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A newly developed Al—Mg—Si—Cu alloy —T6 has the strength almost equal to that of 2024 —
T3 and the good corrosion resistance of the 6000 series alloy. The new alloy can be extruded into a
hollow section by porthole die while 2024 cannot be extruded. The extrusion process to produce the
high strength hollow extrusion with seam which can be substituted for the seamless extrusion has

been developed. In the hollow extrusion of the new alloy, the seam at solid state bonding in the
same billet is not observed in the metallographic cross section of the profile, the strength of solid
state bonding is almost equal to the inherent strength. The hollow shape in the thickness of 1.3mm
of the new alloy extruded with water quenching and aged artificially has a tensile strength of 411—

426N/mm? and a yield strength of 355—385N/mm?.

1. Introduction

High strength alloy 2024 —T3 and 7075—T6
have been used for many aerospace applica-
tions. 2024 —T3 has been used for the body and
the wing lower sheet of airplane because its
excellent fracture toughness and fatigue
strength. But it has some problems with cor-
rosion resistance and extrudability. The im-
provement of corrosion resistance and
extrudability has been requested. Especially
the improvement of extrudability makes the
assembly structure integrated, and then the
weight and cost reduction in aerospace appli-
cations will be promoted by simplification the
process. ‘

6000 series alloys can be extruded to hollow
shapes and have good mechanical properties
and good corrosion resistance, so they have
been applied to the materials for structures.
6013 is a recently developed alloy with a much
higher yield strength than other 6000 series al-
loys. The properties of 6013 rolled sheets have
been reported”, but the properties of 6013 ex-
trusions have not been reported. The use of
aluminum instead of steel enables the reduc-
tion in weight of the automotive parts.

*  Main part of this paper was presented at seventh
International Aluminum Extrusion Technology
Seminar, Chicago, USA, May 1719, 2000.

*+ No.2 Department, Research & Development Center

Therefore, 6000 series alloys have been used
for them. The increase of the strength of high
corrosion resistant 6000 series alloys has been
expected in order to reduce the weight by
means of thinning. When the high strength
6000 series alloy is applied to the automotive
parts, it can reduce in their weight.

A new Al—Mg~—Si—Cu alloy has been devel-
oped, and it exhibits a tensile strength equiva-
lent to 2024 —T3 and greater than 6013 —T6,
along with an intergranular corrosion resis-
tance similar to 6061 — T6%. As Bureleigh
showed that Al—Mn dispersoids in 6000 series
alloy act as preferential attack points, the im-
proved corrosion resistance may be due to the
reducing the number of dispersoids®. In the
new alloy, Cr was used to replace Mn as a
grain refining element®. Also, the formability
of the new alloy rolled sheet—T4 was the same
as that of 6013—T4 and better than that of 20
24 —T3%. This new alloy is expected to have
better extrudability than 2024.

In this paper, the basic properties of the
new alloy extrusion were investigated in labo-
ratory scale. The extrudability of the new
alloy was compared with other alloys. And
also, the strength of solid state bonding in the
same billet was investigated at the distance
from the front end of extruded round pipe.
Considering the results in laboratory scale,
the applications to structures of the new alloy
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was examined, and then the trial production
was performed in industrial scale and the
properties of extrusions were investigated.

2. Investigation in Laboratory Scale

2.1 Extrudability

2.1.1 Experimental Procedure

The extrudability depends on the ductility
and the flow stress of alloy. In general, the
extrudability has been shown in the limit dia-
grams, and the extrusion limit is determined
by surface cracking and the pressure of the
extrusion press®. An operating “window” is
defined such that billet temperature and extru-
sion speed would fall within the maximum pro-
ductivity.

The extrudability was investigated on the
new alloy, 6013, 6061, 2024 and 7075”. The bil-
lets were cast to 90mm in diameter, cut and
homogenized. The chemical composition
(mass %) is shown in Table1. The extrusion
press has maximum load of 4.9X10°N.

The extrusion was performed in direct mode
with solid dies and porthole dies. With solid
die, the alloys were extruded to the bar of
18mm in square at a 23 extrusion ratio. 6013
and 6061 were extruded also at 55 and 91 ex-
trusion ratio. With porthole die shown in
Fig. 1, the round pipe was extruded at a 13 ex-
trusion ratio. 6013 and 6061 were extruded
also at 27 and 39 extrusion ratio.

The ductility in extrusion is estimated by
surface cracking. When the billet temperature
rises or the extrusion speed rises, surface
cracking happens. The extrusion speed in
which the surface cracking happened was
measured in the temperature of 663 — 763K.

In the direct mode, the friction force of bill-
et/container interface is added to the force to

Tablel The chemical composition of alloys (mass%).

Alloy| Si Fe Cu Mn | Mg Cr Zn Al

New | 0.84 | 0.15 | 1.76 | 0.01 | 0.94 | 0.16 | 0.01

6013 | 0.83 | 0.15 | 0.91 | 0.35 | 1.01 | 0.01 | 0.01

6061 | 0.63 | 0.23 | 0.26 | 0.01 | 1.10 | 0.06 | ---- | Bal.

2024 | 0.05 | 0.10 | 4.75 | 0.67 | 1.64 | 0.01 | 0.01

7075 | 0.07 | 0.06 | 1.69 | ----| 2.65 | 0.21 | 5.71

deform metal, so the extrusion force de-
creases during one billet extrusion. At first,
the flow stress and coefficient of friction in ex-
trusion is calculated in experimental equation
1. And also, in this experiment the flow
stress was in the linear relation of billet tem-
perature.
p=0X(fpX foXInR+2uL/7) ey
where p = extrusion pressure,

o = flow stress in extrusion,

R = extrusion ratio,

@ = coefficient of friction,

r = radius of container,

L = length of billet/container interface,

fr-= coefficient of cross section shape of

extrusion, 1.5 at complex shape, 1
at others?, '
Jfz= coefficient of die shape, 1 at flat
die, 2.5 — 3.2 at porthole die”.

and strain rate shown in equation 2. And also,
Feltham showed that the strain was derived
from equation 3%, Accordingly in one condi-
tion the pressure at the beginning of extrusion
can be calculated by equation 1, 2 and 3.
o=a+bX(T—273)+cXx&" )
=3V X1nR/r ®
where T= absolute temperature,

& = strain rate,

V= ram speed,

a, b, ¢, m = coefficients.

When the pressure at the beginning of extru-
sion is higher than the upper limit of press,
metal cannot be extruded in required speed.
So, the combination of billet temperature and
extrusion speed, which satisfied equation 4,
should be calculated. Table 2 shows the extru-
sion conditions to calculate ;.

D =P/mr*zp @

Cross section A-A

Fig.1 Porthole die for extrusion of the round pipe.
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where P = press maximum force.

2.1.2 Results and Discussion

Fig. 2 shows the appearances of extrusions
in investigation of the extrudability. In solid
extrusion, the surface cracking happened at
the corner of cross section. In hollow extru-
sion, the surface cracking happened at the
outer surface of seam. The limit of surface
cracking varied with alloy. The surface crack-
ing limit of the new alloy was much higher
than that of 2024 and 7075.

And also, the flow stress varied with alloy,
and the flow stress of the new alloy was much
smaller than that of 2024 and 7075. Table3
shows the coefficients of equation 2 derived
from this experiment of solid extrusion.

Fig. 3 shows the extrusion limit diagram ob-
tained in laboratory scale”. The new alloy
covers a much wider extrusion limit than 2024
and 7075, and it can also be extruded into hol-
low section in production while 2024 and 7075
cannot be extruded.

Table 2 The conditions to calculate Py,

Die P u ¥ S | S R |\L(Gmm)
Flat 1 61 540
——— 2.6X10'N | 0.38 | 132mm | 1
Porthole 1.8 | 35 300

Table 3 The coefficients of equation 2 derived from this

experiment of solid extrusion.

Alloy a b ¢ m
New 96.4 —0.205 62.9 0.109
6013 135.0 —0.275 52.0 0.089
6061 129.4 —0.271 51.0 0.085
2024 83.1 —0.200 81.7 0.124
7075 225.0 —0.393 38.9 0.218

10mm

Solid (723K, 15m/min) Hollow (723K, 9.8m/min)

Fig.2 The appearances of extrusion in investigation
of the extrudability.

2.2 The Strength of Solid State Bonding in
Hollow Extrusion

2.2.1 Experimental Procedure
In order to confirm the adequate properties of
the hollow extrusion of the new alloy, the
strength of solid state bonding was investi-
gated at the distance from the front end of ex-
truded round pipe.

The trial production of the new alloy and
6061 was done using laboratory facilities for
all the processes. The bhillets were cast to
90mm in diameter, cut and homogenized. The
billet was extruded to the round pipe at a 16
extrusion ratio with a porthole die. The tem-
perature was set at 773K and the extrusion
speed was set at 3m/min. The extrusion of the
new alloy was solution heat treated at 818K,
quenched in a water and aged at 463K in 8h.
The extrusion of 6061 was solution heat
treated at 793K, quenched in a water and aged
at 448K in 8h.

Fig. 4 shows the metallographic cross sec-
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0
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Billet temperature (K)
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Fig.3 The extrusion limit diagram obtained in
laboratory scale.
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tion of the extrusion—T6 of the new alloy. The
fully recrystallized structure with fine grains
was observed. The extruded round pipe—T6 of
the new alloy had a tensile strength of 427N/
mm’ and a yield strength of 362N/mm? in lon-
gitudinal direction.

After the extruded pipe was cut to half in
longitudinal direction, the flattening test of
half pipe shown in Fig. 5 has been carried out.
There are some papers about the estimation of
the solid state bonding of hollow extrusion by
expanding test”'”. The expanding ratio is de-
fined as the inner diameter at the happening of
fracture divided by inner diameter before ex-
panding. The higher the expanding ratio is,
the better the solid state bonding is. In ex-
panding test, the strength of the solid state
bonding cannot be evaluated. While, the flat-
tened test pieces of the new alloy fractured at
maximum load, so the maximum load could be
regarded as the strength of solid state bond-
ing. On the other hand, the flattened test
pieces of 6061 did not fracture except the front
end of extrusion.

Inherent part Imm

Solid sate bonding part

Fig.4 The metallographic cross section of the extrusi-
on—T6 of the new alloy in laboratory scale.

Load

Solid sate bonding part
or Inherent part

(mm)

Fig.5 The flattening test of half pipe.

2.2.2 Results and Discussion

Fig. 6 shows the maximum load at the dis-
tance from the front end of extruded round p
ipe—T6 of the new alloy and 6061 in the flat-
tening test. 6061 fractured only at 0.1lm from
the front end. The load of the new alloy at
0.1Im from the front end was half as much as
that at the middle position of extrusion. The
load of the new alloy at 0.3m from the front
end was lower than that at the middle position
of extrusion. The load of the new alloy at 0.5m
from the front end was same as that at the
middle position of extrusion. The volume of
the extrusion by 0.bm from the front end is
70% as much as the metal volume in die. And
the inherent load was almost same as that of
solid state bonding part at the middle position
of extrusion. It was confirmed that the
strength of the solid state bonding was same
as the inherent strength in the extrusion—T6
of the new alloy.

Fig. 7 shows the fractured surface at the
solid state bonding of flattened half pipe of the
new alloy —T6. The fractured surface at the
middle position of extrusion was rugged. But
the fractured surface at 0.1lm from the front
end, which had the strength as half as the in-
herent strength, was smooth in the whole of
thickness. At 0.3m from the front end of ex-
trusion, the outside of the fractured surface
was smooth and the inside of the fractured
surface was rugged. Fig.8 shows the
microstructures of transverse plane at 0.3m
from the front end of the new alloy extrusion—
T6. The seam line in thickness of 3um formed

45
The new alloy

= 40
X 35} O B ___.E
B30 =
=2 /@\OLET —0——¢&P
§ o1 g2 6061
= il
= 15 S
£ 10 | : B ®Inherent part

51 % JOSolid state

= bonding part

0 , .
0 0.2 0,406 0.8 1 1.21.4 16 1.8 2

The distance from the front end of extrusion (m)
Fig.6 The maximum load at the distance from the

front end of extruded round pipe —T6 of the
new alloy and 6061 in the flattening test.



Vol.41 No.l

New Hollow Extrusion of High Strength Al—Mg—=Si—Cu Alloy o

the grain boundaries in the outside of thick-
ness, so the solid state bonding was not
enough sound. At the center of thickness
where seam line was broken, the broken seam
line existed in the grain boundaries, so the
solid state bonding was sound. And the posi-
tion and length of smooth part in fractured
surface corresponded with those of seam line.

Fig. 9 shows the EPMA mapping analysis of
transverse plane at 0.3m from the front end of

Fractured surface >

0.3m from the
front end of
extrusion

0.1m from the
front end of
extrusion

1.9m from the 1mm
front end of
extrusion

Fig.7 The fractured surface at the solid state bonding
of flattened half pipe of the new alloy —T6.

Fig.8 The microstructures of transverse plane at
0.3m from the front end of the new alloy
extrusion—T6.

the new alloy extrusion —T6. Magnesium and
oxygen at the seam line existed more than at
the inherent metal. It was considered that
seam line consisted of magnesium oxides.
Fig. 10 shows the EPMA mapping analysis of
the front end surface of the new alloy billet.
Magnesium and oxygen at the surface layer
thickness of 6um existed more than at the in-
herent metal. It was presumed that the oxide
layer on the front end surface of billet formed
the seam line at the front end of extrusion, so
the seam line obstructed the solid state bond-
ing and resulted in the reduction of its
strength.

Practically, the front end of the:extrusion

Fig.9 The EPMA mapping analysis of transverse plane
at 0.3m from the front end of the new alloy extr-
usion—T6.

Fig.10 The EPMA mapping analysis of the front end
surface of the new alloy billet.



6 SUMITOMO LIGHT METAL TECHNICAL REPORTS 2000

has been cut and has not been used for the
products, accordingly it is considered that the
strength of the solid state bonding is same as
the inherent strength in the extrusion products
of the new alloy.

2.3 The corrosion resistance of Extrusion

After the extrusions were machined to nine
tenths of thickness, the exfoliation corrosion
test was performed according to ASTM G85
Annex A2%. Fig. 11 shows the results of the
exfoliation corrosion test after 336h. On the
surfaces of the new alloy and 6061 heavy pit-
ting was observed after 168h and superficial
exfoliation was observed after 336h. However,
on the surface of 2024—T3511 very severe exfo-
liation was observed after 336h. Fig. 12 shows
the results of salt spray corrosion test after
24h. On the surfaces of the new alloy and 6061
slight pitting was observed, however on the
surface of 2024 —T3511 heavy pitting was ob-
served. Fig.13 shows the results of the
intergranular corrosion test. Heavy corrosion
was observed only on the surface of 2024 —T3
511. It was confirmed that the new alloy —T65
11 had a much better corrosion resistance
than 2024 —T3511.

In stress corrosion cracking life of the new
alloy—T6511 was not so long. It is considered
that its short life depends on the recrystallized
structure. We found that adding manganese
changed the structure of the new alloy extru-
sion from recrystallized to fiberous, and the
SCC life of fiberous material was twice as
much as that of recrystallized material.

3. Application and Trial Production in
Industrial Scale

3.1 Application of The New Alloy to
Aircraft Structure'?

The pressure deck beam and the window
frame were selected as the trial aircraft struc-
ture products shown in Fig.14'®. The beam
consists of an assembly structure using rolled
sheets of 2024—T3 and solid extrusions of 707
5—T6511 and 2024 —T3511. Also, the window
frame consists of an assembly structure using
rolled sheets of 7075—T6 and solid extrusions
of 2024—T42. The beam consists of three parts
and the window frame consists of six parts.

When the new alloy is applied to them, they
can be the integrated extruded sections be-
cause of its high extrudability. Consequently,
the cost of assembly is expected to decrease
because the number of fastners can be re-
duced. Also, they are in a highly corrosive cir-
accordingly their lives can
increase because of its high corrosion resis-

cumstance,

tance.
The trial production was performed using

Very severe 10mm
The new exfoliation
alloy —T6511 2024—T3511 6061—T6511

Fig. 11 The results of the exfoliation corrosion test
after 336h.

Slight pitting Heavy pitting Slight pitting
The new 2024-T3511 6061—T6511
alloy —T6511

Fig. 12 The results of salt spray corrosion test after 24h.

Heavy corrosion 200um

The new 2024—T3511

alloy —T6511

6061 —T6511

Fig. 13 The results of the intergranular corrosion test.
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Tig. 14 The Application of the new alloy to aircraft structures.

production facilities for all processes. The bil-
lets were cast to 328mm in diameter, and ho-
mogenized. The chemical composition (mass
%) of the new alloy is shown in Table4. The
billet was extruded for the beam at a 44 extru-
sion ratio with a solid die. The billet was
scalped in diameter of 254mm and extruded
for the window frame at a 51 extrusion ratio
with a porthole die. The temperature was set
at 753K in the solid and at 738K in the hollow.
The extrusion speed was set at 3m/min. Both
conditions are greater than the extrusion limit
of 2024 shown in Fig. 3, so 2024 cannot be ex-
truded in both conditions. The new alloy ex-
trusions were solution heat treated at 818K,
quenched in a polymer liquid, stretched and
aged at 463K in 8h.

3.1.1 Extrusion

The extrusion for the beam is wide and thin
in cross section as shown in Fig. 14, and its
size is over the limit depending on the extru-
sion press''®. Therefore, it was extruded by
expanding flow guide. As the thickness of the
sides is different, it is difficult to get the desir-
able shape because of unequal metal speed of
both sides during the extrusion. The desirable
shape of the beam shown in Fig.15 was

Fig. 15 The appearances of the extrusions for the beam
and the window frame.

extruded by adjusting the flow guide shape.
The extrusion pressure was 404N/mm’, which
was much lower than the capacity of the ex-
trusion press in this condition, therefore it
was expected that the speed could be set
higher than 3m/min. The sizes of the extru-
sion for the beam were within the tolerance of
ANSI H35.2.

The extrusion for the window frame is not
symmetric in cross section and its minimum
thickness is very small, 1.3mm as shown in
Fig. 14. So it is difficult to get the desirable
shape because of unequal metal speed during
the extrusion?. The desirable shape of the
window frame shown in Fig. 15 was extruded
by adjusting bridge shape and the bearing
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length of die. The sizes of the extrusion for the
window frame were within the tolerance of
ANSI H35.2.

3.1.2 Evaluation of extrusion properties

Fig. 16 shows the metallographic cross sec-
tion of the extrusion—T6511 of the new alloy
for window frame. The seam lines were not
clear, so it was considered that the solid state
bonding was sound. Fig.17 shows the tensile
~ properties of the new alloy extrusions —T6511
for the beam and the window frame. The ten-
sile strength was 398 — 426N/mm?® and the
yield strength was 364 — 396N/mm? Their
properties were higher than the standards of
2024—T3511, and its yield strength was much
higher than the 2024 —T3511 standard.

Also, the cost saving by the application of
the new alloy was estimated. The cost of as-
sembling largely decreased because the num-

ber of fastners could be reduced using an inte-
grated structure. Also, the material cost de-
creased because the new alloy had better
extrudabiliy than 2024 and 7075. Consequently
the cost saving of the beam was estimated to
be 29%.
3.2 Application of The New Alloy to
Automotive Structure

Aluminum alloys used for the bumper rein-
forcements were 6063, 6NO01, 7003 and 7108.
7003 had yield strength of 290 — 310N/mm?
while 6000 series alloys had that of 200 — 250
N/mm?*™ . The increase of the strength of 6000
series alloys has been expected in order to re-
duce the weight of conventional bumper rein-
forcements by means of thinning. When the
new alloy is applied to them, their weight can
be reduced.

As the trial production, the new alloy billet
in diameter of 254mm was extruded in triple
hollow section at a 44 extrusion ratio with a
porthole die. Fig. 18 shows the appearance of
the triple hollow extrusion. The triple hollow
extrusion of the new alloy was solution heat
treated at 818K, quenched in a water and aged
at 463K in 8h. Fig. 19 shows the tensile proper-
ties of the triple hollow extrusion—T6 of the
new alloy. The tensile strength was 402 — 426
N/mm?® and the yield strength was 356 — 382

Table 4 The chemical composition of the new alloy (mass%).

Fig.16 The metallographic cross section of the new Si Fe Cu Mn Mg Cr Al
alloy extrusion—T6511 for window frame. 0.76 0.14 165 0.01 0.96 0.16 bal
500 500 20
;é R @ 5 N OBgam(L direction)
S 400p.a 287 Loo..d % 4001 i - AWindow frame
S e — [T——— S o O % O o5 (L direction)
© Standard of 2024 g L 20} .
< 300F ~T3511+ S 300 b L4 =
5 o 7 [Standard of 5024w
5 s R T S .
W 200 a S 200 |- 4 2
2 OB irecti 3 & 10 o 0o o -
- eam(L d‘feC“‘?”) @ OBeam (L direction) s & o
2 100 @Bean(LT direction) 2 100 { @Bean (LT direction)] = ’
= AWindow frame = AWindow frame - .
(L direction) (L direction)
0 1 1 ! 1 0 s L ! L 0 1 ; 1 L
0 2 4 68 8 10 0 2 4 6 8 10

Thickness (mm)
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0 2 4 6 8 10
Thickness (mm)

Fig. 17 The tensile properties of the new alloy extrusions—T6511 for the beam and the window frame.

8
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N/mm? In the transverse direction, the tensile
properties of the solid state bonding were
equal to the inherent tensile properties, so it
was considered that the solid state bonding
was sound.

3.3 Rapid Quench at The Press

The rapid quench (usually a water —quench)
at the press can omit the solution treatment,
so the cost of the extrusions can be reduced.
As the trial production, the new alloy was ex-
truded to the shape for window frame with w
ater —quenching. The extrusion speed was set
at bm/min. The new alloy extrusion was
stretched and aged at 463K in 8h.

There was no surface cracking in the new
alloy extrusion. Fig. 20 shows the tensile prop-
erties of the hollow shape extruded with water
quenching and aged artificially. Its tensile

Fig. 18 The appearance of the triple hollow extrusion.

500 30
Tensile strength
e i
. 400 1 ékYield strength i
= —~
: 300 g
“‘év AN Elongation O i *cgs)
5 5
& o200t o
110
T L/
100 | s
TS Seam
0 : . 0
L T TS

Fig. 19 The tensile properties of the triple hollow
extrusion —T6 of the new alloy.

properties were equal to those of extruded
with water quenching and aged artificially. In
longitudinal direction its tensile strength was
420 — 426N/mm® and its yield strength was 368
— 385N/mm?® And in transverse direction the
strength of solid state bonding in seam B
shown in Fig. 16 was almost same as the inher-
ent strength. Its tensile strength was 411 — 4
15N/mm? and its yield strength was 355 — 357
N/mm® It was shown that the hollow extru-
sion of the new alloy with cost performance
attained the adequate properties.

4, Conclusion

A newly developed Al—Mg—Si—Cu alloy —
T6 has the strength almost equal to that of 2
024—T3 and the good corrosion resistance of
the 6000 series alloy. The new alloy can be ex-
truded into a hollow section with porthole die
while 2024 cannot be extruded.

The extrusion process to produce the high
strength hollow extrusion with seam which
can be substituted for the seamless extrusion
has been developed. In the hollow extrusion of
the new alloy, the seam at solid state bonding
is not observed in the metallographic cross
section of the profile, so the solid state bond-
ing is sound. In flattening test of half pipe to
which the extruded round pipe with porthole
die was cut, it was confirmed that the strength

500 30
Tensile strength
6 ]
400 A o o 25
A A

< Yield strength 120 [
E 300 + :
= S
s Elongation 1"® E,;,
2 2001 O 5
5 O E 110w
w

TS(Seam B)

Fig.20 The tensile properties of the hollow shape
extruded with water —quenching and aged
artificially.
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of the solid state bonding was same as the in-
herent strength in the hollow extrusion of the
new alloy. While, the magnesium oxide layer
of the front end surface of billet formed seam
line only at the front end of extrusion and the
seam line obstructed the solid state bonding
and resulted in the reduction of its strength.

The hollow shape in thickness of 1.3mm ex-
truded with water —quenching and aged artifi-
cially attains adequate tensile properties. Its
tensile strength is 411 — 426N/mm?® and its
yield strength is 355 — 385N/mm’. Its tensile
properties are equal to those of hollow extru
sion—T6511. And the strength of the solid
state bonding is almost equal to the inherent
strength in transverse direction.
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The Effect of Microstructure on
Intergranular Corrosion Resistance of
6061 Aluminium Alloy Extrusions

Tadashi Minoda and Hideo Yoshida

Intergranular corrosion (IGC) behaviour of 6061 aluminium alloy extrusions was investigated.
After IGC test in accordance with ISO/DIS 11846 (method B), heavy IGC was observed and the cor-
rosion reached about 300um deep from the surface. However, it became clear that the IGC did not
propagate more than 300um deep from the surface during IGC test for a long period. It was consid-
ered that the IGC was caused by the dissolution of PFZs because PFZs were clearly observed on the
surface layer of the extrusion but were not observed in the center position of the extrusion thick-
ness. Moreover, it became clear that grain boundary characteristics affect the formation of grain
boundary precipitates and PFZs. Grain boundary precipitates and PFZs form easily at random high
angle boundaries in the surface layer, while they form hardly at low angle boundaries in the center
of thickness. Thus, heavy IGC was observed at the center plane which was cold rolled and
recrystallized to have random high angle boundaries and PFZs before IGC test.

. BE ST R IR AL 2 1T 5 A3, M, HRic

m

M D5 E iﬂ\F’a’Eﬁﬂaijﬁ Bl e s v,
6061 73 = A&4EIE Al-Mg—Si RO REKHE HTHEANEITS 7 L APEANIC L O BLES 5 C &%
BE&O—D2Thy, PEMEMSIIKNEL B EP, WO EbE v~ Ty oIS RE A e S,
EREOI LS o, MERBMELTRCHVLON M OB O VW THREZES C LREETH %,
TWw3, LHL606LEEDLS I, HEEH LI Al- AT, 6061—T6 Lt ORFRAERTIC> L
Mg-Siged— i ABEAEZEL 2 AlREESH THEHEEITY L& bz, WABRIZKET 37 oo
POV, UEEETS & O ERREE N T % O A HEH 05 IR BT O VTR E1T - 72,

ENBTENEBVY, GTE, HEHEALT 4 X2 VMO
Al-Mg—Si &@oBEHENEATEY, WEEHLL

Al-Mg—5i 8425V Td, ATHAILIES I T 2 % B 77 &
Whc X 2 BAOTEL S0k - T, MHAEAME®SK Table 1 IKRTREA A T % ¢ 250mm O 6061 & &k
EEINBEIENHEINTVLREDY, FF 4 XXV WA SR X b EB L, 550°CIic T E LA

SEFE 93 EIMIAS CERIELLA) wT—# T o te TREFEINEFIC T 520°C I 300s T

&R, 49 (1999), 548 IZiBHk #M U, Pig. LIRS BB 27TV, A
= IRFERATEE v 5 — B T w7 —IKBIC LBV AMANETToTo TDEE
T RS vy — H—, LA R 1 133mm/s & Lice 185N ifilibtic o,
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175°C —8h O ALWFZAMIE 21TV, M & L,

HEicowT, £ kfik D 50 X60mm DS
AL, WMABESEBRICHREL oo AR AERERR
ISO/DIS 11846 (Method B) CHEML L 72 i TIT - 126
Tbb, BBy ET o ThEL, LR ET -
7o, EERCEE LR (3mass¥%NaCl+1vol%
HCl/KBERDICBE & 881, o0& ZEaRIRM I,
MEAELLMETH B 24h U & DI EIFHITH % 96h, 240h
DI & Ui, EEHoOBERBRIRREOLIEE
L, 24hficig sl o,

F i, MM ERERENTOBEET X EHIEICY
Biciz, EMORHAES 3mm £ CHEEl L, i
T OREA T T B 12D /KITFELLIC T #1200 £ T
WFEEAIT » 1ot%, 24h OF A& FER I L 7o,

ZLC, EENMOBRMFRIIELET > a0 AKE
BE~OBEBAETEST 210, 7L AN BOMEM
AZHV, EEFT 550°C T 100h O B &L, JKEE
ANETY, &51C175°C—8h O ALK AT - 72
%, 24h @ FEOR AR ARBEIT - 7,

Table 1 Chemical composition of 6061 alloy
extrusion (mass%).

Si Fe Cu Mn Mg Cr Zn Ti
0.54 | 0.23 | 0.33 | 0.03 | 1.03 | 0.06 | 0.03 | 0.02
i 120mm o
. |
4
g
g
S
o~
v (6mm thick)

Fig.1 Geometry of extruded section.

RARBEEABROKT LcldBm g, REEiT - 701,
WSR2 T OEHAERTROWEEEIT -7, £/, BER
BmoRBAF 2Ry, BESIKCAERLIBIZOWT,
L—ST Wit 0 f@ye e BB A 2 R O L — LT Wrifi
OEAMBOEE ((IIEERD 2175 & &b, &
BWETFEME (TEM) 0k 3R A OMBBEEITVL,
RIS ED 2 1 = X LD WTRETEIT - 7o

X SIEMOEAMEA S vy A REEE ST LK
& DR RIB AR ~OEEAREST B0, 7L RAEA
NFETIT-76061—T4 ¥ ic> 0T, FHEDA 3mm O
[HHI AT, ICEE 26% OB MIEIE AT » 108, 2R
1T 520°C ~ 1h O A RLIE R RKBEA N Z 1T L,
175°C —8h O AT MsshLss 2 fits U 7o BBy 2 /ESE L,
24h ORI RBARBRICHET 2 & & bio, by
BIHIAEER, EAMB O THE KOS B E T PSS
BETol, COEE, MEME L THRBITEETTH T
[l O T B CBLER A FT - ol S EBI L, [k
DIEZEIT- 120

3. & ES
Fig. 2 IC R O AR ARG R EZR T 24h T
300um BEOES DIE LR ABANBES D, L

L, RO > TR~ DR & DR 2
5N5b00, WEAENOERIZIZLALEASNIT,
Fig. 3 1c 3mm OTTHIETT - 72 Bhibb o b R Qrst sy
RART, Fig. 2 OHBERLD, B4 SHRE RN

BEHPELY, FETHRABARSEI D PT L,
RN TR RBAESEI DI W EBIHESHTH S,
Fig. 412 550°C — 100h O iEA LR, A TESE 0%
17 fe i M o b RS AR R AR 4, Fig. 2 SRR
MM RB M BEE TN AR ErEEs NS, L b
EHEEMIE T L RIEANETT - T B8, HEREHO
BERCMEEZT - TORABAESEL &S, 7L
APEANIE O SRS O Fo D IR R B s A U 2ok
TRIEWT Ehbh b, Fig. 5 IciE M 0588 5l

Fig. 2 Effect of immersed time on intergranular corrosion (IGC).
Specimens were immersed in a solution for (a) 24h, (b) 96h, (¢) 240h.
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SR, REX Y 100pm MNEL T I SRR B
®#7s PFZ SHIE S a3 0icd L, WETLETRA

W B S 0 2 48 PRZ GBI T 6 B RER E —

Fig.3 Cross section of a specimen after IGC test. The speci-

men was ground to half thickness before IGC test.

200um

Fig. 4 Effect of solution heat treatment after press quenching
on IGC behaviour. This specimen was heated at 550°C
for 100h before artificial aging.

