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TECHNICAL PAPER

Precipitation Kinetics in an Al-Zn-Mg Alloy by
New Rate Equation”

* k%

Hideo Yoshida** and Satoru Yamamoto

The precipitation kinetics in aluminum alloys has usually been studied using the Johnson-Mehl
(J-M) equation. However, this equation cannot be fitted to experimental data during the early
stage or the final one. Furthermore, it is difficult to apply this equation to complicated reactions,
in which several reactions simultaneously occur. Yamamoto proposed a new rate equation by
improving the J-M equation. Thus this new rate equation was applied to the precipitation kinetics
in an Al- 6 mass%7Zn-0.75mass% Mg alloy. It is well known that Al-Zn-Mg alloys have a positive
effect on two-step aging, that is, the longer the duration of natural aging, the higher the strength
of the artificial aging. The electrical resistivity at 160°C after storage at room temperature for
120min or 10220min was measured. The new rate equation applied to these experimental data
showed that two precipitation reactions occur during the artificial aging. The rate equation of
these reactions can be written as follows. The parameter, 7, is a time constant related to the
evolution of precipitates and n is the exponent related to the morphology of the precipitates. The

obtained values of parameters 7 and n were consistent with the TEM structures and the change in

hardness. (A+B=1)

y = Ay, + By,

ool Tl sk (&) i -

1

1. Introduction

Many studies have been done involving the
precipitation in Al-Zn-Mg alloys, and the
of the precipitation have
investigated and published ™. Tt is well known
that Al-Zn-Mg alloys have a positive effect on

sequences been

the two-step aging (split aging), that is, the
longer the natural aging duration, the higher
the strength of the artificial aging®. However,
there are few studies about the precipitation

* This main part of this paper was presented at the 12
International Conference on Aluminium Alloys
(ICAA12), Yokohama, Japan, September, 5-9, 2010.
The part of this paper was originally presented at the
59" Conference of Japan Institute of Light Metals
(1980) and the 89 Conference of Japan Institute of
Metals (1981).

w+  R&D Center, Sumitomo Light Metal Industries, Ltd.,

Dr. of Eng.

Kyoto University, Department of Materials Science,

Dr. of Eng.
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kinetics of these alloys. Precipitation kinetics
has been usually studied using the Johnson-
Mehl equation or similar ones, and its reaction
rate was the analyzed. However, it is difficult to
represent the entire reaction process by this
equation when multiple reactions simultaneously
or sequentially occur. Yamamoto proposed a
new Kkinetics theory and equation®. It was
proved that this equation can effectively analyze
the kinetics reactions by application to the
precipitation in Cu-Be alloys™, the graphitization
of cementite®” and the precipitation from
quenched low carbon steel®’. In this study, the
precipitation in Al-Zn-Mg alloys is analyzed
using this new equation and the parameters
obtained based on this theory are discussed.

2. Experimental

To investigate the precipitation kinetics of Al-
7/n-Mg alloys, the changes in the electrical
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resistivity and hardness were measured. According to the diffusion theory, the diffusion
Samples for the electrical resistivity and distance x is given by the following equation.

hardness were prepared from Ilmm diameter
wire and Imm thick sheet, which were produced
from DC cast slabs on a laboratory scale using a
99.99% aluminum ingot. The content was
Al-6 %7Zn-0.75%Mg (mass%). These samples
were solution heat treated in a salt bath for
1 hour at 450°C followed by water quenching.
After quenching, they were held for 120min or
10220min at room temperature (20°C) and then
aged at 160°C in an oil bath controlled at =0.1
°C. The change in the electrical resistivity was
investigated by measuring the difference in the
electrical potential at two points. The electric
current was 0.0A using a constant power
supply. The change in the electrical resistivity
setting the difference
between the final and initial values to unity.

was normalized by

3. Derivation of New Equations

Several rate equations are derived from the
model reaction process®'™'". In this paper, the
rate equation for the precipitation in aluminum
alloys is derived as follows. Using the concept of
extended volume, V), and extended surface area,
S,, according to Johnson-Mehl and Avrami, the
ratio of precipitation, y, is given as follows :

y=1—exp(—V) D

V,  was calculated according to the
precipitation model. It was assumed that the
number of precipitates exponentially decreases
with time and each precipitate grows by
diffusion based on the TEM structures in this
experiment. The number of precipitates, N, is
given by the following equation using an
exponential function because precipitation is a
collective and statistical phenomenon.

N = Ny{l—exp(—t/1,)} (2
The increasing rate of the number, 7, is
I=dN/dt= (N, t,)exp(—t/1,) 3

Parameter V, is the number of precipitates at
time ¢ = 0. Parameter 7, is a time constant.

26

x =Dt (D diffusion coefficient) 4)
According to the morphology of the

precipitation, i.e., rod, disc and sphere, the total
volume of the precipitates, V, and the ratio y of
the precipitation are derived as follows :
a) Rod

A rod-like
cross-section area, S,, in which a precipitate

precipitate with a constant

grows with the increasing length, the volume of

a precipitate at time ¢ is SWD(t—1¢,) (¢, : the
time of precipitate formation) using equation
(4). Consequently, the total volume of the
precipitates, V, , and the ratio y of the
precipitation at time ¢ are as follows®" :

V,= ['SW/DG—1t)1at,
N, t
— SO?ON/D fotx/(t—tl)exp(—?l>dtl
2 2

~ SOD%Noz%{1—eXp(—Ti2)} — SDINSIN
(5)

1 1
y=1—exp(—V) =1—exp(—S,D2Nji2N)

~1—exo{~ (L) [1-exp(~) ]},

(6)

o
“TSIND

(7
b) Disc

In a circular disc with a constant thickness,
1y, In which the disc grows in the radial direction
by diffusion, the volume of a precipitate at time
tis wl,D(t—t,), same as the rod. Consequently,
V. and y of the precipitation at time t are as
follows :

V, = al, f; D(t—t)1dt,

- 7zz0j;‘D(t—tl)%exp(—i—l)dt1
2 2
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- nzo%‘)D f0’<t—t1>exp(—i—;)dtl

= LZOQVOD t{l —exp( —%)}

(8

y=l—exp(—V) = kexp(—%ﬁ\f}
“ e~ ()1-ex(~ 1))

9

7 = ﬂleOD (10)

c¢) Sphere
In a sphere, which grows in the radial
of a

direction by diffusion, the volume

.. . . 4 3 3
precipitate at time ¢ is gnDZ(t—tl)Z.

Consequently, V, and y of the precipitation at
time t are as follows :

4 3 3
V= gaD? Jo (t—tpe1at,

3 3
= i7[D5 J;[(t* tl)?%exp< *%)dtl
2 2

3
4 3 ! 3 t
= gnD 27;)]; (t—t) 2exp<*7;)dtl
~ %;;D%%N
(1D

8 3 3
y=1l—exp(—V) = 1*exp<*T57zD2t2N>

= lexp{<;>g[leXp(é>]}’

(12)

i (8713\70 >§g 13)

For an arbitrary shape, the next equation is
generalized from the equations, (6),(9) and (12).

y= 1fexp{f<%)nl[lfexp<_[i2)}} (14)

27

Parameter 7, is related to the morphology of
the precipitate which grows by diffusion, 7,
=0.5 for a rod with a constant cross-section
area, n, =1.0 for a disc or a plate with a con-
stant thickness and n, =1.5 for a sphere or cube.

The term [1 —exp( —%)] which does not exist
2

in the Johnson-Mehl and Avrami equation, is
related to the number, N of precipitates. The
Johnson-Mehl and Avrami equation can be
applied to the special cases, such as the number
of precipitates, NV or the decreasing rate of the
number / are constant. This term is very
important for fitting the experimental data
using equation (14). Especially, the change in
the early stage is influenced by this term. In a
real phenomenon, N is influenced by multiple
reactions and thus, Yamamoto generalized
equation (14) in response to various increasing

rates of the precipitates as follows®™ :

y = l—exp{_<;)nl[l_exp<_z];)J
[1exp(é)]"[lexp(;)}}
= 1—exp{—(;l)"l[l—exp<_é)rz}

(15)

Equation (15) is now called Yamamoto's
equation. For simultaneous multiple reactions,
each reaction rate, y; is summed to the total rate
y as follows :

(vo-

i

)

4. Comparison between Experimental
Data and the Equations

Yy = Z Cy; (16)

The experimental data of the normalized
change in electrical resistivity aged at 160°C
are shown in Fig.1. This figure indicates the
of at
reactions. Especially, for the 120min held sample

occurrence least two precipitation
at room temperature, it seemed that the first
reaction at 160°C continues to 1000min and the
second reaction then occurs. Each reaction was

fitted by equation (15) and summed as follows :
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y = Ay, + By,

e (et Y]
el esnl () P-on D] |

an
The experimental data in Fig. 1 were analyzed
by equation (17). Fig.2 and 3 show the

superimposed the
experimental data for the 120min and 10220min

calculated  curves on

samples, respectively. At 120min, y is given as
follows :

y= O.64{1exp{<4;0

I-Z[Iexp@)y}}
)

(18)

+0.36{18Xp{< 25é00 )O'E[I*GXF(* 10(2()0

At 10220min,
y= 0.35{1—6Xp{—(2;0 1|:1—exp<_i>J1}:|

I}

(19

t O'E[I—exp<— t

06 {l_exp{% 4800 1500

The values of the parameters are listed in
Table 1.

5. Discussion

Table 1 indicates that the morphology of the
precipitates in the first stage is a plate or a
plate-like particle because parameter 7, is 1.0 to
1.2 and that of the precipitates in the second
stage is a rod because 7, is 0.5. The values of 7,

i
1:-:. R ] ; F
£ 0 o ET 120 Pl 4 ;
s‘ﬁ » BT 10220mn _,c'f /’
w #0 ; e
} Ty
R
5 [V IF] | "’1-"l ] |

[ S "_..'/W ) A

Ty '
Ageng Tema (rrdn] at 1EOT

1 {1}

Fig.1 Change in electrical resistivity for holding
at 120min and 10220min at room tempera-
ture (RT) followed by aging at 160°C.

14 4 - . =
RT ¥ 30reni
1.2 | ! -
E | = daa
1 - g ¥l 1
i . 1
8 L ]
'!,_.:.E L]
P
ui@ﬁ_ | L | g
g = _.I'
g- oud ! . | f
= ]
- F, | | / }
[E] scarem —k '
i ' 10t 1’ [y 10

g Tievay ({rrari] 2k VEETT

Fig.2 Calculated curves superimposed on
the electrical resistivity data using
(18) for
120min at room temperature (RT)

followed by aging at 160°C.
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oo
™

:
\
\

o
[

o
L]

Chfsge s Ehint Il Riat ity
[Mormal ]
o
E

M‘ft
L '
Aging Time (mn) ot 160C

s

i

L=
-
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Fig.3 Calculated curves superimposed on
the electrical resistivity data using
(19 for
10220min at room temperature
(RT) followed by aging at 160°C.

equation holding at

Table1 Values of the Parameters in Equation (17) for the 160°C Aging.

Holding time at
RT (min) A 7, n, 7, N, B Ty Ny T ny
120 0.64 490 1.2 1 1 0.36 25000 0.5 10000 1
10220 0.35 290 1 1 1 0.65 4800 0.5 1500 1

28
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and 7y for the 120min are higher than that for
the 10220min samples. These parameters are in
inverse proportion to N,”, (m @ 2/3~2) as
shown by equations (6),(8) and (10). Therefore,
the number of precipitates initiated during the
first stage and also during the second one for
the 120min is lower than that for the 10220min
ones. Fig.4 shows the change in the Vickers
hardness during aging at 160°C and the positive
effect on the two-step aging. These hardness
data were also curve-fitted and shown in Fig. 5
and Fig. 6 using Equation (17) with the same
values in each parameter in Table 1 except for
parameters A and B.

At 120min, the change of hardness, y is given
as follows (A=1.0 and B=10),

y=10 {lexp{ (490 'Z[Iexp<i>}ﬂ

(20)

At 10220min, (A=0.8 and B=0.2),
y= 0.8|:1—6Xp{—(2;m 1|:1—exp<_i>J1}:|
+0.2{1—exp{ <4800) [ JH

@D

1500

During the early stage for a few minutes at
160°C, the hardness slightly decreased because
reversion phenomena occurred. The hardness
change in the
equations (20) and (21) because the electrical
in this reversion reaction only

reversion was omitted in
resistivity
slightly changed. The reason why the values of
parameters A and B in hardness are different
from those in the electrical resistivity is that the
precipitation reactions contribute to these
properties differently. Based on equations,(20)
and (21),

hardness

it is found that the increase in
affected by the
precipitation in the first stage reaction.

was almost

The values of these parameters in Table 1 are
supported by the TEM structures shown in
Fig.7. During the early stage (50min) at
160°C, fine precipitates (less than 10nm) are
observed at 120min in Fig.7 (a), but it is

29
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Fig.4 Change in hardness for holding at
120min and 10220min at room tem-
perature (RT) followed by aging

at 160°C.
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Fig.5 Calculated curves superimposed on the hardness
data using equation (20) for holding at 120min
at room temperature (RT) followed by aging at
160°C.
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Fig. 6 Calculated curves superimposed on the hardness
data using equation (21) for holding at
10220min at room temperature (RT) followed by
aging at 160°C.

difficult to observe the precipitates at 10220min
shown in Fig.7 (d) because they are too fine.
Fig. 4 suggests the existence of fine precipitates
in Fig. 7 (d) because the hardness increases at
10220min compared to 120min. For 1000min at
160°C, the areas containing the plate-like and
rod-like precipitates with a 10 to 50nm length
are mixed with the one with fine and granular
precipitates (probably platelets) at 120min
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shown in Fig. 7 (b), while the distribution and
size at 10220min are homogeneous and the
length of the plate-like precipitates is 10 to 30nm
in Fig. 7 (e). For a long duration (~10000min)
of aging at 160°C, the distribution of the
precipitates at 120min is more inhomo-geneous
and rod-like precipitates with a 250nm length
are observed in Fig.7 (¢), while plate-like or
rod-like precipitates with a 20 to 50nm length
and homogeneous distribution are observed at
10220min in Fig. 7 ().

These observed precipitates are estimated to
be the ' or  phase. The morphology of these
precipitates 1s reported as either plate-like
particles or rod-like ones'™. Our result about

the morphology of the precipitates is consistent
with these previous studies. Fig. 5 and 6 indicate
that the first stage precipitation almost
contributes to the increase in hardness
compared to the second stage one. For the long
duration at room temperature, many GP zones
are homogeneously formed. These GP zones
formed for a long duration at room temperature
decompose in the early stage at 160°C by
reversion shown in Fig. 4, but immediately zinc
and magnesium atoms recombine and then
precipitation reaction of 7' occurs in the first
stage. The larger the density of GP zone, the
harder the strength at 160°C aging. This is the
reason why Al-Zn-Mg alloy have a positive two-

(a) RT/120min-160°C/50min

gty s, 1 ! o e
T ey -

(b) RT/120min-160°C/1000min

(d) RT/10220min-160°C/50min

(e) RT/10220min-160°C/1000min

(c) RT/120min-160°C/8500min

(f) RT/10220min-160°C/10900min

Fig.7 TEM structures after aging at 160°C.



31 SUMITOMO LIGHT METAL TECHNICAL REPORTS

2010

step aging property.

6. Conclusions
(1) The precipitation kinetics of the Al- 6 %Zn-
0.75%Mg alloy at 160 °C
precipitation reactions. This kinetics was able to
be analyzed using a new kinetics equation

contained two

developed by Yamamoto. The parameter values
in this equation were consistent with the
morphology and distribution of the plate-like
precipitates at the first stage and rod-like ones
at the second stage in the TEM structures.

(2) The change in hardness was also analyzed
using Yamamoto's equation with the same
parameter obtained from the analysis of the
electrical resistivity and the contribution of two
kinds of precipitation reactions to the hardness
change was clarified. The precipitation in the
first stage mostly contributes to the increase of
the hardness.

(3) The reason why this alloy has a positive
effect on two-step aging is that the GP zones
formed for a long duration at room temperature
accelerates the formation of fine and plate-like
n ' precipitates in the first stage at 160°C because
these GP zones were resolved by reversion, but
immediately recombined and transformed to n'
phase during heating or in the first stage at
160°C.
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Effects of cold work and natural aging on
the strength of 2013 aluminum alloy

Shingo Iwamura, Yoshikazu Ozeki, and Hideo Yoshida

The effects of 20°C natural aging and 20% cold working on the strength of 2013 aluminum alloy
(Al-1.7Cu-1.0Mg-0.8Si-0.15Cr : mass%) sheet aged at 170°C for 8 h have been investigated. The
strength of T 6 samples slightly decreased with increasing time of natural aging after solution

heat treatment. The strength of T 8 samples was higher than that of T 6 samples. Natural aging

condition slightly affected the T 8 strength and prolonged natural aging between solution heat

treatment and cold working resulted in higher strength. On the other hand, when it was subjected

to cold working just after solution heat treatment, the T 8 strength decreased in natural aging

after cold working. It is suggested that the heterogeneous distribution of the hardening precipi-

tates formed along the microbands caused the lower precipitation hardening.
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Table1 Chemical composition of the 2013
aluminum alloy (mass%).
Cu Mg Si Cr Fe Al
1.7 1.0 0.8 0.16 0.15 Bal.
Casting
]
Homogenizing
]
Mot raliing
I
Cold rolling
I
Solution haal reatmant
I |
Watural aging Matural aging Coid rolling
20'C-0~240h | | 20°C-D~240h Red.20%
I ]
I:H"m Halural aging
Red.20% 20°C-0~ 240h
] 1
Artificial gang Artificial aging Artificial aging
170°C-Bh 170°C-8h 170°C-Bh
Sample M Sample NC Sample CH
Fig.1 Flow chart of the manufacturing process.
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Aging | 1 10 100

170°C aging time / h

Fig.2 Aging curves of the 2013 aluminum alloy
aged at 170°C after natural aging (20°C-
240h) and cold rolling (20% Red.).
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Fig.4 Effect of natural aging on (a) tensile strength
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and (b) yield strength of the specimens after
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Fig.6 Tensile strength of the T 6 /T 8 specimens
showing the amount of precipitation hard-
ening and work hardening.
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Fig. 7 Stress-Strain curve of the specimens after
solution heat treatment (a) without natu-
ral aging and (b) with natural aging at
20°C for 240h.

(b) With natural aging

il Tensile direction

Fig.8 Appearances of the surface of specimens
strained by 20% after solution heat
treatment (a) without natural aging
and (b) with natural aging at 20°C for
240h.

(a) Without natural aging  (b)With natural aging

Fig.9 TEM micrographs of the specimens
strained by 20% after solution heat

(a) without natural
aging and (b) with natural aging at
20°C for 240h.
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Fig.10 (a) Schematic diagram of thermomechanical
treatments and (b) DSC curves of the speci-
mens subjected to the thermomechanical
treatments.

Fig. 11 TEM micrograph of the T 8 specimen.
The arrows indicate heterogeneous
precipitates on dislocations.
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(a) Sample NC Just after SHT After natural aging After cold rolling After artificial aging
High-strength type

G.P.zones form. Deformed homogeneously. Hardening-precipitates
form heterogeneously.
(b) Sample CN Just after SHT After cold rolling After natural aging After artificial aging
Low-strength type
Microbands form and Less G.P.zones form. Hardening-precipitates
quenched-in vacancies form heterogeneously.
disappear into dislocations.
Fig. 12 Schematic diagram of the microstructure in the matrix depending on the manufacturing processes.
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Influence of solute atoms on thermal stability
of fibrous structure in 2024 aluminum
alloy extrusion

Tadashi Minoda and Hideo Yoshida

Influences of solute atoms on thermal stability of fibrous structure of 2024 aluminum alloy ex-
trusion after T 4 temper by means of controlling cooling rates after homogenization heat treat-
ment and heating temperatures of ingots before extrusion was investigated. The thermal stability
of the fibrous structure was influenced by both the main elements (copper and magnesium) and
the transition element (manganese). The fibrous structure was stabilized when the solute atoms
of copper, magnesium and manganese were increased by rapid cooling after the homogenization
heat treatment and the extrusion temperature was close to the nose temperature of the manganese
precipitation. Therefore, the thermal stability of the fibrous structure decreased when the copper
and magnesium were not present or the manganese amount was reduced by half. Furthermore, the
cooling rate and the heating temperature influenced the crystallographic texture of the extrusion.
When the fibrous structure was stable, cube and brass texture tended to increase, while the copper
texture tended to decrease in the F temper. The formation of the crystallographic texture was af-

fected by recovery with precipitation of copper and magnesium during the extrusion process.
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Fig.1 Optical microstructures of the ingots after
homogenization heat treatment. The cool-

ing conditions after homogenization were :
(a) water quench, (b) air cooling, and (c)
furnace cooling.
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Cooling condition after homogenization heat treatment
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Fig.2 Optical microstructures of the samples in T 4 temper.
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Fig.3 Optical microstructures of the samples in F temper.

Table 1 Crystallographic orientation densities of the principal orientations in F temper.

Cooling after homo. wWQ AC FC

Billet temperature 450°C 400°C 350C 450°C 400°C 350°C 450°C 400°C 350°C
Brass | {011}<211> 34.5 35.8 34.1 34.6 33.4 32.9 30.6 27.2 26.5
Cu {112)<111> 4.6 4.6 6.4 4.4 5.6 6.6 5.8 6.6 6.7

S {123)<634> 12.8 14.2 15.1 12.8 14.0 14.3 13.1 12.1 12.1
Cube {001} < 100> 17.2 18.3 6.6 17.2 11.8 7.4 9.7 6.2 4.7

Goss {011} <100> 0.2 0.1 0.5 0.5 0.0 0.2 0.4 0.4 0.5

R (124} <211> 8.4 8.9 10.6 8.4 9.6 10.2 9.8 9.9 9.7

LpdhiE LTz, TR L 72 BSOS 0 4
FEMEITRS U TAE LTOBENEIDEIAHTH
%5, LFaRDZHAE U o S92 I BIRZE O,

3.3 TEM #8#%

F B Ic8B 1) %2 TEM fil##% Fig. 6, A% OEE
REAL%E Fig. TIczThThRd, Fig.6icswLTng
by 77 LA JAPBESNS, 2 Fig. 7LD
WQ-450°C 8 £ U WQR-350°C # iz inLic & » T&
BERPLEF (FRabbREEEMET) Lns, #ic FC-
450°C B & U FC-350°C # I3 M TIT & » TEERH
KF (ThOBBEAERPEM LTWwa I Ennh b,

- B2 9HR
%
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X510, RANOHHEYIIE WQ-450C M2six bHH KT H
BDICH L, WQ-350°C M IZRIE & D & Bl CEaEIc
Blmasnsd, £, FC-450°C B LU FC-350°C ¥l
RLRILED D150,

Fig. 6 TBIE s i qHRMLEY) & RDIRIL &P D TEM-
EDX 12 &K 20 HrfE % Table 2 1IZ/Rd . WQ-450°C #4
TFEHRIEEPIE Al-Cu-Mn & & Al-Cu-Mg R TdH %
DKL, WQ-350C MTidid & A EH Al-Cu-Mn %
Thotes Fi, FRILEMIZESL S5 & Al-Cu-Mn %
& Al-Cu-Mg &R S NIz, 2O EDL, EHS
S LT Al.CuMg & AlywCu:Mns O H (B
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Fig.4 Crystallographic orientation densities of
B -fiber components in F temper.

Cube Goss
40{001}<100> {011}<100>

—&— WQ-450°C
---A- -+ WQ-350°C
—{0— FC-450°C
---0--- FC-350°C

Cube
{001}<100>

Intensity ( x random)

0 10 20 30 40 50 60 70 80 90
Euler angle, ® (degree)

Fig.5 Crystallographic orientation densities of
recrystallization components in F temper.
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Fig.6 Microstructures of the extruded samples
in F temper.
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Fig.7 Changes in the electrical conductivity

after homogenization (before extru-
sion) and after extrusion.

Table 2 Observed particles in the extruded samples
analyzed by TEM-EDX.

