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Nitridation Reaction of Aluminum and Magnesium

in 5000 Series Aluminum Alloy *

Yu Matsui **, Masaru Morobayashi*** Hirohisa Shiomi** and Koichi Takahashi****

The purpose of this study is to investigate the origin of nitride inclusions, Aluminum Nitride (AIN) in the

aluminum casting process. The oxidation and nitridation behaviors of aluminum and magnesium under

several melting conditions were experimentally researched. The results indicated that the sequential

occurrence of the oxidation and nitridation reactions during the melting process was a key factor for

producing nitride inclusions. The experimental results were consistent with the thermodynamic stability

according to the standard Gibbs free energies of the formation of several oxides and nitrides, AIN and

MggNz .

The method of preventing the formation of the nitride inclusions was both experimentally and

theoretically derived. The point is that not having MgsN, generated in the magnesium ingot melting

process in the furnace is very important to prevent generating the AIN inclusions since the existence of

MgsN; in the aluminum melt causes the aluminum nitridation.

Keywords: melting process, casting process, nitride inclusion, AIN, Mgs;N-, 5000 series aluminum alloy

1. Introduction

Nitride inclusions are sometimes found inside of an
aluminum rolled sheet. These inclusions consist of Al
N, a trace of Mg and O. The nitride inclusion, AN, is
harder than the aluminum matrix and a pin-hole
defect can occur during the rolling process if the
inclusion size is larger than sheet thickness. AIN is
often found in Al-Mg alloys, like the 5000 series alloy,
and Mg is detected close to the AIN (Fig. 1).
Therefore, the origin of AIN seems to be related to
the existence of Mg.

Many studies have been carried out regarding the
nitridation reaction of aluminum and magnesium. The
formation of AIN by bringing N» gas directly into the
liquid aluminum has been experimentally tested. The

formation temperature of AIN, however, was reported

|
=2

Fig.1 EPMA image of AIN inclusions found in an Al-Mg
alloy sheet.

to be 700°C", 720°C - 740°C?, 820°C¥, or 1200°C?, thus it
varies between the different experimental methods.
In other words, a unified view of the AIN generation
has not been obtained. Meanwhile, it was confirmed
that AIN can be generated by adding MgsN; solid
powder to the molten Mg-Al alloy or Al-Mg alloy®°.
Moreover, Ye et al. reported that the key mechanism
is as described by the following two reactions which
occurred when Ny gas is added to the molten Mg-Al

alloy™”.

3Mg + N; = MgsN;
MgsN, + 2A1 — 2AIN + 3Mg

Thus, it has already been proved that the
generation of AIN has something to do with the Mg
element, but it has not been fully understood as to
what happens during the aluminum melting process
and how nitrogen reacts with the aluminum via
magnesium.

In the practical aluminum melting process,
magnesium ingot is normally added to the aluminum
melt in a melting furnace or a holding furnace. The

dry air in the furnaces contains 78% nitrogen, 21%

This is a revised prepublication version of an article published in Light Metals (2018), 885-893

The final published version is available online at https://doi.org/10.1007/978-3-319-72284-9_115

** UAC] North America, Inc,, Ph. D. (Eng))

Casting Technology Department, Nagoya Works, Flat rolled Products Division, UAC] Corporation
Casting Plant, Production Department, Nagoya Works, Flat rolled Products Division, UAC]J Corporation
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Nitridation Reaction of Aluminum and Magnesium in 5000 Series Aluminum Alloy

oxygen, 0.9% argon, 0.04% carbon dioxide, and small
amounts of other gases. It is postulated that Mg tends
to form MgO if it reacts with the air because MgO is
thermodynamically more stable than MgsNo.
However, there are the essential elements Al and N
for producing AIN in the actual furnaces. The
purpose of this study is to clarify the origin of the
nitride inclusions, focusing on the magnesium melting

process in the aluminum melt.

2. Experimental Procedure

2.1 Preliminary melting experiment of magnesium
ingots in aluminum melt

To demonstrate the melting behavior of magnesium
in a practical melting furnace, a preliminary
experiment that the addition of magnesium ingots to
the aluminum melt without stirring was conducted.
Two small pieces of magnesium ingot (100 g) were
added to the aluminum melt (3 kg), which was melted
in advance in a graphite crucible at 800°C. Several
stages of magnesium ingot melting process were
visually observed, and the temperature was

measured.

2.2 Heating experiment of magnesium and holding
experiment of magnesium in aluminum melt

Separating into the burning process of magnesium
and the melting process of magnesium in aluminum
melt to comprehend oxidation and nitridation reactions
in detail, the heating experiment of magnesium
without aluminum melt was firstly conducted. Small
pieces of magnesium ingot (20 g) were heated in
graphite crucibles under several conditions and
identified the compounds generated by the magnesium
burning. These crucibles were hold at 800°C in a small
scaled electric furnace. Two atmospheric conditions
which were ‘Air’ and ‘N, purged’ , and two holding
times which were 1 hour and 3 hours were set up as
shown in Table 1. The oxygen level was analyzed by
gas detection tubes before inserting the magnesium
ingots into the crucibles. The oxygen levels were
19.0% in the ‘Air’ and 2.3% in the N; purged’
atmospheres. The compositions of each Mg sample
after reaction were analyzed by X-ray diffraction
(XRD) after the cooling.

Table 1 Heating conditions of the magnesium ingot in
several atmospheres.
Atmosphere Oxigen level Holding time
Al Air 19.0% 1 hour
A2 Air 19.0% 3 hours
A3 N, purged 2.3% 1 hour
A4 N purged 2.3% 3 hours
Table 2 Holding conditions of the pre-burned
magnesium in the aluminum melt.
Heating condition| Atmosphere Holding time
Bl A2 (Air) Air 1 hour
B2 A2 (Air) Air 3 hours
B3 | A4 (N, purged) Air 1 hour
B4 | A4 (N purged) Air 3 hours

In order to investigate what happens by adding the
burned magnesium ingot to the aluminum melt, each
of the was then added to the pure aluminum melt
which was maintained at 800°C, and each of the liquids
with the residues was stirred by a graphite stick.
After stirring, these liquids were held under air at
four isothermal conditions as shown in Table 2 and
quenched with a small iron mold. These cast samples
were polished and observed by a scanning electron
microscope (SEM) and a electron probe microanalyer
(EPMA).

3. Results and Discussion

3.1 Melting of magnesium ingots in aluminum melt

Photographs of several melting stages of magnesium
ingot in aluminum melt are shown in Fig. 2. Magnesium
ingots melting sequence is as follows:

1) Small pieces of magnesium ingot were added to
the aluminum melt of 800°C.

2) The magnesium pieces floated and started to
dissolve on the aluminum melt surface.

3) The magnesium pieces got burned and the highest
temperature measured by a thermo-couple was
1193°C.

4) Flashings like fireworks (1223°C) were observed
and white smoke was emitted from the flashing
fires.

5) The fire extinguished and the already-burned
surface swelled up like a cauliflower, radiating a
red color (840°C).

6) The grown surface changed color from red to

black when the reaction ended.

UACJ Technical Reports, Vol.6 (1) (2019)
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1) Adding Mg ingot

T L ==
L

2) Floating on the melt

-
o\
\

840°C

Fig. 2 Photographs of the melting stages of the
magnesium ingot in the aluminum melt.

The preliminary experiment proved the following.
When the magnesium ingot was added to the
aluminum melt, it floated on the aluminum surface
because its density is 1.65 g/cm?® (at 650°C) and much
lower than that of the liquid aluminum, ie. 2.38 g/cm®.
The ignition point of pure magnesium is about 580°C
and lower than its melting point of 650°C®. Thus, the
magnesium ingot could burn during floating on the
aluminum melt before melted. There were some high
temperature spots, above 1200°C, in the furnace when
the magnesium ingot was added. Therefore, it is
found to be needed to consider the magnesium
burning situation just after magnesium ingot adding
to the aluminum melt in order to investigate the
oxidation and nitridation process of magnesium in the

aluminum melt thoroughly.

3.2 Compounds generated by heating magnesium

The results of the X-ray analysis of the compounds
generated by magnesium burning under the four
heating conditions are shown in Fig. 3. MgO, Mg(OH),,
MgsN,, Mg and graphite were detected in all four
heating conditions. This result indicates that pure Mg
forms nitrides even in a high O, atmosphere like the
‘Air’ and it takes only one hour. Therefore, Mg;N;

tends to be formed when it burns while floating on
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Fig. 3 X-ray analysis of the compounds generated by Mg
burning under the four heating conditions (A1-A4
in Table 1).

(b)

Fig. 4 SEM image of the inclusions in (a) B3 and (b) B4.

the aluminum melt. The reason why Mg(OH), was
detected is thought to be that the residues were
analyzed 24 hours after this experiment and H.O in

the air was postulated to combine with the MgO.

3.3 SEM/EMPA analysis of inclusions in
aluminum melt after holing experiment
SEM images of the cross section of the cast samples
are shown in Fig. 4. While a lot of characteristic

inclusions were found only in B3 and B4, there were

4
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5

no inclusions in Bl and B2. The analyzed chemical
data are shown in Table 3. The Mg content indicates
that the residue from the ‘N, purged’ conditions was
dissolved in the melt. When the residues were added
to the melts and stirred, the residue from the ‘Air’
conditions was not soluble because its shell was
thermodynamically stable, but the residue from the
‘N, purged conditions was soluble because its shell
was easier to dissolve. It is suggested that the
difference in the stability of the shells was caused by
the thickness of the MgO layer. The inclusions, which
were observed in B3 and B4, have black and gray
areas. Especially, the inclusion in the shape of a
flower observed in B3 is a good example for such an
inclusion with two phases, which are quite adjacent

to each other.

Table 3 Magnesium content of each sample.

Heating condition Mg content (mass%)
Bl A2 (Air) <001
B2 A2 (Air) <0.01
B3 A4 (N, purged) 35
B4 A4 (N, purged) 32

100 pm
-

Fig. 5 EPMA analysis of the flower-shaped inclusion
observed in B3.

Table 4 Chemical analysis result for each area of the
inclusion (mass%).

C N O Mg Al
Black area 36 — 30 66.3 0.1
Gray area 0.6 194 0.9 47 74.2

The compositions of these two black and gray
areas were analyzed by EPMA. The EPMA results
are shown in Fig. 5 and Table 4. The stoichiometric
analysis result suggested that the black area is MgO
and the gray area is mainly AIN. There was barely

MgsN, in the cast sample of B3.

3.4 Thermodynamic stability of various reactions

To clarify the behavior of Mgs;N: in the liquid
aluminum, the thermodynamic stability was calculated.
The standard Gibbs free energies of six reactions

based on the following formulas are shown in Fig. 6.

Mg + 1/2 O(g) = MgO 1)
3Mg + Na(g) = Mg;N, )
3MgO + 2Al = 3Mg + Al;04 )
1/2 MgsN, + Al = 3/2 Mg + AIN (4)
MgsN;y + 3/2 O2(g) = 3MgO + Na(g) 6)]
2Al + No(g) = 2AIN (6)
2AIN + 3/2 O2(g) = Al:O3 + Na(g) ™

Fig. 6 suggests that the reactions (1, 2, 4, 5, 6, 7),

which show negative values, are stable when going to

100

(3) 3MgO + 2A1 = 3Mg + ALO;
(1) 1/2Mg,N,+ Al = 3/2Mg + AIN

-150 |-

(6) 2A1 + N, (9) = 2AIN
00 | (1) Mg + 1/20,(g) = MgO

950 ) W

(7) 2AIN + 3/20,(g) = ALO;+ N,(2)

Standard Gibbs free energy / kcal

300 E—--x—--*--*--—x---x--—-x--—x--—-x—-— -
S~ (5) Mg,N,* 3/20,(g) = 3MgO + N, (g)

-350 . : : .

0 200 400 600 800 1000

Temperature / C

Fig. 6 Standard Gibbs free energies of six reactions
between 0°C and 1000°C.

UACJ Technical Reports, Vol.6 (1) (2019)
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the right in each formula. On the other hand, the
reaction (3), which shows positive values, is only
stable by going to the left in the formula. Therefore,
the following chemical reaction processes are
thermodynamically derived from each formula
between 0°C and 1000°C.

(1) MgO can form by combining Mg with O..

(2) MgsN> can form by combining Mg with No.

(3) Mg is easier to be oxidized than Al so MgO is

not likely to be deoxidized by Al

(4) Al is easier to be nitrided than Mg, so AIN and

Mg can form by combining Mg;N, with Al

(5) Mg is easier to be oxidized than to be nitrided,

so MgO can form by reacting MgsN, with Oa.

(6) AIN can form by combining Al with No.

(7) Al is easier to be oxidized than to be nitrided, so

Al,O3 can form by reacting AIN with Oa.

The above thermodynamic theory leads the
following hypothesis of generating mechanism of AIN
inclusion. Magnesium tends to be more oxidized than
nitrided in terms of thermodynamics, but magnesium
can become MgsN; if magnesium directly contacts N»
gas. Thus, when a magnesium ingot reacts with air at
high temperatures, magnesium mostly forms MgO
and some MgsN; due to the locally reduced O: content,
which originates from reaction (1). MgO is stable in the
aluminum melt and if the holding time is long enough,
spinel will form, so it is not likely to be deoxidized by
aluminum, but Mgs;N, changes to magnesium and AIN
by displacing Mg with AL It seems unlikely that N> in
the air reacts with the aluminum melt even if they are
in direct contact because an AlyO3 layer, which is more
stable than AIN, covers the aluminum melt surface.
Therefore, N intrudes into the aluminum melt via
MgsNo.

This hypothesis does not conflict with the
experimental results that there was barely Mg;N, in

the cast samples and that AIN was observed adjacent

‘ Mg ingot ’

MgO
Mg;N, Adding

Al melt

) |l ®

burning

Al melt

l

to MgO in the inclusion. The generating mechanism
of AIN inclusion in this experiment is illustrated in
Fig. 7.

3.5 Condition of generating MgsN:

The ternary phase diagrams of Mg-O-N and the
relationship between the P(N2) and the P(O,) at
atmospheric pressure are shown in Fig. 8 in which
the vertical axis and the horizontal axis represent the
partial pressure of N2 and O, respectively. The
atmospheric pressure is represented by the red line
in Fig. 8 (c), because the P(Ny) and the P(O,) add up to
1 atm. For simplicity, assuming that the P(N») and the
P(O,) are 0.2 atm and 0.8 atm, respectively, the blue
point indicates the actual atmospheric pressure in the
phase diagram. Therefore, from 800 to 1200°C, MgsN,
is not stable in terms of the thermodynamics.
However, the required condition in which Mg;N,
stably exists at 800°C the P(O3) < 10-39 atm and that
at 1200°C the P(Oj) < 10-28 atm. This suggests that
MgsN; can become more stable at high temperatures,
even for a high O; level.

