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Influence of Chemical Composition on Aging
Property of TNO1 Aluminum Alloy

Tadashi Minoda and Hideo Yoshida

The influence of room temperature pre-aging (RTPA) conditions on the strength of 7N01 alumi-
num alloy in T6 temper was changed by the zinc and magnesium contents. When both the zinc and
magnesium contents were the lowest and the RTPA was omitted, the strength became the lowest
because the rate of aging during artificial aging decreased and the " phase heterogeneously pre-
cipitated. On the other hand, the n" phase became finer and the strength in T6 condition became
higher as the RTPA was longer and higher. Also, the two-step artificial aging resulted in a higher
strength. It was considered that the GP(I) zones, which formed during RTPA, dissolved and the
GP(II) zones formed during heating process of the artificial aging. Because the GP(II) zones were
the precursor to the 1" phase, the strength became higher by the RTPA and the two-step artificial
aging. Furthermore, the influence of the RTPA on the strength in T6 temper decreased with the
increasing zinc and magnesium contents, and it almost disappeared when both the zinc and mag-
nesium contents were maximum values. It was considered that the GP(I) and GP(II) zones ade-

quately formed during the heating stage of the artificial aging process because the solute zinc and

magnesium atoms were sufficiently present.
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Table 1 Chemical composition of the alloys (mass%)

No. Si Fe Cu Mn | Mg Zn Zr Al

1 0.11 | 0.17 | 0.10 | 0.42 | 1.03 | 3.90 | 0.20 | Bal.

2 0.11 | 0.14 | 0.10 | 0.41 | 1.03 | 4.42 | 0.18 | Bal.

3 0.12 | 0.15 | 0.10 | 0.42 | 1.02 | 4.87 | 0.17 | Bal.

4 0.11 | 0.15 | 0.09 | 0.41 | 1.50 | 3.87 | 0.20 | Bal.

b 0.11 | 0.14 | 0.09 | 0.41 | 1.53 | 4.28 | 0.22 | Bal.

6 0.11 | 0.14 | 0.10 | 0.42 | 1.56 | 4.83 | 0.19 | Bal.

7 0.11 | 0.14 | 0.10 | 0.41 | 2.07 | 3.98 | 0.17 | Bal.

8 0.11 | 0.13 | 0.10 | 0.41 | 2.06 | 4.43 | 0.19 | Bal.

9 0.11 | 0.14 | 0.10 | 0.42 | 2.05 | 4.87 | 0.19 | Bal.
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Fig.1 Schematic diagram of heat treatment.
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Fig. 2 Influence of room temperature pre-aging and artificial aging conditions

on the 0.2% proof strength of 7NO1 aluminum alloys.
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Development and Application of New Alloy AA2013"

Katsuya Kato* *, Tadashi Minoda* * *

* ok ok %

and Hideo Sano

AA2024 alloy has a higher strength and superior fatigue properties. Therefore, this alloy has
been used in various applications. However, it has a lower extrudability and it cannot be extruded
into a hollow shape using the port-hole die. On the other hand, 6xxx aluminum alloys have a
higher extrudability and can be extruded. The strength of 6xxx alloys is lower than that of
AA2024 alloy. As a solution of these problems, new alloy AA2013 has been developed for extrusion.
The static strength of AA2013-T6511 is higher than that of AA2024-T3511. The fatigue strength
of AA2013-T6511 is almost the same as that of AA2024-T3511, while the fatigue crack propagation
rate is lower than that of AA2024-T3511. AA2013 alloy has an excellent extrudability, and it can
be extruded to complex shapes. Complex shape extrusion of AA2013 alloy can make integrated
constructions possible and reduce assembly costs. The design allowable properties of AA2013 alloy
were registered in the Metallic Materials Properties Development and Standardization (MMPDS)
in order to use this alloy for aerospace applications. AAZ2013 alloy is expected to be applied to not

only aerospace applications, but also general uses.

