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Construction of the small diameter thin wall technology
and development of high corrosion resistance alloy

in copper and copper alloy tubes for air conditioners
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(2) WHEOFBEEOMLELM LS L, #E OH»R
RYrHETLBIEICEHB L, FLEIZEW THEBBOEE
DHF AT B HOWTHRF L, BEICK T D00 ERME M
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WTHLNET DD, 6T PRE, BAZHIETAEL
LIEREIE . WEOTHELOEBICOVWTHEZL I 2o
<6

1-5. KBEXOEBRRUBE

KL OHEREOEEONRFIZ O THMET 5,

1 ETIE, ZHEASEE ICE T 28R EEE, PR AT
W TR N7

Ho2~6 E T, AIE®D® (1) ~ (5) THEXERNAFIZOVWTE
hEthmalzs I, UTOFELEZHLNLE LT,

B2 E TR, MRS EL NS EE O T A2 RS
L0, BimEAMEMIC LT ImMmMinTREORBEIZONT
ot 2w, i TRELEAHEB. rELOBAKREZHSL

L7,

BIBETIE, BMEHEOMILEZR LS ® 2720, BIEIC LD
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6o mTIE, MBEORRERE Cu-PEEOEBEICHKRMLE P
CE-oTHAESNLDI2IENBEIENICOWTHEM RN REZ B 2R
W, PEERBREICHMLTH, BEAFEO C1220 (D ABRRE) & [
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Low temperature High temperature

Low pressure Combressor High pressure
Lompressor
Gas phase Gas phase

Inner unit
(Condenser)

Cold air Hot air

Outdoor unit
(Evaporator)

Expansion valve

Low temperature High temperature
Low pressure High pressure
Gas-liquid phase gas phase

Fig. 1-1 The essential principle of a heat exchanger.
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(b) Outdoor unit

Fig. 1-2 Internal photos of split type air conditioner.
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12,000,000
—o— Residential air conditioners
—m— Commercial air conditioners
Residential heat pump water heaters
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Fig. 1-3 Annual shipments of air conditioners & residential heat

pump water heaters in Japan.
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Fig. 1-4 World air conditioner demand by region.
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Table 1-1 Application field of heat pump system.

Application ltems
Air conditioning Residential Room air conditioning
Floor heating
Room air conditioning
Package air conditioning
Commercial Multisystem air conditioning
Chiller
I Turbo chiller
Cooling and heating of greenhouse
Cooling Refrigeration Refrigerator
Warehouses Chilling unit
Turbo chiller
Showcase Refrigerated and frozen display case

Vending machine

Heat pump beverage vending machines

Industrial Turbo chiller
Hot water supply Residential Natural refrigerant (CO,) hot water
supplier
CO, hot water supplier
Commercial
Heat pump hot water supplier
Heat and dry Residential Heat pump washer-dryer
Dryer unit
Steam and warm water manufacturing
device
Commercial

Hot wind generator

Vapor re-compression unit

Melting snow system
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Table 1-2 Specifications of JIS H3300.

Element, Tensile strength, [ Elongation,
Alloy No. C, (mass%) Temper code o/ MPa 5 (%)
0] = 205 = 40
OL = 205 = 40
C1020 Cu = 99.95
/,H 245 ~ 325 —
H = 315 —
@] = 205 = 40
> OL = 205 = 40
C1201 Cu = 99.90
P 0.004~0.012 1/,H 245 ~ 325 _
H = 315 —
0] = 205 = 40
> OL = 205 = 40
C1220 Cu = 99.9
P 0.015~0.040 1,H 245 ~ 325 —
H = 315 —
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aN AN mn

Fig. 1-5 Inner grooved copper tubes for air conditioner.
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Table 1-3 Temper code specified by JIS H0500.

Temper code Material condition
O Soft anneal
OL Light anneal
,H Half hard
H Hard
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Melting & Casting

Hot Extrusion
: Cold tube reducer
% Cold rolling
h Drawing Winder
- Bright annealing
Inner groove furnace
I
Process anneallng Winding Straightening & Cutting
Inner grooving
Winding
Annealing Annealing Annealing
Straight tube Pancake coil Level wound coil

Fig. 1-6 Production process of copper tubes.
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Fig. 1-7 Changes in copper ingot price.
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Triangular shape
0.50 1980 Llriangular shape

1970, Smooth tube

I

0.40 1980~2010 Trapezoidal shape

E Inner grooved tube m

= 0.30 | e
@ Slim trapezoidal shape

§ L 4 24

 020F

L5 ]

= 2020 High & slim shape

0.10 F Microgroove tube rm"

]

0 . ; Low & multi shape

0 5 10

Outer diameter, D,/ mm 2020v

Fig. 1-8 Transition of heat transfer tubes and shape of the inner

groove.
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Table 1-4 Refrigerant used for air conditioner.

Global o Ozone .
. . Boiling . Condensation
. Chemical warming . depletion
Refrigerant . point, . pressure,
formula potential T/K potential P/ MPa
(GWP) (ODP)
R22 CHCIF, 1810 2324 0.05 1.73
CH,F,: 50%
R410A CHF,CF: 50% 2090 221.8 0 2.72
R32 CH,F, 675 221.5 0 2.80
R717 NH, 0 239.9 0 1.78
R290 CyHg =3 231.2 0 1.53
R744 CO, 1 195.2 0 10.00
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Table 1-5 Chemical compositions and mechanical properties of

high strength copper tubes.

Chemical Tensile
composition, strength,
C, (mass%) og | MPa

Cu = 99.90
C1565-0 | P 0.020~0.040 = 240 = 35
Co 0.040~0.055

Cu = 99.40

Zn 0.02~0.10
Sn 0.07~0.12
P 0.046~0.062
Co 0.16~0.21
Ni 0.02~0.06

Cu = 99.20
C5010-O | Sn 0.58~0.72 = 240 = 40
P 0.040~0.015

Cu 2 99.00
Sn 0.58~0.72
- = =
C5015-0 P 0.004~0.015 = 270 = 35

Zr 0.04~0.08
C1020-O | Cu = 99.96 = 205 = 40

- = = 4

Alloy-
temper

Elongation
& (%)

C1862-0 = 270 = 30
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528 BHEREAHEBFNMICKLIFEOMIMERL

2-1. FLCBHIC

2000 FELLE O Sk O @B L i E D B O
BBk, BEE L L THWDL N D8E 21T, MR HERL» K
H BTV D IR D Rig 1.8 (2R L7m & 92 1980 E R TIE., 4+
% 9.52 mm CTHWJE 0.40 mm, 2000 L Tix., 4 6.35 mm TH
JE 0.30 mm, [E I TIiX, EE 5.00mm THIJE 0.20 mm & & #7224
bz T TWD, Fig. 2-1 TGO WEEBBOBRAK 2 R4,
BEE AV AT, RO ERAE L L THWE., BT ¢
YELTTAI=gL T o ryPHWLRTEZ a2 AT ¢ RN E
HanhTwnwasd, HINDHEE L., Fig. 1-51C7 LEZ#E O NE
B AR O TN X vz TN & AHE AW D, R
Fig. 1-6 IR L7 X OWCHE A =D —»nDH 200 kg FRE OHE % =
ANKRICEVWTLELRXLTU T Fagd eI ndBETHEEA
— =~ END, TOaANITHERHSRIEAE T, BV
DTS5000mbdbbh MEHRIEPNLTWNWD, ZEA— I — TIX,
AN LEBEAEZTITIYE 0 —F —BEICLoTH R 25
ET 2, 0%, TEOE I TN L, B ik licX
DT ECIHITMINB I b, ~7 0TI nbh
EEIL, BRAERESEBE LD LRI S EWHEEE T

DEEHDORNBENTET VI AT 4 ICEAL, 7=
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AT 4 OBEMNERIEELITEDOIERNB I 2bivsd, 0
%, WBEORK D LOICHEOEMRAE LT ML, [WLL
O URNFE2EZLRAAT, AN TICETEHE SN D,
TRLLMBFICIE, BE, ~7 P, mE, 77, A D
T nwolcMINERSND I L ERDH, 2 ORISR ER
EExHWELGS., a4 VDO EEMSBICERBIAELCREZD, ~7
P cEARAELLEY  EES T LT THEICAARDBAEL
DEMLARMNBELST <5, Fig. 2-212H 0 612 &k » THF
HINTEREPRERLIEENRIET T ~7T T nTL~oE
AR A RTRY RE A 025 mm L HA L LT O
K. 030 mm ODERAOHE LD, AEMO U RNEL I FEAEL,
ERAREDRAELRLT W ERHFREINLTWVD

I ofMEZ. MIEMFE (B2, TEHORBRKRFE) I2X-
TR ENTELLD, BHRL2MEHEAMLICL > T, BETITMI
ST TCEMRETERVWERETCHEHIZELSDOH DS, 0. KW
XOFHEAEDETHRANTLH2HLIBERLEZASE CIX, MEM L
XTSI LWRR ERDZEREFEFHIIEBIND, 20