Sample |Needle shape particles| Spherical shape particles

WQ-450°C
WQ-350°C
FC-450°C
FC-350°C

Al-Cu-Mn, Al-Cu-Mg
Mostly Al-Cu-Mn
Mostly Al-Cu-Mn
Mostly Al-Cu-Mn

Al-Cu-Mn, Al-Cu-Mg
Al-Cu-Mn, Al-Cu-Mg
Al-Cu-Mn, Partially Al-Cu-Mg
Al-Cu-Mn, Partially Al-Cu-Mg

3.4 WHERKHEBOREM

KD 2024 4 Tld Cu, Mg (S'E£72ESH) @
P, — iR 350°C i cdh b, Mn LA
450~500C i Th %5, TDI¥, 350°C fHrDiE
12 SHER SHDHF L, Mn ZAEAW O HHZ D 0,
—, 450°C TiE S'F 7213 SHIF—EREAEE LV IR 5
HASTH L, Mn BLAYEHMTH T 2, Mn R L
Yoo I fE S S EIIENCBE L, B S i3 Al-
1.0mass%Si-0.6mass%Mg-0.6mass%Mn & 4 O V- [fi
O3 & A0 TM O E AR LI 35 1 5 R R E) i -
W, IS 350°C Ll ETmias R0 9" Aok D
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Fig.8 Schematic model of the influence of grain boundary precipitates on the thermal stability
of fibrous structure of the extrusions. The samples are (a) WQ-450°C, (b) WQ-350°C, (¢)

FC-450C, (d) FC-350C.
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Fig.9 Effect of the homogenization heat treatment
time of the billets on the stability of the fi-
brous structure after solution heat treat-
ment, (a) 5h, (b) 10h, (¢) 20h. The billets
were quenched into water after the solution

heat treatments.

200ump

Fig. 10 Effect of the chemical compositions on
the stability of the fibrous structure
after solution heat treatment,

(a) Al-4.6mass%Cu-1.6mass%Mg-
0.6mass%Mn,

(b) Al-2.3mass%Cu-0.8mass%Mg-
0.6mass%Mn,

(¢) Al-Omass%Cu-Omass% Mg-
0.6mass%Mn,

(d) Al-4.5mass%Cu-1.Tmass%Mg-
0.3mass%Mn.
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Effects of natural aging and pre-aging at elevated
temperature on the bake hardenability of copper
added Al-Mg-Si alloys

Hidenori Hatta, Shinichi Matsuda,
Hiroki Tanaka and Hideo Yoshida

The effects of natural aging at 20°C and pre-aging at 100°C on the bake hardenability of Cu

added Al-Mg-Si alloys have been studied by tension testing, hardness measurements, electrical re-

sistance measurements and differential scanning calorimetric analysis (DSC). The decline in the

bake hardenability during natural aging slowly decreased with the Cu content. Because the in-

crease in the forming cluster (1) was restrained by the Cu addition during the brief natural aging,

the B "phase then immediately precipitated during baking at 170°C for 1.2ks. Pre-aging at 100°C

after quenching significantly affected the bake hardenability of the Cu added alloys. The increase

in the forming cluster (1) was also restrained by pre-aging during the natural aging.
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Table 1 ISR T HLIEK D 2 5 7 &2 BRI 1T & 0 Filigi sk
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60s PREFOIEMALNIE 21T - 72%, KoKdzEANL L 72,
BEAN L 7oKOKTT 10s fREFL, 2 ORIE B I HR /KIS
AW T 20°C T 0~604.8ks ® HARGSN 21T - 720 B
%12 170°C 1B L 72 A 4 WS 2P Chirk 86.4ks £ C



47 T R & & E & R 2010

D ANTIHRNB L 1.2ks © BH IR AT - 72, D%
Brcid, EIREOBIRICIURES K OBEANE Lck, B
A A WS ZZBWWT 100°C T 0.3ks B & U 7.2ks D
i PR 21T » 72 % D% 20°C O RKERFE T T
K 604.8ks T TEREFL, &I 170°C T 1.2ks DEHT

Table1 Chemical composition of the alloys (mass%)

Alloy Mg Si Cu Fe Al
0%Cu 0.63 1.04 <0.01 0.04 Bal.
0.4%Cu 0.64 1.05 0.41 0.04 Bal.
0.8%Cu 0.61 0.99 0.76 0.03 Bal.
1.2%Cu 0.61 1.02 1.15 0.03 Bal.

Solution heat treatment (a)
540°C-60s
w.Q.

Artificial aging 170°C-0~86.4ks
Bake hardening 170°C-1.2ks

IR

Natural aging
20°C-0~604.8ks

0°C-10s

Solution heat treatment

540°C-60s - (b)
Pre-aging
100°C-0.3ks
w.Q. 100°C-7.2ks

Bake hardening 170°C-1.2ks

/ Natural aging

l!—l 20°C-0~604.8ks
0°C-10s

Fig.1 Schematic diagrams of heat treatment,
(a) two-step aging, (b) three-step
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Fig.2 Aging curves at 170°C for the samples with and without natural aging at 20°C for 86.4ks or 604.8ks,
(a) 0 %Cu, (b) 0.4%Cu, (c) 0.8%Cu and (d) 1.2%Cu alloys.
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TECHNICAL PAPER

Investigation on the Factors Affecting Erosion
Corrosion of Copper Hot Water Tubes
—Focusing on Cavitation—"

Shiro Sato™*

This is a report to propose a mechanism of 'cavitation' for the erosion corrosion of copper hot
water tubes. As a result of recent surveys on the failures of copper hot water tubes by erosion cor-
rosion by Kawano et al, it has been revealed that the level of oxygen content in circulating hot wa-
ter is higher in cases of the tubes failed by erosion corrosion than those free from erosion corro-
sion. It is considered that the increase of oxygen in the tubes could come from sucking of air due
to the appreciable pressure drop in the circulating hot water which, consequently, could increase
the risk of 'cavitation' by lowering the boiling temperature. The possible factors to enhance the
pressure drop in the hot water are the water velocity, the friction of flow along the tube wall, the
non-uniform water flow at tube bends, the vortex at the ramp of tube joints, and the suction power
of circulating pump, when unbalanced in particular. Hydro dynamic estimation of pressure distri-
bution in the tubes justifies the probable risk of cavitation by local pressure drop/water boiling.
The characteristic features observed in the erosion corrosion of copper hot water tubes, such as the
preferable sites for the erosion corrosion - the return tubes, the inner radius of tube bends and the
ramps at the lap tube joints- are well explained by taking into account the local pressure drop to
cause the cavitation in the hot water tubing systems. Above is the result of mathematical study
based on the basic hydro dynamic principle. In order to solve the troubles by erosion corrosion of
copper hot water tubes, it is desirable to make the experimental investigation to verify the mecha-

nism of erosion corrosion by cavitation and to establish the reliable design criteria for copper

tubes hot water distributing systems.

1. Introduction

Copper tubes have long been used for the hot
water service. In recent years, however, their
market position has been invaded by the com-
petitors such as the stainless tubes and/or the
heat resistant plastics pipes. In case of large
buildings of high ends, copper hot water tubes
are often regarded as the runner-up candidate
against stainless tubes. It seems the reason is,
despite the cost advantage of copper tubes over
stainless tubes, simply due to the probable risk
of failures by the erosion corrosion of copper hot
water tubes.

Though, in the past decades, a lot of investi-

*  This Paper has been presented in Japanese, J. JRICu 48
(2009), 176.

«+ Dr. of Eng., Advisor, Sumitomo Light Metal Industries,
Ltd.
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gations have been made on the erosion corrosion
of copper hot water tubes, the mechanism of ero-
sion corrosion of copper hot water tubes has not
yet successfully elucidated and, as a result, use-
ful countermeasure to prevent erosion corrosion
has not yet been established.

The statistical data on the failure modes of
copper water tubes suggest that the erosion cor-
rosion is one of the most important phenomena
for the leakage troubles of copper hot water
tubes as shown in Table1"?.

Few years ago, author has incidentally learnt
two epoch-makings which suggest the erosion
corrosion of copper hot water tubes could basi-
cally be the cavitation erosion. One epoch-
making was to have a chance to observe the see-
through devices for the cavitation at the Na-
tional Maritime Research Institute, Mitaka, To-
kyo, where I have got the impression that
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Table 1 Failure modes of copper water tubes used for
hot and cold water service.

Number of Failures

Failure Modes

1971~1978 1 20072’
Erosion Corrosion 54(28.9%) 50(30.4%)
Pitting Corrosion 42(22.4%) 63(38.4%)
Stress Corrosion Crack 16( 8.6%) None
Fatigue Crack 20(10.7%) 18(11.0%)
Outer Surface 17 9.1%) 3( 1.8%)
Faulty Workmanship 31(16.1%) 6( 3.7%)
Others 7C 8.7%) 24(14.6%)

cavitation might be raised under some hydro-
dynamics condition involved in the copper hot
water tubes. Another epoch-making was the
data of water analysis from various copper hot
water tubes in services presented by Kawano et
al, which reveal the fact that, in case of hot wa-
ter service systems with copper tubes suffered
erosion corrosion, the level of dissolved oxygen
in the circulating water was higher than that of
supply water and, on the contrary, in case of hot
water service systems with copper tubes free
from erosion corrosion, the level of dissolved
oxygen was lower than that of supply water®*.

Based on these data, the countermeasure pro-
posed by Kawano et al. was to reduce the level of
dissolved oxygen in circulating water but it
seems the proposal by Kawano et al. was dis-
agreeable.

It is considered that the increase of dissolved
oxygen in case for the hot water service system
with the copper tubes suffered erosion corrosion
would be due to the sucking of air into the circu-
lating water under the condition of appreciable
pressure drop in the system. As a matter of
course, appreciable pressure drop should en-
hance the possibility of cavitation by lowering
the boiling temperature under the given hydro-
dynamics conditions in the system.

In this context, in order to elucidate the
mechanism of erosion corrosion of copper hot
water tubes, it is requisite to estimate the pres-
sure distribution in the copper hot water service
system as the main factor for cavitation.

This is a report to propose the cavitation
mechanism for the erosion corrosion of copper

03

Fig.1 Erosion corrosion of copper water tube

used for hot water service.

hot water tubes.

2. Published Investigations on
the Erosion Corrosion of
Copper Hot Water Tubes

2.1 Failure analysis of erosion corrosion of
copper hot water tubes
The failure analysis of erosion corrosion of
copper hot water tubes has been made for many
years. They are summarized as following;

1) The erosion corrosion of copper hot water
tubes has occurred after several years of
service in some limited number of hot water
supply systems. The ratio of occurrence is
estimated to be in the range of 1 ~ 3%.

2) The rate of attack by erosion corrosion has
been 0.2~0.5mm/yr.

3) The morphology of attack shows the horse-
shoe shape which is widely known as the
damage by the erosion corrosion attack
(Fig. 1).

4) The attack has occurred mostly in the hot
water circulating supply systems but rarely
in the hot water once through supply sys-
tems.

5) The attack has occurred mostly in the closed
hot water supply systems but less in the
open hot water supply systems.

6) The major locations of attack by erosion
corrosion has been the inner radii of bends,
the ramps at lap joints in the return tubes,
in particular near the suction points of cir-
culating pumps, but not near the pumping
out parts.



Vol.51 No.1

Investigation on the Factors Affecting Erosion Corrosion of Copper Hot Water Tubes —Focusing on Cavitation— o4

2.2 Experimental investigations on

the erosion corrosion of copper
hot water tubes

A lot of investigations have been made on the
erosion corrosion of copper hot water tubes for
many years.

Obrecht® investigated the failures of copper
hot water tubes installed in the buildings built
after world war II and found that main cause of
failures was due to the phenomenon of erosion
corrosion, synonym of impingement attack. In
order to clarify the key factors affecting the ero-
sion corrosion of copper hot water tubes, the hot
water loop tests have been made; the duration of
loop test : 498 days, 5 levels of water velocity :
0.46~4.06m/s, 6 levels of water temperature :
room temperature ~ 93°C. As a result of loop
test, it was found that the erosion corrosion
could be reproduced only under the conditions of
hot water temperature (>60°C) together with
high water velocity (>2.47m/s) and the re-
sulted maximum corrosion rate was 0.46mm/yr.
In the report, however, the clear pictures of typi-
cal erosion corrosion have been demonstrated
for the tubes used in the buildings but not for
the tubes used in the loop tests. Furthermore, no
clear comment on the critical velocity and the
water temperature were given in the report.

Obrecht commented that 'Pilot plant studies
were believed necessary to duplicate water flow
velocities, temperatures and qualities encoun-
tered under actual service conditions. It was felt
that these factors in corrosion failure could not
be adequately simulated in the laboratory'. It
should be noted that in Obrecht's paper no com-
ment was given on the hydraulic pressure.

Knutsson et al® had made the wide range of
experimental investigations to reproduce the
erosion corrosion of copper hot water tubes for
one year and found the erosion corrosion could
be reproduced at very high velocity (12m/s and
6 m/s partially) with the corrosion rate less
than 0.Imm/yr. As regards the experimental re-
sult by Knutsson et al, there is some doubt that
the erosion corrosion similar to the actual serv-
ice could really be reproduced in their experi-
ments because of the mismatch in the critical
water velocity and the corrosion rate between
the actual erosion corrosion failures and the ex-
perimental results. For example, it was found

o4

that, under the condition of much higher water
velocity in the experiment, much less corrosion
rate, less than 0.11lmm/y, was obtained than
that of the actual experiences.

In the "International Symposium on the Cor-
rosion of Copper and Copper Alloys in the Build-
ings, Tokyo (1982)", some papers have been pre-
sented on the experimental results for the criti-
cal conditions to cause the erosion corrosion of
copper hot water tubes. However, it was consid-
ered that the experimental results were not nec-
essarily satisfactory to demonstrate the critical
conditions to cause the erosion corrosion due to
the inconsistency between the actual service and
the experiments™®.

2.3 Cavitation as an important issue

for erosion corrosion of copper
hot water tubes

As reviewed above, in order to establish the
countermeasures to prevent the erosion corro-
sion of copper hot water tubes, the previous in-
vestigations have targeted to identify "the criti-
cal value of water velocity and temperature" to
cause the erosion corrosion. However, despite
the great effort by many experts in this field, it
seems the previous investigations had been not
necessarily successful to reproduce the erosion
corrosion in the experiments but also to identify
the critical value of the water velocity and the
temperature for the erosion corrosion of copper
hot water tubes. It is considered that the possi-
bility of erosion corrosion by cavitation should
be taken into account as the potential mecha-
nism of erosion corrosion of copper hot water
tubes.

To evaluate the possibility of cavitation in
copper hot water tubes, the pressure drop in cop-
per hot water tubes has been estimated in this
paper as a key factor for the cavitation.

The mechanism proposed is; local pressure
drop,— local boiling,— cavitation,— erosion
corrosion.

3. Flow Accelerated Corrosion (FAC)
and Erosion Corrosion of Copper
Hot Water Tubes

The phenomena of FAC of tubing materials
are classified in six groups as following®’.

1) Flow Accelerated Corrosion : increase of
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corrosion rate due to the enhancement of
diffusion rate by fluid flow.

2) Erosion Corrosion :
rate due to the removal of film by fluid

increase of corrosion

flow.

3) Droplet Erosion/Droplet Erosion Corrosion
. mechanical attack by the impingement/
increase of corrosion rate by removal of
film, due to the droplets in the flow.

4) Flashing Erosion/Flashing Erosion Corros-
ion : mechanical attack by the impingement
of droplets/increase of corrosion rate by the
removal of film by the droplets, caused by
the boiling due to the local pressure drop in
the tubing.

5) Cavitation Erosion/Cavitation Erosion Cor-
rosion : mechanical attack by the impinge-
ment/increased corrosion rate by the re-
moval of film by the impingement, due to
the shock of collapse of bubbles caused by
the local pressure drop-boiling.

6) Erosion Corrosion/Erosion Corrosion by
Suspended Solid Particles :
tack/increased corrosion rate by the re-
moval of film, due to the impingement of

mechanical at-

suspended solid particles in the flowing
fluid.

All investigations in the past on the erosion
corrosion of copper hot water tubes had been
made with the idea that the erosion corrosion
was caused by the removal of film by fluid flow
as mentioned, above 2), but never been with
that by the cavitation or the flashing, above 5)
or4).

The cavitation by the local pressure drop
might be the blind spot for the previous investi-
gations on the erosion corrosion of copper hot
water tubes.

This paper deals with the possibility of ero-
sion corrosion of copper hot water tubes by
cavitation in the light of hydro-dynamic pres-
sure drop to cause the boiling of water within
the copper hot water tubing. The detailed
mechanism to cause damage on copper hot water
tubes under the condition of local boiling is in-
deed a matter of great concern but this matter is
not discussed in this paper.

B%)

4. Pressure Distribution in the Copper
Hot Water Tubes and Cavitation

4.1 Cavitation
The conditions to stabilize a cavity in the lig-
uid are considered as following'®’ (Fig.2).

nr’P,+2rrt = nr’P, (D
P.=P+2(z/1) ©)
P, : static pressure of liquid [Pa]
P, : internal pressure of cavity [Pa]
r : radius of cavity [m]
7 . interface surface tension between

the cavity and the liquid [N/m]

Liquid pressure to stabilize a cavity (P,) is af-
fected by the internal pressure of cavity (P,), the
radius of cavity (r) and the interfacial surface
tension (7).

As the hot water in copper tubes usually con-
tains some small babbles, for ex. r = 0.01~
0.1mm, the effect of interfacial surface tension
between water/vapor (7) is small enough in
eq.(2) to be able to neglect,{ 7 =72.7(20°C )~
67.9(50°C) X 10°N/m, 2 (r / 7)= 1358~135Pa}.
So, the basic condition for the cavitation is sim-
ply the hot water vapor pressure to exceed the
hydraulic pressure in the tubes.

The relation between the temperature and the
vapor pressure of water is shown in Fig. 3.

Fig. 2 Stability of cavity; the balance of water pressure
(P,) versus the inner pressure of cavity (P) and
the surface tension (7).
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4.2 Hydraulic pressure in the copper hot
water tubes -Straight tubes-
Berneulli's equation can be applied to the hot
water flowing in the copper tubes.

P+1,2:0v’+pgh = C (3)
P : hydraulic pressure of hot water  [Pa]
o0 - density of hot water [kg/m?*]
v velocity in the tubes [m/s]
g . acceleration of gravity [9.8m/s?]
h : actual height [m]

Under the condition that the total pressure is
1 atm.(1.013 X 10°Pa),the relationships between
the water velocity and the static and hydraulic
pressure are shown in Fig. 4 .

(Ex.1) flow velocity of hot water in copper
tubes(v) : 4.0m/s, o : 1000kg/m?, 1/2 < pv’ =
8000Pa.

Pressure drop by the flow of hot water in the
tubes is estimated to be 8000Pa.

4.3 Hydraulic pressure in the copper hot

water tubes -Bend tubes-
4.3.1 Pressure difference between
the outer and the inner radius

The case studies have revealed that one of the
most preferable spots for the occurrence of ero-
sion corrosion of copper hot water tubes is the
inner radius zone of bend. At the bends of tubes,
the pressure of inner radius zone decrease and,
on the contrary, that of outer radius zone in-
crease because of the centrifugal force of fluid
flow (hot water) in the tubes.

Referring Fig.5, the pressure drop at the
small area of inner radius zone due to the cen-
trifugal force of flow is expressed by equation

@.

Ak = As+-d-p v R

AP =d-p-v’/R 4)
Ak : centrifugal force [N]
As : small differential area of inner

radius zone [m?]
d : inner diameter of tube [m]
R : radius of tube bend [m]
v . flow velocity [m/s]
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Fig.3 Vapor pressure versus temperature of water.
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Fig.4 Bernoulli's Equation; the water velocity versus
the static and the dynamic pressure.

Fig.5 Flow dynamics at the bend of water tube.

AP : pressure drop at the inside surface

of inner radius zone [Pa]
(Ex. 2) Assumingd :50mm,p :1000kg/m?*,v :
4.0m/s, the pressure drop (AP) due to the cen-
trifugal force at the inner radius zone of tube
bend is estimated to be 8000Pa.
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4.3.2 Pressure loss at the bends of tubes™’

At the tube bends, the circumferential flow
known as the secondary flow exists as one of the
main sources to cause the pressure loss (head
loss), secondary flow arise from the difference
of centrifugal force due to the different radii be-
tween the inner and the outer zone of tube bends
as shown in Fig. 6.

Head loss (AP) and pressure drop (AH) at the
bends are given by the equations (5) and (6).

AH = ¢v'2g (5

AP = &ov?/ 2 (6)

{ @ coefficient of head loss

{ is given by the equation (7) and (8) for the
bends with continuous smooth surface of bend

angle 6.
&= 0.00431a0Re ""(R ~d)** (D
a=094+442(R/d) €©)

(Ex. 3 ) Assuming ; R : 0.lm, d : 50mm,
v :4m/s, water temperature : 50°C,
viscosity : 0.5470 [ X10*Pa -« s],

£=10.162

AP = 1312Pa

At the downstream of bend with continuous
smooth surface, the hydraulic pressure drop is

A
Secondary flow

Fig. 6 Secondary flow at the tube bend.

o7

estimated to be 1312Pa, which has a little effect
to enhance vaporization.

On the other hand, hydraulic pressure drop
for the bend with discontinuous surface joints of
rectangular angle (elbow) is given as following.

=097~ 11
AP = 8000Pa

The hydraulic pressure drop at the down-
stream of elbow is estimated to be 8000Pa, which
will lower the vaporization temperature 3 °C.

A great discrepancy of the hydraulic pressure
drop between the bend with continuous smooth
surface and that of discontinuous surface (el-
bow), as estimated to be 1312Pa and 8000Pa re-
spectively, is really a matter of great interest to
be confirmed.

4.4 Vortex at the lap joints of

copper tubes'”’

One of the most sensitive zones for erosion
corrosion of copper hot water tubes is the ramp
of lap joints. In copper tubing operations, the
lap joints by soldering and/or mechanical seal-
ing are the dominant process. In these lap joints,
the formation of ramp is inevitable as shown in
Fig. 7. Size of ramp depends on the sum of the
wall thickness of inserted tube and the clearance
between the inner and the outer tubes. Observa-
tion of erosion corrosion of copper hot water
tubes around the downstream of lap line sug-
gests the existence of vortex at the ramp of lap
joints.

Pressure distribution around the vortex is the
matter to be examined. At the corner of ramp,
vortex is formed and the vortex keeps the
circumferential motion around the nucleus/cen-
ter of vortex. Assuming the potential of flow,

| A\
A T\
&
Vortex
Flow
D
Fig.7 Vortex at the ramp of lap joint.
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I', is circulating, r : radius within the vortex,
r; - outer radius of vortex, P, : pressure at ry,

P :local pressure
2mrv="T

P=P—p/fv/ rdr r:1—r1 €¢)
P=P o'/ 87°r}—pT*(ri—1*) /8 7°r,

(10)

Pressure distribution in the vortex is sche-
matically shown in Fig.8, where the pressure
drop increases with the increase of I" and the de-
crease of r. At the center of vortex, r = 0, pres-
sure drop (AP,,.) becomes maximum as shown
in the equation bellow.

AP, =pl*/ 4d7°r} (1D
(Ex.4) Assuming, o : 1000kg/m?, r; : 10°m,
v :4dm/s, I . 27rv,

AP

max

= 16000Pa.

It is probable enough that the vortex occurred
at the ramp of rap joint yields appreciable pres-
sure drop to cause the boiling/cavitation.

4.5 Pressure distribution in copper tubes

for hot water supply systems

In the hot water supply system of the build-
ings such as high grade hotels, hot water is cir-
culating in the buildings as shown in Fig.9,
where the hot water is pumped out, fed with
supply water, heated up by boiler, distributed
along the tube lines through the fittings and the
fixtures, and then return to the pump.

The pressure distribution, head loss and/or
the pressure drop, of hot water in the system
has been investigated as following.

The head loss and/or the pressure drop are
composed of the friction loss along the tube
length, the head loss at the tube bends, the head
loss at the fixtures such as flow meters and
pressure gage, the head loss by discharge of wa-
ter at the valve, the pressure drop near the suc-
tion spot of circulation pump and etc.

The head loss along the length of tubes (AH,),
is given by the equation.

o8

YValocity
bt

EfE%

Proesurs

Fig.8 Schematic illustration of pressure
distribution in the vortex (by
courtesy of Dr. T. Yamazaki'®’)

Reserve tank

Boiler

Feed pump

Circulation pump

Fig.9 Hot water distribution system.

AH, = 2A-L/d-v’/2g (12)
A coefficient of head loss

L :length of tubes

d : diameter of tubes

e . surface roughness [m]

Coefficient of head loss, A, can be obtained by
Moody's Diagram ™.
Under the condition of actual uses of copper

hot water tubes,
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Re : 10°~10°, ¢ /d<10*,
2= 0015 ~ 0.03

The head loss at the bend tubes (AH,) is given
by the equation (13), using the coefficient of
pressure loss at the tube bends ().

AH, =¢v' )/ 2g (13)

£ :01~1

The total head loss (AH) and the total pres-
sure drop (AP) along the tube length with the
tube bends are given by the equation (14) and
the (15) respectively.

AH =X AL dv} /" 2g+ X¢-v'/ 2¢g

(14)
AP = pgAH (15)
(Ex. 5) The total head loss (AH) and the total
pressure drop (AP) in copper hot water distribu-
tion system has been evaluated as shown in
Table 2 under the assumption that tube diame-
ter (d) : 50mm, tube length (L) : 100m, number
of bends : 10, water velocity (v) : 2, 3, 4m/s
respectively, water temperature : 50°C, the fric-
tion factor along the tube length (,) : 0.018 and
the friction factor at tube bends(; : 0.5).