1. Introduction

AA2024 alloy has been used as an aerospace
material for more than a half century because of
its higher strength and superior fatigue
strength. But AA2024 alloy has a lower
extrudability and can't be extruded into a hol-
low shape with port-hole die. AA2013 alloy has
been developed as an alternative of AA2024
alloy . Its target strength is the same or higher
than that of AA2024-T3511. This alloy is classi-
fied in the 2000 series, but it was developed based
on the Al-Mg-Si alloy. Therefore, the extrud-
ability of AA2013 alloy is similar to 6000 series
alloy and superior to that of AA2024 alloy. For
the purpose of aerospace and other applications,
the mechanical and physical properties were re-
quired as the design allowable properties. In this
paper, mainly the properties and the applica-

* The main part of this paper was presented at the 10th
International Aluminum Extrusion Technology
Seminar & Exposition in Miami, May 15-18,(2012)

* No.2 Department, Research & Development Center.

«+x  Nagoya Works, Sumikei Techno Nagoya Co., Litd. Dr.
Eng.

# =+ No.2 Department, Research & Development Center,
Dr. Eng.

tions of AA2013-T6511 extrusions are intro-
duced.

2. Development of AA2013 alloy

2.1 Chemical composition

Table 1 shows the chemical composition range
of AA2013 alloy. This alloy was developed based
on the AA6013 alloy. For the purpose to enhance

Table 1 Chemical composition range of
AA2013 alloy (mass%).

Element min max
Silicon 0.6 1.0
Iron — 0.40
Copper 1.5 2.0
Manganese - 0.25
Magnesium 0.8 1.2
Chromium 0.04 0.35
Zinc — 0.25
Titanium - 0.15
Other Elements, each — 0.05
Other Elements, total — 0.15
Aluminum remainder
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strength, the copper content was increased. A
small amount of chromium was also added to
the fine recrystallized microstructure and to im-
prove the corrosion resistance. This alloy can be
extruded to complex and thin shapes. The spe-
cific gravity of AA2013 and AA2024 alloys are
2.72 and 2.77 Mg/m?* respectively, therefore a
weight reduction of 2 pct can be achieved by us-
ing the AA2013 alloy instead of the AA2024 al-
loy.

2.2 Extrudability

Fig. 1 shows the extrusion limit diagram of
solid shape for the AA2013 alloy. The AA2013
alloy has higher extrudability compared with
the AA2024 alloy. Hollow and thin wall shapes
of AA2013 alloy can be produced by the port-
hole die due to its excellent extrudability. Fig. 2
shows an example of the hollow extrusion of
AA2013 alloy. The minimum thickness of the
shape in Figure 2 is 1.30 mm. Fig. 3 shows the
cross-sectional microstructure. The joint line is
unclear and therefore seam welding quality is as
good as that of solid part®.

3. Experimental Procedure

AA2013-T6511 extrusions with the composi-
tion of Al-0.8mass%Si-0.4mass%Fe-1.7mass%-
Cu-1.0mass%Mg-0.15mass%Cr were used for
the evaluation of extrusion properties. Its 6 inch
billet was extruded into flat bar shape with
4.0mm thickness and 100mm width, heat-
solution treatment, stretched and aged artifi-
cially. The tensile test was performed according
to ASTM Bb557. The Fatigue test was performed
according to ASTM E466. The fatigue crack
propagation test was performed according to
ASTM E647. The exfoliation corrosion test was
performed according to ASTM G34. The
intergranular corrosion test was performed ac-
cording to ASTM G110. The stress corrosion
cracking tests were performed according to
ASTM G47.

4. Results and Discussion

4.1 Mechanical properties

4.1.1 Static properties

Table 2 shows the design allowable of static
mechanical properties. The A-value of the tensile

25

et oo

Ereﬁs‘“e )
20 New Alloy

AA2013

Product Speed (m/min)

3.}
T

— —

350 375 400 425 450 475 500 525
Temperature (°C)

Fig.1 Extrusion limit diagram in solid shape.

11

Fig.2 An example of the hollow shape extruded
by the port-hole die.

Fig.3 A cross-sectional microstructure of
the hollow shape extruded by the
port-hole die.

strength of AA2013-T6511 is almost the same as
that of AA2024-T3511, while the A-value of yield
strength of AA2013-T6511 is higher than that of
AA2024-T3511. The A values of compressive
strength, shear strength and bearing properties
of AAZ2013-T6511 are higher than those of
AA2024-T3511.