EoeMEIcR L, thos B &, #l 2 IXEBMKCHREER T
NI =T LARTIE, £EMBEHEE S H NS TE 2, Fig. 2-3 (1

EAMBOMERZRT, WEOKSIX, T O MEE O FMIC
o TWHW LFR BB R2 O 2 ORMEICEMLEL D,
B CUL DS A T ORE I A & D TN S R E | B
BB IZ Lo THEOR S FMIZEIIEDLZ LT, FALHE T
bRLLIFMEEEZXDZ N TE D, EAMMBSE X, RHM AP
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HELTWD, 077 —FELIFT, BRVEOHKEL DM
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(JESE J7 miC M E 72 5 W) O x0T & & AR J7 O &t 4 O3 2
DHETERIND, KX TOMEICE T L rflE0FEHEIL, &
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ORI ORI FME OB BEAMEM TH D (011)<211>
Jifr (Brass L) OFEZMAE T 5 LT r ENLEAL, #iF
MIEMONNHIZB T 2REELZMA TMIEREESND
ZEtrxHoenELTWVD, —H BEOKBERAELLTEZIHAVDS
D NmIEMEIL, 1980 FROFZB L6 & L., Fig. 2-4 TR T
WEOHE TR LI ICFEREORE TR Th 25 B M. m
JEGE . M x . hRIBESL . w R L EREM N B 2 A
b T, ZoWNmEERMNE BT LZES MRS E R ®E
R AN

RETIX, N RE 28 E L, R BESE L% o m N L
AREMEAMEBRICKRIETEELHEICTLLE L HIC. NEIEMNE
DrfExmEIE572D0MI &R CHEBKREICOD N THFL

7’:,
— o
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2-2. EBAE

AOBFHIE . JIS H3300 C1220 (9 A M2 @i . Cu-0.025 mass% P) O
W E (A 15.8mm, AJE 0.8 mm) # Wiz, KREBRICEIT D
T TR O 2 Fig. 2-5 I2/x 3, fliff TonTE O 2% &
T LD, I TEOWRE 2T~ O, RE~EHME B2
W, 773K T 12 ks O T BES A IE L7, TO%, ImEx2HEL
Todifh 28 2 7 o THR 9.50 mm, W E 0.40 mm |2 {1 | (F 7=, Table

SR ORI S RBOMTEZ RS, KK
773K T 1.2ks Of ERESIZ B Z /e HEMRE 21572, 2 O,
WTNOMTY Fig.2-6 1”3+ 70— 4427777 5KX%H
W7o, BEBI TR, B A AFMHRANLODMBEREZ 0.001 %L T &
Lier == /1 —RF &2 HW T, @8 Rm OB Z M U7zt
PESL 2 I oo, MFRILZZMREAE I L. BT OMA
ELTHREBA Y~y — ARz I o Tz,
FlaR sl BRIL, JIS Z2241 IC¥EM L THB Z vy, RABR A X, 11 53R
BAZHM L, 2ok, RBA RIS % 200 mm, 1% 5 M HEBEZ
50 mm & L, MEMHICIEEZ 50 mm @ SS400 # o 4 % A L
Tco 7. ZoO5IERXBRTIE., rEOBHIE LB IR o7, KAD
THT10~20 %O EREZMz 7%, ABRAFZI0OHBLT %L
RFELZ, @EO X, OFTAHKE (HAFROEOGT H / K
BHMOBEOCT ) OfxtEE L TERIND,

r = |8RD/ 8ND|
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ZZ Terp Lenp FHIERGTMOEOTHLERWETMOREDGT 2
TH DM
EAMBOFEICIT X BEIPICE Y Schulz ® K& k% H v iz
(100), (110). (111), BIHOARFE M LK 2 & Lk, fhiE
PRMEIC XV BBEORBBEKREZ 22 R AKEORERBE KK EZ 19 K
& L CTHE &b AL 4 47 B3 %% (Orientation Distribution Function, LI F
ODF ¢4 %) Z Rz, ZOBHWE X BREHFEEZ, U
A7 B O Rint-2000 TH D, G bl EEGN O AEJEIE
TR LAREAMBEAT OMMBB KRB O LB EICHT D
b LTHEHLE, 72, A7 vrIFMmIMHEZHEST S0
AR O LS ICMTERA*E2x CrEORL 2 2EBEOME (&
7.00 mm, KJ/E 0.25mm) Z/E® L | Fig. 2-7 IZ/R 3 [A#5 5] = df F
Bl ~7 PR E2FEEL -,

2-3. HRRUERE
2-3-1. BHBEAHBICREIGEENIDOEZE

Fig. 2-8 IC[Al — D fhifh T2 & CTIER L 72 Fig®E &k OOW i
BOoHRGMHBEOER LMD, ODF M E LR EZR T, &
» ODF OF &ML, = RTERTHLIMBITME 3 DDA A
T—=AD, ¢, 2 THT LT, ZR EIZALTWD, HKD
ORIV E TIX. {0113<211>F5 {7 (Brass H /7). {012}<100>F i ~
ODEMmMMMBEINT-Z Licx LT, NEIEAMNE TIE. {001}<100>

H AL (Cube KAL), {0113<100>F5 A7 (Goss F L), {112}<111>F
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fii (Cu HAL) B ML TWk, Zhid., WEEME T, Bk

BT DN LR A A [ BE B AT o JE E Sl R sk LTy i R
b, PHBEMUKBOERE CITEAMBRSHSICEEYE T
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Copper tube Aluminum sheet

Level wound coil

N

Straightening
( D

N

Hairpin bending

=

Punching

A&/

o |
Hil

Stacking
&
Expansion

N

Flaring & Brazing ard soldering

Q. "
)
Y

Heat exchanger

Fig. 2-1 Outline of manufacturing process of heat exchanger.
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Fig. 2-2 Deformed patterns of hairpin bending of the copper

tubes (a) 0.30 mm and (b) 0.25 mm.
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(a) Crystal orientation

(d) Brass orientation, {011}<211>

- e - - -

(f) {012}<100>

Normal direction
Transverse direction

Rolling direction

(c) Goss orientation, {001}<100>

(e) Cu orientation, {112}<111>

Rolling plane

= Rolling direction

Fig. 2-3 Conceptual diagram of texture.
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Casting
v
Extrusion
v
Rolling
v

Drawing

Process annealing
v
Forming of rolling
(Inner grooving)

v ‘
Finish annealing Finish annealing
v v
Smooth tube Inner grooved tube

Fig. 2-4 Diagram of copper tubes production process.
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Drawing Annealing Drawing Annealing
Initial samples [\ /_\_ Finish samples
D,15.8 x ,0.8 mm —A/\N, AN D,9.5 x t,0.4 mm

Floating-plug drawing Floating-plug drawing
773K x 1.2ks 773K x 1.2ks

Fig. 2-5 Manufacturing processes of a sample tube.
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Table 2-1 Reduction ratio of drawing.

Cross section Diameter Thickness

No. reduction, reduction, reduction,

R, (%) Rp*2 (%) Rr*" (%)
1 16.5 12.1 4.8
2 19.4 15.0 4.8
3 26.9 15.0 14.1
4 28.0 23.3 5.3
5 324 20.1 15.3
6 35.3 15.3 24 1
7 36.5 24.0 16.1

*1 Rp = (D,—D,) /D,;x100 %
D,: Outer diameter before drawing

D,: Outer diameter after drawing

*2 Ry = (t,—t,) /t;x100 %

t,: Wall thickness before drawing

t,: Wall thickness after drawing
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Copper tube

Fig. 2-6 Schematic of drawing process using a floating plug.

- 46 -



Pressure die

Mandrel

Bending die

Fig. 2-7 Schematic of rotary draw bending.
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Clamping die

Copper tube



A : {001}<100>, Cube orientation

®: {011}<100>, Goss orientation

W {011}<211>, Brass orientation
: {012}<100>

¥: {112}<111>, Cu orientation

P
Smooth tube  Inner grooved tube
A <
D i A/ A
?
N e
N

Fig. 2-8 Recrystallization texture of the copper tubes.

Contour Levels: 10 20 30 50 60 70 80 90 100110120130140150
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A : {001}<100>, Cube orientation
® : {011}<100>, Goss orientation
W : {011}<211>, Brass orientation
: {112}<111>, Cu orientation
— 5 T T T T T T
2
~ 4r °
= ® o
= ° "
é 3t A A A
A °
5 2| .
I
.5 1 -,.(_,H'péfl"h i
@)
O 1

0 10 20 30 40
Cross section reduction, R c (%)

— 5 T T T
2
~ 47 °
2 L °
R
% A
@

5 2f °
©
E 1} H/'
6 0 L 1 ! 1 L 1 L

0 10 20 30 40

Thickness reduction, R (%)

— 5 1 T T
2
< 4t
=
2 3t
4]
©
S 2r
®
5 1
o

0

0 10 20 30 40
Diameter reduction, R (%)

Fig. 2-9 Change in orientation density for each reduction ratio in

drawing.
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r-value

r-value

r-value

Fig. 2-10 Change in r-value for each reduction ratio in drawing.