Fig.5 TEM structures of a 6061~ T6 extrusion, (a) (¢)
surface and (b) (d) center of thickness.
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JWERHD Al—~Mg—Si—Cu &@&IicB\WT, BALIERN
DBRLBETHD, RWTPFZ, WAL OIEICRT
HBEELONTHY, FAREIGRRIT DY OEINE
fRO%, HN& PFZ OBAEIC L - C PFZ BB 2
TETHHEINTNWAD, 6061 —T6 fHMIZB VT b,
FE T PFZORENTIETH L &0, RANH
WU PFZ OBIRBRIC L » THABEBE I DT
WEEZ SN B, Fig. 6 WEM O L—LT Wrifiic % if
5 {111} FARERT, BRETERBEHL~NDERE
A O NPTRERRDEEN S v 7 2B L THW S0kt
L, AERGETE {100 <001>77fL (Cube 77 AL)
ERKEWT &b b, x5, Fig. T L—
ST Wil o e BMEME R L Twah, BB
ATEHERKOD v 72 PHAPHBETHLDICHL, A
EdL#H TRy PSR MBELEAEDLE N, T
Bt d 5 WEEBROBREFERICBLT, #ETES
AREDHAMOTANPKREL, ILMIRMSKRE
W e, BEESRPER S vy s km LD
EEZOND,

m {100}<001>
) {100}

Fig. 6 {111} pole figures of a 6061—T6 extrusion, (a) surface

and (b) center of thickness.
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WM EE T, PRZPERSWNABESEID
w3V, WERLETE PFZ ABEs LY, AR
ALELACERLET VL, PFZ LERNOBREE A
5 &, W RE O LA EES M~ DERA/NE
<, EOLBEMBMMIcBY 52 v b5 X PSIHIETH -
ol &h s, KEMRNABEZLEHRENE, AR
R DL AR T Cube HFRI~NDERPRKE L, 6
WARDCHEESEHBIc B 52 v b 5 X FOVRIABE TS »
ol &h o, IES O/ AN EZ W EHER S N
5, £T AT, Al-In—Mg &&iICBVTRAT RO
RS & B ESRIAE IS N2 CEBlE s TY
BV, XL, #—XAFFAPRAFVLVARAMOY = v
FFE a4 (REBEERCRSh A AEER) W,
CruCs ARSI T A L LItk - THEL B/ v
ARZICER T 5 EBMOENTVEY, 207 oh
REBOTEREN IR REE S BB L TOBEELLNT
Bo, /MABRACSIGRAO X 5 AR TR o
LRZWHNE L, 5y S LARRTIR Y 0 L RZEHNK
BB EPHEINTVEY, — kAT %L+ —
F/ME R R OISR R O & 5 WHAR R E SEL, 5
VELRRTEBOIEMH O TR O, Zox
FNFE—DQEILK > THANHO LTI B LT 5 &
EZ OB, 0L ESILBVTERT VL AHMOIEA
LR, IMESERIR O & 5 7 B AE o E VLA

()

Fig. 7 Optical microstructures of L. —ST cross section,
(a) surface and (b) center of thickness.
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<, HfAOKEL S v & LRI EBITHASE D Pd 0
7= PRZMIER SN 9T VO TRV SRS N 5,
forl L, EBEMISHRETIC I BECP % EBSP 78 & & W 72 fif
FIBHETHD, GHROFEE L,

DI ofER & D, PR ARG L3 B -
TWEEBRRBENRI DIV, This via
W SR RITH RO PFZ O siE v, RAE
MECDPTLBEOTRBOMLEEL NS, £IT,
FEEHMNAE S vy AR S 50, M+ T
W)+ AR + A TTIESh I A 4T - 7o M O fRE
WM A Pig. 8 IWRT,, FEETHLELLOD
Z Fig. 7 (o) KB EFEFI v+ 52 BB -
TWA DD, SEMICET v b5 2 FSRIEETS 5,
LhL, FEEFT-bDFa v 32 bAIARTHD,
ERRSENS v S ARERLTWEbDEEZ LN
5o INLORABEARERE Fig. 9 1R T2, &
HAx{TbEoboR3ETORABRIERSWIBET
HHOITL, FEEET- 72 b O B AR ENE
wWahd, o, #EMo (111} HAR% Fig. 10
KiRT . FEATHIE VS DT Cube HHLd & O ERL
DR A SN B DO, Cube HANDERESKE L,
54 vy FRARMHER > S 0BE TOFREER ST
BHIE VY, BiEROEPEERETRANSITDN,
Cube I~ DORERIOERMBIFT R ED - 1B, Th
EEAERCMIRET 5 2 ok, T L TR

@

Fig.8 Effect of the reduction of cold rolling on the
recrystallized grains after cold rolling, solution
heat treatment and artificial aging. The reduc-
tions of cold rolling were (@) 30% and (b) 0%.
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HOERET 57:%, Cube Kl & DK D [HE A PFZ O@EREM I & » TH %WEZPE’ Sl EERLD

Zh, svyLsRIASENTAI LItk T, NAEE Nnie
ETRIOPT b EMERHENE, Jhics (3) M O HLER T 13 Cube 75 6L~ O 5 BB O B 1E
JEHEA 1T - 72 b D1 Cube AR~ ER A 51T, AEEE N, HEFAMERORRBE W, BB TS
LMo SO bFERAMNE S v F AR LTV S EANNOERBEBEBE SIS, RN S v 5
TEMBME, FLT, HEMOBEFHMEMBEE LTHD, HEAEAORE OERBEZ VSN,
Fig. 11 1SR4 A, FRETHE VLD E PFZ HEHEX @) RARBECERFET RO PFZPEEL TV 3

nwoiRxL, FEET-> b0 PFZAERE
TWB, D&, PFZ OIEEKIC I A E 2858 <
ML TVWBEIENHELLTH B,

TN E T Al-Mg—Si && IR 2 asne 5 SRR
JEEPEC DRI HAI ENFMENTVEY, KEER
BIRTHARMLZSETORABEE T 22 &
o THARBREOIMHLARETH L LERETE2HD
EEZOLND,

ED

b. #% S

7L ZPEANIC & - TERLL 72 6061 — T6 4 i #4 D i
HEAEIC O WTTHEATT- 2 & 25, UToHmAEE
726

() KABARM AT/ 5, HEIMOoRBILOD
AR SR RIBEPBEE SN, A dOE T R RS
BOHBRBRIEEAEALNE I 2T,

(2) BHETFEMEHEEEIC LY, MHMERECE
BENE 7S PFZ MEIE s cds, duldi< id B /S PFZ 3
WEENIB - lco MRV EREc AT HY RO

) ®{100}<00t>

Fig.10 {111} pole figures of recrystallized specimens. The re-
ductions of cold rolling before solution heat treatment
were (a) 30% and (b) 0%.

Fig.9 Cross section of recrystallized specimens after IGC

Fig. 11 TEM structures of recrystallized specimens. The re-

test. The reductions of cold rolling before solution heat

treatment were (a) 30% and (b) 0% ductions of cold rolling before solution heat treat-
w 6 6.

ment were (a) 30% and (b) 0%.
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Effect of Iron Content on the Surface Quality of
6063 Aluminium Alloy Extrusion

Tadashi Minoda, Hideya Hayakawa and Hideo Yoshida

The effect of iron content on the surface quality of 6063 alloy extrusions was investigated. From
the view point of surface defects, pick-up decreased with iron content. In our previous paper, it was
found out that pick-up defects were caused by peritectic reaction of Al, 5 —AlFeSi and MgsSi in cell
boundaries during extrusion and the transformation of AlFeSi particles from S to a and dissolu-
tion of MgsSi particles during homogenization was effective to reduce pick-up. As the result of es-

timation of @ ratio, @ ratio increased with iron content in the as-cast ingots. Furthermore, it

was confirmed that the transformation of AlFeSi particles from S to a during homogenization

was encouraged and Mg,Si particles decreased with iron content. Then, there was a good correla-
tion between pick-up and ¢ ratio. From the view point of surface roughness, R.decreased with iron
content because heavy pick-up defects decreased with increasing iron content. On the other hand,
R. increased with iron content because die line became severely.

1. ##
6063 7L 3 =Y AEE I Al—Mg—Si RORENI
GEn—oTHYD, WHME WE Watticgnhs L
Mo, Ty vEREELT-HRIACHYLONRT
W3, 606382 TNVIEEOTTROAERERENE S,
2759 TORERLEV, FOLY, R7 597D
FA 7 IWBEETH B D, U#47wa@K%%i%
OEMLBEET 5he, ZORGEEHOEELIHICYT
MEBERH B, ETAT, AFLA/NRIVIEEDS ﬁfmjbx
ks nsMETE, BVEARELRD OGN 56

jili]|

£<, Ew 77y 7RIGPERIHE S OEBOTELE S5,
FERFEBEICE, ME L TERSNBHENSKE

EL2 58

M TWAEEZONTWS, PTHE Y 7T v 7

* 'P‘-L R 94 MIFNIRS CEK104ES H) 1o T—HF
FeF, ®R&JE, 50 (20000, 491 iCHEHEL

o HWEJH%J@/;?-— R

wa fIHEREER FIERERT BLER

w s [TEBRFER v & — B e, A
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RBaici3 B —AlFeSi ¥ (BAElE, o=0=0.612nm,
c=4.15nm) DERETHHOD P, HO VBRI
BT 5 MgeSi & WD 555°CTHERFT 2 & v
BV DA B, EE ST MERO Al+ B — AlFeSi
+Mg:Si A8 576°C TABIG S L, WHOI X -
TEVBRELE 77 v PREEDFEST 5 L 25
mELEY OWFRIEEE y 27 v FRIGEE T 2
Iid, BME LTE L7 AlFeSi{b& W % R (kLR
Tatl ROALHE, e=1.256am) F7oida’fl OF
&, a=1.23nm, ¢=2.62nm) KEESE L EBED
Thh, TEL-NVOHETRE Al-Mg—Si 280k
BEVEEaHBBRH LTI ENAREI LTV S
O L l, TELVDMIEEILBVT, #hE
DIFHPRIC L U7 AlFeSi L&D afbF 2, Zhicit
RLTHETEE Y 77y PR, SoICEREmES IR
ETHEIERNICEESMTINTVLI D,

AL TE, FMITH 28RO EHEY, Hilo
BB 5 AlFeSi RHYID a {LRRTEY 77 v 7
A, O O FREME & W R TR TE L,
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2. £ B AF &

HEH & LT, Table. 1l KRS 2 EHT 5 EE
200mm D 6063 &4 DC % sk & b /ER
L, 570°Ca:'c 4h OEEE AT - 218, 7 7 VI &
BRI 21T - foe BEFEIC W T, BE{UUEEITE
m’dﬂﬁi@yt ST A E R U SR B T @ AlPFeS]
BHIO a bR EZRET 5 & & bic, WHELBEEZED
EPMA HOHIC L B0k~ v E v 7 E1T - 7o, BAEM
HEVEH RS R CHIE AR R Y TR A, afl
FROMFERHWEB oV T XBEHHEICE » T,
AlFeSi B2 HHID a {bHFE R. &

Re=I./U+15)X100 (%) &)

d=0.214nm I B % a — AlFeSi T d=0.519nm & B
5 B —AlFeSi{LEVORSYBETH 5, XL,
d=02l4nm I ¥ — 2 2EF T % AlFeSi & HMIC i a i
B’ HNEET 50, TITRINSGEXT AT
L1, aflELTHE-TW 5, HELLEER OSSR
DWT, By 27y TOFHIETT D i BEIRE L%
To7ce HHEM DOEIRE Fig. 1 IK/R T, Somiuc

RFREMEGE A, 420°C F T 300s TIEETT » 7c
?7(52, 45m/min DHETHH L AT -7, BONHH
Mo FHEiic->0wT, Ev 77y 7OFHIEIT > E & bIC
FREHEOWEEIT>7/o Ev 27 v 70N E % Fig. 2
IR, Ew o7y 7RG Ui x s V%I
BEOAEHRT B ENLD, Ev o Ty TORMIE L
DOMAENET BT EICEDIT- T,

F7, DOVERED 6063 AR O LR ¥ Emn
Lcao, #hamd AlFeSi B0 a (LR OB FH % H
BT B oic, Table2 I/RTESY ZH T 5 EE 200mm
@ DC $538 % dfehidkic L 0 fERI L, 570°CIT T 4h
DEELMIRET - 1218, 7 » VI X BHHIES 2TV,

Table 1 Chemical compositions of ingots (mass%).

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

A | 0.46
B | 047
C 1041
D |04

0.04
0.11
0.19
0.30

<0.01{<0.01
<0.01{<20.01
<0.01}<0.01
<0.01<0.01

0.54
0.53
0.51
0.52

<0.01/<C0.01
<0.01{<C0.01
<0.01]<0.01
<0.01/<C0.01

0.01
0.02
0.02
0.02

Bal.
Bal.
Bal.
Bal.

150 .

o)

2.0 ?

'y
Y

2.0
— ol

35

(mm)

Fig.1 Geometry of extruded section.
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AR & [k 1 1 B A L AL AR o W TG B P A A 1 2 &
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3. ERERRUEER

3.1 BROMEE

A4 A~D (0.41~0.4Tmass%Si) oW T, HEAL
AVEETRIC I O B SRR IEHR o Wby B B AR
Fig. 3 1R T, BEEAT0.04mass% DIES, HHE{CULHE
AI#: T AlFeSi IR LA LBEs iV, T3
= Ao BEERIE, 550°C ~570°C @ #iH T &
0.013~0.021mass% TH A5 T EMBWES TV E T E»

510 MBI 13 0.02~0.03mass B TEEE ST H L
TWAEEEZOND, FHEEN 0. ImassB LI Tk
AR T AlFeSHLEYIN £ VEERICHEHI L T
W ABBET B S N, EE{ LB ST O oW
LR T » T B, FricgkaEs 0.1mass% K U 0.2mass
BT, AlFeSifLAWldsHROIEREN % (, ERIRILL

TWABTIES O BESNE VD, 0.3mass¥% TIEH]
EHL D S MEHRLIEA TV B,

HEALAIERIRIC BT 5 AlPeSi L&Y O a (LBl
% Fig. 4 1/RT, #kid 0.0dmassd D&, AlFeSi
{bePoEN S &b EDnicdic, aliky SHOHE
SYERFERTEM A 0. lmass % LLE DIG A& T 1~2¥1/h
<, BBk afbBR 0~O%0FETIE S >V T
Wi, o T, n=4 TR a{LEOFHMEEFHE L
BEBE L THBTR LI, 8800 1~0.3mass/00)

HEPH T, SRR OB b > THELERETO a (L
EFRLTOE, BUHS ¥ SO B ENEE A REEHE O

e

Fig.2 Appearance of a pick-up defect.

Table 2 Chemical compositions of ingots with high Si
contents (mass%).

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

0.62
0.61
0.56
0.57
0.59
0.58

0.07
0.11
0.19
0.31
0.43
0.53

0.02 |<{0.01
0.01 |<{0.01
<0.01/<0.01
<0.01{<0.01
<0.01{<C0.01
<0.01,<0.01

0.57
0.60
0.54
0.59
0.63
0.64

<0.01}<0.01
<0.01/<C0.01
<0.01}<C0.01
<(0.01/<C0.01
<0.01,<0.01
<0.01;<C0.01

0.01
0.01
0.02
0.02
0.01
0.01

Bal.
Bal.
Bal.
Bal.
Bal.
Bal.

o R B - - R
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M DC AR IC TV 5°C/s DA, #EM 0.1
mass% Tk a+a’+ BH, 0.2mass% Tk B, 0.3
mass¥OBAITF alBFEE L TRIBT 3 EBNTL
%o SRIDENTIESBMEBNIORTEICERT 55
Hi e L Cw b cw, EREEDELs 0D,
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Fig.3 Optical microstructures of ingots before and after ho-
mogenization with 0.41—0.47 mass% Si. Left figures
are before and right ones are after homogenization.
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and after homogenization with 0.41—0.47 mass% Si.
The results of 0.04 mass?% Fe have error because the
value of @ ratio had large deviation from 0% to 49%.
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Fig. 5 Optical microstructures of ingots after
homogenization with 0.58—0.62 mass% Si.
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Fig. 8 Distribution of elements in segregation zones of 6063 aluminum billets with various Fe content.

21



22 F K =

&

B & # 2000

WTEHRT ) v I OIRENEZE L TWEE Wb TED,
7Y v 7OME, TIPS EMLEI X > TELT 5,
FHokENE K5 L, BREESENTsP s T
FAREDEBENKELNL BT &P, AlFeSi{L&¥n
R7Y VIHEROTIEICE ST, 1 X514 VMK
L RBEEZLNS,

Plhoksiz, $B820.04mass¥ OBHICRE » 7
Ty ﬁﬁ@ét@*”ﬁ@#%@ﬁentobﬁu
YEPERNEHIFE TS 5 0.1~0.9mass% T3, #E
HBEVIZE AlFeSI IO a (LREBEL, v 27Ty
FREHEN B30I, F14 254 v OB, S8k
BAind, AlFeSi DfetEADIVIE I BWERTH
D, HWHEHP A 2 LOBEBREZE L LT, &S
BBAREST LB B EEL SN,

4. ¥

6063 &4 OMEM O REME I
FE LR, UTokms w’fﬁ_o
(1) #8» 0.04mass% DIF 4,

w ]

THEBORLEL

EW

AlFeSi & ¥ 3D 7

{, Ev o Ty 7OREES/DEDP -, X OIIKHEM
& (Re R) BELEWEZRLI,

(2) #8875 0.1~0.3massB OFFE T, BN
PE - THE(LMBERIBIC B 1) 5 AlFeSi Yo a L%

/P <fc\© t/77/7%¢§§/@4/bbf~.0 DT &
Mo, v 27y 7RI 2IC@3E$EENEVABEL
EEL N,

(B) HWRED 6063440 ERTH 3 0.6mass¥% D
Hicd, 20N> THEIAERICEB T 5

22

AlFeSi WD a (b= i3 LH 9 5 @018 & & fo D3,
Z DHESHE I 0.4mass %651 FHIC E~_THE L R » 720
Lichi-T, afbFEE2EL TR OREEERLTS
HHROEEZ LN,

4 8D 0.1~0.3massB DI TIE, B OMINIC
o CTEREMHS R 3EDL, R BLEETAHRINA S
Nito RABEY 77 o 7EMMEMNED, R.EFA 235
A v EMHBERD B EEL LN,

& F X #
1) E.C. Beatty : Proc. 2nd Inter. Aluminum
Vol.1, (1977, 225.
2) L. R. Morris, F. B. Miner and J. B. Lowe :
UK Patent, No. 1333327 (1973).
3) H. Bischel, A. Reid and J. Langerweger :
Aluminum, 57 (1981), E281.
4) EH E, BNIFER SHEH . BeE, 49 (1999, 253.
5 Afishz, MEET, b BeE, 47 (1997, 515,
6) adlshz, M, b A Bem, 47 (1997, 661.
T J.K.Edgar : Trans. AIME., 180 (1948), 225.
8 PHEME, IEZEL, R EEKRE . BAeEEaik, 34
(1970), 1173.
9 BMELg, BRERE, MHE#EZ,
48 (1998), 489.
A. Griger, V. Stefaniay, A. Lendvai and
T. Turmezey : Aluminum, 65 (1989), 1049.
H. W. L. Phillips : J. Inst. Metals, 72 (1946), 151.
A.F.Castle and G. Lang : Aluminum, 53 (1977,
535.

Extrusion Tech. Semi.,

hE o B,

10

1D
12)



Reprinted from  SUMITOMO LIGHT METAL TECHNICAL REPORTS  (ritle No. p-g13 )

ERESERE $45 F15 (20000 23-27

i 3L

BRI VT VYTV DT LABEOR Ty F v T O
I v MEBIZKIZT Ti D%
X F B X & M| iR
Sumitomo Light Metal Technical Reports, Vol. 41 No. 1 (2000}, pp. 23-27
Effects of Titanium on Pit Formation

in Aluminum Foil for Electrolytic Capacitors
during Early AC Etching

Nobuo Osawa and Kiyoshi Fukuoka

FErEEETLERKXSHPERE LY Y —



ERELERR $B41%5 F£15 (2000) 23-27

3L

EYN
af

BT Y FUFT VL 2T AEORIRT 5 F 2 7O
MWLy MERIZKIZT Ti O

K 2 B X & | =

Sumitomo Light Metal Technical Reports, Vol. 41 No. 1 (2000), pp. 23-27

Effects of Titanium on Pit Formation
in Aluminum Foil for Electrolytic Capacitors
during Early AC Etching

Nobuo Osawa and Kiyoshi Fukuoka

Pit initiation and propagation in high-purity aluminum foils during etching with 5 Hz rectangu-
lar alternating current (AC) in 1 mol/dm?® hydrochloric acid solution at 30°C were studied based on
potential changes and TEM observation of pit structures. High-purity aluminum foils containing

1 and 6 wt-ppm titanium were used, and titanium effects on pit propagation were discussed. Films

stripped from etched foils by immersion in l:/methanol solution and samples prepared by jet

electropolishing were used for TEM observation. Cubic pits formed at subgrain boundaries after

one AC cycle. Pits varied from hemispherical to cubic during the first anodic half cycle, and a hy-

drous oxide etch film formed during the next cathodic half cycle. The cyclic voltammogram ob-

tained through polarization in hydrochloric acid solution showed that titanium in high-purity

aluminum foil accelerated hydrogen evolution in pits.
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Table 1 Chemical compositions of specimens. (ppm)

Specimen Si Fe Cu Ti | Others| Al
IppmTi 7 8 33 1 <1 R
6ppm Ti 9 8 35 6 <1 R
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Fig.1 Current wave form used for AC etching.
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(b) Sample prepared by jet electropolishing.

tum

Fig.3 TEM micrograph of pits formed at subgrain
boundary.
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Effects of Electrolyte Immersion Time on
Pit Formation of High-purity Aluminum Foil
for Electrolytic Capacitors during DC Etching

Nobuo Osawa, Tetsuya Motoi and Kiyoshi Fukuoka

The effects of surface dissolution of high-purity aluminum foils for electrolytic capacitors during

immersion in hot hydrochloric acid on distributions of pits initiated by direct current (DC) etching

are discussed. Pit structures were observed with TEM of oxide films stripped from etched foils in

Iz/methanol solution. Anodized oxide film replicas were prepared for SEM to observe pit distribu-

tion. 7 -ALQO; crystals with sizes of 0.2 - 0.3 pm were observed on rolling lines of oxide films. With

increasing electrolyte immersion time before DC etching, areas of surface dissolution of aluminum

foils around 7 -AlLQOs crystals expanded. When immersion time was prolonged from 0 s to 60 s, pits

were initiated uniformly because of the increase in active sites. Excess active sites on surfaces

formed above 60 s delayed tunnel pit growth.
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Fig.1 Transmission electron micrographs of surface oxide

films formed on aluminum foil. (a), (b) : Bright
field, (e), (d) : Selected area diffraction pattern.
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Fig.2 Transmission electron micrographs of

pitnucleations during DC etching for (a) 5ms,
(b)10ms, (¢)50ms, (d)500ms and (e), (f) 1s.
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Fig.3 Transmission electron micrographs of pits after 5s

DC etching using immersed specimens in electrolyte
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Fig.4 Scanning electron micrographs of distributions of
tunnel pits after 5s DC etching immersed in electro-
lyte for (a)0s, (b)10s, (e)30s, (d)60s, (e)120s and
(£)180s.
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Fig.6 Transmission electron micrographs of surface
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Sumitomo Light Metal Technical Reports, Vol. 41 No. 1 (2000, pp. 33-37

Super Water-Repellent Aluminum by Electrolytic
Etching and Chemical Adsorption

Midori Narita, Tsukasa Kasuga and Akihiro Kiyotani

In order to decrease frost on an air conditioner’s fins, super water-repellent aluminum is required.

Two requirements for the super water-repellent surface are reported, i.e., (1) roughness surface
(large surface area) and (2) water-repellent functional group on the surface. Using both electro-
lytic etching and anodic oxidation made the aluminum rougher. During anodic oxidation, small pits

were made in the large pits due to electrolytic etching. During the process of water-repellent treat-
ment, a silane surfactant was used. The surfactant was attached to the aluminum by the Al1—-O—
Si unit. For water-repellency, a fluoroalkyl group is better than an alkyl group. Fluoroalkylsilane,
whose fluoroalkyl group is longer than C=6, show super water-repellency, because many CI: func-

tional groups appear on the surface.

1. #&

73 v TR, BEEREC, ASEMEVEE, F
IO ETHSRICTENAEL 3 THR] SVIRENS 5,
BRPELBE, 74 vHAERETBEENMETL, ©
THESES TERL B EOT/EE L THRETEIN
Brih, COLIREBCERT ZBENROET Z
RIS 5 125, IRODRE Lic { Willld - KB AR A3
BEENTWVWB, Y

A - KR & 3, KEERiE S X2 150 EZ2 B A %
bOT, FOEMAWKT BICE, KO 2DDELENL
BErhB I EMTTIRREINTVS, ?

(1) BEREIC G KA RITYELFES TS T &,
Q) FEICHEYBHMEEEE TS &

W s 1™ A 4 B EIAZR M O 6 ¢ &EHHE
FEH oA 6 oflicik, BTo (1) Xogkoiro

]

v RERBEAHEITEIRIMAS (R 114411 A) KT
Fege, 4R, 50 (20000, 594 < EARBEL

o TIEBHFEE v 4 - BIEER

»ee BRGEPHFE R v 7 —  EEPUE

33

TENBHONT VS, ¥
cosf ,= yvcosb

Y SHERT SN, BEMERES b OERRE D
WA Y # - THER L CEERERE S, MhELSLL
THE LB nEEEEOltd s, Lo, F
B R T A0 EAB A AL TR, HERTF
ORE, THbLE, ERERBMORKS VUM AT C &
ko, EMABIVECRILENA B,

Ty = KA L, i - KL
AELTEICOVTIE, TREBEmREELLE P KRR
WUED 75 E O H BB, FNEFNONE I 10min
Do h By, ERLEREETH 5,

ZTCARPFETE, T =v AORMLES LTT
bhTws, BfzyF v/, BEREBIQE, ¥y
F v EAEE MRS EE L TR T, ERIROD
KENFEMEEEE ML, zolEtREHEEL
MWk S, I EMIICE - RLEER LIRS s E 5 T
sk, BEoKERRESS EEHNE L,



34 E R B 2R B R 2000
& 0 BB L 72,
2. X B 7K WSS, BUBRE A S TR L, I U L

2.1 M@\ AE 7otk WELZ DBV,

T =9 L FEMIE0.108mm B & D JIS—A1200 &
4%\ 72, Table ] 1SR HIELAEES & Bk, &

L < B b T » 20 3. ¥ *

2.2 ldoKkMIBH®R 3.1 HEE{LMEAEORS

& - KALIE 13, Table 21T /R 1 - K ALEE &) % & B
ImassB Ty 7 a~dy VICERL, ZOBKFR A~
FaRedidd sl iitd->TiT-k% BEEHE
1Th &L, BERERE L, BY¥SBIOH LR
Fid, vooa~dy reiiigl, BRTREBEIE I,

2.3

(3 o KRR %

Fig.1, Fig. 2 1oRd &0, HBRFT © Rkl %
10ul R L, = OEMARMOEEMHEZREL . %7,

KR 6 FirE M a2V T, Q) KPkb,

KHH

HzixVvEF—EZ2EH L, 270, midKiEOER,
g BEIILERE, o RIEEOFEERT,

E={[9m*(2-3c0s 0 +cos* 6 )/ n*]V*Xsina +g* 0 "%
/6sin 6

2. 4 RESMTE

2. 4.1

RIS
FT—IR 1725X (Perkin Elmer #&1) % Hu,

&

& NG 60 BE, RES[EEL 200 [B) 12 & 0 i » KPR
B OFRAD ST 21T - 120
2.4 2 SEMICL2KME - HimERE
S—800 1 FE—SEM (BRI EE T F M EE, H

FNZNOMELILER G Z0 5 Ef1AEh & 7o L
BoFMILES Fig.3 1R d, E@ICE, ¢0.03~
DumBEOE v F (T BEEL TV, ZRER
Ty F v IBRICEBRBILIEATTS &, RHRERT L F
v EDER LYy iU BRI & AV E Y
PR LTV A EMHERTE L,

PRI LR 1T » o E0RHS, @ - KMLIEH & LTy —
ZnFatsFzFNYbEYYS Y (F3) %
O T RIEE 2TV, B B Rk 2 E L e
R A Pig. 4 IR T, XARBH v F v 7R VS
HRER (LML A AT » e E iR SEWIEE A AR L, C
DFBH K2 T L2cREES Fig. 5 10 m 4, KM
BIFEIRICE - THD, Co&x0BmMAR, 64T
B o to Fig, 6 MM LEEME RO RHEB
FNF—ERYT, BEEBET 2 VF—F 10md/m? LLIF
E{EWEERL 72,

3.2 [ o KALIEH| DIEES

HE{LLES LT, REEBE v F v 7 ESRER v
F v Ik vIBSHREE LA A T, &I - KALTER|
Tl - L& &7 & & oA, &M% Fig. 7, Fig. 8
KRG o 1 - AKMLEER D 13 - KD A F WL Dt (P,
Al, A2) TU, FHORFC,rb LT, Bilms

MBUEIRED 2 HV, BT 20kV T TREFHRE I 140 ERE CKMOEEN S OS> T, Tz, F-
Table1 Treatment for rough surface.
Symbol Treatment Solution Concentration | Temperature Current/Volt Time (s)
(mass%) %)
AC Electrical etching Nitric acid 1.5 50 40A/dm? 10
PAA Anodic oxidation Phosphoric acid 4 40 80V 20
SAA Anodic oxidation Sulfuric acid 4 40 20V 20
CAc Chemical etching (Acid) Nitric acid 30 80 - 180
Table 2 Silane and fluorosilane.
Symbol Structural formula Functional group
P (CHy)3Si0[Si(CH3)201nSi(CHa)s CH,4
Al CH;3Si(0CHy)s CH,
A2 CsH7CH,CH,Si (0CH;y)4 CH;,
F1 CF3CH,CH,Si(0CHy), CH;, 6
F2 CeF13CH,CH,Si(0OCoHs5)3 CFy, CF3
F3 CgF 17CH,CH,Si (0C,H;)5 CFy, CFy Fig.1 Contact angle of water on the sample.
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Fig. 2 Sliding angle of water on the sample.
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Fig.5 A drop of water on the sample. (after water-
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SEM photograph of after etching surface.
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F1is CF3;CH,CH,Si(OCHy);3,

F2 is Cel13CH,CH,S1(0C,Hs)s,

3 is CgFmCHgCHgSi(OCgHS);;
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Table 3 Fractal value.

Fractal | Contact | Sliding Surface free
Symbol ”
value angle angle |energy(mdJ/m®)
AC 2.32 163 12 8.2
PAA 2.21 158 18.5 9.9
SAA 2.12 136 — % -
AC+PAA 2.41 164 3 1.8
AC+SAA 2.35 163 8 5.3
CAc+PAA 2.13 160 16 9.4
# No Slide
12
% 10 ° <
g
o
S 6
© L 2
2
= 4
O
8
3 4
0 1 'l
2.00 220 240 2.60 2.80

Fractal value

Fig.9 The relation between fractal value and surface free
energy.
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0.8 { teatment
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Wave length (cmy!)

Fig. 10 Absorption spectrum of repellent surface before and
after water-repellent treatment. (AC+PAA, F3)
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Fig. 11 Model of fluorosilane on the aluminum surface.

Table 4 Critical surface tension.

Functional Group| —CF3 | —CFy | —CFy— CH,| —CH; | —CHo,
Critical Surface
6 18 25 24 31
tension (mN/m)
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WEVEOEAICE, REHEPIOEMETE, R
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Sumitomo Light Metal Technical Reports, Vol. 41 No. 1 (2000), pp. 38-44

The Effect of Sheet Characteristics on
Disarrangement of Aluminum Fins in
the Heat Exchanger of Room Air Conditioner

Taka-~aki Kido, Yoshio Sato and Yoshio Takeshima

To cope with the disarrangement of aluminum fins (called“avec”) which occasionally occurs dur-
ing the expansion process of copper tubes in the heat exchanger of room air conditioners, the effects
of the mechanical properties, the thickness and the surface treatments of the aluminum fin stock on
avec were investigated. The results are summarized as follows. (1) The compressive load on the fins
at the unexpended part of the heat exchanger, due to shrinking of the copper tube by the expansion,
has a great influence on avec. When the compressive load on the fins is within the range for the fin
shape, avec oceurs. (2) The friction coefficient of the fin surface treatment significantly affects
the compressive load on the fins. By using a surface treatment having a very low friction coeffi-
cient, the compressive load can be sufficiently reduced to prevent avec. (3) The effect of the me-
chanical properties on avec has not been determined. The fin thickness has a small influence on avec.

By using thicker fins, the occurrence of avec could be slightly reduced.
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Fig.1 Appearance and cross section of heat exchanger.

