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Isothermal Extrusion Using a Uniform
Temperature Billet

Masaya Takahashi and Takeshi Yoneyama

Isothermal extrusion is a method of maintaining constant temperature of an extruded section in

the bearing zone of the die in order to get stable mechanical properties. Isopressure extrusion is a

method of maintaining the load on the die constant throughout the ram stroke in order to get sta-

ble dimensions of extruded sections. In this study, an equation for calculating the initial billet tem-

perature that performs isothermal and isopressure extrusion is proposed and confirmed. The idea

is derived from the concept that the heat flow from the billet to the container is made to be equal

to the heat generation by the shearing deformation of metal close to the container wall. Applying

an adequate initial billet temperature obtained from the simple equation, constant temperature

and constant die load have been achieved and excellent steady dimensions and mechanical proper-

ties have been obtained with the isothermal and isopressure extrusion.
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Table 1 Exit temperature increase in the case that the
initial billet temperature is uniform and equal
to the container temperature.

Billet heating type uniform taper
Billet temperature (K) 765 795—600
Billet length (mm) 300 300
Container diameter (mm) 94 94
Shape of extrudate (mm) 30%x4 30%x4
Extrusion ratio 58 58
Ram speed (mm/s) 10 10
Container temperature (K) 720 720
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TECHNICAL PAPER

Isothermal Extrusion of Aluminum Alloys”®

Masaya Takahashi** and Takeshi Yoneyama™ **

Isothermal extrusion of alminum alloys is a method of maintaining a constant temperature of an ex-

truded section in the bearing zone of the die in order to obtain a high stable dimensions and mechanical

properties. In this study, an equation for calculating the initial billet temperature to perform isothermal

extrusion is proposed and confirmed. The concept of the equation for isothermal extrusion is to assign an

adequate initial billet temperature, container temperature and ram speed to equalize the heat flow from

the billet to the container and the heat generation by the shearing deformation of metal close to the con-

tainer wall. Under the consideration of the parameters in the heat generation in the FEM analysis, ade-

quate extrusion conditions are obtained. Using the results by the FEM analysis, isothermal extrusion has

been realized in the extrusion of alminum alloy 6063.

1. Introduction

High productivity has been demanded for the
extrusion process with excellent quality such as
more constant dimension and more stable me-
chanical properties. The mechanical properties
of the extruded sections depend on solidification
and precipitation of the alminum alloy 6063. In
order to keep them constant throughout the en-
tire length of the extruded section, it is neces-
sary to keep the exit temperature of the billets
constant during extrusion because the micro-
structure changes according to the temperature
history in the plastic deformation. On the other
hand, shape distortions of the extruded sections
are caused by the deflection of the die due to the
pressure applied on the surface and the thermal
expansion of the die. In order to keep the dimen-
sions of the cross shape constant throughout the
whole length of the extruded section, it is neces-
sary to maintain the load on the die constant.
Isothermal extrusion is a method of maintain-
ing a constant temperature of an extruded sec-
tion in the bearing zone of the die throughout
its entire length. Isopressure extrusion is a
method of maintaining the load on the die con-

* This paper was awarded as the Best Paper of ET'04
(Proceedings of the Eighth International Aluminum
Extrusion Technology Seminar Vol.1, (2004) , 1).

##*  No.2 Dept., Research & Development Center, Dr. of
Eng.

«+x Kanazawa University, Dr. of Eng.

stant throughout the ram stroke. Usually, the
exit temperature increases during the direct ex-
trusion process using a uniform temperature
billet due to the heat generation by the plastic
deformation in the billet.

Over the past few decades, a considerable
number of studies have been conducted on iso-
thermal extrusion”. Using a taper temperature
billet has been proposed for the method of reduc-
ing temperature variation at die exit. The tem-
perature gradient along the billet compensates
the increase in the billet temperature by the heat
generation with shearing against the container
wall. As a result, the exit temperature remains
constant throughout the ram stroke by the
proper temperature gradient in the billet. An-
other conventional way of isothermal extrusion
1s to control the extrusion speed. The increase in
the exit temperature is prevented by a decrease
in the extrusion speed, because the temperature
in the deformation zone depends on the extru-
sion speed. However, there are some problems in
the conventional isothermal extrusion methods.
First, an equation for determining the condition
of isothermal extrusion has not been clarified.
Second, it is difficult to provide taper heating on
a billet with correct temperature distribution,
even if an accurate temperature gradient is cal-
culated. Third, the temperature of the back part
of the taper temperature billet is so cold that the
extrusion load increases due to the higher defor-
mation resistance. Therefore, the power of the
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extrusion press is insufficient to extrude the
alminum alloy at high speed. Fourth, even if iso-
thermal extrusion is achieved by controlling the
extrusion speed, the surface finish of the ex-
truded section sometimes varies. In order to
solve these problems, we propose a basic equa-
tion for calculating the isothermal extrusion
conditions using uniform temperature billet.
Applying the concept of this equation, isother-
mal extrusion has been realized in the extrusion

of AA6063.

2. Temperature change

Exit temperature increases during extrusion
as shown in Fig. 1 in the case that the initial bil-
let temperature is uniform and equal to the con-
tainer temperature, because the billet tempera-
ture increases due to the heat generation by the
shearing deformation close to the container
wall. It has been considered that billet tempera-
ture distribution and ram speed should be con-
trolled in order to achieve isothermal extrusion
in the conventional isothermal extrusion theory.
On the other hand, little attention has been
given to the heat flow between the billet and the
container in spite that container temperature
has a large influence on the exit temperature. It
has been reported that isothermal extrusion can
be realized using a uniform temperature
billet?®, but a concrete method of determining
the conditions for isothermal extrusion is un-
known. Some examples are shown to explain
that the exit temperature is controlled by the
container temperature. Exit temperature and
billet temperature decrease during extrusion in
the case that the container temperature is much

Exif lemperahone

Falkrt bompemBbure

l'em oy bare
I
I

Cominimer lemperniune

Timne

Fig.1 Exit temperature increase in the case that the initial
billet temperature is uniform and equal to the con-
tainer temperature.
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Fig. 2 Exit temperature decrease in the case that the container
temperature is much lower than the billet temperature.
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Fig.3 Isothermal extrusion in case of optimal extrusion
condition.

lower than the billet temperature as shown in
Fig. 2, because the heat loss from the billet to
the container is more than the heat generation
by the shearing deformation. Hence, the exit
temperature can be kept constant to assign an
adequate initial billet temperature, container
temperature and ram speed to equalize the heat
flow from the billet to the container and the
heat generation due to the shearing deformation
as shown in Fig. 3.

3. Heat flows

Fig. 4 shows the heat flows between the billet
and the tools. Following factors are the compo-
nents concerning the heat flows.

Q: . Heat transfer from the deformation zone to
the billet.

Q- : Heat transfer from the billet to the dummy
block.

Qs - Heat generation in shear zone close to the
container wall.

@ . Heat transfer from the billet to the con-
tainer.
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Fig.5 Schematic diagram during extrusion.

Most of the heat generation in the die defor-
mation zone does not move to the rear part of
the billet, because the forward metal flow speed
is faster than the backward heat conduction in
the alminum alloy billet. Hence, heat transfer
from the deformation zone to the rear side @; is
neglected. Heat transfer from the billet to the
dummy block @: is much smaller than the heat
transfer from the billet to the container @, be-
cause the area of the contacting surface with the
dummy block is much smaller than that with
the container and heat capacity of the dummy
block is small. Hence, it 1s assumed that heat
transfer from the billet to the dummy block Q.
does not occur. If the heat generation s by
shearing deformation of the billet close to the
container wall and the heat transfer @, from bil-
let to the container are equal, the billet tempera-
ture in the container can be kept constant dur-
ing extrusion. Consequently the billet tempera-
ture and the exit temperature remains constant
during extrusion.

4. Isothermal extrusion equation

The element of the billet in A x thickness
moves in the container as illustrated in Fig. 5.
Heat generation @; by the shearing deformation
in the unit billet close to the container wall is ex-
pressed as following :

AQ:=7 7D+ Ax*x €Y

where D, x and 7 are the billet diameter, the
stroke of the element and the frictional stress in
the shear zone close to the container wall. At the
same time, heat transfer from the billet element
to the container wall @, is written as following :

AQ=7n + DU+ (T,—T)* Ax+x/V (2)

where U, T,, T. and V are the overall heat
transfer coefficient between the billet and the
container, the billet temperature, the container
temperature and the ram speed respectively. If
®; is equal to s, T, is constant during extru-

sion.

@ = Q ©))
Hence,

Tw=t /U V+ T. 4

If the billet is extruded satisfying equation
(4), the billet temperature in the container will
be constant during extrusion. Isothermal extru-
sion will be achieved because the material enters
into the deformation zone at a constant tem-
perature. The equation (4) indicates that if the
billet temperature is uniformly set adequately
higher than the container temperature, isother-
mal extrusion will be performed under the cer-
tain ram speed. However, it is difficult to obtain
concrete value of the adequate billet temperature
directly from equation (4) because 7 is a func-
tion of temperature, strain rate and mechanical
properties of the billet material. We recommend
a method to find the adequate temperature dif-
ference between the billet and the container for
the performing ram speed from some examples
of an actual extrusion experiment or from nu-
merical analysis described as the following.
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5. Finite element method

5.1 Analysis of uniform temperature billet

In order to confirm the validity of the concept
of the equation (4), temperature analysis has
been made using the FEM code DEFORM-2D.
Temperature changes during extrusion has been
calculated to determine isothermal extrusion
conditions in the range of initial billet tempera-
tures from 730K to 760K under constant con-
tainer temperature 720K. Material properties”
and extrusion conditions used for FEM are
shown in Table1 and Table 2. The initial die
temperature is assigned equal to the initial billet
temperature and the friction condition is fully
sticking. Fig. 6 shows the extrusion model for
FEM.

The change of exit temperature calculated by
FEM is shown in Fig. 7 as a function of ram dis-
placement during extrusion at various initial
billet temperatures and constant ram speed
10mm/s. The exit temperature increases gradu-
ally with the ram stroke in case that the initial
billet temperature is in the range from 730K to
750K, because the billet temperature increases
due to the heat generated by the shearing defor-

Table 1 Material properties for FEM.

Materials A6063 Steel
Heat Capacity (N/(mm?+ K)) 2.4 5.6
Thermal Conductivity (W/(m * K)) 200 33
Heat Transfer coefficient (kW/(m? « K)) 200
Table 2 Extrusion conditions for FEM.
Billet heating type Uniform
Billet temperature (K) 730 | 740 | 750 | 760
Die temperature (K) 730 | 740 | 750 | 760
Billet length (mm) 200
Container diameter (mm) 94
Extruded rod diameter (mm) 32
Extrusion ratio 8.6
Ram speed (mm/s) 1 ‘ 2 ‘ 6 ‘ 10
Container temperature (K) 720
Dummy block temperature (K) 720
Billet/Tooling friction condition Fully sticking

10

mation close to the container wall. As the initial
billet temperature increases, the rise of the exit
temperature decreases during extrusion, be-
cause the heat flow from the billet to the con-
tainer increases according to the temperature
difference between the initial billet and the con-
tainer. The exit temperature becomes constant
in case of the initial billet temperature 760K, be-
cause the heat flow from the billet to the con-
tainer is equal to the heat generated by the
shearing deformation close to the container
wall.

Fig. 8 and Fig. 9 show the analysis results of
isothermal extrusion at a ram speed 10mm/s, an
initial billet temperature 760K and a container
temperature 720K. Isothermal extrusion and
isopressure extrusion are realized at the same
time as shown in Fig. 8. Fig. 9 shows that the
exit temperature and the billet temperature are
kept almost constant during extrusion, because
the heat flow from the billet to the container is

Exiruded section

mmmy biock

Fig. 6 Extrusion model used for FEM.

780
& 770
g
g
g 760 |
=
L
2> Initial billet temp. (K)
= 750 —8—730 —e—750
——740 —A—760
740 : : :
0 50 100 150 200

Ram displacement (mm)

Fig.7 Diagram of the exit temperature calculated by
FEM.
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Fig.8 Extrusion loads and exit temperature vs. ram
displacement diagram under isothermal extru-
sion conditions using a uniform temperature
billet calculated by FEM.

almost equal to the heat generated by the shear-
ing deformation.

The variations in the exit temperature in-
crease are shown in Fig. 10 as a function of ram
speed at different billet temperatures from 730K
to 760K. We can find the extrusion condition
that makes no exit temperature rise from this
figure. The relation between the initial billet
temperature and the ram speed to achieve iso-
thermal extrusion of AA6063 is shown in Fig. 11
in case of container temperature at 720K and
container inner diameter of 94mm.

5.2 Analysis of taper temperature billet

The conventional method of keeping the exit
temperature constant during extrusion involves
using a taper temperature billet. The heat gen-
eration by the shearing deformation close to the
container wall will compensate the temperature
decrease along the billet in which the rear metal
is colder than front. Fig. 12 and Fig. 13 show the
analysis results of isothermal extrusion using
the taper temperature billet with 760K at front
and 690K at back. An isothermal extrusion con-
dition is found by changing the amount of the
taper gradient of the billet temperature. By
comparing Fig. 12 with Fig. 8, we can see that
the maximum container load and ram load us-
ing the taper temperature billet at 760 — 690K,
are larger than those in the extrusion using the
uniform temperature billet at 760K. It is because

11

| R

A

Fig.9 Temperature distribution during isothermal
extrusion using a uniform temperature billet.
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Temperature distribution during the isothermal
extrusion using a taper temperature billet.
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the high deformation resistance of the colder
metal in the rear of the billet.

6. Experiments and discussion

6.1 Measurement system

The isothermal extrusion condition calculated
by FEM analysis using uniform and taper tem-
perature billets have been evaluated for the pos-
sibility of isothermal extrusion in the actual hot
extrusion using a 500ton press. The extrusion
experiment was implemented using measuring
equipment that detects the die load and con-
tainer load separately from the ram load as
shown in Fig. 14. In this measurement system, a
container load cell is inserted between the con-
tainer and the bolster to detect the total friction
force applied on the container wall. The die is in-
serted in the container to detect the load on the
die surface by the die load cell. The ram load is
equal to the sum of the container load and the
die load. Furthermore, the exit temperature is
measured by a radiation thermometer located
200mm from the die exit.

6.2 Experiment of a round bar extrusion

The extrusion conditions in Table 3 for iso-
thermal extrusion calculated by FEM have been
applied in the actual extrusion experiment. Ex-
perimental results using uniform and taper tem
perature billets are shown in Fig. 15 and Fig. 16.
Both of them achieved isothermal, isopressure
and isospeed extrusion. There is no difference
among die load, container load and ram load be-
tween the uniform billet and the taper billet,
even though they were different in the FEM
analysis. The reason must be considered as fol-
lows. Although the taper temperature billet is
constructed by attaching a high temperature
billet in a half length and a low temperature bil-
let in the same length in the preheated container
just before the extrusion, the temperature dif-
ference decreases half only within 20 seconds in
such a short billet of 200mm length. The taper
temperature billet was quickly changed to the
uniform temperature billet in the time from in-
serting the billet to the start of extrusion. Fig.
17 shows a comparison of the proof stress of the
extruded section at T1 temper between the taper
and uniform temperature billets. The difference
in proof stress of the extruded material using

13

Table 3 Experimental conditions of round bar extrusion.

Billet heating type uniform | taper

Billet temperature (K) 760 760-690
Billet length (mm) 200
Container diameter (mm) 94
Extruded diameter (mm) 32
Extrusion ratio 8.6
Ram speed (mm/s) 10
Container temperature (K) 450

—

Kadsation

thermomeicr
- _Ii'mmirl-:t load el
Plaresl | D foad cell

L anbumer
Une shude

Fig. 14 Measurement system for detecting extrusion loads and
exit temperature.
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Fig. 15 Isothermal extrusion of a round bar using a
uniform temperature billet.
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Fig. 16 Isothermal extrusion of a round bar using a taper
temperature billet.
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Fig. 17 Comparison of proof stress of the extruded section
between the taper and uniform temperature billets.

the taper temperature billet is 11MPa whereas
that of using the uniform temperature billet is
2MPa. The difference in the taper temperature
billet is 5 times larger than that of the uniform
temperature billet, even though both they are
extruded at a constant exit temperature. This
indicates that the proof stress of the extruded
section may be influenced by the heat history
rather than by only the exit temperature.
Therefore, it is considered that a uniform tem-
perature billet is required to keep the mechanical
properties of the extruded section constant
throughout its entire length.

6.3 Experiment of a rectangular bar extrusion

There was no difference in the extrusion load
between the uniform temperature billet and the

14

taper temperature billet in which the tempera-
ture difference was 70K with the billet length
200mm.

Next, a billet in 300mm length with taper tem-
perature difference 190K is examined in order to
compare with isothermal extrusion using a uni-
form temperature billet. The reason why the
rather large temperature difference is assigned
1s to examine the real influence of the taper tem-
perature during the extrusion process because
the temperature difference reduces by half
within 30 seconds in case of short billet in
300mm length. The extrusion conditions are
shown in Table 4. A rectangular bar in 30mm
width and in 4mm thickness is extruded from
the billet in 94mm diameter. The experimental
result of the isothermal extrusion using a uni-
form temperature billet is shown in Fig. 18. The
exit temperature and the die load are almost
constant throughout the ram stroke. The ex-
perimental result of the extrusion using a taper
temperature billet is shown in Fig. 19. The exit
temperature decreases about 40K and the die
load increases about 300kN during extrusion
due to the temperature decrease of the material
that enter into the deformation zone. The maxi-
mum container load 2900kN in the extrusion us-
ing the taper temperature billet is higher than
that of 2000kN in the isothermal extrusion us-
ing the uniform temperature billet because of
the large deformation resistance caused by the
colder metal at the rear of the billet. Accord-
ingly, the maximum ram load 4400kN of the ta-
per temperature billet is also larger than the
3500kN of the uniform temperature billet. The
uniform temperature billet is superior to the ta-
per temperature billet for the reduction of ex-
trusion force and the increase of extrusion
speed.

A comparison of proof stress of the extruded
section at TH temper between the taper and uni-
form temperature billets is shown in Fig. 20.
The variation in proof stress of the taper tem-
perature billet along its entire length is 16MPa,
on the other hand that of the uniform tempera-
ture billet is only 5MPa.

Fig. 21 shows a comparison of the width of the
extruded section between the taper and uniform
temperature billets. The width of the extruded
section using the uniform temperature billet
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Table 4 Experimental conditions for a rectangular bar

extrusion
Billet heating type uniform | taper
Billet temperature (K) 765 795-600
Billet length (mm) 300 300
Container diameter (mm) 94 94
Shape of extrusion (mm) 304 304
Extrusion ratio 58 58
Ram speed (mm/s) 10 10
Container temperature (K) 720 720
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Fig. 18 Isothermal extrusion of a rectangular bar using a
uniform temperature billet.
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Fig. 19 Extrusion of a rectangular bar using a taper
temperature billet.
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remains constant throughout its entire length.
In contrast, the width of the extruded section of
the taper temperature billet increases during ex-
trusion due to the decrease in billet temperature
at the die exit. The width of the extruded section
is plotted as a function of die load as shown in
Fig. 22. There is a strong correlation between
them. Therefore, in order to keep the dimension
of the extruded section constant, it is important
to maintain the die load constant during extru-
sion.

6.4 Experiment of C-channel extrusion

Finally we show an example of the effect in
the industrial extrusion using isothermal extru-
sion at optimal uniform temperature billet. Fig.
23 shows a comparison of the distance of a C-
channel-shaped section between isothermal ex-
trusion using a uniform temperature billet and
conventional extrusion using a taper tempera-

180
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155 b e
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Fig. 20 Comparison of proof stress between the taper and
uniform temperature billets.
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Fig. 21 Comparison of width of extruded section between
the taper and uniform temperature billets.
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Fig. 22 Width of extruded section as a function of die load.

ture billet in 700mm length with temperature
difference 70K on a 2600ton press in which the
container inner diameter 264mm. The variation
of C-channel distance decreases from 1.0mm to
0.3mm by assigning an adequate initial uniform
billet temperature, the container temperature
and the ram speed to keep the exit temperature
constant.

