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TECHNICAL PAPER

Promoting the Widespread Use of Copper Pipes
for Public Drinking Water”

Shiro Sato** and Haruo Saito* **

A variety of types of pipes made of lead, copper, rigid PVC, polyethylene, iron/steel coated with
resin and stainless steel have all been used with their joints in the water distribution systems for
many years. Experiences have shown that each of those types of pipes has its own characteristics
including the drawbacks, such as insufficient corrosion resistance, sensitivity to crack, unreliable
joints, cost disadvantages and so forth, and the merits vice versa. Though the status of various
water pipes has not been clarified due to the complexity and the vastness of water distribution
systems, the recent accomplishments of questionnaire survey by the Japan Water Plumbing
Engineering Promotion Foundation succeeded to unveil the status of the pipes and joints used in
260 Japanese water distribution systems in the years of 1999, 2000 and 2001. The status report has
been summarized and the consideration has been made on "Promoting the Widespread Use of
Copper Pipes for Public Drinking Water".

(1) Average number of water leaks of pipes and joints were surprisingly large, 67,526/yr for pipes
and 35,735/yr for joints.

(2) Majority of water leaks of the pipes are caused by (a) corrosion of lead pipes, (b) cracks of
polyethylene pipes and (¢) cracks of rigid PVC pipes.

(3) Majority of water leaks of the joints are caused by (a) cracks in the joints of rigid PVC pipes,
(b) corrosion in the joints of lead pipes and (¢) disengagement of the joints of rigid PVC and/
or polyethylene pipes.

(4) Water leaks per unit water works are much less for the pipes and joints of copper and/or
stainless steel than for those of lead, rigid PVC and/or polyethylene.

To promote the use of copper pipes in the water supply systems, it is important to compare
reasonably the service performances of copper pipes and joints with those of other pipes and

recommend the waterworks to use the copper pipes with particular emphasis on the merits of

copper pipes for the reduction of probable risks of water leakage during services.

1. Introduction

Usually, public drinking water or tap water is
first drawn at a water source and then it flows
through a purification plant, reservoir, and
pumping station. From there it is delivered
through the external distribution system com-
posed of the water mains (feeder mains with an

* This paper has been presented orally in Japanese at
the 45" annual Meeting of the Institute for R & D on
Copper and Copper Alloys sponsored by JCBA,
November 4-5,2005, Osaka University

«+  Dr. Eng., Advisor, Sumitomo Light Metal Industries, Ltd.

«+x Manager, Technical Development Department, Japan
Copper Development Association

inner diameter of more than 400 mm; service
mains with an inner diameter of 50 to 350mm)
and the service pipes (with an inner diameter of
less than 50mm ) to the individual service con-
nections. Then it is carried through the internal
distribution system to the point of use for each
consumer. It is said that copper pipes are one of
the most suitable materials for water service
pipes and have been being used worldwide for
several decades.

In Japan, however, the use of copper service
pipes for external water distribution system has
been very limited. In this paper, we discuss a
guideline for promoting the widespread use of
copper service pipes in the external water
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distribution system.
Copper pipes used for internal distribution are
not discussed here.

2. Present Status of Service Pipe in Japan

In 2003, the Japan Water Plumbing Engineer-
ing Promotion Foundation (Chuo-ku, Tokyo)
has conducted a nation-wide questionnaire sur-
vey! on the status of water distribution sys-
tems in the year of 1999, 2000 and 2001 for 400
water works in Japan and got the replies from
260 of them.

According to the result of the questionnaire
survey on the materials of water service pipes
being used today, polyethylene is the most
widely used material in service pipes at present
(28%), followed by ductile cast iron (18%),
high-impact rigid PVC (18%), rigid PVC-lined
steel (12%), rigid PVC (7%) and stainless steel
(6%). Copper pipes are only being used by four
water works (1.5%). In contrast, it is well
known that, in Europe and the U.S., copper
pipes have been used more widely for service
pipes of external water distribution systems.

The results of a survey?’ conducted by the Ja-
pan Copper Development Association in 1999 re-
vealed that the volume of copper pipes used
annually for water distributing pipes for both
tap water and hot water is 350,000 tons in
Europe and 321,000 tons in the U.S. against a
mere 18,489 tons in Japan. That is, Japan's fig-
ure is only one-nineteenth of Europe's and one-
seventeenth of the U.S.'s.

Table 1 shows chronological changes in the
materials of service pipes used by water works
in Japan'. For the first 50 years after the mod-
ern water works system had been introduced in

Japan in late 19" century, lead pipes were used
for service pipes in almost all cases, following
the model of Europe and the U.S. From the peri-
odical publications in the earlies of JWWA
(Japan Water Works Association), it is sug-
gested that the market promotion of copper
service pipes for water distribution systems
have been performed enthusiastically during the
period from the 1910’s to the 1930’s®. However,
the promotion of copper service pipes had often
been sporadic due to the wars and other factors,
and had been almost unsuccessful until the
1960’s.

Since the beginning of the 1960’s, activities to
promote the use of copper service pipes have
been pursued by the newly established Japan
Copper Development Association with successful
results, including the solution of the problem of
patina® which had traditionally been misunder-
stood as poisonous for human health in Japan.
Since then, copper pipes have succeeded in get-
ting a considerable share of indoor hot-water
distributing pipe market, but they were almost
unsuccessful to get the share in the market of
outdoor tap water service pipes because of the
invasion of strong competitors of new comers,
the pipes of, such as, PVC and polyethylene fol-
lowed by stainless steel.

3. Failure Analysis on the Leakage
of Water Pipes and Joints

Water pipes should meet the following re-
quirements :
(1) Economy : Appropriate prices, including for
the joints
(2) Chemical stability : Preserve water quality
and resist corrosion

Table1 Chronological changes in the type of service pipes used by Japanese water works. (Figures in the

Table represent the total number of water works where corresponding service pipes had been used.)

1899 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
Copper pipe 0 0 0 5 20 17 23 24 17 5 5 4
Lead pipe 6 9 19 54 107 114 152 161 98 14 2 2
Polyethylene pipe 0 0 0 0 0 0 17 30 60 55 18 19
Polyethylene
. 0 0 0 0 0 0 7 15 37 68 135 152
double-layer pipe
Stainless steel pipe 0 0 0 0 0 0 0 0 0 15 35 37
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(3) Workability : With emphasis on the work-
ability such as bending and expansion and the
reliability of the connections and joints

(4) Durability : Resistance to the environment
and the outside stress under a variety of service
conditions.

One of the authors (Sato) learned from the
presentation by Yokozawa (Technical Manager
of Bureau of Water Works, Tokyo Metropolitan
Government) that the Bureau has to deal with
more than 30,000 water leaks annually in the
water distribution systems within their jurisdic-
tion”’. This figure of water leaks of more than
30,000 was surprising and ,therefore, from the
view point of reducing water leaks in the water
distribution system, it seems reasonable to ad-
vocate the merit of expanding use of copper
pipes by demonstrating the advantage of copper
pipes on anti-leakage characteristics over other
competing pipes®’.

The results of the questionnaire survey! on
water leaks in the external water distribution
systems of pipes and joints in the year of 1999,
2000 and 2001 are shown in Table 2 or Table 3
and summarized as following.

(1) The pipes studied were of the following
eight types : Dlead, @ copper, @ galvanized
steel, @rigid PVC, @rigid PVC-lined steel,

®polyethylene (double-layer), Mstainless steel,
®others.

(2) The numbers of water leaks counted on the
pipes and the joints were as follows : 68,109 and
37,066 in 1999, 70,197 and 33,956 in 2000, and
64,276 and 36,183 in 2001, respectively.

(3) The phenomena responsible for leaks are ;
(DMajority of water leaks from the pipes are :
(a) corrosion of lead pipes, (b) cracks in poly-
ethylene pipes, and (c¢) cracks in rigid PVC
pipes.

@Water leaks from the pipes per each water
work occur in the following order of frequency :
(a) lead pipes, (b) polyethylene pipes, (¢) copper
and rigid PVC pipes. Stainless steel pipes have
the least number of water leaks.

@ The major causes of water leaks from joints
are . (a) cracks in the joints of rigid PVC pipes,
(b) corrosion in the joints of lead pipes, and (c)
disengagement of the joints of rigid PVC or
polyethylene pipes.

@The joints of stainless steel and copper pipes
have much fewer water leaks than others.
(®Water leaks from joints per each water work
occur in the following order of frequency : (a)
joints of rigid PVC pipes, (b) joints of lead
pipes, and (¢) joints of polyethylene pipes. The
joints of stainless steel and copper pipes have

Table 2 Leaks of water pipes, materials and related phenomena. (Cumulative for 1999-2001)

) Cumulative number of leaks by
Response Number of water leaks and percentage by type of pipe (%) . .
pipe materials
Materials Cracks Corrosion Freezing Total Per
£ i Cumulative
ol pipe ) Percentage Percentage Percentage Percentage correspond-
number of |Number . Number . Number ¢ Number ¢ ing water
o o o o
water work | of Jeaks of leaks of leaks of leaks
occurrence occurrence occurrence occurrence work
Lead 377 16,485 15.47% 89,910 84.36% 178 0.17% 106,573 52.48% 848
Copper 134 931 10.82% 7,563 87.93% 107 1.24% 8,601 4.24% 182
Galvanized iron 2170 1,493 14.16% 8,224 77.98% 829 7.86% 10,546 5.19% 117
Rigid PVC 453 22,224 92.23% 1,532 6.36% 340 1.41% 24,096 11.87% 160
Rigid PVC-
lined ; 153 1,954 61.58% 1,136 35.80% 83 2.62% 3,173 1.56% 62
ined iron
Polyethylene 320 38,640 97.86% 229 0.58% 617 1.56% 39,486 19.44% 371
Stainless steel 43 344 96.09% 8 2.23% 6 1.68% 358 0.18% 24
Others 174 3,185 31.08% 6,619 63.62% 543 5.30% 10,247 5.05% 176
Total number of
leale 85,256 41.98% 115,121 56.69% 2,703 1.33% 203,080 100.00%
eaks per cause
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much less water leaks than others.

4. Issues to be Resolved Regarding
Copper Service Pipes

In the market place of service pipes for water
distribution system, the pipes of different mate-
rials, such as those of copper, PVC , polyethyl-
ene and stainless, are competing each other. The
cost versus performance relation is of vital im-
portance. In this sense, some considerations to
stimulate the use of copper service pipes are pre-
sented in the sentences bellow.

4.1 Appropriate dimension

In October of 2004, by the request of JCDA, an
experimental investigation has been made by
the Tokyo Metropolitan Industrial Technology
Research Institute on the rigidity of various
types of service pipes. The pipes used in the ex-
periments were polyethylene double-layer pipe,
PVC pipe, copper pipe and stainless steel pipe of
50mm in nominal (bore) size as specified in the
Standards of Japan Water Works Association
(JWWA) or Japanese Industrial Standard
(JIS) as shown in Table 4 .

The experiments were to measure the external
bending load for the bending stroke displace-
ment of Smm, 10mm and 15mm on each pipe.

Fig. 1 shows the results of the measurements.
The resistance of copper pipes against bending
load is much higher than those of resin pipes
and stainless pipes of similar bore size. In a
sense of market competence, this does not neces-
sarily mean the advantage of copper pipes in the
rigidity but rather means that the wall thick-
ness of copper pipes is specified to excessive level
than those of other types of pipes. There seems
to be room for reviewing the standard sizes of
copper service pipes in terms of cost reduction.

4.2 Reviewing the past service records of
copper pipes

According to the total number of water leaks
in pipes and joints shown in Table 2 and Table 3,
copper pipe has higher reliability than resin
pipes for leaks in either pipes or joints but it
seems to be somewhat less reliable than stainless
steel pipe. When comparing the reliability of
copper and stainless steel pipes, however, you
should not overlook the difference in the dates
when they started installing these and the dif-
ferences in period of use between copper and
stainless steel pipes as demonstrated in Table 1.
Most copper pipes were laid before the 1970’s,
while many stainless steel pipes were laid after
the 1980’s. This difference in time of installation

Table 3 Leaks of pipe joints, pipe materials and related phenomena. (Cumulative for 1999-2001)

Cumulative number of
Response Number of water leaks and percentage by type of pipe (%) . .
leaks by pipe materials
Materials Cumu- Cracks Corrosion Disengagement Freezing Total Per
of pipe lative rrespond-
Percentage Percentage Percentage Percentage Percentage |COrTespo
number |Number ¢ Number ¢ Number ¢ Number ¢ Number ; ing water
o o o o o
of water of leaks of leaks of leaks of leaks of leaks X
work occurrence occurrence occurrence occurrence occurrence|  Work
Lead 377 3,102 | 15.39% | 14,808 | 73.46% 1,975 9.80% 272 1.35% | 20,157 | 18.80% 159
Copper 134 361 18.10% 1,429 | T71.63% 190 9.52% 15 0.75% 1,995 1.86% 44
Galvanized iron 270 1,001 16.44% | 4,665 | 176.61% 208 3.42% 215 3.53% 6,089 5.68% 68
Rigid PVC 453 38,053 | 73.94% | 3,822 7.43% 9,343 18.15% 248 0.48% | 51,466 | 48.01% 341
Rigid PVC-
lined ; 153 1,229 | 46.52% 1,080 | 40.88% 296 11.20% 37 1.40% 2,642 2.46% 52
ined iron
Polyethylene 320 6,484 | 43.12% | 3,846 | 25.58% | 4,703 | 31.28% 4 0.03% | 15,037 | 14.03% 142
Stainless steel 43 21 6.58% 27 8.46% 254 79.62% 17 5.33% 319 0.30% 22
Others 174 3,964 | 41.73% | 4,547 | 47.86% 840 8.84% 149 1.57% 9,500 8.86% 164
Total number of
- 54,215 | 50.57% | 34,224 | 31.92% | 17,809 | 16.61% 957 0.89% |107,205| 100.00%
eaks per cause
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Table 4 Dimensions of test samples for bending load test (unit : mm)

Type of pipe Standard Nominal diameter Outer diameter Wall thickness
Copper pipe JWWA H101 50 53.0 1.65
High-impact rigid PVC pipe JIS K6742 50 60.0 4.5
Water polyethylene double-layer pipe JIS K6762 50 60.0 8.0
Water stainless steel pipe JWWA G115 Sub0 48.6 1.2

1800
1600
1400 [
1200 [
1000

Bending Load, Kgf

200 T

800 | /./“
600 [
400 | //

—®— copper
—&— PVC
—<—PE

—a— stainless

0 L L 1
5 10

Stroke Displacement, mm

Fig.1 Experiments on the stroke displacement and the bending load on service pipes of copper,

PVC, polyethylene (double-layer) and stainless steel of specified nominal dimension of
50mm by JWWA and JIS, by courtesy of Tokyo Metropolitan Research Institute, 2004.

between the two types of pipe means there is a
appreciable difference in their length of time in
service. Also, there is a difference in the techno-
logical level of the pipe installations, thus lead-
ing to difference in the reliability of those pipes.

Therefore, referring to Table2 and 3, it
might be misleading to attribute the differences
in number of failures between the pipes of cop-
per and stainless steel only to the differences in
materials (number of failures ; copper pipes and
joints : 182 and 44 leaks/corresponding water
work vs stainless steel pipes and joints : 24 and
22 leaks/corresponding water work).

Recently, a copper pipe which had been in
service for 54 years in Kanazawa City in Japan
was excavated and examined in detail as shown
in Fig2™. The result of the examination re-
vealed that copper service pipes are quite sound
after a very long period of service.

This kind of research is very useful for pro-
moting the use of copper pipes and should be ex-
tended.

4.3 Resin pipes
Rigid PVC and polyethylene are the most

widely used types of material for service pipes at
present. Tables 2 and 3 show that these two
types of pipe have encountered with very large
number of water leaks from the pipe and joints
due to cracks. Specifically, the number of water
leaks due to cracks in the pipe itself was 22,224
(92.23%) with rigid PVC pipes and 38,640
(97.86%) with polyethylene pipes. The number
of water leaks due to cracks in the joints was
38,053 (73.94%) with rigid PVC pipes and 6,484
(43.12%) with polyethylene pipes.

Fig. 3 shows an example of polyethylene serv-
ice pipe used in water distribution system and
failed by stress crack. The authors have not yet
investigated the cause of cracks in resin pipes
such as rigid PVC pipes and polyethylene pipes,
but suppose that this is basically due to the dete-
rioration caused by oxidization under service
conditions. In addition, tensile stress may also
be involved as a key factor. In general, the coef-
ficient of thermal expansion of resins is one
digit greater than that of metals. This might re-
late to the occurrence of cracks in service pipes
and joints.

Promoting the use of copper service pipes
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inevitably results in competition with resin
pipes. Therefore, clarification of the cause of
cracks in resin pipes is very important to this is- A variety of types of pipes made of lead, cop-
sue. per, rigid PVC, polyethylene, iron/steel coated
with resin and stainless steel have all been used
with their joints in the water distribution sys-
tems for many years. Experiences have shown

5. Conclusion

Tmm

Copper pipe excavated

inner surface

Outer surface as excavated Outer surface as pickled

0.1Tmm

(IIFE 2 D36 9D L N T N

outer surface

Inner surface as excavated Inner surface as pickled

Fig. 2 Copper service pipe excavated after 54 years service in the City of Kanazawa.

Fig.3 Stress cracking of polyethylene service pipe used in water distribution system,
by courtesy of Messrs. Atsumi and Yamada of SLM.
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that each of those types of pipes has its own
characteristics including the drawbacks, such as
insufficient corrosion resistance, sensitivity to
crack, unreliable joints, cost disadvantages and
so forth, and the merits vice versa.

To promote the use of copper service pipes in
the water supply systems, it is important to
compare reasonably the service performances of
copper pipes and joints with those of other pipes
with particular emphasis on the merit of copper
pipes on the reduction of probable risks for wa-
ter leakage during services. It is believed, based
on the intrinsic nature of copper itself, copper
pipes should have advantage over other pipes.
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Dissolved Oxygen Behavior in Hot-Water
in Hot-Water Circulating System

Kozo Kawano, Yutaka Yamada, and Sigeru Nakano

Based on our survey, erosion-corrosion in copper tube has mainly occurred at the downstream

of elbows and/or tees in return pass in the closed-type supply system of forced-circulating, where

the pressure in the tube would locally reduce and micro air bubbles would form and break down

the protective film, resulted in erosion-corrosion. In this study, air separators were installed in hot

water supply system in the building, in which the copper plumbing tubes have suffered from ero-

sion-corrosion. The effect of reducing dissolved oxygen, as the index of dissolved air, on prevention

of erosion- corrosion in copper tubes was examined. Furthermore, influence of the type of hot

water supply system and installation of air separators on the occurrence of erosion-corrosion in

copper tubes were investigated by analysis of oxygen dissolved in supply water. Good correlation

was obtained between suppression of erosion-corrosion in copper tubes and removal of dissolved

oxygen, which was done by the air separator. The oxygen dissolved in the hot water in the open-

type supply system was lower than that in supplied tap water. In the closed-type system, erosion-

corrosion in copper tubes was observed when the oxygen dissolved in hot water was higher than

that in supplied tap water and the dissolved oxygen became lower, only when incidental facilities

such as air separator was equipped. For the existing closed-type system, it might be possible to

prevent erosion-corrosion in copper tubes, when air separators are installed at suitable positions

and the oxygen dissolved in circulating hot water is kept at lower level than that in tap water sup-

plied.
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2.1 HBiBEVRATFLDOHEE

HERBIE ~ 2 7 A OREWIZ Fig. 1 07T, Fig.
1(a) HEBBS IS, £4 35—, £rv7rBlUkK
YRR E S N, Fig. 1(b) (AESBH B, 4
7 —, K v 7B IUOKUKSEEGR P ERE S iSRRG S
VAT LOQWMRIIIHITH B, KUKDEES TP X -
THRES s |BOLENH D, BEFGOLE, T OAMER
I VW, R Y 7 IREE REN ISR KR ~
7 (P1), KXY 7 (P2, P3)DEI 3 BMNERESN
THY, Pl EZAMOKERS ¥ 7, P2 GHE P
GIRFEH AR v 7, P3 RBGRHENOERSY 7 Th
3o

2.2 BEHE

EREE AR O B L IR G R E %
Table 1 12/r9, FEREEBERNRIIFERICERICKL 51F

Water lank

5T Storage tank,
P2, P3:Circulating pump

Fig.1 Typical closed-type system of hot water supply.

Tap water supply

AT LT, BRI A S 2 A
OEBGE Y 27 A Wik, SLERDICBLT, [
KRB O TR S DRITE & 4B O S
ARBATE L, SUKDMBOTHLEIE L 72, 55,
I LRI UK Y T 5 2 L e —
BRI OME ISV C, KUK 6 5 B RO
ORI RIE L 720 SUKSHHER K HE 100A FIO¥ > 5
1 XTHWHEBO b DEM V12, —F, BE L LEWO
HECE S2 ~S6 (DI, S2~S6 Li04) sy 2T
£ K ORI & OBIR TR O T &
A L7, S2~S5 REMHRME Y 2T LTHD, S6
B >~ 2 7 A Th B, S I R
BEE L, WRY » 7 pBINGRT, SUKAMER D -

Table 1 Hot water supply systems in which the
oxygen dissolved in both tap and hot
waters was analyzed.

Circulating| Place of Air separator | Expansion
Sample .
system |storage tank| and its place tank
None
S1 Closed-type
Roof floor |Yes, high floor*
S2 None Open-type
Closed-type
S3 None
S4 Low floor | Yes, low floor |Closed-type
SH Yes, high floor
S6 Open-type | Roof floor None None

* o Air separator was installed in 2004 to prevent erosion-
corrosion in copper tubes.

(b)

Water tank

B:Boiler, EX:Expansion tank, P1.Pressurized water pump

(a) Type A in which storage tank, boiler and air separator are installed on the basement.

(b) Type B in which storage tank, boiler and air separator are installed on the roof of building.
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3.2 BAEBRZREERAE
3.2.1 BHARKRSEY AT A

S2, S3, S4B KT S5 DIGIKAE B D IEFIR R IR
HIERE S %= Fig. 4, Fig.5, Fig.6 B XU Fig. TI1T/R7,

|
12F Air separator : No
Slilililsliliiililiiaisiiiiiaiiiriiieiciiiiaicff

2
5 9F
5 BERBARRERRRAREASSREEH! |
O
k]
5 6F
Q BERREERARERERERRAN! BS
T -

3F . Tap water

0] 5 10 15
Dissolved oxygen concentration (mg/l)

20

Fig.2 Concentration of oxygen dissolved in
both tap and hot waters in S1 system.

10

S2 TRIAFMRTRIEESIBEKTH 8 mg/l, #/KT 11
mg/l, S3 TREKA 12~15 mg/l, 7Kk 12 mg/,
S4 TIRFBBIKDS 12~15 mg/l, #7KH311 mg/l, S5 T
AR DK Tmg /1, F6/KDS 8mg/1 TH - 7o,

S2 BXUKDEEZRORENPHE O IZE LD ST, B
IKDIEEBFRBEMERNEZE R LT Wi, [EEESEE v
25 LD 83 EHEET B &, S2 TREMEAEM S 1,
S3 TRy v wEHASBEH I TV, 2ol
Lo o, BN 2 7 AT HBIREIEE Y v 7 ()
DIEFNC X D #GEK T OIEFIRRIBE P KK TE 2 &0
LEZ SN T, S5 TRIRBIKDIAEFHRIIRE IR X
DB > THY, KUKFHREEOEIED SN
foo —H, S4 O XD ICKUKSEEER DIRIERE R E T IA
ERREOKBIHPRcEBwb0EZ LNt

Inner surface

Cross section 20um

Fig. 3 Inner surface and cross section of the copper tube
after 6 months service from the installation of the
air separator.

[ |
19F 1
()]
£
e}
5 19F
0
5 ] Tap water
5 11F
o Hot water
o |
1F r
5 10 15 20

Dissolved oxygen concentration (mg/l)

Fig.4 Concentration of oxygen dissolved in
both tap and hot waters in S2 system.



Vol.48 No.l

SREITEBRIG G ALY v R 7 2 ORGEIKH O ISP R A ) 11

3.2.2 BRAMEMGIHEY XT A

S6 DIIKKIEK O Tt BRI GS B % Fig. 8 1
Tt VPR OB b AR R LA BK A Smg /1,
{7kH% 19mg /1 & HIEK DRI £ D b (&
C DRI OB
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ZF LIZOWT 6 FIEFIA L 7278, LN b RS
L | 1
3F 3:1:3:¢:1:f:3:1:f:i:1:f:f:i:f:fzizfzf:|1:3:5:3:3:5:3:1:3I
o 3F -:-:-:-:-:-:-:-:-:-:-:-:-:~:-:-:-:-:-:4:-:-:‘-:|I
s | 1 |
= Tap water
1 d
§ 2F o Hot water
5 : l |
S 1F :;:;:;:;:;:;:;:;:;:;:;:;:-:»:-:-:~:;:;:;:;:;:;:l;:;:;:;:;:
o : [ | :
1F ISRERGRAARRARARREREEEEEEES |
| |
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Dissolved oxygen concentration (mg/l}

Fig.5 Concentration of oxygen dissolved in
both tap and hot waters in S3 system.

Floor of building

0 5 10 15 20
Dissolved oxygen concentration (mg/l)

Fig. 6 Concentration of oxygen dissolved in
both tap and hot waters in S4 system.
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3.3 BRBVATALALBEDRE

B 2T I & NI & AR ESR LR, 1
5 UNTHE DE R L DBARE £ L $ T Table 2 IZ/R
T faB Y AT LB KNGS 1T & B IR L)
R EEBFAER I OHIFNIC RWBIRED S,

aF ‘
g
© Tap water
% 4F Z-:‘:‘Z':‘Z‘:':-Z‘Z‘Z':-:-EZ'IJ ‘
0 [
g 1F .;:;:;:;:;:;:~:~:«:»:;:;:;:;]HotWatel'
o
LF
0 5 10 15 20
Dissolved oxygen concentration (mg/l)
Fig.7 Concentration of oxygen dissolved in
both tap and hot waters in S5 system.
I I
24F ERARARNANRRRRANAN] | 1
> |
T 12F |rrr— 1 Tap water
-g SENERERERNRRERE “THot water
3 [ | 1
S GF BEBEREEEEEEEEEREE: | !
[e]
e i |
L |
2F BRERRRERRRRRRREEE |
. |
0 5 10 15 20

Dissolved oxygen concentration (mg/l)

Fig.8 Concentration of oxygen dissolved in
both tap and hot waters in S6 system.

Table 2 The relation between the incidental facilities ant preventive effect on erosion corrosion in

the copper tubes in each hot water supply system.

. . Incidental facilities Preventive effect on erosion
Sample | Circulating system | Place of storage tank o
Air separator Expansion tank corrosion in copper tube
None None
S1 Closed-type
Roof floor Yes (high floor) Yes
S2 None Open-type Yes
Closed-type
S3 None None
S4 Low floor Yes (low floor) Closed-type None
S5 Yes (high floor) Yes
S6 Open-type Roof floor None None Yes

11
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Interference of Legionella-killing Activity by Biofilm
Formation in Water Distribution Copper Tube

Takeshi Sasahara, Nanako Niiyama, Ritsuko Kikuno,
Yutaka Yamada and Haruo Saito

Metallic copper has intrinsic microbicidal and insecticidal activity, and Legionella pneumophila,
which causes water-borne infection, can be killed in tap water by copper pipes. We studied how oxi-
dization (aging) of the inner surface of cooper tubing influenced its Legionella-killing activity
over time. We also compared biofilm formation and killing activity between copper tubing and
other types of tubing, including stainless steel (SUS), rigid polyvinyl chloride (PVC), and cross-
linked polyethylene (PEX), using an experimental water circulation system. Forthermore, we
evaluated the corrosion resistance of copper tube through the investigation of tubes which have
been used in the water distribution system for 40 to 50 years. The Legionella-killing activity of the
copper tubing gradually decreased in proportion to the aging period and the killing rate of copper
tubes aged for six months was about 1/30 of that for fresh tubes. On the contrast, the concentra-
tion of cupric ion eluted from both fresh and aged copper tubing was in the range of 2.0 to
2.8mg/l. This indicates that the killing activity might be affected by oxidation of the inner surface
of the tubing rather than being related to the elution of cupric ions. In the water circulation device,
biofilm formation was conspicuous on the inner surface of PVC and PEX tubing, but not on SUS
or copper tubing after 91 days circulation. A thin biofilm with a small number of adherent bacteria
was observed on SUS tubing after 204 days, but not on copper tubing. In addition,after 187 days
circulation, the Legionella-killing rate of copper tubing was significantly higher than that of the
other types of tubing. The results suggest that copper tubing has superior properties of inhibiting
biofilm formation and killing L. pneumophila compared with other types of tubing, although its
killing activity tends to decrease and a few bacteria become adherent when copper carbonate pre-
cipitates form inside the tubing. From the investigation of tubes which has been used for long-
term, the mean maximum depth of corrosion was only 0.15mm. These findings demonstrate that
copper tubing possesses bactericidal activity that can be effective over the long-term. Copper tub-

ing can be expected to be widely adopted for water pipes in the future.

