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Application of Tin Coated Copper Coiled Tubes
for Air Conditioning System using Circulating
Cooling /Heating Water

Yutaka Yamada, Shinobu Suzuki , Koji Kanamori
Kunihiko Minoshima and Kenichi Ishiguro

Pitting corrosion of copper coiled tubes has been experienced in air conditioning system having
the open storage water tank. The presence of both carbon film and corrosion product of galvanized
steel on the inner surface of copper tubes caused the pitting corrosion. Although the pitting corro-
sion was reduced by the decrease of carbon film less than critical value and/or entrapping the fine
corrosion-product particles of galvanized steel in the circulating water with fine mesh filter, these
countermeasures have not always been enough to prevent pitting corrosion. The tin coated copper
tubes have been investigated by the field test in an actual air conditioning system. The tin coated
copper tubes showed excellent corrosion resistance at normal portion, while the heated portion of
the tube by brazing suffered from slight pitting corrosion and/or grooving type corrosion because
the tin layer had changed the alpha solid solution through the interdiffusion at high temperature
in brazing. To solve this problem, soldering was applied in place of brazing to joint the tin coated
U-bend tube to tin coated straight tube. It was revealed that these tin coated copper tubes have
been sound without any indication of corrosion in the circulating water at an actual air condition-

ing system.
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Fig.1 Appearance of inner surface and cross section
of both tin coated tube and conventional cop-
per soft tube tested for 4 months in Test 1.
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Fig.2 Appearance of inner surface, cross section
and EPMA analysis of the tin coated U-
bend tube at heated portion by brazing.
Sample tube was tested for 4 months in
Test 1.
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Fig.3 Corrosion potential changes of test tubes in Test 1.
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Fig.4 Appearance of inner surface and cross section
of the tin coated U-bend tube at heated por-
tion in the heat exchanger by brazing. The
heat exchanger was tested in the actual sys-
tem for 6 years in Test 2.
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TECHNICAL PAPER

Metal Flow in Extrusion with Different Orifices”

*

Seiichi Nagao*

and Norio Takatsuji* **

Die design is the most important factor to achieve appropriate profiles. In aluminum alloy ex-

trusion, it is possible to manufacture profiles with complex cross sections. However, die designing

to manufacture profiles with large thickness difference is very difficult, because the metal flow

through the die orifice is not uniform. In this study, extrusions using dies with 2 round orifices,

a large diameter orifice and a small diameter orifice were performed. The relation between the ori-

fice area ratio and the speed ratio was quantified. In addition, the effects of alloy composition and

billet temperature on the speed ratio were quantified. The speed ratio depends on the flow stress

of the billet. In order to investigate the metal flow in the container, the macrostructure of the dis-

card was observed and finite element analysis were performed. It was clear that the changes in the

speed ratio were related to the metal flow in the container.

1. Introduction

Extruded aluminum alloy profiles can be
manufactured in one operation even with com-
plicated cross sections. In addition, the profiles
can be extruded using various alloys according
to the required properties. Therefore, extruded
aluminum alloy profiles are used in various
fields such as architecture and automobile or
aircraft production. They are effective in light-
ening body structure, so demand for them is ex-
pected to increase. Therefore, the quality and
productivity of the extrusion products must be
improved, and these depend on die design,
namely appropriate die design brings down high
yield. However, die design for complicated sec-
tions, particularly for sections with different
thickness, is difficult to be optimized. Because
metal flow through the orifice is not uniform, it
causes distortion. In general, the metal flow is
made uniform by die bearing adjustment after
several trials. In previous studies "™, the effect
of die design on metal flow of different thickness
shapes was investigated. However, the effect of
alloy composition should also be considered.

In this study, experimental extrusions were

* The main part of this paper was presented at the 9th
International Aluminum Extrusion Technology Semi-
nar, Orlando, USA, May 13-16, 2008

#+  No. 6 Department, Research & Development Center

«+x University of Toyama, Professor, Dr. of Eng.

carried out using dies with extremely different
orifices, and the metal flow was investigated
quantitatively in order to improve die design.

2. Experimental procedure

The experimental extrusions were performed
using the vertical press at University of Toyama
shown in Fig. 1. The maximum extrusion load
of the press was 4 MN. Fig. 2 shows an illustra-
tion of experimental tool unit made of H13 steel.
The container diameter was 94mm. Fig. 3 shows
the details of experimental dies. Five kinds of
dies with a large diameter orifice and a small di-
ameter orifice were prepared. The diameter of
orifice 1 was fixed at 25mm, and the diameter of
orifice 2 was variable. Table 1 shows the dimen-
sions of the orifices for each die. The orifice area
ratio shown in Table 1 was defined by A./A:,
where A1 and A: were the opening areas of ori-
fice 1 and orifice 2, respectively. Each orifice
center was located 25mm from the center of the
die. The bearing length of each orifice was a
quarter of the opening diameter. Table 2 shows
the chemical compositions of billets. Experi-
ments were performed with medium strength al-
loy A6063 and high strength alloy A7075. The
diameter of billets was 90mm, and the length
was 100mm. A6063 was extruded at 753K and a
ram speed of 1 mm/s. A7075 was extruded at
713K and a ram speed of 0.0mm/s. The
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= extnided profile

Fig.1 Experimental extrusion press

3

| |

:

i o e e | | o

Fig.2 Schematic illustration of the experimental

Die No.1

extrusion tool

Fig.3 Details of experimental dies

Table 1 Dimensions of experimental dies

Die No. D (mm) Dy (mm) A/A,
1 12.5 4
2 7.1 12
3 25 5 25
4 3.12 64
b 2.5 100

Table 2 Chemical compositions of aluminum billets (mass%)

Alloy Si Fe Cu Mn Mg Cr Zn

AT075| 0.14 | 0.18 | 1.72 | 0.01 2.77 | 0.21 | 5.84

A6063 | 0.37 | 0.16 | 0.04 | 0.05 | 0.49 0 0

A1050 | 0.1 0.26 0 0.01 0.01 0 0

A5052 | 0.06 | 0.21 | 0.05 | 0.03 2.5 0.19 | 0.01

A6061 | 0.65 0.2 0.27 | 0.11 0.8 0.2 0.01

experimental tool and the billet were heated up
to setting temperature in an electric furnace be-
fore extrusion.

The metal speed in each orifice was investi-
gated by extruded length. The speed ratio was
defined as V:/V:, where V. and V. were the
metal speed of orifice 1 and orifice 2 each. The
speed ratio was examined at full length and also
it was examined in each stage of an extrusion
stroke as “H” (Head), “M” (Middle) and

“T" (TaiD.

3. Experimental results

3.1 Effect of orifice area ratio on speed
ratio

Fig. 4 shows the relation between orifice area
ratio and speed ratio in A7075 extrusion. The
speed ratio increased with the orifice area ratio.
It increased remarkably for orifice area ratios
larger than 25. Fig. 5 shows the effect of stroke
on relation between orifice area ratio and speed
ratio in A7075 extrusion. In the “H” and “M”
stages of the stroke, the speed ratios were al-
most equal. However, the speed ratio in the “T”
stage was lower than them. Fig. 6 shows the ef-
fect of alloy on the relation between orifice area
ratio and speed ratio. The speed ratio increased
with the orifice area ratio in A7075 more than as
it did in A6063.
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3.2 Analysis of metal flow in container

Observations of the macrostructure of the dis-
card were compared with finite element (FE)
analysis results of metal flow in the container.
Observed planes were axial sections across both

15

—e—AT7075

_.
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i

|

\
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Speed ratio

100

Orifice area ratio

Fig.4 Relationship between orifice area ratio and
speed ratio in A7075 extrusion (measured
at full length)

15

10 [ —t—T

Speed ratio

1 10 100
Orifice area ratio
Fig.5 Effect of stroke on relation between
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AT075 extrusion
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Fig. 6 Effect of alloy on relation between orifice
area ratio and speed ratio (measured at
full length)

orifices. The FE analysis was performed using
commercial analysis software DEFORM-3D™.
The analysis conditions, namely temperature
and strain rate were the same as the experimen-
tal conditions in each alloy. Fig.7 shows the
comparison of experimental results and FE
analysis results in A7075. The flow speed of FE
analysis was similar to those of experiment.
Fig. 8 shows the metal flow in the container.
Dead metal (I), shearing deformation (II) and
plastic deformation (III) zones were identified
in the macrostructure as shown in Fig. 8 (a).
This metal flow was also shown in the vector
diagram of the FE analysis. In addition, the vec-
tor diagram could be useful to discriminate flow
zone between the orifices. Those results certified
the validity of FE analysis results. Fig. 9 shows

15
—e—FEM
| —e— Experiment
B L R
s :
5]
&
5
o

I 10 100

Orifice area ratio

Fig.7 Comparison of experimental results and
FE analysis results (A7075, stage “T” )

(a) {1

Fig.8 Metal flow in the container at the stage
“T" (A6063)
(a) Macrostructure of discard
(b) Vector diagram by FE analysis
(¢) Enlargement of (b)
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the effect of the orifice area ratio on the metal
flow in the container. In case of small orifice
area ratios, the metal flow to orifice 2 was
clearly visible. However, on the condition that
the orifice area ratio was over 25, the metal flow
to orifice 2 was not clear. Most metal in the con-
tainer moved toward orifice 1 and the partial
metal in the shearing deformation zone moved
toward orifice 2. The flow pattern was remark-
able in orifice area ratios larger than 25. Fig. 10
shows the effect of stroke stage on the metal
flow in the container. In the large orifice area
ratio, most metal in the container moved toward
orifice 1. As result, a large dead metal zone was
formed near orifice 2. However, the dead metal
zone in the “T” stage was smaller than those
in the “H” and “M” stages. So, some metal
toward orifice 2 increased and the flow was
faster near orifice 2. The direction of flow vec-
tors was useful to know which orifice the metal
flow in the container moved to. Fig. 11 shows
the schematic illustration of S: and S:, S: and
S: is the region in which metal moves toward
orifice 1, and orifice 2. Fig. 12 shows the effect
of the orifice area ratio on the ratio of metal

Ai/A2=12

Fig.9 Effect of orifice area ratio on the metal flow
in the container(A7075, stage “M” )

stage H stage M stage T '
o |
I'n., ¥, : I
fisdwa. :

Fig. 10 Effect of stroke stage on the metal flow
in the container(A7075, A1 /A =25)

flow (S:1/S2). Si/S: increased with the orifice
area ratio. S1/S: values in the “H” and “M”
stages were almost equal, whereas in the “T”
stage S1/S: was lower than those.

Fig. 13 shows the metal flow in the container
of A7075 and A6063. A difference in dead metal
zone height between AT075 and A6063 was
found. In addition, there was faster flow near
orifice 2 in A6063 extrusion. Fig. 14 shows S. /S
s of AT075 and A6063 extrusions. S:1/S: of A6063
was smaller than that of A7075.

-S S

Orifice 1 Orifice 2

Fig. 11 Schematic illustration of S; and Sy

25

S8,

Orifice area ratio

Fig. 12 Effect of orifice area ratio on ratio of
metal flow (S;/S3)

A7075 A6063

Fig. 13 Difference of metal flow in the container
between A7075 and A6063 (A,/A;=4,
stage “H” )
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3.3 Effects of alloy composition and

temperature on speed ratio

According to experiment and FE analysis re-
sults in previous sections, the variation of the
speed ratio was affected by metal flow in the
container, which depended on the flow stress of
the billet. Therefore, verification tests were per-
formed in the different flow stress of billets.
A1050, A5052 and A6061 billets were extruded
experimentally. The flow stresses of the billets
were determined by compression tests on speci-
mens 10mm in diameter and 15mm long at the
extrusion temperature and strain rate. Orifice
area ratio was 64.

Fig. 15 shows the speed ratio of each alloy.
The speed ratio of hard alloy was larger than
those in other alloys. Fig. 16 shows the effect of
extrusion temperature on the speed ratio for
orifice area ratio 64 in A6063. A6063 billets were
extruded at 593K, 633K and 753K. The speed ra-
tio decreased with increasing temperature.

5
A/A,=4
%) o o
s o
0
A7075 A6063

Orifice area ratio

Fig. 14 Difference of S;/Ss between AT075
and A6063

13

AyfA =64

wlind

ANDRD  ASDSE  AsDGl  AslDel  ATDTS
|'"||F:l_'|" Hiaid albery

Fig. 15 Speed ratio of each alloy

Fig. 17 shows the effect of the flow stress on
speed ratio for orifice area ratio 64. The speed
ratio was affected by the flow stress of the ex-
truded billet. Therefore, the flow stress should
be considered in die design.

3.4 Application to extrusion profile with

thick and thin walls

To estimate the applicability of our results to
actual extrusion, a profile with different wall
thickness was extruded with A6063 and A7075.
Fig. 18 shows the cross section of profile. Gener-
ally, when the flow speed through the orifice
with different thickness is not uniform, the ex-
truded profile tends to bend. In this case, the ex-
truded profile curvatures as shown in Fig. 19.
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Fig. 16 Effect of extrusion temperature on speed
ratio in A6063 extrusion
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Fig. 17 Effect of flow stress on speed ratio for
orifice area ratio 64
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Fig. 18 Cross section of profile
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Fig. 19 Appearance of bent profile

Fig. 20 shows the curvature of profile of A7075
and A6063 extrusion. The angle for axis of the
AT075 extrusion profile was larger than that of
the A6063 extrusion. In other words, the speed
ratio of A7075 was larger than that of A6063 in
agreement with the experimental results shown
in Fig. 6.

4. Conclusion

In this study, extrusion experiments were per-
formed to investigate the effects of alloy compo-
sition on the relation between the orifice area
ratio and the speed ratio. In order to investigate
metal flow in the container, the macro structure
of discard was observed and FE analysis was
performed. Changes in the speed ratio are re-
lated to the metal flow in the container. The va-
lidity of results was estimated the extrusion
profile with different thickness wall. It was clear
that it was important to consider the flow stress
in die design.

11

angle for axis 6(deg)

D

2

3)

4)

35 — S
30 | o\,\' |
|

25 -

A A 4
20 - !
15 S
10 | —@— A7075
s —&— A6063
0! :

H M T

position

Fig. 20 Curvature of profile of A7075 and
A6063 extrusion
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The Effect of Extrusion Mode and Die Shape on
Billet Skin Behavior in Aluminum Extrusion

Hideo Sano, Takashi Ishikawa, Nobuki Yukawa,
Yoshinori Yoshida and Takatoshi Kaneko

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. The calculated behavior of billet skin was
similar to that in experiment. It was considered that the results of FE analysis were acceptable to

estimate the actual behavior of metal flow in extrusion. The billet skin penetrated the core in indi-

rect extrusion and it was piled up at the back end of billet in direct extrusion. Slight dead metal

zone appeared on the outer side of die face in indirect extrusion. Shear zone appeared between dead

metal zone and flow zone in direct extrusion. Moreover, die semi-angle affected the behavior of bil-

let skin in direct extrusion. 70 degree semi-angle die restrained billet skin from entering extruded

product compared with 90 or 110 degree semi-angle die.
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Table 1 Boundary conditions of analysis.

Friction coefficient
A B
between A and B
Ram Billet u=0.2
Container Billet
u=0.5
Die Billet
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The Effect of Back End Lubricant Conditions on
Billet Skin Behavior in Direct Extrusion

Hideo Sano, Takashi Ishikawa, Nobuki Yukawa, Yoshinori Yoshida
Takatoshi Kaneko and Junichi Sakamoto

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, FE analysis by DEFORM- 2D™ was

performed. The billet skin was piled up at the back end of billet in direct extrusion. The skin behav-

ior in single layer model analysis was similar to that of 2 layer model analysis. Therefore, single

layer model analysis can investigate the skin behavior. Friction between billet back end and ram

affected the behavior of billet skin. Excess lubrication accelerated thin skin 2.1% of billet diameter

entering extrusion, but constrained thick skin 6.4% of billet diameter entering extrusion.
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TECHNICAL PAPER

Two-step Aging Behaviors of Al-Mg-Si
Alloy Extrusions”

Hidenori Hatta* *, Shinichi Matsuda** and Hideo Yoshida™* **

The two-step aging behaviors of various Al-Mg-Si alloy extrusions have been mainly studied by

tensile testing, DSC analysis and electrical resistance measurements. The natural aging produced

a beneficial effect on the strength after artificial aging of the low magnesium and silicon contain-

ing alloys regardless of the natural aging temperature. There were only a cluster and 3’ exother-

mic peaks on the DSC curve. On the other hand, the natural aging at low temperature had a nega-

tive effect on the strength after artificial aging of the high magnesium and silicon containing al-

loys, especially the lower natural aging temperature. For these alloys, the cluster, the 8” and 5’

exothermic peaks were present on the DSC curves. These results suggest that the precipitation be-

havior of the 8” phase during artificial aging is related to the negative effect of natural aging. The

final strengths of the alloy extrusions are affected by the natural aging conditions. It is impor-

tant to control the natural aging time and temperature in order for the AI-Mg-Si alloy extrusions

to obtain a homogeneous strength during a year.

1. Introduction

The homogeneous strength of Al-Mg-Si alloy
extrusions has been demanded for automobile
components. There are some differences on the
tensile strength of Al-Mg-Si alloy extrusions by
the season that the extrusions are manufac-
tured. Although the precipitation sequences of
the alloys during natural and artificial aging
are complicated'~®’, it is important to under-
stand the precipitation sequence in order to ob-
tain a homogeneous strength during a year. It is
known that the natural aging has a beneficial
effect on the tensile strength of the low magne-
sium and silicon containing alloys after artifi-
cial aging, on the other hand, the natural aging
has a negative effect on the high magnesium and
silicon containing alloys®*. However, the natu-
ral aging conditions were not defined.

In this study, the effect of natural aging on

the controlling time and temperature for the op-

* The main part of this paper was presented at ET'08,
The Proceedings of the 9th International Aluminum
Extrusion Technology Seminar, (2008), 425

##  No.6 Department, Research & Development Center

Department, Research & Development Center, Dr. of
Eng.
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timizing tensile strengths of various Al-Mg-Si
alloys after artificial aging has been studied
using tests,
calorimetry and electrical resistance measure-
ments.

tensile differential scanning

2. Experimental procedure

The chemical compositions of the alloys used
in this study are shown in Table 1. The ingots
with a 90mm diameter were prepared by DC
casting and then homogenized. These ingots
were extruded at 500°C into flat bars that were
3omm wide and 2mm thick. A schematic dia-
gram of the heat treatment is shown in Fig. 1. A
solution treatment was carried out at 540°C for
3.6ks followed by quenching in water at 0°C. The
quenched samples were held in the water at 0°C
for only 10s. The samples were next held in lig-
uid nitrogen in order to prevent the effect of
natural aging. Some samples were aged at 5°C,
20°C and 40°C for 86.4ks. The artificial aging
treatment was then applied using an oil bath at
180°C for 21.6ks.

The tensile tests were performed on the artifi-
cially aged samples in the extruding direction.
In the tensile tests, the test pieces of 26mm wide
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Table1 Chemical composition of the alloys (mass%).

Symbol Mg Si Fe Al | MgySi ex.Si ex.Mg
3M2S 0.32 0.18 0.08 bal. 0.49 - 0.01
3M4S 0.32 0.37 0.09 bal. 0.50 0.19 -
3M6S 0.33 0.61 0.09 bal. 0.52 0.42 -
3M8S 0.31 0.77 0.09 bal. 0.49 0.59 -
3M10S  0.33 0.94 0.13 bal. 0.52 0.75 -
3M12s  0.31 1.14 0.12 bal. 0.49 0.96 -
SM2S 0.47 0.19 0.09 bal. 0.52 - 0.14
oM4S 0.50 0.38 0.10 bal. 0.79 0.09 -
5M6S 0.52 0.58 0.09 bal. 0.82 0.28 -
5M8S 0.47 0.77 0.09 bal. 0.74 0.50 -
5M10S  0.56 0.98 0.14 bal. 0.88 0.66 -
5M12S  0.51 1.14 0.12 bal. 0.80 0.85 -
T™M2S 0.68 0.19 0.09 bal. 0.52 - 0.35
TMA4S 0.69 0.38 0.10 bal. 1.04 - 0.03
T™M6S 0.70 0.58 0.10 bal. 1.10 0.18 -
TM8S 0.71 0.79 0.10 bal. 1.12 0.38 -
T™10S  0.73 0.95 0.13 bal. 1.15 0.53 -
T™I12S  0.72 1.15 0.12 bal. 1.14 0.73 -
IM2S 0.88 0.20 0.10 bal. 0.55 - 0.53
IM4S 0.88 0.40 0.11 bal. 1.09 - 0.19
IM6S 0.91 0.61 0.11 bal. 144 0.08 -
9M8S 0.90 0.81 0.11 bal. 1.42 0.29 -
9M10S 091 0.94 0.12 bal. 1.44 0.41 -
oM12Ss  0.93 1.17 0.13 bal. 147 0.63 -
(@ (b)

Solution heat treatment Solution heat treatment
540°C -3.6ks 540°C -3.6ks
W.Q.

Q.