7. Conclusion

(1) An equation for achieving isothermal and
1sopressure extrusion using a uniform tempera-
ture billet has been presented.

(2) A method for finding isothermal extrusion
condition by FEM analysis has been proposed.

(3) Isothermal extrusion has been achieved us-
ing a uniform temperature billet on an indus-
trial press.
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Fig. 23 Comparison of the distance of C-channel-shaped section

between isothermal and conventional extrusion.

(4) Isothermal extrusion using a uniform tem-
perature billet is superior to the use of a taper
temperature billet for stable mechanical proper-
ties and dimensions of the extruded materials.
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TECHNICAL PAPER

Study on the Metal Flow in Extruded Billet”

Hideo Sano* *, Takashi Ishikawa*** and Yoshinori Yoshida****

Study on metal flow in extrusion billet is fundamental and useful to understand extrusion tech-

nology. In particular, knowing the behavior of skin of extrusion billet is indispensable to maintain

qualities of extrusions. In order to investigate its behavior, extrusion experiments of clad billet
and the FE analysis by DEFORM-2D™ were performed. Deformed shapes of billet skin were traced
during extrusion by experiments and FE analysis. The calculated behavior of billet skin was simi-

lar to that in experiment. It was considered that the results of FE analysis were acceptable to es-

timate the actual metal flow in extrusion. The billet skin penetrated the core in indirect extrusion

and it was piled up at the back end of billet in direct extrusion. Dead metal zone appeared on the

outer part of die face in indirect extrusion, but shear zone appeared between dead metal zone and

flow zone in direct extrusion. Moreover, in direct extrusion friction between back end of billet and

stem affected the behavior of billet skin and the penetration of skin in low friction coefficient was

faster than that in high friction coefficient.

1. Introduction

Extrusion methods can be classified by rela-
tive movement between billet and container.
Fig. 1 shows metal flow of billet in indirect ex-
trusion”. In indirect extrusion, container goes
forward along with billet, and there is no shear
friction between them. Extrusion load in indi-
rect extrusion is stable during one run and
lower than that in direct extrusion. Therefore
hard alloys can be extruded easily in indirect ex-
trusion. In indirect extrusion, metal flow of bil-
let is relatively uniform, so structure and prop-
erties of extrudates are uniform in cross section
of billet, and also billet skin enters extrudate
during run. If oxides and segregation at surface
of cast billet enter extrudates, they must be de-
fects which ruin qualities of products. For that
reason, billet has to be scalped to eliminate ox-
ides and segregation.

Fig. 2 shows metal flow of billet in direct ex-
trusion”. In direct extrusion, billet goes for-
ward in the standstill container. Shear friction

* This paper was presented at the 8th International
Aluminum Extrusion Technology Seminar, Orlando,
USA, May 18-21, 2004

o No.2 department, Research & Development Center

Nagoya University, Professor, Doctor of Engineering
===+ Nagoya University, Research Associate
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generates at the outer surface of billet. Metal
flow in the center of billet is faster than that in
outer part of billet. Consequently, shear defor-
mation zone appears between dead metal zone
and flow zone. Oxide layer and segregation on
the surface of cast billets accumulate in the back

Beginning of extrusion

End of extrusion

Fig.2 Metal flow of billet in direct extrusion®.
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end of billet with the progression of extrusion.
At the end of extrusion, billet skin begins to
flow from back end of billet to the extrudate.
Therefore, butt thickness has to be set at the
proper value to prevent billet skin from entering
extrudates. Otherwise, defects in the extrudates
will ruin qualities of products.

In indirect and direct extrusion, metal flow of
billet effects on qualities of extrudates. It is im-
portant to make an accurate estimate of skin
movement and metal flow of billet. In general,
the methods to observe the metal flow during
extrusion are as follows :

(1) Grid lines method shown in Fig. 3 is to es-
timate the deformation by observing curve of
grid line®.

(2) Lamination layer method shown in Fig. 1
and Fig. 2 is to estimate the deformation by ob-
serving curve of layers'?.

(3) Utilization of radioactive isotope is to esti-

mate the deformation by tracing isotope in
billet *.
These methods are useful to estimate the gener-
ous deformation in billet but it is difficult to es-
timate deformation of billet skin that plays an
important role of extrudates’ qualities.

In this paper, we turned our attention to the
deformation of billet surface. Experimentally we
extruded two layer clad billet and then observed
the deformation of surface material. And also,
we estimate the deformation of surface material
of clad billet in FE code DEFORM-2D™. We
compared the results of the FE code with experi-
mental results. After it was confirmed that the
analytical results were appropriate, the effects
of several conditions on the deformation of billet
skin were investigated.

11
|

-

Il

Fig.3 Grid lines method?.
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2. Experimental extrusion of clad billets

2.1 Experimental procedure of clad billet
extrusion

Fig. 4 shows two layer clad billet. It consists
of surface material and core material. A6063
was selected as core material and A3003 was se-
lected as surface material because their flow
stresses were similar in high temperature and
they could be distinguished easily by different
structures after etching. Table 1 shows chemical
composition of A6063 and A3003. Diameter of
core material was 87mm. Outer diameter was
91mm and inner diameter 87mm of surface ma-
terial. Its thickness was 2mm. Clad billet was
91mm long. After clad billet and die were heated
at 723K in furnace before extrusion. And then
clad billet was extruded by experimental extru-
sion press shown in Fig. 5. Container diameter
was 94mm and maximum extrusion load was

e 9lmm TIG welding
. * Surface material A300
g
= Core material A6063
3
R
g
g
A
W

Fig.4 Two layer clad billet.

Table 1 The chemical composition of A6063 and A3003

(mass%).
Alloy Si Fe Cu Mn Mg Ti Al
A6063 044 020 0.06 004 050  0.02
A3003 0.07 044  0.15 1.11 0.01 0.01

Fig.5 Experimental extrusion press.
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4.9MN. Billet became 85mm long after upset-
ting. Clad billets were extruded to round bar of
30mm diameter. The extrusion ratio was 10.
Ram speed was set at 3.8mm/sec. Extrusion
speed was 2.2m/min. Extrusion was performed
in indirect mode and direct mode. At first, clad
billet was extruded until its length became
34mm. Extrusion pressure and ram speed were
recorded during extrusion. Macrostructures in
cross section of the extrudates were observed at
several lengths from its top end. The length of
layer entered
extrudate was measured as shown in Fig. 6. The

extrudate 1in which surface
length of billet remainder was estimated by
means of this measurement. After that, another
clad billet was extruded until surface layer en-
tered extrudate. After container was cooled, bil-
lets were pushed out. Billet remainder was cut in
axial direction and macrostructures in section
were observed after polished and etched. Defor-
mation of surface material could be estimated
clearly by means of the  different
macrostructures of A6063 and A3003.

2.2 Experimental results

2.2.1 Indirect extrusion

Fig.7 shows extrusion pressure and Fig.8
shows extrusion speed during one run in indi-
rect extrusion. In 13sec to 15sec when extrusion
became stable, extrusion pressure was about
180MPa. Fig.9 shows macrostructure in cross
section of the extrudates at 500mm from its top
end. Surface material was not in the extrudate
at 375mm, but circumferentially in the
extrudate at 500mm. The length of extrudate
where surface material entered was estimated to
be 460mm. The length of extruded billet was es-
timated to be 47mm, which was 55% of billet

4mm

125mm

125mmy 125mm

Extrusion

H"i"

¥ -
-

.._-..E.'.__r...

-2

500mm , S4mm ,
o

direction

-.L{:.-...-.‘_

(]
i
e

i

* Polished and etched

Fig.6 Procedure of cross section observation.

length after upsetting. The length of billet re-
mainder was estimated to be 38mm, which was
45% of billet length after upsetting. Clad billet
was extruded until its remainder was 38mm

200

175 \/

150 \"
125

100

o5 LN
i 1
\\

Extrusion pressure (MPa)

25/
0 AN

0 5 10 15 20 25 30

Time (sec)

Fig.7 Extrusion pressure in indirect extrusion.

Extrusion speed of product (m/min)
B

0 5 10 15 20 25 30

Time (sec)
Fig.8 Extrusion speed in indirect extrusion.

Core material

Surface material

(b)

300 m
1

Surface material

Core material

Fig.9 Macrostructure in cross section of extrudate at 500mm
from the top end in indirect extrusion.
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long. Fig. 10 shows the macrostructure in axial
section of billet remainder in 38mm long. In in-
direct extrusion, it was confirmed that metal on
the die face hardly flew and only metal near die
flew to die exit, and it was confirmed that other
part did not deform yet.
2. 2.2 Direct extrusion

Clad billet was extruded until its length of re-
mainder was 38mm. Fig. 11 shows macrostruc-
ture in axial section of billet remainder in 38mm
long in direct extrusion. In direct extrusion, it
was confirmed that surface material did not
flow to die exit but flew to back end of billet ex-
trusion, and also large dead metal zone existed
near die and container and large flow zone ex-
isted in the center of billet in direct extrusion.
Shear deformation zone was confirmed to exist

Observed
part

Extrusion
direction

Core material

Fig. 10 Macrostructure in axial section of billet remainder in
38mm long in indirect extrusion.

Observed
part

Surface
material

. Core material
Extrusion

direction

Flow zone

—— O O O T T E— T —

Fig. 11 Macrostructure in axial section of billet remainder in
38mm long in direct extrusion.

between dead metal zone and flow zone.

3. FE analytical extrusion of clad billets

3.1 FE analytical condition of clad billet
extrusion

Fig. 12 shows the analytical model for two
layer clad billet extrusion. In this modeling, sur-
face material and core material were defined as
different objects but flow stresses of two objects
were defined as that of A6063 in high tempera-
ture. Billet was defined as plastic body and tools
were defined as rigid body. Analysis was per-
formed under the condition that there was no
gap between billet and container after billet up-
setting. Outer diameter, inner diameter and
thickness of surface material were 94mm, 90mm
and 2mm each. Length of billet was 85mm.
Table 2 shows the friction conditions between
tools and billet. Friction coefficient was defined
as coulomb friction p. Friction between stem
and back end of billet was set at u=0.2 and fric-
tion between container, die and billet was set at
u=0.5. There was sticking between surface mate-
rial and core material. Number of mesh was 1300
in surface material and it was 8000 in core mate-
rial. Temperature of tools and billet was set at
723K. Database in DEFORM-2D™ shown in
Fig. 13 were selected as flow stress of A6063. Ex-
trusion pressure was calculated by FE analysis
to compare with the experimental one.

Surface material Container

Die Core material Stem
I

B L R e L

e 1

Extrusion direction

Fig. 12 The analytical model for two layer clad billet extrusion.

Table 2 The friction conditions between tools and billet.

Stem to Billet u=0.2
Die to Billet u=10.5
Container to Billet u=10.5

Surface Material to Core Material sticking
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Fig. 13 Flow stress of A6063 in database of DEFORM-2D™,
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Fig. 14 Extrusion pressure calculated by FE analysis compared

with that of experiment in direct extrusion.

3.2 Results of FE analysis

Fig. 14 shows extrusion pressure calculated
by FE analysis compared with that of experi-
ment in direct extrusion. Extrusion pressure
calculated by FE analysis was a little lower than
that in experiment, but they were almost equal.
So, database in DEFORM-2D™ shown in Fig. 14
could be considered as flow stress of A6063 in ex-
trusion.

3.2.1 Indirect extrusion

Fig. 15 shows the calculated deformation of
billet remainder 38mm long in indirect extru-
sion. It could be confirmed that metal on the die
face hardly flew and only metal near die flew to
die exit. And it could be confirmed that other
part did not deform yet. These results were
same as experimental results. Fig. 16 shows the
calculated flow speed distribution of billet re-
mainder 38mm long in indirect extrusion. It was
found that flow speed on the outer region of die
face was slower than that flow on the inner re-
gion side of die face.

21

4

Fig. 15 The calculated deformation of surface material in billet

remainder 38mm long in indirect extrusion.

Shown
part I 2.40
6mm 1.20
[——
Extrusion
direction

I 0.00

L . —(mm/sec)

Fig. 16 The calculated flow speed distribution of billet
remainder 38mm long in indirect extrusion.

Shown —
part :-—S-U-Lfaﬂﬁm.@jgial
~ bmm
Extrusi :
direction| Core material

44—

Fig. 17 The calculated deformation of surface material in billet

remainder 38mm long in direct extrusion.

3.2.2 Direct extrusion

Fig. 17 shows the calculated deformation of
billet remainder 38mm long in direct extrusion.
It could be confirmed that surface material did
not flow to die exit but flew to back end of billet.
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Fig. 18 The calculated flow speed distribution of billet
remainder 38mm long in direct extrusion.

This result was same as experimental result.
Fig. 18 shows the calculated flow speed distribu-
tion of billet remainder 38mm long in direct ex-
trusion. Large zone of slow speed existed near
die and container, on the other hand large zone
of high speed existed in center of billet. If the
zone at about lmm/sec was regarded as shear
deformation zone between dead metal zone and
flow zone, large zone of slow speed near die was
considered as dead metal zone and large zone of
high speed in the center of billet was considered
as flow zone. In this case metal flow in billet was
similar to that in experiment shown in Fig. 11.
3.2.3 Effect of friction condition between
stem and back end of billet on de-
formation of surface material in di-
rect extrusion
(1) Thicker surface material of billets
FE analysis in direct extrusion showed that sur-
face material did not flow to die exit but flew to
back end of billet. It was assumed that friction
condition between stem and back end of billet ef-
fected on deformation of surface material. This
effect was investigated by FE analysis. Two fric-
tion conditions between stem and back end of
billet were set. One was the shear friction
m=1.00 which meant sticking. Other was cou-
lomb friction p=0.05 which meant lubricative.
Analytical conditions were almost same as those
shown in 3.1. In order to shorten calculation
time, extrusion ratio was set at 5. And also in-
ner diameter of surface material was set at
82mm and its thickness was set at 6mm. And
then 75% length of clad billet was extruded.
Fig. 19 shows deformation of surface material in
billet in sticking and lubricative condition. Ratio

22

Extruded volume (%)

Fig. 19 Effect of friction condition between stem and back end
of billet on deformation of surface material in direct
extrusion. (Surface material 6mm thick)

of surface material at billet end surface Rsuiace
was defined as percent of billet radius d divided
by distance of surface material dsuse. As the bil-
let was extruded, Rsume Increased in both condi-
tions. But the increasing extent depended on
friction condition at billet end. R 1n
lubricative condition increased more than in
sticking condition. When 75% length of billet
was extruded, Reue 1n lubricative condition was
twice as much as Rswre in sticking condition.
(2) Thinner surface material of billets

In results of FE analysis, it became clear that
billet skin moved in lubricative condition more
than in sticking between stem and back end of
billet. Moreover, it is necessary and useful to
know the deformation of thinner surface mate-
rial of billet which corresponds to oxide and seg-
regation layer, but it is difficult to investigate it
experimentally. Accordingly, FE analysis was
performed. Inner diameter of surface material
was set at 90mm or 93mm. Surface material was
2mm or 0.0mm thick. Friction conditions were
same as the above-mentioned analysis condition.
And then 75% length of clad billet was extruded.
Fig. 20 shows deformation of thin surface mate-
rial of billet in sticking and in lubricative condi-
Each entered the
extrudate in lubricative condition more easily
than in sticking condition. It was confirmed
that friction condition between stem and back

tion. surface material

end of billet effected much on the deformation of
billet skin in direct extrusion.

4. Conclusion

Study on metal flow in extrusion billet is fun-
damental and useful to understand extrusion
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Fig. 20 Effect of friction condition between stem and back end
of billet on deformation of thin surface material in di-
rect extrusion.

technology. In particular, knowing the behavior
of billet skin is indispensable to maintain quali-
ties of extrusions. In order to examine the defor-
mation of billet skin, experimentally two layer
clad billet was extruded and then the deforma-
tion of surface material was observed. And also,
we estimate the deformation of surface material

23

of clad billet in FE code DEFORM-2D™. The re-
sults were similar to experimental results. FE
analysis could make an accurate estimate of bil-
let skin movement. After that, FE analysis
showed the effects of extrusion conditions on
the deformation of billet skin. In direct extru-
sion, billet skin accumulated and then entered in
the axial direction of billet at the back end of bil-
let. It became clear that billet skin moved in
lubricative condition more than in sticking con-
dition between stem and back end of billet. After
metal flow of billet during extrusion is assumed
by FE analysis, metal flow of billet should be
confirmed by experiments. The proper extrusion
conditions can be achieved efficiently by FE
analysis. On the other hand, clad products have
characteristics which single materials can not
have. The results in this paper showed that FE
analysis is useful to estimate deformation of
clad material during extrusion.
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Axial Compression Simulation
of Alminum Alloy Shapes

Koushi Okada, Hideo Mizukoshi and Kenji Yamada

Recently, aluminum use for automobile is growing steadily to reduce fuel consumption. For ex-

ample, aluminum alloy extruded shapes are used for energy absorbing structure, such as Mercedes

Benz E class. To maintain the safety requirement, aluminum alloy extruded shapes must have

good energy absorbing characteristics. In this paper, the relationship between cross section factor

and energy absorbing characteristics have been investigated by using a finite element analysis and

experiment. In the results of analysis and experiment, the deformation mode changed depend on

thickness of shapes. Therefore, the energy absorbing characteristics were greatly influenced by

cross section factor of shapes.
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Table. 1 Analysis condition.

Analysis software LS-DYNA

. 3dimension
Analysis type . .
elastic-plastic

Element 4-node shell
Yield condition von Mises
0.2

Friction coefficient
(Coulomb model)

Table. 2 Tensile properties.
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Table.3 Summary of test piece.

Tensile properties

N .
Alloy-Temper Cross section 0.2% proof Tensile Total
stress strength elongation
(MPa) (MPa) %)
[J37%2.0mm 195 229 14
6063-T6
[J40 X4.Tmm 206 238 16
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Table. 4 Energy absorbing characteristics.

. maximum stress mean stress .
test piece mean load/maximum load
(MPa) (MPa)
thinner thickness
194 129 0.66
((J37% 2.0mm)
thicker thickness
267 224 0.84
(J40 X 4.7Tmm)

(b) thicker thickness (modeB)

Fig. 11 Appearance after axial compression test

(experiment).
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Fig. 10 Stress-displacement curve (experiment).
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Effects of Mg, Si Contents and Natural Aging

Conditions on the Bake Hardenability
of Al-Mg-Si Alloys

Hidenori Hatta, Hiroki Tanaka, Shinichi Matsuda and Hideo Yoshida

The effect of natural aging conditions on split aging, especially bake hardenability at 170°C for
1.2ks and 86.4ks on Al-lmass%Mg:Si, Al-1.5mass%Mg:Si and Al-1mass%Mg:Si-0.6mass%Si al-
loys have been studied by measuring hardness, electrical resistance and DSC curve. The increase
of hardness of the Al-Mg-Si alloy with excess Si during baking at 170°C for 1.2ks without natural
aging is higher than that of the Al-Mg-Si alloys without excess Si. However, the hardness of the

high Si content alloy after baking at 170°C for 1.2ks decreased clearly with increase of natural

aging time before baking. It could be considered that the cluster which did not transfer to 8"

phase formed joining with quenched vacancy during natural aging on the high Si content alloy.

The peak of B'"phase in the high bake hardenability sample on DSC analysis appeared at lower

temperature compared with the low bake hardenability one. The B'"phase which was located at

lower temperature on DSC analysis precipitates quickly during bake at 170°C, and the hardness

increased during baking at 170°C for 1.2ks.
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Fig.1 Schematic diagram of heat treatment process.
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0.6S1 64 TIlF, E— 7 BEhLE% om < 3 Al-1Mg»Si
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ZVWEEDOEBKREL, EHIKE—MgSiETH -

Table1 Chemical composition of the alloys (mass%).

