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<Abstract>
Evaluation of Corrosion Degradation Behavior of Aluminum Refrigerant Piping
for Air-Conditioning Systems

Seiji Uchiyama

Copper (Cu) is widely used for air-conditioning refrigerant piping in Japan owing to its workability
and corrosion resistance. However, there is concern about the depletion of Cu resources due to the
increased consumption by emerging countries and new technologies, such as electric vehicles. Cu
prices have risen significantly in recent years, and the price of Cu is three times that of aluminum (Al).
This doctoral dissertation focuses on Al, which is abundant and inexpensive, as an alternative material
for refrigerant piping. To apply Al to air-conditioning refrigerant piping, this study demonstrates that
Al refrigerant piping can perform as well as Cu refrigerant piping. This study comprehensively
evaluates the performance of Al refrigerant piping over both short-term (approximately one year after
the construction and completion of the building) and long-term periods (approximately 20 years,
coinciding with the renewal of the air-conditioning equipment). In particular, this study analyzes the
corrosion and degradation behavior of Al piping by examining the environmental and corrosive factors
affecting both the interior (refrigerant passage) and the exterior (atmospheric exposure) of the piping,
as well as piping manipulation conditions such as straight piping, bent piping, and piping covered with

insulation. The dissertation is structured into six chapters, including an introduction and a conclusion.

In Chapter 1, the development history of CFC and other fluorocarbon refrigerants, regulatory trends
on international environmental issues such as ozone depletion and global warming, trends in stock and
pricing of raw materials used in refrigerant piping for air-conditioning, and the circumstances
surrounding the construction industry and the demand for commercial air conditioners were reviewed.
This was needed to organize the requirement for future air-conditioning refrigerant piping. As a result,
it was clarified that future refrigerant piping needs to be installed using methods that improve
workability in response to the decreasing number of construction workers, as well as functionality of
traditional methods of air-conditioning equipment. Future refrigerant piping also needs to prevent
leakage over long-term use to global warming concerns. Additionally, relevant regulations and
standards, including the High-Pressure Gas Safety Act and related guidelines, for using Al in
refrigerant piping were reviewed and summarized. The applicability of Al alloys and their pipe
thickness for air-conditioning refrigerant piping was proposed, demonstrating that Al could be a

realistic alternative to Cu for air-conditioning refrigerant piping.

In Chapter 2, we evaluated the short-term performance of Al for refrigerant piping, focusing on the

constructability and operational performance of air-conditioning units. The thermal conductivity of Al



is 240 W-m™"-K™', and the density of Al is 2.7 g-cm™, while the thermal conductivity of Cu is 398
W-m™-K™, and the density of Cu is 8.9 g-cm™. Although Al has a slightly lower heat dissipation
capacity than Cu, it is significantly lighter. The tensile strength of Al is 105 N-mm™2, compared to 205
N-mm™2 for Cu. The wall thickness of refrigerant piping is generally designed by maintaining a
constant outer diameter, considering the internal diameter of the insulating material and the tools used.
According to regulations, Al piping requires a thicker wall than Cu piping. This affects constructability,
especially bending, increasing internal resistance and potentially impacting air-conditioning
performance. Experiments showed that using lightweight Al and specialized hydraulic tools improved
constructability, reducing construction time by approximately 25% compared to Cu. Furthermore, the
experiments clarified that pressure loss in the piping has a more significant impact on air-conditioning
performance than the heat dissipation characteristics of the materials. Properly designed Al piping
provided equivalent air-conditioning performance to traditional Cu piping. Thus, Al refrigerant piping
not only reduces construction time but also maintains air-conditioning performance with appropriate

design, demonstrating short-term performance similar to Cu piping.

In Chapter 3, We assumed the use of Al refrigerant piping for 20 years and analyzed the corrosion
factors for both the inner (refrigerant flow area) and outer (exposed to the atmosphere) surfaces of the
piping. We also conducted accelerated degradation tests for each factor.

The inner surfaces of refrigerant piping are exposed to fluorocarbon refrigerants and refrigeration oil.
Under high temperatures, fluorocarbon refrigerants may gradually hydrolyze, producing acidic
substances. Therefore, Al and Cu piping samples were immersed in a mixed solution of refrigerant
and refrigeration oil and heated to the maximum practical operating temperature (120 °C). Surface
observations, weight measurements, and natural potential measurements were conducted before and
after immersion. No significant changes were observed on the pipe surfaces after immersion, no
significant weight loss was observed, and the natural potential of Al remained constant, suggesting
that internal corrosion is unlikely within practical temperature ranges.

On the other hand, outer surfaces are exposed to chloride ions, water, and oxygen. Corrosion behavior
and degradation of Al and Cu piping were evaluated by 496 hours of cyclic accelerated weathering
tests composed of a cycle of salt spray (2 hours), drying (4 hours), and wetting (2 hours). The results
showed that the initial corrosion products on Al piping function as a protective film, reducing further
corrosion, and the weight loss owing to corrosion was less than that of Cu piping. Although pitting
corrosion occurred, the depth of the pits stabilized over time and remained within the industrial
allowance of 0.2 mm. The 62-cycle (496-hours) accelerated weathering test is equivalent to 1.5 years
in Okinawa coastal areas and 20 years in inland areas like Kariya, Aichi. This evaluation demonstrated
the practical usability of Al refrigerant piping in inland and indoor environments with minimal salt

exposure.

vi



In Chapter 4, we also focused on bent piping used in construction in addition to straight Al refrigerant
piping. Bent piping was manipulated using a bender, and its electrochemical and mechanical properties,
as well as weather resistance under tensile or compressive stress at each bend, were investigated. The
purpose of this chapter was to experimentally verify the soundness of bent piping under conditions
similar to those used in air-conditioning units. When pipes are bent using a mechanical bender, tensile
stress occurs on the outer side of the bending curve, and compressive stress occurs on the inner side.
In corrosive environments, stress corrosion cracking (SCC) can be induced in Al alloys by the
breakdown of the protective oxide film under tensile stress. To understand the mechanical properties,
tensile tests were conducted at three different speeds (1 mm-min™', 10 mm-min~', 100 mm-min™),
revealing no significant differences in nominal stress and nominal strain, confirming that these speeds
are within the range of practical strain rates. Using these results, finite element analysis showed that
Al and Cu pipes exhibited similar strain values, indicating that Al demonstrates mechanical properties
comparable to Cu within practical bending ranges. Electrochemical properties were evaluated by
measuring the natural potential of bent pipes immersed in a 30 °C, 3.0 mol-L™' NaCl solution using a
three-electrode method. The results indicated that the tensile side of the bent Al piping showed greater
deviations in natural potential with increasing curvature, suggesting slight oxidation progression.
Accelerated weathering tests for 496 hours (equivalent to 1.5 years in coastal Okinawa or 20 years in
inland Kariya, Aichi) showed no significant differences between bent and straight sections in terms of
base material integrity. SEM-EDX observations and LIBS analysis revealed that Cu pipes had Cu.O
and CuCl deposits on the surface, while Al pipes formed Al.Os. Despite some pitting corrosion on the
Al tensile side, the protective oxide layer reformed during wetting and drying cycles, minimizing
surface damage. These findings confirm that Al refrigerant piping bent using mechanical benders are

practical for use, maintaining performance comparable to straight sections and Cu piping.

In Chapter 5, we investigated the corrosion degradation behavior of Al and Cu piping with thermal
insulation covering. To simulate potential damage from corrosion under insulation (CUI), pipes
covered with thermal insulation were immersed in a NaCl solution. The polyethylene foam insulation
absorbed a significant amount of the solution, leading to pronounced surface corrosion on both Al and
Cu piping. However, SEM analysis revealed that the corrosion products formed a protective film on
the pipe surfaces, maintaining the integrity of the base material of both Al and Cu. These results
suggest that Al piping can be utilized under thermal insulation in environments with a pH of
approximately 6 to 7. However, understanding the corrosion degradation behavior in environments

outside this pH range remains a future challenge.

In Chapter 6, the application of Al piping as a replacement for Cu in air-conditioning systems is

summarized. Replacing Cu with Al piping offers advantages in terms of workability and cost-

vil



effectiveness. This doctoral dissertation found that Al piping demonstrates sufficient durability in
environments that involve cycles of wetting and drying at neutral pH, as the corrosion products formed
in these conditions act as a protective film, maintaining the integrity of the base material. Al piping
can be used in many practical environments. However, understanding the corrosion degradation
behavior in environments where Al is prone to ionization or where Cu or iron (Fe) are present remains

a future challenge.
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B AKX (R22)TH Y| 1936 FITHIO TR S L7z, 1950 FARUTIE, MBS AT A —1E
DRI T & 2 IO RFE &2 BN S &, JEMSO =R L 2 KN S5 HBY T, CFC
& HCFC DRAMDFIHA &Nz, ZD#, CFC & HCFC 1%, %< OmEs L O <t A
S, ZoOHIMIE, BB LE 60 M. 1990 FAE THivV iz, 7eds, WA B-CEETT 7R &
DFEERE OB HRME BN TIL, T E=T7 NSOGB LT EEIERN S,

CFC & HCFC 1%, WmEOR2 63, FyuHl, FfEhl, A7 v —ma STl sh T
7o, TV ON TR Z AP E D @B L, SRAMREIC X0 iR S du, JRIR O
AL, A VB EME L, Mo FETAHY R — LB AT S Z LN, BRSNS K
INZ7poTe, THEZE LTL, 1990 185 2010 - F TOE 3 HARDHEEN B S
Too 1987 FATEIRSNT=E L MU A— Vi EFH Tl CFC 38 L UVHCFC 72 & DAY JE i
BEYE OAERER L OMEH & BRI T 2 Z E NGB SN, I HIT, 1990 F£0E> b
UA—LiEEE, vy RUAEER T, CFC O2FENMEEIZER S, HCFC DA FER X
OMER S B ERICHIR S D Z EBED DTz, 2D, RFE, 7 vF, KEN LIRS
N EREGETAY VEEE L 72V NA Fr 74 1 5 —7K > (Hydrofluorocarbon : HFC)
WIENBAFE S, CFC X° HCFC O & U TR i Sz,

2010 FERDBHAEE TOH 4 IV TIE, AV VEZHEETT, HERBR{L~D
B DI OIS, KD BTV D, CFC X HCFC OfUERGIE E L T ST\ 5 HFC
M, A TR E L 72 as . HEBRIRIE (LR %(Grobal warming poptential : GWP)23 &\
e, [UREB~DOREPBESNL TS, ZOMBEIR, K[UEEENITET 2 BUFF v
(Intergovernmental panel on climate change : IPCC)IZ L » T Hfafi ST 5,

2016 4E 10 QIS T DX HIVIZBWTEY M A—L@EEENRKIESN, 7o
Y(HFC)] 122\ T, AR - HEBEOHIBEE PR IND Z L EleoT, EBHZER~
Tar T, vruea vz a A2 R2BEHIILTWEN, A EEE OB H )
O, HWHFEZ T E 720 RA0TC ° RA10A ~DESHANHED BTz, L L7223 5, R410A O GWP
132090 TH Y, R22 D GWP D 1810 LV HE, T D78, WESTIL, A4V v EikEiRi
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Figurel-2 Japan's Schedule for Reducing CFC Alternatives'2Y.
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LAY VBB ORRAN BB R22 & 0 b HERREARR S 2, BT v o
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ARG T, EBAERATT 3 25 E LT Y . M TN RS ) b A% ik
EHARNT ENER IS HOLT),

IFY =)L MDI(FEZW4TH
1% = L\-
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1.3 BRIV DD AR

HEIEARME O — MR TRy & — D22 5 O MBI, 2024 FOBUE, M
E LT, R4I0A & R BMEA SN TS, ZNHDOBEIL, BIEST ARLETERSNT
WORETATH D, THODOWEAEERI N0 5 R THERT 258103 E
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TEOEEEZRTHEIEL LT, [ 7 7 —7%(Clarke’snumber)| "3 5, 7 7 — 7 I HER
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Figure 1-5 Abundance of elements in Earth's crust'-?%.



o, HBDWURFESEBATT 2 T, KGO ERM, B ER M, B A B
BWT, REO CuMEHIND Z ENTRHRINTND, 21X, K ER M Clx, 5~
15 ton/MW @ Cu zﬁuzg& S, BB TIE. 10~14.5 ton/MW @ Cu 2B L X3 T
W5, IHZ, BRHEBHE 1 B3 80~90 kg ® Cu NMEHA D 129129 = X H iz,
Cu i%?ﬁzié\?ﬁjtg IHBEESNAZENTRENTWAR, Cu DFEINZF Y, E, 2=
EFE, KEIZREONTEY VA 7 ARREBEMIZT TlE, ZOTREEZWIT 2 & IX N
Th., fEEET 5, RS LT, Cu&HIE 20 205 30 FZITHET 2 aTREMEN G
HINTND,
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1.4 WBEECE 1 TFR DA
AAREMWNIZBW T, Al 225 IR S 2 Cu 293 IR L FIREIC WA =012, &
JEH AR BB BT - RS SREAME L 0 5,

1.4.1 MmEfRZ2HiA|

R BIRITIR, ST AR D 2 E A EES | FOE M RS 2577 - |4
BEL TS, SOICHERLRAITIEL, [RRFEEA D ED DA ERE] 11> 2 L &
BUESITERY,, BFEEEAD DI, WMl RIBREIRENAE Y2LLT « FRHEAE) DS
EINTWD, BIRELUEC T MBS O R/NE & 72 8o BARR 72 PERE L HERFIIR S h
W5,

1.4.2 R

M ENT, BIRIEED20 1M B IF I W DM EHIBIE S 41D, BlREEHED20.1 (3) (c)
Wik, Zuda—R AR LT, 2% %2R 5~ 7 32U A(Mg)EEA LT-AIG AT
AL TER LRV DBUENH D, MgDEA EICHE L TiE, R410A L R32DSDSIZ b it
WBAHY . AIGEOMIE A EPEWIGEIR, BREEAELDZENH D, FFIRERED
20.1 (G)TE. MWHEE AT 26 EHE, B AREEBUSQIS)IZHEE T 288 & HE ST
W5,

1.4.3 BOR/NES

Bl O/ NESIE, BRI 23.11.1 THUES NS, ZOHEIT, 5 DOHEH THkK I
TW5, WIERE R0 2 BUEIXOWNEIZIE ) 25 0 AEE, @I T2 7 2%, Ofd
BoOBNLADIHEA TH 5, NHIEN 25T HEE Tl 8 O/ NE S 3 FRHEENE23.6.1
WRENLXA-DIZ L EHT 2, NA-DITHTERPE OIMED 4 5L EOBETH 5,
HHT N T2 3 BB CH R NVE OSMED 4 RGOS A2, K122 HW5,

PD,
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Z 2T, t IFEOR/NEE[mm], P IXFREHETI[MPa], Dy I3 OFME[mm], o, I3 EOFF
FISHEN « mm2], n (ZREDF-]. RITEOFLBIZET 2 # EE[mm]) TH 5,

Al ZE R IERCAE 2 B4 B B0 (1-1) T O FE 1%, Cu 2858 M SRS & R U
ETLZONRRNWEE XD, CuZili M BEELE 1 JIS B8607 WM 7 L7 VA 5 1T &k
FOMBETHE SN -HECX W EEES LTS, JIS B8607 TlEim it OFERI <0k i i
JEAZMRELTH Y, R4I0A, R32 72 E 1L JISB8607 TH “FAM LTSNS, fmff
JEJJIX, 43MPa TH 5, MEOFFRSIIEIEIIE, RFFEZEEMHIE LT D RER O
T EEDMAUCTIM S NIRRT | 25T 5, BIFRE 1 Tl IBEZ L ITHFRETIRIRT]
MILINTWNWD, B LAOHETIE, FIREHE 23.6 IRENDH LT, ALDRWET
Al X Al &R 2858123 XA-DF21FR0-2) TEE L 728 ofi/NE S IZ 0.2 mm
DFNLAZEIMZ D, L L AIE IS B840 I E ) Bas OREEZ IR E LTV 5, Al K&
G Al EEEOBEN LA 0.2 mm [ IWRRFERMEIHET HETHLVWEMETH D, 205k
HECIIMEI ORI N ERERRICS 5 SND Z EEBEL TS,

Al Je Y AL B4R AR O JIS &1 JIS H4000, JIS H4001 , JIS H4040, JIS H4080, JIS H4090,
JIS H4100, JIS H4140, JIS 23232 L% b5, ZOWN, FIREETRD TND Al 5G4 0HL
F&IX, JISH4000'297 LI =7 AR OT VI =0 AEBORE GG EIEL, JES 02 mm L
F 6mm BLF CHIE 2N E FIEDIEIEM TH D, ) & JISH4080' 2T /L = AR NT VI =
U LEEMKAEEDORTH D, Al B&ld. 8% 1000 FENLEEES 7000 FEHH
%o BATEE 1000 FEIL. 99.90%LL LN Al OBEET VI = L) Th b, ZOREES
T, TR, EEEEICEN TV DR, hOAEFE & Iikd 5 LR -0, iE
FEEELRWFEEHMS, BAM, BEXmEICHONS, AlAE4T, M ALICHEA OTHEE
WML T, A& s 2 LICmart, e, Mzt T 5, 54%F 5 1000 %
BN A 7000 FH OF A% Table 1-1 (2783, Table 1-1 1ZIXREN 2B EEF S, TIS
Btk ER. Mg AR, FigarR L,



Table 1-1: Aluminum Alloys

. Major . Magnesiu Suitability as a
Aluminum . Typical . .
. |Alloying JIS m content [Applications note refrigerant
Alloy Series Alloy -
Elements [%] piping
1000 series | _ PU'e 1070 | JisH4a080 | 0,03 |Eectrical and chemical poor strength A
aluminum industries

Aircraft strctures and poor corrosion
2000 series Al-Cu 2017 JIS H4080 | 0.4~0.8 R resistance A
automotive industry

Car air-conditioning,Heat
3000 series Al-Mn 3003 JIS H4080 - transfer, packaging, and — O
roofing-siding

Materials not

conforming to JIS as

4000 series | AI-Si 4032 | JIS H4140 | 0.8~1.3 |Velding rods, and brazing |specified by the

sheet Refrigeration Safety
Regulations
More than 2% Mg
5000 series Al-Mg 5083 JIS H4080 | 4.0~4.9 |Automotive and marine X

6000 series | Al-Mg-Si | 6063 | JIS HA080 |0.45~0.9|/\rehitectural extrusion, and — O
automotive Components

Can exceed 2% Mg
Al-Zn-Mg 7NO1 JIS H4080 | 1.0~2.0 |High speed railway

7000 series x
Al-Zn-Mg- 7075 J1S 14080 | 2.1~2.9 Aircraft manufacturing,

0,
Ccu Aerospace More than 2% Mg

THVE TR Mg S 2 %O UE, JIS BkEE S (JIS H4000, JIS H4080 0 Zxf fil ]
i) OHUEN D, Al P HM IR (TR WTRE 2 6 &% 513, 64F 5 1000 HH., A%
52000 FH, AAET 3000 FHE, ALET 6000 FEETHD, b, WEH ML E
BB L. Al ZEF MBS ICER A ATRE Y Al B 41T, A4% 5 3000 FH. A4&% 5 6000
Fh LD, AEFS 3000 FHIL, ~ 20 MO L 0 AL O THE - Tt E % K
FTEHD 2 LR, MEFMNSE-E8THS 10, h—x7 3L ORETIE, A4k
3003 BV BNS. AR 6000 FAE, 7 F 2T A (Mg, EHSHERINLIEAET
HY.EE, MREMEE BICREREGETH D, ZOREIE, BEMAM, LAMM, BExis
Hidn, AR CICEA ST D B, AT 6063-T83 DIt /11% 205 N - mm? TH Y |
SS330 $ & A% DI /1T 5, T83 2L D Al H4FEUMICHE S NS, Bz #
T+, ERIE i, RERRICEIT DN, BULERALE SISO T K o TR S AU i
MEOXyE W, BAlFIXEEoEFFobo, B o dkEEeFEF L Li-b0, Bl HIX
INTAEAL L2 b o BRI T I3BVLERIC X > T F. O H BSNOLERERINC LIz b D TH D,