1.2 —— T
. .
0.8} °*
04F T
0 L L L
0 10 20 30 40
Cross section reduction, R . (%)
1.2 — .
87_7_:_7_7_,
o8t * ¢ :
04F T
0 1 L L
0 10 20 30 40
Thickness reduction, R _ (%)
1.2 ———
0.8} \' 1
04rf T
0 L 1 1
0 10 20 30 40

Diameter reduction, R (%)
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A : {001}<100>, Cube orientation

® : {011}<100>, Goss orientation

W : {011}<211>, Brass orientation
: {112}<111>, Cu orientation

Orientation density, / f(g)

r-value

Fig. 2-11 Relationship between r-value and orientation density.
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120 —————

100 | o ° .

80

Vickers hardness, Hv

60 1 1 L 1 n 1 1
0 0.1 0.2 0.3 0.4
Distance from the innner surface, tD fmm

Fig. 2-12 Vickers hardness distributions in the cross section.
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(a) rvalue: 1.0 (b) rvalue: 1.3

Fig. 2-13 Appearance of hairpin bending copper tubes. The

bending pitch was 18 mm.
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Table 3-1 Mechanical property of JIS H3300 C1220.

Temper

Quter diameter,

Wall thickness,

Tensile test

Tensile strength,

Elongation,

D,/ mm t, [ mm
og ! MPa & (%)
o) 4=D,=250 |025=1t,=30 = 205 = 40
oL 4=pD,=250 |025=1¢,=30 = 205 = 40
1,H 4=D,=250 |025=1t,=30 245~325 —
4=D,=25 | 025=t¢,=3
25<D,=50 | 09=t,=4 = 315 —
H 50<D,=100 | 1.5=t,=6
100<D,=200| 2=t,=6 = 275 -
200<D,=350| 25=t,=8 = 255 -
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Fig. 3-1 Variations in cross roll straightening.
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Copper tube

Fig. 3-2 Schematic diagram of cross roll straightening used in

this experiment.
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® [ | O Before straightening

s [ | -®-After straightening

5" 400 |

=

@

c

o

»

Q 300 |

‘©

c

o

|_ =
200-..|,..|...|,..1...
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Cross sectional reduction, RC (%)

Fig. 3-3 Relationship between tensile strength and cross

sectional reduction ratio.
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150 T T T T T T T T T T

| O -Before straightening
140 || ~® After straightening

130

120

110 |

Vickers hardness, Hv(0.01)

100 2 1 . 1 L 1 . I . .
0 02 04 06 08 1 1.2

Distance from the outer surface, ¢, /mm
Fig. 3-4 Distribution of hardness in the direction of wall

thickness of a tube with a draw ratio of 98 %. The straight lines

are drawn by the least-square method.
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Fig. 3-5 Vickers hardness in depth direction measured with

various testing load ranging from 0.01 to 0.5 kgf.
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Fig. 3-6 Microstructure of material subjected to 98% drawing

ratio (a) before straightening and (b) after straightening.
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Fig. 3-7 KAM values of copper tube surface layer.
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Fig. 3-8 Results of measurement of ODF for copper tubes before

and after straightening.
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B4E SRESME Cu-N-PEEZORRE

4-1. [FLCOHIC

AR HBERE X, ithefikomEsrz g, EALD
DD EBEFMBIENEL TNWD, MBEMHICKD LD RN
LT, 8@E, MITHE, MEEEAETFLNA, PTLHEORNEZ
RHDERFLELT, AT MBABOBERS D, 2 2 TR
Bage O — B2 RS TR % Fig. 4-1 27T, EM AT =BV
THEZRUET D2 LREKOEEA -V -V TR |
BT L2 LBEERTC, ARBBIIEALETFOND, 2D L6,
g G R 720 T <L BN ER O N TR S & o 7o Ak A 2
EE LD, F£7-. Fig. 4-21201%., A OM Y TR CEME
ND2HIMTMBOKFZRT, AMEATIET, EIZBEA 52
5. 1050 K #BRADWMETHEMZMAT L2 b, —KHIC
. MmO KA, THHOBFBEEBESICLYRERNKTFT S,
Fig. 4-312A 9 24 L T 1123 K TY ABLREER& 2 meE L 7=
Ga o MBEH L Sl RMR & OBMR. Fig. 4-4 1% O BE O MBI
FlbzZzhn 3, 1123 K TMEAT 5 L 0 A B E O
FIAM KR L, ZRICHEVEIRERIBETL TS, EORE
T, R bBENKRTFTLEEZTORE~OMEETREDS O, &
Wb ZM 572D, AOF T MEAKICEBE L 225868 0MH
ENMLETH D,
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HEEICB T 2MWMEMEO R EICET 2T, ZNE TS
CEM SN TE ., fl2X, @EH5H TIE, Co-P ZRH YOIt
E\iE & Rl L 72 JIS H3300 C1862 (Cu-Co-Sn-Zn-Ni-P & 4) 23 4N
SR TWVWAERD C1862 1%, 1050K # #8255 5 1 % & &
WRE A HERF T D, Ui, RN K OVRL R IS AT ) & 72 Co,P
P n s 54T MEvE b S 2 W IEH Kb & T ICEFET
HI2H T DR Fim . CoP TS IC B, Fe-P R % D&
DB ENLD PETEE L THESNT WD, £, Ni-P
ST LA ICENLD P RTHWE T IS, Table 4-1
IZ Ni-P AT oYL RS, BRTL2MHBIE. Wb
IHS0K U EomWw@saxs AL TEBY A HITHED & VB
MHEZRTZENHFEND,

ZIZTAMETIE, WA EZAT 2WREEDH L P RITHDIC
A H L. Cu-Ni-P &2 2W T, A 95T M 1T 2 K 2h#r i
ZE) L EMMEE ORREBRE Lo, B2 1385 K TH D NipP
Priiwn &S OMBMEOHBRICHONTHAZL Z o7,

4-2. EEAH %

B ZEVEMRIF % W T Cu-0.93 mass% Ni-0.24 mass% P &4 D A
a3y EBER L, TOMEBKIZ. NPT HBORK %2123 7=
HIZ NI & PORFEEE (LT, att%eidib3+2) 0T 2:1,
BRFOWMENS 1.5 at.%e L, fFER LA Ty &S HIE,

Fig. 4-1 IZ/R L7-SE o8& TR 28 L T, B #&E O TR E
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1173 K), WHEE (FFEFHE 95 %), FHFEHMH (RE 1173 K, £
Friff] 10s, KWm) 2B 2720w, BE, WHEELE (JETFE 30 %)
FEMBLE, ZO%, BE 923 K TR 1.8ks O EIEH %2 55 =
RN, AT IMEAEMEE L 1123 K T 30s OFWLEZ I 272
Sle, TOROWMAFIEIL, Mme Lic, M e L T, AR
26 (C1220, Cu-0.027 mass% P) 22\ TH, WO LREZ R
THEZ/ER L, 2O, f EBES O AR 773 K T 1.8 ks & L |
— B2 AR DR LD K oI LTk,

o EBESE 2 & VA O I B o BOBHIC o v T Bl IR R
CEHBRERE L, SIERBIT. A2 bu B TRERBEIC
KoM ERER S L, JIS 5 5B A 2B I T#% | JIS Z2241
CHER L TR o, HEBRWE I, WMER T X0 EE R E
(AR TZ7o L2 —B® T ~T 2 ) ZHv, 298 K O =EE R
RTFICCHELE, 70, MBBLICIT, t¥HEME L FEBAE
TS (LB, TEM) Z#H Wiz, 72k, TEM B2 H o Rk ix
JEME S N T M B ZE S 0.1~02mm £ T A U —HfEHKZ HWT
WREE L 7=, EH£ 3mm OFBEZUVHL, YAy FEMR
MBIZLOVHETE, YA rY=y NEMUYFETIT, MK : D AR :
AR —==5:3:208H5DOKEREZKRIKEFRIZ K> THK 240K

IWmE LB e AT,
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4-3. BWRRUEE

4-3-1. T LEHBZOEBMUMHEEELEASHITMABIZCKSIBELE L

Fig. 4-5 (2 Cu-Ni-P & 4& K& N0 A B o 8L F % %2 = 3,
Cu-Ni-P 6@ O LR E X, » AN ICTK L, & 200 KD E&H
MHER I, L% OBl EREMEIL., Cu-Ni-P &4 T 0.2 %Iif 77 23
95 MPa, 5|3 & 2% 295 MPa, O 37 %, D ABLERH# T 0.2 %
it 71 7% 44 MPa. Bl IETR X 2% 239 MPa, 2% 47 % TdH » 7=,
Cu-Ni-P 4%, mWiBlEmMRX &2 H Loo, Kiit 1o @ik %
RLTEBY, BHEZBEEMNTHEZAELTWHDE O EHN ST,

Fig. 4-6 2k LBES B K A 5 T Mk Z ##E L T 1123 K T
30s DA A B Z R o etk OB RFEMEEZ R T, A9 T BN
Bt OB R S IX., V AMERH T 212 MPa TH D | A 5 T IT HE#E
MEHT LV & 27 MPa K F L 7= Z &izxt L., Cu-Ni-P &4 TIiL,
357 MPa #/x L, A 9 P BHEMBRT LV b 62 MPa L5 L 7z,

