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F ig.  2 -12  Vickers  hardness  d is t r ibut ions  in  the c ross  sect ion.  
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F ig.  2 -13 Appearance  of  ha i rp in  bend ing copper tubes .  The 

bend ing p i tch was 18  mm.  
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3-1 .    

 

1

1 - 3 )

 

J IS  H3300

Table  3 -1

J IS  H3300 C1220

O
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F ig .  3 -1

 

 

 

3-2 .    

 

J IS  H3300  C1220 Cu-0 .027  mass% P

14 .8  mm 1.2  mm

98  %
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Fig .  3 -2

4  

0 .58  m/s 30  

14 .7  mm

25  mm/m

1.7  mm/m 14 .80  mm

 

J IS  Z2241

11 400  mm

50  mm

r 4  

r  

r  /  



 - 58 -

 

  r  =  | R D  /  N D |  

R D N D

2 ) 5  

EBSD
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(100) (110) (111) (311)

22  
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3-3 -1.    

 

F ig .  3 -3

98  % 450 MPa

429 MPa 21  MPa
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F ig .  3 -4 98  %

 

Fig .  3 -5 0 .01 0 .5  kgf

0 .05  kgf

0 .05  kgf

4  m  
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3-3-2.    

 

3 - 6 )  

3 - 5 ) Go t t s t e in

6 )

F ig .  3 -6 98  %

Fig .  3 -7 SEM-EBSD KAM Kernel  Average  
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Miso r i en ta t ion  Value KAM

KAM

 

7 ,  8 )

F ig .  3 -8 ODF

98  %

Cu Goss

Cu

Goss

Cu Goss

FCC Ta ylo r

9 ) Taylo r
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Table  3 -1 Mechan ica l  p roperty  o f  J IS H3300 C1220.  
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F ig.  3 -1  Var ia t ions in  c ross  ro l l  s t ra igh ten ing .  
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F ig.  3 -2  Schemat ic  d iagram of  c ross ro l l  s t ra ighten ing  used in  

th is  exper iment .  
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F ig.  3 -3  Re la t ionsh ip  between tens i le  s t rength and c ross

sec t iona l  reduct ion ra t io .  
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F ig.  3 -4  D is t r ibu t ion  o f  hardness  in  the d i rec t ion o f  wal l  

th ickness  of  a  tube wi th  a  d raw ra t io  o f  98  %.  The st ra ight  l ine s 

are  d rawn by the least -square method.  
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F ig.  3 -5  Vickers  hardness  in  dep th d i rec t ion measured wi th  

var ious tes t ing load ranging f rom 0 .01 to  0 .5  kgf .  
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F ig.  3 -6  Microst ructu re  o f  mater ia l  sub jec ted  to  98% drawing 

ra t io  (a )  before st ra igh ten ing and (b )  a f ter  s t ra ighten ing.  
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F ig.  3 -7 KAM va lues of  copper tube  sur face  layer.  
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F ig.  3 -8  Resu l ts  o f  measurement  o f  ODF for  copper  tubes  befo re  

and af te r  s t ra ighten ing.  
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4 Cu-Ni -P  

 

4-1 .   

 

F ig .  4 -1

Fig .  4 -2

1050  K

Fig .  4 -3 1123  K

Fig .  4 -4

1123  

 



 - 76 -

Co-P

J IS  H3300  C1862 Cu-Co-Sn-Zn-Ni -P

1 ) C1862 1050  K

Co 2 P

2 ) Co 2 P Fe-P 3 )

P Ni-P

P Table  4 -1

Ni-P

1150  K

 

P

Cu-Ni -P

1385  K Ni 2 P

 

 

4-2 .   

 

Cu-0 .93  mass% Ni -0 .24  mass% P 

Ni 2 P

Ni P at .% 2:1

1 . 5  a t .%

Fig .  4 -1
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1173 K 95  % 1173 K

10  s 30  %

923  K 1 .8  ks

1123  K 30  s

C1220 Cu-0 .027  mass% P

773  K 1 .8  ks

 

J IS  5 J IS  Z2241

298  K

TEM TEM

0.1 0 .2mm

3mm

5 3 2 240  K
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4-3 .   

4-3 -1 .    