JISH4080 DERNCHE BT 5 & AEE S 3003 TEaA VETHWLALEMNO BNH 5,
A4 3003-0 OFIIEME L, 95 N - mm?LLE 125 N - mm? LU F Th o, A4H 5 6063
(T IS BUKIZIZER] O 355 b O ORIES TR 59, BULH L7 EH] T 23 &SR S
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TW5b, 4% 5 6063-T6 & 6063-T83 D F|HEIR (X 225 N - mm?2 L ETH 5, (Cu ZZ
EERLE OB S 1%, C1220-0 TIL 205N » mm2 LA ETH Y . C1220-1/2H Tl& 245~325
N-mm?ThHsb, )

144 BH LIZEE DER

Bl R FEHEIZHE - 7= Al 223 F 1 IERC A 0O %8 [ O — {51 % Table 1-2 (27”9, Table 1-2 (21, B
BONEZLOEIREEZR LTz, ZHO Cu B OEIEIT JIS B8607 THUKL A7z Cu ZE7# H
HHEE OEETH 5,

Al ZEF RS IECE OF R IT, BUE O B2 AR DL EE U, FREENE 23.6.1 ORUZ LD
B U7z, BEIME 6350 ~1588¢ T CIEAEZaAVE L L, A4S 3003-0 & L7,
AlAE FME 19.05 ¢ ~38.10 ¢ IXEE & LE4E T 6063-T83 & LTz,

Bl OF%EHE /X, 43MPa & Lz, MEIOSBEIFRIGNIMEROE LR L L, B DR
AR 120°C & LTz, 2 OFBRFFAIS IR E 3% O BT O fR I fodlk S Av 7= Bl
FE1PHIT 125 COEERMA L, A4%F 5 3003-0 TiX 125 °CO 5 [FRFFAIL I 20N « mm-
2L L, A4%E S 6063-T83 TIEA 4% 5 6063-T6 D 49N » mm?2 & L7z,

L AT, BIREHEDRIRE 1 ITITE4E 5 6063-T6 DFFAGI RIS NIRRTV D08,
A 6063-T83 DFFAGIEISIREN T, L L, JISH4080 IZHIT 5 54E&K
6063-T6 & G4 5 6063-T83 OHEIRAMEE (SRR )R U Th 5720, BEREDREIC
BWTIE T OROVIZT AL THELED ZhWnWeEX 5, b, a7 6063-
T6 DFIHEIIEMZROONPEE L Wb EM & L TRIEIRTE SN TE LT, 8% 6063-
T83 D& M FIEIRTE STV D,

Al ZEFR AT RS & BEAR O Cu 253 M AL % T~ 2 & | Al 223 A IR 13 Cu 22
FRMMEERLE IR T, WO A ZLEENELS 25, LLRA6, JES 10 mm D
RIBM 2 B ATCBRMNR S HT- OEEZ KT 5 & Al 250 MERE 1T Cu 2250 m i
B/ DF) 50 %D EE TH YV EETH D,
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Table 1-2: Comparison of wall thickness and weight per meter for aluminum and copper piping

Outside Aluminum Pipes Copper Pipes

diameter Alloy-temeper | Wall thick We;lg;;t;fer Alloy-temeper x;aclll{ pgii};t}r
mm — mm g/m — mm g/m
6.35 A3003-O0 0.85 58 C1220-0 0.80 124
9.52 A3003-0 1.15 102 C1220-0 0.80 195
12.7 A3003-0 1.5 203 C1220-0 0.80 266
15.88 A3003-0 1.8 292 C1220-0 1.00 416
19.05 A6063-T83 1.05 296 C1220-1/2H 1.00 640
22.22 A6063-T83 1.15 352 C1220-1/2H 1.00 740
25.4 A6063-T83 1.3 414 C1220-1/2H 1.00 830
28.58 A6063-T83 1.45 493 C1220-1/2H 1.00 930
31.75 A6063-T83 1.55 647 C1220-1/2H 1.10 1193
38.1 A6063-T83 1.85 902 C1220-1/2H 1.35 1720

2% The weight per meter includes thermal insulation made of polyethylene with a thickness of 10

mm.
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Figure 1-7 Trends in construction investment, number of licensed contractors and number of

workers!-39.
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Figure 1-8 Annual trend of building muti AC units shipped'-3>.
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IEREALDOBLE NS %%Wﬁ%bf%%ﬁﬁ%ﬁﬂ%ﬁn&w EMERIND, WKIC
EIRAECMAE LB OB 2 I WHBH A L, LR Z ENHEETHD, £
7oy WO Lens \%%®Cu 2T IR AL & [RIRRIC . ZEaRR i (Mg PRk i) & L C
BiET s Lk bins,

IO DOEMET L, 16RO Cullflb V) Al Z 285 M IEE 1T 5729
ZEIT AT A E LT O LI & IR OFSRE(ZZFHRE /1) & feaB 9~ 2 MRy Ze tim & | m&i
UL EOEIIE R 2 REHC ANTZZER Y AT AL L COREMEZERT 5 EHREE8To
FHMENEETH D, 2T, AR TIE. Al 222G EEE & L TRV D BRI HEIL4~
TENOEREZEIET S L L bic, EHPERE S LColi T - 2558/, B LT
DELZALTRE - RS ICEBOFHMIEZ HEYE LT,

1.6.2 AFm 3L DOFERL
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& TR 5 RIS ) ARG IS S35 8 0 o TR BB T O ESL TR « B aY RO e 2
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EDNESND T2, BERZBEZGI SR T AREEN S D, —FH ., EEOWE 285K
2Bl 528G 7 VBTl Al ZZ MRS OSN3 > TR EED & Bl
LR CEL IS IR S D 72, Al 223 IR o dh P B O 2288 T B/ NR IS BT
ZHIND T EDNRINTZ, ZHUTLY, R 2 — TN L7z Al 2230 A e
FEM L, AR TH D Z EN A ST,

HSE REM TICEH LEELESMU OS5 L 2 E)

SERERE T T, ZEFR TR AL I ORIEAL D3 S AL, £ OSNENCHEh R, AT L AR
BHEROZ v X ZBRSND, T v v 7OoRIEBM OBBIZ L0 KR EMRAT D &
FOENREICRA B G2 52 5, £ 2°C, 8 5 Bk, BESERE & RIBA & o |Z
FHLUT, HPINT U, CREM 2858 Lz Al ZZiR AR . Cu 227l AR ) O Al

ZE IR AE & Cu 2530 AL & #36e L 729 > 7V % NaCl /KEIRICIRTE L%, Bl
BRI EBLE R 208 - ST 2 2 & T RSB ZIEET L AL L, &£
i TCHERASNDRIBMO OB, FHIRY =F Lo 74— A E 20 mm ORIEM A KL%
S OKEWILL, ZOFEM TORBOBEIINTNOV L Z LV THLEHETH o772, Ll
WL O X, WTNO v 7 v G FE R IR SN A REF U7z, AWFSE C330E L 72 Hpk
@ NaCl KIFHE F T, Al ZZiH IR & Cu 2230 IR OREM Tz W\, Ba
R RERIE L 720 | R OB ESIEAEIT LW E AR I,

56 T TIE, A SO AHeHE Likam & 7 2,
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Chapter.1
Background

Chapter.2
Ease of equipment installation and air conditioning capacity

I N .

Chapter.3
Outdoor Unit Straight sections

Uniform attack
Localized corrosion (pitting)

i __—— Copper piping

Aluminum piping

(Y-joint)

(Fitting)
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Bending sections Insulation sections

Corrosion under insulation
Uniform attack

Stress cracking corrosion
Uniform attack
Localized corrosion
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Chapter.6
Conclusion

Figure 1-9 Outline of this dissertation.
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2E AIAEEEZEH Lo T L Z25eH
2.1 fEE

HAREWICI T 2 22 GRS 1, IS Lo LT &, BENICKE SN, 7 v # R
DVETT ANk U CTHE N LIRWEOBH S | —RANIZHCH)AENEHA ST\ 5
2023 Ly, Culd, FE7Z: & OFEECTOKREHE-CPLR BT 72 EX BB 5,
ﬁiﬂ%x*wﬁ%%ﬂﬁﬁék@@yx%A@%mﬁ%mi5%?@%%_ﬁw\ﬁ%
WEE L. S BITIE 20 405 30 F&ITIT, BIEAMET 5 Z L fal ST g 2929,
7»::?AMDiChL%«T%ﬁﬂE%T%D\M@ﬁ%@&ﬂﬂﬂkﬂﬁ?%é”
O, All%., HFSh. SRR 2D, Bz 2O T STl . BEIEER CILEE
EREAL 29200 REE W\ ETHENTRT 4 DAL T —x27 2 22250 T
HAIBEHA SN TS,

—H T EEMTT a AL TOmRZERN LESOPFEIC LU, BERTT 2 0 0f
MO MW EEIE, 80 56 CTEGRICHERE L TR0 2D STFEOHIERRRLIZ L 2 &IE ERIZ X
D, Ak, =T aOTFENEMT 2O TG H D 2929, Z sk LT, @xEosk
EHET 2002 D 618 AN BAEL D LTEY | 2019 FEOBEEZEITH 500 T ATH
Do F1o. BUROBER OFRHEAIL 60 sl EOBEZL DO LD DFENL L BEEN
O DEIGER DI, 2O 10 FEZITHEFOE, mLBITAETDHI ENEHRENT
B X0 S%ITERIEEE DN 3 2 Tl LAE OHERF & 7 AT O MR B D,

Al L CuDEEZIKTHE Al OFEEMN 2.7 g em (ZXf LT, Cu DEET 89 g+ cm?
ThbH 2, ZOLXHIT, CuZEFH GRS 12 TR E e AL Z85R A IS 1 3 R A
M TAZ IV CE e M B L, b TR OEREICHF ST 52 E2 b5,

Fio, FETHERZLSIZ, AlAEIT Cu &8I THRENS D720, WA >
YL T, Al MR CRUEREN 21T 9 & Al ZEF AR 1T Cu 228 A IR A (2 b
THENEL 725, Al OBYRERT 240 W - m'! - KT TH Y, Cu DEREHRIT 398 W * m-
Lo KT THD 2190 ALK Cu lTHERTHEWEIZONSH D03, 7 B e iRt & Bl £ i
DORHEL Y & Z OBLE ORIEOBNNTAE 5 Bl IRPT OB R 220220723048 7 (B FF HE /7)
BT LEZZLND,

Z 2T, AT, AlG4% Cu 5&cfb D | 23 W EELE (26 U 72 BR oo T
RBEME OB TN ENHRK BN EHLNCT L EAAME LT, FEHFICK
0. ZIHOMEREE MR LTz 229229,
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2.2 FEBRAE
2.2.1 EERE

BRI W2 BB A XL 635 ~15.88 ¢ T 5, Al ZE5f A BEELE 13 A3003-0 %
L. Cu ZEif MM EELE 1X C1220-0 24 L7z, Al 255 MRS ORI 12.7 6 . 15.88
¢ T Cu ZEFR AW BEE ORE L B,

Table 2-1: Piping outer diameter and piping thickness of test sample.

Aluminum Copper Area ratio
Piping outer Piping Piping Piping Piping [%]
diameter thickness cross-section | thickness | cross-section
[mm] [m?] [mm] [m?]
6.35 0.85 17x10® 0.8 18x10° 0.94
9.52 1.15 41x10°% 0.8 49x10 0.84
12.7 15 74x10° 0.8 97x10® 0.76
15.88 1.8 118x10° 1 151x10° 0.78

222 EpiE

REBRENICENK 4 B EEME 1 BOE ALY ALTF T ar % 3 ZfERkT7-, 1 Z#H(Cu
line)lX TR Cu ZZiR FMIEALE & Cu D A 1 =H VT T T. L, 2 2% H (Al lineD)iZ Cu
ZEFH R R SR & R CAMED A XOTHIRD Al ZEFRGMEE & Al A B =D AT T
i T U7z, 3 %% A (Al line@)XiEE DA% Cu 2SR IEE R OANES A XLV T v
A XT T L, HAEX Co ZZHABERE ONEY A XEFR T E LT, dilkRD Al 2250
PR & Al A 0 = VOl T. L 7= (Figure 2-1), M & BAMEOLLEEIT VT o
FH#EH Figure2-1 D@D Th 5, ENEODOWHERE L 5.6 kW, BEEREIIL 6.3kW Th 5,
FENEO L ENEODOMFEREIL 2.8kW, BEFEREIIL32kW Th b, ENEODHFELET)
%, 22kW, BEFERENIEL, 25kW TH D, 1 b7V OMFERE/INT 13.4kW, BEFERE/IIZ
152kW ThH D, BRMDA A VEEORER S KOEE A X, fEFEE, dh23 0 #EE0x
Table 2-2 IR THY THDH, WTNORM S 0AEIL, Cu /ONBAE Z HV, TP A X
T T OB SERIRDOY A XT o T3PS, IS OB TR TIC L v #2
fel, A XELHE L, K555 bICHENZ TN D MIEEIT R4I0A & LT,
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Outdoor unit

C:13.4kwW
H :15.2 kW
..... Section D
Indoor unit M © C:134kw
C:5.6kw H : 15.2 KW
H:6.3kwW
Indoor unit @

C:28kW

H:32kw
Indoor unit @ "
ciaskw L™
H:32kW

Construction
checked section

Indoor unit @ O Joint
C:22kW — Pipes
H:25kwW A Y-branch

C : Air-conditioning cooling performance
H : Air-conditioning heating performance

Figigure 2-1 Experimental equipment for evaluating of construction workability and air-conditioning

performance.

Table2-2: Piping outer diameter and lengths in each section of the experimental equipment.

Section® Section@ Section® Section@
Pipe length
P J 27 4.6 4 7.9
[m]
Cu Gas ling 16 16 16 12.7
Piping outer | AID | Liquid line 9.5 9.5 10 6.4
diameter Gas ling 16 16 16 12.7
Al
Liquid line 13 13 13 9.5
Number of joints 15 4 4 9
Number of bends 20 2 2 4
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2.2.3 Jifi THEDOFEAM

WIEERBR OGO 7= D123 T 72 3 R2HD 9 H O Cu ZEFR G HEE R & Al 2%
BERLAE RHE(Cu & [FH A NZEBW T, b LRI 21T - 72, i LD, Figure 2-1
(R TENEE Y OBE TIT o7,

Hox DR TRETF OGRS A 48 E(F A& T 24 H, W& T 24 fH) & L CHti TIRFH % 5
HL., Hx ol TR DEEMEEFTM L7, Al Cu & I LZEFIZENTAF
REZeTHAROMT-Tdh 5, b LRFRH 2 3R T2 BT, Bl RO LORTIZ, Hx o
kT O TFNE & s TR 2 sl U7z, B RF o e TREHI O FHANE, B i L & PRIEHE T
DOH 2 TFHHEL, 30 /T & ichE TR e LT, 7B, M LEZTo2EEBIX24ThH
%y

2.2.4 BBEFERES OFHM

OB 5 BE 7] O FEAM X 28 R D AL BREN & & SEAMEE O JUBREA B CREAN L 7=, SO RIE T
%, Hoxe OFENEOWGA N &R DICIRIEEFHTR-74Ui T&D #HZFRE L, WHARE &k
HUREE O AR L 28R DB L VAR U C, SNEESLEE L7 BERE 2 HH U, =4
BEDOFHMCIE, S|AMEITRIE L2 E )G, IREEFFOEIC X - TIT 5 7= (Figure 2-2), it D
HEARIC, FERERR S PR 2 JE U7z, FERMERE HE 1 D365 ClEE I /) & EEER 2 JE L7z,
T ¥ a— AL —HXDOANOTEMEEDO AN DRE & ZIRELZRE L, BTHEROADT
WA ENREE 208 Uiz, F-sAMERROERMmE2HE L,

To indoor unit

liquid lines % Expansion valve
Supercooling Refrigerant

temperature | | cooling plate Heat exchanger
\/
To indoor unit Evaporative
gas lines pressure Condensation
temperature Condensation
] @ r pressure
U

Compressor Compressor

) Oil separator
inlet temperature outlet temperature

L]

[ ]

Electrical
power meter

Accumulator Compressor

Figure 2-2 Experimental system diagram of outdoor unit and points for measuring

temperature and pressure.
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WIEREIEI L., BENEOELREHE AR T 5 2 & TRED - QMR EZ 2 2 TR
L7z, BT 2 RO E N~V F T a0 2 LI 2 REfE X 1 05EHR Lz, RSk
% Table 2-3 1T~ d, HAE LHRE DOV A XH[E U(CASE1I~CASE4)D 5 5 CASE1~
CASE3 TlImERR AT o 7o, SBRZ1T o I2BRDOAVKIR LT 27°C~35°CTh > 72, 1 Fife
HT- 0 OERBBREINL 22 kW~13.4 kW ICZEF L1z, SNHEORTIEEIL20°CE Lz,
CASE4 OWEFFRERIL, 1 RftdH72 Y OEMBEREIE % 153 kW & L, ENEORERET
30°CE L CRBRZ1T o7, SVKUREZIX 10°CThH -T2,

Al ZEFRGIEBCRE D 5 b AEDOHNET A XU & LTRE DINES A DB AT
P A X7 7 LT85 (CASES~CASES) TlX, MIRFBERE/ N DWW T L7, MmERES) O
EZAT S T2 OANRIREIL 30 °)CTH o7, ENFEORREIREIL 20 °CE L=, CASES T8
WTHBIENTENE A 2B H0EE L CERMIBRE I % 134 kW & L7, CASE6~CASES
ICBWTREERNIIERNEOEILREHEZZEZ T 1 ZRHT- 0 OEKEREIE %2 6.4 kW~
153kW IIZEHE LT, BBHEIEIOWEEIT > T-BEOIKIREIL 7°C~10°CTH > 7=, N
DR ERFEIL30°CE LTz,

Table2-3: Operating conditions of indoor unis for evaluating air-conditioning performance.