Alloys Mg Si Fe Al Mg:Si excess Si
Al-1MgsSi 0.62 0.39 0.03 Bal. 0.98 0.03
Al-1.5MgsSi 0.99 0.56 0.03 Bal. 1.53 -
Al-1Mg,Si-0.6S1 0.62 0.96 0.03 Bal. 0.98 0.60
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Fig.3 Changes in the hardness with natural aging time at 20°C before and after bake hardening at 170°C for 1.2ks and 86.4ks for
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Effect of Tool Rotation Speed on the Microstructure
of the Friction Stir Weld of an Al-Cu-Mg-Si Alloy

Sunao Tanaka, Masaki Kumagai and Hideo Yoshida

The effect of tool rotation speed on the structure of the friction stir weld of Al-1.7Tmass%Cu-

1.0mass%Mg-0.8mass%Si alloy T4511 extrusions has been investigated. The increase of a rotation

speed enlarged the grain size in the stir zone. A postweld heat treatment at 195°C for 8hours

hardly increased the hardness in the stir zone welded at the rotation speed of 1000rpm and raised

the density of the coarse precipitates, AlsCusMg: phase. At the rotation speed of 1500rpm, however,

the postweld heat treatment produced the fine precipitates which had been already dissolved dur-

ing the friction stir welding, and increased the hardness of the stir zone to the hardness of the base

metal T6511.
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TECHNICAL PAPER

Improvement of Mechanical Properties
of 7475 Based Aluminum
Alloy Sheets by Controlled Warm Rolling”

Hiroki Tanaka* *, Hiroki Esaki* **, Kenji Yamada™* *,
Kazuhisa Shibue** and Hideo Yoshida™* **

An attempt was made to refine the grain structure of 200mm wide sheets of 7475 based alumi-
num alloys containing zirconium by employing a new warm rolling method under the control of
both roll temperature and material temperature. The warm rolled sheets as solution heat treated
had subgrain structures through the thickness with a high proportion of low angle boundary less
than 15°. The average subgrain diameter was approximately 3um. The strength of the warm rolled
sheets in T6 condition was about 10% higher than that of conventional 7475 alloy sheets produced
by cold rolling. As the most remarkable point in the warm rolled sheets, the high Lankford (r)
value of 3.5 was measured in the orientation of 45° to rolling direction, with the average r-value of
2.2. The high r-value would be derived from well developed S -fiber textures, especially with the
strong {011} <211> Brass component. The warm rolled sheets also had high resistance to SCC.
From Kikuchi lines analysis and TEM images, it was found that PFZs were hardly formed along
the low angle boundaries of the warm rolled sheets in T6 condition. This would be a factor to lead

to the improvement of resistance to SCC because of reducing the difference in electrochemical

property between the grain boundary area and the grain interior.

1. Introduction

In order to use wrought aluminum alloys for
structural components, it is important to im-
prove their mechanical properties on resistance
to corrosion and formability as well as strength
for high reliability, good design and weight sav-
ing. It is well known in low-carbon steels that
yield stress has a relationship with grain
size?, and the relationship can be applied to
aluminum alloy sheets. Due to the fact, the
grain refinement of aluminum alloy sheets is
one useful method to achieve high strength. On
the other hand, it was reported that the grain
refinement of 7075 alloy sheets has a disadvan-
tage on resistance to stress corrosion cracking
(SCC) . It would be difficult to establish a proc-

ess that can achieve the improvement of all

* The main part of this paper was presented at Materials
Transactions, 45 (2004), 69.
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properties mentioned above at the same time.
Therefore, in practical use, some of the mechani-
cal properties should be improved moderately
according to circumstances where materials are
used.

In prior studies®®”, it was revealed that con-
trol of roll temperature and addition of zirco-
nium are important to refine microstructures of
7475 based aluminum alloy sheets after a solu-
tion heat treatment. In the studies, a new type
of roll embedded cylindrical heaters was used
and prevented reduction of sample temperature
in the warm rolling process. Hereafter, this type
of rolling is called controlled warm rolling. By
making use of the controlled warm rolling, the
average subgrain diameter less than 3um can
maintain after a solution heat treatment in 7475
based aluminum alloy sheets containing zirco-
nium. These warm rolled sheets had no large
recrystallized grain and a very high proportion
of low angle boundary less than 15°. Conse-
quently, the microstructures of the warm rolled
sheets can be called subgrain structure. It was
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also known that such subgrain structures can't
be formed in 7475 aluminum alloy sheets by the
controlled warm rolling® nor in the same kind
of aluminum alloys containing zirconium by a
conventional cold rolling process®.

The objective of the present work was to clar-
ify mechanical properties of the warm rolled
sheets of 7475 based aluminum alloys containing
zirconium with the subgrain structure compar-
ing with conventional 7475 aluminum alloy
sheets produced by cold rolling.

2. Experimental procedures

Table 1 shows the chemical compositions of
Al-Zn-Mg-Cu alloys used in this experiment.
The mark M means a 7475 based aluminum alloy
containing zirconium instead of chromium. The
mark S means a conventional 7475 aluminum al-
loy. The alloy M was cast into slabs as shown in
Table 2 by a standard semi-continuous direct
chill technique. The slab was homogenized at 4
70°C for 10 h followed by pre-heating at 350°C
for 10 h before forging at 350°C. In the forging
stage, a sample was compressed from 100mm
high to 30mm high. The forged sample was ma-
chined with dimensions of 30mm high, 200mm

Table 1 Chemical composition of specimens. (mass%)

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

M ]0.02]0.03 | 1.64 <0.01| 2.40 [<0.01| 5.55 | 0.03 | 0.17 | Bal.

S 10.040.031.561|<0.01| 2.26 | 0.21 | 5.38 | 0.04 |<0.01| Bal.

Table 2 Experimental procedure on Alloy M.

Stage Condition

Semicontinuous direct chill techniques into slab

Casting
100mm X 175mm X 175mm
Homogenization 470°C-10h
Pre-heating 350°C-10h

Forging 350°C, 100mm—30mm

Machining 30mm X 200mm X 100mm

Warm rolling 350°C, 27passes

Annealing 350°C-30min

Solution heat treatment 480°C-5min W.Q.

Artificial aging 120°C-24h

wide and 100mm long. This block was rolled at
350°C with re-heating at 350°C for 1800s after
every two passes up to 4mm thick followed by
every pass up to Imm thick. 27 rolling passes
(one pass reduction; 2mm per pass up to 10mm
thick, Imm per pass up to 9mm thick and 0.5mm
per pass up to lmm thick) were carried out in
total and the sheets were finally prepared with
dimensions of Imm thick and 200mm wide.

The surface temperatures of the rolls were
controlled at approximately 100°C by cylindrical
heaters. The roll was 160mm in diameter and ro-
tated 120 revolutions a minute. Commercial ma-
chine oil was used in the warm rolling process.

Regarding the alloy S, hot rolled plates used
in this study were produced commercially by
making use of a large slab by semi-continuous
direct chill technique. The plates were heated as
an intermediate annealing at 480°C for 2 h fol-
lowed by furnace cooling, then rolled to 1mm
thick at an ambient temperature.

Solution heat treatment was carried out at
480°C for 300s followed by quenching into water
immediately (T4 condition). After the quench-
ing, artificial aging was carried out at 120°C for
24h (T6 condition).

Microstructure was observed using an optical
microscope and a transmission electron micro-
scope (TEM). Misorientation angles between
grains were measured using  electron
backscattered diffraction (EBSD) equipment
with a scanning electron microscope (SEM). X-
ray diffraction method was used to describe in-
complete pole figures, and orientation distribu-
tion functions (ODFs) were calculated from
three incomplete pole figures of {111}, {110} and
{100} by the harmonic method®. The ODF's were
displayed using Bunge's system®. The mechani-
cal properties of the samples in T6 condition
were investigated. Tensile test specimens were
got from the orientations of 0°, 45" and 90° to the
rolling direction. The specimens for limiting
draw ratio (LDR) measurement were annealed
at 360°C for 2h followed by furnace cooling® (O
temper) to ensure deep drawing property. LDR
measurement was carried out with a punch of
33mm 1n diameter in hold-down force of 3,900N.
The test method of resistance to stress corrosion
cracking (SCC) in T6 condition was based on
Japanese industrial standard, JIS H8711. The
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specimens for this test were got from the orien-
tation of 90° to the rolling direction, and were
immersed in a solution containing 3.5mass% so-
dium chloride for 10 minutes followed by drying
at 25°C for 50 minutes with addition of stress
controlled at 856% of yield strength. The above
cycle was repeated until the specimens were
failed. The resistance to SCC was estimated by a
time to failure of the specimens. Exfoliation cor-
rosion susceptibility was examined based on
ASTM G34, EXCO test. Specimens in T6 condi-
tion were immersed for 9h in a solution contain-
ing 4M sodium chloride, 0.0M potassium ni-
trate, and 0.1M nitric acid at 25°C. The suscepti-
bility to exfoliation was determined by visual
examination according to the standard photo-
graphs in the designation. Specimens of fatigue
test were got from parallel to the rolling direc-
tion and machined with dimensions shown in
Fig. 1. In this work, the axial loading fatigue
test was conducted at a room temperature with
the stress ratio of 0.1 and the cyclic of 30Hz.

3. Results

3.1 Microstructure in T4 condition

Fig. 2 shows optical micrographs in L-ST sec-
tion at the center and 30mm position from the
edge of the warm rolled sheet in T4 condition.

#
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Fig.2 Optical micrographs of warm rolled sheet in T4

condition.

Fibrous structure is maintained and no
recrystallized grain is observed. Fig. 3 compares
microstructures between the warm rolled and
cold rolled sheets in T4 condition. In optical
micrographs, it is found the cold rolled sheet
(CR) consists of equiaxed grains about 20um in
diameter, whereas the warm rolled sheet (WR)
maintains fibrous structure as mentioned above.
In TEM, it is revealed the warm rolled sheet con-
sists of fine grains whose average diameter is
approximately 3um. According to the previous
work?”, fine particles are judged as Al; Zr in alloy
M (warm rolled sheet) and AlisCr:Mgs in alloy S
(cold rolled sheet).

3.2 Distribution of misorientation angle in

T4 condition

Fig. 4 shows misorientation angle histograms
taken from SEM-EBSD measurements. The
measured area in this work was 100 X 200pm.
The warm rolled sheets have a high proportion
of low angle boundary less than 15°, whereas the
cold rolled sheet has a high proportion of high
angle boundary. According to this measure-
ment, it 1s clear the warm rolled sheet consists
of subgrain structure.

3.3 Tensile properties and LDR measure-

ments

Table. 3 summarizes tensile test results in T6
condition. The tensile strength of the warm
rolled sheet is about 10% higher in orientations
of 0° and 90° to rolling direction than that of the
cold rolled sheet, and the tensile strength in
45° direction is almost same level in the both
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Fig.3 Optical and TEM micrographs in T4 condition.
WR : warm rolled sheet (Alloy M), CR : cold
rolled sheet (Alloy S).
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Fig.4 Misorientation angle histograms of (a) warm
rolled sheet and (b) cold rolled sheet in T4 con-
dition.
Table 3 Mechanical properties of warm rolled sheet and
cold rolled sheet in T6 condition.
. Tensile strength | Yield strength | Elongation
Condition |Angle to RD
(MPa) (MPa) (%)
0° 592 496 13
Alloy M .
45 522 461 19
WR-T6
90° 601 455 13
0 522 461 16
Alloy S .
45 521 457 17
CR-T6
90° 526 468 16

sheets. The warm rolled sheet has an anisotropy
on ductility, whereas the cold rolled sheet tends
to be isotropic on it as well as tensile and yield
strengths.

Fig. 5 shows the plastic strain ratio of width
to thickness (Lankford value :
ured at 10% elongation. It is remarkable point
that the warm rolled sheet has a quite high
value over 3.5 in the orientation of 45° to the roll-
ing direction. The warm rolled sheet also shows

r-value) meas-

anisotropy on r-value. The average r-value of
the warm rolled sheet is 2.2, meanwhile that of
the cold rolled sheet is 0.6.

The results of LDR measurements are shown

44

?WR:Z 2
Ter=0.6

Plastic strain ratio of
width to thickness
N

Angle to rolling direction

Fig. 5 Plastic strain ratio of width to thickness in T6
condition. WR : warm rolled sheet, CR : cold
rolled sheet. r : average r-value.

Table4 Limiting drawing ratio of warm rolled sheet
(WR) and cold rolled sheet (CR).

WR CR

LDR 2.06 2.00

in Table 4. The warm rolled sheet tends to have
a higher value than the cold rolled sheet, and it
is found that the LDR values have correlation
with the average r-values shown in Fig. 5.

3.4 Corrosion resistance

Fig. 6 shows the life of SCC in T6 condition.
The warm rolled sheets have better resistance to
SCC than the cold rolled sheets. Fig. 7 shows the
appearances and photomicrographs of the L-ST
section after EXCO test. The both sheets have
the same classification and are estimated of EA.

3.5 Fatigue strength

Fig. 8 gives S-N curves of the samples in T6
condition. The fatigue strength of the warm
rolled sheets is about 10% higher than that of
the cold rolled sheets. It is well known that fa-
tigue strength increases with increasing tensile
strength'”. Furthermore, the effect of the fi-
brous structure in the warm rolled sheets on the
fatigue strength should be examined in future.

4. Discussions

One of remarkable properties on the warm
rolled sheets is high r-value shown in Fig. 5. Ac-
cording to the previous work' based on Taylor
theory™, it was predicted that the r-value of 45
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Fig. 6 Life of SCC in T6 condition. WR : warm rolled
sheet, CR : cold rolled sheet.
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100um

CR (Exfoliation rating EA)

Fig.7 Appearance and photomicrographs showing cross

sections of warm rolled sheet (WR) and cold
rolled sheet (CR) exposed to the standard EXCO
solution for 9h.

orientation would be increased by a
{011} <211> Brass component. Fig. 9 shows the
ODF's at the surface layer and center layer of
the samples used in this work. The {011} <211>
Brass component is formed strongly through
the thickness of the warm rolled sheet. Another
orientation near a {123} <634> S component is
perceived but its orientation density is lower
than the Brass component. It is well known that
B -fiber orientations involve Brass, S and C com-
ponents. However, a {112} <111> C component
was not perceived through the thickness of the
warm rolled sheet. According to the above tex-
ture analysis, the high r-value of the orientation
of 45" in the warm rolled sheet will be derived

45

200

150 LS

e
100 B\%\. -
\A\ﬁ

50 @ Warnm rolled sheet
A Cold rolled sheet
[t}

104 10° 108 107 108

MPa)

Stress amplitude

Number of cycles to failure

Fig.8 Stress-number of cycle curves for the specimens
in T6 condition.

from the high orientation density of the Brass
component. The present results are in agree-
ment with the previous work'” mentioned above.
Regarding to the cold rolled sheets, as shown in
Fig. 9, ND- and RD- rotated Cube components as
well as a {011} <100> Goss component are per-
ceived. Their orientation densities are much
lower than the Brass component in the warm
rolled sheets. Besides of these quite well defined
recrystallization texture components, the ODF's
comprise the random component. Accordingly,
the very weak recrystallization textures with
the random component will lead to isotropic ten-
sile properties of the cold rolled sheets. The cold
rolled sheets consisted of S3-fiber components in
as rolled condition, but the orientation density
of the Brass component before solution heat
treatment was much lower than that of the
warm rolled sheets®. It would be thought that
the strong Brass component in the warm rolled
sheets 1s due to the formation of fine subgrain
structure that is quite stable thermally.

In the present work, specimens in O-temper
This O-
temper treatment was carried out at 360°C after
the solution heat treatment at 480°C, so that it
was confirmed the textures of specimens didn't
change by the O-temper treatment. Based on

were used for LDR measurements.

this confirmation, it would be found that the av-
erage r-values have correlation with the LDR
values. It would be another subject that precipi-
tation condition may affect drawing properties,
but this consideration is beyond the scope of the
present work.

In the previous work?®, influence of alloy
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elements in 7075 was investigated. It was found
in the work that addition of zirconium brought
about reduction of SCC life in T6 condition. The
reason why the warm rolled sheets containing
zirconium have good resistance to SCC may be
derived from its microstructure. In the previous

: 2 == -
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study on 6061 alloy extrusions™, it was sug-
gested the formation of a precipitate free zone
(PFZ) is restrained at a low angle boundary,
which leads to high resistance to intergranular
corrosion. Fig.10 shows TEM images of the
samples in T6 condition and Kikuchi patterns
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Fig.10 TEM images and Kikuchi patterns in T6 condition. WR : warm rolled
sheet (Alloy M), CR : cold rolled sheet (Alloy S).

derived from two grains facing each other
across a grain boundary. From Kikuchi pattern
analysis, it was confirmed that a low angle
boundary is observed in the warm rolled sheet
and a high angle boundary is observed in the
cold rolled sheet. It is clearly found that a PFZ is
restrained at the low angle boundary, whereas a
PFZ is formed distinctly at the high angle
boundary. Other grain boundary areas of the
both sheets showed the same characteristic on
the PFZ formation. In the case of narrow PFZ
formation, the difference of electrochemical
property between the grain boundary area and
the grain interior tends to reduce, which would
prevent a partial anodic reaction and lead to the
improvement of resistance to SCC' ',

5. Conclusions

The mechanical properties on the warm rolled
sheets of 7475 based aluminum alloy containing
zirconium with fine subgrain structure were in-
vestigated comparing with conventional 7475
aluminum alloy sheets produced by cold rolling.
The following points can be made :

47

(1) The warm rolled sheets show the high r-
value of 3.5 in the orientation of 45° to rolling
direction due to well developed S -fiber compo-
nents, especially with the strong {011} <211>
Brass component after solution heat treatment.

(2) The average r-value of the warm rolled
sheets is higher than that of the cold rolled
sheets, so that the warm rolled sheets have bet-
ter deep drawing properties in O-temper.

(3) PFZ is hardly formed along the low angle
boundaries of the warm rolled sheets in T6 con-
dition, which would lead to the improvement of
resistance to SCC because of the uniformity of
electrochemical property between the grain
boundary area and the grain interior.

(4) The fatigue strength of the warm rolled
sheets in the orientation of 0° to rolling direction
is about 10% higher than that of the cold rolled
sheets.
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Grain Refinement of 5083 Based Aluminum
Alloy Sheets by Warm Rolling

Hiroki Tanaka, Yasunori Nagai and Hideo Yoshida

An attempt was made to refine the grain structure of the 5083 based aluminum alloy containing

Zn, Cu and Zr, by employing a new warm rolling method under the control of both roll tempera-

ture and material one. Samples were rolled at temperature ranging from 200°C to 400°C with re-

heating after each rolling pass in order to keep sample temperature. As rolling temperature gets

higher, the subgrain structure becomes more stable. In the case of rolling at 400°C, fine grains

with diameter less than 3um were observed after final annealing. It is also found that the sheet

rolled at 400°C has a high ratio of low angle boundaries, less than 15°, after final annealing. On the

other hand, the sheets rolled at below 250°C show a fully recrystallized structure. The warm rolled

sheets have strong B -fiber orientations. There is no apparent change caused by the subsequent an-
nealing in the orientation density of the A -fiber in the sheet rolled at 400°C. The yield strength of
a sheet in O-temper rolled at 400°C is 40% higher than that of a cold rolled sheet.
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Table1 Chemical composition of specimens. (mass%).

Si Fe | Cu | Mn | Mg | Cr | Zn | Zr Ti Al
0.03 | 0.05 | 0.29 | 0.69 | 4.9 |<0.01| 0.99 | 0.16 | 0.01 | Bal.
Table 2 Experimental procedure.

