier Transform Infrared Spectroscopy, FTIR) (2 X A0 &x 172, HEMEe L TTrArI=v
LG4 (2024-T3 AlClad, AMS-QQ-A-250/5) #ME Liz. EM&Kia MEK ThHilEL, £D%A bt
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LR (N=6, 12, 30) 2 M L7-. o=, MEOHAOY 7 HE L. FTIR 2047 (TENSOR

II, Bruker Corporatlon) VLB L (Reflection Absorption Spectroscopy) CTATVY,
Td4em! THD. ZNEFNOLEIEFHIZONT 1 2OV FLEHEL,

ﬁﬁ e

TS 256 [A, RE

AT MVEST.
B 2a (ZHERERD AT
IWRB SN DN Do —

rV&ERT. Si0, (.
T BB ST,

NG £13 78°,
1 oD

Wb r 4 %) BLOH,0 (BEKEIEEIND)
Z2T, 940em T O — 2%, Si-OH H (2T

—IE) o= &, bENLEME®AET 27NV =T ARILHO ' — 7 N EET LT
boH. TITA POLBEDANRT MVEBNEDHD AT MIVDEANRT el 28T, T

L= A O ' — T R,
FEL, TNH6OE—7DORE S (W) 1 TBREFEOBEINZHE > T L 7-.
L0, FALFEEDOIFEENEIN L TWAZ EEZBEWRLTWA. T74bb, 4 b uiiek s

) 1A

[X] 2b (ZF DOfERZRT . HEAEEITIL SI0,, H0, Si—OH )3
Z AV R D

o4 Z & TV MEREMNEYOENEZ D EEZLND. 7B, Si-OH HKIIKFBHEE24E LS

5728, 4 e EROFREEA D= A LIZHE L CWDH A REENRD 5.
a
@) os 1234
04 r
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3.4 P AEZEA USRS O ETREE

3.1. BIRATE TR E O RN H 1A

HE M OB B R 25l 5B E LT, IE< WL TWDDIET —7f5ERER (JISK
5600-5-6, ASTM D3359 %) & 74 7B (JISK 5600-5-7, 1S04624 %) TH 5. T — 71 5HER
ILE B 727 I EE LN, RFIE Tl A4 7Bk LV s 21T > 7=.

INAT7RER (M 3a) 1%, H3bIZRT LI, RU—EMEIND Y7 28R IS A T

VRO %h%m~?4/ﬁ%71~wziwﬁ‘ﬁ Zxt U CERELICHIRE Y, AREERE o 1R A FHHI
THRBRTH D, RELFHORMEZE5720120%, K 3clRdT L o0, RELFRE (B L A
DOSHE) CHEET 2N EE L. ﬁ;&%%% f@ﬁ%wtgék 2 T ALFRL A 0D 3 S ) A
DEEL L 2 5.

T AR E—AIROFNETER L=, M 1T 7 0 2 =7 564 (2024-T3 AlClad, AMS-QQ-A-250/5)
?,U&o@?xkH—X@ﬁﬁmmwmmxwammmemfﬁé.%@@ﬁkbf,%ﬁ%Mm<
THAE L, ZDtkA brE (N=1, 6, 18) ZWH L. _oF~—27 & LT, M7 L
=T LG i@%ﬁ@ﬁ&&Lff<ﬂmén1w57mbk7/ﬁ4fﬂﬁ(MLA%%BWI
Class 1 #li/AKEFLAER) ZEH L7727 A PE—ABER L2, $HB3BOD, BEOHDT A MY
— 2, BB L OVKEALEE (N=12) 2{To7=T A FE— X LU L7-. FREAPLO%, 48FERILIN
IR F TR T T A4 ~— (CA7233, PPG Industries,Inc.) DWAGTEIT > TRl &H7=. WK OE
DHERIIMIL-PRF-23377120E>7=. by 72— MIBA I TWARW. fERIL7ZT X FE—R 2o
T, BIEER M ZH#00WT BRI L 0 BMIFEE L, MR =R % U854 (DP410, 3M Company) % ff
WTCRU—Z285 L. TA M= 3ER L Q1 RBICRRICEt ST,

FU—Z B0 T 785808 ook U=, 74 73 5REE (PosiTest AT-A, DeFelsko
Corporation) % W T 7 /LA 7B (JIS K 5600-5-7:1999) Z4T7-57=. FBRITRIEREE CiTo7-. 7
WA TR L DA EREL, ROXTEESND VA T7HRECIMEND.