Natural aging
5°C, 20°C, 40°C

aging at 180°C

aging at 180°C

Fig.1 Schematic diagram of heat treatment, (a) without
natural aging, (b) with natural aging.

and 2mm thick with a 50mm gauge length were
used. The as-quenched samples and the samples
after natural aging at 20°C for 86.4ks were ana-
lyzed by differential scanning calorimetry
(DSC) at the heating rate of 40°C /min. The
changes in the electrical resistivity during the
natural aging at 20°C and the artificial aging at
180°C were measured by the DC four-terminal
method.

3. Results and discussion

3.1 Effect of natural aging on the tensile
strength after artificial aging
The tensile strengths of the samples aged at

25

180°C for 21.6ks without natural aging and with
natural aging at 20°C for 86.4ks are shown in
Fig. 2. The tensile strengths increased with the
magnesium and silicon contents in both cases.
The strengths of the samples without natural
aging were higher than that of the naturally
aged one for the high magnesium and silicon
containing alloys.

The heating rate of general industrial fur-
naces for samples is lower than that of an oil
bath. The tensile strengths of the artificially
aged alloys without natural aging using an oven
are shown in Fig. 3. The samples were heated at
13.9°C /ks up to 180°C and held at 180°C for
21.6ks during the artificial aging. This result is
different from Fig.2(a). Therefore, it shows
that the
strengths of the non-naturally aged samples.

The tensile strength of the alloys aged at 180
°C for 21.6ks after natural aging at 5°C and 40
°C for 86.4ks is shown in Fig. 4. There were some
differences on the tensile strength between the

heating rate affects the tensile

natural aging at 5°C and 40°C. The influence of
natural aging compared to the non-naturally
aged samples on the tensile strength after artifi-
cial aging in an oil bath is shown in Fig. 5. In
the high magnesium and silicon content area,
the negative effect of the tensile strength during
natural aging appeared, especially at the lower
natural aging temperature. This result suggests
that controlling the natural aging temperature
is important to obtain a homogeneous strength
by the Al-Mg-Si alloy extrusions. On the other
hand, in the lower magnesium and silicon con-
tent area, the natural aging improves the
strength after the artificial aging regardless of
the natural aging temperature.

3.2. Comparison of positive and negative
effects by natural aging

The aging curves at 180°C without natural ag-
ing or with natural aging at 20°C for 86.4ks are
shown in Fig. 6. The aging times of the peak
hardness varied in the samples. From a compari-
son of the peak hardness, the 5M2S (the low
magnesium and silicon containing alloy), 5M4S
(the middle magnesium and silicon containing
alloy) and 9M6S (the high magnesium and sili-
con containing alloy) samples showed a positive
effect, almost neutral and negative effect, re-
spectively.
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Changes in the electrical resistivity during the
natural aging at 20°C after quenching are shown
in Fig.7. The electrical resistivity increased
with the natural aging time for all the samples.
The change in the electrical resistivity of the
9M6S was greater than that of the SM2S and
oM4S alloys. This means that the changes in the
electrical resistivity are dominated by the mag-
nesium and silicon contents. Based on the as-
sumption that the magnesium and/or silicon at-
oms might preferentially form stable clusters
during natural aging, an insufficient number of
magnesium and silicon atoms in the solid solu-

tion causes a decreasing amount of 8”7 precipi-
tates during the artificial aging. As a result, a
large decline in the tensile strength and hard-
ness after the artificial aging at 180°C for 21.6ks
of the high magnesium and silicon containing
alloy occurs. These results suggest that the
changes in the electrical resistivity during natu-
ral aging are mostly related to the stable clus-
tering of the magnesium and/or silicon atoms.
Therefore, the constant natural aging time is re-
quired to obtain a homogeneous strength.
Changes in the electrical resistivity during ag-
ing at 180°C after quenching without natural

0%

Maognesivm content {mass¥a)

=
sk

0.9

=

Magnesium content (mass®a)

Silicon content {massSs)

400
ke th {8 T n
el Kroogt (TN Ill..‘i'.i."-.'lﬂ, 5 o 350 £
O 0. HaMg E BE £
B .My E: Eéf L iy
o R
o SR
g GEEE
LE = -,
= B LE &
o B

'l j" A= 0
Tensile stremgth (MPa T -:El.'l?
B0 %M ] 350 &
HY | oo 200 =
Bosvsig oy
23 2
200 E
150 o
1R g
L

50

LK 0.E 1.0 1202 04 06 OB | 1.2

Silscon content {mass®a)

Fig.2 Tensile strength of the alloys aged at 180°C for 21.6ks using an oil bath (a) without natural aging and

(b) with natural aging at 20°C for 86.4ks.
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aging or with natural aging are shown in Fig. 8. %09
. . xX Y 7
Although there were differences in the changes g (a) 5°C - 86.4ks
of the electrical resistivity between the non- E
naturally aged samples and naturally aged one g 0.7
for each alloy, for up to 21.6ks, there were very 3
small differences. These results suggest that the §
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Fig.4 Tensile strength of the alloys aged at 180°C for
21.6ks using an oil bath (a) natural aging at 5
°C for 86.4ks. and (b) natural aging at 40°C for

Fig.5 Influence of natural aging compared with the
samples without natural aging on the tensile
strength of various Al-Mg-Si alloys after
aging at 180°C for 21.6ks, (a) natural aging at
5°C for 86.4ks, (b) at 20°C for 86.4ks and (c) at

86.4ks. 40°C for 86.4ks.
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Fig.6 Aging curves at 180°C without natural aging or with natural aging at 20°C for 86.4ks of (a) 5M2S,

(b) 5MA4S and (c¢) IM6S alloys.
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estimated from only the electrical resistivity.
DSC curves of the quenched 9IM6S alloy with-
out natural aging and with natural aging are
shown in Fig. 9. Some reports suggest that the
exothermic peaks A are due to the formation of
clusters, the endothermic peaks B are due to the
dissolution of clusters, and the exothermic
peaks C and D are due to the precipitation of the
B” and B phases, respectively . The exothermic

peaks A after natural aging became smaller

)

% 6 Natural aging temperature : 20°C

N
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< 9M6S
g 2| 5SM4S
= 5M2S
s 0
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e L L ) )
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%0 Zflenche 4 1 10 100 1000
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Fig.7 Changes in the electrical resistivity at -196°C
during natural aging at 20°C after quenching.

than that of the sample without natural aging,
and peaks B showed a greater endothermic re-
sponse. This means that the magnesium and/or
silicon atoms might preferentially form stable
clusters during natural aging in the 9M6S alloy
sample.

The DSC curves of the quenched 5M2S alloy
without natural aging and with natural aging
at 20°C for 86.4ks are shown in Fig. 10. Peaks A,
B and D of the 5M2S alloy were much smaller
than that of the 9M6S alloy. There was no exo-
thermic peak C of the 5M2S alloy. This means
that the 8” phase, which strengthens the alloy,
does not precipitate during artificial aging for
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Fig.9 DSC curves of the quenched 9M6S alloy without
natural aging and with natural aging at 20°C

for 86.4ks.
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Fig.8 Changes in the electrical resistivity at -196°C during aging at 180°C after quenching without natural
aging or with natural aging, (a) 5M2S alloy, (b) 5M4S alloy and (c) 9MS6S alloy.
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both samples with/without natural aging. As a
result, no decline in the tensile strength after
the artificial aging of the 5M2S alloy occurs.
The peak temperature of the 8 phase and §”
phase on the DSC curves of the balanced alloys
with different magnesium and silicon content is
shown in Fig. 11. The peak temperature of the
B’ phase shifted to a lower temperature with the
magnesium and silicon contents, especially the
samples that were not naturally aged. This
means that the high magnesium and silicon con-

it
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] with natural aging
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B ] I 200 300 400 500
Temperature, T (°C)

Fig. 10 DSC curves of the quenched 5M2S alloy without
natural aging and with natural aging at 20°C

for 86.4ks.
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Fig. 11 The peak temperature of B’ phase and 3” phase on the
DSC curves of balanced alloys with different MgsSi
contents.
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taining alloys are sensitive to natural aging due
to the formation of stable clusters during the
natural aging. The peak temperature of the 8
phase of the non-naturally aged samples on the
DSC curves were the same as the naturally aged
one. This result suggests that the 8’ phase starts
to precipitate at the same temperature regard-
less of the natural aging before artificial aging.
That is, there is no negative effect on the low
magnesium and silicon containing alloys.

4. Conclusions

(1)Natural aging had a beneficial effect on the
strength after artificial aging regardless of the
natural aging temperature for the low magne-
sium and silicon containing alloys. On the other
hand, the natural aging produced negative ef-
fects on the strength after artificial aging of the
high magnesium and silicon containing alloys,
especially the lower natural aging temperature.
It is important to control the natural aging time
and temperature in order to obtain homogene-
ous high strength Al-Mg-Si alloy extrusions.

(2) Although no B" peak was found on the DSC
curves for the low magnesium and silicon con-
taining alloys, there were 87 peaks for the high
containing alloys. This suggests that the pre-
cipitation behavior of the 87 phase during artifi-
cial aging is related to the negative effect on the
tensile strength.

(3) The magnesium and silicon atoms preferen-
tially form stable clusters during natural aging,
an insufficient number of magnesium and sili-
con atoms in the solid solution causes a decreas-
ing amount of 3" precipitates which strengthen
the alloys during the artificial aging.
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TECHNICAL PAPER

Effect of Reversion Process on Expanding
Performance of an Al-Zn-Mg-Cu Alloy
Tube in T4 Temper”

Yasuhiro Nakai* *, Tadashi Minoda™* **,
Shinichi Matsuda** and Hideo Yoshida* ***

Cold workability of Al-Zn-Mg-Cu alloys in T4 temper becomes lower with natural age harden-
ing, while it improves with reversion heat treatment (RHT). But, there are few examples in indus-
trial use. In this study, the effect of RHT on the cold workability, especially the expanding per-
formance of an Al-Zn-Mg-Cu alloy tube in T4 temper was investigated. The most appropriate con-
dition of RHT on which the hardness decreased and the workability improved was at 433K for 45s
in this study. In the case of long time RHT at relatively low temperature, e.g. 393K for 3600s, the
workability improved although the hardness after RHT became equal to that before RHT. The
hardness attained to the lowest at 393K for 600s, so it was considered that the G.P. zones dissolved
and afterward the second-phase particles (7' and/or n phases) precipitated at 3600s. In the speci-
men without RHT, microbands were observed that had developed in one direction, while they were
developed in two directions in the reversion heat treated specimen. Because the second-phase par-
ticles formed during RHT were semicoherent and/or incoherent to the matrix, it was thought that
they acted as the dissolution sites of dislocations and/or recovery sites. As a result, the increase
of the activated slip systems resulted in the formation of the sessile dislocations, and the deforma-
tion uniformly propagated. It was then suggested that the reversion at relatively lower tempera-
ture for longer time could be useful to industrial production.

tion is desirable. In that case, the cold workabil-

L. Introduction ity is affected by natural age hardening, and it

Al-Zn-Mg-Cu alloys, e.g. 7075 and 7050, have
the highest strength of aluminum alloys used in
practical applications, and they are used in air-
craft, the front forks of motorcycles and base-
ball bats.

Recently, severe plastic working before the
machining process, e.g. cutting, is required for
structural materials for the purpose of reducing
costs. The cost becomes higher with the increas-
ing production process, e.g. annealing or level-
ing when working from an O temper condition;
therefore, working from the T4 temper condi-

* The main part of this paper was presented at ICAA-11
in Aachen, September 22-25, (2008)
* No.6 Department, Research and Development Center

No.6 Department, Research and Development Center
Dr. of Eng.
«+x+ Research and Development Center. Dr. of Eng.
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becomes lower with the aging. It is known that
the workability is improved by a reversion proc-
ess before working, and there have been many
studies of the reversion process in the Al-Cu al-
loy" and Al-Zn-Mg alloy?, but there are few ex-
amples in industrial use®*.

In this study, the effect of the reversion proc-
ess on the cold workability, especially the ex-
panding performance of an Al-Zn-Mg-Cu alloy
tube in T4 temper and the change in the second-
phase particles precipitated during the reversion
process were investigated.

2. Experiments

The investigations were carried out using 7050
extruded tubes, with 63mm in outer diameter
and the chemical

and 7mm 1in thickness,
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composition is shown in Table 1. The specimens
were solution heat treated at 750K for two hours
by an air furnace and quenched in water at
room temperature. Fig. 1 shows the optical mi-
crostructure of the longitudinal cross section of
the specimen. The microstructure was fiber
structures.

After quenching, all specimens were aged at
293K in between one and 960 hours, and the
natural age hardening property was investi-
gated using a Vickers hardness machine. The
Vickers hardness was measured at the center of
the thickness using 98N load.

Specimens aged at 293K for 960 hours were
reversion heat treated at between 373 and 473K
for different time from 10 to 7200s. The evalua-
tions of the heat treated specimens were carried
out by Vickers hardness measurements, tension
tests and expanding tests. The expanding tests
were carried out by measuring the expanding
ratio by inserting a cone with the tip angle of 6
degrees into the specimens. Fig. 2 shows sche-
matic drawing of the expanding test. The maxi-
mum expanding ratio (R) was calculated using
the following equation

R = (D,—D,)/D,x 100 (%)
where D, is the outer diameter after fracture,

Table1 Chemical composition of 7050 aluminum
alloy. (mass%)

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

0.05 {010 | 2.1 | 001 | 2.2 |0.01| 6.0 | 0.03]|0.12 | Bal.

Fig.1 Optical microstructure of the longitudinal cross
section of the specimen.
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and D, is the outer diameter before testing.

Thermal analysis by differential scanning
calorimetry (DSC) and observation of the mi-
crostructures by transmission electron micros-
copy (TEM) were carried out to investigate the
change in the second-phase particles precipitated
during the reversion heat treatment. The heat-
ing rate of the DSC was 0.83K/s.

3. Results and Discussion

3.1. Natural age hardening

Fig. 3 shows the age hardening property dur-
ing isothermal aging at 293K after quenching.
The hardness increased with the aging time.
Fig. 4 shows the tensile properties and maxi-
mum expanding ratio of the specimens aged at
293K for 24, 168 and 960h compared to the
as-quenched specimen. The tensile strength and
0.2% proof strength became higher with the
aging time, while the maximum expanding ratio
became lower. It was obvious that the cold work-
ability, especially the expanding, decreased with
the aging.

1 I

I|I:I| ﬁ‘ﬁ

Sample size -

$hd x H49 x 300mm.
Test speed :
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o

Fig.2 Schematic drawing of expanding test.
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Fig.3 The age hardening property during isothermal
aging at 293K.
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3.2. Reversion process and cold
workability
Fig. 5 shows the hardness changes during the
reversion heat treatment between 373 and 473K
for different time from 10 to 7200s. The initial
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Fig.4 The tensile properties and maximum expanding
ratios of the specimens aged at 293K.
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Fig.5 The hardness changes during the reversion heat
treatment. (a) at 373K, 383K, and 393K, (b) at
413K, 433K, 453K, and 473K.

decrease was followed by an increase in the
hardness at all temperatures, but the lowest
point (minimum hardness) was different with
the temperature. The higher the reversion heat
treatment temperature was, the lower the mini-
mum hardness and the shorter time to attain
the minimum hardness were. When the rever-
sion heat treatments were carried out at 393K
and 433K, the hardness became the lowest at
600s and 45s respectively. Furthermore, the
hardness with the reversion heat treatments at
393K for 3600s and at 433K for 300s became
nearly equal to that without the process. There-
fore, specimens treated at these four conditions,
namely at 393K for 600s and 3600s, and at 433K
for 45s and 300s, were selected for the tension
tests and the expanding tests. Fig. 6 shows the
tensile properties and maximum expanding ra-
tios with and without the reversion heat treat-
ment. The hardness at 393K for 600s and 433K
for 45s was lower than that without reversion,
therefore, the tensile strength and 0.2% proof
strength became about 50MPa lower than those
without reversion and the maximum expanding
ratio became higher. On the other hand, the
hardness at 393K for 3600s and 433K for 300s
was nearly equal to that without reversion,
therefore, the tensile strength and 0.2% proof
strength were equal to those without reversion,
while the maximum expanding ratio became

higher.
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Fig. 6 The tensile properties and maximum expanding
ratios with and without reversion.
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3.3. Change in second-phase particles
precipitated during the reversion
heat treatment

Fig. 7 shows thermal analysis results by dif-
ferential scanning calorimetry (DSC) of the
specimens with and without reversion. The re-
version conditions were 393K for 600s, 393K for
3600s, 433K for 45s and 433K for 300s. In the
specimen without reversion, previous studies®
clarified that the lower temperature endother-
mic peak near 430K was due to the G.P. zone dis-
solution, the higher temperature exothermic
peak near 530K was due to 7' formation and/or
n formation. On the other hand, in the speci-
mens treated at 433K for 45s and for 300s, the
endothermic peak temperature was about 480K,
and it was assumed the result of 7' dissolution
and/or 7 dissolution because the second-phase
particles (n'and/or 7 phase) precipitated in the
Al-Zn-Mg-Cu alloys by a short aging at 423K

433K for 300s
-111_5, for 45& o
93K, for 36004 | o

S . r,
J » s,

=—— —— ¥
[ 90K for 600s ",/

Wiiksoan reversion

Exn,
Jo.1mwig
Endo.

L 50 eI A50 500 S50 EEL
Temperaturei k)

Fig.7 Thermal analysis results by DSC of the specimens
with and without reversion.

for 60s®. The endothermic peak temperature
was about 450K in the specimens treated at 393K
for 600s and was about 460K in the specimens
treated at 393K for 3600s, therefore, the endo-
thermic peak was assumed the result of various
superimposed reactions including the G.P. zones
dissolution, 7' dissolution and/or 1 dissolution.
It was obvious that the reactions of the G.P.
zones dissolution and the second-phase particles
(' and/or n phase) precipitation varied de-
pended on the reversion heat temperature and
time.

3.4. Fracture surface

Fig. 8 shows the fracture surfaces after ex-
panding test with and without reversion. The re-
version condition was 393K for 3600s. Relatively
larger dimples were observed in the fracture
surface of both specimens, moreover smaller
dimples were also observed in the reversion heat
treated specimen. The maximum expanding ra-
tio at 393K for 3600s was improved, neverthe-
less, the hardness was nearly equal to that with-
out reversion, therefore, smaller dimple nuclea-
tion were thought to result in the cold workabil-
ity. Furthermore, small dimples were also ob-
served in the specimen at 433K for 300s of which
the maximum expanding ratio improved as
same as that at 393K for 3600s.

3.5. Transmission electron microscopy

images

Fig.9 shows TEM images of fracture speci-
mens after expanding test with and without re-
version. The reversion condition was 393K for
3600s. In the specimen without reversion,
microbands developed in one direction were

(a) Without reversion

(b) With reversion at 393K for 3600s

Fig.8 The fracture surfaces after expanding test with and without reversion.
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(a) Without reversion

(b) With reversion at 393K for 3600s

Fig.9 TEM images of fracture specimens after expanding test with and without reversion.
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Fig. 10 Schematic drawing of second-phase particles
with and without reversion.

observed, while they were developed in two
directions with reversion. Fig. 10 shows sche-
matic drawing of second-phase particles with
and without reversion. In the specimen without
reversion, activated slip systems were limited
and heterogeneous deformations often occurred
due to the G.P. zones which were coherent to the
matrix and formed during natural aging. On
the other hand, in the specimen with reversion,
microbands developed in two directions were ob-
served, therefore, it was thought that the num-
ber of activated slip systems was more than that
in the specimens without reversion. In this speci-
mens, the second-phase particles ( 7' and/or 7
phase) semicoherent and/or incoherent to the
matrix formed during reversion, acted as the
dissolution sites of dislocations and/or recovery
sites. As a result, the increase of the activated
slip systems resulted in the formation of the
sessile dislocations, and the deformation uni-
formly propagated.
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4. Conclusions

(1) The appropriate conditions of reversion
heat treatment at which the hardness decreased
and the workability improved was 433K for 45s.

(2) In the long reversion at relatively lower
temperature, e.g. 393K for 3600s, the hardness
after reversion became equal to that without
reversion, nevertheless, the workability im-
proved. It is due to the homogeneous deforma-
tion related to the second-phase particles ( 7'
and/or 7 phase) which precipitated during
reversion.