It 1s clear that the hydraulic pressure of hot
water compressed by the circulating pump is re-
duced in the course of circulation by many fac-
tors including the water velocity, the friction
along the length of tubes, the head loss at the
tube bends, and the local pressure drop around
varieties of obstacles to disturb the water flow,
etc. As a result, it would be possible that the hy-
draulic pressure of circulating hot water at the
outlet of pump would almost be lost at some
portion of return tubes depending upon the con-
ditions.

In particular, it should be noted that hydrau-
lic pressure of circulating hot water would be
much reduced around the zone near suction
point of pump, when the volume of circulating
water at the downstream much decreases due to
the increases of volume of discharged water at

09

Table 2 Head loss (AH) and pressure drop (AP) in
hot water supply system.
(Assuming ; tube diameter (d) : 50mm,
tube length (L) : 100m, number of bends :
100, water velocity (v) : 2,3, 4m/s, wa-
ter temperature : 50 °C, friction factor :

& 10018, & 1 0.5)

v [m/s] AH [m] AP [Pa]
2 8.4 82000
3 18.9 185220
4 33.5 328300

the upstream. Effect of variation of the volume
of discharge of water to the pressure drop in the
downstream of tubes should be examined as a
key factor for the erosion corrosion of copper
hot water tubes

5. Summary

1) In a recent survey, it has been revealed that
the level of oxygen content in circulating hot
water increases compared to that of supply wa-
ter in the case encountered with the tube failures
by erosion corrosion but does not in the case free
from failures by erosion corrosion.

2) Tt is considered that the increase of oxygen
in the hot water could come from sucking of air
due to the appreciable pressure drop in the circu-
lating hot water, which consequently could en-
hance the risk of 'cavitation' by lowering the
boiling temperature.

3) The possible factors to enhance the pressure
drop in the hot water are the water velocity, the
friction of flow along the tube length, the non-
uniform water flow at tube bends, local distur-
bance of water flow by the obstacles such as
ramps of tube joints, fixtures of instruments,
the variation of volume of flow at downstream
to cause the excessive pressure drop and etc.

4) Hydro-dynamic estimation of pressure dis-
tribution could justify the probable risk of
cavitation by local pressure drop/water boiling.

5) The characteristic features of erosion corro-
sion of actual copper hot water tubes are well
explained by taking into account the local pres-
sure drop to cause the cavitation in the hot wa-
ter tubing system.
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6. Future Tasks

This paper presents the novel idea that the
erosion corrosion of copper hot water tubes
should be caused by the cavitation phenomenon
due to the appreciable pressure drop/boiling of
circulating hot water under the varieties of
hydro-dynamic conditions.

It 1s desirable to confirm the idea by the de-
tailed field survey of copper hot water tubes in
actual field services and by the basic hydrody-
namic experiments.

Taking into account the effect of hydraulic
pressure, the preparations of the design criteria
and the standards of application for copper hot
water tubes in the buildings should be the mat-
ter of urgent need.

60
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Development and application to low cost structure
of high formability 2013 aluminum alloy sheets

Yoshikazu Ozeki, Shingo Iwamura,

Kenichi Kamimuki and Etsuko Yamada

Influences of chemical composition and manufacturing conditions, e. g. solution heat treatment

and artificial aging, on the mechanical properties of 2013 alloy were investigated. Furthermore,

the structures utilizing the good formability and weldability of 2013 alloy were designed and

partly produced experimentally. An increase of copper content was more effective than that of sili-

con or magnesium for improving the strength. It was concluded that mechanical properties of 2013

alloy were equal to, or better than, those of 2024-T 3 alloy. In addition, it was confirmed that the

application of 2013 alloy to the parts which need high formability or good weldability was good for

the reduction of manufacturing cost. From these results, 2013 alloy is acceptable as a substitute

material for 2024 alloy.
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Table 2 Tensile properties of alloys (SHT
temperature : 813K).

Table1 Chemical composition of alloys (mass%).

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

A 0.79] 0.16| 1.65|<0.01| 1.04| 0.14| 0.01| 0.02 | Bal.

B 0.79] 0.15| 1.94|<0.01| 1.04| 0.14| 0.01| 0.02 | Bal.

C 0.81] 0.16| 2.00|<0.01| 1.27| 0.13| 0.01| 0.02 | Bal.

D 0.78| 0.15| 1.93]<0.01| 0.84| 0.15| 0.01| 0.02 | Bal.

E 1.01] 0.16] 1.95|<0.01| 1.05| 0.14| 0.01| 0.02| Bal.

F 0.63| 0.15| 1.89]<0.01| 1.01| 0.15| 0.01| 0.02 | Bal.
AA2013| 0.6- 1.5- 0.8-10.04-

pec 10 -0.40 9.0 -0.25 12| 035 -0.25|-0.15| Bal.

Artificial aging : 448K-28.8ks | Artificial aging : 463K-14.4ks
Alloy | g Y8 El TS Vs El
(MPa) | (MPa) (%) (MPa) | (MPa) %)
A 432 353 20 422 361 17
B 440 358 20 437 374 17
C 432 346 20 428 399 17
D 433 352 20 431 368 17
E 438 358 20 429 360 17
F 431 344 21 428 356 18
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Table 3 Chemical composition (mass%).

Si Fe Cu Mn | Mg Cr VA Ti Al

0.83 | 0.17 | 1.96 | 0.02 | 1.01 | 0.16 | 0.01 | 0.02 | Bal.

Table 4 Tensile properties of T 6 sheet manufactured

in plant.
TS YS El
(MPa) (MPa) (%)
Product 429 367 15
AAZDZTS >434 >290 >15
spec.
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Table 5 Tensile property of laser welded joint.

TS YS El
Joint 251 MPa 159 MPa 6 %
Joint efficiency 59% 44% 40%
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Fig.12 Results of laser welding test ;(a) appearance,
(b) cross section and (¢) X-ray radiography.

Fig. 13 Appearance of trial product.
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Fig. 15 Comparison of manufacturing cost of skin/
stringer structure.
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Effects of alloy contents on strength, toughness

and stress corrosion cracking in
the Al-Zn-Mg-Cu alloy

Shingo Iwamura, Tadashi Minoda, and Hideo Yoshida

In this study, the role of the main elements (zinc, magnesium, copper) on the strength, tough-

ness and stress corrosion resistance of the Al-Zn-Mg-Cu alloy extrusion was systematized on the

basis of experimental results. Large amount of the main elements results in higher strength and

lower toughness. The higher addition of magnesium and zinc, which compose strengthening 7’

phase, has greater effect on strength. On the other hand, copper atoms, which seem to solute in the

7’ phase, accelerate the precipitation of " phase and have smaller effect on strength compared with

magnesium. When the sum of magnesium and copper contents exceeds 4.0mass%, undissolved

S-Al;MgCu and 7 -MgZn: dispersoids exist in the matrix and they cause lower toughness. The

alloys with higher Cu/Mg ratio composition show the lower stress corrosion resistance.
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2.3 BESLUHHICELEITRINTROSE

Flagnhe, M, Mo, v el —EREIC B XIET
ROy DR BARKEDICHET 2729, KD & 55—k
DFIERARRIC & 0 BRI 21T - 72,

X =a+
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Table1 Chemical compositions of the test alloys (mass%)

Mark VA Mg Cu Mark 7n Mg Cu Mark 7Zn Mg Cu
Al 6.1 1.5 1.5 B1 6.4 1.5 2.0 C1 6.4 1.5 2.4
A2 7.6 1.5 1.5 B2 7.9 1.5 2.0 Cc2 7.9 14 2.4
A3 8.7 1.5 1.5 B3 9.3 1.5 2.0 C3 9.3 1.4 2.4
A4 5.9 2.0 1.6 B4 6.1 2.0 1.9 C4 6.2 1.9 2.3
Ab 7.7 2.0 1.5 Bb 7.6 2.0 1.9 Ch 7.7 1.9 2.4
A6 9.1 2.0 1.5 B6 9.1 2.0 1.9 C6 9.3 2.0 2.4
AT 6.1 2.4 1.5 BT 6.1 2.4 1.9 Cc1 6.3 2.4 2.5
A8 7.6 2.5 1.5 B8 7.5 2.4 1.9 C8 7.7 2.4 2.4
A9 8.9 2.5 1.5 B9 9.0 2.4 1.9 C9 9.1 2.2 2.4
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Fig.1 Cross-sectional microstructure of the alloy Al, I & v {Epic o b9 2 HEE A A ST,
(a) polarized optical micrographs and (bh)

etched optical micrographs.
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Fig.2 Effect of the alloy contents on the tensile strength of the T 6 samples.
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Fig.3 Effect of the alloy contents on the Charpy impact value of the T 6 samples.
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Fig.4 Effect of the alloy contents on the stress corrosion lifetime of the T 6 samples.
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MICB 1 28 RT3, <7 xvon, fHihoi
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720 —7, High-Cu ¥ & ¥ High-Mg # T3 St 7
DS <, BRI X 0 £ < REZE LTV S &f
Wra i, Fig. 5 IR LcitRIRERI b fe TEA B &,
460°C DR LALE I Cdhigh, ~ 7 % v o 4, SADEIE
I LRI IR, BLE (Mg+Cu) =4.0mass% TH 5
LWVA kS, Fig.6lomlicksic, (Mg+Cu EH
4.0mass% A 24 v 7TV bRV AR

Table 2 Contribution of the alloy contents on mechanical properties of the T 6 samples (/at%).

a B Brg Beu Adjusted coefficient of determination, R
Tensile strength [MPal] 353 52 60 27 0.92
Yield stress [MPa] 263 70 62 16 0.92
Elongation [%] 24 -1.2 -3 1.2 0.86
Charpy impact value [J/cm?] 129 -6.3 -25 -23 0.86

Table 3 Chemical composition, tensile properties and Charpy impact value of the T 6 samples.

Chemical composition (mass%) Tensile properties Charpy impact value | Stress corrosion lifetime
Zn Mg Cu Mg+Cu | TS(MPa) | YS(MPa) | EL(%) (J/em?) (h)
MC 9.1 2.2 2.4 4.6 723 693 11.0 18 204
High-Cu 9.3 1.4 2.4 3.8 704 694 15.0 25 90
High-Mg | 8.9 2.5 1.5 4.0 752 736 11.3 15 456
o 1a) 6.0%In = bl TR o ol BN
':ﬂ =T ol 5 ~ e
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Fig.5 Thermodynamic equilibrium for the Al-(6.0, 7.5, 9.0)Zn-Cu-Mg-0.10Fe-0.05Si alloy at 460°C.
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Fig. 6 Relationship between tensile strength and
Charpy impact value in the T 6 samples.
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Fig.7 SEM secondary electron images of the fractured
surface in the Charpy impact test specimens.

Fig.8 SEM backscatter electron images of the cross
sections showing intermetallic compounds in
the matrix.
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i

Fig.9 TEM BF images showing grain boundary

precipitates and PFZs.
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Fig. 10 Condition of the specimens just after solution
heat treatment, (a) hardness, electrical con-
ductivity and (b) solid solution concentra-
tions in thermodynamic equilibrium at 460°C.
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Effect of Iron Content of Twin-Roll Cast Al-Mg-S1
Alloy Strips on Filiform Corrosion Resistance

Kaoru Ueda, Hiroki Esaki and Kazuhisa Shibue

The effect of iron content of Aluminum-Magnesium-Silicon alloy strips fabricated by the twin

roll cast (TRC) on filiform corrosion resistance after paint was investigated. The filiform corro-

sion resistance was maintained to 0.4mass% iron content. However, the resistance was deterio-

rated on 0.8mass% iron content. The deterioration of the filiform corrosion resistance of Alumi-

num-Magnesium-Silicon alloy with 0.8mass% iron was related to the intermetallic compounds

included iron. Higher amount of iron in Aluminum-Magnesium-Silicon alloy made the

intermetallic compounds formed on cell boundary during twin roll casting. The intermetallic com-

pounds are found to be the origin of corrosion, and corrosion progress along the compounds. As

a result, the continuous intermetallic compounds are decreased of filiform corrosion resistances on

TRC strips.
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Fig.1 Schematic model of twin-roll cast process.

Table1 Chemical composition of samples (mass%).

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

A 1.0 10.15| <0.01]0.08| 0.5 | <0.01| <0.01| <0.01 | Bal.

B 1.0 | 0.4 | <0.01]0.08| 0.5 | <0.01| <0.01| <0.01 | Bal.

C 1.0 ] 0.8 | <0.01/0.08] 0.5 | <0.01| <0.01| <0.01 |Bal.

— —
Casting direction 20mm

(a) Sample A (0.15)  (b) Sample B (0.4)  (c) Sample C (0.8)

Fig.2 Surface appearance of TRC strips.

E——
Casting direction

(a) Sample A (0.15)  (b) Sample B (0.4)  (c) Sample C (0.8)

Fig.3 Surface appearance of samples after
cold rolling to 1.0mm thickness.
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(a) Sample A (0.15)  (b) Sample C (0.8)

Fig.4 Surface appearance of samples A and C
after cyclic filiform corrosion test for
90 cycles.
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Fig. 10 GD-OES iron depth profiles of TRC strips.
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Electrolytic Etching Behavior of High Purity
Aluminum Irradiated with Cu Ion Beam

Nobuo Osawa, Atsushi Hibino,
Shunya Yamamoto and Takahiro Satoh

This paper, which clarifies the effects of Cu ion beam irradiation with a tandem accelerator and

an ion implanter on the morphologies of initial pits and on pit growth in high-purity aluminum,
describes investigations of direct current (DC) etching and rectangular alternating current (AC)
etching in hydrochloric acid solutions. Results of SIMS analysis confirmed that the Cu ion depths
in specimens irradiated with the tandem accelerator and the ion implanter were approximately
1um at 1.5MeV, 3 um at 6 MeV (tandem accelerator) and 0.2um at 300keV (ion implanter), re-
spectively. These depths almost agreed with theoretical values. During DC etching, many facets
were produced on the tips of tunnel pits through the zone of Cu ion concentration. The Cu ions in
aluminum foils irradiated with the tandem accelerator cause excessive facet dissolution during
tunnel pit growth. Plural facets on the cubic pits' side walls were observed in Cu ion irradiated
specimens after AC etching. Results suggest that Cu ion irradiation of high-purity aluminum ac-
celerated facet dissolution during the anodic half cycle of AC etching. Consequently, the excessive
facet dissolution caused by Cu ions irradiated in aluminum is inferred to prevent pit propagation
and extension of horizontal pit growth.
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Fig.1 Apparatus schema of ion accelerator.
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NRERT ARG L, A, B &S O HEAER OIS
(B# 120um) %@IEHRB-= 5 2 —vth, 268K, 10V
ICTHY 18min EMMER (7 v 20um /&),
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DA TR 5D, ThEREMTICED 1~3
mm® X 10mm¥ X 10mm" iIc YWy L 72, = #x U —#k
(~#2400) THIEL, o icBEHER-z 5/ —L
(268K) th, 10V T 10min SRS L Calkl & L 72,
NS OFENTHNATBIEA BARE I 72 B Tk
SR ISR SERET 2 3MV 2 v F 40
WL 5 NT 400KV A 4 Y IEAEBE AV, Cuf 4+ v
E— a2 L, &4 4 v s XK % Fig. 1

Table1 Chemical compositions of specimens (ppm).

Specimen | Si | Fe [Cu|Mn|Mg|Cr|Zn|Ga| Ti|Pb| Al

29 61| <1| <11 |4[<1]<1|<0l| bal

pc |A
etching |

1411157 6 (<1 2]9]9|1|10| bal

AC etching(5 N) bal.

| - H

i

trangformer

(a) Tandem accelerator, (b) Ton implanter
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Table 2 Conditions of Cu ion beam irradiation.
Number of ) Irradiation
) Estimated
Specimen Ton accelerator Ton Energy Current atoms™ area
depth (um)
(atoms/cm?) (mm Xmm)
ioh-puri 3MV .
High-purity Cu'* | 15MeV | 600~950nA 5X10% 5.23 1010
aluminum Tandem accelerator
foil
(DC etching) 400k V )
. Cu* 300keV 2.2uA 5%10% 0.20 10x10
Ton implanter
1.5MeV 280nA 1x1016 1.04 TXT
3MV Tandem )
5N Cu?* 6 MeV 400nA 1x101'6 3.02 TXT
hich t accelerator
1gh-punty 6 MeV 400nA 5x101 3.02 TXT
aluminum
ingot 1Xx10%
400kV
(AC etching) . Cu* 300keV 3 ~0.8uA 2x1016 0.20 10x10
Ton implanter .
5 X 10 16
* 2 atomic layer of Cu : 5 X10% atoms/cm *
i, AEHEO A A4 v v — ARFSME%E Table 2 1I27R7, Table 3 Etching conditions.
3MV ¥ v 7 AR EAEF = — VICEMETEE TH
EES — Y F UIBICEC L EEEARES ST 4 v DC Etching | AC Etching
ZREL, —>OEBEETHEA 4 v D&M ZH 5 51k Electrolyte 15mol/dm?® HC 1 | 1.0mol/dm® HC 1
ANEHLL T 2EIET a G A L B, A A VIRTHTIC Temperature (K) 343 303
= VAN ~ > S = JL
RfEfOSERAA v 2ERL, 14 VIEHOTHIR Wave form — rectangular
MRS NG A VERA v F Vv I= 7%y b BLUS . ; e 0 a0
N . . urrent density (mA/cm +
W=7 %v s THNOA & VITEBIS N, B4 4 v v (md/
HAOE CHES 50 B4 A4 ¥ IS THIE L 24 Frequency (Hz) - g
4 Y RIEOEEFES — I F eI T, SEF Time (s) 10 10 (=50cycle)

— I FWICEELLBEA A VIFETRA LY v ¥=H 2
(ERH2AE) TETEKRI TEICLDIEA A vIcEH]
%, IEA A4 VIidE cTHYIEI ST RV F — L1585,
—75, 400kV A A4 »EAZEE (J#EE 0 ~370kV,
4 & VEHETE 20~30kV) 31 4 Vg, BESIES,
AR REE, IEE, MRAELRBIUORAL v F v
720 %y NEMOHERS N, A —F &2y -
MAfGA oA A Vi (7)) —< VA 2E#HT 2 &1
K OIRWHEIPD 4 A v (A A >~ B & 1 ~200amu)
ZIET B EMTE B,

Ry F Yy 7ICHOEZON 7 v =9 4 2 ER
BEl, 14 vEe—alBHIcks Cuat v OESHH
FEAENLE 2 IR A #+ v EHm i (Physical  Elec-
tronics # SIMS PHI6650) THaR L7, %/, Bk
B o3 ERm A A — ¥ = T 6E (ULVAC-
PHI %! PHI670) 1 CTHHT L 7cs

14 v E— a2 L 723k 2 W, Table 3 127K
TELUTERB SRRy F v 7/ &2F L1, &
BFicd®xrryazyy b (LFETLE, HA-501G)
Lty rvrvavyex—% (A, HB-105) %H&
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TIREABIERT 20D 7 o227 v a v R
vy (HABTELSM-09010) Z W TERIL 72,

Bd, ZEEMRC X 2 EMESE N — 21 Cu %
62ppm & 203ppm SH T 3 HEO TV = v A
(0.10mm*) ZFv, KRB & [E—o&ETRRT v F
Y7 ETH>EICLD, MEFO Cu EEROEEE
Cu A A v BEEERM &b g e, = v F v 7O
oy MERIE S — K VSR, 7V =9 L
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Fig.2 SIMS depth profile of Cu for high-purity aluminum irradiated with (a) the tandem accelerator

and (b) the ion implanter.
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Fig.3 SEM micrographs of oxide film replicas showing tunnel pit structures produced by

DC etching. Stage tilts for all specimens are 45°.

(a) Tandem, (b) Ion implanter, (¢) Blank
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Fig.5 SEM micrographs of tunnel pit. Stage tilts for all specimens are 45°

(a) Tips of pit, (b) Divergence of tunnel pit
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Fig.6 SEM micrographs of distributions and structures of pits produced by AC etching.
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Fig.7 SEM micrographs of cross sections of pits produced by AC etching in high-purity aluminum
irradiated with the tandem accelerator.

0.2 um
Fig.8 Cross-sectional observations of pits with facet dissolutions produced by AC etching.
(a) In-lens SE (10kV), (b) In-lens SE (1.7kV), (¢) ESB, (d) EDS (Element : O)
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Fig.9 TEM micrographs of pits produced
by AC etching. (a) Cub2ppm, (b)
Cu203ppm
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Effect of Zr Contents on Mechanical Properties
of Cu-Sn-Zr Alloy

Hirokazu Tamagawa and Tetsuya Ando

Mechanical properties and heat resisting properties of Cu-Sn alloys were notably improved by

the addition of small amount of zirconium. It was shown that the addition of zirconium increased

tensile strength and elongation after heat treatment at adequate temperature, and the addition of

more than 0.04% zirconium made the softening temperature arise to 773K and reach approxi-

mately 300MPa in tensile strength. The alloy maintained high tensile strength of 25656MPa after

heat treatment at 1123K. Furthermore, the alloy with small amount of phosphorus did not show

hydrogen embrittlement. So it is expected that seamless tube of Cu-Sn-Zr-P alloy will be suffi-

ciently applied for heat exchanger tubes.
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Cu-Zr G4ld, fria(tiMfiee s Ll hoifgts
NTHLY, WED Zr ZiRMNL, KU ERGT &
T, DABEES L D bEN R, AR RT, 7o,
Cu-Cr 54% % Cu-Zn 64", Cu-Ni &&® Ficia
D Zr ZENNT 5 C Eick b, PRRENESSRICE
W ARIREN G L, Sk, S R s
INBIEMMEINTV S,

AW TIE, HRBAHRE CHANELE, TS0
WENORRIC b L EsmEHeeE & LT, Gl
P SEERN RS SN 5 Zr ZEIRMN L 72 Cu-Sn &
DOMEHREEIC O W THRET 5,

2. & &

Cu-Sn-Zr 45413 TR 2 W TIABLL 72, BR
4y % Table 2 uﬂ“ﬁ'o TERLL 72 A% 100mm, &
150mm O A ¥ Iy kA SHEE 26mm OHIRF %4 HY
L, INLHEE 20% THER, 1253K T 3.6ks OiFAF[LL
ATV, BEHICKBLELEANMZ, HICITE
97% THRIELEATTV, 723~1073K T 1.8ks D ZLE
AHENE L foo BVILERRR, iR TR ERAER A S NE L TR
BV 250 L 7o B0 fA S LT, HiRdEEAN
Mz oW T 723~873K T 1.8ks D ELEL % F i L, &
BERMNEBLOE v = 2ESHBREIT - 7o HEVE &
U COMMIEE, TWEWEDORHICIE, Bilbd2LED
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Table 1 High Strength Copper Alloy in the Japanese Industrial Standard.
Chemical compositions (mass%) Mechanical properties
Alloy Tensile .
\ . Elongation
0. Cu Sn Zn Ni p Co strength
%)
(MPa)
C1565 99.90< — — - 0.020~0.040 | 0.040~0.055 240< 35<
C1862 99.40< 0.07~0.12 0.02~0.10 0.02~0.06 0.046~0.062 0.16~0.21 270< 30<
C5010 99.20< 0.58~0.72 - - 0.015~0.040 — 240< 40<
C1220 99.90< - - - 0.015~0.040 - 205< 40<
Table 2 Chemical compositions of specimens (mass%). B0
Specimens Sn Zr Cu » 0
" 2
Z0 0 0 Bal. = 500 P
72 0.42 0.02 Bal, & . 7
7 4 0.38 0.04 Bal. &
o L
Al 0.51 0.07 Bal. g 400 =
o
2
LA MOMEG SN 2 5D S — T s, ThER - -
. =
Cu-0.65%Sn-0.02%7r-0.03%P & £ U Cu-0.65%Sn- LR | : : = I *
0.05%Zr-0.008 %P iz > W\ Tia%ltk, AR, BT ' "
SE, FRARID T & 0 24X 9.52mm, WE 0.8mm OE % 200
EBIL 7o RIZFIC OV TR TIBK T, BHFIKS>V TR D
873K T 1.8ks OEVILEE 2 55 HE L 72 1%, LI T OFEMIC A - p
Wioo FHfiE LT, Fild S 473K & ToqkE, 7 A S FEE B
5T A 5 U & H5E L 1023~1123K T 600s 0L F i
HEFEME, =ik <Ton|ifkaiR&k OO EREE IC L 24 E 30
RS AT - 1o WM & U<l —8lE TR TfFRl L 2 =
D ARSI (JIS H3300 C1220) %M\, 72, S
F—FBSMIEEED AN S (JIS 73264 BCuP- i
3) WOVICIE - 7o vy HREAOTEBL, KE 0
2 & B BB AT > 720 KFW(LaERE, JIS H3300 A
CHERLL 72 5ikic & 0, KRR TIC B0 T 1123K © " Hﬂ' 0 S0 o o i
. - 11
1.8ks DHMLILE 17 - 7 % O MIAREIERIC & 0 374l L 72, ated ‘
Temperature (K}

3. ¥ ES

3.1 H{bHEICRIZT Zr FIMEDEE

FEMRAIVEE I 139 Zr BREE B K O BVILIHR RS 0 2 8
% Fig. 1 IT/RT, Zr INIDED 0.02% DKL Z 2 T3,
Sn BEU Zr BIRINTH 23k Z 0 S [EEE, RALIEEE &
T288K LN Th »to T, FlERME 1 27T0MPa 27k L,
B Z0 & LK 20MPa B L 720 O DA 1Z
HEZ0 EREFRETH - 7208, BVILIRIRE A 873K LIk
OGETH, WEZ0 & FREVFELVEEETIRAEL
Mo tce — K, Zr IRINED 0.04% LI Lok Z 4,
ZTI2B T 2WALIRE L TI3K ~ & L 7z, KAbE 05|
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Fig.1 Influence of Zirconium contents and heat
treatment temperature on tensile proper-
ties of wrought materials after heat
treatment for 1.8ks.