: FIKE Bk, 49 (2007) 48~57, EEHIEH
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Fig.1 Schematic diagram of a flow loop in the biofilm
testing equipment.
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Fig. 2 Effect of aging time in test water on

Legionella pneumophila sterilization
of the copper tube.
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R OBKERD 1/30 FRETH - 720

HE» o 5 Cum DREER, LWIhoEICTBWL
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L, %L T 24KHHT 1.6~28mg/l TH Y, HFHDOH
Bz -V v 7 LIEORT Cur iaHmICEAE 52
Fi3i o - 72 (Fig. 3)o
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179H HiT 13 2~8X10°cfu/ml O L ~NIVITEE L 72,
WREE NSRS NN 7 4 0V L % TERT 5
ez, £9, —EMMRICREEEROHL, £0R
BEICAIE 4 2 LB O G A WIRIICHER L 7c, © Off
R, —MEOARBPRKRNEL S IIHHIZBWT
PVC &% PEX HIZRZHOMmEY, = LT SUSEIC
WOHBOmEM» TN T NEREs NI, LaL, HEC
RIEEAEREYRIEE SN -7 (Fig.5). &5
12, BRERAK T L7 2040 HIcKEE AR L, #R
FCENENICTRL S Nt N A A+ 7 4V SRR %2 FIHE L
EVERMEE B L OUE A TEAMEE (SEM) 1 THIZL

I T T

Copper ion concentration (mg/ £)

Bl New tube
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0 . ) . ! . . . |

2 4 6 24
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Fig.3 The relationship between copper ion concentration
and aging time in test water.
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Fig.4 Variation of number of general bacteria in

each test tube.
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PVC tube PEX tube

Fig.5 Appearance of the deposits in each test tube.
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Fig. 6

Biological micrographs of the deposits in
each test tube.

-

Fig.7 Scanning electron micrographs of inner surface

in each test tube.

B, ERRAH @ 204H HI 13 11.6mg/¢ TH - 72,
—, hoOREE BT SRR O Cu® EBE I,
BRI 0.033~0.064mg /¢ THER L 726

3.3 INAFT 4 IVAIZEB Legionella FENED

il

HilE 12 & B Legionella BN BRI KIE T N4 4 7 4
VLT D BB AR 4 B I, 75 ATy 2 EITN
A X7 4 Vv ADEES IR S 182HH I
L. pneumophila % A& E DS 1~2 X 105cfu/ml 1275 %
LD RHERIE OHERKICHERE L2, TR
Fig. 9 loRd&EBOThHY, 1 HHICBVLWTIZOH
H® L. pneumophila B ® BT LL~EHE © SUS &
Tl 63~64%, PVCETIF27%, T L CTPEXETWE
3% znEhEb Lic, #iE S HHTRIE ITE ) 54
S SR Ly, zofiofidEcik1 i
H&E~RZ Eictgng 2 %2R L7,

WRIT, SWRRECE O Legionella BHEMEREZ HER T
Fh#s U 26558 % Table 1 18R d, G EE1IHHI
-0.43log, = L CTEHES HHTH-0.52log DREEREA
ALTWwi, —F, ZTOMOWHEREE KRR
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Fig.8 EDX analysis and SEM image of inner surface
of the copper tube.
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Fig.9 Effect of the biofilm on Legionella pneumophila
sterilization.

Table 1 Killing rate of the each test tube.

Killing rate (log)
Sample
1 day 5 days
Cu tube —0.43 —0.52
SUS tube —0.44 —0.24
OVC tube —0.13 1.69
PEX tube —0.25 —0.17

SUS B 1 HH TD-0.44log 2% < &R ITH A~
TIEETH - 720

3.4 REMEZRWKAREOMEME

R 24« BOKFORE & LT 3 5 2 TREZL
(LR L T I LREETH L, £ 7T, @R
BOTEICEDY QOERMS WL S44ERM) HZE T S
N7 AETRRSRE 1< 2 W TSI D BRDERT R D I R,
Z L CEBERS O IEPEENTOCH « EkbE&mo
DT EAT - oo DMERHEZ L 728 12> W TENRI O T
BT RSB L OHAHE ORI % Fig. 10 1279, W
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ATP/em® TH - 12 £ T 5 MENH B Eh 5, K
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A% 7 4 VL REREICERES NG T 72 F v 7EIC
WANTZOEREIT/NS WD EHERIS N 5,
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(a) EDX analysis of inner surface of copper tube used for 54 years

Surface appearance

Cross section

Before pickling | After pickling

Outer
surface
Inner
surface

(b)  Surface apperance and cross section of copper tube used for 54 years

Appearances of both surfaces, and cross sections,
and EDX analysis of inner surface of the copper

Fig. 10

tube used for 54 years.
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Fig. 11 Variation of maximum corrosion depth of
the copper tubes used for a long duration.
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Dissimilar Joining of Aluminum Alloy and
Steel Sheets by Friction Stir Spot Welding

Koji Tanaka, Masaki Kumagai and Hideo Yoshida

Friction stir spot welding (FSSW) was applied to dissimilar lap joint between aluminum alloy

sheet and mild steel sheet without formation of brittle intermetallic compound at the weld inter-

face. A sufficient strength of the dissimilar joint was obtained by stirring aluminum alloy near

the interface without inserting a welding tool to steel surface from the aluminum alloy side. Con-

sequently, joint strength of FSSW was higher than that of resistance spot welds, and the all of

FSSW joints showed a plug fracture through aluminum alloy parent sheet. Moreover, it was sug-

gested that joint strength was related to area of stir zone at the weld interface. An oxide film was

observed partially in the stir zone by sweeping up from the interface. No brittle intermetallic com-

pound was observed at the weld interface. But only the thin amorphous layer of several nm in

thickness including oxygen was found at the weld interface.
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Fig.1 Schematic illustration of friction stir spot welding.
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Fig.2 Schematic illustration of temperature measurement
at weld interface by thermocouples.
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Fig.3 Relation between FSSW conditions and tensile
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Fig.4 Appearance of fracture surface after tensile shear
test of the FSSW dissimilar joints.
(remainder thickness of Al sheet : 0.26mm)
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Fig.5 Optical microstructures of cross section of the FSSW
dissimilar joints.
(remainder thickness of Al sheet : 0.26mm)
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Fig.6 Thermal cycles in weld interface of the FSSW dissimilar joints.

Fig.7 SEM micrograph after 5%HF etching of weld
interface of the FSSW dissimilar joint.
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Fig.8 EPMA area analyses results of weld interface of the FSSW dissimilar joint.

Fig.9 TEM micrographs of weld interface of
the FSSW dissimilar joint and selected
area diffraction pattern.

Fig. 10 High-resolution electron microscope image of
weld interface of the FSSW dissimilar joint.
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Fig.11 EDS images of weld interface of the FSSW dissimilar joint.
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Thermal Analysis on Friction Welding of Carbon
Steel Tube and AAS5154 Aluminum Tube

Yoshimasa Ohkubo, Shingo Iwamura and Hidenori Hatta

The temperature distribution during friction welding of carbon steel tube and 5154 aluminum

tube has been investigated using the commercial finite element software package DEFORM-2D™,

In the model the heat transfer rate Q (mdJ/s) was inputted on the end face of the steel tube and the

tube was heated. The heat transfer rate was so adjusted that the calculated temperature corre-

sponded with the measured temperature in the actual friction welding. In case the heat transfer

rate was inputted where it is presumed that the friction coefficient was decreased at the beginning

of the friction process, the temperature distribution was in reasonable agreement with the meas-

ured temperature. It was predicted that the temperature of the interface increased rapidly in the

initial friction stage, and then gradually rised, and finally reached the highest at 518°C just before

the ending of the friction.
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Table1 Tensile properties of workpieces.

Fig.1 Schematic cycle diagram of friction welding.
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YS TS Elongation
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' friction procesd upset process !
3 I . ! ! STKM13A 338 460 37.9
53 ' 1 ' 1
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E o : |
s b ! .
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..g ' ! , ' Table 2 Friction welding condition.
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3
2 ) P2
e ] 1 1 1
a ' : i :
) 1 1 1
J 1 1 1
[ 1 1 1
) ; = ; Time
) | |
gl | :
o ) 1 ) ]
[0} ) 1 ) 1
& ' | i |
ol | o2 |
£ " ' Uz
=1 ] ) 1 I
m ] | 1 |
) 1 1 1
] 1 1
- L . . Time

Fig.2 Longitudinal cross-section of joint.
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Fig.3 Finite element model for heat transfer analysis on
friction process.
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Table 3 Properties for thermal analysis.

Thermal conductivity | (1) N/(s +°C)
Heat capacity (2) N/(mm?-C)
STKMI3A tCQor;}\]/(chin coefficient 0.02 N/(s+mm +C)
Emissivity 0.7
Thermal conductivity | 127 N/ (s +°C)
Heat capacity (3  N/(@mm?+C)
AAbIH4-H52 tCQor;}\]/(chin coefficient 0.02 N/(s+mm +C)
Emissivity 0.7
(€D 2 3
0°C | 52.0 0°C | 341 0°C | 2.394
100°C | 50.7 100°C | 3.81 600°C | 2.95
200°C | 48.1 200°C | 4.04
300°C | 45.7 250°C | 4.14
400°C | 41.7 300°C | 3.50
500°C | 38.3 350°C | 4.47
600°C | 33.9 400°C | 4.60
500°C | 5.09
600°C | 5.55
100 —————————— 1000

Rotation frequency [rpm]

Pressure [MPa], Burn-off length x 10 [mm]
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Fig.4 Cycle diagram of the actual friction welding.



30 T R & & E & R 2007

1.05s 2D 401 CHRETH b, Alfir S OIEEEAE U
Smm IZ B VT, STKMI3SA T3 200°C, AA5154
T3k 314 CTH %, miaTdh 5 il E STKMI3A
OF R S VHEEIF T H %o

3. 2 FEM Z&fr

STKMI3A @ i BE /A b =2 i 4 %2 729 i
STKMI13A Jififisiic 248 Q # AT L 7o, BRI THAE
ERAL A E YRR AR S

Q o< uPN = mP @)

(w o BEERE, P BEEEDD,

N : [El#z5, m : HFIRED
&n3 PoT, Fig 4 OESH — 7 ANl ch
DL (Fig. 4 o), Thicy 250 HAKRE m %
Mt Q ZUREE SIS A 2, 7272 L, m OfEIZAH
72O T FEM @t i s FE il ic—# 4 5 £ 512 Q =&
ITEERNIC 52 B T & & L,

9, mA—ElTH B EEL, Fig. 4 OB
EDQAEEZI, bbb, HMLTHLS04s T TR
MR el L ciind 2 Q #5417, 2T, B
TRIE % OGRS, Fig. 5(a) OFERIE & EEk Iz L5
T 5 X951 Q EHAET L KR A Fig. 6 1I</rd, 0K
DR 5 0.9mm TONE O FE A FRNE & ik d
5E01ls xR IcE A OERMAKRET AN, F
7RI 0.4 T80 CRBEA 2 HEERTIEZH b 210 LFE
Rep, Woric AL Q B@&dh o #fE<Th -
felHEllan s, QPEE L 5D mE—EE K
ELTtcDTH B, BEEBIZRITE W CERRBU I
=, TORIKTRT B &3, BRI R bR Rl
T35 [MUA] ELTHIONTWS, BEEEBEICBWT

- PR T S T S N O S R S S
0 02 04 06 08 10 12 14 16 18 20 22 24 26 28 30
Time (s}

“0 02 04 06 08 10 12 14 16 18 20 22 24 26 28 30
Time(s)

Fig.5 Temperature change on each point.

b EEHEBEIAE 1210 STKM13A RIBHITIIC 13 5154 OFEE M
FC v, 5154 (IlNHEIC F PN T AR & h T EEE
BEPEAT B2 EEZONS, 22T, QIF, m»Y)
WD E WREED S B CITEWIRBEIC K BB EIRE L 72
(Fig. 7)o UL, EDL HWNSL 1 BD, EDLD
BRI A I E > TS AR TPETE S, FEER
DEIEIC BT 2 F TROE Lic, bbb, BEER
R T AT 0.8s OFFEIRE & FERRES T 5 &5
AKX R Lz m Z23Re, ISR m B 2RI 42
FTHELAIT SR F2 0 RIECHIITIE E - 72 Q DIFRTIIE %
Fig. 8 I/Rd o BIED : 0~0.12s Z#H DO m 0EA
(B EEERED, #BIEG 1 0.46~0.8s 13 m Z ¥ 0.31
s L7358 (RS EERED, #IKO 1 0.12~0.46s (358
BiETh s, COM, m OMRMER 125 0.31 ~Hif
0 BRI 4 2 K 9IS E Lz, BREE@ 1 0.8
~1.2 FEEEASRGE « 415 L THRED I AN TH
Bo 158, HALZ _IRTE T NVOHEE~ND AIE TS L
ZUOTORHAARICHE L Th %, Fig. 8 OBED 53]
B L7z STKMI13A O RHiH & CEEAE IS B T 56
£ % Fig.9(a) I0Rd, Chickhld, FimEL IR

800 T T
750 bl m e e oo o s b s s b b | epae ulated 1
700 p---F---——-2f -l ___L___L_| ——measured
650 fp-—-r---—--
oo+ f -t

550
500 p-—-r---—-
450
400 f-=-r== T T T T LA
350 ST

300 |
250 f-—-7~f b
200
150 f———/
100 |
50 [,

Temperature(°C)

0 01 02 03 04 05 06 07 08 08 10 11 12

Fig. 6 Calculated temperature at the constant high friction
coefficient. (The difference expanded after 0.4s.)

T T T T T T T T T
) | l | 1 ) 1 e |
R PO S ok SN N A AR S

. 2
117 ) ngh frlctlon‘ K .'0. ) ) | Ka |
) | L 9 ) 1Yo, 1 ) 1 ) |
3 o coefficient, 1 T 0 0 S
= ) ) (RO ) | tR ) 1 ) |
Q ) | (IO 1 I e ) | ) |
® ) 1 1,9 | I | I ayuunagu® ) |
< ) 1 K | 1 | 1 ) 1 ) |
~ ] ] il I ] I 1 ] ] ] I
° ) [ | 1 | | ) 1 ) |
) 1 ] I 1 I 1 ) 1 o I
‘E ) )} ) | 1 | I 1 Low friction |
@ ) | 1 | 1 ) 1 N |
5 ) | ) | 1 ) |
g ) | I 1 ) copfﬁc pto|
] ] ] 1 ] ] ] I
° I P " I | ) I ) |
| e | 1 | 1 ) |
T et | ) | 1 ) 1 ) |
R 1 ) | 1 | 1 ) 1 ) |
G| | i L i I i i i \ i

0 01 02 03 04 05 06 07 08 09 1 1.1 1.2
Time (s)

Fig.7 Possible explanation on heat transfer rate. (The
friction coefficient changes from high to low.)



Vol.48 No.l

RAEME & AASISA 7V 3 = v A OEEITHRIC B O 2 IRt

31

0.4s(P1 ~OFFHK TH) £ T2 500CE< £ Ta kA
L, TOREPHICHIBER, 1.0s % 7bbalxAs
2 ikd 2 EATICHAME 518 CIc - TW3, Thid
AA5154 OEAFHRIREE 593°C &+ K, Riz, 5
&Nt STKMI3A O REHREZ L% AA5154 UHiH IS5
Z TEENT L 7zo Fig. 9(b) 3z OfE %2R L, R
SN 4 rETOIER E B —E L, ikt o2 o
TN AR T & 7o AR R S N iciksifE 518°C i,
BEOHEHE L0 HTRWETH 55, FEERICHHH
L7z AASISA TIREVHKE FER OGS N 5 FEEEM:
DABRBED IR NI WE T AILD 72D EELZ OGN 5,
Hitt & AAS1IS4 DFlA&E TIRABMIGEBE S L 0

250 r v r r - v v v 15
A T R BT
A I e R

T s T e e e e e RE R

2 AT T A R T B A MR-

2 R Ll s

B L R R L R R N i KR

= I 1 I I 1 | I ) I i

5 L O N A A S 08 ¢

g AN IS I PN P T T T PP

S JoooN L N Lo 738

5100 [t NI e 06 &

% I N e U EEE

£ Lo NG o

Ll 70 P e s A e TR A e e
b N>
AN

0 i L 'l L i L L i i i i 0

0 01 02 03 04 05 06 07 08 08 1 11 1.2

Time (s)

Fig.8 Predicted heat transfer rate on STKMI13A edge face
and relative friction coefficient.

600 T r

550 L @STKMIBA &

i i
500 f-{— calculated [ —
450 |- + measured L” 7‘ o

400 |- _Interface=0mm}.
350 foooohoo et
300 T
250 ----
200 | ; : -
150 g
100

50 [/

Temperature (°C)

600
550
500 |
450

g 400

© 350

& 300

@

3 250

8 200 |
150 |
100
50 |

0 01 02 03 04 05 06 07 08 09 10 11 12
Time(s)

Fig.9 Calculated temperature near the interface compared
with experimental results.

31

ERENG W EMEEL TV,

Fig. 10 (3, EEERIMG 5 0.4s & 1.0s 12381 2 BT
FHBORENHTH 50 1.0s TIIARMEESBAZ KL,
REATHSIC L2l ATE TV S, BYLERD KX
W AA5154 il T3 STKMI13A il & » MR ILA D DR
B A2RT o

AAB5154 OFFIT T, UHI~NEE 2 AT 55, Uil
OHIBICE LBAE LR TE %, Fig. 1112, FHES
N7 AA5154 & STKMI3A O BRI A2 Rd, sy
iz bEE L, PERE 1200l A - T
W2, THbE, FRmcHiAET 2 EE T STKMISA il
EAASIBAMIC 1t 1T an b DT, W 6
AASISA NI Z S RALTVWB EABE S, TNIF,
Blo#EE & BRERNRE 2R EEZZ 5N 5,

4. ¥ & &

% STKM13A & AAS1S4 BHOREEEEHEICE VL THE
WHEE FRhENE O N B EBESRAN A RY, oL
O FRIEHE OERE A% FEM 1T TR 5 2 LTk
nRD I,

(D) REEEoRx&EEE, [BlEEAEEd 2 ER]T 518
CTH-10
(2) EEgaEfEth, BEE—Rct7dsocinl, B

550
500
450 R S et At St - R B .
400 T et TS S b

1;350

2300 [--

5

5 250 [--

[=N

5 200

K
150
100 -
50
0

STKM13A side

-35 -30 -25

-20 -15 -10 -5 0 5 10
Distance from the interface(mm)

15 20 25 30 35

Fig. 10 Calculated temperature distributions near the

interface after friction time 0.4s and 1.0s.

1.8 T
1
1

1.6 -———E———————-r———+————r————l———ﬁ———+———r————y——1———
=

. ] 1
] 1 1 1 ] ] ]

12 -___:_%__________J___J___L___L___: _______
] ] ] I ]

1.0 n SR — ]

Heat division ratio of 5154/STKM13A

I 1 1 ] I [}
I 1 I ] ] I
I 1 I ] ] |
=1 v=Aouiiy ey i miend nfenfies htintnti Snfienfiends il sl fieniienien Rl
] 1 | I 1 I 1 ] 1 |
08 | dmhob i
1 ] ] I I 1 | 1 ] 1 |
] ] ] I I 1 | 1 ] 1 |
I R R B e S
] ] ] I I 1 1 ] ] ] I
R s o S
] ] ] I I 1 1 ] ] ] I
02 boobod b
] ] ] I I 1 1 ] ] ] I
0.0 | | | { { | { | | | {
0 01 02 03 04 05 06 07 08 09 1 1.1 1.2

Time(s)

Fig. 11 Calculated heat division ratio of AA5154/STKMI13A.



32 T R & & E & W 2007

%E’ﬁﬁéb)FQ?XLELflﬁ%*ﬁ’:—tj}/\@ﬁgﬁﬂﬁﬂqﬂﬂ:%\ii’%L/, 5 £ X @

TORRY S P LT SZALERL T D OIBERSE, MIE—, B R, R L ERR, 49
(3) EEEE O/ 13, STKMI3A filk v AA5154 fijd (1999) ,83.

FHHZ 0, 2) B S5, NIME—, ([LAREK, JNHEE RS, &

ZRIE MR} 53(2004), 532.

3) fpfET  BE)E, 46(1996), 298.

D \EAER, Kigwd, BEEE, hmi= g9 =
A, Rkt #em, 48(1998), 36.

5) TEHE B, NIHESE, s, EE—E R AR X
£, 18(2000), 365.

6) EA(EX, WHEIEE, NI, GG, A i
DR 98 AR 2R, (2000, 281.

D EE M NIE—, BT, AR, NEERSS B
JE A, 35(1997), 103.

32



Sumitomo Light Metal Technical Reports, Vol. 48 No. 1 (2007), pp. 33-42

TECHNICAL PAPER

Continuous Monitoring of Aluminum Corrosion
Process in Deaerated Water”

Ryota Ozaki* *, Katsuya Ishii***, Kenji Kaneko,
Hisaaki Fukushima and Masataka Masuda* * * *

A device was developed for the continuous measurement of the open circuit corrosion rate of alu-

minum in deaerated water from hydrogen pressure, resulted from the cathodic reaction. Corrosion

rate of aluminum coated by the passive oxide film was examined with respect to the corrosion phe-

nomena using this device. From the results, it was found that the corrosion rate was dependent not

only on the deterioration of the film, but also on the formation of pits and of corrosion products

on the film. Furthermore, the deterioration of the film was independent on the pH of the water.

The pits were most probably formed by the evolution of hydrogen gas at the cathode underneath
the film followed by the formation of AI(OH), .

1. Introduction

Automobile engines significant
amount of waste heat, which could be recovered

and converted to electricity to meet the growing

generate

demand for the electric power, or to increase the
range of electric hybrid vehicles. There is also an
increasing demand of recycling this waste heat,
so that the significant numbers of researchers
have been investigating the adsorption refrig-
erator using this waste heat®.

For the development of the high-performance
adsorption refrigerator for automobile air con-
ditioning, one of the most serious technical
problems is the corrosion of aluminum?**. For
example, if the hydrogen partial pressure in the
container increases to 0.133 kPa, the perform-
ance of the refrigerator will decrease more than
5%, equivalent to approximately 1.3 mg/m?* of
aluminum corrosion loss®.

The amount of corrosion loss is usually meas-
ured from the weight loss. Nevertheless, the
accuracies of the weight loss and that of the

* The main part of this paper was presented at Corro-
sion Science, 49 (2007), 2581-2601

* No.4 department, Research & Development Center

wxx  DENSO E&TS Training Center, Technology Depart-
ment

sk kK

Department of Material Science and Engineering,
Graduate School of Engineering, University of Kyu-
shu
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amount of corrosion products are strongly de-
pendent on the length of the experimental pe-
riod. For instance, if the experimental period is
too short, then the weight loss will be measured
roughly *".

In fact, many researches were devoted to
study the corrosion of aluminum in dfferent
aqueous solutions ™', It has been known that
the corrosion does not take place in neutral wa-
ter®, when the pH is ranging between about 4.0
and 8.5, the solubility of the aluminum oxide be-
ing less than 10°mol/L*. Ito investigated the
corrosion process of aluminum in neutral water,
and reported that the corrosion took place in the
neutral pure water within a few hours from the
beginning of the experiment at 40°C™. Brett in-
vestigated the electrochemical behavior of alu-

1 and Beck ex-

minum in hydrochloric solution
amined the formation of pits in 99.99% alumi-
num foil at different temperatures in hydrochlo-

" Burstein and Liu examined the

ric solution
cathodic reaction during the aluminum corro-
sion in weakly alkaline solution'’, then Arm-
strong and Braham investigated the mechanism
of aluminum corrosion in alkaline solutions'’.
Hunter and Fowle measured the thickness of
the passive oxide film by the anodic polarization
method™’. Ito also applied this method to meas-
ure the thickness change of the passive oxide

film in the neutral pure water, and showed that
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the film suffered from dissolution and deteriora-

) Ishii investigated the corrosion process

tion
of aluminum in neutral pure water and found
that corrosion was in fact initiated with forma-
tion of small pits with diameter about 0.1 um on
the passive oxide film ™.

In this paper, the amount of corrosion was
measured continuously in alkaline solution, at
three different pHs, 8.7, 9.6 and 11.0. We focused
on the amount of evolved hydrogen gas caused
by the cathodic reaction within the deaerated
water, and measured the pressure increase in the
container continuously through the experimen-
tal period instead of measuring the weight loss
subsequent to the experiment. The passive oxide
film was investigated by glow discharge optical
emission spectroscopy (GD-OES), by anodic po-
larization method, and by scanning electron mi-
croscopy (SEM).

2. Experimental procedures

2.1 Continuous measurements of
aluminum corrosion
Aluminum can be dissolved into both acid and
alkaline solutions. In the case of alkaline solu-
tions corrosion equations in the oxygen free
condition are expressed as Eqgs. (1),(2),(3a)

and (3b).

Anodic reaction Al — AI’"+3e” @)
Cathodic reaction

3H,0+3e —>3(OH)’+%H2 (2)
Overall reaction

A1+3HZO+A13*+3(OH>*+%H2 (3a)
Products formation

Al” +3(0H) — AI(OH), (3h)

These equations suggest that there are four
ways to determine the corrosion rate by chemi-
(1) to determine the
quantity of lost due to corrosion by measuring

cal means. These are :

the weight loss of the specimen ; (2) to measure
the concentration of dissolved AI*" ions which
are produced in solution as in Eq. (1) and (3a) ;
(3) to determine the quantity of hydrogen gas

34

as in Eq. (2) and (3a) ; (4) to determine the
quantity of corrosion products as in Eq. (8b),
produced by the corrosion reaction. The quan-
tity of evolved hydrogen gas could then be moni-
tored continuously by measuring the hydrogen
pressure during the experiment.

Fig.1 shows the schematic diagram of the ex-
perimental apparatus for the corrosion meas-
urements. Hermetically sealed container was
made of stainless steel with an inner diameter of
60mm and an inner height of 60mm. The sample
was insulated from the container by a Nylon
sheet. The pressure in the container was care-
fully measured by Druck PDCD9 pressure trans-
ducer (Druck Limited, England), capable of
reading with 0.0133kPa accuracy. All parts of
the equipment and the samples were baked for
1h at 120°C to dry completely, and the container
was carefully evacuated by a rotary pump for
30min at 30°C before each measurement to im-
prove the vacuum of the container.

The sample was AIN99 (99.99% pure alumi-
num) annealed for 3 h at 360°C. The size of the
sample has dimensions (length = 300mm, width
= 50mm, thickness = 0.1mm, total exposed area
=300.5cm?), and cleaned by ultrasonic vibration
in acetone and rinsed with deionized water to re-
move corrosion products completely. The meas-
urements of the corrosion rate were performed
in the distilled and deionized water, pH6.5 with
electrical conductivity less than 0.1uS/cm.
NaOH was intentionally added to the neutral
pure water to obtain three different pHs, 8.7, 9.6
and 11.0. Measurements were carried out at

Pressure Transducer

Dé Vacuum Pump

_ |

1

BT T T e T T e e T e
[l a1 el Tal T T Pl T PO PO Tl Pl 10 £ 1
L N P WL L W VWL WL e

\

N _

Fig.1 A schematic diagram of the experimental

| Test Sample

apparatus for the corrosion measure-
ments.
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three different temperatures, 20, 30, and 40°C,
using a water thermostat controlled to =0.5°C.
The amount of corrosion, G, was simply calcu-
lated from the number of moles of evolved hy-
drogen, from the pressure of hydrogen with the
accuracy of 0.1mg/m? as from Eq. (4) ;

G :%XMXH

@

where M is the atomic weight of aluminum
and n is the amount of evolved hydrogen gas in
mole, respectively.

2.2 Characterization of the passive

oxide film

Each sample was examined by the experimen-
tal apparatus, schematically shown in Fig. 1,
and then passive oxide film was evaluated by
GD-OES SYSTEM 3860 (Rigaku,Japan), by
anodic polarization method and also by
SEM, ESEM-KL30 (Philips, Eindhoven, The
Netherland). GD-OES was used for characteriz-
ing the depth profile of the thin-films. The
potentiodynamic polarization curves were meas-
ured in 3% ammonium tartaric acid (pH6.5) at
a scan rate of 10mV /s from -1500 to 2000mV,
using saturated calomel electrode (SCE) as ref-
erence electrode, as described by Hunter and

" Samples were previously corroded in

Fowle
the neutral pure water. SEM was used for

studying surface morphologies.

3. Results

3.1 Comparison of aluminum corrosion
calculated from weight loss and that
from hydrogen pressure

The amount of evolved hydrogen gas and that
of weight loss were measured to verify the me-
ticulousness of the apparatus. Corrosion experi-
ments were performed in the neutral pure wa-
ter. The weight loss was simply calculated from
the weight difference of the sample, before and
after the experiment. In particular, the sample
was immersed in phosphate and chromate solu-
tion at 90°C for 450s after each measurement, to
remove the corrosion products from the surface.
Fig.2 shows a direct linear relationship be-
tween the weight loss and the calculated amount
of corrosion loss from the hydrogen pressure
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using Eq. (4).