(3) It was suggested that reversion at rela-
tively lower temperature for longer time could
be useful to industrial production.
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Effect of Si content on the formability of
Al-Mg-S1 alloy sheets

Hidetoshi Uchida and Hideo Yoshida

The effects of the Si content on the elongation and bendability of Al-Mg-Si alloy sheets were in-
vestigated. The elongation increased with the Si content to 1.1%. The Work hardening exponent
(n value) of the Al-Mg-Si alloys was calculated on the basis of true stress - true strain curves. The
n value of the Al-Mg-Si alloy increased to a maximum value and then decreased with strain. The
decreasing rate of the n value after the maximum 7 value of the low Si alloy was higher than that
of the high Si ones. It is postulated that the decreasing rate caused the difference in the elongation.
In the case of the low Si alloy, the n value decreased with strain at the true strain of 0.08 and mi-
cro-bands were observed in the TEM structures. It is considered that the micro-bands of the low
Si alloy were more easily formed than those of the high Si ones. The bendability was inferior as
the Si content increased. The high Si alloy contained large second phase particles which caused mi-
cro-voids during the bending operation. The micro-voids would be initiation sites of cracks and
caused inferior bendability. It has been reported that the bendability is influenced by the second
phase particles and formation of the share band. In this investigation, the second phase particle
was the main reason for the inferior bendability rather than the formation of the share band.
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Table1 Chemical compositions of the specimens (%)
Alloy Si Mg Mn Fe Ti
0.551 0.48 0.49 0.11 0.13 0.01
0.751 0.72 0.46 0.11 0.13 0.01
1.151 1.05 0.50 0.10 0.13 0.01
1.351 1.32 0.48 0.10 0.13 0.01
1.651 1.57 0.49 0.11 0.15 0.01

AA6016 | 1.0-1.5  0.25-0.6 =0.2 =0.5 =0.15
AA6022 | 0.8-1.5 0.45-0.7  0.02-0.1  0.05-0.2 =0.15
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Fig.1 Direction for the bending test.
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Fig.2 Evaluation rank of cracking in bending test.
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Fig.3 Schematic diagrams of forming test.
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Fig.4 Effect of Si content on the microstructures of the specimens.
= 300 36 Table 2 Results of the bending test. (L direction -LT direction)
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Fig.5 Mechanical properties of the specimens.
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Fig.9 TEM structures of 8 % strained specimens. (True strain : 0.08)
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Fig. 10

Schematic diagram for cause of the crack
by bending process.
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Fig. 11 Microstructures after bending test. (Upper : No etching, Lower : After etching)
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TECHNICAL PAPER

Improvement in Ductility of Friction Stir
Welded Al-Mg-S1 Alloy T4 Sheet”

Tadashi Minoda**, Mineo Asano™**,

* % % Sk ok K

Koji Tanaka and Masaki Kumagai

Tailored blank for body panels is an ecological technology, but there are few practical examples
in aluminum alloys. In addition, press formability of welded Al-Mg-Si alloy sheet is relatively low
because of softening in the heat affected zones (HAZ) near the weld line. In terms of welding
method, high quality joints can be achieved by friction stir welding (FSW) because the welding is
carried out under the melting point of the base metal. In this study, improvement of formability
was examined in the friction stir welded Al-Mg-Si alloy T4 sheet. The hardness of the FSW joint
was the lowest in the HAZ, while those in the parent metal and the stir zone were higher. The
hardness in the stir zone was the lowest immediately after welding, but it became almost the same
as parent metal after natural aging because of its higher age hardening rate. On the other hand,
the hardness in the HAZ slightly decreased because of heat generation during FSW. This hardness
after natural aging became the lowest because it increased a little. The heat treatment subse-
quently after FSW was examined to improve above problem. The hardness distribution of the joint
was improved by the heat treatment. That is, the hardness in the parent metal became the lowest
by the heat treatment. As the result of the heat treatment, fracture was occurred in the parent
metal by tension test, and the elongation was improved. Moreover, the maximum forming height

in dome height test increased by 15%.

tailored blanks of steel panels have been put to

L. Introduction practical use, while there are few practical ex-

In recent years, the use of aluminum alloy
sheets in automotive bodies is increasing for the
weight reduction of the automobiles in order to
reduce the environmental stress by improving
their fuel consumption. The applications of 6xxx
alloys to automotive bodies are especially in-
creasing because the alloys have a paint bake re-
sponse and the stretcher-strain marks do not
appear. Also, the tailored blank method for
body panels is an ecological technology. In this
technology, several panels with different thick-
ness are welded into one piece before press form-
ing because the required strengths are different
for each sections of the automotive bodies. The

* The main part of this paper was presented at ICAA-11
in Aachen, September 22-25, (2008)

* No. 6 Department, Research and Development Center,
Dr. of Eng.

No. 5 Department, Research and Development Center

No. 5 Department, Research and Development Center,
Dr. of Eng.
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amples of aluminum alloys?. In previous studies
about the tailored blanks of 6xxx aluminum al-
loy sheets, the press formability of the joints
from the friction stir welding (FSW) process is
better than those from the semiconductor laser
welding process®’. The ductility and the form-
ability of the joints from the FSW process, how-
ever, are inferior to the parent metal. In this
study, the cause of the reduced ductility and the
way to improve it when using the friction stir
welded 6xxx-T4 sheets were investigated.

2. Experimental procedure

The aluminum alloy T4 sheet of 1.0mm thick-
ness with the composition of Al-1.0%5Si-
0.5%Mg-0.1%Mn (mass%) was used in this
study. Butt welds of a 200mm width were pre-
pared by FSW using sheets of 100mm width and
300mm length. The shoulder size of the FSW pin
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tool was 12mm in diameter. The butt welds were
naturally aged at 293K for 7 days after the
FSW.

Fig.1 shows the direction of preparing the
test specimens. The hardness distribution in the
cross section of the welds, which was perpen-
dicular to the welding direction, was measured
by a Vickers hardness testing machine. Further-
more, the strength change in the welds was in-
vestigated by tension tests after artificial aging
at 448K for several hours. The tension specimens
were prepared in order to be perpendicular to
the weld direction.

Next, the optimum heat treatment condition,
which improves the ductility of the FSW joints,
was estimated by tension tests using the T4 tem-
pered parent metal without welding. The ten-
sion tests were carried out immediately after the
heat treatments and after naturally aging at
293K for 7 days. The heat treatments were car-
ried out using an oil bath. The temperature of
the specimens during heat treatments was meas-
ured by a thermocouple, and the specimens were
removed from the oil bath and they were cooled
as soon as the temperature reached the pre-
scribed level. The heating time was 25-30 seconds
for each heat treatment.

To confirm the effect of the heat treatment,
hardness distribution measurements, tension
tests and forming tests were carried out using
the FSW joints which were heat treated at the
optimum condition subsequent to the FSW. The
ways of hardness distribution measurements
and the tension testing were the same as men-
tioned above. Fig. 2 shows a schematic model of
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Fig.1 Direction of preparing the test specimens.

the dome height test. In this test, the weld line
was located in the center of the blank.

3. Results

Fig. 3 shows the hardness distribution of the
FSW joint which was naturally aged at 293K for
seven days after FSW. The hardness in the stir
zone and in the parent metal were the same,
while in the heat affected zone (HAZ), it was
about 10% lower. The elongation of the welds
became lower due to concentration of deforma-
tion in the HAZ by tension as will be described
below.

Fig. 4 shows the strength change by artificial
aging of the friction stir welded samples, which
were naturally aged at 293K for seven days after
the FSW. All of the samples ruptured at the stir
zone or HAZ, while the tensile strength in-
creased to 280MPa. Also, the peak strength of
the parent metal is about 300MPa. Moreover,

$52.8
Blank size: ¢120mm
| BHF: 40kN
Punch speed: 2.0mm/s

A
Y

R5
PR ¢ o ‘K/;
— A ——
(mm)

Fig.2 Schematic model of the dome height test.
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Fig.3 Hardness distribution of the friction stir
welded joint which was naturally aged at
293K for seven days after FSW.
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the thickness of the stir zones is about 90-94% of
the parent metal.
280MPa thus corresponds to the peak strength
of the parent metal. This result shows that the
strength of the HAZ became the same as the
parent metal by artificial aging. If over-aging
occurred in the HAZ, the strength does not in-

The tensile strength of

crease and become equal to the parent metal.
Therefore, it was theorized that reversion oc-
curred in the HAZ®.

Fig. 5 shows the influence of the heat treat-
ment temperature on the tensile strength of the
T4 tempered parent metal without welding. The
tensile strength immediately after the heat
treatment decreased as the temperature in-

(Aging: 448K)
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Fig.4 Effect of artificial aging on the tensile
strength of the friction stir welded
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Fig.5 Influence of the heat treatment temperature
on the tensile strength of the T4 tempered
parent metal without welding.
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creased. On the other hand, the tensile strength
after naturally aging for seven days had the
lowest point. It was considered that the tem-
perature at the lowest point, T, is the best con-
dition to improve the ductility of the welds.
Fig. 6 shows the effect of the optimum heat
treatment at Tv. subsequent to the FSW. The
tensile and yield strengths of the heat treated
specimen were about 10MPa lower than those of
the specimen without heat treatment, while the
elongation of the heat-treated specimen was im-
proved. Fig.7 shows the appearances of the
specimens after the tension tests. The specimen
without the heat treatment fractured at the
HAZ, while the heat-treated sample fractured at
the parent metal. Furthermore, it could be seen
that the parent metal of the heat-treated sample
considerably shrunk in the width direction.

{Matural aged for 7 days after the
oplimum heat treatment)

125

115

110

Elongation, & (%)

Tensile and yiokd strength. o | MPa

Withaud
hied treatment

With
Pt treatrmsen

Fig. 6 Tensile properties of the friction stir welded
joints with and without the optimum heat
treatment at Ty, subsequently after FSW.

20mm

Fig.7 Appearances of the specimens after tension
tests, (a) only FSW and (b) with the heat
treatment at Ty, after FSW.
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Fig. 8 shows the appearances of the specimens
after the forming test. The maximum forming
height of the specimen without the heat treat-
ment was 14.2mm, and it ruptured at the HAZ.
On the other hand, the maximum forming
height of the heat-treated specimen was 2.0mm
higher than the non-heat treated specimen, and
the morphology of the rupture changed. It was
considered that the change in the rupture point
and the increase in the forming height occurred
because the concentration of deformation into
HAZ was restrained by the heat treatment.

Fig. 9 shows the effect of the heat treatment
at Tv subsequent to the FSW on the hardness
distribution of the weld. There was no signifi-
cant difference in the hardness of the stir zone,
while the hardness in the HAZ increased, while
it decreased in the parent metal. Therefore, it
was apparent that the improvement of elonga-
tion by the heat treatment at Tv. subsequent to
the FSW was achieved by the change in the
hardness distribution, that is, the ranking of the
hardness became stir zone > HAZ > parent
metal.

4. Discussion

First, the microstructure just after the FSW
will be discussed below. The temperature in the
stir zone rapidly increased by friction during the
FSW, and it reached 760-790 K in this study. The
time, in which the temperature in the stir zone
was in the range of the dissolution temperature
of Mg:Si, was only several seconds, but it was
thought to be enough time to dissolve the GP
zones and clusters because the specimen had a T4
temper. Sato et al. confirmed that needle shaped
precipitates and 8’ precipitates, which existed in
the parent metal, dissolved in the stir zone by
the FSW using the 6063-T5 alloy *’. Therefore, it
was theorized that the microstructural condi-
tion in the stir zone became equal to it after the
solution heat treatment. On the other hand, re-
HAZ as mentioned
above. It was then thought that the microstruc-
ture in the stir zone had a solid solution struc-

version occurred in the

ture, a reversion structure in the HAZ, and the
parent metal had the T4 structure just after the
FSW. Fig. 10 shows the difference of natural ag-
ing behavior of solution heat treated sample and
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reversion heat treated sample without the FSW.
The strength of the solution heat treated sample
just after the heat treatment was lower than it
of the reversion heat treated sample, while the
relationship reversed after one day or more.
Fig. 11 shows a schematic model of the strength
changes of the FSW specimen before and after
natural aging. The strength in the stir zone be-
came the lowest just after the FSW because it
had no GP zones, clusters, and precipitates.
Also, the strength in the HAZ was between the
values in the parent metal and the stir zone. The
strength in the HAZ, however, became the low-
est after natural aging due to the difference in
the age hardening rates. The lower age harden-
ing rate in the HAZ, in which reversion oc-
curred, may be explained by the effect of the
lower density of the vacancies in comparison to
the stir zone and/or the effect of precipitation of
the metastable phases. Clarifying this mecha-
nism will be one of the tasks of a future study.
Next, the microstructural changes by the heat
treatment at Tw. subsequently to the FSW will be
discussed below. The tensile strengths were
measured using the parent metal before and af-
ter the heat treatment at T. subsequent to the
solution heat treatment at 793K in order to
simulate the stir zone. The tensile strength be-
fore the heat treatment was 146MPa, while after
the heat treatment, it was 155MPa. Therefore, it
was considered that age hardening slightly oc-
curred in the stir zone by the heat treatment at
Tw.. Because of the insignificant change in the
microstructure, the age hardening rate in the
stir zone did not change by the heat treatment.

Strength

Natural aging

Fig. 11 Schematic model of the strength changes of
the friction stir welded specimen before and
after natural aging.
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On the other hand, reversion occurred in the
HAZ by the FSW as mentioned above. A slight
change in the microstructure then occurred in
the HAZ due to the heat treatment at Tw. because
the GP zones and/or clusters were already par-
tially dissolved by the FSW. Therefore, the
strength in the HAZ hardly increased after the
heat treatment. The age hardening rate in the
parent metal after the heat treatment at T. de-
creased as shown in Fig. 5.

The microstructural changes in the weld,
which was heat treated at T. subsequent to the
FSW, were complicated as mentioned above. In
conclusion, the strength in the stir zone became
the highest, while it became the lowest in the
parent metal due to the difference in the age
hardening rate.

5. Conclusions

Based on the experimental results, the cause
of the reduced ductility and the way to improve
it in the friction stir welded 6xxx-T4 sheet are as
follows.

(1) The strength in the stir zone and in the
parent metal were the same, while in the HAZ, it
was about 10% lower. The elongation of the
welds became lower due to the concentration of
the deformation in the HAZ.

(2) The microstructural condition in the stir
zone became similar to it after the solution heat
treatment, while reversion occurred in the HAZ
by the FSW. The change in the age hardening
rate after the FSW caused the strength differ-
ence.

(3) The optimum heat treatment at T. after
the FSW effectively improved the ductility of
the weld.
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TECHNICAL PAPER

Influence of Texture on Roping Development
in Al-Mg-S1 Alloy Sheet”

Yoshikazu Ozeki* *, Tadashi Minoda ™ * *,
Hiroki Tanaka™*** and Hideo Yoshida™****

One of the most important characteristics, which is necessary to automotive bodies, is the
appearance quality especially for the outer panels. Roping is a kind of surface defect which
decreases the appearance quality. In the present study, the influence of the texture on the roping
behavior and its in-plane anisotropy were investigated. Two kinds of aluminum sheets, which
show the different roping development, were prepared by changing the thermomechanical
processings. A strong Cube texture was measured in the sample with less roping before the tensile
deformation. On the other hand, the mixed texture of Cube and Goss components was measured
in the sample with a significant roping especially in the center of the thickness. In the sample with
a significant roping, the bands of Goss component parallel to the rolling direction were observed
by EBSD mapping. In both samples, roping became the most significant by stretching in the 45
degree direction to the rolling direction compared with the 0 degree direction or 90 degree
direction. It was confirmed that the orientation density of Cube component was reduced by
stretching in the 45 degree direction to the rolling direction, while the orientation density of Goss
component was reduced by stretching perpendicular to the rolling direction. It was considered that
the in-plane anisotropy of the roping development was caused by the difference in the texture

component which could rotate according to the tensile direction.

1. Introduction

Recently, aluminum alloy sheets have been
extensively applied for weight reduction of
strength,
formability, bending property and corrosion

automotive bodies. Characteristic
resistance are required for materials used in
automotive bodies. One of the most important
characteristics, which is necessary for auto-
motive bodies is the surface appearance quality
especially for the outer panels. For example, one
of the characteristics which make the surface
appearance quality degrade is the stretcher-
strain marking which is especially observed in
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Al-Mg alloys. It is believed that the stretcher-
strain marking has a relationship with the
yield-point phenomenon and the Portevin-Le
Chatelier effect during deformation which are
peculiar to Al-Mg alloys. Therefore, Al-Mg-Si
alloys are often applied because of their favor-
able characteristics for automotive panels such
as stretcher-strain marking free and the good
paint-bake response.

However, the surface appearance quality
sometimes degrades even when using Al-Mg-Si
alloys. It is due to a rope-like defect that is
parallel to the rolling direction, referred to as
"roping". It has been said that the development
of roping is associated with the crystallographic
texture, with  the
inhomogeneous of differently
oriented grains in the aluminum sheets'~%. In

and, furthermore,

distribution

any case, it is common conception that roping is
observed when specific band shape aggregations
of the grains exist. Also, it is known that the
crystallographic texture influences many of the
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mechanical properties, that is, earing, tensile
properties and the bending properties. More-
over, texture has an influence on the in-plane
anisotropy of many mechanical properties.
In this study, the influence of texture on the
roping behavior and its in-plane anisotropy
were investigated. By investigating the
evolution of the texture of these samples before
and after tensile deformation, the mechanism of
roping development and its anisotropy were
studied.

2. Experimental procedure

Two different Al-Mg-Si alloy sheets, which
had the same chemical composition, were inves-
tigated in this study. The chemical composition
of the samples is shown in Table 1. Two kinds of
Imm thick sheets were obtained by homogeniza-
tion, hot rolling and cold rolling followed by a
solution heat treatment. The sheets had differ-
ent texture by controlling the producing condi-
tions. Sample A revealed significant roping
while sample B resulted in less roping. The
microstructures of the T4 sheets are shown in
Fig. 1. The average grain size of both samples
was about 45um. The characteristics of these
samples with respect to roping, crystallographic
texture, the distribution of grain orientations
and grain structure were investigated. The
samples used for the roping assessment were cut
to 3omm width and 200mm length. They were
stretched to 10% elongation, and the tensile

Table1 Chemical composition of samples (mass%)

Si Fe Mn Mg Ti Al

1.0 0.2 0.1 0.5 0.03 bal.

Fig.1 Optical microstructures of (a) sample A and (b)
sample B.

directions were in the 0-degree direction
(parallel), 45-degree direction (diagonal) and
90-degree direction (perpendicular) to the
rolling direction in order to investigate the
anisotropy of the roping development. The
roping was evaluated by its appearance after
electrochemical deposition, with a coating
thickness of about 20um, in order to make the
roping clearly appear.

Pole figures were measured by an automated
X-ray texture goniometer at the surface and at
the center of the thickness of the sheets. The
orientation distribution functions (ODFs) were
computed from three incomplete pole figures
({111}, {200}, {220}) by the series expansion
method with 1m.x =22. The spatial distribution of
the typical components, Cube {001} <100> and
Goss {011} <100>, were determined by electron
back scatter diffraction (EBSD) using a
scanning electron microscope (SEM), with the
measuring step size of 9um. The pole figure and
EBSD measurements were carried out before
and after the tensile deformation in order to
investigate the influence of the texture change
on the roping development.

3. Results and discussion

3.1 Initial texture and orientation

distribution

The initial ODFs of the samples are shown in
Fig. 2. As the texture was mainly composed of
recrystallization texture components, Cube and
Goss component, which are visible in the
@2 = 0° sections, the texture representation is
confined to this section. The preferred orienta-
tion was the Cube orientation in each sample.
However, the intensities of the Cube orientation
were different for sample A and sample B, that
is, the intensity of sample A was about 50,
whereas that of sample B was about 90 times
random. Moreover, in sample A, the Goss orien-
tation was specifically pronounced in the center
of the sheet.

The distribution of Cube and Goss compo-
nents determined by EBSD before tensile defor-
mation are shown in Fig.3. In both samples,
Cube oriented grains were mainly evenly
distributed. But in sample A, in which signifi-
cant roping was observed, a Goss band of about
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Imm width was observed, although the distribu-
tion of the Goss component in sample B was
uniform. It is supposed that this Goss band
caused the roping, and made it significant.

l—*‘Pl
0}

Sample B

Sample A

[ 1 !

(&) Ei

Surface
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Fig.2 ¢2 = 0° sections of the ODFs of the initial samples.
(Contour levels = 5, 10, 15 -++)

(a)

(b)

Fig.3 EBSD maps showing Cube and Goss oriented grains
in (a) sample A and (b) sample B. The gray points
show the distribution of each component corre-
sponding to the upper and the lower maps.

48

3.2 Anisotropy of roping development

Fig. 4 shows the surface appearance of sample
A after tensile deformation. A linear uneven-
ness, which was parallel to the rolling direction,
was observed when the sheet was stretched in all
three directions. The surface profiles were also
changed when the tensile direction changed. In
the case of stretching in the 0-degree direction,
the shape of the roping had a welter appearance.
However, in the case of stretching in the 45-
degree direction and 90-degree direction to the
rolling direction, the shape of the surface defects
had a clear line pattern.

Fig. 5 shows the surface appearance of sample
B after tensile deformation. Different from
sample A, a surface roughness was not observed
when the sheets were stretched in the 0-degree
direction and the 90-degree direction (with
respect to the rolling direction). However, in the

(a)

Fig.4 Surface appearance of sample A after tensile
deformation. The tensile direction is (a) 0°,
(b) 45° and (c) 90° to the rolling direction.
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case of stretching in the 45-degree direction, a
surface roughness was observed though it was
much less than in sample A.

As mentioned above, roping became most
obvious by stretching in the 45-degree direction
to the rolling direction when compared to the 0-
degree direction or 90-degree direction in both
samples, and it was confirmed that the roping
property had an in-plane anisotropy due to the
tensile direction.