Y= a7 g yHMERAGEY S ORIE R OB
PG % Table 1 iR g, E—iKE, FRELETORME
O & EFEE S O~@ il E o8 £,
FEl—h8RE, RO THRED A A2E(LES & fiiE M@ &
@TREOEE L, [F—OARICKRLED S 2B D 57
T O~QTERNEOREL, ThENHES
2.1.2 HEMOBEERRY

HEEME O BEHR S % Table 210779, HEM O BEH %
B, v Fv e L—~NyREERBKRORY v 7 F R
YEEEARBRIC L ORE L, Ny F Y - LR UvHER
KON E Fig. 2 (2) i©, R v 77 A5 EE
HEARE O % Fig. 2 () IKRT, NTF Ve L —
~ Y REEAR T, RENET « oM EEkE, )
75 Ry EBERTE, EEAET v MET v h T -
D7 L THAEEE S5 EIT kb EBREERE LT

Table 1 Thickness and mechanical properties of test fin

stocks.
Fin stocks | Thickness |Tensile stress|Yield stress|Elongation
(mm) (MPa) (MPa) (%)
@ 0.10 133 123 18
) ” 145 140 13
® ” 151 148 8
@D~® 0.11 146 141 12
Table 2 Friction coefficient of test fin stocks.

Test Lubrication | O~@ | ® | ® | @ ©
Bowden 0il 0.13 |0.14]0.20{0.12 0.07]0.13
Leben Without oil 0.32 10.2310.59|0.50 | 0.090.15
Sliptester 0il 0.39 10.30|0.49]0.43}0.13|0.19

Dry 0.46 | 0.36|0.61 | 0.58 1 0.20 | 0.28

39

Wb, WERKR G T 4 v h 5 — ORI R 7 4
YMOREAFEE L, BERKE, v 7Ty e v—y
REBHE, =) v 772 7 Bt 1EE U,
W Fve L =Ry REEERBR O R Y v 77 R
HB OB Table3 ICF NEFNRT, NT TV «
L=~ B R D I S, BT E RO U
WA DE T bg/m* B Uit LUk, @& 4 53)
BOoEgmhEsma La vy G BEhEdTs) O
24 E Lice 2 v 75 2 5 BEESBOMBERME S
75 e b= R R & BRI B B G R o
QLML LT, 74 v HF5—ICiR7 4+ VEREEO T
THESDHEIRETE - TWALDEEZ ONB LD,
2 v 77 R EERBROMBMOEF ORI, TR
E Lt WMREANYF Y« -~ REERIRR U2 v
77 R & EEERERIIC 196N & L 72,

2.2 T4 VERFERE

7 4 v OREIEEMA Tabled IRd . 74 v REER
BBlFo— L 2EBc k3 1FI8BY 74E75 9 b7 4
vEL, #5—1A R 16mmELEk, Fo—LAg
BoRETREOMIEK % Fig. 3 icRd, k7 4+ v o
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WRT . 7«4 v O ZEREOMEmEH v,

Load ¢

Sliding direction of steel ball

(a)Bowden Leben friction test.

Load Loadcell

Fincollar |

Sliding direction of fin stock

Fin stock
(b)Sliptester friction test.

Fig. 2 Schematic illustrations of friction test.

Table 3 Friction test conditions.

Bowden Leben Sliptester

Steel ball diameter 4.76mm (3/16” ) -
Load 1.96N
Sliding speed 240mm / min 1000mm / min
Sliding travel 10mm 100mm
Temperature 300K
Humidity 45%
Lubrication Volatile oil Volatile oil

Without oil Dry
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Table 4 Fin forming conditions.

Die Drawless type fin die

Lubricant (Viscosity) Volatile oil (2mf/s, 313K)
Press stroke speed 250spm
Fin type

Collar height

1row 8 collars rib flat type
1.6mm

2 !
— $ 8.00
Pierce burling stage e
<
o
— ¢ 9.40
First ironing stage e
<
N
o3
¢ 9.88
Second ironing stage S——
2
= G 1112 |
1
/ \ $9.88 N
Flaring stage axmmcw— r———

|

Fig.3 Schematic illustrations of forming process of

drawless die.

A “ Ak

Tmm

(a) Appearance of fin.

Collar Collar root angle

Plate section

(b) Cross section of fin. tmm

Fig. 4 Appearance and cross section of fin.

40

RERSH R U 5 RER
o IR, o RIER
ML/, EREERBTE, BELLY « vOlER
2358 & L, ¢9.14mm OEIICERIROILE 7 5 7 %
EHAL, 735 7 OBEEE 13 50mm/s 12 TIHE L 72,
X, WERSORENDOMBICE, EIRMmEEA L,
5 RPLERER TR, EEIERRICfLcboEFEL 7 4
YERLBES S L%, 100MEEL, 770
BB 0.8mm/s I THE L e, SBR%EE 13,
BREEE o5 RRBEB IR TB Y, 55E
BOS000NDa—Feick-T, BEETLI =
LT 4 VEETALERTS SIchhAHE (LIS,
WEWMELT Z) %, 7 R EERREED 200N 0 o —
Ferick->T, BFEBO Y + vichh 3HE QI
74 VIFMWE LT E) RRIETEIEMTES,

2.4 TRy IBREOE=FMEAE

AEBiTR, TRy 7 BROBEOBLEREICT S
LEbie, TRy 7 BHROREL T 4 Y HORELEO

BREefE% Table 5 12 # & R
gItic 2 B OE X

Expansion load

measuring loadcell
= Plug

Aluminum fin || Copper tube

i iy
Fin compressive _J

load measuring
loadeell 3

|

(a) Actual expansion
test machine.

(b) Laboratory expansion
test machine.

Fig.5 Appearance and schematic illustrations of
expansion test.

Table 5 Expansion test conditions.

Actual Laboratory

expansion test expansion test

Copper tube Out diameter ¢ 9.52mn inner grooved tube

Plug diamater @ 9.14mm
Expansion ratio 4.6%

Lubricant Volatile oil
(Viscosity) (2mi/ s, 313K)
Numbers of fin 235 100
Travelling speed 50mm/ s 0.8mn/s
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Table 6 Numerical evaluation of avec.

Test fin stocks Numerical evaluation of avec
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Fig.7 Appearance of heat exchanger after actual expansion test.
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Table 7 Expansion loads and fin compressive loads of the
laboratory expansion test.

Test Expansion Fin compressive | Fin compressive
fin load at load at load at avee
stocks No.90 fin(N) No.90 fin(N) N)
@ 230~250 40 36
@ 240~270 44 36
©) 250~280 46 37
@ 9250~280 44 40
® 240~270 44 39
® 240~270 45 37
@ 250~280 44 36
250~280 34 -
® 240~ 260 33 -

Fig.9 Appearance of heat exchanger after laboratory

expansion test.
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Fig.10 Load chart of laboratory expansion test.
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Fig. 12 Deformation behavior of thin sheet with collar at

expansion.
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Fig. 13 Variation of collar height of heat exchanger.



44 * R &

' B

B3R 2000

i g 2 AMICER T 20 (Fig. 12 (a) OZIB),
IEEDEA CTIEMR P b a2 HiHIcH 5 &, WERICY
HRENcEAT 37 « vBEAL Fig. 12(b) oZER) W
BEWREL, 7Ny 7 BGRELE, SOENED S,
EHER 13 REL B S8, Fig.12() OEFEIc LD
715 =R HEN T RTHE{LT B ECERT 5. & -
T, TNy JHBIE, RE O A TR L TRIKEHS
D7 4 THELATHEINREL D 2EHICH S
L, #lifg{bd B ARG 57 « v, RUBIALT 3
HENCERIT 2 7 « v BRET B0 FET 5 SHfES
Nice TOT & s, IWERRE» S 7~y 7 BENTE
456003, MPIOFEEBYMET Ny 7 o EL &
Wr&x iz,

4.2 7Ry VBRBICRIFTERREOSE
KILELH D7 ¢ iU B BRI, IEESIES,
& DEABMARELRBICONTHEKRL -, HEFE®
RUOQ@07 4 VIEMEHENS ML DN 7D, Th
SDOBOMRMED BIFTH - EBRTE 3,
Fig. 4 I/RT X H i, FEahicry « v OB AH O
FEfEIE 7 4 v R oM BT 28NS 2S5 0
T, oS L wEERRANRBEEN, TNy 7HR
BIRELIKCWEEZ LN, 4. 1HEPICBEF B H 5 -
RITHESSIEAEELT B TMEIE, 5 RIEER
BERMP O BN EELZ SN, O, FhFho
74 VIPRTCEEOEEBE L TVWA EEZ ST,

4.3 7Ry VEZBLRIZTIREOSE
WEDEWEB T v — FH oML, 8ifalkd 3
HEANE LW 720, RBICE > TT Ry 7 HEOF
HRICEBE L EEZL STz,

b, ¥

TRy JEBIRIFT TN = AT 0 YOO

BBV T, EEREHRRU S FINERBRER VT
A LR, DToc EAHLAIE - 1,

il

44

After expansion

Before expansion

Fig. 14 Deformation behavior of fin at expansion
(Cross section of collar).
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Necking Formability of Aluminum D&I Cans
during Smooth Die Necking or Spinflow Necking

Yoshinari Kikuta, Shin Tsuchida and James E. Prichard

The material’s behavior of aluminum Dé&I cans made from different types of hody sheet has been

investigated during the reduction of the neck diameter. In smooth die necking with multiple stages,

the smaller neck diameters lead to thicker and softer thickwalls, and earing appears at the trimmed

can edge. The earing occurs at 45, 135, 225 and 315 degrees to the rolling direction. The thickwalls

at the 90 and 270 degree positions thicken and soften the most. In spinflow necking the thickwall

thins and hardens, and earing appears. The earing occurs at various positions around the trimmed

can edge in the material from the hot rolling-(intermediate annealing)-cold rolling processes. In

spinflow flange reforming, the thickwall and earing variation around the circumference are reduced

by the effect of a stop ring incorporated into the reformer.
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Table1 Chemical ition ( %). U.T.S.
able emical composition (mass% 340 . 320
Si Fe Cu Mn Mg Al = 30— 300
0.
0.27 0.43 0.21 1.05 1.19 bal. < 300 B 580
. e Jivay
g 2807 — 260
Table 2 Manufacturing processes for can body sheets. @D 260 240
Mark process 240 I I ‘ I 220
asfab. 100 200 as fab. 100 200
A Homo = HR -reremmmmsmmncmsnnaaa CR Baking Temperature(°C —10min)
B Homo - HR ---eeeee CAL-TIA - CR . .
Fig.1 Mechanical properties of annealed sheet
C Homo - HR - CR - CAL+IA - CR )
samples (t0.30).
D Homo - HR ----cmomomoemeeeee CR - BAT - FA

Homo : Homogenizing, HR : Hot rolling, CR : Cold rolling,
IA : Intermediate annealing, FA : Final annealing

Table 3 Mechanical properties of test sheet materials. (t0.30)

Mark  Direction U.T.S. Y.S. E. Earing IS

to RD (deg.) (MPa) (MPa) (%) (%)  value

0 319 290 5 3.3 0.44

A 45 320 290 5 1.03
90 331 300 4 1.35

0 320 298 4 2.7 0.40

B 45 326 298 3 0.80
90 336 304 5 1.51

0 283 274 2 4.3 0.54

C 45 290 267 3 1.01
90 297 271 4 1.20

0 325 298 6 3.1 0.36

D 45 329 298 6 1.09
90 340 308 5 1.38

Earing : Drawing ratio 1.9
r-value : Comparison between 0% and 1% elongations.
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Robust Gauge Control for Hot Finishing Mills

Yoshihide Okamura and Ikuya Hoshino

A new gauge control system for hot finishing mills has been developed to distribute the mill
motor power of each stand. The new system has the following features :

(a) Interstand exit gauge is calculated based on the law of mass flow constancy using the exit

thickness gauge.

(b) The design strategy of the new system is to cope with a detection time delay, and to simplify

the controller to easily tune during actual implementation.

(¢) The H” controller with two degrees of freedom is designed to obtain high responses of the ref-

erence and disturbance.

The performance of the controller is evaluated by numerical simulation. The effectiveness of the

new system has been shown by application in an actual plant.
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Table 1 Drafting schedule data for simulation.

Stand No. 1 2 3 4
Exit gauge [mm ] 21.7 | 129 | 82 | 5.0
Rolling force [ 9.8kN ] 273.0 | 237.0 | 260.0 | 237.0
Interstand tension { 9.8kN ] - 10.0 | 10.0 | 10.0
Looper angle [ deg] - - 5.0 5.0
Rolling speed [ m/min ] 38.3 | 64.0 | 101.6 | 166.0
Strip width [ mm ] 862.0 , - - -
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TECHNICAL PAPER

Heat Transfer and Roll Surface Temperature
in the Hot Rolling of Aluminum Sheet”

Takeshi Yoneyama* *, Hiroshi Asaoka™**, Hiroshi Kimura™** ",

lkuya Hoshino™****

and Misao Kokubo™*****

Roll surface temperature in the arc of contact has been directly measured by a temperature sensor

embedded on the roll surface during the hot rolling of aluminum sheet. Influences of the rolling pa-

rameters such as initial sheet temperature, reduction ratio, and lubrication condition on the roll

surface temperature have been investigated. The roll surface temperature abnormally increases in

the entrance part of the contacting arc when the rolled sheet seized on the roller with no lubricant.

By comparison with the roll surface temperature simulated by one-dimensional finite difference

method, the heat transfer coefficient between the roll and the sheet surfaces was estimated to be ap-

proximately 400 kW/(m?+ K). A simulation of the abnormal increase in the roll surface tempera-

ture in the case of seizure has been performed by adding the heat generation in the surface layer of

the sheet caused by friction on the boundary surface.

1. Introduction

Heat transfer from the high temperature
work material to the roll bite has significant
influences on the sheet and the roll surface
temperatures, lubrication status, and surface
of the sheet, especially in the hot rolling proc-
ess. The value of the heat-transfer coefficient
is necessary as one of the calculation parame-
ters for the simulation analysis of rolling.
Concerning the heat-transfer coefficient
(HTC) in the hot rolling of aluminum, B. K.
Chen et al. (1992)" estimated the HTC from the
measured internal temperature in the alumi-
num strip (Al-5%Mg). They pointed out that
the value of the HTC changes along the arc of
contact from 10 kW/(m*+K) to 50 kW/(m* *+ K).
Hlady et al. (1993)® estimated the HTC from
the difference of the sheet temperature before
and after rolling. As the result, they obtained
the value as 200~450 kW/(m* « K) for hot roll-
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ing of the aluminum alloys AAS5052 and
AAB5182. The value was about 10 times greater
than values reported by Chen. Hlady et al.
(1995)” have discussed the dependence of the
HTC on rolling pressure and as a function of
the ratio of the rolling pressure to the flow
stress at the surface of the workpiece.
Dependence of the HTC on rolling pressure
has been also investigated by W. C. Chen et al.
(1992)" in the hot rolling of steels. Roll surface
temperature in the contacting arc has not been
investigated well because it is difficult to
measure directly. Therefore, the change of the
roll surface temperature in the arc of contact
is not clear and its relation to the friction and
lubrication conditions is still unknown. It is in-
teresting to investigate the relation between
roll surface temperature and heat transfer co-
efficient with friction or lubrication conditions
and heat stick occurrence. Yoneyama et al.
(1995)® have developed a temperature sensor
that, embedded on the roll surface, can detect
both roll surface temperature and heat flux.
The first attempt was made to detect the roll
surface temperature in the hot rolling of alu-
minum sheet (1996)9. The relationship between
the heat scratch and the roll surface tempera-
ture has also been investigated (1997)7. In this

report, the accuracy of the temperature
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sensor is investigated first for the hot rolling
process where the roll surface temperature
rapidly increases during the arc of contact.
Then the result for the measurement of the
roll surface temperature in the hot rolling of
pure aluminum sheet is shown. The character-
istics of the roll surface temperature change
and its fundamental dependence on the basic
process parameters such as initial sheet tem-
perature and reduction ratio will be shown.
Measurement of the roll surface temperature
when seizure occurs has also been carried out.
The abnormal initial temperature increase in
the case of seizure is discussed. In addition,
roll surface temperature is numerically ana-
lyzed using a one-dimensional finite difference
method. Then, the value of heat transfer coef-
ficient during hot rolling of pure aluminum
sheet is estimated. The reason for the abnor-
mal initial temperature increase during sei-
zure will be investigated in the numerical
analysis considering the frictional deforma-
tion of the bulk surface layer when the sheet
surface sticks to the roll without lubrication.

2. Roll surface temperature sensor

2.1 Structure of the sensor
The roll surface temperature sensor is illus-
trated in Fig. 1. The main characteristic of
this sensor is that each thermocouple wire, 80
um in diameter, is individually welded to the
sensor block perpendicular to the conjunction
interface. The detection position is accurate
since the interface is very thin and parallel to
the tool surface. If the thermocouple wires
were joined with each other before being
pressed on the sensor block, the sensing depth
Temperature detecting

point for 0.25mm below
the surface

Temperature detecting
point for 0.15mm below
the surface

Rolling pl0
direction Roll surface
L~
Thermocouple Thermocouple
A A
0 H8-{HfH
54
o LR
View B View A
Groove cavity
is filled with

Mg0 cement

Fig.1 Structure of the temperature sensor
(dimensions in mm).

may not be accurate because the conjunction
interface between the wires becomes perpen-
dicular to the tool surface and consequently
the detection position has a range of the depth
corresponding to the thickness of the wires.
Thermocouple wires are welded to the termi-
nal bottom of the groove machined on the side
surface of an inner block so that the welding
condition can be examined before assembling
to the outer sensor block. The wire welded to
the groove is shown in Fig. 2. The cavity of the
groove is filled with MgO cement to maintain
the same thermal conductivity as that of the
roll bulk material. Detecting depths are 0.15
and 0.25 mm under the roll surface. Surface
temperature and heat flux are calculated from
the two temperature data using a one-
dimensional transient reverse calculation
method established by Shoji (1978)%. For
measurement of the rapid change in surface
temperature, the depth of the temperature de-
tection point must be very near the tool sur-
face in order to reduce error. Given the
machining accuracy and the structural tough-
ness of the sensor material at the measuring
point, 0.15 mm and 0.25 mm depths were se-
lected.

(a) Inner block

(b) Welding point

Fig.2 Thermocouple wire welded in the sensor block.
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2.2 Measuring accuracy

If the cavity of the groove to which the ther-
mocouple wire was welded is left without ce-
ment, the temperature at the sensing point will
be higher than that of the nominal bulk sensor
at the same depth, since heat transfer will be
disturbed by the groove cavity and the heat
will be accumulated in the thin part between
the sensor surface and the groove face. In
order to maintain the same thermal conductiv-
ity as the bulk sensor, the cavity was filled
with MgO cement having a similar thermal
conductivity as steel. Measurement accuracy
is investigated by numerical simulation to ex-
amine the influence of the thermal conductivity
of the filled cement. The investigation process
is explained in Fig. 3. Using FEM analysis, the
temperatures at the sensing points are calcu-
lated under various thermal conductivity con-
ditions in the groove cavity under the assumed
surface temperature change, and then the sur-
face temperature is recalculated from the two

Assumed surface
temperature

=0

Iﬁ/ N
.2 2l

e

Calculation of

e [
the temperatures

Xip,Xz0,%1, %, S, .X & [‘_.V,Mx = i
by FEM analysis 2 i $0.5 i
ICavity !

Reverse
calculation Calculation of

Calculation of
C:Compare C{} surface temperature

surface temperature

Fig.3 Investigation process for determining
the accuracy of the sensor
(dimensions in mm).

the reverse calculation
method. At the same time, the bulk tempera-
tures at the same depths are also calculated
by FEM analysis and then the surface tem-
perature is recalculated. The differences be-
tween the calculated surface temperatures are
compared. FEM analysis was applied to the
axisymmetric structure in which the groove di-
ameter is 0.5 mm and the wire 0.1 mm in di-
ameter, connected in the center of the bottom
of the groove. Surface temperature is assumed

temperatures by

to be 400°C instantaneously at time = 0 from
the initial bulk temperature of 30°C. Thermal
conductivity of the roll, alumel and chromel
wires is assumed to be 38, 29.7, and 13.8 W/
(m*K), respectively. The calculations were
made for the case where the cavity is empty,
or filled with MgO cement of thermal conduc-
tivity 31.4 W/ (m+*K), and for imaginary ce-
ment having half the thermal conductivity, or
15.7 W/(m+K). The results are compared in
Fig. 4. where X and X: are the temperatires
at the sensing points and X and X» are the
bulk temperatures at the same depths. In the
case of no cement, the two temperatures at the
sensing points are significantly higher than
those in the bulk and consequently the calcu-
lated surface temperature exceeds 400°C, espe-
cially in the initial 10 ms. The difference is
about 20°C after 30 ms. In the case with MgO
cement, the two temperatures at the sensing
points are almost the same as those in the bulk
and the calculated surface temperature is

~ 550 T - T T T - : T
OO 500 | Surface temp. from X, and X, with no Mg0 ]
B Surface temp. from X, and X, with half the conductivity of MgQj
5 450 ! : B
5 L
o
£ 400 e ] -
3 /Y\ Surface temp. from X, and X, with MgO
£ 350 - Surface temp. from X, and X, in the bulk roll materia ]
L ] H 1. L.
S 300
o 10 20 30 40 50
Time (ms)
(c) Reverse calculated surface temperature

/

450

X,(0.15 mm, no MgO)
X,(0.16 mm, half the conductivity of Mg0O)
X(0.15 mm, MgO)

X, (0.5 mm, bulk roll material)

0 I I

TR I I el

erature(°C)

a

. .
30 40
Time (ms}

10 20

(a) Temperature at 0.15 mm depth analyzed by FEM

50

450 T T T T
. X,00.25 mm, no MgO) 1

X,(0.25 mm, half the conductivity of MgO)

X,£0.25 mm MgO) 1
X,{0.25 mm bulk roll materiai) ]
0 L . ;

10 0 30
Time {ms)

(b) Temperature at 0.25 mm depth analyzed by FEM

o
o
(AR S B

40 50

Fig.4 Calculated surface temperature from the temperature data analyzed by FEM.
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nearly 400°C after 3 ms. In the case that the
filled cement has half thermal conductivity, the
two temperatures are still higher than the bulk
temperature and the difference in the calcu-
lated surface temperature from 400°C is about
26°C after 5 ms and 14°C after 20 ms.

From the above comparisons, even if the
thermal conductivity of the cement is reduced
to half of the MgO value, the temperature dif-
ference is about 15°C. The thermal conductivity
of the filled cement is considered to be near the
true value of MgO since no pores could be ob-
served in the filled cement with an optical mi-
croscope. Therefore, the error in the measured
surface temperature is expected to be less
than 10°C except for the initial 5 ms when the
detected surface temperature might be slightly
higher than the real temperature.

3. Experimental procedure

3.1 Measurement system for the roll
surface temperature
Temperature sensors are embedded in the

Coolant Back—up roll

$510 nm
Temperature
Sensor

Work roll
$322 mm
—_—

30 m/min

Fig. 6 Rolling equipment

Temperature
sensor

Roll

$r322

fe

work roll surface. The measurement system is
illustrated in Fig. 5. The outputs from the sen-
sors are attached to an amplifier fixed on the
roll end prior to the slip ring in order to avoid
noise interference. Rotation angle is also
measured using a magnetic drum sensor to
obtain the relationship between the rotation
angle and the roll surface temperature. The di-
ameters of the work roll and the back-up roll
are 322 mm and 510 mm, respectively, as
shown in Fig. 6. Roll surface roughness range
was between 0.8pm and 1.22pum Ra in the
course of the experiment. The values of the
roughness are in the usual range for a roll
surface used in hot rolling of aluminum.

As work material, pure aluminum A1050
sheets, 10 mm in thickness, 350 mm in width,
and 1000 mm in length were used. The sheet,
previously heated to 500°C for more than 5
hours, is transferred to the front of the roller
and then the rolling process starts after the
sheet reaches the desired temperature. Rolling
speed is 30 m/min corresponding to 5.6 ms per
rotation angle of 1 degree. The contact time
between the sheet and the roll in the contact-
ing arc is about 50 ms for the case of a 50% re-
duction ratio.

3.2 Measurement of the internal sheet

temperature

In addition to measuring the roll surface
temperature, the inside sheet temperature was
also obtained. The method is shown in Fig. 7.
A pair of thermocouple wires were inserted
through thin holes machined from the side
surface of the sheet to a position 30 mm from
the side surface. The junction point of the
thermocouple was pressed against the flat
bottom of the hole machined perpendicular to
the sheet surface, using an A1050 screw. The

Hagnetic

4
:é::f Slip-ring

feiieifei o]
Temp, B35
amp.  eses
T
felieifeijo]
Supporting  Magnetic sensor
box .
otation engle 5777, folalion
Data Trigger pulse Trigge{ puise
MEMOTY | Temperature dat generator

Fig.5 Measuring system of the roll surface temperature (dimensions in mm).
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sensing depth in the sheet changes with the re-
duction in sheet thickness along the arc of
contact. Given the noise occurring in the roll-
ing process, there were few cases in which the
inside temperature data could be fully de-
tected.

4. Experimental results

Change in the roll surface temperature in
the arc of contact for various initial sheet tem-
peratures, 61, can be seen in Fig, 8 for a re-
duction ratio vy = 50%. In this experiment, a
59% mineral oil emulsion lubricant was sprayed
at the entrance of the roll gap at a flow rate of
200 1/min. The roll surface temperature in-
creases at the entrance of the contacting arc
and then remains constant until the exit of the
contact. As initial sheet temperature in-
creases, the maximum roll surface tempera-
ture increases. Initial sheet temperature is the
most influential factor on the increase of roll
surface temperature as compared to the other

LN Sy
\\\ “\v\",?g%‘.'xo
N

screv Thermocouple

wires

Fig.7 Measurement of the inside sheet temperature
(dimensions in mm).

400 T T v ;
- o Exit
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200
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100
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—_—

Emulsion fubrication h
Reduction ratio 7 = 60%

Roll surface temperature (°C)

50 Material: pure aluminum
O 1 1 1 1
0 20 40 60 80
Time (ms)

Fig.8 Influence of the initial sheet temperature
on the roll surface temperature:
experiment.
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factors such as reduction ratio, lubrication,
and deformation resistance of the sheet mate-
rial.

Change in the roll surface temperature as a
function of reduction ratio is shown in Fig. 9.
There is a slight influence by reduction ratio
on the increase in roll surface temperature.
This difference may include both effects of the
increase of heat generation by enlarged plastic
deformation in the bulk and the increase in
heat transfer coefficient by the elevated con-
tact pressure on the boundary surface.

The change in roll surface temperature as a
function of lubrication conditions is shown in
Fig. 10. In the case of no lubricant, roll sur-
face temperature increases gradually higher
than that pertaining to emulsion lubrication.
The contact time for no lubricant is longer
than that for emulsion lubricant because the

_. 400 T T T T
(@)
< 350+
g
2 300+
o
2 250k
£
S 200+
©
§ 150 |
2 100 + Emulsion lubrication |
< Reduction ratio: ¥
o 50 Material: Pure aluminum |
O ! 1 1 1
0 20 40 60 80
Time (ms)
Fig. 9 Influence of the reduction ratio on the
roll surface temperature: experiment.

400 r : . T

350 1 No lubrlcani ~~~~~

300+

Emulsion

3

E

3

§ 250 .
o)

g 200 E
3

g 190 6,=460°C ]
gg 100 7 = 50% . A
a Material: pure aluminum

= 50 -
&

0 1 1 N 1 1
0 20 40 60 80
Time (ms)
Fig. 10 Influence of the lubrication condition

on the roll surface temperature:
experiment.
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sheet surface sticks to the roll surface even
after the contact exit. By introducing emulsion
lubricant between the roll and strip surfaces,
heat will transfer both through the oil or
water film and through the oil or water pool in
the pores of the contacting surfaces. The re-
straint in the temperature increase for emul-
sion lubrication compared to the temperature
increase with no lubricant may due to the de-
crease in the heat transfer coefficient by the
oil or water trapped between the roll and strip
surfaces. However, the actual effect caused by
the change in the heat transfer coefficient can-
not be examined in this experiment because
changing the lubrication also changes the fric-
tion condition in the contact region and causes
a change in heat generation from bulk plastic

deformation caused by the frictional stress.
Roll surface temperature when the sheet
seized on the roll surface without lubricant is
shown in Fig. 11 compared to the normal case
of emulsion lubrication. Initial rapid increase
at the entrance and consequent gradual drop
is characteristic of roll surface temperature
with seizure. Seizure implies the situation
where the sheet surface adheres to the roll
surface completely and the sheet does not
separate from the roll surface after the roll
bite exit. In pure aluminum rolling, adhesive
metal transfer scarcely occurs under normal
emulsion lubrication. However, when lubricant
depletion occurs, the aluminum material read-
ily adheres to the steel roll surface under high
temperature and  pressure  conditions.
Lubrication supply was stopped for the inves-
400 T T T T T

No lubricant {seizure occured)

350 g =300C
300 She<ooo
250+

Emulsion ~an

200 6, = 400°C h
150 ]
100 7 = 50% 1

Material: pure aluminum

50

Roll surface temperature (°C)

$ L s 1 t

0
-20 0 20 40 60 80 100
Time (ms)

Fig.11 Roll surface temperature increase during
the occurrence of seizure: experiment.

tigation of the roll surface temperature
change when the strip surface adheres to the
roll surface through lubricant depletion when
rolling pure aluminum sheet. Measurements
were taken during the occurrence of seizure
where the aluminum sheet stuck completely to
the work roll surface, in which temperature
sensors were embedded, and the sheet could
not be separated from the roll surface after
the roll gap exit. The reason for the initial
rapid increase in roll surface temperature may
be due to severe bulk shearing deformation
near the contact surface between the stuck
surface material at the same speed of the roll
surface and the deforming internal bulk mate-
rial at lower speed.

The dependence of the roll surface tempera-
ture with roll surface roughness has not been
investigated within the roughness range of this
experiment. The effect of roll surface rough-
ness on the onset of adhesive metal transfer
or seizure was investigated by Sheu et al.
(1998)”. The dependence of the roll surface
roughness on the roll surface temperature in-
crease may be examined over a wider range of
roll surface roughness in the future.

From the experiments on the detection of in-
ternal sheet temperature, comparison between
the sheet temperature and the roll surface
temperature is shown in Fig. 12. In this ex-
periment, initial sheet temperature was 350°C,
and oil was painted on the roll surface before
rolling. Detection depths in the sheet were 2.2,
3.7 and 4.5 mm before rolling. Sheet tempera-
ture decreases gradually in the contacting arc.

400 T T T T
Sheet temp.  Sheet temp. 1
350 czsenn.. . 9/ mmdepth 45 mm depth-|
A N
~ Sheet temp. e
8 300+ 2.2 mm depth Ty
© 250+ 7
3
)
S 200t Roll surface S
e temperature
g 150 7
— Oil lubricant b
100 + r = 50% b
8,= 340°C ]
50 Material: pure aluminum
O 1 1 1 )
0 20 40 60 80
Time (ms)

Fig. 12 Roll surface temperature and sheet
temperature: experiment.
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Although the temperature in the sheet is esti-
mated to be high at the center of the sheet and
low at the surface of the sheet, differences in
the measured temperatures are small. It is
proposed that unless the surface temperature
of the sheet is changed rapidly in the contact,
bulk temperature at these measured depths
only changes gradually from the entrance to
the exit of the arc of contact.

Mean pressures in the contact area under
various rolling conditions are plotted in
Fig. 13. The mean pressure p, was obtained
from the following equation:

P
2 b RAR ey

where P is the rolling load, & is the width of the
sheet , R is the radius of the work roll, and
Ah is the reduction height of the sheet. Mean
pressure in this experiment was in the range
of 80 MPa to 200 MPa. Mean pressure de-
creases as the initial sheet temperature in-
creases. It increases with increase in reduction
ratio at the same initial sheet temperature. It
also increases as the lubrication condition
changes from oil to emulsion to no lubricant.
For the case of no lubricant, the pressure
change is unstable according to the degree of
stick. The increase in the mean pressure
through the increase in reduction ratio and the
deterioration of the lubrication condition is at-
tributed to the increase in friction coefficient
at the contact surface. The mean pressure will
correspond to Y (1+uL/2h,) described by

200 . . ; ;

© 150+ ® 4
= A rE50% T~
~ ]
£ 100 T

i A ]
4 Y =40 T,
&
§ 50 | Emulsioln fu bri'cation ]
= Reduction ratio: v

Material: pure aluminum

300 350 400 450
Initial sheet temperature 6 (°C)

(a) Mean pressure in the arc of contact
for various reduction ratios

Kalpakjian (1991)", where Y’ is the average
flow stress in plane strain of the material in
the roll gap, 1 is the friction coefficient in the
contact, L 1s the length of the arc of contact,
and h, is the average height of the sheet in the
roll gap.