Several sparking spots with high temperatures
above 1200°C were found during the preliminary
experiment (Fig. 2). It seems reasonable to suppose
that MgsN; is generated when the magnesium ingots
are floating on the Al melt surface and burning under
atmosphere in an actual melting or holding furnace.
Exposing magnesium ingots to any atmosphere in the
furnace provide time to generate MgsN. which will be
able to form AIN easily in aluminum melt. Therefore,
emerging magnesium ingots into aluminum melt
immediately after adding magnesium ingot in the
furnace is suggested as a practical measure of

preventing the formation of AIN inclusions.

Mg;N, MgO AIN MgO

Stirring Holding %
®© e

@ o

Fig. 7 The generating mechanism of the nitride inclusions in this experiment.
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Fig. 8 Ternary diagrams of Mg-O-N at (a) 800°C, (b) 1200°C
and (c) the relationship between the P(N3) and the
P(0Oy) in the atmospheric pressure.
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| et
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4. Conclusions

The following generating mechanism of nitride
inclusion, AIN, during the actual melting process can
be concluded from the experimental results and the
thermodynamic theory about magnesium ingot
burning in the atmosphere and melting in the
aluminum melt as illustrated in Fig. 9:

1. The magnesium ingot forms MgO by oxidation
when it is burned because magnesium ignition
point is lower than its melting point.

2. The magnesium can also form MgsN, in the
locally low O: atmosphere at high temperature
when the magnesium ingot is burned.

3. The inclusions, which contain MgO and/or
MgsN,, be formed on the surface of the aluminum
melt.

4. When this inclusion enters the aluminum melt, Al
displaces Mg in Mgs;N2 and AIN forms.

5. The inclusions, which contain MgO and/or AIN,
form in the aluminum melt.

The point is that not having Mg;N; generated in
the magnesium ingot melting process in the furnace
is very important to prevent generating the AIN
inclusions since the existence of Mg3N; in aluminum

melt is a key factor of causing aluminum nitridation.

Fig. 9 The generating mechanism of the nitride inclusions in the actual melting process.

UACJ Technical Reports, Vol.6 (1) (2019)
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Effect of Reversing Rotational Magnetic Field
on Grain Size Refinement *

Akihiro Minagawa ™ *, Koichi Takahashi®** and Shin-ichi Shimasaki ****

In order to achieve high quality aluminum ingots, fine grains are required. The electromagnetic stirring

process is known as one of the processes that promotes grain size refinement in aluminum alloys. In this

study, a reversing Rotational Magnetic Field (reversing RMF) that reverses the rotation direction of the

electromagnetic field at regular intervals was applied to a molten aluminum in the cylindrical container

of a round billet for DC casting. The molten aluminum underwent a clockwise and counter-clockwise flow

by applying a reversing RMF. In the case that the periodic time of the reversing RMF is long, the grain

size of the billet was finer than that of the mono-directional rotational flow. On the other hand, the grain

size of the billet center was not fine in the case that the periodic time of the reversing RMF was short.

The flow field was calculated by a CFD simulation for comparison with the experimental results. It was

found that the development of the flow field affected the grain size refinement.

Keywords: DC casting, electromagnetic stirring, reversing RMF, grain refinement

1. Introduction

In order to achieve a fine grain structure in
aluminum alloys, a grain refiner, such as the Al-Ti-B
system? ? is added to the molten aluminum during
casting. The grain refiner has heterogeneous
nucleation sites (TiB; particles, etc.), but it is well
known that most of the heterogeneous nucleation
sites become inclusions. For that reason, many
processes are proposed in order to obtain a finer
grain structure without the grain refiner such as
generating a rotational flow in the melt pool?,
ultrasonic treatment®, etc. Among them,
electromagnetic stirring is a useful method because it
is a contactless process with the molten metals.

A Rotational Magnetic Field (RMF) generates a
rotating flow in the melt pool. As a result of the
convection, the ingot, which has a grain-refined
microstructure, is achieved. However, a vortex, which
causes oxide film inclusions, occurs in the center of
the flow when the flow rate is high. The reversing
RMF, ie., a RMF that reverses the rotation direction

of an electromagnetic field at regular intervals, is an

effective way to generate a strong flow without
forming the central vortex. Eckert et al.¥ calculated
the flow which is caused by pulsed RMF stirring with
a constant or alternating direction. They concluded
that the time-regulated RMF stirring has the
potential to be a more suitable method than the
conventional continuous RMF stirring methods. Li et
al.® verified the effect of grain refinement by applying
the reversing RMF. They found that the
microstructures become finer with an increasing
period of the reversing RMF. Although the
fundamental phenomena have been investigated,
there are few examples where a reversing RMF was
applied to the aluminum DC casting process.

In this study, a reversing RMF was applied to a
molten aluminum pool in the cylindrical header on the
round billet mold for DC casting, and the relationship
between the grain size and the periodic time of the
reversing RMF was investigated. The
electromagnetic field and flow field were simulated
by CFED calculations. The simulation results were

compared to the experimental results.

* The main part of this paper has been published in Light Metals 2019 (2019), 991-997.

** UAC]J North America, Inc.,, Ph. D. (Eng)

National Institute of Technology, Kagawa College, Ph. D. (Eng.)

Research Department IlI, Research & Development Division, UACJ] Corporation
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10  Effect of reversing rotational magnetic field on grain size refinement

2. Experimental Setup

An electromagnetic stirrer was installed on the
¢ 92 mm hot-top mold. Fig. 1 shows a schematic
diagram of the experimental apparatus. The
electromagnetic stirrer was installed above the mold
because the attenuation of the magnetic flux density

is low. Table 1 shows the stirrer specifications. In

Header

N § Electromagnetic stirrer

Fig. 1 Schematic diagram of the experimental apparatus.

Table 1 Specifications of the electromagnetic stirrer.

Inner diameter of the bore (mm) 140
Power supply format (-) AC 3-Phase
Number of poles (-) 6
AC coil current (A) 357
Current frequency (Hz) 50

Table 2 Stirring conditions and adding conditions of
the grain refiner.

Test No.| RMF Inversion time (s) Gr.am
refiner
1 Applied | 0 (mono-directional stirring) | Not added
2 Applied 0.3 Not added
3 Applied 05 Not added
4 Applied 1 Not added
5 Not applied — Not added
. AL5Ti-1B :
6 Not applied — 0.2 mass%
Inversion time
k—
E ]
S Clockwise RMF
E | |
g | | Time
= Counter-clockwise RMF
& I L

Fig. 2 Schematic diagram for the time variation in the
rotation direction of the RMF.

order to reduce the risk of overflow of the molten
aluminum from the header, the current frequency,
which correlates with the flow velocity, was set to
50 Hz. Table 2 shows the stirring conditions and
additional conditions of the grain refiner, and Fig. 2
shows a schematic diagram of the time variation of
the rotation direction of the RMF. In order to
investigate the relationship between the grain size
and the periodic time of the reversing RMF, the
inversion time was set to 0.3 s, 0.5 s and 1.0 s. The
reference sample was cast with mono-direction
stirring. Grain refiner was not added to the molten
aluminum when the RMF was applied to the molten
aluminum. Two ingots without applying the RMF
were cast for comparison. Grain refiner was added to
one and not to the other. 7xxx series alloy was used
for this study. A target composition was Al-10
wt%Zn-2.5 wt%Mg-1.5 wt%Cu-0.15 wt%Zr. The
temperature of the molten aluminum in front of the
inlet of the header was 700°C, and the casting speed
was 100 mm/min. Samples were cut from the half of
radius, and the center positions of the diameter, and a
cross section, which is perpendicular to the casting
direction, was polished and observed using an optical

Mmicroscope.

3. Numerical method

In order to estimate the flow field at the interface of
the solidification, an electromagnetic field analysis and
a flow field analysis were carried out. The Lorentz
force, which is applied to the molten aluminum at the
inside of the header, was calculated using the
commercial code JMAG (JSOL Corp.). The shape of
the mushy zone was estimated by a thermal analysis.
Table 3 shows the material properties of the molten
aluminum used for the electromagnetic field analysis.
In this analysis, it was assumed that the temperature

of the molten metal was constant at 650°C.

Table 3 Parameters used for the electromagnetic analysis.

Temperature (K) 923
Electric resistivity (Q-m) 258 x 1077

Density (kg / m®) 256 % 10°

Viscosity (Pa*s) 144 x 10°°

10 UACJ Technical Reports, Vol.6 (1) (2019)



Effect of reversing rotational magnetic field on grain size refinement 11

The flow field of the molten aluminum inside of the
header was calculated using the commercial CFD
code FLUENT (ANSYS, Inc.). The Lorentz force
calculated by the electromagnetic analysis was used
for the flow field analysis as a source term of the
momentum equation. Since the direction of the RMF
is reversed at regular intervals, this analysis is an
unsteady calculation. For the sake of reducing
calculation time, the following assumptions were used:
1: The flow field did not affect the electromagnetic
field, 2: No energy transportation or solidification
phenomena, 3: Properties of the molten metal were
uniform and constant, 4: No feed of molten metal or
casting withdrawal, 5: 2-dimensional axisymmetric
flow with swirling. The inversion time was set to
three conditions, Le., 0.0 s (mono-direction stirring), 0.3
s and 1.0 s. Time variations of the flow rate at the
positions corresponding to the observation points of

the microstructure were recorded.

4. Experimental results

Fig. 3 shows an example of the molten aluminum
surfaces to which the reversing RMF was applied.
These photographs were taken during the crucible
test. Strong flow was generated when the inversion
time was 1.0 s. Fig. 4 shows the microstructures of
the ingots that were cast in this study. The grain
sizes of the RMF-applied ingot were finer than ingot
that was cast without applying the RMF and adding
the grain refiner. There was a difference in grain size
depending on the inversion time in case that
comparing the RMF-applied ingots. Some of the
grains of the RMF-applied ingot did not have a
dendrite structure, but a smooth geometry. Fig. 5
shows the result of the grain sizes measured from the
photographs of the microstructures. In case that the
inversion time was short, it was found that the grains
are not refined near the center of the ingot. On the
other hand, in case that the inversion time was 1.0 s,
the grains are finer than the ingot to which was

applied the mono-direction RMF.

Fig. 3 Photographs of the molten aluminum surfaces
applied the RMF (inversion time a: 0.3 s, b: 05 s

and c: 1.0 s).
Test| Grain | Inversion 1/4 position 1/2 position
No. | refiner time of diameter of diameter
0.0s
V| N [Qone
addition dl.rec.tlonal
stirring)
No
2 | addition | 038
No
3| addition | %58
No
4 | addition | 108
5 No Without
addition [ RMF
... | Without
6 [Addition RMF

Fig. 4 Microstructures of DC billets with/without RMF

60
40

Grainsize,
o 8

billets.

Surface ﬁalf of radiﬁs Center
Observation position

- 00s (Mono-
directional stirring)

—-0.3s
-=- (.58
~a- 108

Without EMS
Without grain refiner

— Without EMS
With grain refiner

Fig. 5 Relationship between the grain size and the

stirring condition.
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12 Effect of reversing rotational magnetic field on grain size refinement

5. Numerical simulation result

Fig. 6 shows the result of the vector field of the
magnetic flux density on a horizontal cross section at
the height of the coil center. The figure shows that
the magnetic flux density is strong near the surface
of the coil. Radial distribution of tangential component
of magnetic flux density inside the stirrer’s bore was
measured by a gauss meter and compered with the
electromagnetic analysis. The results are shown in
Fig. 7. The experimental data and the numerical
simulation were in good agreement. Fig. 8 shows the
spatial distribution of the Lorentz force in the molten

aluminum induced by the stirrer. The force is applied

.

Fig. 6

[[em 9pIS

/\ SOV
Solidification front ~

SIXE JI9)Ud)

only to the limited area near the RMF coil and not
only the tangential component of the force, but also
the radial and vertical components are applied to the
molten aluminum. Fig. 9 (a) and Fig. 9 (b) show the
vector fields of the fluid flow when the inversion time
is 0.3 s and 1.0 s respectively. It can be seen that it is
not a simple swirl flow, but a complex 3-dimensional
flow. Fig. 10 shows the comparison between the
maximum tangential velocity and the inversion time
at » = 20 mm and » = 40 mm, respectively (the center
axis is » = 0). The heights of the output positions are
the solidification fronts. It was found that the
tangential velocity is low near the diameter center
when the inversion time was 0.3 s. The maximum
velocity of the mono-direction stirring was higher

than that of the reversed stirring.

=

g

<120 ]
R 100 F ]
>.‘ L
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D 80 L ]
[=} [
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Fig. 7 Radial distribution of the magnetic flux density.