Data sets are obtained at different tempera-
tures.

3.2 Further measurement of corrosion

loss

The quantitOy of evolved hydrogen gas was
carefully monitored in the neutral pure water by
measuring the hydrogen pressure continuously.
Fig. 3a shows the relationship between the "real-
time" corrosion loss, estimated from the pres-
sure and the experimental period at three differ-
ent temperatures, 20, 30 and 40°C. The amount
of corrosion loss reached its maximum at differ-
ent temperatures. In fact, it became larger at
higher temperatures with shorter saturation pe-
riod.

The corrosion rates at different temperatures
are shown in Fig. 3b. In the case of the corrosion
rate at 30°C, the gradient of the corrosion rate
was very low at the early stage of the experi-
ment up to 12h, gradually increased to 30h, dra-
matically increased from 30h, and peaked at 48h,
then became almost zero at 72h, which is the fi-
nal stage of the corrosion. In the case of lower
temperatures, 20°C, the length of the period of
these phenomena is longer.

The incubation period was present at the early
stage of the experiment, and its length was
strongly influenced by the temperature, as
shown in Fig. 3b.

It was about 150h at 20°C, almost five times
longer than that at 30°C about 30h. Maximum
corrosion rate was also influenced by the tem-
peratures, which are 32mg/h at 40°C and

=]

N
|

N
|

¥}
|

Weight loss, 10-3G/kg*m

<
<
S .
~
N
0

103G/kg" m?
Calculated from hydrogen pressure

Fig.2 Relationship between the corrosion loss measured
from the weight loss and that calculated from the
hydrogen pressure in 10°G/kgm 2.



36 SUMITOMO LIGHT METAL TECHNICAL REPORTS

a corrosionloss

40
40°C
g 30 —
> 30°C .
2 20°C
-
= 20
S
§ /
5 10
0 1
0 100 200 300 400
Time/h
b corrosionrate
40
= 140°C
= 30
E 0,
E joC
g 20
=
2 oh
2 20°¢C
£ 10
(=3
U \
0 —
0 100 200 300 400
Time/h

Fig.3 Continuous corrosion loss (a) and corrosion rate
(b) calculated from hydrogen pressure at three
different temperatures, 20, 30 and 40°C.

16mg/h at 20°C. In contrast, the amount of total
corrosion loss was almost the same at different
temperatures.

Fig. 4 shows the amount of the corrosion loss
as a function of experimental period in the solu-
tion with different pH. Final stage of the corro-
sion loss at pH11.0 is far higher than that at
pHs8.7, 9.6 and the neutral pure water. Dix re-
ported that the aluminum corrosion occurred
strongly both in alkaline and in acidic solution,
but weakly in the neutral pure water®.

The length of the incubation period was seen
very much independent on the pH of the solu-
tion. If the corrosion rate is dramatically in-
creased by the deterioration of the passive oxide
film in the solution due to the dissolution, the
length of the incubation period in alkaline solu-
tion should become much shorter than that in
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Fig.4 Corrosion loss calculated from hydrogen pressure
at different pH.

neutral pure water.

Fig. 5 shows the corrosion rate at 30°C in the
neutral pure water, with and without O: respec-
tively. Although the length of the incubation pe-
riod in the neutral pure water with O: is almost
the same as that without O:, the amount of cor-
rosion loss in the neutral pure water without
O saturated at about 80h, that with O: did not
even saturate at 120h. It was understood that
aluminum corrosion would be influenced by the
presences of O: in water.

3.3 Corrosion during incubation period

3.3.1 Corrosion loss

Inset figure within Fig. 6 shows the corrosion
rate in the neutral pure water at 30°C from 0 to
36h, where the corrosion rate was kept less than
Smg/h until 30h. It was estimated that the
amount of corrosion loss was less than 6 X107
mg. Corrosion loss was increased gradually to
18h about 0.2mg, and then increased signifi-
cantly until 48h.

3. 3.2 Anodic polarization behavior of

aluminum

Fig.7 shows the potentiodynamic polariza-
tion curves of aluminum previously corroded for
different period. In Fig. 7, fluctuations of the
current density are seen in the sample of 0 and
of 15h. It is considered that the sequence of the
deterioration and the restoration of the passive
oxide film took place at these stages. However,
there was no fluctuation seen in the sample of 24
and of 48h, probably because the passive oxide
films of these samples have already been deterio-
rated enough at the commencement of the ex-
periment.

In the case of the experiment at 30°C, the
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anodic electrode potential in mV vs SCE was de-
creased rapidly from the early stage of the ex-
periment to 15h, and gradually decreased until
30h, then reached minimum at 48h, followed by
saturation at 72h, as shown in Fig. 8. By com-
parison between Figs.6 and 8, it was clearly
shown that there is a good correlation between
the corrosion rate and the anodic electrode po-
tential.

3.3.3 Surface morphology of the

aluminum surface

SEM images of the surface before and after
the corrosion experiments were examined in the
neutral pure water at 30°C. Absence of corrosion
products on the surface were verified before the
experiment, as shown in Fig.9a. The gradual
appearance of corrosion products was confirmed

I I —
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2 20 with O,
(=)
E ;//
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0
0 20 40 60 80 100 120
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Fig.5 Corrosion loss in the neutral pure water with
and without Oy respectively.
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Fig. 6 Continuous corrosion rate of the neutral pure
water at 30°C.
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after 12h in the neutral pure water, as shown in
Fig. 9b . After 18h of experiment, the whole sur-
face became fully covered by the corrosion prod-
ucts, as seen from Fig. 9¢ . From comparison of
two images, Figs. 9b and c, it is assumed that as
soon as small pits are formed on the passive ox-
ide film, they are immediately filled by the cor-
rosion products because the corrosion rate was
still very low as 6 X107 mg/h for the first 12 h of
immersion.

Fig. 10a and b show the surface images after
the experiment for 30h at 30°C, before and after
the removal of the corrosion products, respec-
tively. It was clearly seen from these images
that there were some small pits on the surface
about 0.1um diameters, which appear at inter-
sections of cracks in the passive oxide film.

Fig. 11a and b show the SEM images after
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Fig.7 Potentiodynamic polarization curves of the

specimen at different experimental period.
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the corrosion experiment for 18h in the solution
of pH11.0 at 30°C, before and after the removal
of the corrosion products respectively. In Fig.
11a, some white particles with about 3.0um di-
ameters were observed on the surface. In Fig.
11b, some pits are formed on the surface, as in
the case of the neutral pure water, as shown in
Fig. 6b. These images of the sample in solution
of pH11.0 are almost the same as that of the
sample in the neutral pure water.

The reason why the anodic electrode potential
decreased rapidly at the early stage of the ex-
periment is therefore most probably due to the
concurrent formation of small pits and immedi-

Fig.9 SEM images of the surface of the specimens
immersed for : (a) Oh, (b) 12h and (c) 18h,
respectively, in the neutral pure water at
30°C.

Fig. 10

SEM images of the surface of the specimens
immersed in the neutral pure water for 30h
at 30°C : (a)before and (b) after the removal
of corrosion products, respectively.
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ate filling of these pits by the corrosion prod-
ucts.

3.4 Corrosion at the final stage in the

neutral pure water

3.4.1 Depth profile of the oxidized
aluminum layer at the final stage

In order to verify the compositional variation
dependent of the thickness, GD-OES depth pro-
files were performed. Fig. 12 shows the result of
GD-OES analysis of the passive oxide film on
the aluminium matrix, the data shown are ob-
tained from the surface to aluminium matrix at
the final stage : (a) 240h at 20°C, (b) 96h at 30
°C and (c¢) 72h at 40°C, respectively.

The initial oxygen peaks confirm the presence
of the passive oxide film and the hydrogen peak
shows that of the corrosion product A1(OH) s,
and the aluminium profiles show three parts,
the passive oxide film, the corrosion product,
and the matrix. The gradual increase of the in-
tensity of aluminum suggests that the presence
of pores within the matrix.

It also indicates that the thickness of the pas-
sive oxide film is maintained the same for the
limited distance about 1.2-1.3um thick.

Since the corrosion loss at the final stage was
almost the same at three different temperatures,
it was assumed that the corrosion process con-
tinued until the formation of definite thickness
of corrosion products.

3.4.2 Morphology of corroded aluminum
surface in the neutral pure water for
72h

Figs. 13a and b show SEM images of the sur-
face after the corrosion experiment for 72h at

B

Fe,

Y
.r'

Fig.11 SEM images of the surface of the specimens
which are immersed in alkali solution
(pH11.0) for the corrosion experiment for
18h at 30°C : (a) before and (b) after the re-
moval of corrosion products, respectively.
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Fig. 12 Depth profile of oxygen, aluminum and hydrogen
at saturated condition examined by GD-OES, at
three different temperatures : (a) 20°C, (b) 30°C
and (c) 40°C.

30°C before and after the removal of the corro-
sion products, respectively. It is clearly seen
from Fig. 13a that there are numbers of rod-
shape corrosion products on the surface, and
from Fig. 13b that whole region of the surface is
covered by small pits. Fig. 14 shows the X-ray
diffraction pattern from the rod-shape corrosion
products, which indicates that the corrosion
product is in fact AI(OH)s.
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Fig. 13 SEM images of the surface of the specimens

after the corrosion experiment for 72h at
30°C : (a) before and (b) after the the re-
moval of corrosion products, respectively.

3.5 Corrosion at second stage in alkaline
solution
3.5.1 Morphology of aluminum surface
in alkaline solution for 30h

Figs. 15a and b show SEM images of the alu-
minum surface immersed for 30h in alkaline so-
lution of pHY9.6 and in that of pH11.0, respec-
tively. There are some areas where corroded
strongly with about 600um diameter. In this
area, corrosion products are not accumulated
and it was occasionally seen that some passive
oxide film were appeared to be peeled.

3.5.2 Morphology of aluminum surface

in alkaline solution for 72h

Fig. 16a, b and ¢ show SEM images of the alu-
minum surface immersed in alkaline solution
for 72h at different pHs, 8.6, 9.5 and 11.0, respec-
tively. Figs. 17a and b show the strongly cor-
roded region in the similar field of images as
Fig. 16, however, the area corroded robustly.

The SEM image in Fig. 16a is very much simi-
lar to that in Fig. 13b in the neutral pure water.
Corrosion loss and corrosion period in the solu-
tion of pH 8.7 at 72 h is almost the same with
that in the neutral pure water, where corrosion
period is the period from the rapid corrosion
rate increase to the final stage of the corrosion.
From these results, the corrosion mechanism in
the solution of pHS8.7 is assumed to be basically
the same as that in the neutral pure water.

From the SEM images of the aluminum sur-
face immersed in the solution of pH11.0, it is
clearly seen that the corrosion behavior in the
solution with pHI11.0 is very much different
from that in the neutral pure water, after the in-
cubation period.
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Fig. 14 XRD pattern from the specimen suffered from the corrosion experiment for 72h.

Fig. 15 SEM image of the surface after the corrosion
experiment for 30h, at : (a) pH9.5 and (b)
pHI11.0.

In Figs.15b and 17b, there are some localized
regions where corrosion took place robustly,
where the passive oxide films were totally re-
l’I:lOVGd, probgl?ly due to the .dISSOIutlon of the Fig.16 SEM images of the aluminum surface immersed
film. In addition, the corrosion products were in alkaline solution for 72h at three different
not accumulated there. If pH of the solution is pH : (a) 8.6, (b) 9.5 and (¢) 11.0, respectively.
high, some area (possibly interfaces and surface
cracks) of the film might become strongly dis-
solved and deteriorated. Occasionally, some part
of the film was strongly corroded, probably due
to the presence of surface crack and/or inter-
faces. Cracks may propagate far easier than sur-

roundings.

4. Discussion Fig. 17 SEM image of the aluminum surface where
corroded strongly after the corrosion ex-

4.1 Deterioration mechanism of the ' _ , i
periment for 72h in the different solution :

passive oxide film (a) pH9.5 and (b) pH1L.0.
It was shown by SEM images that there were
formation of pits and corrosion products on the Although Ito suggested that the passive oxide
film in the neutral pure water. This contradicts film was suffered from dissolution followed by
the proposed deterioration mechanism by Ito™’. deterioration™’, our results indicates there were

40
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additional processes taking place, the formation
of pits and the concurrent formation of corro-
sion products. During the period between 12 and
18h, the amount of corrosion loss is maintained
low, but increased gradually. It became also evi-
dent that the deterioration of the passive oxide
film in strong alkaline solution (pH11.0) and
the length of the incubation period were some-
what similar to that in the neutral pure water.

4.2 Deterioration of the passive

oxide film

Although the length of the incubation period
was very similar to different pH of solution, at
different composition (AI1N99, A3003) ", and in
the solution with or without O, it was only
dependent on the temperature.

Fig. 18 shows the relationship among the cor-
rosion period, the incubation period, and the

200 50
=
Incubation period 20
T40 g
1501 M. . =
ax.corrosion rate &
= "
o
at 130 2
E]
L1001 =
= o
2 Lo
20 é
501 /{ Corrosion period g-
o/ 10 %
=
0 t t 0
0 20 30 40
Temperature ,T/°C
Fig. 18 Comparison of incubation period, corrosion
period and maximum corrosion rate.
800
= 700
E 600
g 500
£ 400
<
2 300
2 \ 22.7 ppm
= 200 B~
<01 Pmﬁ\ 6.9 ppm
100 I
1.13 ppm 8 oA |
0 1
0 10 20 30 40 50 60

Corrosion test temperature /°C

maximum corrosion rate versus the tempera-
ture. It can clearly be seen that the higher the
maximum corrosion rate is ,the shorter the cor-
rosion period and incubation period are. None-
theless, incubation period and corrosion period
are long and the corrosion did not take place at
low temperatures, as low at 10°C.

Fig. 19 shows the relationships between the
incubation period and the corrosion period ver-
sus the temperature, at different O: concentra-
tion, respectively. Since hydrogen gas was
evolved during the incubation period, length of
the incubation period is only controlled by the
temperatures. On the other hand, it can easily
be recognized that the corrosion period is con-
trolled not only by the temperatures but also by
the O: concentration, especially at lower tem-
peratures. From these results, a new corrosion
mechanism was proposed.

4.3 Proposed aluminum corrosion

mechanism in water

Fig. 20 shows a series of schematic diagram
of a newly proposed corrosion mechanism. Fig.
20a 1s the first stage of the corrosion after the
corrosion experiment for 12h, where numbers of
small pits and corrosion products are formed on
the aluminum surface. When anodic reaction oc-
curs, pH of the solution around anode becomes
lower, which results in higher solubility of
AI*". On the other hand, when cathodic reaction
occurs at the region where H™ ion is consumed,
pH of the solution near cathode becomes higher.

Then the numbers of small pits increases
quickly at corrosion experiment for 18h. Fig.
20b shows the second stage of corrosion process

800 \1
= 700 il
T 600 \
g 500 \
= n.7ppi R\
£ 400 —
Z 1.13ppm 6.9 ppm
o ; A
ol 300 | u \(
o
O 200<0.1 ppm—T A

100 =

\ T oo |
0 10 20 30 40 50 60

Corrosion test temperature /°C

Fig. 19 Relationships between the incubation period and corrosion period versus the temperatures.

41



42 SUMITOMO LIGHT METAL TECHNICAL REPORTS

2007

a Firststage Al(OH);

OQ:D,

H H,
N

Anodereaction AP* Cathode reaction
b Second stage Al(OH);
H* H,
o ) \/
o= \8§> e
Anodereaction AP Cathode reaction
¢ Third stage
Mixing area Al(OH);
H* H,
Po o oO——>

Anodereaction AP* Cathode reaction

Fig. 20 Schematic diagram of a newly proposed
corrosion mechanism at three different
stages of corrosion.

explaining the increasing numbers of pits.

H: gas evolves at cathode and leaves from the
passive oxide film where water penetrates. The
diameter of pits becomes larger by dissolution of
AlO, and changes from cathode to anode. Fig.
20c shows the final stage of corrosion, where
AP’ jons reacts with OH  and forms the corro-
sion products AI(OH), at mixing region of both
acid and alkaline solutions. As soon as the alu-
minum surface is totally covered by the corro-
sion products, namely the thickness of corrosion
products reaches optimum thickness, then the
reaction terminates.

Corrosion advances until the time when anode
reaction and cathode reaction occurs separately,
however when cathode reaction and anode reac-
tion can not reacts separately, and all H' ion
consumed completely in anode area, corrosion
decreased quickly and terminated.

5. Conclusion

We have monitored the corrosion behavior
continuously with respect to the evolved hydro-
gen gas due to the cathodic reaction, at different

42

temperatures and at different pHs. The princi-
pal conclusions are summarized as follows :

(1) Corrosion rate is not increased by the dete-
rioration of the passive oxide film which is re-
solved and thinned either in the neutral pure wa-
ter or alkaline solution (pH11.0), but it is in-
creased by the formation of small pits on the
passive oxide film.

(2) Small pits with less than 0.lpm diameter
are formed on the passive oxide film during the
corrosion experiment from 12 to 18h at 30°C, and
filled concurrently with corrosion products.

(3) After the corrosion experiment for 30h, the
diameter of the pits becomes larger than 0.1um,
far larger than the individual corrosion prod-
ucts, and corrosion rate increased dramatically.

(4) Although the length of the incubation pe-
riod is almost the same regardless of pH of the
solution, the length of the incubation period is
dependent on the temperature.

(5) Small pits are formed at the interface of the
passive oxide film and aluminum matrix near
the cathode area by the hydrogen evolution.

References

1) S. Inoue, H. Mieda, H. Sato : Proceedings of 37th Japa-
nese Joint Conference, vol.6 (2003), 21.

2) T.E. Graedel : J. Electrochem. Soc., 136 (1989), 204.

3) R.E. Lobnig, D.J. Siconol., J. Maisano, G. Grundmeier,
H. Streckel, R.P. Frankenthal, M. Stratmann and J.D.
Sinclair : J. Electrochem. Soc., 143 (1996), 1175.

4) H. Ikeda : J. Japan Inst. Light Met., 134 (2000), 41.

5) J.E.O. Mayne : Research 6 (1952), 278.

6) Y. Yamazaki and H. Harimoto : J. Surf. Finish. Soc.
Jpn., 20 (1969), 20.

7) G. Ito, S. Ishida and M. Kato, J. Japan Inst. Light Met.,
18 (1968), 530.

8) E.H. Dix : Metals Handbook, 18th ed., ASTM, (1961),
927.

9) M. Pourbaix : Atlas of Electrochemical Equilibria in

Agueous Solutions, Pergamon Press, London, (1966).

C.M. Brett : Corros. Sci., 33 (1992), 203.

T.R. Beck : Electrochim. Acta, 33 (1988), 1321.

G.T. Burstein and C. Liu : Corros. Sci., 37 (1995), 1151.

R.D. Armstrong and V.J. Braham : ibid., 38 (1996),

1463.

M.S. Hunter and P. Fowle : J. Electrochem. Soc., 101

(1954), 481.

G. Tto : J. Japan Inst. Light Met., 19 (1969), 264. (in

Japanese)

K. Ishii, R. Ozaki, K. Kaneko and M. Masuda : ibid., 56

(2006, 82.(in Japanese).

K. Ishii, R. Ozaki, K. Kaneko and M. Masuda : ibid., 70

(2006), 845. (in Japanese)

10)
1D
12)
13)
14)
15)
16)

17



FRESERE HF48% H 15 (2007) 43-48

3L

=A,
aff

T3 = AEh

PR DY

R LicB T 5
ELw hea v 5 FRDE &I

=
=

X W BT OB B e

Sumitomo Light Metal Technical Reports, Vol. 48 No. 1 (2007), pp. 43-48

Pressure and Friction between Billet and
Container in Aluminum Hot Extrusion

Takeshi Yoneyama and Masaya Takahashi

Pressure and frictional stress distributions on the contacting surface between a billet and a con-

tainer have been investigated during the hot extrusion of aluminum alloy 6063 using sensors that

have been developed by the authors. Frictional stress increases with the distance from the die and

is markedly high in the front part of the dummy block. The distribution of frictional stress is

caused by the shearing deformation between the boundary material fixed on the container surface

and the central part moving to the die exit. The relations with the internal deformation and stress

state have been investigated by FEM analysis. Furthermore, the influences of several parameters

in the extrusion on the pressure and frictional stress distributions have been observed. Knowledge

of the friction between the billet and the container surface is useful for setting the proper extru-

sion conditions to achieve extruded material of constant quality.
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Fig.7 Radial stress distribution calculated by FEM.
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TECHNICAL PAPER

Experimental Study of Influence of Heat Flux and Mass
Velocity on Carbon Dioxide Flow Boiling Heat Transfer

Coefficient in Horizontal Smooth Tube”

Y

Katsumi Hashimoto* *, Akihiro Kiyotani* ** and Naoe Sasaki

The CO; heat pump water heater "ECO CUTE" which was commercialized in 2001 has a high poten-
tial for energy conservation and greenhouse abatement. In order to encourage the broader use of
"ECO CUTE" (the target of the government is 5.2 million accumulations by fiscal year 2010), the
government announced the continuation of a subsidy system and the commencement of new develop-
ment projects. The main issues of the projects are "measures for cold regions" and "downsizing". The
most important element apparatus is always the evaporator. For this paper, an experimental study
has been conducted to measure the pure CO; flow boiling heat transfer coefficient (99.999% purity,
without oil) in a horizontal smooth tube (outer diameter 6mm, thickness 0.4mm). In a previous re-
port, the measured average heat transfer coefficient had a peak value at a certain mass velocity or
a heat flux, but which influence strongly affected the result was not understood. In order to distin-
guish the influence of mass velocity and that of heat flux to the heat transfer coefficient, the tube
length is varied to 3.0m and 5.0m (in the previous report, the length was 4.0m). The test conditions
were . CO: mass velocity from about 150 to about 700kg /(m’) (heat flux from about 10 to about
40kW/m?), quality at inlet of test section is 0.17, CO: super heat at outlet of test section is 5K and
saturation temperature of CO: ranges from 0 to 10°C. As a result, it has been understood that heat

flux has a greater influence on the heat transfer coefficient.

1. Introduction

Protection of the environment is becoming
more important globally, and considerable ef-
fort is being spent on developing heat pumps
with natural working fluids. After surveying
the status of R&D on heat pumps with natural
working fluids, Saikawa et al."” at the Central
Research Institute of Electric Power Industry
(CRIEPI) focused on a CO: heat pump and com-
menced a basic study on a CO: heat pump in
1995. CO: has unique characteristics . its opera-

* This paper was presented at Tth [IR Gustav Lorentzen
Conference on Natural Working Fluids, Trondheim,
Norway, May 28-31, 2006

o x Sector, Thermal Engineering, Energy Engineering
Research Laboratory, Central Research Institute of
Electric Power Industry

##+x  Planning & General Service Section, Research &

Development Center

No. 3 Department, Research & Development Center,
Dr. of Eng.
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tion pressure is very high and it attains a super
critical state in high-pressure side.

Hot water demand accounts for one-third of
final energy consumption in the residential sec-
tor in Japan, and CO: is preferable to refriger-
ant in hot water heating heat pumps. In Japan,
the world's first CO: heat pump for residential
hot water heaters was developed in a joint re-
search project involving DENSO, the Tokyo
Electric Company and CRIEPI, and was released
as a commercial product in May 2001 (Saikawa
et al.?’). With other manufacturers joining the
market, this added impetus to the residential
hot water heater market. The number of ship-
ments in the 2004 fiscal year was about 120,000
units. The Japanese government has a strong
interest in this technology because of its poten-
tial to save energy and abate greenhouse gases.
The government announced that the target
number of accumulation is 5,200,000 by the 2010
fiscal year and has been paying a subsidy to peo-
ple who introduce new "Eco-Cute" continuously
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since the 2002 fiscal year. Moreover, technical
projects have been started by the initiative of
NEDO since 2005. Developing subjects in the
project are mainly apparatus downsizing and
performance improvements in cold districts.

To develop a higher performance and a more
compact heat pump, the evaporator needs to per-
form better and be smaller than a conventional
evaporator. It is important to measure accu-
rately the flow boiling heat transfer coefficient
and to understand the heat transfer mechanism.

There are many previous studies, such as
Hihara et al.*’, Pettersen*’ and Sun and Groll®’.
In our previous report®, we measured average
heat transfer coefficients in a horizontal smooth
copper tube and compared these with calculation
results by the various methods used by Sun and
Groll” and Yoshida et al.” and Mori et al.*. It
was said measured average heat transfer coeffi-
cient had a peak value at a certain mass velocity
or a heat flux, but which influence strongly af-
fected the result was not understood and that
the calculated value does not match the meas-

Straight Tube
Evaporating
Test Section @O

Electric

Compressor

Heater(150Wx2)

J_ Q Main

@+ Evaporator [
1

ured value.

In this study, the pure CO: flow boiling aver-
age heat transfer coefficient was measured by
using a heat exchanger of a different length, so
it is possible to experiment on the same mass ve-
locity and a different heat flux.

2. Experimental apparatus

2.1 Outline of the CO: heat pump loop

Fig. 1 shows a schematic diagram of the ex-
perimental apparatus at CRIEPI. The apparatus
consists of a compressor, three gas coolers, two
electro motion expansion valves and two evapo-
rators. The compressor is an oil-free reciprocat-
ing model driven by a variable speed motor
(inverter driven). The compressor has two pis-
tons and cylinders with a diameter of 48mm and
a stroke of 70mm.

This apparatus has a heat source and a sink
system. Brine (antifreeze liquid) is used as the
heat source medium and water as the heat sink
medium. Temperatures and flow rates of these

Pre Gas |
Cooler <----- PN |

- _>_ PR B TR ® |
®__® / L ! 1
Electric : L

Heater(150W)

|

|
(THl ) ﬁD
|

Gas Cooler | <= - !

r
"! | l [
Electric X - |--> (D [
Flow Rate Heater |
Contro\VaIve (4kW, l ®\(®_]
_i zf} I
Flow Rate - P @ L
Comrcl Valve =1 [ £ [
£
—hd 19| 1] | >
=l E N E
sl 1 8
a 12l 1=
S z z
- -l
Heat Source @ 1 3 ('3 O O
Water Tank X | Li (Lg I(-IU) %
= =
119 g |2
Boiler X | U'_J = ot
- -r_l r T Expansion
e Valve #1
0]

|

! ;“‘&;‘?::;___J '
|

: : @ Heat Sink

Water Tank

|
|
M.F.M Post Gas |
(#1) Cooler |

M.F.M Chiller

M.F.M=Mass Flow Meter, V.F.M : Volumetric (Volume) Flow Meter }

Fig.1 Schematic diagram of the CO; heat pump loop.
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fluids are controlled automatically.

2. 2. Details of test section

The main evaporator and test sections were
connected serially and three test sections were
connected in parallel. Two expansion valves
made it possible to control the mass flow rate
into the test section and the pressure of the sec-
tion. Fig.2 shows details of the test section,
which consists of double tubes. CO: was blown
into the inner tube and brine into the annular
part in counter-current flow. A smooth copper
tube was used, with an O.D. (D,) of 6mm, and a
thickness (#) of 0.4mm. The lengths of the cop-
per tubes are 3m, 4m and 5m. These lengths cor-
respond to the distance between the two elec-
trodes for voltage measurement, which will be
discussed later. The test tube and piping were
fully isolated electrically at the electrical insu-
lating joints on both ends of the tube. The outer
tube was made from transparent polyvinyl chlo-
ride and had an O.D. of 22mm and inner diame-
ter (I.D.) of 12mm.

The CO: temperatures on the inlet and outlet
of the test section were measured. Pressure on
the inlet and the pressure difference between in-
let and outlet were also measured. The mass
flow rate of CO: into the test section can be
measured independently of the main loop mass
flow rate, as shown in Fig.1. Brine tempera-
tures were measured at the inlet and outlet of
the test section and the volumetric flow rate
measured at the inlet as well. The thermometers
were high-accuracy ther-
mometers, calibrated using a standard mercury-
in-glass thermometer.

electric-resistance

The wall temperature of the inner copper tube
was measured using the electric-resistance
method. The setup for the method is shown in
Fig. 2. A DC current supplier passed almost con-
stant DC current to the copper tube. The
value of the DC current (I0) was checked by
measuring the voltage of standard resistance
(ImQ%0.002mQ) using a high-accuracy digital
multi-meter (DMM). The value of the voltage

+~0.D.: Outer diameter e
: - L : tube length of heat transfer e: error on tube 1
, -l:real tube length length of heat 1
\ - t: thickness of tube transfer < 3cm !
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r
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Fig.2 Schematic diagram of evaporating heat transfer test section.
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(V) of the copper tube was measured by high-
accuracy DMM. The value of resistance of the
tube (R) was calculated by I0 and V. Meanwhile,
the correlation of copper resistance and tem-
perature was estimated in advance, in vacuum
conditions in the copper tube. The correlation
was estimated each time the experiment was set
up. Wall temperatures by means of this method
are flow directional and circumferential average
temperature, however this is believed to be more
accurate than a surface thermometer.