Fig. 4 shows the influence of exposure at ele-
vated temperatures on the room temperature
tensile yield strength. The yield strengths of
AA2013-T6511 are higher than those of AA2024-
T62 below 270°C-10 h and 220°C-1000 h. Fig.5
shows the effect of temperature on the tensile
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Table 2 Design allowable of static mechanical properties.
Tensile Compressive Shear Bearing properties (MPa)
properties strengths strengths Bearing values Bearing values
(MPa) (MPa) (MPa) (e/D=2.0) (e/D=15)
Fty Ftu Fey Fsu Fbry Fbru Fbry Fbru
2013-T6511
365 400 365 283 662 910 565 7
A-value *
2024-T3511
290 393 234 200 490 T45 421 579
A-value *
Increasing ratio x1.3 x1.0 x1.6 x1.4 x1.2—1.4
* At least 99 percent of the population of values is expected to equal or exceed the A-value with a confidence of 95 percent.
450 r MIL-HDBK-5F data
500 2024-T3(L) * R=0. 02
490 A _ 10,50
350 F T 400 o o _
L \2, - a O o o o gj o R=0. 50
. 300 : DX \ é . * A A A AA o—
© E \ \ A \ b 300 * & aa a A AA*) @(‘)El
0_ 250 - - . A omn LN ] A Dj
\E] E \ \\ \ § A a . L] ﬁ:’»
< 200 f £ 200 8
= 150 § A 5
[ A £
100 | oo B S, E 100
H A 10 h(2024-T62) M 5 A
50 | ~<O- 1000 h(2024-T62) 0 " 5 5 7 s
1 10 10 10 10 10
(e l Cycles to failure N
0 100 200 300 400
Temperature °C Fig. 6 The unnotched fatigue property of
the AA2013-T6511.
Fig.4 Influence of exposure at elevated temperatures
on the room temperature tensile yield strength £ AA2013-T6511. The fati life ; he hich
of the AA2013 -T6511. o) 3- . e fatigue life 1n the higher
stress region is almost the same as that of
450 AA2024-T 3, while that in the lower stress re-
400 |a——— gion is longer than that of AA2024-T 3. Fig.7
350 :6&\ shows the fatigue property of the notched speci-
300 t\\ \ mens. The fatigue life of AA2013-T6511 in the
g 250 R=0.02 condition is the same as that of AA2024-
200 \1\ \i\ T3511. Fig. 8 shows the fatigue crack propaga-
% 150 tion data for the AAZ2013-T6511. The fatigue
100 H :’_ ook \&A crack propagation rate of AA2013-T6511 is
50 H K }goﬁ?ggzﬁ ) M}q lower than that of AA2024-T3. From Figs. 7 and
Py Srerer—— ——— N B A 8, it is considered that the fatigue properties of
0 100 200 300 400 AA2013-T6511 are superior to that of AA2024-

Temperature °C

Fig.5 Influence of temperature on the tensile yield
strength of the AA2013-T6511.

yield strength. The results are similar to that
shown in Figure 4. These results suggest that
the AA2013-T6511 has a superior heat resistance
to the AA2024-T62.

4.1.2 Fatigue properties

Fig. 6 shows the unnotched fatigue property

10

T3.

4.2 Corrosion resistances

Fig. 9 shows the appearances and cross sec-
tions of the specimens after the exfoliation cor-
rosion test. The AA2024-T3511 shows severe ex-
foliation corrosion. While the AA2013-T6511
shows a slight intergranular corrosion and the
rank of the exfoliation was estimated to EB.

Fig. 10 shows the appearances and cross sec-
tions of the specimens after the intergranular
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Fig.8 Fatigue crack propagation data of
the AA2013-T6511.
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Fig.9 Appearances and cross sections of specimens

after the exfoliation corrosion test.

corrosion test. The AA2013-T6511 shows a
slight intergranular corrosion, while the 2024-
T3511 shows pitting corrosion.

