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Etching Behavior of Aluminium in Hydrochloric

Acid under Potentiostatic Condition

Atsushi Hibino and Takeo Oki

The pit morphologies under potentiostatic condition were investigated for aluminium with (100)
crystal orientation in 1 mol * dm™ hydrochloric acid solution at 363K.

The potential is considered to be an important factor determining pit shapes. The increase of
anodic potential lead to the increase of pit number and tunnel length and the decrease of pit dia-
meter within 20 C ¢« cm™? in this experiment. The transition of pit sites indicated that at early
stage of etching many pit sites are generated and they grows deep direction and has the limit of
length. As a second step at higher anodic charge, no pit sites is generated and walls of ordinary
pits are only dissolved. This anodic charge corresponds to the current density when current density
decrease and keep almost constant values.

The phenomenon which the tunnel growth abruptly stop at their limit length seems to be asso-
ciated with the increase of AI’* in the tunnel. It is considered that when the pitting potential at

the tunnel tips become noble by existing of AI** the growth of tunnel stop.
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Fig.1 Apparatus schema for electrochemical etching.
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Fig. 2 Anodic polarization curve of Al in 1mol-dm™2
HCI at 363K.
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Fig. 3 Transition of current density at constant potential
etching.
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Fig. 7 Transition of etch pit sites at—3860mV in 1mol-dm~3HCI at 363K.
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Fig. 8 The change of pit density and size at —860mV.
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Fig. 4 SEM photographs of surface and cross section at 20C-cm™? in Imol-dm~2 HCI at 363K.
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Fig. 5 Relationship between pit density and potential.
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Fig. 6 Relationship between tunnel length and potential.
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Fig. 9 Transition of current density after constant
potential etching at—860mV.
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Fig. 10 Relationship between current density and
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Fig. 11 Cyclic voltammetry of Al in Imol-dm=3 HCl
at 363K.
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Fig. 12 Anodic polarization curve Al in Imol-dm™
HCI with A3+ at 363K.
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Effect of Indium on the Etching Phenomena
for High Purity Aluminium Foil

Kiyoshi Fukuoka and Masaharu Kurahashi

This report is the results of inquiry about the effects of a very small quantity of indium in

high purity aluminium foil on the etching peculiarity and pitting potential, and also about the

indium concentrate behavior changed with annealing temperature.

Capacitance of the high purity aluminium foil contained 5ppm indium is 4% higher than that

contained no indium, after 450s AC etching in hydrochloric acid. For the Sppm indium contained

foil, plenty of initial pits are distributed uniformly on the surface of the foil at the initial

stage of AC etching, and pits propagate equally inside layer of the foil after 450s AC etching.

Pitting potential in aluminium chloride solution of the 5ppm indium contained foil is 20mV

lower than the no indium contained foil after annealed at 673K. Pitting potential changes with

annealing temperature, and the most less noble one gives at the 573K annealed foil.

Indium concentrate in the surface layer as 700 times as inside layer after annealed at 673K. Con-

centrated ratio changes with annealing temperature, and the maximum concentrated ratio gives
at the 573K annealed foil, too. It is inferred from the observation of the pits distribution that
indium concentrate on the grain boundary in the case of the 673K annealed foil.
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Tablel Chemical composition of experimetal alloys. (ppm)

alloy Si Fe Cu Mn Mg

Cr In Ga Ti In %Al

99.99% Al 16 14 ¥ <1 6
Al-5In 13 16 38 <1 2

6 3 1 99.991
1 3 <1 5 99.992
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a) Electrochemical etching zone b) Chemical etching zone
c) Electrode d) Aluminium foil
e) Roller

Fig. 1 A.C. etching cell (Indirect contact current
supply)®

@ A.C. power supplyer : NF
@ Temperature control system
@ Specimen

@ Specimen holder

(® Graphite electrode

® Quartz heater

(@ Thermocontroller

3 liter capacity
glass bath

@ Magnetic agitator

Fig. 2 Apparatus schema for A.C. etching.
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Fig. 3 Micro structures of surface in 673K annealed foiles.
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Fig. 4 Effects of indium contents in 99.99% aluminium
before or after annealing at 673K on weight
loss after 600s immersion in 20vol%
hydrochloric acid at 353K.
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alloy on weight loss after 600s immersion in
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Table2 Results of 450s AC-etching.

Weight loss 20Vf capacitance
Alloy N y
(mg/cm® (uF/cm?)
99.99% Al 6.36 35.5
Al-5In 6.32 36.9

3.3 TRTvFVIHR

Table 2 iz, 450s DAL v F v 71820V o fbik L 7
HOBEREERT, HEARWE, Sppm D1 ¥ Vv 4
OEINTH 4 %BEIML 7z, Fig.6 D v F v B DOED
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Al-5In

20pm

Fig. 7 Scanning electron micrographs of resin replicas
of etched pits formed in 0.1s AC etched foil.

25um

Fig. 6 Appearance and cross section of 450s AC etched foil in the electrolyte
contained 12.5%HCI1-0.6%H3P04-0.5%HNO; at 305K.
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Fig. 8 Scanning electron micrographs of oxide replicas of etched pits formed

in 450s AC etched foil.
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Fig. 9 Appearance of 450s AC etched foil after removing
several ym of the surface.
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Fig. 12 SIMS intensities of indium as a function of sputtering
time for 673K annealed foils with/without 5ppm In.
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Fig. 14 Scanning electron micrographs of resin replicas of etched pits formed

during the pitting potential measurments.
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Auger Electron Spectroscopic Studies on
the Retardation of High-temperature
Oxidation of Al-4.5mass%Mg Alloy

Makoto Yonemitsu

When magnesium-containing aluminium alloys are heated at high temperature, magnesium
atoms diffuse to the surface and a thick oxide film is formed. The presence of this oxide film is
known to have an adverse effect on surface treatments, bonding, etc. In this report, Al-4.5mass %
Mg alloy was maintained beforehand for about 10s in a high-temperature atmosphere over the
melting point of the alloy and oxidized at 400°C up to 4h. Surface characterization was carried
out by Auger electron spectroscopy and X-ray photoelectron spectroscopy. The oxide film thick-
ness of specimens preheated for 10s at 900°C and 1050°C was about 1/4 of that of specimens
without preheating when the specimens were oxidized for 60min at 400°C after non-preheating or
preheating. The growth of the surface oxide film during oxidation at 400°C seems to be retarded
because the MgO which was formed on the surface by preheating blocks the diffusion of the at-

mospheric oxygen into the oxide layer.
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Tablel Chemical composition of specimen.

Chemical composition (mass %)

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

0.07 | 0.10 |<0.01|<C0.01| 4.5 |<C0.01|<0.01} 0.02 | bal.
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Fig. 1 Comparison of the AES survey spectra obtained for
the specimens non oxidized or oxidized for various
oxidation time non |preheating or preheating for 10s
at various temperatures.

(a) non oxidized, (b) oxidized for 10min at 400°C,
(c) oxidized for 60min at 400°C.
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Fig. 2 Comparison of the AES depth profiles obtained for the specimens
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Effect of Composition on Tensile and Oxidation
Properties in TiAl-Mn Intermetallics
Produced by Reactive Sintering”

Mok-Soon Kim* *, Masaki Kumagai***,
Kazuhisa Shibue*** and Tsutomu Furuyama™* **

A series of titanium aluminides containing 40 to 47.3mol% Al (Mn,”Al=0.04) is achieved by a
reactive sintering under HIP. A fully lamellar structure and a duplex structure consisted of the

lamellar grains and equiaxed 7 grains are developed depending on composition. As Al content in-

creased, the ductility increases with accompanying decrease in yield strength at both room tem-

perature and 1073K. Difference in lamellar morphology in addition to the relative ratio between

lamellar grain and 7 grain are considered as important controlling factors to explain observed
mechanical behavior. Superior oxidation resistance at 1223K is found for all samples with a slight

composition dependence.

1. Introduction

The combination of superior high tempera-
ture properties of TiAl-based intermetallic
compounds, such as light weight, high melting
temperature and high-temperature strength
retention” makes these materials strong can-
didates for automobile? and aerospace engi-
neering applications”. In structural applica-
tions intended .for these materials, the most
important factors are both cost-effective pro-
cessing method and proper alloy development
for satisfying required properties.

Since mechanical properties of titanium alu-
minides are known to depend strongly on mi-
crostructure'’, extensive efforts have been
made to microstructural controlling of these
alloys, based upon Ti— Al phase diagram, Fig.
1%, in which some phase transformations are
presented. In conventional casting route, the

* A prat of this paper was originally presented in
proceedings of an International Symposium on
Light Material@ for Transfortation Systems, Ed.
by N.J.Kim, Center for Advanced Aerospace Mate-
rials, POSTECH, Kyongju, Korea, 1993, pp.295-303.

«* No.2 Metallurgical Technology Dept., Technical
Research Laboratories ; Dr. of Eng.

*++ No.2 Metallurgical Technology Dept., Technical

Research Laboratories
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microstructure is inevitably governed by a lig-
uid state equilibria which usually results in
coarse microstructure, so that expensive ther-
momechanical processing is a necessary step
to obtaining desired microstructures which
do not contain a solidification structure”. In
contrast, the reactive sintering process is of
considerable freedom in controlling micro-
structure® ™, because the essence of this pro-
cess is based upon solid state diffusion with-
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Fig. 1 Ti-Al phase diagram.
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out melting.

In this process, elemental titanium and alu-
minium powders, which are less expensive
and more ductile than their prealloyed coun-
terparts, are mixed, and consolidated into the
near net shape using conventional plastic-
working procedures, installed in aluminium
working industries. Then, titanium aluminides
are formed by a self-sustaining, exothermic
reaction between elemental titanium and alu-
minium powders'®. Previous studies on reactive
sintering of Ti—47.8mol% Al—1.7mol% Mn al-
loys®~® revealed that a variety of fine micro-
structures can be achieved by controlling sin-
tering condition alone, namely, without ther-
momechanical treatment.

Another advantage of the reactive sintering
is the easiness of adjusting minor elements.
Recently, we have reported that reactive-sin-
tered alloys having the same composition
mentioned above, exhibit excellent oxidation
resistance'”, owing to the existence of halogen
elements, such as.chlorine™. In the reactive
sintering process, chlorine can easily be intro-
duced from elemental titanium powders in the
form of NaCl (Hunter method) or MgCl. par-
ticles (Croll method).

In the present study, a series of titanium
aluminides having different composition was
achieved by the reactive sintering under hot
isostatic pressure (HIP). Thus, this paper de-
scribes the effect of composition on micro-
structure, mechanical properties and oxidation
resistance of these reactive-sintered titanium
aluminides.