Stage Condition
) Semicontinuous direct chill techniques into slab
Casting
100mm X 175mm X 175mm
Machining 30mm X 80mm X 80mm
Homogenization 475°C—12h

Hot rolling 420°C,30mm — 8mm

Intermediate annealing 450°C —30s

Warm rolling 200~400°C,8mm — Imm(8passes)

one-step:400°C — 20s

Final annealing
two-step:350°C —1h — 400°C —20s

50

ODF) ZXRkw itz {111}, {110}, {100} Aot rik
ZREL, BECHORMKEE 22, TEIHO UK
%19 & LTEE LT,

3. £ B #&

3.1 BREEEROEKELEE

Fig. 1 1T& ¥ 2K T OBEHREMERS R EZ R T B
FEOWRIFTIT L 2 1ed o 2 80d, HERISEEA S
WHDBDIE LI 5/ 400CRB TR T /Y2,
300~350°CREtA T3 8 /¥ %, 200~250°CRHIETIZ 9 /¥ %
ThH - 120 WEDBRHDT BiIc>NTo —IvADIKE D
BPRELID, EEREOEEERTIERT 5,

3.2 BEEEMOD I U oif

Fig. 2 IR MIEAERL T 1% 0 L-ST Wit G Bafk et A%
%9, 200°CH & O 250°C T DIEGEM M AL WV
7oy, BB IEAR 2SS S T w0 A, JEHEIRAH A <
BoTWBIENDbND, £ 200°CHEEMIT I3 AW
WK OB L EbN RO HED 5 A4 v ISHILD,
300°Ch 5 400°CIT B 1 B [EAEM b #hHERILREZ R L,
PR RE 75 P R L3RR 5 L7180,

Fig. 3 1T 400°C-20s MLEE{% @ 200°C, 300°CH & U8 400
CIRMEEM O L-ST Witk 2~ 9o i< 400°C-
20s DI ZFT S &, OLFNORBILLESMET & Fs &
RSTERR & 2 %, 300°CLLL THRBIEAE U 7o < 1 fk
HEIRFL AR DS ERAE L 297 W 200°CIEAERA T 13 FEAS i REAS
Sl E N TE D, 250°CHEM b SIREETH -
7o JESEIREEAS 300°CLL i s B &, #hHERMERE D 5>
DD OLNDE, KR&H T 350°C-1h WPE % 1T - f it
78R T 400°C-20s MLEE L 72 B FA # @ L-ST Wi sk
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Fig.1 Temperature changes of the warm rolled sheets with
different thickness after each pass.
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Fig.3 Optical micrographs of the alloy sheet warm rolled,
taken after final annealing at 400°C for 20s.
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100um

Fig.4 Optical micrographs of warm rolled sheet, taken after
final two-step annealing, at 400°C for 20s and at 350°C
for 1h.
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Fig.5 Optical and TEM micrographs of the alloy sheet
warm rolled at 400°C, taken after final two-step
annealing, at 400°C for 1h and at 350°C for 1h.
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Fig. 6 ODFs of warm rolled sheets measured before final
annealing. ¢, =45", 65, 90°
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Fig.7 ODFs of warm rolled sheets measured after final
annealing. @, = 90°
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Fig.8 Grain boundary misorientation for the specimens rolled
at (a)200°C and (b)400°C. (measured after final anneal-
ing at 350°C for 1h)
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5083 &4 [ fEHEHRLY & LT Cr,Mn & W\ - 7B L
%S, WYIERMTEE i C & CAWNZE S MR
FIZRR DR T & 5, EEHERYTS 5083 &% RFEERSF
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h & 400°C-20s @ "Bk FA ML 21T\, = OfHREIKRE
PFE LI, —FlE LT, Fig. 1012 400°C/E4ER @ L-ST
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Fig.9 TEM micrographs of 5083 based alloy cast containing
Zr, taken after heat treatment at (a) 200°C for 24h and
(b) 400°C for 24h.
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100pum

Fig.10 Optical micrograph of 5083 alloy sheet rolled at 400°C,

taken after final two-step annealing at 350°C for 1h
and at 400°C for 20s.

100um

Fig. 11 Optical micrograph of cold rolled sheet of 5083 based

alloy containing Zr, taken after final annealing at
350°C for 1h.
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Table 3 Mechanical properties of warm rolled sheet (WR) and
cold rolled sheet (CR) of 5083 based alloy measured
after final annealing at 350°C for 1h.

Tensile strength| Yield strength Elongation
Process (MPa) (MPa) %)
WR 336 202 16
CR 338 141 23
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Influence of Stress Ratio of Biaxial Tensile Test on

the Luders Band Formation in Al-Mg Alloy Sheet

Al-Mg Gl O 7 v 2T T, LR ERAL
EoTY a—F—2RENRRET B EDD B
EEOEKNICSBABE T EnD, ZOMEHNEETH 5,

I

Tadashi Minoda, Kazuhisa Shibue and Hideo Yoshida

It is well known that Liders bands form in Al-Mg alloy sheets by tensile deformation. The
Liiders bands are classified in two types; type-A and type-B. In this study, the influence of stress
ratio of biaxial tensile test on the type-B Liders band formation in an Al-5.5mass%Mg-
0.3mass%Cu alloy sheet was investigated. The type-B Liiders bands formed at uniaxial and plane
strain tension, while they did not form at balanced biaxial tension. The mechanism of Liders
bands formation was considered as below. In the case of uniaxial tension, the slip planes were lim-
ited easily because of pinning of dislocations by magnesium atoms. The deformation did not occur
uniformly, then the type-B Liiders bands occurred. On the other hand, multiple slip occurred easily
in the case of balanced biaxial tension. Then, the sessile dislocations formed easily and the defor-
mation occurred uniformly. Moreover, the type-B Liiders bands formed at an angle of 57 degrees
to the applied load in the case of uniaxial tension, while 90 degrees in the case of plane strain ten-
sion. It was considered that the deformation occurred at maximum shear stress planes by uniaxial

tension, while it occurred preferentially at {110} plane components by plane strain tension.
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& L ¢, BE&E 1.0mm ® Al-5.5mass%Mg-
0.3 mass%Cu &40 O MAZH W, LT O YR
BEffk A Fig. 11289, ASTM E 91 Helgikic & 2 #55
RIROWPETIE, MM OEEKIR I3 55 um Th %,
7o, Hifg [5RIC X 2 BRI TERL A Table 1 1I2/R 945,
0, 45, 90° AT B IF 25IREEDOZIZEEALEA LN
T, T vy av—7 SO B BREREMTIE,
0.1I%LITTHD, SvFae—0BE3EAERELE
WHElTh 5, 2L, EREAETOEIG —HD 3 A
th#t % Fig. 2 (Ic/R 923, Hifislkcider — v a v
BELTED, 0FAEIBETERED/ S LIV
WY RDBEEINTV S,

2 fili5 [BERER A oIk % Fig. 3 1”9, w3 L —
FILicky, BERICES 60mm, 1H0.2mm D2 Y v
k% 7.5 mm [HFE I AN, 60 mm X 60 mm @ HuCaEiE
DEFATHAZBINS L LTV B DO TH 5, 21
SRR O % Fig. 4 12797, B3
T 50 DME Y ) v S ICfal—DmESER L, ~Yv s
75 7 ROELEEICZ OERT AMEY ) vy O%k
REEE L < fRict, B o o 3 s R i £/
feNBREEITIE > TW5, 7, ABHERIETH
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THT = VICE DT> 7o 25| TRER D B E i [H)
13, FFREAMIC—E T 3L 5L, WELEFS:0 (H
i) ~ 8:8 (Zafl) o badi, 7/, fEs

Table 1 Mechanical properties of the specimen in uniaxial
tensile mode.

Tensile [0.2% proof . Yield
. . Elongation .
Direction | strength | strength %) elongation
s (MPa)| 00: (MPa) ’ (%)
0° 286 134 33 0
45° 285 134 33 0
90° 287 134 35 0.1

Fig.1 Optical microstructure of the specimen.
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EM5IP B,

20l [EEERE D v T IO W T A IS B &
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Fig.2 Stress-strain curve of uniaxial tensile test by
JIS No.5 specimen.
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Fig.3 Geometry of the cruciform specimen.
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Fig.4 Experimental apparatus for biaxial tensile
test?.
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N%, Fig. TICREI/RL TV WA, HIEHE D5 [5ER
NTh, OG0T BB ERES A & [E Rk i[a)
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g T,D.)y
strain, stress state and type-B Liiders bands

Table 2 Relationship between stress ratio (o gp. :

formation.
Stress| Major | Minor . *
ratio lstrain®|strain Stress State Liuders bands
8:0 | 0.093 | -0.046 Uniaxial Observed, 57°
8:2 | 0.065 | -0.014 Observed, 66°
8:4 | 0.053 | -0.001 | Plane Strain | Observed, 90°
8:5 | 0.053 | 0.003 Observed, 90°
8:6 | 0.048 | 0.009 Observed, 90°
8:7 | 0.039 | 0.018 Not Observed
8:8 | 0.033 | 0.033 |Balanced biaxial | Not Observed

*

15.5 kN in major stain direction.
** The angles show the direction of Liiders bands to the
major stain.

Fig.5 Appearance of the specimens after biaxial tensile tests. The stress ratios (oo,

(a) 8:0,(b) 8:4and (c) 8:8.

Tensile tests were stopped when the tensile load became

ag T.D) were
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Fig. 6 Strain condition of the type-B Liiders bands
formation.
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Fig.7 Stress-strain curves of uniaxial and balanced biaxial

tensile tests in rolling direction. The stress-strain
curve of balanced biaxial tension in transverse direc-
tion was almost the same as rolling direction.
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Fig.8 Relationship between surface roughness and equivalent
strain after biaxial tensile tests.

205, YO T HOHFEME M S HEMFIE—HL T
WA EPD, HMOTAOEMBOT NI NS WEE
Z 561, HEHEMIC Mises O RBRRSEERX 1 S5k 72/H2Y
OFTATEHL I, Fig.8 L0, mELS: 0 (Higsg]
B 2584 CEfMOEA) OHIHTIE, HYMOTA
DY, REFHS MK T L, m#E I IR R
BHOoNE, 51T, MELE 525 8: 8 DHPHTII,
HRYOF BT REBENFS SNV, /5 LN
Y FFEEOFIIC LD, YT A — K& MBI
BEOPEHONDL, THbE, /¥ LIb/N Y KOFEHEN
Al clERs NcmEL8: 005 8:6 TlE, /Y5 L
NV KOFEDSHERS NI - B8 TBLUS:
8L, REMMIMKEVMERINALNE, /¥ LI
Ny RDFEET 5 &, BB oRmicMhEA TS E
Mo, TOFEOHAMICLY, REHSICENELE
RIS B,

4. & 2=

FIEL 8 1 0 (D) T/ vT LNy FOREA
Wanscy, WEhS 8 (F2ih) TR snEr-
foo HikBath o WER A i 51 2 TEM 4% % Fig. 9
IZRd o MEES:0 TR~ A7 oy Fid<110>754]
T TH D, (LIBMAIOTNDICE > THIEL TV S
WA 50 —FH, MELE: 8T A7/ NV F
F<110>H BN TTH 245, BT S 2 AN FE L
THD, THEFHEEIREL BRSO T -7, B
53R & & 5 R B U 2 EE 0E L & Fig. 10 1T
KXINTRT, HIIGIETIE, &by a Iy FRTFOKRE
BENYZMWEE LTHERT 20, =7 % v AFTFIC
L BEMIDOBEEN T 5 &, TN RDBPESN TV S



Vol.45 No.1

Al-Mg REEWM D U 2 — 8" — 25K KIF 3 2 il IR E IO 59

Fig.9 TEM structures after biaxial tensile tests. Stress
orp) are (a) 8:0 and (b) 8:8.
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Fig. 10 Schematic model of the difference of deformation
between (a) uniaxial tension and (b) balanced
biaxial tension.
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Fig. 11 Orientation distribution functions before and after
biaxial tensile tests. Euler angles are (a) ¢ =0°
¢ »=0°and (b) ¢=45° ¢ ,=0°.
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Effect of Curvature Radius on Stiffness of Square
Panel Made of Aluminum Alloy Sheet

Hideyuki Uto and Yozo Hirose

The weight saving of automobiles by using aluminum is recently increased concerning the issue

of global warming. Aluminum alloy sheets have been already applied for automobile body panels

for almost two decades in Japan. The stiffness of panels made of aluminum alloy sheets, however,

isn't much investigated. In this paper, the stiffness of aluminum alloy sheet panels is measured by

using square panels with curvature on top of them. The yield strength of the same alloy sheets has

no effect on the stiffness of the panel. The stiffness varies according to the curvature radius of the

panel. The relationship between curvature radius r, deformed depth 6 and load F'is approximated

by the following expression.

F=Cr™6" (C, m, n : const, m<0)

Additionally the stiffness of panels made of cold rolled steel sheets is also approximated by the

same expression.
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Table 2 Mechanical properties of test sheets
(GC45-0, 1.0mm™).

FPRE LB O E OIS 2R T, HRESDOE X % h, 4 4
Mechanical properties
No. | Direction
002 N/mm? og N/mm? 0%
Table 1 Mechanical properties of test sheets. 0 110 261 34
Thickness Mechanical properties A 45° 109 259 33
Alloy Direction
mm 00s N/mm?| op N/mm?| § % 90° 110 259 32
0° 132 217 30 0 116 262 34
GC45-0 1.0 45 129 277 33 B 45° 115 258 32
90° 130 279 31 90° 115 260 32
0 168 307 47 0 131 263 32
SPCD 0.8 45 178 3156 43 C 45° 131 262 32
90° 175 303 45 90° 130 261 32
]
|
[1397.2 I
|
i
|
|
4 | 3\
: All10 400
° | 800
ol --¥F-=-H----- d————— RSP R
) I 5 1150
|
! iz 1500
- : > 1800
1400 |
I
1700 ;

Fig.1 Schematic illustration of die for square panel.
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Table 3 Curvature radii of square panels.

Curvature radii mm
Alloy
R400 R800 R1150 R1500 R1800
GC45-0 429 800 1232 2116 2868
SPCD 412 855 1310 1980 2676
<

x2+(h—hgtr) 2= r 2

h=y 7 2= +hg-r

Fig.2 Calculation of curvature radius.

Load

U

R100 (steel)

P _

Fig.3 Schematic illustration of stiffness measurement.
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Fig.4 Relationship between deformed depth and load.
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Fig.7 Relationship between deformed depth
and curvature radius.
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Table4 C and m of GC45-O and SPCD.

Alloy C m
GC45-0 8600 —0.75
SPCD 24600 —0.85

Fy=Cr™ (C, m : const, m<0)
Fy @ Load of Imm deformed depth (IN)
r . Curvature radius of square panel (mm)

® Load 981N
Aload 1961N
M Load 29.42N
O Load 39.23N
A Load 49.03N
D lLoad 58.84N

o1 r

Deformed depth mm
T
&%

0.01
100 1000 10000
Curvature radius of square panel mm
(a) GC45-0 1.0mmT"
10
® Load 9.81N
A Load 1961N
B Load 29.42N
O Load 39.23N
£ L A Load 49.03N
E O Load 58.84N
ES]
Q.
8
o
@
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L2
a ot f
[X03} L
100 1000 10000

Curvature radius of square panel mm

(b) SPCD 0.8mm"

Fig.8 Relationship between deformed depth and
curvature radius.
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Fig.9 Relationship between load and curvature radius. Fig. 10 Relationship between load and curvature radius.
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Effect of Oiliness Agent on Press Forming
Lubricity of Aluminium Sheet

Ichio Takeda and Yasuhiro Hosomi

The important subject of the aluminium body sheet for automobile is an improvement of press
forming property. And therefore high performance lubricating oil is required to get the high qual-
ity shape by using the aluminium body sheet. The press forming lubricating oil needs not only
higher lubricity, but also rust preventability and removability in washing process after automo-
bile press. There is a relationship that the removability become worth if the boundary lubricity of
the oiliness agent is better, because it is an adhesion mechanism of oiliness agent. To get the high
quality shape of the aluminium body sheet from now on, we have to take the total manufacturing
process into consideration in the design of the lubricating oil component.
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e v N . . e emperature ust preventability
57 VAP O EABRE S NTOE S, TV =Y Material Environmental pollution
LG DT v ZARIEVE % b i & [EREE ICRES ¥ Forming Speed Welding
&, KERBEEE ->TWV5D, condition U Load Operating
Strength Cooling
Material { Roughness Cost
Oxidized film
* R IA R Y258 2002 B CRK 1411 ) 1cT—
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Table1 Summary of oiliness agent.

Oiliness agent Carbon number
Fatty acid 8~18
Unsaturated fatty acid 18
Sorbitan fatty acid 18~24
Unsaturated sorbitan fatty acid 24
Higher alcohol 12~18
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Fig. 2 Condition of deep drawing type friction tester.

No corrosion Corrosion at the
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Fig.3 Appearance of panels after corrosion resistance test.



70 T R &8 € B ¥ #H 2004
e 4.3 B

4. BRELUEER B5 G HERERSE I > W T Table 2 1054 TSI £

4.1 Bk fafifghilE, v ove sy YRR KM O Y v e & v ARaflg

T A D R R & IR D BEfRIC D W T Fig. 4 IT/R
o MBEAIOTINC XD, KO REAGED S5,
felile, v ey VIR KR Sl 7 v 3 — BT
13, RFEHOBINE &b, BIEESEEL 2, RER
DEEOBE, ST v 3 — v > I5IEE > RRafnis b
=y s YalifEoIETHIZHITEN 1o IRFEEDE
HoGs, BSOSO S FRED T D, NiafifsG

Lo bEIEIcENTEY, 7w I GREEH oK
TH S N2 M 0 B IR VERE IS B B AR & —
L7,

4.2 A

LR D R & BEEREOBIRIC> VT Fig. 5 1<
o MHIERIOTRINT & 0 BEERAEAE N L, HEto

LAY &t 46 BREUHIER MY K4 5
13, AR ORI A & ZE—B L 7,
10.5
@Fatty acid
/-é QUnsaturated fatty acid
£ 10.0 A Sorbitan fatty acid
= AUnsaturated sorbitan
g5 | fatty acid
2 [JHigher alcohol
a A
3 9.0 AN
ao .’
£ é
€ 85
—~ Base oil
8.0 -
0 10 20 30

Carbon number

Fig.4 Effect of carbon number of oiliness agent on
formability of aluminium sheet.
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Fig.5 Effect of carbon number of oiliness agent
on friction coefficient of aluminium sheet.

Table 2 Results of the corrosion resistance test.

Oiliness agent Carbon number 3days Tdays Judgment
(Base oil) X X X
8 O X X
Fatty acid 12 O @) O
18 O O O
Unsaturated fatty acid 18 A A A
18 O O O
Sorbitan fatty acid
24 O O O
Unsaturated sorbitan fatty acid 24 O O @)
12 X X X
Higher alcohol
18 X X X

ONo corrosion ACorrosion at a part X Corrosion at the whole surface
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Fig. 6 Relation between degreasing property and
press forming property on oiliness agent.
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Fig. 7 Effect of oiliness agent on adhesion amount.

Table 3 Summary of evaluation results.

- Press forming Rust .
Oiliness agent Carbon number . . Removability
lubricity preventability
Base oil X X O
8 X X O
Fatty acid 12 A @) O
18 O O AN
Unsaturated fatty acid 18 A VAN VAN
18 A O X
Sorbitan fatty acid
24 O O X
Unsaturated sorbitan fatty acid 24 A O X
12 O X O
Higher alcohol
18 © X O
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Effects of Crystalline Oxide on Anodic Film Formation

Nobuo Osawa and Atsushi Hibino

The behavior of magnesium in the anodic films formed on the surfaces of aluminum foils con-

taining 1~78wt-ppm magnesium was studied based on TEM observations and EDX analyses.

Specimens were annealed at 575°C for 5h in an Ar gas atmosphere (O; concentration <10ppm).

Particles with MgAlL:O; spinel particles of 0.1 to 0.2um were distributed over the surfaces of the

specimens. The ratio of the thickness of crystalline oxide layer in the anodic film layers formed up

to 600V was increased with increasing magnesium content. The crystalline oxide 7 '-Al:Os; with

round shapes were formed around MgAlL:O; particles and grew over the surface with an increasing

forming voltage up to 60V. Magnesium disappeared in 7 '-Al:Os above 100V, and cracks were ob-

served in the crystalline oxide particles in the anodic films formed at 150V. The crystalline oxide

developed at 300V was directly separated by a crack. It appears that the formations of the voids

and cracks are associated with the greater migration rate of Mg® than that of Al** under the high

electric field.