It 1s difficult to compare the corrosion resis-
tance because the morphology of the corrosion is
different. But in the corrosion depth, it can be

11

Fig. 10 Appearances and cross sections of specimens
after the intergranular corrosion test.

estimated that the corrosion resistance of
AA2013-T6511 is almost the same or better than
that of AA2024-T3511.

4.3 Stress corrosion cracking

The stress corrosion cracking tests were per-
formed by the 3.5 pct sodium chloride alternate
immersion test. The stresses were loaded at 292
MPa and 329 MPa by springs in the width direc-
tion. Table 3 shows the results of the stress cor-
rosion cracking test and Fig. 11 shows the cross
section of the specimens after 480 hours at 292
MPa. After test, the AA2013-T6511 did not rup-
ture, but the AA2024-T3511 ruptured after 348h
at 329 MPa. Furthermore, little apparent corro-
sion was observed in the AA2013-T6511, while
severe corrosion was observed in the AA2024-
T3511. It can be estimated that the AAZ2013-
T6511 has a superior resistance in stress corro-
sion cracking to the AA2024-T3511.

5. Application of AA2013 alloy

5.1 Reduction of assembly costs

Fig. 12 shows the example of total cost esti-
mation of a conventional structure and an inte-
grated structure. Complex cross-sectional ex-
trusions make integrated structure possible, so
assembly costs can be reduced. Furthermore, the
weight of the structure is also reduced.

5.2 The high strength tube of AA2013-T 8

Fig. 13 shows the effect of cold reduction per-
cent on the strength of AA2013-T8. The
strength of AA2013 alloy can be significantly in-
creased by cold reduction of T 8 temper. This
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Table 3 Stress corrosion cracking test results.

. Time
Applied
Alloy 240h  480h  720h  960h
Stress I I I I
AA2018-|292 MPa | —— No rupture
T6511 1329 MPa No rupture
AA2024- | 292 MPa |—"—"—> No rupture
T3511 | 329 MPa|———X 348h Rupture

2013-T6511

Fig. 11 Cross sections of specimens the stress
corrosion after cracking test of 480h
at 292MPa.

Caost (%)

eaTrenn kal

g e

Fig. 12 The total cost estimation of conventional
structure and integrated structure.

effect can reduce the wall thickness of extru-
sions for structural applications. Fig. 14 shows
the appearance of AA2013-T 8 drawn tubes. Its
strength is about 20pct higher than that of ex-
truded tube in T6 temper. Its tube can be ano-
dized to contribute to increase corrosion resis-
tance.

12
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Fig. 13 The effect of cold reduction percent on
the strength of AA2013-T 8.

Fig. 14 Appearance of AA2013-T8 drawn tubes
after anodizing.

6. Registration of the AA2013-T6511
extrusion

The alloy composition and T6511 temper were
registered by the Aluminum Association. Its de-
sign allowable of tensile properties was pub-
lished as AMS4326 as an aerospace material
specification. And also design allowable of the
properties of AA2013-T6511 were included in
MMPDS version 5 covers thickness below 5 mm.

7. Conclusion

The advantage of AA2013 alloy is its excellent
extrudability, and the complex thin hollow
shapes can be extruded by the port-hole die. The
mechanical properties and corrosion resistance
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of AA2013-T6511 are the same or better than
those of AA2024-T3511. the
AA2013-T6511 has a superior stress corrosion
cracking resistance to the AA2024-T3511. Its
complex shape extrusion can integrate the

Furthermore,

structure of airplane to contribute to reduce the
assembly costs. And AA2013 alloy has possibil-
ity to be applied to various products.
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Effect of Annealing Condition on Earing and
Texture Formation in Cold-Rolled

0182 Aluminum Alloy”

Minemitsu Okada** and Seiichi Hirano* * *

The effect of the annealing conditions on the earing and recrystallization texture formation in

a cold-rolled 5182 aluminum alloy was investigated. The earing of 5182 aluminum alloy strongly

depends on the heating rate during annealing. At a low heating rate (0.01- 1 K/s), the earing of a

drawn cup developed in 45 deg. to the sheet rolling direction. At a high heating rate (10K/s), the

ears were lower. The earing behavior was characterized by the texture components. As the heating

rate increased, the intensity of the cube component increased whereas the intensities of the Brass,

Cu and SB components decreased. The recrystallization kinetics during isothermal annealing was
quantified by the Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation. The results showed that
the JMAK exponent for recrystallization was determined to be 2.4 at 553K and around 4 at 573K
and 593K. The apparent activation energy for recrystallization was estimated to be 203kJ/mol.