 

F ig .  4 -5 Cu-Ni -P

Cu-Ni -P 20 0  K

Cu-Ni -P 0 .2  %

95  MPa 295  MPa 37  % 0 .2  %

44 MPa 239 MPa 47  %

Cu-Ni -P

 

F ig .  4 -6 1123 K

30  s

21 2 MPa

27  MPa Cu-Ni -P

357 MPa 62  MPa  

Fig .  4 -7

Cu-Ni -P N i P

100 m

Cu-Ni -P C1220

 

Fig .  4 -8 Cu-Ni -P

10  % IACS
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5  % IACS IACS In te rnat ional  

annea led  copper  s t andard

1 .7241 10 - 8  100  % IACS

Cu

 

Fig .  4 -9 4-10 Cu-Ni -P

TEM 20 100  nm

5 10  nm 2

-Ni 1 2 P 5

Ni 2 P 5

10  nm

Ni 2 P Cu-Ni-P

Ni 2 P 4 ) Ni 1 2 P 5
5 ) N i 5 P 4

6 )

Ni 2 P Ni 1 2 P 5
7 )
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Cu-Ni-P

60  MPa

Ni 2 P

-Ni 1 2 P 5 Ni 2 P

 

 

4-3-2   

 

Cu-Ni -P

1050  K

Ni 2 P

Cu-Ni -P 8 ) 1050 K

1123 K

1  mm

 

Fig .  4 -11 4-12 1123 K 30  s
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1123 K

 

Fig .  4 -13 4-14 1123 K 30 s

573 873  K
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773  K 773  K
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773 K 100 s

Ni 2 P
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4 )

Ni 2 P 723  K
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Cu -Ni -P

 

1 Cu-Ni -P 1 050  K
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10  nm N i 2 P  

3 Ni 2 P 773  K 100 s

 

4 Cu-Ni-P

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 - 84 -

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

F ig.  4 -1  Manufac tur ing p rocess es  o f  heat  exchanger.  
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F ig.  4 -2  Heat ing o f  copper  tube in  b raz ing.  
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F ig.  4 -3  Rela t ionsh ip  be tween hea t ing tempera tu re  and tens i le  

s t rength  in  b raz ing  at  1123K.  
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F ig.  4 -4  Re la t ionsh ip  be tween hea t ing tempera tu re  and  

micros t ruc tu re  in  braz ing  a t  1123K.  
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Tab le  4 -1 Charac ter is t ics  o f  N i -P compound.  
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F ig.  4 -5  Sof ten ing charac te r is t ics  o f  the  samples .  
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F ig.  4 -6  Change in  tens i le  s t rength  o f  the samples  before  and  

af ter  heat  t reatment  wh ich  is  s imu lated fo r  the b raz ing a t  1123 K 

for  30  s .  
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F ig.  4 -7 Opt ica l  m ic ros t ruc tu re of  the samples before  and af te r  

heat  t rea tment  wh ich  is  s imu lated for  the b raz ing a t  1123 K for  

30 s .  
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F ig.  4 -8  Change in  e lect r ic  conduct iv i t y  for  each  work ing 

process .  
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F ig.  4 -9  Re la t ionsh ip  be tween cool ing ra te  and Vickers  

hardness .  
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F ig.  4 -10  Rela t ionsh ip  between coo l ing ra te  and e lec t r ic  

conduct iv i t y,  in  the coo l ing p rocess f rom 1123K.  
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F ig.  4 -11  Age harden ing curve in  coo l ing p rocess  f rom 1123K.  
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F ig.  4 -12  Change in  e lec t r ic  conduct iv i t y  the coo l ing p rocess  

f rom 1123K.  
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F ig.  4 -13 TEM images of  Cu -Ni -P a l loy  a f ter  annea l ing a t  923K.  

(a )  Br ight  f ie ld  image,  (b)  Dark  f ie ld  image of  f ine p rec ip i ta tes.  

(c)  Dark  f ie ld  image of  coarse p rec ip i ta tes.  
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F ig.  4 -14 TEM images of  Cu -Ni -P a l loy  a f te r  hea t  t rea tment  

wh ich is  s imu la ted for  the b raz ing  a t  1123 K.  (a )  Br igh t  f ie ld  

image,  (b )  Dark  f ie ld  image.  
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5 Cu-P P  

 

5-1 .   

 

1 ) F ig .  5 -1 UACJ   

R&D 2013 1 55
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2 )

1 ,  1 ,  1 -
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J IS  H3300  C1220 Cu-0 .015

0.040  mass% P

P

3 ,  4 ) P C1020

5 ,  6 )  

P

 

 

5-2 .    

 

P P 0 .04 7  mass%

3 mass % P

0. 04 1 mass% P

 

19 92  

7 ) 2011

3 ,  4 )

2  L 100 mL

0 .01 0.1  vol .% Fig .  5 -2

20 50 80 1  22  h
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313  K 2  h 293 298  K

1  

313  K 5  vo l .%

m

8 )

3 5

 

 

5-3 .   