Fig. 4-7 I & BB O LEESH % K VA 5 FF 1 BEHINE % o
FHMEMEK L R T, AOMUTHRBMARZICHERI N EH L
Cu-Ni-P A &1L Ni P OHRMIT X 2K &Rk o B i <
AT ML S D AR L R RIS A ORI A 100 um 2
EE e R{IL TWiz, Cu-Ni-P &4 & C1220 & 12 FE ok £2 @ B
ERERTIBODLONRDN o T,

Fig. 4-8 2 Cu-Ni-P A& 0 & LRICKEIT28EFE42 3, BME

BEBL %2 L i U €. L EBES AR ITH 10 %IACS., A 5 fF 17 B
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IR 1L K 5 %IACS @ WE # 75 L 7=, 723, IACS I%. International
annealed copper standard ([E BRAYIZ B R S A 72 B Bl AE MEHREH ) o
T, TOEKEIR 1.7241X10° Qm % 100 %IACS & L 7=&
[EBEBEEZRLELOTHL, @BMET OEERITEMME (Cu)
DHEIZRELSEEST DD BEOLEFEIBMEFOBRMITHE
DEEH I T ERERLEEEHRN NS, ZO/RLD ., K
BRICB T oM EEARIMICER T2 2N RSN,
Fig. 4-9. 4-10 {2 Cu-Ni-P & & Ot EHE % & O A 5 1 ##
MmO TEMB 2zt s+, M EBEMZIL. 20~100 nm 2
ORI H 8 & T 5~10 nm F2 B O M A 1% o 2 1686 25 55 &
PN K DRI B W THBE I, FICHEMTE®DIZE Y T
fm AL NI LB LT, £ L CEFEIFHEE O
fENT % 3 Z 72 o 7o fE R MR T EFH & O B-NiPs, HOH AT
HITANTEO NLP Thole, =G AOMFTEEMBEZIL, 5
~ 10 nm & B O M W O F D3 G bR N K& OVRL B2 B0 43 5 LT
HEETNBEIN, NFHFHEO NP LERINTE, Cu-Ni-P 540
FEZh T tH 2B >V Tk, 2L OBREF R H 5, MO VA&
TIE. NipP *® 9 Ni,Ps ™5 NisP, “# 978 2 2 h b T H
THHA. £/, NipP & NipPs ENEFLTH BT 28 455%D
REDPERINTVWD, SHEDOEBHBAEE ~0FEEIZ. M
M LTBEOEZBENHVHALNE R > TRV E OO, AT
HHHMEOBIL, Ni & POMKICELsTHRED EBZZONT
WD, RAFZRICB TR LT EDIZ., 20X E —F L

TW5,
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LB R, Cu-Ni-P & &id. & ol L B AF 72 88 PR T 23
M Cc&Ebt, £, A5 MK MR METRAD
NL2EX72HEWOHBERICELZ)BEBRTEHENEZ LT
60 MPa UL F O E FEHRXN L2 ERHoNERoTz, ZTD
OB G X, 4 EBREMZICAHIE L ZMMZAR NiP rii® &k OVH K 7
B-Ni,Ps#Hrth# . A 54T MEEZ OM7Z Ni,P AT L ELT
b EE LN,

4-3-2 A5 ITMBEOAANEHOEE

ATIE Tk~ 72 X 91 Cu-Ni-P & &%, A5 T M0 L 5 7
1050 K # 2 IR E CRLE S 22 & T, RIBARME LA NEL,
FEBEGIL NP THHORERICER T 20 EE2x 6N, —F.
WEICHE S Cu-Ni-P & & 0 L% i X hiE, 1050 K
FBAZDLANMHE TOLAEMIAEFICHLTIEmME R L TE
D, KB CHER SN 1123 K TOME EFHRLIEIRD 5T
W2 W, AXoRBREFICERT 2L HERM I, BER 1 mm
ODMMZEZHA VTR BB ICEBT2HAEENEREL CWVWD L
RSN, £ T, A9 BEINE R O W H &M &AM
BOBBRIZOWTHELZ B Z 78 o7z,

Fig. 4-11, 4-12 {2 1123 K T30 s DA H T MEMNA 2 B Z 72
ST HBOBANEE L vy W — AL OEELEOMKREZENLE
NRT, AOMFTHEENAZOBHEENGES RDHITONL., By
N—ABENKFT2MMmMERLE, BEEBRICE W TH R,
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WMHBEDO EFICHEVEEBREREKTT2E8mE R L, T2bb,
o ERESE CBIEZ SN AT 1123 K © A 5 i s m#ic X
ST—HHREBEEBELTLEI>IBDODO, TOH%OMAWMEIZ B W THE
BRI+ RIl@FEME25 2522 T /HBMEHNEL TS B
DL HER ST,

Fig. 4-13, 4-14 TiX. A5 BE#EME L L T 1123 K T 30 s
DEE 2 B 27 5= % .573~873 K O A1 & © & THREFL -
ORE AL R PE R N EEREIEZRT, Byl — A X, 673
~773 K THE+HBREOMLE CHLNERI LI D, 773 K T
IX.100s TE— /@ IETHELL, BERIZBWNTDH, 673~773
K THE+PEEDBRLHE CEHEERN EF L, 773 K T, 100
s F2 £ T 60 %IACS £ TE L 72, Cu-Ni-PH&ED A 5 17 BT Ix,
ZOWHBBRIZCB W T 773 K T 100 s FREEMREET 2 2 &L THHM®
e ZERHLNER ST,

UEDfER, Cu-Ni-P & ICB W T, A5 M ZEZ B Z 7
5 LT EBEMM LD bREN ER T 5 2 L A B IE RS
FrifficER L, AT mes iz i3 B % ICE8l 8 S i i
MBABEELTLEI OO, TOHROMAWBEIZIE W THATH
MAELLZET, BREDODLEANEGOLNDDZEBWLNE R T,
Cu-Ni-P &0 A 5 7 MBI BT 2 HZEEIX, LT X5
EZbND, LR TIE, BER LE~OFEE DGV R
Ni,P H7 % @ 1 [ %5 5 B O K W LR 722 B-NioPs #r 9 28 HL 77 L
722 LT, CI220 L AEFDORBREIZLEDLLT, HVilEs
WIEPE E A WS S b D EB XN, T OKOMKAR
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B-NipPs Ar i ®p i, (1 EBESi X v & T, il 2 (XEH kS T4
CTWHHABELDBZ AL, SHICHEAELZIRETHDL, —FH. 5
IAT T INBNZ By TIE AL B BESL % ICBLE S e REE AT H 23
Bl Co R ~—BEHBEET D200, 0% HEEREIC

BOWTHHERFIC St #EEm (2720, 773 K T 100 s f£ &
LEBEDOASMHITLTETITEWRER) 25222 & T (LaHD
Bifm e 2 A T 72 NP it s\ 9 2., 2 O K O Rs &Rz
L. 100 pm FRE £ TH R AL D208, MR HY ORI
FO A RBEMZ LD ILIICEWIRE L ST MBS S N
TWaboeEZLRE, L2LARL, EOXH** VL n
X, Ni,P AT 4 o FEZ B AL e PE IS, — @ 2 H R © 723K &
LieHG ., 6ks TCE—ZMRNICET L2 LA MEINTEY . K
FE TR OLONTEHABREOR R ERESELDS, ZTHiE. KUF%E
T . SE»»0omATHLLIZ L BWERTOILBEE L.,
frfzfRtEsETWnWarewe rEINT,

4-4. IN{E

ARETIE, MAERERNA OO O SR E S it 2 Cu-Ni-P & 412
DWVWT B K OA S I IBIC B T 5T X8 Ok %2 B
W, LT omREST,

(1) Cu-Ni-P &4, 1050 K #2255 51T MEZIZE T

bHENEK TS L2 &2< 0 GlEMRI ALK 60 MPa L5 L
7=
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LROBGIZ., AT MBOmABE THRMOoE L S
~10nm B E O NLP friimic XL 2 iismik &L B2 6,
mAEEICF T D NP OB H X, 773 K T 100 s 2 /%
EHRFMTEL, BAEOA S ITMBAT—RIZE Z 72
bisBHB L+ oRhBENGLAD EHAMS T,

i ED#ER, Cu-Ni-P @ 2B ZHBAEHAME I CEHAL 25
B AT I OBREREMEIC XS FTHE O P IERE R
AR E7ebnZ &ER LT,
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Production of inner grooved cupper tube

Casting
{
Extrusion
i
Rolling
i
Drawing
!
Process annealing
4
Forming of rolling
(Inner groove)

i
Winding
1
Bright annealing

Production of heat exchanger

Straightening
Hairpin 1bending
StacklAI fin
Tube exlpansion
Braizing

Assembling

Fig. 4-1 Manufacturing processes of heat exchanger.
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Fig. 4-2 Heating of copper tube in brazing.
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Fig. 4-3 Relationship between heating temperature and tensile

strength in brazing at 1123K.
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Fig. 4-4 Relationship between heating temperature and

microstructure in brazing at 1123K.
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Table 4-1 Characteristics of Ni-P compound.