EME L, ZrifEsZuwiEESVEREZRL, 3k
ZTIZBWVT 300MPa FEEA /R LTc, TDE ZDOMTF
40% FRETH - oo BIRLEEANM DD B, FIEREE O
b B8 XOBALEED FRBS SNk Z41co0T
723~873K T 1.8ks D EVILIE A3 U, EHERNES &
Vb v h—2BSRBREB - 26 R % Fig. 2 12K
T AVLIERE OIS WVEER, oy - RES D
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75 350 P :
& Cu=0.65%5n=0. 02 %2r-0.03%P
o & Cu-0 65%5n-0 05%2r-0 008%F | |
3 - G220 (A5 HII0
= ‘W 300 {
£ 1 a
= A
B £ - +
= 5 250 L S |
B a ﬁ':l" E = - #
= ﬁ &
65 @
= F Y
2 &
s e 00 | Y
L 3 'y
B0
7o 150 | i
m e
£ 60 t »
2 0 - i
= & ——
g E = " A
2 g -, ®
ol =40 w
B 50 Eu *
Lt
= T}
m 1
40 -
SHT Tod 800 900
Temperature (K) RT. 300 400 500
Fig.2 Influence of heat treatment temperature for Temperature (K)

1.8ks on electric conductivity and hardness
of specimen Z4 after solution heat treat-
ment (SHT) for 3.6ks at 1253K.

EFABHEC I, —, Zr BSINEN 0.04% Kilfi 0 5512
FEEREAIIA U - 72,

3.2 EiRPHE
Cu-0.65%Sn-0.02%7Zr-0.03%P , Cu-0.65%Sn-0.05%7Zr-
0.008%P 5 L U0 AR O ZEREMOERM S
473K 1T B 5 5| ikakBRfiE % Fig. 3 1Ic/Rd, FiRics
A 5lsRE S, 0.02%Zr #4Cid 281MPa, 0.05%Zr
MTid 301MPa Th b, b AR E LKL ZNETh
37TMPa, 5TMPa Llol- 7o, iBRIEE O LRI, 7]
RS (I O MR L 7o FHIICIRT L,
— GO, D ATEERIRSIREZELTIRE L 15 - 720
L, Zr i REE LR - TETL, ERT
C1220 & » & E Wl Z R L 72 0.02%Zr # D i v 13,
398K T C1220 %2 A - 7,

3.3 TEEME

Cu-0.65%Sn-0.02%7Zr-0.03%P, Cu-0.65%Sn-0.05%7Zr-
0.008%P 3 X ' A TR 8l o & & WE M % 1023
~1123K T 600s D BULIE L 72 % O ¥ IEE % Fig. 4
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Fig.3 Results of tensile test of tubes at
high temperature.

IR, 1023K TEVILE L 7235401213, 0.02%7Zr #1 &
0.05%Zr # & D5 S O3, FiRICB T 3 Z=0HE
Bancwich, BWEREO EFIGENTZ 02K
L, 1073K 126 5 BLEIR{ % O 5 [5EiR & 0K R
1%, 0.02%Zr 1T 6%, 0.05%Zr # T 14% &7 b,
BET#%O5[EEMEF, 0.02%Zr #4 & 0.05%Zr #4 & T
FESEoEAER LI, —F, 1123K O BILE% I8 T
30 AMEERSRHOFEIR X (3 226MPa Th b, ZHiRICk
JBLEMRES OEMSHEFFE N T Wz, 1073K T 600s 24
MU U 7235402 38 1 2 BVILEERITH O St R RIS B S
% Fig. 5 1T/RT o Zr INIIMFIE, 0 AR & i L <
1073K @ ZHLERRZ 1< B W T HRIKES IR S hTuv iz,
3.4 THEHEHE

b= F A I EARIROWERE T % Fig. 6 12K,
%M EARTO BT T]13 0.02%Zr #4 T 43.9MPa,
0.05%Zr #4T 46.8MPa, 0 AliFE#i < 38.5MPa TH -
120 A IOMIESHKD 0.02%Zr #13 & O 0.05%Zr #10
BT 1, = Z 1 43.6MPa, 46.0MPa & 5 5 fHiF
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AR EEEEFEOHERTH > etk L, v AN
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3.5 JKZRMEMHE

KFRR R IT B 2 B % O S B M BE A A% %
Fig. 7 127”9, Cu-0.65%Sn-0.02%7Zr-0.03%P # % & O
Cu-0.65%Sn-0.05%7Zr-0.008%P # o W &, KK
b U 7oAl cBlEE S N A kR T D R A M BIE
SN, KENALFEA DA B RS 15 - 12,

4. & 3

Cu-Sn-Zr & & O MEHFIER & 217 - 724553, MR
(Z0) &M UMEIESE S L SR ToEEAEES

e e C—
—a— G- 85% 5n-0. 02 % 2r-0. 03 %P
=3 A= Cu-(UE5% 20-0,05% Zr-0. 00 8%P
i —l— G220
=l mr 4
E ‘-‘\--\-
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i gt -hhﬁt::_ :
e

=3 - - ik

200 H— : l

Befors 1000 10%0 1104 1150
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Temperature (K)

Fig.4 Influence of heat treatment for 600s on
tensile properties of test tubes.
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WALIRIE O FA75 & QCITH S 2 s KSR & M tcs
B OIRIE B K R ORI L VEER, £y h—
RS AL L, BT RAER s N, YIEokE
HEv, Zr#NE0.04% Ll ke 5 2 LB O 5
15O ICHRHRER KZ, Zr W & 28sh075 o OF
WWHADE VIEDHFRICERT 2 b0 E#fElS e, —
77, WEERhHT SR S 75 5 > 72 0.04% Al O s Zr
I B VT h, MRS S K s s dcE S
b, T OED Sn RO A THEL 2R TH 5 H,
Zr ZRML iRk v iR s b D TH 5 h 1L b
HTETOLREL,

FHHlE L 72 Cu-0.65%5n-0.02%7Zr-0.03%P & £ O
Cu-0.65%Sn-0.05%7Zr-0.008%P O M EHSF R A %17 -
ToAER, EIREREE (X0 A MR & L, BiE TR 15
%, BETR2B% WAL, £, SR TEMEL 2
BOGEEE & 0 ANERSIC N 2 BRI X Nz,
el VLR % O MRS OSSR, W S REE DI
INTWRI ENS, Zr IINT & 0 #EEEHEA L3
HEn, SRR OBMIEE S A L L7 b o L
Wlantc, o0, REEMMTRZIR I 0.05%%Zr EH 4
DI NEP T &S, ZriiriWnick 3R E vk
OIIEBRE I N b0 RSNz, —F, 1073K
VI EoBWBA2Ed C Eick b, 0.05%%Zr # o i@ E
ALPE AR L, 0.02%Zr #1 & RIS £ TR L 72,
TN, Zr OFEAEN 107K BN AL 5 T &, [FH
A BB Zr &R bETH B EnS Y, WE LR
WWHG Uittt Ze 28, HEE L7k RICER T 2 & 0
EHE & N tc, 0.02%7Zr #438 & U 0.05%Zr # O BT

Cu-0.65%Sn-0.02%2Zr-0.03%P

Cu-0.65%Sn-0.05%Zr-0.008% P

T G iy

Before heart treatment.

After heart treatment.

Fig.5 Optical micrographs of test tubes before and after heat treatment for 600s at 1073 K.
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Fig.6 Burst pressure after torch brazing.
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BOLTH Y APRERITIHET Lcowicsxt L, mEHMiEs
NPT AT OWAEE ML TV, TR, Zr
BINT & - THRESRDH A AL STl S N T &, oI
b —=F B3I A TEAER L 72 0.05%Zr # O Zr
DHEER T 5 T EITE T B KRN L A~IBE R A3 L <
7o RIS o, mIEMEE, KERXRT AL
HEUMABIER LR, WEnblbidnRs g - 7,
P &AM ME S Cu-0.65%Sn-0.05%7Zr-0.008%P 12
WT HKENRLE RS -7 2 &3, 0.008% & e
P OEHEN S Zr TRINC & 0 BIATE RIEE S L
RS NI E Mz DBER EHERIE N7,

b. #&
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U7cAESR, 0 ADIRES & Ml U CEE IR L, it 2R
Pebm kUi, i Zr 2 0.04% DI EAING 2 2 & T,
ALEE G TI3K £ T EA L, sl 3xATH
300MPa 2815 65 fc, T ORPEAMEN L TS HELE
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FARERIEE & LT, gk 301MPa, {HU 47%
DR E N, b —F A% Z OMESHE S N,
i, A ST AT Lk 1123K T 600s @ ZULER%
KBWTH, FlEMS 266MPa »hZk s e, Hi,
KEMILBEL BT Eh D, KEEDEAETR~ND
EHASHERFE N 5,
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Fig.7 Optical micrographs of test tubes after
heat treatment in hydrogen atmos-
phere for 1.8 ks at 1123K.

(a) Cu-0.65%Sn-0.02%%r-0.03%P.
(b) Cu-0.65%Sn-0.05%7Zr-0.008%P.

sz £ X #

D) ZHBRHE—ER, RKEMYL, NIARE, #ese =, 1E
EAR i TE 223, 39 (2000), 113.

2) Bt 5, OB L Sk OHE S, 43 (2004), 302.

3) MhER, LHE—, A #, KGE—8 @ s
FEEE, 39 (20000, 143.

O PR, IR, B
o, 58 (2008), 77.

5 PIAE, BNk, i A, & A HASRY R,
25 (1961), 489.

6) /NLIFZRPYES, BIF ZE 0 MOEREEREGE, 36 (199D), 218.

D ZpEh, ESEEAL MR AEE, 36 (1997), 161.

8) LHETT, BEVTHR, KHA L MIFEM I, 35
(1996), 197.

9) Gunter Joseph : COPPER Its Trade, Manufacture, Use,
and Environmental Status, International Copper
Association, (1999), 62

55, OFGHAZ | R&D #5450



FRESERE #5158 F15 (2010) 94-102

3L

=A,
aff

HKEHEN CO , ZFEMzZE R 0 FERIIIFZL

5 KA =% B F A& B OB
X B & BT EAR B R

Sumitomo Light Metal Technical Reports, Vol. 51 No. 1 (2010), pp. 94-102

Experimental Studies on Carbon Dioxide Flow
Boiling Heat Transfer Coefficient
in Horizontal Smooth Tube

Katsumi Hashimoto, Akihiro Kiyotani,
Yoshihiko Mizuta and Naoe Sasaki

The CO: heat pump water heater "ECO CUTE" which was commercialized in 2001 has a high po-
tential for energy conservation and greenhouse abatement. The most important element appara-

tus is always the evaporator in order to develop smaller and higher performance equipment. In

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 6

mm, thickness 0.4mm). The measured mean heat transfer coefficients are compared with calcu-

lated value with using previous experimental heat transfer correlation equations. These two values

are different from each other. Mean heat transfer coefficients are measured with varying mass ve-

locity, pressure and heat transfer lengths. The tube length is varied to 3.0m, 4.0m and 5.0m, to dis-

tinguish the influence of mass velocity and that of heat flux to the heat transfer coefficient. The

test conditions were :

: CO; mass velocity from about 150 to about 700kg/(m?s) (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 5 K and saturation temperature of CO; ranges from 0 to 10°C. As a result, it has been un-

derstood that heat flux has a greater influence on the heat transfer coefficient.
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FEEMER T, ERIBIE X 0 SR ORZEN N T &
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2. EBEBBSIUERAE

2.1 EBEE
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TN HEFNC bR TE 3700, TEREEA L O BB H|
HPESTH 5,

2.2 BEERRGHEERIT

Fig. 1 (b) 1B 2R3, kB i B B
WTh b, NETH 2B FIENE CO. RN, T
DI ZETE - 7298 12 (mm) DI L E = VHEN %,
AJEEE (®) Ik b EE =TS N BJEKA CO, &
W ENTHEN, CO. &Y 5,
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C K
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Straight Tube

D =

4=i5. 45and 55

s Insulating
) 4=30,40and 50 Soint
DC Supply

3

Standard Resistance (R,= 1m Q)

m#ﬂmﬁm-ﬂfﬂ,ﬂl#
s secton (ax)—/ - DMM:DigniMaki

(b) Straight tubes evaporating test section

Fig.1 Schematic diagram of experimental apparatus.
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2. 4 Hi TR~ B FMAIHE W R FE B 2R D FKERE % K o
7o
G&EPWHELWEGED, Bl g DB EH oI
T 5T, Tablel KRTETDO GEPIKODVTD
iz, EAERES 1435 @m), 45m), &, 55
(m) EEZT, ZEHOKL 2, BRI & OB
IC 5 0.25 (m) DORNIEESDBMEL 12, BHE
LI, snth, 3(m), 4(m), KU, 5(m) TH
b, CORESE, BAJUKRKES, o, BEXUEbiE
BMIIEEEC S L\, LAZZ 52 &7, Table2 TR
THEOIZ, GEPEEELTHLLE ¢gA2G5A 5T EMN
T&E (B ¢ 3FEERME &KW/m?) ERHED S T
Ik % 95% QFEE AP &, g D PIT & 3 883 AHE
HEFHPEANTHETEED ), GEHLLTNE9H>DER
KBWT, GOWRODENEL I, T ORAME RN
Ex GOEMNIZ/RT, POIES>E1E0.05 MPa)
PIr &y, KidzE L7,

—%, T, 3, Tablel IT/RTLTDOP, GHVLT

Table1 Experimental conditions.

Refrigerant 99.999% CO*?
P (MPa) 3.5, 4.0, 4.5
G (kg/m?s) About 160, 270, 400, 520, 660

Outer Diameter 6 (mm),
Tube Thickness 0.4 (mm),
[= 35,4555 m)(L=1[-05)

Cupper Tubes

fEIc—EE A RS SN b H, Z oEKIZIER IcKEET
b, €T, G PKIUO LTI, T, DI HHE
DFEREEEFR L, TOERERMEIT LI LIcLD T, =
5 (K) IoB U 2 BrERE R I,

2.4 EREOTH

Bt 3 o Bk EGE Q,(kW) & L,

Q, :pbcpblé(’rbiino) (D
WSIEREEE 7,CC) 13, ko@mEy, AOEIIH» 5
KO F BRI IE T & HOHET] (= ALK —2H)
> 53R 12 BIFRIE T, OBRTAIME L oo

Tt T,

7;: 71.5a 2 70,54 (2)

BERIE 7, (°C) BESBEIMEICLOKRD I, ¢
(kW/m?*) &, WENE D (m) LK Im) L0,
AT L kb iz,

@,

Dl @)

q =

CO gV ER h,(kW/m?*K) &, kAL hRk®
7o

_ q

Table 2 Heat flux variation (kW,/m?).

P (MPa)
G (kg/m?s) L (m)
3.5 4 4.5
3 10£1.0 11+1.1 10£2.4
160
+ + +
(144-165) 4 9.6£0.6 9.0*£1.2 8.2+1.1
) 7.1£0.4 6.2£0.4 5.8+1.1
3 21£0.9 20+1.1 18+1.5
270
+ + +
(967-276) 4 16+1.0 17+2.2 14%£0.6
5 13£0.4 1204 11£0.8
3 31£1.2 29+1.0 27+0.7
400
+ + +
(390-403) 4 262.1 24+1.0 221+0.4
5 18%+0.5 18£0.5 16£0.4
3 43+1.4 41£1.0 360.7
520
+ + +
(510-520) 4 31£1.0 31£0.9 27£0.7
5 2510.6 23+0.6 224+0.5
3 551+2.0 52£2.0 46+1.3
660
- + +
(631-645) 4 3947 36L£0.7
b) 3107 29+0.6 27%+0.5
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Experimental Study of the Influence of the Inside
Surface Characteristics on the Carbon Dioxide
Flow Boiling Heat Transfer Cofficient
in a Horizontal Tube”

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

The CO: heat pump water heater "ECO CUTE", which was commercialized in 2001, has a signifi-

cant potential for energy conservation and greenhouse abatement. Shipments in fiscal 2007 ex-
panded to 413,000 units. In order to encourage the broader use of "ECO CUTE", there is a need to
develop a more compact and higher efficiency heat pump unit. The key element of the apparatus
is always the evaporator. CRIEPI and Sumitomo Light Metal, Ltd. have studied CO; flow boiling
heat transfer coefficient experimentally. In the previous report, mean heat flux was understood as

being equivalent to mass velocity in significantly affecting the mean evaporating heat transfer co-

efficient (99.999% purity, without oil) in a horizontal smooth tube (outer diameter 6 mm, thick-

ness 0.4 mm). In this report, the heat transfer coefficient and pressure drop of a smooth tube and

3 kinds of grooved tubes are measured. The test conditions are : CO; mass velocity from about 160
to about 660 kg/(m?®s) (heat flux from about 10 to about 40 kW/m?), pressures of CO: 3.5MPa,
4.0MPa and 4.5MPa (saturation temperatures of 0, 5 and 10°C, respectively), tube lengths of 3.0m
and 4.0m, quality at the inlet of the test section of 0.17 and CO, super heat at the outlet of test sec-

tion of 5 K. Consequently, it is understood that the heat transfer coefficient of grooved tubes is

higher than that of the smooth tube and in the higher mass velocity region, the heat transfer co-

efficient does not go below 400kg/m?s. The difference in the heat transfer coefficient caused by the

groove features is not clear.

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. 1997) at the Cen-
tral Research Institute of Electric Power Indus-

* This paper was presented at 8 * IIR Gustav
Lorentzen Conference on Natural Working Fluids,
Copenhagen, 2008

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

No. 3 Department, Research & Development Center
#x %+ (College of engineering, Nihon University
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try (CRIEPI) focused on a CO: heat pump, upon
which a basic study was commenced in 1995.
CO: has unique characteristics : its operation
pressure is very high and it attains a super criti-
cal state when in a high-pressure state.

Hot water demand accounts for one-third of
final energy consumption in the residential sec-
tor in Japan, and CO: is preferable as a 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 Power Company and CRIEPI, and was
released as a commercial product in May 2001
(Saikawa et al. 2000 and Kusakari 2002). With

other manufacturers joining the market, this
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added impetus to the residential hot water
heater market. Total shipments in the 2007 fis-
cal year numbered about 413,000 units, with the
figure since 2001 exceeding 1,000,000 in 2007. The
Japanese government has a strong interest in
this technology because of its potential to save
energy and abate greenhouse gases. The govern-
ment announced that the target number of accu-
mulation is 5,200,000 by the 2010 fiscal year.
(Yatabe 2008, Kusakari 2008, Matsumura 2008)

To develop a more efficient and compact heat
pump, the evaporator needs to perform better
and be smaller than a conventional evaporator.
It is important to accurately measure the flow
boiling heat transfer coefficient and to under-
stand the heat transfer mechanism.

There are many previous measurements of
heat transfer coefficient. In our previous report,
it 1s understood that mean heat flux, like mass
velocity, considerably affects the mean evapo-
rating heat transfer coefficient (99.999% purity,
without oil) in a horizontal smooth tube (outer
diameter 6 mm, thickness 0.4mm). However,
there are few reports of grooved tubes.

In this report, the heat transfer coefficient
and pressure drop of a smooth tube and 3 kinds
of grooved tubes are measured in a collaborative
study between Sumitomo Light Metal Ltd. and
CRIEPI in order to determine suitable inner
groove features for carbon dioxide.

2. Experimental Apparatus

2.1 Outline of the CO: heat pump loop

Fig. 1 shows a schematic diagram of the ex-
perimental apparatus in 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).

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, while the temperatures and flow rates
of these fluids are controlled automatically.

2.2 Details of the test section

The main evaporator and test sections were
connected serially and three test sections were
connected in parallel. Two expansion valves
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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 a counter-current flow. A copper tube
was used, with an O.D. (d,) of 6mm. The
lengths of the smooth tubes were 3m, 4 m and 5
m, and that of the grooved tubes were 3 m and 4
m, corresponding to the distances between the
two electrodes for voltage measurement. The
test tube and piping were fully isolated electri-
cally at the electrical insulating joints on both
ends of the tube, while the outer tube was made
from transparent polyvinyl chloride and had an
O.D. of 22mm and an inner diameter of 12mm.

The CO: temperature on the inlet and outlet
of the test section were measured, as were pres-
sure on the inlet and the pressure difference be-
tween the inlet and outlet. The mass flow rate of
CO: into the test section can be measured inde-
pendently of the main loop mass flow rate, as
shown in Fig. 1. Brine temperatures were meas-
ured at the inlet and outlet of the test section
and the volumetric flow rate was also measured
at the inlet. The thermometers were 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, for which the setup is shown in Fig. 2.
A DC current supplier passed a virtually con-
stant DC current through the copper tube. The
value of the DC current (I) was checked by
measuring the voltage of standard resistance (1
m Q £0.002m Q) using a high-accuracy digital
multi-meter (DMM). The value of the voltage (
E) of the copper tube was measured by high-
accuracy DMM. The value of the resistance of
the tube (R) was calculated by E and I. Mean-
while, the correlation of the copper tube resis-
tance and temperature was estimated in ad-
vance, in the vacuum conditions in the copper
tube, each time the experiment was set up. Wall
temperatures involved in this method are flow
directional and the circumferential average tem-
perature, although this is believed to be more ac-
curate than a surface thermometer.
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Fig.2 Schematic Diagram of the Evaporating Heat Transfer Test Section.
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2.3 Derivation of the flow boiling heat
transfer coefficient

All experimental data is data taken from a
steady state for over 20minutes (data accumu-
lated every two seconds), and averaged for
analysis. The value of the flow boiling heat
transfer coefficient is calculated via the follow-
ing process -

(1) Amount of heat transfer from brine, @,, is
calculated by eq. (1),

@, :PbCprb(Tb,i*Tb,o) ey

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

(3) Reference temperature of CO., 7,, is the
mean value between the inlet and outlet satura-
tion temperatures; calculated by the pressures
on each point. The reference temperature of the
brine, 7,, is the mean value between the inlet and
outlet temperatures.

(4) The mean heat transfer coefficient of CO: is
defined as egs. (3) and (4), and that of brine is
defined as eq. (5).

_ @,
hrequX - Seqv( Tw o Tr> <3)
_ @,
hrwetEX - Swez( Tw _ /]’;) (4)
_ @y

Here, two heat transfer areas are considered.
One is based on an equivalent diameter, d,,,. The
heat transfer area based on equivalent diameter
is defined as eq. (6).

Seqv - ﬂLdeqy = ”L( dl2_4U/7ZIOC1A

Here, U is the unit weight of tube. Another is
based on the wetting length of the grooved tube,
L,... Each grooved tube has a different wetting
length. The wetting area, S,,, , 1s defined as
Sy = LL
(5) Two kinds of heat flux, q,,, and g, are de-
fined based on two heat transfer areas. The
G, 1s defined based on the

(6)

wet*

mass velocity,
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equivalent diameter.

The values of the annular-part heat transfer
coefficients as calculated by the temperature dif-
ference (h,zy) correlate to within 5% to those
obtained by the Colburn correlation ().

2.4 Experimental conditions

The experimental conditions are : CO: mass
velocity from about 160 to about 660kg/(m?s),
pressures of CO. are 3.5MPa, 4.0MPa and
4.5MPa (saturation temperatures are of 0, 5 and
10°C, respectively), tube lengths are of 3.0m,
4.0m and 50m (only for smooth tube, 5m
length is measured), quality at the inlet of the
test section is of 0.17 and CO: super heat at the
outlet of test section is of 5K (two runs with
different CO: super heat temperatures at outlet
were performed keeping other parameters fixed,
and interpolation done in order to estimate the
heat heat
temerature to 5 K).

transfer coefficient set super

2.5 Tube characteristics

In addition to the smooth tube, three kinds of
grooved copper tubes are made via the compo-
nent rolling method (Iijima 1994) in order to
measure the heat transfer coefficient and pres-
sure drop. The groove is characterized by groove
parameters as shown in Table 1 and Fig. 3, the
former of which shows the groove parameters.
"ST" means the smooth tube and "GT" means the
grooved tube. d, is the outer diameter of the
tube, while the maximum diameter, d,,, 1s the di-
ameter between the bottoms of the groove, d, is
the equivalent diameter based on the unit weight
and defined as eq. (6). The groove depth, H, the
top angle of groove, 7, the number of grooves, N
, and the lead angle, @, are shown in Fig. 3. {is
defined as the ratio of the grooved tubes' wet-
ting heat transfer area relative to the smooth
tube. In Fig. 4, shadow photographs of the cross-
section of each of the grooved tubes are shown.