2. Experimental

Magnesium reduced (Croll method) and
subsequently hydride-dehydride titanium pow-
ders (supplied from Toho Titanium Co., Ltd.)
and Al—3.6mol% Mn alloy powders prepared
by helium atomization technique were screened
under 149 pm. The titanium and Al—Mn alloy
powders were mixed in air using a cross-rota-
ry type blender to obtain the nominal compo-
sitions of Fig.2. Aluminium content ranges
from 40 to 47.3mol% with the ratio of Mn,/Al=
0.04 (alloy content will be denoted by mol%
hereafter, otherwise indicated). Manganese is

22

added to improve the ductility of TiAl'. These
powder mixtures were encapsulated in an alu-
minium container in order to vacuum-degass
at a temperature of 723K for 10.8ks. The de-
gassed mixtures were consolidated by extru-
sion followed by die-forging. The extrusion
was performed at 673K with an extrusion ratio
of 8. The extruded bar was machined in order
to remove the aluminium container and make
the forging stocks of 30mm diameter and 10mm
length. The stocks were die-forged at room
temperature to obtain an engine valve-shaped
samples as shown in Fig. 3. The total area re-
duction of the valve stem in Fig. 3 is 98%.

The valve-shaped samples were reactively
sintered using HIP, in an attempt to produce
fully dense titanium aluminides. A tempera-
ture of 1573K for 7.2ks and a pressure of 152
MPa were used as a HIP condition. Measured
contents of the oxygen, chlorine and hydro-

50, 10

Al (mol%)
(A) (B) ©) (D) (E)
58.6Ti 56.5Ti 55Ti 55Ti 51Ti
40A1  42A1 434A1  45A1 47.3Al
14Mn 15Mn 1.6Mn 1.6Mn 1.7Mn

Fig. 2 Phase diagram indication of alloy
compositions studied.

50mm

Fig. 3 Photograph showing an engine valve-shaped mixtures
after die forging at room temperature.
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gen in the sintered materials were about 900,
200 and 60 mass ppm, respectively.

Round bar tensile specimens having gage
section of dmm diameter and 20mm length,
and oxidation test specimens with the dimen-
sions of dmm diameter and 4mm length were
machined from the HIP’ed materials. Tensile
tests were performed on an Instron-type test-
ing machine in air at room temperature and
1073K with a strain rate of 8.3 X10™'s~". Mass
gain measurements during oxidation were
carried out with a recording thermobalance
in static air at 1223K for 24h.

Microstructure was characterized by using
an optical microscope, a scanning electron mi-
croscope (SEM), a transmission electron mi-
croscope (TEM), an electron probe micro an-
alyzer (EPMA) and an image analyzer. The
TEM specimens were prepared by electropol-
ishing in the electrolyic solution of H.SO: :
CH,OH=3 : 17.

3. Results

3.1 Microstructure
Optical microstructures resulting from reac-

23

tive sintering are shown in Fig. 4. The sample
containing 40%Al (Fig.4 (a)) has a fully la-
mellar a»/ 7 structure, while a duplex struc-
ture containing both the lamellar grains and
equiaxed 7 grains is observed for the samples
with higher Al content than 40% (Figs. 4 (b)—
(e)). The volume fraction of the lamellar grain
(or equiaxed 7 grain) decreases (or increases)
with increasing Al content, in agreement with
the lever rule prediction from Ti— Al phase di-
agram (Fig.1). The mean grain sizes, meas-
ured by a linear intercept method, of both la-
mellar and 7 grains do not change markedly
with Al content. Detailed microstructural
characteristics are presented in Table 1. Closer
observation reveals the existence of a needle-
like shaped phase at or along the lamellar
grain boundaries in the samples with 40 and
429% Al, for example, as indicated by an ar-
row in Fig. 4 (a). According to microchemical
analysis by EPMA, the third phase possesses
approximate composition of Ti—28% Al—10%
Mn. Since B is formed as a high temperature
phase in the course of present sintering condi-
tion (Fig.1), and Mn is well-known £ stabi-
lizer, the third phase is expected to be retained

Optical micrographs of
reactive-sintered titanium
aluminides.

(a) Ti-40Al-1.4Mn

(b) Ti-42A1-1.5Mn

(c) Ti-43.4Al1-1.6Mn

(d) Ti-45Al-1.6Mn

(e) Ti-47.3A1-1.7Mn
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Tablel Microstructural characteristics of reactive-sintered titanium aluminides.

Nominal bulk Resulting Volume Grain size Analyzed composition by EPMA
composition(mol%) microstructure fraction (um) Al(mol%) Mn(mol%)
Ti— 40A] 1AM Lamellar grains 0.985 73 38.2 1.35
' i The third phase 0.015 ¥ 28 10
Lamellar grains 0.97 64 40.3 1.58
Ti—42A1—1.5Mn Equiaxed 7 grains 0.025 19 46.17 1.28
The thied phase 0.005 P 28 10
Ti— 43.4A]1— 1.6M Lamellar grains 0.88 75 40.7 1.63
e M Bquiaxed 7 grains 0.12 20 47.1 1.32
T 45A1—1.6M Lamellar grains 0.74 95 41.6 1.76
' PN Bquiaxed 7 grains 0.26 21 473 149
T 47 3A1— LM Lamellar grains 0.40 107 42.0 1.88
s M Bquiaxed 7 grains 0.60 40 479 1.60
(3% ; a needle shape with the length of 10~100 pm)

B phase. Chemical composition of each micro-
structure was also determined by EPMA and
the results are included in Table 1. Interesting-
ly, Al content of lamellar grain is more sensi-
tive to bulk composition than that of 7 grain.
If it is assumed that (1) the composition of
each grain at sintering temperature (1573K)
almost holds to room temperature, (2) phase
boundaries in Fig.1 are hardly affected by
Mn and impurities, and (3) the initial phase of
lamellar structure is either @ or a:*' ¥ the
increased Al content of lamellar grain in Al-
richer specimens can be characterized by the
enhanced diffusion in @ phase with increas-
ing bulk Al content (@ -transus at 1573K is on
43% Al, Fig.1). The sluggish diffusion in a -

- phase for Al-leaner specimens having a duplex
structure and,or strong composition depend-
ency in a -phase field compared with 7 -phase
one may be related to the existence of phase
boundaries of 8 a+ B and a + 8, a near
to a-transus (Fig. D).

Mn content is directly connected with Al
content. Namely, the ratio of Mn content to
Al content is almost constant at each micro-
structure, irrespective of bulk composition.
Comparing Mn content of the lamellar grain
to that of 7 grain in a given bulk composition
indicates roughly 1.2 to 1 distribution factor
for Mn.

To clarify the structural response to above
mentioned chemistry of lamellar grain, the in-
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ternal structure of lamellar grain was observed
by TEM, and representative TEM micrographs
are illustrated in Fig.5. The most significant
feature is the increased spacing between la-
mellar with increasing Al content of lamellar
grain (and, hence, bulk Al content). In ac-
cordance with average spacing between lamel-
lae, the lamellar structure can be divided into
three groups ;
(1) ultra fine structure exhibited by the la-
mellar grains with 38.2% Al content (for

corresponding bulk composition, see
Table 1),

(2) fine structure with 38.2% <Al content<C
41.6%, and

(3) coarse structure with Al content=41.6%.

Further TEM observation indicates that the
coarser lamellae correspond to thicker 7
plates.

3.2 Tensile properties

Room temperature tensile test results are
shown in Fig. 6. As Al content increased, elon-
gation (strain to fracture) tends to increase,
with an accompanying decrease in yield
strength (0.2% proof strength), so that ulti-
mate tensile strength (UTS) has a maximum
value of 720MPa at 42% Al. The higher elonga-
tion than 1.3% is obtained at and above 45%
Al

Fig. 7 presents the results of tensile tests
performed at 1073K. The most striking find-
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Fig. 5 TEM micrographs showing lamellar structures.

(a) Ti-40Al-1.4Mn,
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Fig.6 Effect of composition on the room
temperature tensile properties.

ing is the considerably higher elongation ob-
tained at and above 45%Al, whose value 1s at
least 10 times larger than that of room tem-
perature (Fig.6). For the samples with 40%
<Al content<(45%, the higher UTS is still
maintained with some increment in elongation
compared with room temperature. In contrast,

(b) Ti-43.4Al-1.6Mn, (c) Ti-45Al-1.6Mn
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Fig. 7 Effect of composition on the tensile
properties at 1073K.

the yield strength of the sample with 409% Al
cannot be plotted, owing to the limited strain
below 0.2%.

Fracture surface observation by SEM indi-
cates the accompanied change in fracture
mode with ductility.

The observed fracture modes are summa-
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rized in Table2. At room temperature, the
specimens with 45 and 47.3% Al showing higher
ductility exhibit stepwise facets in lamellar
grains, which result from the translamellar
and interlamellar fracture (for example, see
Fig.8 (b)). 7 grains of these specimens are
fractured by cleavage and intergranular frac-
ture. In contrast, in the specimen with 40% Al
showing limited ductility, the fracture of la-
mellar grains is occurred by cleavage as char-
acterized by a river pattern observed in Fig. 8

(a). Combined modes of stepwise and cleavage
fracture of lamellae are exhibited in the sam-
ples with 42 and 43.4% Al. At 1073K, 7 grain
region on fracture surface of the samples with
45 and 47.3% Al is made up of grain boundary
facets having a dimple-like pattern (for exam-
ple, see Fig. 8 (d)), which is believed to a result
of enhanced ductility. Relatively smooth grain
boundary facets are visible on 7 grain region
in Al-leaner specimens having a duplex micro-
structure (for example, see Fig.8 (c¢)). The

Table2 A summary of the observed fracture modes.

Composition Room temperature 1073K
(mol%) Lamellar Gamma Lamellar Gamma
Ti—40A1-1.4Mn Cleavage - Cleavage -
Ti—42A1—1.5Mn
SF+Cleavage SF 1G
Ti—43.4A1—1.6Mn
. IG+Cleavage
Ti—45A1—-1.6Mn - SF with IG with
Ti—47.3A1—1.7Mn dimples dimples

SF : Stepwise facets,

1G : Intergranular fracture

Fig. 8 SEM fractographs.
(a) Ti-40Al-1.4Mn, RT. (b) Ti-45Al-1.6Mn, R.T.
(c) Ti-43.4A1-1.6Mn, 1073K  (d) Ti-47.3A1-1.7Mn, 1073K
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fracture surface of lamellar region shows the
stepwise appearance with (45 and 47.3% Al)
or without (42 and 43.4% Al) the dimple-like
pattern. The specimen with 40% Al shows a
similar fracture mode to room temperature.
Finally, curved lamellae are observed in the
longitudinal section of the fractured specimens
with 45 and 47.3%Al, which is another indica-
tion of enhanced ductility.