5-3 -1.  P  

 

F ig .  5 -3 Cu-7  mass % P 0 .01  vol .%

0.1  vol .% 80 
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P 7  mass% 10  m

P

 

Fig .  5 -4 P 0 1  mass%

0.01  vol .%

0 .04  mass% P 0 .1  

mass% P 200  m 210  m

0  %P 0 .  mass % P

50  m

0.1  vol .%

0 .04  mass% P

0.1  mass% P 0  %P

400 250 300 m

0 .1  mass % P 100 m

0 .01  vol .%
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Fig .  5 -5 0 .1  vo l .% P

0 .04  mass% P

0 %P P 0 .1  

mass% 0 %P
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0 .25  mm P

Cu-P  

P 0 0 .30  mass%

6.35  mm 0.24  mm  

Fig .  5 -6 P 0 .01  vo l . %

20 80  

0 .027  mass% P

20  24 0 m

0 %P 120  m 0.22  mass% 

P 110  m 0.24  mass% P 80  m 0 .3  mass% P 70 m

 

Fig .  5 -7 P 0 .1  vo l .%

20 80  

0  %P 0.027  mass% P

0 .24  mm

P 0.22 0 .30  mass% P

100 150  m

 

Fig .  5 -8 0 .01  vo l .% 0.1  vo l .% 80  

0  % P

0 .027  mass% P
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P 0 .22 0 .30  mass %

 

 

5-3-2.   P  
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P

pH

5 )

P

P 0.1 0 .5  mass %

3.4  g 0 .01  vol .% 30 

mL 30 Fig .  5 -9

P

0 .2  mass% P
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1  L 500  mL

150  mm 0 %P 0.027  mass% P 0.24  mass% 

P 70  mm

64  0 .001  vo l .%

pH 3 .8 0 .01  vol .% pH 3 .2 0 .1  vol .% pH 2 .6 3

0 . 001  vol .% 0 .01  vol .%

0 .1  vo l .% pH 2 .6

 

F ig .  5 -10 0 .001  vo l . %
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P

Cu 2 O

2 P

9 )  

 

2Cu →  2Cu +  +  2e -  

2Cu +  +  H 2 O →  Cu 2 O +  2H +  

P( )  +  4H 2 O →  H 2 PO 4
-  +  6H +  +  5e -  

 

O 2  +  4H +  +  4e -  →  2H 2 O 

( O 2  +  2H 2 O +  4e -  →  4OH - )  

P

pH pH

10  P pH

0.027  mass% P

0 .001  vo l .%

0 .2  mass% P
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F ig.  5 -1 Factors  o f  prob lems in  operat ion of  copper tube .  
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F ig.  5 -2  Schemat ic  d iagram of  the cor ros ion  test  ce l l .  
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F ig.  5 -3  Cross -sect iona l  images of  Cu -7 mass% P,  oxygen f ree 

copper  and  phosphorus  deoxid ized  copper  tubes  af te r  80  days  

exposure  to  0 .01 or  0 .1  vo l .% form ic  ac id  vapor.  
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F ig.5 -4  Cross-sec t iona l  images of  the  deepest  cor ros ion  p i t  

occurred on copper a l loy  tubes af ter  20 days  exposure  to  0 .1  

vo l .% fo rmic  ac id  vapor.  
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F ig.  5 -5  Cross -sect iona l  images of  the deepest  cor ros ion p i t  

occurred on copper a l loy  tubes af ter  20 days  exposure  to  0 .1  

vo l .% fo rmic  ac id  vapor.  
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F ig.  5 -6  Maximum corros ion depth o f  va r ious  copper  tubes  as  a  

funct ion  of  exposure  t ime to  0 .01  vo l .% fo rm ic  ac id  vapor.  
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F ig.  5 -7  Maximum corros ion depth o f  va r ious  copper  tubes  as  a  

funct ion  o f  exposure  t ime to  0 .1  vo l .% form ic ac id  vapor.  
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F ig.5 -8 Cross-sec t iona l  images of  the  deepest  cor ros ion  p i t  

occurred on var ious copper tubes af te r  80  days  exposure  to  0 .01 

or  0 .1vo l .% fo rm ic  ac id  vapor.  
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F ig.5 -9  Phosphate  ion ,  PO 4
3‒ ,  concent ra t ion  d isso lved  f rom the  

copper  a l loy  ch ips  as  a funct ion  of  phosphorus content .  
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F ig.5 -10 Cross -sect iona l  images of  the deepest  cor ros ion p i t  

occurred  on  var ious  copper  tubes  a f ter  64  days  immers ion  in  

pH-ad jus ted fo rm ic  ac id  so lu t ion.   
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6 P Cu-P  

 

6-1 .   