F, F,
0~4.04e3 -896e2~1.23¢e2 F/Nm*
= 2 max
|
) B
min

Fig. 8 Spatial distribution of Lorentz force acting on the molten aluminum in the casting pool.
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m/s
I 25

Side wall
777 Center axis

" - front

~~~~~ 7
s~

ki Solidification I
t=000s t=005s =010s =015s =020s (=025s =030s 0

(a) Inversion time : 0.3 s

t=00s =01s =02s =03s t=04s =05s =06s =07s =08s =09s =10s

(b) Inversion time : 1.0 s

Fig. 9 Flow fields generated by the reversing RMF stirrer during the reversing intervals of 0.3 s and 1.0 s.

16
14 Hmr=20
12 mr =40

because the Lorentz force was exerted only near the

surface of the molten aluminum. In order to refine the

T(I)
g
\ .o, . . .
e . structure at the central position, it is necessary to
o
< 08 increase the inversion time or exert the Lorentz force
> . .
= 06 to further inside the molten aluminum.
= . .
g 04 Fig. 11 shows the relationship between the
%0 02
: . . . . .
5] maximum tangential velocity and the grain size. The
S 0 - . g . y g.

0.3s 1.0s mono-direction maximum velocity of the molten aluminum for the

Inversion time / s mono-direction stirring was higher than that of the

Fig. 10 Comparison between the maximum tangential reversing stirring; however the grain size of the

velocity and the inversion time (at » = 20 mm and

RIS mono-direction stirring ingot was not refined
40 mm, z = solidification front).

compared to that of the reversing stirring ingot.

100
6. Discussion <
80 @
It is found that the grains are not refined near the g 60 - -
center of the ingot when the inversion time was > *»
short. As a result of the flow field analysis, it was E 40
shown that the maximum velocity at the diameter 5 2 @ Reversing RMF
center is nearly zero when the inversion time is 0.3 s. B Mono-direction RMF
Therefore, it was estimated that the grains were not 0 0 0‘_5 1 115 )

refined since the flow field had not developed. In this Tangential velocity / m-s™

study. the most of the driving force of the molten Fig. 11 Relationship between the maximum tangential

aluminum at the center was the viscous force velocity and the grain size.
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Therefore, it is estimated that the influential factor of
the grain size is not only the velocity. The difference
between the mono-direction stirring and reversing
stirring is the time variation of the flow velocity. The
velocities of the solid and liquid phases are not equal
when applying the reversing RMF because these
properties are different. It is considered that the
velocity gap between the solid and liquid phases
facilitate the homogenization of the solute
concentration. If the solute concentration is uniform,
the growth of dendrites is inhibited and the
solidification interfacial velocity decreases, and as a

result, the grains are refined.

7. Conclusion

1. The structure at the center of the billet was not
refined in case that the inversion time was short.
It is estimated that the flow field was not
developed because the inner portion of the
molten aluminum is stirred only by the viscous
force and not the Lorentz force.

2. When the inversion time was long, the grain
refinement by applying the reversing RMF
showed a greater effect than by the mono-direction
stirring. It was estimated that the intermittent
velocity variation generated by applying the
reversing RMF leads to the homogeneous fine

grain structure.

Acknowledgment: This is a revised prepublication
version of an article published in “Light Metals 2019”".
The final published version is available online at:
https://doi.org/10.1007/978-3-030-05864-7_121
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Effects of Impurities and Processing Conditions in Al-1%Mn Alloys
on the Formation of Thermally Stabilized Substructures *

Hiroki Tanaka™** and Wataru Narita™**

In this study, the effects of impurities and processing conditions on the thermal stability of substructures
formed through a hot deformation were investigated using a plane strain compression (PSC) test. Two
types of Al-1%Mn alloys were prepared. One of the alloys had a low content of silicon and iron owing to
the use of a pure aluminum bare metal (4N-1Mn alloy). The other was cast by using an A1050 alloy (1050-
1Mn alloy). The PSC tests were performed between 300 and 500°C and were followed by annealing at 500
C for 120 s in a salt bath. After the salt bath treatment, the 4N-IMn alloys exhibited a recrystallized
structure, whereas the 1050-1Mn alloys retained their fiber structure. Although the 4N-1Mn alloys
exhibited a small increase in the conductivity after the PSC test, the conductivity of the 1050-1Mn alloys
showed an apparent increase. The synchrotron radiation analysis confirmed Al-Mn-Si precipitations in
the compressed 1050-1Mn alloys. These precipitations could be the reason for the change in conductivity
in the compressed 1050-1Mn alloys. Precipitations were barely observed in the compressed 4N-1Mn
alloys, and small precipitations formed during the hot deformation seemed to affect the formation of the
thermally stabilized substructures. In addition, the study results showed that the impurities, such as
silicon, contribute to the precipitation during the hot deformation.

Keywords: aluminum manganese alloys, plain strain compression, substructure, thermal stability,

synchrotron radiation analysis

1. Introduction

Microstructures that form through hot deformation
significantly affect the properties of a material.
Although hot rolling is often performed at
recrystallization temperatures or higher, fibrous
microstructures consisting of grains in a pancake
shape can be produced in the rolling direction
depending on the conditions”. In this case, subgrain
structures often exist in the fibrous microstructures.
This indicates that the subgrain structures are
maintained without forming recrystallized grain
structures owing to the formation of thermally
stabilized substructures. Horita et al? investigated
the thermal stability of various practical aluminum
alloys by using the equal-channel angular pressing
method. They reported that fine grain structures of
A A5083 and AA3004 alloys are maintained up to
200°C, whereas those of AA2024 and AA7075 alloys

are maintained up to 300°C.

We have investigated the formation of thermally
stabilized substructures of the 5000 series®, 6000
series”, and 7000 series aluminum alloys®. We found
that thermally stabilized substructures are formed
under rolling conditions by controlling the processing
temperature and strain rate with the addition of
transition elements such as manganese and
zirconium. We also identified that the fibrous
structures consisting of subgrain structures have
anisotropic properties with high strength and good
corrosion resistance® ™. 3000 series aluminum alloys
are widely used in food and beverage cans. To
improve the strength and corrosion resistance of 3000
series aluminum alloys, it is important to optimize the
process conditions for obtaining thermally stabilized
substructures.

In the current study, the conditions of substructure

formation in Al-1%Mn alloys were investigated using

* This paper is reprinted from Mater. Trans. 59 (2018), 1701-1705..
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16  Effects of Impurities and Processing Conditions in Al-1%Mn Alloys on the Formation of Thermally Stabilized Substructures

the plane strain compression (PSC) test method” to
determine the strain distribution in a test sample.
This study aims to clarify the effects of impurities
and hot processing conditions on the formation of
thermal stabilized substructures. To determine the
effect of impurities, two types of Al-1%Mn alloys
were prepared: one with a low content of silicon and
iron owing to the use of high-purity aluminum bare
metal (4N-1Mn alloy), while the other was cast by
using A1050 aluminum alloy (1050-1Mn alloy). The
recrystallization behavior was studied after heat

treatment of the PSC test pieces.

2. Experimental Procedures

The compositions of the materials tested during
this study are listed in Table 1. The two types of
Al-1%Mn alloys, 4N-1Mn and 1050-1Mn alloys, were
cast into 175 mm long slabs by using a standard semi-
continuous direct chill technique.

The average grain sizes of the 4N-1Mn and 1050-1Mn
alloys were respectively 250 um and 94 um, by using
the cutting method®. To clarify the effect of solute

Table 1 Chemical composition of the samples. (mass%)

Si | Fe | Cu |Mn|Mg| Cr | Zn | Ti | Al
4AN-1Mn | 0.01 | 0.02 |<0.01{ 0.99 |<0.01/<0.01{<0.01| 0.01 | Bal
1050-1Mn | 0.16 | 0.34 |<0.01| 0.99 |<0.01{<0.01|<0.01| 0.01 | Bal

atoms, the slabs were not homogenized; they were
machined to a height (ST direction), width (LT
direction), and length (L direction) of 10, 20, and 50 mm,
respectively. The PSC test temperature was set to a
range between 300 and 500°C. In all the experiments,
the warm-up time was 1 min. The specimens were
compressed after being maintained at a set
temperature for 1 min, resulting in a change in
thickness from 10 to 5 mm, while the strain rate of
the anvils was varied between 0.1, 1, and 10 s\ The
compressed specimens were then quenched
immediately using water. Next, the specimens were
heat treated at 500 or 530°C for 120 s in a salt bath,
followed by water quenching. The cross sections of
the obtained compressed specimens were
investigated using a polarizing microscope. Further,
after the PSC test, the electric conductivity was
measured at the center layer in a part compressed by
anvils (constriction part) and at the surface layer in

the noncompressed part (invariant part).

3. Results

3.1 Changes in microstructure

The microstructures of the specimens compressed
at a strain rate of 1 s are shown in Fig. 1. For the
4N-1Mn alloy, a fibrous structure is shown at 300°C

and recrystallized grains were partially formed

4AN-1Mn alloy

1050-1Mn alloy

5007C-120s

as PSC 5007C-120s

500C-1 /s

e

400C-1 /s

300C-1/s

Fig. 1 Optical micrographs of the constriction parts of the compression test pieces after the PSC

test and the heat treatment at 500C or 530C on the 4N-1Mn alloy and the 1050-1Mn alloy.
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Effects of Impurities and Processing Conditions in Al-1%Mn Alloys on the Formation of Thermally Stabilized Substructures 17
Table 2 Microstructure change of the 4N-1Mn alloy.
4N-1Mn after PSC 500°C-120s

Temp. 0.1/s 1/s 10/s 0.1/s 1/s 10/s

500C F+R F+R F+R R R R

450C F F+R F+R R R R

400C F F+R F+R R R R

350C F F F+R R R R

300C F F F+R R R R

Symbol / R : recrystallization, F : fibrous structure
Table 3 Microstructure change of the 1050-1Mn alloy.
1050-1 Mn after PSC 500°C-120s 530°C-120s

Temp. 0.1/s 1/s 10/s 0.1/s 1/s 10/s 0.1/s 1/s 10/s

500C F F F F F F F F F

450C F F F F F F F F F

400C F F F F F F F F F

350C F F F F F F F F F+R

300C F F F F F F+R F+R R R

Symbol / R : recrystallization, F : fibrous structure
over 400°C. Furthermore, the constriction parts were _ (a) 4AN-1Mn alloy

%)
characterized by recrystallized grain structures after Q 300 — —

ﬂ \ oconstriction B invariant A§ cast
heat treatment at 500°C. For the 1050-1Mn alloy, the E 995/ M M /
fibrous structure was maintained even after heat *E T T T HTHTET R ITET
treatment at 500°C. Table 2 and Table 3 show the 'g 290

5
microstructural changes of the 4N-1Mn and 1050-1Mn g %5

S 28.
alloys, respectively. The 4N-1Mn alloys exhibit 2
recrystallized grain structures (marked R in the table) %3 230 o1l 1110l 1 lorl 110l 1 [orl 1 [10s