Lattice constant Melti int

Compound | Crystal structure Space group eiting point,
a b C Tn/K
NiP Orthorhombic 6.05 | 4.881 6.89 Pcba 1163
Ni,P Hexagonal 5.86 3.37 P62m 1385
Ni,P Tetragonal 8.952 4.388 14 1164
—Ni;,P Tetragonal 8.646 5.07 - 1473

P~NiroPs g ' or 4.39

Co,P Orthorhombic | 5.6465 | 6.6099 3.513 Pnma 1659
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Fig. 4-5 Softening characteristics of the samples.
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Cu-Ni-P alloy C1220

Fig. 4-6 Change in tensile strength of the samples before and
after heat treatment which is simulated for the brazing at 1123 K

for 30 s.
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Fig. 4-7 Optical microstructure of the samples before and after
heat treatment which is simulated for the brazing at 1123 K for

30 s.
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Fig. 4-8 Change in electric conductivity for each working

process.
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Fig. 4-9 Relationship between cooling rate and Vickers

hardness.
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Fig. 4-10 Relationship between cooling rate and electric

conductivity, in the cooling process from 1123K.
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Fig. 4-11 Age hardening curve in cooling process from 1123K.
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Fig. 4-12 Change in electric conductivity the cooling process

from 1123K.
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Fig. 4-13 TEM images of Cu-Ni-P alloy after annealing at 923K.
(a) Bright field image, (b) Dark field image of fine precipitates.

(c) Dark field image of coarse precipitates.
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Fig. 4-14 TEM images of Cu-Ni-P alloy after heat treatment
which is simulated for the brazing at 1123 K. (a) Bright field

image, (b) Dark field image.
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R

B5%F CuPEEZNBORRNBEURICRETPREOEE

5-1. 1L ®HIC

TTaAICHLERIWEIT, BRNICHENTEND Z &b,
MK -HBBRHSSHEERA LR LEOERNICKERTHEEGS S ITR R
¥AETLI2BREOEBEN DRV, O X5 HRH THEOERERIX
TT aryZBT LB D VWERBERLE L TR RBEICNI]ED
JHR TV DD Fig 5.1 1Tk A2 UACT £ i B %8 BF 8 fr (31
R&D % —) T 2013 FD | FHICHAE I T 55 D Mm%
I WTZEE THRALEFEKRICBIT2RKROARZ HD T,
K3 BHRBOBRRBAEICEIEZLDOTH -7, HEOHIRE R IT. 0
TMzZRET2BICENT2ABREBERICEL>TELDL Z LR Y
o TN 2 XD s SR D~ T LT, A
EHENDTO, TOBEOZDICHEKES (1,1,1-F) 7 a8
THY) BEEHLTCWE, I,1,I-hYrvuowex X0k, SRT 5
L TCHEHEB A AT D, AU TCEERRIT. SENE DO BRRE
REBEZTHEREL S, ZoOMBEIL, WIE LR CHEEZ + 71
BRI, BEMES OIEBRBENIC X - THBEEA O F
DRI Z LI BmL T,

L2 L2ens, Rilf Tk, =7 a v HFOBREERNICL > T
HENAEPOHMOBRRBEENEAEATLI2HENABL TNDH, KD
BRBREOEAEAMBIT, AL ENRTETVDLIN, A%7%
REIL, BB’ EMICETE> TRV, =7 2 B #
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EH SN W BT, AR (JIS H3300 C1220, Cu-0.015
~0.040 mass% P) W EWLXHHINT&E o, REOWHAEREIZ I
. MOBRRBEREOFEIC, KM TEPORENEMSINLTEY
EE D P AEHEAVWEEEFEH (C1020) BN AEMEICEND Z L
L ST B R0,

AETIEZ BMOBRRKBEREORAEACKITTHITO PREOZEZ
AL MBORRBERZICENLTZAESIZOWVWTHIEEEL I o/,
5-2. REBRAE

PREDOEEFNAETII.PEEZLZ 0.04~7 mass% & £ x 72853l &
EEEEEMBIC LD ER L 2ok, WEELZICTHRM % E
"L, 3 mass%Ph EO P2 LB & TIE, ELEPRIZHE N
LT, FEIEDAE TH > 72 0.04~1 mass%®D P Z L 7=

_b

REHC O W TR ZFM L7z, 2, M & LT, HEEN
ED AL FERICER L, WTFoR B &Kk LR T
PESRPH RIS TR 2 B 2 72 o 7,

o BERE RO BB FIEIX, 1992 Fic — A HEANR R
e —cRIONESRECIVRBRESRT® D HiZ 2011
FAIZITEIC L - TE BREZRELSBEIELLIBEARFEN
BEINTWD RS Y ) RERCTIE, %EFORBR G IEICHE W ENE

%

Lico AEH2LOR Y = F LU ®{IFHIC, FMAKEBEHK 100 mL %
AL, KA SICRBRATZ2BEL T AMEZFMLEZ, KBERO
XL E X, 0.01, 0.1 vol.% & L 7=, Fig. 5-2 ([Z# B HFiE 0 &
X &9, ABRHMIT., 20, 50, 80 Hl& L7, 1 HdD 95 H 22h
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Z 33K ICRFSNTEEMICHEL, 8V ® 2h & 293~298K
DERICKET D — A7 0E527k, ZEZL, 1 @B
L KBIE3BKKRFOALLE L, BERBREZOREIL., 5vol.%
WIS LD KA ERELL®R, KTEWVIC K > THME %
frE L. =7 — T e — RV mBsE, MOBRBATAEL D

N

BREALE, A8 ETHum LEFITNASVWREEIHD . BHRICEK
LRV LV, TOD, B FEREELETTIVICL > THERIL
DALE 2B L, AR EREGE T, —ROUICRER & EH
B.BBEPAVWORLD AERTIX . EHRREEHRT 22 & T,

MANRFEILICRSLALVEREZERE TCRET 22BN H 5720
WHIROMHIT# T2, ROQRBEROREIZIE, BT A S —
AR L, BRERABRELEHFICRGREZRESMHIT DL, E
BALANTICEINLEZREBER P RBICEAE L, RVEANE N D,
ROV AP RKREL T-oED L LEHETRITIZ.BWERILTH D Z
EERLTVD, EREHEERRICBWVWTHEROH o 2 &1
FEEa2MxB. 7P Z2H0EBEBERERICIVEZERE
frEL EFHBEMEICI2MEBE 2B I o, Wimsl g i,
BEOEEOFHEICNZ T 3~5 PATOoMmBEICK-> Tt

WERELERRBRERS EEEL L,

5-3. HRRUEE
5-3-1. BOERKBER~DPHRMOESE

Fig. 5-3 120 A8 A 9 (Cu-7 mass% P &5 4) % 0.01 vol.% % OV

0.1 vol.% X R XPH S IC 80 HMBE Lo WmMREE % R~ 7,
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h#e At & L CH — FBWN TR L 720 A BEESR K O ER R H O
EHMLBbE TR L, M I, KIS O BRE /2% 4
L7, P% 7 mass%a A2 0 A8 A D128 W TIE, 10 um & &
DEBMARIBEENBEINTEOART, BMOBRIZEITLTWVWIER

IO NhoTe, HPIZZLED P BNFETH I LIT L - T,
EOBRKBE~OMMERM ET 52 MR INT,

Fig. 5-4 [ZPEE L 0~1mass% & B E2HAOXBEHEK
TTALCEZEBEREORLZ R LcWmM#kEHE %2 "7, 0.0l vol.%
FMEAKICBEELAEZSA. 0.04mass% P A (0 AERE) & 0.1
mass% P M L2, TN LT NHEE 200 um & 210 pm O B O HR JE &
MAEL TV, 0 %P # (HERAH) & . 0.1 mass%z B X 5 P
WM UZECEHC I, AR SN 50 um LA F O 72 65 & ) Bl 52
ENTEDOHThHolz, BICHEEN L2, 0B EILEO R

EaEORELEZR2Y LBROEREEZRL T, —H5.0.1vol.%
XMEHKICEE LB A, 0.04 mass% P A (D ABLEREH) & .
0.1 mass% P M IC 0 2. 0 %P M (MERFZM) (26 8% 2k o BAR
BEPXFEEL, TOBRERI L, £1LE£ 4 400, 250, 300 pm T
HoTo, 0.1 mass%d Z 25 P&EUMLUEZHEICIE, &K 100 pm
REOCBERENAZDLINTEN, 0.01 vol.%X B F A TR B & [F AR
CIHEDORR~DOBROEITHVRD NN o72, P O EIZHEN
BRENELS R, TOEITHERBICRTHKFIHBE N,

Fig. 5-5 12 0.1 vol.% X M R R ICHEE LR O PR E
BRI OBAKZRT, BEHEI X, 0.04 mass% P (0 A B RH)
Wi LWES, WNT O%P M (HEERRFEM) Tho7o, PIREN 0.1
mass%LL BIZ72 D &0 0 %P M (M@ FEH) K ERILE< 258
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Mz Llc, BBfET T a2 VTR I L TW 5 N A8 E oA
JER 025mmBE THDL2 2 LaBEITNIEX. PEZLEICHNL
Cu-PHEENIEOBRRBEIKE L TCHER LD EHM I T,