S=P:/A (1)
ZZT, S ifwﬁ7%ﬁn@@4&iM%ﬁE[] X R —EEEREmm?] TH D, AR
BWNTIE, FU—EZIZ20mm THY, 413314 mm?> ThH5H. BT, T A —RIfTx 5
ET%D,%@$%@%%&LK.
(b) (c)

Treated

: h‘ / m& interface
Adhesive

| » L s Coatlng

\ AR RRRRRRRRRRRRRERRRRNNNNNNANNNS ]i\\‘
Substrate

Loading Module  Dolly Test Piece

Treated
Dolly interface

TIIIIIIIEEEEFILIIIIIIIE,

Fracture surface

[ 3 fwﬁ7ﬁ%.@)fwﬁ7ﬁ%£ﬁ@%%.
(b) 7 A =W E FY —J8 Y OfERk. (o) & iRERHE D72 HICE E LUV TE.
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3. RBERLEBE

REAERZRK 4 1277, WTOREBRERS, RFmlsfm (B L Ao ftm) CHET L
RTholz. 4 FaHEHZ 1EITHI Z LT, RUFv—0 ThHDT ) XA RHIZ LS 5 74
TEREARE L. SOICABEBR AL LIZN=6, 12, 18 TiX, N=1DOfERICHRTT VA7
SR IXRIZE DTS EY. — T, %%@&@%Q&k*m DOEE X+ 3 7o T 558 E A 5B L 7
Mol=., ZDOT LMD, A b ié%mﬁﬁﬁﬁmw/)wﬁmﬂﬁﬁﬁﬁﬁr®mi IF
HLTWD EHELETXD.

TNA TR OT A N E— A E O FEEZK 5 12T, BAEOAROEE & KRB DO
AlE, TR FEAEOMEEZ R L T\, A haBEN=6, 12, 18 DT A h B —AfHIEL, H-
IFWHEETEDNLTWE. N=10O7 A ME— 2L, BWTILFT 7MELZRELTHWDLEHOD,
IR CIZASIEWEIEZFERT H 2 LIXTE otz 7T XA RMBEOT A b B — 2R HIZ AR
THDHN, ZIULT XA R L > TERESNTZBILEEOGTH D, = Ok I A}
EHELTWDEE I ML, WIRTITHErcE oz,

1 BIOWBLTT ) XA R L AN EREZGONTZZ EIFEHTRERA N THD. T
7ebb, FEHEMBERNLVOMEREICREELTCEY, £72 1 RO THELZ &L EMHEE
I ZFITTH I ENTE, fEEaX MIBICKELSFLSTDHZ LD, EROEFRNLEEE
BEMZ DT 72 REALBLEIT & 72 D REMEZ B LT D

T
B 1
0

Anodizing Degreasing  Flame ITRO ITRO
N=12 = = N=12 =

Pull off strength [MPa]
\S] (O8] N (V)] (@) 3 o]

X4 BWHETANE—2AOT)NVA 7GR, KPOKRTITBREWETH Y, =T —/— | TFEN%E
RAZRT.
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Anodizing Degreasing Flame, N =12

@ &0 &

ITRO,N = 1 ITRO,N =6 ITRO,N = 12 ITRO, N = 18

X5 77 kB O SRR, SO NREB 2R

3.3. B © FE-SEM 8122

FE-SEM (S-4700, HSZHUWERT) ZHWT, BEOADOT A FE—RA L, N=1, 6, 12 DA hakil
BT A NE—RZONWT TN THREBEEOBmBIE 2 ToT. A A=V 77— NI IRE B E
K EAGDOIRETHD.

X 6 \Z AR OB 1 1 2 7~ G O A DRF NI SOV TR E T R BMITE R S Ao 72,
A P EALBRORKEIL, WITHORE S A BRI K BT kT B D RDIRERFE 3 R S i
F, 2NV TEREOMIRNBIE ST, ZAUREEE FE N L e WA ORmEERFE (X 1) TR
N oTeb O T, BIEBIENEMABEEIZKE L WD 7dEEZX LD, N=6, 12 OffHE T
NV TCREOMIRBNBEE B S, N=1 TIID o7z, ZoOREERL, WIRTHRELZA-
IETWERBIZXHR L TWD EEZHND.

X 712 KU —{Alom g%~ BAEOAOEHEIZ OV TIE, PP TH 72, 72
B, AOAWHERITBEHIRMNENTWDE 7 4 7 —Th D, A MW N=1 OffHE L, HErEH
RO AP EL TOWBEHETH o772, &5, N=6, 12 DEEIZBWTHANEE SN, K]
ITE D RELSRoTWE. X 6 OHEADLETEZD L, MEEEERICERIEEIEZ Db D 2 s
THREOT R ALY —=NfEINZEEZLND. IO OE X, RHRY M & BED
RIETHBEL CTRBY, VA 7MEL/ NSz, $70bb, EMicA b2 @EH+5 2 & T,
HpEBEO R mEE L L, VAT REERM EIEL LN TEENZS.
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7 IF 7% O R Y —{AlRk#E O FE-SEM .

4. A b LEZEA L2 RE O N RN

4.1. B IZFE D < THERBRHERER

BEDOMBREMEZFFMT OV O0ORBE FENED LN TS, HARPEFXSK (Japanese
Industrial Standards, JIS) I[ZE® 5315 “JIS K 5600 WEb—f&RER HE” 128V TIE, BB MERER
2T H 0L LT, BIEOMWARYE, mngE, g KmEEZrE, mhRrE, s 2GR L
M, RN RERmENE, (EEMEEEORBRIENED BN TS, Z60RERIL, Winb®iEL-
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HM A BREREE NI —ERFRIRE L, HOWVITIWV K ODOREREZ —EOT A 7 Vi 0iRL, %
MUC KV AECD2BEOEN, B, S, FBh, AESEAEORIED GEBREEZFMT 5. K
MFETIE, 20RO S 6, RELBET R (B E MO R E) (B - (LR EE 5.2 5
ZEHIE SN DR ORER & i L.