Aluminum liquid line | Indoor | Indoor | Indoor | Indoor Air-conditioning
pipes outer diameter unit® | unit® | unit® | unit® performance per line
Cooling
CASE1 | As same size 2.2 kw
mode
) Cooling Cooling
CASE2 | As same size 8.4 kW
mode mode

Cooling | Cooling | Cooling | Cooling
CASE3 | As same size 13.4 kW
mode mode mode mode

Heating | Heating | Heating | Heating
CASE4 | As same size 15.2 kW
mode mode mode mode

) Cooling | Cooling | Cooling | Cooling
CASES5 | One size up 13.4 kW
mode mode mode mode

) Heating | Stop Stop Stop
CASE6 | One size up 6.4 kKW
mode mode mode mode

) Stop Heating | Stop Heating
CASE7 | Onesize up 9.5 kW
mode mode mode mode

) Heating | Heating | Heating | Heating
CASE8 | One size up 15.2 kW
mode mode mode mode
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2.2.4 MkFOIETHEK

B EECH A Y OENEKT, HELCA—D— b Fa ZJCif S HEY R IV E
HT D2 emT& s, —J, #FIEL. ZROOFETIIERTE W=D, ROTFIEICLY
FEBRNIGUR I A RO T-, BE O/MED 6.35 mm 705 1588 mm T, FEE DR I 20 m
O Cu Bl F 7213 AVELEIZ, BNFGHED 0.1 m/s 705 3.0 m/s TIHEAKZHE L, BRI O
THEKREZRFE L, WRIZ, RUAMBERE SO Cu Bl £7213 Al Bl %%4 R EERIC
S U T2 A T = T VHET % 20 B LT-, D%, META28E L - BRIAPNIC R Ut ©Tf
KEWE L, RERIRATE OIE K ZRIE U, T2 8 Lo BRIk )+ 73?,%9%75:6\ [k
DHDIESERZZLGINT, RFOLDIENBREZFE M Lo, fkFOENHEKIF, F(2-1)
TETIENTED D, ENHEEEZRQ)TERL, ZoRHXh R4 25E L, ©
DR A Z 5K DOFAREFE(p=1,000 kg * m?) & T OEE TR L T, #EFOEPTRE % H
L7,

AP =1 X gvz (2-1)

Z 2T, AP IFESHEKPa], n ITHRFURE[— ], p (TIRIKEEE (p=1,000kg * m3) . VILE
NEE[m/s] TH D,
AP = A X V? (2-2)

Z 2T, AP IIESEK[Pa]. 4 IXEBE & AT IERPUR kg + mP], VIZENTTHEm - s
ThD,

(@) Ppressure pump Pressure gauge(D Pressure gauge(®
Pressure regulator Sample
% / I?M_%j
(b) (. ‘* S
Pressure Pressure
um
pump gauge(2)
Pressure
gaugeD
Sample

Figure 2-3 Experimental system of evaluating resistance coefficient of joint, a) system diagram, b)

appearance of experimental system.
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2.3 EBRER LB
2.3.1 fifi T-IREfH

Cu ZEF A LR 0 A 1 = J1 VHET O T0%, Cu ZE5R M IEEL S 2 0 U, Bl BT
OEIY NOMEE Y —~v—IZ X VX 7-1%IT, Cu ZFHEEEE 2 FICAEZ LiAK, A
=NV TOF v Ny % AT TREDAT 2 FIETIT 9, Al ZERAWIECE DA =%
NARTORETIE, Al ZZR AN EEEE 20 L, BE OU 0 noUiEmo ) noM s %Y
—v X VX | RIZ— DT DITHETFNANC BRI ERES A2 840 L, Al 2530 i
Bl Z kT2 LiddA, SEHAOMETRIZL D ELEITH, EEMET A X387 & 5871
B D Cu AH =T VAT L Al A =T Hox O TIF# % Table 2-4 (27”97, [
ARXEBIT, Al AB=HNVRFOFHN Cu AT =H VIR FIZ AT TR AL 725 2
ERHER SN, £, Cu A =TNEFIE, A XADBKREL2DHIFE, i TRFAE <
BN, Al AA=JVikFIL, EHTEOHBHOEZEICLY | fkFV 1 XX 2BHERAE

TR LN T,

a) Copper ) Aluminum
mechanical joint

mechanical joint

Figure 2-4 Construction progress of copper and aluminum mechanical joint.

Table 2-4: Construction time of mechanical joint

3/8”7(9.52mm) 5/8" (15.88 mm)
Copper
F_’p N 145" 320"
mechanical joint
Aluminum . A
o 2°20 2°05
Mechanical joint
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Al ZEFR R IR /e & Cu 223 M BERLE SR L O i LIR§fH] % Figure 2-5 (279, Al 2%
P BERC A SRR O fit TIREREIE 3 W5 8 20 T 0 . Cu ZE3 I LS R AR OBt TRERTIX 4 Iy
ff 25 53 ChoTo, Al ZEF MRS B ONE TRFEIL. Cu ZZ3l MR RAIC T
25 %RIfE S AL7o, Al ZEFR A IKECAE A Cu 22 A LS IR TR ER Z R Al A =
HANVHEFD S D Cu AT =T VARFITE AT, #EF 1 #EH72 0 ICET D LR AW Z &

D3 LIRS L TWD B2 b,

1:00
3/ . 2:00
— 3:00

\3:08 4:00
Aluminum piping system Copper piping system

Construction time 3 h 08 min Construction time 4 h 25 min

Figure 2-5 Construction time compare with aluminum piping system and copper piping system.
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2.3.2 BN X 2 BIBERE S OfERE

Al ZEFR R IEELE RHE L Cu ZE3 MRS RO ENEO A Y 1 CHIE L 722
FIDOHIERE R % Figure 2-6 (27573, Figure 2-6 OAKHIE Cu 2278 M IR E BHE D ZEREE ) T
BHY | e E AL 2T RS SR D ZEHRES) TH D,

BlE A X &R CIEE LR Tt ROFENE LN, 2.2 kW OB EERR TIX Al
ZE 0 R RO SR, Cu ZE A R R 6T & B ICE NSO BBV EIZ[R U CTh 5, 8.4kW
D s Tl AL 25 IR IR E RAE O HERE /172 Cu 2250 IR IR E R HE D 80 %L &
720 | 13.4kW DOMFEIEER T Al 2558 I RS SRFE DM FERE/IIT Cu 225/ F G IR Rt
D 90 %R & 72po72, 15.2 kW DOREFEL CTld Al Z238 RS R OB FERE 1X Cu 22
TR IBLE R D 85 UFLE & 7p o7z, BLEIMEY A ADFRROLGA L, Al 2250 Fm I
B RO ZEFIRESINE Cu 2230 M BEALE RHEIC T 10 %~20 %f2E/ &< 72 d 2 & 03k
mINnT,

Al ZER A RS R OWE DIMEY A X% Cu ZEF AR IEELE R DIRE DAY A X
F0 T ATy T U TR, ROBERN/EONTZ, 6.4 kW OIREZFEEIRTIL, Al
72 3 PR B AE R Cu 23 A IR SR T 20 %DREN T v TR A BT, 8.8
kW OBZ L T, IZIFRZEOEER I TH -7, 153kW OREEEIR T, Al ZEH A%
IR ARE T Cu 28 IR SRS LT T %DREN T v 7R DT, 13.4 kW D%
FIEERCIE, Al 230 i IEERLE SR FE Cu 22 I RS R R T T%DRES T v 73
Rbiiz, 20X 91T, Al 2 MRS R OWRE DIMEY A RERERONEY A XX
DT ARXT v 7 T52 LT, Al ZEFAGEEE RFIL Cu 2250 m BEEAE R & F
FREOZEREN ZAT 52 L BRI,

20
E o Cooling as equal size CASE
™~ | ® Cooling as size up |
£ 15 | - Heating as equal size CASES
= e = Heating as size up o s
'S < ' CASE4
@ S
g 3 10 + CASE7 OCASE3
£ 2 ' mO
S £ 5 | CASE6 CASE2
-
=]
< 5 CASE1
o 0 ) ] ] ) |
0 5 10 15 20

Air conditioning performance of Cu line / kW
Figure 2-6 Heating and cooling performance of air-conditioning owing to differences in piping O.D.

size.
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2.3.3 RIMEIC K DIRERE S DR

Al ZZHRAG RS RFEOREE T A X7 v L, 4 BOENEL S CIEREELR L7
5B (CASER)D ZAME D783 11 /7 & ki /1% Figure 2-7(a)lZ7~ 9, Figure2-7(a) L V. Al %
TR R O BEMEE )1, BEEROERRHIHICIL, 27 MPa BREEIC ER-T 53, 2Dtk
DR OTESRHIE X, L8 L2 2.6 MPa &0k L7z, Al ZSifAm RS B D 2K 38 1E
TE, EEEAIHNZIE 0.6 MPa /-9 728, ZD#HITZLE LTZHES) 0.8 MPa 27~ L7z, Cu 2%
PRV IEEL S SR8 O W O TEHA ] o O BEHfE £ /11X 2.6 MPa Th V| 72858+ 711 0.8 MPa TH
0. Al ZER RS R & A OE 278 LTz, Al 255 A E Rst T, W1 ES
DL o TWD, ZOHERIE, 15 CRREICH ZT-ENICH LT, 2MICEBEEZTT- 7272
WEEZBND, Cu ZZi G ILELE RO EERRTORAIREIL, 20 °)CTLE L TV,

JEAERE O A DR & H DR % Figure 2-7(b)2nd, Al ZE30 G IR0 Rt 1 s ) 1
(2, JEMERE O H OIREE DS 105°CE /RS, £ D% OEEEHIR H OIRE L 80°CTH ~ 7=, Cu
ZEFH R R R ARIT, SRR . JERERS O H DEFEAS 92 °)C AR TN, IR TP IR
JE1X 86 °CTH o7, Al ZEifi M IEALE RAEIE. Cu ZE85 @ BEALE R & [RIAER DJEAEREA
ne HOEETH -7,

Al ZEFR AR IR R4 & Cu 2230 I BERLAE SR O m HNRE % Figure 2-7()lZ~7, Al
ZE P BEECAE SRE . Cu ZE A A BEEC A SR8 & B ICHERR O3B R [ h o S AR 13 38 °C
THEEL TV,

Al ZEFR R IERCE R4 & Cu Z2ii M BERLE R DVE # ¥ /) % Figure 2-7(d)I2~ 7, Al Z2
TR BEELE SRRRIX, AT BNICR L CRARIREEIR 2T - EBIC X0 | JEREE O
JES) EMHRE R & < 2o To o, BRI EE NN RE L2 | &R T 54 kW OH
BBENERTHN, TOBOWEEEINLS5.0kW TLE L TV, Cu ZEii B ESEE R OH
BT, Al ZZFAGERE R L RETH Y . HEEROEERIM I, 5.0kW TH-o 72,

LLED X 91z, EIMENOBEROEEIREEN D . Al ZERAG RS REORE 2V
YA X7 w7 UTBE R IE, SERD Cu 270 AL E Rt & RO HEERRER G 5D =
EHER S T,
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Figure 2-7 Operating conditions of the outdoor unit equipment; (a) pressure of condenser and

evaporator (b) compressor temperature of inlet and outlet (c) supercooling temperature (d) power

consumption of compressor.
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Figure 2-8 Dz E U /LRI 7' w b U, JEMBREE & SRR 2 RO 72 1R1T, EEffi
B EZ R U CEB L, Y /U ~IROFIETCTry L, 7m2y FL

7211

®©@ 06600 6

® Q

logl o)

CHEBRE ) &2 R L7z,

JERFHA MRS & 2838571 % 0 D JERERE O AN TIRIER 7 1 b5,
JEAERS O DR & BRI 170 O ITERE O MR Z 7' e v h 975,
EHEIE ) LS ENRE L SRR OANREZ 70 v F 5,
WHENREE & R IEN D DR O DREEZ 72 v b5,
BT RS,
J£% 200V & LHIE L7 EiiED & EAMEDHEE ) 2 :(2-3) L v B L7,
P =V xIx+/3+1000 (2-3)
Z 2T, PIXEBEENKW], VIXEE[V]. [XERAITH D,
JEMERE A O D v L B — 250 B JEM L A dt A B o T2,
FIMEDEIRMED 5 B 40% 73 EAEHE O BIE) /71T 05 &RE LB /) 2R L
7o HhEN D & JEMEEE L 2R Tl L CRQ-4) L W I RER B AR L,
W =0QxnxAh (2-4)
Z 2T, WITHERE) I[kW]. O IXMBEEIEER Bikg - s 5 IXFEE[-].
Ah (THb= 2 Ve —ZE[K] - kg | Th D,
EEERRO A O DT o & L B — 38 b iR R & S A - 7,
BRI A B R B2 R U TR ) 2 RQ-5) L W EH L=,
H=0Q xAh (2-5)
Z 2T, HIFBEFERENKW], Q i3mEfEes &lke « s,
Ah (Tt Z Ve —ZEK] - kg Th 5,
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Figure 2-8 How to draw Moriel Diagrams using experimental values.
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B L -BEERE

% Table 2-5 (27" 7", Cu ZE5f M IEECE AH O BE A HE
o770 Al ZEF GBS RFEDREERE ST 14.4 kW Th o 77, Al ZEF TGRS Zft DO
FERESID A, Cu ZZFG RS BRI H T, 5%RE, BREEINKEL Lol

Table 2-5: Heating performance of Al piping system and Cu piping system.

1L 13.7kW ToH

Power Shaft Ah; | Ah, | Refrigerant | Heating
consumption horsepower circulation | performance | AHp
kw kwW kilkg | kd/kg kgls kw
Cu 5.1 3.06 60.8 | 2719 0.050 13.7 95%
Al 4.96 2.98 55.3 | 268.0 0.054 144 100%

% AHp : percentage of heating performance change

2.3.4 ZEH6ET) & FEJHR K
PR O T A NI H ARBEOBIERTRAL, WE ITIRREBOGB BT D EAE L.
JENBREEFENT 5, HAWRRE, BIREBOGEEORE L, Cu 250 FM AL RO FHAE
Z AV, RA10A OPPEAEZE 220 L0 | REE L BEEZ RO L Lz, HAREIX46.0°CTH
0. A AOREEIL 16.4 uPaS, HEIL 122.6kg * m3 & L7z, JWIREIL 320°CTH Y, DK
FE1E 105 pPaS, 1% 1003.5 kg » m? & L7,
B/ DJE RS H I 8 72 > Tl Figure 2-1 DX Z & 2340 9 BB 2 SR BVE TR L
T, Section~Section@® DELE D RIHEAEER & % X(2-6) L 0 FHH L7z,
Qsr
q,= 'Zi;
2T, q XA ER Bilkg - 5], OselE SectionD~Section@ DEAE[KkW], Q. IXHEER 25
DNHLER L 72 BV KD - kg1 TH B,
R L7 iE s B A B O NHEAE & B TR LT, KM Z & oz X 2-7) L R
77

(2-6)

vV=—
A-p

ZZTyIFEAEm - s, m T EEER Bilkg - s, A IWTimAE[m?], p 13 kg -
m3Th o, ZOEzZ A, BEOESHRKREBBHENTE 22 L ARV —T A X3y
AORRYIZEVFEH LIz, 22T, AP, EEOEHEKPa], A IZEEERKL-]. 11T
R & [m]. dIXENREm]. p 13 ke - m3], vIFENTEmM - s TH D,

(2-7)

AP:Axéxng (2-8)
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BEEEREIT, 2—T 4 ORGERQINNC IV EH L=, Z 2T, LTS BEERE-]. e 138
BELAH S [m]. dIZENEM]TH D, RQR-ITEBW CTEBELZAMM X1, e=0.0015 mm & L
7=

1
2.&0055{14(2000024—%;)3} (2-9)

ABRICEVEH L7 Cu A D= NHETE Al A 1 =T Vil FOIGUREA Figure 2-9 IZ
R, Cu AN =TNARTF & Al A T =T VT & BICEPUREIT, BEEED/ NS WFERE
<, BEBEBRESRDIZONTISL 2%, Cu b Al DAN=JIVkFEEIERT 5 & Al
DFHN Cu XLV IEGFURBN KR E L RDOMBREET, Al A =T VEFIL, EFONHEICK
0 ZFEo TR D T2 Cu A I = VIR R TIRPUREN KR E S koo b B2 bLD,

115
= o Cu joint
212 ¢ o Al joint
g
S 09 |
S
S 06 |
) O
203 |
z
=
= 0.0 s
0 5 10 15 20

Pipe outer diameter / mm

Figure 2-9 Relationship between pipig outer diameter and flow resistance coefficient.



Z OEPUREE AW T, Section~Section@ D X[l & L 12K (2-10) LV JTE L EFH L
7

Ap=nx¥; (2-10)

Z 2T, A PIXESEK[Pa]. n ITHPUHREL-]. p 135 E kg - m3],
vITENEmM s ThH D,

o DR Y O Y RIIA = —OEMERNOE D ZENTE D, BilzIX, ik
BEOMYEIZ05m THD 22, HYEIEL, KQ-1)TERFTZLNTE D,

L=¢x2 (2-11)

Z 2T, LITMAYSEm]. ¢ ISR, di%ﬁ%@Llﬂ%@%%@Hf%éoKﬁ
ZECIE, Ay & i 2S 0 OIRPUREITM S BB H L, ik & #hish o EELER T L,
ME, RKE-HLvEH L,

VL EOFEFIEIZL Y, CASES 51T 25 Al 250 M BEALE /M & Cu 223 F v IRl & R bt
DR A F M LTk R % Table 2-6 12777,
%%%k%mm%@Eﬁ@%ﬁ%<%£@éoCuﬂﬁ%%ﬁm R L Al ZEFH I
LS RO E KT, 1FIER T TH D, Cu ZER GRS RFIE. Al 2258 R IRl R
AT, Fﬁ%%im%&fk%<@ot;mmz6 BT D Al 250 R Rt
& Cu ZE RS RO MBI L, 5 %DETH Y | BUEROBEE T, JEHH%k
MHHERIFIEE TH D Z L DR STz,

¥, EERIT, HEO ZRIZHAIT 5, — T BERINTEEIZLET 5720, B

FENBROHEEOFEHRIZIFIT 2 B2 bid, EIHEEDZET 10 %REETH

DN EOFHRIL, 3% ThH D7D, ENERNOEERERADHER S D Z LDVRES N
77

Table 2-6: Pressure loss calculated by computation in CASES.