RIZ=T7 a A BE L LTSRN mEMHE Tom
BEZBRIET 2720, PRIEZ 0~0.30 mass% & £ b & #7242
6.35 mm, WJE 0.24 mm O N iE & % RIEL 2,

Fig. 5-6 IC PIRE O R 25 NmEIESE % 0.01 vol. % 5K X
(2 20~80 HERE LB G0, MEWXRIHE EERERESOHN
BRETRT, KHBEVFEKFREL R LEZOIEX, 0.027 mass% P # (1
AMBLEEEN) THDY L 20 HIM TEOREE2 E@T 5 240 um UL E D
EENEC T, —H ., 0%P # (HEEEFEH) T 120 pm, 0.22 mass%
P4 T 110 um, 0.24 mass% P #/ C 80 um, 0.3 mass% P #/ T 70 um
Tholt, WITNLVRERMARBELIBOLONEDN, TOREICKE
RAEBRITBE D DN o T,

Fig. 5-7IC PIREOEZZNEIENE % 0.1 vol.% ¥ Bk 55 P <12
20~80 HERBELAEHZ GO, BEARIHE L, RREREES OB
RZRmT, 0%P M (EREFH) KO 0.027 mass% P # (0 A i F2
) TIX., WEORNE W% 0.24 mm 2L EDOBEENEL T,
— . PEZEICHMLTEZ 0.22~0.30 mass% P # TIix ., 35 M
WEOLLFTAEALCEZEAED 100~150 um TH Y . T DOEAIT N IEE &
o,

Fig. 5-8 12 0.01 vol.% /&% T 0.1 vol.% ¥ 8 & FH < 12 80 H [ I &
LEMEBIICBT2BAEBOMAMBKEER 2 RT, 0 %P # (M
FHI) & 0.027 mass% P A (0 AEEREN) Tix., WIRNEICH
HEWCADMATE, W 2 LRy 2l 0 AR &84 L Ty,
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PAZZEICHERMLT 0.22~0.30 mass% D &4 TlE., BEBoBEROE

ERBOLNT, WTFRLALEROBRBELZ 2L TV,

5-3-2. BEREPHFMICKEDIIY VEOERLEMEE~DEE

PEZEICHBMLIEZG2TIE, BEOFEENZMLL T, LAWK
ERTLHEOICRo, THhIF, mRBRECKHKMLE PITXo T,
MEFERREIZY vBAAERL, BRANTEO pH AR FLEZZ &ici
KLTWwWas2 bR, @ENLDOY VBROARKIT, BE
CE—=F AT THESNTWE R b — R R FiT, EEHTR
ELTENICMANREASISNNTWDE N, D AMEBEE CRIEI N

N

E— RS T TE.HFHEAOLODOH AL U VERBHRH S
N, ZTHix, D ABEBEFTO P REHLTY Y BEBAAERKRLED
DEEZLNLTWD, TZTPRE (0.1~0.5 mass%) DR D
eIl E NN 3.4 g L., 0.01 vol.% ¥ /KK 30
mL PICEE T30 HMRBRESIEEZRABR 2B 7% -7, Fig. 5-9
HBREOWET O VBBEEZNELEKEREZRT PO PRE
2 0.2 mass%Lh FCiX, VU UVBITMmMIBARB CHo7n, PR
FE 2% 0.3 mass% C 1 ppm. 0.5 mass%C 16 ppm & A Bt/ o P E
ODHEMIZHENY, RS2 Vv BEBEELEFLEZ, 7 2bb%
DPEBMT DI LR THETOPMNEL L., U &8 AERK
TLHLZ DRI N,

PZLZEICIHMMLIEAEETIH, ToPrAETFHL, U UEgn
AT A2 ETHEBEEHICEELZEZ TWD EHEEINT, KRIZ
RERBIZCLS TV VBAILETHORRERE~OEELHE
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L7ce RE 1 LOAT AMEEKRIC, FHBAKEBEK 500 mL 2 A1
T, B 150 mm O8] E (0 %P # . 0.027 mass% P #/. 0.24 mass%
PHM) OFWOK 70 mm ZREI 7, 2k, B, iRk T
64 HMFE L T I olc, FMAKEKDOEEILX, 0.001 vol.%

(pH 3.8), 0.01 vol.% (pH 3.2). 0.1 vol.% (pH 2.6) @ 3 fEf &
L7, 70, ¥MBARKBEDOEE % 0.001 vol.% & 0.01 vol.% & L 7=
LW UEBEEMZ, 0.1 vo.L%F M /KB & U pH 2.6 &5 %
LEeERLBIRo, b, BEBITHEMICHEML., XBR7T
TETHTIAMOBME TS Zhberole, BB IZT, B H L
FHEARORBRERBEICL > THEREOAEZ KR J& £ >
Brrh@EoohnlzEpfric o TWrmBlgs £ L -,

Fig. 5-10 IZ B o Wrim Ml ik B 2 4 m 3, 0.001 vol.% ¥ & K &
# TlE. 0.027 mass% P A (0D ABEESH]) D 12, 0.01 vol.% ¥ 2
KB TIE, 0 %P M (EERRFEWN) OHICHEOBERBFELAEL T
Wi, 2ol WMABREICIERBEAOMBIENFER L T
WL ZFOM ORI B IZR O b T . 2w R Ok
HMEEZELTWE, —FH., VrBEzEMLT pH % 2.6 IZHEL =
KBERTIE, MRPOXFBRECELLT ., WTHLOME T Bt
BoOARITIRDO>OLNT, CHBROKEMEZEL, MMOBERBEAD
ELTWhhrol, 0.1 vol.%F MKW TIE., WTFhoREHITH
BOBRRKRBERIIELCL TV AL, L2L, 0 %P # LT 0.027
mass% P M 21X, R AOMBALEL AL Tk, —F., PxZ%
BIRM UM, BIEBEROAEARPRD DT, 2EE A/ O
MEz2LTWwi,

COREBEABRICBNWT, PEZEICEMNMLEGEEDO N TALER
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KD RBO bNRrolc, PEZEBIZHNMLEG2D KD
BRBEE~OPRAD=ALFT, LEDOHENSL, KD KL SHITHE
AHOND, VABEBMICHEET Z2MORRERE TIX., BERAEL
DR A RS (Cu0) ODRIENRTER T 5 2 &35 5 T
WpHERD T PESZBICHEMULEAGE T, U A ERT
LD AERBICHEBILFLDERL IR 2To, 2D LD,
DA ERE S ARG O RE TIE, LT OIS 28 OB & KIS 2k
o TWnbLEBZLRD IR,

(7 7 — K IE)

2Cu — 2Cu” + 2¢”
(oA : 2Cu” + H,O — Cu,0 + 2HY)
P(# #) + 4H,0 — H,PO, + 6H" + 5¢°
(B — R
O, + 4H" + 4e¢” — 2H,0
(TP DOHE A + 0, + 2H,0 + 4e” — 40H)

T = PRI THL8OWMICHE > T#HP O PREHL, Y~
BN AT 2, VUyBOARIE., 7Y — FKIGIZBIT 28 FE o
pH EF (dhdefe) 286+ 5, Z 0@ FKE oMK pHAILIZ X - TH
it oA BHEFEINTL b EHEIND, KHEE&TIE. VA
g X0 4 10 FOPEZHMLTWDZ &b pHIK TR
NIV Lo TWDHEHMIND, TOR K, 0.027 mass% P
Moo ABLEESH) TiX. 0.001 vol.% ¥ KKK ~DIRIEIZL - T

A D BRI L. — . 0.2 mass% P A Tik, A — D
BERETOREDOREPEZ T, RHEBEOKRMEZE L EE X
b,
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AEOXBEHK~OBREARTIT, PEZEIZERNLEG S
TAELDIEBEDN, BMOERTEHAZLABREEL Tk, 2T
Al D POMEN . REOHLRLTEANTHREKRICHIL L
HDTHHEEZLND, MMOBEWRE & TIX., BRAWNEEIZ L
B ORBENAFAEL, Z ORI RBHN T OH%OEEETOR A
R BRI EBORO LI RBARBEEZET D & E X
LTV ARSI p 2 2 BICEMLEZAETERAANTO
DI JONN At g O RBEMP L HEL D LHEZI N
L, T, BIANOBFEROEAT T MBI L., BHIKN D O
FolcttEZ b REEBRBIABRRERD MO BRRE R X
DHREFM~DFEBERENEBICR-TEEEZEXDBND,

5-4. MR

DABEEWE CEET IHRMOBRBEICK I THEBE T P R

EORBIZOWTHAEL, LTFTOHMAEZER,

(1) VARBEHOBWMILETLHLI PRBORRERICEET
KFLEXLNTWER, KFETIE, PEIHLIZEZLEIC
WM+ 22T AL2FBERIDPBEMERDLZ L2 /T
L7,

(2) S o PREDN 0.2 massBPl BiZ7e 2 &, FMEBXTIC

BEOEENIEORRITGILEBER~EELL, BA
DEATHRENEOBRBFEREDOZ NI ERIZR 512,

(3) ZHEoOBHRENERL o> TWDHHESE TOHKO

BREE£EZ., BPARAERNOA L THAR THEICKR > TW
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Do AMPETHELNLMEIE, WEICK T D HOEIRNER
OB L, AR BRR LD EDPHMFINTL,