1. #&

Ty FVvIIEAELCERT YTV =Y
LR PO E L WKERR T d 5 2 &%
LR E bW S, TOMFRICE T, T FEY D

i

R E N 7 =BG LIS S 5, BEARIA
W3R URE, 7YV VRE ) VRE, 7 x vIRE

WAOTRIE, v a v BIEEOKIFES—RINCHY S,
Pt (LIRS D B DA R HIIEFE I/ Dis e, ik
TOBMEEL, WbYwE T~ A kEFEBY, LK
fHic3ZfLERE (R—35 2@ »isv, Bz
SINENY T —BBALRZEOEINEL 1V 4/ 0ks
L ZDKIFEE S L BEL, ThEh#EEERILLET
L4nm, 3.1g/cm’, fERHERILEEET 1.0nm, 3.8g/cm?
Thy, WELBILEESEZRS N EY,

fEE B AT S E 51213, FPHTILI =Y 4
A b 7R AKITIRTE LKL A TER S CThr
PR g4 % i 450°C Ll FCAVLE L, s

« RGN, 51 (2000), 710 B & O (k) BFIE R E 2
Hi2 B mas CEE 16 42 9 ) o —i#Efk
o BFEBERSE v 4 —  FEPUE, T

73

v -ALO; OFEG 2 FAES B Th S92 H7k2
Wb 5,

BRI OB L (e dE 1T iE, Mg OFIENES &
5T EMRBINTVEY, o il T, T3
= L% 575 CTT VT v AFHKA TR L 254,
Mg &H &) lppm 22 5 EEILRIRGIC 2 E v
MgALO, OFEERF2EK L, KO Er A4 RiF
O Mg &GEOMINc>NIE KT 2 EBMsnTw
29,

AR TIE, MgALO: BFEIET 5 TV I =9 5%
i b L, EIEIZAIC B 5 Mg O258) % F 1 TEM #
FICK PN, IFET, R&HPOAMBIC LD b v %
WE .y MITIE S 1B RS IERR LY O T RE S~ o,

2. £ B A &
2.1 &H#
BT, Si8ppm, FelOppm @ =& fi#ikic L %
99.99% 7TV = L ER—-2 L L Mg &HHE 1~
T8ppm D 7V = &5 (JEA 104pm, 4 X 20mm



74 £ K

B & B & W

2004

X100mm) ZfFW7z, Tz -8 ComigHEmE 90%/
FTva— 1 10%Eh T 10V, 10m1n BT L,
ITFVT VA=K BEHEE, TT R (RRE
& <10ppm) ZEPHXFR, 575°C T Sh #EHl L T h & Bt
%217 - 7o COAEICLD, BMmEEILTio TV =
U LSEORMENIC R E %V MgALO, D#EERLT %2250y
hHEEgLTENTEDY,

b YRV E Y MITIEERT ARSI L) O g T 1E
70°C, & 1.5mol/dm?® #1, 0.2A/cm?®X80s Hifi T v
F v LEHE (Mg &6 8 4ppm) % 500°C X 15min,
1h, 5h DEIGFHIARGH TEWIFE L7z b D% H i,

2. 2 WmERbEM

PRl 3 7E iR 90°C, 1dm® offi/Kiz + v g 100g %
AR s o, EER S0mA/em? (BRI
W CHTEDETEF THIER, L 7.

2.2.1 BGHRBIEEECEMHICRIZT MgEEED
721

WEHCIE Mg &5 1, 23, 44, 61, 78ppm ® 7 v

I =y LA L, TEH 600V T 20min FREFL 72,

Z D%, ks 85°C, 1dm® Dtk & v g 70z % ikfE

Liciaigh, EFEif 0.4mA/em® (%) < TEE &
Fhg = JE L 7o
2. 2.2 BERERACEREORKIZKIZT MgAlLO: X E
RIVDEE

Mg & & T8ppm O 7V 3 =9 LS54 EET 40, 60,

100, 150 8 £ T 300V T 2min £FF L, TEM @ik
L7,

2.3 TEM &=

2.3.1 W@

/o b—2s (LKB#H-2088%, 5 14vEVFF
4 7 :Du Pont &) Z MW C{ER L 2@ o Wik
% TEM (HABETE, JEM-200CX) itk D EIE L 72,

2.3.2 XK@

Bt b L 7cilil 2 a2 v 3-2 ¥/ — VIRIRITIRIE S
H, BILKIEOAZEL, ThZEi# v ¥ a2 THRARAD
CEitky, REOEHE TEMBE L, S5IT,
HAh =Ry 7y AakPc kb 85°C, 5% viE/2% 7
o AR TR LR O L EiB AR L, /7 —
RUEER, FOE-AY ) —VERTT VI =9 435K
MWAEEBEE I, RWT, Ko ek
20°C, 0.2% 7 » BR/KIKIT CA S, INZi A v
Va2 THAIASL, TEM THE L/, V) VIR-7 0 ARIS
5 NS 7 v BRAKIRIEIC X A AR 2 40V O BGHaER L
FKiETZNnEH 1lmin, 12s & L, GEBEBILEEICIEL
tﬁ%ﬁ%% RE L7, ilklho Mg o fFEAE 13 EDX 1T

DT LT
ﬁﬁ,kﬁ$fﬁM@%mLtly%F%@7wi;
o LFEMAEIOFE A Y ) — VIR TIARSE S &1

b, brxEy MUEKT 2iERERLYE TEM
BB L T,

74

3. BRBLUEE

3.1 B@ﬁﬁ@’fkﬂiﬁ%@ﬁ'f’i(u&(i?’ Mg 57530)% 4

(SR {L OB « Eima#H % Fig. 1 IZ/RT o &

H 600V i T 20min {%H‘{ﬁ@ﬁéf*‘ & (LO) 13 Mg /E;?
FRIZKSFTRIEETH - 12,

iz, 600V E TREMig(l L 7o o B LAt %
Fig. 2 1o d, & BT, Mg SHROHEMIC
PRV, 375 B3 B < 78 A AR S i,

600V % THIEERAL L -5 o Widd TEM (2% Fig. 3 i<,
B R W i D i X % Fig. 4 1IC/R 9 BRALEE (34
e ERR LR RS & MOE TR LR I E > & BY 2 — &
Th b EDHERI NI,

Mg & & KA E DO JE 4 DRI % Fig. 5 1T
R, AR L EE (d2) DE A 1d Mglppm Ok
Bt b/hNs L, iaxicid &4 FHAEES N, Mg &fh
EOWIMT X 0 BLEEORE L3 RES Nz, —7F,
E IR LR B S O JE A 13 Mglppm € d1>d3 TH - /-
DT L MgT8ppm T3 dl<dd & ifiz L, ERILEIE 4
RDIEAH (d1+d2+d3) & Mg EFmOEME & 1T
DUt £z, 1V U700 OBREIE S 134G S PEBE D 1.0
~1.1nm/V, BEEFLIEHS 1.4nm/V TH 5 T & D3HEE
sy,

3.2 GIHERILEREDOERKICRKRIZFT MgAlLOs X E X

DL

40, 150 B L F 300V oK EHL F THMmEEL L THE S
KB TEM % Fig. 6 1I</Rkd, 40V THEU 725
MR LR IR K& & 0.1~0.2um ORI T EFEEL, %

700
600
— Mg
=500} |1ppm 10ppm 23ppm |44ppm |61ppm 78ppm
%400- 1200
%3m»\ ns0E
c
> 200t 1100 o
100f | 10min 150 5
0 --(_-JLC o

Time

Fig.1 Changes in voltage and current during anodizing process
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Fig.2 V-t curves of the anodic films after anodization up to
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Fig.3 TEM micrographs of ultramicrotomed cross sections of surfaces on aluminum foils with 1, 23 and 78ppm Mg additions.
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Fig.4 Schematic illustration for the anodic oxide film layers
formed on aluminum foil.
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Fig.5 A result of measurements for the the thickness of anodic
oxide film layers d1, d2 and d3 as shown in Fig. 4.
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(a) 40V

(c) 300V
Tum 0.bum

Fig.6 TEM micrographs of anodic films formed in boric acid
solutions at 50mA/cm? up to (a) 40V, (b) 150V and
(¢) 300V for 2min.
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Fig.7 TEM micrographs of extractive carbon replicas and EDX spectra of crystalline anodic films formed
in boric acid solutions at 50mA /em? up to 40V, 60V, 100V and 150V for 2min.
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(a) 100V

(b) 150V

Tum

Fig.8 TEM micrographs of extractive carbon replicas of crys-

talline anodic films formed in boric acid solutions at

50mA /em? up to (a) 60V and (b) 150V for 2min. (b) 300V
0.2um

Fig.9 TEM micrographs of ultramicrotomed cross sections
of anodic films formed in boric acid solutions at
50mA /cm?® up to (a) 100V and (b) 300V for 2min.

(a) 500°CX15min (b) 500°CX1h (c) 500°CX5h
0.5um

Fig. 10 TEM micrographs of crystalline oxide particles on the surfaces of the tunnel
pits grown in air at 500°C for 15min, 1h and 5h.

71



78 T KR 8 &2 B ¥ ® 2004

IR LIS s e b D EEZ BN, A5 & 2 B L o 82 1 B W TR E S h

3.3 RKXHOHMECLY FYRIVE y MCERT BT ENHBY, PRI 2 LE Y NHNEOE
Bt EMERILY DEE PR BB D #5 FVERR (L) D D ATIREBIC K & 12 B %

KoM (500°C X 15min, 1h, 5h) 1Tk D MEFTLEERLETEEDTH 5,

b Y RVE y M E Nz RS R b o TEM 4%

Fig. 10 [2/R 975 K& O BWLFEEEE] A5 15min & 1h © B

AT, BRI L v R LBED SR () 5 T 4. #5 g

V) DSEROVIERSNICE < A L, Fig. 11 ITRd & 21 (1) 600V % THIMREEIL L 72 5 0 B IE _EAHEE 12 Mg

v*wm®lyy$ @§<\ﬁtfmtmo;®;9
AL, B LR E 7oL Y = A DERIRH DI
K BEMIBESITY 5y 7 ISFEL, BBENTETIVI=
U AFEHIASEEE, BT 5 C &I &k 0L IE oSS
BHELGBE2bDEEZ OGNEY, & O ICELIEFER
MBhicis 3 &, b v R IVHNERIZ KL SRR <
BOND XTI - 12,
Sga v HT VR

=Y LTy F NEICHEERK

0.2um

Fig. 11 TEM micrographs of crystalline oxide particles
developed at the edges of tunnel pits after ther-
mal oxidation in air at 500°C for 1h.
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Prediction of Heat Transfer Performance of
Ailr-Cooled Condenser for Air Conditioner
—1st Report : Comparison with
Typical Experimental Values—

Naoe Sasaki, Yoshihiko Mizuta and Noriyoshi Sanuki

Average heat transfer coefficients during R-410A condensation in three kinds of spirally

grooved tubes were theoretically predicted using the calculating tool developed by a R&D project

of Japan Society of Refrigeration and Air Conditioning Engineers carried out during 1999 to 2001.

The results were compared with their experimental values obtained by the authors. The predicted

values almost agreed with the experimental values at operating refrigerant mass velocity of actual

air conditioner. In the lower refrigerant mass velocity range, the predicted values were higher

than the experimental values because the single phase flow regions existing at both inlet and out-

let of actual condenser were not considered in theoretical analysis. On the other hand, the pre-

dicted values in the higher refrigerant mass velocity range were lower than the experimental

values because the stratified flow model was applied to the whole range of condenser.
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Fig.1 Schematic diagram of the air-cooled condenser.

Table1 Conditions of numerical calculation.

Ts C 50
Refrigerant | G kg/(m?- s) 100~400
1-x - 0.025~0.975
T, T 20
Air
Qa W/(m?+ K) 135
Contact Ry m?« K/W 6x107°
Ny - 0.8
Others
Fu. — 17.5
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Fig.2 Physical model and coordinates.
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Table 2 Dimensions of tested tubes.

Tube No.1 No.2 No.3
d, mm 7.00 8.00 9.52
d mm 6.52 7.46 8.98
de. mm 6.34 7.28 8.81
n - 60 60 80
v deg 24 25 15
D mm 0.34 0.39 0.35
h mm 0.18 0.18 0.17
% deg 9 15 15
To mm 0.038 0.033 0.027
X, mm 0.01 0.01 0.01
Eq - 1.78 1.61 1.54
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Fig.3 Schematic diagram of experimental apparatus.
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Ts C 50
SH K 35
SC K 5

G kg/(m?+ s) 100~400

Refrigerant R-410A
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Fig.4 Comparison of measured and predicted average
heat transfer coefficients of the condenser.
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Fig.6 Variation of circumferential average heat transfer
coefficient with wetness fraction.
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Performance Characteristics of Cross-Fin-Tube-Type
Heat Exchanger for Air Conditioner
—1st Report : Effects of Enhanced Heat Transfer
Spirally Grooved Tube with Ability to Control
the Heat Transfer Disturbance
by Mechanical Tube Expanding —

Naoe Sasaki, Shiro Kakiyama and Noriyoshi Sanuki

The effects of enhanced heat transfer tube with ability to control the heat transfer disturbance

by mechanical tube expanding were experimentally investigated on the performance characteris-

tics of air-cooled cross-fin-tube-type heat exchanger for air conditioner. Three kinds of the en-

hanced heat transfer tube were developed and used in the experiment. The enhanced heat transfer

tube was a kind of spirally grooved tube and composed with the fins smaller than those of the con-

ventional spirally grooved tube excepting four fins located in orthogonal position on the tube cir-

cumference. The optimum groove number to enhance the performance of heat exchanger was also

shown.
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PH:Pre-heat exchanger CON:Condenser
AH:After-heat exchanger C: Compressor
SH:Superheat heat exchanger FM:Mass flow meter
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Fig.1 Experimental apparatus for heat transfer tube.
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Fig.2 Configuration of test tube.
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Table1 Dimensions of test tubes.

Test tube No.1 No.2 No.3 No.4
Do [mm] 7.00 7.00 7.00 7.00
tr [mm] 0.25 0.25 0.25 0.25
0.16 0.16 0.16
d, [mm] 0.18
(0.18) (0.18) (0.18)
12 12 12
a [deg] 39
39) (39) (39)
B [deg] 18 18 18 18
52 72 82
N, [—] 50
@ @ (@)
Rur [—] 0.96 1.07 1.12 1.00

N, : Number of fins, Ran : Area ratio

No.1

No.3 No.4

Fig.3 Cross sectional shape of test tubes; circles indicate
the position of fins with ability to control the heat
transfer disturbance by mechanical tube expand-
ing.

Table 2 Experimental conditions for heat transfer tubes.

Type of test Evaporation | Condensation
Ts [K] 275 323
x [-] 0.26 -
Inlet
SH [K] 40
SH [K] 5 -
Outlet
SC [K] - 5
Gr [kg/(m’+s)] 100 ~ 300
Refrigerant R410A

x : Quality, SH : Degree of superheat SC : Degree of subcool
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Table 3 Experimental conditions for heat exchanger.

Type of test Evap. Cond.
Tos [K] 300 293
Air Tws [K] 292 288
us [m/s] 05~15
Ts [K] 283 313
x [-] 0.24 —
Inlet
Ref SH [K] - 25
SH [K] 2 —
Outlet
SC [K] — 5
u, - Frontal air velocity
o2 o
0 .
(&) xz
00 =
Air flow oF 3
32 8
o 3
(0]
I 5 [ %
(&)
13 %
(6]
o0 3¢
. () -
Refrigerantflow (|9 zg
o .
C

<l

(b) Condensation

[

(a) Evaporation

Fig.6 Tube arrangement of test heat exchangers.
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Fig.7 Variation of average heat transfer coefficient in

tube with refrigerant mass velocity during
evaporation.
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Fig.9 Variation of average heat transfer coefficient with

refrigerant mass velocity during condensation.
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mass velocity during condensation.
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Fig. 11 Comparison between average heat transfer
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Fig. 12 Comparison between predicted capacity of heat
exchanger and average heat transfer coefficient
in tube during condensation.
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Fig. 13 Variation of capacity of heat exchanger with frontal
air velocity during evaporation.
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Fig. 14 Variation of pressure drop in tube of heat exchanger
with frontal air velocity during evaporation.
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Fig. 15 Variation of capacity of heat exchanger with frontal
air velocity during condensation.
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Heat Transfer Characteristics of
the Cross-Grooved Tube

Takashi Kondo and Naoe Sasaki

The purpose of this study is a comparative evaluation of the heat transfer performance of a

cross-grooved copper tube and a spiral-grooved copper tube using R410A as a refrigerant, and to

clarify the heat transfer characteristics of the cross-grooved tube. The heat transfer coefficient of

the cross-grooved tube in the low refrigerant mass velocity region was about 6% higher for con-

densation and about 10% higher for evaporation than that of the spiral-grooved tube. But the heat

transfer coefficients in the high refrigerant mass velocity region were much the same between

these tubes. The pressure drop of the cross-grooved tube in the low refrigerant mass velocity re-

gion was about 10 to 20% lower for condensation and 10% lower for evaporation than that of the

spiral-grooved tube. The cross-grooved tube showed excellent condensation and evaporation heat

transfer characteristics in the low refrigerant mass velocity region.
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Table 1 Specifications of the test tubes.
D T H a B N
Tube
(mm) (mm) (mm) (G (G (=)
0.24 14 12 55
Cross-grooved 7.0 0.26
0.03 30 0 100
Spiral-grooved 7.0 0.26 0.25 14 12 55
D : Outside diameter, T : Wall thickness, H : Groove depth, «a : Fin apex angle
B - Helix angle, N : Number of grooves
Tube SEM image Cross section
Cross-grooved
Spiral-grooved
Fig.1 SEM image of inside and cross section of test tubes.
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Table 2 Experimental conditions.

Type of test Cond. Evap.
Saturation temperature 50°C 2°C
Inlet Condition SH=40C x=0.2
Outlet condition SC=5C SH=5C
Refrigerant R410A
Refrigerant mass velocity 100~300kg/m’s
x : Vapor quality, SH : Degree of superheat
SC @ Degree of subcooling
| | | |
PH [P Test Section [P AH
Valve
sC WT vave X
FM

CON

R =

CON : Condenser
COMP : Compressor

PH : Pre-heat exchanger
AH : After-heat exchanger
FM : Mass flow meter
WT : Water tank

SU : Superheat heat exchanger

SC : Subcool heat exchanger

Fig.2 Experimental apparatus.
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Morphological Approach to Moundless Type Pitting
Corrosion Occurred on Copper Tubes for Field Test

ATAE,

5 [y viruv2ll] EEEhLHLVLY A 7oA
LB RMHERSME SN TV LV,

Yutaka Yamada**, Masahiro Sakai***

* ok % kK ko

Osami Seri and Masanobu Arakawa

The inner surfaces of the copper tubes after the four-year field test for moundless type pitting
corrosion have been investigated by the optical microscope, SEM, EDS and EPMA. The upper side
of the inner surface of tube has many greenish-blue corrosion products. Optical micrographs re-
vealed that there are many moundless pits in the centers of these corrosion products. These
moundless pits were classified into two types. One type is “open type” which has an open entrance
of the pit, another is “closed type” which is totally covered with a thin film on the entrance of the
pit. The thin film on the closed type pit is fragile, so cracks are found on the films of some closed
type pits. This observation suggests that the open type pit is formed as a result of breaking the
thin film of closed type pit. EPMA analysis revealed that the film was mostly composed of Si. On
the contrary, the lower side of the inner surface of tube was totally covered with greenish-yellow
corrosion products. EDS analysis revealed the presence of iron in these corrosion products. Pitting
corrosion has not been observed on the inner surface of the lower side covered with the greenish-
yellow corrosion products. These facts indicate that the corrosion products film containing iron

contributes to the prevention of the moundless type pitting corrosion of the copper tube.
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Fig.2 Changes of the electric conductivity and temperature
of tap water inside copper tubes for field test.

Table 1 Chemical composition of tap water supplied by Chitose waterworks.