Straight Joint Bend Branch Total
[kPa] [kPa] [kPa] [kPa] [kPa] AP
Copper 176.9 20.1 24.9 5.6 227.5 110%
Aluminum 140.9 25.6 33.7 4.4 204.5 100%

*AP : percentage of pressure loss change
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24 £&O

ARETIE, Cu M5 Al ~ZEFH MRS OME A2 28 LI BEOEHITERE T 5 m i s
DO Tk & 72 OEERRE ) OFFi A HE & Lz, AlOEEIX27gem® TH Y | Cu OF
JEIX89g - em? Th D, FEikallrH1x, BEe AlALE & HEHOME LRI L0 EEMEZL
W b X7z AL EECE A 0 =D VRkF AR T2 2 & s TrED M B U Al ZZ38 I
Bl AE O Jifi TIRFEIE Cu 2258 I SRR L2 Fb TRy 25 %Ki S Tz,

AT CulZEE_THENL Y | [F—IMETORERFT CTIIRENEL 2D | ZOREIC L
V. Al ZE MR & Cu 223l R IEELE & R CAMR CTRkEl - i D925 & Al Z p)ﬁﬁ%%\ﬁi
BLAE OZEFRRE /11, Cu ZEFRIRIERLE DZZFHRE I KV 6 10 %~20 %R T 5 Z & 23 Ed S
Wto Lr L. Al 25 RS R O E R 206k D Cu 25 MM RS R LR CIZT 5
eIz, BIZITREZ DV A RXT v 7T 5 EORERELZITO 2 & T, Al ZZF ML
@aﬁ IZBWT S Cu ZER M EEECE L RFOEREN 2/ oML Z RSN, ZThbD
FERMNS I, Cu O E I & i%/m)ﬁ{%ﬁﬁ#\éma T, S OICERRED AR L
TY 2 OFEINKIET D720, Al ZEF G EELE OFIHAB G RR Th 5 2 &
DR ST, Al ZE MRS ORI 22 VERBIX, BRIFChH Z LR A SN2 D
WELIE T, BRI PERRIC OV TRFTT 2.
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FIE EEFHMICER LZEENA. SMIOERESLEE)
3.1 #5

FR(Cu)EaiZ, ML, BYREME MHEMEICEN D720 MR IR ER ST\ 5,
Ll Cu &L, FEZ EOFEETOREHEECBRFELSICAT -ER A #E e L
DR VM FEE L, & 51220 005 30 4121213, Cu BRI BT 25 2 & 3 EH
ENTNG 338, 22T, EFLIFERNE T CTRERT LV I=UAADICER L, Wil
B~ Z it Uiz 39310, 55 2 Tl 7- X 912, Al B4&0mBEEE O Iz BT
T, EBHEOIT, MIMEAHERT 2L & bIC, BEORGFIELZYUETDHZ LT, eSS
5 1(HP)DFRERME T+ 72 28 RMERE DS AL S D T & B fles L7z 310,

— T, Al ZZEF MRS & L CRIEA T 572oI12id, EA E 20 F2L Eo RHImA
PERRD B D, £, BLEONM ESMUTIE, BEEEREPET DRENH A B2 570,
B O & SMAC T, RS LR EN e 5, B O NI, W & i B9 2 23,
T IHE & TR X0 AR S A IR E BN B IERLE OO BENE E 2 bhd, Bl
BOMINT, REREBRICBEI, hEHE2HEET L & TOBEERIT, K, BHRE. HEity
EEZLND, ZNHOBRERICK LTI, Ha, MEHEHEBEPIZEINL TV,

T IE & RSN & A BRI I, JIS K2211 Biks 310 HF B OfFgE 319038 5,
JIS K2211 T, MER SR & ;i ORARIR & G RARBREZ AL, Z OmE
K% 125 °C~200 °CCT—ERHI(IREF: 14 BRENMBLL | IRIERTHE O & BB IR % bt
RAARLIEET 5 2 & T, ALFEMRENDBHEE T 5, HFILIE, RI12(¥V7rr Y74 R
AH N, RI(¥7vu7Z)taxi) R22(vr7Zana 7 4dnu it X )kt R-50(NA
Fa 74 —R)DRET 102 Fe, Cu 4. Al 842 LT-BOS B OIS A
BALZFEBE ZHE L T D, BB THVE Cu A42121% 0.009 %D P, illiZ 0.03 %D Fe N EH
ENTEBY., AlAEITIE, Mn, Fe, SiBEAINTWD, KR DITHHEENN 1 ¢ & @1
g BRA LIERRE ZND OB ZEAN 7 AEITE AL, @iRInEERE 2 X 0 G BRE
Z 100 °C, 125°C, 150 °C, 175°CD 4 BtfE L U, @87 2 M & i s ORI i
K40 AFEREL, @B OBR - HIEEBHZBR LT, ZoWE THOLZBEIZIX Cl
NEFENTED, WHROMBE - MM CAER SN ABIC L > TERDIENET L X
150 °CLL F DIREESAFIZ I DL - Wil ORA TR ClL, Fe KAl &4@id, Wi
OWBENZXE LT H g7 Szt &M A2 7737723, Cu &41% 150 °CLLF THE RS b E
THZENREINTND, £72, 175 COWRFESRMFTIEL, R-22 SO G CII BRI
B - IIEDIR BTN 2RI XTI BN E LW RT 22806 ZNHOnEA
I DL, BIE CTOMEMITEZ, 150°CLL FORGFRUETHATRETH D LIBRS
T,

— 05, KREBREE A5 U 72 IR 1L, SKEZERBRCEG A 7 VBB S 5, MK
MEEFERRBR 1, JIS Z237 13- 1 K ME TR T 1L THUE S5, JIS 22371 1%, H PRt kg F2 kB
FERSEATEYE KME T, % v AR 3 FEOEKEZE R E TR SN S, HHEKEZER
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BRIZ. 5 wt%RE D NaCl KA (pH 7) % M IC R L, SR8 BHT NaCl KK & % X
., BREEE L, MEEZFHMET 5 5ETH D, PHEEKEERBRIT, &R - X
R OE R RN 255 L L, EUR—LOAEC LY AR Z2HET 5RBR LT
& 5, WEFRERPEHL K Tk BRI XM ZE VA & L C 5 %NaClHEERR(pH 3) &2 " %4 5 kBR 715 T
JEEMEDBNRECHEAINLID MR EaxG Ll LTS, F v ARBRITEERIR &
LT 5 wt.%NaCl, FEf#, CuClh(pH 3)Z "4 28 AGIET, TAI =0 LMEMS,. =V 7
NI BLFRDDSEIRELMRLE L TWD, HKEERERIT D K ZHHET 25 LTI
BRI FETH L0, HAKEFERRIC L HEBREIL, ZEIEASNIREICBITER
FRE L 132 D, £72, FmTHIZIT ) BICITEHE RN EF IR R2EIRH Y . Zh
SOMEERRT 5 B TEEGY A 7 VRBROSBR S, BEEEFS Tl b T
5 3—15)O

BEY A 7 VERBRIE, NS % CHUE SN HUKEZERRIZ, i, B, KR, HEKRIE
7 EDEMEMAEDE, ZNLOEMEERY IRTHIETITbLD, BEIEESTIE, &
TR > TWEEEY A 7 VB OMAEG O AR L, JASO M609 H B H A EHE
FRER T 1E K OV JASO M610 H Bl HER il SMBLES 3R 77 1% 3194 Bk AE L TV %, JASO M609
DOBUSACICEE L CTiX, HEVHEA =D — 2410, WA =7 —% 32 #0321, £ 4,000 5L
W EDTA M=, £ TEBEINTWDIEET A 7 LD 5 BRI
BRGIED DWW D aBIR L, HKEFZERBRE A S5t 5 » I CORANBRBRDOT v K
2 BT A RVERES AL, 4 000 T S AU DMEE 7z, JASOM609 Tlidatii
Gfb & UCHIKMETE 2 Refd], RoME 4 R, TR 2 KR A 1 A 2 v e LT 0| kG
oD o ZHH K N OB TH 5, JASO M609 DFFHLIZIE, JASO M609 THUE L7-5
PRI, BRI DWW TIL 45 YA 7 VD3RR 1 £, BASHHIT OV TR 180 B A 7 L3
ZERED 1 6 » AICIZZHEYTH LT =2 RGO ENRTRBR SN TS, JASO
M609 DI EZR IS, TVI =T AF A HA NEOHBHERRIZONWTT VY R
E' T A MM THOILJASO M610 23Sk 47z, JASO M610 DR S:1E JASO M609 &
ﬁ*fé‘b%} 3—15)D

Al ZEFH IR 2 RIE 9 5 72 12iE, Cu ZE A RS & [FARICE B 2R & 2 0
ERAICFEH ZIETH 2 L NEETH D, Cu ZEHHHGMEE CliX. BARSILEEO—fF]
ELTUIROBERBERED A = X L0 & IROBRFE~DORNBRE L TND 317
320, RBFSE T, Al 22 RG BEEAE 2 L7 B o R AE 2 #R T 572012, BE O
NI, MU E TR ER 2B L C, Hx OFRERIG U TSR Z 1TV, £ DF
BHFB AR LT,
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3.2 ERGE

FEERICHWZ Cu BB LAl &480H 7 uid., BARENTHEER ELORE THO
ZEFA OB & LTl STV S IR 2 5] L 72 (Table 3-1)322324, Cu &4 & Al A
& DALy % Table 3-2 35 KO Table 3-3 (2779, M & I OIR AR ) D1k
B TEMEDRG O 72012, W & B HEE I OIRA TR~ D IRIER R (0=3)% FEht L 7=, 1
U7¥RIRIE, W & MBI ORATAK CTH Y, YA a A X X T v ey
IRAY(50:50 wt.%, R-410A)E RV B =/Lm—TF /LR RILMICERLBHIEA, MHEEREMER 72
EERTIM U EEMN O 5, AL Cu 84 s Al 0T TORERY > 7 i,
LD 7 & OB ZRET D7 DI R CHRE L, Vo 7VTRGERE L HICAT
YU ZBUNERHFICTND TRIE L7z, A7 v VARUINER X, IR 52 M ksl E
120 °CITANER L | 20 A EPRAF L7c, M & MMt ORIEIC X 2SI 2R+ 2 H
BT, RIERBRATE THBIBLE (n=1), HEHE@0=3)B L CEREMOWELIToT2,
7V DFEEIRRE T ER R E 7 BMSI(n=1, ISM-7200F, HAB (k) EH W CBIE LT, 1RIE
At O BIRENLIL, ASTM609°29) CHIFS{L S 4172 1.0 mol/L NaCl 35 £ O 10 mI/L Ho0s & IRA
LEBREERI, 7, A& T A Y —B X UMD v 2 VEmE Z W EREm, xf
ik L OBREMm L L CHWE 3 EmRTRUCXk Y N7y a A4 v MHZ-5000, JE2FE
THRASH)Z O THIE L7z(n=1), HIET, BREEERITEIREIZ LY 30 °Clofrfr L7z,
F7o, BEVA 7 VAR, LLFO 70—t - THifgE L TiT o 72 319,

1. HKETE (5.0 wt.% D NaCl & H20 IZ¥fi#, pH : 6.5~7.2, 30 C)% 2 KR,
2. Wil THE (60 “C. MBJE 25 %) T 4 WL EFE,
3. Ml T/ . (50 “C. MWL 95 %) T 2 WEfiIELREE,

BEY A 7 VBR ORI (8 FEMH], 16 R, 24 RFfE], 96 IFfH. 192 REfE], 384 IRFfH.
496 WEfH]) Z L ICRBRY VA H L, MBI L ERAIE AT oo, AT A 7R
BRI X0 B b Liz¥ o 7 ik, JISZ2371 IZHE LT, 69.3 %D HNOs(Al A42) £ 7213 10.0 %
® HeS04(Cu 44 & VT, ZTNENRIE T 3 RO E21T- 7, RERATORBRIKD
HELMBENLERBREOBEROZLREM CHRLIEEEEICLVES A 7 VRO
R Z & oEEE (LA KD T,

Fio, L=V —BKEE(VKS550, ¥ —= 2B A2 HWT, HEV A 7 LilBi% 496 Ky
R, B L7V IO BESEHE LT,
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Table 3-1: Compatible standards and piping outer diameter and piping thickness of test sample

. Piping outer L
Compatible . Piping tickness
Alloy number diameter
standards [mm]
[mm]
APEA1001 ,
A3003-0 9.52 1.50
JIS H4080
APEA1001 ,
A6063-T83 38.1 1.85
JIS H4080
C1220-0 JIS H3300 9.52 0.80
C1220-1/2H JIS H3300 38.1 1.35
Table 3-2: Chemical composition range of the Al alloys (wt.%)
Alloy ) .
Si Fe |Cu Mn Mg Cr Zn Ti Al
number
0.05 10
A3003-0 06> | 0.7>| ~ 1'5 — — 0.10> | — The rest
020 |
0.20
0.10 |0.10 | 0.45~
A6063-T83 | ~ 0.35 0.10> | 0.10> | 0.10> | The rest
> > 0.9
0.60
Table 3-3:  Chemical composition range of the Cu alloys (wt.%)
Allo
Y Cu P
number
C1220-0
99.90< 0.015~0.040
C1220-1/2H
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3.3 FEBRRER LB
3.3.1 A R OIRATEIRIZ R HELE N DAL 2 ek
Figure 3-1 [ZIR{EABRATH O Cu B4 & Al @O Z RS, RIERIE TlX, FMUIER
75 EORE 2 BATBEE SR o 1o, WP KV | Al 580 Cu A@DRKAEIC
X, BERAERDZAE LT TN ERMER I, Al G@OWNANZIZIRZIERNC, BlE Rk
ICERADENNHER SN DA, ZHTEEROM THICE 2 b0 TH 5, ZoMTiT, &
TEARBRIF IS I & BRI O IR A VIR IAATZ T2 . RIERICIE. Al GE80REITN
TR 2 BV HEGE SN RhoTo B2 b,

C1220-O0 C1220-12H A3003-0 A6063-T83

(i) Before the immersion test

C1220-O0 C1220-12H A3003-O0 A6063-T83

(ii) After the immersion test

Figure 3-1 Appearance of test samples before and after immersion tests.
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Figure 3-2 |2, F{EARBRATZ O Cu B4R LW Al A&RBEElo SEM B4 /Rk1, Cu &
BIIIED P RIS TEY . Al A4I21L Si, Fe, Cu, Mn, Mg 72 EOTENIFIMNE
NTWER, ZNEDTLRFMOFEIZ DD 5T, T_XTORECERARYE L OEm
DHAIT, BIEE S 727> T2, Table3-4 1%, REARBRATZOEEOLILEEL R LD TH
Do I & B OIRAVEIR~DIRIEIC L 2 HEOZ(LIIMR S i h o7,

AB063-T83

C1220-O0 C1220-1/2H A3003-O

(ii) After the immersion test

Figure 3-2 SEM images of test samples before and after immersion tests.

Table 3-4: Weight change before and after immersion tests”
Alloy A3003-0 A6063-T83 C1220-O0 C1220-1/2H

AW [ % 100.07 100.23 100.02 100.00

“AW: Percentage of weight change

42



BoE i OB REZ FHIICINE T2 BT, AAREMN OWEEIT -7, Figure 3-3
1E30°CIZH1T 5 Al &4, A3003-O D HARBEN ORI T D, HIRENLIL, 500 &I
ELTEMERL, BONHIT ASTM G69-123)CTHEIL STV D A3003 DfE(—
0.750+£0.020 Vvs. SCE) & L < —# L7z, 26 OfERIT, ZH Lo f @ fiRE TH 5 120°C
D7 vHRF LR B —T V& TS T DM L B EEIIOREGERN T, Cu &
& Al E&IT. ALFENRENEZRT ZEERBE LTS, EEONMIT, 7 va  momil
TSI RB SN D, 7 u U SROWEE L TR & RS 600 CCRE DO RIR T CHAF
THE. Tu U RMENOBBEL 27 3L mEEEH IR R S TA CToKEIZED
7 oA bKFEHF DAL, BEEZFBREIED Z LB TN D 329,

— 5T, EH LOKEERIREIX 120°CTH Y | EH EOREFH TIX, 20 DORIGNT
BT Rrolcled, BENNO DBELILITETITSVEBZ LD,

-0.55
E _0.60 | — Before immersion test
8 — After immersion test
» -0.65¢
>
z -0.70 %“ v -0.731V
2 -0.75 e e
5 | A
_j;_-{ -0.80 -0.771V
™ 08s|

-0.90 : ' : ' : : :

0 500 1000 1500 2000

Time /s

Figure 3-3 Time dependences of natural electrode potential for test (A3003-O) samples.
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3.3.2 EESMUDOBEERIC X 2 &b ZE)
Figure 3-4 1%, %E/\"j‘/l' mwt%ﬁ BT D C1220-12H & C1220-0 DIME DR &R
T, C1220-12H OFEE R ML, 16 FE#ZIZITRZ RNER L, 24 FE#ZICIE, CuCl(H
YL EZ LN DGR T Uiz, 192 BEfIND 384 W CIx, &R0 R< 72
V. 496 R TIE, BEREIXRAZHO, MREORTVREERmEICZ Aoz, 20X
12, Cu OEEREIIEA A 7V BRIC LY, REMNEGL, HEV A 7 VRBROKE
Wi & IC RIS R AR OERBHEGR S Z, Cu BE&OREIL, KEARE T T, #1#
DHREFFS T2 —F B 7D, KEICEET D, ZOREND I LIZERN T &
Cu B&0OFKMIT, FAICEAL, BACEGTLIZENAILNA TS, ZOADOEIX
Cu BE&RHED CuO LD THD 32, £, R TIX, NaCl 7k{§(f§%”§%§b“(b\
L72, EEREICHTH L7z A0 CuCl MO CuClLIZE L Lz EE 2 b D,
AIFFRNCKIT HEEVA 7 VRBRIZBWTH, Cu OFRMEIT, KRAZFFEOREE DL L [FH
HOEEZRL TR, EEHA 7 VRBROREELBIET 52 LT, Cu 8D EEED
ERNARETHD EHBEZBILD,
192h

384h 496h

10mm

10mm
U

(ii) C1220-O

Figure 3-4 Appearance of Cu alloy piping surface per exposure time of cyclic corrosion tests.
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Figure 3-5 1%, 496 R§fH](62 A 7 /W)&IZ L —F —BAMEE TRILE L7z 2 O Cu @D
HFIRCTH D, 2 HHAD Cu B@DOREITIL, ENRIOOENRHERINTZHOD, FLEIT
FAELTEBLT, £/, 2MED Cu &4 TEIL, RSNl

C1220-0 1Z, ERICHAMEM LI DOXIIREEREL L Cu HETHY . TO5IRM I,
205N/mm?> Th 5, —H T, CI1220-12H 1%, ML L7 Cu B TH Y, D5 S
1%, 245 N/'mm?>~325 N'mm?> ThH 5, ZD L 512, C1220-12H OF A3, C1220-0 (2T,
FIRRIR S IXRE WA, BED OWE 3292 LU, C1220-12H & C1220-O O R O Sk £2
I, B 10um TR EDZ ETH D, C1220-0 & C1220-1/2H 1%, B OfEERIFEDE LT
o7, EETA I NVEBRICL ORHEOREZIHGFRKE TH -T2 BEZL BN D,

C1220-12H
§ e el T ~ i A
=

S

s C1220-0

W

tSO um

0 300 600 900 1200 1500
Measurement position / pm

Figure 3-5 Measurement of pitting depth with laser microscope in alloy Cu-alloys after 500 hrs

cyclic corrosion tests.
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Figure 3-6 |2 2 FEME D Cu B DAY A 7 VRBR OB 2 & O A %277, 2 fl
O Cubdl bic, BRBEIL, 496 FFHEE THIM L 72, Figure 3-4 OAMRBIZRIC LD &, 2
FEFED Cu &4 TIX, BEY A 7 i BRD 192 RfEf21Z Cu A4FKimIZ CuCl OfE(LIZ L 5
FRENBLEL SN, UL, 496 K], AV A 7 ikl z i L7z Cu AE&oRmIZB W
TiX, ZoORHEIL, 2HEE->TELT, Cu &0 —HoORE CHRERINT, kg HPEE
OERMHEED &, ZOBRERDVPABELIEE L TERT 5720, BRIEEIX, —EOH
EhblEZILND,

F72.C1220-0 & C1220-1/2H ORI = & OB R IEIL, RO 2 77343, C1220-
O & CI1220-12H OEM OFESKIAITE 10 um SR T, L—Y —BssE Tz L=k )
2, EEVA 7 VikBR 496 FEEIE O 2 O Cu AEOREIRENF L TH o772, 2
O Cu DB RBEICLENAONR T EEZLND,

s 1025

E

=Y | I

2 101

g |

= .