3.3 Oxidation behavior

Mass gain measurements at 1223K for 24h
reveal that oxidation resistance tends to de-
crease with decreasing Al content, as shown
in Fig. 9. However, the values of mass gain ex-
hibited in Fig.9 (9.3~26g+*m~* depending on
Al content) are satisfactory small in compari-
son with the previous result of an ingot metal-
lurgical Ti—47.3% Al—1.7%Mn alloy without
chlorine (240g°m™=*)™. As shown in Fig. 10, if
the present result of Ti—47.3%Al—1.7%Mn al-
loy with 200 mass ppm chlorine is added to the
previous data™, it is evident that the range
between 130 and 500 mass ppm of chlorine
content in solid curve (previous curve) should
be corrected to such a way of dotted curve.
Namely, a steep reduction of mass gain with
chlorine content occurs not upto 500 mass ppm
but up to between 130 and 200 mass ppm.

4. Discussion

The role of composition in microstructure,

30
o
E 20f
o
£
©
oo
7]
2 10F
=

0 1 1 ! !

38 40 42 44 46 48

Al content (mol2%)

Fig. 9 Effect of composition on mass gain
at 1223K for 24h.
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deformation and oxidation has been clearly
established in the reactive-sintered titanium
aluminides. One of the most distinguishable
metallurgical factors is the difference in the
relative fraction between lamellar grain and
v grain, so that the elongation, yield strength
and Vickers hardness are plotted against the
volume fraction of lamellar grain in Fig. 11.
As clearly observed in this figure, these me-
chanical variables are not so correlated well
with the volume fraction of lamellar grains.
This fact indicates that the trends in mechani-
cal properties cannot be explained by the vol-
ume fraction consideration alone.
Alternatively, the role of lamellar structure
itself should be taken into consideration,
owing to the remarkable variation in its mor-
phology with composition. In an attempt to
verify the influence of lamellar morphology
on deformation, Micro-Vickers hardness tests
were carried out, and the results are displayed
in Fig. 12, along with the results on 7 grains
(Micro-Vickers hardness) and bulk samples
(Vickers hardness). As can be seen in this fig-
ure, the hardness of lamellar grains drops no-
ticeably with increasing Al content. This result
is clear indicative of the fact that the lamellar
morphology plays a role in deformability. The

Cl content (mass ppm)

200 400 600 0 1000
250O 80
N
200
o Present study
& o Previous study
£
\‘53 150
£
&
» 100 }
] i
= |
1
50 ; \
\
\ \
0 - P S TP
0 0.02 0.04 0.06 0.08 0.1

Cl content (mass%)

Fig. 10 Effect of chlorine content on mass gain
of Ti-47.3mol%Al-1.7mol%Mn alloys at
1223K for 24h.
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Fig. 11 Effect of lamellar volume percent on room
temperature elongation, yield strength and
hardnees.

hardness of lamellar structure is plotted as a
function of reciprocal square root of lamellar
spacing in Fig. 13. Note a linear slope in this
figure, meaning that hardness is directly gov-
erned by the thickness of lamellae, in other
words, by chemical compositin of lamellae.
The decreased hardness at coarser lamellae
leads to the conclusion that enhanced ductility
exhibited by Al-richer specimens is undoubtly
due to the thicker 7 plates® (increased vol-
ume fraction of 7 phases) in the lamellar
structure as well as decreased fraction of la-
mellar grains.
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Fig. 12 Change in hardness with aluminium
content for each microstructure.
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Fig. 13 Variation of hardness as a function of the
reciprocal square root of lamellar spacing.

Similarly, the increased strength accompa-
nied with the loss of ductility in Al-leaner
specimens can be explained by the increased
amount of brittle a: phases®. Although, the
B phase has a high value of hardness (MVH ;
570), its influence on deformation and fracture
can be ignored because of extremly small vol-
ume fraction and relatively small size.

The role of temperature on tensile behavior
will be discussed separately, because at ele-
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vated temperatures mechanical properties are
affected with environment and chlorine con-
tent as well as Al concentration®™.

Excellent oxidation resistance has been ob-
tained for all samples with a slight composi-
tion dependence. According to the previous re-
sults on Ti—47.3%Al—1.7%Mn alloys™'®, the
improved oxidation resistance for reactively
sintered materials results from the existence
of chlorine, by which protective alumina film
is formed on the surface at an early stage of
oxidation. The beneficial effect of chlorine on
oxidation resistance is again verified from this
study at a wide range of Al content. Moreo-
ver, it becomes clear that a transition chlorine
content from which a dramatic improvement
in oxidation resistance occurs, lies between
130 and 200 mass ppm in the composition of
Ti—47.3mol% Al—1.7mol% Mn. The combina-
tion of the low transition content of chlorine
and the limited composition dependence for
oxidation resistance, gives a considerable
freedom in alloy design intended for develop-
ing a titanium aluminide having superior me-
chanical and oxidation properties.

5. Further studies

According to recent study on fracture tough-
ness of the reactive-sintered Ti— (43.4~47.3)
%Al—(1.6~1.7) % Mn alloys®, Kq increases
with decreasing Al content, namely, with in-
creasing the volume fraction of lamellar struc-
ture. The Ti—43.4%Al—1.6% Mn specimen ex-
hibits Kq=25MPavm at room temperature,
which is close to the value obtained by an iso-
thermally forged titanium aluminide®. Increas-
ed lamellar volume fraction is also found to
effective on improving creep resistance®.

All these results including the present study
indicate that a fully lamellar structure with
optimized grain size (smaller than cast mate-
rial) and Al content (higher than 40%) should
be the most ideal microstructure satisfying
various mechanical requirements, such as,
tensile, fracture toughness and creep proper-
ty. Very recently®, a fully lamellar structure
with the average grain size from 28 to 270 pm
was achieved in the composition of Ti—43.4%
Al—1.6%Mn alloys, by controlling extrusion

29

ratio before sintering and the content of TiBe
additives, with HIP at single-phase a region.
A series of mechanical tests are currently un-
derway and the promising results will be pub-
lished near future.

6. Summary

Microstructural observation, tensile tests in
air both at room temperature and at 1073K,
and mass gain measurements in air at 1223K
for 24h have been made using a series of reac-
tive-sintered titanium aluminides containing
40 to 47.83mol% Al with the ratio of Mn,Al=
0.04. The results are summarized as follows ;

(1) A duplex structure containing both the
lamellar grains and equiaxed 7 grains is de-
veloped for all samples except the sample with
40mol% Al in which a fully lamellar structure
is observed. For duplex structure, the volume
fraction of the lamellar grain increases with
decreasing Al content.

(2) Both at room and elevated temperatures,
the ductility increases as Al content increased,
with accompanying decrease in yield strength.

(3) Lamellar morphology in addition to the
relative ratio between lamellar grain and 7
grain are important metallurgical factors to
explain observed mechanical behavior.

(4) Excellent oxidation resistance is found
for all samples with a slight composition de-
pendence.
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Observer-based Multivariable Flatness
Control of the Cold Rolling Mill”

Ikuya Hoshino**, Masateru Kawai***, Misao Kokubo**,
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and Hidenori Kimura******

The synthesis methodology developed by Kimura® based on the design theory of output regula-

tors essentially due to Wonham?® has been applied successfully to the flatness control system for-

a 6-high cold rolling mill. Our system has the following remarkable features.

(1) The structure of the controller is simple. This makes it easy to tune the control system.

(2) The controller copes well with the detection time delay, and thus high performance is obtained

even at a low rolling speed.

(3) The flatness error caused by the rolling force variation in mill acceleration and deceleration

time would be kept to a minimum by the function to adjust roll bending force using the signal of

rolling force.

1. Introduction

Flatness control is an important part of
rolling technology. Poor flatness is undesira-
ble not only for product quality but also for
productivity, because it leads to strip tearing
in the extreme case. Various actuators have
been developed for the flatness control of roll-
ing mills and many control algorithms using
these actuators have been proposed.

For example, approaches via a search meth-
od for the 6-high rolling mills® and Lagrange
multiplier method for the 4-high rolling mills®
gave statically optimal results. But these ap-
proaches could not effectively deal with the
actuator dynamics and the detection time de-
lay, therefore, high response characteristics
could not be expected. The rolling speed of
the single stand, non-continuous rolling mill

* This paper was presented at the 12th World
Congress on Automatic Control, Sydney, Aus-
tralia, July 18-23, 1993.
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is frequently changed over a wide range com-
pared to the continuous mill, and the rolling
force variation caused by the rolling speed
change leads to flatness error. It is, therefore,
important to have high response characteris-
tics to compensate these disturbances and al-
so to have high control performance at low
rolling speed in which the detection time delay
is significant, especially for the single stand,
non-continuous rolling mill.

The approach via optimal regulator theory®
deals appropriately with the actuator dynam-
ics, but it requires to solve Riccati equations
in process of the controller synthesis and re-
sults in a complex feedback structure which
leads to serious difficulty in actual implemen-
tation. Also, there is no systematic method to
deal with the detection time delay.

In this paper, an application of the synthe-
sis methodology developed by Kimura® based
on the design theory of output regulations es-
sentially due to Wonham? to the flatness con-
trol system for a 6-high rolling mill, is pre-
sented. The remarkable effect of this synthe-
sis methodology was already substantiated
by its application to the thickness control of
an aluminium cold rolling mill ©, but a new
method to cope with the detection time delay
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is also provided in this paper. The salient fea-
tures of the design method are as follows.
(1} The obtained controller has a physically
reasonable structure.
(2) The disturbances are properly estimated
and dealt with.
(3) The synthesis can be calculated by hand,
keeping the design procedure tractable.

2. Mathematical models

The object plant is the 6-high rolling mill
with an intermediate roll (IMR) which has an
excellent ability to control the complicated
flatness error”. The flatness sensor is in the
exit side of the mill and the distance between
the mill stand and the sensor produces a de-
tection time delay. Fig.1 shows an example
of the flatness sensor output, that is, the strip
elongation strain distribution calculated from
the measured strip tension distribution. The
aim of flatness control systems is to get a
uniform distribution of the strip elongation
strain. Flatness error means nonuniformness
of this distribution. Here, I-unit means a unit
of strain and 1 I-unit is equal to 107,

Fig. 2 shows the main flatness control actu-
ators of the mill. IMR-shift is not manipulated
during rolling, so it is not regarded as-an ac-
tuator in this paper. According to Yasuda and
his-coworkers® the work roll (WR) -bender
has an effect mainly on the strip elongation
strain at the edge part of width and the IMR-
bender mainly on the strip elongation strain

100
80
60

40 —
20 Maximum_‘_ I
0-tflatness er;or—l-IL_".._“, ] it
—20
—40
—60
-80
—100

|_Strip strain
distribution——

Strip strain  (I-unit)

Strip width

Drive-side Center Operator-side

Strip width direction

Fig. 1 Flatness sensor output.
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at the center part. Therefore, the combined
usage of the WR-bender and IMR-bender
makes it possible to control the complicated
flatness error.
To express flatness numerically, we use
strain components (A defined as
f(x) = AlPl(x) + Asz(x) oo+ /LP;(.’)C) +e (1)
f(x) : the strip elongation strain distribu-
tion in the width direction,
x : the normalized position in the width

direction,
P(x): Lagendre orthogonal function ser-
1es,
_ LA gy
P(x)= 571 do (=1

The method using orthogonal functions was

presented by Fukuhara and his co-workers?.
When we consider only two actuators, the

WR-bender and IMR-bender, the mathemati-

cal models of the plant are given as follows.
Az :Kn( AFWR“{‘dWR) +K24( AF}MR+dIMR>

+Kn AP @
A4 :Ku( AF\VR+d\VR) +K44( AFIMR+ dIMR)
+Kn AP ©))
where,
A: : the 2nd order strain component varia-
tion,
As: the 4th order strain component varia-
tion,
AFwr : the WR-bending force variation,

AFunr : the IMR-bending force variation,

dwr, dive : disturbances,

AP : the rolling load variation,

K; : the parameters which depend on rolling
conditions.