1. Introduction

Understanding the evolution of the recrystal-
lization texture in the cold-rolled 5182 aluminum
alloy is important in order to control the earing
behavior of the can end stock. In some cases, an
intermediate annealing process is carried out to
obtain the desired earing in the final product®.
In comparison to the continuous annealing
treatment, the batch annealing treatment at a
slower heating rate has a higher earing ten-
dency on drawn cups situated at 45 deg. to the
sheet rolling direction. In the present study, the
effect of the annealing conditions on the earing
and recrystallization texture in the cold-rolled
0182 aluminum alloy was ascertained. The
transformation kinetics of recrystallization and
the texture changes during the isothermal an-
nealing were investigated to estimate the effect
of the annealing temperature on the recrystal-
lization texture formation.

* Main part of this paper was presented in ICAA13
(2012).

#+  No.l Department, Research & Development Center

«+x Sheet & Plate Technology Department, Production
Division
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2. Experimental Procedures

The material used in the present investigation
was a hot-rolled 5182 aluminum alloy, which
was produced using standard industrial prac-
tices. The chemical composition of this alloy is
shown in Table 1. The hot band was cold-rolled
to 67% reduction in thickness. The cold-rolled
sheet was annealed at different heating rates
from 0.01 to 10 K/s in an electric furnace or an
infrared furnace until the temperature of the
material reached 723K, and then quenched in
water. Earing of the annealed sheets was meas-
ured with cups drawn in the ratio of 1.67. To de-
termine the degree of recrystallization and the
texture changes, the cold-rolled sheets were iso-
thermally annealed at different temperatures
for various times in a salt bath, followed by wa-
ter quenching. The microstructure and the tex-
ture analyses were performed at the quarter
thickness position in the annealed sheets. The
microstructure was revealed by anodization and
observed under polarized light using an optical
microscope. The textures were analyzed by the
(111), (200) and (220) pole figures measured by
the Schulz back-reflection method using Cu Ka
radiation. The orientation distribution func-
tions (ODFs) were calculated from the three
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Table1 Chemical composition of 5182 aluminum alloy (mass%).

Si Fe Cu Mn Mg Cr Zn Ti Al
0.13 0.27 0.06 0.32 4.5 0.04 0.05 0.02 bal.
incomplete pole figures using the series expan- 25

sion method.

2.0
3. Results -
X
The influences of the heating rate on earing %‘J 1.5
are shown in Fig. 1. It is evident that a higher -§
heating rate caused a decrease in the earing. The s 10
w,
=

influences of the heating rate on the recrystal-
lization texture are shown in Fig.2. At the 0.5
lower heating rate, the Brass and SB textures,

which were stronger than the cube texture,
would contribute to 45 deg. earing. The cube tex-
ture increased with the increasing heating rate.
On the other hand, the Brass, SB and Cu tex- Heating rate (K/s)
tures decreased with the increasing heating rate.
At the higher heating rate, a balanced texture
with the tendency of low or no earing could be
achieved. For the low heating rate, the grain
boundary mobility might be moderated, with

0.0
0.001 o0.01 0.1 1 10 100

Fig.1 45%aring of annealed sheets.

Brass {011}<.211> Cl.lbe {001}<.100>

the result that a retained rolling texture could
be formed through extended recovery. In such 4
cases, however, the grain-shapes are elongated

in the rolling direction. Fig. 3 shows the micro- o3

structures of the sheets annealed at the different -

heating rates. The grain sizes decreased with the 2

increasing heating rate, nevertheless, the sizes

were 13-16um and the grain-shapes were almost 1 . : r ‘
equiaxed. It is suggested that the fine grain . Cu {112}<111>

sizes and the equiaxed shapes were produced by
discontinuous recrystallization, even if the heat-
ing rate was low, at least in the range of this Heating rate (K/s)
study.