1. mhnE: R : JIS K 5600-6-3:1999 [0zt i Bk

2. B MEER : JIS K 5600-7-2:1999 R MERRER GRS #21%)
3. YA 7 alBR : JIS K 5600-7-4:1999 [ i v 20kl U Rk

TABNE—ADEMIZT VI =7 LA 4 (2024-T3 AlClad, AMS-QQ-A-250/5) T, O&DODT A
FE—Z2DOEIXIS0 mm x 70 mm x 1.27 mmTH 5. FmEAELE LT, EMZMEKTHIEL, €D
A bo B (N=1, 12) Z#EH L7Z. XUF~—27 L LT, Zarfigy ) XA X0 (MIL-A-8625
Type I Class 1 ffi/KEFLALEE) Z@A L7727 A PE—AHERL L 72, FmLEO%, 48FFRILINICT
R¥ TR T7A4~— (CAT7233, PPG Industries, Inc.) D¥EAF#1T > CHE S W72, BELOEREIOE
KIXMIL-PRF-23377129t o 72, 728, B EO T 74 ~—BREREIZ15-23umTH SH. by 72— NI
BAIN TR, £72, TARE—RAZ v U BORKIZE 2 ZEBEZPERT D720, = v I3

B A L=, 7 A b E— A IERL L TRI60 H ISR ATICIRE Sh, TogRBricftsn:.

B TEIRO LB TH D, MNEERERL, EiEME (ETAC HISPEC, A {brkikatt) %

HAWTRKRKEERETT A E— 2% 125 °C (2B L 24 FERILREF U7z, e MERRERIE, iRk

(CT-BT, AVikBatikatt) 2HWTT 2 b — 2R B %2 40 °C, HH% 23 °C LEEZEEH
5 2L CHEEIICHRE TR S, 240 BERRER Lz, Y0 2 o vaERBRIE, R EE (CT-3, % 4Bk
PR ) 1T X 2WEIRRE (50 °C/95%RH x 18 Iffil), 1EIEME (ETAC HIFLEX Keyless, Atk
X&th) [Tk DEIEIRTE (—20°C x 3 B, & L CTEEUEIRTE (23 °C/50%RH x 3 FEf]) #IEIZHRTE L
TIHA7VEL, ZhE 10 A ZAEmL. T & FE— 20T, LTSN & R0
HEbEmIZ3 >TOME L.

8 I MEWERERZ 0, X 9 ICHHEMEREREZ D, K10 12 A 7 LiBREDOT A N — A 5 H %
ZNZEIRT. DTN LRBATOREN S 2T <, BEOFN, B, SO, #Hih, AR
BEITRD SN o7, A P EZEHA L2720 AE5EmE T, KBRSk
o RHERENEEZ AT 5 Z RSN,

Anodizing ITRO,N=1 ITRO,N =12
8 MHINEVERERSL DT A b B —ADIRRE. K HAFONEYIZ R
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Anodizing ITRO,N=1 ITRO,N=12
9 MHEMRBRE DT 2 b B — 2 DIREE. K5O RERZRT.

Anodizing ITRO,N=1 ITRO,N=12
410 B A 7 LRBRBEDOT A R E—ZORFE. F LD RFEH LT,

4.2. BEMRES ORI S
BIIECoR L7280, A B2 L7 s —E OB 2 5 = LIRS NER,

FUTIRR240FEf (10H) W HEHOFMiTcH S, £ 2T, L0 RHMOMBREMEIC OV CRHHE
i1 o7z.

TARE—=ZADOEMITIT VI =7 5E4 (2024-T3 AlClad, AMS-QQ-A-250/5) T, O&DDT A
FE—Z2OEIXI50mm x 100 mm x 1.27mmThH 5. FmLFLE LT, EMZMEKTHIEL, Z0
#BA ba LB (N=1, 12) Z#H L7-. XU F~—27 L LT, Z7arfy /) XA X0 (MIL-A-8625
Type I Class 1 #I/KEFLALEE) ZBWH L7-T 2 bE—2A BER L2, REAFEDOE, 48HFILIAICT
REXTR7 T A ~— (CA7233, PPG Industries,Inc.) DA %17 CHE S 72, BEK OB OE
SRIZMIL-PRF-233771 296~ 7=, kv 73— NMIBAMA I TWHR0.

T A = RIERE, BRI E DR BV TEA TERRATICHRE L, 600 Hf%iE
5F CRHRE L. REGINHREEEE T Cidkl, &t 7 c ABRETHY, =R (0-40°C
BEELARE) Thb. BEHREGHR, —H0T A FE—R oW TIHENOBREIRE & | CEZnaE
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