Back-up roll

Intermediate
roll

[

= 3 Work roll
> (T
BUR
IMR.shi
MR-shift WR-bender
IMR-bender

Fig. 2 Flatness control actuators
of a 6-high mill.
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Fig. 3 Block diagram of the plant.

The models of actuators are given as fol-

lows.
Twr di AFwr=— AFwr+ AFwg™ @
d
Tovr ‘W AFvr=— AFwr+ AFmr™ ()
where,

AFwe™ : the WR-bending force reference,

AFwr™ : the IMR-bending force reference,

Twr : the time constant of the WR-bender,

Twer : the time constant of the IMR-bender,

t: time.

The models of sensor dynamics are given
as follows.

Ap(t)= At — T) (6)
Au(t)= At — T) )
where,

Ay : the detected value of A,

Ays : the detected value of A,

7 : the detection time delay.

Fig. 3 shows the block diagram of the plant.
Only the second and fourth order strain com-
ponents are considered because WR-bending
and IMR-bending force variations mainly in-
fluence these components.

The strip strain distributions of A: and A
are shown in Table 1. The other order strain
components can be controlled by using other
actuators such as the roll gap skewing bet-
ween the operator side and drive side, the roll
bending force skewing between the operator
side and drive side and the roll coolant. How-
ever, the explanation of how to use these actu-
ators is omitted in this paper.

Fig. 4 shows the experimental results of the
flatness component variations due to changes
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Table 1 Strip strain distributions of A; and As.

Strip strain distribution

Strip strain
A \ !
z 0.5 /
= 11-uni S o3 Strip width
1T-unit | T3 \V .
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Strip strain
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o \ O~ 05 /
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Ay o —r ~— —_— —
(I-unit) E\——— ~— i\_ L
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Fig. 4 Flatness variations by the bending
force changes.
(Rolling speed:150m/min)
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in the bending force. While the actual bending
force responses can be represented as a first
order system with time constant of about 0.1
second, A: and A. variations have the pure
time delay of about 1 second to the bending
force changes. This time delay is caused main-
ly by the distance between the mill stand and
the sensor, as previously mentioned. The ex-
perimental value of the time delay corresponds
very well with the calculated value (Fig.5) at
a speed of 150m/min.

The parameters, Ky, can be calculated using
a physical model, but this model is too compli-
cated to use in actual implementation of the
flatness controller. Then, we have made an ex-
perimental model. This model is consist of

O
>
o
(33
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0 200 400 600
Rolling speed (m/min)
Fig. 5 Detection time delay
(calculated value).
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simple polynomial functions of which varia-
tions are strip thickness, width and position
of IMR-shift. Fig.6 shows the accuracy of
this model. If this model is perfectly correct,
plotted points are on a diagonal line. But, the
accuracy of this model is not good enough,
so we should improve this model in future
and also it is important to design a robust
controller which can admit of this model er-
ror.

3. Synthesis of control system

3.1 Control objectives
The control objectives are given as

Az :0, A4 :0 (8>

3.2 Synthesis procedure
The synthesis procedure is composed of the
following three major steps.

@ Improve the response characteristics by
state feedback. (Internal Compensation)

®@ Compute the feedforward control input
to counterbalance the disturbance.
(Feedforward Control)

® Implement the feedforward control by
feedback control based on the estima-
tion of the disturbance by an observer.
(Feedback Realization)
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Fig. 6 Accuracy of Ki; model.
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3.3 Internal compensation and feedforward 1,/ Twr , 0
+ AFwr™ -+ Ewr
control 0 Kwr (18)

The references for the actuators which ad-
just the response characteristics of the plant
are given as

Twa) Twr
wet= 11— +—— AFwr™
AF <1 Tow ) A0 B ©)
TIMR> Tz
ef—=11— A +—— AFm
AFr <1 T Fur Tord Froue® (10>

where, Twe’ and Twr' are the adjusted time
constants, AFwe and AFww™ are additional
inputs.

Substituting (8) in (2)-(7) and considering
the steady state, we see that the additional in-
puts to counterbalance the disturbances and
accomplish the design objectives are given by

AFWRM: —dwr— Kp’ AP (11)
AFIMRmf: — e — K2’ AP (12)
where,
[Kpl’ ] _ { 22, K24’ ] { Pl]
K ) Ko Ko ) |Kw
[Kzz’ K/’ } N [Kzz K24] !
K K] |Ke Ku (13)
We obtain, from (9)-(12)
AFyr= <1— ;,:::j > AFwr
—~ ;‘R (dwe+ Ko’ AP) a0
Tvr
AFIMRFM:<1_' ,)AFIMR
Tur
It Gt Ko AP)
TIMR IMR P2 (15)

3.4 TFeedback realization by observer

To estimate the unmeasurable disturbances,
we need mathematical models of the disturb-
ances. In this paper, we assume that the dis-

turbances are of the step type satisfying
d

_d-t— dWRZO (16)
d _
?&_t— dmr =0 (17>

The model of AP is not required because it is
a measurable disturbance.

At first, from equations (4) and (16), we
obtain the observer estimating dwe and AFwr
as follows.

d [Aﬁ’m] B [—1/TWR 0 ] [AﬁWR]

de /C\iWR B 0 0 &WR
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AFywn and dwn are the estimates of AFws and
dwr respectively. ewr is the estimation error g
iven as
EWR:(KQZ’ Ay2 +K24’ Ay4)
—e7 ™ (K’ AP+ A??WR“}‘/C?WR)
e " : time( v ) delay operator
We can show that if the estimates are accu-

¢1))

rate, €wr is equal to 0 as follows.
From equations (2), (3), (6) and (7),

{Aﬂ] s {[Km K } [AFWR+ dwr ]
Ay Ko Ka AFye+ dr

" [Ilg ]} AP 0

: Ayz s Ke’
|[h)-e L) ar
_e_zs[ AFwr+ dwr ]:O

AFIMR_dIMR (21)

Here, the most remarkable point in the de-

sign process is that the time delay given in

equations (6) and (7) is dealt with in the ob-

server as it is shown in equation (19). The re-

placement of AFwr and dwe by there estimates

in equation (14) results in

AFwe= (1 - Tle ) Aﬁ‘WR
Twr

TWR
+ Pl
T (dwr+ Ko’ AP) (29)
Kuwr denotes the so-called observer gain and it

adjusts the estimation speed of dws. Since the

then
{KH’
K42’

K
Ky

initial value is known for Aﬁ'wa, the corre-
sponding observer gain can be set to 0.

From equatlons (18), (19) and (22),
d {AF\VR} { 1/T\VR’ - 1/T\VR, }[AF\VR]
dt dwr Kure ™ —Kwre ™ Jldwr
[KWR ] (KZZ y2+K24 Ay4>
—“KPI /T\VR, }
+ ["'KPI’ Kwre ° Ap (23)

From the assumption ddwn,/ dt=0, we obtain
dwe= €™ "* dwr. Then

d [A%WR]: —1/Twe’ —1/Twx’ } [A%WR]
dt tdwr —Kwre ™ —Kuwr dwr
+ KSR}<K22’ Ap+ K Ay
—Kv'/ Twr’ ]
+
— K’ Kwre ™ AP (24)

Here, we must notice that this assumption




234

SUMITOMO LIGHT METAL TECHNICAL REPORTS

October 1993

4P
._.e"‘TS
vz - s 4F g4
s Kun [ > Tus
i 1 __{> 1) Twer
-2 — 1— -
_e:z_s14 Twe AF yr Twe
Ay4 7 - _ ;:::::y N AFfﬁ'R
— dlMR
-1 15 Time
—-{>——- : integrator 7 ”"{> Py 1 )
IMR AFIMR IMR
=

Fig. 7 Block diagram of the obtained controller.

leads to the feature that the time delay is re-
moved from the characteristic equation of the
feedback system as will be described later.
Secondly, from equations (5) and (17), the
observer estimating thwz and AFmz is given as

d [Afrmﬂ:{—vﬂm 0] [Az“rm]
dt dmr ) 0 #0J) L dr

—1/TIMR] { 0 ]
+[ 0 AFnr™ + Ko EMR (25)
where,
8IMR:(K42’ AyZ + K Ay4>
—e 8 (Kp)' AP+ AFmr + dvr) (26)
AFmre= (1 - TIMR,) AﬁIMR
IMR
Tmr A~ ,
- TIMR7 (dIMR+KP2 AP) (27)

A P and do are the estimates of A Fowm
and dwmr. &mr i1s the estimation error and if
the estimation is correct, emr is equal to 0 as
shown in equation (21). Kwnr denotes the ob-
server gain and it adjusts the estimation speed
of dnm. Since the initial value is known for
AﬁIMR, the corresponding observer gain can
be set to 0. Due to the assumptlon dduwr /dt =

0 which means dmsr = e~ °* duvm, we can write
(25)-(27) as

d {AFIMR] (—1,/ Tow’ ~1,/ Towe’ HA??IMR]
dt dmr —Kmr €77 — Kz dmr
+ KIMR] (K Ap+ K A
—Ke' /T’ ]
+ A
(—Kp'' Kvr €7 °¢ P (28)
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3.5 Synthesis result

Equations (22), (24), (27) and (28) give the
final form of the controller. Fig.7 shows the
block diagram of the controller.

4. Disturbance transfer characteristic
and stability

In order to get balance between the actuator
responces and the disturbance estimation
speeds respectively, we put the conditions as
follows.

Kwe=Knr=K Twi'=Twr'=T (29)
Then the transfer function from the disturb-
ances (dwr, duzr, AP) to the outputs ( Ay, Ay)

is given as
Ke— Ts }

e
A8 U @stDGHR
>< [KZZ K24} [dWR]
K42 KM dIMR
1 Kn
e {1 T s+1 HK] 4P o
Equation (380) shows that the transfer charac-
teristic of the (output),(disturbance) can be
controlled by 7” and K. The output variations
caused by the disturbance changes ( AP) are
regulated more quickly as T’ becomes smaller,
and the output variations caused by the dis-
turbance changes (dws, divz) are also regulated
more quickly as K becomes larger.