3.3 Texture change by tensile deformation

The roping development is correlated to
texture. Furthermore, it 1s assumed that the
rotation of the orientations, as well as the
inhomogeneous distribution of differently
oriented grain during tensile deformation
influence the surface profiles. The pole figures
of sample A at mid thickness before and
after tensile deformation are shown in Fig. 6.

Fig.5 Surface appearances of sample B after tensile
deformation. The tensile direction is (a) 0°
(b) 45° and (¢) 90° to the rolling direction.

Compared to the initial texture, there were
hardly any texture changes when the sheet was
stretched in the 0-degree direction and the 90-
degree direction. But in the case of stretching in
the 45-degree direction, the intensity of the Cube
orientation decreased, and the peak was
scattered along the tensile direction.

The changes in the intensity of the ideal Cube
and Goss components by tensile deformation
derived from the ODF's in sample A are shown in
Fig.7, and in sample B are shown in Fig.8.
When the sheet was stretched in the 45-degree
direction, the intensity of the Cube component
decreased in both samples when compared to
that of the initial sample. When the sheet was
stretched in the 90-degree direction to the
rolling direction, the intensity of the Goss
component tended to be reduced when compared
to that of the initial sample though the degree of
the intensity change was low. It is supposed that
the decrease of the components depends on the
tensile direction which causes the in-plane
anisotropy of the roping development. This
means that bands of similar orientation need to
be suppressed in order to inhibit roping in all
tensile directions.

4. Conclusions
The present study provides an explanation of
the influence of the texture on the roping behav-

(a) (b)

(c) ' (d)

Fig.6 Pole figures of sample A at the center of the thickness,

o

(a) initial, and after the tensile deformation (b) 0°
(c) 45° and (d) 90° to the rolling direction.
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(b) Goss component by tensile deformation
derived from the ODF's in sample A.

ior and its in-plane anisotropy. Two kinds of
aluminum sheets, which show different roping
development, were prepared by changing the
thermomechanical processing. A strong Cube
texture was measured in the sample with less
roping before the tensile deformation. On the
other hand, a texture composed of Cube and
Goss components was measured in the sample
with a significant roping especially in the center
of the thickness. In the sample with significant
roping, a band of Goss components parallel to
the rolling direction was observed by EBSD
mapping. In both samples, roping became most
significant by stretching in a direction 45-
degree to the rolling direction compared to the
0-degree direction or 90-degree direction. It was
confirmed that the orientation density of the
Cube component was reduced by stretching in
the 45-degree direction to the rolling direction,
whereas the orientation density of the Goss
component was reduced by stretching in the 90-
degree direction. It is proposed that the in-plane
anisotropy of the roping development is caused
by the difference in the texture component
which could rotate based on the tensile direction.
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(b) Goss component by tensile deformation derived
from the ODFs in sample B.
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The Effects of Texture on Formability of
Aluminum Alloy Sheets”

Kengo Yoshida* *, Takumi Ishizaka™ * *,
Mitsutoshi Kuroda**** and Shingo Ikawa™ ****

The effects of typical texture components observed in rolled aluminum alloy sheets (i.e., Copper,

Brass, S, Cube and Goss texture components) on forming limit strains are numerically studied,

utilizing the Marciniak — Kuczynski-type approach and a generalized Taylor-type polycrystal

model. It is shown that only the Cube texture component yields forming limits much higher than

those for a Random texture in a biaxial stretch range, while the other four texture components

tend to yield lower forming limits. Furthermore, it is found that when the orthotropic axes of the

Cube texture material are inclined at 45 relative to the major stretch direction, abnormally high

forming limits are obtained for near plane strain forming paths.

1. Introduction

When the formability of sheet metals sub-
jected to in-plane stretching is discussed, the on-
set of sheet necking in the form of a locally re-
duced thickness is used as a forming limit crite-
rion, and a simplified theoretical treatment of
this phenomenon is usually made under the as-
sumption of plane stress. Sheet necking is said
to occur when a global strain reversal starts
outside the neck region. One of the principal fac-
tors affecting the formability of polycrystalline
sheet metals is the crystallographic texture. The
effects of typical texture components on the
forming limit have been investigated by Barlat
and Richmond" and Ratchev et al.”. Their
analyses are based on yield loci calculated by the
Taylor —Bishop —Hill model with initial crystal
grain orientations, and thereby changes of tex-
ture during deformation and a vertex-type re-
sponse of plastic strain rate are not taken into
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account. Recently, using a generalized Taylor-
type polycrystal model® directly, Wu et al.”’
analyzed the forming limit for a family of cube
textures, which have some orientation spreading
around the ideal orientation. It has been found
that the Cube texture exhibits a significantly
high formability in the biaxial stretch range.
However, Wu et al. discussed only the effect of
the Cube texture on the formability, the influ-
ences of the other texture components not being
revealed.

In the present study, the effects of typical tex-
ture components observed in rolled aluminum
alloy sheets on the sheet necking are studied.
The typical rolling texture components observed
in aluminum alloy sheets are usually Copper,
Brass and S, and the typical recrystallization
texture components are Cube and Goss. The ma-
terial response is described by a generalized
Taylor-type polycrystal model *, in which each
crystal grain is characterized in terms of an ela-
stic—viscoplastic continuum slip crystal plastic-
ity constitutive relation. It is shown that only
the Cube texture component yields forming lim-
its much higher than that for a Random texture
in the biaxial stretch range, while the other four
texture components tend to yield lower forming
limits. Furthermore, it is found that when the
orthotropic axes of the Cube texture material
are inclined at 45° relative to the major stretch
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direction, abnormally high forming limits are
obtained for near plane strain forming paths.

2. Modeling of the textures

In aluminum alloy sheets, the texture typi-
cally develops around Copper ({112}<111)) |,
Brass ({110}<112)) and S ({123}{634)) orienta-
tions during the rolling process, and around
Cube ({100}<001)) and Goss ({110}<001)) orien-
tations during the annealing process'’. In actual
materials, some spreading of grain orientations
around the above particular crystallographic
orientations is observed. This is modeled as fol-
lows. A rotation about an arbitrary axis a (a
unit vector) with an angle w is generally ex-
pressed as ref.(5) :

R=a®a+(I—a®a)cosw+ (IXa)sinw (1)

where I is the second-order unity tensor, and
® and X denote the tensor and outer products,
respectively. In the present series of analyses, a
misorientation from the aforementioned ideal
orientations is represented by the rotation R. To
generate a texture model that has spreading of
grain orientations, the following procedure is
repeated until the desired number of grains is o-
btained : (i) a value of w is taken according to a
Gaussian distribution with the mean value of
zero and the standard deviation w, ; (i1) a is
randomly chosen ; (iii) the ideal crystal orienta-
tion is rotated by R ; and (iv) the three other
equivalent orientations are created at the same
time, in order to represent the orthotropic sym-
metries of the rolled sheet. A more detailed de-
scription for generating the model textures can
be found in Kuroda and Tkawa® and Kuroda and
Tvergaard™.

Fig.1 shows the ({111}
orthotropic texture models for the Copper,
Brass, S, Cube and Goss components with 1600
grains and w, =15 . Values of w, between 5 °and

pole figures of

15° have often been reported in the literature as
a realistic range of orientation spreading. In ad-
dition to the texture component models, a ran-
dom distribution of grain orientations is also
considered, which is referred to as
in the present study.

“Random”

3. Constitutive model

A finite strain crystal plasticity model used
here is along the lines presented by Asaro® and
Peirce et al.”’. The slip rate 7'“ on the a th slip

system is given by a power law dependence on

the resolved shear stress ‘c(w,

1/m

7;(&) _ ?Osgn(f(a)) T(a)/g(a) (2)

where 7, is a reference slip rate, m is a strain
rate sensitivity exponent and ¢'*’ is the slip sys-
tem hardness. The evolution law for g is speci-
fied by

n—1

g.<a> _ h%\?”(ﬁ) [, h= h0(1+h0n/fon> )

u = I e ®
where 7, is the initial value of ¢'*’, k, is the ini-
tial slip hardening modulus, 7 is a power law
hardening exponent and ¢ is time. An isotropic
elasticity is assumed in the present applications,
which is determined with Young's modulus E
and Poisson's ratio v.

As a model for a polycrystal, a Taylor-type
approach®’ is adopted. The deformation in each
grain is taken to be identical to the macroscopic

Fig. 1

{111} pole figures of computationally generated texture models with 1600 orientations and w, = 15°:

(a) Copper texture ; (b) Brass texture ; (¢) S texture ; (d) Cube texture ; (e) Goss texture.

02
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deformation of the aggregate. Taking the vol-
ume fraction of all the grain as identical, the
macroscopic stress ¢ and macroscopic plastic
strain rate D® are respectively obtained from av-
eraging the Cauchy stress ¢ and plastic strain
rate D® in each grain over the total number of
grains. A macroscopic measure of plastic strain
for a polycrystal is defined by
&= /(2/3)D™D" dt )
For all computations in this paper, the material

parameter values are fixed as m = 0.002, n = 0.35,
ho/ty=9.75, E/7, = 1625 and v = 0.3.

4. Sheet necking analysis

We employ the Marciniak — Kuczynski (M —
K)-type model for sheet necking analysis, which
is exactly the same model as that employed by
Kuroda and Tvergaard'®'"’. A sheet specimen in
the z;, — x, plane with a band of initial
inhomogeneity (with an in-plane unit normal
n;) in the form of a reduced thickness under
plane stress assumption is considered (Fig.2).
In an unstressed initial state, the rolling direc-
tion (RD) and the transverse direction (TD)
have an angle 0, relative to the x, and x, direc-
tions, respectively. The same texture model is
assigned to both the regions inside and outside
the imperfection band.

In all computations performed here, linear
strain paths, i.e., fixed ratios of strain rates,

0 = Lo/Ly, = Dyy/Dyy = €3/, (%)
are assumed outside the band, where L; and D
are components of the velocity gradient and the
rate of deformation tensor, respectively. The
range of the ratio of strain rates is taken to be
—0.5 < p < 1. Thus, D, is always the “major”
principal strain rate. The remaining in-plane ve-
locity gradient components outside the band are
set to be L, = Ly, = 0. It is further assumed
that Ly, = Ly, = Ly = L3 = 0. Values of Dy
and Db are determined by the conditions
05 = 0 and &4 = 0, respectively. Hereafter, "
denotes quantities inside the imperfection band.
The compatibility condition at the imperfection
band interface is given in terms of the difference

03

X,

X,

Fig.2 Textured thin sheet with an imperfection
band initially inclined at an angle ¢,.

between the velocity gradients inside and out-
side the band,
LYy = Lst¢éang (6)

where the subscript Greek letters range from 1
to 2, ¢, are the parameters to be determined and
ng are the components of the current unit nor-
mal n to the imperfection band, which is given
by n = (cos¢, sing) in terms of the current an-
gle ¢ of the band. The onset of sheet necking is
defined and detected by the occurrence of a “st
rain rate reversal” outside the band. At the be-
ginning of analysis, D,, is taken to be the pre-
scribed quantity (set to be 2.57,). When the
maximum principal value of D;’ﬁ inside the band
becomes twice as large as that of D,z outside the
band, the prescribed quantity is switched from
D, to ¢, or ¢, (the largest value at the moment
will be chosen). Thereafter, ¢, or ¢, is used as a
constant prescribed quantity until the strain
rate reversal outside the band (.e., D;; < 0)

occurs. The detailed procedure for this
switching method can be found in Kuroda and
Tvergaard .

A number of computations are performed for
the same strain path with different initial orien-
tations of the imperfection band (here the inter-
val is taken to be 5°), and the minimum critical
strain is the forming limit. The forming limit
strains to be plotted on a forming limit diagram
(FLD) are denoted by ¢, and &,,. The initial im-
perfection value, i.e., the ratio of the thickness
inside the band to that outside the band, is taken
to be 0.999 for all computations in the present
paper. A computational result with a texture
model consisting of a finite number of discrete
grain orientations is usually affected, to some
extent, by a series of pseudo-random numbers
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used in the process of making the discrete tex-
ture model. In order to reduce this effect, each
texture model is run three times with three dif-
ferent sets of pseudo-random numbers, and all
the computations are performed three times for
these three sub-models. Fig. 3 illustrates a typi-
cal example of the effect of pseudo-random num-
bers used in generating discrete grain orienta-
tions. All the final results to be plotted on the
FLDs in the present paper (Figs.4—6) are ob-
tained from averaging three such computational
results.

5. Results

Fig.4 shows computed FLDs*! for the five
texture components with various values of w,.
RD is assumed to initially coincide with the x, -
direction. It is observed that for all the texture
components the ideal orientation (w,=0°) gives
very poor forming limits, which are far below
those for the random texture. FLDs tend to
move upwards with an increase in the width of
orientation spreading determined by w,. It is
noted that the FLDs for the Cube texture (Fig.
4 (d)) are most significantly affected by the
change in w,, and the those with w, = 11° and
15° give formability much greater than that for
the random texture in the biaxial stretch region

0.7-
0.6
0.5
0.4

W 0.34

0.24
1 Cube
013 g=11°

0.04
0.4

03 02 01 00 01 02 03 04 05
&n*

Fig.3 Effect of pseudo-random numbers used to

generate texture models. Cube texture

with w, = 11° (as an example to show the

effect). RD initially coincided with the x, -

direction :i.e. 6, = 0°.

(i.e., 0 > 0). This behavior has been reported by
Wu et al.”. In the cases of the other four texture
components, the changes in FLDs due to the in-
crease in w, are rather small, and the forming
limits never reach those for the Random tex-
ture. In the range of p < 0, the typical textures
considered here exhibit the forming limit strains
lower than those for the Random texture.
Fig. 4 (f) shows a comparison of FLDs for the
typical textures with w, = 15°. For the plane
strain mode, o = 0, differences between the
forming limits for these textures are very small.
On the other hand, for equi-biaxial stretching
mode, o = 1, the forming limits for these tex-
tures are definitely different.

Fig.5 shows FLDs for the typical textures
with w, = 15° when 6, is taken to be 90°, i.e., TD
initially coincides with the x, -direction. For this
orientation, the Cube should give the forming
limits the same as those for 8, = 0°, except for a
small difference due to the discrete grain orien-
tations **. The Copper texture gives forming
limits comparable to those for the Cube texture
in the region of —2.5 < p < 0.5. Meanwhile, the
Goss texture yields extremely low formability
for —0.26 <p < 1.

Fig.6 shows FLDs for the textures with
w, = 15° when 0, is taken to be 45°. For this ori-
entation, the Cube texture produces abnormally
higher forming limits in the region of
—25 < < 0.75. Indeed, the limit strain &, of
the Cube texture for 6, = 45° is 1.6 times greater
than that for 6, = 0° at o = 0.

Formability for the plane strain stretching
mode, o = 0, is particularly important, since in
the stamping of automotive panels many fail-
ures occur at strain paths near the plane strain
mode *’. For this stretching mode, forming lim-
its depend primarily on the work-hardening be
havior : the higher the work-hardening rate of a
material, the higher the forming limit. Fig.7
shows relationships between H/d,, and &,, for
each texture with w, = 15° under plane strain
stretching mode. Here, H is a slope of a 6,,—¢;
curve outside the imperfection band, and g, rep-
resents the value of d,, at ¢ = 0.002. Critical ini-
tial band angles are indicated in parentheses in

*1 The results shown in Fig. 4 (d) and 4 (f) were presented
at AEPA ’06'2) as preliminary results. All other results ap-
pear for the first time in this present paper.

o4

*2 We do not distinguish between results for the Cube tex-
ture with ; = 0° and 90°. We only carried out the computa-
tion for 6; = 0°.
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the legends. When 0, =0° (Fig.7 (a)), the
H/G,,—€,, relations for all the texture compo-
nents are almost identical. This behavior is con-
sistent with the predicted formability in Fig. 4f
that the difference between the forming limit
strains is very small at o = 0.When 0, = 45°
(Fig. 7 (b)), after e,, reaches 0.15, the value of
H/a,, for the Cube texture is clearly higher than
those for the other textures. In other words, for

(a)
0.7

0.6
0.5
0.4
& 0.3
0.2

0.1

0.0+ r r X U ——
04 03 -02 -0.1 00 0.1 02 03 04 05
En*

0-0 T T T L T T T T
-04 03 -02 -0.1 00 01 02 03 04 05
&n*
(e)
0.7

0.6
0.54
0.4
w 0.34
0.2

0.14

040 T T T T frryrryyyrrrves T T
04 -03 -02 -0.1 0.0 01 02 03 04 05
En*

this orientation the cube texture exhibits a
much higher apparent work-hardening rate, and
therefore, its forming limit strain is abnormally
enhanced (Fig.6). When 0, = 90° (Fig. 7 (c)),
the value of H/d,, for all the textures are ap-
proximately the same, but a premature strain
localization is predicted for the Goss texture
(Fig.5). The critical initial band angle for the
Goss texture is 75°, which is apparently differ-

(b)

(d)

0.0 LELALALES SRR AL T T LR
-04 -03 -02 -0.1 60 01 02 03 04 05
En*

Fig.4 Computed forming limit diagrams (FLDs) for the five texture components : (a) Copper ;
(b) Brass ; (¢) S; (d) Cube; (e) Goss ; (f) comparison of FLDs for w, = 15°. RD initially

coincided with the z, -direction : i.e. 6; = 0°.
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Fig.5 Computed forming limit diagrams (FLDs)
for w, = 15°. TD initially coincided with
the x, -direction : i.e. 0, = 90°.
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1

0.6
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*-—-
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Fig.6 Computed forming limit diagrams (FLDs)
for w, = 15°. 6; = 45°.

ent from those for the other textures (0°). Ac-
cordingly, in the analysis for the Goss texture,
ey, and e},, the strain components inside the
band, are not zero, and become larger than half
of €}, at the onset of necking. For this condition,
not only the work-hardening behavior but also
other mechanical characteristics, e.g., the ratio
of shear yield strength to tension yield strength,
affect the development of strain localization.
Thus, the extremely low formability cannot be
explained solely in terms of the work-hardening
behavior in the 6,,—¢,, curve.

According to Lian et al.'’, a yield surface
shape has a tremendous effect on FLDs, and the
forming limit for o = 1 is able to be assessed by
a ‘“yield surface shape hardening diagram” ,
which 1s explained later. We first calculate a
yield surface for each texture by using the offset

o6
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Fig.7 Relationship between H/d,, and ¢,, for
plane strain mode. Initial orientation
of a sheet is (a) 6, = 0°, (b) 6, = 45°
and (¢) 6, = 90°. Critical initial band
angles are shown in parentheses in
each legend.

D19 and a yield surface

plastic strain method
shape hardening diagram later. Yield surfaces
in the &,,—3, plane are calculated only for
0, = 0° , because the forming limit strains for
0, =0, 45° and 90° are identical under the
equi-biaxial stretching mode. In order to obtain
a subsequent yield surface corresponding to an
evolved texture just before the onset of strain lo-
calization, a sheet is first prestrained in equi-

biaxial stretching mode. After unloading, the
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sheet is reloaded to various directions in the
0, — 0y plane. The amounts of equi-biaxial
prestrain are ¢,, = 0.25, 0.15, 0.2, 0.4, 0.1 and 0.3
for the Copper, Brass, S, Cube, Goss and Ran-
dom textures, respectively. Offset plastic strain
&1t 18 defined by the same form as Eq. (4), but
the time integration is started from the un-
loaded state. Calculated yield surfaces are de-
picted in Fig. 8. When € ., < 0.002, the subse-
quent yield surface varies its shape with the
amount of the offset plastic strain, whereas,
those for & . = 0.005 and 0.01 have similar
shape. The yield surfaces for €. = 0.005 are
used for the following discussion.

Fig. 9 indicates a yield surface shape harden-
ing diagram, which represents a relationship be-
tween D%/DP and 6,,/6) at &, = 0.005 for
various linear stress paths, where ¢}, stands for
6y, for the stress path in which D5,/D} = 1. In
this figure, a yield surface shape is represented
by 6,,/6), not G,/ds, because for the equi-
biaxial stretching mode the critical band angles
are less than or equal to 45° in the present
analysis. It is found that (i) the values of
G,/ 6, for the Cube texture is the largest;(ii)
those for the Copper, S and Random texture are
in the middle; and (iii) those for the Brass and
Goss texture are of the lowest. Further, the re-
sults categorized as (ii) or (iii) are indistin-
guishable. There is a tendency that the texture
component possessing a larger value of G,,/6})
yields higher forming limits, although exact
one-to-one correspondence between the yield
surface shape and formability is not observed.