2. 3. Derivation of flow boiling heat transfer

coefficient

All experiment data are data from a steady
state for over 20minutes (data were accumu-
lated every two seconds), averaged for analysis.
The value of the flow boiling heat transfer coef-
ficient is calculated by the following process.

(1) @, (amount of heat transfer from brine) is
calculated by @, = 0,Cp,V,(T, . —T,.,),

(2) @, (amount of heat transfer into CO.) is
calculated by @, = GS[h,—h,],

(3) K is calculated from K = Q,/(4t,,A).

Here A=znD,L, At, = (dt,—4t,)/In(A4t,/4t,)

4t;=T1,,— T, ; and 4t, = T,,— T,
(4) ay 4 is estimated by Colburn correlation

(Nu=0.023Re"*Pr'’*) " and a, , is obtained.

(5) Ty is estimated by the electric-resistance
method. Each tube has a different correlation
function between electric-resistance and tem-
perature.

(6) If the bulk temperature of CO: (7)) is the
saturation temperature calculated by pressure
and the bulk temperature of the brine, the aver-
age temperature between the inlet and outlet,
@, , is obtained by a, , = @,/(SLT,—T,1), and
@, 4 is obtained by a, , = Q,/(S[T,,—T,1).

Here, the mass flow rate was correlated by the
heat balance between the release of heat from
brine and the acceptance of heat into CO:
(7 = Q,/Q,). When the mass flow rate was rela-
tively large (>1kg/min), the heat balance was
nearly equal to 1. When the value was relatively
small (0.6kg/min), the heat balance was not 1.
These tendencies seem to have been caused by in-
strument error in recording the mass flow rate.

Nomenclature

A heat transfer area [m?]

C, ‘specific heat capacity  [kd/kgK]

D diameter [m]

G mass velocity of CO: [kg/m’s ]

h  : specific enthalpy (kd/kg]

I :electrical current, A

K . over-all heat transfer coefficient
[W/m’K]

L length of tube [m]

P [ pressure [MPa]

P, : Prandtl Number

@ . amount of heat transfer [kW]

g - heat flux (kW ,/m?*]

R resistance [Q]

R, : Reynolds Number

S I cross section area of CO: path
[m’]

t . inner tube thickness [m]

T : temperature [C]

V. volumetric flow rate [m?®/s]

V  Ivoltage [V]

T quality

[Greek]
A4t,, - logarithmic mean temperature diff.
(K]
a  : heat transfer coefficient  [kW/m?K]
7 - heat balance
o density [kg/m’]
¢ dynamic viscosity [Pa-s]
A thermal conductivity [kW/(mK)]
(A6,=339W/mK)
o surface tension [N/m]
[Subscripts]
0  :inner of inner tube
1 outer of inner tube
2 ‘inner of outer tube
A based on wall temperature
B based on Colburn correlation
b brine
1 inlet
o :outlet
r  :refrigerant (CO,)

sh : superheat at outlet
v . vaper

l : liquid

w  wall
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Thus, the mass flow rate correlates to make the
heat balance equal to 1.

The values of annular-part heat transfer coef-
ficients calculated by temperature difference
(@, 4) were in agreement to within 5% with
those obtained by the Colburn correlation (a, 5).
Uncertainty within about 10% of measurements
estimated using the ASME method"™’ was con-
firmed.

Mean heat flux was defined as ¢=@,/(zD,L).

3. Results of measurements

3.1 Basis of experiments

There are 122 measuring points (and there are
61 plots in the following figures (two sets of
data are need for interpolating the heat transfer
coefficient of evaporating super heat at 5K.)).
Table 1 shows the outline. Pressures are varied
3.0MPa, 4.0MPa and 4.5MPa, saturate tempera-
tures are about 0, 5 and 10°C, respectively. Mass
velocities are varied 150 (from 143 to 165), 270
(from 267 to 275), 400 (from 389 to 399), 520
(from 509 to 521) and 630 (from 631 to 645)
kg/m’s. Heat fluxes are varied depending on the
tube length of the test section (as mentioned
above, the length of tubes are 3m, 4m and 5m).
For all experiments, the quality of inlet was
fixed at 0.17 and the temperature difference of
the brine (47, = T,,— T,,) was kept below 3.0K.
Two runs with different CO: superheat tempera-
tures at outlet (7,,) were performed keeping
other parameters fixed, and interpolation done
in order to estimate the heat transfer coefficient
set T, to oK.

Table 1 Outline of experimental conditions.

g(kW/m?)
G(kg/m?%)
P =35(MPa) | P=40(MPa) | P =4.5(MPa)
150 5.5-6.0 89 10—11
270 11-12 16—18 18—20
400 16—18 21—25 26—30
520 21—24 35—38 41—43
630 26—30 36—38 46—54
890 - - 40
1120 - - 48

* ¢ is varied depending on tube length (and P).

03

3.2 Pressure drop

Experimental results of the pressure drop
(kPa/m) are represented in Fig.3. Pressure
drops were measured at differential pressure in-
strument that indicated 4P in Figures 1 and 2.
Measuring value was by the tube's real length of
3.0m, 4.5m and 5.5m. Here a pressure drop of an
electrical insulating joint is included.

The pressure drop increased as mass velocity
increased and the influence of pressure seems to
be slight.

3.3 Heat transfer coefficient

Mean experimental heat transfer coefficients
are represented in Fig. 4 over the mass velocity
(x-axis is mass velocity in kg/m’s and y axis is

12 I I I I I
Lo 35 4.0 4.5 wra
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~
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e ;
S (-]
w
8 4f B * .
a ; . l
2 i —
¥ | | | l
0 200 400 600 800 1000 1200
Mass velocity, kg/mzs
Fig.3 Pressure drop and mass velocity.
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Fig.4 Mean heat transfer coefficient and mass velocity.
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average heat transfer coefficient in kW/m?K).

Two points at the position over 800kg/m’s
were able to be measured only for the 5m heat
exchanger tube (in the cases of using the 4m
and 3m tubes, the CO: super heat at the end of
the test section could not keep enough tempera-
ture difference to measure heat transfer coeffi-
cient.). They seem to increase with mass veloc-
ity, but this is not discussed here because of the
small number of samples.

In Fig. 4, the data of heat transfer coefficient
were classified according to tube length and
pressure.

Fig. 4 shows that the experimental heat trans-
fer coefficient appears to have a maximum value
of between 300 and 400 kg/m?’s, as mentioned in
our previous paper. The influence of evaporating
pressure seems to be absent or slight, but it can
be pointed out as follows. In smaller mass veloc-
ity regions, the magnitude of heat transfer coef-
ficients of 3.0MPa is larger than that of 4.5MPa
in each tube length. Otherwise, in larger mass
velocity regions, the magnitude of 3.5MPa
seems to be smaller than 4.5MPa. The reason
that explains this phenomenon is not yet clear.

Our previous report pointed out that a
comaprison of magnitude of effect by mass ve-
locity and by heat flux is necessary, so three test
sections which have different tube lengths were
prepared and heat transfer coefficients were
measured.

—_
o

¢ <
4
t

(ke /m’s)
5.

Mean heat transfer coefficient, kW/mzK

£

11 11
567 2 3 4567

1 10
Mean heat flux, kW/m2

100

Fig.5 Mean heat transfer coefficient and mean heat flux
(classified according to mass velocity and pressure).
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In Fig.5, the mean heat transfer coefficient
over the mean heat flux is represented as a dou-
ble logarithmic plot (x-axis is the mean heat
flux and y-axis is the mean heat transfer coeffi-
cient). In this figure, each item of data is classi-
fied according to mass velocity (150, 270, 400,
520 and 630kg/m’s) and pressure (3.5, 4.0 and
4.5MPa).

Fig. 5 shows that the experimental heat trans-
fer coefficient appears to have a maximum value
near 20kW/m*. In other words, in the case of
low mass velocity (for example 150 and 270kg/
m’s), values of the heat transfer coefficient
increase with increments in heat flux. In these
regions, the heat transfer coefficient will be gov-
erned by nuclear boiling, because it is strongly
affected by heat flux. Moreover, in this region,
the tendency is that higher heat transfer coeffi-
cient is obtained in lower pressure cases, al-
though this is not yet completely clear, as men-
tioned above. In the case of middle mass velocity
(which means 400kg/m?s), the heat transfer co-
efficient has peak values at certain heat fluxes.
In the case of higher heat flux regions (for ex-
ample 520 and 630kg/m®s), the values of heat
transfer coefficients decrease or remain nearly
constant. Different heat transfer phenomena
seem to be governed in each region.

In Fig. 6 , mean heat flux over wall superheat
(= wall temperature-saturate temperature of
CO») is represented as a double logarithmic plot
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Fig.6 Mean heat flux and wall super heat (classified
according to mass velocity and pressure).
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(the x-axis is wall superheat and the y-axis is
mean heat flux). It is clear that in the heat
transfer coefficient incremental region (that is,
the lower heat flux region) wall superheat is not
so large (within about 5K), but in the heat
transfer decremental region (the higher heat
flux region) wall superheat is large. That is, the
heat transfer degradation seems to occur in
higher heat flux regions, such as dryouting at
lower quality and droplet rich mist flow.

Fig. 7 shows the relationship between wall su-
perheat 47T, and active cavity diameter D = 27.
According to some general textbooks about two
phase flow, the equation of the active cavity di-
ameter and superheat at heat transfer plane
concerning bubble generation is derived as eq.
(1) from Clausius-Clapeyron's equation and the
relation between the inner pressure of bubble
and surface tension.

AT,

sat

= Toar— Toar = Q)

W sat —

(’Z—;\at/lovL) (20'/7’)

There is a possibility that the bubble is gener-
ated from the cavity of radius r or more when
wall super heat exceeded eq.(1). In the case of
the same radius cavity (for example, 0.72m), the
minimum wall super heat for bubble formation
of CO: is 0.14K, this is smaller than that of R22
(2K). On the other hand, in the case of the same
wall super heat (for example, 2K), the activat-
ing cavity radius for CO: is 0.05m, which is
smaller than that of R22 (0.72um). It is thought

Wal | super heat, K

Activate cavity diameter, m

Fig.7 Super heat and activate cavity diameter.

B%)

that the bubble formation point increases be-
cause a number of smaller cavities are larger
than a larger cavity.

In general, this indicates that when flow pat-
tern changes to annluar flow and film thickness
becomes thin, two phase heat transfer is gov-
erned mainly by evaporation on liquid and vapor
interface (liquid surface). In these cases, no nu-
clear boiling occurs in liquid film because of a
low wall or liquid super heat. However, it is pos-
sible for nuclear boiling to occur in liquid film as
mentioned above. Moreover,the liquid and vapor
density ratio of CO:; is smaller than that of
fluorocarbons, therefore, the vapor speed will be
smaller, then, the forced convection factor in the
heat transfer coefficient does not seem to be so
large.

4. Conclusions

The conclusions of this report are as follows.
— The flow boiling heat transfer coefficient of
CO: in a horizontal tube was measured with a lot
of conditions (122data points).

— CO: flow boiling heat transfer is strongly af-
fected by heat flux.

— According to the physical property of CO,
bubbles can generate smaller cavities and smaler
wall superheat than fluorocarbons.

In future, we will continue to study flow boil-
ing heat transfer with a focus on visualization
and we will focus on the inner surface character-
istics of heat transfer tubes for heat transfer en-
hancement.
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Experimental Study of Pure CO, Heat Transfer
During Flow Boiling Inside Horizontal Tubes”

Katsumi Hashimoto

*

and Akihiro Kiyotani ***

In Japan, a carbon dioxide (CO:) heat pump water heater for residential use was developed for

sale in 2001 to conserve energy and help prevent global warming. In order to develop a more effi-

cient and more compact CO; heat pump, it is necessary to develop a compact and highly efficient

evaporator, and important to understand the CO: flow boiling heat transfer coefficient. An experi-

mental study was conducted here to measure the pure CO: (99.999% purity, without oil) heat

transfer coefficient in a horizontal copper tube (outer diameter : 6mm, thickness : 0.4mm, length
:4m). The test conditions were : CO; mass flux from about 200 to about 700kg/(m?) (heat flux
from about 10 to about 40kW/m?), quality at inlet of test section 0.17, CO; super heat at outlet of

test section 5K, and saturation temperature from 0 to 10°C. The measured heat transfer coefficient

was compared with calculated values by means of several correlations.

1. Introduction

Protection of the environment is becoming
more important globally, and considerable ef-
fort is being spent on developing heat pumps
with natural working fluids. After surveying
the status of R&D on heat pumps with natural
working fluids, Saikawa et al. at the Central
Research Institute of Electric Power Industry
(CRIEPI) focused on a CO: heat pump and com-
menced a basic study on a CO: heat pump in
1995. CO: has unique characteristics : its opera-
tion pressure is very high and it attains a super
critical state in high-pressure side.

Hot water demand accounts for one-third of
final energy consumption in the residential sec-
tor in Japan, and CO: is preferable to refriger-
ant in hot water heating heat pumps. In Japan,
the world's first CO: heat pump for residential
hot water heaters was developed in a joint
research project involving DENSO, the Tokyo

* The main part of this paper was presented at 6 th IIR
Gustav Lorentzen Conference on Natural Working
Fluids in Glasgow, UK, August 29 - September 1, 2004

«+  Sector, Thermal Engineering, Energy Engineering

Research Laboratory, Central Research Institute of

Electric Power Industry

Planning & General Service Section, Research &

Development Center
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Electric Company and CRIEPI, and released as a
commercial product in May 2001 (Saikawa et
al.?” and Kusakari®’). With other manufactur-
ers joining the market, this added impetus to the
residential hot water heater market. The num-
ber of shipments in the 2003 fiscal year was
about 70,000 units, and the product is now at-
tracting considerable attention.

To develop a higher performance and more
compact heat pump, the evaporator needs to per-
form better and be smaller than a conventional
evaporator. It is important to measure accu-
rately the flow boiling heat transfer coefficient
and to understand the heat transfer mechanism.
Hihara et al.”” measured the flow boiling heat
transfer coefficient in a horizontal thin tube and
found that dryout quality seems to be lower
than for fluorocarbons. Pettersen® measured
the
in a micro-channel and summarized several

flow boiling heat transfer coefficient
correlations. Sun and Groll® also measured the
flow boiling heat transfer coefficient and sug-
gested a method of estimating the heat transfer
coefficient. Yoshida et al.” and Mori et al.®*
meanwhile conducted methodical studies of the
heat transfer coefficient of fluorocarbons and
proposed an estimation method.

In this study, the pure CO: flow boiling aver-
age heat transfer coefficient was measured with
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equivalent accuracy to fluorocarbons, and the
value of the heat transfer coefficient obtained by
experiment compared with that estimated using
the methods of Yoshida and Mori, and Sun and
Groll.

2. Experimental apparatus

2.1 Outline of the CO: heat pump loop

Fig.1 shows a schematic diagram of the ex-
perimental apparatus at CRIEPI. The apparatus
consists of a compressor, three gas coolers, two
electro motion expansion valves and two evapo-
rators. The compressor is an oil-free reciprocat-
ing model driven by a variable speed motor
(inverter driven). The compressor has two pis-
tons and cylinders with a diameter of 48 mm and
stroke of 70 mm.

This apparatus has a heat source and sink
system. Brine (antifreeze liquid) is used as the
heat source medium and water as the heat sink
medium. Temperatures and flow rates of these
fluids are controlled automatically.

2.2 Details of test section

Two evaporators are connected serially. The

first evaporator is the flow boiling test section,
and the second i1s the main evaporator. Two ex-
pansion valves make it possible to control the
mass flow rate into the test section and pressure
of the section. Fig. 2 shows details of the test
section, which consists of double tubes. CO: is
blown into the inner tube and brine into the an-
nular part in counter-current flow. A smooth
copper tube is used, with an outer diameter
(0.D.) (D,) of 6 mm, thickness (t) of 0.4 mm
and length of 4 m, corresponding to the distance
between the two electrodes for voltage measure-
ment, which will be discussed later. The test
tube and piping are fully isolated electrically at
the electrical insulating joints on both ends of
the tube. The outer tube is made from transpar-
ent polyvinyl chloride and has an O.D. of 22 mm
and inner diameter (I.D.) of 12 mm.

CO: temperatures at the inlet and outlet of the
test section were measured. Pressure at the inlet
and the pressure difference between inlet and
outlet were also measured. The mass flow rate
of CO: into the test section can be measured in-
dependently of the main loop mass flow rate, as
shown in Fig. 1. Brine temperatures were meas-
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Fig.1 Schematic diagram of the CO, heat pump loop.
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Fig.2 Schematic diagram of evaporating heat transfer
test section.

ured at the inlet and outlet of the test section
and the volumetric flow rate was measured at
the inlet as well. Thermometers are high-
accuracy electric-resistance thermometers cali-
brated using a standard mercury-in-glass ther-
mometer.

The wall temperature of the inner copper tube
was measured using the electric-resistance
method. The setup for the method is shown in
Fig. 2. A direct current supplier passes almost
a constant current to the copper tube. The
value of the DC current (I) was checked by
measuring the voltage of standard resistance
(ImQ+0.002mQ) using a high-accuracy digital
multi-meter (DMM). The value of the voltage
(V) of the copper tube was measured by high-
accuracy DMM. The value of resistance of the
tube (R) was calculated by I and V. Meanwhile,
the correlation of copper resistance and tem-
perature was estimated in advance, in vacuum
conditions in the copper tube. The correlation
was estimated each time the experiment was set
up. Wall temperatures by means of this method
are flow directional and circumferential average
temperature, however this is believed to be more
accurate than a surface thermometer.

2.3 Derivation of flow boiling heat transfer

coefficient

All experiment data are data from a steady
state for over 20 minutes, averaged for analysis.
The value of the flow boiling heat transfer coef-
ficient is calculated by the following process.

1) @, (amount of heat transfer from brine) is
calculated by

09

Q, = prpbW;( Tb,i* Tb,o)

2) @, (amount of heat transfer into CO:) is cal-
culated by

Q = GS(h,—h,)
3) K is calculated from
K = Q,/(4t,A)
Here,
A=rD,L
At,, = (dt;— 4t,) /In( 4t/ 4t,)

4t = T,,—T,;

4) a, g is estimated by Colburn' correlation
Nu = 0.023Re"*Pr'?

and «, 5 is obtained.

5) T, is estimated by the electric-resistance
method.

6) If the bulk temperature of CO: (7)) is the
saturation temperature calculated by pressure
and the bulk temperature of the brine, the aver-
age temperature between inlet and outlet, a, ,
is obtained by

Ay 4 — Qb/(S[Tb_Tw]>
and «a, , is obtained by
a,, = Q,/(SILT,—T,1)

Here, the mass flow rate was correlated by the
heat balance between release of heat from brine
and acceptance of heat into CO:(7 = @,/Q,).
When the mass flow rate is relatively large (>
lkg/min), the heat balance is nearly equal to 1.
When the value is relatively small (0.6kg/min),
the heat balance is not 1. These tendencies seem
to be caused by instrument error in recording
the mass flow rate. Thus, the mass flow rate
correlates to make the heat balance equal to 1.
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The values of annular-part heat transfer coef-
ficients calculated by temperature difference
(@, 4) were in agreement to within 5% with
those obtained by the Colburn
(a, 3). Uncertainty within about 10% of meas-
urements estimated using the ASME™ method
was confirmed.

correlation!'”

3. Heat transfer coefficient by experiments
and correlations

3.1 Basis of experiments

Two series of experiments were conducted.
For all experiments, the quality of inlet was
fixed at 0.17 and the temperature difference of
the brine (47, = T, ,— T, ,) was kept below
3.0K. Two runs with different CO: super heat
temperatures at outlet (7,,) were performed
keeping other parameters fixed, and interpola-
tion was done in order to estimate the heat
transfer coefficient set 7, to K. The reason for
adopting this method is that 7}, has a major ef-
fect on the average heat transfer coefficient.

Table 1 shows the experimental conditions. In
this series mass flux is varying. Constant pres-
sure is required, but pressure fluctuates due to
experimental inadequacy. Table2 shows an-
other set of conditions. In this series of experi-
ments, pressure is varying and mass flux is
fixed.

3.2 Methods of estimating the heat trans-

fer coefficient

The Yoshida and Mori method (Yoshida et
al.” and Mori et al.®®) is the most popular
method for predicting the flow boiling heat
transfer coefficient of fluorocarbons in Japan.
This method includes the prediction convective

Table1 Experimental conditions (Series 1).

T, G q P T x 4T

[C]  [kg/(m's)] [kW/m?] [MPa] [C] [ (K]
5.4, 7.5 161.9 11.5 3.5 0 0.17 2.5
5.2, 7.7 278.2 17.7 3.8 3 0.17 2.1
5.1, 7.6 389.2 25.1 3.9 4.2 0.17 2.0
5.1, 7.6 473.4 28.9 3.8 2.9 0.17 2.5
5.4, 7.8 526.5 31.4 4.1 6.4 0.17 2.5
5.3, 7.8 639.3 38.6 4.4 9 0.17 2.7

(In Table 1 and 2, values of G are shown in correlated values.)

60

flow boiling heat transfer coefficient (judgment
and prediction heat transfer coefficient of an an-
nular flow and a separation flow are included),
dryout quality and post-dryout heat transfer
coefficient. The method suggested by Sun
and Groll® has the same components : local
convective flow boiling heat transfer coefficient,
dryout quality and post-dryout heat transfer
coefficient. In this paper, these two methods are
used.

Using the heat transfer coefficient of CO: esti-
mated by the two methods, simulations of the
CO: and brine heat exchanger were performed.
In the simulation, the tube was divided into
small domains, and the difference in quality of
these small domains set at 0.05. First of all, heat
flux was assumed. The brine heat transfer coef-
ficient was estimated using Colburn's equation.
The heat flux was calculated for being equal to
two overall heat transfer coefficients calculated
from these heat transfer coefficients and from
the temperature difference between CO: and
brine. Calculation was repeated until the heat
flux assumed previously and the calculated heat
flux became the same value.

When the outlet quality became the set value,
the simulation ended. Tube length can be calcu-
lated by summing up the length of small do-
mains. The inlet temperature of the brine was
varied in order to adjust the length of tube to
4 m. Finally, the average heat transfer coeffi-
cient of CO: flow boiling was calculated using
the same process as the experiment. CO: pres-
sures were 3.5, 4.0 and 4.5MPa : here the pres-
sure drop of CO: is not considered. Mass fluxes

Table 2 Experimental conditions (Series 2).

T G q B, T 47,

[C]  [ke/(m'9)] [kW/m®] [MPa] [C]  [-] (K]
4.3, 3.6 386.8 24.2 3.9 4.6 0.17 2.0
5.5, 8.0 403.1 27.5 3.7 1.9 018 2.7
0.8, 7.8 389.1 24.8 4.4 8.7 017 1.9
5.2, 8.4 391.6 22.7 4.6 106 018 1.8
5.1, 4.9 393.1 24.0 3.9 4.6 0.16 2.2
5.3, 74 388.1 23.5 4.2 74 017 2.0
5.3, 7.6 393.4 24.7 3.8 34 017 2.0
5.1, 7.6 389.2 25.2 3.9 4.2 017 2.0
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of CO: were varied from about 200 to 700kg/
(m?®s). The difference in brine temperature
between inlet and outlet was set at 3K, and the
volumetric flow rate of the brine was calculated
from the total amount of heat exchange.

3.3 Influence of mass flux

The average experimental and estimated heat
transfer coefficients are represented in Fig. 3
over the mass flux for the conditions given in
Table 1. Fig. 3 has an orthogonal coordinate sys-
tem with mass flux on the x-axis and average
heat transfer coefficient on the y-axis.

Fig. 3 shows that the experimental heat trans-
fer coefficient appears to have a maximum value
between 300 and 400kg/(m?s). Values of the
heat transfer coefficient increase with incre-
ments in mass flux when the values of mass flux

are below 400kg/(m?*s). On the other hand, the
value of the heat transfer coefficient decreases
with increments in mass flux when values of
mass flux are above 400kg/(m?s); between 500
and 600kg/(m?*s), the decrease tends to level
out.

The tendencies of the estimated value by the
two methods are completely different from each
other. Curves from the Yoshida and Mori
method increase in monotone with the increase
in the mass flux. The reasons for this are that
the value of the local heat transfer coefficient in-
creases according to the mass flux, and the
dryout quality does not change, as shown in
Fig. 4. On the other hand, values of the average
heat transfer coefficient using the Sun and Groll
method are almost constant, in other words, are
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Fig.3 Comparison of measured and calculated heat transfer coefficients.
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not greatly dependent on mass flux. The effect
of two influence factors (decrement of the
dryout quality and increment of the local heat
transfer coefficient) seems to have rivaled ac-
cording to mass flux (Fig.5). The tendency of
the experimental heat transfer coefficient above
500kg/(m?*s) is expressed well by Sun and Groll
method.

In case of R22, estimated average heat trans-
fer coefficient using Yoshida and Mori method
has a peak to the mass flux. In small mass flux
region, the contribution of the increment in the
local heat transfer coefficient is dominant to av-
erage heat transfer coefficient. On the other
hand, in large mass flux region, the contribu-
tion of the decrement in dry-out quality is domi-

nant. Therefore, if the methods of predicting the
dryout quality and of estimating convective heat
transfer coefficient are modified, this experi-
mental result will be expressed well.

3.4 Influence of evaporating pressure

Fig. 6 shows the experimental results of Table
2 and results estimated using the two methods.
The coordinates of Fig. 6 show evaporating pres-
sure on the x-axis and mean heat transfer coeffi-
cient on the y-axis. In this case, the heat trans-
fer coefficient from experiments decreases with
increments in pressure. This trend is qualita-
tively the same for the Yoshida and Mori re-
sults. The values by the Yoshida and Mori
method are strongly influenced by pressure, but
the values obtained using the Sun and Groll
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method are not affected as much. This is the big-
gest difference between the two methods as
shown in Fig.7 and Fig.8 (local HTC (heat
transfer coefficient) vs. tube length). At a
glance, the heat transfer coefficient calculated
using the Yoshida and Mori method and that by
experiment seem to coincide well, however note
that the estimated dryout quality is much
higher, as mentioned above.

4. Conclusions

The conclusions of this report are as follows.

* The flow boiling heat transfer coefficient of
CO: in a horizontal tube was measured.

* Two methods of estimation were evaluated.
The estimated values obtained by neither
method represent the characteristics of the ex-
perimental data, which peak at a certain mass
flux.