Table1 Groove parameters.

| a4 |a | ¢ | # | « r | N | ¢
(mm) | (mm) | (mm) | (mm) | ) | ()

ST 6 5.2 5.2 0 0 0 0 1
GT 2 6 5.2 5.1 0.16 14 15 70 2.01
GT3 6 5.2 | 5.06 | 0.21 14 15 60 2.17
GT10| 6 5.2 | 5.01 | 0.22 20 15 80 2.83
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Fig.3 Groove parameters.

3. Results and discussion

3.1 Pressure drop with mass velocity

In Fig. 5, the pressure drop of tubes, dp,dz,
and mass velocity are represented as both loga-
rithmic axes. The pressure drop, which is repre-
sented, is divided by the tube length. In this fig-
ure, only the pressure drop in 4.0MPa is dis-
played.

The pressure drop increases monotonously
and the descending order of pressure drops is
GT10, GT 3, GT 2 and the smooth tube, which is
the same as that of ¢.

3.2 Mean heat transfer coefficient with

mass velocity

In Fig. 6 , the mean heat transfer and mass ve-
locity are represented as both logarithmic axes,
while the heat transfer coefficient is based on
the equivalent heat transfer area as defined in
eq. (3).

It emerges that the heat transfer coefficient of
a smooth tube has a peak value of around
400kg/m*s, but that the heat transfer coeffi-
cient of grooved tubes increases monotonously.
It has been reported that in the case of the R22,
the heat transfer coefficient of grooved tubes is
higher than that of smooth tubes throughout all
mass velocities (Iijima 1994). In the case of CO>-,
at a lower mass velocity region than 400kg/m?s,
the heat transfer coefficients of grooved tubes
and smooth tube are almost identical. In the
higher mass velocity region, otherwise, the heat
transfer coefficient of grooved tubes is higher
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(a) GT2

(b) GT 3

(c) GT10

Fig.4 Shadow photographs of groove tubes.

than that of smooth tubes.

The descending order of the heat transfer co-
efficients of the grooved tubes is GT10, GT 3 and
GT 2, which is the same as that of {.

3.3 Mean heat transfer coefficient with

pressure

In Fig. 7, the mean heat transfer coefficient
with pressure is shown. The Figure shows only
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Fig. 6 Indicates the heat transfer coefficient
with mass velocity.
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a heat transfer coefficient of the tube length = 4
m, mass velocity = 160, 400 and 660kg/m?*s. Two
axes are logarithmic and the figure shows that
heat transfer coefficients decrease with incre-
mental pressure except results of smooth tube of
400kg/m?*s and 660kg/m?®s. The heat transfer
coefficient decrease in 400 and 660kg/m?*s of the
smooth tube as previously mentioned. These two
examples correspond with them. The influence
of pressure is also different from other cases.
The tendency, which heat transfer coefficient de-
creases with increment of pressure, does not
show any difference between smooth and
grooved tubes respectively.

3.4 Mean heat transfer coefficient with

mean heat flux

Fig. 8 shows the mean heat transfer coeffi-
cient with mean heat flux. The mean heat trans-
fer coefficients and heat fluxes are based on
equivalent heat transfer areas. This Figure
shows only the results of P=4.0MPa, while
other cases have the same tendency.

The heat transfer coefficient of smooth tube
peaks at about 25kW,/m? but that of grooved
tubes increases monotonously, with an incre-
ment of the mean heat flux.

‘*' {L=4 (kaim &)
g Mo 160 400 660
gl (BT # i .
g [GT2
Gr3 —3— —— -
o OT10 @ —o— -8
r Tt
c
E 3 & e
= 0.4 S
sl
< el '
il
=
i e
. 7%
: !
.F i WPa

Fig.7 Mean heat transfer coefficient with pressure.
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The heat transfer coefficients of grooved

tubes and smooth tube are almost identical at a [P=d.0MPa g
lower heat flux region than 20kW/m?. In the N e S B
higher heat flux region, otherwise, the heat i:.-;.'_ : : P
transfer coefficient of grooved tubes is higher : .
than that of smooth tubes. TN
I focused on the slope of the heat transfer co- ::.,_ g
efficient with heat flux. Sloops where the heat it e
flux ranges from about 6kW/m? to about
30kW,/m? look higher than that where the mass
velocity exceeds 30kW,/m?.
In Fig. 9, the mean heat transfer coefficient

b, kWhin'K
T

based on wetting heat transfer area, 4,,, as de- 3k o
fined in eq.(4) and the mean heat flux, in x-axis, ¥ -
also based on wetting heat transfer area (q,,,) is H
shown.
In this figure, in 160 and 280kg/m®s mass ve-
locity groups, heat transfer coefficients of L *
grooved tubes are obviously higher than that of s
smooth tube if you compare them by the value b_ TR WA I
of the same heat flux. 1 RN :
Explained as above, the heat transfer coeffi- :j'm..ic“"!m;

(=i
[ ]
[

cients based on the equivalent area increase with
incremental Z, heat transfer coefficients based Fig.8 Mean equivalent heat transfer coefficient

. . . . with the equivalent heat flux.
on wetting area also increase with incremental

e

The quantitative influence and reason remain

P=4.0MPa (kgfm’s)
unclear as yet, although presumably, the sur- Mo, 160 280 400 530 660
face characteristics of the tube in addition to th YT, e e
ace characteristics of the tube in a on to the oo I
grooved parameters may affect this phenome- GT3 —& - —— ——
GT10—&— —8— —b —p— —%—
non.
3.5 Discussion concerning the heat trans- 10

fer of the grooved tube

9
B
In the previous report, I suggested that the it lin
reason why the mean heat transfer coefficient of E o @ﬂ
the smooth tube has a peak value is due to E T f
dryouting at lower quality. The mean heat % i u:/a ¥
transfer coefficient of grooved tubes increases 'ﬁg al E/g'm /a)‘
monotonously, which is presumably because

dryouting dose not occur until high quality is y
present. The reason why no dryout occurs with _
lower quality seems to be helical flow and liquid O/j N
entering the gap. A helical groove induces the

helical flow of refrigerant liquid, while the cen- 1

trifugal force of the helical flow pushes the lig- A | L
uid onto the wall. In addition, small gaps be- . 8910 458
tween grooves retain the refrigerant liquid. For 5

. » KW/m

these two reasons, refrigerant liquid can remain
on the wall of grooved tubes until a higher level Fig.9 Mean wetting heat transfer coefficient

with mean wetting heat flux.
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of quality than that of smooth tubes.

4. Conclusion

The heat transfer coefficient and pressure
drop of three kinds of groove tubes and a kind of
smooth tube were measured via collaboration
between Sumitomo Light Metal, Ltd.
CRIEPI and the following conclusions were
obtained :

1) Pressure drop increases according to the in-
crement ¢ of tubes,
2) The heat transfer coefficient of the grooved

and

tubes increases monotonously, namely, does not
decrease in a region with a mass velocity exceed-
ing 400kg/(m?-s) like that of the smooth tube,

3) The heat transfer coefficient of grooved
tubes increases according to ¢, and

4) The difference attributable to the groove
features remains unclear, hence more experi-
ments are needed.

Nomenclature

A heat transfer area [m?*]

¢, - specific heat capacity  [kJ/(kg*K)]

d :diameter [m]

E  : electrical voltage [V]

G mass velocity of refrigerant (CO:)
[kg/(m?*s)]

h heat transfer coefficient
(kd/kg]

H  groove depth [mm]

I electrical cirrent [A]

K overall heat transfer coefficient
[W/(m?*K)]

L length of tube [m]

L  :latent heat [kJ/(kg*K)]

N I number of grooves

P pressure [MPa]

P, Prandtl Number

@ . amount of heat transfer [kW]

q  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]

r . quality
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TECHNICAL REVIEW

Alloy Development for Transportation
in Sumitomo Light Metal®

Hideo Yoshida**

Sumitomo Light Metal (SLM) has been developing high strength aluminum alloys. Dr. Igarashi
at Sumitomo Metal invented the highest strength aluminum alloy in the world, ESD (Extra Super
Duralumin) in 1936. This alloy, Al- 8 %7Zn-1.5%Mg-2.0%Cu-0.5%Mn, containing 0.25% chromium
that prevented SCC was immediately applied to the main wings of Zero fighters in World War II.
After WWII, SLM invented a fine-grained 7075-O sheet for the taper-rolled stringer of aircraft
with MHI, which was applied to commercial B767 and B777 airplanes. This sheet grain refining
technology was also applied to superplastic sheets of 7475 and 8090. Recently, the 2013 alloy was
developed to save the cost of fabrication with KHI. The 2013-T 6 sheet has high strength compared
to 2024-T 3 . This alloy has higher formability in T 4 than 2024-T3. Therefore, this alloy sheet can
be formed in T 4 followed by artificial aging. Furthermore, this alloy can be extruded into hollow
shapes with thin walls by porthole dies and contributes to fabricating integrated parts without
seams. In motorcycles and railway cars, a weldable alloy 7003, Al- 6 %7Zn-0.75%Mg-0.15%Zr, with
higher extrudability, lower quench-sensitivity and medium strength comparable to 6061-T 6 was
invented in 1967 by Baba at SLM and applied to the Series 200 Shinkansen and motorcycle parts.
Alloy 6NO1, which can be extruded into hollow cross-section shapes with thin walls, was also
developed for the 300 and 700 Series Shinkansen. In motorcycles, especially, motocross, high
strength aluminum alloys with tensile strength, more than 600MPa, have been developed for the
outer tube of the front forks. In automobiles, especially, aluminum body panels for hoods, the Al-
4.5%Mg alloy containing zinc and copper was invented and adopted to the hood of the Mazda
RX- 7 in 1986 for the first time in Japan. The Al-4.5%Mg-Cu (5022) and Al-5.5%Mg-Cu (5023)
alloys were then developed from the viewpoint of formability. For the Al-Mg-Si alloys, new
processes were invented to improve the bake hardenability at 170°C or to improve the hem
formability. To increase the formability of aluminum alloys, superplastic forming has also been
applied to the hard top roof of Honda's S2000 and the fender and trunk lid of Honda's New Legend
(Acura RL) using the 5083alloy.

to provide aluminum products for aircraft

L. Introduction manufacturing companies. After WWII, SLM

Many big companies manufacturing trans-
portation, airplanes and aerospace, railway
cars, motorcycles, and automobiles are situated
in the Tokai area, the midland of Japan. In
World War II (WWID),

established a new aluminum manufacturing
plant (now, Sumitomo Light Metal) in Nagoya

Sumitomo Metal

* This paper was presented as an invited lecture at the
12" International Conference on Aluminium Alloys
(ICAA12), Yokohama, Japan, September, 5-9, 2010.

«+ R&D Center, Sumitomo Light Metal Ind. Ltd., Dr. of
Eng.
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has been developing new aluminum alloys and
providing aluminum products for companies
manufacturing railway cars, motorcycles and
automobiles for fifty years. In this review, the
history of Extra Super Duralumin (ESD),
which alloy has been our identity, is first
described. The topics of
development of aluminum alloys for aircraft at
SLM after WWII are then shown. Third, the
R&D of Al-Mg-Si and Al-Zn-Mg alloy

extrusions for railway cars and motorcycles is

research and

summarized. Finally, the recent R&D for the
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body panels of automobiles is introduced®.

2. History of Extra Super Duralumin
(ESD) for aircraft

In 1916, the Japanese Imperial Navy obtained
part of the frame of the Zeppelin Airship shot
down in the suburb of London and ordered an
analysis of the frame shown in Fig.1 by
Sumitomo (Sumitomo Copper Rolling Works).
On the basis of these results, Sumitomo tried to
produce the Duralumin sheet in 1919. After
WWI, to learn the technology of aluminum
production as compensation for the war, in 1922,
Sumitomo sent four engineers with military
personnel to Durener Metallwerke AG, which
produced Duralumin. Based on this technology,
in 1935, Sumitomo developed Super Duralumin
similar to Alcoa alloy 2024. In this year,
(Fig. 2) at

Metal on the
development of higher strength alloy than

Igarashi and his co-workers

Sumitomo made a start
Super Duralumin at the request of the Navy. As
a result, they invented a new alloy (Al-8 %Zn-
1.5%Mg- 2 %Cu-0.5%Mn-0.2%Cr) with the
high tensile strength of 600MPa based on the E
alloy (Al-20%7n-2.5%Cu-1.5%Mg-0.5%Mn), S
alloy (Al-8 %Zn-1.5%Mg-0.5%Mn) and Super
Duralumin (Al-4 %Cu-1.5%Mg-0.5%Mn) and
immediately made a patent application in 1936.
This alloy, named ESD (Extra Super Dura-
lumin) after E alloy, S alloy and Duralumin,
had chromium to prevent season cracking (now
known as stress corrosion cracking).

At that time, the cause of season cracking was
not clear. Igarashi recognized the influence of
the tensile stress and corrosive environment
such as sodium chloride solution on the season
cracking. Therefore, he devised the several test
procedures shown in Fig.3 to evaluate the
to in  Al-Zn-Mg-Cu alloys
containing several additional elements?®’. These
tests showed that the cracking was grain

lifetime crack

boundary embrittlement and the addition of
chromium was the most effective to prevent the
cracking. He thought the cause of cracking was
inter-granular corrosion and the addition of
and manganese the
intergranular corrosion. He also found that the
addition of

chromium reduced

excess chromium caused the
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Fig.1 Part of the frames of Zeppelin Airship
shot downed at London, brought into
Japan and stored in SLM.

Fig.2 Dr. Igarashi, the inventor of ESD.

occurrence of giant compounds combined with
manganese during solidification, and these
compounds reduced the fatigue strength.

The ESD alloy extrusion and clad sheet were
used for the main wings of the Zero Fighter
shown in Fig. 4 in 1938. To produce aluminum
sheets, extrusions and forgings for aircraft, the
Nagoya Work of Sumitomo Metal was built in
1941 near the Mitsubishi Heavy Industries
(MHD) and aluminum products of about 4000
ton per month were manufactured. At the same
investigated the stress

time, Alcoa also
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(a) punching
(b) cupping by
Erichsen Test
(c) bending
Fig.3 Test procedure of stress corrosion
(season cracking) devised by
Igarashi and Kitahara. )
Fig.5 Fuselage of the Boeing 767.
The taper rolled stringer has a variable
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Fig.4 Zero Fighter and its main wing structure.

corrosion resistance of the Al-Zn-Mg-Cu alloys
and introduced alloy 7075 with chromium in
1943%,

3. Aircraft

3.1 Taper-rolled stringer of 7075 alloy

In Japan, the R&D and manufacturing for
aircraft were prohibited for a while after WWII.
However, the Japanese aircraft industries have
been reestablished through the production of a
Japanese airplane, the YS11,
subcontracting the fuselage of
airplanes. During manufacturing the fuselage
of the Boeing 767 shown in Fig.5, Baba and
Uno at SLM invented the grain-controlled 7075
alloy sheet for the taper-rolled stringers in 1979.

and
Boeing's
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thickness in the rolling direction shown in Fig. 6
, because the thickness of the stringer at the
joint to frame needs to be thick and the other to
be thin to reduce the weight. For producing the
taper rolled stringer, the O-tempered 7075 alloy
sheet is used and is cold-rolled from 0 to 80%
reduction followed by solution heat treatment.
In solution heat treatment, the grain growth
occurred in the small reduction of about 10 to
20% and caused a crack during the roll-forming
into hat shapes or a reduction in the fatigue
strength. MHI requested us to develop the sheet
without grain growth at the small reduction in
solution treatment. Baba et al. invented a new
process including grain refining by rapid
heating and cooling followed by overaging.
Fig 7 shows the effect of the cold rolling on the
grain size of the stringer produced by newly
developed and conventional process®’.

3.2 Superplasticity of 7075 and Al-Li alloys

The grain size of a stringer rapidly-heated at
solution temperature is from 30 to 50 um in
Fig. 7. However, to get more fine grains of
about 10 um, the size control of the precipitates
before rolling was needed as described by Paton
et al. at Rockwell International Corp., in 1978,
Their grain refinement process included solution
heat treatment, overaging, quenching, warm
rolling and recrystallization. In the commercial
process, it is difficult to quench a coil to the
aging temperature and then warm rolling, so
process of  Rockwell

another instead
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Fig. 6 Thickness distribution and fabrication process of taper rolled stringer.
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Fig. 7 Effect of the cold rolling reduction on
the grain size of stringer produced by
newly developed and conventional
processes.

International's process was required. In 1983, a
new process was invented including heating the
coil at more than 400°C followed by furnace
cooling, then, cold rolling at the reduction of
more than 70% and finally rapid heating to 480
C. The sheet produced by SLM was
superplastically formed in MHI as shown in
Fig. 8 ©.

Next we tried to produce the superplastic
sheet of the Al-Li alloys 8090 and 2090 in the
laboratory. However, it was hard to hot-roll Al-
Li alloys because of cracking and the Al-Li sheet
produced by the above mentioned process had a
significant anisotropy in superplasticity shown
in Fig.9. To improve the workability and
anisotropy, sufficient precipitation at the
precipitation nose of the T (AlsCu(Li, Mg)s)
phase rolling at this
temperature performed. The sheet
produced by this warm rolling process had

and isothermal

were
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Fig.8 Integrated door with beam and stiffener

deformed by superplastic forming com-
pared to a conventional structure.

isotropy as shown in Fig. 9 and showed higher
strain rate superplasticity than the 7075 alloy
because more finer grains than the 7075 alloy
occurred during the superplastic deformation by
dynamic recry-stallization®®.
3.3 Alloy 2013

In recent years, the cost reduction to

manufacture airplanes has been required. For

this request, SLM invented a new alloy
registered as AA2013 (Al-1.7%Cu-1 %Mg-

0.85Si-0.16%Cr)  with  Kawasaki  Heavy
Industries (KHI). This alloy sheet has the same
strength in T 6 temper as 2024-T 3 and higher
formability in T 4. Thus it is possible to form
the sheet as T4 followed by artificial aging.
This manufacturing process contributes to cost
savings because it does not need the quenching
of formed parts and the stress relief from them.

This alloy can be also extruded in hollow
sections with thin walls like the Al-Mg-Si
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Fig. 9 Superplasticity of 8090 produced by
warm rolling compared with con-
ventional process.

alloys. Fig. 10 shows the application of the alloy
2013 extrusions to integrated structures in a
pressure deck beam and a window frame. In this
case, the cost reduction is expected to be 72% of
the conventional construction method ',

4. Railway Cars

4.1 Al-Zn-Mg alloy, TN01, 7003

Aluminum railway cars were introduced with
a welded structure of skin (5083 sheet), frame
(5083 (6061
extru-sion) joined with rivets and bolts in 1962.
In the middle of the 1960's, a new weldable Al-
Zn-Mg alloy, JIS A7TNO1, was developed and its
extrusions were used for the underframe. Thus,

extrusion) and underframe

all welded aluminum railway cars were
manufactured and introduced in subways.

In 1942, the HD alloy (Honda Alloy,
Al-5.5%7n- 2 %Mg-0.75%Mn-0.25%Cr) was

developed for extrusion because it had better
extrudability compared to SD and ESD.
However, at that time, rivet joining was mainly
used. After World War II, TIG and MIG welding
were developed and this alloy was considered a
weldable alloy because the weld joint had a high
strength due to natural age hardening after
welding. Thus, the Al-4.5%7n-1.5%Mg-0.45%Mn-
Cr alloy similar to AA7004 and 7005 was
registered as JIS ATNO1.

In extrusion alloys, quench sensitivity is an
important factor for high productivity. Baba
showed that the addition of zirconium was less
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Fig. 10 Applications of new alloy 2013 extrusions
to integrated structures in a pressure
deck beam and a window frame.

sensitive to quenching than chromium and was
effective for preventing the weld crack. The
reason for being more sensitive by the addition
of chromium was that second-phase particles
containing chromium were a stable phase and
the interface is non-coherent with a matrix, so
n -phase easily precipitates at the interface
the precipitates
containing zirconium have the L1: structure and
are coherent with a matrix. Therefore the

during quenching, while

precipitation does not easily occur during
quenching . Further, the addition of zirconium
to the Al-Zn-Mg alloys causes a more fibrous
structure and prevents the occurrence of grain
growth during extrusion or solution heat
treatment compared to chromium. As a result,
weld cracking or stress corrosion cracking is
prevented. On the basis of these studies, Baba
invented a new Al-Zn-Mg alloy with zirconium
instead of chromium in 1965'. Furthermore he
found that a small amount (0.15%) of added
copper was effective for stress corrosion
cracking in the short transverse direction. These
Sumitomo alloys are called ZK47 and ZK141.
To extrude shapes with high extrudability
and thin thickness, a new alloy, Al-6 %Mg-
0.8%Mg -0.25%Mn-0.17%Zr (Sumitomo ZK60),
which has a higher content of zinc and lower one
of magnesium compared with 7NO01, was
invented by Baba et al. in 1967. ZK60-T 5 has
medium strength compatible with 6061-T 6 and
this alloy was registered as AAT003 in 1975.
With this invention, shapes of 500mm wide were
able to be extruded at KOK having a 9500 ton

press and applied to the cant rail of the Series
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200 Shinkansen in 1970. Alloy 7003 was widely
used for the strength member of a container,
ban and trailer, rim of a motorcycle and bicycle,

bumper reinforcement and ete. ™.

4.2 Al-Mg-Si alloy, 6N01

A new alloy with higher extrudability,
weldability and corrosion resistance than the
Al-Zn-Mg alloys was needed to reduce the initial
cost compared to stainless steel. In Europe, the
Al-Mg-Si alloy, 6005A was developed and used
for railway cars. However, the grain growth,
decreased fracture toughness and microfissure
cracks in the weld easily occurred in this alloy.
Therefore these problems were solved by
controlling the content and the process
condition, and finally JIS A6N01 was registered
in 1980. This 6NO01 alloy was able to be extruded
in hollow sections with thin walls and was
applied to the body structure of the Series 300
Shinkansen. In the 1990's, a double skin type
body structure with the truss in the hollow Fig. 11 i:;;ecizgg Srigkazsin Z;%lit; Td‘z
section was applied to the Series 700 Shinkansen extrusionsp \(;vi:}fetru};s Crosso SZC_
(Fig.11). The body and underframe of this tions.
Shinkansen were built using only the 6N01 alloy
extrusion. Recently, brazed honeycomb panels

and friction stir welding technology were
applied to the structure of the body and the
underframe.

9. Motorcycles

The Japanese motorcycle industries have been
developed since World War II and the share of
them such as Honda, Yamaha, Suzuki and

Kawasaki is now the largest in the world. In this
development, aluminum has been used in the wrought aluminum alloys for a moto-
engine parts, like the cylinder head, case etc. In cross.

Fig. 12 Motorcycle parts using high strength

the 1980's, the weight saving and design of
motorcycles were required, especially, for motor
racing. As a result, the wheels, frame, swing
arm and radiator were produced using
aluminum shown in Fig. 12. For a spoke type
wheel, the Al-Zn-Mg alloy, 7003 was used in the
rim because this alloy has a medium strength
and high weldability to flash butt welding.
Recently, high strength Al-Zn-Mg-Cu alloys are

also available for this rim.
In the front fork, which is the suspension
consisting of double tubes, the outer tube

Fig. 13 Front fork of a motorcycle using

a high strength wrought alumi-
(aluminum alloy) and inner tube (steel) shown num alloy for the outer tube.
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in Fig. 13, aluminum cast alloys were previously
used for the outer tube. However, in the 1990's,
off road races, such as motocross, required
higher strength and toughness than cast alloys
in the outer tube because high impact force
occurred at landing. Therefore Al-Zn-Mg-Cu
alloys were adopted from the viewpoint of
strength and toughness. The addition of
zirconium was needed to prevent grain growth
at the surface of the tube and reduce the quench
sensitivity. Especially, a vertical furnace and
mild quenching into polyalkylene glycol are
effective for low and uniform residual stress
circumferentially **’. Recently, a higher strength
and toughness aluminum alloy, Sumitomo ZC88,

was developed for this tube'®’.

6. Automobiles, body panels

6.1 Al-Mg alloys

In the Tokai area, there are many
manufacturing companies related to
automobiles including the Toyota Motor
Corporation. The root of this company is the
production of automatic looms, and this area
was the center of the spinning industries a
hundred years ago.