20100¢

g 5 O C1220-1/2H
[ O C1220-0

10-1 PR Y —————r

100 101 102 103

Exposure time / h

Figure 3-6 Weight loss of Cu alloy per exposure time of cyclic corrosion tests.
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AWFFECIIT D Cu D AZEENL. AE. Warraky®29 5 23845 L T 5 NaCl KIEiE Fizk
5 Cu DFEZEE) L FFRORBEE R LT EE X DD, £ ORI % Figure 3-7 127,
NaCl K¥EHR TI2F1T 5 Cu DFRIL, Cu DER{ED B E 5 (F(3-1)), KIT, Cu K IZ CuCl(H
YR AE T (R(3-2)). D%, CuCl DK RS D WITIKER L A A > OFE{LIRITTROGIZ K
D, CuCl % 5 X 912 Cu0 HEFET 5 (F(3-3)), CwO X, HBWNIAHREAERT A, REFERE
eI LRI LT A EBE I LD,

F7o. Cu DREITAER L7T-HEO CuCLITRRL L, fE Ll R | fkE LD, EHIT, FF
R & 412 CuCl 1T RATHC 4G L(N(3-4)) . Cu OELEREITITLENET S,

Cu — Cu' +e (3-1)
Cu — Cu' +e (3-2)
2CuCl + H:O0 — Cuz20 + 2H* + 2CI (3-3)
2CuCl + Clz — 2CuCly (3-4)

@

Cu
T

CuCl(white)

CuCI(green) Micro pit CuzO(bIack)

CuCl(white)

Figure3-7 The mechanism of pitting corrosion of copper in NaCl solutions 329,
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Figure 3-8 [ZHEA VA 7 VIRBRIZEIT D A3003-0 & A6063-T83 DAME DR & 7~
A6063-T83 TlE, 8~24 2T, BLERIMmDICIRA 2 < 720 | 96 KFE 17~ b ELE R 1T Hi
KICHETHTAI TN LI, TAIFIEAATHLZ LD, Al BE&OREITHE
WCEE LT B2 DD, 496 KR OB AT A 7 ViRl % il L= 0 o 7 W3R s B
I L LTz, £, 192 %OV 7L OREIL, AR THED TERWILE S HEE S
7. A3003-0 1%, #HEVA 7 VB 8 RFEIE LIRS U, 24~192 Fff ¥ > 70T
X, FEIFERAIHL L-%IC, IREICEE L, 384 RLETIE, RmAHL EA| LT,
A3003-0 2B W TH, FHAKBEROT VI FREEREIH I L7z72o, BEREIZHAIZE
Bl Ex b,

384h  496h

10mm

(ii) A3003-O

Figure 3-8 Appearance of A6063-T83 and A3003-O piping surface for each elapsed time of the cyclic

corrosion test.
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Figure 3-8 12, 496 WFE OB E VA 7 VB A Fili L=tk ERAERMDORED DI
WL, L—F B CREABILE L 2 D Al @O RmEIRELZ T, A3003-0 D
Wrim B2 Cld, 496 REMZICEHRIHKI 19 pym O/NS7e 8y BB I N, 2T
BHE 2RI SN2 o T2, Al AEOFLRIE, Mn R EIOTRINC L 0 fLE3 I <
NDHZENHLITEY 33033 Mn ORI LV ILERNIS SN BE 260D, —T,
A6063-T83 TITH A A 7 /il % 496 IRefE] = h L7237 /T, £ 110 pm DIEF R FLE N
MR SN, LARESIE, B LA 200 pm O#FFANTH - 72 333, A6063 DOFRINAE: B K
TTHDH CuFeld, Al & DILFERUNMZ K > TEMPEMICT T N T 5720, FLEPEA
rTEEZILND,

A6063-T83
E P s PN
=
=
o
= A3003-0
P —— .“WVMMH
tSO pm

0 300 600 900 1200 1500
Measurement position / um

Figure 3-9 Pitting depth profiles of Al-alloys by lazer microscope after 500 hrs cyclic corrosion test.
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Al 54D A3003-O & A6063-T83 DLW A 7 VB ORGBI = & D A8 & % Figure
3-10()Z”T, 96 R OEE VA 7 VRO A EIL, A3003-0 T 0.5 g+ m?2,
A6063 Tl 1.5g m2ETHIM L7, —FH T, EETA 7RO 92 el 5 496 IRf[H]
FCOBRBEIL, HERBME RS ehotz, £, AV A 7 VERBROBGEN Z L
LBRESZBIE LI 2 A, RIBFFM Z & OFLARE ST, BARBEOHME M & L < —Z7
% Z & IS HERR S U7 (Figure 3-10 (b)),

10'
- (a)
=
0109
g I 5 O
=
2101
= O 0 A6063-T83
O A3003-0
11 va—— S .H
100 10! 102 10°
Exposure time / h
103

[0 AG063-T83 (b)
102 £| © A3003-O S

[—
=
T T

[—
)
=

T —TTT
|

Depth of pitting corrosion / pm

0_1 Ll R | L
100 101 102 103
Exposure time / h

[u—

Figure 3-10 Relationships between Mass loss (a), depth of pitting corrosion (b) and exposure time in

cyclic corrosion tests for aluminum alloys.
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A3003-0 & A6063-T83 Tit, R E L ALRES X, BADMENG LN, Ziut
Al G OERBBILEMOBE LS EDEBZZ LD,

Al 5451%, ALIZ Fe, Si, Mg, Mn &2 UL, Hl Al £ 0 & A58 Ot & 2 1 |
S, EETHERIND, 20D, ALASNIZIE, Al &38R 28 BELEMBEET
%5, ZOEBEILAMOZFENL, I BMILEMORIT & A AD & OB EITIKTT 5,
BRALFRICEMAD LV b E&EZRSBEIEWIT T Y — e LTHREEL., BM@DIET / —
RV S % 339,

Bz 1%, G4F 5 2000 KHED Al G0 BHEIEH L LT, FeAL 2R H 5, ZDeEMH
fbEmIE. Al ORMICHBLTRY, BB A BRI 5, REmERD T / — R
kv, KBHD LI Al BEbEng, LT, KB-6)D &I ICEmBENHEE S, K(3-
ND X 51, ILENOKRIENEEMAL L, Al OISR EITT 5, K&, RB-8)D &
1T, FeAls DU L HTHR D RS, LEDRET 2,

Al  — AB* 43¢ (3-5)
O2+4H*+4e- — 2H:20 (3-6)
Al +3Cl- — AICls 3-7)
FeAls - Fe2++ 3Al3+ (3-8)

Oxide film

matrix (Al) Intermetallic
(anode) Particle (cathode)

Figure 3-11 The mechanism of pitting corrosion caused by cathode particles.
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A3003 X, Al-Mn RZE4&THY ., Fix 72 E Lo T, AlMn 23T H L. ATk 130
SECE 78D, N Birbilis H #PZ XAUE, 26 O BEHEE YD NaCl KEERH O HIRENL
I%. Table 3-5 DIEZRT Z L NRE SN TS, A3003 DEJBRELEY AleMn D HIRENL
1%, 0.6M (3.5 wt.%)® NaCl KIFEK T T—913 mV TH Y, FMOBEREN -84 mV &, 1T
IR CAE AT

—5 T, A6063 X, Al-Mg-Si ZAETH Y | KT HiEfE T, —#AYZ, o tH. GPzone,
BB BMSHDNEIZHTH L, Sof&AIZIZ B HHMESI) TLRIET H LB 2 LTV 5, A6063
1X, MgSi FHDIENNT a-FeSi 28D Si AHANRAEL TE Y | Fe pliorid Al PITIE, 1FE
A EEVER T, FeAL MR H BT, Si EAEA LTz a-FeSifHE L CTFEEL, HTHBHICE A S
N5, A6063 D4 EBLAY Mg:Si 1%, R (ADKL Y b BARBEALAHETH Y 339, ZOfEIX
—1536 mV3*3ID 7=, Y — RIZIZK Y 15720, — 5T, &EMEINTY AlFe O HIRENMIL
—566 mV*3THY . F(ANL Y BEMBEDTD, HY— KLy EBREZEET S >
36 A3003 (%, NaCl KIEHET D ClA A4 12 & DERAL R IROREE & 2 D% ORRbE T RIGIC
K0 BENEALTZLEZ DILDD, A6063 13X, ClI'A A 2 X DA R D & &gk
AMORBILVERMEE L7272, WA CHEERNE L ABRIICEEANELL LS
bbb,

Table 3-5: Corrosion potentials for intermetallic compounds common in aluminum alloys 3%

o 001 M 001 M 0.6 M
Stoichiometry alloy ) ) )
NacCl solution | NaCl solution | NaCl solution
AlgMn A3003 -839 -779 913
AlsFe A6063 -493 -539 -566
Mg, Si A6063 -1355 -1538 -1536
Al
— -679 -823 -849
(99.9999)
(=mV vs. SCE)
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BAEY A 7 VRBRGEHEUKESE, %, B0V IR LICEIT S Al 41, b2 FRH
VBB ITERAERM O RN —EIT D 2 E PRSIz, T, ERAERM D IRER L 72
D, SLRIEBEOEITEREDE D EEZBND, Bl KERE, Wi A K
THEEYA 7 VBRI, BEORRK LY LiEEREBETh 5, ZORERD 496 FEE DR
X BRI MR IA R T 1S AR 1Y NBE C o D B AIBNIA 1 Tk 20 40 2 FE ITH
Y5 LOWME N H D, #o T, Al BE&OELE OHENEIX Cu A4 OELE Otk & [F
P ETHD Z L, AT CHEME LI EE VA 7 VERBROINES LRI L 0 FERES T,

ZEF s OMEEARIL, B AR IRZET L2 O 2% i O F R L E(RA 9002)*
ONHUE SN D, ZOFREMETIE, WEIZD B0V, ZOFEKUCH D L 5 Gt ixE
TOMRZMEEER EBE L TEBY | MERND 1km £ THEFEMKTH 5, HEVA
7 VB ORBFER NS Al EEORE X, MFERED 1 km DL EOFEREDSEEN 72 N ©
X, 20 R OMAMENR B B = & NEFES NI,

Table 3-6: Salt Damage Resistance Testing of Air Conditioning Equipment 3-38)

Area directly exposed to wind

300m 500m 1km
@ Interrior region H L — |Seto island Sea

@ region facing the open ocean H L
) Okinawa,island H
Wind-sheltered area

300m 500m 1km

@ Interrior region L — Seto island Sea

@ region facing the open ocean H L
@ Okinawa,island H L
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34 £&0

BEIROFBPEE SN TN D Cu 2V Al Z 25O MR E ~MEM T2 2 L 2 B
(2, WIERE ORI, SMUITCRE R EER 2 BB LT, I EEECE O IAMAT O R s E)
AR K0 BREE L7z, RO PNERIE. H IS BEom i 72 & OiRICH#E T 5728, BE
METH D Cu Gad Al B2 mEE L mEEIORSERIZRIE L, 120 °CE TIHEAL
REABR TIE, M & MR OIRAIKIC L D AlEa, Cu BeDBRE~ORET, 1T L
A ETRNT LR S VT, BUEAMERIE, FHEEROM ARG L0 GIEms T, KR o,
T Zf 0 IR E Y A 7 LV RBROIMESLRRER) I L 0 Al 2250 I IERLE 13, Cu 223
BERLE & RIFLL LM 2 A9 5 Z L 2t Lz, £70, APROMRND, Al 6@%
ZERIB IR & LTI DR EMME 2RI 51213, BEEIMU O Z O BN
L TRl UX R W & AR S vz,

Al 54X Cu B&FO&EAMEIO(LFRLEMIL, HMAEICRE CRESND A
REMED B 5, FEH EOBRE R, EEIEDY T ML LERE RN HnbNns, 207k
O, M L7zBRofin iR & 2 0 bEE OBIFR b Al G 22 m A E & LT
MET 212, HEETHY . RETHRT D,
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FAE PN ITEICER LEEMIOBRL LS
4.1 FE=

BB (N Tk, BV, WiHENED B S B El(Cuy e S Tnd, L
22U, HEZ EOFBETO Cu OREOHESLESHEBEOEXIZL Y, Cu OEJELE
PR ENTND, £ZT, Fxlid, BETEERFPEERTVI=ULAANZER L, 25H
BEEREA~ D 2 BF LTV D 4D, ALLE, #iZERE 0 EZRMEA R B B #LE G, B
72 EMRINWERE TR STV 5 4240, BEE T SN D AllE, 2 U =2 2/(Si). #k(Fe).
~ 7R AMBIINSNT-Ae s LTHER I, BNT 255K ICE-T, Al G800
JERMTEMEZR & DRI R 72 5 4149, Al B4IZIiE, 1000 FENS 7000 FHE E TOEEN
25'?) é 4-9), 4—10)O

eI T —a T g ) DR & BAME A BT SRS X, FEA L 20
LU EDOTANENER 415 41041 SRS O Il & AMAICIE, BRE RmAHET 5 BRERIE
Hoaelins, £2C, EHIE, 3 E TR L 9IS, Al 225 G BEEE OBLE N (ATEGHE
) & BB SRR AR CRE AR 2 368 U, RIS S D EEER 24 LT, Hem
WA ZAT o 72, BUENMNT, I & I OFRARICEET 223, 120°CE THNR L 72
T & I OIRATAIRIC L 2 RIERBR L 0 Al 22 AW IEELE . Cu 2990 Fm IRl s &
HITEE OWNMIN L DIFELILIFAECIZS WD E &R LT, AT, BLEIMINIEERE %
TR L7 E A 7 VBRI LY | Al ZEFR IR E T Cu 2250 IR RS & RIFREE DL |
DOIiHEEEZ AT 5 Z & ZRERE Lz 4,

Fhits TOWBEE ZIE, BE O A =TT T LARENMER ST b, v
A —ZfER L, BEZMTMTd 5 & SMEISIEE RIS 2384 U, WIEIZIZERE ) 23 4
T2,

Al B4 DJ5 1S & E 7 u(Stress cracking corrosion : SCO), ERIREIZE T H5[EEI T T
TRAERECH DL IS E S D Z & T, BB EIND ATREMENRH 5 419419,

—fRIZ, Al AEORELOERRHCAT D SCC DKL, MEHTERT D b o, BRERICHk
KT 5O, A2 NTEKR T 5 6 DI KB S5 419, Al 5420 SSC 1, 2000 FH
5000 FH. 7000 HHETET D Z LML TND #ID418 0 Al 440 SCC 1L, RD 3 >D
AH=ZALZ X o TR NERENDPERT L EZ2HNTND,

1) FEERLFUTIN © T B e 228 B (AR N EINDJRR & 72 5,
2) FEARRLICHER L2 KB L DM ER BN OB & 725,
3) fEeBRL U IR o e RENRE R I DIRE N FIAL DA & 72 5 +19),

2000 F D Al-Cu A4 T, BBBIAMEDS SCC DI &% 2 H TN D 419420 2000 %
BCIE, MBI BIC Cu 3T L7et2, fEdbhifUTIR o 72 Cu RZJEAER L, Cu RZJE
BRI L A2 D720, Z Oy BMERERT 5,

5000 FH D Al-Mg A4 T, Mg &8N 3.5%LL ET SCC MET D 420, flgki R Lz
Hrit9- 2 gAHIE. BALANIC 72720 fEdbL R BIC g AN EGERIHT 2 & | RIS RO
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R E 720 CRERERIFSIRISNICE D SIS D B2 b T 5 +22:429 7000
B O Al-Zn-Mg-(Cu)R &4 Tlix, SSC DRKIL, KFIZ X DRIFROMEMER R E L B 2 6

NTW5, Al Ga0/KFEMAIZ, #TN L &M L0 B & Lz AL AR

ERDPOKARE WIS L, KFNFHAEL, MEBRIICILBT 5 2 & THET D 429,429,

L AT, HADERUTHEI T S & ZZ A EEELE & LT AIEEZR Al &40, 3000
FHE 6000 FETHD 29, 3000 FED Al-Mn G41E, Al & Mn 12 X0 SR E
L. 3000 #FHE OE @ LBAMKOSIRIRE 2 A4 5 Z L5 SCC DIEZMEN RN EE 2D
LT D #19:42D 6000 F 1B D Al-Mg-Si A41d, 2000 FHS 7000 FH LV K2 A M ThH
V. HEMEICENTZE8TH D 42, 6000 FEiE. SCC DEZMEMENESETH Y | FHIIA
et T ClE, 6000 FHHED 5 H A6061 K> A6013 28I S A FUITKE L T MEpMRn 2 &
R LIRS E DR DD 41D, LN LR 5, 6000 HFEDE®ILZn X Cu 2 HATHEY |

WX VRFUGRDBR SND 2 EREH STV D 42, S 5T, Al B8ORS I
Mﬁﬂ?jﬂrﬁ%ﬂkut)( N=ALThHDHIEDPMER I TG +17.430)
2P AEERE 2 RHIER T 572012013, Cu AE80RE LR U X212, ISTTERORK

SMEEFHET 5 Z ENEETH D, CuZ nﬁﬂﬂ/*l@;ﬁﬂﬁ X, SNSRI I Ko T
RIS %% j’“(‘/\éﬁﬁ‘g&yﬁ}:/ﬁ:ﬂ FOIFEAE T CTHED NHy 227 € =7 BLA Wit
D& RERRRLIUCIE 72 SCC WAT 2 Z LI b TR Y . EREIZBIT S b7 7 L34
DHE SALTND #3743 I 512 CuBilFICA U2 SCCIZ L D 7 7 VO ER 34T Tl
FMRICEEICE TR EBE Y I 2 b —va > THIT LB L 8 5 39,

Z ZCARMZETIE, Al ZE G IR & Cu 2830 H MRS A iR o & — T lnn
T U, #F @S SRS ) SRS 1 358803 - TR EE T O BB AT - B A RSO
2R 2 2 LTk 0 | ZERRE A~ D ELILITITY 1¢’C0)$%L*Jrﬁ$/\fi%9é§ﬁﬁﬁ I
5 EERARE Lo, ABFZETIE, #IN L& ORA 22 B DR O 72012, BIREHR R
Hriz & ZoS%VE%O)“/i 2 b—3a UaER L, EXUL R AR 2 E’JT fh N Lo
L S LA B RENLDOWE 21T o T2, o, EBROM A BRE 28508 L 72N (kB 217 -
7otz BlAE 3R OB A T T DI B AR ) SRR e R T 2 BRY T, A E 1 BAMER
— T RV X — G EA X R 5 HT FF (Scanning electron microscopy-energy dispersive X-ray
spectroscopy : SEM-EDX) & | L —H# —3Fi#e 7 L — 27 ¥ 7 % (Laser-induced breakdown
spectroscopy : LIBS) & A& W 7o f i 217 - 72, #HiliCiX, SEM-EDX (2 K VRS &7
& ORAA Wi o K48 A ih fjJDIﬁB EE T CTHER T D & & bIT, FENLOE RN O E
ZAT o7z, £72 LIBS JIEIZ KV ERAEBD OVE S TN I 1T 2 35 72 e 80 217 - 72,
I OFHIiZE U T, Al ZEF M EEELE o PN T oA AtE%E Cu 22 Fm EELE o
BN & bl U, BB 2 SEBRIITIRGE L 7,
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4.2 EBrHE
421 o7

AW THER L7z Al B4 L Cut@ld, HAENTAFRZEEME CThHDH, AlGe
I A6063-T83 ZfEH L. Cu &4 C1220-12H ZfH L7z, Al 54D b Ak5) % Table 4-1
" T, A6063-T83 I, FIR(CALIRIZ TN LAATVN, REhZh FALBR (BB 21T > 7o b
BFCdH 5, R W FALEIZ L0 | Al A4 O R O HFRIE a FH—>GP zone—p " FH—p tH—p