The characteristic equation (C.E.) of the
feedback system is given by
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CE.=(s+1/Tw)(s+1/Twx)(s+Kws) |
X (s+1,/ " Twr) (s+1,/ Tmz’) (s+ Kmr) (31)
The C.E. does not involve the time delay, so
the tuning parameters (Twe’, Kwr, Tne’, Knr)
can be set independently of the time delay.
Consequently, high response characteristics
and sufficient stability of the control system
can be expected even at a low rolling speed.

5. Comparison with Smith’s method

Smith’s method™ is the well-known synthe-
sis strategy for the system which has a time
delay in the input or output signals. The syn-
thesis procedure of this method is as follows.
At first, the controller is designed for the pro-
visional plant model without a time delay.
Subsequently, dealing with the time delay is
executed using the plant model with a time de-
lay. A feature of this method is that the time
delay is not in the characteristic equation of
the feedback system and as a result, a high
speed response and stability can be obtained.
But, for the plant which has both outputs
with and without a time delay, such as the
plant described in this paper, Smith’s method
can not be generally applied.

Fig. 8 shows the applied result of Smith’s
method for the plant model which has omitted
AP, the output without time delay, from the
original plant model given in equations (2)-(7).
The controller for the provisional plant model
without time delay, which has no need to deal
with a time delay, is designed using the obser-
ver-based method mentioned in the previous

sections. A comparison of Fig.7 and Fig.8
shows that the controller shown in Fig.7 has
a smaller number of integrators and simpler
structure than the controller shown in Fig. 8
which is designed using Smith’s method.

The qualitative explanation for the result,
"the time delay is removed from the charac-
teristic equation of the feedback system by
the controller shown in Fig.7 in spite of the
smaller number of integrators as compared
to the controller shown in Fig. 8", is as fol-
lows. The idea of Smith’s method uses a plant
model to deal with the time delay, but the con-
troller which is designed for the provisional
plant model without the time delay also has
the plant model internally. So, the controller
shown in Fig. 8 contains doubled plant models
which is obviously redundant. It is better to
use the internal model generated by the ob-
server also to deal with time delay as was
done in this paper.

6. Result

6.1 Simulation results

Fig. 9 shows the simulation results. The sim-
ulations are carried out on the initial output
error, /A =15 I-unit, As =5 I-unit. The time
delay () is nearly equal to 1 second at a 150
m/min rolling speed.

In the case when the model parameters, Ky,
have no error, the flatness components ( A.,
A4) are regulated quickly after a time delay
of 1 second without vibration (Fig.9(a)).
In the case when the model parameters, Kj,

l—e-m

1
Ayz Trm =N AFek
Twe ]
TWR’
Twr
Aya T AF ik

!)_____"1__{> 1 TIMR’

.

IMR

AﬁlMR

Fig. 8 The controller derived using Smith’s method.
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Fig. 9 Simulation result.

have an error, a 50% mismatch between the
model parameters and the actual parameters,
the response of the flatness components ( A,
A1) is fluctuating but the system is stable
enough (Fig. 9(b)).

6.2 Practical results

Fig. 10 shows an example of the practical
test results. From these results, we can con-
clude that the flatness components ( Az Ad)
are regulated quickly by the simultaneous ma-
nipulation of the WR-bender and IMR-bender.
The maximum flatness error defined in Fig. 1
is restrained with in about 10 I-units.
The conventional flatness control system for
4-high mill consists of the traditional PI con-
trol of the parabolic flatness error through
the WR-bending manipulation and the control
of the local flatness error through the roll
coolant manipulation. The algorithm of the
roll coolant control of the new system is same
as that of the conventional one. The maximum
flatness error is beyond 15 I-units by the con-
ventional system. So, we can say that more
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Fig. 10 Practical results.

than 30% improvement in flatness has been
achieved by the new system. The remainder
of the maximum flatness error is from the
local strip elongation strains which can not
be represented by A:and As, and to improve
this error we must examine in more detail the
roll coolant control.

7. Conclusions

It this paper, we have developed a new flat-
ness control system based on the disturbance
estimation observer. Its effectiveness has been
demonstrated by the results obtained in nu-
merical simulation and application to a real
plant. The features of the obtained system
are as follows.

(1) The structure of the controller is simple.
This makes it easy to tune the control sys-
tem.

(2) The controller copes well with the detec-
tion time delay, and thus a high perform-
ance is obtained even at a low rolling
speed.

(3) The flatness error caused by the rolling
force variation in mill acceleration and de-
celeration time would be kept to a mini-
mum by the function to adjust roll bending
force using the signal of rolling force.
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Production of Aluminium Optical Drums
by Inside-ironing Process”

Masami Saito* *, Kuniaki Dohda** *,
Yoshio Takeshima**** and Nozomu Kawai* ****

A new forming process is proposed to produce aluminium optical drums directly from hot-

extruded pipe-workpieces. The pipe outer surface is flattened and finished as a replica of the inner

surface of a steel container by an ironing operation. The principle and procedures of the process,

the surface property of the products and the production efficiency are described. A trial produc-

tion of full-scale drum of about 300mm long is made. The drum surface is satisfactory enough

for the practical use. The roundness of the drum is evaluated to be good except near the both

ends. The total production time for finishing a drum can be further decreased, compared with

other manufacturing methods.

1. Introduction

Photo-sensitive (optical) drum is one of the
important elements of electronic information
apparatuses such as copying machines and
LASER printers. To raise the productivity in
making such drums with very smooth surface,
several attempts have been made to replace
machining process by drawing and/or iron-
ing®. The entire replacement, however, has not
been achieved yet because of the difficulty in
preventing the drum surface from galling or
the deterioration caused by over-lubrication.
To attain the dimensional accuracies of the
drum is also difficult in forming processes.
With these points as the background, the
authors proposed a new forming operation
for surface flattening, by which a metal sur-
face is finished as a replica of a smooth tool
surface®®. The operation applied to tubular
components is referred to as “inside-ironing”
here because the metal deformation is essen-

* This paper was originally presented at 4th
International Conference on the Technology of
Plasticity, 5-7 Sept. 1993 (Beijing, P. R. China).

*x Suzuka College of Technology ; Dr. of Eng.

*Ex Gifu University ; Dr. of Eng.
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tially the same as in conventional ironing. The
technology has been improved in apparatus
and procedures, and the process is now com-
ing up to a practical use. In this paper, the
brief history of the research and the results
of the experiment to produce an aluminium
optical drum directly from a hot-extruded
pipe-workpiece are described.

2. Issues in specification and productivity
of optical drums

The specifications of the optical drums, e. g.
dimensional and surface accuracies, were al-
ready presented in detail by Murakawa®’. A-
mong the specifications, the drums need a
roundness less than 0.05mm and a cylindricity
smaller than 0.05mm in the length of 350mm.
These dimensional accuracies can be easily
obtained by diamond turning, as well as a very
smooth drum surface with a roughness of
about 0.1 um Ram. To keep such accuracies, it
is necessary to maintain the machine and to
prevent the drum from vibration and heat
generation during the machining. These unde-
sirable phenomena mainly depend on the feed
rate of the turning tool and it usually takes
one minute or more to finish a drum. There-
fore, to reduce the machining time is the most
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important in this method.

The optical drums used for the copying
machines of popular type do not need such a
high surface accuracy. These are lower grade
drums, the surface roughness of which is per-
mitted to be 0.5 pm Rmex at most. The dimen-
sional accuracies mentioned above, of course,
should be specified. In this grade of products,
the evenness in surface property over the
whole surface area is more important than
brightness, because uniform coating on the
drum surface with photo-sensitive substance
is requested in the next stage of manufactur-
ing. The drums even of this grade are often
finished by diamond turning after the forming
process such as extrusion and drawing. It is
desirable to eliminate the machining process
to decrease the total production time, if the
specifications all are satisfied. To realize this
is the present aim of our research.

3. Brief history of the fundamental study

3.1 Principle of surface flattening

The basic concept of the surface flattening
was established by the strip-ironing test pre-
sented in a previous paper”. The tools and
their arrangement are schematically shown
in Fig. 1. In ordinary ironing process, the strip
surface A is the object to be finished, which
is flattened by long sliding of the ironing tool
@D. In the process concerned here, however,
the surface B in contact with the stationary
plate @ is the object, which is finished while
the tool @ is ironing the opposite side A. Each
point on the strip surface B slides only through
a small distance against the plate @ : e.g.
point a on the surface B moves to point b
through a distance ¢ under high pressure dur-

1) lroning tool

aI\ ¢ b /A
of | ot

]
é) Stationary plate

Fig. 1 Principle of surface flattening.
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ing the metal deformation. The metal at the
point d never slides against the plate @ and
the relative sliding speed V. is the largest at
the entrance of the contact zone and the
smallest (=0) at the exit. The total sliding
distance & and the current sliding speed Vi
of the surface metal at an arbitrary position
z is given as:
6=0—t)/2t tana ey
Vi=(t—t)/t*V (2)

where t is the thickness at position z, i the
final wall thickness, @ the ironing angle and
V the moving speed of the tool @, respective-
ly. Under these conditions of & and Vi, the
surface B is finished through the following
process. The asperities initially existing on the
surface B at point a are gradually flattened
with progressing the ironing process accord-
ing to the increase of the normal pressure gq.
The macroscopically surface flattening is al-
most completed in this way within the interval
between the entrance and the middle point of
the contact length I. As the surface metal
flows and approaches to the exit of the con-
tact zone, the tool surface is gradually repli-
cated onto the surface B and the replication
ends at the exit where the sliding speed is zero
and the normal pressure g is the maximum.
The surface is thus finished by the approxi-
mate replication of the smooth tool surface
onto the surface B, while the metal surface is
smoothened by burnishing in ordinary iron-
ing and drawing processes. The details of the
flattening mechanism in this operation is de-
scribed in another paper®.

3.2 Two-dimensional operation

As described previously®, the replication of
the tool surface onto the metal is performed
more completely when the ironing reduction
is higher and the oil viscosity is smaller at
the surface B. In the strip-ironing test, a very
smooth surface with a roughness of 0.02 um
R. was obtained for a rolled aluminium strip
with an initial roughness of 0.21 pm R. (1.6 ym
Ruex) under the good experimental conditions.
Such a two-dimensional operation, however,
has some disadvantageous points in surface
accuracy and production stability. When a
strip 1Is ironed, the entire surface is not per-
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Fig. 2 Example of uneven surface property of the strip
finished by two-dimensional operation.

fectly smooth, as exemplified in Fig. 2. Within
the regions B and C, one can observe under a
microscope that the rolling marks are remain-
ing imperfectly flattened. The surface rough-
ness is larger than that of the very smooth
region A as indicated by the figure. Such a
partially roughened surface is often produced
and only a few specimens are perfectly fin-
ished when the ironing is repeated. This is
caused by the instability of the metal defor-
mation (i.e.instable and uneven bending of
the strip) just before the entrance of the con-
tact zone. These disadvantages are expected
to disappear in the pipe-ironing process be-
cause the metal deformation is axisymmetric
in that process.