Measurement of the roll surface tempera-
ture during hot rolling of Al-Mg sheet has also
been carried out In a previous paper
(Yoneyama, 1997)7. The temperature sensors
can be used to detect the temperature increase
fluctuation according to the change in the ad-
hesion and scratching conditions. Unstable
change in the temperature increase has been
observed in the experiment using Al-Mg alloy
sheet, where many scoring marks and heat
scratches occur while passing through the arc
of contact. During rolling of pure aluminum
sheet, such oscillation in the roll surface tem-
perature increase has not been observed using
the usual emulsion lubrication, since few scor-
ing marks were seen on the sheet surface.
Abnormal temperature increase occurred only
for the case when the strip stuck completely to
the roll surface from the lack of lubrication.
The effect of friction in the contact region on
roll surface temperature when hot rolling Al-
Mg alloy sheet will be investigated and pre-
sented in the future.

5.

In order to estimate the heat transfer coeffi-

Simulation

200 T T T T
-]
~ No lubricant
& 150+ - g
= B Emulsion
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&
c
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0
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Initial sheet temperature 8, (°C)

(b) Mean pressure in the arc of contact
for different lubrication conditions

Fig.13 Mean pressure in the arc of contact in the rolling of pure aluminum.
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clent on the contact surface, roll surface
temperature was analyzed using a one-
dimensional finite difference method, and the
results were compared with measured data.
The heat transfer equation in the sheet mate-
rial is expressed as follows:

Ay 0'T, q

0Ty
= -+
ot CAla GEN N @

where T, is the temperature in the sheet, ¢ is
the time, 2, is the thermal conductivity of the
sheet , ¢, is the specific heat of the sheet mate-
rial, p, is the density of the sheet material, z is
the distance in the thickness direction, and g is
the heat generation per unit time and per unit
volume in the sheet material. The heat transfer
equation in the roll is expressed as follows:

0T _ Az 0°Ty
ot cpor 0%

©))

where, T; is the temperature in the roll, A, is
the thermal conductivity of the roll material ,
¢g 1s the specific heat of the roll material, and
or is the density of the roll material. The
boundary condition at the interface of the roll
surface and the sheet surface is expressed as
follows:

oT 0T,
—An GxA ==z axR :l’l<TAo"TR0) @
where, 24 1is the heat transfer coefficient

(HTO), T,, is the surface temperature of the
sheet, and Ty, is the surface temperature of the
roll. The heat generation rate in the sheet is
estimated by following equation:

h
h—dh

g=W,=kln 5

where W, is the plastic deformation work rate,
k is the deformation resistance of the sheet
material, 2 is the height of the sheet, and d# is
the decrease in the height. The implicit resolu-
tion method using a so-called Crank-Nicolson
finite-difference equation explained by Nakao
and Takatsuka (1984)" and also explained by
Shoji (1995)'® was used in the analysis. From
the vertical symmetry of the field, the half
thickness of the sheet was divided into 25 sec-
tions from the sheet surface to the central

plane through the sheet in the vertical
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direction. The height from the sheet surface to
the central plane was gradually reduced step-
by-step corresponding the reduction
progress along the contacting arc. The last
point in the central plane of the sheet thick-
ness was set as the vertically symmetric neu-

to

tral point. The other terminal point is on the
sheet surface. Temperature in the roller was
calculated from the surface to 5 mm deep, di-
vided into 25 sections. The temperature of the
last bulk point was kept constant at the initial
roll temperature. The calculation was made
with a 0.2 ms time step. The total calculation
step were 284 for a reduction ratio of 50%.
After the exit of the contact, temperature in
the roll was also calculated, with a heat trans-
fer coefficient between the roll and air equal to
50 W/(m* * K). Internal sheet temperature was
also calculated with no heat generation, with
the same heat transfer coefficient as noted
above.

Influence of the initial sheet temperature on
the roll surface temperature at a reduction
ratio of 60% was simulated as shown in
Fig. 14, HTC given as 400 kW / (m* » K).
Deformation resistance k is assumed to equal
the mean pressure p,, obtained from an experi-
ment corresponding to the same rolling condi-
tion. Bulk deformation work should be
calculated from the sum of the deformation
work and the mean deformation resistance
Y’, and the additional shearing deformation
work by the shear stress caused by friction.

400 T T T T
§ 350 P 9[ = 460°C
© 300}
3
§ 250f
g
£ 200+
8
5 150}
S HTC = 400kW/m’K
Lg 100 - Material: pure aluminum
a Reduction ratio: 60% ]
= 50¢f ]
00: ]
O 1 1 ) 1 1 N
0 20 40 60 80
Time (ms)

Fig. 14 Influence of the initial sheet temperature
on the roll surface temperature:
simulation.
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Given the lack of information about the values
of the factors for each calculation, as an ele-
mental approximation, deformation work is
estimated from that with a mean deformation
resistance, k, whose value is equal to that of a
mean pressure, p,,. The value of k is estimated
to be greater than the value of the true mean
deformation resistance, Y, depending on the
friction coefficient at the contacting surface. It
is confirmed that the roll surface temperature
increases as the initial sheet temperature in-
creases. This tendency agrees with the experi-
mental result shown in Fig. 8.

The influence of the reduction ratio on the
roll surface temperature is shown in Fig. 15.
As the reduction ratio increases, the deforma-
tion resistance provided by the mean pressure
also increases. In this simulation, the heat
transfer coefficient is held constant to investi-
gate the effect of the increase in internal heat
generation caused by the increasing deforma-
tion resistance from increasing reduction
ratio. The roll surface temperature increases
slightly with the increase in reduction ratio,
similar to the experimental result in Fig. 9.

Simulated roll surface temperature with dif-
ferent heat transfer coefficients is shown in
Fig. 16. Roll surface temperature increases
with an increase in heat transfer coefficient.
The increase saturates when the HTC exceeds
400 kW/(m? + K). From this simulation, it is
known that the HTC has a large influence on
the roll surface temperature. In this simula-
tion, the effect of the change of heat transfer

400 ; i . . ‘

g 350 - rzlsr)% 1
o e § ]
5 300 R : \ ]
Pl R :
3 2501 Y=40% 7=50% s _
§ ook TS
§ 150 |
<
z 100T HTC = 400KW/m?K
3 50} Reduction ratio: v ]
o

0 . s ¢ L

Time (ms)

Fig.15 Influence of the reduction ratio on the roll
surface temperature: simulation.

coefficient can be examined without any other
additional heat generation caused by the
change in frictional stress at the boundary
surface.

The influence of deformation resistance on
the roll surface temperature is shown in
Fig. 17. Initial sheet temperature and the value
of the HTC is held constant in this simulation.
The roll surface temperature slightly in-
creases with the increase in deformation resis-
tance.

From these simulations, the fundamental
characteristics of the roll surface temperature
change can be simulated by a simple one-
dimensional finite difference method. In the
numerical simulation, the effect of each factor
can be examined without any change in the
other parameters.
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Fig. 16 Influence of the heat transfer coefficient
on the roll surface temperature:
simulation.
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Fig. 17 Influence of deformation resistance of
the sheet on roll surface temperature:
simulation.
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6. Comparison

The simulated roll surface temperature and
inside sheet temperature are compared with
the corresponding experimental result where
the inside sheet temperature could be meas-
ured. The result is shown in Fig. 18. As ob-
served in this figure, simulated temperature
change agrees well with the measured curve
when the HTC is assumed to be 400 kW/(m? «
K). This value is located within the range that
Hlady et al. (1995) obtained from their simu-
lation. The result supports the fact that the
value of the HTC is about ten times higher
than that obtained by B. K. Chen et al’. As
seen in Fig. 16 roll surface temperature varies
according to the HTC until saturation in the
range of HTC values over 400 kW/(m? « K).
There is a low probability that the value of the
HTC is in the range of one-tenth of this value.
The value of the HTC in hot rolling of alumi-
num sheet saturates at higher values as ob-
served in Fig. 16. The value of the HTC nearly
exceeded 400 kW/(m? * K) in the experiment.
Dependence of the HTC on mean pressure was
not clearly observed in the experiment. When
the mean pressure increases with the increase
in reduction ratio, with the decrease in the ini-
tial sheet temperature, and with the absence of
lubrication, deformation resistance also in-
creases and heat transfer will be promoted by
the elevated heat generation in the sheet. The
relationship between the HTC and the contact
pressure in the interface must be investigated
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Sheet temp. @ 2.2 mm Sheet temp. @ 2.2 mm
350 HTC = 400 kW/m’K  HTC = 200 kW/m™K ]
5 ek
S 300 Sheettemp.@22mm T T Simsea oo
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Fig.18 Comparison between measured temperatures
and simulated temperatures.
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more precisely from both experimental and
simulation standpoints.

In this simulation, there was no entrance
temperature peak such as emerged in the ex-
periment in the case of seizure. Simulation of
the roll surface temperature in the case of sei-
zure has been done by adding heat generation
from friction in the surface layer of the sheet
in contact with the roll surface. In the surface
layer of the sheet, the heat transfer equation
is assumed as follows:

Ay O°T, q F

oT,
S 5+ + <6>
ot CaPna 0 CaPA  CaOA

where F is the additional heat generation rate
per unit time per unit volume in the sheet ma-
terial by friction in contact with the roll sur-
face. This heat generation is recognized only
in the first one-tenth of the contact length. The
frictional heat generation is considered to be
large at the entrance of the contacting arc,
owing to the velocity difference between the
roll and sheet, and because the sum of the heat
generation by internal deformation and fric-
tion must correspond to the rolling work sup-
plied by rolling torque. The simulation result
is shown in Fig. 19 compared to the experi-
mental data in the case of seizure. Frictional
heat generation rate F' is given as 200 W/mm?,
deformation resistance &k = 200 MPa and the
HTC was given as 800 kW/(m? - K). The ten-
dency for the entrance temperature peak in
the contact emerges in the simulation by add-
ing frictional heat generation. However, total
temperature change in the actual experiment

400 T . T .
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Fig. 19 Roll surface temperature with seizure:
experiment versus simulation.
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is more dynamic and larger than that in the
simulation. A finer analysis is necessary to
simulate the roll surface temperature change
during the occurrence of seizure, using more
precise FEM methods such as those being per-
formed by Yanagimoto and Wakamatsu
(1996)™® for steel rolling.

7. Conclusions

(1) Using a temperature sensor embedded on
the roll surface, instantaneous roll surface
temperature change in the arc of contact dur-
ing the hot rolling of aluminum sheet has been
measured. Influences of the initial sheet tem-
perature, reduction ratio, and lubrication con-
dition have been investigated.

(2) In the case of seizure, roll surface tem-
perature abnormally increases in the entrance
part of the contacting arc. Using a one-
dimensional finite difference heat transfer
model, characteristics of the roll surface tem-
perature change have been investigated and
the results agree well with the experimental
result.

(3) Heat transfer coefficient between the roll
and the sheet surfaces has been estimated at
approximately 400 kW/(m®* « K) by comparing
the simulation result and the experimental re-
sult. A simulation of the abnormal tempera-
ture increase on the roll surface in case of
seizure has been performed by inserting an
additional heat generation factor by friction in
the surface layer of the sheet. The results im-
prove the correlation with the experimental
temperatures.
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Performance of the Tin Coated Copper Tube in the
Water Service System in which the Copper
Plumbing Tubes Have Been Suffering
from Corrosion

Shinobu Suzuki, Yutaka Yamada, Tetsuro Atsumi, Kozo Kawano and Osamu Toriyama

The corrosion problem of copper plumbing tubes in water is classified to cuprosolvency problem,

pitting corrosion such as type I ’, typell and moundless, and erosion corrosion. To solve these cor-

rosion problems, the tin coating technique onto the inner surface of copper tube has been success-

fully developed.

The performance of the tin coated copper tube have been investigated under the actual service sys-

tem in which the copper tubes have been suffering from pitting corrosion of type I ’, moundless and

erosion corrosion. The tin coated copper tubes showed the excellent corrosion resistance against pit-

ting corrosion and erosion corrosion. The corrosion resistances of the tin coated copper tubes were

maintained due to the stable tin oxide, copper-tin intermetallic compounds and a —solid solution.

To keep the excellent type I ’ pitting corrosion resistance of the tin coated copper tubes, it is impor-

tant to reduce the pin-holes of the tin coating.

The tin coated copper tubes have been utilized over 9 years without corrosion troubles. It is ex-

pected that the application of the tin coated copper tubes will solve the corrosion problem of copper

plumbing tubes.
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Table 1 Typical analysis of the test water in which the copper

tubes have been suffering from type I ° and
moundless pitting corrosion.
Type 1’ Moundless
pH 6.8 6.9
Conductivity
186 143
(uS/em)
Total hardness
90 55
(CaCO3 ppm)
Ca hardness
68 43
(CaCOs ppm)
M alkalinity
74 9
(CaCOj3 ppm)
S04
13 44
(ppm)
HCO;™
90 11
(ppm)
Cl-
4 8
(ppm)
Si0y
17 33
(ppm)
Free carbon dioxide 17
(ppm)
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Fig.1 Appearance of the inner surface and the cross section of the both tubes tested for 8 and 14 months at the area
where the copper tubes have been suffering from type I’ pitting corrosion.
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Test Tin coated copper tube
period

3 years

7 years

o

e

Fig.2 Appearance of the inner surface and the cross section of the both tubes tested for 3 and 7 years
at the area where the copper tubes have been suffering from moundless pitting corrosion.

Copper tube Tin coating Resin

Table 2 EPMA analysis of the inner surface of both the tubes
at the area where the copper tubes have been suffer-
ing from moundless pitting corrosion. (mass%)

Tin coated
copper tube Copper tube

. L 2.4

N 1.6 14

0 19.0 34.1

Cu 17.1 34.4

Zn 0.3 v

Al 0.6 0.7

Si 3.5 23.7

S 0.1 0.9

Ca 0.9 v

Mn 0.5 0.3

Fe 34 "

sn 54.5 5

Fig.3 SEM images and EDX analysis in the cross section of

the tin coated copper tube tested for 7 years at the area
where the copper tubes have been suffering from
moundless pitting corrosion.
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Tin coated copper tube

Straight tube

Soldered portion

Copper flange

Tig.4 Appearance of the inner surface and the cross section of the tin coated copper tubes and the copper flange
tested for 3 years at the building where the copper tubes have been suffering from erosion corrosion.

Tin coated copper tube

Straight tube Braze

dp

ortion

Copper tube

Fig. 5 Appearance of the inner surface and the cross section of the both tubes tested for 17 months at the building where the copper

tubes have been suffering from erosion corrosion.

Table 3 X-ray diffraction analysis of the soldered and brazed tin coating tested at the building where the copper tubes have been suf-

fering from erosion corrosion.

Soldered portion

Brazed portion Straight tube

Sl’lOz, Y/ CU5SI’16

or &€ —CusSn

Soldered tin coated copper tube

SnOy, S—Sn

or & —CusSn

Brazed tin coated copper tube

a —solid solution
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or & —CusSn o B
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Table 4 Service area and longest service period of the tin coated copper tubes.

. . Longest service period of Shortest period to
Type of corrosion Service area .
tin coated copper tube leakage of copper tube
Type I’ Chiba, Gifu, Kochi etc. 7 years 8 months
Pitting Typell Tokyo, Kumamoto etc. 8 years 4 years
corrosion Hokkaido, Aichi,
Moundless . . 8 years 3 years
Miyazaki etc.
. . Tokyo, Osaka,
Erosion corrosion 9 years 2 years
Fukuoka etc.
In the east of Hokkaido,
Cuprosolvency problem 7 years -
Osaka etc.

BOBEEIC & - TSN, A5 EEHH 800°C &
BB A SR TR Cu & Sn DAL ETS
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EREMLAY© Cu—Sn &EA OlE &M 13 BEF T,
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5b0EEZ SN 5,
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Copper Ion Concentration Cell Corrosion
and Its Prevention of C1220 Heat Pipe

Kozo Kawano, Tetsuro Atsumi and Takehiro Chinen

Although the experiences of C1220 heat pipes have been satisfactory, some of those pipes, which
had been installed in the heat roll equipment, have suffered from peculiar corrosion in the working

fluid with dissolution of copper at condensing zone and precipitation of copper at evaporating zone

respectively. The peculiar corrosion of those heat pipes and its preventive measures were examined.

The pH of working fluid in the C1220 heat pipes has decreased with PO} formation due to the dis-
solution of P in the material and the dissolution of copper into the working fluid has increased. In
these circumstance, it was presumed that the peculiar corrosion of C1220 heat pipes would mainly
occur with the copper ion concentration cell, that is, the condensing zone acted as anode with di-
luted copper ion and evaporating zone acted as cathode with concentrated copper ion. It was proved
that the application of C1020 and/or C7060 tubes for containers of heat pipes is effective to prevent

this type of corrosion.
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Fig.1 Schematic illustration of the thermo-
homogenized heat roll with the heat
pipes installed.
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3. = Eg
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3.1.1  HEEH
Vv BRESER (C1220) %, O IC IR MR (C1020) % %

Table 1 Operating condition and experience of the actual heat
roll equipment in which the C1220 heat pipes for in-
vestigation were installed. The containers of the heat
pipes removed from actual equipment were C1220
inner grooved tubes in dimension of OD 9.52—T0.8—

L 290~340 in mm.

Revo-
Service Electric
Equip- | Temp. of . lution Leakage
period power
ment No. | roll (°C) No. trouble
(month) (kW)
(rpm)
1 240 18 6000 5 Yes
2 230 18 3000 3 No
3 110 18 1000 <1.5 No
4 125 30 6000 <1.5 Yes
5 75 30 2000 <1.5 No
6 75 12 2000 <1.5 No

Table 2 Analysis of working fluid and P content of material for the C1220 heat pipes removed

from actual heat roll equipment.

Working fluid P content of
Equipment No. .
pH PO} (ug/ml) | Cu (ug/mD Amount of fluid (ml)  |material (mass%)

No. 1 4.1~4.9 239~532 ‘ 97~224 2.1~2.8 0.024~0.026
No. 2 4.2~5.0 74~101 12~30 2.0~3.2 0.023~0.029
No. 3 4.0~5.1 140~187 656~178 2.6~3.0 0.022~0.029
No. 4 4.4~4.7 305~651 167~237 2.2~2.8 0.019~0.026
No. 5 4.3~5.3 69~126 22~39 2.7~3.0 0.021~0.024
No. 6 4.6~4.8 56~112 17~30 2.8 0.020~0.022

i
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Fig.2 Schematic diagram of inner surface and cross sections of the C1220 heat pipe which suffered from
peculiar corrosion in the working fluid with dissolution of copper at condensing zone and precipi-
tation of copper at evaporating zone respectively.

2 : ;
Condensing zone Evaporating zone Condensing zone
(middle portion)

Fig.3 Cross sections of the C1220 heat pipe which suffered from peculiar corrosion in the working fluid with
dissolution of copper at condensing zone and precipitation of copper at evaporating zone respectively.
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Fig.4 Correlation of concentration between the PO~

and Cu ion in the working fluid of the heat pipes in-
stalled in the actual heat roll equipment.
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Fig.5 Relationship between the PO}~ concentration in
the working fluid and the P content in C1220 mate-
rial of heat pipes installed in the actual heat roll
equipment.
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Fig.6 Influence of revolution number of heat roll on the
formation rate of PO} in the working fluid of heat
pipes installed in the actual heat roll equipment.
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Fig.7 Schematic diagram of accelerated corrosion test
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Table 3 Analysis of working fluid in both heat pipes tested
for 3,000 hours in laboratory. One side of heat pipes
was electrically heated at 150 °C and the other side of
them was compulsively cooled by blower.

Material of PO} Cu
pH
container (mg/D (mg/D
5.0 139 51
4.8 217 82
4.8 126 47
C1220
4.0 126 41
4.5 143 68
4.1 148 66
5.7 <1 <1
C1020
5.6 <1 <1
Deionized water 5.7~6.2 <1 <1

TORABARS ZMHEL LY, Bh, BRESH
0.0lmm I, 0.0lmm & U THEETLEE L 72,
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PDFEMEEEN, 2LT, C0FF0HEETHEANE
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4, AE0.8mm oY YIRBHEOEO ZhZ 4 12 5,45
fEEHEE S N, 1B, ARFF T EIRIAR £ 10000 &
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Bt b 2,
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Table 4 Analysis of working fluid in both heat pipes tested
for 7,600 hours in actual heat roll equipment under
the condition of 6,000 rpm at 240 °C.

Material of PO} Cu

pH
container (mg/D (mg/D)

7.7 <1 0.26

7.6 <1 0.30

C1020 7.7 <1 0.39

7.4 <1 0.17

7.6 <1 0.35

7.5 <1 1.0

7.6 - 0.34

C7060 7.6 <1 0.23

7.6 - 0.47

7.8 <1 0.17

Table 5 Estimation of maximum corrosion depth of each heat pipe by extreme value analysis.
. . Estimated maximum
Material Thickness (mm) Test period (hours)
corrosion depth (mm)
C1020 1.0 7600 0.45
C7060 0.5 7600 0.06
C1220 0.8 2900 1.67
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material Evaporating zone Condensing zone
C1220
C1020
Tig.8 Inner appearance of both heat pipes tested for 3,000 hours in laboratory.
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C1220
C1020

Fig.9 Cross sections of both heat pipes tested for 3,000 hours in laboratory.
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Fig. 10 Cross sections of both heat pipes tested for 7,600 hours in actual heat roll equipment under the condition of

6,000 rpm at 240°C.
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Performances of Fin-and-Tube Heat Exchanger
Consisting of 6mm Diameter Copper Tubes

Shiro Kakiyama, Naoe Sasaki and Hiroyuki Morita

In this study, the performances of fin-and-tube heat exchangers consisting of three types of cop-
per tubes and three types of tubes removed from the heat exchangers have been evaluated by using
HCFC—22.

Evaporation heat transfer rate of heat exchanger consisting of smooth tubes at frontal velocity
1.0m/s was 2% higher than that of heat exchanger consisting of grooved tubes. This trend was dif-
ferent from that of heat transfer coefficient in tube for evaporation. Therefore, it must be consid-
ered not only the heat transfer coefficient in tube but also tube-expanding rate, air pressure drop,
and refrigerant pressure drop to estimate the evaporation heat transfer rate.

Condensation heat transfer rate of heat exchanger consisting of smooth tubes at frontal velocity
1.0m/s was 13% lower than that of heat exchanger consisting of grooved tubes. This trend was
same as that of heat transfer coefficients in tube for condensation. Accordingly, the condensation
heat transfer rate would be easily predicted by the heat transfer coefficient in tube.
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Fig.1 Dimension of test heat exchanger.

| 0.5mm |

(b)
sl

! 0.5mm |

(d

Fig. 2 Tested tubes.
(a) Grooved tube A (Before tube—expanding).
(b) Grooved tube A (After tube—expanding).
(¢) Grooved tube B (Before tube—expanding).
(d) Grooved tube B (After tube—expanding).
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2.3 EBRUAFE
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AITESEE RIS % Fig. 831, MIES % Table2
WORY . AEREE W, EARNGERLTERERGEY A 7 v
5B B IAASEE, ERRE, RUEREERER
BRE D SRR S N B, IBIHHHAEE D /N4 /¥ 2 [AFR I HE
B U o B HEs 2 1E IR R B B SRR B NI B W R
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Table1 Dimension of test tubes (before and after

tube-expanding).

Type of Tubes A B C
Tube-expanding before| after |before| after {before| after
Outside diameter[mm] | 6.00 | 6.26 | 6.01 | 6.24 | 6.00 | 6.30
Wall thickness [mm] 0.25 | 0.26 | 0.25 | 0.25 | 0.30 | 0.27
Fin height [mm] 0.18 | 0.16 | 0.17 | 0.09 | === | ==--
Fin included angle [© 1| 30 24 P T e I I
Helix angle [* ] 15 18 15 18 |- -
Number of grooves 50 50 40 40 | --=- |-
Wet perimeter [mm] 30.1 | 29.0 | 25.6 | 24.0 | 17.0 | 18.1
Groove area[mm?] 2.03 | 1.69 | 2.40 | 1.08 | ———- | ===~
Tube-expanding rate 1.043 1.038 1.050

Table 2 Experimental conditions.

Type of test Evaporation | Condensation

Dry bulb temp. 21 ['C] 20 [C]
Air side | Wet bulb temp. 19 ['C] 15 ['C]

Frontal velocity 0.6~1.2 [m/s]

Saturation temp. 8 [°C] 46 [C]
Ref. side Inlet x=0.22 SH=34 [K]

Outlet SH=2 [K] | SC=13 [K]

x : Vaper quality, SH : Degree of superheat,
SC : Degree of subcooling
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Fig.4 Tube arrangement of test heat exchangers.

Type of test Evaporation Condensation
Saturation temp. 2 [°C] 50 [*C]
Inlet x=0.2 SH=40 [K]
Outlet SH= 5 [K] 8C= 5 [K]
Refrigerant mass velocity 100~300{kg/(m? + 5]

x : Vaper quality, SH : Degree of superheat,
SC : Degree of subcooling
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Fig.3 Schematic diagram of experimental apparatus.
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Fig.5 Heat transfer rate variation with frontal
air velocity.
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Table 4 Ratio of performance in tube B and C to tube A

for evaporation.

Type of tubes A B C

Heat transfer coefficient ratio 100 108 38

Refrigerant pressure drop ratio 100 89 59
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Iig. 9 Heat transfer rate variation with frontal air
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Table 5 Ratio of performance in tube B and C to tube A

for condensation.

Type of tubes A B C
Heat transfer coefficient ratio 100 63 47
Refrigerant pressure drop ratio 100 83 49
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Review and Prospect on Technical Development
of Aluminum

Yoshio Baba

This article shows the history on aluminum, its resources and consumption, review of the 20th

century on technical innovation in the aluminum industry, specifically on manufacturing process
for semi-finished products and alloys development for automobile, architecture, aluminum can and
airplane in Review 1.

Several examples on R&D of new aluminum alloys and products such as (1) Al—Zn—Mg alloys
containing a small amount of Zr for transport structure, (2) Al—Fe—Si non earing sheet for Pilfer
Proof Cap, (3) Al—Cu—Ni—Mg~—Si alloy for VIR tape guide cylinder, (4) Al—Mg—B alloy for
storage rack of used nuclear fuel, (5) Al—high Mg alloys for auto body sheet, (6) Control of earing
of super hard A5182 sheet for can end stock, (7) Fine grained AT075 sheet for taper stringer applied
to airplane, (8) Advanced materials are described in Review 2, from my experience at Sumitomo
Light Metal Industries Ltd.

Future prospects of technical development on the aluminum industry in Japan are shown finally.
Production of aluminum in the world will not be handicapped in the future by limitations of raw
materials. Newly developed aluminum products and systems in consideration of Eco-Balance will
make the consumption of aluminum increase considerably in next century. It will continue to make
a highly useful contribution to the prosperity of an advanced society and the welfare of the whole
mankind.

It is expected that recycle of aluminum, cost reduction and the technical R&D accelerate an addi-
tional increase over one million tons in an annual total aluminum consumption in Japan, with auto-

mobile, building and bridge, beverage can and distinguished functional products.
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Fig.1 World production of aluminum, copper, zinc and lead.
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Fig.2 World production of primary aluminum in 1996.
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Fig.3 World demand of primary aluminum in 1996.

Table 1 Project to import aluminum metal to Japan by Japanese investiments.

Project Nation Japanese investors PrOJe_Ct
(1000 metric tons)

NZAS New Zealand Sumitomo Chemical Co., Ltd. 540
VENALUM Venezuela Showa Denko K. K. and 5 others 140
PORTLAND Australia Marubeni Corp. 33
ALPAC Canada Nippon Light Metal Co., Ltd., etc. 45
ASAHAN Indonesia Sumitomo Chemical Co., Ltd. and 4 others 135
BOYNE Australia Sumitomo Light Metal Ind., Litd. and 4 others 131
AMAZON Brazil OECF and 31 others 170
ALMAX USA Mitsui & Co., L.td. and 2 others 160
ALOETTE Canada Kobe Steel, 1.td. and the other 42
Total 910

Table 2 Energy resources of electric power used for electrolysis of alminum in the world.

(unit : Gwh)
Region Water power Coal 0il Natural gas Atomic power Total
Africa 6221 3745 0 0 0 9966
North America 61032 217362 0 80 649 89123
Latin America 31726 0 0 309 61 32096
Asia 5280 7740 1185 12095 2 26302
Europe 21950 10144 2697 2288 12162 49241
Australia & Oceanic 6209 17203 0 439 0 23851
Total 132418 66194 3882 15211 12874 230579
Ratio(%) 57.4 28.7 1.7 6.6 5.6 100.0
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Fig.4 Aluminum vacuum diecast used in Audi A2 spaceframe
(front).
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Table 3 Alcoa timeline of technical achievements (1886~1983).

Year Processes Products
1886 Hall discovers electrolytic smelting
1889 Hall’s patent granted Cooking utensils
1890 Electrical conductor grade alloy
1892 Sheet & Plate at New Kensington
1894 Parts for bicycle frames
1895 Electrical bus bars
1901 Sheet for automobiles
1903 Airplane parts for Wright brothers
1904 Extruded shape at Massena
1905 Foil at New Kensington
1906 Cast Al auto engine parts 3S alloy for cooking utensils, pipe
1909 Al Cable Steel Reinforced (ACSR)
1910 Alloy 112 (Al—Cu) for foundry use
1912 Permanent mold casting Cast Al pistons for auto engines
1916 Production of Duralumin
1918 Forged auto engines, connecting rods
Cast crankcases, cylinder blocks, heads
1920 Production of high-purity Al Modified silicon alloys
1921 High strength forging alloy 25S
1923 Anodized coating colored with dyes Structural parts in railroad car
1926 Aluminum furniture, Al clad
1928 2500—1b water cooled ingot Alumilite (anodized) cast spandrels
1929 Arc welding of aluminum
1930 4032 alloy for forged pistons
1931 Al—coated steel shapes 2024 alloy “Super Duralumin”
1933 Manufacture of bright Al —sheet Al bridge deck in Pittsburgh,
Al brewery tanks and beer barrels

1934 Al—Mg alloy 5052, Al lithography sheet
1935 Direct-chill ingot casting,

Hollow extrusion by porthole die Al—Mg—Si alloy 6061
1937 Zn clad Al—sheet for soldering
1939 Hot strip rolling of high strength Al Forged cylinder heads for aircraft
1940 Cr prevent SCC in Al—Zn alloys
1943 7075 alloy —the standard for aircraft
1944 Production use of TIG arc welding
1946 Ultrasonic inspection of products
1947 Ultrasonic inspection of ingots Premium-strength castings
1948 Commercialized inert-gas arc weld
1949 Die-casting process for auto parts
1950 5357 alloy for bright finishing
1951 Forging on 15,000 ton press Al—Zn alloy 7178 for aircraft
1952 Al—Si casting for automotive pitons
1953 Continuous degassing for molten metal
1954 Al—Cu alloy 2219 weldable
1955 Filtering using tabular alumina bed
1957 Continuous filtering and degassing High strength Al—1Li alloy X 2020
1958 Continuous heat-treating furnace (sheet)
1959 Ultrasonic welding of Al Aluminum swimming pools
1960 Hazelett casting at Alcoa works Aluminum auto radiators, pull-tab opener for Al can ends,
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1961 Freeze-purification (super-pure Al Teflon coated Al frying pans,
T173 temper for 7075 /SCC

1963 Sheet ingot by horizontal DC casting, All Al easy-open end

High speed multistand cold rolling Al—Mg alloy 5082 H19 temper

1964 Powder-metallurgy forged pistons Premium engineered casting

1965 Tton coil rigid container sheet (RCS) Flavor-lock closures, Smooth foil containers,
AT178—T176 exfoliation, Anodic finishes in gold, black

1967 High speed weld radiator tube Al—Mg alloy 5182 for RCS

1969 High fracture toughness A7475

1971 Process for featherlite Al can High strength Al—Zn alloy 7050

1972 High luster automotive trim

1973 Auto bumpers Al—Zn alloy 7046

1975 CAD of extrusion dies

1976 New alloys for auto body sheet

1979 In-line purification of molten metal

1980 Carbonated coolant for ingot casting SPF-qualtity alloy 7475 sheet
P/M alloys 7090 and 7091

1981 EMC investigated at ATC Special facilities for Al—1i alloys

1982 New aluminum powder plant First commercial P/M aerospace forgings

1983 EMC ingots at Tennessee Al—Li ingot cast at ATC

Alcoa modernization $ 370 million Al—Mg—Si alloy 6013 for aerospace
Advanced ceramic powders & parts
ny SN FOMB DRRERAL TG T EREEES TS, FREERKST 2 HRTHY,

VR OBl AR HAR TR s e fEnEA Ao & »
by TEEE BAVWEE—-ZIRSFT T4 PE—F
a2 HWTRR & IR A R eI 28RSk, B

HEAFEBE LTV, By 7 THRRESN, BkTHALs
N EBRESE EMC) i@, KEE— LV EFORKbDIiC

Fig.5 Schematic representation of a vertical DC caster :
1—feed trough ; 2—nozzle ; 3—float-valve ;
4—distributor ; 5—mold ; 6—solidifying ingot ;
7—sump ; 8—water-cooling sprays ; 9—stool-cap ;
10—stool
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Table 4 Recentinstallation of aluminum rolling mills.