after heat treatment at 500°C in all the compression 300 350C 400C 450C 500°C
conditions. However, the 1050-1Mn alloys maintain Test condition on PSC
fibrous microstructures (marked F in the table) after _ (b) 1050-Mn alloy
heat treatment at 530°C in the case of compression at & 320

. o < tricti i iant M
a temperature higher than 400°C. The 1050-1Mn alloys < [ = constriction_s invarian
i < 315 M
tended to exhibit recrystallized grain structures in 2
. = As cast
the case of compression under 350°C. Based on these 2 310 i

=1 1
results, we conclude that 1050-1Mn alloys are hardly = H

S 305~ - L - By ) I 8
recrystallized compared to 4N-1Mn alloys, implying ;

—
that thermally stabilized substructures were formed § 300

= o1 110 1 01| 1|10|1|01] 1 10/

. . . m
during hot compression processes in the 1050-1Mn 300°C 350C 400°C 150°C 500C

alloys.

3.2 Electric conductivity change

The electric conductivities cast were 29.4% and
30.5%IACS for the 4N-1Mn and 1050-1Mn alloys,
respectively. Fig. 2 shows the changes in the electric
conductivity of the alloys after the PSC tests. A small
change is observed in the electric conductivities of the
4N-1Mn alloys in the constriction and invariant parts.

For the 1050-1Mn alloys, the electric conductivities in

Test condition on PSC

Fig. 2 Changes of the electric conductivity after the PSC
tests on (a) 4N-1Mn alloy and (b) 1050-1Mn alloy.

the constriction part increased relative to those in the
invariant part. In addition, the electric conductivities
in the invariant part increased when the PSC tests

were performed at temperatures of over 400°C.

UACJ Technical Reports, Vol.6 (1) (2019) 17



18  Effects of Impurities and Processing Conditions in Al-1%Mn Alloys on the Formation of Thermally Stabilized Substructures

4. Discussion

Electric conductivity is fluctuated by solution
atoms, precipitates, and lattice defects such as
dislocations. In addition, electric conductivity is known
to be decreased by 0.2%IACS when the dislocation
density reaches 10" cm™ 7%

It is known that the dislocation density of cold-
worked aluminum alloys gets at 10" cm™ ?. In the
current study, the dislocation density of the
constriction part is estimated to be under 10" cm™
due to hot deformation. Hence, the effect of
dislocations on the electric conductivity should be
small in the constriction parts. Electric conductivity is
also known to be decreased by 6.5%IACS when the
content of the solid solution on manganese increases
0.1mass%'?. Thus, it should be considered reasonable
that Fig. 2 shows the change of the content of the
solid solution on manganese.

Fig. 3 illustrates the relation between the forming
time and electric conductivity for 1050-1Mn alloys
shown in Fig. 2. We determined that the electric
conductivity changes according to the natural
logarithm of the forming time, as expressed in
equation (1). Consequently, the change in the electric
conductivity of the 1050-1Mn alloys is correlated with
the precipitation number of compounds containing
manganese. Hence, the precipitation amount is
roughly proportional to the natural logarithm of the

forming time.
EC = K X Log(t) + ECy (1)

where EC is the electric conductivity [%IACS], K is

w
S

y=0.1332Ln (x) +31.589

w
-
o)

w
g
=2}

compressive temperature
[(J300C O400C A 500C

w
—
Y

Electric conductivity / %IACS

312 y=00536Ln (x) +31086
31 y=00138Ln (x) + 30918
30'80 1 2 3 4 5 6 7 8

Forming time / s

Fig. 3 Relationship between the forming time and the
electric conductivity.

a constant, and ¢ is the forming time [s].

X - ray diffraction (XRD) measurements were
conducted using Aichi synchrotron radiation to
observe the precipitations. Table 4 shows the analysis
method of the synchrotron radiation, in which PSC
samples compressed at 400°C at a rate of 1 s were
used. The measuring plane used in XRD is the same
plane used for electric conductivity measurements.
Fig. 4 shows the X-ray diffractograms. In the case of
the 4N-1Mn alloys, a very small peak is observed in
the constriction part. This small peak can be

attributed to the AlosFeooMnos phase. For the

Table 4 Analysis method of Aichi synchrotron.

Beam line BL8S1
Analysis method XRD (260 method)
2D detector PILATUS-100K
Diffraction angle 7~49.99 deg
Scan speed 2deg/min
Step width 0.03 deg
Exposure area 0.5x0.5mm
Wave length 0.8692A
(a) 4N-1Mn alloy
5000
@& AlysFegsMnyg — ~
AAIMn = S
= V AlMn <= =
s = =
2
% 3000F
=1
]
E . .
= 4f'l constriction
invariant
1000 . . .
10 15 20 25 30
20 (deg)
O AlFe @ AL Mn,Si;
v Al,Fe, O AlysFe,Siys
B Al;FeSi A AlMn
(b) 1050-1Mn alloy @ Aly;FegMnys O AljFey;MnggSi,
5000 = v
E]
&
>
B
‘B
b=t
3
=
S
constriction
o
invariant
100010 15 20 25 30

20 (deg)

Fig. 4 X-ray diffractograms taken on the PSC test
specimens compressed at 400C at a rate of 1 s™
on (a) 4N-1Mn alloy and (b) 1050-1Mn alloy.
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invariant part of the 4N-1Mn alloy, X-ray diffraction
peaks are identified owing to the Als{Mn phase, which
should be formed in the casting process. It was hard
to identify the Al¢Mn compounds with an optical
microscope owing to the scattered distribution. In the
constriction part, the distribution of the Al¢Mn
compounds might be wide due to metal flow to the
longitudinal direction. An X-ray diffraction peak
attributed to the Al¢gMn phase could not be identified
in the constriction part.

For the 1050-1Mn alloys, some peaks were
identified at the same diffraction angle in both the
invariant and constriction parts. These phases are
probably formed in the casting process except
Al;Mn;Sis and AlgsFeooMngs phases. The peak related
to the AlsMn,Sis phase is clearly observed in the
constriction part. The increase in electric conductivity
at the constriction parts of the 1050-1Mn and 4N-1Mn
alloys is due to precipitations of the AlsMnsSis and
AlpsFeooMnos phases, respectively. This study
showed that during hot deformation, impurities of
silicon and iron derive precipitations including
manganese such as AlsMn,Si; and AlgsFeoosMnog
phases.

A proposed mechanism for the formation of
stabilized substructures is illustrated in Fig. 5.
Dynamic precipitations during hot deformation inhibit
dislocation movement, whereas a dislocation moving
on a different slip plane results in an immotile
dislocation!”. Because the slip plane of this integrated
dislocation should be the (001) plane, the integrated
dislocation would not be able to move on the (001)
plane.

If hot deformation was performed in a C-curve nose
to enable decomposition of the solid solution, many
immotile dislocations would be produced. These

immotile dislocations result in thermally stabilized

T (11D

a 7 a T T
21011 21011]

Dynamic precipitation N

(111)

substructures and subgrain boundaries. This
hypothesis should be supported by future theoretical
and empirical examinations. We plan to conduct
small-angle X-ray scattering (SAXS) measurements to
clarify the compound size and distribution in the
Al5Mn2Si5 phase. By using SAXS data, we can
clearly determine a mechanism for the formation of

stabilized substructures.

5. Conclusions

The effects of impurities and processing conditions
on the thermal stability of substructures formed
during hot deformation were investigated using the
PSC test. The principal findings are as follows:

(1) AN-1Mn alloys exhibit recrystallized grain
structures after heat treatment at 500°C under
all compression conditions. The 1050-1Mn alloys
maintain fibrous microstructures after heat
treatment at 530°C in the case of compression
over 400°C; however, they tend to exhibit
recrystallized grain structures in the case of
compression under 350°C.

(2) There is a small change in the electric
conductivity of 4N-1Mn alloys in the
constriction and invariant parts after the PSC
tests. However, for the 1050-1Mn alloys, the
electric conductivity in the constriction part
increases compared with that in the invariant
part.

(3) The precipitation of the AlsMn»Sis phase in the
constriction part of 1050-1Mn alloys occurs, as
shown through XRD measurements using
synchrotron radiation. The impurities of silicon
and iron were observed to derive precipitations
including manganese, such as AlsMn.Sis and

AlgsFeooMnog phases, during hot deformation.

Dislocation lock

(AL;Mn,Sis) > (111)

*T
1101 (000

Fig. 5 Hypothesis on the formation of stabilized substructures. a: lattice constant.
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Effects of Rolling and Heat Treatment on the Texture Formation of
an Al-Mg-Si Alloy*

Akira Hibino ** and Tomohito Kurosaki ***

In this study, the relationship between the drawing formability and the textures of an Al-Mg-Si alloy
under various rolling and heat treatment conditions was investigated. The LDR (limiting drawing ratio)
value became the highest only when the average r value was high and Ar was low. Randomization of the
texture created by reducing the cube orientation density of the recrystallized texture is effective to
improve the drawing formability. In order to obtain the randomization of the final texture, it is important
to randomize the initial orientation, to maintain proper solid solution and to form fine precipitates

(clusters, acicular £”) in the middle of the process.

Keywords: AI-Mg-Si, texture, ODF, r value, LDR
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Fig. 1 Sample manufacturing processes under
the conditions of process A and process B.
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Fig. 2 Proof stress of the FA samples under various
manufacturing conditions.
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Fig. 3 Elongation of the FA samples under various
manufacturing conditions.
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Fig. 4 r values of the FA samples under various
manufacturing conditions.
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Fig.5 LDR of the FA samples under various
manufacturing conditions.
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Fig. 6 Electric conductivity of the samples in each stage
for process A and B.
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Fig. 7 ODF analysis result at ¢» = 0° for the samples
in various stages and the maximum orientation
density. Contour levels: 3, 6, 9, ..., 30
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Effects of Temperature and Strain Rate During Hot Rolling
on Microstructure and Tensile Properties of
High-Strength Al-Zn-Mg-Cu Alloy*

Kazushige Norikane **, Takayuki Fujimori*** and Hiroki Tanaka****

The effects of temperature and strain rate during hot rolling on the microstructure and the tensile

properties of the high-strength Al-Zn-Mg-Cu alloy were investigated. The hot rolling was performed
under controlled temperatures (300C, 350C and 400C) and strain rates (0.3 s™ and 2.0 s™). Hot-rolled
samples were prepared by a solution heat treatment followed by T6 aging treatment. With the increase

of the Z parameter calculated from the temperature and the strain rate during the hot rolling, the 0.2%

proof stress after T6 treatment was increased by up to 20 MPa at the surface region of the rolled sheets

and by up to 8 MPa at the center region. This is because the average subgrain diameter became smaller

as the Z parameter increased. In addition, the 0.2% proof stress of the center region of the rolled sheets

was about 70 MPa higher than that of the surface region. At the center region, the orientation densities of
Brass texture (j011}<211>), S texture ({123{<634>), and Cu texture ({112}<111>) were higher than that of