3.3 Axisymmetrical process

As already introduced previously?, the idea
of the surface flattening was expanded into
the axisymmetric process, the testing appara-
tus of which is schematically shown in Fig. 3.
In the figure, a pipe @ with a flange is set in
a steel container @ having a smooth inner
surface and then the pipe wall is ironed along
its inside by a punch head @©. The outside of
the wall is finished by the same mechanism
mentioned above, 1. e. the inner surface of the
container is replicated onto the outer surface
of the aluminium pipe. This forming operation
is referred to as “inside-ironing process” for
the purpose of this paper. In this apparatus,
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Punch head

Pipe-workpiece
with flange

® Container(divided)

® e

Fig. 3 Early stage testing apparatus for inside-ironing.

the container is devided into two pieces to re-
move the pipe from the container without
damaging the pipe surface after the ironing.
In addition, the friction coefficient . at the
interface between the metal and container can
be estimated by measuring the ironing load P
and the axial force P« exerted on the ironed
pipe wall®,

In this section, a discussion is made about
the result of the experiment using a steel con-
tainer finished by polishing, the inner surface
of which has a roughness of about 0.1 um
Ruex. The result of the experiment using a
ground container is described in a previous
paper?. To make the pipe-workpiece with such
a configuration as shown in Fig.3, a pure
aluminium circular blank was deep-drawn as
to be a cup with a flange using high viscosity
lubricant (and then the cup base was cut off).
Hence, there remain many oilpits with a depth
of about 0.6 um over the whole pipe surface
area. Suffered by the inside-ironing, as seen
in Fig. 4 (b)-(e), these oilpits decrease in both
number and dimension with increasing the
thickness reduction ratio and decreasing the
viscosity of the lubricant used at the con-
tainer’s inner surface. The effects of the two
parameters on vanishing the oilpits are put
together in Fig. 5, which shows the variations
of the ratio of oilpit area to unit area of the
finished pipe surface. With the largest reduc-
tion ratio and the smallest oil viscosity, the
oilpits almost vanish and the pipe surface re-
versely comes close to the container’s inner
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surface (see Fig.4(e) compared with (a)).
An almost perfect replication of the tool sur-
face can thus be performed when the oil com-
pletely flows out of the contact surface. This
means that the surface finishing ultimately
depends on the roughness and topography of
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Viscosity of lubricant (mm?2/s)

Fig. 6 Effect of thickness reduction ratio and oil viscosity
on surface roughness of finished pipe.

the tool surface under the optimum working
conditions. In this experiment, as seen in
Fig. 6, a smooth pipe surface with a roughness
of 0.15 um Rumax was obtained under the condi-
tions of a thickness reduction ratio of 37%
and a oil viscosity of 3.3mm’/s using a well
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polished container. In addition, the surface
roughness and appearance are uniform over
the whole pipe surface area, unlike in the two-
dimensional operation. Finishing the pipe sur-
face is thus stable in this axisymmetrical iron-
ing operation.

4. Approach to a practical application

The aim in this stage of investigation is to
provide the method to reduce the total pro-
duction time. The workpieces of optical drums,
usually long aluminium pipes, are produced
by hot-extrusion and it takes several manu-
facturing steps to get the final products (be-
fore coating photo-sensitive substance), as
described in another paper”. It must be the
best if the final products could be obtained in
a single process directly from hot-extruded
pipes without any intermediate process. A trial
has been made by the authors to develop such
a method utilizing the inside-ironing process.

The testing apparatus was improved as
schematically shown in Fig. 7. The workpieces
were cut out from a long extruded pure alu-
minium pipe, being a short pipe-workpiece
with a length of 40mm. The outer diameter and
wall thickness were 4lmm and lmm, respec-
tively. The pipe has many fine scratches on its

)

o
r

i

JI7

-/ ]

cfSe

O] Pipe-workpiece @ Punch head
@ Container(divided) (& Punch head holder
@ Container holder ® Hydraulic ram

Fig. 7 Apparatus for the inside-ironing of extruded
aluminium pipe-workpieces.

outer surface as shown magnified in Fig. 8 (a),
which were formed by the extrusion. The depth
of the scratches was about 1.2 ym or less. Such
a pipe-workpiece @ is set in the container @
and a compressive force P. is loaded at the
top end of the pipe to prevent the pipe from
upward free moving during the operation (see
left half of Fig. 7). As long as P. is optimum,
the lower end of the pipe (and the whole wall
metal after ironed) does not move during the
process when the friction at the container’s
inner surface is large enough®. Under such
working conditions, the inside-ironing is com-
pleted within the whole distance from the low-
er end of the pipe to the top end (see right
half of Fig. 7). Aluminium pipes were thus de-
formed and finished in a single forming pro-
cess. Fig. 9 exemplifies the appearance of the
product accompanied by a workpiece and one
of the halves of the divided container. It is
seen that the pipe is well finished within the
whole pipe length from the bottom to the top.

o K A W
(a) Extruded pipe-workpiece

Ironing direction

(b) Finished pipe surface

Fig. 8 SEM images of the surfaces of extruded
aluminium pipe and finished pipe.



Vol.34 No.4

Production of Aluminium Optical Drums by Inside-ironing Process

243

50mm

Left : One of the halves of divided container
Middle : Finished pipe
Right : Workpiece

Fig. 9 Finishing tool (container), workpiece and product.

The appearance of the pipe surface is shown
magnified in Fig.8 (b). The scratches on the
initial pipe surface shown in Fig. 8 (a) are van-
ished almost completely by this flattening pro-
cess. The surface roughness reaches 0.15 pm
R under the conditions of a thickness reduc-
tion ratio of 40% and a low viscosity oil of
3.3mm?/s using a well polished container. The
optimum conditions are almost the same as
in the previous experiment for the workpieces
having many oilpits on its surface. It appears
that the inside-ironing operation is effective
on any surface structure to finish the surface.

In this testing apparatus, however, there
exists a disadvantageous point that the con-
tainer is divided into two pieces and the marks
of the two joint lines remain on the finished
pipe surface. Also such a tool structure makes
it complicated to take the pipe out of the con-
tainer after the operation and increases the
total production time.

5. Trial production of full-scale
optical drums

To overcome the disadvantage mentioned
above, the container was improved in struc-
ture and newly designed for the production
of full-scale optical drums so that the prod-
ucts can be easily and quickly taken out of
the container after the ironing. Fig. 10 shows
the schematics of the new device which is com-
posed of a container @ and a hydraulic vessel
®. The inner surface of the container is fin-
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Fig. 10 Contractile container used in full-scale test.

ished by polishing and will be replicated onto
the aluminium pipe surface. The container
contracts in diameter by a high pressure dur-
ing the ironing and recovers when the drum
is taken out. The contraction is about 0.08mm
in the diameter of 60mm under a pressure of
80MPa and a gap of almost the same value is
made between the container’s inner surface
and the finished drum after recovering the
container. With this extent of gap, the product
can be easily removed from the container
without damaging the pipe surface. Using the
device, an aluminium optical drum of about
300mm long was produced from a hot-ex-
truded pipe-workpiece as exemplified in Fig.
11. The surface roughness and appearance are
satisfactory enough over the whole surface
area, microscopically being similar to those
exemplified in Fig. 8 (b).

The operation time was about ten seconds
in this experiment but can be reduced to a few
seconds if a press machine with a higher speed
ram is used. This makes it possible to de-
crease the total production time to ten or sev-
eral seconds from setting the workpiece to
taking the finished product out of the contain-
er if the process is automatically controlled.
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Fig. 11 A full-scale optical drum finished by inside-

ironing process.
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Fig. 12 Roundness of the finished optical drums.

The final interést in this research is the di-
mensional accuracy of the products. Fig.12
reveals that the roundness of the product is
less than 0.05mm within the greater part of
the drum approximately from L=40mm to L=
260mm, where L is the distance from the lower
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end of the drum. However, it becomes larger
and reaches even 0.2mm near the both ends
of the drum, not satisfying the specification.
The accuracy should be further improved but
this problem may be resolved in the following
stage of assembling where the round bosses
are inserted into the both ends of the drum
and the roundness is corrected. The cylindri-
city and other accuracies were not evaluated
in this experiment. The improvement of the di-
mensional accuracies are still the matters of
primary concern in this technology.

6. Conclusion

The surface flattening process, in which a
metal surface is finished as a replica of a
smooth tool surface, has been studied by the
authors for several years. The principle of the
operation is applied to axisymmetric process
referred to as inside-ironing in this paper.
Some procedures were made on the appara-
tus structure to produce applicable aluminium
optical drums directly from hot-extruded pipe-
workpieces. A full-scale test was finally car-
ried out and the drums with a diameter of 60
mm and a length of about 300mm were made.
The drum surface obtained is satisfactory
enough for the practical use, having a rough-
ness less than 0.2 ym Rax over the whole sur-
face area. The operation time necessary for
finishing a drum can be reduced to a few
seconds using a press machine with a higher
speed ram. The roundness of the product was
evaluated to be good, being less than 0.05mm
except near the both ends of the products.
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Development of Corrosion Resistant Brazing

Sheet for Drawn Cup Type Evaporators

Part 2. Application to Evaporator”™
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A highly corrosion resistant drawn cup type evaporator was developed. During the development
of this evaporator, the corrosion characteristics of evaporators in the field were examined in
detail. Profound understanding of the corrosion mechanism led to the development of a new,
unique, corrosion test method which simulates the actual evaporator field service environment.

The main factors involved in increasing the corrosion resistance of the brazing sheet are (1)
reduction of iron and silicon content in the core alloy and, (2) addition of titanium to the core
alloy. In the present alloy, titanium content varies lamellarly through the thickness of the core
alloy. Regions of high titanium content have a more cathodic potential, thus causing corrosion
to proceed along the low titanium content lamellae. Consequently, the reduced iron and silicon
contents, and the titanium addition, have the net effect of reducing the pitting corrosion rate.

Drawn cup type evaporators fabricated from the new alloy exhibited corrosion lives twice that
of evaporators fabricated from a conventional alloy when tested under severe environmental con-

ditions.

1. Introduction

Evaporators, heat exchangers for automo-
bile air conditioners, are now almost exclu-
sively of the drawn cup type (Figs.1 and 2)
made from aluminium alloys because of their
heat transfer performance characteristics.