In future, we will continue to study flow boil-
ing heat transfer with a focus on visualization,
measuring the local heat transfer coefficient,
and concentrating also on the entrainment and
deposition of CO..
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Nomenclature

A heat transfer area [m?]
Cp : specific heat capacity  [kJ/(kgK)]
D diameter [m]
G mass flux of CO: [kg/(m®s)]
h specific enthalpy [kd/kg]
I :electrical current [A]
K over-all heat transfer coekfficient
[kW/(m*K)]
L :length of tube [m]
Nu : Nusselt Number [-]
P pressure [MPa]
Pr . Prandtl Number [-]
@ : amount of heat transfer [kW]
q - heat flux [kW,/m?*]
R resistance [Q]
Re : Reynolds Number [-]
S I cross section area of CO: path
[m’]
t . inner tube thickness [m]
T :temperature [C]
T. : saturation temperature of CO: [C]
V' volumetric flow rate [m?/s]
. voltage [V]
r . quality [-]

Greek symbols

At,, . logarithmic mean temperature
difference. K]

a heat transfer coefficient [kW/(m?K)]

n . heat balance [-]

o0 . density [kg/m?*]

# . dynamic viscosity [Pa « s]

A ¢ thermal conductivity [kW/(mK)]

Subscripts

: inner of inner tube

. outer of inner tube

: inner of outer tube

. based on wall temperature
. based on Colburn correlation
. brine

> inlet

> outlet

. refrigerant (CO)

. super heat at outlet

> wall

N O o b~D

S

[Constant]
Aoy = 339W/(mK)
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Forming Limit Strains of 5000 series Aluminum
Alloys with Different Magnesium Contents

Toshihiko Kuwabara, Masashi Umemura, Kengo Yoshida,
Mitsutoshi Kuroda, Seiichi Hirano, Yoshinari Kikuta

Forming Limit Curves (FLCs) of 5000 series aluminum alloys with different Mg contents, 2.5

and 5.5 mass%, are experimentally determined in detail using the Marciniak test. The forming
limit strains of the Al-Mg 5.5% alloy are larger than those of the Al-Mg 2.5% alloy from uniaxial

tension to near plane-strain tension regions, whereas the order of formability is reversed in the

biaxial stretching region. To evaluate the work-hardening behavior of the test materials under

biaxial tension and to determine appropriate anisotropic yield functions, biaxial tensile tests of the

test materials are carried out using cruciform specimens. Moreover, forming limit strains of the

test materials under proportional loading are calculated using the Marciniak-Kuczynski approach

based on a phenomenological plasticity model with non-normality effects [Kuroda and Tvergaard,
2001, J. Mech. Phys. Solids, 49, pp. 1239-1263]. The validity of the phenomenological plasticity
analysis is discussed by comparing the observed FLCs with calculated ones.
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HICHATTFRIL, 7L RIEEORILER S T & HIFE
Thb,

BAGGERAEER IC R A BRI Y S av—va v
ZBOVT, WIERRVSZ 7Y v 78y 7 DOFEE IR
Mkbe 7 v (AR K& {KET LN
br->TWb, Lichh-T, EHT VI = A58 RD
ZHILIT N Ic B U 2T 2w L, Fonik
MEE FIVICRERS OWTHIERA R 2 7 ) v 73y o &5
HLUT, MEETVvOZYMEETERE O %2 L Tl
AET A T EUE, TN MEREIIC & BRI IR
Thb,

HEH O KR 7 4 3 VHMELE LT, 5000 %7 v 3
= LAEEWRBFHEIN TV S D, TOKIERAZIC-
WTHIBRRWEBERARE STV b, TbE,

Mg D55 2 5000 27 v =9 A58 RKITB VT,
B [sRARIE & 2 dliok D AR CIIERR AL O 37 & 03 s o
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YAPERIER I A D < BUBERENT FIC K © THlnlRE T H B »
D A RRGE U 7o TS 175 O,

Z ZTAWIFETIZ, Mg BOREK % 2 F O 5000 %
T = afgete B E LTV, mitEr o
MEE 7 v 7 &R B 5 FEER & i AT,
BRI O 3" B Dl B 52 05 i B G2 am i M Bl 1
SLKIERAT CTHIHTZ 2 E I D ERILT 5, F
A O 2 Bh5ERER AT > T, TS ICE L 2R
HERR KRB ARSI EE T 50 RIT, B oG
FRRBIE Z VT, BIGGR MBI R Ic B S < IR IRA
R 2175, & 6iT, il v FiEHEBRET- T, 1K
EIRA O 9 B 2EEICHE L, RIERGEER LT 5,
PRI HIEBR R O FKERE & G REA L4 2 T itk
D, BISERHYRIERER I S BRI ARNT D Y P 75
5 N H HRA Z GRS 5,

2. ¥ B A &

2.1 HE#M

Helbr & LT, MgmoDfi2 5 2 fEHo 5000 %7 v
I =Y AEERDO OMER VI, WER Imm TH 5,
6 O % Table 112, Hiflis R TE S50
TR & Table 2 107Rd . LI, Mg &A3 258
2% OME % Al-25% Mg, 55 BHEZE% DME % Al-
55% Mg &itds ASTM E112 Higikic X0 HlES h
7o, HREEEEAHTICB T 2 FERE AR Al-2.5%
Mg #% 19um, Al-5.5% Mg »% 45um Td %, KA &
(FESE S M), HEREEA ) &, Al-25Mg 28 R, =
(1.3+0.7, 2.8+1.0)um, Al-55% Mg 45 R, =(1.2+
0.5, 2.3+0.3)um TH 5,

Table1 Chemical component of test materials. (mass%)

Si | Fe | Cu [Mn|Mg| Cr | Zn | Ti | Al

Al-2.5%Mg |0.11{0.28 | 0.02 | 0.03| 2.5 | 0.23 | 0.03|0.01 | bal.

Al-5.5%Mg | 0.03 ]0.06 | 0.27|<0.01] 5.5 |<0.01] 0.01 | 0.03 | bal.

Table 2 Mechanical properties of test materials.

Tensiljii;ection /g/lofja ¢*/MPa o* a* o
Al-2.5%Mg— 0 89 411 0.30 0.003 0.78
—45 95 407 0.31 0.003 0.55
—90 99 367 0.25 0.001 0.66
Al-5.5%Mg— 0 126 696 0.44 0.019 0.67
—45 128 626 0.39 0.013 0.71
—90 127 679 0.42 0.018 0.79

* Approximated using o0 = c(a+e”)" for e’ =0.002~0.20
** Measured at uniaxial plastic strain €”=0.09
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Fx5 2507158 (0,,0,) ZFIENZEMICT 0 b L
TEHBME I KD 72,

2. 3 RERFVTHDAIE

AP T bR 2 555 2 Bl iR 215 L, BOERAFEX
ZWES 5 -»iT, Marciniak-Kuczynski @ #2101V
WD <, SR Y v F 2 RO FonR R RS 2 BT - BUE

ns N—
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Fig.1 Cruciform specimen for biaxial tensile test.
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Fig.2 Schematic diagram of punch stretch forming test
apparatus.
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AT %L, HEIE ORI NE SN S,
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AL T EHMIET) ] ©ERIT Y1d2000-2d 1 % £2
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X'\ X"Z, 7 v VoL, L %R\ T8RS g
% Z; ILB 1 % Cauchy IE/1k5Y 6,;(= n; - o-n,) ZHRTE
L ([X] = [L'][6], [X]=I[L"1[6]) LTELGN
%, LL"BXXDLHIcH5Z 5TV 5,

LL7 T 2/3 0 0

L, -1/3 0  0|[a
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L 1 —4 —4 4 0]la,
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| Ly L0 0 0 0 9]lag

W~ v B S IG5 1 O 3 A lhf &
HIEL, TN 5% Voce DI

g(e) = Y., — (Y.~ Yexp(—Ce) (15
T L CO9 AW LBIR 2k, BIEFRE T I W
foo TCTY, RUIHARRIES (e =0 %, Y. (3%
PEREL IO LIRE (8 — ) 2Ed, AES N
M ST-AAY YO 3 AR & Voce i & 2 Pdh
o % Fig. 3 12/R"d s Voce ®xid, MiflEkts ol
TR E AR X CEBL TV 5, mifEitfics v T
BIEENt, METH Y., Y, C ©fti%z Table 3 1Z/R7,

3.2 Marciniak-Kuczynski €7 IV IC & % B TERR RIBHT

Marciniak-Kuczynski (M-K) € F v 0S50
RREBRA O * & A4 %, Fig. 4 ISR d & DT, W
CRBIED DI OES (N F) BERLEYI» S
FIEL, T RAEPEPL CHEINCE 2 SIRET 5,
EEEER % x;, NV FEBERLTIHANT Lz
m= (cos¥,sin¥) &4 3, igm &z, & D9
g TH 5, PO/ N FNES, AoiEEzhTh
ho, hoy, &L, WIHIRIERERE fi=ho/ hy EB < i
ZF 0 3WIMIREE, b3 Ny FNHOETH 2 L A2 K
o PHISTREZGEST 2 &, Ny FERmICBT S

Table 3 Values of constants for work hardening curves
of test materials given by Eq.(15)

Y., /MPa Y, /MPa c

Al-2.5%Mg 290 101 8.51

Al-5.5%Mg 450 133 5.94
500 ———T— .

400

300

200

Al-2.5%Mg

True stress / MPa

100 ff —— Experimental

—-—-- Fitted using Voce law

0.1 0.2 0.3 0.4 05
Logarithmic plastic strain

0
0.0

Fig.3 Equivalent stress-strain curves measured using
hydraulic bulging tests, compared with approxi-
mated curves based on the Voce law.
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Fig.4 Thin sheet with an initial thickness imperfection.
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4. BR ELEER
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MEHE A Fig. 5 1T/Rd, LB D 72%, von Mises,
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s bbb TR, Hill @ 2 kE L O Hosford D%
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Fig.5 Comparison of experimental data points for contours
of plastic work with theoretical yield loci. Each symbol
corresponds to a contour of plastic work for a particu-
lar value of &; . (a) Al-2.5%Mg. (b) Al- 5.5%Mg.
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Fig. 6 Comparison of experimental data points representing

contours of plastic work with Y1d2000-2d yield loci.
(a) Al-2.5%Mg. (b) Al- 5.5%Mg. Each symbol corre-
sponds to a contours of plastic work for a particular
value of ¢; : @0.001; ©0.0025; I0.005; []0.01 A0.02;
A\0.03; 40.04; <0.05; ¥0.06.

70

PRI IC B 0 2O A X7 R LD HE
L HERPE RN AT O R~ 2 b VT [E D iR % Fig. 7 1
R, Fig. 6 [@kE, E M=6 @ YId2000 B (R B
B BESERBICR D I O—FERLTVS, Lk
DT, FHFAOE S 5 b, RIFRREIE DA D
ST K B A S04 A BT bl L 2 RIRBE T H B
LR TE D,

4.2 BERFIBROAEESHBEEDOLLE

APEEA O B BR AR © I E #5 5 % Fig. 8 1R,
B [5R 2 S FM O 9" A5 [sROHEIP T 13 AL-5.5% Mg @
FRIEBRA O 4B 05 Al-25%Mg D L b RZ L, —
J, Ko 2 5 EREE T, Al-2.5%Mg ORIEHRR
O AEM AISS%Mg DENED bREV, TNRHER
DIFFERE > IC B 2 ERFEROMEA & —HT 5, K
Hersov D3RER &gty < v F R HHEER T I B TRl — D Rl
RA DT ARG SN,

M-K € 7T & 2 P BRAFR D FH 5Ll & 2R E o
K% Fig.9 Ic/Rd, stEIcBLTIE, M=6& L%k
Y1d2000 R fRBEE = FI W, #IUREE £ 13 0.9999~0.99
O TEbEE i, biaAic, EKEHEOREME (2.1
HiZR) »oME SN 208, mEt s i

135 S Al T T
2.5%Mg von Mises y
— o N\ y
L R R
T « gg|— YId2000 (M= 8) | ~ B
O N ol |
=) ‘ ‘ 757
oo Yld2000 (M=6) |47
3] 7
£ ; 45 | s _
S ® Hill'a8 X f o,
= N4
s 1 P
63 © T |
=8| s
O a [
A o,
-45
15 30 45 60 75 90
Loading direcction ¢/ °
(a)
135 ———
5.5%Mg ‘ von Mises l
B
T
g § 90 ——Y1d2000 (M =8)
S B |
o9
£z YId2000 (M =6)
5 g 45 *
c s Hill '48
0 o 2
S0 oS
0 S “P 4
28 °—_ S
D "5_ ) '.:'.—' '
-45
15 30
Loading direcction ¢/ °
(b)
Fig.7 Directions of the incremental plastic strain vectors, 3,
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Mechanical Properties of 5083 Aluminum Alloy
Sheets Produced by Isothermal Rolling”

Hiroki Tanaka**, Yasunori Nagai***, Yoshifumi Oguri* **,
Mineo Asano*** and Hideo Yoshida™***

The microstructure and mechanical properties of AA5083 aluminum alloy sheets consisting of

well developed S -fiber texture were investigated. In order to maintain rolling textures after final

annealing, the materials were rolled isothermally at 623K by making use of heated rolls and

reheating process every pass up to final thickness of Imm. The isothermal rolled sheets consisted

of fine subgrain structures through the thickness with a high proportion of low angle boundary

less than 15°. Tensile properties showed anisotropy clearly regarding elongation and Lankford

value. In the isothermal rolled sheets, the elongation of 0° to rolling direction was below 20% and

Lankford value of 45° to rolling direction was over 1.5. Therefore, the average Lankford value in-
dicated 1.0 . The yield strength of the isothermal rolled sheets was about 40% higher than that of
the cold rolled sheets because of subgrain structures. The low ductility of 0° to rolling direction on

the isothermal rolled sheets seemed to reduce drawability at room temperature. The warm

drawability of the isothermal rolled sheets improved and was superior to the cold rolled sheets be-

cause of increasing ductility and keeping higher strength than the cold rolled sheets.

1. Introduction

It was known in low-carbon steels that
Lankford (r) value had a good relationship with
drawing formability". High Lankford value
leads to excellent deep-drawability. It was also
known that Lankford value was related to tex-
ture strongly in aluminum alloy sheets?®’ as well
as low-carbon steels®. Generally, main compo-
nent in O-temper of aluminum alloy sheets is
{001} <100> cube component. In such case, it is
predicted by Taylor model that Lankford value
is below 1.0, especially a significantly smaller
one of 45° to rolling direction?. Meantime, the
texture consisted of the B -fiber({011} <211>-
{123} <634>-{112} <111>) after cold rolling
in aluminum alloy sheets®®’, and it was expected
according to Taylor model that the 8 -fiber in-
creased Lankford value of 45° to rolling direc-

* The main part of this paper was presented at Materi-
als Transactions, 48 (2007), 2008-2013

* No.l Department, Research & Development Center.

Dr of Eng.

No.5 Department, Research & Development Center.

* %k

«+x+ Research & Development Center. Dr of Eng.
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tion”’. Such cold rolled sheets are not suitable
for press forming because of low ductility. If a
sheet is prepared with thermal stability in mi-
crostructure, high Lankford value with ade-
quate ductility 1s gained by remaining 83 -fiber
after a specified heat treatment.

In prior studies® ™,
AAT475 based aluminum alloy sheets containing

zirconium by controlled warm rolling have the

it was revealed that

strong {011} <211> brass component after the
solution heat treatment at 753K. These sheets
had high Lankford values of 45° to rolling direc-
tion and increased strength by subgrain struc-
ture less than 3pm. It is hard to examine form-
ability on heat-treatable alloy such as AA7475
aluminum alloy. The thermal stability of A5083
aluminum alloys has been investigated by mak-
ing use of plane strain compression test®. Due
to this study, it was found that AA5083 alumi-
num alloy sheets deformed at not lower than
623K and under control of strain rate in 5/s and
below have the property of thermal stability.
In the present work, AA5083 aluminum alloy
sheets were prepared under control of tempera-
ture and strain rate according to the above
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results of the plane strain compression test.
These materials were also investigated about
microstructures and drawing formability com-
paring with conventional AA5083 aluminum al-
loy sheets produced by cold rolling.

2. Experimental procedures

Samples of AAS083, of which the composition
is given in Table 1, were prepared according to
the procedure shown in Table2. The alloy
AAS083 was cast into slabs by a standard semi-
continuous direct chill technique. The slab was
homogenized at 738K for 43.2ks followed by ma-
chining with dimensions of 30mm high, 170mm
wide and 170mm long. The rolling equipment
used in this work had two ¢ 260mm work rolls
mounted eight cylindrical heaters per roll? to
keep roll temperature near sample temperature.
In this experiment, the peripheral velocity of the
work rolls was dm/min, and the rolls were
heated at 643K = 15K in order to manufacture
sheets isothermally to the final thickness of
Imm. The above material machined was rolled
at 623K with re-heating at 623K for about 900s
after every pass. Average strain rate of every
pass was calculated roughly by the following
equation'’.

Table1 Chemical composition of specimens. (mass%)

Si Fe Cu Mn Mg Cr Zn Ti Al

0.04 005 <001 0.63 438 016 <001 0.02 Bal.

Table 2 Experimental procedure of the isothermal rolling.

Stage Condition
) Semicontinuous direct chill techniques into slab
Casting
100mm X 175mm X 175mm
Homogenization T38K-43.2ks
Machining 30mm X 170mm X 170mm

Isothermal rolling

Roll temperature 643K 15K
Plate temperature 613 ~ 623K
Average strain rate per pass <b5/s

Total reduction 96.7% (30— 1mm )

Annealing 623K - 3.6ks F.C.

74

foUp 21
VR,

2—r
Here, Ux is the peripheral velocity of roll
(m/s), R'is the radius of roll (m), he is the sam-
ple thickness before rolling (m) and r is the roll-
ing reduction per pass. Then, the average strain
rate per pass should be under 5/s. Commercial

(D

machine oil was used in the isothermal rolling
process. In order to prepare conventional mate-
rials, hot rolling, intermediate annealing and
cold rolling were carried out. Final annealing
was carried out to the isothermal rolled samples
and cold rolled samples at 623K for 3600s.

Microstructure was observed using an optical
microscope and a transmission electron micro-
scope (TEM). Misorientation angles between
grains  were measured using electron
backscattered diffraction (EBSD) equipment
with a scanning electron microscope (SEM).
Measurement points on EBSD analysis were set
at an interval of 0.5um. X-ray diffraction
method was used to describe incomplete pole fig-
ures, and orientation distribution functions
(ODFs) were calculated from three incomplete
pole figures of {111}, {110} and {100} by the
harmonic method"’. The ODFs were displayed
using Bunge's system'”’. The mechanical proper-
ties of the samples after the final annealing were
investigated. Tensile test specimens were gotten
from the orientations of 0°, 45° and 90° to the
rolling direction. Drawing formability at room
temperature was investigated according to the
conditions given in Table 3 . Additionally, warm
drawing test shown in Table4 and Fig.1 was
carried out with a punch of 50mm in diameter in
blank holding force of 6kN. In order to distin-
guish warm drawability between the isothermal
rolled sheets and conventional sheets, the punch
of the test machine was not cooled. Therefore,
the punch temperature was about 60K lower
than specimen temperature.

3. Results

3.1 Isothermal rolling condition

Sample temperature was measured during
heating in a furnace, and immediately after roll-
ing. Sample thickness was also measured after
rolling in order to derive strain rate every pass.
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Table 3 Drawing test condition at room temperature.

) Castrol No.700
Lubricant

(Grease)

Punch ¢ 50mm (flat)
Die ¢ 53mm
Blank diameter ¢ 110mm

BHF 10kN
Punch speed 120mm /min

Table 4 Drawing test condition at warm temperature.

MOLYKOTE
Lubricant . .
(Molybdenum disulphide)
Punch ¢ 50mm (flat)
Die ¢ 53mm
Temperature 473 - 573K
BHF 6kN
Punch speed 120mm /min

Heating coil

Fig.1 Method for measuring of warm drawability.

These results are shown in Fig. 2. It is found
that the rolling process was carried out in the
range from 613K to 623K, and the strain rate per
pass was kept below 5/s through the process.
Sample temperature maintained to a final thick-
ness of Imm as the heated rolls were used.

3.2 Microstructures and textures

Fig. 3 shows optical micrographs in L-LT sec-
tion and TEM images after the final annealing
in order to compare the isothermal rolled sheet
(IR) with the cold rolled sheet (CR). In optical
micrographs, it is found that the cold rolled
sheet consists of equiaxial grains about 30pm in
diameter, whereas the isothermal rolled sheet
maintains rolled structure. In TEM images, it is
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Fig.2 The results of the isothermal rolling, (a) sample
temperature, (b) strain rate per pass.

Optical micrograph

TEM image

Fig.3 Optical and TEM micrographs after annealing at 623K
for 3.6ks. IR : isothermal rolled sheets, CR : cold rolled
sheets.

revealed the isothermal rolled sheet consists of
fine grains whose average diameter is approxi-
mately 3um. Fine particles would contain man-
ganese or chromium as AlsMn and AlsCr:Mgs
by reference to the previous work ',

Fig. 4 histo-
grams taken from SEM-EBSD measurements.

shows misorientation angle

The measured area in this work was 100 X 100
pum. The isothermal rolled sheets have a high
proportion of low angle boundary less than
15°, whereas the cold rolled sheets show a lower
proportion of the low angle boundary. Accord-
ing to the above results, it is clear that the
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isothermal rolled sheets consists of subgrain
structures.

Fig. 5 gives the ODF's at the surface and cen-
ter layers of the materials after the final anneal-
ing. In the isothermal rolled sheets, the 3 -fiber,
especially {011} <211> brass component is rec-
ognized clearly through the thickness of it. The
cold rolled sheets have a weak peak of {001}
<100> cube component. In other words, the
texture of the cold rolled sheets was randomized
after recrystallization.

3.3 Tensile properties

Table 5 summarizes the tensile properties af-
ter the final annealing. The yield strength of the
isothermal rolled sheets is about 40% higher in
orientations of 0° and 90° to rolling direction
than that of the cold rolled sheets. The proper-
ties of the isothermal rolled sheets on ductility
and Lankford value measured at 10% elongation
show anisotropy whereas the cold rolled sheets
tend to be isotropic. Regarding the isothermal
rolled sheets, the elongation of 0°to rolling
direction is below 20% and Lankford value of
45°to rolling direction is very high. Due to this

60
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Fig.4 Misorientation angle histograms after annealing at
623K for 3.6ks of isothermal rolled sheets (a) and cold
rolled sheets (b).
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property on Lankford value, the average value is
over 1. The average Lankford value of the cold
rolled sheets is lower than that of the isothermal
rolled sheets.

3.4 Drawing formability

At room temperature, the drawability of the
1sothermal rolled sheets seems to be superior to
the cold rolled sheets as shown in Fig. 6 . Break-
ing points in this test were different between the
two materials. The cold rolled sheets broke at
corner of the punch. Meanwhile, the isothermal
rolled sheets broke at side surface of 0° to roll-
ing direction. The drawability at room tempera-
ture will be discussed later.

The limiting draw ratio (LDR) measured be-
tween 473K and 573K is shown in Fig. 7. Up to
023K, the isothermal rolled sheets show higher
LDR than the cold rolled sheets. Then, at 573K,
the both materials show same level on LDR. Fig.
8 indicates the effect of blank holding force
(BHF) at 523K. Generally, low BHF leads wrin-

(@) P2=45° pp=65" Pp=90°
rw' T = ] 0 O v
£ = 9
\\/—\3@ ) O .
= 55— ° ==
: N )
3
e
2 el D
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- i)

SIS S S
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£~ s
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OCube{001 K100> OD-Cubel K110>

Fig.5 ODFs after annealing at 623K for 3.6ks of isothermal
rolled sheets (a) and cold rolled sheets (b).
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Table 5 Mechanical properties after 623K annealing.

Condition Angle to RD Tensile strength| Yield strength Elongation rvalue aver Ar
(MPa) (MPa) %)

0° 351 207 16 0.41

5083 IR 45° 328 192 26 1.54 1.09 -0.91
90° 348 204 21 0.85
0° 315 149 24 0.76

5083 CR 45° 302 145 28 0.60 0.67 0.13
90° 300 145 25 0.70

IR : isothermal rolling CR : cold rolling

| |
@ e BN me o e saP(liza 2™ W ® o (50 i om w2000 ™

CR : cold rolled sheet
cup height=15.7mm

Fig.6 Appearance of specimens drawn at room temperature. Cup height : IR=16.9mm, CR=15.7Tmm.

F .
P =
IR : isothermal rolled sheet
cup height = 16.9mm
25
P D —&—5083-IR .
’ —0—5083-CR
r 23 frrrmemnneaannnd
9
22 f----
21 fF----
2.0 -
450 500 550 600

Temperature / K

Fig.7 Limiting draw ratio at warm temperature. IR :
isothermal rolled sheets, CR : cold rolled sheets.

kling matter and high BHF reduces DR*™’. In the
cold rolled sheets, the range of BHF to carry out
drawing successfully is very limited at the draw
ratio of 2.2 . On the other hand, the isothermal
rolled sheets have somewhat large range of BHF
to carry out drawing successfully at the draw
ratio of 2.3 . The above results show the isother-
mal rolled sheets have good drawability at 523K
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or so. In the warm drawing, the break points of
the isothermal rolled sheets were at corner of
the punch.

4. Discussions

In the present work, it was found that the iso-
thermal rolling is able to form 3 -fiber strongly
through the thickness of a sheet. This means
rolling deformation was carried out sufficiently
into the center of a sheet as well as the surface
area in the isothermal rolling process™’. The ma-
terials produced by the isothermal rolling main-
tained the B -fiber after the final annealing,
whose texture made Lankford value of 45° to
rolling direction increase whereas the anisot-
ropy of mechanical properties became marked.
This trend agrees with the previous work?
which argued the anisotropy of Lankford value
by making use of Taylor model. Regarding the
ductility, it was found that the elongation of 0°
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to rolling direction on the isothermal rolled
sheets decreases significantly. In the drawing
test at room temperature, the reason of break-
ing point at side surface of 0° to rolling direc-
tion on the isothermal rolled sheets seems to be
ascribable to the above decrease of the elonga-
tion. The property of LDR at room temperature
on the isothermal rolled sheets was not superior
to the cold rolled sheets, which may be related to
the small ductility of 0°to rolling direction. Fur-
ther examination should be required to consider
the relationship between tensile properties and
drawability at room temperature. The breaking
of the isothermal rolled sheets occurred at cor-
ner of the punch in the warm drawing. In order
to consider the change on above breaking points,
tensile properties of 0°to rolling direction were
checked (Fig.9) at elevated temperatures. The
ductility of the isothermal rolled sheets in-
creases in a temperature range over 400K, which
seems to be a reason to change location of break
point at the warm drawing. The isothermal
rolled sheets have higher tensile strength up to
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Fig.9 Tensile strength (a) and elongation (b) versus tensile

temperature. IR : isothermal rolled sheets, CR : cold
rolled sheets.

523K than the cold rolled sheets. This tendency
may lead the isothermal rolled sheets to good
warm drawability up to 523K. At 573K, the both
materials show the same tensile strength. Fig.
10 indicates TEM images when the both materi-
als were heated to each temperature of the warm
drawability test. The isothermal rolled sheets
maintained subgrain structures up to 573K,
though their tensile strength was almost the
same as that of the cold rolled sheets consisting
of a normal recrystallized structure. It seems
that the summation of the work hardening and
softening by restoration process in the isother-
mal rolled sheets is the same level as the cold
rolled sheets at 573K. This tendency may reduce
the LDR of the isothermal rolled sheets at 573K.

In order to apply for actual use, large mem-
bers such as automobile oil pan were formed un-
der the condition shown in Table 6 by making
use of 1.bmm thickness sheets of the isothermal
rolled sheet and the cold rolled sheet. The mem-
bers were formed successfully by the both mate-
rials. Fig.11 shows the appearance of the
molded article at the 1st and 2nd stage by the



Vol.48 No.1

Mechanical Properties of 5083 Aluminum Alloy Sheets Produced by Isothermal Rolling

79

| 473K-300s |

573K-300s

Fig. 10

Table 6 Warm forming condition.

Sheet thickness 1.5mm
Lubricant MOLYKQTE .
(Molybdenum disulphide)
Punch Water cooling
Die temperature 523K
1st BHF 200kN
stage Punch speed 60mm,/min
Cushion stroke T0mm
Die temperature 573K
Ind BHF 200kN
stage Punch speed 60mm/min
Cushion stroke 70mm

isothermal rolled sheet. After the forming, the
strength of the sidewall and bottom layer was
investigated. Tensile specimens were prepared
from the areas shown in Fig. 12 . Table 7 shows
the mechanical properties of the specimens. It is
clear that the yield strength of the isothermal
rolled sheets maintains higher level than that of
the cold rolled sheets after the warm forming,
and such properties of the isothermal rolled
sheets are advantage for actual use.

5. Conclusions

The microstructures and drawing formability
of AA5083 aluminum alloy sheets prepared by

79

TEM images at start of warm drawing. IR : isothermal rolled sheets, CR : cold rolled sheets.

(oifstain)
—

400mm*

Fig. 11 Appearance of the molded article at the 1st and
2nd stage by isothermal rolled sheets.

isothermal rolling which controls temperature
and strain rate were investigated comparing
with conventional AA5083 aluminum alloy ones
produced by cold rolling. The conclusions ob-
tained are as follows.

(1) Due to the isothermal rolling under the
control of sample temperature and strain rate,
the B -fiber, especially {011} <211> brass com-
ponent is formed clearly through the thickness
of a sheet after 623K annealing.

(2) The isothermal rolled sheets have anisot-
ropy on mechanical properties, which show the
elongation of 0° to rolling direction is below
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(Dbottom layar

(2side wall at the 1st satage
(B)side wall at the 2nd satage

e —

Fig. 12 Examination areas of tensile properties.

Table 7 Mechanical properties after the warm forming.

Condition | area Tensile strength | Yield strength | Elongation
(MPa) (MPa) (%)
@ 312 195 17
5083 IR @ 316 203 13
® 304 180 12
@® 316 154 22
5083 CR @ 319 169 20
® 309 151 17

IR : isothermal rolling CR : cold rolling

20% and Lankford value of 45° to rolling direc-
tion over 1.5 . And, the yield strength of the iso-
thermal rolled sheets is about 40% higher in ori-
entations of 0° and 90° to rolling direction than
that of the cold rolled sheets because of subgrain
structures.

(3) The low ductility of 0° to rolling direction
on the isothermal rolled sheets seems to reduce
drawability at room temperature. The warm
drawability of the isothermal rolled sheets im-
proves and is superior to the cold rolled sheets.
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Effects of Strip Casting Conditions on the
Centerline Segregations of Twin-roll Cast

Al-Mg-Si Alloy Strips

Hiroki Esaki, Yoshio Watanabe, Tadashi Minoda,
Hideyuki Uto, and Kazuhisa Shibue

When the Al-Mg-Si alloy used in an automotive body sheet is remelted, a contamination with

iron from the steel parts is a problem because the Al-Fe-Si based coarser intermetallic compounds

cause the decrease of formability of the strip. Therefore, the twin-roll casting (TRC) which can

refine the compounds is a promising method for this alloy strip. However, it is necessary to pre-

vent the centerline segregations because they may lower the surface quality of the final product.