Year Company plant

Hot rolling mills

Cold rolling mills

1984 | KAISER
1986 | ALCAN
PECHINEY Rhenalu (France)
1987 | ALCOA Warrick  (U.S.A)

Trentwood (U.S.A)| Improvement F.5—T (HC)
Logan City (U.S.A)} Newly installed R-+F.3~T

Reconstruction 5—T 1730mm Full continuous
Newly installed 3—T 2450mm 1800m/min
Newly installed 1850mm 1800m/min

Reconstruction 2060mm

ALCOA Tennessee (U.S.A)| Reconstruction F. 5T Newly installed 2030mm Full continuous (CVC)
(CVC), 400m/min
1988 Furukawa Fukui (Japan) Newly installed 1760mm 1800m/min (HC)
Kobe Mooka (Japan)| Reconstruction F. 4T (TP)
370m/min
1990 Sky Fukaya (Japan) Newly installed 2240mm 1800m/min (UC)
1991 Sumitomo Nagoya (Japan) Newly installed 2240mm 2000m/min (UC)
1992 Mitsubishi Fuji (Japan) Newly installed 1930mm 1000m/min (VC)
Sumitomo Nagoya (Japan)| Reconstruction F.4—T

1993 KALL Mooka (Japan)

1995 ALUNORF Neuss (Germany) Newly installed R-+F,4~T
(CVC), 480/min

1997 Furukawa Fukui (Japan)| Reconstruction F.4—T
(TP), 360m/min

(VC, TP, CV(), 450m/min

Newly installed 2—T 2400mm 1650m/min (CVC)
Newly installed 2—T 2450mm 1500m/min (CVC)

symbols) R : Hot roughing mill, F : Hot finishing mill, —T : Tandem, xxxx mm : Roll barrel width,

xxxx m/min : Maximum speed, VC, HC, UC, TP, CVC : Equipment for strip crown and flatness control
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Fig.8 Development of aluminum technology and total world
production of primary aluminum.
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Fig.9 Growth of aluminum demand and breakdown of Japanese production.

Fig. 10 Ratio of castings to aluminum demand
for automobiles in Japan.
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Table 5 Chemical compositions (mass%) and tensile properties of aluminum alloys for automobile cylinderblock.
Tensile properties

Alloys Cu Si Mg Zn Fe Mn Ni Ti Pb Sn Cr on T 5
(N/mm?|(N/mm?]| (%)

AC2A | 3.0~4.5 4.0~6.0 0.25 0.55 0.8 0.55 0.30 0.20 0.15 0.05 0.15 345 280 1.6
AC2B | 2.0~4.0 5.0~17.0 0.50 1.0 1.0 0.50 0.35 0.20 0.20 0.10 0.20 305 200 0.9
AC4B | 2.0~4.0 7.0~10.0 0.50 1.0 1.0 0.50 0.35 0.20 0.20 0.10 0.20 345 205 1.6
AC4D | 1.0~1.5 4.5~5.5 0.40~0.6 = 0.30 0.60 0.50 0.20 0.20 1.10 0.05 0.15 318 239 4.1
A390 4.0~5.0 | 16.0~18.0 | 0.45~0.65 | 0.10 0.50 0.10 - 0.20 - - - ¥ 236 181 0.7
ADCI12| 1.5~3.5 9.6~12.0 0.30 1.0 1.3 0.50 0.50 0.30 295 185 2.0

* Ag fabricated (F)
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Table 6 Chemical compositions of several 63S alloys.

Chemical compositions (mass%) Other

Alloy Resistration

Si Fe Cu Mn Mg Cr Zn Ti Each | Total
6063 | 1954—07—-01; USA 0.20—-0.6 0.35 0.10 0.10 0.45—0.9 0.10 0.10 0.10 0.05 | 0.15
B063A | 1979—02-28 UK 0.30—0.6 0.15-0.35,  0.10 0.15 0.6—0.9 0.05 0.15 0.10 0.05 | 0.15
6463 | 1957—04—15| TUSA 0.20—0.6 0.15 0.20 0.05 0.45—0.9 | e 0.05 | e 0.05 | 0.15
6463A | 1973—08—02 |AUSTRALIA| 0.20—0.6 0.15 0.25 0.05 0.30—0.9 | e 0.05 | e 0.05 | 0.15
6763 | 1972—12—04, TUSA 0.20—0.6 0.08 10.04-0.16 0.03 0.45—0.9 | - 0.08 | e 0.03 | 0.10
6863 | 1976—05—04 [ FRANCE| 0.40—0.6 0.15  0.05—0.20 0.05 0.50—0.8 0.05 0.10 0.10 0.05 | 0.15
6963 | 1994—09—30| TUSA 0.40—0.6 0.25 ]0.15—-0.25 0.05 0.35—0.7 0.10 0.10 0.10 0.05 | 0.15
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Table 7 Chemical compositions and tensile propertis of can stocks.
N Chemical compositions (mass%) Tensile strength | Elongation
oys
Si Te Cu Mn Mg Cr Zn T N/mm®) 96
A3004 0.30 0.7 0.25 1.0—1.5 | 0.8—1.3 - 0.25 = > 275 =1
AB082 0.20 0.35 0.15 0.15 4.0—5.0 0.15 0.25 0.10 > 355 =1
A5182 0.20 0.35 0.15 0.20—0.50 | 4.0—5.0 0.10 0.25 0.10 > 365 21




102 * kK B

& B

B R 2000

2.3.4 MERATOHH

1906 4F, @ 4 (KA ) iIZLYAl—Cu~Mg %
A0 LB ST ‘fjﬁéhfu/ﬁ, FNENOHEA
e B ST sl VAN 3 UKy 2c| C ORI L %
thtﬁAwﬁﬁé<&bnf%tom BHOY 2
s 3 v (Al—Cu—Mg, A2017, A2024), #~x v 23
Wiy (Al—Zn—Mg—Cu, AT075, A7050) Hilj =
A4 (Al—Zn—Mg, ATNO1, A7003), HEEMHA&
4 (Al—Mg—Si, A6063) B oUICF A4 AR PHAES
(Al—8Si—Cu, ADCI10, 12), #h&EH &% (Al—Si—Mg,
AC4C) 73 ETH 5,

k‘a

1903 4F, 4 PN CRED Xy, ANESEIDT
FETIHErT X AGTH TR A TRALLE, Z ORITIRR] 13 12

ﬁ&@%ct&ébnfmé D%, £ 30 £ DA
g, E& L TARBEoFERESEEOBHICHE- 72
]H%&k\ﬂ'}'fm_’édéof:o L L, 1930 FtE» o, TR
TR ICBAAR CIE I E R IcE 5, WbWw BT/
Ty 2 REESEHEENE LB, 28RETRITHRO
ERICTs o Fc T3 =9 AFEEICBOL T, 19114
FAYTY 4 VADREFFICK S V2 503 v HTTLEMIT
HEESNIAD 2, TD Y2 703 Y O5EEM X 1349 400
N/mm?! TH o, KMCILHT 260 TH 7z, TDRE
CTHWY 2503 vh, 1914FY = v < VIRITH
(Fig. 12) icffibh, TORIMTHO TEMEM & LT
FHENB LS -7, 1930 ELH, KETHY 2 3
W3y (A2024) HiBHFEE N, X 51T 1936 4EICHART
BB X4 600N/ mm? ol 2 ¥ 2 53 v (ESD)

Fig. 12 A piece of Zeppelin's Airship (Duralumin).
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1978 1983 1988 1993 1998 2003 2008 2013 2018
Year

Fig.13 Estimate of commercial jet airplane in the world ™.
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Fig. 14 Stress corrosion test for Al—5.5%Zn—2.5%Mg—1.6%
Cu alloy sheet (Imm) containing Cr and Zr in 3%
brine water. Bending radius 12.5 t.
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Tig.15 Stress corrosion cracking of Al—5.5%7Zn —2.5%Mg —
1.6%Cu alloy sheet containing chromium and zirco-
nium. (X100)
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L7z WEWE T7Zn 3~8%, Mg 0.5~0.3%, Zr 0.05~
0.3%, Mn0.1~05%, =L CZr OhEE BT DI
400°CLLE TS OB A1TS & ] AR L TW
Bo B, CORBETREWEDO Ir 2HRMT B &
L0, BRERNEZELDREHAESRD IR TY
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Fig. 16 Influence of the additional elements on the quench-
sensitivity of Al—6%Zn—1.8%Mg alloys.
Spesimens were aged at 120°C to the maximum hard-

ness after the water-quenching or the furnace-cooling
(15°C/min).

.
(X 12500)

Fig. 17 Thin foil electron micrograph of Al —6%Zn —1.8%
Mg —0.17%Cr alloy quenched from 465°C at the rate of
10°C/min and aged at 160°C for Th. Note preferential
precipitation on the insoluble Cr-rich compounds and

PFZ around them.
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(a) Cr 0.17% (b) Zr 0.33%
Fig. 18 Influence of the Cr and Zr on the election micro-structures of Al—6%Zn—1.8% Mg alloys quenched from 465°C.
Note the insoluble compounds formed by these additional elements.
50 25
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© — Fig. 20 Zinc and magnesium composition of typical
Al—Zn—Mg alloys.
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Fig. 19 Fish-bone cracking test (weld crack length) of various

aluminum alloys.
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Fig. 21 Pilfer proof cap and its section.
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Fig. 22 Isothermal section at 500°C in aluminum corner of
Al—TFe—S8i phase diagram (Phillips).
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Fig. 23 V.T.R tape guide cylinder.
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Fig. 24 Microstructure of aluminum tape guide cylinder.
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fos, NERRICSL bEas - 7o, BB OB ) v 57—,
e TERERIMUTITE, T0mmBERTH% O B18S #H
BEOAREERS 100 v 2B 5ETRE Ao h
S -1,

ST, T, JOFHROFIEIET A LA
Atzo TTIHLES O ACSA M ERICED N T
WA THRESFEEN A, 19784 (IBFIS34E) 7
H7THIHEEL oo WA [Cu3~5%, Mg 0.3~1.8%,
Ni 0.5~2.5%, Si 0.1~0.9%, Fe 0.1~0.7% % &L 7 )
Y=Y LAEEREM LD, BEeMoe Y v o2
riceBRLaY, LRLaEYEE XD 122 B, 7
¥ 7s & DRFHSEIRFR 5um LT, B TEEE Sum
PIFcaglTwad I L2/ ET 5 VIR 7 — 7ElE
AT VI =g 688 Thb, HEESERERD
FERIc o, PR, HMEEb 10501,
BERE & 10~20%0E <, VIl ORE ARG ICKERT 5K
BEP0.03% LHEWMOR s~ v LRI SNTH
BC T SN MEREER L 2, 1982 ISR TRE L,
—HREZE A — I SR EIEZFH L i, 1984 i
hERHL A FERRE 2 S L 1o,

LIAT, FEHGOIA NSy vEFEZTEFELL
bDT, BISSHEORELVIBEE ~TIES ALKV
HBiZ, WAWAK IR MFY UHEENTRINERES
Hip o1, EEROBVEESESTH S NI ZR ST &b,
IR AR 2 0 5 7o I B O IRRILE B A RN
T HE DXL, MWEEHICILS EOMEBT, Tl
DD 6T, RO Kb 0 Il % B
BBRELTRIHT A Eic o7z, LIES L TN
Fed T Eicis o tzhs, VIR OEFEZ D b Ol T
PNBEHICH-LEH5ATE, ZOBFICIHEEHREN
TWwizg 4 a2+ (ADCL2) ELEEL TEHRE S
WEEICH T, ¥4 H R P OEMISELL, EK
fardrs—w v FERIRNE 2 L9518, Fho5—-7
OREbHLELEI &L, S EEREOBER
HOBHEEREL U EFVWT WS, EEMAVIRT
ISR I 3 SR v Y v 80, HER
HBVIEYE Y rAREREIC T REEER RS e EH
WHE R ) vy =l A STV B OHBBRT
b5, FFEAEYI O VIR OEB» 25 JFMEI%R, 4Tk
ZO05DILUTTR, oYY vy —-HMoEELED
CaEZBWELNE, L2THOPP+ v v 7H/ v 1 ¥
MG cdbaESNTEBY, ZOHEMROESTELLITH
RIS - TWBDIZH L, @ B18S &4 i3 hikay s
DIOHRIBARTH - 120
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3.4 RFFERFBEHREERMHORRE Bic & 5508 (barn) &RV, WINT 5 E 0 Yl

19734 (FEFN484F) WIZHAD 7L 3 =9 L DT
FEMEFEO 2007 F YEILD D IThbh b EEbct,
H—UA A VY gy 710D SHFEG, % L THERO

KRR B 7 v 3 = A¥ERE, Kt bk
BB TALIIEK I~ OB b H 7, TDLD
IR T DA EEIREHRERE (5 v 7)) AMES
1 bR R o BN cERRAE T VI =T A
BEXWIE OBIRTH - 1o, MERAV SR TV @

DTN =Y AHEI L LREER, FEENEERNO
KF—mcBELCHERIN, % OJ{E'EFHEEKE I3 40 R

B EIERITRE O, FRBE otk W IREHITE T —
WTOEBEELER S 70, Pk TIILEES) 2 & bt
M(W)%%%% AL EBERK S v 7 BEA SN
too Foz— b TR O K & VR v v &R
MLK7W:~WAéﬁ&@£ﬁ%mﬁén E2L
WCHUH A 72, Table 8% i L5 O #rh ik F DN B T

Table 8 Thermal neutron absorption cross section
of some elements (Barn).

1.3%Ll e o, 5 7 AEE&E L TR, B
T O MEEh R LIS iE et LR, X Suciiffih & <
KT Btk Ek s s, AESEEEEEL,
BRIIT Al—1.7%Mg &4 B %2 1L.3% L B L 7
GE&ESMEL, ZoMmciatoBnicfiT vy =
v aEky 5y FLIEZXWIS (Fig. 25) @& OREIER
BEIH L 7z, Table 9 1o XWI15 O{bHERLSY D E G H O —Fl
A% L, Table10 i XW15 @bl ni:E O FEiEE O —
PlaRT,

XW15 A& RO EE TRADEERRBHETH - 72
BRI E L~V T 3~5kgdD Al—-1.7%Mg—1.5%B &
&% Al—4%B &2 HERA L TRELTVWH L ER
BHEOBEELTNT ith&ﬁ%%mmﬁég&mmmo
oo LOLEKEATHBEA-1SUBAEED
Liguidus /&3 1200°CTH 0, Al—Mg—B &@DEK

R (800~900°C) THMMAE EH I 7 v v D AlB2
I

— JIS A1070

<lbarn 1~10barn >10barn
C 0.004 Zn 1.1 Mn 13
Be 0.009 Nb 1.1 W 19
Bi 0.032 Ba 1.2 Ta 21
Mg 0.059 Sr 1.2 Ci 35
Si 013 K 2.0 Ag 60 < Al=Mg—B alloy
Pb 0.17 Ge 2.3 Li 67
Zr 0.18 Fe 2.4 Au 94
Al 0.22 Ga 2.7 Hf 115
Ca 0.43 Cr 2.9 Hg 380
Na 0.49 T1 3.3 Ir 440
Sn 0.65 Cu 3.6 B 750
Ni 4.5 Cd 2400
Te 4.5 Sm 6500
v 4.7 Gd 44000 < JIS A1070
Sb . I )
Ti 5.6 Fig. 25 Section of XW15 plate (Al/Al—1.7% Mg—1.6%B/Al).
Table 9 Chemical compositions (mass%) of XW15 plate.
Si Fe Cu Mn Mg Cr Zn Ti B Al
Clad 0.06 0.15 0.01 0.01 0.01 0.01 0.01 0.02 - 99.76
Core 0.10 0.52 0.01 0.01 1.7 0.01 0.01 0.01 1.6 R

Table 10 Mechanical properties of XW15 plate.

Tensile strength Proof stress Elongation Bending Charpy impact
. Brinnel hardness
(N/mm?) (N/mm?) Y (180°) (N «m/cm?)
Rolling direction 137 88 15 Good 40 %0
Transverse 147 98 10 Good -
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+ﬂAMﬁﬁ%ﬁuuF%&Lfﬁﬁbfhé AlB2
OHEESITTT NI =9 ALY KX OIDICEMRE
T%%L@?MOEEEﬂQQUMH&#®%<Ih/
DIEEBIR T T » — VIERT I L0, 100 ~ >~
ORGE (RY 1 XE X 18 X IE 650~1750 X £ &
4500mm) THET I RO RKEFBLETH - 12,
BEEOCAVAOTRATL LTS b OGN L KE
BIEHR Ul 8RALPITHE ) OFE O v 7 L%
LD, ECIKBOoRICEAEFEL 2,

AT TH B8, SHEHIREO £ £ OITIE
T AIB2 RALEMIEAIEA LED TEEMS PRI
Bo, o I BRREREELEZ 20T, fite
HOHGEB L THTLVI=v6E22 5y F (Foi)
LTHEETEZEE L, 75y FHMORERETEENYS
EORENFE LD, Ko 2 RELHTHEERS S

DERHEHEBVSD LS -/, BRETEANOENICL Y]
Wb RETH 1o FFHHEVIETREBERTT2%
WL, BELTSR0EMELILbI TS B0, WK
BEL b o—RIBEEIRES XS A2EY, THITEHE
WSRER A U fo MEE, T3 =9 ADEFEEHIVIIC,
SitE LTdylZg ik GERML) LicbidTth s
08, B AUIFEEIR S L TR E ST SNE -
fo (LLAEELL) TETREOZVERE LTS
foo 1976 550 5 19TT IS THHE 2 — B A
ASET UIcld TR Lo, 2 OBRBEEOFIAV
bd -7, ERICHRER-7Z0BIDLEEETITH
%,

Bk, HEOXEIPhoRe VilRMRA T ¥ L AM%E
AOTEEEERS v 72 5NTVWABEI EEMD,
MIFOEHEEVHT EEDIL, TILI/ELIDRF
VAFHDFE BTSN T B RE 2 v EE > To
Bo

3.5 Al-E MgREE£DHFRHZE

Al-Mg ZAEERBELSEELAE T AHET VI =Y
LEEELTESCHVSATEYD, AS052, A5I82 R U

at% Mg
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T
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Fig. 26 Phase diagram of Al—Mg alloy.
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AS083 &7 EXRENLELETH L, Al-MgZDFE
fiREX (Fig.26) 2o bW hmEBy, ALMITIE
400°CT 10% =9 Mg OEEESH D, 1000CTH 2%
Lo Mg WEIHELTWE, ThETH Mg & 25%D
AwwAéiééémwz&,Mgﬁ4&%@Am&&

(& H19 B a@wﬁﬂmmx/r&br B R

MEME L THEREshTE 7, Fig. 27T KR T Al —
Mg REEBET E LIROBMNEE C RE I MgRO#E
BrodbEohinEBY, T~8%MgE&H AL IZFEM
300N/ mm? Ll LTl s 30%LLETh s, CDLH
KN et Es2ET2icbhhbbe
5~6%Mg LI LD Al-EMg RAEEOER LB E s s
oo o EHBE, o RBAMN TSNS REicsy, &
=D RIENBEIANOENES 205 L Ebh 3,

1970 4E6H, Al—Mg—Si, Al—Zn—Mg, Al—Cu%
D—BEDFRFNE LI 7 v 3 = 9 A B2 K3 MER
THROEEB L DOTOWES—EELLDOT, Al—-Mg
RV THRBEEHEEITI L& L, AlI-Mg %
BEROIFNCRETHRNTEOEEB I VTR, Agik
TMDHED O 2RO Tldd £ D L OB # NS S
ﬂ&“@fmnﬁimﬁatobﬁbﬁﬁb,u@W%
i, 4~5%Mg Bl LD Al-Mg &&IcBIBHRT 3
7 LT ORI %5@@m&Q%Lﬁ%5 Edo,
G B AN EREOBE»r MY TEETH S &
Afce T TEELTAI-8%Mg AL DL &K
CIENB RN RETHMERNTROBES L 5~k
37), 38)

Fig. 28 1< 400°CH SHEAN 12 Al—8%Mg &4 D —25
CTOHFREITITTRNCHEOFELRT, T
A TR EEZ L, AR TaE e -
7 (GP /= VORI 4 X)) BHELNEL, O Mg
R+ 0B ic & 3 GBI O #EE & Cul.03at%
(0.06mass%) DEMIC LD NIV EDT 5, Al—Mg
G40 GP V- v 3EEE LT B BB CARERS 5

500 | 50
C Tensile strength
|
400 K 0 0.2% proof stress 40
~ | ~
s e Elongation X
= =)
~ \ ~
= 300 — 30 g
£ **F*”?VAV/ B
o [e2]
g O, g
g 200 O/ 20 2
/ g0
100 - 10
VO/O/
0
0 2 4 6 8

Mg (mass%)

Fig. 27 Effect of Mg on tensile properties of Al—Mg alloy

annealed sheet.
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DT, $100°CLLE TR ORBDABEEIN S L3 &
CHILNTW A, Fig, 29 12 400°Ch SEEAN T Al—
8% Mg &4 @ 130°C T O ER B R E T IRMITE D
B L Rd, Cu%0.05at% (0.13mass%), 0.1at%
(0.26mass %), 0.3at% (0.7Tmass%),  0.5at%
(1.2mass%) ML 7c &40 & AR OGRS ©
N3, & 5ICERR (100h PLL) BEghEfid T &
IR O 2T A A SN, IhEhiEE (87
HB5VIETERE (B) OFfHIc L 26D EEZ 6N 5,
ZLTohn s ONHEE 3 Cul.lat¥% (0.26mass%) @
TNk BSSNB LD TH D, LFLORRE, Al—
Mg—Cu &4 0Pk ERIcB VT A (AlbMg) Ll
AT (AlCuMgy) DEET 5 MR ST
DT, MERMOCuli Mg &&bICGP V-V EE
L, »IbER (100~2000C) £ TEET R EEBIT,
A 8 2\ I SEATHE o Hr H A DG 5 & &ic & D IR
WAL ERGIE T 5 2 &R RERL TV B,

PlEo&ERM S, HE Cu QTN &£ D Mg OILH A
1Mz eh, Al-Mg ZAEEOIHNERENFHESN S
CENRWICHIBE N, FEROBRES S5

o T T 1]
Tq=400°C | Si,Ge,Sn Zr,Fe,V | 5 None

/ CrOilat%

CdOiat%
© BeQlat%
AgOlat%
CuQOlat%
InOlat%

W
(o)

Cu003at%

! CuQ05at%
CuO.lat%
Cu03at%
! 7 | CuO5at%
i—i i b I'IllHi } ]l! lll! !
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ro
<

3

(a)

Tig. 28 Effect of additional elements on the isothermal aging
at—25°C for A1—8%Mg alloy quenched from 400°C.

o CuQ5at%
5 Cu03at%
O Cul.lat%h

o |
Tq=4007

o CuQ0050t%

CrO.lot%

4p (mpf-cm)

~20r 8 Cu003at%
-30 InClat%
g BeQlat%
AgOlat%
S Cd0fat %
-40 o Cu00iat%
i None
_50 J I} LI ! IR WA

i 10 100 1000
Aging Time (min)

Fig. 29 Effect of some additional elements on the isothermal

aging at 130°C for Al—8%Mg alloy quenched from
400°C.
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bDTH 1o W, BHEMEME L THERINTVS
A5083 &4 b AT 2 A TSI b (Mg
H5VESEILIIEE S E ) EITH & Mg OFE&ERLT
~OPHAEE X NIEHEERNEZRI LI < E 5,
Fig. 30 & Al—8%Mg &4 OMEMER OGHE AR h
CRETHERINTEOPBEFENIAERTH 5,
ELRE ORER &SRR O WAL BR D &5 % Zr & Cr 4%,
EHEaRnchi OB EFE LM, Cud
2V Zn BIRMESDLARELTW MK H D, &
BERLIVER T 3140 1S B SRASR SIS - Tee — 75,
Bi 0.05~0.1at% (0.2~0.4mass%) DM L D ZIE
AR ESERED SN, COEMBEELT, [BIO
WG Al—Mg A& Ok FRIE & AT 58
A5ZF, GL0HARBMEBEFL(HICL, A8
SHEBAEMRKEE 5, RIS N 7B BRI
Bi:Mgs & LTEIHL, MLk > THHMT 5, CO&
BRSO ERERSEER R it L 84
(AL:Mgy) DESGHERAENFIL, Al-Mg RAaE&DIEN
BEINBEFnEETsE5] EFA Y,

B, #EBiA2AT Al-EMg 2A& &0 EMLICE
HAR. L LEHs, Al-8%Mg ReEeiREHILT
SABEENS £ TEY, Walr, BE, THTo
3 b vERIC L ARIER Al-6%Mg RE54LTH B, L
BEMIE ASOR3 L D&%, THIC Bl AL .64,
BEAET oI MgEE %< Lz Al—6Mg—MnCr
Bi &4 KU Al—-6Mg—CuZr &€ 4 Fith 5, 0T
N HEX 340mmDEFEHE A | W T 450°C T 24h AL
BBAREEIC LD 50mmERE>< b, hziEkb
M & Lo Tablell ic & A4 OfLERS & 50mm ZfH
JFIER DB IEME 7R F, Al—6%Mg R &4 4 A5083
B HATHE, MUE DI 10~20%EVli%ER L
TWb, ZE4% lmmE THARBITER, 400°C Tkt
MU L, 130°C TR L 75U 2 LERTIS 1R B EIn iR
LicfEH, AS083 XU BI ADE&®EIENTEER N Z4
L#h oo Al—6Mg—CuZr &4 & 130°CT 2 H R
SV L 7 & O TIREINERAE LIS » 7o, BN LIL

Element Be, Ag, Zn, Ti, V, Mn, Ca,
None | Zr, Cr | Bi | Si, Ge, Sn, Cu, Li, Cd, In,
at% Mo, Fe, Co, Ni, Pb, Sb
0.05 @ O o
o
0.10 O |0 o

@ failed, (P failed a little, (O unfailed

Fig. 30 Effect of additional elements on the resistance
to stress-corrosion cracking for U-bended
Al—8%Mg alloy sheets, water-quenched from
400°C, 33% cold rolled and aged at 130°C for
7 days, immersed in the test solution of 90°C
containing KsCrOs, CrOs and NaCl for 30 min.



Vol.41 No.l

T =g AEANBEFE AR & B

111

Bk 130°C< T HIEEERN L 72 & 02 © B — S ST
BEINBE T, O XD IKIKGBBEND D15 D T L
FREBICB VW T OSBRI LE L2 L5 TH -
7ol Cu MO ZNES R A~ O Mg BT oHh# %
BoEsl L EHEERDBEELL L, SEIOEREE
5B B LRI, CuOBBEHRICERNS 3 C
EDhh -, —75, WHEINLE BRI A E L /owE
IEEEREES P S, BIADEETE Megd 5% &4 T
(3 AS083 & L DG TEBEI NN E 2 0 ICENRT
BY, Mgb%aeTh AS083 &4 L EISOWIG B A
A RL, Lrd I OEARMEMICS 10~20%
BNTWBIEMF LI E N, M, HE, AN
WIS ZEA D, MEOEES LN THEVLIESS
WCEBRIMTIHEENE LN E LT, ThETER
B LI L T0ign,

w1, Hoogovens Aluminium Walzprodukte GmbH
(KA ) 25¥é&4 Alustar (A5059) AFEFELTHWEW,
Table12 D & B0, A5083 &&icth~X Mg, Mn, Zn &
BEL, WBEOIr 23MLTOV3, Fig. 31 iciflE
O/H111 OBBIIVEE £ AS083 e & & i L TR LK
M, WA, SRS, Moo dTxTIZE VT Alustar 23
TINTWVWE, SiEEEL, 7V i#lE#Ey =) —
HELTTTRERIENTVBEEDIETH B, D
»id AS083 & kie % LEI A &SN ERfLaN S
FDEs E2FRLTORDY, IO Alustar BEFEE
HICASIBS BRI L > T b BT ENTXLEOMEER
CHSFBBEDPD A,

EEHD Al-EMg ZEE ORI, AEMEM
ELTREARL TRV, HEBEEXESSH
(FFs—v—1F) ELTEH—HEIL LB T3,
Al-Mg ZOHBHERF « v~ FHESEELT, 1 Z
T A5182—0 (SSF) MmpAFxh, FERlxh Thns,
5 |oRER = 358 265N/ mm?,  ffiTFid 28 (25) %R &K
RRIEHED S CRIENR & - 12, 19754 (8 6 ER 4B
FEIBE 23 Leoben/Wien) 251976 % (HEHE O 7L 3
{Lic B89 5 [EE&E: Disseldorf) 3 CHBHED 7
W LRGESE B, BEEA T -y - PHELT
BRI LRI BN TV S ESDORRESEE N,
Wi, HEMEMAICHER SN TOIAEHIR 05 ERE 13
2I5N/mm?*pl L, M 36RLLETHhh, ThixsE
LT, bhbhoFH—HERTRM®EE 295N/ mm?
(380kg/mm?), {HTF30%VWHWw3 30—-30E548ThH - 7co
Fig. 2T o bSO & B Y, Al-T~8%Mg &4
R & IR R VY, BEESIEE T
&0 WMERIICES LT ISHEREIICHELS DS - 12,
R Mgd. 5% % ~— 2 LT, MUEEETsEFIcm
EAMRKEEEZHRIn & Cu 2 BMLATESE Al—
4.5%Mg—1.5%7Zn—10.35%Cu % BF L /o, 5liRES
295N/mm?, BT 30%, WIEHEARBNIELEN TS
D, SEBICRBLESEA O T TTEEE L iR, B
NTME & BB A - oo SRS, TSRO BEEH R 5 4
V- MAFEEELT, 1980FEDSAE THREY TS &
Ebic, ERICEY, 185FEY FDRR -V H —
[New RX—=7l®71o v 7— RIS TRAI NI,

Table 11  Chemical compositions (mass%) and tensile properties of A5083, Al—4.5%Mg and Al—6%Mg alloys hot-rolld
plates (50mm).
Alloys Chemical compositions (mass%) 0.2% proof |  Tensile Elongation
) o strength strength 0
identification Mg Mn Cr Bi Cu 7r Fe S5 (N/mm2) (N/mm?) (%)
5083 4.5 0.60 0.18 - = - 0.17 0.06 132~152 294~319 20~30
Al—4.5Mg—MnCrBi 4.6 0.60 0.16 0.26 - = 0.18 0.07 132~152 294~319 20~30
Al—-6Mg—MnCrBi 6.0 0.57 0.09 0.29 - - 0.20 0.07 162~181 328~353 22~32
Al—6Mg—CuZr 6.2 - - - 0.24 0.18 0.17 0.09 142~162 314~333 23~33
400 AA5083 AA5383 ALUSTAR Table 12 Chemical compositions of AA5083, AA5383
. and Alustar alloys. (mass%)
© 330
< 290 Z
= 300 275 < AA5083 AA5383 Alustar
== 2 S
oo 24 ~
*g» 3 200 S Si max. 0.40 max. 0.25 max. 0.5
2% 145 160 ® Fe max. 0.40 max. 0.25 max. 0.5
g 125 A 1 2
2 9 i o Cu max. 0.10 max. 0.20 max. 0.4
B & 100 i
52 Mn 0.40—1.0 0.70-1.0 0.6—1.2
s b i Mg 4.0—4.9 4.0-5.2 5.0-6.0
Il Proof stress  EZTensile strength 3 Elongation Cr 0.05—0.25 max. 0.25 max. 0.3
Zn max. 0.25 max. 0.40 0.4—1.5
Fig. 31 Mechanical properties of AAS5083, AA5383, and Ti max. 0.15 max. 0.15 max. 0.2
ALUSTAR. Zr - max. 0.20 0.05—0.25
(Thickness 2~40mm, O/H111, Minimum value)
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Table 13 Chemical compositions and tensile properties of typical aluminum alloys for autobody panel.
Compositions (mass%) Tensile Properties
Alloys
Mg Mn Cu Zn Si TS (N/mm? YS (N/mm?) E (%)

SPCC (steel) 300 176 42
A5182 AlMgMn 4.5 0.35 265 127 28
3030 AlMgZnCu 4.5 0.35 1.5 300 147 30
A5022AIMgCu 4.2 0.35 275 137 30
A5023 AlMgCu 5.6 0.35 285 137 33
AB016 AlMgSi 0.43 1.25 235 127 30

' (255) (167) @n

zn%, oL sthoEmcEELELIELIE
A, 3 AL EEHMERICKEL T < SINIH
WAT AEHEASECY, ATY Iy 7IiE 6D
XA LN, BIETIES C E THRBEREROBEED
5, MLmEAZEMICLThERILIVAS
(A5022), EFEEAEI/D UREEDRE S 2308 & B
57n AWML Wb iz Mg B4 5.0~6.2% 180
L& (A5023) D& 5000 RE 74 v — FDFE
HEI->TWA (Table 13 2R, WFNiKEIMED
Wit Cu 28T Al-Mg &8, 7L RANIRO~N—
* vy (EER O BB 150~200°C) i & B 8L
s, BEHELLDRVW I ELOEHENT VWS, &
to, BT 1T0°CREE ORE cil{bd 2 &M « KB
1 6000 B4R s oo, BIEOEBE XL
OMPULMLFEEIC R D A P Ly F o — X b LA ve—7
DOFEOLED TN D, 51 6000 BE&e 3 HEH
ahk e

CITF, IBETREHBH, AlI-MgReEe&D GP v/ — v
TERIC B 5B Cu o%HEe, Al-Mg—Si %&8
(60003%%) O 2 Bizh o ks o IR <5 0 BT BT SE A5 B B)
HAF ¢ v — b ORISR I B L THEBICRSL -
TVWABIEARRLTERE SV, HE, 1992 3R
FEREI NI A E LD FASMA &4 (333N/mm?
409%), FA5%4B &4 (353N/mm?, 38%) W &EHLT
W3, Mg8% & THMERMILE, R 7 7THlEOWE,
B o Bt E oA PREROEN T, HiB
REBE X VEEDOIETH B, Al-BEMg AL 0DE
LI AT « GETLEESHEYTH D, SRR
JRICIRR L 7o,

3.6 EEMOBERIMTORFE

G E R A5182 44 (Al—4.5%Mg—0.35%Mn)
I, SEITRE ARG B i, RRGHNTEY
60% L OB EIRIETH A SN DD, BRI TES T
LEEELY h oy TIHET 5 A HHOENKEL B,
WoT, BETHUBELERL DD, FET L 45°H
PR LITRIC G B 7o 3D 1 S i Tl R 4 2 o 588 1 i D A 1)
fRan b,

112

( ) after paint-baking

400}
£
s | >
o c
) §
= - 16 uw
o 300} 15
%) <t
S 14
}.—
13
12
41
100 0
Reduction (%) 1-1 =
>
4-2 ~
(o))
183 &
&
1.4 w
4.5 08
16

Fig. 32 Effect of cold rolling reduction on tensile strength and
earing of A5182 super hard sheet for can end stock.