FHCHET,

& EEULEY D MgSi T4 5,
Cu &4 DAL 5y % Table 4-2 (27”7, Cubfid, CulZ VU > P)BRMS BT, I
TEACALBR DG S LT BT B
Al iR (AL-T) & Cu B4 (Cu-H)D IR %, Table 4-3 (233, PN TICHWZEE DR X
13, Hx40 em & L7z, FEHE LTI, HR 90O IT I TEANMER S 572, AWF5ETH
W B IARIL, B =2 0 90l L7z,

BOEENCITEVLELIZ LV . Al Be0RE L pHTEZE L, Al BEeORMEITIT,

Table 4-1: Chemical Composition Ratio of Aluminum Alloys in Mass Percent (%)

Alloy Si Fe Cu Mn Mg Cr Zn Ti Al
0.20- 0.45-
A6063-T83 0.60 035 |0.10 > | 0.10 > 09 010> | 0.10> |0.10>| >XX

Table 4-2: Chemical Composition Ratio of Copper Alloys in Mass Percent (%)

Alloy

Cu

P

C1220-1/2H

99.90<

0.015-0.040

Table 4-3: Compatible Standards, Piping Outer Diameter and Thickness Used in This Study

) Piping outer . )
o Compatible ) Piping thickness
Alloy Abbreviation diameter
standards [mm]
[mm]
APEA1001,
A6063-T83 Al-T 2222 1.15
JIS H4080
C1220-1/2H Cu-H JIS H3300 2222 1.00
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422 HIFINTAE OB EEOIR 2 B & L 7= A7 IREE S RAT

TN TS X D BARAVRFPE DR D 72 012, A TRESEMRAT 2 M L 7o, A BREEFEMET TI,
Va— RNUH— RAT BERENGRDEEE 3 It CAD TIERL L, /N1 T E2 TR,
ZOMOEHMEREE UCH o7z, MIIENMZ 52 DRSS 23 E L, BESREE
0.1 & U CHEMbARNT 21T > 72 (Figiure 4-1), ARREHRMITICE T, WIERTIE, OFTHRAEL
RN )1 E OTHROBMREBET HUERRNB, <A TIIERETH L7205
EOTHOBRRE EMICRET A2MERH D, 2070, MEHHEZEIET 52 BT, 5l
B A FEN L, AIEEIC X DB ARG Lz, 5IIERBR(AGX-250kN : BEEUER)IZ, 5
AR 2 1.0 mm min!., 1.0x10' mm min?, 1.0x102mm min! ® 3 fEFH L LU CTEBE L=, R
F O=HE L TEIRIE Table 4-4 [ZR938 0 Th D, M LI2fi#HTY 7 N Abaqus2022 Th 5,

Table 4-4: The shape and dimensions of the material in the tensile test

Piping outer specimen gauge
Specimen diameter Piping thickness | length length shape
name [mm] [mm] [mm] [mm]
Hollow
Al-T 22.22 1.15 160 50 cylindrical
Hollow
Cu-H 22.22 1.00 160 50 cylindrical
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- Completely
Completely Constrained Constrained at the end

Guide

Center of
rotation

Nodes: 15,424
Elements: 15,360

Solver code: Abaqus2022

Figure 4-1 Finite element model (FEM) of bent piping with joints created using Abaqus 2022, where

the pipe is modeled as deformable and the shoe, bender, and fixtures are modeled as rigid bodies.
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423 HIRENMNHE

HHUF I COHROENN L 2 BRI CFERHEZ RS 2 BT, PN TEs 8 (s8R 4
SR FERERL 4 55, B 1 R0 BREMOREZIT 572, 9 MOBPEROKRE ST I mmX
Il mm & U, WESUSNOEEIBIERO a2 —F 0 JHCa—TF 4 7 Uiz, WERRZIL,
HE SO ZEBHESE, ZOMOPE SIS T b T —7F THE LT, BREAOWPESM:
XL T O Th D, TEAMIT, ALMEIB L O Cubtkle L, ST Ag/AgCl B, i
WPt 2 L7z =B s L, BREEAIIE. 3.0mol L' @ NaCl /KIRHE & L7z, HIE iR
o BRERIRIIE. TEIRREIC 0 30 °ClTfR - 7o (Figiure 4-2), HAREALOMIEEHIE 60 ) &
L. JIEREFEIE, 6 Refil(21600 ) & L7z,

(a) Potentiostat (C) Pt wire Al or Cu Ag/AgCl

Water bath |C.E. WE. | RE.
i

30°C _4@:‘7 I

3mol NaClag | H,O

Figure 4-2 Fig showing outline drawing and appearance of three-electrode method, (a)out line of

three-electrode method, (b)appearance of bending pipes with eight bent measurement points,
(c)appearance of three-electrode method.
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424 EREEEE LIESY A 7 ik

FEREEIC BT DM B O &M A e 325 HBY T, BARH B HEHITZ 0 JASOM610-92 (Z4E
CC AT A 7 NVERERE FEHE LTz, ZOBMED 1A 7 VT 8HERITH D (1 YA 7 L1,
WD 3 SOOI M KIESE 35 °C, pH 6.5~7.2, 2 Kifi], @ 60 °C 25 %RH, 4 I
M. OILH 50 °C 95 %RH., 2 FffE)NOR D, EEVA 7V ilBhiE, 496 RefiFEh L=, &
G A 7 VERER TR, 8 IRFfE. 24 [, 48 I, 96 IF[H, 192 IRFff], 384 RRfE], 496 W] =
CATHRBRIRZ T H L, MBI 21T o 70, F7o, ROERe 496 REF OFRBRAIL, diiFhn T
B OBIHRMI, JEMEN & EEWTY A 2 emx2 em FEEEICY)D H L. SEM(JSM-7200F,
JEOL)Z & 2B Wi #1527 5 ONZ EDX(JED-2300F, JEOL)C X 2 Bl Wi D oz o &
1T 7= (Figiure 4-3), £7=, IR HF MO BAERY ORI 40E$ 5 HAY T, i LE o5
SRR, FEAE(A] & B C Laser-induced breakdown spectroscopy(LIBS: EA-320, Keyence)iZ £ %
JER M 21T > 7=(Figiure 4-4),

Figure 4-4 Appearance of the LIBS testing equipment.
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4.3 EEAER & B2
4.3.1 fhiFIN T OB R

3 FXEOF[EHEE (1.0 mm min!', 1.0x10' mm min', 1.0x10? mm min™") CHEfifi L 7= 5| iEkExR
DOFER% Figure 4-5 1277, WTFNOBEEIZBWTE, 0.2 %Il 711X 200 MPa FETH Y |
BRRISTIE 240 MPa B2 T o 72, Al MIXRELE D LERBUR W VRE A 5272 | £ DG -0
FHBARITEERBUC L0 | BRI T SRR H D L E 2 b0, AR
PN Tl BRI X D IEVEK T 72 & O W72 21308 S e hr o 7o, BIsRREBRIL. 1R
EEEEZ SOmm & L. 1.0mmmin?!, 1.0x10!mmmin'. 1.0x102mmmin! TE L7-, Z D
7o, ZEOOTAHEEIL, 0.002s! 205 0.021 s L7225, — T, EBEOBMA A~ ¥ —I%,
K9 BTN TAEENTOND, ZDd, BDFOTHE 015 LT5L, TOOT HH
X, 00165 £72 5, XU —MLOOTHEEIL, AL T, FEhi L7725 ikRRo O3
FRHRFEICIEF T . AIREREMTICB W T, ZORBRERSEAAETH D,

400
« ! ——100mm min !
E ——10mm min !
- 300 - — Imm min"!
§ |
> 200
=
k=
£ 100
S
V.
0 1 1 1 | 1 | 1
0 0.05 0.10 0.15 0.20

Nominal Strain / -

Figure 4-5 Comparison of nominal tensile stress-strain curves of Al-T at three different tensile rates

(L mm min, 10 mm min-t, 100 mm min‘t).
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DRI & BFROT I, A1 O R SO BB L2 D0 TH Y | —KICAIR
BRMNT CTIE, Rix Zlx LB LT 200 SO 2 K2 L EIL ), BEOT A2 v
5o ZO7, 5IHEHEE, 1.0x10" mmmin? OFRERFE RS EIS o, BT Ae & FT
Kbz,

€ =In(1+¢,) (5-1)

o, =0,(1+€,) (5-2)

LI T IEAROT A, o 31 TH D, ZO LI, B, BOTHORGRE
T, ZEMEBEIT 72, AL-T OIElT —# % Figure 4-6 |2~ d, ZEATLEIZI T D
ROIOT vy MNIEREE L, ZORICBIDIENEOTAHATEHTLbDEY I LL
7zo Cu-H D% > 7313 138,462 MPa, [EIRIS /)1 180MPa & L, AL-T O-¥ 7' 3[% 70,455
MPa, BEIRIG I 155 MPa & L7,

400
< 300 -
m \
=
- 200
S
»n 100 —— Nominal stress strain

—— True stress strain
O Input data for CAE
0 L 1 . 1
0 0.05 0.10 0.15

Strain / -

Figure 4-6 True stress-strain derived from nominal stress-strain at a tensile rate of 10 mm min-* and

the input values used in finite element modeling (FEM).
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Figure 4-7 [ZFE/FFE 25 L 72 Cu 4 nﬂﬁﬁ/’&ﬁiﬁﬂﬁ & Al ZEFR M BEEL R D FEM i AT OfE

RERT, Al ZZRAGEECE OFRMITIX, BEEHD e [ZOT AN, a DOT A3 0.03
FEH DN, b, e, did. 012&#?%@ FIEFE COTHTH S, Al 22 A RS OF
b RO OTATHY ., g, h, il iﬂbt)\ﬁ‘%kf?%é Cu ZE i A RS O 5| 3R

] & FERE R O O 13, Al’fﬁﬂﬂ(“ﬁiﬁﬂ”"@@#iﬂ: T T 24, Al 223 i
Bl & Cu ZEFMMEERLE 13, B O Y > 7 ROEH NI 5703, FH Lo fF I T#EiE M
TIE, AL ZEFAGIEALE & Cu 225 I SERC A (I BRI AR 3 IR O O 2l
R T E DR S LTz,

0.3
0.2
0.1

0.0
-0.1

Longitudinal Strain / -

-0.2

-0.3
100 150 200 250 300
Position / mm

Figure 4-7 Computed stress-strain values for tension and compression with respect to the position of

Al-T and Cu-H.
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432 PN T OB SALFERE

Figure 4-8(a) & Figure 4-8(c)IZ, Cu-H O 5[ & LM O B REM DR HIZE L2~ T, T
RTORERT—027 V vs. Ag/AgCl DZ2TE LTz BARBEAL SN S v, HIEBM P IIT AR
AL DK E I BV IIER S 720> > 7=, Figure 4-8(b) & Figure 4-8(d)(Z. 5I3EMI & JEMEHIO B
SREBALDOE A N 7T L% 7~T, Figure 4-8(b)& Figure 4-8(d)DF — # | %, Figure 4-8(a)¥s L
Figure 4-8(c)? HARFBALHINEE L7z 360 SOT—H b7 5, x BXHRBAOT —H X
2 —020V7r5H—030V &L, 001V OREKIETRL, yllXAREMOBEELRT, 5l
R D HIREALITAI—027V TH Y | ZOEENT—0.25V 756 —0.27V OHFHN CTIEHSAR
WZHED T L DR ST, JERERI O B SREAL S [RIER O 23 /L & 7=,

Potential / V vs. Ag/AgCl

Potential / V vs. Ag/AgCl

0.0

Time/h

Cu-H (a)
- tensile side
a —d
L —b —e
—cC
0 1 2 3 4 5 6
Time/h
Cu-H
C
- compression side ( )
J £ —i
—h
0 1 2 3 4 5 6

Counts / -

Counts / -

400
Cu-H ~ (b)
tensile side
300
CCammd
EmpCTde Y, R
200 mmmc Eave(b)=-0.26
Eave(C):—0.27
100 - a bC d Eavc(d):—0.26
€ Euve(e):—o‘26
0 L 1 ol I=Sn L 1
-0.20 -0.22 -0.24 -0.26 -0.28 -0.30
Potential / V vs. Ag/AgCl
400 ol
u_
compression side (d)
300 -
= f — 1 Eave j
[ y-ymmpi R 002)6 Eave(g)
200 mmh ) =-0.28
. Eave(h)
100 gy ! E=-0(-_2)8
f" e ave(l ,
0 g hl 1 | |:-026
020 -0.22 -0.24 -026 -0.28 -0.30

Potential / V vs. Ag/AgCl

Figure 4-8 Graphs showing electrode potential against Ag/AgCl reference electrode in Cu-H: (a) times

dependence of electrode potential changes for four tensile sections and a straight section, (b) histogram

between -0.20V and -0.30V of electrode potential for four tensile sections and a straight section,

(c)times dependence of electrode potential changes for four compression sections and a straight section,

(d) histogram between -0.20 V and -0.30 V of electrode potential for four compression sections and a

straight section.
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Al O HREN DOREHZA % Figure 4-9(a) & Figure 4-9(c)IZR"d, BIHRAIOHIE S by ¢, d
T, ﬁﬁi@w@ﬁ%ﬁﬁik% 72D Z EWFER SN, Figure4-9 (a), (c)DFMIEHDT —
%360 ik, T—HXXKHE—072V 5 —082V £ L, 001V ORERRIETE A R 7 AL L
7o AE S % Figure 4-9(b), (IR, SIIRMAIO BAREAM X, HENPREIRLMESD, ¢, d
XN R DICE RTINS BT 2 2 & D3R S A7, JEREICIx, & Ofm IR S /e
MmoTm,

Al B4&I1L, Cu bl B ML Z R > 7254 Th 5 +39, H. S. Isaacs H O
AR LAUE, BMEEE 2 BT 5 640%, BRBMOREFICLENAEL, TOEMIT/
A XD X HZEGT B 430, RFFEOHIREMOBPEFREFIL Cu B4 L TR ) K& ALH)
LTHEY ., BUFFETHWZmWRIREOREEIK T T, Al 880K E TLENET T
DT ENTREEND, FHTHIRAITTIZBREMNERTMA~T 7 M52 LB ST,
ZAUTENFINTAZ X o T LRSS L7729, SR TITEN TR LA EA TV 5 &
LI,

&
tn

300

g AT a —d AT o mmd
fﬂﬂ -0.6 - tensile side —b —e I tensile side —
& — . C
« v 200
0.7 - -
# z e
; I § Eave(c):-o.78
=08 S 100l Eave(d)=-0.77 Fave(€)=-0.78
.E Eave(d):-0.77
= -0.9 I
<
E L
A _1.0 1 L L 1 ] 0

-0.72  -0.74 -0.76 -0.78 -0.80 -0.82
Potential / V vs. Ag/AgCl

300
6 Al-T Eave(h)=—0.80
Z compression side Eave(i) =-0.79
-aJ ' N Eave(i) =-(0.78
< < 200 Euve(g)=-0.78
z = = i
> H T
;c; C 100 | mmh
£ 00 = N
2 © N (@
ﬂ" _1.0 " 1 N I L I N 1 L 1 s 0 1 mL [l
0 1 2 3 4 5 6 -0.72  -0.74 -0.76 -0.78 -0.80 -0.82
Time / h Potential / V vs. Ag/AgCl

Figure 4-9 Fig shows the electrode potential relative to the Ag/AgCl reference electrode for Al-T: (a)
time-dependence of electrode potential for four tension sections and a straight section, (b) histogram
of electrode potential between -0.72 V and -0.82 V for four tension sections and a straight section, (c)
time-dependence of electrode potential for four compression sections and a straight section, (d)
histogram of electrode potential between -0.72 V and -0.82 V for four compression sections and a

straight section.
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FAIREZFIEICL VR L7203 A L ARELMOBAFR % Figure 4-10 1239, KHIZIE,
WE U 7= AL OFEER 2% R L7e, Cu ZEl IR o BAREALIL, BIoRMI, JEAEH &
HIZ, BREMIL, OTHICERZRL, —027V TH D, 7o, KA L BICHKREMOFEYE
RAIT/NE VY, Cu ZEF MG RS O /PN TE T, FIEML JEMHR & HICOFHNE—
oL TRy, 2O, BREMIE. —ELholtBEIbND,

Al 22 W BECE O 5 [9RM, JEREME B2, BARBAOFHMFEIL, —0.78 VRRETH S
LoD, AREMOIEMERAET, Cu ZZFAMEEE T TREV, ZiU, AlG&0m
LEIEDOEETH Y | AREMND ) A RO X ICEE LT B N5, Z OB,
OFTHNBKRENVD A, cm, dATHEETHY, SIEMTIIER LR K L T 5 ATEEME
W%, BILEEOXKEIX, Al B0 RITREMICFT ST 5 L OfERMBH D 430438 Al
22 IR AE OB 5RMITIL, BB R R L, 2RI K - TSR T 2 rlRetk
AN <V AW

_-0.20 _ -0.20
Eo | Cu-H (a) En Cu-H w (b)
< 3 ihgf
< -0.25 s 1C < -0.25 .
L a 1 ey J
< d z h g £
= -0.30 T = -0.30 -
= =
= L @
2 et g
= =
-0.35 : ! : - -0.35 . L . L
0 0.05 0.10 0.15 -0.15 -0.10 -0.05
Tensile Strain / - Compression Strain / -
_ -0.70 _ -0.70
9 Al-T ( o -
) c) % AT ] (d)
<« < ’ =
) B0 e ,ih g f
< -0.75 < -0.75 |
> ¥ g >
~ - e ~
F -0.80 | t, b d | =80 IIhIg *
E abed g i f
z o 3
=N € =]
-0.85 : : -0.85 ! :
0 0.05 0.10 0.15 -0.15 -0.10 -0.05

Tensile Strain / -

Compression Strain / -

Figure 4-10 Fig shows the electrode potential relative to the Ag/AgCl reference electrode for Cu-H:
(a) time-dependence of electrode potential for four tension sections and a straight section, (b)
histogram of electrode potential between -0.72 V and -0.82 V for four tension sections and a straight
section, (c) time-dependence of electrode potential for four compression sections and a straight section,
(d) histogram of electrode potential between -0.72 V and -0.82 V for four compression sections and a

straight section.
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4.3.3 BlES M E OB AR

BEA 7 NV ilBRA 496 ReIAT - 72 Cu 2230 I iR E DSl % Figure 4-11(a)lZ7R” ¥, Cu
2SR RSIERLE OR i IL, 2ENICIE, BEOBREARMICEDILTEY | FT~ IThE 0
RWENTz, SMBUE. SRS, JEMEES. EAE R CHE R AR S e o T, Cu MO
DX, BRICELV Y —FE U7 b BEICE L., BfErICITRealcZ a4 5 & oW
N5 430+ KRB OEE R OL AL, FEOMEZH Y, SIS L Cu AN
AR ITIE R P TND Z L R ST,

BlE 280 L, SEM IZ XV {53% 300 {5 & L @5 L7z IREEf% % Figure 4-11(b)
R, BIIEER, JEMEES, EARE BT, Cu ZZ AW A E ORE IR TV DA, Cu %
TR BEEE ORI RIVE AR ST, Cu ZEF G BEVE ORI IZITE S 20 um
FREDBRAERDDPEFEL TWNDZ L PRI, EDX IC K 2R o217 o7& 2 A,
JEEBAERY O FERRITIE, ClE Cu THD Z &R S 7=, Figure 4-11(c)IZ LIBS (2 X 55
AT DGR 27797, LIBS HIE DR RIT, AEALCTH CEM TH Y . AR O i)
DAum FBREE T, Cu b O DEDLEIENE L, ZNLEOTHES T, O OFINREAD L,
ClOFIERHEML TWD Z AR I N, BEAERDDOEEND 20 um LA TIX, Cu ®
AR Tz, CaMOEK T TOFERIE, £7 CuEHEIZ CuCl BEL, D%, CuCl
IARGHiE D 5 NTKERIEI A A OFALIETTSONIZ E V. CuCl 25 5 K 91T CuO A3 ERK
THZERHBNTND 4, RRBEOERAERKM I HIL, Cu, Cl, O BRHEINTED,
JEBEARDIL, CuCl=° Cw0 THDHZ ERHELE I, £7o. Cu ZZaR HMBERLE o dhiF N
TR, B, d N T, AR TFRIRHENE U CTh o 7272 SEM-EDX X° LIBS @
FERIT, WTNOEAL T, FEOMEAEZ R LIZEEZBND,
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(a) Appearance

(b) SEM & EDX mapping
@ Tensile Section (2 Compression Section (3 Straight Section

Overlay : Overlay

Overlay

e 100 pm K = 100 pm Ik — 100 pm ik —— 100 ym

(¢) LIBS
@ Tensile Section (2 Compression (3 Straight Section
100 100 S5—5-088 100 ===
8 —o-Cu = Cl -0 /| & |-o-Cu = Cl -0 ’ [ 2 —o-Cu o Cl-2-0] /
S L =] S L =) E] t o
g % 0 o of Py o g 80 o a /\Doibf‘ / g % o o Eq:‘:‘/ | o
el P\ 7\ \ PR/ = 60 R 5 60f AP\ \ Ar | \/
3 [ af d gdogo | 8 Y \ 4l L] 2 A6 oo | of
= fa O o g = o gy b Bt = Ay B s W
£ a0 A £ 40 &% bt £ a0 8
g | h e 5 WA 5 o\l W\ A
E 20 1 2 VYW PRIV E 20 ¢ 2 Y AR RN E 20 ¢ s Mg A j\
S LBl ‘ S % 51700 4 0 N s R
0 2 4 6 8 1012141618 2022 0 2 46 81012141618 2022 0 2 4 6 81012141618 2022
Depth from surface / um Depth from surface / um Depth from surface / pm

Figure 4-11 After 496 hours of accelerated test, the following results were obtained for tensile,
compression, and straight sections of Cu-H: (a)Appearance, (b) Cross-sectional observation and

mapping by SEM-EDX, (c) Analysis of corrosion products on the surface in the depth direction by
LIBS.