This paper presents the occurrence mechanism and the suppression method of the centerline

segregations by investigations of the experimentally produced AA6016 alloy TRC strips ( 6.0mm

thick and 300mm wide) containing 0.4mass% iron. These structures are attributed to channel

segregations containing Mg:Si or Al-Fe-Si based intermetallic compounds. The centerline

segregations decrease as casting speed decreases. However, lower casting speed increases the for-

mation of the ripple marks on the surface of the strip. On the other hand, an increase in setback

distance is effective in decreasing both the centerline segregations and the ripple marks.
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Fig.1 Overview of the experimental twin-roll caster line.
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Fig.2 Schematic illustration of the observation area of
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Fig.4 Effect of casting speed on the centerline segregation
patterns of the as-cast TRC strips at the transverse
sections near the center of the width (setback =
35mm).
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Fig.3 Effect of casting speed on the centerline segregation patterns of the as-cast TRC strips
at the surface sections of 1/2 thick (setback = 35 mm).
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Fig.5 EPMA element maps on the longitudinal cross section of the TRC strip
showing a typical centerline segregation pattern.

Fig.6 Surface qualities of the 10% elongated typical T4 samples prepared from the TRC strips :

(a) with centerline segregations, (b) without centerline segregations.
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Fig.9 Effect of casting speed on the centerline segregation patterns of the as-cast TRC strips at the surface

sections of 1/2 thick (setback = 45mm).
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Fig. 10 Effect of casting speed on the centerline segregation
patterns of the as-cast TRC strips at the transverse sec-
tions near the center of the width (setback = 45mm).
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Effects of Various Factors on Outer Side Corrosion
Resistance of Aluminum Brazing Sheet

Yoshifusa Shoji

This paper gives a review of effects of various factors on outer side corrosion resistance of alu-

minum brazing sheet for automotive heat exchangers. Corrosion resistance of the brazing sheet

depend on copper and zinc content of core and filler alloy, thickness of cladding filler alloy, and

coating volume of nocolok flux. The copper and zinc elements in the core and filler alloy of brazing

sheet diffuse during the brazing heating process, and the natural electrode potential is controlled

by the diffusion profile of copper and zinc. Consequently, the corrosion resistance of brazing sheet

is improved by the increase of the copper content of core alloy and zinc content of filler alloy, the

increase of the thickness of the cladding filler alloy, the increase of the coating volume of flux, and

the decrease of the heating time in brazing.
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Fig. 2 Effect of zinc content of filler alloy on the
corrosion depth of brazing sheet after
CASS test.
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Fig.5 Cross section of brazed specimen after CASS
test for 8 weeks.
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Fig. 6 Effect of copper content of core and zinc content
of filler alloy on the corrosion length of brazed
specimen after CASS test for 8 weeks.
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Stress Corrosion Cracking of Aluminum Alloys

Tadashi Minoda

The process of stress corrosion cracking of aluminum alloys is extremely complicated because it

is influenced by their microstructural and related factors. In the case of welded joints, stress cor-

rosion cracking of the joints is more complex because it is influenced by the quality of the parent

material and filler metal, size of the welded material, heat input and residual stress. In this paper,

the mechanism, test methods and the effective way to control the stress corrosion cracking are

summarized. In addition, the stress corrosion cracking of welded joints are also summarized. In

the case of welded joints, the countermeasures to stress corrosion cracking are necessary by con-

sidering the microstructures of the joints and which part has the highest sensitivity to stress cor-

rosion cracking. As an example, post weld heat treatments increase the resistance to stress

corrosion cracking. Most of the stress corrosion cracking of welded constructions occur after sev-

eral years due to residual stresses which are introduced by welding. Therefore, the designs, which

take into account stress corrosion cracking, are necessary.
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| Grain
bound

Fig.1 Schematic representations of the postulated
theories of SCC for aluminum alloys, (a)
anodic dissolution, (b) hydrogen induced
cracking, and (c¢) passive film!’.

BREMD Do —H, EOTAHFEFIRENEHSIEET
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2.0%NaCl+0.5%Na.CrO, /K Bt s, SR
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A7 NEBDIRTONEE Th 5, JIS LI X FED
R AHV SN TED, —fl% Table2 2k &H 27,
WKL HIREEEEZ L oWRESAVTE Y, FEKE
OEWEREMGETH 505, WMERFFRE 720h £ 72
13 1000h FEFF £ TIrb N 2 T &% <, FHtiic HEE
295, —F, 7w sBRERBRIGHEEEO S BicEln
MHET L T Eme L, WiffigkE LTHOY SN TV A0,
HEMOMER, IENEEHINEZEO /M 57
FICXSBEINnFHmERTGEGbbD, EalkicEs L
WhHhnTW3,

zofioEEEE LT, TREALHBELKD 3 4
FERER 7S E TN T W B,

Table 1 Microstructural factors and related elements
concerning SCC 2.

Microstructural factor Related element

Alloying elements Anode reaction rate

Shape and size of crystal grain Cathode reaction rate
Grain boundary structure Oxide film fracture/Re-passivation

Chemical composition, size and distribution | Preferential dissolution/
of intergranular precipitation Sacrificial anode site

Width of PFZ and solute distribution
in PFZ along grain boundary

Stress and strain
concentration

Chemical composition, size and distribution

. Sli 1 di
of transgranular precipitation ip (planar/disperse)

Chemical composition and

distribution of dispersoids ydrogen trapping

Chemical composition and distribution

. . Hyd diffusion/tr tati
of constituent particles ydvogen diffusion/transportation

Hydrogen dissipation

1 fi i 1 o
Segregation of impurity elements (hydrogen recombination)

Table2 Typical conditions of SCC test environment 7.

Solution Concentration Temperature
NaCl 3.0-3.5% Around room
temperature
. Around room
NaCl+H304 Different from researcher
temperature
. . Cl"Og (36g/1) +K2 Cl"g O7 o, e
Chromic acid (30g/1) +NaCl (3g/1) 90°C or boiling
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Lo, T6#FECEFFicmitIEREENEICHE s &

_ Reqion Cold Worked (H12) Temper

E Region led {O) Temper
Q Not Susceptible in HI2 and O Tempers

300 | @ Susceptible in HIZ and O Tempers
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© Experimental — T
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& 200 Solubility © o O S T
E - SRR
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g oc 9/ o> SR8
£ Ve ’
>
= /
L 04 i
/ 00 o 1
/ 5
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Magnesium content, Cmg (mass%)

Fig. 2 Effect of temperature on susceptibility to stress
corrosion cracking ®.
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X/, F712, 7075 B4 B W T 120°C-24h © A T I
SR A 4T - 7o T6 FHEM L 0 b, 3 » HOHARKX%
1o e TATEM O A MIBTIEEEINEMICE S &0
WESNTBY, 4HECTCOFERICIERERSLETDH
212 e AN DBHIEE IS W TIE, Fig.5cnd &
INTIHEHRE DB WD IS IEEE BN S &
BEREIN TV LY, WHLEESE VLS, wiEldo
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i‘ 400~ 5 60 v £
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(a) Aging time at 190 °C (375 °F), h
T3 Alloy 2024 T8
50 - 50 =
+—% Loss in strength, < <
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g N / £ s
£ 308 B-41072 >
£ 30 g 02 2
. N a1
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g 20 | I 4 208 £ _lig-3 8
< Schematically Q\ §8 3 ¢
& N\, 5% 3 S
- 10 7 ~ 10¢c” ] s
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Aging time at 190 °C (375 °F), h

Fig.3 Effects of artificial aging on the properties of alloy
2024, (a) mechanical and fracture properties and
(b) stress corrosion properties in NaCl solution.

The T3 and T8 tempers are indicated by arrows '’



98 T R & & E & R

2007

CETHENERT 5, —F, KA g HIFETTLE
TIRIEFEAEELE S, HEINEIC L AT 2 2
L TR TR RE 50, BRI & [EkE O R
2155, ZTD7c, RRA WK T IF T6 # & [A% D i
EAHLo>Db, EBNif SCCHAERT, FEIT 7475
G4BT B T6 M & RRA QLM KL ST 5k o &

Tﬁf1 T7651 77351
"_ T T
700 - 100} 9urs (Longitudinat grain direction) 70
600
[ ——
LV T
500~ 70 Y/ i 50
— oyg (Longitudinal grain direction)v\ o
& 2 60 ! £
= 00— g s e Alloy 7075 a0 £
§, g 50 [-2.00 Alloy 7]78 o ﬁ
g 300 2 Smooth specimen SCC threshold 4 {30 Eé’
@ 40 | for short transverse grain —,—— g
direction \/ @
200 30 7 — 20
I3
20 /‘
100+ —~ 10
ol 10 v
S e e e e e} ——
L a et vl o
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Fig. 4 Effect of artificial aging at 160°C on the
strength and smooth-specimen SCC
threshold of 7075-T651 and 7178-T651 7.
400
A~ * ry a A/
a h
300 \:/2‘ il
© H 4
E v
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© 200 A a
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100 \ i
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\@___/
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Fig.5 SCC-susceptibility of water-quenched and air-
cooled Al-4.8mass%7Zn-1.2mass%Mg alloy 2.
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RT. I

Fig.6 Schematic model of RRA treatment .
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W% Fig. 8 IT/Rd 19, F 7z, MMLAVLEE (TMT) T &
LG ERENHEOSE ORI ShTED, Thoid
th B0 AL R 7 (ITMT; Intermediate Thermo-
mechanical Treatment) & f#&H0 AW (FTMT;
Final Thermomechanical Treatment) & I K5 1
2 120 N T AVILEE 13 85 o BUILER & HIlTE L T,
ALEETOMMAELET 20 TH Y, SN TEM
BRE G BEERENR & 2 W 3T IERER D B A i T
SRR A L, A, B, IEME A UGS S 5
Tbh b,

iR & 9T, fEk 7000 RG2S TE & E
DYE R, BULETOREINITON TE D, HFETIE
RLA MG OFIHIC L 2 8ET diTbh TV 5, T4T5 &4
ENR—Z2IT YA =g AERINL 2 B AZRKOIK T,
350°C DM HAE I & D EBL U 7o Biebh i, BEk o Bl

(©)

Fig.7 Schematic model of microstructure changes by
RRA treatment, (a) T6 temper, (b) after retro-
gression and (c¢) after re-aging teratment.

(a) T6 temper

(b) RRA

0.2um

Fig.8 Deference of the grain boundary precipitates of
the 7475 alloy sheet 6.
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b. BEMODICHEEREIN

BRAEM OB EEINE, BMoME, ~Fik A
It oME, AZ, RIS ENETRET L 10D,
Mb THMETDH %, IAIIMIT 5056 &4 % W THE#EL
7z Al-Zn-Mg &4 o #hiF iz X 2 5118 &8 h a5 1
(100 HRED % Fig. 9 1o/Rd 2y 7 o 2D ARML 725
BN, 7osdvrva=y AEESHRNLILEDI
B EEntom Exad ons, £, 4 ARG
St TNOL &2 B OIBTIE AEIh I X I HE,
WEB L OTHE OB A Table3, 0 & xDHBRHTE
K% Fig. 10 1oRd %, #lzEG6 LGV IN0L A4 LD
b, HHEMERI L 72 TINOL &40 /5 AIESE AE A
FELICCL, BIMOoFHELE LTI T4 LD b T6 &
SICTT#HEOEBENS, 12, REWNSLC, &5
12 L (A S BRI £ TOMED SRS VWiEeE, &
HICHINE L ERsFAE LIz b,

Fig. 11 1T7R 9 & 51T, IERIAHE DG 1T RIEHER O
ABUT kv, AR L CHERE LIS
R RN 1S - FoE o kit L CTHEAES b0 Rk D

Cr: 0.17mass%

Cr: 0.2mass% Zr: 0.1mass%
I

4.0 5.0 6.0
Zn content (mass%)

8.0 4.0 5.0 6.0 8.0

Fig.9 Stress corrosion cracking test of the welds in Al-Zn-Mg
alloy welded with filler wire of 5056 alloy. Test speci-
mens (t2mm) were dipped in 3 % brine water for 100
days with the bending radius of 12.5 t. White plots mean

no-cracking and black plots mean cracking 2.

Location
measured

(a)

material

Fig. 10 Shape of test specimen and cross section of fillet
weld %,
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ZORNBEENICEET 2L bIERTH 5, FSW 1F
MIG #® TIG 72 & L5730, EHEIEEESG RS 5, ©
DI OB AR, BRI T4#E iy, ©
O P BB SIS S N B, FFRES O BB RE 13,
TBRAT I NTINg, BHE b 2HTH D, FSWH
DIEN B EE N O —fF % Fig. 12 I2 /89 55, 7050 -
T7451 %2 FSW 12 & 0 24 L 72554 (Process A), &)
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Table 3 Stress corrosion cracking at plate-edge of fillet weld

in A7NO1 alloy plate. The samples were exposed in an
industrial atmosphere for more than one year after

weld 2.
Test Plate Temper Cracking ratio (%)

material | thickness L=0mm | L=10mm | L=20mm | L=30mm | L=40mm

T4 | 90 | 60 0 0 0

Al-Zn-Mg | 20mm T6 80 45 0 0 0

T7 | 80 | 25 0 0 0

T4 | 15 0 0 0 0

20mm | T6 | 10 0 0 0 0

Al-Zn-Mg- T7 | 10 0 0 0 0

(Cw* T4 0 0 0 0 0

12mm T6 0 0 0 0 0

T7 0 0 0 0 0

# AlZn-Mg-(Cu) alloy contains small amount of copper element within the imit of TNOI speification.

Fig. 11 Schematic model of cross section after weld.
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Fig. 12 Effect of the process on the stress corrosion crack-
ing of friction stir welded AA7050 alloy 4.
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Fig. 13 Stress-strain results for naturally aged and
artificially aged (100°C for 1 week) FSW
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Overview on the History of Aluminum Pre-coated

Fin Stock used for Air Conditioners.

Akihiro Kiyotani

For more than 30 years from 1970 to the beginning of 2000s, for energy saving, materials saving,
ozonosphere protection and prevention of global warming, considerable thoughts in designing of
air conditioners had been directed towards heat transfer enhancement, increasing energy effi-
ciency and volume reduction of the heat exchangers using aluminum plate fins and copper tubes.
At the request of the air conditioners designers, many kinds of high performance pre-coated fin
stocks had been being developed and put into practical use by Sumitomo Light Metals Industries
(SLM). SLM's pre-coated fin stocks were as follows : corrosion protective coatings to prevent the
scattering of the corrosion products of aluminum fins, highly and durably hydrophilic coatings to
support the significant reduction of fin pitch and prevent the condensed water splashing from in-
door unit, three types (Silica type, Non Silica type and Silicate type) of hydrophilic coatings hav-
ing high performance of the press forming with volatile lubricants, Silicate type coatings overlaid
with water soluble lubricant to cope with the wear problem of tools and "Avec" (disarrangement
of fins) on press forming using the volatile lubricants, and so on. In this report the main pre-

coated fin stocks were overviewed in chronological order.
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Table 1 Changes in the air conditioners surroundings
and SLM's pre-coated fin stock.

Years Air conditioners Pre-coated fin stock

* Room air conditioners :
0.8million sets (1970).

* Scatter of corrosion » Corrosion protective
products of bare aluminum | coatings.
fin (1973). (Chromate coatings,

Resin coatings)
19705 1. 0 erisis (1973, 1979).

* Energy Conservation Law |+ Hydrophilic coatings.
(1979). (Silica coatings,
—Performance improvement|  Silicate coatings)
and miniaturization of
heat exchanger.

« Inverter control (1980). * Gauge down and

+ Rapid increase in strengthening of
production of room air fin stock.
conditioners, * Practical for ironing

2.1 million sets (1981) forming fin-die.
— 3.7 million sets (1986). |+ Reduce in tool
wearing property.
19808 (Non silica coatings)

» Ozonosphere protection. * Good formability
Montreal Protocol (1987). with volatile
Helshinki Declaration lubricant.

(1989). (Silicate coatings,
Non silica coatings
and Silica coatings)

* Revision of JIS "Room Air |+ Increase in
Conditioners" (1989). defrosting property.

+ Corrosion of outdoor heat |+ High anti-corrosion
exchanger by acid rain. coatings.

* Room air conditioners: (Resin coatings)
7.1million sets (1991). * Decreasing tool wear

property of silicate
coating (Over layer
with water-soluble

lubricants).

« Innate respect for healthy. |+ Anti-mold and anti-

1990s . . .
« Prevention of global bacteria coatings.
warming. » Enhancement in
COP3 Kyoto Protocol durability of
(1997). hydrophilic coatings.
Revision of Energy (Silica coatings,
Conservation Law (1998). Non silica coatings)
(Top Runner Program)

* Home Appliance Recycling
Law (1998).

* Room air conditioners :

90005 7.0 million sets (2000).

* Fluorocarbons Recovery
and Destruction Law (2001).

ATOTY, Xo@ENIEUKIES X OBUKRE = H 3

BRI 7 « bk Shtc,

EERE 0T X 3R, V—LzTaVvPRRLEL S,
HEE, BEOEDEINE Lz TRE) 41 7 Vit
(1998%), XU v v @R Bk R LR D
REWVT VA v — K RSO RSB EZ HEY &
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Lic IT7a vazElY - g | (20014E) MHIES N
7o

3. EHEARELIET « YHMOBERRE

3.1 BHEWNET «+ VHORR

3.1.1 BMREXIE

19734, ZEFAENEOZE ST L a2 5 Vs
TELd 2 S BAL L 7co EIRTRELE Y BTTS~ D%
KDUEE - S REIRAAZEEK B VW T, BEEMICHE
WIBED TCUWNCFHET 25 — A% D - 1o, T D41,
TSP BHEIC Z MO 7L S = A7 ¢ YHME
MAanTuic, ENBESIEBO T VI =9 &7 ¢ YA
&, BRSBTS BRI & - TR B 525,
(EIEF R ERIREIC D B, COLBETTT VI =Y AR
BEL, BAEAESYITd 2K 7 « v RIEIHE
T %0 Wk L7coKMBILYEg i~y K7 5 v 7RREE
o, WET A LR LT (Fig. 1Y) EXEHLOX
DB & - TRELT 22 &ICi b, TOABERIEYT
Bcd 7 4 YRIACHEEZ M5 2 (LR, ~—
<A MU HEBIIEREN TN L LT >, T
NAERFUIC LD 7TV I =9 a7 ¢ viCEiER (TS5
2IFEDTH -1,

WMHIE TV = AR (74 v AT L RABIES
BH]) THREWMT Z7La— 74 7OHENET 4
VI EBSE Lot LT & 7o, FERMLL Bl A LE
7 4 M ORIEREL A Table 2 12, Z OY:REZA Table 3
IZRT . INSIEFVTNSEIKIEFE L TV, ¥
(1970 HE) KL L 72 AC-01 3L AL o 1
fThibr7or— b MLUIAELIZSDTH -7z, HEIOD
BB TE b DD, KIKIC6il7 o sxEhNE
PSRN - &, FhT LA LSS -
relEM S AC-02 ~NDOYIDBEZ EK - 7o AC-02 (£
TG A2 B L 2T H b, 1970 R IR
fbanre, MaEICREATOL LSOO 7o v+ v J
P, MEA bV 2L y) MicEEAH - 72, AC-03
13 AC-02 OREL o= Hig & LT 19805 i
s hicboTh b, BEELMEERENEE B L 20
HTh -t R ¢« V3 & U CHESHERE & Hvk
A TH D, BUKMZHELE L WARICEEES @
HahTwd,

3.1.2 1BE, ERMRXIE

g T, HEER T OERIC & b ARSI O
7 4 YISEERT Do FRICEE AU T 38 IR o
T4 UISMULIBET B ENd B, i, KGR
HEITT I >N TRIKOBHALFIc T —o v it B WL
THES, 19904FEED & FRVENIC & 2 S/ ESHER 7 « v
DI EORENEEL L TE Y,

BESBENICEZ 7 « Y OBELBEIET 21013, 8
HOBIE TR AT TH > el &5, wHRd 2

103

Fig.1 Corrosion of aluminum fin in air conditioner 2’

Black parts : corrosion products exfoliated, alu-
minum metal appeared then.

Table 2 Construction of the anticorrosive coatings.

Coatings Base coat Top

AC-01 - * Chromate coatings

AC-02 Phosphate . The':rmo»plastlc
-chromate resin

AC-03 Phosphate . The':rmo»setting
-chromate resin A

AC-04 Phosphate . The':rmo»settmg
-chromate resin B

Table 3 Characteristics of the anticorrosive coatings.

Coatings AC-01 | AC-02 | AC-03 | AC-04
Corrosion | 5T 1 7 9.8 10 10
resistance AAST *2 B B B 0

Blockin

resistanie good poor good good

Press

formability *? poor good good good

f:slivsetr;;ce *4 0% 25% 5% 6%

fairl
Heat resistance *° good poor arty poor
good

* 1 Salt spray test for 300h (Rating No.).

*2 1 Acetic acid salt spray test for 300h (Rating No.).

* 3 ! Drawing formability using nonvolatile lubricant.

*4 . Weight loss ratio in trichloroethylene at 85°C for
Smin.

#5 ! Tarnishing by heating at 300°C for 5 min.
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HELTAC-04 (Table2) % 19904EAaTFICFEMILL
t2o AC-04 (&t B HEBEE(LAIE 2 BB Lt b o
Thv, mbmAatEs»E < (Tabled), HEELHEIERO
M E L TR TIERL, @BABRE FIcHkE S iR,
BAENEETLEFEBICOHEHIN TV S,
3.2 BKMWIET « UM OB

— HIXIF—EE —

GfER (1973, 1979451, ZEFAK 2 — A —&4E T,
BEE, BxxvF-—0bh o, EHEEO SR /D
FALEX>THD, 74 VIBIROWE, 7+ YEFEOK
IMESE 2 ED T e, T OB E 1 19794 6 HICHE &
e [zx v —ofHOSELICBT 2E# (B %
WF =) | AT S N,

SIEIERZEFMIC B VT, BIEE LTIEH T 282
AL, 7 4 YRIORENZELROHES L DKL L5700,
LR D IR DIEEREIK D B W IZFEE 1S > T 7 ¢ Y EKIANC
T 2, WEROENAZIEEITHE VLTI, BiHFEKIE
7 4 YERMIKEEZIEERLIZD, 7 4 v Ol Uk L
QMG Loy LT, @Eliielins e, Baick-T
BAKDIREEF R T EIT b, FHBEREEOENESZ
BEsicB VT, BREEIRICE > THRELENEL -2
AbRKIE, KETE > T ¢ YRITEHE T 5700, mJE
EIHLDERD A 1359, BB FFEIRFF O 5#E © FRFa R
O¥INAEFR &K b,

B xVF -2 E LTimEs N7 « VRO
YoMt 7 » VTR OMEH(L I, BRI X 2 2R
X CWATEL S B 72, Fig. 2 1Rd & 51, M7 4
YT 7 4« YIRS 2mm % N3 & BEHEK o g8
FRicBiF oy, B L& Ro®E Kb
(4Py/ AP) DSABITHRL, BB OMEEE RS
CIEFERBIERD P12, £TT7 4 VITEMNE
L 72 B K 0 R EIK % EIRICIA » THDP ISR T T 5 8%
BEDRD STz, TDHEE, 7« vEImIT, BIAKME
OKimniE) 2415 UK 2 # ok LT s &
B0, BB WVIFEIKMEEAT S L CERK D& 2Bl
200 "B NEZ LI,

M, BOKEEO R GIc oW T IE IR A R T A 1

Frontal
velocity
(m/s)

AP, /AP, (-)
N
=]

| Tube pitch: 25.4mm

Air pressure drop ratio

2.0

13 Bare fin 1.0

10 i 1 ]
1.0 1.5 2.0 3.0

Fin pitch (mm)

Fig.2 Changes in the air pressure drop ratio with
the fin pitch .

FEORIMMMIEASBIF s N TR, ERAMICRELSE VD
MWEEFTH - 7o BUKHEOFTGIc>WTid, Fig.3 %1
AT KO ICBUKEDRE L 155 OROERA /NS 155)
AR VBEIEDUIE IR 2 AR L, Bk & 5
WJEIEPT ORI I I 2 R ED S e TEn D,
7 ¢ v EREITHIKIEE A 59 2 R OB &
i,

7 4 YRENCEKMEE ST 25 E LT, ik
ZEHBE A — A =BV T 7 4 YEE - B A ST
BITBUKIERR 2 RIEEE L2, =<1 MLEL 2
DT 5K WhWwEERNT—FF A TBRAENT
Wichs, BT, EREHEA - A —-TT7 4 v ET LR
BT 2HID, T =Y L2550 TES ST L a—
Ny A T OBIKEERAILEE 7 « v OBAYE A, 1980
FERDEI 0 FEMILTELY, YLa— s A7
13, BCHREHHA . CRICIIET 2 KX ha— s 1T
ORES TH 2 NG OEEOWH &, B0 LS, 74
V2w MO I S oS, #HL,
BN SN E VS FEND - 7o, BEIFE L 2Bk
KA 7 ¢+ M OB DR & HEE% Table 4 38 X U
Table 5 12779, HEREE L CHIRBUKIEDS & O &k
WWINAT, Fe—e8 CNESH) 2V v 2808
MWARETH 5 T ENTHEBETH > 72,

Table 4 1/ L 72 JUER IS, BUKHEREE 2094 500>
)N EEED TR & B AR - RS RE (LI
VYA ENS) TH B, BREOBUKM:Z VY 71 D
KU & IKMENR TGS 2 & 2 ABKE N, TOBEEITE,
BUKHERIE & v U AoME2EiiciE G s ek e, WiEH
HITRGSNIEDH B, HS-05, HS-06, HS-07 B &
U HS-09 FHETH O, HS-08 3#k#ETH %, HS-05
BEEOIF O HENEL, 74 vOINTEICX>TRT L
ZNTERHCARESNA L B T EDD - 12 F DR
RETIRBUKME 2R U 7o hs, w2BRRRET 130K & 75 B ffy
(8K 2RUIC EDRETH - 7o, HS-06 (& HS-05
AWRLCMETH Y, FTHEAEL 22 & &, BIE
~NORMEHRFIORINZET > 72 2 Sick v BkiEE 7L
2R B Lz, L L, HS-0613> 1) hEEL

35 ¢
2
o]
g 3.0 |
O
;“ 25 |
LY
EE 20 t
§ o
N 15
=
< \ , :
1.0 !
0 30 60 90 120

Contact angle of water (deg.)

Fig.3 Changes in the air pressure drop ratio with
the hydrophilicity of fin surface®’.
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BATWOIT T L AR 2R 2 D U 7z,
C DETIEEREAIIE]S 2 72910 ¥ ) 5 ORI % (KR L
ToWLUEEAS HS-07 Td %, HS-07 i3~ ) AMEED 5 BT
v hEaEPRGDEL, SRERRAS RSN

Table 4 Construction of Silica type hydrophilic coatings.

rtbo0, ZTORHBIUKEMET L, HS-08 ik
HOIKT 2 A 2> STUEFEM: 2 40H L /BT H 5,

V) A ORMED#E FALZ &b, HS-06 & HS-07 D
i & U chE R, Bk & SRIEEREM: & HS-06 &
HS-07 OHIC A » 720 BUKMHEZER T 25, SREE
A EHT 2010k > THS-08 & HS-07 offWiy s

. Birbiic,
Coatings. Base coat Top coat . .
HS-09 (3 1980 FERAE L 7o~ ) AL TH
HS-05 - [ D, BUKMRBIES SRS W THD, b BUKEE R
Ui Bl 7L 2ibs & OB &
+ Hydrophilic resin A HEXNTWT, N5 vy20 L WEEMREEZHE> v 1) AL
HS-06 Phosphate - silica compound v,
-chromate « Surfactant &5 -, HiEASE T EOR AN 4 28T B A (fi
Lic7 ¢ v&Rchhid, BREEMRRETVEET
Phosphate * Hydrophilic resin A by, FHEGELE > EHE 0,
HS-07 chromate - silica compound 3.3 SREEMEL L TOEKE, v U hnE
« Surfactant R
7 4 VHDEFE
Phosphate + Hydrophilic resin B 19804 F-Arhtd, EAR U RERV— L7 3 v DR
s | P - Silica AR 33077 ~37077 & BN T 3 12 kL, ARG
 Surfactant HIE OIS HREE 12D, 2R A — 7 —h ST E
Phosohate - Hydrophilic resin C FELIO, BT ¢ ML S TUEEREN: 2 o8 K i
HSO | romate - silica compound WEL T 4 M ORFERD S, v ) HILER KA 5
" Surfactant ISR BE OB A SRATEAES B 720012, 87 4
Table 5 Characteristics of Silica type hydrophilic coatings.
Coatings HS-05 HS-06 HS-07 HS-08 HS-09
As coated 102 — 40 20 35 20 5
Start — 30 40 35 20
Hydrophilicity Durability 300c - 35 50 40 30
(071! [Dry/wet 500c - 40 50 45 30
)
cycle test *] 1000c - 40 50 15 30
1500¢ - 40 50 45 30
Corrosion resistance ** (Rating No.) 8 9.8 10 9.8 10
Drawing D*T B*7 AT B
Press formability **
Ironing — — A _
Tool steel D D c*7
Prevention of tool wear
Hard metal - - A - B
Solvent resistance *° 2% 5% 5% 5% 2%
Heat resistance *° B B C C

* 1
* 2

. Contact angle of water.

cycle test was run.