6. Discussion

In the present study, forming limit strains for
the typical texture components observed in
rolled aluminum alloy sheets (i.e., Copper,
Brass, S, Cube and Goss texture components)
and for Random texture are analyzed using the
M —K-type approach. Initial yield surfaces for
the typical texture components and correspond-
ing FLDs were also calculated by Barlat and
Richmond!. Their initial yield surface shapes
are similar to our subsequent yield surfaces
shown in Fig. 8, although the latter has por-
tions with larger curvatures. Nevertheless, the
FLDs reported in ref.(1) are quite different

o7

from those shown in Fig. 4 . In Barlat and Rich-
mond's analysis, a discrete initial yield surface
was calculated using the Taylor —Bishop — Hill
model, and the yield surface was fitted by a
curve. Then, the curve was assumed to be the
plastic potential, i.e., the direction of plastic
strain rate is fixed to the normal of the curve
(the classical normality rule was used), and the
isotropic hardening rule was assumed so that
the yield surface, fitted by a curve, expands
whilst maintaining the same shape. On the
other hand, we used a generalized Taylor-type
polycrystal model directly. Therefore, the evolu-
tion of texture and a vertex-type response of the
plastic strain rate® '™ were naturally illus-
trated. As i1s well known, in addition to anisot-
ropy arising from an initial texture and its evo-
lution, the vertex-type of effect significantly af-
fects predictions of forming limits'’. Such a dis-
crepancy between the constitutive assumptions
has produced very different FLDs. Thus, it is
emphasized that forming limit predictions with
a crystal plasticity model should be done with-
out any simplification with respect to the tex-
ture evolution and vertex-type response.

In an early study by Ratchev et al.?”, FLD
computations were carried out based on yield lo-
cus shapes evaluated by the Taylor —Bishop —
Hill model. Thus, the effect of texture evolution
and the vertex-type response of the plastic
strain rate were not illustrated. In addition, the
imperfection band was assumed to be perpen-
dicular to the major stretching direction, and
consequently some of the predicted limit strains
could not be the minimum localization strain for
a given strain path. Therefore, tendencies differ-
ent from our observations have been reported,
1.e., for the plane strain stretching mode, the
limit strains for the Cube texture with 6, = 0°
and 45° appeared to be nearly identical, and even
for the equi-biaxial stretching mode, different
values of the limit strain were predicted for
0, = 0° and 45°.

For the typical texture components with
w, = 15°, the effects of the texture and orienta-
tion of a sheet on the forming limit have been in-
vestigated in detail. The important finding in
this study is that for the plane strain stretching
with 6, = 45° ,
hardening rate for the Cube texture is much

mode the apparent work-



2008

SUMITOMO LIGHT METAL TECHNICAL REPORTS

58

(a)

20 - -
f Copper (@, = 15°)

€ offser

— 0.0005
- 0.001

154

/7,

10 ===

On

(c)

15 20

20

€ offset

—0.0005
-== 0.001

ol

(e)

15 20

20

Goss (@, = 15°)

|

€ ofiser

—0.0005
----0.001

/7,

104

T
Q
§

0 5 10

15 20

oul 7,

(b)
20

€ offser

-—0.0005
1 ==-- 0.001
Br—T 1 0.002 ]

] Brass (@, = 15°)

/1,

104+ <

(23]
N
R

0
0 5 10 15 20

oul 1,

C)
20 . —

Cube (@, = 15°) € offset
— 0.0005

- -+ 0.001
P17 0.002

/7,

10— e

N

O
N
N

0 5 10 15 20

®

20 : ,
| € offset

Random
—0.0005

1 === 0.001
15 I 0.002

15 20

onl 1,

Fig.8 Subsequent yield surface for six texture components. The amount of equi-biaxial prestrain is
(a) €,; = 0.25 for Copper texture, (b) &,; = 0.15 for Brass texture, (¢) &;; = 0.2 for S texture, (d)
e, = 0.4 for Cube texture, (e) &,; = 0.1 for Goss texture and (f) &, = 0.3 for Random texture.

The offset plastic strain is set to &, = 0.0005, 0.001, 0.002, 0.005 and 0.01.

higher than those for other texture components
(Fig. 7 (b)), and therefore, the forming limit is
dramatically enhanced. Since we assumed the
same hardening function for each textured

sheet, the increase in the work-hardening rate is
not accounted for by the evolution of slip resis-
tance. The cause of such a change in the amount
of work-hardening must be rotations of texture

o8
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1.03

Cube

Goss

« Brass

o 08 06 04 02 0.0
D2/ Dp

Fig.9 Relationship between D5,/D?, and ¢,,/6}; at
Eoireet = 0.005 for the six texture componen-
ts : i.e., Copper, Brass, S, Cube, Goss and
Random textures.

or crystal grains, i.e., the so called geometrical
hardening/softening®. It is suggested from
Figs. 6 and 7 (b) that such geometrical effects
appear to be effective in the development of a
high formability sheet metal. A study on this
topic will be carried out in detail in future.
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Measurement of Solute Concentration in Alpha Solid

Solution of Ternary Aluminum Alloys
and 1ts Application”

Minemitsu Okada ™ *

The solute concentration in the supersaturated Al-rich alpha solid solution of the Al-Mg-Mn
and Al-Mn-Si alloys and the solid solubility limit of the Al-Mn-Si and Al-Mg-Si alloys were deter-
mined by combining two widely used techniques, i.e., measurements of the electric conductivity
and the lattice constant. Pure aluminum and six binary alloys were used for the analytical sam-
ples, and the solute concentrations of the three supersaturated ternary alloys were determined on
the assumption that the changes in the inverse electric conductivity and the lattice constant in the
ternary alloys can explain the sum of the changes in the binary alloys. The solute Mg or Mn con-
centration was measured within an error of 10% . Subsequently, the solid solubility limits of the
Al-Mn-Si alloys were determined at 733, 773, 823 and 873K by applying the often adopted kinetic
theory. As compared to the previously reported results, the composition of the contact point with
the 3-phase field (alpha solid solution (AD)+AlsMn+ a AIMnSi) indicated a higher Mn content, but
the solid solubility of Mn in the alpha solid solution decreased more rapidly as the solute Si con-
tent increased. For the Al-Mg-Si alloys, it is difficult to determine the solute concentration of the
supersaturated solid solution, as a consequence of the lattice strain occurring during the forma-
tion of the GP zone. Nevertheless, the solute concentration of the specimens, which had adequately

precipitated, could be measured. The solute concentration of the alloys precipitated at 673K was de-

termined, and almost corresponded to the previously reported phase diagram.

1. Introduction

The quantitative control of the solute concen-
tration in the Al-rich alpha solid solution of alu-
minum alloys during the heat treatment proc-
esses is important when designing products. The
second-phase particles precipitated from a
supersaturated solid solution have a profound
influence on the physical-metallurgical proper-
ties such as the softening reaction (i.e., recovery
and recrystallisation kinetics), texture forma-
tion, and grain size. The driving forces behind
the precipitations are affected by the solubility
limits of the solute elements in the alpha solid
solution.

However, although the solute concentration is

important, its experimental characterization is

*  The main part of this paper was presented at ICAA-11 in
Aachen, Sept. 22-26, 2008
#+ No.l Department, Research & Development Center
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not that simple. The two widely used techniques
are the measurements of the electric conductiv-
ity and the lattice constant. However, both tech-
niques only yield an integral value for the sol-
utes, but cannot distinguish between the contri-
butions of the various solute elements. Conse-
quently, in this study, by combining these two
methods, the solute concentration in the super-
saturated alpha solid solution of the Al-Mg-Mn
and Al-Mn-Si alloys, and the solid solubility
limit of the Al-Mn-Si and Al-Mg-Si alloys were
measured.

Pure aluminum and six binary alloys were
used for the preparation of the analytical sam-
ples. Following the determination of accuracy
using the solid solution of the three ternary al-
loys, the solubility limits of Mn and Si in the al-
pha solid solution were obtained in the Al-rich
corner of the Al-Mn-Si ternary phase diagram.
Additionally, the composition representing the
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apex of the 3-phase (alpha solid solution
(AD+Mg:Si+Si) field was obtained in the Al-
rich corner of the Al-Mg-Si ternary phase dia-
gram.

2. Experimental

Pure aluminum and thirteen alloys with the
compositions shown in Table 1 were prepared.
All the alloys were cast into an iron mold (about
¢ 50x10mm) and instantly quenched in water to-
gether with the mold to maintain the high so-
lidification and cooling rates. All of the speci-
mens were solution-heat-treated at various tem-
peratures and for various times depending on
the alloy compositions (Table1). The speci-
mens, except for the Al-Mg-Si ternary alloys,
were cold rolled to 80% and recrystallized at
673K for 20s in a salt bath furnace (hereinafter
referred to as solution alloys). To measure the
solubility limits of Mn and Si in the alpha solid
solution, the cold rolled Al-Mn-Si ternary alloys
were isothermally annealed at 733K for 2.4x10°s
and at 773, 823 and 873K for 1.8x10% to 3.5x10°s
in an electric furnace in air (hereinafter referred
to as precipitated alloys). The Al-Mg-Si ternary
alloy specimens were cold rolled to 75% ,
recrystallized at 833K for 30s in a salt bath fur-

nace, and then isothermally annealed at 673K
for 2.59x10°s in an electric furnace in air. After
each heat-treatment, the specimen was quenched
in water to avoid any precipitates.

After machining and polishing, the electric
conductivities were measured by a SIGMATEST
D2.068 (Foerster, U.S.A.), and the lattice con-
stants were measured using an automatic
RINT2500 X-ray goniometer (Rigaku, Japan).
The diffraction angles, 2 0, of the peaks for the
analyses were between 60 and 145 degrees, and
the lattice constants were calculated by Cohen's
method " using the error function, cos” @/ sin é.
The measurements were done at 293K and re-
peated more than three times to obtain one data
point.

3. Results and Discussion

3.1 Measurement of solute concentration

The inverse electric conductivity, 1/y(that has
the same dimension as the electric resistivity),
and the lattice constant, a, had a linear relation-
ship with the solute concentration in the binary
alloys (Fig.1 and Fig.2). The absolute values
and slope almost agreed with the literature® .
The inverse electric conductivity of the ter-

nary Al-X-Y alloy can be expressed by the fol-

Table1 Chemical composition (mass%) and heat-treatment conditions.

Heat-treatment
Alloy Mark Si Fe Mn Mg Others Al .
conditions
Pure aluminum P <0.01 <0.01 <0.01 <0.01 <0.01 bal. - -

G1 <0.01 <0.01 <0.01 2.11 <0.01 bal.

Al-Mg 723K 1.44x10%
G2 0.01 <0.01 0.01 4.11 <0.01 bal.
M1 <0.01 0.01 0.53 <0.01 <0.01 bal.

Binary alloy Al-Mn 913K 8.64x10%
M2 0.01 0.02 0.98 <0.01 <0.01 bal.
Sl 0.10 <0.01 <0.01 <0.01 <0.01 bal.

Al-Si 850K 4.32x10%
S2 0.18 <0.01 <0.01 <0.01 <0.01 bal.

Al-Mg-Mn GM 0.01 0.01 0.50 1.95 <0.01 bal. 873K 8.64x10"s
SM 0.20 0.01 0.52 <0.01 <0.01 bal.

Al-Mn-Si SM1 0.16 0.02 1.01 <0.01 <0.01 bal. 908K 1.73x10%
Ternary alloy SM2 0.41 0.02 1.00 <0.01 <0.01 bal.
SG1 0.80 <0.01 <0.01 0.22 <0.01 bal.

Al-Mg-Si SG2 0.37 <0.01 <0.01 0.50 <0.01 bal. 833K 2.59x10%
SG3 0.59 <0.01 <0.01 0.37 <0.01 bal.
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lowing equation as a function of the concentra-
tion of X and Y in a solid solution, [X Jand[Y]:
1/y =1/y,+A[X]+B[Y] e
where 7, is the conductivity of pure aluminum,
and A and B are the element-specific coefficients
of the inverse conductivity, i.e., the slope of Fig.
1. Furthermore, if the lattice constant changes
in the ternary alloys have an additivity in the
same way (and this assumption seems to be al-
lowed in a dilute alloy), the relationship is ex-
pressed as -
a=ay+CLX]+D[Y] ©)
where a, is the lattice constant of pure alumi-

num, and C and D are the element-specific lattice
constant coefficients which are the slope of Fig.

0.040
2 0035 |oeena.. 1/y=00176[Mn] +0.0154
g 003 R=1100
T 0.030 feeeceofon e
= 0025 feeaplenee e
S 0020 | /oeen T
2 0015 1/4=00313[Mg] +0.0154
g T RO T
® 0010
g 1 2 3 4
§ Solute concentration (mass%)
3
< 0.025
2 0.020 1/y = 0.00420[Si] + 0.0154
- Hn i (R R={00" "~~~
Z 0015 Qrrrrrrr—rerees G—f....

0.010

0.00 0.05 0.10 0.15 0.20

Solute concentration (mass%)

Fig.1 Inverse electric conductivity of binary solution alloys.
[X] denotes the concentration of solute X.

2. By using equations (1) and (2), the solute
concentrations of the ternary solution alloys
were calculated in Table 2. The error in the con-
centration calculated from the fluctuation of the
repeatedly measured conductivity was deter-
mined to an accuracy of 1 part in 10°, but the one
calculated from the lattice constant was greater,
especially when the Si concentration was calcu-
lated. It was postulated that the linear relation-
ship between the lattice constant and the Si con-
centration is lower than that for Mg and Mn.
Nevertheless, the solute Mg or Mn concentra-
tion was measured within an error of 10% .

3. 2. Solubility limits of Al-Mn-Si ternary

aluminum alloy

Fig. 3 shows an example of the inverse electric
conductivity, 1/7, plotted as a function of the an-
nealing time, ¢ %, for the Al-Mn-Si precipitated
alloy. 1/y decreased with an increase in the an-

0.4075
‘eeeo....270000462[Mg] +0.40514
0.4070 ReT 66
04065 feocevrccnecnerneanene mrfionncannn
T 04060 f--eiiiiiii e
£
s 04055 L T LR
g a=-0.000403[Mn] + 0.40514 __
g 0.4050 N
5 0.4045
o 1 2 3 4
Q
§ Solute concentration (mass%)
0.4060
a=-0.000674[Si] +0.40514
0.4055 teeeeencnss li;6-8& -------------
0.4050 P =5 ...
0.4045
0.00 0.05 0.10 0.15 0.20

Solute concentration (mass%)

Fig. 2 Lattice constant of binary solution alloys.
[X] denotes the concentration of solute X.

Table 2 Solute concentration (mass%) of ternary solution alloys.

() denotes the error of the calculated values from the fluctuation of the lattice constant.

o Solute concentration in
Composition of alloy ) .
Alloy Mark alpha solid solution
Si Mn Mg Si Mn Mg
0.48 2.16
Al-Mg-Mn GM 0.01 0.50 1.95 _
(0.47-0.50) (2.04-2.24)
0.13 0.51
Ternary alloy SM 0.20 0.52 <0.01 ~ -
(0.10-0.16) | (0.50-0.51)
Al-Mn-Si
0.15 0.92
SM1 0.16 1.01 <0.01 —
(0.00-0.40) | (0.86-0.96)
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nealing time. The decrease in 1/7 corresponds to
the decrease in the concentration of Mn and/or
Siin the Al-rich matrix due to the nucleation
and growth of the aAlMnSi and/or AlMn pre-
cipitates. Correspondingly, the lattice constant,
a, was plotted as a function of the annealing
s, According to the often adopted the-
ory®™, the average concentration, ¢, of a solute

time, ¢

in the matrix during coarsening of the precipi-
tates varies asymptotically with the annealing
time, £, as
c—c,= (k1) " 3)

where ¢, is the equilibrium concentration of the
solute in equilibrium with a precipitate of infi-
nite size. Based on the assumption that the rates
of the concentration change by precipitating
aAlMnSi and AlsMn are the same, i.e., the rate-

determining processes of the precipitation for
these compounds are the concurrent diffusion of

the Mn atom, 1/7 and a have a linear relation-
ship with ¢ during the annealing. Consequently,
the values of the equilibrium, 1/7, and a,, could
be determined using the least-squares method
and extrapolating to¢ * = 0 (¢ = =), and c, is
calculated using equations (1) and (2).

As already described, the expected ¢, of the
three Al-Mn-Si ternary alloys was plotted in the
Al-rich corner of the Al-Mn-Si ternary phase

0.032
0.030
0.028
0.026
0.024
0.022

1/ v (/%IACS)

002 004 006 0.08

Annealing time, £173 (s717)

0.00

Inverse electric conductivity,

Fig.3 Changes in inverse electric conductivity
of precipitated alloys SM1.
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Fig.4 Solubility limits of Mn and Si in alpha solid solution (AD). (Isothermal section of the Al
corner of the Al-Mn-Si ternary phase diagram.) Solid data points refer to the composition
of the specimens, and open data points refer to the determined composition of the alpha

solid solution.
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diagram and the solubility limit lines of Mn and
Si at various temperatures were drawn in Fig. 4.
In the diagram, the solid data points refer to the
composition of the alloy shown in Table 1, and
the open data points refer to the determined
composition of the alpha solid solution. Assum-
ing that the composition of the alloy SM1 could
be in the 3-phase field (alpha solid solution (Al)
+ALMn+ aAlMnSi), ¢, of the alloy SM1 is the
contact point of the four fields at 733, 773 and
823K. As compared to the previously reported
results®?’, this contact point was a higher Mn
content, but the solid solubility of Mn in the
alpha solid solution decreased more rapidly as
the solute Si content increased. This difference
in the Mn concentration was greater than the
accuracy of the Mn concentration, even when
the lower accuracy of the Si concentration was
taken into consideration. Additionally, this
inclination implied that the acquired solid solu-
bility does not involve any kinetics error. A
possible explanation for the reason why the
difference appeared may be as follows, e.g., in a
previous report® the solubility limit line was
drawn through the alloy compositions identified
the precipitates phases. Therefore, a higher
solubility of Mn and Si might be estimated.

3.3. Solubility limit of Al-Mg-Si ternary

aluminum alloy

It is difficult to determine the solute concen-
tration of the supersaturated solid solution of
Al-Mg-Si alloys by measurement of the electric
conductivity and the lattice constant, as a conse-
quence of the lattice strain occurring during the
formation of the GP zone produced by natural
aging. Nevertheless, the solute concentration of
the specimens, which had adequately precipi-
tated, could be measured. Fig. 5 shows the solute
concentration of the precipitated alloys in the
Al-rich corner of the previously reported Al-Mg-
Si ternary phase diagram at 673K'”. The compo-
sitions of alloy SG1 and SG2 were almost on the
contact line between the 2-phase field ((AD+
Mg:Si or (AD+(Si)) and the 3-phase field
((AD+Mg:Si+(Si)), and the composition of al-
loy SG3 was in the 3-phase field. Therefore, the
measured solute concentrations of the alpha
solid solution almost corresponded with the
composition representing the apex of the
3-phase ((AD)+Mg:Si+Si) field on the previously

0.8
(Al) + Mg,Si | (AD) + Mg,Si + (Si)

06 b--\-..a LYY A N
9 vAlloy SG2/ - iy sGa
§ . ' £ Comp(;sition
E 04 e\ TS P )" of alloy SG1 ™
o0 . . . g
Z 02 feeennns i EEEE EEEEEEE e AR

(AD LA+
0.0 : 2
0.0 0.2 0.4 0.6 0.8 1.0

Si (mass%)

Fig.5 Solubility limits of Mg and Si in alpha solid solution
(AD). (Isothermal section of the Al corner of the Al-
Mg-Si ternary phase diagram'” at 673K.) The solid
data points refer to the composition of the specimens,
and open data points refer to the determined composi-
tion of the alpha solid solution.

reported phase diagram within the expected er-
ror shown in Table 2.

4. Conclusion

The solute concentration in the supersatu-
rated alpha solid solution of the Al-Mg-Mn and
Al-Mn-Si alloys and the solid solubility limit of
the Al-Mn-Si and Al-Mg-Si alloys were meas-
ured using the electric conductivity and the lat-
tice constant.

The solute Mg or Mn concentration was meas-
ured within an error of 10% . The equilibrium
solubility limit of the Al-Mn-Si and Al-Mg-Si
alloys could be determined.
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Effect of a Low Temperature Annealing on
the Plastic Properties of Cold Rolled
3004 Aluminum Alloy Sheets

Shin Tsuchida and Kiyohumi Ito

Effect of the heat treatment at 443K has been investigated on plastic properties and drawability

in a cold rolled 3004 aluminum alloy sheet for D&I cans. After the heat treatment, r-value de-

creases in 60~90 degree to the rolling direction. Therefore, the anisotropy of r-value is slightly

improved and the average of r-value decreases a little. However, the earing does not change. The

anisotropies of work hardening exponent n-value and F-value are also reduced by the heat treat-

ment. The tensile strength and the yield strength slightly goes down and total elongation in-

creases. According to these changes, the drawability of the sheet goes up and the uniformity of

thickness and hardness distribution in the drawn cup's wall are improved. The anisotropy change

of plastic properties is considered to depend not only on the precipitation but also the partial recov-

ery of anisotropic deformation bands and dislocation structures those have strongly developed in

the cold rolled sheet.
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Table 1 Chemical composition of the test materials. (mass%)

Si Fe Cu Mn Mg Zn Ti Al

0.18 056  0.20 1.05 114 0.02  0.02

Rem.

Table 2 Tensile properties of the test materials. (L-direction)

Material YS(MPa) UTS(MPa) EL(%)
A 303 316 3
B 285 312 5
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Table 3 Plastic properties of the test materials.