Recently, reduction of component weight
for gas mileage improvement in automobile
applications has become a subject of great
importance for regulation of CO: emissions.
Although reducing the thickness of the materi-
al contributes greatly to weight reduction of

* This paper was presented at the 1993 SAE Inter-
national Congress & Exposition, Detroit,
Michigan, U.S.A.,March 1—5, 1993.

*x Material Eng. R & D Dept., Nippondenso Co.,
Ltd. ; Dr. of Eng.

o Material Eng. R & D Dept., Nippondenso Co.,

Ltd.

Air Conditioning Eng. Dept., Nippondenso Co.,

Ltd.

Production Technology Dept., Nagoya Works

«+x+++ Brazed Honeycomb Panel Tech. Dept., Sumikei
Engineering Company Ltd. ; Dr. of Eng.
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evaporators, it may be detrimental for assem-
bly performance to reduce material thickness
without design consideration due to the poten-
tial for bursting or corrosion perforation.
Thus, a necessary consequence of material
thickness reduction must be a corresponding
increase in both corrosion resistance and ma-
terial strength. Furthermore, recent concerns

Fig. 1 Drawn cup type evaporator.
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Brazing sheet

Fig. 2 Transverse structure of drawn cup type
evaporator.

over the leakage of refrigerant (CFC12) has
made the guarantee of long term structural
integrity of automotive evaporators an issue
of great significance.

This paper describes the development and
application of a highly corrosion resistant
aluminium core alloy for the brazing sheet
used in the fabrication of the drawn cup type
evaporator. The corrosion mechanism and
corrosion environment of automotive evapo-
rators were studied in great detail to establish
a new corrosion test for the evaporator alloy
development.

2. External evaporator corrosion
environment

A first step in the alloy development pro-
cess involved a detailed investigation of the
external corrosion environment of automotive
evaporators. The chemical composition of
evaporator condensate solutions from various
regions of the world are given in Table 1. Each
of these condensate solutions is neutral or
slightly acidic in pH, and has a very low con-

Teblel Chemical composition of condensate solution
from evaporators in various countries.

Conductivity Concentration(ppm)
Location o)
G/m)  on s0fT NOy”
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 22 41
Muscat(Oman) 6.7 - 2.8 35 -
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ductivity similar to tap water. In all cases, the
concentration of sulfate ions is equal to, or
greater than, the concentration of chloride
ions. It is believed that the sulfate and nitrate
ions are generated by the dissolution of auto-
motive exhaust gases in the condensate.

It has been postulated that the external cor-
rosion environment of the evaporator is mild-
er than that of either the condenser or the ra-
diator, since de-icing salts (CaCl:) are not
splashed directly on automotive evaporators.
However, when the air conditioner is running,
the evaporator surface is wetted by conden-
sate which does not dry immediately when
the air conditioner is turned off. Generally,
metal corrosion is accelerated in environments
where moisture is present. Therefore, the ex-
ternal corrosion environment of the automo-
tive evaporator may be considered as severe,
or more severe, than that of the condenser or
radiator. This may be especially true in re-
gions of high ambient temperature, (e.g. Cen-
tral America, Southeast Asia, and the Middle
East), where automotive air conditioners are
used year round. In these situations, the evap-
orator external surfaces may be exposed to a
nearly constant source of moisture. High tem-
peratures (300K —310K) may also be encoun-
tered by these evaporators after the air condi-
tioner has been turned off.

Fig. 3 shows examples of evaporator sheet
(4104,73003,74104) corroded in the field serv-
ice. After a few years, a small corrosion pit
is observed, as illustrated in Fig. 3 (a). Howev-
er, after several additional years, the pit depth
has increased to the level indicated in Fig.3
(b). Although the current evaporator fin pro-
vides cathodic protection to the sheet through
a Sn addition®, pitting corrosion of the sheet
is still observed, as indicated in Fig.3. The
occurrence of pitting corrosion may be attrib-
utable to the low conductivity of the conden-
sate solution, as shown in Table 1, because the
sacrificial anodic effect cannot reach a consid-
erably far-away point in such a low conducti-
vity solution.

3. Evaporator corrosion mechanism

A cross section of a brazing sheet from a
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(a) After a few years

(b) After several years

Fig. 3 Typical microstructure of evaporator sheets illustrating the extent of pitting corrosion

after varying time of field service.

vacuum brazed drawn cup evaporator is illus-
trated in Fig. 4. In Fig. 4, regions A, B, C, and
D correspond to eutectic Al of the filler metal
(4104), proeutectic Al of the filler metal, Al
matrix of the core alloy (3003), and the eutec-
tic Si, respectively. The results of EPMA anal-
ysis of regions A, B, and C are compiled in
Table 2. The solid solution of region A is rich
in both Mg and Si, region B is enriched in Si,

Fig. 4 Cross-section of sheet. A : eutectic Al of
filler metal, B: proeutectic Al of filler metal,
C: Al matrix of core alloy, D: eutectic Si.

Table 2 Solute element concentration in matrix regions
A, B and C illustrated in Fig. 4.

Concentration(%) (by EPMA)

Region
Mg Fe Si Mn
A 0.4 0.3 0.3 0.1
B 0.1 0 0.4 0
C 0 0.1 0 0.5
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while region C is enriched in Mn. The corro-
sion potentials of aluminium alloys containing
Sior Mg are well known®. Therefore, it is
possible to estimate the corrosion potentials
of regions A, B, and C based on chemical
composition. This estimate finds the corrosion
potentials of regions A, B, and C to be —0.84
V (vs. SCE), —0.83 V, and —0.85 V, respec-
tively. The eutectic Si phase of the filler metal,
however, exhibits a comparatively high corro-
sion potential of —0.26 V2,

The corrosion process of aluminium may
be generally represented by the following elec-
trochemical equations. The cathodic reduction
of dissolved oxygen is the counter electrode
process for a local corrosion cell of aluminium
in a chloride solution®.

Al — AP + 3e” e))
de~ + O + 2H:0 — 40H-  (2)

The cathodic reaction (Eq. (2)) takes place
on eutectic Si, due to its noble corrosion po-
tential, with the eutectic Al acting as the an-
ode. Corrosion is restricted to the eutectic Al
at first as it is approximately 10 mV less no-
ble than the proeutectic Al (region B, Fig. 4).
Cathodic protection from the anodic fin can-
not be expected unless the fin is close proximi-
ty. This effect is due to the low conductivity
of the condensate solution, as previously men-
tioned.

The corrosion, which started at the eutectic
Al, proceeds along the eutectic Si toward the
filler metal “core alloy interface. Large inter-
metallic compounds (Fe—Mn—Al or Fe—Si—
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Fig. 5 Schematic diagram of corrosion process of evaporator sheet.

Al) at the interface further serve to assist the
corrosion process In the Al matrix adjacent
to the intermetallics. The solution in the cor-
rosion pit becomes acidic, and the chloride
ion concentration becomes greater”~® Corro-
sion now proceeds through the Al matrix of
the core alloy, which is most anodic adjacent
to the pit. A schematic diagram of the corro-
sion process is given in Fig. 5.

Since the pitting corrosion of evaporator
sheets occurs in a low conductivity conden-
sate solution, macroscopic differences in cor-
rosion potential between the sheet and fin are
of little consequence in controlling the corro-
sion rate. However, microscopic potential dif-
ferences among the various alloy phases have
been shown to play a significant role in the
occurrence of pitting corrosion. A potential
difference of 10—20 mV has been found to be
sufficient to cause corrosion in the less noble
phase.

4. Corrosion resistant core alloy

The nature of the corrosion mechanism for
automotive evaporators suggests that it is
more effective to increase the corrosion resist-
ance of the core alloy of the sheet than to in-
crease the effectiveness of cathodic protection
from the fin. Thus, an investigation of the en-
hancement of corrosion resistance by reducing
Fe and Si contents, and the addition of Ti to
the Al—Mn alloy was initiated.

The effect of reducing Fe + Si content on
the corrosion rate of Al—Mn alloy is illus-
trated in Fig. 6. Fe and Si exist in Al primarily
as intermetallic compounds such as Al—Mn—
Fe, Al—Mn—Si, or AlI—Mn—Fe—Si in the al-
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Fig. 6 Maximum pit depth of Al-Mn alloy as a
function of Fe+Si content in AASS test
for 336 hours.

loy. These intermetallics exhibit a noble corro-
sion potential relative to the surrounding Al
matrix, and serve to accelerate the cathodic
reaction in the aluminium corrosion process.
Thus, reduction of Fe and Si contents can be
seen as an effective means to increase the cor-
rosion resistance of Al

It has been known that the addition of small
amounts of Ti and Cu improves the corrosion
resistance of a 3003 alloy”. However, the rea-
son for this improvement was not clear. The
distribution of titanium in a Al — Mn alloy
sheet was determined by EPMA after heating
at 873 K for 3 minutes to simulate a brazing
operation (see Fig.7). It was found that the
Ti content varies lamellarly through the thick-
ness of the rolled sheet”. The pitting potential,
almost equal to the corrosion potential, of al-
uminium moves to more positive values with
increasing Ti content, as shown in Fig. 8%, Ex-
amination of Figs.7 and 8 together indicates
that the pitting potential varies lamellarly
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through the thickness of the new alloy. High
Ti content region has a more cathodic poten-
tial, and causes corrosion to proceed prefer-
entially along the low Ti content lamellae due
to the galvanic action between the two lamel-
lae. Thus, small addition of Ti to the Al—Mn
sheet may change the corrosion morphology
from pitting to lamellar type corrosion, and
decrease the corrosion rate.

The corrosion performance of a newly de-
veloped alloy incorporating these improve-
ments (reduced Fe and Si contents, and the
addition of Ti) was evaluated by CASS test.
The maximum corrosion pit depth of new alloy
after 336 hours CASS exposure is illustrated
in Fig. 9. The new alloy exhibits corrosion re-

corrosion resistance comparing with conven-
tional brazing sheet (4104,73003,74104).

The results of CASS and AASS (Acetic Acid
Salt Spray) test are illustrated in Figs. 10 and
11. In both tests, deep pits appear on the tank
portion (with no fin). The newly developed

0.6
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e
@
©
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E
x
<
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Fig. 10 Maximum pit depth as a function of
exposure time for evaporators in
CASS test.
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Fig. 11 Maximum pit depth as a function of
exposure time for evaporators in
AASS test.

material improves perforation time by a fac-
tor of greater than two when compared with
a 3003 core alloy.

The corrosion morphology of the pits gener-
ated on sheets after 500 hours of CASS test-
ing is illustrated in Fig.12. In the convention-
al material, corrosion proceeds through the
thickness of the material (Fig. 12 (a)). Howev-

(a) Conventional

er, in the new alloy, corrosion proceeds later-
ally across the material thickness (Fig. 12 (b)).