Electric M- Total Ca . .
o o HCOs | SO% | SiOy Cl Fe Resideals
pH condutivity | alkalinity | hardness | hardness
mS,/m CaCOsppm ppm
7.0 14.8 9.6 ‘ 45.0 ‘ 38.2 11.7 ‘ 42.3 ‘ 31.1 ‘ 8.0 ‘ 0.1 ‘ 115.0
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Fig.4 Optical micrographs of the moundless pits observed on the inner surface of
copper tube after the four-year field test.
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Fig.5 SEM micrographs of the center of mondless pit.
(b) : magnified square shown in (a).
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Fig. 6 Analysis points for EDS on the surface around
the moundless pit.
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Fig.7 EDS analyses of the upper and lower surface of
copper tube after the four-year field test.
(a), (b) and (c) correspond to the point (a) , (b)
and (¢) in Fig.6 respectively. (d):the representa-
tive result of the lower surface.
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Fig.8 EPMA analysis of the surface around moundless pit observed on the inside of copper tube.

Fig.9 EPMA analysis of the cross- section of moundless pit observed on the inside of copper tube.
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Fig. 10 Schematic drawing of presumptive cross-sectional

view of the moundless pit.
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Machinability on Lead Free Free-Cutting Brass

Tetsuya Ando and Tetsuro Atsumi

There are two kinds of lead free free-cutting brass developed. One is bismuth substituted free-

cutting brass, and the other is hard phase dispersed one. In the former case, machinability of bis-

muth substituted one is inferior to leaded free-cutting brass because of the difference of

wettability between bismuth and lead. So these developed alloys are improved by the addition of a

few components such as tin and/or rare earth metals, and by the control of dispersing bismuth

particle by productive conditions. However total machinery index of these alloys are inferior to

leaded free-cutting brass because of the difference of lubricant between bismuth and lead. Further-

more there exists the significant problem that bismuth is rare on mine. In the latter case,

intermetallic compounds which are formed by addition of silicon, tin and aluminum play roll as tip

breaker. These additive materials are comparatively easy to gain. However these alloys make cut-

ting force higher than leaded free-cutting brass, so it is suggested to select the suitable cutting

tool.
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2003 fE 3BT 1/5 (BERPHM OEE, 0.05mg/L
25 0.0lmg/L) ~NERELL S HBlE N B L, RN
HAEHHT 2 C LIk 2OBEHBBEIN TV S, C
D &5 s bomn o, FORDK~ OB 72 83E
AR & 12 2KBES B DAL 59, X759 THhoD

WA E SN B EE - HEHEMBMIC S, HHIEEE

o PR M ET RELYERUEINTEMEES Y v R Yy
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2. EXTREBHBREIRHIER

2.1 EXZ RO

AR THOBITAE S 5 £ 2 < 21d, BSSEL,
A~ OEIARE D TIERWVEE, SMCHL L 725k o
ZL ATV S (Table Do & - T, E%MEREEHT
5, $ALV R, 07 ) —OGEMEIE LT, EERT
2IRBT I ENROBE EEZ 6N, 1980 FHR &
» Cu-Sn G&FHEM OB SN TE 7,

Table1 Features of bismuth and lead.

Bi Pb
Melting point 271°C 327°C
Solubility in Cu alloy negligible negligible
Gravity (solidus) 9.8 kg/m’ 11.3 kg/m?
Gravity (liquidus) 10.1 kg/m’® 10.7 kg/m?
Surface tension 0.35 N/m 0.45N/m
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Cu-Zn G&~OBMICEL T}, BIARZHMSYE,
27 RS Nt a + BHREHEM O #EHITE O Rl %
TV, B RREOEENNHED, U0 JE I & 75
D, UHHEROE LSRN 5 2 a2t Lic, £/,
CDA (Copper Development Association) iZ (3C89550
E LT, Ex7RRMEI NI Cu-Zn REFEM N EHS
nNTWb,

2.2 EXTZRAYEFHOHHIM

e I X 0 FELL 72 60%Cu-Zn-3%Bi (LI,
Cu-Zn-Bi) B XU JIS C3602 (LI'F, Cu-Zn-Pb) &
%, H UEEERY 640°C, 1 L HR 500 <R L
BB -k, W% TES v, 248
7 12mm OEAELE L, Table 2 IS/RTEFITL DY)
HIEE 2B 2w, Y10 < FEIER S CICUIEIE %
BlMote, ERATRABIUHMOFMLEIERER, EEET
PEMEE (SEM) 2OV oK EFHREHEcB W TES
JEBaE G s s EE2RAL, B FAERIRE D
BED S &z, WHEETIC X O S ER TR ORIE S
L O SHch TRIEREE O R 2 B T 18 5 fo, i O
A I HTEE 9L % Table 3 12, FEWEIVEE % Table 4 1278
T, fEMICEESN 2 XA XBLUERE, X275 5 T
SIRAT 2 AAREAYITH 5,

#Elt o SEM X E T#-E % Fig. 1 189, F< &
BLTOLEHSMERAT R L LVTICEERL TV S,
BT BRI A S —ICFEAE L TV B DT L, B
2= AR IR TERSIZIRE Y, NE—caEL
TWic, WG OB S B0 Bk F13 8 L U
Sy EORL Tl EREE (2, Cu-Zn-Pb #4@ 2.06pum B L O
5.33um (2% L, Cu-Zn-Bi # 3 2.67pum B £ 186.93um

Table 2 Cutting test conditions.

Cu Pb Bi Sn Fe 7n
Cu-Zn-Bi 59.5 — 3.0 0.25 0.15 R
Cu-Zn-Pb
59.5 3.0 - 0.25 0.15 R
(JIS C3602)

Table 3 Chemical compositions of test materials (mass%).

Cutting mode Cylindrical turning

Tool type TPGN160304

Holder type CTGPR2525H3

Tool geometry (0,5,11,6,30,0,0.4)

Tool material K10

Cutting speed 102m/min.

Feed rate 0.05, 0.10, 0.20mm/rev.
Depth of cut 1.5mm
Lubricant none
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Th -7,

MBLUERTREREIEAZTNT N 327T°C, 2T1C &
KR Th O, BEIHOMHRRICIIAER L TV 5, 7EREEN T
BRIE L, abi FOREZET 2080 52D
$tU, Rl 2 < 2 OHGICXd 2 KMk AR
DENEHBE LS O2®, HREMRED £ 2 < 2 3Rk
{LEFIREIRE L BY, 2D, akiFORKENNAEL
BT LI, ARMEZ<ZADEHEL, TOREER~<
2R DAL L 7o b o EHERI S A, UIHIERER R O
P < o/ Fig. 2 1, UHIJTHER R0 —F] %
Fig.3 ic7/Rd . Cu-Zn-Bi o UJ v < 1%, Cu-Zn-Pb

Table4 Mechanical properties of test materials.

Cu-Zn-Bi Cu-Zn-Pb
0.2% proof stress / MPa 300 300
Tensile strength / MPa 400 400
Elongation / % 20 25
Vickers hardness 135 135

Cu-Zn-Pb

Fig.1 SEM images of a Cu-Zn-Bi alloy and a Cu-Zn-Pb alloy.
White points represent bismuth and lead particles.
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0.05mm/rev.

Cu-Zn-Pb

Cu-Zn-Bi

Fig.2 Appearances of cutting chips.

Mobtin < 4 & g Uk < #s 2 {# [ x4 s e, Y10
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NP —TdH 5 T ENEREHR SN S,

PO U < &M HWd 5 7o DR D E|
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Y0 B IRk & N7 s 2 o RgE I in - TR
EB-THEL, U EEMCOW T 2, iR~
ZAMEFEORMEAG L TWA I EAZET L L, £~

OFE b E & TH v, A D PRI & [
DWEHIINEAETR 2 720121, B R < ZADOEIREE 8 & [H]
FEEE IS A D — & I BN D B,

2.3 ERTRAYIRBIZEFRBEREM

iR X5, A PREIEH O Z FIc e 2 v R (T
KRBT 2 DA TR TEEHIESBF SNV, i
DOITRPBINIEEMEIN TV S,

2.3.1 Cu-Zn-Bi-RE %

PHIEE DO WED 729, € R < R &M, Z
E L e B LAY O a8 2T d 2 7 T8 ou#
RE) iRMESh T, A D BLEIEHICHE U 72 g A
PEEHLTHBO, WEHMEIIEES ORI 380 A D DeEl s
LEETH D EMESN TV EY,

2.3.2 Cu-Zn-Bi-Sn %

SO D PLEIBEE & i 2 & 0 EEE (0.7~1.1%)
DAREEH LTIV DY, [AEOKMMHtE~E LT
BO, UIHIEIERDS 90 DI EE RS EHES LTV S,

2.3.3 Cu-Zn-Bi-Sn-RE %

BRSNS ETh AL YA EZRTRELEBITER L,
e cthofRBEL LcoZilz i LTcnwbd, £, Mt

110

2004
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50 ......
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Fy F; F,
Fig.3 Cutting forces of a Cu-Zn-Bi alloy and a Cu-Zn-Pb alloy

in the case of 0.05mm/rev. and 0.20mm /rev. on feed rate.

e o S 1 A M RIS S BN 78 & o fi: 2 ) L& &
Bz, 1.0% EHENERBEOZAXE2EH LTV 5,
20, <Yy 7 2AOHKIE, AL RHIETIICA
SN s atdE BHHICINA, B TV y HBEEL T
31, HMERPREV, 0L IEIMEER L, &
A0 YIS & LI 10% K R 2 b0, RA
B I RIFTh 3 LGS TV 319,
2.3.4 Cu-Zn-Bi ZRHB#:HI1

B USh 72 & T L% o EISEA HiE o
5Ltk Exw 2R RS ¥, HEtE <=
KT 2 WSO —I12 ¢ 2 T EMNARETH B, T DFER
LT, fhodinocds LT A o Pyl & 1213 HE
DOWHIENRE SN, T2~ ZADADOKSNBE L TH
512, BEEITEE S oM 3, AR DR A D
PeEEd &A% Th 3 LSS TV ALY,
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3.1 BEEMSHEOUHIKE BUEARS DTV 5807 ) — EIBR & & O R &I

Fikosve <210k 200 K SRS 32 RE
KARBTHESHRENRBIEOLNTWV S, Cu-Zn 7T
REBICHECRERNT &Ik NG, BT
fewWaEELaEwicT v 77 1L —hoHA RS ¢ &
5 ETHFMTH B,

3.2 BEE{LEYSHEREIERBRREM

BoRIcEE LT, WhWw 2 HENEROS VARG
FEEhTH B, WMENERNE L 2O WA TNES
H&EBeEE LT, YVay, TVIBLUZRINHD
(AR F NI 10, 6, 2), TNOSOILHEAIRML 72
7 ) —tHIE B SN TV 5,

3.2.1 Cu-Zn-Si%
3%V avEEHETAIEICED, av ) w7
Z0NCHEE R y B XU kS EL, o OBEM

WF v 7TV —=hokEEZRILT, CoH2E, 2%D
MEah Lol s REomEIEEE L, A D HrEIE
kv dEhovTioLBkEINERT EBRESN
TWb, T/, 5lRMEIH60/40 HiA2~X—2 & L1z
HellEH 0 1.5 1% (600MPa) THh 5 Z &, #Eiimt
Badigntk, Mk SCC ¥, AuErE%2Rd Rt
nflx\ 513, M)D

3.2.2 Cu-Zn-Al%
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PHEMNHEEOMA LB I Mb TV 57,

3.2.3 Cu-Zn-Sn %

Cu-Zn 521 2~3% D2 X4 aHT 5 &lckDy,
a~ bty 7 AP y HBSELT v 7T L —A &
LTlEHT %, 2Hl0f4%, a+ B HHILHFRE
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& T 700MPa, E v 51— T 200 &JEHEICE W E
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Molten Aluminium Refining Processes
using Solid Flux

Masanori Tsunekawa

Molten aluminium refining have performed for alkali, hydrogen and inclusion removal in the

holding furnace. The chlorine gas used for molten aluminium refining makes the environment

worse, therefore, the use of it tends to reduce globally. Recently solid fluxes have been applied in

a cast house as the chlorine gas free technique. This report has described the physical and chemical

properties of various solid fluxes and these components, also has explained for the removal mecha-

nism of alkali, hydrogen and inclusion. The refining performance of solid fluxes was compared

with the conventional chlorine gas injection. By using of solid fluxes, the high refining perform-

ance and the reduction of emissions by one order of magnitude are accomplished.

1. & L & IC
T =Y LAGeO ERENE T A VTR, REFEN
ThR7 VA ) &IE, BKRT R KRN EYE S L
BB ITON B, —fRICIEHRED T v 231 7
EEFAHOT, Ar Ny OREWS 2 E Cly 7 R %1

AL TEBRITWGAG HEBIES RS TW S, Ly
L, TOHETEN RGBS A DK E 2o [T ULEER)

FKIIEL, AT N7z Cl #F ZADFEER T D F T HmHH
SHiENT, TO—EEHFNDKIRS & XL L T HCL
HRAEWSE, TUODEHRERZAT A AEELZELCE
fbaE2EK LD, Ry A 4+ v VY ERAEDIHNY
HEEAONTWVS, D, KETRARXIGEFLE
(Clean Air Act) @b &, 2000 43 HizH 2 /k MACT
H i  (Secondary Aluminum Maximum Achievable
Control Technology Standards) 23HIE S, &5
A v THAT 5 HCL A 2 RRAIRIE P B 4 5 Bl
e b nc?, ¥/, HAENTOHAT VI =9
Lo FEIT kY Cl # 2 {EHEOKEAERE I
Wy EFohTws,

DX 575 Cly 77 2 EER O HFE 72 lim) i £ O
RS F W 2 TR O BUREEER A LR nl g & 72 D,
72, 779 7 2ANOUDFAOKE bIGE - T 5,
B4eNE, 54 (2004), 75 1c—HlE#EL
= PIRBFE v 5 — I
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ZDtc, TITRCL AAREE L COREGHHH 7
T v 7 A K B IRRHFRN OIEGEREITICBIL T, 75 v
7 AR T DR, FERA 71 = X A S ORERRIERE 2 48
HLTx LD,

2. BEREATZ v I RO LE5H

A5 TRE Ly bONYEGEHEICE VT, W, Fit
LG E, 275y TEPEDETHEMEING, T
DTV =T MRGEOFEEAEENE LT, #EF TR
MR 7 5y 2 LITF, 7597 2E95) BiRi
ENb, TDT Ty 7 RTFERINLMEE AL TE D
B o, OF7Tvh Y &8, OBUKEH R, @BFNE
Vo 3 EIcER SN, INODKERED 12D, 75y
7 213 Cl® F 280 o4y Ao mikie S 248 &
btk E S > TW5B, Tablel 127 5 v 7 2D
s ERT, £, 759 7 2ICEEN 5% DL

BYHR ORI N Icitikd 5 e, —EXRELT
Table 2 127742~
2.1 &

A E LT, Ficka SN 50 NaCl, KCl,
MgCly, CCls 8 ETH D, Fric TERMITZLM7E NaCl
P KCl BZEICREINIIGELZ VL, LrL, —&
ALY R RS S W Fc D IS TR DAY T iE 72 <,
PRI 7 vt LA EDE, HREZICBWT
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Table1 Chemical composition of typical fluxes (mass%).
Flux KCl MgCly NH,Cl AlFs KAIF, KsAlFg K550, K3COs
A 30~40 - 25~35 - 30~40 - — —
B 40~60 40~60 - - - - - -
C 35~55 - - 5~15 - 5~20 20~30 5~15
Table 2 Characteristics of chemical compound®~®.
Chemical Melfning Boi?ing Specific gravity
compound pinm pfnn Solid Liquid Hote
9 o)
Chloride NaCl 800 1413 2.16 1.74 Form Na and AICl3 gas with aluminium above 750°C
KCl1 776 1500 1.99 1.60 Melt at 660°C with NaCl
LiCl 614 1360 2.07 1.50 Melt at 360°C with KCI
AlCls 193 183 2.44 1.33 Sublimation
NH,C1 338 520 1.53 — Sublimation
MgCl, 712 1412 2.33 1.68 High deliquescence, melt at 450°C with NaCl
CaCl, 772 >1600 2.15 2.06 Melt at 501°C with NaCl
ZnCly 283 732 2.91 2.54 High deliquescence
CyClg — 187 2.09 - Low deliquescence
Fluoride NaF 992 1704 2.79 1.95 -
KF 880 1500 2.48 1.91 High deliquescence
CaFy 1360 2451 3.18 — -
AlFs 1040 1260 3.07 - -
NaySiFy 485 - 2.68 - Decomposition to active SiFy gas at high temperature
K,SiFg 750 - 2.75 — Decomposition to active SiFy gas at high temperature
NasAlFg 1000 - 2.90 2.20 -
KsAlFg 1010 — 2.97 2.14 -
K,TiFs 780 — 2.99 — Melt at 550°C with NaCl—KCl
Carbonate Na;COs 851 - 2.53 - -
K4COs 891 - 2.29 - -
CaCOs 1339 825 2.93 - -
Sulfate NaySOq4 884 - 2.70 - -
K3SO,4 1069 588 2.66 — -
KAI(SOp, 92 — 2.80 — Decomposition to SOz gas above 700°C
Nitrate NaNO; 308 380 2.26 - -
KNOs 333 400 2.11 - -

BT 5 LS IKiLE I N5, BIAIER, NaCl & KCl Ol
sHizzhEn, 800°CE 776°CTH %45, Mi# % 50mol
%&ORAT ST ETHEIZE60CICETIKRTRT %, &
7z, MgCl OFl&E & 712°C & & VA, 60mol% d NaCl
LIRETHET, BSIFA0CICE TR T T %,
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Fig. 1 1213 NaCl—MgCl, LD IRENZRTY, D&
S RELEIT L DRI ERERE CESITRIHE 155 72
Y, SOREESTR o0, BEPTEH—ITOELE W
Hhid 5,

S olg, HEEMEETORARAD NS ORELH



Vol.45 No.1

Wi 7 5 v 7 2Tk 2 7V 3 =9 A REVERE 115
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5o F1z, FINEETHIIBWT, 7V =9 L8R5
DOIAKFA 2 il & Tz ZnCl  CCls 1F, 7V
=Y ABEGERKIG L TABO AIC # R EFRAL, (F
¥ERBEoE(LET ST,

2.2 T7vit¥

7o ftmE LC, FiciAGEn 5Dl NaF, KF,
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507 v ARRLESE W, B ERET 5T &
TERLEL L TR SN S, 7 v LIS R I TSR
BEA L5 ET, BELEWAERLEICARI S 5
fEE, Foezducfifdsnicr vy =9 sk 72 A
it L CIRBHRICRIMED S 5, T D12, 7 v (L
YLy R FOZMOLTII =y AEANT BDI—FE
ke shTcuid, &56ic, KFED 7 otk
T = LRGSR O iR A K TS ¥ 5 &
i, NEYEEDMORTEN S IKT &%, o
0, 7 oA BRI & ANEYIBREEEET 21F
HA3d 5, CHEKF%ED 7 o Wb o REiEEb e
Th s KMBEGHICOTENITRFAL KO TH B,
(bW b RIEE IS 2G4 205, = ORER 7 v b¥nictt
NTIEFITEY, 7 AW 3IE LY e BB O
LW &, BHICKRERLAFARTLEE->TW
57,

2.3 xERIE, WEBIERUHEERIE

REEEE LTRSS N2 DIE, FIT NaxCOs KiCOs,
CaCOs Th %5, o DREIEIZ, SR THELT
COH 2 %N T %, TD CO: HAMT IV =9 NES
b E D500, 75y 7 RERE L THRAASELH
BFE L TCOMEND 5, WREEIEPHEEEE LT,
Na,SOs;, K»SOi, NaNO;, KNO; psftaasn s, W
NN EFREKITH 205, BEAEIEEMNT 2 &, Fik

800 T T T T
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~ - = -
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Fig.1 Phase diagram of NaCl—MgClL,?>.
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2) BEEENTVWEY, ThHD7 5 v 7 ZONHE
EaTFig. 2 1RO W, MK T 578 2180 7 5 v
213, BET 7 5 v 7 ZITHRTEREAND KB
50% RIS NG T &, FELICBLNEKI NS 72D
N o 2 U S EEEDIFIL C TIERE T X 2RSS H
bo Fto, T =Y LARGHANOEMOLGICSH, R
GMT Ty 7 AEEEENRTANS &, H OIS
U BN, BFRRL7 5 9 7 2 TREEAFEE S ITAEBHIC
HOOBEDO LEXDETHOHEANTH B, S bi, fHx
DR T DS BE—18 DT, Hken~y K v 7icks
2Ny = VNORES DA LI OFE b b 5,

4, BEBEATS v U RKBBRSNE
4.1 739U RBMAE

Wk, T =Y AFBEANDT Ty 7 ORI, &
ABEFRIT I DITONTE 2D, RIBIRBMEN T &
PRMEDOREND -1, TIT, NEHETZZF v 1)
T—ELTT7 I 97 RET I =Y AFEBTICGAD
FIi% (Flux Injection Process) &WFEE4 % Hihi o H
DRt E N, O, ok, Eoli) v, B
Wi, Wik, & 2VidESITROBNELNE L Tirbh
TWi, UL, T =9 A TREMICHRTEAN
2R T EMEDRH 122 &P, 75 v 7 ZDRLE
RO HITEED b5 TunssE LS, RAMLRES

" { Chloride Same
| Fluoride
Nitrate

Carbonate
Sulfate

composition /

(a) Mixed type (b) Molten type

Fig.2 Typical grains of solid fluxes!®- V.
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W, ARREH Z DI 10 FERERTI» S TH
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W SANEME A Z 7 5w 7 R EVGALEEE bEH
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TlEe— ORI X DIEGT T 5 v 7 ARNAFZIEE
ETICRE, BEELTT 59 7 RORIGEEED B &
e, FNEERCO2RERMEERLT, 7597
REIL DE 2R 0H %, Mk 7 5 v 7 2R
Bl O /VEIA Fig. 3 12Rk99,

4.2 TSV RICLBBRTIVAUER

T =y MRGHIRINE NI T 5y 7 R, B
B0 7 o (WSO NMRENC X 0 AR B, BRELIZ7 5 v
7 2R, F e ) T — A RAKIAERMEIC Y Vb EETERK
T 50, H5VIESTICERKT (Vv h) LT
5, AL 7 9 9 7 25D 5 5 ClLPFiE, A
Bho Na® Caorvh)&@EaL T, ~aXy
Ak (1A E, NaCl, CaF,75&) ZHERkd 27199
NS RBABHELY bBOVWO TR NSNS, —4,
SUBERIMO Vv MEE SR L TER SN oo 7 v E)
i, KL LbiceoFFHE ELTEHRAT K o Rl
SN, BER» ST VA ) EESRESIND, Fig. 41
IS DK ERT,

Fig.3 Rotary fluxing unit!®.