 

S t re ss  co rros ion  c rack .  SCC

Zn P As Sb Si

SCC

1 ) P As Sb

2 ) Cu-P SCC

3 ) Fig .  6 -1 P

P 0.02  mass% P

SCC 0.02  mass% P

P SCC

SCC

Cu-P SCC P
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SCC

 

5

Cu-0 .2 0 .4  mass % P 4 - 6 ) SCC

SCC

 

 

6-2 .    

 

P 0 0 .027 0 .23 0 .32 0.38  mass%

P

1173  K 96  %

9.52  mm 0.40 mm

773 K 900 s

7 .00  mm 0.27 0.34 0 .40  mm

Fig .  2 -7

9 .52  mm 13 .0  mm

7.00  mm 10.5  mm  SCC D IN  50916

7 ) 30  mass% NaOH

pH 10 295  K 2 mol / L NH 4 Cl

13  L NH 4 Cl
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1  L Fig .  6 -2 3  mm

0.1  mm

NH 4 Cl

100 mm

30 3 K

60 4.8  ks 168 h  

10  mass% H 2 SO 4

0  45  

P

FE-EPMA

 

 

6-3 .  

6-3 -1 .   P  

 

F ig .  6 -3 9 .52  mm 13  mm

45 °

Fig .  6 -4
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P

0 .027  mass% P

40  m

SCC

P SCC

 

 

6-3-2.    

 

F ig .  6 -4 9 .52  mm

Fig .  

6 -5 SCC

Fig .  6 -4 Cu-0 .32  mass% 

P SCC Cu-0.38  

mass% P SCC P SCC

Fig .  6 -6 SCC

SCC
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SCC

Cu-0 .32  mass % P 0 .27  mm SCC

Fig .  6 -8 SCC

Fig .  6 -9

SCC

P SCC

Fig .  6 -10 SCC

 

SCC
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P 0 .027  mass %

SCC P 0.027 0 .38  
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6-3-4 P  

 

SCC

SCC
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P 0 .027 0 .38  mass%
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F ig.  6 -1  Rela t ionsh ip  be tween a l loy composi t ion and s t ress  

cor ros ion suscept ib i l i t y  o f  va r ious b inary  copper  a l loys in  

ammoniaca l  a tmosphere  under  tens i le  s t ress  o f  10,000  ps i  

(68 .9MPa) . 1 )   
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F ig.  6 -2  P ic tu re  o f  tes t  p iece  layout  fo r  s t ress  cor ros ion  

c rack ing .  
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F ig.  6 -3  Re la t ionsh ip  be tween P concent ra t ion  and st ress 

cor ros ion c rack ing suscept ib i l i t y  in  copper  tubes wi th  ou te r  

d iameter  o f  9 .52 mm and wa l l  th ickness o f  0 .40  mm.  
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F ig.  6 -4  Copper  tube p rof i les a f te r  ha i rp in  bending fo r  d i f ferent  

mandre l  pos i t ions .  
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F ig.  6 -5  Effect  on  s t ress  cor ros ion  c rack ing due to  change in  

mandre l  pos i t ion.  St ress  corros ion  c rack ing was observed  in  the  

c i rc led  reg ion .  
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F ig.  6 -6  Cross -sect iona l  photograph of  Cu -0.32 mass% P a l loy 

tube  af te r  ha i rp in  bend ing for  backward mandre l  pos i t ion .  

En la rged  p ic tu re  o f  Cu -0 .32  mass% P a l loy in  F ig.  6 -5  conf i rms 

SCC.  
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F ig.  6 -7  Re la t ionsh ip  between wa l l  th ickness and s t ress  

cor ros ion  c rack ing in  copper  tubes  wi th  normal  ha i rp in  b end ing.  

Mandre l  i s  loca ted  at  op t ima l  pos i t ion.  St ress cor ros ion c rack ing 

is  observed  in  the  c i rc led reg ion.  
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F ig.  6 -8  Cross  sect iona l  photograph of  Cu -0.32 mass% P a l loy  

tube  wi th  wa l l  th ickness  o f  0 .27 mm.  En la rged  p ic tu res  o f  c i rc led 

area in  F ig .  6 -7 .  
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F ig.  6 -9  Re la t ionsh ip  between wa l l  th ickness and s t ress  

cor ros ion  c rack ing in  copper  tubes wi th  unsuccess fu l  ha i rp in  

bend ing.  Mandre l  pos i t ion  is  o f fse t  -4  mm.  St ress  cor ros ion 

c rack ing is  observed in  the  c i rc led reg ion.  
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F ig.  6 -10 En la rged p ic tures o f  Cu-P a l loy in  F ig .  6 -9  conf i rms 

SCC.  
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F ig.  6 -11 P d is t r ibut ion in  Cu -P a l loys  us ing FE -EPMA.  
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