HEMIE, B G00mmEA S 7)) ZHEELMEL
fob EBETFRET 3~4mm B & L, DR — PR
fi — R AATHERE T 0.3~0.4mm Wi OFER E L, &
SRR T S N B, MR 3 IRE 3R
WcER SN B+oE0isE LRELIT © 45° HER 2 1§
B B3 15 S TETIN TB & SR o RIE O BEfR A S5
EEXNh b, Fig. 3213, @ED AbI82 &4l %Z 525°C
T 10 BB L AL B T 4mm &, 3mm E
QL EPERTHE RO 2mmE GhLE) &L, 4mm &
3mm O & O EHV CHEEE T 2mm B & LR
%4 350°CT 1 SRl chRiBEe U /oo dhRABESIIR RIK 4L |
SRR A DT 0~90% TIT » 7ciR D5k s & B
RERLILODTH B, [ERM TEEEMILERS 70%
PLE? 2 4 FROEHRPECHFE LMY, £
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THLE GEHM) OBMMELED 2 Hdk 2723 8<
2.5mm PUF) U, dhREES TR O AR TR L TH
FERMIE TR AR W 45° HRIOBERA 015 0 /h &
(- TOWB, HLE GEAM) <t LodminTs
ZBEURMICHI A B LITL Y A5 HEOBERD /N
W, L b+anmEoBEREES C Eostikic, T
O ITRE, AlH AS182 & OERIEE LY % 2.5mm L)
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Fig. 33 Boeing Co. (USA), BT67 airplane and body of
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Fig. 35 Schematic diagram of production of A7075 alloy sheet
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Fig. 34 Manufacturing process of taper-rolled stringer.
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Fig. 37 Solidification mechanism of spray forming.
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Table 14 Aluminum industry of the future, Aluminum Technology Roadmap

(U. 8. Department of Energy and The Aluminum Association).

RESEARCH NEEDS 1997~2020

PERFORMANCE TARGETS 2020

FINISHED PRODUCTS

Integrated numerical methods

Simulation of fabrication processes

Microstructure characterization

Reduce process scrap & wastes

Economic alloy separation/purification

On-line surface inspection for hot mill

Long-life, skid resistant surfaces

Surface-defect-free, continuous cast 6000 sheets

Economical, non-heat-treatable alloys for autos

Improved design and technology for extrusions

Design build and test prototype bridges

Crash testing of prototype vehicles

Concepts for Al in mass transit vehicles

Understanding of microstructural effects of composition and processing
New joining methods

Advanced forming, net shape, and near net-shape technology
Economically viable alloys with high modulus/low density
Non-conventional Al—Mg master alloys

Multi-material products

Reduce metal production costs by 25%

Reduce cost ratio of Al-to-steel to less than

3-to-1 for auto applications

Increase Al use in auto markets by 40% in five years
Increase Al use in non-auto transportation markets
Increase Al use in infrastructure markets by 50%
Increase Al use in building and construction mar-

kets

ROLLING & EXTRUSION

Understanding of crystallographic texture changes
Understanding of strength/formability

Evaluation of extrusion microstructure

Metal flow in hollow extrusion dies

Visual inspection devices for high-speed manufacturing
Computerized extrusion die designs

Better ways to meet customer requirements

Higher quality strips and slab cast alloys

Process control models

More complete formability studies

Material chemistry/microalloy structure relationship
Reduced extrusion energy needs

Increased extrusion speed

Welding with less surface preparation

Optimization of manufacturing for production applications
Instability/structure/property/process relationship
Elimination of intermediate processes

Alloys with same properties as steel

Reduce weight by 20% through
Non-conventional forming technologies
Reduce cost of joining technologies
Increase reliability to 95%

Reduce extrusion energy use

Improve process control

Improve productivity and quality

CASTING

Cavity-free sows

Low-cost inclusion sensor
Reduced melt loss

Removal of Mg and Li from melt
Continuous casting consortium
Improved filtration

Non-contact sensors
Solidification modeling

Moisture sensor

Oxidation prevention mechanisms
Removal of specific impurities from melt

Better scrap separation

117

Increase reliability of manufacturer
Operations to 95%
Improve process control

Advance strip casting technology
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New uses for non-metallic product
Continuous, high-productivity thin-strip casing

Low-cost process to purify and upgrade scrap

CASTING

Melting/casting plant of the future
High-capacity furnace

Model of Bayer & electrolysis processes

Operation at high caustic concentrations

Low-cost, durable coatings and materials (Reduction)
Retrofit anode/cathode technology

Optimized materials for thermal control of cell
Advanced anode and cathode technology

Zero COjy emissions

PRIMARY PRODUCTS

Alternative refining and reduction processes (Recycling)
Enhanced aluminum recycling
Minimization of dross and salt cake

New uses for wastes and by-products

Minimization of impurities from reacted aluminum

Inexpensive continuous/semi-continuous sensors (Bayer Process)

Develop retrofit cell 138 kWh/Kg (mid-tem)
Develop advanced cell 11 kWh/Kg
Eliminate COj; emissions

Improve Bayer productivity by 20%

Develop new uses for wastes/by-products
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Fig. 39 Change of primary aluminum price in U.S.A. and Japan®™.
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Development of Aluminum Alloys for Extrusion

Hideo Sano

Wrought aluminum alloys are classified from 1000 series to 7000 series by chemical compositions.

These extrudabilities are shown in limit diagram of pressure limit and tearing limit. As recent re-
search and development, in 4000 series alloys Al-high Si alloys have been developed by rapid solidi-
fication. In the increased extrudability of 6000 series alloys, pick up mechanism of 6063 has been
clarified and it has been shown that extrudability of 6060 is superior to that of 6063 and those of
6005A and 6082 are superior to that of 6061. High strength alloy of 6061 with copper can be extruded
to hollow shape and has the strength almost equal to that of 2024 —T3511 and the possibility of re-
duced cost has been shown by integrated structures in aircraft. In 7000 series alloys, it has been

shown that the extrudability of Al—Zn—Mg—Cu alloy has increased by improved ingot structure

and its strength and ductility have increased by improved heat treatment.
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Table 1 Chemical composition of extruded aluminum alloys (mass%).
Others
Alloys Si Fe Cu Mn Mg Cr Zn Ti Al
Each Total
1100 | 0.95 (Si+Fe) 0.06~0.2 0.05 — — 0.10 — 0.05 0.15 >»99.00
1200 1 (Si+Fe) 0.05 0.05 — - 0.10 0.05 0.05 0.15 >>99.00
2014 0.50~1.2 0.7 3.9~5.0 0.4~1.2 0.2~0.8 0.10 0.25 0.15 0.05 0.15 R
2017 0.20~0.8 0.7 3.56~4.5 0.4~1.0 0.4~0.8 0.10 0.25 0.15 0.05 0.15 R
2024 0.50 0.50 3.8~49 | 0.30~0.9 | 1.2~1.8 0.10 0.28 0.15 0.05 0.15 R
3003 0.6 0.7 0.05~0.2 | 1.0~L.5 — — 0.10 — 0.05 0.15 R
3203 0.6 0.7 0.05 1.0~1.5 — — 0.10 — 0.05 0.15 R
(4032) 11.0~13.5 1.0 0.50~1.3 — 0.8~1.3 0.10 0.25 - Ni: 0.5~1.3 R
5062 0.45 (Si-+Fe) 0.10 0.10 2.2~2.8 | 0.16~0.35 0.10 — 0.05 0.15 R
5454 0.25 0.40 0.10 0.5~1.0 2.4~3.0 | 0.05~0.20 0.25 0.20 0.05 0.15 R
5083 0.40 0.40 0.10 0.4~1.0 4.0~4.9 | 0.06~0.25 0.25 0.15 0.05 0.15 R
6005A 0.50~0.9 0.35 0.30 0.50 0.4~0.7 0.30 0.20 0.10 Mn+Cr:0.12~0.50 R
6060 0.30~0.6 0.10~0.30 0.10 0.10 0.35~0.6 0.05 0.15 0.10 0.05 0.15
6061 0.40~0.8 0.7 0.156~0.40 0.15 0.8~1.2 | 0.04~0.35 0.25 0.15 0.10 0.15
6N01 0.40~0.9 0.35 0.35 0.50 0.40~0.8 0.30 0.25 0.10 Mn+Cr : 0.50 R
6063 0.20~0.6 0.35 0.10 0.10 0.45~0.9 0.10 0.10 0.10 0.05 0.15 R
6082 0.7~1.30 0.50 0.10 0.40~1.0 | 0.6~1.2 0.25 0.20 0.10 0.05 0.15
7003 0.30 0.35 0.20 0.30 0.50~1.0 0.20 5.0~6.5 0.20 Zr : 0.056~0.25
TNO01 0.30 0.35 0.20 0.20~0.7 | 1.0~2.0 0.30 4.0~5.0 0.20 | Zr:0.25, V:0.10 R
7075 0.40 0.50 1.2~2.0 0.30 2.1~29 | 0.18~0.28 | 5.1~6.1 0.20 0.05 0.15 R
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124

NOFES B, F T, BBBIEREIC & D AE R L
L, MELINEREL TV S, Fig. 2 3#HEM & &4
ﬁ@ﬁ&@lammﬁ@@m%ﬁt Fig. 3 IR
OB Uitk 2l LAY 214, BB EEHHE
HEEEHLT Al—ra: Si ZoHE&E& M EN, Fig.4
WRT VIRO~y FY ) vy PoaryF Ly 4 —

&Y, HB#Ez v Y rov ) vy oA S =Y EHEITHVS

NTWwa,

Table 2 Extrudability and flow stress of aluminum

alloys 9.
Temp : solidus | Extrud- |Flow stress
Alloys -

~liquidus ability | (N/mm?)
1100 643~657°C 150 24 (400°C)

Soft . N
3003 643~654°C 100 28 (430°C)

Alloys

6063 615~655°C 100 27 (430°C)
2011 541~638°C 30 39 (420°C)
Medium 5052 607~649°C 60 44 (470°C)
alloys 6061 582~652°C 70 36 (510°C)
7003 620~650°C 70 41 (500°C)
TNO0L 620~650°C 60 43 (500°C)
2014 507~638°C 20 57 (430°C)

Hard o
2024 502~638°C 15 74 (430°C)

alloys

5083 574~638°C 25 55 (460°C)
7075 ATT~635°C 10 80 (400°C)
AL 4032 539~571°C — 59 (450°C)
high Si PM| Al—20Si—2Cu — 1108 (450°C)
alloys IM| ~1Mg—5Fe—IMn | — | 113 (450°C)

Powder metallurgy Ingot metallurgy

100um
I

Fig. 2 Microstructures of Al—20Si—X alloy extrusion®.
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Fig. 3 Extrusion limit to round pipe in indirect extrusion®.

(Al1-208i ~2Cu~1Mg—5Fe —1Mn alloy)
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After machining < Hot forging

]
Cylinder for video tape recorder (Al—20Si—Cu—Mg)

Male:rotor

Female rotor

Compressor Rotor (Al—Si—Fe series alloy)

o

Cylinder liner (Al—26Si—Cu—Mg)

Fig.4 Applications of rapid solidified Al-high Si alloy
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Anodized Aluminum with Antibiotic Action

Tsutomu Usami

This report describes antimicrobial processes of anodized aluminum, comparing with color

anodizing process. Additionally the new antimicrobial process we developed is introduced, which is

similar to the coloring process with dyestuff.

In this process the suspension of metallic silver is employed instead of a dyestuff solution and su-

perfine particles of silver are absorbed onto the alumina film in a short time. After the absorption

the anodic oxide film is sealed in a hot deionized water.

The sealed anodic oxide film contains 2

~6mg/m? silver. The antimicrobial action of silver absorbed onto the anodized oxide surface on E-

coli is effective after rubbing the surface with a sponge.
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Organic Antimicrobial metal Carrier
Metal ion Zeolite
Inorganic Metal complex] + | Glass
Metal Particle Zirconium phosphate etc.

. Photocatal yst (Ti0,,2Zn0 etc.)
Metallic(Ag,Cu.Zn etc.)

Chelate compound

Fig.1 Classification of antimicrobial agent.
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Integral Color Process &

Silicon

Electrolyte coloring Alloy coloring

Integral color process

BT 5 LRIAROPHEERT B,
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Table 2
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Table 2 Colors of sulfuric acid anodized aluminum by

electrolytic coloring process®

‘))

Electrolyte Color
Nickel-based Bronze
Cobalt—based Bronze

Copper—based
Tin-based
Lead-based
Silver—based
Gold—-based
Molybdenum —based
MnQO,-based
TeO3—based
SeOs-based

Dark yellowish red

Bronze

Brown

Yellow-green

Magenta
Gold
Pale brown
Pale bronze

Pale gold

Nickel

Z

Electrolytic coloring

Organic dyestuff

N
|

)

Anodic oxide film

Metal

Coloring with dyestuff

Fig. 2 Sectional views of colored anodic oxide film.

Table 1 Colors of anodized aluminum alloys®.

Typical Color of oxide film Typical Color of oxide film
Alloy Alloy
alloy Surfuric acid Oxalic acid alloy Surfuric acid Oxalic acid
1050 5005 Silver-white~
Pure Al Silver—white Gold~Bronze Al-Mg Gold
1200 5052 Pale yellow ™
2017 . Pale brown~ . 6061 Silver ~white~
Al-Cu White~Gray . Al-Mg-Si ) Gold
2024 Grayish red” 6063 Pale yellow”
3003 Silver ~white~ 7072 )
Al-Mn Bronze Al-Zn Silver-white Gold
3004 Pale yellow™ 7075
Dull yellow~ o
Al-Si 4043 Gray~Dark gray . “Thick film
Dark yellowish gray

131
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Table 3 Comparison between antimicrobial agent and
organic dyestuff.

Antimicrobial agent Organic dyestuff
Suspension of .
Form Anion
metallic silver
Size 10~20nm ~1nm
Concentration 0.0056mass % 1 ~10mass%
Temperature 5~25C 50~60°C

Table 4 Results of safety tests of antimicrobial agent.

Safety test Result
LDsy (Acute oral toxicity) >20ml/kg
Primary skin irritation weak
Mutagenicity negative
Skin sensitization negative

.....................................................

O 6063 alloy anodized in sulfuric acid

amount of silver (mg/m?)

6063 alloy anodized in sulfuric acid and
colored with nickel-based electrolyte

o{} ; ; T —
80 90 120
Spray time(s)

Fig.3 Relationship between spray time and amount of
silver absorbed on anodic oxide film.
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Table 5 Results of antimicrobial activity test of anodized

aluminum. 4, 8 H Y I

. Viable count after R B SRR LB s L TERT 549
Specimens dthet/specimeny Vo SOEBILT AW S &, PEEEN ST 3H L
AN LUtz KETORSHA FRICHCZ g
No treatment 7.86%x10° B 0 ,L i? 4\1{3.’2T/IT@FLT):H et & {‘tz_?ﬁéﬂL
6063 alloy anodized in 1o ; F & v OBMNTOBIKAER WS Licky, BHRERL
sulfuric acid g 42me/m ND. SRS A+ BELT & v AET 52 &b

Ag 5.Tmg/m’ N.D, <&, FHEUAOBIEE ST 5T & bIHETH 29,
6063 alloy anodized in | No (reatment 7.66X10° S, KEHEIGHE L o4 BIEsER s N, P

sulfuric acid and colored Ag 19mg/m? ND. ANBATEEWELIW,
with nickel—-based
electrolyte Ag 2.Tmg/m? N.D. 2 = ¥ B

B. coli IFO 3972, Initial viable count : 3.55X 10°%fu/specimen, D

Suspention : 1/500NB

Table 6 Results of antimicrobial activity test after

rubbing test.

Specimens

Viable count after

24th (cfu/specimen)

6063 alloy
anodized in

sulfuric acid

No treatment 7.86%10°
Ag 4.9mg/m?
§hame N.D.
(Before durable test)
After durable test N.D.
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Having light weight, good heat-conductivity, formability, brazability and low price, the most
of the automotive heat exchangers are made of aluminium alloy and its brazing sheet which has
Al—Si alloy solder clad onto the core. Since it is very active and easy to corrode, one of the biggest
subjects for the application of aluminium alloys is the corrosion protection. Road splash contain-
ing salts made perforation onto the tube of the condenser and the radiator in coasts and the area
where 1ce-melting salts was sprayed. Drain water sometimes made pits onto the evaporator in hot
and damp areas. In the radiator and the heater, unfavorable inner coolant also made the pitting
onto the tube. The cathodic protection using sacrificial anode has been applied to prevent them.

In this paper, the studies of the corrosion protection of aluminium alloys and its brazing sheets
applied to the automotive heat exchangers are reviewed. The difference of corrosion potential be-
tween the core and the sacrificial anodes such as fin and clad is important to have sufficient corro-

sion resistance. The value is different with the corrosion environments and the additive for these

alloys 1s different by the brazing process.
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TFig.1 Gauge-down trend on the tube for Al heat
exchangers sampled from field.
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Fig.2 Gauge-down trend on the fin for Al heat
exchangers sampled from field.
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Fig.4 Schematic diagram of the polarization curve for
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Fig. 5 Schematic diagram of the polarization curve
for aluminium with sacrificial anode.

Table 2 Effect of alloying elements on the corrosion potential

of aluminium &7,

Effect Alloying elements

Rise the potential Cu Mn Si

Slightly down the potential Mg Ba 7Zn Cd

Down the potential Ga In Sn Hg Bi
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Fig. 6 Effect of Mn and Cu addition on the corrosion po-
tential of aluminium in 3mass% NaCl aqueous
solution (pH3)?.



Vol.4l No.l 7= s SRHBHAZIEON A 137
-0.6 1 | -0.6 |
= 07 O A3203+Zn 5 =07 O A3203+Sn
2 S a—  A3003+Zn = : |
- ] ® A3203+In
0 ’\( .\\l\ £
5 & 0.8 ~] £3-0.8
a
s $ — " \‘\
.53-0.9 2> -0.9
8 gv [ \i ° ° \O\
8 -0 8§ -1o ™ f
o\
-1.1 =11
0 0.5 1.0 1.5 2.0 2.5 3.0 0 0.02 0. 04 0.06 0.08 0.10
Zinc content (mass%) Indium or Tin content (mass%)
Fig.7 Effect of Zn addition on the corrosion potential of Fig.8 Effect of In and Sn addition on the corrosion po-

Al—1.2Mn alloy aluminium in 3mass% NaCl
aqueous solution (pH3).

BHROBTJEEESEVE S 2 ZOBEIE N LR
< B, F bR Alclad3003 (AT072 #7E A3003
) oEs, BAatiREEEE s LEEoBRIREE O
B & L TROERIDBRD SN TW 5,

3 ;
0
) Q
w .
o
2
=
5 1
‘o
=
0 Corrosion potential
-1.0 -0.9 -0.8 -0.7 -0.6 -0.5

Potential (V vs SCE)

Fig.9 Corrosion weight loss of potentio-statically con-
trolled A3003 alloy in 0.03mass% NaCl aqueous
solution!”.

S
(=]

T

Soln. Film Thick. (mm)
l 00.5
| al

o3
/D/ 4

[
o

Arrival distance of
galvanic current (mm)

X /
10 s B
0
] 0.02 0.04 0. 06

Electric conductivity (S/m)

Fig. 10 Influence of the [ilm thickness and electric con-
ductivity of solution on the effective distance of
cathodic protection in A7072— A3003 alloy cou-

plel[)).

137

tential of A1—1.2Mn alloy aluminium in 3mass%
NaCl aqueous solution (pH3)*9.
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Fig.12 Corrosion of the condenser® after 5 months
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(Pitting was observed in hatched area. See
Table 4 for the testing condition.)
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Fig. 14 Results of the AIT (alternative immersion test) for condenser sample brazed in VAW process?.
(AE means the difference of corrosion potential between fin and tube surface. See Table 4 for the testing con-

dition.)
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Table 3 Result of chemical analysis for drain water sampled

from the evaporator used in various areas'?.

EC | Concentration(ppm)
Location pH
WS/m)| c1- | 80 | NO;
Nagoya (Japan) 4.2 7.0 0.6 19 1.8
Florida (USA) 6.6 - 1.0 4.8 -
Bangkok (Thailand) 6.7 14.2 0.9 0.9 4.1
Muscat (Oman) 6.7 - 2.8 3.5 -
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Fig. 17 Influence of C1™ and SO~ on the pitting potential
of A3003 alloy.
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Fig.19 Influence of Fe+3Si in Al—Mn core alloy on the
corrosion resistance of brazing sheet®.
(See Table 4 for the testing condition.)
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Fig. 20 Maximum corrosion depth of vacuum heated

brazing sheets after corrosion tests®’.

(See Table 4 for the testing condition.)
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Fig.21 Result of EPMA mapping analysis for Ti K«
signal on the cross section of Al—1.2Mn—0.2T1
core alloy of brazing sheet.
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0.3Cu alloy in 3mass% NaCl aqueous solution
(deaerated, pH3)?.
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Fig. 23 Maximum pit depth on evaporators in the
CCT(cyclic corrosion test) using modified
drain solution'®.
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Fig.24 Cross section of the quad-layer brazing sheet
having anode layer between outer solder and
core after the CCT (cyclic corrosion test).
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Fig. 25 Cross section of current radiator tube joined by
high frequency induction welding.
Outer layer : A4045 solder
Middle layer : Al=Mn—Cu core
Inner layer : Al—Zn anode
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(AE means corrosion potential difference between
inner surface and the center of core. See Table 5 for
the testing solution.)
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Fig.28 Schematic diagram of the polarization curve for
aluminium in hot water.
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Fig.29 Influence of pH and temperature on the anodic
polarization for A7072 alloy in the commercial
LLC®.
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Table 4 Typical testing for outside corrosion evaluation.

Name Condition Solution
SST (JIS Z 2371) 308K, Spray 5mass%NaCl
AASS (JIS H 8502) 308K, Spray 5Smass%NaCl,pH3
CASS (JIS H 8681) 323K, Spray smass6NaCl+100ppmCu®,

pH3

SWAAT (ASTM G 85)

322K, Spray : 30min
322K, Humid : 90min

Artificial Sea Water

Alternative 313K, Immersion : 30min

Immersion®: 13 323K, Dry : 30min

3mass%NaCl, pH3

Corrode Coat

for Condenser ¥

328K, Humid

Artificial Salty Mud

323K, Spray : lhr

Cyeclic Corrosion Test 333K, Dry : 2hr
o) ) 5mass¥%NaCl
for Condenser 323K, Humid : 3hr (1Ist)
21hr (2nd)
) , 313K, Spray : thr
Cyclic Corrosion Test Cl, SOE' ete

for Evaporator ¥

323K, Humid : 2hr
313K, Dry : 8hr

EC appox. 10pS/m
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Table 5 Typical testing for inside corrosion evaluation.
Concentration (ppm) pH

Name
Cl™ | S0¥ | HCOj; | Cu?t | Fe?t |measd.
ASTM™* | 100 100 100 - - 9.0
QM2 100 300 200 1 - 9.5
oy o 100 60 - 1 30 3.0
ND ¥ 100 100 - 10 - 5.5
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Aluminium Substrates for High Density Hard Disks

Yasuhiro Hosomi”, Nobuyuki Muto*, Junichi Ito™ ",
Koichiro Takiguchi*** and Katsuhide Kuroki****

The areal recording density of a hard disk drive (HDD) has been increasing year by year, and
currently, the annual compound growth rate (ACGR) is more than 100%. Therefore the data
storage industry is characterized by pierce competition and rapid change. In this never-ending

revolution, HDD remarkably demand the higher quality with less expensive substrates. Regarding

quality, not only defect-free but also superior surface characteristics, those are roughness and

waviness, are indispensable. In case of using nickel-phosphorus (Ni—P) plated aluminium for disk

substrates, higher non-magnetic stability is strongly requested.

From those points of view, we have pursued the basic researches and developed the manufacturing
process with high productivity of high quality Ni—P aluminium disk substrate. By applying these

technologies, the ultra-super polished (USP) substrate can be produced economically.

1. Introduction

In computer system development, magnetic
data storage, beginning with Poulsen’s
experiments, has been playing a key role.
Storage technologies are classified into two
classes : main memory which is relatively fast
electronically accessed by semiconductors;
and peripheral storage dominated by
magnetic recording devices, where hard disk
drive (HDD) according to excellent areal
recording density with per-bit low cost is the
leading part. Moreover in today’s information
society, higher transfer rate, higher recording
density, higher access speed, a lower price and
a higher reliability of HDD are strongly
required. In the last two years from 1998,
areal density of HDD has reached 10—15Gb/in?
(three fold in two years) and the price has
declined to 60% V2,

The improvement of areal or
recording density in a HDD has been achieved
by coupling the adoption of giant magneto-
resistive (GMR) head®” and lowering the
* No.3 Department, Research & Development Center
Sheet & Plate Rolling Department,

Sheet & Plate Division
No.4 Department, Research & Development Center

rapid

* ok

EREEY

««x+ No.l Department, Research & Development Center
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magnetic spacing between the head and the
media surface®. These technologies require
media and disk substrates with tight
dimensional tolerance and minimal surface
defect levels. Currently, the flying height that
means the distance between the head and the
disk surface has been decreasing and reached
less than 20nm. Therefore, specifically,
waviness (Wa), roughness (Ra), polish
scratch (especially radial scratch) and other
surface defects should be minimized.
Moreover polish scratch are required to be
free at the atomic force microscope (AFM)
level®. As the flying height decreases, the
effect of disk topography on the flying
characteristics of magnetic heads is more
pronounced and critical. Due to these
backgrounds, in the past several years, Ra
and Wa have been achieved to several sub-
nanometer order. Because waviness is thought
to influence on the modulation characteristic’”
and the head take-off characteristic'?,
reduction of waviness is the key issue to
realize higher areal density with good signal
to noise ratio (SNR). Moreover, as head size
is smaller, waviness at higher frequency
becomes more and more important.

To meet such requirements of age, basic
researches on the alloy design of the material,
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Fig.1 Structure of hard disk drive.

the blanking, the grinding, the nickel-
phosphorus (Ni—P) electroless plating and
the polishing technology have been advanced
in our Research and Development Center. In
addition, from an practical point of view, the
productivity and the production cost have been
also taken into account.

This article introduces various results of our
researches and the characteristics of the
substrates obtained by our newly developed
technologies.

2. Quality requirements of substrate

HDD is composed of some hard disks as
magnetic recording media, some magnetic
heads, a head positioning actuator and a print
circuit board assembly as shown in
Fig.1. All commercially available hard disks
incorporate at least four layers, those are a

lubricant layer, an overcoat, a magnetic layer
and an undercoat on the Ni — P plated
substrate. For most desktop and server
applications, the substrate is made of an
aluminium alloy plated with Ni—P to increase
surface hardness for polishing.
Alternatives such as glass or glass-ceramics
are used for portable applications. The
magnetic head is flying over in close proximity
to the hard disk surface during readwrite
action.

The storage capacity is still increasing and
the selling price is going down remarkably.
Fig. 2 shows the trend of the HDD market in
the last decade. The storage capacity per HDD
and the shipment has increased to about 50
times and to about 6 times respectively'”*®. On
the other hand, the increase of the sales
volume is only 16% because the average price
has dropped drastically to about one-fifth. It
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Fig.2 Trend of HDD sales, shipment, unit price and

capacity.

Tig.3 Trend of average number of used disks per
HDD and substrate price.
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Fig.4 Development concept of Ni—P plated substrate for HDD.

is predicted that this tendency will not change
from now on. As shown in Fig. 3, the number
of used disks per HDD (the spindle ratio) has
been falling since 1996 owing to the demand
decrease caused by the amazing progress in
the storage capacity per disk. Moreover,
the substrate price that is interlocked with
HDD price has fallen remarkably.

Considering this tough market requiring
both high quality with rapid change and low
price, we have mapped on our course of
development as is described below.

The basic requirements of HDD are shown
in Fig.4. They are higher recording density,
lower price, faster transfer rate and shorter
time to market.

The areal density (the product of linear
density by track density) has increased
steeply year by year, and inevitably flying
height of the magnetic head has decreased to
14nm in 15Gb/in? level as shown in Fig. 5 ™%,
The trend of the bit cell shrinkage® is shown in
Fig. 6. In the present areal density level of
15Gb/in?% the bit length is 0.1pm and the track
width is 0.8um. Because of those shrinking bit
cell, critical size of the surface defect becomes
to smaller. In order to achieve higher
recording density, as hard disk medium,
thinner thickness and higher coercivity of the

magnetic layer are also required. And
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Table 1 Trend and target of aluminium substrates.
1998 1999 2000 2001
CQl]CQZ}CQS CQR4AICQLICA2ICQR3ICQA4|CQLICQA2|CQR3|CQR4I CQI-CQR2 | CQR3-CQ4
HDD capacity level 1 Gb/in® 3.0~4.0 7.0~8.0 15—20 >30 >50
Polish system 1-step 2-step 2-step 2-step I-step
Slurry type A1203 AlgOg&TiOg AlgOg&SiOg A1203&8102 SlOg
Ttem unit Target
Waviness Optiflat Wa nm 0.8—1.2 0.5—0.7 <0.6 <0.6 <0.6
1 -Waviness Tencor Ra nm 0.7-0.9 0.3—0.7 0.2—0.4 <0.2 <0.15
Rough TMS Ra nm 1.5—2.0 0.25—-0.4 0.15—0.25 <0.15 <0.1
cughness AFM nm - 0.4-0.8 0.15-0.35 <0.2 <0.15
Roll-off | Zygo New View nm <110 | <90 <70
Seratch Halogen line,surf. - Free
Maximum temperature
kept under 0.5 mT K 523 563 583 593

NP

SP

Fig.7 Surface image of each substrate by AFM.

regarding the head disk interface (HDD),
besides lower f{lying height, higher flying
stability of magnetic head by minimization of
head-medium spacing variation is indispen-
sable, which secure the good modulation of the
read output signal. In order to obtain higher
coercivity of the magnetic layer, the substrate
is required to maintain the good thermal
magnetic stability the
sputtering temperature. Moreover, to keep
good HDI performance, the substrate
requested to have the surface as smooth as
possible.