BEA 7 NV ilBRE 496 IRRITT - 72 Al Z2F M BERLE O SMEL % Figure 4-12(2)I2~ 3, Al
ZEP IR OREIT, SR, JEME, BEE CHEELRETR OV LOD, ZRHDOXRHE
X, AN AT, BE RN A< EA LT, AIMOREIL, I S 417 NaCl KK & K
SR L, RENTT VI FRAER Lz, BRI LI LB X D+, Al OFE % Y)
DHI L, SEM IZ X V53 % 2000 {5 & L C@lEE L7z —RE %% Figure 4-12(b)IZ T, Al
SRR, JEMEE. B E BT, Al ZZHR M IEELE O R EITIE 2 pm FRE OO AR D
KR L T 203, BLEH CIIR X RIS ORIV RITBIE Sk d o 7=, R4
%, EDX CHotrziTolc &l 24, ZOEMDIEL, O THDH Z LRI NI, LIBSIZLD
FH 3 HT OFE R % Figure 4-12(c)l27~ 3, LIBS HIEDRER S, AEAL TR TN H - 72,
JERERMOFE®ND 2.5um £ T, Al & O BEL M SN, REDOHOMETIEZ, M
BO Si BRI SN0, 2T Al-Mg-Si &4 49 A0 &R L A T D MgSi D%
EHEEREND, SilE Mg Ik D BRI LTV, St NEIRIICHRIEShiZ s B2 5
5. Al OB, ETRA A BWE L, WELIZRA AU BBET7 VI =T A
RO L, RIS ER LT D, 2 LT, KIERKBLIZE AT, ILENAET S 9, Z
DE DI, Al OFLEIEIL, CLICK LT CTh D, ARBROFERNG, AL Cl 13T
EGEATELT, O KBIZIZTE S T RN EXRBEND, HAREBMHIED X H 12, &
IRV IR SN D BRET Tl HFHED Al B EVE ORI ICEA e 4 A — V% -2 % ATHE
YRS D, —7F, FEOBRE AR LI &Y 7 VB Cld, BlE RN imh 2 iz < mfe
DRG0, T O CEEEIENFER S v, Al ZFH R EECE o B ECE oK
OEEITEN NS NPT BEZ LR D, ZOZ D, Al ZZFBERVE 2T L
7RO T A LRI L BSARFZEIC L ERES LTz,

BEYA 7V BRD 496 BT EREL T 1 4F44EY 49, ZRRXIAR 1 T 20
IS T D LWV O REDDH D ), ARBFERD . Al GO HTHIE, AT, 20
FERREDOMANER B D = & PR ST,

72



(a) Appearance

(b) SEM & EDX mapping
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Figure 4-12 After 496 hours of accelerated test, the following results were obtained for tensile,
compression, and straight sections of Al-T: (a)Appearance, (b) Cross-sectional observation and

mapping by SEM-EDX, (c) Analysis of corrosion products on the surface in the depth direction by
LIBS.
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Feh TORAE Tlx, EEIEDD T2 <, %fMIﬁﬁﬁ%éMé Z 2T, ARBFET
PN T U7z Al 223 RS O ERM A i3 5729 %%MILw%fﬁﬂibf
WD Al ZEFH IR & Cu 223 T SR ORI ﬁkm%mﬁé Mttt 2 FH 4 L
720 M EO /T IN THEBHN TIX, Al 2 G BEE & Cu 2850 M IEELE 13A BHRFPE L2 K
FHP, I RIXFEREOBEMAEETH -7, F7o. BRACFAEED S I Al 22 ﬁ%ﬁﬁ%ﬁ
OB RO BT INTIERIL, ENRN D TIEH D08, LN KIEL T\ D Z & SR S
ko—ﬁf\%ﬁ%%ﬁ%ﬁFLK@A%47wﬁ%(Mﬁ%kﬁ%)%%@Lk%yfw
DOWTHBLEE D B 1T, Al ZE MR | Cu 255 AR IEELE & &I AN C O BAZE 728
BIFMER I NIRRT, @%ﬁwm E LT &9 7ol & RN IR, MR 235\ NaCl K
WRHRIZIE S5 BREEClE. Al ZEl MRS ORBLEENE SN 570, ERHES
FlERZTRREMDN DD, —F ., EBEOBHRREL HH LEAE T 7 VB Tix, Al 22
AR IR DR TR, o 7R RS DR Z 4 0 K772, Z OWFRIZIHB VT,
MBLEERHER SN EZEZ DD, 20D, Al 4 ﬁ%%ﬁmﬁmﬁfMI%@%@
FER/MRICIZ bRz EEZBND, ZNHORERNDL, Al B&0 RS NI
HABETH L Z ENAH I N,

WRETE, o 7IRAB & HLR: L7RIB DS D IR S h D D Tid/e < | WICELE RE M HNL T
WAIRBEBIZ O W THETT 5,
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FESE REMTICER LEEEEMIOBREL{LES
51 fE

A A E N O 230 RS 121, INTRS M - REAFZRIEME S0 & EIZ48[(Cu)>2- 53923
WHIDH A, CulldHFEZ EOFBLEOREWHEICL VHEAEE L. EEAMBT 52 &
DR ENTND 5959, 2 2 THxld, MHEMEICEN, BE SO5DT, BERN/EERT /L
=T AANIER L, Al OZERABERE ~OE A 2 e L T s 9, FHIETHm LU
7o ol Al ZER MG EERE O BRI 2R T 5 BT, EE OIT. ETHIDIC,
fit TRCE O RO TR 1ICE B L, ISR 21T o 7o, i TECE OEE S TIL, B
BRI BEGEIREFT), SMI(RRBZEEIT) CERENZEI L, Hx OBERIZG U inE
PALFERZAT - 7259, ZHUT L0 Al ZEF AW EEE X, Cu ZEil M BELE L R Eo
MEEZ AT 562 L 2R LIz, £/, F4ETm UL o1, FElE TCik, BEEIXNY
TRSHTML L7z TREZ WD Z LN Enb . Al ZZAGERE & Cu 255
IR 2 M o & — TN U il & T 2 5 RIS ) SUTERMERS /1 23 7> -
TIRBE TOBRALER « BEMAERIECIMENE 24098 Lz, Zhic kv, Al 22 Fn iR
OEFIN T 1, Cu ZEHR M BEE Ot PN T & FRRELL EomMEtt 2 542 2 & 2
A L7z 510,

—J5, WEOWBBEE L, REMOSEE S RECTHER SN S, Fi2, BAMELE TIL,
i, WG BREGOBRIN ORGSO & OIRGE, SN B OEEE) D OIRG#
Z HIZESBR(RA 7 o L AT IR BRI D T » 3 0 703 | (RIBM &2 08 L7 FE O
SMINCIE TS5, L LR G, 207 yX 70— MBHEEL, &5, RIBMIZRT
BIZRBENET D & 2 TN DMK EDMRA L PRIEM OPEITIE, R R D3 IEME S 4L,
Bl BHNIRA B R 2 AT D[R B D, Z ORI, RIEH T O JE & (Corrosion under
insulation : CUI) & FE{ZIL T2 S5 CUL 1E, @, WiEWS CEbi-fssilE > A7
Ly JENRGR, 27 ETRAET D, CULIK, @BRBE DINRITTET H72D, BLE D
NEHICET OBELITELRVAEBETH S, LLRR L, @ERREOXREIT, PRIEH
DORMNZEEL TW DT, REM FOEE LT TN D 13,

CUI DARARJFIRNE, ARCEEE L7 K DMRIBMIZIRIET 5 Z & Th D, CULITMES LD
BN O EERMETH DM, IR D A VT T U ARKZHUTE S BRIZH D0 | Al
BT T o F Tl MBEYRBEENS b EERMETH 5 519517,

BB T T o MIZBWT 1970 FRULANE, BB IR O L 22 MR T D 7-DIT,
F1T 150 )CUL EO@IRMBETHEA SN TEY . SR TOKIZEIICL Y CUI BEOMEIX
HEURhoT-, ZDH%, 1970 FEROT AN a v 7 2T, = RLF—a 2 b ZHIE
52 LA T, PRIEMIX, 150 °CLL T OIRE TR AR ICHEA T2 Z &3 — i & 72 o
7oo Z ORER ARIE TR MZAIEE TN, RIBM DK 2 WL, 4 B3R i A &R
ToIRREIZZ2 D Z & TCULAE L, CUTIT LY a0 s U CREfE L Lz 513,

53 ECIATZ L DT, IR A m A RS 120 CCTREH S D8, EAME L EN
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BED H ABLAEITIE 50°CH 5 70 °CREFE DIIBEN AN Do KA SO LuE, NE T T
VRERIEAM OWK BTN L, RFIZ 60 °CLAETlE, ZOMAIXEE 70D EORENRDH S,
Flo, RIEM OWOKET, BB RREOBTRE & L EARRFE2Y 10 2L BT
FRICERE L7225 519, Zokd, MIEEEICBWNTH, RIBM K ZWINT 5 Z & T, @a
BEHAREIBEL 52 5N H D, £o, WEEE IOV DD RIEM ICITMED CI
AFTUD, FEND EORESONRDHY | Al BLE & FRRICLZEE BT 5 A7 0 U ARE
TITRBMIZE ENDMED CIA AL VBEIZY T v IRE U T L ORE 2008
bbb, ZOH, Al ZEFABEEE OREM TH ., BRK 7238 S v, B S 0B E
B, MMEESND Z ERBEIND,

Cu ZZFAGEELE X, 7 B =TI X VISTIERDBEEL 52 3523, Cu O ZE3 Fm
L IZBWT, BERIRRMICE A SN VE=TI12 LY ﬂﬂ*@ﬁﬂﬂﬂ%@ﬁ@ﬁﬁ“@
B OIS T RINE Uiz & O SP529038, %, Cu ZEF0 G BEECE & [FERIC Al ZER AW
BREIZRB W TS, CUL I X D RS bEE 2R T 5 2 L1, Al Z pﬂﬁﬁﬂi@aﬁ%ﬁﬁﬁ
W 570121, BETHD,

T 2T, RBFFE TR, BRI D300 Ky & A ﬁaﬁkf%{mﬁmi%ﬁﬂaﬁ# Bl Do R
WCHEGE 525 2 & 24808 LT, PRI THEE L 7o Al 250 i A 2 R IR
”’E%_” NaCl KIEHRICIRIE L7=, NaCl KIEME~DIRIE TIE, BE I, il “HJDI Lf:ﬁﬂ%é: L
Too Elo. MBRLE O —(HE & Bl O Tld, Cu BERHVW LR TWS Z &b
2SI MRS & Al ZETR IR IR S 288 Lo b o7 8 LT L7e, RIR

M FENOBEEE IZZ AVLNAERY =F Lo 74— 55D L | [EHNOMEH O R B
ClziEar e = 2 A MY R EOBBAOBERE AL F L e e L
VAN LT, 2D OMEHE NaCl KIEIRIZ IR Ltﬁé\ /s 35 i & B Wi 2

SMT e BT 5 2 & T RIEM FIZRIT S Al uﬂﬁﬁ IEECAE | Cu ZEFR A EBL A I ONZ AL
ZeER RS & Cu 22 F0 F A IBERC A D #EfE 1 @ﬁwﬂﬁé%ﬁ%i’lﬂ%@”é ZEEHEME
L7,
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5.2 FEBRHE
5.2.1 BB

KR THEA L7z AlE4 L Cudeld, AARENTAFARREEME THL, AlEGE
I3 JIS H4080° 2D HEHL L 72 A6063-T83 Z i L. Cu &4xiX JIS H3300%29|Z #EHL L 7= C1220-
12H ZAE 1 L7z,

Al B DALEERSY & Table 5-1 12754, A6063-T83 1%, BVLHEM TH VY . FHR(LALEEIC
WM LZ2ITV, R R AT S 7o M EFCdh D, A6063-T83 1E, ZMLALER, Ezhzh R
MERIZ LY, ZORMESEIT S TLE L, AlAEORE I, &REEEYMD Mg.Si 1
Mri32 529, Cu &40t 5y % Table 5-2 (2787, Cuffid, CullV PV E 7z
POEFC, I TR AR 2H) 23 i S Ve T o 5 530, AL & Cu il id, Hax R X 40
cm OFLE ZH AR 2 —I2 L0 901l N T L, £ Dk, RIEAR#(210 mmx 145 mmx95
mm)(ZIHAAT 5 72 DI 2 G L, PRI TR LT,

Fio, Eh LO—HTIE, Al ZZRAMEEE & Cu 2 AMBIEE 2 82 Z &b,
Al & Cu Bl/E OEE 2 RO ALWEERCE O TR L, EFE2IciE, AU AL
7 4 VROBET 2 — 7 i L2, RIEM 2 E LT,

Table 5-1: Chemical Composition Ratio of Aluminum Alloys in Mass Percent (%)

Alloy Si Fe Cu Mn Mg Cr Zn Ti Al
0.20- 0.45-
A6063-T83 0.60 035 [0.10 > | 0.10 > 09 010> | 0.10> |0.10>| > XX

Table 5-2: Chemical Composition Ratio of Copper Alloys in Mass Percent (%)

Alloy Cu P
C1220-1/2H 99.90< 0.015-0.040

Figure 5-1 Appearance for test samples (a) bent Aluminum pipe (Al), (b) bent Copper pipe (Cu), (c)

connecting Aluminum and Copper pipe (Al-Cu).
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5.2.2 FRIEM

RIEMIL, RV =F Lo 7+ —LPEPP &, = F L7 r b L I AEPDM)Y 2 2 H L
7o B THFIZIX, PE OFEMIE, JEEA 20mm & 10 mm OEMBAER S5, Z OFE
MOEHIZ X 5%&%45@6@@@\%%3@#5 7oIZ, 2 FEDJE S OLRIRM & B B & L
THW=, EPDM (&, Jii TRFCIE, JEE 9mm OREMBPEH SN 720, Z ORI ORE
MEMER L, SRIEMORESIX 100mm & Uiz, Al 3G EEE & Cu 2850 M B
OHIFIMTE DY 7 E, HAxPEE=10 mm &Y =20 mm) & EPDM(t=9 mm) D FRIEK %
P Lo, Al ZERAWm R & Cu 2SI IEELE & 85kt LW v 7 1id, PE(t=20 mm) &
EPDM(t=9 mm) DRI 2 4578 L7,

Figure 5-2 Appearances of insulation (a) Polyethylene foams t=20 mm, (b) Polyethylene foams
t=10mm, (C) Ethylene-propylene rubber t=9 mm.