- 110 -



Others, 18 %

Formicary corrosion,

Pitting corrosion, 2 % 31 %

Fatigue crack, 2 %

Alkali corrosion, 2 %

Stress corrosion crack, 5 %
Erosion corrosion, 5 %
Naturally oxidizing, 15 %

Grooving corrosion, 9 %

Crack under freezing, 11 %

Fig. 5-1 Factors of problems in operation of copper tube.
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M [ _.- Silicon stopper
50 mm e B sl

= 1 }..-- Copper tube
M
100 mm 4--- Polyethylene vessel
(Capacity 2 L)
O DO<1---- Silicon stopper
(= ---- Formic acid aqueous solution

‘_—_
——"" HCOOH. 100 mL

Fig. 5-2 Schematic diagram of the corrosion test cell.
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Cu-0 mass% P Cu-0.03 mass% P Cu-7 mass% P
(Oxygen-free copper) (Phosphorus deoxidized copper) (Phosphorus copper solder)
0.01 vol.% -I lI“ II. *ﬁ . Tl
HCOOH _
0.1 vol.% || |! £9 || |I
HCOOH | # :

Fig. 5-3 Cross-sectional images of Cu-7 mass% P, oxygen free
copper and phosphorus deoxidized copper tubes after 80 days

exposure to 0.01 or 0.1 vol.% formic acid vapor.
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0 mass% P

0.04 mass% P | 0.1 mass% P 0.5 mass% P 1.0 mass% P

0.01 vol.%
HCOCH

0.1 vol.%
HCOOH

Fig.5-4 Cross-sectional images of the deepest corrosion pit

occurred on copper alloy tubes after 20 days exposure to 0.1

vol.% formic acid vapor.
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600

500
400 ¢
300

200

100

Maximum corrosion depth, m/pm

o

0 02 04 06 038 1

P content, C_ (mass%)
Fig. 5-5 Cross-sectional images of the deepest corrosion pit
occurred on copper alloy tubes after 20 days exposure to 0.1

vol.% formic acid vapor.
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—0O—- 0 mass% P
—— 0.024 mass% P
—- 0.22 mass% P
0.24 mass% P

-8 0.30 mass% P

E 300 T T T T T T T T

E_ o

S

£ I px £ A

® 200 | .

°

put I

Rel

»

o I

8 100 | §

e I

=

X

m L

2 0 1 L 1 L 1 L 1 L

0 20 40 60 80 100

Exposure time, t/day

Fig. 5-6 Maximum corrosion depth of various copper tubes as a

function of exposure time to 0.01 vol.% formic acid vapor.
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—O—- 0 mass% P
—2— (0.024 mass% P
- 0.22 mass% P
0.24 mass% P

-8 0.30 mass% P

E 300 T I T 1 T T T I

3 L

g

__.:_:'" I [~ & 2

8 200 | .

©

put I

Rel

w

I ——

3 100F ° .

e I

3

£

>

m L

2 0 1 L 1 L 1 L 1 L

0 20 40 60 80 100

Exposure time, t/day

Fig. 5-7 Maximum corrosion depth of various copper tubes as a

function of exposure time to 0.1 vol.% formic acid vapor.
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0 mass% P [0.027 mass% P| 0.22 mass% P | 0.24 mass% P | 0.30 mass% P

0.01 vol.%
HCOOH

0.1 vol.%
HCOOH

Fig.5-8 Cross-sectional images of the deepest corrosion pit
occurred on various copper tubes after 80 days exposure to 0.01

or 0.1vol.% formic acid vapor.
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20 ———

(ppm)

D
p
—_—
¢y
————
1

-
o
———
]

()]
——
1

PO 43' concentration,

0 do—e —
0 0.2 0.4 0.6

P content, CP(mass%)

Fig.5-9 Phosphate ion, PO4*", concentration dissolved from the

copper alloy chips as a function of phosphorus content.
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pH 0 mass% P 0.027 mass% P 0.24 mass% P
7 ¢
0.001 vol.% :
HCcooH |38
Jre—miay N | n A = Pt N
T | e aea | P e e
0.001 vol.%
HC?OH 26
H,PO,
- AN |- S
[ e s il e
L4 ,K [
0.01 vol.%
HCOOH |32
N A | . ST Prrere sy
Ty | ] | TS
0.01 vol.%
HCE)OH 26
H,PO,
. Al | A A | o P
T | T | e
0.1 vol.%
HCOOH |26
100 pum
T P e Pos==1rwuy a| A =]

Fig.5-10 Cross-sectional images of the deepest corrosion pit

occurred on various copper tubes after 64 days immersion in

pH-adjusted formic acid solution.
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F6E BREICPZAMLIE-Cu-PEEDIENTERE NG

6-1. T L &I

B A BHIZ B 1 D8 J1J & Bl 4L (Stress corrosion crack. LA F . SCC
EMEFEE) X, FEHE AKX LELE Zn OIENIC, P. As, Sb. Si 72
EOWRMIZE > T SCCEZMERMRT LI ERNMBA TS LR
D, ZoF TH P, As, Sbik, B THEOHRME TH K%L
O HILHFETH LMD, KHSIE., Cu-P &4 D SCC T2\ THE
kBl TWDH®I Fig 6-112 P K & &KMo BEF
Mz R34, PIRED 0.02 mass%fRE £ TIE, PREOHMIZ XLV
SCC &= MM KT 2 m %A /"3 2. 0.02mass%ll LD PJRET
TZOKRZMHEOFELWE RIZRDLOAR Y, T 20bb, b ANE
FEE O P IRME T SCC ExMEnfafikigs s 2 LaxH®iEL
TW5, L2l b, AR, ZHEHAZHEFELZEE L L
AECH RV, ERECREZIV I ZEBARIL L O L HE
SND, AZH|MEBICHEN T 28E 1L, — KB A VRITEID
FTERZMEZEEMRE, ~TEVRICHITAMT, 7 =1v
A7 4V EHALEBICESESEDLILODOIE L WVWo LI
XoT, ZhZEnNEHEISHINELLZbDEEZEZIbND, £, &
BRI BN TIHR, ERNLZRN D W ORI L EMEICE > THEE
B Mbs, ZN6DIENTEMHETT SCC RELDLIEAN® D,
Cu-PRZRABEEEBICRBITHL~ATEHMIFEH D SCCIT.EM D P

i MITgOHEERR, EOAENLERNTFLRLILEEZLLN
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5, L,oL, ElL7ZRKE T & SCC OMBICOWVWTHEL ZHE
FHITITE AL E T,

ZIZTE.E S BIZBLWTHROBRBEEMEIZOW TR AL
Cu-0.2~0.4 mass% P A&E&E " ¥V ~7 v #hiF#o sccico
WT, IS hoBlarbmitzB I olc, ~7T T A2 B
IhRhoTEHMEICBWT SCC #E LI ERTZHLNITT D
ZEEHEHME L,

6-2. EEBRAE

i, PIREAEZ 0, 0.027, 0.23, 0.32, 0.38 mass% & &
b 7MEZHE, TNOOMHEIT, fTEDO PREREICHEL
TeeF S 2 R 1173 K COEM ML . Hbrm D R 96 %0
JERE R i 235 2729 2 &L THEHAR 9.52 mm, W/E 0.40 mm (2N
T L., 773 K T900 s DL 2B oV A FHK F TE I 2
FY L THEE, T WHEARAEORBEBERNET D20, Lt D
b, EA 7.00 mm, AJE 0.27, 0.34, 0.40 mm [ZHfF L2 D
ObREARICHIMLE Lz, T 0 OREHRE IR LT, B3
BT LIERBIShERELE~TECMT M T 26 L. B ARR
REE L, "B, ~T7 E PN IIE, Fig. 2-7 (257 (A #5 5]
i EE AW, A 952 mm OHIE THE P ER A 13.0 mm, SR
7.00 mm O §E T 10.5 mm & L7z, SCC#BIX, DIN 50916 *%
DICHEM L TB o7, FHEK TIT. 30 mass% NaOH KKK 1T
XV pH10 (IR : 295 K) IZF % L 72 2 mol/L @ NH4Cl /K& ¥ 7

Ao hnsd, BEXH I3 LOH T AT & — % — (2 NH.CI
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KEEK%Z 1L A, M o8 E 1L, Fig. 6-2 IC/RTE S 3 mm D
TR URIZEONELD K 0.1 mm KREWAREZMIT, £ DR
CELRAR, TV =42 —FofaflofR EicRELELZ, 20
(2 XD L E BT NHACL KSR IS T 5 2 i3 < ke,
AT ECHTEHIXZ, TV — X FWICEML 2L ) IR
5 100 mm BEBLZMEE Lz, BRHEOSiZiE, Y avr s
JAZ®BMLTCESH L, BERBRP ORFIEEIX 303K — &L
L., BRI 604.8ks (168h) & L7,
BERBRLEZSE I CONT, BREKRY 2B ET L5 A1#% O 8
HE O 2 WITEKBEBEZH Y TCERLENBE LI, B, &
BAERY OB EICIE 10 mass% H,SO4 % A W7o, BRI & O L JE
FRET LA, BrmMEl sl o, WmBlLEIL, ~7
BT oMM EE 0 L LELAD 45 MMEICH T DG
TBIRo, £, MEBHBEICB T2 PORITKRNEZHERT D
o, BRAKEME TR ~A 72T 77 A4 % — (FE-EPMA) #
WTEBaIrZ2k 277,