: Following degreasing with trichloroethylene after immersing in lubricant for 48h, dry/wet

(1 cycle : immersing in deionized water for 2 min, and then drying with fanfor 6 min.)"

*3 . SST: salt spray test for 300h.
*4
x5
*6 -
*x 7

Formability using nonvolatile lubricant.
Weight loss ratio in trichloroethylene at 85°C for 5 min.
Tarnishing by heating at 300°C for 5 min.

Ratings A through E are relative ratings in decreasing order.

(Excellent) A, B, C, D, and E (Poor), rating C : available for practical use.
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VIO SRIEREEAS B T & 3ARTRETH D, YA
AEER, HUKMERHE D & 5 1 215 BsIE R L
Pltk, 7 vy ) AN E WD) OFIRBMNIEE T - 72,

7o) BB R & 4 B E S HERE & R I3 BRI,
it atts L o7 v 2 CRNEFRRER) <©d -7,
HRT, BUKYE SMEMEEZ W »ITHi 7z 3 AREETH - 7.
7 v A LR O BRI O IR S BRI O FE o BIK
BERERIC X D JEHIT B, BUKERER E L TIR-OH, -CO
OH, -SO:;H, -NH.%23db b, B/KERgCzINS
1 D SHEEES W T CEIEDOBUKIEZ R 5,
vy HEOEEE, < h o 0BRSS E
L OMHEITH B \WIZZEA & RIE L THE E S 2 RS
ZCEICEDELEND, T OBEIIEKERIEOWE I,
FERYEDS E O IO EMESEC, NHULEEA L < b4
BETHMAENE SN, -7, T/, MElEEEK
DS L — N4 7 OBHRICH D, BkEH T2 ENA
MERETRL, Matzsd g3 EHKEBET L, 0
teb A — (b L, B3RO IcEKIEE N It
At A e LSBT & 5B A T, B LIz, v
HIFE 7 ¢ 8 HR-12 O EBIE O HERL & Mg % Table 6
BLU Table 7 127, k& LT 1EOBUKMRIEE
& & 75 2 WP HR-10 38 & O HR-11 278 L 72, BikiE
BilsEE 18 575 5 HR-10 13, WAk HaricEs -
TISERES AR Lico [RIU < 1o HR-11 1, #K
M ED - B EES LR L 7o, HR-12 3 L&D E
IZ HR-11 &6 UHK MR s 2856 L, T@®Y EIciE
a5 2 fisdRE AR L e Zlgiidcd v, Hk
M, MEEIICE <, kAR Lc Eh s EAkic
A ] - 1o

3.4 ERMTLEMCHFKERELRET « #

DEEF

BRE0SIE TRICE W T, BB ATL THRIC
7 4 JIfPE L7 L 2 (N AR B 70,
7oy, M) Zwvwoxzyy, P)voozFLryEOH
BBEHIBER s N T Wi, 1987 [4 V' v &2 HiEd %
PIEICBId 2 Y b ) A —VETE | BMFRRsh, 20
BoE Y P A-VEEHMHWERECT/ o7 vt 0
H—F+yY (CFC), "M FaZwowo7)btah—=Fv
(HCFO), 1,1,1-r V27 ooxs vORENTBbHEN
el &, Fi, FEMFEYEIRES N TWE Y 7 m
o F Ly O NKERITHT 2 IR LS T &
Mo, TNOOAEWER AT ENTERL -
foo THITH LT, BREBANICK 27 L 2 kS AR
LB HEELT, RV AMEGERLTT « v %
FLRKIEL, TORMEA LT L RAMEERESE 2
ADEHEN D X D1 - 12,

MR 7 L 2013, Table8 Vic/Rd & i, fEko
AEEFENE T L 2 U TR MK, RS VIR
EREEEDMENMENNT B B — M TR D RERE & B
BHBAL T 0, HHEOETITLEY, HEEMR< 55
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Table 6 Construction of Non-Silica type hydrophilic

coatings.
Coatings Coat Components
Base coat » Phosphate-chromate
HR-10 » Hydrophilic resin A
Top coat
» Surfactant
Base coat » Phosphate-chromate
HR-11 Top coat » Hydrophilic resin B
* Surfactant
Base coat » Phosphate-chromate
Primer * Resin coatings
HR-12
» Hydrophilic resin B
T
op coat » Surfactant

Table 7 Characteristics of Non-Silica type hydrophilic

coatings.
Coatings HR-10 | HR-11 | HR-12
As coated 10 ) 5
Start 30 15 15
Hydrophilicity | Durability | 300c | 40 25 25
o=t | Drv/wet bosgoe | us | a5 | 2
cycle
test **1 | 1000c | 45 25 25
1500c 45 25 25
Corrosion resistance **
10 9 9.8
(Rating No.)
Drawing | A *7
Press formability **
Ironing| A
Prevention of tool wear
A A A
(Tool steel)
Solvent resistance *° 2% 5% 3%
Heat resistance *¢ B*7 B B

* 1~ T ! See footnote * 1~ * 7 in Table 5.

Table 8 Properties of the volatile lubricants ™.

Volatile
. Temp. lubricants Non-volatile
Properties C) lubricants
A B C
Viscosity
4 1.2 1.84 2.14 ~1
(mm? /s) 0 8 8 5~15
Volatility 25 12 7 3 < 0.5
(mg/(m*s)) | 43 | 320 | 170 | 70 -
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1000 40 0.3
z —@-Silica 5
S’ .y
3 -O- Silicate 5l 6: After 100 dry/wet cycles | &
= = S
2| s00 | 2 %T
T 5C w0 102 §3
£ = M 2 S s ® H X
= 52 L B 2 =] 5] - =
g SE Sc< 4% 5§z £ w0¢ —a | 2
B 5 . S 8@ Z 7 7 Viscosity 5 u: Bowden-Leben friction test =
g 5 5 10 E (“;'(',‘:C/S © . | with volatile lubricant o
3 S — @) 0 1 2 3
"0 Ratio of resin content (-)
.E -500 -
% Fig. 5 Effect of the resin content on the properties of
3 1st ironing reduction = 0 % silicate coatings.
2nd ironing reduction = 62 %
-1000
60
Fig.4 Effect of the viscosity of fin press lubricant on <
the ironing load 7. T 50
b
g 40 |
3
BIfRIcdH B, Fig. 4 Vic L TEIESE (Fo—1 24 @ 30 F
- o e o NN 73 80
B B s LITER Yy FHELE 7L RMEEORMRE £ 0
Ao TOFo—L 2L 1980EEICHRE SN, # e " .
8 L
BTHUODNSWT « YHMTH 7 4 v B 5 —ERIEAAJRE £ 8: After 100 dry/wet cycles
> . o iy 1 1
THHEIENDS, 74 YHOBALICEHTHEVE L 0
0.0 0.5 1.0 1.5 2.0

T, Fo—mEE&Micfb->ThELEKA LTV, TD
S LT IR THE T EnD, Fo—HKEST
K0, PORERIE O BT 7 L RO EEHS 7 L 2
I IC R & < 85 %, Fig. 4 &0, 7L 2 HOREE
MHEVIFE, Ry FHE (LITEXMTH, Zh)yEY
790 REL, EBESAKW S Ebh B, FRMT
L RIHORKEEIR T lE, £ v FRENRICKELCE-T
WTC, 74 ¥h T — DO« RIS - Nifg (L &)
FEFIEES ORI S E R A 2 EREAS VL T & AR
BLTWb, TDe, RAWHL 7 « Y HMiTid, FEARK
BETh 2 BUKM: S EIcEN S T Licinz <, Rkt
FUZMOMHICtES L CEMERE AR STV &
DR SN,

(1) KA 5 =

IRH 5 R T v H ) &8O A TR & BUKYERTE
BERBN ETHAEBE TS N T WS, KA 5 2R ULEE
BUKHICRENR S bOD, /vy ) ANED VY 7 L
I L CRmMOBEERBEPRE L, w0 Gl »
BV ENFGETH 7o L7ehS - THFEEM 7 L 2l
JBIK AT 5 Z A OBIFEIC B VT ORI, BB OB
AT S T EI BEEEAWE L, R L 2%
FHLACLCERIEMTERGElcd 5 2 &icdh - 1,
Fig. 5 i@ & 5 flgm & BUKM: B & OEE#EG
HOBAGRAEFHAE LR AERT, BEENZ {1251k
WA KT Lcnds, BERRIEE LA SEL L) -
7o, BlERE (BEEX) oW Tid, Z0ENZVIEE
Pefih A oK N4 2 AT H - 72 (Fig. 6)o 215 DFE
RAEFICHIE AL, AT v Rtk 7 5 2 LB
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Relative coating weight (-)

Fig.6 Relation between the contact angle and
the weight of silicate coating.

7 4 YHMHG-13 2FEML L e, T OB DK %
Table 9 iZ, tEaE%E Table 10 ic 2 hZFhrd, HG-13
i, LIEESMicswT, HEET L AMER W
7 4 VERIERTNICHRETH B T &, BN,
W EEER U,

(2) 7 v vy hup

J v ) AR WT, —EoHKIEEEER I,
BUKHE, &S X CEEEO T NTERD 5 D 3R
Tdh - 1o MMy, BEEENE 2 KRS 2 2 o@BBEICRINS
nculigFloz < FHEpkETh b, BEOHIKME: %
HEL 72, Zokw@Es " @kL, FT&EvE (751
v =) Thifark & s, LEokg (by Fa—1)
WCHUK I REREA LI B T L2 E AT, HBKITH B
7w 7 REININL i atElEEEE 7 5 4 ~— & L,
BUKMERIEEEE 2 » 7o — b & Lz G s v v
) AP HR-14 2 3EZHAL L 720 HR-14 (38 W Bk &
MErkEEG L, PoMERET L REHR W LI EE
bkt Lz (Table9, Table 10 ),
TIAR—~OHBH (KVAL 74 vFRT s R)
DM EFEIC 52 2R FKITRTEBY TH -
too BUVA LT 4 V3T v 7 ZORINE EHKIE Ok
AR & ORIRE Fig. 7 21, i OBEEREE O
BfR% Fig. 8 VIt e L2 URd, 18, Fig. 7icld, b v
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Table9 Construction of the hydrophilic coatings - 90
available for volatile lubricants. : 80 0+ After 300 dry/wet cycles
5 70
Coatings Coat Components b= o o]
g 60 o) ;
— Added to top coating
Base coat » Phosphate-chromate S 50 - o
L
o 40
HG-13 T . - Alkali silicate g
op coa + Hydrophilic resin bt 30 r .
8 20 Added to primer
Base coat » Phosphate-chromate g 10 ® PY ® °
Primer * Resin A ° l I | | | |
HR-14 . Wax 0o 5 10 15 20 25 30 35
m + Hydrophilic resin A Content of polyolefin wax in coating
op coat o,
P * Surfactant (mass %)
Base coat * Phosphate-chromate Fig.7 Effect of the polyolefin wax content on
- . the hydrophilicity of fin stock with two
HS-15  Hydrophilic resin 1 . S
- ayers resin coating ”’.
Top coat - silica compound
* Surfactant
§ 04
gL
3 — ® Without oil
L O . .
Table 10 Characteristics of the hydrophilic coatings E ¥ 03} O With oil
available for volatile lubricants. E é
A5 ®
Coatings HG-13 | HR-14 | HS-15 Z2s 027
E = o
As coated 5 5 5 2 B o]
g 8
= w01 F
&~ @ 8 o
Start 10 10 15 2 @
-
Hydrophilicity | Durability | 300c |15 20 30 § £ o ' ' ' ‘ : '
[0°]*! (Dry/wet | -0 | 15 20 20 2 & 0 5 10 15 2 25 30 35
cycle =)
test *2] 1000c 15 20 30 Content of polyolefin wax in primer
(mass%)
1500¢ 15 20 30
. . 3 Fig.8 Effect of the polyolefin wax content on the
Corrosion resistance o : ] ;
(Rating No.) 9.8 10 10 friction properties of fin stock having two
i layers resin coating *’.
Press Drawing A*T A A
formability ** Ironing A A N M ETE22EA2MHELI
3 v HE
. *7 *7
Prevention of Tool steel b A ¢ V) AMERIZOWTIE, $TTCIRERLLTO Y YA
tool x . . o . N
oo e Hard metal C | A | BT LB HS-15 4%, L & X KIEET T 7 L R il A
Solvent resistance *° 1% 8 % 2% WTC, M7 7 4 VIKIET 2 2 EMTE S 2 &2 1ER
. - z _ e i &
Heat resistance *6 A C C L/ ﬁ_o Table 9 cl_’. Table 10 lk— HS 15 @/;.:H%@*%m c‘_’, ré

k1 ~*3 *x5~*T:See footnote * 1 ~*3, *5~*7in
Table 5.
*4 ! Formability using volatile lubricants.

Fa—MCT v 7 AR GG % i U TR L 7,
Fig. T& D, 754 2—IC7 v 7 ZERML IS 133
fitfi o b s CHUKMEDSHER S T /s, by T a—
MIZHIN L 735 & 3 b A5 < 72 0 BUKHEBHE S 1
TWi, Fig.8 &0, 7 v 7 RO & © LD EEE
BRI RECETNL, ZORIMENE 85I >NTHE
BRBIIEL B oo 754 —~DT v 7 ZDEMIC
X0, MEEEOBUKEEZINT S5 L Mgtz
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HEENEFNR LI,

3.5 KHSZRMBICHEFZ 7Ry VREELUEE
BREOXIE OKBAMMEER LEYH DR
TEIRE X —h — T, T 4 VT L ZARIBICHEREE T L 2
A 2 OA—HEI) & 15 > TV 7z 1990 ity
KA 5 ZFIC B W T o> ORFERBA L L T X, —
DREGRBDOTIVI =T AT 4 VDT 4 Y E y FHEL
N7y 7HROFETHY, bH>—217 1 VAE
GRIDEERETSH - 120 KA 5 ZEEF, 1990FARF T
FENEL X UENEO VTN OB ICTB VT,
AN EKERTWLIE 7 + Y MO TR TS - 12,
1990 AtED &, ENBSMEE TId v ) 2L E L O
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I - o DISENESHEHT B W TERIMLEE 7 « V4
DIKA 5 ZHEH S DY) 0 B A Bfrb i KD T
Ho1",

D7y 78R

BRI D 7 4 YR AFIWERL D TRy 2 HR
(avee) (Fig.9 (2)') (&, BZHEOREBEICE L
THEE TNV =9 L7 ¢ vEBIET HIE TR TRAE
TEHERETHY, B RONBIZEL S 12T L,
WA S ¥, BASHEORTIC b2 b7
WWREREEESNS, TOT Ny 7 HRIFATREN
b, MERELALTNY 7 EHEE Fig. 9
(@ WIRTIERETH - 1o BEMEIMEVRE Z R #E
7 L 2icoibd 2 eE L&k LTV Fa — -
LIEPFHEM D 2L T, KIS 2T « Vi1 %
T U R LTWIEGHREE S5 1 v T2 FET A
I2dH - 1,

TRy 7 HROFEFERAEY SIS Blcbic, TV
=9 LT ¢ M ORI, WIES K ORI
TRy JHRRICRIETHEBIIOVWTHE LSRR, 7«
VI OFREEGRRFED TR FPE L TW 5 T E AR L 7,
Fig. 10 i 7~y 78R E 7 1 v MK OBEZEFRE O
BIfR AR, fitihiz 7 Ny v HROFRERELRLTH
b, 05Ty 7HEENEE TR, BHENKRER
BIONTTNy VBB L BBIEERLTVS,
FMOBEEREDNES VT 4 Y MET Xy 7 BIRBFA
LEES, BEEEHEP I BEEThNIERAE LTV &0

Copper tube

[
Collar  Flare

Normal

Fig.9 Appearance and cross section of the heat exchanger
10)

with avec
(a) : appearance, (b), (c) : each cross section of 2
types of avec.
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SRIOYINEFER L 7 + v MR O BRI O B R % 3
TR E Fig. 11 VISR d, 7 « Y MR O E#EG
MRV Z EUTH OEREEAKOBIRIC B - 72, RO
BRI 0.1 IR Th N, £MEEREM EREO
ORI TcZ 2 2 &b - 1,

(3) KigHiMmEH O Ly

IKHZ 2B NT, TRy 7 BHROMIEB X U4
RO O WFN ORI LT, 7 4 YMEM
DO MR L, BEAHE 0.1 BELTICThiE L
W EDBDbDP T, KA S AR O O A0 Fd
5HEE LT, BERmMCEEAE LB TS 5%
Z, HEAE L C3EEOBUKEZHE L 72wkl
WFIEEE LT, Fig. 12 912, KA 5 ZFRITH> W T,
M D BRI LKA RS R O GRETHE L
fER AR LT, KiEMEAlZ BB 52 LItk -T,
EEBR DR SR TS A o, BEEEENE L 3

25

20 L ]

15 +

10 +

Numerical evaluation of avec
[

0 0.2 0.4 0.6 0.8
Friction coefficient by Bowden-Leben
friction test without oil (-)

Fig. 10 Relation between the numerical evaluation of
avec and the friction coefficient '°.
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ob " Cutting edge: SKD11 3 *Hydrophilic coating:
L *Clearance: 10pm L - . 07 - .
g . . Silicate Y L Silicate coating
~ «Lubricant: No oil 5= 06 Si0.2200 »
& (o | *Shotnumbers: 1 million B3 (si 27 mg/m")
3 i s 5 05 - =Top coating:
o0 A g Water-soluble luburicant
] u g 04 |
= ® Silica Y 2%
- aye ~
8 m Silicate X 2 03 r
w 0.1 r Silicate X(+TC)  jlica X s & |
° = 0.2 ®
: . S5
; Resin X S > 0.r L ® PY
00 lA 1 1 1 A L -S : 0.0 : . :
: k>
0 0.1 0.2 0.3 0.4 = 0 100 200 300 400
" . Coating weight of water-soluble lubricant
Friction coefficient by Bowden-Leben g welg 2
friction test without oil (-) (mg/m’)
Fig. 11 Relation between the wear of cutting edge and Fig. 12 Effect of the top coating with water-soluble

the friction coefficient of fin stock surface?’.

INDENED SN, BERREIEHENPZ NS
WREWRAD T 2 H[AICH bV, BfiE 150mg/m?dH 7D
M5 01PN &M 57t KA T ZMEE (Silicate X) 1T
KA E R 2 By L2 (Silicate X (+TC))
D, BEEREE L ORI O UM EFER 2B L o fE R A
Fig. 11 Ic/Rd, #mH%Z L0356 Ltk b, EE
REDY 0.1 L o/ha Ly, UIHNERREER 1/2 1K
TXLIEDMERTE /2, 158, T OKEMEMBEI LS
DT & B RIEEERE O v ) 7 DT b5 A fE
Th b,

3.6 ERBIKRUXIKHM DEF
WERBOENEICE VT, BSHBED 7 ¢+ VI
L 7z B /K S HE & U TR & 78 - TZESEH L O h 571
Wd 5, [KRG] EMEEN DD 5, BEfE/KIC &
2 EEIEIT OB R PKIRO 2B 1S 2 720, —fRIIC 7 «
Y RANTBUKHEER U e B Pl S Tt v T, F
RIS EAERETIC B W CRRRIC 7 « v R OBUKIED R
FEICE ML (KL L) IR T 25620 T,
KRG BBHIES T W, &AM, 1990 HkEIC 2
DIKFRODBAEAL L oo MIEORER V-7 3 Vi
EERE(L « BRI ER TH - 7o, BRI D PEREN)
FEHPE L TENEOBSIHER 3, EXEAmE D
Winotcd 7 4 v By FORIMENHED & & & ITEESHR
BOKEAL (G0 HiED SN TV, B
13, BEREEREC TS EBCERCNE S LI,
S S 7 » O Y AW FIE & 5 Bl T o g
Sht IR LTEBD, 74 v Ey FOM/MELEE
F o TRIRODFEELDPT VG I > TW, 74 v
FKHOEHEKIE, BESHEBOIT O HFEcEE D, 7 >
VICEBER VAT NS o, EEEH L O SR %
&Itk B,
BUKVEREMIE L 727 + i3, TG TEAEMHLTL
5 &, ERMOHEGYIENNET S LIk b T DHEIK
PESIRAZ IR N 20 BUKMEPK NI 2ic>NT7 1 v
FHICB T 2 EHKOMHEESEEINL, T omEsikic
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lubricant on the friction properties of coated
fin stock ?’.

15 o AR & 78 > TIRBLT 5 T & iCi2 %, KIRTD
DAEGDHE U BSIERD 7 « v &Ki%ZE, ~F9 >,
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C18), fglilE (N F v d) mENEZLIEL
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&, 74 vEREEBKEL RS ATREE RS VYE &

L CRIEME»EZ o,
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THRIE T X 2 EUKMEOK 34 & s WFRILE 7 4
VMBREEEZ, PIFEED 2, T OREE, KROH
WHUKMERmWLE 7 « v M E LT/ vy ) BT HR-
16 BL v ) A HS-17 25ZH{L L 72, Table1l i
TN O OB AR d . HR-16 (2485 5k 78 Bk kit s
ZRRLICEETH Y, BIFSHKERREZR L o
HS-17 13 HS-15 LEFRMED v ) Al TH Y, HBE%
Iz 722 i & 0 ESWEBUKEGENTE S ic, Table 12
iz, HR-16 3 £ O HS-17 ©, 754463 5 Bk
O A HE L icER %2, KA 5 2 (Silicate)
L LTRY, TORIZ, HEOFHKEE « BEIC
fR- el o, BEYWIE L INEER (v F v
i 0 90°ChnEy, + 5 - 200°ChEY) =¥ iRET,
fEEE 304y (10°CHsHD), 24 304> (40°CHIE) % 1 44
7 & U Teinig 8 Balic ZRimEl 7 « v M&fgtL, 10
YA 7 OV KR R O RIS O T VIR BB A A L 72 S
BTHB, HR-16 B & O HS-17 ZE GBI L T,
KA 5 2R & O = WEDK R 2R U 7o HF I HS-17
BRI H 100914 7 v Th F - 7o Bk {bs R o nis
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Table 11 Construction of the hydrophilic coatings for preve-
ntion of the water splashing from indoor unit.

Table 12 Durability test results of the hydrophilic coatings
used for prevention of the water splashing .

Coatings Coat Components Cycles *? 10c | 20c | 30c | 40c¢ | 50c | 100c

Base coat + Phosphate-chromate PA*3 | O | A x*| X X X
HR-16

HR-16 * Hydrophilic resin SO *3 O O A AN X X

Top coat » Surfactant

PA ©o* © | © | © | OO
HS-17

Base coat Phosphate-chromate S0 o o o o) o) O

HS-17 * Hydrophilic resin PA A X X X X X
Top coat - silica compound Silicate

* Surfactant SO A A X X X X

Hrcx, KRUCEZIETAHENEZBELTVWEEEZ S
N,

4, 8 H Y [T

19704 & 2000 BT 12\ 72 BT, 22k 4 —
B =5 OERITHIL L Tttt L c&E 7
a— b AROEHAERBUEL Y «+ v HMicoWT, ZOE
75 B HE & BRI & EAUE I R~ 7

(D ZEWHEO AR 19738 W& L ThiailE 7
Y7 | A — N ILE, RIS 2 BT L 7o GRImALE
74 YHMOHRED ),

(@) BxxvF—ik (1979%) =& L L TliEanic
BAHER O mvEREL « N Lo T LT, Bk
W () ) 7 o YMERFEL, R) v b T4 v
DEBBLOKREE 7 « v Ev FOPR/NMLITHBK L 72
CBUKPEZRIMER 7 ¢ v M DIEE ),

(3) 19804FEIC B 1 2 ZEFM A E R 2 TRV EATE(L L
tz, V) HFEB X OKA S AR L AT B T 4
RIEEFEDSSEM & LT, v ) A %28 F 5 WHEUKIEEE S 72
Uhoiss /s vy ) AT « v EFERLL 2,

@) 'Y YA —VERES (19874) b ELicyo
v RiEH|OHER LT & 0 HBL U 2B
TLAMTS 7 ¢ VEIESAIRERS, 7L ABIEEICEN
fo ST OKMUEE 7 « v 8 OKA 5 24U, /v v
HALEL, ) LD 2BEFE L, TSR L 7o,

(5) HEFMET v 2 oMW KA fE WV 1990 kg 1 [
LUt KH S5 ZMBLD ERIEEFES L U7 N v 7 BRI
74 YERMOBOMEEM EESEEZEICLDRRTE D
TEERRML, KEdEERE RS Lok A 5 2 L
7 4 YMEFERLL

(6) 19904EHILED & RIRE(L L 7 BN DO KTR T 13, EifiE
JMba B & U 7 BE g o T RE R 0 528 X 0 BifE
ftLzbDTHy, WEKE LT, HRYENEICL 28
KR N A2 KIS ICIE Lo ) n BB LT, v ) 7
P2 BE%E L 72,
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*1 : Tested at 28°C and 70% (RH).

*2 . Wet/dry cycle test in the contaminant gas chamber.
(1 cycle : dewing for 30min at 10°C and then drying
for 30min at 40°C.)

* 3 Contaminant gas, PA : palmitic acid, SO : salad oil.

*4 : Ratings X through © are relative ratings in increasing
order. (Perfect water repellence) X < A < O < ©
(Perfect wetting).
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Trend of Aluminum and Copper Recycling

Hideyuki Uto and Tetsuya Ando

Aluminum and Copper are well-recycled material, because of well-produced and -consumed

materials and relatively expensive scraps. Aluminum is popularly cascade-recycled for impurity

contamination in molten metal; that means wrought alloy products are recycled as castings or

die-castings, and castings are recycled as die-castings. There is, however, also 'Product to Product'

recycling like beverage container. For some wrought alloy products, 'Product to Product' recycling

system have been developed, because it is the best recycling system. Moreover, aluminum dross is

also recycled as extracted ingots or deoxidizer for steel making plant. Copper is recycled as

'Product to Product', as cascade, and as metal after refining. Moreover its scraps are categorized

by Japanese Industrial Standards. In this report, the trend of aluminum and copper recycling flow

and the technologies for 'Product to Product' recycling are introduced.

. @ C & I

BIRO kg & FEEEYINEL O [ d 2 W IFERIRARE O 5,
D ORI SANDER D EL 12 - TV b, IEkBED
MTb7vy =9 A0, B, (HHERcE, &
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oBFIFIA (AR =N ) HA2700) Shb i
Mo, TIWI=9 Rl bHNTIEEV, TOHETI
T =9 AEHHITOWT, Product to Product 8 &
OHZTr—=F US4 7 VvoBRITO>VWTIEBY, &51,
AR ERIchT T EN TV E TV =
LB DHVIFHHO Y A 7 VERIZ O WTHN T b,
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15k
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2O THENRT EDZEND T IV =9 A5V T
<A 78 —0ORE (2002 ) % Fig. 1icxd Y, BEA
TOT IV =T LADOKRFEA07t/5E O 5 B 124)5t /5
PRHAICKBEETH D, T, TORMITTIHNTH
HELTLBICRSNTWBE R 5 v 758160 )7t/4F I8 1E
T rEHEESNTVWS, Ltk CENTFEDOLN
30% MHAEM (kG Thb, il l, B



Vol.48 No.1 TN =y ABXUHHO) 4 7 VOBLR 113
Export Unit: thousand metric tons
Import \ 540 Aluminum products
Plate & Sheet: 1350
Extrusion: 990
Export Final products Die—cast: 810
XPO .
=] Automotive: 1320 VCV?rset & Powder- 461(? Refiner
i (650) | Construction: 710 :
Metal products: 270
Can: 450 Inhouse scraps 1600 "
. ew ingot
Import Others: 68 2
mmslle-  (30) 2nd alloy

Uncollected
or Disposal

Collected scraps
New scrap 420 @
(Wrought alloy) -
Old scrap 1030 130
Wrought alloy: 580
Cast alloy: 230 60
Others: 210 | Export Import

—

Disposal: 60  Steel-making flax etc.: 140

Fig.1 Aluminum mass flow in Japan, 20021,

SOV, BEHEREIRINK & W - 7o —E O R 2RV ¢,
B ELTY A7 0EaNd T EFEL, #Id LL
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F=FI)HA 7 LENTVBEDONEIRTH 5,

2.2 BMHBNETAHRIADUY A ZILDIKT
BB LU A AR PRI AREDOT VI =Y
LIS ORTEER 1504t/ Th b, —F, ENT
HEEsh 240 5% FI0Ht) MM s L s
A AR VHTH B, LIz-T, ENTHEIB LS4
HZMRIERSNE TV =9 AHIS O 6 LT A
k-TthankcboTch s, Bssic, HEMOH
YILIA OB Sy B FAE A A8 10%, e Ly ks

5%, TOMH10% TH 5, FEMALIIHHEEEN
3 25%, AR MREEZRFBIOCHBHEA -5 —

23 50% LI ETdh b, BMM A -4 =T 15% K
WTHDY, BB, RODZ—HF—~OfHi1F1 v Ty
N (GEHD ORERZ T TR, IBEORE (Fy b F v —
Y, Ry XIS LRI D) ThiThbh TV 5,
HAEMICHEHEN 25T, —f%ic Tablel ® X 51
SR CERRENRZHIN TV A, FHEICERNTE
BOHDFHAESE OB I L) SNTHEIE
ncHy, HPEIEE2ED 56% 2D TVWDE, F
7o, FEMORMOREK LT O@ED Th %,

e FRHEE - 85~90% (TN I =T AR Ty T, AV
Ty b, BETAR)

c KEE-3~5 % (R, B, RIEME (759
7 A, BEE)

c[EHEL T ~10% (G5t gL

T2~ OREDDBEMHETDH D, FINEELE O
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Table 1 Conventional categories for resource of
recycled aluminum.