the surface region. Therefore, the Taylor factor was higher at the center region than the surface region,

and as a result, the 0.2% proof stress of the center region became high.

Keywords: Al-Zn-Mg-Cu alloy, hot rolling, tensile properties, texture
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Table 112733 LAHIEE O 531 % -8 ot 85 5% 1
720 HZn#EO Al Zn-Mg-Cu&£&Th Y, ERT
FelLTynvaz=yrz@mmLrz, BEE203 mmOE
Ly MEIRICE L, KA T470C -48 h ¥ Lt
MEAT o 700 BEACLB R, WM TICX > TES
100 mm X 135 mm X £ X300 mm DL T T v 7 %
R 720 EBROBMELE TIZL S AD T TH 57
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Tt 12782 TIT o 720 BB IER O KR EE (300,
350CHB L 400C) BLPOTAHE (03 sTB LY
20 s ZHIEIL, FH6SMOBBIEERZFRL 72,
COB, a—VNEICh - )y Ve =S ZEkE L,
O—VEMBT LN TELIEERY ZH L L
T, BMELEROMEORMBER T2, 2L S
U CHEHREDS —EE 22 X ICHf L7z, u—
IV EE 1 300°C 248 FE IE A T UE 300°C, 350°C 24 1 4t
B X N 400C B ELEH T2 350C (28 o FRRIRE)
WCHIE L 72e F 72, SAHOMEHRER T2 #2572
B, 282 HOMEHREENER %2 B &, 7S A O %
BT LK D IS A AT 5 720 78 A BIRER MR
HEHEZIT-2HEICBVTH2 sMNTH - 72,
BEE RO O3 A (D) e TR L2,

= e BT (1)
E = —— ¢ ——
/Rho 2—r
ZZT, EFOTARENE, Upldu—VE#E (m/s),
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JEFETH S, Table 212K/ XADIETERB LT —
WIE#E %R T 03 sTEMIEEM & 20 s AR E LR T
FENRADETEERZ, 72, &S 2%BLTET R
Wiz 72 (5~8 mm), €L T, U—LVFEAHEOAE
ZALE /D I ETOT AMEL 2KEICHIEL 720 £
7z, B\MERER OB E L CHRED ) 3 v 1
VA7,

B E LR OBIE KA TA70C - 2 hoHEHR b
ATV, KBEANZE L 720 & 5ICEHIRIST24 hikFr
L72#%, 120C - 24 ho N TEERIALEL 2 47w, T6H &
L7z

T6 M2\ Tk, L-ST Wi oGBSk e LE,
TEM#M#RBIZE S & OEERWE 21T 5 720 TEMAMK
BRI EMATE L CER L, MBS0 AE
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Table 1 Chemical composition of the specimen. (mass%)

Si Fe | Cu | Mn | Mg | Cr | Zn | Ti | Zr | Al
0.06 | 0.06 | 154 |<0.01] 249 |<0.01|10.38| 0.03 | 0.15 | Bal.

Table 2 Pass schedule in the hot rolling process.

. 03s! 20 st
Thickness - -
Pass / mm Rolling speed Rolling speed
/ m - min? / m - min’

100

1 92 7 50

2 34 7 45

3 76 6 40

4 68 6 38

5 61 5 36

6 54 5 32

7 47 4 28

8 41 4 26

9 35 4 24

10 30 3 22

11 25 3 18

12 20 2 16
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Fig. 1 Temperature histories of the sample during the
hot rolling process.

Table 3 Average Z parameter in each hot rolling.

Temperature 300 C 350 C 400 C
Strain rate | 20s' | 03s' | 20s? | 03s? | 20s? | 03 st

log Z 139 132 130 12.3 12.3 116
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Fig. 2 Relationship between the Z parameter in the hot
rolling and the 0.2% proof stress of the T6 sheets.
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Fig. 3 Polarized optical microstructures of the T6 sheets.
(strain rate: 0.3 s™)

Fig. 4 TEM microstructures of (100). (T6 sheets, strain

300C (log Z = 13.2)

400C (log Z = 11.6)

1Q image Grain boundary

rate: 0.3 s7)
ST
[

1Q image Grain boundary

Fig. 5

Image quality (IQ) and grain boundary maps of the T4 sheets. In the grain boundary maps, the

gray lines indicate small angle grain boundaries (misorientation angle: 2° -15°), and the black lines
indicate large angle grain boundaries (misorientation angle: 15° -180°).
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Fig. 7 ODFs of the T4 sheet (temperature: 400C and strain rate: 0.3 s™).
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Fig. 9 Taylor factor of the T4 sheets.
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(temperature: 300C, strain rate: 0.3 s™).
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Change in the Porous Structure and the Liquid Phase Migration
in the Bonding Porous Aluminum Using an Al-Si Based Alloy Sheet
for Brazing™

Tomohito Kurosaki™*, Makoto Kobashi ***, Naoki Takata ***
Asuka Suzuki*™**, Hiroki Tanaka™**** and Tadashi Minoda *****

In this study, an attempt was made to braze porous Al samples fabricated by powder metallurgy with an
Al-2.5mass%Si alloy sheet at 863-883 K. These porous Al samples were fabricated by using a 99.9% purity
Al powder. During the brazing process, the porous Al was deformed. The deformation was greater at
higher brazing temperatures, and which resulted in reduction of the porosity localized at near the
interface between the porous Al and the sheet. As determined by the cross-sectional observation after
brazing, the cell walls of the porous Al showed a different microstructure compared to that prior to
brazing. The electron probe microanalysis revealed the presence of Si in the cell walls after brazing.
These results indicate that the Si containing liquid phase was formed in the sheet during brazing, and
migrated to the cell walls. To clarify the migration behavior of the liquid phase on the surface and in the
cell wall, a sintered bulk Al sample was brazed with an Al-2.5mass%Si sheet at 873 K. The results suggest
that the liquid phase preferentially migrated both on the surface and through the powder boundaries.

Keywords: porous aluminum, sintered aluminum, space holder method, AI-Si based alloy, brazing
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Al-Si based alloy sheet

Balancing and mixing the
base powder (Al NaCl)

Balancing the
base powder (Al)

Casting
(Direct till method)

v v v

I Cold compaction I I Cold compaction I I Hot rolling I
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I Cutting I I Cutting I I Intermediate annealing I
v

I Leaching NaCl I
|

| Cold rolling |
|

I Brazing the porous Al I

A

A

I Brazing the

sintered Al I

Fig. 1 Flow chart for the sample preparation.

Table 1 Chemical composition of the Al-Si based alloy brazing sheet.

Compositon (mass%)
Alloy - -
Si Fe Cu Mn Mg Cr 7n Ti Al
Al-2.5mass%Si 252 0.09 | <001 | <0.01 | <001 | <001 | 0.01 0.01 Bal.
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Jig plate
(30 mm X 30 mm)

Porous Al

or sintered Al
(Diameter=8 mm,
Height=4.5 mm)

Al-Si based alloy
sheet
(30 mm X 30 mm)

Cross-sectional
observation position

Fig. 2 Schematic diagram showing the brazed samples
(either the porous Al or the sintered Al) prepared
in this study.
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31 R—=FRATINIZJ LDOEAEER

ERL L 7R =5 27V 3 =7 2 O Wik G S SE
218 % Fig. 3127”7, Fig.3(a) ¥, a-7IVI=72AH
BISHETH %o MRBAMWIIRD HNT, a-T I3
= AP O D EVEE L RILBIEE S Nz IV EE
OE XL, 10 pum FEEHD S 200 yum FRETH - 720 AL
DRESIZ10 umFBED 5400 umBETH > 72, &
REREEE % W CIE4.0 mm, &S24 mm OO
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T P

100 pm

100 um 98

Fig. 3 Optical micrographs showing the cross-section
of the porous Al sample before the brazing
process: (a) observation for the Al phase and (b)
observation for the grain structure.
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Fig. 3 (b) 13 BBISETH 5o LIVEENIZIZ20 um
FERE DM 2R R DTE R S T 72,

B IFHIHE (B 9 FHEEE @ 873 K) OiBRF 04 Bl
% #NZFNFig. 4 (a) BL O (b) 127" T, Fig. 4 (b) H
WCRHITRT LI, K=FATNVIZTADH I
B DA TR T L Tz,

873 K TH 9 ff L 7z ikl B2 & F 135 6% o i T G
FUAMSES % Fig. 513”3, Fig. 5 (@) lda-7VvI=w
LB TH 5, KILOTHITRO SRS, A )1

Porous Al

Porous Al

Fig. 4 Appearance of the porous Al samples: (a) before
and (b) after the brazing process at 873 K. Arrows
indicate deformed positions.

Fig. 5 Optical micrographs showing the interface
between the porous the Al and Al-2.5mass%Si
sheet after brazing at 873 K: (a) observation for Al
phase and (b) observation for the grain structure.

Porous Al

:&CC A

Al;2.5mass%Si "% 9. L g / 50 um

BMe’talIicub;nding @ : i

Fig. 6 High-magnification optical micrographs showing
the interface between the porous Al and the
Al-2.5mass%Si sheet after brazing at 873 K. A
solid line shows the metallic bonding part.
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Fig. 7 Change in the width of the porous Al as a
function of the distance from the interface.
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Fig. 8 Change in the porosity of the porous Al as a
function of the distance from the interface.
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Fig. 9 (a) Al and (b) Si elemental maps analyzed
by EPMA and (c) the corresponding optical
micrograph showing the interface between the
porous Al and the Al-2.5mass%Si sheet after
brazing at 873K.
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Fig. 10 Optical micrographs showing the cross-section
of the sintered Al sample before the brazing
process: (a) observation for the Al phase and (b)
observation for the grain structure.

Sintered Al

A1.925 LA
Al-2.5mass%Si 5 mm

Fig. 11 Appearance of the sintered Al samples: (a) before
and (b) after the brazing process at 873 K. Arrows
indicate the deformed positions.

(a) Slntered"Al e

Fig. 12 Optical micrographs showing the cross-section
of the interface between the sintered Al and the
Al-25mass%Si sheet after brazing at 873 K: (a)
observation for the Al phase and (b) observation
for grain structure.
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Fig. 13 (a) Al and (b) Si elemental maps analyzed
by EPMA and (c) the corresponding optical
micrograph showing the interface between the
sintered Al and the Al-25mass%Si sheet after
brazing at 873 K.
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LPowder: /
zboundary,

Fig. 14 (a) TEM bright field image showing the powder
boundaries in the sintered Al sample before the
brazing process and (b-d) the corresponding EDS
elemental maps: (b) Al, (c) Si and (d) O.

(a)

Porous Al pywder boundary

Low
Si

Al-2.5mass%Si
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Fig. 15 (a) TEM bright field image showing the powder
boundaries in the sintered Al sample after
the brazing process at 873 K and (b-d) the
corresponding EDS elemental maps: (b) Al (c) Si
and (d) O.

(b) (c)

Fig. 16 Schematic diagrams showing the flow process of the liquid phase provided by the Al-2.5mass% sheet during
the present brazing process: (a) liquid flow on the surface of the cell walls, (b) liquid eroding along the powder
boundaries inside of the cell walls, (¢) grain growth inside of the cell wall enhanced by the liquid phase.
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Table 1 Required properties on the materials for the aircraft applications.
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Fig. 5 Effect of application of the electromagnetic stirring
method on the grain size of the developed alloy
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Fig. 6 Effect of application of the electromagnetic stirring
method on the precipitations of the developed alloy
ingot.
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Fig. 13 Procedure for the residual stress measurement by the deep hole drill (DHD) method.
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Fig. 14 Residual stress distribution of 7050 of WQ and FS
samples measured by DHD method and Neutron
diffraction method "
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Fig. 1 Structural formulas of the typical organic
salt composing chloroaluminate ionic liquids.
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Fig. 2 Relationship between the molar fraction of AICls

and the anion (@: CI', O: [AICL]", &: [Al;Cl]")
concentration in the AlCl3-[EtMelm]Cl ionic liquid.
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Fig. 3 Structural formula of the 1,10-phenanthroline (OP).
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Fig. 5 AFM images on the surface of the aluminum electrodeposits obtained from in
(a) 50.0mol% m-xylene-33.3mol%AICl; -16.7mol% [EtMelIm]Cl electrolyte, and in
(b) 50.0mol% p-xylene-33.3mol% AlCl3-16.7mol% [EtMelm]Cl electrolyte both