After the oil shock in the 1970's, the
application of aluminum body panels was
studied to save weight and increase the fuel
efficiency. First, the formability of aluminum
alloys was investigated as a substitute for mild
steel. As a result, Uno invented a new Al-Mg-
Zn-Cu alloy, Sumitomo GZ45, with higher
strength and higher elongation than AA5182 in
1978. This alloy contained 4.5% Mg, 1.5%7Zn and
0.35%Cu and had a 300MPa tensile strength and

30% elongation in T4 temper'. In 1986, the

Fig.14 Aluminum Hood of Mazda RX- 7.

GZ45 alloy sheet was adopted for the hood of the
Mazda RX-7 (Fig.14) for the first time in
Japan. However, zinc was not added later
because of natural age hardening which caused a
reduced formability. Thus the Al-4.5%Mg-Cu
alloy, Sumitomo GC45, was developed and used.
The addition of copper prevents the reduction of
yield strength after baking.

More formability than GC45 was required by
car makers. It is well known the formability of
the Al-Mg alloy increases with the magnesium
content. However, the upper limit of magnesium
was decided by the hot workability and stress
corrosion resistance. As a result, the Al-
5.0%Mg-Cu alloy, Sumitomo GC55, was
developed. The Al-4.5%Mg-Cu and Al-5.5%Mg-
Cu alloys were registered as AA5022 and
AAB023 in AA, respectively.

6.2 Al-Mg-Si alloys

To further reduce the weight of panels, Al-
Mg-Si alloys with the paint bake hardenability
were needed. The temperature and time of bake
was required at 170-180°C for 20-30 minutes,

Corventional Develaped process |

process | .
| | Pre-aging
| Solkd sohution
d 1rERlEEn

Paint Beking
| Pre-aging
| Print Beking

{10 - 30min b ==

| [Reversian

L mmmm———

Press

Fig. 15 New processes containing pre-aging or
reversion developed for enhancement
of bake hardening at 170° .

&=

(a) Honda (Acura) NSX

ST

(b) Toyota Prius (Hybrid car)

Fig. 16 Japanese cars using Al-Mg-Si aluminum
alloy sheets with high bake harden-
ability.
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which was the same condition as mild steel. It is result, the new processes shown in Fig. 15 were

well known that it is necessary to increase the developed for the Al-Mg-Si alloy with excess Si*

temperature up to 200°C to bake Al-Mg-Si alloys > One is pre-aging near 100°C immediately after

for such a short time. Therefore, the control of quenching and the other is reversion. In each

the content and heat treatment was studied for process, the Mg-Si clusters formed at room

bake hardening at a low temperature. As a temperature were diminished. These clusters are
High speed blow forming

Step 1 Pre-heating of aluminum sheeats

=Hidding dins conlinucyusly al hegh lesmperatung
= Thirsss lirmaes of H-I'l'l'ﬂl'rﬂ prégsung comparnd
with convenlional ona

=Faralal arangemant of sovaral dias

Stap 3 Taking out

Fig. 17 Fender and trunk-lid of Honda Legend produced by high speed blow forming.
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{30-30 a . s La
wll
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|
Al-Mg-Si-Cu alloy
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Al-4 5Mg
Suparplasticit

Fig. 18 Development of aluminum body sheet for automobiles in Japan.
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stable at 170°C and inhibit the formation of 8"
which contributes to bake hardening. A new Al-
Mg-Si alloy with high bake hardenability,
Sumitomo SG112, was applied to the Honda
NSX (Fig. 16 (a)) in 1996. Afterward, the Al-
Mg-Si-Cu alloy was developed to increase the
formability and applied to the Nissan Cedric. In
2003, Sumitomo SG212 alloy (modified SG112)
was adopted for the Toyota Prius shown in
Fig. 16 (b). Recently, Al-Mg-Si alloys with high

)

bend formability in hemming'’ or with a high
related to drawability have
investigated.

6.3 Superplasticity

The formability of aluminum alloys is inferior
to mild steel. Thus Honda developed a high
temperature blowing machine and used to form
the car body. This forming is a kind of

super-plasticity. First, they used it for the tank

r-value been

of motorcycles and then the roof of the Honda
S2000 with the grain controlled Al-Mg alloy.
The merit of this blow forming is the ability to
form complex shapes with only one die, female
or male. The demerit is the long time of forming
compared to press forming. Honda solved this
by improving the machine and forming at high
pressure. In 2004, Honda applied this high speed
blow forming to the fenders and trunk rid of the
Honda Legend (Acura RL) shown in Fig. 17%’.
This blow forming will be widely used to form
complex parts. The development of aluminum
body sheet for automobiles in Japan is shown in
Fig. 18",

7. Conclusion

Many alloys have been developed for
transportation, such as aircraft, railway cars,
motorcycles and automobiles by Sumitomo
Light Metals. The Extra Super Duralumin has
been the identity of this company. Recently
Mitsubishi
announcement to begin the production of the
Mitsubishi regional jet, MRJ, this November.
This news has inspired our metallurgists to

invent new alloys such as the ESD.

Heavy Industries made an
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Light-weighting Trend in Domestic and
Foreign Aluminum D&I Cans

Hiroshi Yokoi, Ichio Takeda and Minemitsu Okada

This paper reviews the trend of light-weighting of aluminum D&I cans through the market, and

comments on the view of the beverage can of the future. The lightest weight of the 350ml can is

12.7g in North America and Europe, where it has become progressively lighter. Such a trend al-

most stopped around 1995 in Japan. These lightweight cans are made of 3104 and 3204 aluminum

alloys for body stock, 5182 aluminum alloy for end and tab stocks. The alloys remain unchanged

from the past. The regional difference in weight is due to the demand for the quality of the cans.

It is estimated that with the importance of processing and recycling, these materials will continue

to be used. In the near future, it is important to approach environmental issues. In order to differ-

entiate the various beverage drinks, the can design and functionality will be pursued. It will be nec-

essary to develop materials suitable to meet these requirements.
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Fig.9 Chemical composition trend of can body and end stock.

Table1 Chemical composition for can stock alloys (mass%).

i) Ead

!II

Alloy No. Others
Si Fe Cu Mn Mg Cr Zn Ga \Y% Ti Al
JIS | AA Each | Total
3004 { 3004 | =0.30| =0.7 | =0.25 1.0—1.5 | 0.8—1.3 - =0.25| — - — |=0.05/=0.15| bal.
Body |[3104|3104| 0.6 | =0.80.06—0.25| 0.8—1.4 | 0.8—1.3 - =0.25/=0.05/=0.05| =0.10| =0.05| =0.15| bal.
— |3204[=0.30| =0.7]0.10—0.25| 0.8—1.5 | 0.8—1.5 - =0.25| — - — |=0.05/=0.15| bal.
5052 | 5062 | =0.25{ =0.40| =0.10 =0.10 2.2—2.8 |0.15—0.35|=<0.10| — - — |=0.05/=0.15| bal.
B 5021 {5021 |=0.40| =0.50| =0.15 |0.10—0.50| 2.2—2.8 =0.15 |=0.15| - - — |=0.05/=0.15| bal.
— |95042[=0.20/ =0.35| =0.15 |0.20—0.50 | 3.0—4.0 =0.10 [=0.25| — — =010/ =0.06|=0.15| bal.
b 5082 {5082 |=0.20{ =0.35| =0.15 =0.15 4.0—5.0 =0.15 |=0.25| — — =010/ =0.056|=0.15| bal.
End, Tab [5182|5182|=0.20/=0.35| =0.15 [0.20—0.50 | 4.0—5.0 =0.10 |=0.25| — — 1=0.10{=0.06|=0.15| bal.
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Table 2 Details of cans investigated.
Volume | Can size(*1) | Neck End/Tab Type
No. | Year| Country Beverage Brand Note
(mD | Body | End |TypeC2) End Tab

1 USA Beer Asahi Super Dry 355 211 202 SDN SuperEnd | Stolle

2 USA Beer Kirin Ichiban 355 211 202 SNF LOF Stolle

3 USA Beer Budweiser 355 211 202 SNF LOF DRT

4 USA Soft Drink Diet Pepsi 399 211 206 Quad CDL Stolle

5 USA Soft Drink [ 100% Tomato Juice 399 211 202 SDN SuperEnd | Stolle

6 Holland Beer Grolisch Premium Lager 330 211 202 SDN Full Form | DRT

7 Belgium Beer Stella Artois 330 211 202 SDN Full Form | Stolle

8 2009 | Belgium Beer Belle-Veu 330 211 202 SDN Full Form | Stolle

9 Portugal Beer Super Bock 330 211 202 SDN Full Form | Stolle

10 Korea Beer Prime Draft 350 211 206 SDN Full Form | Stolle

11 Korea Beer Prime the Beer 350 211 206 SDN Full Form | Stolle

12 Vietnam Beer MUGI-TO-TAIYO 330 211 206 SDN Full Form | Stolle

13 Vietnam Beer Halida 330 211 206 SDN Full Form | Stolle

14 Australia Beer Brewery 355 211 206 SFN Full Form | Stolle

15 Japan Beer Asahi Super Dry 350 211 206 Quad Full Form | Stolle

16 USA Beer Budweiser 305 211 202 SFN LOF Stolle

17 USA Beer Miller Lite 350 211 202 SDN Full Form | Stolle

18 Mexico Beer Corona Extra 355 211 202 SDN Full Form | Stolle

19 USA Soft Drink Pepsi 355 211 202 SDN CDL Stolle

20 USA Soft Drink Coca Cola 355 211 202 SDN Full Form | Stolle

21 USA Soft Drink | Seattle's Best Coffee 281 207.5 | 202 SDN Full Form | Stolle Slim can
22 Czech Beer Budweiser 330 211 202 SDN Full Form | DRT

23 12010 Czech Beer Staropramen 330 211 202 SDN Full Form | Stolle

24 Czech Beer Pilsner Urquell 330 211 202 SDN Full Form | DRT | Emboss can
25 Switzerland Beer Heineken 330 211 202 SDN Full Form | DRT

26 France Beer Heineken 330 211 202 SDN Full Form | DRT | Barrel can
27 Czech Soft Drink Coca Cola 250 202 200 Single Full Form | DRT Slim can
28 Switzerland | Soft Drink | Coca Cola Cherry 330 211 202 SDN CDL Stolle

29 Switzerland | Soft Drink | Red Bull Sugerfree 250 202 200 Single Full Form | DRT

30 Germany | Soft Drink [ Punica F&S Sunny 330 211 202 SDN Full Form | Stolle

(*1) e. g. 206 : 2 + 6 /16inch

(*2) SDN : Smooth Die Neck SNF : Spin Neck and Flange SFN : Spinflow Neck
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Table 3 Can weight, thickness and bottom characteristics.
Can size Weight (g) Thickness (mm) Bottom characteristics
No. |Year| Country Volume Body (*1) Tab Body Chime | Bottom
(mD | Body | End End End | Tab | .
*2) (1) | Dome center | Thinwall wrinkling | reform
1 USA 305 211 | 202 | 10.04 2.12 | 0.28 0.260 0.087 | 0.208 | 0.245
2 USA 305 211 | 202 | 10.64 2.13 | 0.28 0.264 0.093 | 0.206 | 0.251 X O
3 USA 305 211 | 202 | 10.62 2.12 | 0.28 0.267 0.093 | 0.206 | 0.250 O
4 USA 300 211 | 206 | 10.71 2.78 | 0.31 0.262 0.098 | 0.233 | 0.264
5 USA 355 211 | 202 | 9.96 2.14 | 0.28 0.263 0.088 | 0.204 | 0.241
6 Holland 330 211 | 202 | 10.21 | 10.53 | 2.43 | 0.31 0.255 0.097 | 0.215 | 0.234 | XX O
7 Belgium 330 211 | 202 | 10.19 | 10.56 | 2.45 | 0.30 0.234 0.100 | 0.219 | 0.262 X O
8 12009 | Belgium 330 211 | 202 | 9.92 | 10.26 | 2.42 | 0.29 0.233 0.096 | 0.214 | 0.254 X O
9 Portugal 330 211 | 202 | 10.15 | 10.51 | 2.42 | 0.29 0.230 0.101 | 0.214 | 0.253 X O
10 Korea 350 211 | 206 | 11.14 3.42 | 0.36 0.274 0.096 | 0.278 | 0.312
11 Korea 350 211 | 206 | 11.09 3.42 | 0.36 0.269 0.093 | 0.278 | 0.315
12 Vietnam 330 211 | 206 | 10.86 | 11.23 | 3.44 | 0.33 0.272 0.098 | 0.279 | 0.287
13 Vietnam 330 211 | 206 | 10.78 | 11.20 | 3.49 | 0.35 0.274 0.104 | 0.281 | 0.263
14 Australia 3055 211 | 206 | 10.85 3.08 | 0.29 0.258 0.098 | 0.239 | 0.253 X
15 Japan 350 211 | 206 | 11.78 3.22 | 0.39 0.273 0.102 | 0.251 | 0.332
16 USA 305 211 | 202 | 10.53 2.11 | 0.28 0.268 0.096 | 0.205 | 0.250
17 USA 355 211 | 202 | 10.83 2.49 | 0.31 0.291 0.098 | 0.221 | 0.274 X O
18 Mexico 355 211 | 202 | 10.98 2.38 | 0.30 0.263 0.108 | 0.204 | 0.261 X O
19 USA 3055 211 | 202 | 10.66 2.11 | 0.31 0.293 0.096 | 0.202 | 0.278
20 USA 305 211 | 202 | 10.41 2.35 | 0.28 0.263 0.094 | 0.206 | 0.248
21 USA 281 207.5 202 | 9.77 - 2.45 | 0.30 0.261 0.096 | 0.220 | 0.260 O
22 Czech 330 211 | 202 | 9.83 | 10.21 | 2.42 | 0.32 0.226 0.098 | 0.212 | 0.237 X O
23 12010 Czech 330 211 | 202 | 10.01 | 10.36 | 2.42 | 0.30 0.236 0.097 | 0.212 | 0.260 @)
24 Czech 330 211 | 202 | 11.26 | 11.67 | 2.50 | 0.28 0.280 0.103 | 0.219 | 0.277
25 Switzerland| 330 211 | 202 | 10.23 | 10.63 | 2.42 | 0.31 0.235 0.104 | 0.212 | 0.234 @)
26 France 330 211 | 202 | 13.27 — 2.46 | 0.32 0.277 0.155 | 0.216 | 0.240
27 Czech 250 202 | 200 | 7.88 — 2.31 | 0.34 0.236 0.090 | 0.218 | 0.239 O
28 Switzerland| 330 211 | 202 | 9.86 | 10.23 | 2.13 | 0.30 0.239 0.097 | 0.202 | 0.254 X O
29 Switzerland 200 202 | 200 | 7.96 — 2.32 1 0.33 0.233 0.090 0.220 | 0.238 @)
30 Germany 330 211 | 202 | 11.29 | 11.66 | 2.41 | 0.29 0.280 0.099 | 0.212 | 0.255

(*1) Delaquered
(*2) Calculated weight equivalent to Japanese 350ml can's height (122.2mm)
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Table4 Can body stock characteristics.
Chemical composition (mass%) Hardness
No. | Year| Country Alloy Note
Si Fe Cu Mn Mg Al 1)

1 USA 3104 0.21 0.45 0.17 0.9 1.3 bal. 96

2 USA 3104 0.21 0.50 0.18 0.9 1.2 bal. 98

3 USA 3104 0.22 0.51 0.18 0.9 1.2 bal. 96

4 USA 3104 0.25 0.54 0.18 0.9 1.1 bal. 96

5 USA 3104 0.17 0.45 0.18 0.9 1.2 bal. 94

6 Holland 3004 0.28 0.45 0.16 1.0 1.3 bal. 99

7 Belgium 3004 0.17 0.43 0.18 1.0 1.1 bal. 99

8 2009 | Belgium 3104 0.18 0.45 0.17 0.9 1.1 bal. 99

9 Portugal 3004 0.29 0.47 0.17 1.0 1.3 bal. 102

10 Korea 3104 0.20 0.50 0.17 0.9 1.3 bal. 98

11 Korea 3104 0.19 0.39 0.19 0.9 1.3 bal. 102

12 Vietnam 3104 0.27 0.48 0.22 0.9 1.2 bal. 95

13 Vietnam 3104 0.20 0.39 0.19 0.9 1.3 bal. 101

14 Australia 3104 0.27 0.50 0.20 0.9 1.2 bal. 97

15 Japan 3004 0.29 0.39 0.20 1.0 1.0 bal. 101

16 USA 3104 0.20 0.43 0.16 0.9 1.3 bal. 98

17 USA 3104 0.24 0.48 0.16 0.8 1.1 bal. 98

18 Mexico 3104 0.19 0.48 0.17 0.9 1.3 bal. 97

19 USA 3104 0.20 0.43 0.17 0.9 1.2 bal. 96

20 USA 3104 0.20 0.39 0.16 0.8 1.2 bal. 99

21 USA 3104 0.23 0.53 0.17 0.8 1.1 bal. 99 Slim can
22 Czech 3104 0.20 0.46 0.20 0.9 1.1 bal. 104

23 | 2010 Czech 3104 0.17 0.42 0.18 0.9 1.1 bal. 102

24 Czech 3104 0.26 0.41 0.15 0.9 1.2 bal. 105 Emboss can
25 Switzerland 3104 0.27 0.44 0.15 0.9 1.3 bal. 97

26 France 3104 0.29 0.44 0.11 0.8 1.3 bal. 100 Barrel can
217 Czech 3104 0.27 0.43 0.16 0.9 1.2 bal. 101 Slim can
28 Switzerland | 3104 0.21 0.47 0.21 0.9 1.1 bal. 103

29 Switzerland | 3004 0.20 0.41 0.15 1.0 1.3 bal. 100

30 Germany 3104 0.17 0.43 0.19 0.9 1.1 bal. 101

(*1) Dome Center
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Table 5 Can end stock characteristics.

Chemical composition (mass%) End

No. | Year| Country Alloy Hardness )
Si Fe Cu Mn Mg Al size
1 USA 5182 0.06 0.23 0.03 0.34 4.6 bal. 123 202
2 USA 5182 0.08 0.20 0.04 0.33 4.8 bal. 128 202
3 USA 5182 0.08 0.26 0.04 0.33 4.5 bal. 127 202
4 USA 5182 0.06 0.20 0.07 0.33 4.7 bal. 116 206
5 USA 5182 0.09 0.25 0.05 0.33 4.6 bal. 121 202
6 Holland 5182 0.07 0.23 0.08 0.47 4.9 bal. 126 202
7 Belgium 5182 0.08 0.19 0.07 0.50 5.0 bal. 125 202
8 12009 | Belgium 5182 0.08 0.21 0.07 0.50 5.0 bal. 125 202
9 Portugal 5182 0.08 0.23 0.04 0.33 4.6 bal. 120 202
10 Korea 5182 0.11 0.28 0.04 0.35 4.8 bal. 115 206
11 Korea 5182 0.11 0.21 0.05 0.35 4.8 bal. 120 206
12 Vietnam 5182 0.06 0.15 0.02 0.34 4.7 bal. 113 206
13 Vietnam 5182 0.07 0.17 0.02 0.33 4.7 bal. 109 206
14 Australia 5182 0.08 0.16 0.01 0.31 4.7 bal. 118 206
15 Japan 5182 0.11 0.26 0.09 0.34 4.6 bal. 112 206
16 USA 5182 0.09 0.22 0.03 0.32 4.8 bal. 128 202
17 USA 5182 0.08 0.22 0.04 0.34 5.0 bal. 124 202
18 Mexico 5182 0.11 0.27 0.05 0.40 5.0 bal. 125 202
19 USA 5182 0.10 0.25 0.05 0.40 4.9 bal. 126 202
20 USA 5182 0.10 0.28 0.05 0.38 5.0 bal. 121 202
21 USA 5182 0.09 0.25 0.05 0.34 5.0 bal. 126 202
22 Czech 5182 0.17 0.30 0.09 0.38 5.0 bal. 121 202
23 | 2010 Czech 5182 0.08 0.22 0.07 0.48 5.0 bal. 126 202
24 Czech 5182 0.10 0.23 0.07 0.34 5.0 bal. 129 202
25 Switzerland 5182 0.10 0.25 0.08 0.43 5.0 bal. 123 202
26 France 5182 0.10 0.21 0.06 0.34 4.9 bal. 119 202
27 Czech 5182 0.12 0.33 0.09 0.34 5.0 bal. 122 200
28 Switzerland 5182 0.10 0.26 0.07 0.31 4.9 bal. 119 202
29 Switzerland 5182 0.13 0.32 0.07 0.37 4.8 bal. 122 200
30 Germany 5182 0.08 0.19 0.07 0.50 4.9 bal. 127 202
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Table 6 Lacquer type.
End Tab
No. | Year| Country | Beverage
Inside | Outside (Color) (Color)
1 USA Beer A E
2 USA | Beer A A Gold E
3 USA | Beer A A E
4 USA | Soft Drink |~ A A E
5 USA | Soft Drink [ A A E
6 Holland | Beer A C E
7 Belgium | Beer A A Gold E
8 | 2009 | Belgium | Beer A C E
9 Portugal | Beer A A E
10 Korea | Beer B C E
11 Korea | Beer B C E
12 Vietnam | Beer B B E
13 Vietnam | Beer A B E
14 Australia | Beer B C E
15 Japan | Beer A A A
16 USA Beer A A E
17 USA | Beer B A Gold| E
18 Mexico | Beer A A C Blue
19 USA | Soft Drink [ A A E
20 USA | Soft Drink | A A E
21 USA | Soft Drnk| A A D
22 Czech | Beer A C Gold B Red
23 [ 2010 | Czech | Beer A C C  Green
24 Czech | Beer A C Gold D Gold
25 Switzerland | Beer A C E
26 France | Beer A C B Green
27 Czech | Soft Drink [ A C D Red
28 Switzerland | Soft Drink| A C E
29 Switzerland | Soft Drink| A C C Blue
30 Germany | Soft Drink | A C D
A : Acryl modified epoxy D : Epoxy
B ! Epoxy phenolic E : Bare

C : Epoxy urea
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Change of the Heat Transfer Tubes of Heat Exchanger
for Room Air-conditioners

Shiro Kakiyama

The heat exchanger for air conditioner generally consists of aluminum fin and copper tubes. The

performance of the heat exchanger had been improved by inner grooved copper tubes. This paper

shows that the results of the inner grooved tubes research in the heat exchanger for the room air

conditioner put on the market from 2000 to 2007.As a result, it was confirmed that the outside di-

ameter of the tubes had become small. Moreover, it was confirmed to change from the performance

improvement of making higher fin to the performance improvement of a high helix angle and the

number of grooves increase.

Its purpose is regards as the improvement of the using each tube sizes for the refrigerant flow

pattern in the heat exchanger, and reduction of the using tubes in the heat exchanger. It is sup-

posed that the high efficiency of the heat exchanger corresponding to a new refrigerant and global

warming in future advances.
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Fig.1 Change of COP and APF for
room air conditioners.

Table1 List of investigated room air conditioner's COP

and APF

AD.
Maker | 2000 | 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007
6.22 | 6.00 | 6.00

A 5.30 | 5.77 | 5.89 | 5.71 | 6.27
(6.06) | (5.33) | (6.60)
6.31 | 6.31 | 6.48

B 5.04 | 5.66 | 5.81 | 591 | 6.23
(6.29) | (6.29) | (6.60)
6.01 | 6.56 | 6.56

C 5.20 | 5.54 | 5.89 | 5.89 | —
(5.96) | (6.44) | (6.60)
6.39 | 6.28 | 5.60

D 510 | 545 | 564 | — | 6.01
(6.44) | (6.15) | (6.20)
6.31 | 6.31 | 6.31

E 5.03 | 5.74 | 5.64 | 6.01 | 6.24
(6.29) | (6.29) | (6.60)
6.31 | 6.31 | 6.19

F 551 | — | 5.64 | 564 | 6.15
(6.29) | (6.29) | (6.60)
6.17 | 6.56 | 6.31

G 5.00 | 5.12 | 5.90 | 5.90 | 6.09
(5.96) | (6.51) | (6.60)
) APF

133

N, RHD E&ELT 5 ik SR LEX - T
W3 D, EEEBIEIR Y5 A — % % Fig. 21T d, T
T, TablelicmLizv—axryavENKBXLUOE
AT SN TV A REEDFHEIZIR YT A —Fito W
THEL 7o, BEESRITERS N TO A {RAE 13, B
PAgRBlENy, ERENICY Y FLVBRERAL, BEWIL
BTNV =g L7 4 v EEESE D, TDRYD,
EEE DR IIRE LD, NEHEZIK S ZE O,
SOEPICEET S, TTTIE, BBmELVIKE LK
EEEEARE L o Th Y, FENMRE, LERDI
o oHEME L, NIIERKE, FEREE V72

3.1 (EEEOMZEL
BKrravr—h—icBI 3 RAENRHABRERE
Fig. 3 1T/" ¢, ERHICH T 2 {zBEF O/, 2000
S 2003 FETIE ¢ Tmm BEDP ¢ 6.35mm 25 Fim &
HoTWb, —HD A —H—Tld, BVEEMHERENES
NBEA~NY vl — VIEMNEEREE 2 BE L O 2 RS A
Fonic®, N vR - VIBMIEEE R, SWInEER
RIS D BERAIR IS IR I @ W BMERE 2 R o 8, 2 D
— 7 TSI E SRR SIER IS Em W 7edIT, #F L AR
HREDIK T2V TW5, 2004 Ficis 5 &, ABEMB @5
mm OEBGE 2B L BRSPS L TEB 0, fit
W 2005 FEIT1E, Maker B L0, #MEAS ¢ 7.94, 6.35,
BELUS5mm O =fEHFOMLBAEZERKLIcA T v
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a : Included angle, 8 : Helix angle, d,: Groove depth
D, : Outside diameter, ¢, : Tube thickness

Fig.2 Dimension of inner grooved copper tubes.