6-3. HERRUEE
6-3-1. PREDZE

Fig. 6-3 [ZE £ 9.52 mm O @il & Z i 17 £ 13 mm T~ 7 & il
T2 LS ea0oR e BREONE ., Mtk oNE ., T IXCO
MmbhAsemToOMEMEBEGEFRE T TN TR, B, W@
BLEALE L, Fig. 6-4 127, WFhoREIZBWTH KD IE
A HER IR B ROEXmMEZBEZ L CObREZHBT S
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FHNRELWHABREOKRFEIRBD N o, £, Wbl
?EGCJ:%LM\ P%%b[]b—(b\foel/\élﬂ%'@ﬂj\ *JAE’?* ﬁ%}ibfb\

%

ol OO, 0.027 mass%ll L O P ZEINL2EE TIE. W
T40ppm BE O R RABENRELCL TV, WTFThoREHZE
WTH, R~ NEFRLEHEICAET S SCC TR D LR
MmMole, TOZENH PREICKDS SCC~DEBEAIZEITR

O oo Tz,

6-3-2. ATEVHITERKOEE

Fig. 6-4 [CEH A 9.52 mm OHFHEIZO>WVWT, ~7 & ihif &M
To#TFHoRBRCEEZ2HELEELHRORBABEE 2R, <
Y RUVLVDOANEEFIBEIEDL LT, EDORENAE LT, Fig.
6-5ZH T ER DI IR 2N 72 5 8 F (IC DWW T, SCC B L 72fi R %A
AT, BLEME L, Fig. 6-4 IR T HEHMBEH TH 5, Cu-0.32 mass%
PED—HTOAHR SCCHrHERI NI (HMHPHAN), LirL,Cu-0.38
mass% P & TIL SCC BNMERTE T, PIREN KITT SCC ~DF
BELSIT, B CTHDH L E X b, Fig. 6-6 IR S iz SCC
DJE KM G H 2~ T, SCC TH LN DR A/ K OFEEIL I
Eo&EEBZOND R LB NN HER I LT,

6-3-3. MEDRAE®D

&
i

HEOAREZES LESA, EoMMESE L, hiFimLic
WTHEEIC TR EEDL LRI ND, Fig. 6-TICIEFERAT
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i AERB I RSB AEO@WERNE L SCC ORI HOW TR
T, Cu-0.32 mass% P % CA/E % 0.27 mm & L /=412 SCC 28 4E
U7, Fig. 6-8 1T SCC AR SN IR LMk EE %2R
TR ABRICMZA TEZIS NI 2E N NHER I L, Fig. 6-9
PR R LS A OMERIE L SCCOBEFRIC DV THRT .,
PZ@HML, 2"OHREDOHEWME T, SCCIZX BT LN L
B Sz, Fig. 6-10 12 SCC R RAE LW 2K L 7ZHES
BZp3Rd, WTIhbRR{ICHhTHNBHRTE D,
UEofR, AEXRES, 2o IFIMTRKICKEFELEZ#HE O
MW SCC ZAULRTLKTHIENMRINTL, 2T, REDOHE
WHIE X EWmOMEBERER T EEM LT L2 E0NEL <,
BERRYET D (A —RERELD) 2L TREBREEIS N
ATT,.SCCofERERrledlExbl, k., WE % #<
L7ZHEICBT DMER S OFEIL, P % 0.027 mass%inc il L 7=
LT SCCEZMENEEDILODO, PREREOHMN 0.027~0.38

mass% ClX SCC EZ D EZR TR MTH - 7=,

6-3-4 BREPARAMEENOCNBEEI NG

AT E T2, AT I EHE To SCC X, #%E ORNEDNE
K<, HOWHITFMITHFICRFELELODOFD SCC 24 LT <2
52 L. TOBEOMEIES TIEX., PEIRMT 52 & TRERZMENS
FH5HLOO P EEHI D 0.027~0.38 mass% T D &= M D 2 B X
MM THHrZ EERLE,

D SCCIZKIEFT PIHRMOELE T, IIME 0.005 mass%ll | T
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SCC E=ZMENRO L, 72, 0.028~0.46 mass% T SCC &= %
NRICE ED ZEBRMONTWDEHLD UL, il o P
MARFEKLOCRAE N, Wb D SCC I LT TFEMR AN =
ZRTWVWEEHLNE RS> TRV, KHL 3N P ok i~
DVHRAT N EEL TV DHEBEX, HEICEIVBERBELAICE T
P &~ KU vy 27 XD 100 58 E ORI 2 06tk 2k~
TW5, Fig. 6-11 {Z Cu-0.027 mass% P 4 } O° Cu-0.38 mass% P &
DfEEPLIZBIT D P OIFEIERRE L FE-EPMA IZ L 0 A& L 72/ R
AT, WTNNOREBIZEWTHRAS~DREITIZRD R
Too TAVIE. ARBHE R o BV T I B v TEVE AL 2N 38 AR L AR
Mool b b RFRMTE RS FEET D GBIV & HE 2
N PEEHBEICEHEMLTS SCCEZENER LAahoz 2 &
. POFELWHRARBIABEBNZ EREERT LI LEEZ DN,

6-4. /NiE

BB OMATTICBT2~TE BT ZHEEL, P & 0.2

~0.4 mass% & MBEICIHRMLEEASICEBIT 5 SCCHHFAEL -,

SonHmiTko@EY Th D,

(1) ~7 ey Lg% 9.52 mm, WE 0.4 mm O E Tix,
P % 0.027 mass%ll EIRIN$ 5 2 & T — kR TEEM 22 K R
BNRELD2 OO, REMICERISINERLEZISHER
HNIFERTCE o,

(2) ~7ECrMF@HE BT, BMEMNBRIARY L&D L,
PARAMBMMEINTEE TCISANBEINANDAELRS TS o, Z
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Fig. 6-1 Relationship between alloy composition and stress
corrosion susceptibility of various binary copper alloys in
ammoniacal atmosphere under tensile stress of 10,000 psi

(68.9MPa). ™ 1)
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Fig. 6-2 Picture of test piece layout for stress corrosion

cracking.
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Microstructure of

After corrosion test After acid wash .
cross section
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Cu-0.38 mass% P | Cu-0.32 mass% P | Cu-0.23 mass% P |Cu-0.027 mass% P| Cu-0 mass% P

Fig. 6-3 Relationship between P concentration and stress
corrosion cracking susceptibility in copper tubes with outer

diameter of 9.52 mm and wall thickness of 0.40 mm.
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The position of cross section observation.

Mandrel
position:

Backward
(-4 mm)

Optimum

Fig. 6-4 Copper tube profiles after hairpin bending for different

mandrel positions.
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Fig. 6-5 Effect on stress corrosion cracking due to change in

mandrel position. Stress corrosion cracking was observed in the

circled region.
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Fig. 6-6 Cross-sectional photograph of Cu-0.32 mass% P alloy
tube after hairpin bending for backward mandrel position.
Enlarged picture of Cu-0.32 mass% P alloy in Fig. 6-5 confirms

SCC.
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Wall thickness: 0.27 mm | Wall thickness: 0.34 mm | Wall thickness: 0.40 mm

O
O

Fig. 6-7 Relationship between wall thickness and stress

1 mm

Cu-0.38 mass% P |Cu-0.32 mass% P |Cu-0.23 mass% P |[Cu-0.027 mass% P| Cu-0 mass% P

corrosion cracking in copper tubes with normal hairpin bending.
Mandrel is located at optimal position. Stress corrosion cracking

is observed in the circled region.
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Fig. 6-8 Cross sectional photograph of Cu-0.32 mass% P alloy
tube with wall thickness of 0.27 mm. Enlarged pictures of circled

area in Fig. 6-7.
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Wall thickness: 0.27 mm | Wall thickness: 0.34 mm | Wall thickness: 0.40 mm
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Cu-0.38 mass% P | Cu-0.32 mass% P | Cu-0.23 mass% P |Cu-0.027 mass% P| Cu-0 mass% P

-

Fig. 6-9 Relationship between wall thickness and stress

1 mm

corrosion cracking in copper tubes with unsuccessful hairpin
bending. Mandrel position is offset -4 mm. Stress corrosion

cracking is observed in the circled region.
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(a) Cu-0.027 mass% P, (b) Cu-0.32 mass% P,
wall thickness: 0.34 mm wall thickness: 0.34 mm

(c) Cu-0.32 mass% P, (d) Cu-0.38 mass% P,
wall thickness: 0.27 mm wall thickness: 0.27 mm

Fig. 6-10 Enlarged pictures of Cu-P alloy in Fig. 6-9 confirms
SCC.
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Fig. 6-11 P distribution in Cu-P alloys using FE-EPMA.
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