at 10 mA cm™ 50 C cm? &,
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Table 1 Chemical compositions of the Al-SiC composite anode and

the electrodeposit on the cathode

62)

(mass%)
Al SiC Si Cu Fe Zn Mg Ni
Al-SiC composite 66.22 23 5.78 231 1.05 0.77 0.38 0.1
Electrodeposit 98.15 - - 1.26 0.04 0.31 0.13 0.1
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Fig. 2 R&D Center (North America) in Chicago.

R&D Center (North America), UACJ North America, Inc., Dr. Eng.
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Fig. 3 Meeting on automobile parts at UNA.
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Introduction of

“UACJ-AIST-Collaborative Laboratory (Open Innovation Laboratory)”

Hisashi Mori*, Yoichi Kojima *, Hiroki Tanaka™**, Kenji Nose ***
Naoki Tokizane ****, Naoki Omura***** and Mamoru Nakamura **** **
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Fig. 2 Concept of the collaborative laboratory.
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History of the Aluminum Technology from Duralumin to Extra Super Duralumin (Part 5)
Extra Super Duralumin and Zero Fighter (2)*
Application of Extra Super Duralumin to Zero Fighter

Hideo Yoshida **
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(b) Experimental 9-Shi Single-Seat Fighter.

(c) Type 96 Carrier-Based Fighter.

Fig. 1 Carrier Fighters designed by Jiro Horikoshi®.
Reprinted from (a), (b) Shigeru Nohara : “Jiro
Horikoshi and Zero Fighter”, Rekishi Gunzo No.8
Supplement, Gakken Publishing, (2013), 56, 59,
and (c) http://www.mbhi.co.jp/cats/airplane/photo/
presea/96sento.html
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Fig. 2 Dr. Jiro Horikoshi.
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Table 1 Required design specification for Experimental 12-Shi Carrier-Based Fighter

4), 15)

Ttem Required specification
Mission A fighter capable of intercepting and destroying enemy attack bombers, and of serving as an escort fighter with
combat performance greater than that of enemy interceptors.
Dimensions Wingspan less than 12 m.

Maximum Speed | Maximum speed exceeding 500 km/h at 4000 m in level fleight.

Climb Climb to 3000 m within 3 min 30 sec.

Endurance

Normal flight duration of 1.2-1.5 hr with normal rated power (maximum continuous) at 3000 m, 1.5-2 hr at 3000 m
using normal rated power fully loaded with auxiliary fuel tank, or 6-8 hr at maximum range cruising speed.

Takeoff Less than 70 m with a head wind of 12 m/sec and 175 m in a calm wind. Must be able to take off from a carrier deck.

Maneuverability | Equal or better than Type 96 Fighter ASM.

Armament Two Type 99, 20 mm cannons and two Type 97, 7.7 mm machine guns.
Radio Radio Telephone Set, Radio Direction Finding Set.
Engine Mitsubishi Zuisei Type 13 (875 hp at 3600 m) or Mitsubishi Kinsei Type 46 (1070 hp at 4200 m) .
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Front and rear main spars

Fig. 3 Cutaway of the main wing of Zero Fighter and a cross-section of the front main spar
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Spar web
(sheet)

Cross section of front
main spars
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Without mass balance

Hinge line  Center of gravity

Oscillates easily

With mass balance
Mass balance  Center of gravity
Hinge line Elevator

Does not oscillate easily Horizontal stabilizer

Fig. 4 Schematic diagram of the mass balance weight of the
elevator, and the mechanism of the vibration generation

when the mass balance arm was broken? %),

Vator

7o [2HR] &3 [ 25 LikBibg | OMHCTh 5, [X
o] L) DFAMEO S vy bps ¥R - 77 A
% — (Zero Fighter) ], [Y—72 (Zeke) | £FXH, 4}
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Fig. 5 Zero Carrier-Based Fighter Model 21 (A6M2b)%.
Reprinted from Shigeru Nohara, “Genealogy of
Zero Fighter”, Ei Publishing, (2008), 16.

Table 2 Comparison of performances between Type 96 Carrier-Based Fighter and Experimental 12-shi

Carrier-Based Fighter?®.

Type 96 Carrier-Based Fighter

Experimental 12-shi Carrier-Based Fighter

Maximum Speed

432 km/h at 3160 m in level flight

533 km/h at 4700 m in level flight

Climb 5000 m in 7 min 15 sec 3000 m in 3 min 35 sec

Endurance 3-4 hr over 6 hr

A two 7.7 mm machine guns two 20 mm cannons and two 7.7 mm machine guns
rmament

two 30 kg bombs

two 60 kg bombs or two 30 kg bombs

Wing loading 1105 kg/m?

104 kg/m®

Material of main wing spar

Super Duralumin (45 kg/mm?)

Extra Super Duralumin (60 kg/mm?)

Engine Nakajima Kotobuki Type 41 (680 hp)

Mitsubishi Zuisei Type 13 (780 hp),
later Nakajima Sakae Type 12 (950 hp)
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3.2 #4173 (ESD) &75S(7075) DiEE S
{ER D ESD & Alcoa ® 75S A& D W55 Lk % Table 3
RS, Mn ZHE TEAMPICRIRTH S, &
DL, MnIZESD, 75S & IS L LTilbh
TV b, AR D T L Crifklo & 5%
P& LT TTL % DIEKENRFF 2240940 (H1H 1940.9.28,
FiF194156) 3V C, ZORREIKRDO L) TH %,
Alcoa O HEIZAE K O K EHEFF 2166495 (H1H 1938.6.20,
FERF1939.7.18) DSV L7242 CTH B
1) Zn 4-6%, Mg 0.75-25%, Cu 01-2%, Mn 01-1%2, 4>
%< &3 Ti 0.02-025%, B 0.005-0.1%, Zr 0.01-0.15%
Mo 0.02-0.25%, W 0.02-0.2%, Co 0.02-0.2%, Cr
0.05-0.5%, V 0.02-0.2% % 1HE# DL - ashn
2) Zn 4-6%, Mg 0.75-25%, Cu 0.1-2%, Mn 0.1-1%,
Cr 0.05-05%, Ti 0.02-0.25%,
3) Zn 4-6%, Mg 0.75-25%, Cu 01-2%, Mn 0.1-1%,
Ti 0.02-0.25%

B TIHMIZT0T5 A EICHI N T 285, Ehtifle LT
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FERF135036 (S 880 R R A 4, M 193669, 4Fir
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S>TWh,
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TS B & LTl S 58 kg/mm? (570 MPa)
LIS LdDTH 720, 755054 kg/mm?
(530 MPa) THFEMH MTEELZ R VWTHAH. 22
5M72 D IHRICHRN 2RO B RE DM@ A D, R
TIEAEMRITIZE A EFEH SN o 72h, KETIE
LFRMBIMEb TS & B 5, HERZHY 72
WHDTH D, mWICKETIZ03 mmOMDHES T
WA, FAIEZ %05 mmiZikd 7z, R M BE
DERZIHDLD, WI—HOE DA %,

ESD O#lpuiE, BIETHFHETOFME NI T

OHPE 7% & A FEVE TIEH ICRTED S <, Mk o Hdl
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ENE SR e, e CoEEEZ EH L 72
D, HECIRTIEEHNEZR L2720 %, Zn
#ESD L ) KIEICIES LCTwWb, FMROELIZD
WTdh, *E?ﬁ‘%ﬁ)\btrﬁﬁ“@&)otfﬁ*@hﬁ
HEHAMIEE HICHEATW T, ZOAEHMTTOHAR
DOFEMIIHBENL TV Wb E D 2550, HEH
UL, UBEO Z2E A © o M B 2 ORI 2 7
BOWTEFRO TR ELZH VIR L by
o LAL, TOERFRIFEHFICHELMEL T
ERDolzTHH o TIUIMREDORMEDLED S\,
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o WERDOHZERMEIREZT VI =7 A& T
ESD O )45 & [ U Zn b D TN PSS A TW B ¥,
1960 ~ 19804E1%, Alcoa DALZEREA FLBIFE D LY
% E & J 72 L 72].T. Staley 1219894F, “History of
Wrought- Aluminum-Alloy Development” @ H1 T,
Al-Zn-Mg-Cuf 4 12 2 W T, Alcoald 19404E7076
(Al-75Zn-16Mg-0.7Cu-0.6Mn) % &4 L L CH%E
L, 202544 (Al-4.25Cu-0.8Si-0.75Mn) & 1) i BEFEPE =
WHBERTWEOTTaRT - 7L — FIZHW,
19384 F T2 7 R TIRAT OIS IE L E o 713
WTE72DT, X74S (Al-5.2Zn-21Mg-15Cu-04Mn) %
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TV 7075-T6 % 19434ERIFE L7z LB RT Wb, £D

Table 3 Comparison of chemical compositions (mass%) of alclad sheets between Sumitomo ESD and Alcoa 755233,

7n Mg Cu Mn Cr Fe Si Ti
. core 6.0~90 12~18 15~25 03~10 01~04 (<0.6) (<05)
Sumitomo ESD -
cladding 05~30 — <0.2 — 01~04
core 51~6.1 21~29 12~20 01~020 | 015~040 <07 <05 <02
Alcoa 75S -
cladding | 0.75~125 0.10 <0.10 <0.10 — — <0.7 —

74 UACJ Technical Reports, Vol.6 (1) (2019)



TVIZTAEMME —TVaFNIVvhpolBAY 2T NVIVET- GEHN) BAY2INVI VEFR(2) WAV 2TV 0% R~ OB

75

%12, “Interestingly, chemical analysis of sheet from
a downed Japanese Zero fighter aircraft disclosed
that the composition was almost the same as that of
7075 LEVT VDY, ZoHEERT SITERADR
FHImX M, 7075-T6#H1X B-29 Superfortress %141 -E
TVOEREFLOAF ML M) Y7 —# & LTH
W7z Alcoa DWIZEE A3 Zero Fighter IZ2DW Tt
WBL7zDIZINDBHMDTTIR W LELREING, £
NE TOAlcoadWf7E# X, 70751 Alcoa ® F4E DO
ROBRIZE VST, HKDESDOTIA4 4 T4 %
AOTI ozl

WL V) DL, KBEF CREENICE C X 9 20 %
LTWAOTHRAICHE UHmICET S LidF -V
RINV—DOFWNEZATHLHETE L, LrLEAELYE
DX %WgE%E LT Alcoans7075 & fl%s L 7z D h A5k
ENT—FIREBLEALERVOPEETH 5. Wi,
FRFCOESD BRI S TH %,

4. ESDRIEOEEBRF

41 Al-Zn-Mg%HD4&%

HD A4 & RIET|H/RARS NDAEICOWTIE, PN #
BATREER A S0 (4534, 35, 38M) IFEL < HWT
WBDT, ENERINT BT,

194141 H T, REGKBEEZ B EVTFEHE L
T, BEEDRETHARPMIRM S OMERICHE T 2K
GW5E% 3 2720 ORNER 2O EMEEARE DN
KEETHPNT, HEINERKLE L TRIBEASIC
B3 2 WI7E a2 m S, REMELAFZHREL LT,
KA & HACK K H I — ) ez, ARG R0 )18
ERESR, WAV R, REER KSR,
HITEL, fMEREO =4 TH ol EHEPEELL
TOWEPS IR otz THD, H—
MO EIX19424R4 F, MZREOR RS /z, W
W82, TR 280 s 28l h, £ 350
Lo THICER R o 72h s, zfvinwcly
2NV VORMICRZ L) eaEEtE-TEES 2
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v SD OFUEAt % T4 L C\wice S ORE, VR R
ETHHAES T, TOMELZHFICL T ELZ v
CEEMoTe TNETML G o72—2DRATH
o720 Mg, HHTEH O BIEHH 2R E O — > D
PEE o Tz, RSB Z BES 22 LIZHEET
Holzh b, £ LMD R OHHERH - 727 51,
ZFNITRERDPE ST IR LRTHLE2H, IE
HYIREBERTH o7 EBRTW2 %, PRI
LT, i chEREZL, Y2703 D24
BEOEEIESN, TOAEIZHDE VS Z LI
EOEELLORETE L T o7 THEARS LS
REETH-THBRTHOA =V ¥ VW70 DT
H5b, 9 LTHD (Honda's Duralumin) &\ &4
A FE N7z AR5 Table 412739, ZOA/4%
&, #fE, SICAEL UTHEMRR il SIEH
SHRELERETLIEER D,

4.2 Al-Cu-Mg-SiZND&2

K F D KD ITEDLIIONT, 7Tz
AFHENAR LT, MERDOEERHERZ DI 00K
DA (FFAESR) 23 25608 { &0, Fe, Si, Znk &
DAK OPADHE L CTET, MZBRERICATROMED
BWHBY 25V YSDOAEENPHEEC R > TE, £
2T, Lo oA & L, SDICLET 5

Table 4 Chemical compositions (mass%) of Honda's Duralumin (HD) and Nippon Duralumin (ND)'.

Zn Mg Cu Mn Cr Fe Si Al
HD 5~58 15~18 <08 03~08 01~04 <06 <05 34
ND <10 06~12 40~438 06~10 — <0.8 03~10 33
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Table 5 Chemical compositions (mass%) of NSD and ESD 2.

7n Mg Cu Mn Cr Fe Si Al

Spec.*V 70~90 12~18 08~17 03~10 01~04 <06 <0.6 23
NSD 85 16 11 045 0.2 (<06) (<0.45) 88.15
ESD 8 15 045 0.2 (<0.6) (<05) 87.8

*1) Japanese military specification for aircrafts 7222 (Chi 263)

PEMATEE 2 A 2B OB EE S NHESTH
BLIAEDNDTH 5%, NDIZNippon Duralumin
LV ERTH D, TORSME Table 412773 MM
BT HEA NS F IR CTH IR0 S 430 MPa (44 kg/mm?)
PLE, Ti¥77310 MPa (32 kg/mm?) Lhl, #HTN10% 2L E
Thbo WHHIZIE, MRMIZETTra7Tl4SE L
THIHEH SN TV 0ELPEZ2LDIBET,
2WBSIZY T AT T AR MATzb DI o720 NDERL
TeMBHIRAE S L L CRIED 2 B2 wHEE2LELN
72bDTHoT, #EELIMELIEIRZ V] A, ND
DWFFE» S [ 4 FE208% bEHEFNTVWTHREANE
TLEERIA OB ATSD DO L H WK T3 52 &b 7%
{, T80 HIEL 2 VEEBEAHO F K-
TWTl, P ziEz R L Tz T, mEKZR
e TR Do 72 L IR RT 5SS,

4.3 Al-Zn-Mg-Cu % NSD
ERTHBA Y 2503 VESDOHIH# E )] ~
15 m/ 53Tl 2503 v OMIEE2 ~ 25 m/ 4k
WRTREDTH o720 ZD720, ESDOEMENE F
FH0ONEHE R > TWiz, [HREIZESD X ) %MK
TLTYH, HMEEOE VL DOZ | & v R T1943
AR EINTZDOANSDTH S 2%, NidNagoya®N
N oD 7. ESD OE 2% % 1.1% 1295 L, Mg®%
LT L3 m/ DM S NT2s, BRELH 2w
LD TIzo THIIAHY O VFREOHINTE
WL E2bh ) feimaHE L CHEMEL 72,
NSD O 145 % ESD & iz L Table 512739 'Y, 1944
AE DORLZEREHIRS 722212 F 263 & HLE S iz,

5. EEOONS

51 BEEEYFEAEEYF - 7ANT

LYYV ONRT—ZHEDNIIEZ DD TORT D
HHTH D, NMPORITEIITARE2KE T L —F (R
B, #) TREEY Yy F L) OBRHVHENTWIzS, £
DBRTVL—FEMPHEL, EMbSEIERELY, ¥
v F (I H T 5 M, 7L — FOoR L Hv)
HALEE o729,

TuNXT OREEEEE, HEA S KM, R R

Constant—speed propeller

- low speed flight

=

= high speed flight

Fig. 6 Constant-speed propeller and its pitch angle'? %2,

Reprinted from “Zero fighter and Jiro Horikoshi”,
Town Mook, Tokuma Shoten Publishing, (2013), 78.

WCEZEFTRELEAT S0, REHTRELEZOD
A7IVEEEL, &EBENSIMESL X)) IELTWwWiz7:
O, WEETREE DS, 2 3HEOL &R L
AMITRED L ST, TuxRFICL Y AP 0L L
&lE, TYYUoONESITAoTLEY, KRN
FTIENTELWMEDLND - 72V iR T 1ok pery
WLy Ty oY = HEINIEALTE Y, WSS
Bl BoTLEIREDED o720 FUMICES L,
[ BB o 22l i, /N EEETE R b o X 9 2R A 5,
SBBETHO L) ZEET T, AWNIHEE %22 2 TRIT