Vol.51 No.1

V=L x T 3 Y OESSRE REE DZE 134

OB TIRFEREB D DDb B, HWMEDORERI B IEE
BT 2B E LT, A, wEEERRCE, =X
B AETOEIRICIS D, B O A, FEJERNHT
B/INS WIEISIEDTRA T 5 DT, NEO/NS OIREGE
EERAL TV S, BEIHERNEZ RN 2 IB1E0S, 1B @
&, >SS A LT 28R, ENOET)
BEMSEERT 2700, AEERELT LIk, IE
JHERIERIC X B HREE R 2R L Tvwd, —F, T
12U LT 4 VICBOVWT S, ARDRERR B REE T
TBITH-T, HABTRAEENT WS, 2000 4F
LI, AEBGHg &, WniigotiEzn L4 2
1O DH T 7 — VB LRI N % BESHEs A L
DN ERTH - 7208, ~A 7Y v FEASSHETI,
BZHm 1 Bl 77 — VAR Y TV =9 L7 4 v
JEIRITIE > TW B, B 2 RENREEOEEAE LKL &5
BE, £ S EEE ORI v iAAEid T itk D,
R F 1B B & I S & CESEZER O FE2 X - T
W3, F7, HxxEguEic kb 2006 FELIEO APF
ZEM LRI B VLT, PRIGET) D HEfER L AYEE
Ly, KW ERE TO W EAMENER S
NEF LB, TS U A=2ENITIR o BT
KB ->TWV 5, EABICTB T 5 EAEO/NRE, 2000
FTI$952, 8, Tmm BERTH - 7255, 2005 FEL
Friz, WIND A=A —% ¢9.52mm ZEHA L THWEw,
F 72, Maker A (3, 2000 FEORBETS, Badfuds 15
H&25HT ¢9.52 3K 8mm DRI 2D LE
EERHLEAA 7)o FEEAERHALTED, 2005
LTI, ¢8BLY Tmm OEEEEHVINL T
)y Fic kb, HICHEER EAH - TV 5,

3.2 HEEROTE

BLT Ik —h—ITB T BEAE OISR
% Fig. 4 \ZRd o ENKICE T BIERIE, 2001 T
R 6 % TH 205, @A —Hh =T 7% LLE,
BOWA = —TREBEEELEATHE, CNIEFKA—
H—=ITE->T, TIWVI=U LT 4 vhT—NENELS
7o, TG L IcRERINERLZHELTVDE D
EFZZOND, WEFRINS LB >TOAHADEH 5
D3, PEIC K ZNIELTEDN, ENMZERDIKT %
HE, BB HEARMERENET T2 L2 BELTVWD
bDEZEZONDY, Maker GIltBWLTIE, &OVILE
REMFL TOB T EDHERSNTVED, 74 vES
PENWT ED S, IWEREKREST L LK ERAE
LTIV =Y LT g RSN EEMD, Bt
KREZH-7- b0 EHERsN L, EAKITBVL T,
2001 fFic B 1 2 b m WIREHEIZ 8 % 59, i HIKVIL
ERIZS % BETH - 2h, ENHEERE, REICIE
KK NI BHENCH 5 T EDEREN D,

3.3 T4 UEIDOHE
RI7avi—H—IBIBREENT7 «+ vESH
EfER%E Fig. 5 1R, EAKICBT 27 « viEa (g,

]
L] | D B
i ? L e & &8 —eo T
: # % & ®= ® = = i
g F o Mk o
i Wik
i Wakar
o Nakgr ¥
o Maker G
i
L e 200 o meT 0N
13 -
- " - - - DO aar undne
#
¥ bk 8
5 & i o & i "™ - - o -
; [ LT
- Bl OOy ANk &
2 - bakai ©
hak e iE
' 1 Mak o ¥
2 ki
]
o i - aa) -] mer Forsl ]
Fig.3 Specification of the inner grooved
copper tubes (Diameter).
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Fig.4 Specification of the inner grooved copper
tubes (Tube expansion ratio).
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Fig.5 Specification of the inner grooved
copper tubes (Fin height).
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Fig. 6 Specification of the inner grooved
copper tubes (Included angle).
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Trend of Application and Development of
the Aluminum Alloy Sheet for
Automobile Body

Hidetoshi Uchida

The weight saving of automobile is very important technology for reducing CO: emission. The

application of aluminum alloy sheet to automobile body is increasing because of the substantial

weight saving can be achieved. However there are many technical issues to improve such as form-

ability and paint bake response. The surface quality after stamping process which is elimination

stretcher-strain marking and paint brush line is also required. The research and development have

been carried out the enhancing of the application technology. Furthermore the spread of hybrid

and electrical vehicle make more important for the weight saving. In this paper the trends of appli-

cation and development of the aluminum alloy sheets for automobile body are reviewed.

1. @ L & I

HEpsE o R kig, COHIMO e dIchBEL+ —F
7/ 0Y—D15THb, TORTHHENDT IV =
o ARG RIE SR ELAER T E B 2 & &
MEZL L >TWVWb, I6ITAA Ty FEPDESQHEH
NEOYENT B ETHREAPIDEEICT T B L
FAZONTWVWS, TITIE, BEERF Y2 VHT IV
320 ALEROBTE EFEHERICE DT,

2. BENEART 4 XRIADTII=
WRDBRF & EREH

HEJE R 7 4 N3 vD 7V 3 =9 AEROREL 3 <,
1930 # X British Leyland #® Rover P3 7 — K,
PSS YUY R, FTT 98— IC5104 Bl
nv, 1955 FICiEA— LTI aRT 4 LT
Daimler Benz SL 12 5182 &4 (HH I NP, HE
HR T 4 XXV TV =9 AR80ERSER I
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 DIERE R v v — WL, it (T
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NERS

1970 # Rk, Al-@& Mg &4 Th % X5085 &4
(Mg & 6 % 7) % GM Oldsmobile Toronado ® 7 —
KA v+ — (79 % —3ifk) 12, Ford Lincoln Ver-
sailles D7 — K7W 8 —, A4 v+ —IT 2036 G40 H
H® &N, TOEK OB E LS ORFS S M A
ThNd X1y, KIEBHEB TV =9 58RO
FEETMLIZENIEE 72 & WA B, £ DFER, Pechiney
Tk v 2002 44", Reynolds i & v 2038 &40
BH¥ED &N TW3d, TN 6DE4F Al-Cu-Mg &I Si
MBIRMENTE D 6000 25 NBITOIK LR 5,
1976 FFiT 3 Aloca fhic & 0 6009, 6010 &4 <
RN TRRICK 2 N— 7 "= FHEEER L &8 &
HoTW3,

1980 ZEI2 A D Alcan #1245 6009, 6010 &40 EM &
LTOLL A& LEATOHEHSINATL S,
Aluswisse £ T H Acl20 &4 (6016 &%) ZBIFE LER
MTRBGESZHHINTVAMEIEBL >TWVWE, T
DI 1T Alcoa #1A3BAFE L 7z CW51 (2008) &4 & 6009
BEEHALTAudittE & bicTo b4 7D —
TNI =Y LAFTA bRF 4 ZERLTED, #REO
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R HFHENRH 7V =9 25RO HRE CRET L 3 = 4122, mass%)
&4 BT Si Fe Cu Mn Mg Cr 7n Ti Al
2002 1975 0.35-0.8 0.3 1.5-25 0.2 0.50-10 0.2 0.2 0.2 Bal.
2117 1954 0.8 0.7 2.2-3.0 0.2 0.20-0.50 0.1 0.25 - Bal.
2036 1970 0.5 0.5 2.2-3.0 | 0.10-0.40 | 0.30-0.6 0.1 0.25 0.15 Bal.
2037 1977 0.5 0.5 1.4-2.2 | 0.10-0.40 | 0.30-0.8 0.1 0.25 0.15 Bal.
2038 1980 0.50-1.3 0.6 0.8-1.8 | 0.10-0.40 | 0.40-1.0 0.2 0.5 0.15 Bal
2008 1987 0.50-0.8 0.4 0.7-1.1 0.3 0.25-0.50 0.1 0.25 0.1 Bal.
2010 1990 05 0.5 0.7-1.3 | 0.10-0.40 | 0.40-1.0 0.15 0.3 - Bal.
5022 1995 0.25 0.4 0.20-0.50 0.2 3.5-4.9 0.1 0.25 0.1 Bal.
5023 1995 0.25 0.4 0.20-0.50 0.2 5.0-6.2 0.1 0.25 0.1 Bal.
5052 1954 0.25 0.4 0.1 0.1 2.2-2.8 | 0.15-0.35 0.1 - Bal.
5754 1970 0.4 0.4 0.1 0.5 2.6-3.6 0.3 0.2 0.15 Bal.
5182 1967 0.2 0.35 0.15 0.20-0.50 | 4.0-5.0 0.1 0.25 0.1 Bal.
6009 1976 0.6-1.0 0.5 0.15-0.6 | 0.20-0.8 | 0.40-0.8 0.1 0.25 0.1 Bal
6010 1976 0.8-1.2 0.5 0.15-0.6 | 0.20-0.8 0.6-1.0 0.1 0.25 0.1 Bal.
6111 1982 0.6-1.1 0.4 0.50-0.9 | 0.10-0.45 | 0.50-1.0 0.1 0.15 0.2 Bal.
6016 1984 1.0-15 0.5 0.2 0.2 0.25-0.6 0.1 0.2 0.15 Bal.
6022 1995 0.8-1.5 | 0.05-0.20 | 0.01-0.11 | 0.02-0.10 | 0.45-0.7 0.1 0.25 0.15 Bal.

K7 41kt LT 1381kg Ak, 13.8% o[ [A] =i
FUNERENLEAERTFTVE Y, HATSH Al-Cu-
Mg-Si %% Al-Mg-Si-Cu % &4 D FZE ix 1980 F1Ric
ZThbNTY VAR, I TERE/LSNIT VI =Y
LG4aE, AlMg-Zn-Cu 24640 GZ45 G40 T
(BI1£4"30-30 &4:" « 55k S 300MPa (=30kgf/mm?)
Pk, Mor30% LIE) T©=Y ¥ RX-TD7 — FITERH
SN, ZoMEHE, JERERIBI 5 4, FERMLIE
JENEPINTHES NI bDTH Y, BEM (7L
ZEIENE, ~anrE) AEMA L CREEhcAETH
%o HEHAOHEH FHICAARTI) 1B L TIRELR
DOWEBRMBVETH B LA RLTVWS, HATIEZ
D% bEIEME TR L 72 Al-Mg 2484 % BRI &
NTX7, 1990 FICRA— VT NVI =T LART 4D
Honda NSX MEFELEH, 79 & —s3x T3 Al-
Mg-Si REEMFE, MHAShTWwE B8 NSX O
FTT7AFRTFT 4 ZR1IORT, TORFTAIFTHVI=
U LGEWD TV R, MEYM, BEmbED T
430kg DTV I =y apfER SN, #ICERF T A b
R 7 D 40% 8 EALEER L TV 5,

1990 ARz, Al-Mg-Si 2&a4& DX — 27~ — FikD
A% < mEh, Alcoa #28 6022 4255 L,
Alcan A< — 7/~ — FHWEM & LT6111-T4P %
BHFE® LTW3, oD HBAMENEED 7o+ 2
HIENTBE 2 N — 7~ — IRk BE 4 2 (R0 %
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(b) K74 FRF 4

B1 NSXDA— VTV = AT/ Ty 7t

IEEnNTwb, BMUERAFHEMA T VI =7 2580
BHFEDOEL 2K 2 1T T, BUBERI T VY =9 4548 T
d, AL T KBS TRIC K 2 ENE < H 5
s, %L T CuBERMERICH 5, TNEME
WaEBELILEDEZELZONS, Mg, SimICBL T,
ZOWRRITIR U THED R ORI TV B, BRI
| Si 7 4 7D 6000 REAETS > TO L AN b,
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Al-2.6Cu~0.35Mg
Mg. Mni#
19704 - - 2036  fe oo e cccicae.
Al-2.6Cu—-0.45Mg-0.25Mn
Cuifi. Mg, Sit#
Culk. Mgig
2002
2037 Al-2.0Cu-0.75Mg0.6Si 6009
Al-1.8Cu-0.55Mg-0.25Mn Al-0.8Si-0.5Mg—-0.4Cu-0.5Mn
Cuil. Mg, Sit# 6010
Al-1.0Si-0.8Mg-0.4Cu-0.5Mn
19805 | 2038 | T
Al-1.3Cu-0.7Mg-0.9Si~0.25Mn Cul®. MniE
6111
Cu. Mg. Si. Mnil Al-0.85Si-0.75Mg-0.7Cu-0.3Mn
2008 6016
Al-0.9Cu-0.4Mg-0.65Si Al-1.25Si-0.4Mg
Cu. Mg. Mnif . SiE
1990&--- 2010 U Ui R0 QU R g g gy _-. --------------
Al-1.0Cu-0.7Mg-0.25Mn Mgl Sitl. Cu. Mg. Mni
6022
Al-1.15Si-0.6Mg—0.06Mn-0.06Cu
2 BT HEEE 7OV Y = v AROBHFE O FE
L2 BT O h YL, mass%)
1990 ZEXD HATIE, Al-Mg-Zn-Cu 254 D =i 6000 =A% T I 5000 2A& 4Tk, dhin L

LI L B2 7 L ARIETR 7Y v 73y 7 DB
MR E 75 - 7o 2 & S High AR L 72 v Al-Mg-Cu %
B4 & LT5H022, 5023 &&ABHFY &h, LI 5000
FE4E LTIIEADEEN L HEEH R 7 1« ¥ 2 Vbf &

LTI EfbEn TV 3, 6000 ZE4ED X~ N —
R RS 2 WFZEBHTE & 2 < 75 & NS TULEE 0 T fif 50
M}Ea:‘; é&%20'2]'22>b§$|%%, %ﬁﬁ,ﬂ:%,m) ‘C\f;j/L’CL\ Z)o
S 5T Cu iR & 2 BRI % 23 L 7 6000 244 b
BAIREAL® s TV 5,

2000 fEic 75 b, BARICBT 2T —BiE L
6000 AL DOWIFBFII N — 27 N — P EA H =X
LELT3RIET b7 o —7%2ME LI/ 7 5R%
B B BFFE S R IC I D, BiRTEREN S 2
2% 1&E100CHHETIERENG 7 525 2 DEVH
fIHE N >DdH B,
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TIE A~ LIS E O 72 I LE RN NBVLEE %17 5
Retrogression heat treatment 235H¥ %% s T %,

HATOHFHEAMAD 7V 3 = 2 5L O IR
AR 3 IR T, 1990 HEREZFITE, SHRDEKIBRIC
LD T =y LS EE STV A 2000 IS
D & D BREEANDECRE D S B L2k S AR 32
{75 TW3b, Toyota Prius, Lexus ZFIT 73 7 —
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N3 & 41, Nissan Fuga T3 7 — K2 Tl
F7, P27V =yaidEenEHEshTw
% 38)O

TV = AGEWRIE, BIEERIEIC X 0 KIEITRIE
FRADE BT %, #8MEE 3" ZHEEME O R IRER I
BV, AR EOCERERAEER L, JHERIGHE
(R Fv2) PWELBTEBLIEEY Y EOBEKRE
U RTBHRETERD STV b, £ < OEBIERE
A7V =9 2S48 3B A8 S NI I A
N LD 72D OBNIRNS KT TH 5 T L5 E D5,
HEEHAZM & LTSI (B ->Tnis,
CDEEMRIT B 12951 Al-Mg &4 T OEEEM R
DI S Nce T DA BANLEER TR % O ZULE
bgi <, EM, mEric bEN, FBH b kL
Mich s &b oFERIEPEATH S, & IchsEEH
EHAETH % 5083 S4B PIRE Y s T

LIk, zoFBRERAERBICLY > T, HEEHIC
bEfashTw s, BEHMIEH TV =y 25801
F AR 21TRT o

HATI, RHEAEDF CE AR & LT iRdHo
WLy v 7 ilBBERIEE LR L, S5 EpE
D S2000 DN—F ko FI—7% LYV FD7T x
V=RV ITICOEEAY ISNTV S,
FOMARNER 4 I1TRT Y, LYy FANDOERHIC
A 75 A L ORIHEH WAE T EET i N2 A AL B
D TiTW, SEICEAR, 7RO 3 EOBIEE I TlIE
T5CEITLDRERD 12 (5D 2R LTV 5,
COEHICHBHEREANDBHIZIZH A 2 V5 A4 DR
ML DS BT R CHFERANIC X 2 &I TR, &
PRI O IR S E & - TV B,

LT b 5083 G A i L 7o [ BhE AR~ o i ] 41
G2 WEI fo 2 Lasd L SE-IBYERIEIC X 5 St %

Ly v

'85 I '86 l '87 | '88 | '89 | '90 | ‘91 ‘92 | '93 | '94 | '95 | '96 | '97 | '98 | 99 | '00 | '01 { 02 | '03 | '04 | '05 | ‘06 | 'O7 | 08
Mazd'a RX-;
Nlissan .Fairadly Y4
Nissap Skyljne GT-R Nissan GT-R
Mazdla Roagst_e_r l
Mazda Eunos Cqsmag
Honda NSX (Acura NSX_all alumini um body)
Nissan Leopard J Ferrie
Mazda Sentia
Suzulsi Cuppucino
Fuji HI Subary Impreza WRX Impreza all
Mitsubishi Lancer Evolution
To.ota Supra
Toy?ta Celica GT-4
Mazda Eunos 800
Fuji HI Subaru Legac Legacy all
Jurbo Nissan Cedric / Gloria |
Honlda Insight (all aluminium body)
Honda§5200_L|_|— |
Nissan Cima (Infiniti Q45)
Toyoga Soarer (Lexus SC300)
Nissan Skyline {Infiniti G}
Nissan Stagea |
Fuji HI ru For r
6ai
Mazda RX-8
Torota Prius
Toyota Crown
Honda{ Legerl|d (Ac:.wa RL)
Nissan Fuga (Infiniti M)
Toyota Lexus G
Toyo@ Lexu.s IS,
Toyota Lexus LS
Mi(isubistiﬂ Pajﬁro
K3 HAIBFHBERT X2 (7= F) ANOT V=9 58RI
F2 LEEEHT V=9 AG80NNEIE CRET V3 = L1522 mass%)
& Si Fe Cu Mn Mg Cr 7n Ti Z 0fth Al
2004 0.2 0.2 5.5-6.5 0.1 0.5 - 0.1 0.05 0.30-0.50Zr Bal.
5083 0.4 0.4 0.1 0.40-1.0 4.0-4.9 0.05-0.25 0.25 0.15 - Bal.
T4T5 0.1 0.12 2.4-3.0 0.05 0.25 0.05 0.1 0.15 - Bal.
8090 0.2 0.3 1.0-1.6 0.1 0.6-1.3 0.1 0.25 0.1 2.2-2.7TL1 | 0.04-0.16Zr Bal.

140



141

T R & & E & R

2010

M4 5 & DT\, Panoz Roadstar -~ @i F g5
B 5 ITRT, EEENIE B 7 e -l 138,
Frlo BN 7 A TR 2 2 RBIERTTh N 5 C
ENZ L, ZEERD DRETH L L6 EGHT, @M
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L DREHE 13 M FE T General Motors T (3 Endd 8t T
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(Superplastic Forming) &XB|IL T, D4 ) v b %
REL, FHLLTVET,
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51213 200°C FREE & TINENG 2 LB b - 723, FEA
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BaTH 7 L 2N Lo TIE L% BB 1 R sk 2
72 FIRALZ PG < fo D IHTINP BLEL 7 o v 2 TO Tk
NIEENTVGE®),
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5 Panoz Roadster OiBY¥AM:u% I 8 5]

®3 HEHESUTKRY 50 MR

Bk | SR E
W 5’5& UMk RO M. thiP I T, 270 v 7Ny 7
D
BRI M BRI, N— 2N — R
e | EY 7V (M), AP Ly Fe—RA b LA Y=
KifisnH Sy ey
ZEIMILEE | Btk HE den LR i
[[op=3 GBS 3 AN 1 72 g R G T i =y
ot | e FSW (BEEEHRES). 2 h=A120 Y
o vF (TOX)s #V7ET Y2~y b (SPR)

VRO (B 7)) 3d & LD 5000 244 TIE
ZhLyFr—ZbLAr=w—2 (8S¥—7), 6000 %
HaeTid) vy ~—7 (KT "Paintbrush line",
MR Tl "roping" v — B v 7 E SIEENS) L TD
M EETH Y, FEA 7 =X L ORHFOHIZE
MELRENTHDE Y,

4, 8 H Y I
COHIE D 7o O HE)HERmL BT iE 7 v 3 =9 4
BEOMEIBFEIZ T, ~1 7 v ORI, HIEHE
DORREZIF IO b, FREMEOBS» SEKa 2 b
bbEEL TENTH D, BENS A REICH
FrIBEE S 1 2, TV Y = v AS4R o [E B
FHRHBEE L b5, 5k bMRIBIF ORI B
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Sumitomo Light Metal Technical Reports, Vol. 51 No. 1 (2010), pp. 143-151
Recent Advances and Future Prospects of
Systems and Control Technologies in
Sumitomo Light Metal Industries

Yoshihide Okamura

Advanced control technologies have been developed in order to cater to the requirements of our

customers for supplying aluminum and copper products of high quality for a rolling mill, extru-

sion press, drawing machine and so on in Sumitomo Light Metal Industries. On another front, it

is an increase in importance not only individual control technology but also system technology

which optimizes the whole system. In this paper, recent system technologies developed in

Sumitomo Light Metal Industries, "Scheduling support system for an aluminum hot rolling proc-

non

ess", "Material mix planning support system for an aluminum casting process" and "Simulation of

automated guided vehicle system for transportation of aluminum extrusion process" are intro-

duced. From an improvement of manufacturing technology and product quality, enhancement of

competitiveness and patrimony of industrial technology point of view, the progression of these

system technologies are greatly expected.