Recently, waviness becomes severe require-

even at elevated

is

ment because larger waviness leads to worse
head flying responsibility and poor read-write
performance. Hereafter, the waviness of
shorter wavelength becomes critical issue with
low flying head and down sizing of the head
slider. Here, topography,
roughness (Ra), p-waviness (p-Wa) and
waviness (Wa) are defined by the wavelength.

for surface

150

In case of the wavelength less than 80pm, we
define as "roughness”, and in case of more
than 400um as ”waviness”. For the middle

»

range, we define as ”y-waviness”. Moreover,
with the expansion of the recording area to
the disk periphery for increasing the storage
capacity, the improvement of roll-off property
is also required. For improving data transfer
rate of HDD, increasing the disk rotation
speed 1is necessary. This increase of the
rotation speed, however, leads to increase of
the fluttering which
asynchronous vibration component. So, at
present, the thicker disk is used, because the
fluttering is in inverse proportional to the
thickness.

Under these circumstances, we have set up
the quality target of the polished aluminium
substrate plated with Ni—P as shown in
Table1. Here, substrates are classified into

1Is a rotational

three groups according to their surface

roughness. Those are called as normal polish
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Table 2 Measuring instruments for surface characteristics.
Mea@rement Device name Measurement Measurement Resolution Wave length range
item (Maker) principle range (Accuracy) (cut off ete.)
E Fizeau type interferometer . . . Vertical : 0.1Inm
Wa <%ig‘§5£h‘?f£) Halogen lamp (20V,150W), ;/ertxcal Oi 1170nrfn Spatial : 200 pm A =400 pm —5mm
Filter : A5=680nm can area : whole surlace (Accuracy : 0 ==£1%)
Tencor disk profiler | Stylus scanning method L
u-Wa PI12EX Stylus force=bmg Vertical : £3.2mm Vertical : 0.0004dnm A =80—450 ym
(KLA—Tencor) Stylus radius=0.2 um Scan length : Imm
Seatterometer laser A,= 670nm Vertical - 0.001
Ra TMS — 2000 Ra % 1, (Ps/Po)? Vertical : 0.01-500nm | ¢ * 290 =00 2 =0.88—38
(Veeco instruments) | Ps : Diffuse reflection intensity | Scan area : whole surface (g_eb 0a2 ) mmly) - wm
Po 1 Specular reflection intensity —U.denm or 170
AFM . . Vertical : 6 um Vertical : 0.0lnm =
Ra (Degital instrument) Atomic force microscope Spatial : 90x90 um Spatial : Inm A =0.01-45 um
Zygo New View 200 X Vertical : 50 pm Vertical : 0.1nm P
Roll-off (Zygo co.) Interferometer Scan area : 5x3.8mm Spatial : 8 um A =0.1-2mm
. Halogen Ramp YP—250I1 Visual inspection under the 250W . . =
Scrateh |y hada kougaku) | Halogen lamp : 300k—500k lux | VieW area : ¢60mm | Depth>0.8—1Inm -
’ . VSM—P2 Vibrating sample magnetometer _ 9
Magnetization (Touei kougyou) | Magnetic field - 159k A 0~0.0126 Wb/m +29% /full -

(NP), super polish (SP) and ultra-super
polish (USP). Fig. 7 shows the AFM images of
each class substrate. It is shown that USP has
excellent smooth and scratch-free surface.

Table 2 shows our metrology. Because, at
the measuring
instrument, especially of roughness, waviness
and roll-off, are different among venders, it is
necessary to be standardized.

present, methods and

3. Developments of manufacturing
process

3.1 Manufacturing process
Fig. 8 shows the outline of manufacturing

process of the polished Ni — P plated
aluminium substrate divided into five
categories : 1) the blanking process where

the disk is punched from the rolled aluminium
sheet, 2) the grinding process where the
surface are horizontally ground with the PVA
grinding stone, 3) the plating process where
the surface of the ground aluminium disk is
plated in the electroless Ni—P plating solution,
4) the polishing process where the plated disk
is polished to smooth surface with the slurry
and the polisher (called as the pad or cloth)
and 5) inspection process before shipping. In
the processes after plating, class 1000 or less
of cleanness is generally adopted. At present
class 100 or less of cleanness
required to eliminate smaller and smaller
To
and

is keenly

particles causing the surface defects.
obtain the higher
productivity, it is common to apply 2-step

surface quality

191
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Fig. 8 Manufacturing flow diagram.
grinding and polishing, where the role of the
first step is stock removal and thickness
control and that of the second step is final
surface conditioning.

Technical problems and their countermea-
sures in each process are shown in Table 3.
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Table 3 Technical problems and their countermeasures in each process.

Responsible process

Item Aluminium| Blanking Grinding Plating Polishing
1st 2nd 1st 2nd
Roughness Stone Slurry/Polisher
u-Waviness Stone Slurry/Polisher
Waviness Dress cond./Stone/Coolant Disk rotation/Pretreatment Slurry/Rinse
Flatness Temper |Spacer/Pressure Baking Ni—P delta
Roll-off 1 Disk rotation/Chem. comp. | Removal/Slurry
Polish seratch Dress cond./Stone/Removal Slurry/Rinse Filter/Rinse
Magnetic property } Chem.comp./Pretreatment
~ Pit Flaw-less Washing Pretreatment/Clean-up
Bump Comp. Anneal Pretreatment/Clean-up
Stain Washing

3.2 Alloy design

Up to the present, the A5086 alloy has been
used for the magnetic disk substrate because
of its easy processing and high strength. In
recent years, as the recording density becomes
higher, less defects in Ni— P film has been
required strictly. For this reason, the alloy
containing zinc and copper' is used widely. In
1996, we developed the new alloy called as
886S'® whose chemical composition is shown in
Table 4. By optimization of chemical compo-
sition and constituent particles, 886S obtains
better plating performance and high rigidity.

Table4 Chemical composition of 886S (mass%).

8865 | Si Fe Cu | Mn | Mg Cr Zn Ti

Min - - 0.03 - 4.2 | 0.03 | 0.10 -

Max | 0.03 | 0.04 | 0.05 | 0.05 | 47 | 0.08 | 0.20 | 0.01

Ni-P

Aluminium

Fig.9 SEM image of u-bump defect.

Because constituent particles in the alloy or
their circumference are dissolved selectively
during the pretreatment plating
process, the uniform generation of the zincate
film is disturbed, and some pits are introduced
consequently. Moreover, the p-bump is the
another of Ni — P plated
aluminium substrate at the sputtering in the
media manufacturing process. The p-bump is
generated due to expansion of hydrogen gas,
which is trapped around the MgsSi constituent
particles. Fig. 9 shows the scanning electron
microscopy (SEM) image of the MgeSi
constituent particle, which is found under the
u-bump defect. To decrease the large MgeSi
constituent particles, which locate near
surface of aluminium, refining of the particle
size is very important subject. Fig.10 shows
the distribution of MgsSi constituent particles.
By controlling the diameter of constituent
particles and precipitation to below 1.5pm,
plating defects are reduced. The former is
obtained by limiting the silicon which forms
MgsSi and the iron content, and the latter by
optimization of homogenizing conditions and
rolling process. A decrease in strength,
however, comes by using high purity alloy, can
be compensated by increasing the magnesium
content.

Ni—P plating performance of the aluminium
disk depends on the crystal direction of the
aluminium®. Without adding of =zinc and
copper in the aluminium, those can become the
nuclei of zinc deposit, the deposit of zinc

before

main defect
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Fig. 10 Comparison of the distribution of MgsSi
constituent particle.
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with Zn and Cu

Conventional material

without Zn and Cu

Plating time = 600s

Fig.11 Comparison of the Ni—P plating performance
between 886S and conventional material.

occurs predominantly on the (111) plane more
than the (100) plane.

On the Ni— P plating performance, Fig. 11
shows the comparison between 886S and
conventional material. It is shown that the
uniform deposit of zincate is realized on the
(100) plane by adding proper amount of zinc
and copper to the alloy.

As the rotation speed of magnetic disk
becomes higher, the fluttering of the
aluminium disk” becomes critical issue due to
its relatively low rigidity. At present, this
problem is dealt with by thickening. In case
the thickness of aluminium disk is 1.27mm, it
has the same fluttering performance as 0.8mm
glass disk with same diameter. For another
approach to obtain the
performance as the glass disk, we have

same fluttering
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Table 5 Evaluation results of Al—Mg—Li system alloy.
) Al—Mg Al—Mg—1Li
Material Glass
with Ni—P | with Ni—P
Thickness (mm) 0.8 i 1.0 ‘ 1.3 0.8 t 1.0 1 1.3 0.8
E (GPa) 67.6 79.6 83.0
p (10%kg/m®) 2.77 2.64 2.52
E/p (GPa/(10%g/m™) 24.4 30.2 32.9
Fluttering
) 3112419, 2|19 16 18
(¢95.0mm at 10*rpm)

developed the higher rigid aluminium alloy.

Table 5 shows the evaluation results of our
developed Al — Mg — Li system alloy.
Comparing with 886S, higher rigidity of 189%,
and lower density of 5% are obtained by
optimizing the magnesium and the lithium
content. In consequence of those improve-
ments, better fluttering performance of about
20% was achieved. This alloy, however, has the
problem with respect to Ni—P plating and the
production cost. So, further improvement
should be carried out before putting to
practical uses.

3.3 Blanking

The aluminium blank for the magnetic disk
substrate is made by the flat annealing
process where a lot of piled disks between the

<— Bolt

<— Spring
<— Upper back spacer

<—— Middle spacer
Disk

e

- << Lower back spacer

Fig.12 Schematic illustration of flat annealing.
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Aluminium coil Blanking

Method of flat
annealing

Toolin flat
annealing

Flatness after press
disk

Composition

Temper Shape of edge side

Main cause
flech
No effect

Material of middle

Piling direction
spacer

Numerous disks
between middle
spacer

Flatness of
middle spacer

Heating rate

back spac
Numerous _spring

Spring position

Fig.13 Factors to make low flatness blank.

middle spacers are pressed under high
temperature.

Fig. 12 shows the model of the process. The
required qualities as a magnetic recording
substrate are flatness, the shape of edge side,
thickness accuracy and so on. The edge side
shape depends on the metal mold shape, and
the thickness accuracy is decided by the
thickness accuracy of the rolled aluminium
sheet.

Fig. 13 shows the factors to make the low
flatness blank. It is most important to press
uniformly during the annealing process, and
there are ways
1) selection of the material which maintains
the own shape because of its low residual

stress, 2) using the middle spacer whose

several as follows

flatness is low, and 3) preventing foreign
substance between the disks. Here, the effects
of 1) and 2) on flatness are described.
Selecting the material, which is difficult to
change the own shape during the annealing
process and decreasing the flatness value of
the middle spacer show the remarkable effect
on flatness.

Fig. 14 shows the effect of the stabilization
heat treatment to the aluminium coil before
blanking on the shape keeping. Fig. 15 shows
the low flatness disk can be achieved by
applying this stabilization heat treatment.

As shown in Fig. 16, the flatness of the blank
has been greatly improved by using these low
flatness spacer. To make the spacer with
lower flatness, the horizontal grinding is more
suitable than cutting.
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Fig. 14 Effect of stabilization heat treatment on warp.

{(a} Without the stabilization heat treatment.
(b) With the stabilization heat treatment.
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Fig.15 Effect of stabilization heat treatment on
flatness.
(a) Without the stabilization heat treatment.
(b) With the stabilization heat treatment.
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Fig. 16 Effect of 2 types spacer on flatness and 3D figure.

3.4 Horizontal Grinding

The purposes of the horizontal grinding are
to obtain the required thickness and optimum
surface conditions for following process.
Formerly, this process consisted of only 1-step
grinding but recently, because the smooth
surface topography is required strictly, 2-step
grinding is usually applied in consideration of
productivity. In that 2-step grinding, each step
has different functions. Stock removal with
high rate to eliminate the coarse constituent
particles and to control the disk thickness are
main aims of the first grinding, and the
surface conditioning of roughness, waviness
and so on for the next plating process is that
of the second grinding. For the roll-off
property, both steps should be tuned. In the
second grinding to obtain good
condition, uniform loading to aluminium disks
is indispensable, which is obtained by using
the grindstone which has good flatness, even
surface and appropriate property with the
coolant which has optimized washing ability
and lubrication®™ .

surface

Leveling the grindstone surface depends on
the pellet tracks in the dressing. When tracks
of the pellet are closer, even surface of the
grindstone is obtained. Fig.17 shows the
coarse and close tracks in the dressing. Fig. 18
and Fig. 19 show the effect of tracks on the
waviness and roll-off of works. It is shown
that closer tracks are necessary for improving
waviness and roll-off.

The main properties of grindstone are pore
size, Young’s modulus, hardness and content
of bond. In properties, Young’s
modulus, hardness and porosity influence
removal rate, and type and size of abrasive
affect the roughness® ®~* The
influence of grindstone properties on waviness
and roll-off is not so clear. Fig. 20 and Fig. 21
show relation of the results of waviness and
removal rate with the grindstone properties
shown in Table6. In general, the higher
Young’s modulus is, the higher removal rate is
obtained. However, experimental
condition, the opposite results are obtained.
Therefore it is clear that not only Young’s

those

surface

m our
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Frequency

modulus but also porosity and interaction
with works should be considered. Relation
between roll-off and type of grindstone is not
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Fig.18 Effect of track types on waviness.
60 60
Track type A Track type B
50 L. av=108nm 50 |- av =57nm
SD=45nm SD=17nm
40 b----eeee e 40 -
30 b b 0@
20 b 20 + -
10 |- e 10rF--1 bbbl
0 0 ]
0 75 150 225 300 0 75 150 225 300
Roll-off (nm) Roll-off (nm)

Track type A

Track type B
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Fig.19 Effect of track types on roll-off.
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Fig. 21 Effect of grindstone on removal rate.

25

obvious. Fig. 22 and Fig. 23 show relationship
of waviness and removal rate with coolant

shown in Table 7.

156
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Table 6 Grindstone property.

A B C
Types of abrasive GC GC GC
Size of abrasive prm | 3.0£0.4 | 3.00.4 | 3.020.4
Colour Yellow | Yellow | Yellow
Density g/em®| 045 0.47 0.46
Pore size pm 20 10 10
Powder ratio vol% 8 9 9
Coutent of bound vol% 16 13 13
Pore ratio vol% 76 78 78
Young’s modulus (Dry) | MPa 215 181 235
Young’s modulus (Wet) | MPa 171 162 1717

1.0
—o— Coolant A
~— Coolant D
o 08 P e
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Fig. 22 Effect of coolant on removal rate.

It ig clearly shown that the fatty acid and
the type of surfactants effects removal rate
and waviness, respectively. As a matter of
course, the pressure to works influences on
the removal rate. Moreover as fine aluminium
dust clogs pores of the grindstone, the
dressing procedure affects the removal rate
and also surface waviness. the
condition of the grindstone depends on many

Because

factors, those are, abrasive size, pore size,
aluminium chips and particle, and lubrication
ability, washing ability, cooling ability of the
coolant, the proper process condition depends
on the combination of such many factors.

As mentioned, the removal rate and surface
topography of aluminium works are decided
on by the complex phenomena at the
grindstone-work Therefore, the
grinding procedure could not be optimized

interface.

without  considering those  tribological

interactions.

167

1567
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Fig. 23 Effect of coolant on waviness.
Table 7 Coolant composition (mass%).
A B C D
Fatty acid 15 15 15 0
Alkanolamine 15 15 15 15
Anionic surfactant 10 10 40 10
Nonionic surfactant A 15 0 0 15
Nonionic surfactant B 5 0 0 5
Nonionic surfactant C 10 30 0 10
3.5 Plating
3.5.1 Improvement of non-magnetic

stability

Non-magnetic stability of Ni—P plated film
at the elevated temperature is a necessary
property for the coming substrate to realize
the high temperature sputtering for higher
recording density.

The conventional plated film consists of a
dual element of mnickel and phosphorus.
Magnetization of this film depends on the
phosphorus the  film.
Therefore, control of the hypophosphorous

concentration 1in
acid concentration and pH in the plating

solution 1s very important®®. Recently
molybdenum or copper, however, have become
to be considered as the third element
improving non-magnetic stability®~*,

Fig. 24 shows the effect of the molybdenum
concentration in the film on the magnetic
property. The plated film with molybdenum of
above 0.2mass% can control magnetization
even at 583K. Fig. 25 shows the DSC analysis
result of Ni—P film and Ni—P—Mo film. The

crystallizing temperature of the Ni—P— Mo
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Fig. 25 DSC analysis result of Ni—P film and of

Ni—P—Mo film.

film is higher. According to these results, it is
clear that the magnetic property of Ni—P—Mo
film is more excellent than the conventional
Ni—P film.

On the other hand, recently, the missing
error has occurred in spite of no apparent
defect of both the substrate surface and media
film with the of sputtering
temperature. It is considered that this error
originate in the partial crystallization of the
Ni—P film of the substrate. Therefore we have
established the p-pitting test which is a kind of
method to judge the deterioration of the plated
film. That method is composed of some steps
as follows ; 1) baking that substrate at
the sputtering corresponding temperature,

mcrease
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(a) Film No.1

(b) Film No.2

(c) Film No.3

50 um

Fig.26 Observation photographs of film surface after
u-pitting test.
(a) Ni—P film
(b) () Ni—P—Mo film

Table 8 TOF—SIMS analysis of Ni—P— Mo film.

(%, Ton strength vs. Ni)
Element
Film No. 2 Film No. 3
0 0.01 0.02
Na 1.17 1.77
Al 6.95 14.90
Si 4.19 5.86
P 0.11 0.14
Ca 2.29 6.67
K 0.07 0.05
Fe 0.03 0.05
N1 100 100
Co 0.16 0.23
Cu 1.61 2.00
Mo 0.06 0.06

2) dipping that into an acid solution,
3) counting the pitting points (the partial
crystallized point where NisP is generated) on
the surface of that substrate. Fig.26 shows
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Fig. 27 Relation between plating processing condition and surface characteristics.

observation photographs of the plated film
surface after u-pitting test. In case of the Ni—
P—Mo film, the pitting is controlled. However,
in case of the impurity-rich film (No.3) as
shown in Table8, even if the molybdenum
contain 1n plated film, the pits increases.
Eventually for better non-magnetic stability, it
is necessary to add molybdenum and eliminate
impurities causing the nuclel to crystallize.
Therefore it is also important to use both the
refined raw material and ultra pure water.
3. 5. 2 Influence of plating condition on the
surface quality

1.0

| —@— After plating
—/x—~ After etching

0.8

A Wa (nm)

10 15 20 25
Etching time (min)

30 35

Fig. 28 Relation between etching time and AWa.
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Fig. 27 shows the relation between plating
processing  condition the
characteristics; waviness, roughness and roll-
off. In general, the waviness becomes worse
after plating, but the deterioration can be
0.2nm or less by the
consequential increase of the relative speed of
substrates to the plating solution with the
revolution and/or rotation rate of the disks in
a carousel. Unsuitable speed of the substrate,
however, unbalances the deposit on the
substrate edge and causes the ski-jump or

and surface

controlled to

roll-off. Taking longer term of plating
introduces Dbetter roughness and worse
waviness.

Although the surface characteristics can be
changed by the plating condition as mentioned
above, for each processing equipment, it is
indispensable to optimize those condition
individually. Moreover, the waviness also
depends on the conditions of the chemical
etching and double-zincating in the plating
pretreatment. Fig. 28 shows the effect of the
etching time on the waviness and that too
much etching causes worse waviness. To the
contrary, insufficient etching time dose not
almost affect on waviness but introduces pits
because of insufficient eliminating oxide on the

aluminium surface. Fig. 29 shows the effect of
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0.6 during electroless plating reaction. The
2 e Zoating sol A former defects can be ehr.nlnated by the
05 foomeeemeN T - optimizing both of alloy design and of each
—— Zincating sol. B .
process condition. Needless to say, careful
€ L e handling is required. The adhesion of
% 03 hydrogen gas babbles is almost prevented by
=z the optimization of disk rotation and solution
< s dynamics.

The particles in the plating solution can be
0.1 classified into two groups according to the
origin. One is the floating nickel particle

0.0 ' : ' :

20 30
1st zincating time (s)

50

Tum j

Fig. 29 Effect of zincating time on waviness.
(a)(b) SEM micrographs of surface
after 2nd zincating at 40s.

the zincating time. In order to obtain good
waviness, it is shown that optimizing the
combination of the first and the second
zincating condition and of zincating solution’s
composition® * are effective. Therefore, at the
optimization of the pretreatment condition, we
should take sufficient consideration for not
only waviness but pitting as described below
and adhesion into consideration.

3.5.3 Influence of plating processing

environment on the pit defects

It is not so easy for next polishing to
perfectly eliminate the pits generated in the
plating process. Therefore in the plating
process the generation of pits should be
prevented to the utmost. There are a lot of
kinds of pits
plating®~*. Those are classified as surface
defects occurred in any process ahead of
plating and as the adhesion of the particles
and hydrogen gas babbles on the surface

cause generating the in
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deposited on the surface of equipment; the
surface of heat exchanger, plating tank wall,
The other the
contamination brought into the solution from
the plating environment. Fig.30 shows the
relation between the cleanness of the plating
room and the number of pits generated. The
worse becomes, the more
contamination in the solution and the more
pits on the plated film are observed. As
mentioned in the previous chapter, higher
areal recording density strictly requires pit-

carousel and so on. 1s

cleanness

Outside of clean room
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(couny/2.83E+04cm”)
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Fig. 30 Relation between cleanness of plating room

and number of pits generated.
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free substrate. Therefore in order to
correspond to this requirement, we cannot be
too nervous about the cleanness both of the
plating solution and of the plating environ-
ment.

3.6 Polishing
In the polishing process; the final process in
the manufacturing process of the Ni—P plated
substrate, the surface of the Ni—P plated film
is polished with various slurries to obtain
smooth surface. The powders of slurries are
mainly alumina (ALQOs), titanium dioxide
(TiOs), and colloidal silica (SiOs), and should
be selected properly according to the required
surface finish. Although the 1-step polish used
to be applied as the polishing process, at
present, 2-step polish composed of the rough
polishing (or called as the first polishing) and
the finish polishing (or called as the second
polishing) becomes to be the main polishing
method to obtain both the surface quality
required of HDD and the increasing
productivity.

Fig.31 shows the relation between the
surface characteristics obtained by the first
polishing and that by the second polishing.
The surface characteristics obtained by the
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second polishing are classified into two
groups. The surface characteristics of one
group are dependent and those of the other
group are independent from the first
polishing. Waviness and roll-off belong to the
former group. Roughness, u-waviness and
polish scratch, however, belong to the second
polishing.

Therefore in order to obtain the required
surface performance, it is necessary to
improve each polishing step described as
below.

3.6.1 The first polishing

The purposes of the first polishing are to
remove the plating defect, to decrease the
waviness and to control the roll-off of the Ni—
P plated aluminium substrate. Because of a
relatively large stock removal, the alumina
slurry by which has higher removal rate is
used widely.

Fig. 32 shows the effect of removal on the
waviness. The large removal has the positive
effect on decreasing the waviness, but it needs
a long polishing time consequently. Therefore,
from an economic point of view, the new
method for controlling the waviness in a
shorter time is expected. The undulation of the
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Fig.31 Change of surface characteristics between first and second polishing.
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work (the plated aluminium disk) surface
generates the minute pressure distribution
between the disk surface undulation and the
polisher. This undulation can be decreased by

1.0

pressure inequalities between the undulation
peak and its base®, so that we have taken
notice of the powder size and the properties of
the polisher in order to decrease the waviness
in a shorter time.

Fig. 33 shows the effect of the powder size
on the waviness. In case of larger size, the
bigger pressure inequalities generated
between the undulation peak and its base
provides the higher improvement rate of the
waviness, but settles for the higher value.

Fig. 34 shows the effect of the polisher
property on the waviness. In case of the
harder polisher, the pressure inequality
becomes higher and the improvement rate of
the waviness increases. On the other hand,
when the polisher with rugged surface is used,
due to the transcription of the rugged surface
profile of the polisher onto the disk surface,
the waviness settles for the higher value, and
is not improved. Those show that using the
harder and less rugged polisher is an effective
measure to improve the waviness.

Regarding the roll-off of the disk, it is a
problem that longer polishing time to decrease
the waviness and surface defects of the disk
makes it worse. In general, the adjustments of
processing condition before polishing, the
selection of the polisher and the stock removal
quantity can control the roll-off
characteristics. In addition to those methods,
we have developed another technique to
improve the roll-off by optimizing both the
kind and the concentration of additive in the
polishing slurry. Fig. 35 shows the effect of the

08 |

Wa (nm)

L e O
09 Ao )

J \

A . _ \

os " —o- Conventional polisher \
M‘M —e— |mproved polisher %l;
e 05 1 { ! 1 ! ‘

o

L

0 20 40

Pl N

Improved (Fiat)

Batch number

60 80 100 120 | 300um

Conventional (Rough)

Fig. 34 Effect of polisher surface shape on waviness.
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additive and its quantity on the roll-off. It is
shown that by the proper use of the additive,
the edge profile of the disk can be adjustable.

In the first polishing, because the alumina
slurry which has a larger powder size
compared with that of the second is used, the
polish scratch occurs easily. When the removal
quantity in the second polishing is not enough,
in the first
polishing, whose depth is often over several
10nm, may remain as a shallow polish scratch.

the polish scratch produced

Furthermore, if the large sticking powder on
the disk surface is brought into the next
second polishing, the polish scratch is more
easily produced.

At the final stage of the first polishing, the
polisher and disks are washed by de-ionized
(DD water generally. In that case, however,
the cohesion between the powder of slurry and
the nickel-phosphorus rubbish was easily
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Fig. 36 Effect of rinse chemical on polish scratch.

occurred because of the insufficient dispersion
ability of the DI water, and large cohesion
products cause the polish scratch and the
protuberance on the disk surface. Moreover,
because of worse lubrication compared with
that of the dispersion medium of the slurry,
dry friction breaks out between the polisher
and the disks and is followed by the disk
surface burning. To resolve these problems,
we have developed the rinse chemical, which
endows the DI water with sufficient washing,
lubrication and dispersion ability by optimiz-
ing its chemical composition. As shown in
Fig. 36, the application of such rinse chemical
can provide the polish scratch-less surface.
Furthermore, the first polishing influences
on the flatness of the substrate seriously.
Because the internal stress of the Ni—P plated
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Fig. 37 Effect of A-B film thickness difference on
flatness after polishing.
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film is compressive in the wusual plating
condition®, the difference of the plated film
thickness between each side (A and B) after
polishing produces the bend of the disk, and
then its flatness becomes worse. Fig. 37 shows
the effect of A-B, which means the difference
of plated film thickness between side by side
on the flatness after polishing. Up to the
present, that A-B has been controlled by
adjusting the rotation speed of upper and
lower platen of the polishing machine. The
better flatness, however, has become to be an
earnest request in these several years, and the
control of A-B only by the method mentioned
above, has become not to meet that request.
Fig. 38 shows the items regarded as factors
on the A-B generation. When the conditions of
the slurry supply, the polisher and the
pressure distribution to the disks are constant

Frequency

200
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&
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A-B film thickness difference (um)

and uniform during the polishing, A-B could
be controlled only by the rotation speed
adjustment of upper and lower platen. In those
Fig. 38, the dominating
factors are demonstrated in Fig.39 and 40.
The former shows the effect of the distribution
of slurry supply on A-B and the latter shows
the effects of platen’s flatness and the
brushing which is employed to remove the fine
nickel-phosphorus rubbish A-B. By
optimizing these factors, A-B after polishing
can be controlled to the almost same level as
that of as-plated disks.

3.6.2 Second polishing

It was common so far to use alumina or

factors shown in

on

titanium dioxide as the slurry in the second
polishing. Quite recently, the colloidal silica
has been used to obtain a smoother surface of
sub-nanometer or less order with scratch-

av = 0.003
min =-0.70
max = 0.46
SD =0.171

0 - .
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-0.8

-0.6
A-B film thickness difference (um)
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Fig. 39 Effect of slurry supply distribution on A-B film thickness difference.
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free.

Colloidal silica powder has the advantage of
others with respect of the smoother surface
without polish scratch because its hardness is
lower, its shape is also near globular and its
size can be made smaller. The removal rate
with the colloidal silica slurry, however, is
extremely low, and the polishing with the
colloidal silica slurry has a problem of
productivity.

Fig. 41 shows the each removal rate with
and without chemical elements. During the
polishing with colloidal slurry, a
mechano-chemical polishing is proceeding.

silica

Therefore, when colloidal silica slurry is used,
the whole design of the powders and the
chemical composition is extremely important
to satisfy both quality and productivity®™ ™.
Table 9 shows the influence of the chemical
composition in colloidal silica slurry on the
surface quality and the removal rate. The
removal rate can drastically be improved due
to the accelerated dissolution of nickel by
changing the chemical composition. Moreover,
the more amount of polishing can be obtained
owing to improved removal rate so that u-
waviness can be decreased in the same time.
However, in case of excess chemical reaction,
the disk surface is damaged and its roughness
becomes worse and light scratches increases
consequently. In the designing of the chemical
colloidal
influences on the gelation and the waste water

composition of silica  slurries,

treatment should be considered enough.
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modified slurry.

Table 9 Influence of chemical composition in colloidal silica
slurry on surface characteristics and removal rate.

Slurry A Slurry B
Silica type A A
Chemical type A B
Ni dissolution rate (mg/min) 52 99
Removal rate (um/min) 0.16 0.30
Ra (nm) 0.13 017
p-Wa (nm) 0.33 0.18
Polish scratch (line/surface) 1 6

Fig. 42 shows the effect of the powder size

on the removal rate and roughness in
polishing with various kind of slurries. Even in
case of the same chemical composition, it is
possible to improve roughness by changing the

average size and the distribution of the
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Fig. 42 Removal rate of polishing and roughness
after polishing with colloidal silica
slurry of various powder size.

colloidal silica powder without changing the
removal rate.

In order to improve u-waviness to which
attention is paid in recent years', the
improvement of the polisher is also significant
and an instance of its effect is shown iIn
Fig. 43. Today, the polisher for the exclusive
use of colloidal silica slurry has been
developing to optimize their pore size in order
to improve p-waviness and roughness still
more.

As mentioned above, regarding to the
second polishing, the required quality and the
required productivity can almost be achieved
by optimizing the colloidal silica slurry and
the polisher.

0.6

A Polisher A

02 i I 1 1
0 5 10 15 20 25
Batch number

Fig. 43 Effect of polisher on u-waviness.

On the other hand, polish scratch whose
depth is around 3nm as shown in Fig. 44 has
recently become to critical with the decrease
of the texturing amount and with reduction of
the flying height. The polish scratch is mainly
made by the foreign substances from

Depth of polish scratéh by AFM ; 3nm

Fig. 44 Observation photograph of polish scratch.
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Fig. 45 Relation between filter pore size and number
of polish scratches generated.
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Fig. 46 Filtration system for slurry and DI water supply.

surroundings and/or the rough and large
agglomerate generated by gelling colloidal
silica. The former is attained by keeping
cleanness. Regarding the latter, the complete
prohibition against that gelation is not so
easy, and then the filtration of colloidal silica
slurry in its supplying system is
recommended. Fig. 45 shows the effect of the

filtration system described above. With
smaller pore size, the filter life becomes
shorter though the polish scratch is

suppressed successfully. Therefore the multi-
filtration system is advisable as shown in
Fig. 46.