TE52LDOTH5b, Lad, EARLEKETRNMAZ2H
DEMTHY, RETHHHETHZ Y IV OFELT
—MEORIfliz 5 Z LI EEEREEIERICED L] I
THEHETH-727, ZD7-®, Fig. 6177 & 5 I2fK#E
MTR 7T ORI LS RAEOE v 5T,
EHTCIIRELRAEOE y F LRy FEBEOT
fE7 7RSS /22 RN BRgs S hzzn]
Yy FIERTEME O~ = 2 7 VIRV THRER & 5
RO ZEFEICEIETE S DT, 7 A 5 @ Hamilton
Standard Propellers Company (LLF, Hamilton ) 2%
FEREL L 720 BHICIZZ OB 7 0 RS PR S
NBFPETHo7. LA L, Hamiltonkkid, RiTHD
WL LIRIATCTOLZ Y I VIGEEOATTE 2D bR X
I, EvF & HE)THEARMICEL S & TRz ¥
—ERUIRTH LI L7 MRS Yy TR 5 2 28
Mg 7aRg (ER7aX7) 2L ZOfR
MLZEREDSHERE L, —EDREICHET L ETICHT S
PTG & RATHEME X OER R K D WL 72 &
WX OB OENIZTORTHEA SN, ¥y

76 UACJ Technical Reports, Vol.6 (1) (2019)



TVIZTAEMME —TVaFNIVvhpolBAY 2T NVIVET- GEHN) BAY2INVI VEFR(2) WAV 2TV 0% R~ OB

77

FAF T —AITIE23 ~ 43T, A RITIE29 ~49)%
Lo TwizY, BEOBUEROME L, Skl 225k
REGFTE B IR =y YV VICHD L2 ARED, 2
DERTORT OFEREICFFEN LN S 25
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L2,
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BEOWTHL 77U, ThHERBTEE Y F - 7
ONXZ 2B LT, Ao B KA L CltE ofifgE
A IZEAET > TI Dozl LB ZFDHDKHE
E DM DT > TN,

52 7ANXZ - JL— FRMOBKE

FRyEFM & L TiX25S (2025) BEELTHWwON
2o TOAEIE Al-4.4%Cu-0.8%Si-0.75%Mn T 19194
225 1920 A2 211 T Alcoa d Jeffries & ArcheriZ & -
THIZE SN, 192140 BRI B ah & LT
SN, TOEEIIMgEE TRV ZDIZY 2TV
I V1TSS & S AMMITECER, 17STHELVWE D %
BEMmb TE, MO T ORGSR IR T A VT
oy F, EEOH AL FN—R LIS, &
DEFEIFIIISEES TH T ) ERFNWALZ R ST
EIREEAI TR 2 ), BRIEIX17TS L% TH S T6H
TH IR X 400 MPa, 177260 MPa, H0°19% Td %,
Fig. 7 \379F 3% 02 H (238 H S 72 258 o ik #)
MTH D, MM U CE s o8 Ik g &
WHEEE 505 EWEGTRIIEALHEE RS %
Vo HARDEBIHD 71 R F 1213255 (FEEFRR2) DL
M 17S (FERW-HRD,) b Vv 57z,
fERTIXI9314E, gty Fo7ruxs - 7L—F
FMOBEX BB L 72o ER110 kgEEOHME, U
THECHME A D 3R LR THORIC A Bl L CBlig
L726 1934 ~19354EEHIZ 7' L — F# A2 £ & 300 mm =
IR L, ZEhEn BT —xt o ) B a2 v CEp
SRFTHE AT [#) BURE | 247> 720 19384F12
ERAYEI0O N Y Fay 7o < — e R o8
O — UARE SN, 7L — FEBo T — VRS2 1T,

COMBGEM AERICANT NO Yy 7Ny~ — TR
5 (RIS | 24T 5720 19404E, KERIS b7
—NYI—=PEASNR, RMTERT - T = FEHO
BEDIREL o/ UROBBETHRIIKRO L) TH
5720 Fig. 81K TR COBEEM OGHEZ RS 1219,

(1) BRSPS & 2 KBS A /A T W1 K

St

(2) #u— VEETEA150 mm A, £E11 mic
B,

(3) s O — VR D T A4 % 10 ~ 15 mm Bl
Ko

(4) v— vtk MRS =,
(5) K ARG Z Ao
(6) BULFREREGIE,

53 FTANTDEED
EEBETORT - TL— FEMNZNO TEEL 720
(&, 19254F, =ZZENIRBEEGE (BK) 25 0B X 2 )
DTHhb, COTURTEIBREMEZ T Ny~ —T
HlfEL, MEAFORRDIHIZ, 7L—F - K
AFB—ROIRE LTH S, M7 L— FifzHEy,
WMPLHZHID 2L 72 DT, TohRiczryyro7su
RIFABWY AT SN2 ZOTORTIFERED AL
NBRBBRICE RSNz, 19284E, BEY v F - 70
RIFEMOBEZ ZIHELT2DOWE - T THREZEM O
HERENIRE 5720 19314, W ERATHA Hamilton £ &
B L, BEY v F - 7uxR5OEE R IR 720,

Tensile strength

40

30
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Tensile strength (kg / mm?) and elongation / %

| 1 |
0 100 120 140 160

Aging temperature / C

Fig. 7 Tensile properties of 25S alloy aged at high
temperatures?.
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D7 L — FEM1E Hamilton 412> 5 O A > T
7o WEEIIRATRR O EREAL & BAAIRHI 2 22 A, 19324F,
TR E/ TR ER Mz EET DI L & ko7,
oL &I, hERITHEY  Hamilton #1720 5 RE9E S 7z
B Yy F - 707 W B9 2 MR &N LRl —
KAMERNTFRIE S N7z 19334E, SEFE300ARD 7 1 X
T LR L, FRITITB0A F TTE 2 iktlix iy
U720 19344E, Hamiltonft2 50 v F - Fux

5 OBERGEHEE AT L, 19384E 7 & ki lfz 7' 1
NTOEFEIIEAT LERICERH SN, 7uxF 1LY
KSR T3 - MSHATH SN L T 7R T 8k
Elpote, ZO%, MG, R, HICTORTEET
BihsT & oo SBIEFAMIMPIFT & 44k B iy < ik
N7z, Fig. 913, BUE, UAC] %R BT AL 1R
ff BRERTVWETORS - 7L — FOREED 4
HWTHhb,

Mold casting with controlled
heating and cooling

10" diameter ingot

| Hydraulic forging

| octagonal cross section with

opposite side diameter 200 mm

| Roll rolling with round groove | 150 mm diameter bar

<<

| Cutting

| 1100 mm length

<

(b)

| Roll drawing at the tip (a) |

| Surface cutting

| 10~15 mm cutting

| Roll forging (b)

| Die forging (c)

| 3 times

q e e

| Boss forming by upset forging (d) |

| Heat treatment

| 510C-2 h WQ—155TC AC

PR

(d)

| Straightening |

Fig. 8 Manufacturing process of the blades of the propeller (August 1942)'? '3 all the processes were hot working except
cutting and machining. Die forging was heated and deburred on each time.

Fig. 9 Aircraft propeller dies (upper and lower dies pair) displayed at the front entrance
of UAC]J Corporation, Nagoya Works.
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BT 2503 248 (2024) 13 KRETHRETE 207"
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Why was Super Duralumin 24S (2024) developed in the United States?*

Hideo Yoshida **

1. (FUBIC

RFEW MBI TV I = A 54:2024 £ 707513,
5 R R KR O MR/ B 5 IS I S e
AETHAETHS M EN TS, 2024 (IH AlcoallT:
#24S) 3 KE D Alcoall Lo THBEEN-E4TH
%o 7075 (IH Alcoal-Fr75S) 13 H AR TR S /-l 4
VaI NI v EIKIZAlcoaVHBE LIzEET, BMAe Y
2T NI VHEARADBENZ S, LT 2TV Vi
ESD (Extra Super Duralumin) & 3 Shbh, aioH
RTHFESINI-GET, EhAZAM LlkEIR IR
SN O Z RN ICHD -2 L Abn
TWwh, ZORBEOERIZOVTIIELE LT TICRE
BlICHRELTETWRYY, 2oL Y25V Vid
19314 Alcoa 2SB 38 L 72 24S 12 S TR s L7z
H4&T, 19354 AR THIZERZE DI S L, 1936
IR S L, R TR S
ILEN2HGE&ETH 5,

ZHICHL, FAYTY2I9NVI VHBRBEENZD
&, A, Wilm 231906 SERERIALBIR 2 56 L, Th#
FREF R L 72 0281907 4, 1AL L 72D A319094E T,
COEEDOMMHBNETY 2TV Y EAMNIT LR
1910 4RI IF B ERITM O 72DI2T 2T VI Y% 10 b
VEIELTWD, YVaF VI VEGENLBY 2TV 3
v 24S D EINDL T TR20ED 2> Tnh, YV
I3 ¥ (Al-4%Cu-05%Mg-05%Mn) &Y 2V 3
> 24S (Al-45%Cu-1.5%Mg-0.6%Mn) Tl Mg &A% 4
1% 2 7272 ICHE RO TH LA, ZRERIEIC20
FEORABUEZ 57200 ? ZETBY 25 VI V0
BHEPLO X2 - THESFINZICE 22D OT, &
BRED Alcoa 72T ASTE THTIETE Lo 72D,

INOEPEFICL S TERMTH o720 AT O™
JEIZB L THEZ L THRV,

vazlb

’

2.

1

ek

KA o Alfred Wilmi&, 1901 4E~)V ) VAR &
% BT TSR (AR S, AR B A Y S g
HESHDLOHEEROERE TV I =y A 5E&TRE
TAH-0OMBELZZIMNEZRBL 2. HiE
Al-4%CufraZ2M L U L O ICHEANRL T, FIIRRS
152~225 MPa, HUN5~7%%#724%, BEeROEIC
XA o 720 19034F Z D EMLIR P CHFRF % HIGH L
7z (DRP170085) , Z D #HMFFE % HilF, 1906 4 =i TH
B2 LM %2 RMALBIR &2 F W L7z, 1907 4
THITH, Al4%Cuf&Ex N—RIXMEI 7 AT 7 A
WINOLEZ NN, [2%BUTOXT7 AT 7 LES%LL
TOMEELTIVI=ZY AE4T, BHIZCu 4% 12 Mg
025~05% 2 &L T VI =T AEENNREN] & LT
H5#F % W55 L7z (DRP204543, 19084E 11 HiZH), &5
RN R EREIT, [R7A VT2 5H5LT VI
Y A EOBILELEE | X L TD.R.P.244554 (19094E3 A
20 HHIEE, 19124E3 H 9 HEEW) OFRF2HUS L7z, 4§
FRRER PR [ TR O®MBEIC420C D Em# L, AL
WML 254605 505, HWilICKEST 2 & 25
BMELTEITATVTLEELT VI =T AHEONA
HiEleEIPNTVD, WilmZEo 22 &0 T4tD
HERE & R E TR L 72,

ZOMBOBEIZOWTIL, 19084F R A 7 L gl vh
SOk 24T Diiren (2% % Diirener Metallwerke
AG. 28 Wilm OFEFFOMAMEZ 13T, WA B EOR.
Beckflit oo b & TITEALICKI L2099,

AfEHARSEESS, FTYH, 57(2018), 263270 & Y #zik, MEMIELZDDOTH 5,

This paper is the revision of the paper published in Materia Japan, The Japan Institute of Metals, 57 (2018), 263-270.
e T 270V PWgeET, B (I42), Ot (%) UAC] R&D > % — )

ESD Laboratory, Dr. Eng., (Formerly, Research & Development Division, UAC] Corporation, Adviser)
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) ISR bIAT NIz, £ OGHHERR I E IR ¥ 205
JIMO IR Z & &g 2 faa L, 19194 LH5akEDs
ETL, MEKEHREmasnTyagnvIvrenven
WoN7Ze ZOMEKEHRO K5 1ECu 4%, Mg 05%,
Mn 1.0%, AlJ%Td %o H— KM Kk T H AT

ER) FAYDBIEEDLI2E LT, TV AHH
DEFEFM 2 BT 5720, 19224 K4 V12V aF
I VELEEAN B SR ANRE S, Direner Metallwerke
TV 27NV YRR 2R AT,
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3. Y173

3.1 HRDOEM

Tag I roEWbE SHICEMELZHIBLL
Y 27V Y ORI RS ETHED 57z,
UKD 25V I VOBEL NV EBZ 25813645
ZMbFENIBMY 25V 3 v EIREN, S4B%
DIMEL 7 H IR D Bfif S, FHOGE MO
RIS ZATHIESIND L) 12 o72. ZORFEDOHL
A SN 72 o 72 D 3P E O [E 7 PLeAAF 7E T (NPL
National Physical Laboratory) @ Marie L.V. Gayler &
WTH b,

3.1.1 EE

NPL @ Gayler %1%, 1921 4F Al-Mg-Si & DIRFEX 2
BT 2005, ZOROKRENMALIZ Mg,SiA B4 L
TWBZEZWLMILAYs 19224121F, Al-CuAl,-
Mg:SiD#E=ZJTLREEORERHEHSL,ICL, Y25
V3 Y OREALIZIZ CuAly & Mg,Si DT )7 O HAEL AT
WHTHEEZ0, E 51219234121 Al-Cu-Mg %
S AERERAETIEL, TV I =7 ARBAK L
T 5DIECuAls, AlgMg,Cu, AlsMg, TH5H I & 2
HLAW, EEICH LRI e LTy A #
019%, #:019% % & ATV 27280, ZOHFERICBW
THRRNALIZIIWERICEZE TN T WA MgSidb 5 LT
Wb EEZ T

—— ----~t4‘L.JJ“;‘ mi&‘

e

Fig. 1 Zeppelin Airship LZ26 (ZX1I) with the duralumin application for the first time®.
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3.1.2 KE

KEBG S GaOM7EMIE T ST 572912, 1913
SRR EREHJFIE P.D. Merica % & & 9 % FESk & BT ZEIE
R LB SEMREZRA LY P 19194 K F 85
B &% (AIME) QX TY 27V I VI 58
BRIV, 19214EAIME O &RREICH BRI /21219,
Merica 51, Cu 3.74%, Mg 1.08%, Fe 0.52%, Si 0.3%
EELAE& T T HEANLTI25C T4 H I
®$5H 2 & THHRE S 440 MPa, N 11% 2 4T %,
COREIZFOBRMBEINIBY 270V I VITiEL,
FTTICT 2NV Y2 BRBMEDPREZI Tz,

Alcoal¥17SI22oW T, FA UYL O@MK%ET A YY)
T4 X DER R\ R R EEE O W2y,
BEESOMBEEMEZ TR LT, L2 L4k Alcoa
IO ERE TR FED I 2 E Tz,
MBI D70 DRGSR EBRTE LAY v 7
bW horze 19194E Alcoald 7T VI =7 2 0H L
%z T 52 L& Big L THRRIYZ2DFZE5ET I %
D BHRIFIET A XL T A LR D, 19204EZF DY
RE7 A A TIEREROFEGGIEOEMNE Z 272
Aluminum Casting Company ® Lynite Laboratory %
FIZ ANz Z DLynite Laboratory @ i £ A3 Zay
Jeffries TH o720 BIEETIEIM T L TW525, HARTIE
HAEREZDY 27 ) —AHTEOAENT X S
NTWwaY, Y2703 VI 500K E,
Lynite 2> 55§ L T X7z Archer & Jeffries ® 192540
METHBHW, HoHix, Va0V 2 4E%205%
DLEBIML T, SR TY 2900 3 v X0 EwiRiE
BROND Z E2E Lz, EMRFETAFFHEHIZIC
XiuE, #BY =293~ (Super Duralumin) &\ 9%
FRiZ, 19274 KE M2 (ASME) © 7)) — 75 ~
F oS T, Jeffries 285 [3E5R & 370 ~ 430 MPa ® ik
NBETVIZTEAEEEBI 2TV I VL) BT
BELLOWRDES LN TS, 19284 Alcoald
A F RIS L 7214S (Cu 44%, Mg 04%,
Si09%, Mn 08%) ZBFEL7ze TOEEIX1TS & 8%
D BEA NI SRR CHEEEDSHIN$ 5 64T, TR
E485 MPa, Tif71415 MPah i Hi7ze L LIS
13% & AR 1917 7= 5 (NP I T 72 & 5395 B O A3
Thoteo BT AFLLLGHLIBY 2TV Iy
BETAFBY 2TV IV ERLEY,

1931 4E14S 125 L 24S (Cu 4.5%, Mg 1.5%, Mn 0.6%)
A3Alcoall X o THIFEE NIz V2T NVI VOMgwEY
15%FTHMSELLDOT, GrAEBY 2903
LR AT A - DICEIRN 2 LB E T HDITHL,
2SI HIMIERY 72T TV 2TV I Y &R B MEIE

Fig. 2 DC-3, the first aircraft to use Alcoa’s Alclad 24S-T3

on the fuselage®.

Tho TNEUSEMY 25 VI VERLEY, BT
Y 2T v ln) L2USEIRT I ENL N,

24S-T31%, fLFAETH 35 X 485 MPa, fif /) 345 MPa,
N 18% T, 17S-T4 135 [R5 X 430 MPa, fif /7 280 MPa,
TN22% T, 17S1Z it 3 A323% w1819 BEA N
BB 720 O T4 LR, T3IME TIEELE
L 2 BEANE TS 2 VIdE - E CICBIET 5,
B BHVIIRIE T & /AR 57201215~ 3% D
BTS2, COGMMITTHREDHENT 5, =
DEEFIRIENE L, MOBERL TV HEZDT IS
17S- T4l > TR b o72e TLTEDZ 59 FH
Alclad 24S-T31ZIREBEDIADOMEL L LT F 2 B4l
bINTVDY, ZORMNORITHEHDC-3 (Fig. 2) TH
ézmo

313 ~FAY

K4 @ Diirener Metallwerke O FALHMH CTH -
72 K.L. Meissner &, 1930 4F & = D 48 7 43 Tl 76 %
L, #¥% “The Artificial Ageing of Duralumin and
Super-Duralumin”, “The Effect of Artificial Ageing
upon the Resistance of Super-Duralumin to Corrosion
by Sea-Water” & L CHESR/F AR L T 522,
ST Super-Duralumin 2 T £ 2 D 2 NS T
52, Meissner DY 25V 3 »1Z Cu 4%, Mg 05%,
Si 0.8%, Mn 05%, AlF%5& V) A4:T, 14S ERERY
2T VIV ERBLTTAEDVPL V. TOEEDHRM
DBEANBER L O515RIH 13490 MPai < % %,
Meissner i3 NPL @ Gayler 5 D ## % %13 TCuAl, &
Mg.SiOH &M AE DL LRI 2 L % 2 C
SO ERALZLEEZOND, 29 LRI
b & 12, Diirener Metallwerkeld i ¥ 2 7 v 3 ~
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681ZB (Al-4.2%Cu-0.9%Mg-0.6%Mn-05%Si) & % i
%m%WLtéﬁtDMa(AMQ%QHJ%N@42%Mm
05%Si) EHT BB 29NV v EEEFRLEW D,
KA v TlZE 512 Al-Zn-Mg % ® Constructal 8 (Al-7%
Zn-25%Mg-1%Mn-02%Si) 25B% Sz, Zob[5kME
B, v1ukiE S 590 MPa, N9 ~10%Tdh %75, It))
BEENDPHETCEMLICES hh oz FbhTw
5208 UL adh, COREMBRIZOHROH
KDL Y 25V 3 ORI 57202,

32 BAXICHTZEBI 17V R

321 FRICHIZEBI1III>