Flux and Ar gas

Fig.4 Schematic drawing of alkali removal mechanism.
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Fig.5 Steps of alkali removal by fluxing with MgCly'.

4

1 : Transport of alkali element to the reaction
zone.

2 @ Diffusion of alkali element in the external
bubble/droplet boundary layer.

3 . Diffusion of MgCl, to droplet surface.

4 : Reaction of MgCly with alkali to form alkali
chloride.
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X =Cl, F
Me=Ca, Mg, Ba, Sr
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(Me=Li,Na,K X=CI,F)
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K Na Ba Li Sr Ca Mg CuMn Zn Fe Si
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Equilibrium constant

Fig.6 Exchange equilibrium between aluminium and
chlorides, fluorides at 723°C".
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Fig.7 Standard Gibbs energy of formation of several
sulfides, oxides, chlorides, and fluorides. The
data are given at 723°C per mole of S, O, Cly,
and Fy respectively”.
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Fig.8 Equilibrium calculation, refining of aluminium
with respect to sodium, calcium, and lithium
from aluminium with AlF; at 750°C3%.
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Fig.9 Simulated alkali concentration after five minutes
of refining process'.
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Fig. 10 Exchange equilibrium between magnesium impurity
in aluminium and chlorides, fluorides at 723°C7.

Table 3 Alkali removal rates for various refining processes

7 A K BPIKFZAT ADBTONTE ST, RFEOT VI
=Y LA —H =TI ClL A R DYGAAIT & B IR
MEASN, BKRTZ 75y 7 2BFHShTHERL
v Thb, £, Ch 2 BFELTD75 v 7 23,
WFENGERT VA ) @i, WA EE TS S =y M
LTHD, BKZARAH =X L0MREICBET 284513
FREM D,

T =Y AEBANDKEN ZRBARBHRIESET
by, Koy SRS, FNFHSTRREE S 2
ho/KZESR, TEIRME) NPTV =y ARG &MU L
THEURKBRETBEGRICERT 2 LIk 2, TO
LB TN =9 LFEGHOKKRERET I3, B
I 2B E AL Z &R ANE SN TV B0
12), 15), 17), 34>~36>O

BB INTOA F N fc 7 2 STa T ORI AT R 53 FE G i)
0 CTHB7cw, FET HRPTKZEDA R KIANILELS
b0 MKBEHZ AN =L, TONTFEITLBH A
TN NDIKFEH 2 DILEATETH 555, iz LER 7S
BB, (LFHRERH 2 E SN TV BV, 7 24l
B 7 5 7 AN OB A RYE LR & b B A
W, HAPHEOBIKIET 0T, FIAE, NEES
ZIZ Cle ARERMLTHEHRI NS VWEVIHE L H
B0 BikEH ZMEREICBIL TR, BIREOH 2 EUGAA
PG, ARAKATA XDV VR E, AmEE DB
RS KRE D, F7, FLEFRE L0,
oK 47 2 8130 B g 5,

BKFZAZH 7 5 v 7 21d, IBGIRETHBELE WA
o7 A ERSY T, TSSO 2 JHETT B oo i
RIS BIEP 7 v ARG T 25606 H 5, TN
OALEYIE, B, ASEOME < BUREE 3V o Tk
FHZNRTIIEND OO, SIBFITFEME & il %
U BRI D B, D1, BfEREENTIINT
WA, HBEHSN TV CCl BB THRRL,
AlCl; & Cl M 2% 2T 5, O &5 Mz M: 7
Sy 7 REMEH L IGEITIE, FEAE L i is A R &ia
DSERITTF LSS 2 0 Ic 2D O SHEH AN ETH b,

4.5 7599 RICKBHNED

T = ARERICBY 3 — A EYE, O
ALCs D K¥ & 155 O UG, @ALOs, MgO,
MgALO: @ & 5 13 iABEALY), @MgCl, NaCl, CaCl,
LD ENEES NI o e O AL TH B, A
Yoz, Ch 7 20#EMABIEFICERTH 545,

16), 18)

Removal rate k(s D

Metal refining method

Al-Imass%Mg

5XXX series

Ca Ca Na
Ar (Ny) —20%Cl, Lance pipe 5.3x10°4 3.7x10°4 4.3x10°4
Flux (KC1—MgCly) Rotary flux injection 14104 4.0x10°4 7.2X107*

118



Vol.45 No.1 Wi 7 5 v 7 2Tk 2 7V 3 =9 A REVERE 119

Flux and Ar gas

Permeate to
- inclusion surface .-

Fig.11 Schematic drawing
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Fig. 12 Variation of interfacial tension as a function of

fluoride addition®”.

“=—._1mass%KF

."'H..___ .-""--._.lmass%KF

[ L-__Smass%NaF "H.SLn.ass %KF

10mass%KF, -, -.."\-\.__.l

102! Y '“"_
0 300 600 900 1200 1500 1800

Duration (s)

Inclusion concentration (vol%)

Fig. 13 Effect of fluorides addition to NaCl-KCl flux on
inclusion removal rate”.
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Table4 Metal cleanliness performances for various refining processes
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Table 7 D & H IR EREET VI =7 & (Free Al)
THDHTENRENTVBY,

9), 16), 18)

PoDFA (mm?/kg)

Metal refining method

1xxx series 3XXX series DXXX series 6xxx series
Ar—20%Cly Lance pipe 0.091 0.034 0.045 0.05
Rotary flux injection 0.081 0.027 0.024 0.03
Flux (KCl—MgCly)
Surface addition 0.262 - - -
Table 5 Relative emissions as a function of metal composition®?.
All Metal refining Free Cly Cl™ Fraction MgCly
o
v method (%) (%) emitted (%) estimated (%)
Pure Al Lance pipe 1 99 100 -
Al—1mass%Mg Lance pipe 7 41 48 52
Al—b5mass%Mg Lance pipe 4 22 26 T4
Table 6 Reduction of emissions (Arbitrary units)!'®: 18,
All values relative to HCI level for chlorine gas injection using lance=100.
1xxx series 3XXX series
Metal refining method
HCI Cly Dust HCI Cly Dust
Lance pipe 100 5.4 63.1 29.1 11.9 17.1
Rotary flux injection 8.9 0.2 4.4 18.1 0.1 1.3
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Table 7 Chemical composition of typical dust (mass%)"V.

Al Free Al Mg Si Na Ca

89 82 3.4 0.27 0.21 0.16
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Fundamental Research on Impact Simulation
and Its Applications

Hideo Mizukoshi

Aluminium alloy has been used for automotive parts, from enginehood to structural compo-

nents. Impact performance of automobile has been evaluated by various impact program, such as

64km/h offset deformable barrier impact test. So, it is important to evaluate impact behavior of

these aluminium automotive parts. On the other hand, computer-aided finite element analysis has

been widely used for automotive applications. In this paper, fundamental research on impact simu-

lation was introduced by using its applications.
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Fig.7 Simulation results for various conditions
(Load-Displacement curve).
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(a) Shape and size of aluminum extrusion.
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(b) Conditions of impact simulation.

Fig. 6 Conditions of impact simulation for aluminium
extrusion.
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(a) thickness 2.0mm (static)

(c) thickness 6.0mm (static) (d) thickness 6.0mm (impact)

Fig.8 Deformed patterns for various simulation conditions.
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(a) Condition of pedestrian head impact test.
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(b) Simulation results (Acceleration-Time curves).

Fig. 10 An example of pedestrian head impact simulation.
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Fig.11 Simulation results (HIC value) for various impact
position.
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Stretcher Strain Markings of Al-Mg Alloy Sheets
and Strain Distribution on Square Panel

Hideyuki Uto and Yoshio Takeshima

Good combination of strength and formability of aluminum alloy is offered by Al-Mg alloys
containing 4 to 5% magnesium, e.g. 5182 (Al-4.5%Mg-0.35%Mn alloy). In annealed state (-O

temper), however, this alloy often suffers from the formation of stretcher strain markings. This

phenomenon was previously studied by using uniaxially stressed strip, and two types of them,

random markings and parallel bands, are well known. In the conventional press shop another form

of stretcher strain markings, called "tatami-me,"

appears, but it cannot be observed in uniaxial

stress tests. In this paper, stretcher strain markings in biaxially stressed condition are investi-

gated by using square panels with curvature on the top. "Tatami-me" is successfully observed, and

it is identified to be a kind of random markings which appears on the condition of coarse grain (30

um) and small amount of deformation (< 1%).
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Fig. 2 Square panel for investigation of stretcher strain

markings.
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Table 1 Stamping condition for square panel.

Size of test sheet [1480mm

Blank holding force 196kN

o Square bead : 2 mm", 5 mm"
Condition of draw-bead
Round bead : 5 mm", 7T mm"

Conventional rust preventive oil

Vinyl sheet

Lubrication

Forming height 40mm
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(a) Test sheet A

(b) Test sheet B
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Fig.3 Micro structures of test sheets
(polarized light).

Table 2 Mechanical properties of test sheets. 5182-0, 1.0mm”

Mechanical properties r value
No. Dir. — Grain size
00:N/mm’ osN/mm* 6% r
0° 148 298 28 0.73
A 45° 143 290 32 0.66 0.68 16um
90° 147 292 30 0.71
0° 131 286 27 0.55
B 45° 123 2176 32 0.96 0.80 30um
90° 132 285 29 0.71
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(a) Strain direction : x-y

Fig.4 Stretcher strain markings and strain distribution on square panel.
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(b) Diagonal direction (u-v direction)
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Stamping condition (draw-bead and lubrication) and strain distribution on the square panel.
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Fig.6 Strain distribution on square panel (lengthwise and crosswise direction).
Lubrication : conventional rust preventive oil
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Fig.7 Strain distribution on square panel (diagonal direction).
Lubrication : conventional rust preventive oil
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Fig.9 Strain distribution on square panel (diagonal direction).

Lubrication : vinyl sheet
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Fig. 10 Condition of stretcher strain markings (test sheet A).
Lubrication : conventional rust preventive oil
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Fig. 11 Condition of stretcher strain markings (test sheet A).
Lubrication : vinyl sheet

134



Vol.45 No.1

Al-Mg &@MDO R b Ly F v =R b LA Y= =2 EXNXZIVEAD O T ARG

135

e e Bunincd B

‘ad

Fig.12 Condition of stretcher strain markings (test sheet B).
Lubrication : conventional rust preventive oil
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Fig. 13 Condition of stretcher strain markings (test sheet B).
Lubrication : vinyl sheet.
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Fig. 14 Strain distribution on panels and stretcher strain markings (tatami-me).
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Fig. 15 Strain distribution on panels and stretcher strain markings (rounded parallel bands).

Test sheet B (¢ 100 scribed circle)
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Trends of Aluminum Alloy Welding by Diode Laser

Koichi Maeda

Diode laser has characteristics such as light weight, high efficiency, small, longevity life. So, it
is widely used with for communication device. But there was hardly the used example as the heat
source for processing. Processing machine of the high power diode laser has been developed re-
cently, and it begins to be used by surface hardening, cladding, brazing and so on. There is not so
many literatures in diode laser welding about aluminum alloy. On the other hand, aluminum and
its alloys are used broadly in various fields, a prospective use is car material in future. Therefore,
it was investigated about aluminum alloy welding of diode laser for car body material.

As a result, in case of direct irradiation, welding bead was a heat conduction type. The speed of
penetration welding was possible to Tm/min with AA5022-0 (thickness 1mm) and to 5m/min with
AA6016-T4 (thickness Imm) in melt run. A good lap-fillet joint was obtained. Laser beam shape be-
came rectangular in direct irradiation, lens exchange had the different result of the upper limit
speed of penetration welding. A simulation was done about the influence of beam shapes.The simu-
lation shows that a full penetrate weld is possible to be obtain by selecting a laser beam shape
adapted to base metal properties, for example thickness, heat conductivity and so on, in spite of
using by a heat source of low energy density. The diode laser welding should be studied about sub-
stitution of TIG welding with a thin sheet and a joining of thinner foil in future. In addition, it is
hoped that the use range spreads by examination about reduction of equipment cost and beam

shape control.

1. # 2. L—¥mI

jill]

*

L= HFOFIRITHRI L TH 5 40 FPLERBEL, 20
FIZ 20 OB R OO E S EDN TV S, BIAE
TRZOMRIZIIE->TE, VlvRELE DS
BN S, Gtz EEEMEE, v—¥7 ) vs,
HKaEfE, CD® DVD B E, HGiEiuircbigh< ffs
NTW3, L—¥IREYADT T, FEIKL — 5 3E
[, REIHBHINATVLEH, SHIRERIC h-%k
TEREMNF I ErSEBIMTHE LTHEHSR
BENIDIE I 5 Foo ATRTIZZ OFEfR L —FITBHL T,
TN =Y ABRIFEORFFI R LI LT, 4ROE
B> W Tk 3,

« TR v s —  H—EF

138

1960 ZE 1] T Maiman 1Tk » TILE — L —HFDFE
WIS I) Ui, D, <A, [EIEEOSEFRIREARD
HIANH - 12, T OFIITHO W THE B E b TTable 1
(NS

B AP AREE I LTI ND : YAG L —
PIF UL —YEHEEEA LV — I LANEARTIR
L3 oTWB, BRTEEEO LV —¥INTHE L TEI
HHENTOVEDEFREAZL —#&Nd: YAG L —
PThH b, KN Z L —HF ISR E S 1 C
EoEtr RV En S, VWA E LR RS
TW3, £72, Nd: YAG L —HFRBZDKREM ST »
AN BIEIEMARETH B 12, ok b EflAED
OEEREICHHISN TV S,

L — IRV R T R B2 K OoB/EER T &



Vol.45 No.1 T3 =T AGEOPER L — FIEEOBIK EH)W] 139
Table1 Various kinds of laser.
Medium form | Laser medium | Wavelength/pum Usage examples
He-Ne 0.63 Measuring
CO. 10.6 Processing, Medical
Gas Ar’ 0.51, 0.488 Medical, Display
ArF (Excimer) 0.193 Processing for semiconductor
XeCl (Excimer) 0.308 Processing for semicopductor, polymer
processing
Ruby 0.694 Measuring
Solid
Nd : YAG 1.06 Processing
Semiconductor 0.6~1.05 Communication
Metal steam | Copper steam 511, 578 An electronic flash source of light
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Fig.1 Relationship between absorption rate and
wavelength 9.
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Table 2 Comparison of laser for processing ”.

Lump-pumped Diode-pumped )
Ttem CO, laser Diode laser
Nd : YAG laser Nd : YAG laser
Wavelength 10600nm 1060nm 1060,530,353nm 940,808nm
Maximum power 60k W 10kW 6 kW 4 kW
Machine size Big Middle Middle (Small) Small
Efficiency ~10% ~3% ~10% ~40% (50%)
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Fig.4 Top bead outlooks and cross-sectional views of laser welding (AA5022)13,
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Fig.7 Cross-sectional view of lap-fillet weld 50 ﬂ 5
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Fig.8 Effect of work distance and offset on lap-fillet
weld (AA5022) V.
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Fig. 10 Hardness profile of cross-section (AA6016)!.
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Lens Welding speed : 2.4m/min Welding speed : 3.6m/min Welding speed : 4.8m/min

Direct £200
(Energy density 54k W /cm?)

Fiber £100
(Energy density 76k W /cm?)

1 mm

Fig. 11 Cross-sectional views of various conditions with other lens (AA5022) .

Table 3 Beam size and energy density (nominal) ™.

Lens Beam size Energy density
53 1.0X0.2mm 764 kW /cm®
Direct £100 2.1X0.3mm 224 kW /cm*
£200 4.6 X0.6mm 54 kW /cm*
53 ¢ 0.9mm 240 kW /cm”
Fiber
£100 ¢ 1.6mm 76 kW /cm®
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Sumitomo Light Metal Technical Reports, Vol. 45 No. 1 (2004), pp. 144-153
Research on Friction-stir-welding and
Arc-welding Procedures in Germany
— Report on Visiting Research
Institutes and Companies

Keizo Namba

Results obtained through observation in research institutes, companies and discussion on both

friction stir welding(FSW) and arc welding procedures are summarized as follows. These insti-

tutes and company have been studying on a wide range of FSW procedures such as processes, weld-

ing mechanism, joint properties and applications. Tools that they used have been originally

developed by their own technologies and were equipped with measuring instruments of essential

variables during FSW. The firm belief of putting to practical use for assembly of fuselage(high

quality of welded structures) was considered to be shared and QUALISTIR project seemed to be

thus operated actively. Concerning arc welding procedure, this company has developed an innova-

tive arc welding process like a full-digital of precision-controlled welding machine and also pro-

moted joint studies and researches positively with customers. LaserHybrid, twin pulsed arc

welding processes and MIG arc brazing process, where this machine is effectively utilized, are cited

as recent technologies developed.