CASS and AASS tests are effective for the
rapid evaluation of corrosion. However, these
tests may not be appropriate for simulating
the actual corrosion environment of automo-
tive evaporators due to the high conductivity
of the test solution. Thus, a new corrosion
test method for evaporators was developed to
simulate the condensate condition noted previ-
ously. The new test method is summarized in
Table 3. The corrosive solution of the new test
method consists of simulated condensate, con-
taining Cl~ and SO+, which duplicates the low
conductivity (approx. 10 S, m) of actual con-
densate solutions. The test is conducted in cy-
cles consisting of three stages : spray, wet,
and dry. Thus, it is believed that the new test
method accurately reproduces actual evapo-
rator service environments.

The test results for actual evaporators in
the new corrosion test are illustrated in
Fig.13. At elapsed times of less than 200
hours, corrosion of the filler metal leads to

(b) Newly developed

Fig. 12 Pitting corrosion damage in evaporator sheets following 500 hours of CASS exposure.

Table 3 Conparison of new corrosion test method to conventional corrosion test methods.

c . ..
Test orro.swe oH Conductivity Cyele Temp.
solution (S/m) X)
Spray (3h)
New cr 5.3 }
test S02” approx. 10 Wet (2h) 313
method (no control)
etc. v
Dry (1h)
5%NaCl, 3 Continuous
CASS . 8000 323
100ppm Cu®*  (by acetic acid) approx spray
3 t1
AASS 5%NaCl . approx. 8000 Continuous 323
(by acetic acid) spray

02
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similar corrosion behavior in both the new al-
loy and the conventional 3003 material. How-
ever, after corrosion has penetrated to the
core alloy, the maximum pit depth as a func-
tion of time begins to differ between the two
materials, with the new alloy corroding more
slowly. Final test results show that the new
alloy requires approximately 3000 hours for
perforation, compared to approximately 1500
hours required for the conventional alloy.
This test result confirms the doubling of cor-
rosion life by the new alloy.

The cross-sectional corrosion morphology
of the pits in the evaporator sheets after 1000
hours in the new corrosion test are illustrat-
ed in Fig. 14. A large corrosion pit is observ-
ed in the evaporator made with the conven-
tional material (Fig. 14 (a)). The evaporator

made with the new alloy, however, exhibits a
pancake shaped pit (Fig. 14 (b)).

EPMA analysis of the lamellar c¢orrosion
site in the new alloy indicates that corrosion
actually proceeds along the low Ti content
layer. This is illustrated in Fig. 15.

Evaporators fabricated from the new alloy
improve perforation time by a factor of two
when compared with the conventional alloy
(3003). Based on this result, evaporators fab-
ricated from the new alloy have successfully
been in field service since 1990.

6. Conclusion

Examination of corrosion characteristics
has lead to a profound understanding of the
corrosion mechanism of automotive evapo-

05 _5“ Sheet thickness

04r Conventional
03}
0.2+

0.1

Maximum pit depth (mm)

3000

Time (h)

Fig. 13 Time variation of the maximum pit depth of
evaporators in the new corrosion test.

(a) Conventional

(b) Newly developed

Fig. 14 Transverse section through corrosion pits in evaporator sheets following 1000 hours

exposure in the corrosion test.
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SEM Image

Fig. 15

TiKa 20pum

Ti distribution (EPMA) in a transverse section of the newly developed alloy

following 1000 hours exposure in the new corrosion test.

rators. This has conducted to the develop-
ment of a new, unique, corrosion test method
which simulates the actual evaporator field
gervice environment.

A new brazing sheet with enhanced corro-
sion resistance of evaporators has been devel-
oped. The main factors involved in increasing
corrosion resistance are (1) reduction of Fe
and Si contents in the core alloy and (2) ad-
dition of Ti to the core alloy. Drawn cup type
evaporators fabricated from the new alloy ex-
hibit corrosion life twice that of evaporators
fabricated from conventional 3003 alloy when
evaluated by the newly developed corrosion
test.

o4
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Modernization of Nagoya Works
Part 1. Introduction of Our New
Ingot Casting Facility

Miki Takai, Shunsuke Adachi, Toshihiko Uehara,
Katsuaki Masaki and Takayuki Ujiie

Our new ingot casthouse has started up its operation frow December, 1992. The new casthouse

was designed to produce the highest quality slab for can stocks at the highest efficiency, employ-

ing 1990’s technology.

The casthouse is provided with two round top charge melters, one holding furnace, in-line melt

treatment unit, one casting station and ingot saw. The new casting station produces seven slabs

of a 2100 mm X500mm in maximum cross section, yielding typical cast of 90 tons. The average

slab weight is about 15 tons. However, slab weight up to 28 tons can be cast, if necessary.

The production capacity is about 10000 tons per month.
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Trend of Aluminium Beverage Can

Kiyofumi Ito and Shin Tsuchida

In Japan, about 10 billion aluminium beverage cans were produced in 1992. Lightweighting of

Japanese cans has been carried out. The lightest cans in Japan have the same weight of the lightest

cans made in the U.S.A.

The diameter of the can end have been changing from 206 to 204 or 202 size in the U.S.A. Some

brewaries have already adopted 204 end, and soft drink companies request 202 end. It is considered

that Japanese beverage can ends will also be changed to the smaller size in near future. " FULL
FORM TYPE END” has been also applied to these lightweigt cans.
The most important forming process in the new lightweighting is considered to be necking into

204 or 202 diameter from 211. The reason is that the necking reduction become larger. The other

lightweighting technics, such as the bottom reforming and ~or the fluted can wall, might be

adopted.
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@ Fins7 () RF1 A2 %7 (SOT)
1 27 D5 (X1)
1 WRE - VEOHME, T BRI RUCHBRESR
) =y 2 (g)
o | # " BE T w | F 7 4 W
(mm) 4y 7
AFRE) | ity | Bukass

1| ® ) v —F#Y 59.4 1574 | 12.06 | 11.69 | 092 |7y
29 | o ko 1B 4 A 59.5 16.54 | 12.37 | 11.83 | 0.49 SOT
3 y ¥ e Z 59.6 17.37 | 1353 | 13.20 | 0.51 "

4| THE z—s—F54 59.4 1754 | 1872 | 13.38 | 034 |7y
5 | #vrn— = A v 59.5 17.03 | 13.04 | 1270 | 0.47 SOT
6 | Fodo £ ms~n 59.5 15.62 | 11.92 | 11.62 | 023 | 7wy 7
Ty v —FRY 59.6 16.46 | 1274 | 1234 | 024

8 | * v v o5 H - 59.6 1612 | 1219 | 11.70 | 0.23 %

9 | * v v 3 # - 59.5 1646 | 12.73 | 12.32 | 0.24 %
10 Black Label 59.3 15.96 | 11.98 | 1171 | 0.45 SOT
11 Budweiser 59.3 16.20 | 1246 | 12.03 | 0.44 "
12 Colt 45 59.3 16.43 | 12.26 | 11.99 | 0.44 "
13 Miller High Life 59.4 16.33 | 12.21 | 11.98 | 0.53 %
14 | Miller Golden Drft Light |  59.2 16.01 | 11.96 | 11.69 | 0.53 %

15 Piels 57.1 1553 | 11.96 | 11.71 | 0.43 ”
16 Schaefer Light 57.1 15.65 | 12.06 | 11.77 | 0.43 %

17 Schmidt’s 59.3 15.89 | 11.95 | 11.68 | 0.45 ”
18 Reingold 59.4 1580 | 11.88 | 11.59 | 0.44 %
19 STROH’S 57.1 1588 | 12.30 | 12.01 | 043 ”

20 | ROLLING ROCK LIGHT | 59.2 16.26 | 12.17 | 11.88 | 0.53 %

21 TAIWAN BEER 59.6 1710 | 13.21 | 12.99 | 022 |7usy7
22 TAIWAN BEER 59.7 17.80 | 13.81 | 13.41 | 0.23 ”
23 San Miguel BEER 59.3 16.74 | 12.94 | 12.66 | 0.24 %

24 OB Lager BEER 59.4 16.65 | 12.64 | 12.64 | 0.43 SOT
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£2 KP4 RUTYFOES, B KOTERENEER
BN b 4 I v F

No. E 4 (mm) WX Hv 0.1 | firsy B 4 (mm) & Hv (0.1) | fmse

X0 0T | MEEps | k- [EEtR| ks | KPa e U710 s 7 |osxams| s 7| KPa
1 0.160 0.103 0.296 102 100 703 0.284 0.180 0.250 104 109 590
2 0.166 0.107 0.283 101 98 626 0.303 0.105 0.400 98 94 562
3 0.185 0.125 0.314 96 95 660 0.283 0.110 0.410 104 89 550
4 0.192 0.127 0.337 99 96 47 0.285 0.175 0.355 106 114 593
5 0.183 0.117 0.292 109 101 618 0.294 0.095 0.310 104 112 535
6 0.167 0.104 0.281 106 101 640 0.284 0.160 0.280 106 120 561
7 0.169 0.110 0.312 102 101 816 0.284 0.165 0.340 108 110 585
8 0.168 0.106 0.279 102 102 620 0.304 0.180 0.280 108 120 651
9 0.170 0.107 0.313 101 100 813 0.285 0.160 0.340 109 112 570
10 0.174 0.105 0.289 100 97 644 0.290 0.115 0.355 111 106 677
11 0.172 0.110 0.299 96 93 660 0.290 0.095 0.355 107 109 672
12 0.172 0.104 0.311 96 9 650 0.290 0.105 0.355 114 100 640
13 0.162 0.107 0.303 98 97 652 0.299 0.095 0.430 111 84 637
14 0.161 0.103 0.290 96 93 660 0.294 0.115 0.430 112 92 666
15 0.167 0.107 0.296 98 97 685 0.275 0.095 0.290 112 102 647
16 0.170 0.111 0.295 97 96 650 0.274 0.100 0.290 110 102 665
17 0.170 0.104 0.297 95 96 652 0.288 0.115 0.360 119 106 659
18 0.169 0.103 0.293 91 94 638 0.288 0.110 0.355 1156 106 659
19 0.184 0.107 0.302 96 97 698 0.274 0.105 0.290 108 106 622
20 0.167 0.103 0.291 9 94 646 0.296 0.110 0.440 116 90 635
21 0.182 0.113 0.331 98 96 659 0.299 0.190 0.310 111 104 651
22 0.187 0.119 0.343 9 92 724 0.309 0.170 0.285 110 108 649
23 0.185 0.117 0.314 96 93 662 0.284 0.156 0.295 105 105 736
24 0.184 0.114 0.310 98 97 666 0.298 0.110 0.295 117 118 621
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Car and Aluminium
—Relation with Some Legal Regulations —

Yoshihiko Nishimura

Legal regulations related to cars have been enforced in recent years in terms of environmental

protection of the earth, resources and energy savining, and improving the safety of cars.

This paper outlines the recent situation and future trends of the regulations.

The paper also discusses some other related subjects and roles played by aluminium, such as

future weight reduction, recycling, and the safety problems of cars.
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