Category Main constructs
Aluminum Virgin aluminum ingots: 73, Ingots
Ingots : i extracted from aluminum dross : JKFEHE.

Scraps from production lines: L3 ¥4
5 (Heat exchanger fin, Sash*, Clad mate-
rial, etc.), Litho sheet scraps, Scraps
mixed into few sorts of products.

Scraps in good
condition : I8

Scraps from machine parts: € — % — X
7 5w 7 (KW= v), Scraps from die-
castings : 4 7 X Mg,

Scraps from
Castings : #5418

Conventionally collected scraps (Sash*,
Used beverage containers made of alumi-
num), Cutting chips : WIHIE (55 1 k).

Inferior Scraps :

RN

Other kinds of
metals : SEFESRIE,
Master alloys : B4 4%

Metal Silicon, Magnesium, Iron, Copper,
Al-Mn master alloy, Al-Fe master alloy,
Al-Ti master alloy.

* Sashes are traded under two categories as scraps from pro-
duction lines 'good condition : 4" and conventionally col-
lected scraps 'with screws : £ 2 f]".

WHAEEEOFEETH L, £ DEENEORVWAY 5 vy
TEREMBATE L5227 7 5 7O (HFX)
WWEHEEAEWTWV S,

HAEME, DTokruwIfEasEcililansd?),
JFEIZ A= BT~ A « FHE—TAR—TA 50—~
Bk 1E — 1 A~ cl— T

A7 5y 7ORMLIERG, BET 2 2L SO
SDERPNE L TV A RYORED DT, HHEETET



114 T R & & E & R 2007

HB, — I TIVI =9 A X T Ty ORI TIEAS
Table 22127897 ALEED FEEITIE, TE51 (O EERZEE,
B, ESGEONBEERT X 0D, BRE
(A L DHIFIRD 22 5 o 7 S SO WMk %
SED), JEITBER GV X SmEaxy, HE
ZEFH Lok & K, T4, BilFokEicf),
IR EE (EAOERIEA D TIRE) & &, HEAZFIA

Lok, #ii= sthoeEobl) Ehib 5, iERIC
13, Fig. 2 1TRd &2 BRiAf OEeE (F—7v o =
WIR) M fEbNnD, BXRGHEIH, 523 0F, [nlfimte
EMSFBIC b NS, NEHF T IIRRAEEEL, F
WrZbild % tooic AT 72 3k & B30T b
5o AR, BGMETETRET 2 Fe 2 3FE» o
HLUTKEOBICE D T v =96 (X7 IVERES) &
KOSy EEAITV, Tv Y = A %[EINT B,

Table 1 TR LICJERE OO S 5, LYIIE L IEMH#F
Hoge (e r .y b)) & LSRG e ICHE
SNd, —F, BIEBXOCEMEZ S 72 NEES
KHESIN S, WTNOEEER 7 5 v 7OAEFE &

Table 2 Conventional pretreatment for aluminum scraps®”,

Process Purposes

Removal of oil and moisture. For boost molten

D . . .
vy yield, for safety, for prevention of pollution.

For boost molten yield, safety, and prevention of
Roast pollution by removal of oil, moisture and surface
fouling (coatings, plastics).

Fragmen- | pretreatment for classification to remove coexis-

tation, tent dissimilar materials (mainly iron, stainless
Shredding | steeD.

Chop, Cutting long or large scraps to optimum sizes for
Cutting | easy handling.

Removal of iron pieces mixed in aluminum scraps
for prevention of contamination by iron solution
in molten metal.

Iron

removal

Enhancement of transportation efficiency (Com-

Compress . . . .
p press bulky scraps for increasing their density).

. Smoke vent
Charging hole Burners

Open well
(to melt fine chips)

| Refractories

Working floor
—

Tap hole

Fig. 2 Schematic open well furnace?’.
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T R A —VOIEEEMNIER, Fi, TDRI Ty
THEEZ TE &0 5 Wheel to Wheel DY) 41 7
B TONT WS, FEPEIOT VI FAA —LDIFEAE
KEASNTVBEE413JIS ACACH TH %, £-T
TR kA —vZEEIL, YR ERWIZE, 7o
tA =& LTHUBESNS Y,

72, ENO A A2 b DOREHITHEDR TV EE5%
3 JIS ADCI12 TH B &b, F4 72 MDOHFR Y
Sy T EZDEERMLTISA R MG EHET S C
LHRAOLNTWS, 7272 L, ADC12 DRSS EIPH 13 IR 5
LS, TO—HT, BZtLoBLE sl L 7ok
WIS D S NT WD T EM DS, OO TN
FTHD, RV Ty THREOE EFEGTIL BRTIRE OV,

2.3 fk¥HE (Canto Can) ®UH A JILDIRIK

Bkl 2 — B =2 5 Ok GTIRE ) 35 R 7« #,
Sttt (T v F#) 20 T7v e =9 s ()
A=A —ICR&N, HERESND, H—058%5%E
X TE, i, EhFLEF->TVEIEDL, RE
A —H—EREA—H—DRITHEIC) A4 7 LD v R
TADRERIN TV S, —F, HhTEE e T L
i (UBC : Used Beverage Container) 4 £ —
H—%B U TEHERF A MOMEE L TEEA —h —ITR
ENBV, ERFAMERT Y FMPREIMETH
Zicbrhrbbd, UBCHERT 4 MELTHESN
B0, BRI~ v Vv HEORINICE - T
BETER T 4 MAGIET 5 T EWaJfEB 72D TH 5,
Table 3 (2| LAED P E L 72 UBC DAL 2 3 5l &
OHETRG T, 2T, HRFAMBLOET VK
W %4y SR W E N TR 10 FEEE o Fra{basnk sy © &
bo £, HEMOGEICX ZH0EIZ, 1THEOMRE
KP4 M 12g, =V M 35g & LTHEHLAZSDTH
bo slTBMETIR20% O~ % vy L0, BIRICK DI
(L&D - EFIETIZ 1.5% BETH %, 1B, Can
to Can DY ¥ A Z VIBEAICIE 5122 ED DS, ERF 4

Table 3 Chemical composition of beverage container
body', 'end’, and 'UBC'"-#). [unit : %]

Si Fe Cu | Mn | Mg | Cr 7n Ti
Body

0.25 ] 0.43 | 0.21 | 1.04 | 1.832 | 0.01 | 0.07 | 0.02
(actual)
End

0.09 | 0.25 | 0.04 | 0.30 | 4.42 | 0.04 | 0.02 | 0.01
(actual)
UBC

0.22 | 0.40 | 0.18 | 0.87 | 2.02 | 0.02 | 0.06 | 0.02
(calculated)
UBC

0.25 | 0.44 | 0.20 | 0.90 | 1.57 | 0.03 | 0.09 | 0.05
(actual)
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HotkEhzid ) o4 2 Wi 2EE L e bR 5
Lot ot, DL, AL AEBEICHVON
TORERF 11T, BETE, FIchs8kvr 1%
DHUEZFER L 7o A3104 &4 (A3004 &4x1d Si < 0.3
%, Fe < 0.7%, A3104 &4:1d Si < 0.6%, Fe < 0.8%)
MELHOONE LT > T,

HEMA —H—TlE, Yal v y—Iick W, WK
AN, JBIER, ERORME (o —5 ) —F L rFICK
3) SEQRNIR AT - 7212 IR 2 BRI A L TO
5o 1EHNERAF —VEOM, BEYORABILEOD, &
Bl REEE ARG F o 2 ofif] CEERF) D,
HERTHETH 5,

TG YA 7 VIS E E B 2004 HEED TV
I =9 AEOFAERH 7 o — % Fig. 3 1oRd ), HER
30.3t (185.2(%f) 1<%t L CHERA&EIZ 26.107t (15
9.1 Thb, MPTHBINLT VI =9 LAHED
86.1% M\, HEINTWS, T/, TDH561.7T%
(16.15t) 7wy =y s OMEIcHEI N TV 5,

RS Y4 7 vk (1995 4ERKIZ A, 2000 4
AT Ik, HIGERIHEEED S s 2 5%5%
EEBINE L, A TH TR 55 -
oo TNSITHD ZBEPIEROILRICHEVEIEL T
B, HEAOKRELBABEE>TVE, TOX IR
ROBT, TVI=9AEDRY Ty 7 I3HOEED R
75y ZITHANTEA S <, RS X OIS 5
EHZ LN 2 5EHNANRADE T E0E, VA7 L
KHERRERE L TRbTVE Y,

Consumption: 303 (18.52 billion cans)
211

2.4 FOZXDEEKWNY

N o R BIEMRRIC T OV =g AL, =L THAE
THEVESRYIC, BILT VI =D A, BTV =9 4,
Z DMLY, ZHIcZBOT VI =9 A SRR E N

TWVWd, FhoREHEINLEKLD Fo 2i2id
65~85% DT IV =T AnEGENTEBBD, £/, Fo X
OFRFEBIAMED 15% ICbET L E00, Fox

MOTIY =0 ANEEEP T O & EEEM A - —
& > THEGHREUTH 5, b s 0V idHEHERE V-
feRaZp o7V =y ARIEHRBHV SR TW 5,
RO ZET IV =y L RKEMGEL TRKED T ¥
E=THREFEL, BTk EREITE
bbb, koT, EEEFEEVHILILETOREEYIL Y
#13 25,000H /t LI bicd b, — AT, BISIEEICT
WIFEEEBTIVI =0 L E2EUEIKERINT S &, &
AR MK L, REMESES N, DRI (e S
H, B ORISR H b, BET VI =9 4G
25 7hof gzt L, £ORIBEICL > Tz 2L
FoFHAEZRDEE R0, 22T, TII=T LN
30% LA LFAET 5 F o 2 oRIEM & L TE R
HanTwa, #fH7 VI =9 4 Fo 23 2002 i1
JIS THIKERAL (JIS G 2402) = TLIW, FAEEOD
75% (16/7t/4F) Db oA EHRAE (JIS LD
13 6OWFERE) SNBLHITH 5T,

7o, ForEKESREKRT S LEICE-T, TH
BWERIIKZ EBREE L v b (a2 v b)) DHE
HEHOEM, EAF v 27 TVEANOFEA LD

June 23, 2005
Japan aluminum can recycling association

Recycling: 261 (15.91billion cans)

From household ——————>
24 Autonomies
Recycling facilities,
158
non—burnable garbage
. i Beverage
disposal facilities, etc .
containers
249 Recycling 161 (61.3)
Selection from | companies
se ted ref 53  iScrap ] .
General parated retuse . > (Secondary Castings etc
N hold : station collection Ealloy maker 43 (16.5)
ousehol Collection by local groups, etc 13 trader ’
> | (town councils, volunteers, and Deoxidation in
schools, etc) steel making etc
5 Collection by 5 57 (21.8)
D Aluminum makers,
supermarkets, etc
From business 12 T
activities
> Bottl
Offices 30 Cr;a:;:; 30 V\{aste Export, Landfill
Factories ote disposers|=> disposal, etc
Trains and buses 2

Hotels

Leisure
Restaurant and
Shopping center,
etc. Others

Recitals: 1. The recycling mass was calculated by Japan aluminum can recycling association (JACRA), based on
the survey results to recycling companies.

2. The consumption mass was calculated by JACRA, based on the survey results by the ministry of
economic and industries and others.

3. The recycling mass of aluminum beverage container by the collection routes was estimated by JACRA.

(unit: thousand metric tons)

Fig.3 Aluminum beverage container recycling flow in Japan, fiscal year 2004°,
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TV =y AMEO &S, FRCEMM T, BE
WEHINATBY, IhICX-> TREXRIEEINTY
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45 ENREICKE-TWE, BEEMMOZ 7 5 7
HDHVIE, TNTEHEIRSA B R NDRT Ty THND -
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B0 &-T, AP RHIHE L WM O i id
B LT LE S, 7Y =y 2BOEMED &
ST, T =Y AT TS i H—0YmaiKE
ICHE SN, BEEINTVWAEAICE, WEERIY, #
AL, JTTOBITHCRT T EBRFIT DT>, L
L, fho Bt o0& TiE, Product to Product Z#%
BN S T EMHLVONEETH 2, HIAIR
BEERMEOEIN LTIV =9 a4y & (B R[] &R
FhcHslang) oa, R ULRFOSB MG,

SITHBVHORIES G TN TBY, ThoEnid

52 &3, HEDEAREBICARTH S, T2, H
BE P OB DA, AT A ZoEnit
BagEncso, FHHAKAEBHEL SRS L B3E

figs 2 0% F HEHA OB HET 52 L3 T
X3V, — R G SO ERMM X D &R D
FARBMBREL, Fio, BHMOERKS TERAMY &
BoTLEHTEDEZWT A ZRIBEVHAE TR
FEDO—D2ThHbHIEND, BHMEHEMAGENY A
INGTBEHDBBEETH B, 5452 NHEETIZEEDH
DO EIFH b RKRE VW En D, T =9 Aoz 2
5y TEISANANHEELCH AT —F Y314 2145
DRI HIKBLEE 5,
7L, BAT—=FVHA 2 IVERY T TORHEE
HAEMOFREOEHISHN G ERRAL LB ) 442
NTdH, HEAIZIE Product to Product @) 41 7
Ko TEEMECERSNE  ENEENS, C

DIDIEINENIZAT 5y TOHRPLT IV =9 LD
MR &[SI & 0 a4 5 53, A& RET

5tk (PBIFERRERIC K 280 7 4 FROSHEY, HZER
HIEIC L B HHORE"Y F) FVMETSNTVDE, &
7o, AN & B MPRMEE O RN 2 I 2 057, s
bbb, AHPOFEREZIKLIEM, OB %
DMHEFFE TV 5,

3. BELUHELDY YA T ILDIRIR

3.1 HOEEELZORE

o MEE LTIIERE M (K- (ERR AR 7))
NETHY, fhic m%fi%éﬂﬁ%%%ﬁ%é
2004 Hic iém%ﬁkiwwmmwiﬁéi%i%
NZn 74.475t, 104575t TH - 7o PRSI B 5
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B L OGSO NFRIEHER 517t, TR 465t &
W% 6 t, 2ofh 1475t TH b, T O 5K
Table4 2R BV TH DS, TOHBLEEEE v
Fig. 4 Ofic, W+, %7 ¥ HOBESHMEEL, %
BRSO — S B s &, S o s a0 i A
ZRHLZHRCE Ol EH s Tw 217,
3.2 SOUYA TIVE, BAEM

Mg, WALV ESICRICT X 5 121 5 15 ks Bl
ek &EE UTHNT 2 2 EMWARETH - 7o T &
5, NEDPEROESPOMEHALTEEED—D2TH 5,
LinLBams, 75— 256 (F&0.01%) &
gErickHbcohry, K< I HAHAIN TS/,
B L OREE0 ) 4 70 (B, MRS, $m<
FTONHFA ) vZF AL, JIS H 2109 iIHE SN
o)A 7 VEEIOX S (Geofil, Tz hofE
M OARIT & - T R ICHE S TV B), Fedin
GRIEEL - L LR A Lic Y 1 7 VEtElL &R
Bho®lg s LcoffiflEZ2FETzr 5y 7EBpEINsh
2V 4 7 VEERD ENEB L UE ORIRENIELT B
:&f&@iofméoﬁ%f%ﬁmxaayfuﬁ%
Frick N CHE SN S, HBXTHEELD Y 1 7
W7 v —% Fig. 5 1TRT Y,

Table4 Actual fabricated production of copper and copper
alloy in Japan. [unit:thousand metric tons, in( ):%]

Sheet & Strip Tube Rod & Wire
Copper 273 (26.1) 192 (18.4) 46 (4.4)
Brass 148 (14.2) 16 (1.6) 296 (28.3)
Bronze 55 (5.3) - 5 (0.5)
Other 9 (0.9 - 4 (0.0

Metal products,
13.6

Electric
= instruments &
= machinery, 27.7

cmmm' y
indusrty,2.3 e
%%%%%? ===
Other = ‘I!H
manufg.c;urmg, General ‘ Transportatlon ==
machinery, 13.7 H” "
| "||| >
Premswn L
instruments, 1.2 unit © %

Fig.4 Annual shipping rate of fabricated copper and
copper alloy products in Japan, 20047,
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2000 £ LIS O (hE2E R 1< B 1 3 [FEME FH LR % Fig.
6 1R, FiHig & U v A 2 VRO LRI 10E
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5%t L, V44 7 VIERID 555% Th -tk ST,
) A 7 VIEEO [ FLER AT IR 2 R - TV B,

IEEOREMEOEE v 5, 2005 4F 7 H X 0 Pl
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MEBT R E L TEmS T,
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AR D 5 B AEME R ETRIAR [V — F ) 414 7 b
DY AT LADEL.SNTEH D, Product to Product 43
WALLTWB, —F, ¥4 Z MIoWTIE, FEM A —

N—=%ETICHPHEOR T 5y 75254 H 2+ TG TERE
BT 5 Eb—ETiRiThbIi TV 5,

HiB X CWEED ) 4 27 v TiE, U HA 7 VERO
X5H JIS THRfLa N TED, VH A7 VDY R T
LTSN TV S, 7272, BEHEE> SR boB
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12D, [EIV— b ORISR SN TV B,

A, TEOBEFEHENELL, HEikE27 5y
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HAENTER7 5y 7OEEbREEE->TV 5, &
20 E, METOFEMOFEICLD, ENTORZ 5 v
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bbHEEZ D,

1400 Others
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Fig.6 Consumption of raw materials for copper and copper

alloy fabricated products in Japan '?,

Yigar 2003, unet: thousand matnc tons,
in [ ) eguivalent copper content.
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Fig.5 Recycling flow of copper and copper alloys'®.
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Sumitomo Light Metal Technical Reports, Vol. 48 No. 1 (2007), pp. 119-128
Expansion of Iron Impurity Allowable
in Recycling Aluminum Alloy
for Automobile Body Sheet

Hideyuki Uto

Allowable iron content in Al-Si-Mg alloy sheets for automobile body panels is expanded by

using twin roll casting (TRC) in order to develop their recycling technology. Rapid cooling rate

of it makes intermetallic compounds fine and well-distributed. The characteristic defects of it are

ripple markings and center line segregation. The ripple markings are surface segregation and

cause filiform corrosion. The center line segregation degrades surface quality after stamping by

thread like roughness. Therefore, both defects are prevented by the control of casting condition.

After cold rolling and solution heat treatment, the mechanical properties of the sheet made from
TRC strip (TRC sheet) are almost the same as those of the sheet made from DC cast slab (DC
sheet). By deep-drawing test, the forming height of TRC sheet is almost the same as that of DC

sheet. However, the forming height by stretch-forming test is lower than that of DC sheet. The
bendability for hemming of TRC sheet is also lower than that of DC sheet. The bendability of TRC
sheet becomes better than that of DC sheet by heat treatment control.
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FHA, — RO TRRIC K » TRISh E 12 5, Ll DB,
ELTOEMITMAT, HEHEA —H —cBF 528G T
R EoBEEIRD LN L, 7L AT, &oInL—1k
ML —HFINTh Skkah, NS0 TRICBWT
HNDOTANFELBLW ENEETH 5,

Ty =Moo QCIT, 7y —MEds, A vF—
MO SIERRICA v F =M EF2) TEERITEL Wilh
I THESERE NS, Tod—MEa v —bEEM
ATF BBIC, £ G, ~aEERRAT 5, 7
g —MFEEF IV L VTP L A2 0 5 2 &b
5, HHFZEEREINNS WESITE, T oAREIcE N
DRALTLE D, BETHETIESREORIMNEE L
THEEsN 2 ) VERHEEYESEIcEETH 5, 7V
7 —BLUA vF —MoBliE X OEETE Lo Z%
Tablel 2% EHTRT,

2.2 7— FRA7IVI=9LEEDEE

EAD7 — FIRHAEI TV =9 AR OMEIZ
1990 AT & 1990 AR ELIFE & Tld, $73 2 i)
b5, 1990 FERFREETOT VI = (b TIE,
WAL DRIEMEA HIE & SN, Al-4.5%Mg-Cu (5022) %
ORM DA S N A EA DD - 7o 7L, Al-Mg
(5000) &4 TR, 7L ARERICHEIIZA b Ly

Table1 Requirement for product and production process
of outer panel and inner panel.

Property OQuter panel Inner panel
Stamping formability O ©
Mechanical properties O O

Paint bake response O
Corrosion resistance o o
(Surface treatment property)
Surface quality o _
(High sharpness after painting)
Bendability of Hemming © —
Mo | o | g

© : Very strong, O : Strong, — : No requirement
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Fr—R LA vv—7 LFEEN DT HERETA L,
AL ONBLE LR E 85 ENb B, 22T,
Al-Mg RABEDORIELEBICIIHET 20BN H - 12,
—, 1990 FERBFEH 5 13, BENTELIC X 2 IRE
B, ZrLyFr—2bLArve—70K S5I1TEY
+ A4 7 VOBISEH S Al-Mg-Si (6000) Z& 4 DB H
BHEN 256088 TWw b,

Table 2 ICHBHE R 7 4 ¥V HO STV AFEK
B75 Al-Mg %36 L O Al-Mg-Si 2440 Tk s
B LTRY, BRI TH 5 Al-Mg-Si RE4EOHH (3,
BEATVIREE AR LALE, DI, T4 LS4 %) ©H
BE A — 7 —ITIA SN, T T4 MBEOIRETT L %
WEash s, ok, BROEETE (170-200C) i<
B BEERA L CREL S &, FrE Ol 2R
3 (BEREAIEE LD 2 Wid~N—2 ~— K, LIN, BH &
T5). —J, Al-Mg Z&e 3R A TH D,
BN I & 2 R B3RSO, £, A b Ly
Fr—ZbL A v=—713 Al-Mg Z&4E THFICHAE
T260Tho, HHEHKRF 2 VHO Al-Mg-Si
ZEETRIEELB OV, VA 7 VOBE,L SR, TV
I=YAAERVTNL Y A 7 VEITENS DD,
Al-Mg-Si #4413 7V =9 LB OB/ TIE L #
Hah<Tso, 51T, HEHEICBWTS, HBudsye
HihE LTEHASNTWS, T/, =72V 749754
ZOEBERMENLEN DIV &5, Al-Mg-Si &
BEFBEIDRIAF e A PADH R — F ) HA 7L
BFAH LR 0,

ik &5, BIFEONRE T 61T Al-Mg-Si
FEEE L,

2.3 BROBEE

COBFRTHELS T 28I 0.4mass®% & Lz, TOD
iz, BIToTHE (5117 v Fudhdificlozs 7
ZERIL, T AEE - IpEs XRS5 TR, DC
HENgd, 72, COTRETESMIHMZLT, DC
MET2) TES NI ORI R E 4 SR D5
WL, TR DY YA 7 VICB T BEEOBEMD LD S
Wt Ltzco BITO DCH TR, AT H 5 EEOHE

Table 2 Comparison between 5xxx and 6xxx series alloy
as sheets for automobile body panel.

5xxx series alloy | 6xxx series alloy
Stamping formability Good grzgiﬁiizymfmor
Stretcher strain markings Appearance Free
Paint bake respppse Unresponsive Responsive
(bake hardenability)
Corrosion resistance Good Good
Recycling efficiency Bad Good
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Fig.1 Influence of iron content on the bendability
of the 6xxx-T4 sheet samples!’.
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B4 2 (Fl 21, 0.4mass%Fe 2S5 A7 & D%
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Table 3 Chemical composition and abbreviation of test
alloys by TRC and DC (mass%).

Abbreviation| Mg Si Fe Al

Conventional (benchmark) 0.15Fe 1.00 | 0.50 | 0.15 | Bal.

0.4Fe 1.00 | 0.50 | 0.40 | Bal.

Increased iron content

. . 0.8Fe 1.00 | 0.50 | 0.80 | Bal.
as impurity

1.0Fe 1.00 | 0.50 | 1.00 | Bal.
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Fig.2 An example of twin roll casting strip?’.
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Fig.3 Mechanical properties of final products (1.0 mm thickness sheets) made from different iron

content TRC strips and DC slabs.
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Fig.4 Effect of iron content on final products' (1.0mm
thickness sheets') bendability.
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Fig.6 Formabilities of final products (1.0 mm
thickness sheets) made from different
iron content TRC strips and DC slabs.
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Fig.5 Micro structures of final products (1.0mm
thickness sheets) by TRC and TRC modi-
fied process (Iron content : 0.15 mass%).
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Fig.7 Die design for actual stamping test by FEM simulation.
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Fig.8 Results of actual stamping test for final products (1.0mm thickness sheets) made from

different iron content TRC strips.
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Fig.9 Appearance of a typical TRC strip at upper
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Fig.10 GD-OES depth profiles of TRC strip at upper surface showing the ripple markings®’.
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Development of Adjustable Friction
Stir Spot Welding

Masaki Kumagai and Kenta Aoki

The friction stir spot welding (FSSW) developed under an entirely new concept is highly evalu-
ated today for its simple mechanical configuration and the excellent economy as compared with re-
sistance spot welding. It had been used for numerous automotive manufacturing. The FSSW
method stirs and joins together the upper and lower materials by pressing the pin (probe) into the
materials while turning it and thus softening the materials by friction heat. Both joint strength
and paint performance are sometimes effected by pin holes remained on the center of the joint
after the FSSW operation. In the new FSSW method, the adjustable pin tool can operate the pin
and shoulder independently of each other. After uniting the paired workpieces together, the tool
pulls out the pin and fills up the pin hole by carrying on the rotation and pressurization of the
shoulder. Moreover, the spring type pressure mechanism located on the outside of the shoulder
serves to reduce the generation of flush. The upper sheet thickness from 1 to 3 mm can be joined
by one adjustable pin tool alone. The joint without the pin hole by the tool has higher strength

than that with the pin hole.
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Fig. 11 Influence of upper sheet thickness on joint
strength of with/without hole and flush.

Fig. 12 Appearance and macrostructure of joints of 3 mm upper sheet thickness of after shear test.
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Fig. 14 Robotic friction stir spot welding machine
with adjustable pin tool gun.
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Fundamental Approach of Eddy Current FEM
Analysis in Non-destructive Inspection
for Inner Grooved Copper Tubes

Nobuyuki Mutoh and Kazuaki Mori

This paper presents examples of basic applications in which commercial software has been used

to gain a better understanding of eddy current testing (ECT) of nondestructive testing (NDT)

and a sophisticated designing of their testing probes for the inspection of inner grooved copper

tubes with higher heat exchange performance. The software based on 3D finite element method

(FEM) has been used to analyze eddy current testing problems, resulting in detail understandings

of ECT and development of a high-performance ECT probe. Decreasing the wall thickness of the

tubes as reducing the weight of heat exchanger in market demands and severing expansion ratio

of the tubes in mechanical expansion lead to decreasing the harmful defect size, resulting in need

of high sensitive ECT with high-performance probe.
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Fig.1 Typical ECT method of the tube
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Fig.3 Instruction characteristics with the encircling coil
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Fig.5 Influence of coil interval on defect detection sensitivity

Table 2 Normalized size of the FEM analyzed ECT model

Outer diameter 124D, 15D
Inner diameter 0.76 <D, 1.0D
Primary / Pickup coil Width 0.04 «D
Average diameter
) D D, 124D
(= Rod dia.)
Outer diameter D, 0.62 <D
Copper tube
Wall thickness t 0.027+D
Defect through hole w X L, 1.0« X 172
Testing Frequency (kHz) f 32
Excite current X coil turns (AT) 6.9
Conductivity of copper tube (S/m) 1% 4.64x107
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Fig.6 Eddy current density distributions on copper tube surfaces
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TEF Mechanical Fittings for Copper Tubes

Toyo fitting Co. has successfully developed several types of mechanical fittings such as one-

touch push-fitting, press-fitting and screw-tightening fitting for copper tubes in plumbing and/or

refrigeration system. With these fittings, the jointing of copper tubes can be achieved in the short

time without the need of solders.
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