1. I C & IC

2002 F i 5l ft &, ISOARH »» 5, “ISO/CD10042 :
Welding—Arc-welded joints in aluminium and its
weldable alloys—Quality levels for Imperfections” %
Tk - eI 22Fn 75 v 7 v ChllEs 20T
HEsnzw, EoEFEEZZT T, —WEELERIC
Aluminium expert® HAZRE & L TIE S NLic,

C ok, FEEERES (LUN, FSW) i LEIf
B9 2 FZEHBE & LT 2002 RIS FEE 0 Gh B &R iA
EHEhaoli LikRES «c FSWHhERBSKR U Z O
ISO EEHE(L A~ D « MagTFHEBE & L T 2003 2% .0
« RPIEAEE, 42, NoT7 (2004) 338 o —HfHE
o WFZEBARE R vy —  FEE, THEL

144

FSW « ISO{LZE S (WG-Bl HAREL), HFoifdi~
DBELT LD, X, UHasB8icET <,
FSW Hifftic B L That & LT 2 e 2 2t % 3514

LT, TOW « BRI OFEHEEFZ1T - 70

—7, 2002 FEDIREORE, A — T IBIKT A b
RFA D72y 7)) —OTHE¥YT, NWHEShTVwEC
LDt T = VIO A —h bRIL, T O
FAriA A% & JhE L 7o

KB, ARTOFEELIBNL, BIcE-o»rOBIRER
S EESTH 5,

FSW HfficBd L T oghfieTcid, 99, = 2ol
BHY, HRWT, Xke T =R v Itk -T, 5%
T O « B D B 2 HAE D RREHR IS D FE A A
2, Tok, MEEPERELEFL, EE

ERE:
o ik



Vol.45 No.1

N A VITB U B EEEIRES RO T — 7 i LAl O Bhin) — B 7E ke O b a B 145

R A, Tofic, 1SO fREL~ D EKEDE 2 HEIT
BILTbEMm Lo, B, TOHR¥ETIE, FSWHET
DY avy—2FN—=T7% FLiipTEZASH, 2)
i, EBRoE LHEEL, Lo emilNg R, iR
HRSHEEVT, S4, ZOEREMHLEPKIEOHT
RERF S0 SEPICBRTELEETH - 1,

—H, TV EEEA — A~ DT, Ok
B, R LoOFHENELF TS0, 55
T THHL,

Moo, HElToRETh > & %0
LT LTHL EEbIT, RIID, IHEHEV LA
CEbNREEBHT T L bHNBVDOT, HRLE
L7,

DTofERickswcd, BroNEEREN I
AL TR LI, (22T, THVI=ZDLRUTIVE =
Y LB ET IV BT )0

AHF, Lok BEm0b L THLLE>H»O
Wt tl, LT Ry KOtz U< oA
HigEch -, ISOKFEICEHL T, SEEREL
THRiR LT, B, LlREBAREEF MM GEHICE
lBENnTWd,

2. GKSS

2.1 AR - ERE

(D) ARTAH 2003 F11H11H (K

(2) ik « GKSS — Institute for Materials

Research (Hamburg Z4}4)

Q) IFEHEWI A @ SIK, fib

22 # B
ANOWTEREBE T, FSW SO BIEBFEIcHib > T B
DIF 30 HREETH 5,

(1) ISO #EHE(IcBIL T

ISO e kiE, RwicHbks v, © LA, EBN
BEZDHDOO—IET, N1 v TOMEIE|DEHE - Wit
LB ERBI OB TH > 7o - T, DDA
AR EmBHRE 9 ITBA, M Sl L 72 &k,
T — 7 iR Lk o ISO BEBMEEE, T JicE s T
DEAITE = & 752 5 CEREKR O 2 o OREERE FIcB L
THMA L7 (M2, FSWELZEcB\WT b, C
DL BREEARTEHT ILEND A5, M4 ISO M
BT ORRIFO HAKICE 50 TIR, 2, EZER~XT
BUWi, hHd, ToEHaEMoMT <, B pWPS
(BB I B o ERREBER L TR D, T OF) & HR
HETL N, 7272, EoEoHifL Vv EEES 5
DIPITHOVTIR, BIEOEMD & & THED X 2 21350,
EDEZTH-1, LrL, PREIT/RT L DIT, bobbin
75 B self reacting tool, & ST FEZEX e
LA N T3, HAEHENREL > T 2aEnH 0,
ZHUTHE - THIBENAERKR bBRE X 2 2189, {t- T,

ZOEMNBA T EFER L TBBENH L EEX 5,
X, T@ pWPS T/ 511 % essential variables 2B L
TR, L ET, B LEEHEAM TOMRFHTHE
SHICRRELBEVWORKRENTHY, MY A B0EFT
OfRERPHRARE DA T, o3z EEZHAAL L
HbZTOSFWMEEEZA S, L0 REAHNICHIRL
THBLBENH 5, Fi[EHEES,

#%H, ROE, FSW O ISO LD EEE - M FE
ELT, IWAICH#sNcEHBEELZES WG-BlLick
WT A YRERBICE > TERSN TV A T EWDh -
foo THLTHIZEBTENE, TORELOBITEL
T, MohDTIRKENEHMBELTL S,

22T, ZEETIC LRLOMREICBIL THEEL TH <,
pWPS & (&, ISO156xx “Specification and qualifica-
tion of welding procedures for metallic materials ”
I THIE @ preliminary welding procedure specifica-
tion 28 L, O JIS “@EM K O AHHE LN
CZOHE” oo, 7v3aido JIS 7 3422-2 T,
AR O IE N LEAE, LEFSN TV 5, essential

variables & 13 Z O KGRI MBI ARG =R L, £
DORNEIE, T pWPSICEIH L 2 I Nid 73 & 78 WEiIg
D—DThb, RJISHIKTIE, HEMEIEELEER
INTWD, N bFEMIEA JIS B 2SI iz,

(@) METHEkcBE LT

Oz K vy X FSW (FSSW) £iffic > T i BEickd
50 [ THET 2 R A O Th 5, Fig. 1 DX 51T,
PERD Ry MEFERICENTZ OfEFH AWMIE 135 <
M otee 188, HAROHMTOHENEDEF O LG
B> TWichs, ToE X ICEELRBEWED I ETH -
7o

T ® FSSW & (3 Friction Stir Spot Welding @ & #5
Th b,

@ bobbin in Bz & 2 B> 5 © FSW il T£¢
MO GTET LTHEBY, RIIDFFTEHEEATH LM
(Fig. 2 Z28), MTS th A& 385 5 LW,

@ self reacting tool Z &%, =Kirdw v b FSW
BB 52T Lz (Fig. 3)o

max. Shear Load (N)

AAS754-0
AAB111-T4
AAS5182-0

‘ AAS754-0

AA5182-0

000 4000 6000

0 2000 4000 6000 o 2
Sheet itckness 2mm / Nugget Diameter 6mm

Sheet thickness 1mm / Nugget Diameter 6mm

AAGO61-T4

AABO61-T4

AAB111-T4

AAS754-0
AAS754-0

[ 2000 4000 6000  B0OOO 0 2000 4000 6000 8000
$Sheet thickness 2mm / Nugget Diameter 7mm Sheet thickness 3mm { Nugget Diameter 7rm

Fig.1 Maximum shear load for single spot specimen/the top
of each figure Friction Stir Spot Welds/others resis-
tance spot welds.



146

T R & & E & R

2004

Fig.2 FSW Bobbin Tool

Fig.3 Robotic FSW of three dimensional curvatures.
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Fig.7 Airbus A380 with 8 welded panels of up to 10m in lower
fuselage (arrows) and set-up of fuselage and single
welded panel (right side).
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Fig.8 Schematic representation : LaserHybrid welding.
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Fig.9 Time Twin Digital welding system.
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Fig. 10 Characteristics of pulsed arc welding and its practical use.
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Fig. 11 Appearance of subframe.
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Fig. 12 Outline of ISO 156xx and the background : Arc welding procedure of aluminium.
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Table 1 Details of the standards dealing with specification
and qualification of welding procedures (Arc weld-
ing process).

General rules EN ISO 15607

Guidelines for a grouping system CR ISO/TR 15608

WPS EN ISO

Tested consumables EN ISO 15610

Previous welding experience EN ISO 15611

Standard procedure prEN ISO 15612

Pre-production test EN ISO 15613

Welding procedure test prEN ISO

Part 1: Steel/Nickel

Part 2: * (note)

Part 3 : Cast iron

Part 4 : Finishing welding of
alminium castings

Part 5 : Titanium/zirconium
Part 6 : Copper

Part 7: Overlay welding
Part 8 : Tube to tube sheet
Part 9: Wet hyperbaric

Part 10 : Dry hyperbaric

* JIS 7 3422-2
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Material Technology Supporting the Growth
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— Current Status and Measures for Future —
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Fig.2 The structure of Japanese aluminum industries.
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Fig.5 Demand trend of aluminum products during these 25 years in Japan.

T, FELEFEEO 7V I EESAEES (2000 )
% Fig. 6 1R L9, KEMERICKE S EERE
FHOFIT00 T3 b v, 0 10 FERIOEERERIT 2.8%
itk LTV E T, HRIFE2MTH O 9, 104
MOFEFHRERIZ09% EEE L T0E T, b,
V7, FEIZOVTOEMRSEEEH O AL, W
DOHEERE, v v 720~3077 ~ v, thEIE 100~120
rvEHEEShET,

=)

3. FEZII =9 LAFEE S OBEEER

COINFEROT VI DEES LA TERRENLHE
WEBL & U CHoRHE & B AR O &, 4
BOREOHEE—HIcH > TWAHBEARF 4 /%L
DWFEBAFEIRILE TR Wz L9,

3.1 fREME

Fig. 712 2003 fEic il s e HA, Jbk, Bo e —
WEONHZRL T, FAx BEETOFICH RSN F
oW T, ME, GoER, WoEASEEREL
ZOMEEEY + v FLTEY 9, ENED 6 [MIEA T
BOETORBENCELEES A — A =D 6tbH DD T
o BG4 — A —, b5 —EIFRINBEI A - — &
DL THOLOVERERDTED, £ORDITL DI
WEBRTIDFEOBWRWLEARDTWET, 73
REHE A OESY EZEOHSD 2 E—R LD >THED,
DI EMENTOE T, THREIAOESDIED Fhke
vinL (DRAWING) & L Zx=jfnL (IRONING) @
HAaGbEIckbdTT, K TEITHEEBH0D
RO FETH, HORKRBLIT LEELTHD THA,
FEoHga R Tuic il Ed & ORPEBATOHINE
WTT L, ifRAOERE 2237 —BOMOIK S 51 -

157

T T !;:jf (.
| 21990
Average annual growth rate: % I B2000

8000
(2.8)

7,000 |
6,000 [
5,000 [
4,000

3,000

Annual production in
thousands of tons

2,000
1,000

USA

Japan Germany Italy France England

Fig.6 Annual output of aluminum rolled products
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Fig. 16 Development of radiator water tube material.
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(b) After forming (500°C, 10"'/s)

Fig. 20 Microstructures of blow-formed A5083 sheet.
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Fig. 26 Scheme of development of high-performance 6000 alloy sheet for automotive body pannel conducted NEDO project.
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Development of High Strength Al-Mg-Si-Cu
Alloy 2013 for Thin Hollow Shape Extrusion

Hideo Sano, Shinichi Matsuda and Hideo Yoshida

Aluminum alloy 2024 has high static strength and fatigue strength, so it has been applied to the

primary structures of aircrafts, however, it has disadvantages of corrosion resistance and form-
ability. Alcoa developed 6013 as the alternative alloy to 2024, but 6013-T6511 has 20% lower
strength than 2024-T3511. New alloy 2013, which has been developed to be alternated to 6013, can
be extruded to thin complex shape. 2013-T6511 extrusion has higher strength and much higher

corrosion-resistance than 2024-T3511. Therefore, 2013 can reduce the assembly cost by means of

integrated structure and it can reduce maintenance cost by re-coating postponement. From this
perspective, 2013-T6511 extrusion can be the only alternative alloy to 2024-T3511. For the
application of new alloy to aircraft, alloy and temper "2013-T6511" has been designated by The
Aluminum Association in 2003 and its specification has been published as AMS4326 by AMS of
SAE. And the registration to Metallic Material Properties Development and Standardization (old

MIL specification) is in progress.
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Desired characteristics of materials to replace 2024-T3,
which is the standard for aircraft applications

» Strength:Equal or superior to
2024-T3

 Excellent formability

» Lower density (even slightly)

» Improved corrosion resistance \ ‘
» Lower material costs Lower manufacturing

cost, Lightening

’Integral construction ‘

’Lower maintenance cost

Fig.1 Development concept of alternative alloy to 2024-T3.
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Fig. 2 Extrusion diagram of hollow pipes in experiments.

Table1 Chemical composition of aluminum alloy (mass%) *!.

Alloy Si Fe Cu Mn Mg Cr 7n Al
2013 0.6—1.0 0.4 1.5—2.0 0.25 0.8—1.2 |0.04—0.35 0.25 Bal
6013 0.6—1.0 0.5 0.6—1.1 | 0.20—0.8 | 0.8—1.2 0.1 0.25 Bal
6061 0.40—0.8 0.7 0.15—0.40 0.15 0.8—1.2 |0.04—0.35 0.25 Bal
2024 0.5 0.4 3.8—4.9 [ 0.30—09 | 1.2—18 0.01 0.25 Bal

*1) Single figure shows the maximun of each additional element.
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Fig.3 Parts design of 2013-T6511 extrusions.

Table 2 Static strengthes of 2013-T6511 extrusion.

Fty Ftu Fey Fsu Fbry Fbru

Average (MPa) 386 411 389 293 711 950

S -basis minimum (MPa) 372 400 372 283 641 896
A-basis minimum of 2024-T3511 (MPa) 290 393 234 200 490 745
Average (ksi) 56 59.6 56.4 42.5 103.1 137.8

S -basis minimum (ksi) 54 58 54 41 93 130

A-basis minimum of 2024-T3511 (ksi) 42 57 34 29 71 108

¢ 6. 35mm
114. 3mm
12. 7Tmm /
2 = /\") . / . O ;;;;;

o]
o™

Pressure deck beam Window frame -

'
Fig.4 Int ted 2013 extrusi .Q‘V
ig. ntegrate extrusions. 2, 4 6. 35mm
INFEBRFREL Fig.5 Specimen for shear test.

—7, AMETIE, 10heats 2> 5 D 100 {0 i 5k £ T3511 Ml OBUKED A L D &5 <, WK

MM X, Z D5 %D Pearson b 5 W 1 = N AN

Weibull 23123 S 8 T IR S0, 'S KT NIEE = bR =M O SE & L CREST O/
299 {H DEABRAE R AMENC IS B, 2013 D [aRIEAE, LA HETH D, Fig. 71T, 2013-T6511 & u — it 05|
BRIE, N7 v UEE, YAMEBELWSNS, 2024- RMEEE R, HEEMOGEHEER Y ) v FEDE & A

170



Vol.45 No.1

A TEMHIZIRIT Y AT RE 78 S i Al-Cu-Mg-Si &4 2013

171

HTHY, BEWTA FIVPHREIES LIcEBELZ LN
72o Fig. 81 2013 BHIHM @ 2 7 vk Z /R, $
GROBRIELRETH D, BENBRIFTH -7 I &%dE
AL TV 5,

Fig. 912, #fEL7E— L0 4 S o frsatbhks 5
AR M HEER K~ EER VT hIC, HiE
W7z IcTr )y 7Y v THEENREE L, 2O
FIFZNZN 102.8kN, 113.2kN TH - 7z, —{K(LHE:

e=12.7mm D=¢ 6. 35mm

/

¢ 9. 58mm

/

| B /
= Chon (:”'\
i~ o
»
12. 7Tmm 25. 4@!1
88. 9mm
Fig.6 Specimen for bearing test.
7 500 ~ 500 30
g g
= 400 g p 400 §
© 20F [ )
<= “«
E" 300 Standard off 300F.. - 8 s
8 2024-T351] 2 ; S
o L .
s 200 g 200 Standard of é 10
2 100} : 100} 2024-T351 s
.; — [€a]
= 2
it - = - 0 -
L T Joint L T Joint L. T Joint
part part part
-;5, 72.5 \EIJ 72.5 30
~ 58k 3
o 58 S Beo | & 2 .
= w B
43. 5 43.5
Eﬂ Standard of 3; g 8 ]
o 2024-T351 g | N -
s 29 s 29 Py
2 H Standard off s 10fF
©14.5 o 14,5 2024713511 5
o= — o
%] () =
g = 0
& L T Joint L T Joint L T Joint
part part part

Fig.7 Tensile properties of 2013-T6511 hollow extrusion.

Fig.8 Microstructures of 2013 extrusion for window frame.

171

RIGHAT SR L [ F OmE AR L, #hiEiks L i
W &P s Lt

3.3 2013 M DM EM

Fig. 10 12 &40 HidA o i falifsh R 2 R d. 2013-
T6511 ® F1fMic T 168h BRIl E v b BEE S 1,
336h iz s tEE (ASTM G34 @ EA : Superficial
Exfoliation) AElEg i, —75, 2024-T3511 © %K
1T (3 336h #RIc i L Wi (ASTM G34 @ ED : Very
Severe Exfoliation) MEZE SN/, F 7z, WA AER
B, MKEBEABRICBO TS, 2013-T6511 i Hi#t (3
2024-T3511 fIHIM L © bAKEICEN 2 70 L, 2013-
T6511 it i o it £ 13 2024-T3511 #1 HI#A it fr ik &
D bRIFITENS C EDlERE N,

4. AA RV AMS DHRI&E R

WEersmZEmImE s LTirfansicl, KET
DHIEBERNB LI TH 5, AA ITT 2013 D GEBERZ,
S 51T T6511 OAJLEE 3% 5¢ T L 7o MLz ik
A (N2ESD) ~OEHICE, KE Society of Auto-
motive Engineering N Aerospace Material Specifica-
tion (AMS) ~DBEEMNHETH 5, Tabled B LU

Crippling failure

- | Crippling failure was occurred in the
flange area of the compression side.
Load : 102.8kN in conventional
assembly structure,113.2kN in
integrated structure.

Fig.9 4 point bending test result of beam.

Beam (2013-T6511)
Slight corrosion

(2024-T3511)
Severe corrosion

Fig. 10 Exfoliation test results of aluminum alloy extrusion
(after 336h exposure).



172

T R & & E & R

2004

Table 3 Longitudinal tensile properties of 2013-T6511 extrusion, <0.200 inches.

UTsS TYS Elong.
Count 100 100
Units MPa ksi MPa ksi %
Average 415.9 60.32 390.49 56.63 11.12
Std.Dev. 6.79 7.79 0.76
Skewness 0.52 0.32 —0.07
Minimum 404 58.59 374 54.24 9.6
T99 T90 T99 T90 T99 T90 T99 T90 T99
Weibull | 401.43 406.44 58.22 58.95 366.76*1 | 378.19*! | 53.19*! 54.85*1 9.47
Pearson | 399.83%1 | 406.32*! 57.99 58.93 370.35 378.99 53.71 54.97 8.6
Rounded 58 59 53 55 9

*1) Best fit to data
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Fig. 11 Probability plots for TYS analyzed by Battelle Memorial Institute.
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made by Aluminum Alloys
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Ball-Truss Grid-Truss Dome-Truss

Fig.1 Various types of System-Truss.

Table 1 Materials for a typical aluminum Dome-Truss.

Parts Size (mm) Material
Strut 1 H-150x110x4/5 ABN61SS-T6
Strut 2 H-150%110x6/8 ABN61SS-T6
Strut 3 H-150x110%14/18 A6N61SS-T6
Hub PL 10 A5083P-O
Skin Plate PL 1.5 A3004P-H32
Gutter 63X T1X2 A6063S-TH
Joiner 20X 60x 2 A6063S-TH
Cover Plate PL 1.5 A3004P-H32
Bolts M16 « M20 SUS (Surface Treated)
Anchor Bolts M20 SUS (Surface Treated)

Fig.2 Configuration of a Dome-Truss.
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Fig.3 Structure of the water proof connecting part of Dome-Truss.
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Fig.4 Structure of the free slide supporting part of
Dome-Truss.
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Fig.5 Appearance of the service water tank with
alminum Dome-Truss cover built in Nikko.

Fig.6 Assembling of the Dome-Truss cover on the
ground level beside the tank.
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Fig.7 Lifting up of the Dome-Truss cover over the tank.
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Sumitomo Light Metal Copper Piping System, Vol. 45 No. 1 (2004), pp. 179-180

Cold & Hot water piping System — SUI « TOH « P —

Sumitomo Light Metal has developed innovative cold and hot water piping system of inner sur-

face Tin-coated copper tube (high anti-cuprosolvency), which is named “SUI « TOH « P”. It is indi-

vidual feed pipe system whose each draw-off point is connected separately. The jointing of copper

tube only has to insert into a one-touch push-fit fittings without the need for solder.
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