19294F G, MDY 25V 3 v OF[RER S X
410 ~ 440 MPaftETH - 72V, 1931, 324EWHIC % 5
ERATHRDPEREM IO T, ME O IERE O A
FOREN 20 EROHE KB E 13193348 H 2 5
19344E4 HIZH T, BORIZHEE UATZEREM 7 v 3
TAEEREEMEL, oW RE LT, %-l?b‘
MERAOBY 25V YR YA N HAEORET
LOEZRH->TW/AZEIlLb, EHTIEIFA VIC
BT HEEGEITOWTIE, [51RIR S 440 MPall k,
RFRLAIF490 MPall o b o2 RA L § 5015
V2TV VOMEPEATH L, B2 VI vk
L T, Diirener Metallwerke ® 681Z & & D i 10% i)
L& DM3I BB ENT VL | BT WD, 72
KENZRT 2B A4 Tld, Alcoa®FEICHRDE D
T, [BIGbIEH$XEE24ST (JE, T4#H) KO
24SRT (&, T3#HE) TH 5. TOHMMIE Al-42%Cu-
15%Mg-06%Mn<T, Sho6Dr7 Ty FifbdH 5] Lk
/{‘(b\z)24)'25)0

322 XE24SDIEHEAE

1933 4E EHITIE KR E D 24S B & DEMAH ARICA - T
(3L, HERFIEEMERT2OO [HER]LH D,
IHIZAlcoaB D 24SRTM 21X L T, 12HIZIZAF
LY CIHRERE 4T > T bo 12 H DK O+
Fet s DORE “24SRT B RBREGRE (5 1300 ] (1
M) T, BB LT, Al-398%Cu-1.59%Mg-0.46%
Mn-0.16%Si-0.22%Fe T, [MEETNE L, H@o Y
27NV kL, (1) MghEDOIFEFICKEDLZ &,
) SioED/NHZ L, (3) FeDBED/IN22HZ L, (4)
BROB S L =3¢ n 2L, ST, Mgl AIRREIC
B APIEBRS, BT ABL, Mo d¥ns 2%k
BEETHMEVCZOREHMLZS 0] L
LTWwWb, 4SRTHMIIEROBY 29 VI Y XD b,
MgiH»% <, SiROLHRVI EBFEMTH o720 AT

L 72#8HE 5 [3RER X 470 MPa, Mit77390 MPa, fH0¥16%
ThHb,

Alcoa®iD 24S Z# AL 72123 20 59, 19344E Y
REOMER DN EZ LB R Y, EK Tl ANBE
RLEA2E7AFEBY 25V I VBB ON ST
HY, Y29V 3I &L TSD (Al-4.2%Cu-0.75%Mg-
0.7%Mn-0.7%Si) =, F72SA1 (Al-1.2%Mn-08%Cu) %
WEL-GbEMESDCEHRLT, ThbnhsExit
WCHIE L721E2 ) THh - 720 19344E8 A 31 H il F i
ZEMIC T, SDCHIRELDHES N TWAEAY, 22 TO
ERLHBROEIAFEBEY 2503 T, 45 kg/mm?
(440 MPa) #% > 2 F Vv I ¥ ik SDC DY aFAll & 47
TR T DR RBR A RSO VT TH - 720 19354E2 A
DN EE T, WBHLEFTOSD, SDCHIE
HllE DB E PN TV,

3.23 24S AN HEExR

LA L&A, 1935485 H WD & O FE s 35
WD L, T3BLUTICHS (7 T3, T3CIHEKD
G4 ORPAERPWMESIND L) IR b, [1EK
SDKSDCHW=AT v 5, a3 /%> HUHE# 5, HHEd
&/ T3 (ftk, SDI Y Mg% ) =2 /R b 2V
T3CH / kARG S L7 | L d B T3 DM
7313 Al-4.14%Cu-1.36%Mg-0.68%Mn-0.14%Si-0.28%F e
T, $3IL24SEETH A, ZOEDRPL, FRIIEY 2
TNVIVICHLT, R&Eferxblal s,
USHWY 25 )V 3 ¥ H 5 24SI2Hzi L 725 51
BRLALELEDOZIETIAMIEL B L, 14S
HRAT6THT 572012, 24S-T3 IR TH U AN
SMIEERE B L, KRB EESS D & vo 2t
%ﬁfwﬁﬂﬁ%otoé%”wwbﬁzﬁfgt
BRI, WNOZ IR PSR oW A O W
Ltl%?» = AT HIZ T 24S 12
FEZ R TR Tzl 2512, 19354E, B0
HEWCT7 V3, BRELEPZLSN, FEELTES
YHYWHE LY U EDP SO DL KR —FH A b
WAFTTEDLEL) RolzZ EWHH V2230

4. 24SHHFEDEE

Alcoa D 24S DRAFEICIRE 2 ZL L 72D 121%, WD
OEMPEZ 5Nb, FH—121E, ekl oML TH
%o BT, WERIELEZH S TV 2 b DA & v

BE R B ENIZZ L THh D, BT EED
Gaylerﬁ%@%xﬁ WZhe ) wBr 2t E2 o,
ASOBAFED AT L 720 =121, T ORFESENT:
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AR DERTH SO EREALEAN TH Do A B
WMHEZ ES S BN TLH D, M OEME L
Hffr T FAC R TR L7z 2 £ 25, Alcoa
D 24S S INZ I 5 T bo SIS, FFELE, HfH,
& Vo N LA O MED D b0 £ DIT T 24S
DB IEWIMmD Y 29V 3 Y IZHT 5 4% (DRP
204543, USI1130785A) O#IPANIZH % 72912 % DYFRF
MEDIEHRIM DR L TWAE I ELE L 5N 5,

4.1 Al-Cu-Mg &2 ORFNE(LER

TVa gV ORERIALICE L TIE, 1922412 NPL
® Gayler LAY Al-CuAl,-Mg.Si D # = LR B D IR
ERZHALSH,ICL, YaIL3 ryoiiticidCuAl &
Mg:Si DM T OFF MLV HF G5 L EX 2T LD
HELW, ZTORMPLLTTrAEEZHPL14SE Y
TAFELZ L EOCEEVHE S NI, WL OIS
K LTRHAOMEZ DL MG LTWwaEHY, &
CTRBY 27V Y oOMZERIEICELT, LT
HEROHERKBHELEBL Y 2503 v ORHE
T @B, FE ROV EIROEZ [N T 5.
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L9, ZOWMRAMN T F 2TV 3 ¥ OREhEALAS
F & LTMgSilaebnRE1E, L UIHLHEICEGIX
HoTHHICEDLNTh b, BRAHIZArcheriZEh
X, BRI LIZ T LT Mgllf s &, Archer OfZ21
“The hardening of metals by dispersed constituents
precipitated from solid solution” 7 % #3? D —&f %
oK BIZ#ES, Ho LML A T0% 57200
KRVEHZGINT, ZE2MR B 71EOFHEE Wiz,
o TEHIZ L LD FILOER T2 LD
%o Archer D5 #IX19264ETH o 72, HBH L0 FE
BiZ, 24S OBFEHDIEER S N A 24T 0 19294F4 H 14T
bhize CORMHLAMEIT VT - TVINLHA
FL79B%DA Ty NTHbH, $HFilitkodhaid
0.05%, 7 4 #130.03% T, Mg,Sim|{Z#5 L T0.09%
THho7z0 2 mmBUSELER 510 T 1RGN 2415 K J5E
ANLT, HiTORMHALZ TRz, Z O[S %
HLI MO THEEETLEWY 27V 3 v LB
WCIRERD AL T %0 1 L THRARREEII Mg O K2 5K
LAl ZEPHLNELR ST, TOREEFTLDT,
[F2 7V v ORHHLIEM,SIHIKLIZH 5T L

T, Mg Cus < 1ZMgCu DM EALEWIAK D DT
E 2559 9 ? BE N ALCu-MgBilE Al-Cu-Mg,SiZ D
REROUEZETLLOEEEONE L, Rakh T
LICH#EMEoOMIIE S Z THITLTWwA, T TH
Wr U7z BHNEANBH 7228, i issif§ % 720 O BRI 72
MRV T o72720h, BRRDXIITET 1 F@
VaI NIV TORRET ISR LN 72000 %
Abhd,

F AL, 1937 E R A0 L3 - IR ey (2 [
VaIVI Y SD" BT 25V 5y F “SDC” 12k
TIEME LTV EY, N mREGEL LS &,
FEHMRIZ19354EEI TR TWh, TE, EREY =
TNI L LT2USIIHEEY > 72EHTH B AT RTE
£ 513998% e Z AL, Mn=IZ06% & EwE LT,
Cuz, 24~5%, MgE#%05~38%cLZ L3 EE
SRR, 505 ~515C 2 HAKBEANLT H IR L
THREZAR, 2L EDFREBED< v 7% Fig. 3
WCR$E30 = o Hh 5, Cu, 41 ~47%, Mg,
12~18%THIki & 50 kg/mm? (490 MPa) »5 5 1L
52 b hb, Alcoa DRI L 7z 24S O Ko # I A3
BMTHHIERLTWD, 9 L7z3EARM 2 Bk 3
MY 2TV Y OMBLRERE %o 12D L ARG
W bNSE, Alcoa?D 24SHIFEICW 25 FTOREEN
T — 7 132D T, ZOMEH RN S -k
XD 2D DS, AlcoaTd [ABE LR A FE RIS
J"HNTWEG EHEL SN D, Fig. 4132FK 17z Alcoa
DF—=FO—FIT, @WMET VI =T LEHnTz
Al-Cu-Mg & & O iR AR LIRS 2139 Mg D%
B RT Y, MgENE L & 513 ERIRmBERAL 233
<, HWEPEL LI ENbhI b,

46 kg/mm?

45 kg/mm?

Mg %

Fig. 3 Effect of Copper and Magnesium contents on the
tensile strength of Al-Cu-Mg alloys? 3339,
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HARKF O FHHELIZ S, 192548, e~ 7 %
VU LEGAEEERTRL ) L LT, REBHOME
BIRD7HS, TOWHELAARTIE~ I AT 7 A38E
ENTELTHIHF L D DOPFITA 2 DONHEERIRIT
WFZEIZhWI L7z 2 & 2B RTWBED, ZOXF[ V25
VI v ORFOREKIE, AlCul Mg.SikwIiLay
OHFICHEBR Lz DL E 2 5Tz, Lot
FEIhL, oA TNV I =T AICHBELTY
72 OV & o TH M 2\ IHAL2AEL 5,
EELbNTW, L2L, EBRALCUDAZELT
VIZTAHEED, MgSIOAZELTVIZT L
A&Y, ERLBEANLTCHFRTRFNZH T LA
Vo TR OALEW T EALKEIZ, E9 L TR
THALDZE LV OPRBE TR S hhols TVIZ
YA RTARYIA, SOZTNRESILLE, D
LTCYaI NI yo L) ITHRRISEGDD), 0
BERICEZ 5 X9 BWIge 3 e h o 72 ] OT, 19344E 4,
REHOMIEA T L7259 WHEHERE, [Y29)03
Y133 Lo Al-CuAl,-Mg,SiD#E= 508 & LTHR Y b
N0y, EFHIINE ALCuMgR e LT 2 E0E
W THEHEEZT, AIOALCu-MgREEDIRE
B ZF2E L. T OREEALL P+~ & =k aPic
Stakz bz, TORENEEED24S DRER DR % 73
CERBEL) EBRTWE Y, Fig. 530D
WFFEIc & > T T &2 AI-Cu-Mg R =TCIREKTH %,
COSH OB IZ, CuAl& Mg Alz % & 58 Lo
L& (TCuAl, 2 MgiAly) 298 b WALk & % 2
Al;;CusMgs & L7233 Zotk, ¥E O Raynor 51
PR ZERDIRE L 72 SALEW & CuAl, & Mg & f S EH
Fo AW s & LTALCUMg & L7257, Z oMo
ML, HBOSHMEEIZIZ—KT 5, SHEE 2
Al-Cu-Mg R EE ORI MBIR 2 I L 72 2 & I3V

O-amcy
| ®-4%Cu+0.1% Mg
50 ©-4% Cu+0.25%Mg
@-4%Cu+0.50% Mg
- ®-4%Cu+ 1.00%Mg —
. 40 ®-4%Cu+ 1.50%Mg
@ : —
: f,‘ : i
'
= % L6 —6—o—o—g i
E‘ 30 D//";M-‘ _u_n-——g
= © "
I [ Z/{//(o"l 4
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Fig. 4 Effect of the magnesium content on the room
temperature aging characteristics of a high purity
Al-4%Cu alloys®.

HBOREREETH LIV, B, rAHZZHEPL
THIRR TRWIEESHR LN L DI,

(AD) + CuAl,+S OIAFHPA DO EED b DS

(Al) +CuAl,+S+Mg,SiD XD A4 & 2 0, WITIX

(AD) +CuAl,+Mg,SiH 5 AT

(Al) + CuAly+ Mg Si+SiDXBDOEEIT 25 | H 5
ThbEBRRTVEY, (AD) ZAlOBEEERERT,
Lir 5 <UL, AHEML, WA OWE Alcoad
USPHERINIBDOZ L TH S,

42 TR EHEBRNMEE

421 2 aTILECORHY

Teed ® Duralumin and Its Heat-Treatment {2353k
ENTWVWET 2TV YOSHHEIZAL: 9394%, Cu:
4.20%, Mg :0.56%, Mn :0.69%, Fe:0.40%, Si:0.21%
THDWEHDY 25 )V I YOS HIETIE Cu: 35-45%,
Mg :04-0.7%, Mn:04-0.7%, Fe:07%LLTF, Si:0.7%
PIF, Ti:03%LLF, Al:3kTH5?, HADOREHEE
WA EHE T, BATVIZTAEEE (Y
IV UHY) OFSMECu s 3.3-4.2%, Mg : 0.3-0.7%,
Mn :03-0.7%, Fe:06%LLT, Si:05% LT TH5*,
A L THURMBOFHERNRE VI EADAR 5,
VAN VORMBEIIT VI ZT LRI T AT
L OWED K RIARATT 5o

422 TARDEE

VD Petrov 3 1938 4EDF L DM ETY 2TV 3 ¥
DFITALIZONWT, [EEOWTREII~Y 7 AT 7 A
DNTHT A REH POV TMgSiz L, CuAl.k
=R o THIMTORMMALIZEESF G L Twb L
E LTz ZOFEZHIIMOWFEHIZL > THEE
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23), 38)

Fig. 5 Al-Cu-Mg Ternary phase diagram
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Table 1 Effect of the silicon content on the tensile strength of Al-Cu-Mg alloys aged at room temperature (RT) and high
temperature (150C-48 h) and the increase in the tensile strength as a result of the age-hardening™®.

. ) Increase in the tensile strength as
Content (mass%) Tensile strength (kg/mm?) a result of the age-hardening (%)
Alloy A Aging at Aging at 150C Reference
. ging ing a . ing a
Cu Mg | Mn Si Fe | As quenched 4 RT | 150C-48 h Aging at RT 48 h
1 355 | 048 — 0.02 | 0.03 632;3 ) 37.3 — 475 Archer®
2 451 | 051 — 0.04 | 0.04 <5;,(7) 6C ) 39.3 40.0 424 45.0 Schmid &
: Wassermann™
3 407 | 053 — 031 | 0.08 275 404 46.0 46.9 67.2
_ (515C) _
4 42 05 0.01 | 0.02 26.2 38.3 46.2
5 42 05 — 0.3 0.02 26.8 38.3 — 429 Meissner*®
6 42 05 0.6 0.01 | 0.02 325 435 — 338
42 05 0.6 0.3 0.02 329 448 — 36.2
s = MR - B 500
Pb5Y, AR-BICRIANGNL RERME S [AM2%Cu15%Mg06%Mn010%Si g 1750
L T, 1926 4F Alcoa ® Archer 1 Al-Cu-Mg &4 ® (i) = 480 \N e 85C |
s A. o,
RERIIALIE 7 A FZOBRMTHMT2db0oTid iR, ¥ % 460 N vk s 495C I
25 )V 3 Y OEIMALIZIE Mg SiDFFAED LT L b o %4@ ,,,,, —505C
g Mg e T
EruvLgwiio .~ GEENCoVTR, r 8
4 FEHHEALCHES LT0D S ERETH 2, 7 Z
A FZH RV E BRI D SRR DR R b L & Aging at room temperature
. N » , 380 L L L L L L
W72, Table 1IZBFRIREE I AT S A O 0 02 04 06 08 1 12 14
ZELDLDOTH AW B0 MndSiRinE e w Fe content / %
e, 7 AHZOFEIIh D ST, KR TCoMmE 26 -
\ o N Al4.2%Cu-15%Mg-0.6%Mn-0.10%Si [ —g.- 175C
WL 42 ~48% TH b0 IR TOREL, 7 A 24 85T
-
FH T L ERIER & ZIF L CH B, 4 HD503% R » KE oae 405
HEND L ETREETOMERMHEIL67% 127 5o g 2 . ——5057C
S 18
g By
423 HBOHE =l ¢
HEH oL L THY 29V I Y 2L Tz H Aging at room temperature
12 L L L L L

H IR [ R e e & LB IR O i A3 0 % 70 il &
%oTLAIELTHBY 2TV IV (24S) 1209 H8D
WEAMA L2, 98% DT VI = AHiEE v
THREZ02~12%, 02% 2 L 122 LS8 % F
HEWZE D1 mmBUC LT, 475~505C CT1 Rz L
HMIER) S 2B o5k S LM% Fig. 612K
To SR DL THIRMSBDMPUOBKTTL I L
Wbrbe SR % Z & TAI-Cu-Fe 2o 5=
i psmL <, SoOREKTORKE 225, h
5 OALAWIZ B ML T3 R §IRAE LI OO
KTOEKNED RS> TV,

43 HE&OSME L

431 HMEDORHY

TV = AMAEOMBEIZRIEO T FIKET 5,
HRTHOTCTNIZTLDRERIT 72T TV AD

0 0.2 04 0.6 0.8 1 1.2 14
Fe content / %

Fig. 6 Effect of the iron content and the quenching
temperatures on the tensile strength and the
elongation of Al-4.2%Cu-1.5%Mg-0.6%Mn-0.10%Si
alloy aged at room temperature®.

Sainte-Claire Deville (K74 —2) i3+ M) AIZL S
BICHETT VI =y AR L7205, Z ORI 97%
BETHo7-8, R—Il - T — X B BB
ENTHMENT% L LDD DI TERd o7z (RE
Ti%99.85 ~ 99.9% »3—#¢I¥) o A DL XEMFG
RTNVIF, BgA—RATERLTw5b, C. Grard
@ Aluminium and Its Alloys (2 X iU, 1921 44850
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Fig. 2 (a) Relationship between voltage and time during anodizing 1050 at 20 mA cm™ at 298 K in 15%H,SO,
and 15%H>SO; containing 0.02vol% additive, and SEM images of the film surfaces anodized for
(b) 20 min, (c) 30 min, (d) 40 min, and (e) 60 min in the 15%H>SO, containing 0.02vol% additive.
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Fig. 3 SEM images of (a) a cross section of the film, (b) tilted surface, and (c) film-
substrate interface anodized for 60 min at 20 mA cm™ at 298 K in 15% H>SO4
electrolyte containing 0.02vol% additive for 1050.
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Fig. 4 Elemental depth profile of the anodized film on 1050
for 30 min at 20 mA cm™ at 298 K in 15%H>SO,
containing 0.02vol% additive by GD-OES.
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The U-Al Lab. in our R&D Division as an area for guests to gain an understanding of UACJ's
technologies and history and join us in co-creating new innovation. We will use the potential

of aluminum to the maximum and provide solutions with added value to co-create the future
with our customers.
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