Material L.D.R. Earing (%) E.V.(mm)
A 1.78 3.000°/45° —6) 4.5
B 2.05 3.1(0°/45° —6) 5.3

Table4 Drawability of the test materials.
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Fig.5 Hardness distributions in the cup walls.
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Scheduling Support System for an Aluminum
Hot Rolling Process

Hitoshi Takayanagi, Yoshihide Okamura and Kazuhiro Miyaji

This paper describes the development of a scheduling support system for an aluminum hot roll-
ing process. This scheduling problem consists of three elements : a rolling schedule stage, a heat
schedule stage and a slab arrangement stage. In particular, a heat schedule stage and a slab ar-
rangement stage have many unique constraints, for instance the usable furnaces are limited under
the heating condition and slab size, moreover, constraint of the slab arrangement is changed by
the hot rolling sequence. Besides, to solve this problem, skilled knowledge and much experience are
required. Consequently, anyone could not engage in this work, except for skilled worker. To solve
such a situation, we developed a new scheduling support system that functionally divides this
problem into two parts, a computer-calculation part and human-determined part. For the former,
we applied an original scheduling algorithm that composes of a local search method and heuristic
approach. For the latter, we built graphical user interface (GUI) to provide appropriate informa-
tion which help to analyze or evaluate from many aspects. Also, a lot of skilled know-hows are re-
flected in this system, the effective use of them enable unskilled worker to solve a scheduling

problem in a short time.
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Fig.3 Constraints of slab arrangement.
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Fig.5 Proposal method for hot rolling sequence.
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(by heuristic solution method)
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and the arrangement

End

Fig.6 Flow chart for slab arrangement search process.
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Fig.8 Result of slab arrangement by the proposal method.
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Fig.9 Result of an aluminum hot rolling plan.
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The Effects of Fin Collar Form on Heat Transfer
Performance of Cross Fin-tube Heat Exchanger

Koutaro Tsubaki, Akio Miyara, Yuma Nagai,
Naoe Sasaki and Yoshihiko Mizuta

A numerical study has been conducted to investigate effects of fin collar form of cross fin-tube

heat exchangers on heat transfer performance. Two adjacent fin collars and a copper tube form a

triangular space during the making process. And also end of the fin collar protrudes into air-side.

The protruded end and triangular space affect on air-side heat convection and thermal resistance

between the tube and fin collars, respectively. The increase in triangular space increases non-

contact surface area between tube and fin collar, which affects to decrease heat transfer rate. The

protruded end disturbs air-side flow and expands the surface of the fin collar. As a result of these

two effects, heat transfer rate from the heat transfer tube increases.

increases pressure loss of air-side.
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However, protruded end
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Fig.2 Schematic diagram of calculation model.

NTHBO, 710 vHPEEAEICHEMLTVEW, /27 4
VRIS ESHNTENICE R LTV S, CDXDE T 4
YH T —IBIRDEEEAH ST B0, 4D DET
WTCHEAET-72 Fig. 4 lIc®F Mt LIz 7 4 v 51 5 —
IRERT, &2COEFLT, OG- T7 4 v H 55—
FlLRERICHEML TV ERNE LI, 74 v HF—&
EAE OEMImICIE, XY ESHIC L TEia v 5
5~ 2 6000, 9000, 12000W/(m* K) % 5.7 72,

KB Fig. 4 ITRT LI, ZNENDEFIVTEL,
L7 4 vOBRINE 7 « PERERE 7 4+ YRR TO
MfEEC7 + v h 5 —KACDY, 745875 —JBIK
EALIR TN TN DM DIEBVEREIC S A 5 B2 2,

Fig. 4(a) IT/RTEF N A 1F, Fig. 3 DBESLHZEEOWr
HEEDOIRICE SO THERLIcETVTHYD, 74 v
7 5 — ORIGINZETIANEH L TOIBWE TV TD b,
EB OB G T, —ARIKOERORE S F—ET
Fiswicd, BIRILEERL, CoORIKIEE(LSE S
Tlicky, EHORESOEELRG Ui, £/, %
OBk ZE—T iR v, FETRETE=MIE
Eltce EFNVATE7 4 vE Y FITH L CERO—
BOEsD D 2EEGZ IR EERT 5,

7V B (Fig.4b) T, EBEE 7+ v 55—
DEERIC B W T EMIPIRDZEM DI, 74 v H T —
DOENEEE S EIRE L, o F L& DK
72, =MIIROZERIC & B IEEMEORD D IT, 7 4
VI 5 — LARBE Ol O —ERIC W BG 2 5 A T,
EFIVBTIE, 74 ¥ Ew FITd W EH OIS %
REEE L7,

57 C (Fig. 4(0) TIF, ZELRMoIRITZEF VA
LIRBETH B0, R T7 4 VOFEMOT VI =9 AT
FEINTWE, EFVC TR, ERELEZ v E Y
FIHT AFEENIZT IV =9 AD—UDEX LT 5,

Table 1 Properties.

Air Aluminum
Density [kg/m® ] 1.225 2719
Specific heat [J/(kg*K)] 1006 871
Thermal conductivity [W/m+K)] | 242x10°2 |  202.4
Viscosity [kg/(m*s)] 1.79%x107° -

Protruded end
.. Triangular space

o

Fig.3 Cross section photo of contact part.



82 T R & & E & R 2008

70D (Fig. 4(d) FEF VA LEBEMEEED
FARICES OWTER L2 BT IVT, 7 4 ¥ h 5 —f&IEH
ZEEMANEH L TOBIEIRE Lz, EIRILIZEF VA
ElEkgic, 740 vEy Flot L TCERO—NOES D g
WAHENGEEFHET B, £, BHLE74vh5—DE

. Form ratio O-30%
[oontsct
surface '
L Aar
Tube surface
i Air
Contact
surface
-
Collar Fin plate
(a) Model A
A Fomm mtio 204004
Coptagt
aurface .
Tube parisge I Aur
Adiabatic
Contact Adr
surface ¥ -l
Calkar Fin plate
(b) Model B
4 Fom ratio 20~30%
Tuabe surtace
Adr
Coalact
surface
Adr
Aluminum
1 . N |
Collar Fin plate
(¢) Model C
A Form ratio 20~40%
Contact
sarface )
L) Aar
Tube surface ||
i} Air
Contact
surface R —
Collar Fin plate
(d) Model D

Fig.4 Schematic diagram of fin collar models.

SREMO—BOES EELCTHD, FIRLE AL
ERAE
HETRAETOEFNVITB VTR E 0% &
DRIV 20, 30, 40% & L CTEHEAEIT- 72, 1k,
TR 0% TlreToEFATE Uk E T 5,

3. ft E # B

3.1 (ERE

Fig. 5 ITJEIR M &R BVE 260 © O ARG IR 0 Bt %
N SEEBGR I ET AR N O [ BVE © 4RIk T
B L7z, €7V A, B, D TR, BRko®ns i
SEMBEGRER IR LTV AR, ®F IV C TIRSEHEEGE
WoOHHFBSHDRR NV, EFVOZES X UK
ik 2 BRHROZ(LDIRIA & L Tid, Smadkit, =
AR D22/ A S U 72 T &1 & B BBt o 21 L,
BRUOBEMEEOZSLET SN b,

7V A, B, D TlR=AIROZE/MIT B W Tl
WTWIREEE 72 5 708, Fig. 5 icB L TREIRbosn & 4L
WEHAGRE R IR LTV 3, Fig.6iceEFILATO
{RBVE R O R BRI QBT R0 2 7R d o TR
B i GHRE e s vhodRERm E 058 <
b Do HEIMDOEEE 7 « vihRAEZREE (0m) & L7,
=Mk ZER T, Bl & s & BGRRPIER I
INEIBEWBIREETH 2 Db, TOLIIT,
AR O ZERNIEBAD B EZEA & 75 0 Bl BT s 1
4 3EK&E - TV B,

EFNCTCREAMFEROZERE 7 « v ER—MET
FEHE L 772, Fig. 51TRd & 5 IS FRGRd o B3 75
B3R SN v, IR & 2 SRR R 021 bR,
TELRDBRNMWEAL L 722 &Ik 7 4 VW ERA T DI
BEMNEAL L e TH 28 Z OFBII/ NS W, EF L
C T, =ABIRZEMICBSELRD ST IV =9 4%

O ModelA A Model B
O ModelC < ModelD
Thermal contact conductance: 9000 W/m K

,_38% . 1 1 . 1
N.g ----- E ------------------ d: ~~~~~ ? nnnnn :I qqqqqqqqqqqq
0 e e SIS S
S oot R R
2 3600 bt G B ]
R A R g“ﬂ““Q”ﬂ """
2 3500} ----mmrdrneeienne e |
) : ! ! . .
O e b Q ......
23 NS N T SO, ¢
P10 20 30 40

Form ratio [%]

Fig.5 Average heat flux through the tube surface.



Vol.49 No.1 JBRT 4 VF a— TEAGHBICE T 37 1 v Hh T —IEIRDMEBMERE I I3 4 83

T E IR, 7 ¢ VIRILE T OB DL 1
(BZEALT0sED) & h, JEIREE 20~40% © 0% @
THEBEGRRE D bEWEES Z, EFVA, B, DT,
JEAROZEALIC L 57 4 VIRILERO TV =9 2D HDH B
HEREOZEMRE L BV, BVRERITOZE I3 ED
Th b,

T4 h T —DARDEALD, 74 VW ET 4 v H
7 — Z NN DOKREATOMNRBMLEIC G A 5B %
T 570, Fig. TICKEFNVICB T 2D v 52 4
¥ 2 9000W/(m* K) TD, 7 4 VEWRERD S DZ%EL,
NOEEE, 7 4 v 5 —FKAD S OEBE & PEERGR
HAE RS, HH L7 4 VIREIRIZ T 4 v 5 —O—
E L7,

7 4 VEREH T OmEVE A L 7 Fig. 7(a) 13 Fig.
SATVHNIZRLTHE D, Fig. 7(a) & (b) OEDE W
5B EICT « VERTITONTWS T &0
%, Fig. 1(b) 1TRd 7 4 v 41 5 — KA TOREEE,
EFNBLUATRIBIRILE i T + v 5 — KA
NS 570, {LREMEINT 5, /2, &€ TV
TOMAEDEZ, R L ZESMOBLZEDE W IT &
b, ETNVD D7 4 v 5 —RKATOLEEREI Fig. 7(h)
DI D ETFIVICHRREBE LT > TV B4,
Fig. 7(0) IR SN 2 AF R FE VM E L > TV 5B, T
NE7 4 v A5 -0 TORBNHOELEL SN S,

Fig. 8127 ¢ v ST ORIICTEBE L EHIZB T 5
T oW Z RS, 7 1 ¥ 7 5 —ESTZRAS
FILAECTEELWEYD, 74 vH 5 —KHHATDOH
HAMbEHE LV, EFIVB T, 74 YIAKOHESMIC
Hi2S > T 3, €70 D TREHTIRAOHAIC
Hh23 - T W 2 A CAGRIAS 0 I WA & > TWhW 3 T
LRI D Fig. 9 7 5 BTl %5, Fig. 8 O HEE AR
HonAs XD, OEATTOREARNELHTDH
D, BLERI NS >TOV5, Fig.blcB\we, ®

—Formratio 0% -----Form ratio 20%
""" Form ratio 30% ——Form ratio 40%
Thermal contact conductance: 9000 W/n'K, Angle: 0°

0 —7——————————

R R e

3

—-——e
o e ot o o = v

i g

v
1

TS N .
4

Heat flux [Wini]
5

]

(=]
8 3
T

:.. ;!
0 M I ‘k.-;:-'ﬂﬂ-“{ﬁ'.) N
-0.5 0 05

Agxial position [mm]

Fig.6 Heat flux distribution at contact surface.

© Modeld 4 Model B
O ModelC © ModelD

0.0868—
E 0.066-0 o
@ o
:u: 0.0G4r 3
5 A
]
= o |
E 0,082 A
5 o
D 1 i i i k
Q 10 20 30 40
Form ratic [%]
(a) Heat transfer rate on fin surface
O ModelA A Model B
O ModelC ¢ Model D
0.003 ! , ; : 1
¢
z ]
% o
§ 0002 3 ]
a1 o o &
£ I R - R e
o : | : |
N O
i I i i |
0.001 Q 10 20 30 40
Form ratio [%]
(b) Heat transfer rate on fin collar
O ModelA A Model B
O Model C < Model D
80 I T T T T
S ‘ ! !
E 3 ; ; :
2 o »
< : i A c
=3 i : A i
5 o | ; Y
= : : :
24 : B :
i A 9
% : § ¢
solL i ¢ ° |
0 10 20 30 40

Form ratio [%]

(c) Average heat flux on fin collar

Fig.7 Heat transfer rate and heat flux on fin surface and fin
collar surface (thermal conductance is 9000W /(m*- K)).

83



84 £ K

B & B & W

2008

Fin suface
(a) Model A

Fin suface
(¢) Model C

Fin suface
(b) Model B

Fin suface
(d) Model D

Fig.8 Velocity contour maps (thermal conductance 9000W /(m®*- K), form ratio 30%).

FU A & BOEEED S ONPBGREITE D I8 220k
NTVEDIE, COREALOEVICLZEETH S L
FAZOoND,

7 4 VERER TOREAE LR LK Fig. T(2) 2BV
T, EFNVDMBEFIVA, BIZlNGWEEZE -TL
5o Fig. 9L/, #iia vy 5 v 2 9000W/
(m*K), BRI 30% COREFVICBITE7 4 v &
U747 5 —KETORRKNPS S, EFLVD TR
A, BitlhN7 4 v EACORGFENIS <, SEGHERE
DEMEBIIRE B > TWB T EnNN 2 (Fig.9icBuL
TIEEVERRM O TV TR, TR b 2 HEGRHR
DHEOEEL>TVDE), BTDEFIVT, 74 VFIR
DHFEIZIZIEELVIY, 74 5 —TBRB7 4 V3E
WCTONHEAMEICHEEGZ TWEEEZ LN 5,

Fig. 10 12 7 « ¥ E[fiH» S 0.2mm & 5 R i 5 1mc Bi
NICEATRIETO, 7 4 v IS ERE S R O®EE S %
R KITRT &I, 74 vh 5 —FHELATIRZO I
TWEES >TOWEEF VALY, EFVD TR 4
VAR TIEEBADBEMRLZEHIIAHLTVSE, TDI &
5, ZEKMANROHIZ7 « v OREGDEEIC LD, 7«
VEREFEESBORNBTE, WERELTWETE

84

DM B, CHIZXDEFLVD TD 7 4 vETTOR
WEEHIAYEL L, Fig. 7(a), Fig. 9lc/Rans &9
AR L TV 5,

74 v H 5= LEREOEMETOREME D v 5y s
VRAEBLSE LD, EFVAICBYBERED,S
DONVBGREOZ AL % Fig. 11 [Rxd, £/, T3
eI mEN T~ 57 4 2 9000W/(m®- K) Dftio &
FILOFER IR L 7, BB v 57 5 v 2 6000W/
(m*K) & 12000W/(m*K) 2B\ Td, 9000W/
(m* K) OfEHE & EICIR AN 2 12> TF
EEGRENFD L TWE, 74 v s —JEIREF Lick
BRI OE(LR E NS E, EFVA DOIRE
74 VIEEENER LTV S EF LD OEKROE VI L
BVEBGREROLALEF, BiEar vy s v 2%
3000W/(m*- K) FEEEMm& ¢/ EE URETH B T
LB,

3.2 EHiEX

Fig. 12 122Kk 30% TO EF LV A, D TORMIEER
BT BN MERT . W€ T VICE W TEEMICE
RIS IE 02 R L, 7« Y FRITRENG—ETH
D, 74 VHRBOTEIPEKFTLTBY, FFcmE



Vol.49 No.1

I BRI 4 VF a— TR EBT 27 4 v 5 — ARDMEBEREIC S 952 8 85

(a) Model A

P B [Wm |

(¢c) Model C

i,

Fami B [ =

(b) Model B

[Ty e

(d) Model D

Fig.9 Heat flux contour maps with thermal conductance 9000W/(m*- K), form ratio 30%.

OB TIEWET E L > TV B,

Fig. 13 1Ic€ 7V A, D TOHEEELEZRT, TV
CRESMOIERMNE TV A 5L, KETELMET
BRI CESERESZ, EFVBREFLVADOIY &
ELWv, EFVATIE, ERIoZicX b EEE
NEEAEELLTORVDIIKL, TEFVD TIERE
IREE ESRICTETHEIDS R L CTW B, 2O EDDS, 7 ¢
V915 — ORI ZELIIANE T A5 T Ltk by, A
KISEER S B T &0 5o

Fig. 13 IS/R$ E SR D & BEEGK ARy, FEhic
K BRI & MBS U 7o BEEEGREL f 13aic L Dk 5,

d-A
f:ﬁpap_yz €))
ZCTd RREES, Ap BIESEK, L, 137 4 Vi,
0, BZEKOEE, v iIARRETH 5, REHRELE A
LESITE, BRIk iREank, Kor 1y
WA THWEN S, ZES DR D254 T & A
LT 2R S, ELN TR DK IERE V7,
B U 72 BRI RCE Fig. 13124, X (D) itV T,
EEREROV AR R RETOETFIVITBVTEHELVL
W, RtBEFER T EIER & BEEAEE HLABIRICH
5o FEEABOIBICIFET Stk (2) 2V
5o

85

f+L,/d=043+35.1-(Re-d/L,) " (2

2C7T, ReIREES d EREFE v ITk - TEFKS
NBdLA VI TH B, RETHEMTRETOHEE
FricBut, REEs, REREXEL W, KL
(2) X DHEHEN B BEEEHOMEIEECELE %5, Fig.
131279 & 91, Fig. 3 DEBEOWEEEDIR I
W, 7D OIRIE 30% T (2) DfEEEV
&L ->TWAB,

4, ¥
JORT 4 VF a—TESRBITBVT, 74 v h5—
JEIRAEZAL S B4 DDEFNVICHOVT, [ZEGEL 7 4
v & OO BHEDTE X OB O RN ET T 2 Bl
fRMT AT, DI ofE R 2157,
7NV A, B, DTEEZAPROEMORE S 2ET
IR & I B BRI SN % 70, [REVE
o OB RBEL T 5, £, 74 v h 5 — K
MZELMNC R T 2 B2 EELICET VD TR, TE
REEoZ e k37 ¢ vh 5 —HToLmEBEOEI L,
MO FESMOE LT LD, EF VA, Blok~
THHREBGEHIAED U, (ZBE D S OPIRGRHEIA Z
{135,
—J, 7D OHENEREG, FEHERSIC X 5 RE)

jill]



86 F R & & B & R 2008

Fin
’ (a) Model A
| Fin
y (b) Model D
; : -11 2 4 3 !
- Pressure [Pa]
| Fig. 12 Pressure distribution.
10.0 r T r 1 r I
O ModelA ——Eq.(2) 1015
—_ ¢ Model D
(b) Model D é 9.5¢ =
Fig. 10 Velocity contour maps perpendicular to the fin g %-14 §
surface. = g0k <o =
E :
é © 0.13 g
[} 1. &
O ModelA A ModelB o 8% o 0 \
O ModelC < ModelD 1
Thermal contactzconductance: 5 8.0 ) , | , ) ,
@® 6000 W/m K O 5000 W/m'K 0 10 20 30 40
O 12000 Wm'K .
Form ratio [%]
3800 T - T - T
NE ' ' : ! Fig. 13 Pressure drop and friction factor.
g T E ...... SN e ‘ ..... E ..... e
%‘ 360ER--- -=----- {"""}""g““%"" Rty
R PR Y 2% X
= @& & i 0 i A4 D) e AWK : 2006 FFRLH %R, (2006), B210.
£ 3400} --------- R S —— 2) Chang Nyung KIM, Jin JEONG, Beak YOUN and
gﬂ ........... [ LSO S b [ Seong Ho KIL : JSME International Journal Series B,
g 5 : : ® 46-2, (2003), 1547.
< 3200f----s-o oo -t oo 3) T A6, BIFHEHE : 3 v/ | BRI, F TR
: r ' t, (1992), 111-118
0 10 20 30 40

. 4 W Ky, BRIFHELE © B%ER B %W, 53-486(1987), 581.
Form ratio [%]

Fig. 11 Effect of thermal contact conductance on average
heat flux.