1. I3 L & I

2T, 7o = A0S oSS LRI
Z BT, THE TICHE A DT A 3 i ol & %
fEL TEeo T DOEELERMTDH 2 IEIEHELIH L
B, kg SicB0Th, AR Ion EEX 5
Dk 2 IS HIEEN OFFE E D T X 72,
—HTHE=— XD L —fgoZikt, "Mt &
BERL oA ok, HERE TR L ML WE
ETOBENRKDONTETVS, Tk HmERITH
JELTWw T, [fx oflEER DO v~ T Yy 7 EK] -
TWL CERTFMETH B0, EREh 258 %
LoD ERENEZ M X 5 70 DK S AR (R
SHHID RS CEEBHEL L > TETL 5,

FUTED 3 v E 2 — & IR ORI 75 5] _E & R
% 5T, WEPEINTMO 7 OIcH Y b 2 HEHE b
ARG AN H 203, PREmR A I T8 5 7
OITIE, o OFERENRINIER (BH) Tt&2&

« BT v v — HTHES, TR
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IV AT LLOBIEREE NS ME L1 > TV B,

SLWEMERHETObD2 D A TRKA TS
G OERER , vy SV o, ERALDIREE L S
DAL AR Ic > W T d, 2o 0HERIERE
EDIHCVRT LKL TOWL KRS HHETH
5o COXIBERDS, [Hi ORI EZ L ~LT Y
TLODORT Va—) vy yial—varinoi,
AITalH ¥ A 7 AR TOMEPRE(LEX 5 £ 578, ¥R
T & HEBR O EEE S IR 2 mE > TWD Y,
AT, MrhicB T 2500 ¥ 2 7 &« FlfEEO
HHE LT, BABEETRICH T BEHETR LT Y 27
L0 PRETRRICE T B REHCATTE > 2 7 40, kT
HHTRICE I %5 AGV (Automated Guided Vehicle)
IRy Yalb—va DIl oVWTHENT 3, $HVRT
L FlHEAR O S HOBEIC O W T S IFEAIRT,

2. BREEEIRICETIFTEILEXE
VAT A
CITHRE LTV BRI BEERHED (3,
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[ TIEL, SHEDR 5 72FEcirEORIEE <
M CUEIF I AR TR IS B VT, INEVE O 3E5E & N
JAND R 5 7 OLEARLE TS D 2 #IP5 TN O 2 5 7
B &, TIEHAD 2 5 7THANBRT 2 g4 2 EIENE
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EYF» S0 25 THH LGOS E, FEos o
IR 2 IS B0 Bl & 5 IR 24 2 R
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1R FEENET 20BN D - oo F 1AL OBGEET
ECBWTlE, BEELEBREET 2AMEESETT
T > TOkh, BEENb->, vy ol bizch
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FofbRREZ L TR, AEENORFERENE VM
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WS (DT, EEE ST 2) ToT vl =
Y ABYEET B ZTIRE S B ETHIRE v R 7 A DBHFEICE
F L,
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PToX>21B008 5,
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(2) MEGIEORGIEREEE © B2 2 IEGEFD 2 5
7 [al— D IBYFE TR 2 &GRSR O,
) [HHFHEOEME © v MADH A X3 3 b
0%, [EHD R T 7 Z2WEAHES &, THEIREHMEIR D 72
DT 2R IA 720,

(4) BgEh R o R/ ML ETE LT TE 50
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(5) HEMEIE e 2 o f/ME - INEFE 13 B 2 i s
Nz, FiHOEE» SRS NFEHAREE 525 5 1
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2.2 RS TERBHEOHIHNEMG LEKIER

25 7B IS RE 3R S HRISR P ERIEH &
LTRUTDESBHDDDH 5,

(D 25 70EZXHHK  Fig.2 (@) 12, v MFH
TOZ 3 7THEZ Lr o RiE&o—Flz2 R4, HHT
DA TOEZHIE, EAMCHEEZ (0=0) &t

x (0=90") ® 2@ ITPRESN D,

(2) WX OBRMHIE © Fig. 2 W) IZRd £ 51T, =
S T7OWakicid s v—vEREHAT S0, 25 7L
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-~ o

Contmuous-t [urmac
Slak }ard e y

Fil-type fumaces

Hot coil

Bloughing mill Finishimg mill

Fig.1 Schematic diagram of aluminum hot

rolling process.

Slab
[rl.1|iil!|l.: miamaberk

The length
position] 8 =907

The side
position 8 =07

Crap fnrllk:rnnspnrla.linn
(B Side view

Fig.2 Constraints of slabs arrangement.
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@) vr—o7y 7HMOREFFK : Lo kST, &
EDHEITIZE D o — VOANERENZE(L T 5700, o—
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{a) Case |
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Fig.3 Example of slabs arrangement.
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Fig.4 Proposal method for hot rolling sequence.
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iy hewnistic solution method

T
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End

Fig.5 Procedure for slab arrangement
search process.
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Table1 Comparison of slab arrangement result.
Ttem Average of Result of
Furnaces skilled worker proposed system
01 95%
02 95%
A
03 60%
04 100%
01 100%
02 60~100% 100%
? 03 80%
04 -
01 80%
C 02 -
03 -
D 01 90~100% 100%
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Fig.7 Flow chart of proposed system.
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Table 2 Upper and lower reference value.
Component
A B C D
Value
Upper reference [%] | 0.3049 0.5049 0.2549 1.1349
Lower reference [%] | 0.2500 0.3000 0.1900 1.0000
Table 3 Result of average and prediction value.
Component
A B C D
Value
Average [%] 0.2653 0.4298 0.2160 1.0278
Upper prediction [%]| 0.2838 0.4760 0.2426 1.1048
Lower prediction [%]| 0.2469 0.3835 0.1893 0.9508

Table 4 Final result of average and prediction value.

Component
A B C D
Value
Average [%] 0.2685 0.4293 0.2171 1.0577
Upper prediction [%]| 0.2869 0.4755 0.2437 1.1348
Lower prediction [%]| 0.2501 0.3832 0.1906 0.9806

% B, TOXDIIRMICB W CYRES NG 55
BOWakRE IR A B 2 BRI, EfTV— b OKIG
BAEMNHREB W E WS KO, WRFd 2 MukaEs)
7w TN B OHWNEEL <, EHAT S O THE

L 3IER IR EE L 12 5,

PR X SIER 7S YO THELEZ R 4 —XIHED
BIDDO—FEELT, WKy ial—va vickbkE)
MENTHDEZEZOoNE, KETEHHTREICE T2
AGV OFRIGER G EIc>WT, AGVIKY 3 2L —
2RO TEEER 7 5 v O HgRGT 217 - 7ohsHico
WTih N3,

4.1 FETLATI b+ EPROEBH

Fig. 8 1T AGVEAMO V- LA 7Y FE2/RT,
AGV @37V =9 s i AEE S 1 v Dk 21T - C
BO, HEH A RGPSy s EORET ST, HlK
16, Efrv—rREeTHBETHKSN TV S,
SRHIC S EHERG DIV Fc D L — b OB LIIATRET
by, BETY 7OEEI— NBHETE SRS
ncTuws,

AT A T, iR, nE, Ui S ool
HIRESEELTBY, S LEORMIC X v S
BERMBFAEST 5D, Ny FUHTRETIRI TR
BOMEFRBFES 2, F 2B & » TR
N7 s 5875 2 72, Wiiim b — A ce EHETH 5,



Vol.51 No.1

Atk 27 4 - BB OBINE SR O RS

150

42 MR IailL—YDOHE

Rk o Ypif BN I fif 2 CTHm AP L 25E Ok
WIEM LAY Y aL—va Y THRET 5, A7 —=2
KB B AGV #EFTV— ik Fig. 8 TR Lk icse
THEETH B 720, HHETEZRB S 2551037
Fowv s (BHOWOHEmA L — ~ ETE)F < 72 5 IREE
DFENBESN G, 22 TFig. 9ITRT LI, v
Koo 7 E#E e LTS h 28R ohT, Bl
)7 RERDY— N AT B AREEZL, EORPEHEHE
i & 2 Wakse ideE N R 2 ARG | X B 20120
THEBMET 2, v 32l — 7 OBFICEINTAY I 2 L—
Vg vy =D AEHW,

43 Ial—Y 3 VIRETER

Hilj 1 BOBEER Y Fv—0 & L&y —2TORM
KT THONE, FERRCHEROBEBNED I, #2757 —
Vg YIIBUY A WEEROFRE BT O Ic o v, &
nZn Fig. 10, Fig. 11 &% U Fig. 12 12Kk L7,

Fig. 10 &R & v, HlHEZHEODFRITRAKTH 23%
BETHLEMbh Db, %7 Fig 11 XU Fig. 12 ©
HHREY, AGV QIROWukEILK, WOEAIAS /T
HBELDAN Y Y v HEEERE ED b =5 v T w2
THET DL, "T—R3OFEPRLENTH S LEZ
5N b, —/HTr—23DTFERHIEETV— D&
ERNIEER LD, TRANAY Y EBETLET —
24 QFFEM X FEHENE VI LEOFHII & EZ 5N b,

=
Mo W

Maching

Station
. Factory A

Fig.8 AGYV route layout.

Plan Image of poute layoul

) E;:L_tTJEjEE:
Casiel - Swletrack

: o™

Eypath A
Cased
Bypath B
Cased ! ? ; i i Rctay i
puint

Fig.9 Route layout plan for avoiding deadlock.

150

COEIICACVHRY I aL— 9 52T 22 LT
Bk A& FARIAC IR U 7o h3R A 155E ) 75 7 0 Heiche st s i B
HICITIS A B L HITiE - T,

b R D EZ
R PB N2 ED TV BT, Y2 F 4«
EEAR P E R B EM OV LD TH D, Sk bEA
SEICBOTRE - SELLTVW b LTINS,
MrhicksWTh, AFEER, EEEH, fEEHLEO
BIREbELD, XD KB THEESHRIZOVWTS
—BOEELEREEL TV BB D B, 772 LBLRT

" Double vehicles

i
2 B

75
A0

Job completion rate [%5]

BMx

Casel Case? (Cased Cascd

Fig. 10 Job completion rate.

BM

W transporiation
sl ‘um foad

Cased  Casel
Casel

Cased

100 150 200
Ciperation rahe] s

il K]

Fig. 11 Job operation rate.

Exd
=

==

=

Oueues at the station
S

= =

-

i R T
—3— MNobh —=— MoT

[.ﬂﬁés::.-ﬁ?b_.ér.:::a%

“lapsed time [h]

Cased

Fig. 12 Queues at the station.



151 F K

B £ B

e 2010

1Z, ARNCRD - CTEHERE T4 T ORI 2 FfiE 4
5 ERBELDEAITBVWTHEETHY, ARBOb->E
B EMILEERE) 2 FRC 5l & 2 &9, FHRMICK
DIBAITIE D CEMOESDDENETETH L EEZ
5N 3,

Frhvialb—va vERinEicksnTld, WdREE
FIALT ZBRORE S VRETE T b 50, HUTHE %
ERT BT TIEEL, FTowxAHRAE D BA L L
TEREAT LT, RENGHEEZRHT X 28y -
ELTCOEHENZ C EbaRhTiRBLNEEbLNS,

—JTETIE, BEkTIC B T 2B O -
Zmdr, ==Y v b EMRRSZHEITO®EA IR 2
e eSS STV B, Bk 12 v 2 7 L8l & R
T5CET, AFEEOHREDL , v o &b HFEEE X
ABTENTERONICOVT, ZERBRINTHEDbN
THY, Y27 L GIEEH O AJREW: 2 K & <R 28T
feiiikAa E LT, SROFEELBHFEN TV S,

6. & H Y I

AT, Mty R T 4« HHEET Ol O BFE A
LT, BUITETRICB T 2 ELEY 27 4,
PRt TIRIC B 2 FRILAFT SR v 2 7 4, RO
THRICBIT B AGVRY Y aL— v a YITDW\WTHY
Lo Elov 2T 4« HHB T OAHOEEIZ>VTH
WEE AR L 72,

Sk GTEREF O 7 a —ovfbodie, Bilis & i
kT 2—FThsH, KEBIRZRHERECHKND 5t
T, YRAT L4 fEEI ) o bidfth & DEREER D,
RS EEmD 5D OY0 o0 ESTHY, SEOH
RREICHEE L CTO L TR TH 5,

151

D
2)

3)

9
10)

1D

12

—

13)

14)

15)

16)

17

18)

&z £ X #
RER S @ BRBUR AL SC (2000).
I. Hoshino and H. Kimura : Proc. of the 9th IFAC
Symposium on Automation in Mining, Mineral and
Metal Processing, (1998), 251.
I. Hoshino, Y. Okamura and H. Kimura : Sumitomo
Light Metal Tech. Reports, 38 (1997), 26.
H. Yamanashi, I. Hoshino, Y. Okamura and H. Tan-
aka ! ibid, 43 (2002), 116.
HARSSM 2 © 52 58, 10-4 (2005), 101.
s, RER S, A AR, 49 (2008), 72.
MR, Ehlisah, MHEEH, EHRE, ==Y, 2
H O BAEEEF 2 3683189 5, (2005).
sk, RS 5 54 ] v R 7 A IEIE R T
JeFamiES, (2010), 427,
LEHEIT ¢ v R T o/ /B, 37- 4, (1993), 237.
MR, kI E v 27 2B 2 GE,
(1995), 592.
ZEER HZ —, RKE A, aAER DEEMT7IVT
U XL EFEL, FHEEE, (1998), 166.
s, bR R, REERYR, HME—,
&, 43 (2002), 82.
H. Takayanagi, Y. Okamura, K. Miyaji, R. Tamura

8 -10,

M @A

and K. Kumamoto : Proc. of International Symposium
on Flexible Automation, (2006), 543.

M —, JHHE&EF, B, @k, BBk, b
R 55 44 [n] v 2 7 A TSI SR R R T 2,
(2000), 367.

RREB—, KHIH, A2, HEAE—, REEE !
37 [ala il B By 2 ihakiE 2, (1998), 769.

R T BRSNS G - W . v R 7 A TS
DR R, (2002), 42.

PrAREE, AKEH, #)II7E  FACTOR/AIMIZL 3
EBEYIab—vay, ETHIR 00D,

HASk M2 © 55 168 [mIfk ek Gl - dfm « > =
7 & TR 2, (2009), 994.



FRESERE #5515 H 15 (2010) 152-155

17 it & #4

Wb 54 Ko v —Hiftog LWER”

==

E 8 '8 &

Sumitomo Light Metal Technical Reports, Vol. 51 No. 1 (2010), pp. 152-155

New Trends in Development of Tribology Technology
for Aluminium Metal Working.

Takamichi Watanabe

This report describes a few example for new trends of the tribology technical development in

aluminium metal working. In recent years, we have been developed various lubricants in order to

improve productivity in a customer process to our material. To take example of press forming

aluminium sheet, we have been investigated lubricity, removability and an adhesion mechanism of

oiliness agent. We designed the suitable lubricant for a customer process based on the basic knowl-

edge. Development of tribology technology is important to contribute to improvements of the cus-

tomer process besides that of metal from now on.
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New Measurement/Inspection Technologies
in the Copper Tube Production Process

Nobuyuki Mutoh

Inner grooved and/or smooth copper tubes are well used for heat exchanger tubes and various

other parts such as commutator of small motor. The remarkable rise of the copper metal prices

and requirement of energy saving and cost reduction lead to thinner wall thickness of the tube

and/or reducing wall thickness deviation rapidly. And then, the surface quality for defects is in-

creasingly becoming severe.

Consequently, the advancement of the non destructive inspection technology and the develop-

ment of measurement and control technology for wall thickness deviation become important.

This paper presents examples of development and/or improvement of eddy current testing and

wall thickness deviation monitoring, based on the design by the commercial 3 D software of finite

element method (FEM).
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Introduction of the latest surface analysis equipment

Mai Takayanagi

Recently, various analysis equipment is developed for the analysis of the surface shape and the

elemental distribution. High-quality data can be obtained by the latest analytical instrument

about shape and the density of the trace element on the most surface.

It becomes possible to solve

the true state of a sample with combined these data.

Moreover, the technique that the sample preparation for the analysis is important. In addition,

our company has positively made the analytical condition that has been paid attention to a low

acceleration voltage.

In this paper, we introduces the analysis case and the analysis technique for the latest equip-

ment.
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Properties of 2013-T6511 Extrusion for
Aerospace Application

Hideo Sano and Katsuya Kato

2013 alloy developed as an alternative of 2024 alloy for aerospace application can be extruded to
complex shape including hollow shape, which can achieve integrated structure contributed to re-
duction of cost and weight. The application of 2013 to main structure of airframe requires regis-
tration in Metallic Materials Properties Development & Standardization. Properties of 2013-T6511
extrusion up to 5 mm (0.2 in.) thick have been shown in this technical report. Density of 2013 is
1.5% lower than that of 2024. Specific heat and thermal conductivity of 2013 are almost same as
those of 2024. A basis of tension strength, tension yield strength, compression strength, shear
strength, bearing strength and bearing yield strength of 2013-T6511 extrusion are higher than
those of 2024-T3511 extrusion. Tension strength of 2013-T6511 extrusion up to 200°C (392°F) is
higher than that of 2024-T62. Fatigue properties of 2013-T6511 extrusion are almost same as those
of 2024-T3511 extrusion. Exfoliation corrosion resistance and intergranular corrosion resistance
of 2013-T6511 extrusion are same as or superior to those of 2024-T3511 extrusion. Its stress corro-
sion cracking resistance is much superior to that of 2024-T3511 extrusion. The resistance to corro-
sion of this alloy extrusion after chemical conversion coating and anodizing is superior to those of
2024-T3511 extrusion. In the future, welding and FSW will be applied to aerospace industry. 2013
can be connected by TIG welding easily, and strength of welded part is 73% of extrusion strength,
which is same as 6013. Strength of FSW part is 76% of extrusion strength. But in case that 2013-
T4511 is connected by FSW and aged artificially at 463K in 28.8ks, suitable rotating number of pin
makes temperature of connected part reaches 773K and hardness of the most soft part increases.
Moreover, suitable FSW speed increases its hardness to 89% of mother material. As 2013-T6511 ex-
trusion has excellent properties, it is expected to be alternative of 2024 and applied to airframe

parts widely.
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Table 1 Chemical composition of aluminum
alloys (mass%).

Alloy Si Fe | Cu | Mn | Mg | Cr | Zn | Al

Min. | 0.6 1.5 0.8 | 0.04

2013 Bal
Max.| 1.0 | 04 | 20 | 03 | 1.2 | 0.35 | 0.3
Min. | 0.6 0.6 [0.20| 0.8 |0.10

6013 Bal
Max.| 1.0 | 0.5 | 1.1 | 0.8 | 1.2 | 0.10 | 0.3
Min. | 0.4 0.15 0.8 | 0.04

6061 Bal
Max.| 0.8 | 0.7 | 04 | 0.2 | 1.2 | 0.35 | 0.3
Min. | 0.5 3.8 1030 | 1.2

2024 Bal

Max.| 0.5 | 0.4 | 49 | 09 | 1.8 | 0.01 | 0.3
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Table 2 Design Mechanical and Physical Properties of 2013 and 2024 Extrusions : SI unit (American unit).

Materials 2013-T6511 Extrusion * 2024-T3511 Extrusion * * Ratio to

Properties Basis A B A B 2024 A basis

Mechanical Properties

Tension strength Fy, : MPa (ksi)
L 400 (58) 407 (59) 393 (67) 421 (61) 1.0
LT 393 (57) 400 (58) 372 (54) 400 (58) 1.1

Tension yield strength Fyy : MPa (ksi)
L 365 (53) 379 (55) 290 (42) 324 (47) 1.3
LT 338 (53) 352 (56) 255 (37) 283 (41) 1.3

Compression strength F., (MPa)

L 365 (53) 379 (55) 234 (34) 262 (38) 1.6

LT 372 (54) 386 (56) 283 (41) 310 (45) 1.3
Shear strength Fg, : MPa (ksi)

L 283 (41) 290 (42) 200 (29) 214 (3D 1.4

LT 283 (41) 290 (42)

Bearing strength Fy.,* ** at /D = 1.5 : MPa (ksi)
L 724 (105) 731 (106) 579 (84) 621 (114) 1.3
LT 717 (104) 724 (105)

Bearing strength Fy.,* ** at e/D = 2.0 : MPa (ksi)
L 917 (133) 931 (135) 745 (108) 786 (114) 1.2
LT 910 (132) 924 (134)

Bearing yield strength Fp,y*** at e/D = 1.5 : MPa (ksi)
L 572 (83) 593 (86) 421 (61) 469 (68) 1.4
LT 565 (82) 586 (85)

Bearing yield strength Fp,y*** at e/D = 2.0 : MPa (ksi)
L 662 (96) 689 (100) 490 (71D 545 (79) 1.4
LT 683 (99) 710 (103)

Elongation e of S-Basis (percent)

L 8 12

LT

Tension modulus E : 10° MPa (10 ksi)
L 68 (9.9) 74 (10.8)

LT 70 (10.1

Compression modulus Ec : 10% MPa (10°ksi)

L 69 (10) 76 (1D
LT 72 (10.4)
Poisson ratio p 0.34 0.33

Physical Properties

w, g/cm? 2.72 (0.098) 2.764 (0.1) 0.985
C, K, and « See Figs. 1,2 &3 See Tables 2
* : Thickness range covers up to 0.omm. These were analyzed by Battelle Memorial Institute.

+* . Reference to thickness range up to 6.3mm in. of Table 3.2.3.0 (j;) in MMPDS Version 1
*++ | Bearing values are “dry pin” values per Section 1.4.7.1.1in MMPDS Version 1
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Fig.1 Corrugated plate

Fig. 2 Basic shape

(a) 2D diagram

slope angle 82

(b) 3 D diagram

Fig.3 Basic shape for isotropic stiffness
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Sumitomo Light Metal Technical Reports, Vol. 51 No. 1 (2010), pp. 177-179

Development of High-Heat Dissipation
Heat Sink Applied LED Light Bulbs

Taka-aki Kido

Sumitomo Light Metal has developed pre-coated aluminum alloy sheet of high-heat dissipation

and high formability applied LED light bulbs heat sink. The material is formed in Sumikei Techno

Ena Ltd. The LED light bulbs heat sink is a commodity being offered to the customer as a part

product that executes manufacturing the pre-coated aluminum alloy sheet and the press working

in Sumitomo Light Metal group.
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Fig.1 Structure of pre-coated aluminum sheet.
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Fig.2 Comparison between A1050 and new material
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(a) Schematic illustrations of thermostat bath
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DRENRE G, WOWTT I~ MU Lz — b v
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Fig.3 Schematic illustrations of heat dissipation test and temperature measuring position of heat sink.
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Base culer part
e SRET
=
Scriw pan of head sink
Light Bulbs part of heat sinkj
—_—
| ittt
10
Li
Qa 10 20 30 i) 5 i
Tirme {min)

Fig.4 Example of measuring temperature chart.

Table 1 Measuring temperature of test materials.

No coated | Pre-coated | Anodic oxide
Junction part 67.7 63.9 65.1
Base outer part 63.5 57.8 57.8
Light Bulbs part of heat sink 59.0 53.3 55.4
Screw part of heat sink 58.7 53.8 54.5
Indoor part 30.2 30.6 30.3

(a) Non radiation

Temperature (°C)

L]
|d
-

(b) Radiation

Fig.5 Example of temperature contour of heat sink.
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Architecture Expansion Joint Cover
- Tough Light -
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In order to ensure that the Exp.J.C will not fall off
by earthquake,the width of Exp.J.C is inclined to
become wider in recent years.

Fig. 1

L=

Sheots-finished surface type

hand By Fuman crosed)

Stone-filled surface type
[hoiad by Fivman crowed)

How to decide width of clearance
H=Dbuilding height

Aluminium alloy extr-
uded shapes’s press
interdigitation

h'r
Be
™

Fress the alumnium alioy exineded shapes to
mnsert each other. The shapes stick together
strongly, become a light and tough formation,

Fig.2 Aluminium alloy extruded shapes's

press interdigitation
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Fig.3 Tough Light (Tough)

Fig.6 Construction example (1)

Fig.4 Tough Light (Light)

ey, ST
B s o Bl e M e E

o -
/ T )
|

Fig.5 ross section of Tough Light floor Exp. J. C

BEWEhEE
H#&tt X7V
SR H
EVVEMBRGTS B

E-mail : yuuichi_mochiki@nal.co.jp

T532-8666

KB K = E AN =T H 9 % 39 2 Fig.7 Construction example (2)
TEL (06) 6394—6334

f—AL~<—Y http | //www.nal.co.jp
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Fig.8 Movement test scene of full-sized sample Fig.9 Load test scene of full-sized sample

Table1 Concentrated load test results

Load test of 1.5KN Load test of 10KN
Type Clearance
sample size | (distance between| Load square ) Residual ) Residual
Deflection ) Deflection )
(Wx L) fulerums) (mm) deformation deformation
Sheets-finished 765 210 280 2.7 | 1/°276 0 - - -
surface S type
1770 % 1250 800 50 ¢ 2.93 | 17273 0.11 17.36 | 1746 1.36
Sheets-finished 1200 210X 280 2.73 | 1,439 0 - - -
surface W type
9445 % 1250 1200 50 ¢ 3.33 | 17360 0.08 2062 | 158 0.15
Stone-filled
surface 800 50 ¢ 1.55 | 17516 0.07 9.27 1,786 0.1
1198 <1490
Table 2 Repeat load test results
Type Clearance
sample size (distance between Load square Load Repeat cycle )
) Repeat times Test results
(WX L) fulcrums) (mm) (kN) (times/sec)
(mm) (mm)
S type
800 50 ¢ 1 3 200,000 no problem
17701250
W type
1200 50 ¢ 1 3 200,000 no problem
2445 %1250
Table 3 Concentrated load test results after repeat load test
Load test of 1.5KN Load test of 10KN
Type Clearance
sample size | (distance between| Load square . Residual ) Residual
Deflection ) Deflection )
(Wx L) fulerums) (mm) deformation deformation
(mm) (mm) (mm) (mm) | (mm) (mm)
S type
800 50 ¢ 2.72 | 17294 0 171 1747 1.43
17701250
W type
1200 50 ¢ 2.94 | 17408 0.07 20.33 | 1./58 0.07
2445 %1250
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W % SUSTAINABILITY, 23570 2238 » fc[B#E75 D
Td, HiFkicEEns 7 v Lok zzhTh
8.13% & 55ppm TY ', EHDOKEEE A 5 & HHIRTIC
TV AT, IO VT RIGBREEAEHTE $ Y
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(The atmosphere of the Earth is a small and valu-
able resource. We are going to have to learn how to
conserve it and use it wisely. by Neil Armstrong;
Commander of Apollo 11.)
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