5.2.3 {RIEM OW K B R a5

TRIRA OWK B Z g3 5 2 & & H IS FANSRRE 2 E U 72 RIRF 2 3.5 wt.% D NaCl
IKVEIRIZ 8 FERIRIE L, IRIE A% T 1 RKFE(BCE2241-1SJP, SARTORIUS)IZ L ¥ i %l E
L7z, NaClKEROWE X, 20°C, 35°C, 55°C, 70°C& L, {HEEIC L AWK MEDE N %
R L7c, Flo, REMOEROKRE I Z2HERTL2HMT, v A 7 1 A2 —7(VHX-7000,
Keyence)lZ & 0 fRiAF OWim 2 #8152 L7,
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5.2.4 NaCl /K& 2 I 7o IR

RIERR T, B —THiiF N L% U7z Cu ZEF MRS & Al 2250 FH iR
B AGRIEM THAEI L. 3.5 wt.%D NaCl KIRIZIRIE L7z, RIERFO NaCl KR OIREE T
70°CE L, {RiEMEREIE, 8 MEfE). 144 H5RET. 360 MERE. 720 MiR) & L 7= (Figure 5-3), #5WFREIC
BWT, ERIOBFREZEZ MRS 2 BB THBIBIE 21T L i, BlEREE~ A 71
A 22— (VHX-7000, Keyence)lZ & 0 @iz L7z, F£7-, BLE KOS AERY ORI Z o2
THHMT, L—Y =37 L —7 ¥ v ik Laser-induced breakdown spectroscopy (LIBS: EA-
320, Keyence)lZ L 2 R 21T > 72, F7o., Falkef] 720 FEE OFRERIKIZ, 7L % 10
mmx10 mm FEECEI 0 H U (I & 15134800 i L) . Scanning electron microscopy
(SEM :JSM-7200F, JEOL)IZ L 5 B Wrii D #1%272 & ONZ Energy dispersive X-ray spectroscopy
(EDX:JED-2300F, JEOL)IC & % Bl& Witk D o3& ot 21T > 7o, 70, RS TR DOERARRY)
DR 2 #2792 H AT, Laser-induced breakdown spectroscopy (LIBS: EA-320, Keyence)(Z &
D ILHE T EAT o T,

Figure 5-3 Appearance of immersion test: (a) bent pipe, (b) bent pipe with thermal insulation, (c)
immersion of bent pipe with thermal insulation in 3.5 wt.% NaCl, (d) Storage in a thermostatic bath

at 70°C.
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5.3 FEBRRSR & B
5.3.1 FRIER O K & O

RIBM O KE L~ A 7 v 22— TEIEE L7 {RIEH OWiH % Figure 5-4 (2789, fRIEA
ERIBET, SHMRELZEZ A, WTNOMBEM b 55 °)CLLET, WKENENT 5 Z
ENER SN, (REM OB THK T 5L, WTHOREIZE W TS, EPDM(E9 mm),
PE(t=10 mm), PE(t=20 mm)DNEIZW /K EITHMN L7, PE(t=10 mm)& PE(t=20 mm)D WK &
DT, MEEAEDES EE 2515, —J5 T, PE & EPDM OW/KEDZEIL, SMEOHESE
DFELEZ HND, Figure 5-4(b)iC PE & EPDM OWrifit#i& % 1:d", Figure 5-4(b)D Z & <
EPDM (&, PE & #7232 D N2 ZIAN B 720 | Hix OKITEEETEV, & OREROEIZ I |
EPDM X PE £V &K ORKEDN/NE L IeoTc B2 BND,

3.0

)5 _ o PE : t=10mm
= || © PE:t=20mm
2.0 A EPDM : t=9mm

1.5
1.0 |

Water absorpiton /g

0.0 L | L 1 N 1 M 1 " | L |
10 20 30 40 50 60 70 80
Temperature / °C

Figure 5-4 Water absorption characteristics of insulation material after immersion in a 3.5 wt.%
NaCl aqueous solution for 8 hours: (a) total water absorption, (b) cross-sectional structure of PE

thermal insulation, (c) cross-sectional structure of EPDM thermal insulation.
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5.3.2 PRIEM OFE Z & o ihiTEE DSMEL D 2L

3.5 wt.%? NaCl KIEHKIZ 720 FERIRIE L7- Cu 255 MRS & Al 223/ F A BEALAE O£~
A OFEE Z & O RIRILE Figure 5-5 1277, Cu ZEFAGEELE X, WTHORIEMIZ
BWTH, EEREITRAICER w_o ZOZEMAIE, PEE=20 mm) THETHY, ZDH
7L DUEER iﬁé TR LT, Al 28 S IERCE O EPDM(=9 mm)iE, BB RS H A
Lz, A nﬂﬁﬁﬁﬁiﬁyﬁ@ PE(t=10 mm) & PE(t=20 mm)DELE KL A EAICE BT 5 L
iz, ﬁa#ﬁ%ﬁw—% T KEIZEALTEY . ZOMEMIE PE(=20m) THE TH -7z, Cu
2SR IR . Al 225 RS 12 PE(=20 mm)IZ 81 HELE R OB GANRE L\ 2
L ﬁ?ﬁﬁ%ﬁéﬂf:o AT TIX, PE(=20mm)iE, i d NaCl KSR Z WK T 5720, 2
AT KD AL ZEFRTEIERLE . Cu 28 IIRIERLE ORI OB ENBZE Th o7 LB bR
Do

EPDM (t =9 mm) PE (t=10mm)
(i) C1220-1/2H

EPDM (t = 9mm) PE (t = 10mm) PE(t = 20mm)
(i) A6063-T83

Figure 5-5 Corrosion degradation of Al and Cu piping of each insulation after 720 h immersion tests

in 3.5 wt.% NaCl solution.
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5.3.3 FEBEFM Z & @ Cu - Al FITECE OAMBL D21

RIERBRICBWT, kb EROBERNE Lo 7 PE(=20 mm)iZ3 1T 5 Cu Z85[ Hm R
B Al ZEF G IR OfR K] Z & OB IR % Figure 5-6 12779, Cu 25 B IR &

X, EERE & ISR ER, KSR LA L, Cu MOERROBOEIIE, —F
YIS REIZEL, BEOICITRAIZERT D EORENRDH D 3, Cubf OEEAK T TO
EEIX, £ CuKifilZ CuCl AET, ZD%. CuCl BINKII R D 2\ NTAKE LA A 2 D
Vi T RORIZ LD . CuCl 278 5 X 912 CupO MAERKT 5 532, Cu0 13fig(k L B Az 28
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Figure 5-6 Appearance of Al and Cu piping surface for each elapsed time of the immersion test in 3.5

wt.% NaCl solution.
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5.3.4 Cu BT BLE D JE R
Figure 5-5(a)-(d){Z PE(t=20 mm) & #%78 L. 3.5 wt.%® NaCl /KIFHRIZ 720 HEEIRIE L 7= Cu
ﬁﬂﬁﬁﬁﬁﬂ”ﬁ@rﬁiﬁk% LW AT OFE R A 7R T, Figure 5-7(@)I3FMICH Y, ZhvE
R Lo ICEREERITBRAICEE LTz, Figure 5-7b)IZfEHE 300 (5D~ A 7 n A a—7

TR VB LIRIER O Cu MRS ORI Z R T, ~A 71 2 a—7OBIERR)
Hid, Cu ZEf MRS OFRmIXBEAICE S L, HOFEMEE R Tu7e, Figure 5-7(c)i
LIBS (Z X B &AM OBESE R 2”3, LIBS (2 X 5 EHEON OFEFE» ST, R4
DOREND 3.0 um FLHE F TIE, O AR S 7223, 3.0 um LA Tl Cl A Z < i sz,
Flo, BERARYMOFREND 5.0 um LLETIE Cu OABZ R S vz, BN G, B4
X, FEIZ Cu, Cl, O 2Bk D 2 & R S 472, Figure 5-7(AIfF3R 2000 f5 THIZ L
7= SEM-EDX mapping O %779, SEM OFERD B IX, Cu B IFEEMEEZRFFL T D
N, BMOREIL, EFHICHLS RoT0D Z EMEESNTT, £, BRAEKMITIAL—IC
DAL TR, REBIEOFER & R UM RS54/, EDX OFERNBIL, EREARY
I Cu & OMNEL HOHTWNWD Z ENHER ST,

INODORERNG BEAERMDIL, NaCl KEEKD Cl & 44 CulZ L5 CuCl & NaCl K
OVIFIRFE O & Cull kb Cu0 LHEZR SN D,

B33, 4 ETRARIZL DT, Cud NaCl KIAKIZBITDIERH B O HIL, Cu
[filZ CuCl 2L, £ D%, CuCl D—ER3 K53 iR DU TR b A7 DI IR TTORIT K
V. CuCl 2785 LI Cuz0 WAL, Cl BRMESNIZEZATIENETHLEOMERHD 3,
AHERE RS RO Z R L TOAZEDVRIEE DAY, EDX OBIEENGIX, Cl ORgHiA 7
W2 DD, CUCl DOIEMEIIIEE Tl oo N HEZR SN D, £7-. Cu BE DO FmICELE
Cu.0 MR RNEL 2D | RM DIF BB bR IS i-eE 2 Hivd,
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(a)Appearance (c)LIBS
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Figure 5-7 Results obtained after an 8-hour immersion test on 20 mm PE insulation for Cu piping: (a)
appearance, (b) microscope image, (c)LIBS analysis of corrosion products on the surface in the depth

direction, and (d) cross-sectional SEM-EDX observation mapping.
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5.3.5 Al #iFBLE O &R

Figure 5-8 (a)-(d){Z PE(t=20 mm)Z #¢7 L. 3.5 wt.%® NaCl /KIEHRIZ 720 BEEIRIE L7- Al
BLAE DI B AR & Wit 54T DFE B4 <9, Figure 5-8@)IFAMETH Y . ZhETik7- &

’EEMOD?E@ IREPIZ ABECIKEIZZEE LT, Figure 5-8(b)IIfFHE 300 5D~ A 7 1 A

CRVBIELERERO Al ZZFAGHEE OREEZRT, v A 7 1A a—TORE%
ﬂ’%%i)‘ I, Al ZEF GRS OFRmIZIIRE IO R DBV MER I V7=, Figure 5-8(c)
(2 LIBS (Z X 2 &AM OBIESRE R 2 ~d, BRARY ORI T, H X Cl 23
SINTEHDOD, 0.4 um~3.0 um £ TiE, Al O, SiBmHINTZ, ZOXMETITAIE OD
FEIX, 1FER L TH o7z, Figure 5-8(d)IZF53 2000 {5 THIZE L 72 SEM-EDX mapping D
KA, SEM OfFRNGIZ, Al B LB RAERD OSSR EIT, M RoTWaHs, Bz
STABITHO o Tz, £ AlBMIZHRERITFES T, Al B I35
HERFL TV D Z L AMERE S 7=, EDX OFERMNSIE, BRAERWIT Al £ 0 %< DT
WD ZEPERE I, ZOEMEXIT, LIBS HIEDRKEREFETH -T2,

IO DORERNG | EEAERDIL, NaCl KEEHK & BEA ALIZ X D KF(AI(OH)s, FE 721
VNG N T 3 Ltu»«v% NAIOOH)) & & % B, Al ZE3i A BEELE OFim O 61T
NHDBEAESDZEID LD EEZ LD,

F 7o Al ZEF M BEERLE O 3K i O G &AL, LIBS X° SEM-EDX mapping D& 76
FEWICZEL T, AL TNDEEZOND, ZOBRERMIL. Al @Eﬁﬁ@%é&ﬂ%
720 THICKVAALENREE Lo ofo LSS5, 7238, LIBS OFSRTIE, MED
Si B &=, 2T Al-Mg -Si A4DE&BRULAEM TH D Mg.Si DB L HEE S
Do SHIZMg KV BHEFE LT WD, SidERNICHKRIE ST EEZ BN,
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Figure 5-8 Results obtained after an 8-hour immersion test on 20 mm PE insulation for the aluminum
side of Al-Cu piping: (a) appearance, (b) microscope image, (c) LIBS analysis of corrosion products

on the surface in the depth direction, and (d) cross-sectional SEM-EDX observation mapping.
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5.3.6 Al - Cu £t DML DAL,

ZEHH M RS & Cu 283 IS & 8568 L. PE(t=20 mm), EPDM(t=9 mm)% #%7& L
721212, 3.5wt.% D NaCl /KIEHEIZ 720 FREERE L 72Bs oz m O JE &R D24t % Figure 5-9
W,

PE(t=20 mm)® Al Z&5 T Al & O Bl & 2 i iﬁ%ﬁfﬁ%% &GRS L, AEICE
L L7=81c, —NREGICER Lz, £, 720 FEERGE%Z L. BB RERD CEbN
7o TNETHWUIZL DI 24 O IR AE O I3, 7J<$D4:@T“%:bﬂ Rpf R & & b
\ZIKFn D3 AL ui%)@}:%z HAVD, Cu 227 A IEELE X R R RGE & 3, RN HE
I, EE RS BAICE M Uz, B £ o B ki, B & iz, L B o7,
FLERmABRAICEA LTI LD, Co ZEHAMEEE ORifIX, CwO IZBDIL, ZOF
BRAEBMDRIL LD EEZBND, 7ok, AREIORER CIX, Culid® OEmIZ CuCl 232
b L7 hk & 1 3HERE S e hr o T,

EPDM(t=9 mm)® Al ZE5 FH ¢ B A2 (0] o0 B A7 25 i | X IRF TRt & SIS SR i, 336 K
T, B RmITMAL LzgRE L7220 | 720 BRI Tl atib Lz, Cu 2534
IR I O BLAE R 1, e & OGRS, IO v s 7 —F L b RAIE
b7,

PE(t=20 mm) & EPDM(t=9 mm)% (b4 % & . PE(=20 mm)D Y2 7LD 573, 2N ERZE
THDPB, ZIUIANRD X 5 IZRIEM OWKEOEIZ LD D EE X B 5, PE(=20 mm)
DF7 53 EPDM(t=9 mm)iZHb-~_ T, NaCl KigiE % LV 2 < WK T 572, PE(t=20 mm)DELE
P T NADIFHR, EPDMEEI mm)IZHE_T, HFLLSAQLLEEEZOND,

i
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(ii) EPDM (=9 mm)

Figure 5-9 Changes in the surface appearance of the Al and Cu piping connection over time during

the immersion test in a 3.5 wt.% NaCl solution.
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5.3.7 Al - Cu £t DI &R

Figure 5-10 (a)~(d)iZ PE(t=20 mm)Z #778 L. 3.5 wt.% NaCl /KIAHKIZ 720 FEERIE L7

- Cu BEfGeRLE O AL DS AR & Wit o4 Ofs R & 7”37, Figure 5-10 (a)lIFMEL TH
h, FEEMITAHAIZEE LT, Figure 5-10 (b)IZf52E 300 (5D~ A 7 rAa—IZ KV #E

BUTRIERO AITERENOREZ/RT, v 78 Aa—7 OISO, BEREIX
iﬁxﬁ’a WZERAERM TEDNTEY | £O FICEEO R 5 LED MR S 4172, Figure 5-10
(e)IZ LIBS | iéﬁ“ﬁéﬁk%@%ﬂ #%%rﬂ“ JE B E R OFE RS 2.0 um F T, Al
Si, 0. Cl A EnTEY, IR SNz e R OB GIE R > Tz, —FH T,
2.0 um~3.5 um TiX, Al Si, O Nsam éﬂ“(% 0. O OFEIEIIMEI 30 mol%fEE TH -7,
3.5 um LA TIE Al O B0 H &7z, Figure 5-10 ()28 2000 % CTHi%2 L 7= SEM-EDX
mapping DR E/RT, SEM OFERNLIL, Al B & B EBAER OFE R mIL, OO 72
STWDMN, BESEo T ALBITRD Lo Te, BRARDII —HRICEERTZE > T\ 5D
DR S LS, ETo. Al RMICITRIAE BITER O BT, Al R IR A fERF L C
WD ZEDHER S LT, EDX OFERN BT, RARDIZAL L O 3% 5D TEY, i
DOFRERNG | BEAERRMIL, NaCl KIEHE & B84 ALIC X 5 KF(A(OH)) K Fnd A3 ek
L7c_—~A MAIOOH) B 2 bivd, BERE CTIL, BRIGED LD LDOD, EEER
AR U 72 AR S Al BRE R ORI & 72 0 | RIM O EHIITE £ 2o 72
EEZHND,

Cu ZER M BEALE 3 L <EAR L., CwO & & H1Z CuCl 24 L, CuCl 23 NaCl KIFRIZ

/ettm“é &AL ZER R IR I Z AR LT AR 1T, CuClIC X W ik S, R AR

L AEERmOREDRIZHGFTE T, Al ERAGEEE I IEELENHE LD LE
2 HiLD, LI LR bAMZETIL, CufidE DR % B> 72 Cu0 A3 Cu BlE OIRFERED
EOBE A2 Lizzd, ZOWRRICITE > TRV, CwO 1E, NaCl KIRIE DIEFIEIHEIC X
D AR ST & HERR ézhé N, VAAERESE T, NaCl KIRIE OB LI IEKGFET 5525
D, AWFFE L 12572 5 NaCl KIFR O L IRE OB RS LFEEORFHEL, 5% O T
H D,
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(a)Appearance (c)LIBS
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(b)Microscope image
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Figure 5-10 Results obtained after an 8-hour immersion test on 20 mm PE insulation for Al-Cu piping:
(a) appearance, (b) microscope image, (c)LIBS analysis of corrosion products on the surface in the

depth direction, and (d) cross-sectional SEM-EDX observation mapping.
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5.3.8 NaCl /KIS ~DIRTEIZ I T 5 Al & Cu DJFRZEH)

ZEFR IR & Cu 25 RS DI 258 OFEIX % Figure 5-11 12" d, Al 253
Jﬂé\ﬁiﬁaﬁ@—am?&ﬁf X, Cl A AN X VBB LR EAE S, JLRZE T, L
L7235, NaCl KIFR & ALIZ R0 . ZD%, KBS0 —~ A F2Y Al REITTERK S
Ao, ZHNDRERL L 720 | ILBIIE Lo e B 2 o s, BEEOMEICIE, ppm 4 —
X —Tlxd 573, pHS~8 FEE D 50 °CD NaCl /KA TlX, Al ORI ITARFIERI LY ALK
L. 400 FFE ORERER Tl WAEREEITHRATHE TEN LW EOWE SR H D | A5
HZORREFKTH D B LN D AKFBEIE Al R ORI & L CHERET 27238,

Z DIKFERA L DVEFEFE IR D pHIZ L > TEDLDH Z L SR NTEY, FRIT IV
H VAT FIIEIR L o9 < 725, 2D OBRE FICBIT 5 AlEE OB RS EO
TRIT, A%OMETHD,

Cu ZEFRMIERE X, THE TR L DT, REIZ CuCl BV4E L, £D EEIZ, Cu0
DAL, CiO 1T bIc L BEalcEa Lzt EZXLND,

ZE PR IEELAE & Cu 22 RS 286kt L 72 Cu I T b [AEROBEM N A HITE Y |
TR REE & 72 > 72 Cu0 73, CuCl DIRMEZ I L7z LB 2 bivd, CuCl 23RiE L. /KA
WIZETIATe &L Al ORI E CuCl BPUS L, HFLWERZAET 5 /RN & 575, AR5
TiE. ZOWBRICEDL R0 o7z, BAFEFIEL, NaCl KEROIRE LIREIKFET 5B %
HIVD, AWFIE L 13572 5 NaCl KIFIROIRE &R E O E R ORFHE, 4% 08
Th b,

Cu Al
o —® / ALO,
Cu Al
CUC| A|203
Y
d
AlO(OH) Al(OH),

CUZO / ALO
® cucl ® vﬁ\’_‘j"‘—‘é ’
c 2

Figure 5-11  Schematic of Corrosion Behavior of Al and Cu in 3.5% NaCl Solutions.
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54 £&0

Fhite Tl Wigho B CHm iR ICIXRIRM D S o REECE & v, fRIBM O
NAICITE RN TN EME S B RBIEMEES D Z 23D D, 2T, AHFZETIE, (R
M To Al ZEFAGERAE . Cu ZZ GRS & AL ZZ GRS & Cu 2230 74 1R
Brag LIRS OBRLIEFEH A RS2 BT, Eii T oHEA S A RIEM THe D
B 2478 L. 3.5 wt.% D NaCl KEHRIZIRIE L7z, F7o. FEh LT S MR oW
KEZHE LT,

TRIBF % 3.5 wt.% D NaCl KIFHRIZIRIE L= & 2 A, ENOBBEE AV S5 IR
D 9 H PEIXZDOWEEEN ODWMKEN L | FTCNATLHHBHE L LN LRI N,
TRIEM 28 U 72 G RS 1R 70°C D 3.5 wt.%?D NaCl KIFFICIRIE L& 25, CuZE
T BB (X R ENL I CERBIEDIHER SN b OO, W' oo HIdEM e TH
D DR S, Al ZEFRAMBEE OSVBIBIZR Tk, RESEREE R INE S R
DS STz, Wik AT OFER DG Al BlE ORI ITEEETH - 7o, Al 2SI GRS &
Cu ZEFH Fm EL A A Bafee L 72 Bl Clk, B Al ZZF GRS & Cu ZE3i Hm kil &
RIER DGRBS TR S v, BB OFRMEIX AL, Cu & HICERITHEITT 508, Hx OfdER
A CTo B BRI D A & R L Bl IR I et 2 IR o 7o, ARRBR 21T o 72 I
FREDZ THEOL R H 5 LB biv, REMZHE LTz Al 22 MR E 132 < 0
74—V RCHERAFRETHD Z LBHERIND, L LR, HRENE  BFBmEND
IRVEREERS pH ARWVEREE (FERECHMEE Lo 27 ) — MUK T TOREEZR L) < Al
DIFEZBRET 5 Cu X Fe BMET D RE COBRAMEBIIMR I THRWNZD, =
DEITEHOBETH D,
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