KOO 72, o€ F VIl TKREL B L, €
FIA, B, C TEBRE(LIC X 2ETEROEALITfE
PTHbB, 18, EFBEOERICLDEVWET VD O
IR 30% 50 D FEAE AR HUE, TR REER= T X 5 Tl
i &IV EERT,

86



FRESERE $49% F 15 (2008) 87-106

17 it & #4

TV =9 AALDEEZIE
£ @ E B B b B

Sumitomo Light Metal Technical Reports, Vol. 49 No. 1 (2008), pp. 87-106

High Temperature Deformation of
Aluminum Alloys

Hideo Yoshida and Hiroki Tanaka

Many studies have been reported about high temperature deformation, especially, creep,
superplasticity and hot workability of hot rolling or extrusion in aluminum alloys. In this report,
the basic concept and the evaluation of these phenomena are reviewed and our fruits of recent re-
search and development about high temperature deformation of aluminum alloys are mainly in-
troduced. In creep, the Al-Mn alloy extrusion with high creep resistance for heat roller in printing
machines and the Al-Mn alloy sheet with high creep resistance for battery case of cellular phones
are shown. In superplasticity, the characteristics of Al-Zn-Mg-Cu, Al-Li and Al-Mg superplastic
alloys are reviewed. In particular, recently, Al-Mg superplastic alloys are used for automotive
body panels because these sheets are dynamically recrystallized during deformation in high strain
rate. In hot working, the recent evaluation method of workability and our results are summarized.
Intermediate thermomechanical treatment is effective in improving the mechanical properties or
the stress corrosion resistance in hot rolled plate of high strength aluminum alloys because of re-
ducing the grain boundaries of ingots. In warm rolling, it is found that the subgrains with ther-
mal stability are obtained by rolling at a constant temperature and the sheet with these subgrains
shows high stress corrosion resistance or high Lankford value. In extrusion, the microstructures
of extrusions, that is, recrystallized, fibrous or their mixed structures depend on homogenizing
conditions which change the dispersion of second phase particles and the content of solute atoms.
In high strength aluminum alloys, such as Al-Zn-Mg-Cu alloys, it is found that precipitation con-
trol in homogenizing process is effective to reducing the flow stress and increasing extrudability,
and further reducing the grain growth near the surface of extrusions. Finally, hot tearing about
high purity aluminum and Al-Mg alloys is shown. In future, quantitative analysis of structural

change during hot working would be required for microstructural control.
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Table 1 Constants in eq. (4) for each deformation mechanism !’

Constants
Mechanism Diffusion coefficient
A n P
High temperature power-law creep PO | 2.5 x10% | ~5 0 Lattice diffusion
Low temperature power-law creep Pl | 1.25x10% | ~ 7 0 Dislocation-core diffusion
Superplasticity by lattice diffusion SM | 8 x108 2 2 Lattice diffusion
lastici i
Superplasticity by grain-boundary ¢y |5 05 2| 3 | Grain-boundary diffusion
diffusion
Harper-Dorn creep HD | 1.7 x10™ 1 1 0 Lattice diffusion
Lattice diffusion creep DA | 2.8 x10! 1 2 Lattice diffusion
Grain-boundary diffusion creep D(b) | 6.68x10" 1 3 Grain-boundary diffusion

annotation

e~ a0(ir) (&

) (G

@

y

Table 2 Experimental procedure on the 3003 extruded bars and their electrical conductivity ®’,

s ) Homegenizing Extruding conditions 400°C heating | Electrical conductivity
ample o .
conditions Temperature(°C) | Diameter of rod(mm) time (h) (%IACS)
A 630 °C-10h WQ 450 64 47
8 40
B 630 C-10h WQ 300 @ 20
64 49
C non 450 64 49
1 ()_4 2‘0 ) I { 1 I T ] T 1 T 1 T ] 1 T
Temperature
200C
7 0-5 L [ ]
LI %
g 10 4 B-gh g
2 O A-64h £
g 7l o
g 107F 7 a A B-4h 3
9 ® C-64h
10°® :
30 40 60 80 100
Applied stress {MPa)

Fig.8 Effect of homogenization conditions on minimum
creep rate of extruded bars ',
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Fig.9 Creep curves of 1050 and 3003 alloy sheets at
100°C under loading of 60% and 80% of yield
strength 17,
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Fig. 10 Creep curves of MG212 and 3003 alloy sheets
at 85°C under loading of 100MPa.
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Fig.13 Fracture surface of Al-Zn-Mg-Zr

alloy after superplastic forming
19)

at about 30% elongation
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Fig. 21 Schematic diagram of void formation during
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Fig. 23 Microstructural changes by superplastic
deformation in 5083 aluminum alloys.
(500°C, 10?% /s, 100% stretched)

4, #H R m T

TEERISARIINTICE, B, it $Erd 0,
BB S S e8I E 7OV = 9 A 58D
miREL EoEiRT, BoFaEE, SnlE God
A) OEBEGAMEORRKCMT T 5 5ETd
%3080 BHEAE %, @E, ML &L L ERE 5y
o, A OMEERTEED/NZ AT Y a— i
KOFEMEL, Tk, & v 7oL THLE L& ZH
ZMTCTH 5, MiHIZ, ELvy b2, # & FEolRk
WL 24 Th 2, #AcEEm I & B
OB E N, EEERHE D v T FoRNEBIciEAS N E
Ly hZRIHICEE S NI 44 2R ZmLTlid 24
KT, MEMERa vy FFHNOEL Y MTSA ZEML
YT 24T, EIEREICHNRT, Bry b &
TV FFEDEBENIZEAEI VY, HEANE N
ODFEMTH 5, TOLIEER, SOTAHEE, SN
TEcoNLhoeEMfkoZ iz EL <, AMnTh
RSO s N, BIOIE P EE R E T 5, O
ST, BT o SR 5 & BRI T o AR R
WRICO W TN B, fxfRic, FEAMCRTELE 75 5 26
ITEEOREHEIT DWW T bl 5,

4.1 RIERREINIELEFFME
4.1 1 ERELFEDOEAREL VT HEE

WOZEI I, W5 & b % 1313 O 3 A L HEIREE
278> TW 5, HIEMOEIZRTLE, @, 079 A,
OFHDBMTHY, “IREEERET 575 51E,
09" & AR OB, & 5\ 3T, 5
iRkt & 7213 U 0 iR OFE R SR REEZ W TR
HT&2%, FECBIA2RO0THEEF, —ic
SO AEETIM L TV, OO I AHEE R
FERRIHRS 240 A%, EEEED SR E 5K
D o — )UEEMETE R TE S T itk > THINT 3 2
EHF, m— VEMBHHOI SO pvhs e
LemHsnErnizboT, DINiciz—p#lE LT,
Ekelund o & & 1 5 3,

97

2 7'1/2 (9)

¢ = v0/(Rh)"
2—r

o =
Ty Rue—VOEE, RIEBZo—ERBLOR
FEAERTOWRIE, 7 ZFETFHRTH 5,

e vy P E2HEVEREICINT I 2 AN Tk
—DOTh BN, ¥, EEMHcdarysrLELr Y b
D TEESEL, TAMEIESEH, 54 R &8
fit L7z filcid 7w B4 2 vy — U SRR E N, # 4 V[d
TTRHAMEELEL 2, OO« OFTHIREER,
IV TFMERT y KXy vy = TR B0,
AED D O F* A 1L, —fEATIC 13K D Feltham
X TEMTE S5,

. _ 6DiV
Dy—Dy

InR (10)
Dy & DpldE Ly b EMHMOBERT, ;35 48,
R 3ttt (= D;/Dy) Th 3, ERED FEM %M
W, Feltham O XA HBE LAXsHL SN TV S ),

4. 1. 2 BRI MEEEE

AN TR 0 Z TSP AT S 2 W ISR A LA 5T
s 2 7edic, 5lnRaAER, MHEERMmERE, 1L 0 ilkk,
SEIRTO 3 A RS OB EN b 5, FliRARIE, &
TEEDEL, WL 2B NSO EOENH
%o MHEEMRAER S, EhErc i3 TR & < FIM
SNBH, D EEPEL DA —TERNSK VA
%’E Lk\%)o

RUORBRIFHBRA IR v F v 7oL ) v 24T
SHBEHL, REBBAMETIEME T3 0T
X2, IOk, ARG AR EE S
LlcdIcVwon 5, WERF A EETOR ARG T 13,
TiofTREN B,

= MGB+m+n)/2nr? (1D
22T, MERABHhE2EEsEscHD vy, ridik
BRFFEEE, m 130 ¢ B RS2 R (logM % logd
KL TFey FLT, ZOHEEDPOm EZRD S, 0
BRLLAT, 0R3ZTOEEEEZES), n 3N TH
{biE% (logM & logd T7 v v b LEBEEOMEE) %
R HAWIEIIEEER ORIC X > TELT 2 7o,
HBF DIEAZTELMROFE LTHEE LWL ST
%,

FIRE A R < 1 akBR © 77 & BRI O8] T EEE ) 13 )
X, HELCO3N D T EDT 0V, FEA N ETE
95 ERET B E, SPEERIET (o) B TFidoXT
5}?256 5ﬂ5 37)O

0, = 4Ph/xDih, (12)



98 T R & & E & R

2008

27T, PiEmE, hidEBREIES, D, 30
H1E, by BB S s AR, ElLcEBD,
FEROEL IR E B0, S&SHRIcEENE(LT
LT EMEV, ZFOEAICIE, BIEXWEHV B LE
Nd 5B,

SO A ERBE T, Fig. 24 1R d & Hicy —
MROFERF 2 Z N L DIRDILW T~ BV THA T HAE
T 5, BB olE (Mho w) 27 v enilg (Ko b)
D6~10f5E4 2% &7, ABRA OEH R OE % HEH
TLENTEL, TYENMBERBREES (D
b/t 13 2~41155 ZEMEE LV, R OZEIET
M3, ZEniEE2P L4 5E FidoRTRSNS T,

p = P/wb 13
HUTH (¢, I Mo TREIN S,
g = In(ty/1) (14)

AR L SR T OB ICEN, HIRIIR X 55
FAMAWSZ EMTE B0, ME(LERHEd 2 HIY
THWHNZ T ENZ WL, Lrl, MBSO 04
ATEE—RETiVwicD, T oI REEsnET
H 2%, 5083 &4 10mm JEERF % 500°C T 50%
FEfE (bmm ) LcEao 03 407 % Fig. 25 1R
T, VI L AAREEETEOTAINSL, h
DERITE D » TEBICOFADRKE L > T B, B
FNERD O3 B3 AR BR R, EARR, M0 TR k%L
(nfl) 12k ->TEALT B0, HIGITHEL 720 AR
REAERE L TH K S EMBETH 5, FiO 9" & HAfR
B L lakkis B AT, JBA oS oAEE5wa il
ABF v va I A EfEARE BRI TS0,

Normal platen pressure

\

Platen Specimen strip

tS’?)

Fig. 24 Plane strain compression tes

98
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Fig. 26 Effect of hot deformation process parameters
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I 598 Table3 13, BHET VI =9 A&5&ICHOL
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Z = Af{sinh(ao)}" = éexp(Q/RT) (18)
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Table 3 Constants in the constitutive equation for
aluminum alloys ",

Alloy a n Q(J/mole) InA
1050 0.037 3.84 156 888 26.69
1100 0.045 5.66 158 300 24.67
2011 0.037 3.712 142 000 19.2
2014 0.0152 5.27 144 408 24.41
2024 0.016 4.27 148 880 19.6
3003 0.0316 4.45 164 800 26.9
3004 0.0344 3.6 193 850 28.21
3005 0.0323 4.96 183 100 29.87
3105 0.0248 4.83 179 300 29.98
4047 0.04 2.65 129 300 20.47
5005 0.029 5.8 183 576 26.65
5052 0.016 5.24 155 167 24.47
5054 0.015 5.43 173 600 26.61
5056 0.015 4.82 166 900 23.05
5083 0.015 4.99 171 400 23.11
5182 0.062 1.35 174 200 22.48
5456 0.0191 3.2 161 177 23.5
6061 0.045 3.9 145 000 19.3
6082 0.045 2.976 153 000 19.29
6063 0.04 5.385 141 550 22.5
6105 0.045 3.502 145 000 20.51
7004 0.035 1.28 153 000 20.12
7050 0.0269 2.86 151 500 22.85

o, = €"exp(Q/RT) (19)
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Fig. 28 Schematic diagram of stress-strain curves

showing dynamic recovery *’
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Fig. 29 Schematic diagram of stress-strain curves

showing dynamic recrystallization *’
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Fig. 30 Schematic diagram of microstructural changes
possible during hot working*’. (a) dynamic
recovery occurs during forming followed by
static recovery, (b) the grains recrystallized
after deformation (static recrystallization),
(¢) dynamic recrystallization followed by
static recrystallization.
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Fig. 31 Microstructures of commercial pure aluminum Stage of processing
alloy sheets after hot rolling. Fig. 33 Schematic representation of ISML-ITMT

processing 77,

(b) TEM image (L-ST section)
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Fig. 32 Microstructures of 7050-T7451 plate in the thickness of 30mm (a, b) and
crack formation along grain boundaries in SCC test (¢) ™,
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Fig. 34 Schematic diagram showing the micro structural transformations of 7475 ingot
processed according to conventional treatment (top) and on intermediate
thermomechanical treatment cycle (bottom) 52),
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(a) Optical micrographs (b) TEM images

Fig. 36 Optical micrographs and TEM images of 3003 extruded bars homogenized by
(A) 630°C-10h WQ, (B) 630°C-10h FC, (C) 500°C-10h FC, (D) 630°C-10h WQ +
500°C-10h FC*).

4. B) Fine recrystalllzed structure

Consfituent parlicies transformed into necklace structure and the secondary particles
| precipilated almost bigger than 0.1 ¢ m in dlameter.
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Fig. 37 Schematic model of recrystallization mechanisms
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Continuous Casting for Wrought Aluminum Alloys

Yoshio Watanabe

Most ingots of aluminum wrought alloy have been cast by semi-continuous casting process (DC

casting process). DC casting process was invented in 1936. At that time, the casting system al-

ready consisted of a water-cooled mold and direct cooling with water. The principles of DC casting

have little changed now. However, in order to reduce inverse-segregation and subsurface-band

formed underneath the ingot surface, restrict cracks and deformation due to thermal stress and

refine cast structure, a number of advanced technologies have been developed. Consequently, the

productivity also has improved with increase in the ingot size and the number of ingots in opera-

tion at the same time, as well as qualities. This paper describes the elements of solidification which

are necessary to understand DC casting and the feature of DC casting process.
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Fig. 23 Variation of cooling rate during solidification .

Table1 Chemical property of intermetallic compounds of Al-Fe system!?.

Intermetallic compound C?lor o.f compound afte1f Anodic oxidatiorAl in Color of anodic coating film
etching with 0.5%HF solution 156%H2SO; solution

FeAls Dark brown Yes Light gray
FeAlg Light brown No Dark gray
FeAl, Dark brown Yes Light gray
FeyAlg Unknown Unknown Unknown

a -AlFeSi Colorless Yes Light gray

B -AlFeSi Dark brown No Gray
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Wrought Aluminum Alloys and
Their Heat Treatments

Tadashi Minoda

Aluminum alloys are classified into non-heat-treatable and heat-treatable alloys by their
strengthening mechanism. Heat treatments of the non-heat-treatable alloys are basically soften-

ing and stabilization because their strengthening mechanisms are solid solution hardening and/or

strain hardening. While, heat treatments of the heat-treatable alloys are basically the combination

of solution heat treatment, quenching, natural aging and artificial aging because their strength-

ening mechanism is precipitation hardening. Moreover, most of the alloy ingots are homogenized

before hot working. In this paper, the phenomena, mechanisms and applications related to these
heat treatments are explained. Furthermore, the industrial furnaces used for heat treatments of

aluminum alloys are also explained.
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Fig.3 Influence of homogenization heat treatment on the
microstructure of the 3003 aluminum alloy extru-
sion. The upper figures were homogenized at 500
°C and lower figures were homogenized at 600°C 2°.



Vol.49 No.1

BAH TV =9 254 &2 0B 123

JISH 000LICTIVI = A, w72V aBLUOZEN
5D EEDEMME X CHEYOERRSPRESNTE
v, %ot EEERRK IS02107 Th 5, JIS TIRER
s ehe, WRERORLSORIINM 7Y (=) &5
F, F1Z13 JIS A 6063PE-T5 75 & D X HITEKRT B,
AN ERG S 32 O T TREN, &SIl
SO ENICBILER « TSSO ZOREEE 1Hid
L kENL EoTF TRy,

4.1 ERMEERRES

AR ERGE S I T X o IcKaan 5,
FolildEodo, MMTPMEEICHIRE ST 20,
O HEBEL LD, MO WIREBICHERE L L
b D,
SREIMT L b o, (BM O AI{ERD

W B LAER U 7o & D, IR, BEANRDOE

2B O TR 2SR RBEA IR,
T 2WEIck->T, F, O, H, WUANDZLIEREH
O YON

4.2 Sy {EESnicERRES

BRlEX DT A8, FIIEALERR S 4 & AVILERT &
@ XBd 5, BESEEHEOBRE Fig. 4 1TRT5,
JEBMLFERI A 413, FiShLE{bic & > TEEEE 2 C
En o, BEINTEOIEEIC X DmENZ T 5, TD
H42TE, F, O, HoWwdFnh 2 FE LG5
ROV, —ENTE W R T RHVE WL,
HZEXFETIHENEZ, ZTORIC2HOBFETHR
Iz sn—mrT, 2o 1KH (1~4) 14 Table 1
KR 4D IEAT oD, 2HHOKT (n:1~9)
FHEEOREE AR L, BEPRKEVIZEBEN S, 8
HOMTLTHONLGHREAGRIES Db D% Hx8 THL,
W EEEN 5, Hx8 D nlnkii & O/ NHE &2 RiEF

T
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H3n) ThIIEE CHEBESAHV SN S0, EEITE
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Softening (H2n)
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(a) Non-heat-treatable alloys

(Hot working}-—{Cooling (T1))
Cold working (T2)

Artificial aging (T10))

Artificial aging (T5)
Cold Working ::[Solution heat treatment (W)]

Natural aging (T4)

Cold working (T3)

Artificial aging (T8)

Artificial aging (T6)

Over aging (T7)
Annealing (O) Cold working (T9)

(b) Heat-treatable alloys

Fig.4 Temper designation of aluminum alloys®’.

Table 1 Temper symbol system of wrought aluminum alloy.

Temper Meaning
Hiln Strain-hardened only.
H2n Strain-hardened and partially annealed.
H3n Strain-hardened and stabilized.
H4n Strain-hardened and baked.
T1 Cooled from an elevated-temperature shaping process and naturally aged to a substantially stable condition.
T2 Cooled from an elevated-temperature shaping process, cold worked, and naturally aged to a substantially stable
condition.
T3 Solution heat treated, cold worked, and naturally aged to a substantially stable condition.
T4 Solution heat treated and naturally aged to a substantially stable condition.
TH Cooled from an elevated-temperature shaping process and artificially aged.
T6 Solution heat treated and artificially aged.
T7 Solution heat treated and overaged.
T8 Solution heat treated, cold worked, and artificially aged.
T9 Solution heat treated, artificially aged, and cold worked.
T10 Cooled from an elevated-temperature shaping process, cold worked, and artificially aged.
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H2n % H3n (& Hln I XTI B0 KL,
RELTE D,

TAITH L CAVILEERIS 43, ok b I & -
TEA2E &5, F, O, W, TOWI Nh %
XFE LI ER WS, HIZ—MIN 3 L s unwais,
)Ny N REBEFAMEE LT —ERicEkbEhTw B,

T 20X F E 4 285013, Table 1 12789 10 18 0 (<0
SEf, TI~TI0 TRENB, F1, T7THEZ T3,
T74 (IHTT736), T76 cfir{ban b, wE & EHRIDR
%% Fig. 5 IC/RT A, —RMNICIZ 7T OROHTHI/NE
WVIE EBEES AT LT Y, BREEAMK S 12 B S HIEERS
ACINBEENG & oAtk REN S5,

AN SR TEOGEIZIT - e EHT i}, OF'4
DERIEHNEL 5, TD, WMANDSEM TR
TN 2B IBRED S, Table 3 12/R 3 EhIlE
STHESNTWLEY, FIZREZIEGERTbN I
Bé, TC, W351, T73511 5 EDHEBIS & LTRSS

LiikepR

Table 2 Standards for decision of the minimum
tensile strength of tempers HXS.

Nz,
4.3 HHTHEMES
Z Ofth, FrEkISEBIELS % Table 4 1IZ/R9

5. FRMEBIE S DHNIE

5.1 IMIFELLEIE - BiESR

FEEVLERRI &4 L 50T S AULE T E IR (b5 W0 IdEL
WML 75WV) 40X D ICRA 30, T OEE 0L
BHEAN, HMELOZEEFLTEY, FAWNENSGE
TRKALZ O & LBWIERTHN B,

—fic, TER7VI =y 288GRINITITX o
TR EBAEL, MEESDLIIENTES, fiTvy=
7 4 1100-O M OIS ERER, BEis £ LR &5 [sRIE
DOBI% % Fig. 6 1279, Fig. 6(a) iIcA SN2 L DI,
BRIFELERICIE U TR S, M EF L, oK
T4 2, TOEE, FibD LS5 IChERE OFEREEICIE L
THI2~HI8 e/ fia b, T/, TOXIIWTNLEE

1
Minimum tensile strength Increase in tensile strength 1;6 T76
in annealed temper to HX8 temper v T74
(MPa) (MPa)
<
= 40 55 o))
C
45 - 60 65 g
65 - 80 75 w
85 - 100 8 Under Over
105 - 120 90 aging aging
125 - 160 95 W temper
165 - 200 100 >
205 - 240 105 Aging time
245 - 280 110
285 - 320 115 Fig.5 Relationship between temper and strength in 7xxx
= 32 120 alloys®.
Table 3 Additional digits of relieving residual stresses®’.