The occurrence of those light scratch can
also be controlled by optimizing polishing
condition as shown in Fig. 47. Moreover, for
the purpose of obtaining the countermeasures,
we have been investigating the chemical
composition to control the gelation and
developing the post-polish rinse. We believe
those results will be effective on the practical
use.

4. Development of production technology
4.1 Process design
As mentioned above, there seems to be no
limit to the increase of the areal recording
density and the selling price of HDD is rapidly
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Fig. 47 Effect of pressure during polishing on
number of polish scratches generated.

decreasing. Consequently, the Ni—P plated
aluminium substrate used for the magnetic
recording media is keenly requiring the
advanced technology by which higher quality
with less expensive will be realized. To the
substrate manufacturer, however, it is no easy
thing to sharply reduce the production cost
and to improve quality simultaneously only by

the development of the wunit process
individually. Therefore, we have been trying to
establish the continuous manufacturing

process by synthesizing individual improve-
ment of a unit process as described below.
The main purposes of polishing are mainly
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grinding to be considered.

Next, we will introduce some our concrete

examples regarding to the control of the

/g\ waviness. Fig.49 (b) shows the waviness

g change by the first polishing with a kind of

= slurry. It is obvious that there is a strong
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Fig. 48 Relation between polishing time and surface
characteristics.
(a) Wa( :0.4—5mm),
(b) p-Wa(a : 80—450pm),
(e) Ra(a :0.88—38um)

to remove surface defects and obtain required
surface topography of the Ni— P plated
substrate. In general, it takes relatively long
polishing time to meet those requirements and
brings a productivity drop, and the cost issue
is taken up as an inevitable consequence.
Fig.48 shows the the
polishing time and the surface characteristics.
It can be said that the long polishing time is
in the
wavelength (low frequency) region.
Fig. 49 shows the correlation of the waviness
of pre-processing with that of post-processing
for each process. It clear that the
dominating factor is the polishing process,
and that the grinding process also has some
effect. Therefore to obtain the required
waviness more efficient, it is necessary the
conditions of polishing, plating, and also

relation between

needed to satisfy waviness long

is

168

relation between the waviness after polishing
and that before polishing. That change,
however, depends upon the kind of slurry and
the polishing time. Therefore, it 1s more
effective to state the relation with the kind of

slurry as a parameter. The equation (1) is
such a representation obtained by multi-
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Fig.50 Calculation results on waviness change with
polishing time of various as-plated disks.
(average powder size is 0.7uym)

regression analysis,
Wa:=exp(—Ci*t)* Wao+exp(—C:/t)*Cs
Where,

ey,

Wa:  : waviness after polishing

Was . waviness before polishing

t : polishing time

C;, C: : constant(decided by the slurry)
Cs : constant (waviness decided

by the slurry at ¢=0c0)

Fig. 50 shows the calculation results of
multi-regression analysis where the average
powder size is 0.7um. From those calculations
it is obvious that the waviness of the pre-
polish disk (as-plated disk) is requested to be
less than 1.lnm to get less than 0.7nm by
polishing in 200 seconds. Moreover, by using
the correlation shown in Fig.49 (a), the

required waviness after grinding can be also
obtained.
Finally, the improvement of waviness of the
pre-polish disk, which means the
improvements in the grinding and plating
process, is the most effective technique to
reduce cost with keeping quality. We have
succeeded in processing time reduction by
using those quantitative approach to each
manufacturing process.

4,2 Quality of our advanced substrates

To date we have manufactured the trial
products by the newly developed technology
stated previously. Table 10 shows the quality
of our advanced substrate compared with that
It is definite that our
advanced substrate surpasses current ones.

of current ones.

5. Substrate defect

5.1 The causes and countermeasures

Many quality items for the Ni—P plated
aluminium substrate are required to meet the
needs of hard disk.

Among them the elimination of surface
defects representative requirement.
Therefore we, as a substrate manufacturer,

IS a

have been investigating their causes and
effective countermeasures. The surface defects
are roughly classified into two groups. One is
the bump type and the other is the pit type.
The former induces some hits against the head
slider at the glide test (GLT*), and the latter
induces some missing errors at the certify test

Table 10 Comparison of surface characteristics.

Current
Item Development
A B C
Rough TMS Ra nm 0.14 0.12 0.11 0.09
oughness AFM Ra nm - 0.30 0.47 016
Tencor Ra nm 0.15 0.13 0.18 0.13
u-Waviness
Zygo Wa nm 1.31 0.61 0.59 0.58
Waviness Optiflat Wa nm 0.74 0.50 0.61 0.46
Roll-off Zygo nm 34.5 13.0 66.2 110
Ski-jump Zygo nm 21.3 3.9 1.8 2.5
Polish scratch Halogen line/surface 36 63 1 G0
Stain Halogen count/surface 16 9 41 3
Magnetization VSM 10747 34 425 84 6
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Table 11  Main surface defects and causes.
c;?tz;egﬁy Defect name Defect size Causecountermeasure
Plating pit ¢ 20~ 500 pm
(git Dimple ¢ 100800 ym Sec Fig. 52
ee
Fig. 51) Polygonal core pit ¢ 50— 200 pm
Polishing pit @ 100—500 pm Interaction of polishing and pit
Protuberance —geveral 10 pm Stuck slurry powder in polishing
B p-bump —several 10 pm Irregular deposit of plating
Hmp Bump 10600 pm Residual stress before grinding
Blister 1—several 10mm Poor adhesion cause by defect in pretreatment of plating
Grinding scratch 10—several 10nm depth Xseveral 10mm length | Mixed contamination, tip of grinding stone
Sc%it:? : Polish scratch 0.5—50nm depth X0.4—several 10mm length | Mixed contamination, slurry cohesion in polishing
Scar 0.2—-several mm length Mechanical parts contact or poor adjustments of the parts
0D dent —geveral mm Mechanical parts contact or poor adjustments of the parts
Distorsion - - -
ID wrinkle —R20mm Poor rotation of plating carousel
Stain Stain 40 ym —several mm Poor washing, adhered particle
Particle Particle 40-—several 100 um Dirt genarating from the machines etc.
Special Micro-magnetic irregularity several um (See Fig. 53) Heterogeneity of plating composition
defects Uneven surface ¢ 1001000 ym Residual plating solution in baking
2
@
=
j=3
3
}-.
58
S
5 2
o @
RS
Plating pit Dimple Polygonal core pit Polishing pit

Fig.51 Examples of various pit type defects.

(CFT*) in the media manufacturing line. The
polish scratch and the scar type defect can
induce errors in both tests according to the
profile.

Typical surface defects, their estimated
causes and countermeasures are summarized
in Table 11. Such defects as stains, dirt (dusts)
and deformations are most common, and so
are omitted here.

The defects which have not seen previously
have newly come in connection with the higher
recording density. The micro-magnetic irre-
gularity is mentioned for example, whose
diameter 1s 2um or less without abnormalities
in the surface topography of substrates and
/or media. The true causes of this defect has

170

not been made clear, we think the local mag-
netization by the crystallization in the Ni—P
plated film is one of the causes.

Moreover, due to decreased texturing
amount, the surface defects such as scars,
scratches and contamination on the surface
would be more critical from now on.

5.2 Surface inspection

In recent years, it is common as a delivery
inspection to carry out the 1009 inspection of

substrate surface defects by using automatic

#1 - Glide test; the test to guarantee the allowable
distance between the head and the surface of a
magnetic recording disk.

#2  Certify test; the test to detect any read/write error
for whole surface of a magnetic recording disk.
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Cause

Countermeasure

Scratch
Surface topography of ground sub, — Roughness
Handling damage

Grinding condition
Grinding coolant/stone

— Partial poor adhesion

Zincating/etching condition
Zincating/etching solution
Handling damage
Constituent of particles

Incomplete zincate film

Stain on ground sub.

.

Crystal direction AH Aluminium compaosition !

Pretreatment/plating
solution

Contamination adhesion

Filtration condition

O-ring renewal

Environment cleanness

— Carousel cleanliness

Heater position

Chemical replenishment amount
Control washing water

Hydrogen gas in plating
solution

Disk rotation
— Circulation system
Plating condition

Fig. 52 Root causes and countermeasures o

optical inspection equipment (AOI). Table 12
shows the specifications of the AOL

The surface defect categories detected by
the AOI are a pit, a dimple, a bump a scratch,
a scar, an outer dent, a stain and a particle
dust, which are shown in Table 12 above. The
micro-defect such as a protuberance, a micro-
bump, and a micro-pit cannot be detected with
the present AOL

Pit type defects are mainly detected by PIT
and/or DIMPLE signal from regular reflection Fig. 53
light detectors in case RS7000 is applied as the

Table 12 AOI specifications.

f pit type defects.

(1) AFM image (2) MFM image of
bit pattern

AFM and MFM image of micro-magnetic

irregularity

Type No. RS7000-31 [ RS7000-30 $SI1-640
System Ver. 1.00 Rev. 5.43 Ver. 6.7
Maker Hitachi denshi engineering co. System seiko co.
Number of machine 3 l 2 3
Disk size 3.5” ( 95mm dia.) 3.5” ( 95mm dia.)
Production capability 400 pieces/h ] 600 pieces/h 720 pieces/h
Semiconductor laser 5—15 mW He-Ne gas laser 3—5 mW
Regular reflection light spec Wave length 780nm Wave length 6_32nm
source *| Laser beam diameter R 120 x & 25pum Laser beam diameter R 120 x 6 40mm
(Pit, Atari, Light, Dark) (width at 80% of laser peak)
set 1 set/station x 2 ‘ 2 sets/station x 2 1 set/station x 4
L Semiconductor laser < ImW
G—reg_ular reflection spec. Wave length 670nm
@ hghIt).souTceG ) Laser beam diameter 8mm none
i impie, B T
ump pie, trse set 1 set/station x 2 [ 2 sets/station x 2
Scan pitch 50 pm 50 um
Rotational speed 6000 rpm 6000 rpm
Darkl, Dark?2 : APD sensor Particle : PIN PD sensor
s Light : APD sensor Shallow : PSD sensor
Receiver pec. Regular reflect : PIN PD sensor Bump : PSD sensor
G regular reflect : PIN PD sensor
set 1 set/station E 2 sets/station 1 set/station
Particle Atari (Dent) Lump
: Stain Dimple Shallow
Defect categories Scar G-scratch Scratch
Scratch Lump Particle
Pit Lump line
Classification 3 classes (A, B, C) 3 classes (A, B, C)
Measuring area 3.5” : R12.5—47.5mm 3.5” : R12.7—47.5mm
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At RS7000-30/31
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5
e
=
o
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/&
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0 f 50 100
Defect depth (nm)
(1) Pit sensitivity
Fig. 54
0.5 At_RS7000-30/31
04 .........................................
S
L 08 e
-
2
o
O 02 [ e
K
5) Noise level
0.1
0.0

10
Scratch depth  (nm)

I'ig. 55 AOI sensitivity for scratch.

AOI. These signals are proportional to the
depth of the defect. The detection sensitivities
of these signals are shown in Fig.54. As the
detection limit of the AOI according to the
signal to noise ratio, the pit depth is thought
to be 20—25nm, and a dimple depth 15— 20nm.
A scratch is mainly detected by LIGHT
signal of the diffraction light detector. Fig. 55
shows the detection sensitivity of a scratch
defect. Because the signal is proportional to
the 2nd power of the defect depth, the
detection limit is considered to be a scratch
with a depth of 5—7nm in the present AOI.
Those detection limits are already not
enough for defects to be screened automati-
cally, so we have to carry out the sampling
inspection. In case the threshold value of the
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At RS87000-30/31
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o Dimple
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[} //
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E o.”
0O oo °
R /
0 ‘/' I’:loise‘ Ieve}
0 * 50 100

Defect depth (nm)
(2) Dimple sensitivity

AOI sensitivity for pit type defect.

AOQI is set up to save that sampling inspection,
that AOI inevitably detects acceptable defect-
like items, those are an adhering particle, a
slight stain and / or dust. Therefore we
substrate manufacturers could not stop
suffering a lot of valuable products.

From now on, it will be necessary to detect
smaller defects by using the AOL Therefore
the AOI which has necessary and efficient
detection sensitivity is desired earnestly.

6.

Up to the present, the ultra-super polished
substrates (USP) have been manufactured by
using the colloidal silica slurry. By this
method the required qualities can be obtained,
but due to low efficiency the production cost is
inevitably high.

Newly developed technology

We have solved that problem by combining
the achievement as follows;

(1) The development of colloidal silica slurry
to enable high polishing rate.

(2) The development of the polisher for the
exclusive use of colloidal silica slurry.

(3) Improvement of the surface waviness in
the former processes before polishing.

As shown in Table 13, 1-step polishing is an
epoch-making technique to produce the ultra-
super polished Ni — P plated substrates
efficiently and economically. We believe that
our developed technologies are very beneficial
for the substrate manufacturers.
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Table 13. Results of 1-step polishing.

Status Current Reference Development

Polish system 2-step 1-step 1—step(

Slurry Aly03/S10; (A) Si0; (A) Si0, (D)

Polisher Type A/Type B Type B Type.-C

Removal rate (um/min) 0.40/0.08 0.08 0.26

Polishing time (s) 350/350 1400 550 250
Ra (nm) 0.10 0.13 0.10 0.11
©-Wa (nm) 0.28 0.25 0.15 .0.16
Wa (nm) 0.61 0.64 0.47 0.63
Polishing cost (%) 100 218 66 35
Productivity (%) 100 73 162 272

7. Conclusion

HDD market has been requiring the less
expensive substrates which can introduce
higher areal density and higher transfer rate.
This tendency would not be changed from now
on.

In order to correspond those requirements,
we have seen into the required quality
concretely improved the individual
process from the alloy design to the final
polishing. In addition to that, we have
optimized the whole manufacturing process by
applying the individual improvements. Those
achievements and

and

our mnewly developed
substrates are described above.

Main required qualities in future are
thought to be ultra-smooth and defect-free
surface, and non-magnetic property at higher
sputtering  temperature. Our  developed
substrate could meet those requirements.

On the other hand, in order to succeed in the
substrate business today’s tough
market condition, high productivity and cost
reduction are most indispensable issues. From
those point of view we have been developing a
new polishing technique to produce ultra-
smooth surface substrate (USP). This

development consists of the new colloidal silica

under

slurry and the polisher for the exclusive use of
that slurry, and enable only step
polishing, shorter processing and
consequently higher productivity and lower
production cost drastically.

There will be no limit to HDD requirements
in the substrate quality and price. In such

one
time
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cases, our approach method would continue to
be effective.
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Wastewater Treatment Technique for
Nickel—Phosphorus Plated Substrate Production

Shizuo Miyoshi and Masayasu Toyoshima

The superior characteristics for nickel —phosphorus (Ni—P) plated substrate is required strictly
according to the increase of hard disk drive (HDD) recording density.

In Ni—P plated aluminum disk production, many chemicals which are used in degreasing, plating

and rinsing process and slurries for grinding and polishing are used. And these chemicals and slur-

ries are often changed to get the better surface characteristics. Therefore, improvement of treat-

ment techniques for these several kinds of wastewater from each production process have to be

made immediately to keep the regulations.
In this paper,

the new three techniques are established for plating wastewater,

zincate

wastewater and polishing slurry including colloidal silica.

1. #&
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Table I The main ingredients of the various wastewater.

Waste species | Metallic element Organic compound
Grinding Al Trietanolamine
Zincate Zn, Fe, Al Salicylic acid

. Malic and Lactic acid
Plating Ni . . .
Acetic and Citric acid
Polishing Ni Masking reagent

Table 2 The treatment methods of the various wastewater.

Treatment method
Waste species
Present Examined
oo Cohesion o
Grinding o Optimization
precipitate
Zincate Electrolysis Cohesion Precipitate
Plating Electrolysis Self-decomposition
Cohesion o
. Optimization
Precipitate
Polishing
2-steps cohesion
precipitate
2.2.1 HoEER

- B O = 5 yvolkik s LT, ST
HEofic, EEMETEE B OO HER UKBRILY
R EMEZ 5B, BITOEMITHER, BF =
FvETIVY 2o ABRBERE TS TRET 55
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EAEBE Ui, B pH % 12~13 c#{Eid s &t &
Y=y DKk E LT L, EEARThD =y
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Table 3 Analysis results of plating wastewater.

Ni PoH,0™ PHO3** | Malic acid q
p
(mg/D (mg/D (mg/D) (mg/D
5600 26000 156000 27000 4.9

* NaPI’IQOQ ° HQO
**Na,PHO; » 5H50

2,22 UuHy— NER
3 INETY - P LR, &

FE o Hgn & BT R TlRE L R (300mg/1 KL,
R TN A Ik § B 7o D IEER R O A A v 35
MBEAZBLTHIEL TE/o LAL, - ZEEOS
& EFRBRICERTHETREREORROEE OB S
COMRAFET L &b, Yvy— MERICEAL TS,
RS T ik D R A e L 7o

U — b BRI RS ISR, TEERIRME & LRI O
EH RS ETHE U 5% Tabled 127”7,

COBERO pH 3 182, ZELBEmSSHE, &%
RUTNVI =9 b6THY, LYY FUBRRNEN
TWb, BB TV =Y &3k TS Y,
O NaOH AR TR 7V Y VIEEA A v RO TR

Table 4 Analysis results of the zincate wastewater.

Zn Fe Al Salicylic acid "
(mg/D | (mg/D | (mg/D (ng/D P
16000 370 56 1900 >13
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Table 5 The pH and metallic elements content of the
polishing wastewater.

Polishing waste pH - Ni (mg/l) | Fe (mg/l)
A 7.4 51 <1
B 3.9 45 <1
C 8.0 30 200

eI SR L T FER (AKRC B) 3 pH 2588
P ST, @EES E L TR= v 7 VTR S
ntds, 2o Fv ) ARBER (C) d7 s )
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pHABICBLTORPCLTE L LEETEELTVL S
T EPHER S N,

Table 6 Results of the cohesion precipitation treatment.

Polishing waste Ni (mg/1) Fe (mg/1)
A < 0.5 <1
B < 0.5 <1
C 28 150

(2) WHEEAI A — & —HEEEALER

aaA LY HFERD A —H — WL TV B4
HTHIREER L 7, HESEEGRE KR ETRNL T
MEL, Bk, EEF VT pH3ICHEE L, Fo0k%k
JKEBALF b U o AisR T pHI2 ICHEET LSS FEHER %
W 515 TH b, WEREA Table T lK/RY,

Table 7 Effect of Hy0, addition.

H,0, (mD) Ni (mg/D Fe (mg/D
0 29 150
0.05 29 18
0.1 28 2
0.2 26 < 0.3
0.3 26 < 0.3
0.4 24 < 0.3

COMBEE R, BOBREICEENTH B, = v
DEEEZNBZEED SNIED» - T = v T IVORBRERER,
BRKREORESBS SN 0D, HERR LT -
fo s, FEIREICIRERIIED SNl - 7,

TIT, =y FVRUERER LB » st 5 TR
BHEETRIEIC D WTRE L 1,

3. & B K X
3.1 o ERRODECHERLE
3.1 1 MnERE

W o SFHEE pHT. T WHEEI L, MBEEAEX TR
BaiTw», —EREEICEDO = 5 7 IVEBEARIE L /2,
B % Fig. 11257 T,

Fig. 1 DiER» 5, MEEESEVEEH RO = v 7
WIBENKT T 2 HE%ZR L, MEGEED 8T COEE,
30N THERPD =y 7 IVIBEL 100me/1 LT & TET
Ulo 70, BROBHICELTE, = r VBB oK
TRRESEELBVWERTH - 7o, WWEEICBELTE,
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KXo B CETHEULLY, REEORENRTHD,
MEHL E DR E VWS H D ST~ CRHREIEHT 2
DOMBEHETH b,

10000 : ‘ |
Plating liquid pH=7.7

S g liquic p
1000 o~
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o -
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g W0 |~ __a—70%C
= ---®--80C
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Heating time (h)

Tig.1 Effect of heating time and temperature.

3.1 2 EE#HOPpH

IKERALF b YU o AEIE AN L TR O pH % 8~11
WCEHETL, HREE TR LT, —ERREIC ]
i = o rOVIBEEZME L 7. 72, WO SRR
RO B 2 ME AT - 7o F5HR% Table 8 IR,

Table 8 DFEHEA 5, A D pH 5 9~11 OFHA T
bhid, BEETEELEO= vy BRI T
FEENER I NI, 2, WTNORETTHITH
YoOKBIHAHENTIRETH Y, RO ) VIRER
pHAE L 1 3 1E LR B BB ER LTS

BT, HOSEHTHEII B B8 pH &, FE
Bz FEERCTAS)EHEBEEEL T,
95~10 MM TH B, Fh, NEBEOHHY DR,
— By AR, FOICENSEIMAEE L TED,
WA & B IHENTRETH 5,

3. 1.3 ZoHoRHE
(1) 7= sfOHTE

B OAMRILER 81 5 T v Y =9 AR OFEORNE
EPE LT, % Table 9 I0R T,

Table 9 OEEEM S, T3 =v RO BEEESK
0 E ST L VWRE S BERERE L BN OK
BL, SUAMBTALE L - K ETREOBRBESE
EHE L, T =y AROLEFETE, EEEC=
FOVIREDSHEFTT B D IF, BEINIC BRI ET
L, Y vERERSEZCAY, TOMRRIEY) YBR=
rVOERSEEE N, FREMEE T 5 EOOERIE
PEFRICEITT S bOLEEZ LN,

(2) JLEZEER
Hs5Z, BYZFULYRURTF YL ABFREAVWTH

Table 8 Effect of pH on self-decomposition treatment.

pH of Plating liquid 8 9 10 11
Measurement item Ni (mg/D pH Ni (mg/D pH Ni (mg/D pH Ni (mg/D pH
0 4500 8.0 4500 9.0 4500 10.0 4500 11.0
15 5 - 31 - <2 - 4 -
Heating time(min)
30 30 - 5 - <2 - 3 -
60 32 6.3 5 6.6 2 7.1 4 7.5
Magnetism of the deposit Magnetized Magnetized Magnetized Magnetized
Analysis result of the P 6.2 5.4 4.4 4.3
deposit(mass%) Ni 93 95 95 95

Table 9 Effect of Aluminum on self-decomposition treatment.

Al plate area/plating liquid quantity (m?%/m®) 14 3.3 1.2 0.4 0
Measurement item Ni (mg/D
- Immersion time (min) 0 3700 3700 3700 3700 3700
30 8 9 6 5 > 3000
60 9 11 12 9 25
120 11 14 16 10 10
Occurrence situation of gas bubble after Al dip
Intense occurrence = 3min = 5Smin = Smin =12min =60min
Mild occurrence =10min =10min =12min =20min ?
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COERIE~OEBARE L, FOE, 5 2KU

R xF L yEBOEEIE, RISETHOK PO =y
TOVIREEE 10mg/] BifR THY i) i R EK THES S 5,4
FRIEHLTRT v L AEROEA IR, BRNEEAD
o BHRETIMME 2, I THOKFO =y 7
JVIREE I 200mg/1 IR T, = » 7 v OBRZE « BN
Th o1,

fo>T, HENRBRIGICXLY = v 7L ERE « BT
BIcDIENERAREER T 2080 5,

(3) BRI DRSNS HARS,

BEHEDS, AR WIES, Wi 3E Y VB
DL L TV Wi B BB IE DB ST LV,
ZIT, TVI=Y LAROERERCHEAZOBERIC &L S
HREIT > lo T =9 MROBEDOATIE= Y b
BEEXR1Tachh, FHEOFEREMA T, KiICHE
) viEr —EREL EEE (80~%0g/D) sH B LI
&0 B ERUS DB oiciiTd 5 a1,

Plk, B&fFomBticky, - ZBEEFO= &
OB O RUSHLERT & BBRrFE - [EER AL L 72,

1.4 R—i7 o THRE

A % REE IR L 72 2 5 U 2 UG (Lm® )
EHEL, LR TEONARESY T TR =Ty
TREBET - 12, R Fig. 21, BUTHEMROIEE &
D H# % Table 10 12784,

Fig. 2 DfE8EH» 5, FEWHEETS, Y- 2FERTO= v
v o B2 REIGT X BRE - [BIASEETH B

5000 1 ' '
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Fig.2 Treating results at the large scale.

Table 10 The comparison between the present method and
the examined method.

. Ni content after
Method Treatment ability
treatment
Electrolysis 8h/m? 300mg/1
Self—decomposition 2h/m? 10mg/1
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3.2 Y- MNERORELRE

3.2, 1 hINALIE & BAES DEE)

Vv — b BER R TEA O pH I HRET L T AiRhOHEss,
BETTVI=v 2DBEEZNELL, TOHEE
Table 11 J2 U Fig. 3 127" 9,

Table 11 U Fig. 3 DRSS, v r— VEETOD
#En, SR TNI =9 AE, pHAE S~ KEHIT B
S LD EIFIBRESTRETH S E2MHEL 12,

Z O pH A AN EREMNIC 15 B S HESAAS, T s Y
PMITE3 &7y =9 & OKEBLYIMEERT 5, C
nid, MEIHEKEBYTH S L, o, KLY
DR pH MBI B ElcHkd B,
£r, BRIV Y FAUBEELEEL TBERPBIERLALT
WA, pH W T~9 #EFHTIRZOBAENIMETL, K
BiELTHBLTVWEbDEEL SN,

Table 11 Results of the cohesion precipitation treatment.

Analysis results of filtrate
pH
Zn (mg/1 Fe (mg/1) Al (mg/D
11.7 70 46 7.1
11.0 34 28 6
10.2 21 15 2.1
9.1 13 7 0.6
8.1 27 5 0.4
7.1 460 9 0.6
120
$ 100
by
g
t 80
<€
5}
o
S 60
©
>
g
o 40
o0
20 s 1
6 8 10 12
pH
Fig.3 Relation between the pH and the ingredient removal
percentage.
3.2 2 REBOREHEREL

V= VR, TOFTETERAA VRESEL,
RAEILBALIR S OWREN S < HBIES TEE L,
Z T, WA OEBICHIR L T RiAEE Ao R LA
MiEt Lfce % OfER% Table 12 1C/R 7,

Table 12 D#R» 5, 1/10 TR &IV, pH % 8.5
ICHHET 5 T &I kD B OBIRER RS, BofrEkg
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bE T s EBHRINI, 1/5 0FENRTIE, PAC
ARG 5 &Ik b BSREOm EARD Shichs, h
FALERET ORI T RN & R Ic SR O K EB{L 7 v 3 =
o AR L, CONBERICEREEEL o
T, PRUCHERT A8, HBRRUHEBRO WINEE
FLTHMBEBICEB LTIV ErD, B2 TELS
HEH & B THBRBEIE A& & O BERE R R R ERE T H
%,

PilofERr» o, vy — RRIE, Eo s@at%
ERE LT, HANEREDS 2000me/1 FREE L 155 & D I HIR
L, pH8.0~9.0 THIEELBMEA 1T S < Lok b Hisn
TARF 1L 50mg/1 IR &7 b, BITOBBTHEC L 2
#brERES (B00mg/1 2E) LILofEN =B L THED,
BT RO R & L CRSEILR o B A - ElEE
THiHIEEERL I,

3.3 oA %I U NERD ZBERELREE

Lo, aa4 Fu v HERSICE NI R T Fe

A F VISEERPHE A A AT AWE (FLr— b ED
MEENTWVWAE I ENHIAL, =y 7m0 pHI3 D
NaOH 7 /v ) i< S KB BEE Ui nw
&, @8ki3 pH2~12 OHEFANTEEL TWVW5AH, pHI3
@ NaOH 7 VA VEERICT 5 T EIC & D BB OKEE
Lk (Fe(OH)s) &85 T & 2R L 1,
INSDT LD, HEERPHA 4 v OLEW®NSA A v
ot H) BEREKET I EMS, F— Al
T B R =y FIVORTERAFAE L, &4 ORE
TR VRS A 5T L Feo

3.3 1 ZuTIlOBRE

oA Fuy ) BREERTOF V- FFNCEHT B8R T
= VOB ETEET 50, pH AR CHEE L
BEIC Fe* 2 B H T ABRARMUL, RO BEILK
LS (pHY) KHE - THEEZEITY, AR O K5
BEANE L, TOERE% Table 13 IX/RT,

Table 13 DF5EM 5, Fe* A & Y EIMNEO pH 31 LI

Table 12 Optimization of the neutralization treatment condition and the analytical results.

Neutralization treatment condition Analysis results of filtrate
Dilution Cohere-ability of
No. . Addition C e e Zn Fe Al
ratio Acid pH Flocculant precipitation
of PAC (mg/D (mg/1) (mg/D)
1/5 3200 74 11
1 ? - HCI 8.5 0.75ml JAN 19 10 0.5
2 1 - 1 1 1 AN 17 8 0.3
3 t 0.3ml 1 8.6 1 O 11 6 1.8
4 ? 0.3m1 HNO; 8.8 1 O 8 5 1.9
5 1 - HNO; 8.5 1 FAN 19 11 0.7
1/10 1600 37 5.6
6 1 - HCI 1 1 © 9 1.6 0.3
7 i - 1 1 1 © 10 1.3 0.3
Table 13 Results of the pre-treatment condition and the cohesion precipitation treatment.
Dilution Pre-treatment condition Analysis results of filtrate
No. .
ratio pH Addition of Fe* Stirring time Ni (mg/D Fe (mg/D)
@ /1 L1 A Ohr 5.4 ©163
® t 2.7 1 1 19 157
@ ? 7.8 ? 1 20 151
@ t 11 B t 2.6 159
® 1 2.8 ? t 19 153
® i 7.8 ? f 19 149
@ 1/2 0.6 ? 0.5hr 0.3 73
1 1.0 1 ? 0.7 8
® 1 L5 1 1 4.7 74
@ t 1.0 ? 1.0hr 0.3 74
@ 1 1.0 ? 2.0hr 0.2 76

*A : FeSO; » (NH,) S0, « 6H;0 (210g/1)
B : FeSO, » TH,O (150g/1)
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Table 14 Results of the pre-treatment condition and the cohesion precipitation treatment.

Waste Addition volume pH Addition volume Analysis results Cohere-ability of precipitate
No.
(mD) Fe* Ca** Fe* Polymer Fe (mg/D) bad X < A< O< @good
@ 150 1.4m] - 13.0 - 0.75m1 < 0.5 Pay
@ i - - 13.0 1.4ml 1 < 0.5 O
® ? - 1.4ml 11.5 - 1 1 ©
@ 1 - 1 12.0 - i < 0.5 ©
® 1 - i 12.5 - $ < 0.5 ©
® i - ? 13.0 - 1 < 0.5 ©
* Fe : FeClg + 6H,0 240g/1
**Ca : CaCly » 2H,0 150g/1
T, %O%OEMBERL 0.5 BEL EOE&IIBLT, LR U7, pHOWHEIL, &/ FEE NE%

BERINRR A O = » 7 WIBED Img/1 LT ic i
15 ENRERS N, F7, BHEBMEER O
BRI ORI IZIE TG U 7B 0E o i,
Ihid, BERBOF L - bEIG, B, S RU=v 7
WERHSLTWVED, AR pH» 1T OMHEETE,
Fe’' i+ v — bRIEICH L TEBBICEEL TV A1
Fe ™ MESEMCHEA L, Ni¥MBid 2 b0 LfEES

b,
fit-> T, T ORETEERINRILIEZTT - 712354, +1—

M EID BN Zo NIPHEKEBRALY LR & 72 0, Fe* g+
V=PRSS T 2 MEPICEE L T AT EERL
TW3,
%7z,

Fr—bRIEOKIEE, e 5y hodt

T CHETS % R b RGBSR <, BESRTLRYLTR R
B = o VISR B S h B LD L BA S

N3,

PLLORN S, BESET TR 414 2R ML,
0.5 BERAFREEHEE L, =0tk pHY ICHMEid 5 Licky,
BEigth o = o 7 WEREDTRE L 15 - 72,

3.3 2 #oKE

SEDELET T, Fr—bHEFEAELLBOBREET
XMoot $oF L — rEEWIRE pH T IKEE/L
WA LR T 3 T E RSN T VWS, £ I TEEEM
RO A#EMEEREST S 2nic, [ pH fEET/KEE (LY
BoatER T 20 v vy AREERML TRt s & 5544
ARREL L fco FEEEE Table 14 1K7R 9,

Table 14 DR S, = v 7 VBREHR OB LI
BlE LT vy aERML, pHIZ~13 IS¢
BT &Ry, BRiEAN vy A LHcihB L TEEMO
BOBAER LRETE S T &AL,

3.3 1RU'S. 3. 208N, oo 5y HBE
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