Symbol Product form Method Degree of working Straightening™
) Plate Stretching 1.5-3% None
Wl Rod, bar, shapes, extruded tube Stretching 1-3% None

Drawn tube Stretching 0.5-3% None

TX510 Extruded bar, shape and tube Stretching 1-3% None
W510 Drawn tube Stretching 0.5-3% None

TX511 Extruded bar, shape and tube Stretching 1-3% Able
W511 Drawn tube Stretching 0.5-3% Able
TX52

— Compressing 1-5% —
W52
TX54
W4 Die forging Restriking cold in the finish die

*Straightening after removing residual stresses.
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Table 4 Special temper digits.
Temper Meaning
o1 Thermally treated at approximately same time and temperature required for solution heat treatment and
slow cooled to room temperature. Applicable to products that are to be machined prior to solution heat treat-
ment by the user. Mechanical property limits are not applicable.
02 Applies to products thermo-mechanical treated. The products solution heat treated after super plastic form-
ing and the like.
03 Applicable to products homogenization heat treated.
HI111 Applies to alloys which are strain-hardened less than the amount required for a controlled H11 (H31,H32)
(H311, H321) temper.
H112 Applies to alloys that acquire some temper from shaping processes which do not have special control over the
amount of strain-hardening or thermal treatment, but for which there are mechanical property limits.
H114 Applies to products which are embossed from O temper.
H116 Applicable to products which have improved susceptibility to exfoliation corrosion and/or stress corrosion
cracking by combination of rolling and heat treatment.
HX95 Applies to products which are embossed from HX9 temper.
HXn4 Applies to products which are embossed. The number "n" becomes "n+1", and "4" is added as the final number
(e.g. H14=>H154, H22=>H234, H38=>H394).
H343 (H323) Applies to products which are fabricated to have good resistance to stress corrosion cracking compared to
H34 (H32) temper.
T31,36,37,39 Solution heat treated and then cold worked by a reduction of 1%, 6%, 7-8%, 9-13% respectively.
T81,86,87,89 Artificially aged conditions of T31, T36, T37, T39 respectively.
T41,61 Applies to the alloys in T4 (T6) condition which are quenched into high temperature water.
T42,62,7_2 Applicable to products solution heat-treated and naturally and/or artificially aged by the user which attains
mechanical properties different from those of the T4, T6, T7_ condition.
T77 Applies to products which have strength equal to T6 temper and corrosion resistance equal to T76 temper.
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Fig.6 Relationship between working condition and tensile

strength range of 1100 aluminum. Tempers are (a)
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Fig.8 Isothermal annealing curves of 1100-H18 alloy ?’.
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Fig.7 Transmission electron micrographs of 5182 alloy, (a) after cold rolling (80%), (b) recrystallization
started (300°C), and (¢) recrystallization completed (350°C) ®°.
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Fig.9 Age softening property of cold rolled Al-6mass%Mg

alloy™?.
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Before solution As quenched After artificial Over aging
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Fig. 10 Schematic model of precipitation process.
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Fig. 11 Partial equilibrium diagram for aluminum-copper
alloys, with temperature for heat treating opera-

tions .
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JIS W 1103 icH#liEa hcwizh, BETEEILENT
W3,

iDL 515, BEANBENDBELERE ASRE I RIE S
HEOE A WE [BEANESZME] EvwH, REWL TV
=y aH420 CHigEE Fig. 141034, ZOXIZE
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Table 5 Solution heat-treating temperatures and melting

temperature ranges of typical aluminum alloys V.

Alloy Solution heat-treating Melting temperature
temperature (°C) range* (°C)
2011 525 535-641
2014 500 507-638
2017 500 513-641
2024 495 502-638
2219 535 543-643
6061 530 582-652
6063 520 616-654
6262 540 582-652
7003 450 615-650
7050 475 488-635
7075 480 532-635
7475 515 538-635

* Melting temperature ranges of wrought materials.

.'T : F 200um

Fig. 12 Quenching crack occurred in 2014 alloy forging®.
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Table 6 Maximum quench delay standardized in AMS2772C.

Thickness (mm) Maximum time (s)
=0.40 5
0.40-0.80 7
0.80-2.25 10
>2.25 15

Fig. 13 Blister occurred on the surface of 7xxx alloy extrusion.
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Fig.14 C-curves of typical aluminum alloys (95% of the
maximum strength)'?.
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Fig.17 Diagrammatic sketch of press heat treatment '¥.
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Fig.21 Effect of natural aging on the tensile strength Fig. 22 Proposed mechanism for two-step aging behavior of

of Al-Mg-Si alloy after artificial aging

20

Al-Mg-Si alloys, showing the existence of Si-rich

clusters and GP zones

2D

Table 7 Zones and phases in aluminum alloys formed after aging '©

Alloy system

GP zone

Metastable phase

Stable phase

GP (1), Two-dimensional
copper-rich regions of disk-like shape,
Parallel to {100} Al

@ -CuAly, Tetragonal, Plate-like

6 -CuAly, Body-centered

Al-Cu " tetragonal, Noncoherent
GP (2) and 07, A few atom layers shape, Coherent on {100} AL g
in thickness and to have an
ordered atomic arrangement,
Coherent on {100} Al
ALCUM GPB (Cu, Mg) zone, Rod-like S'-Al,CuMg, Orthorhombic, S-AlyCuMg, Orthorhombic,
Cu-
& shape, Coherent on <100> Al Lath, Coherent on {021} Al Non-coherent.
ALMe.Si Needle-like GP zone, B -MgsSi, Hexagonal, B -MgsSi, Face-centered,
-Mg-Si
& Parallel to <100> Al Semi-coherent, Rod-like shape. Plate-like shape.
Spheroidized GP zone, Coherent, , n -MgZn,, Hexagonal.
Al-Zn-Mg n' -MgZnj, Hexagonal.

2 types of zones.

T-Mgs, (Al, Zn)yy (Above 190°C)
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Fig. 23 Effect of time interval at room temperature between
quenching and precipitation heat treating on tensile
and yield strengths of 7178-T6, 7075-T6, and 7079-T6
alloy sheet?’.
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Fig.25 Schematic model of RRA treatment ?®.

Table 8 Specification for 7050-T7 extrusion .

Tensile Yield . o . . o
Elongation | Exfoliation Stress corrosion Electrical conductivity
Temper strength strength ) )
(%) corrosion cracking (MPa) (%IACS)
(MPa) (MPa)
=41.0
T73511 =483 =414 =8 =T75%RLYS (=310)
40.0-40.9 (YS=476MPa)
T74511 =503 =434 =7 =EB =241 =38.0 (SCF=32.0)
=39.0
T76511 =531 =469 =7 =EB =117
37.0-39.0 (SCF=39.0)

TO%RLYS : 75% of yield strength in the longitudinal direction

SCF (SCC sensitivity factor) = (YS, MPa) /6.9-(Electrical conductivity, %TACS)
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ture by RRA treatment, (a) T6 temper, (b) after

retrogression and (¢) after re-aging *”.

0.2pum

Fig. 27 Microstructures of the grain boundaries of 7475 alloy,
(a) T6 temper and (b) RRA treated 27.
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A Review of the Pre-coated Aluminum Fin Stocks
used 1in the Heat Exchangers for Air-conditioners.

Akihiro Kiyotani

A lot of pre-coated aluminum fin stocks for air conditioners have been developed and put into
practical use over the past 30 years. And they have significantly contributed to heat transfer en-
hancement, increasing energy efficiency and volume reduction of the heat exchangers using alumi-
num plate fins and copper tubes. The main functions and properties required for the pre-coated fin
stocks are as follows : high and durable hidrophilicity to support the remarkable fin pitch reduc-
tion and cope with the condensed water splashing from indoor unit, high corrosion resistance to
prevent the scattering of corrosion products, and good friction properties (low friction coefficient)
effective for improvements in the press forming using volatile lubricants, the wear problem of
tools, “Avec” (disarrangement of fins), and so on. Hydrophilic surface treatments of the pre-
coated fin stock are roughly grouped into three types : inorganic coatings, resin coatings and
resin-inorganic composite coatings. Inorganic coatings have high hydrophilicity, but they are only
used in the outdoor heat exchangers because of the odor due to adsorption/desorption of volatile
organic compounds. Resin coatings and resin-inorganic composite coatings are mainly used in the
indoor heat exchangers. Efforts are under way to increase the contamination resistance and the
durability of fungus and bacterium resistance.
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Fig.2 Corrosion of aluminum fin in air conditioner ’.
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Fig.4 Heating capacity of the air conditioners under
8)

frosting and defrosting operation
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Fig.5 The condensed water on the fin surface of
heat exchanger worked as evaporator.
hydrophilically

Comparison  between

coated fins and bare fins (in the circle).
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Aiir pressure drop ratie

- 20
Contsct sangle # of water (deg.b

Fig. 6 Changes in the air pressure drop ratio with
the hydrophilicity of fin surface ?’

Table1 Effect of the hydrophilic coatings on heat

exchanger performance under wet opera-

tions 107

Overall heat transfer v
Heat exchangers*! coefficients K af
(W/m? *K, [%]) (m/s)
. Contact At At At
Fins B B 3 s
angle )|V, = 1m/s\4p, = 4P,""| 4P, = 4P,
72.9 60.5
Bare 80 [100] 83] 0.60
Hydrophilic 78.3 68.7
A 90 r100] [94] 089
Hydrophilic 71.4 67.2
B 20 r100] [94] 089

*1 : Fin type : slit fin, fin pitch = 1.8mm, 2 rows.
*2 1V, tFrontal air velocity.
*3 . 4P, . Air pressure drop under wet operations.
4P, @ Air pressure drop under dry operations
at V,= 1m/s
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200 Heat exchanger
Fin pitch : 2mm, 2 rows
Relative humidity : 90%
(at air inlet)
B : Louver fin (Hydrophilic)
[ : Louver fin (Bare)
® : Plain fin (Bare)

100

Splashed water (img/min)

28 32 3.6 4.0

2.0

24
Frontal air velocity (m/s)

Fig.7 Relation between the mass of splashed
water and the frontal air velocity 8’,

Heat exchanger
Fin pitch : 2mm, 2 rows
Relative humidity at air inlet : 90%

=

Heat exchanger

36 1

32

28

Nl : Louver fin (Hydrophilic)
@ : Louver fin (Bare)
® : Plain fin (Bare)

20 r

Minimum frontal air velocity at which water
splashing occurs (m/s)

1 6 1 1 ]
0 30 60 90
Mount angle a (°)
Fig.8 Relation between the mount angle of

the heat exchanger and the minimum

air velocity at which water splashing

occurs 8,
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2008
200 20
Working time
150 —_— 15
100

Retained water
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>
Working time of heating (min)

Fin pitch: 1.5mm

Retained water after defrosting (g)

0 20 40 60 80

Contact angle 6 (°)

100

Fig.9 Effect of the hydrophilicity of fin on
the water retention after defrosting
and the working time of heating.
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Hydrophilic (60 =15°)

Hydrophilic (6 =40°)

Bare (0 =80°)

Fig. 10 Appearance of the retained water in the heat exchangers after defrosting *”,
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Fig. 11 Effect of surface treatments on frosting
and defrosting ®’
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Ribbon type fin
with bending

Ribbon
type fin

Circular arc type fin

Fig. 12 Changes of the shape of the heat exchanger
for indoor unit ?’,
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Table2 Amount of the contaminants on fins 1’ Table 3 Contact angle of the fin extracted with
extracting reagents 7,
Extracting mass 2%
reagents | poaffin*! | Fatty acid*?| Ester*® | Others™’ Bxtracting No Hexane | Methanol | NaOH agq.
reagents
Hexane > 80 4 9 -
Contact angle

Methanol 60 6 — 34 of fin (° ) 100 100 %0 20

NaOH agq. 30 42 — 28

* 2 . Palmitic acid etc.
* 4 © Silicone, alcohol, etc.

* 1 . Hexadecane etc.
* 3 . Phthalic acid ester etc.
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Manufacturing processes : Functions and properties

@ | Pre-coated fin stocks |
i
Immersing in lubricants [ . .
. . :C tibility with lub t
@ (Volatile, non-volatile) ompatibiaty with fubncants
]
® Press forming of fins + Press fom}ablhty,
wear of die tools
@ | Inserting of copper tubes I: Inserting properties of tubes
® I Expanding of copper tubes |: Disarrangement of fins (Avec)
Dryi ith hot ai
ryine wi . oratt : Contamination by lubricants
® (Volatile)
Degreasing with solvent . . .
. : Dissolution of coat in solvent
(Non-volatile)
[
@ I Brazing of copper tubes |: Heat resistance
| Leak test ): Turbidity of test water
[
® Heat exchangers : Hydrophlicity, apticorrosion,
odorless properties, etc
Fig. 13 Manufacturing processes of heat exchangers
and functions and properties required for
pre-coated fin stock.
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Table 4 Properties of the volatile lubricants 7, 1000
Hydrophilic resin coating R
Volatile S 800 o
. Temp. lubricants Non-volatile g 7
Properties N . = e
Q) lubricants & e
S 600 [ PR
A B C o0 Pt
£ .i/ .
Viscosit £ 400 L s *Thickness of fin:0.115mm
(mm? /z) 40 1.28 1.84 2.14 5~15 .g e +Fin die: [roning type
= *Troning reduction: 63%
o200 *Lubricant: Volatile oil
Volatility G ! ’ =00 (1.2mm%s @40°C)
(mg/m®s) | 43 | 390 | 170 | 70 - 0 . . . . .
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Friction coefficient by Bowden-Leben
., 1000 » friction test without oil (-)
Zz —@-Silica
< -0~ Silicat - . :
g _‘_Rle:i ¢ Fig. 15 Effect of friction coefficient of fin stock
< on ironing load '’
& s00 f
g <\A§A\‘\‘
S 2 m K > F—-_ = e —_—1
° g2 £ 5 = =
= S = 2¢< £ = 5o
: 0 S g 28 Z = | Viscosity
> 0 5 10 15 (mm’/s
£ /’/k"—‘ @40°C)
=
=
=
& -500 F o b «
=3 x
= = 2 03mm I O.5mm
s Ist ironing reduction = 0 % - - } . )
x 2nd ironing reduction = 62 % (a) Low friction coefficient (b) High friction coefficient
-1000 (1£=0.08) (1£=0.23)

Fig. 14 Effect of the viscosity of fin press
lubricants on the ironing load ™’
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Fig. 16 Appearance of the inside surface of fin collars

formed with ironing type die '’
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Friction coefficient of the fin stock surface
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Fig. 17 Effect of the friction coefficient of fin stock

on the maximum ironing reduction '’

EMbrd,

(2) &TUEEFEN:

7 4 VIREATIOUINP E T AR v FEHEOEEREE, 7 4
VERIEH O A O RN OEMRK E 720, EEE O D,
JEL) D oMK, 74 v h 5 - EnS AL Xk
L, BB oMRKT 2 2 En s, BRELCTE
OB AEE SN 5, REMIHERE G ) A
(Si0y) FOWWEEY =EL 7L a— 7 1« YMid&



166

T R & & E & R

2008

BAFHES &, £ROMEREEEMT 2 70», T ol
B EOMT b HED—> SN T WA, KA T 2ULE
Py ANBICOWT, SRIOUINEREE 7 « v
T O BB O BI% % Fig. 18 10 Rd, 7 « Y M ZEi
DEEEREDME V3 E V)N O FEFEEIMERVEIRICH b,
K OEEIRKED 0.1 FREThNIE, SMEEIIFER L
RO I VIR TZ 2 2 E03bh b,
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0.3
+Cutting edge: SKD11 Silicate
= | *Clearance: 10um [ ]
£ Lubricant: No oil
: *Shot numbers : 1 million
%D 02 r L
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3
|
‘S 0.1 Silicate
1
B [}
= Resin * Silica: Resin-silica compound
A
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Friction coefficient by Bowden-Leben
friction test without oil (-)
Fig. 18 Relation between the wear of cutting

edge and the friction coefficient of fin

stock surface 7,

Copper tube

Fig. 19 Appearance and cross section of the heat
exchanger with avec !,
(a) : appearance

(b), (e) : cross section of 2 types of avec

166

CHERIIC I T B ENTE S, B—I1T,

Fig. 19(b) D kHi1C7 4 v DA 5 — LHHEE ORI
D74 vDhT—=WIFFEAUCERET, h5—-D7L7
DEMBDIRVIEDICHETLEDTH D, H 13,

Fig.19(c) D& H1Ic7 4 v D7 L — & H 5 — flijBE
ol AE Lk, 7o —RcAEsnws) Bl
74 v ESIIE T 4 YHNRIES BICEETH B, FEAMIE
DHELCEEESNTVEHE 07Ny 7HRIZHOWVT,

TLa— k7 g M OBMIEE, WIEB L O RLDLE
L OBBDHHE SN, 7 ¢ M OREEERES T <
JHRICHEELTVLAE I ENTEREEA TV S,
Fig. 20 i 7 Ny 7 BHR & 7 ¢ VM ETOBEEZK O
B A /RT, fitlhid 7 < 7 HROFRAMEEATZLTH
D, 0BT~y 7HZNEE T, BENAKRELE
BICONTT Ny JBRNWLL BB EERLTVS,
K OBEEARAVNES W T 4 R T Ny 2 R Fe4:
LS, BEEGED 01 RBEThNIERAE LTV &0
bbb, TOMMELT, 71 I IERICTE RS
MDY COWMEND BELXHEA S ET Ny 7 BROH
ISR L, REOEBEREPERV T « Y MOGE,

7 4 VETO, B ToN o AR TP T < B0 ILE R
D7 4 VITHIHENPERESNE Z En D, TNy 7HE
PHflENZ EEZONTVWE D, KB, TILI=9
L7 4 YMO@EEL XOREOREICOWTIE, mER
BN, WRE, HENNS VW 00, BV RT
N 7 BIREFEA LI WEAICH B 17,

4.2 KREWET « VEBEORRE

LR 7 ¢ T3 T, BRI 7 « v 2EH L7
B HERD AT U ARTEE LT, SEEIREIGE O B
L[BLOT S5 2F v 7 R OBREIS EINDS B 5,
(D W FEEEEBLERF D 55

IEFCR O RIAMER 7 ¢ v 2 L e ENESHGR B
W, AELEEBISEKIC, HERPIE D Bz 5
N2RENFIEST DEDNH 5, BEER OkF 5 2%

N—=<A4 bR) OWERF, —HucRmcmROERER (Si-
OH, Al-OH) MFEET B2, ZB5PDR VAT IVF

25

10

®
0 L—e 1 1 1

0 0.2 0.4 0.6
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Fig. 20 Relation between the numerical evaluation
of avec and the friction coefficient '’
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Table 5 Anticorrosion treatments of pre-coated fin stock.

Treatments
Chromate-phosphate
Chromium
Chromic chromate
Rinse type
Non- Zirconium type
chromium Titan type
Chromium Chromate
Non-rinse Zirconium type
Non- .
e . Titan type
chromium
Resin coatings
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Table 6 Hydrophilic pre-coated fin stocks and their characteristics.

Coatings norganic coatings Resin coatings Resiniinorgalilic
Silicate Boehmite composite coatings
Start (As coated) ©*3 © O~© O~0©
Hydrophilicity Durability © © O~© O~0©
Contamination resistance XHI~ NHD - A~© A~O
Corrosion resistance O*3 O A~© O~0
Press formability Drawing o o O~0 O~0
(With volatile lubricants) Troning A~O A O~© O~©
Prevention of tools wear A~O A~O © A~O
Heat resistance*! © © A~O A~O
Odor of indoor heat exchanger *? X~A X~/ © ©

* 1 ! Tarnishing of coated films during the brazing of copper tubes.

* 2 1 At the early stages in cooling operation.

* 3 Ratings © through X are relative ratings in decreasing order, (Excellent) ©, O, A and X (poor).
Rating O : no problems in practical use, rating /A : some limitations on practical use.
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Recent Advance of Brazing Sheet and Flux
for Aluminum Brazing

Yuji Hisatomi

The brazing technique has been widely applied, especially for automotive heat exchangers, since

it is possible to join the remarkable many points metallurgically in a furnace at once. Through the

years, aluminum automotive heat exchangers have been developed in order to have a high perform-

ance and a light weight. In those developments, the thickness of the aluminum brazing sheets has

been reduced continuously. Though the thickness of the brazing sheets was reduced, the heat ex-

changers have to obtain the higher performance than the current types. So the reduced brazing

sheets were required to have the high strength and the high corrosion resistance. The thinner the

thickness of sheets became, the higher performance, such as strength and corrosion resistance,

were required. So the brazing sheets and methods were improved with the various steps. In this re-

port, some improvements of the brazing sheets contributed to the reduction in thickness for recent

decade were introduced. In addition, the improvements of the flux for removing the oxide film, es-

pecially reaction type flux were introduced.
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