This effect of the heating rate is not new and
1s often referred to as batch and flash annealing.
For the 50% cold-rolled 8090 Al-Li alloy, the recovery and retard rectrystallization. There-

0.001 0.01 0.1 1 10 100

Fig.2 Intensities of the ODF f(g) of the sheets
annealed at different heating rates.

higher heating rate of 4.2K/s weakened the fore, these effects of the heating rate were sup-
Brass texture and introduced the recrystal- posed to be the results of the differences in re-
lization textures. On the other hand, the lower covery and the recrystallization kinetics depend-
heating rate of 0.83K/s intensified the as-rolled ing on the temperature.

texture®. The higher heating rate might reduce The recrystallization temperature of the con-
the amount of recovery and promote recrystal- tinuous heat annealing was estimated by the re-
liztion by preserving a large driving force and a lationship between the temperature and the time
high thermal energy. On the other hand, the to recrystallize during the isothermal annealing
lower heating rate might increase the amount of (Fig.4). According to the often adopted theory,

15
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LT

Fig.3 Microstructures of the sheets annealed
at the heating rates of : (a) 0.01K/s,
() 1K/s, (0 50K /s.

O Recrystallized
A Partially recrystallized

700 X Un-recrystallized
680 | -----d--oi A
OO0 0O
660 |---- -\
< 640 |.--.: X -Te L
° .
5620 |- XX R.0..0.0. ...
= .
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E 580 |.------ . o A Nk e
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560 Recrystallization =% ¢ <Gk - O .-
s40 |Srt .o X XA T
520
0.1 1 10 100 1000 10000
Time (s)

Fig.4 Recrystallization temperatures vs. times
of isothermal annealing.

the conditions of the recrystallization during
the continuous heat annealing can be estimated
using Eq.(1) :

i=n

L

i=1

=1 (D

where At; is the holding time and z; is the time
needed to start or finish the recrystallization
during the isothermal annealing at temperature
T, (Fig. 5 ). If the division of At is small enough,
Eq.(1) can be rewritten to Egs. (2) and (3) :

=t oqr
»/;:o z2(T)
dt

T=T 1
fT:TO z2(T) dT

1 (2)

-dT =1 3)

16

Temperature (K)

Time (s)

Fig.5 Estimation of recrystallization temperature
during continuous heat annealing from
recrystallization curve of isothermal an-
nealing (schematic).

In the case of the continuous heat annealing at a
constant heating rate 1/(dt/dT), the tempera-
tures and the times for recrystallization could be
determined using Eq.(3). Fig.6 shows the re-
sults of the calculations with the heating curves.
The temperatures at which the recrystallization
starts and finishes would increase with the in-
creasing heating rate (Table2). In the range
including these temperatures, if the temperature
dependence of the controlling mechanisms for
recovery and recrystallization were different,
the effects of the heating rate on the recry-
stallization textures might be predicted.

The influences of temperature on the recry-
stallization progress during the isothermal an-
nealing are shown in Fig. 7. Even if the sheets
were annealed at 553K, the recrystallization pro-
gressed by the nucleation and growth process
(Fig.8). The degree of recrystallization as a
function of the annealing time is well described
by the JMAK equation :

(1) = 1—exp(—kt") @
where ¢ is the annealing time, (¢) is the degree
of recrystallization, k is a constant and 7 is the
JMAK exponent. The x(#) data can be plotted in
the log In{1/(1—x(¢))} versus log ¢ format.
The values of n were determined by fitting the
experimental data to Eq. (4). The results are
shown in Fig.9. The JMAK exponent n for
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recrystallization was determined to be 2.4 at Table2 Recrystallization temperatures during
953K and around 4 at 573K and 593K. continuous heat annealings.
The time to 50% recrystallization (¢,5), which

. . ] Temperature (K)
was derived from Eq. (4), is related to the tem- Hea(t;lg )rate
perature (7) and the activation energy (Qzy) in /s Start Finish
an Arrhenius-type representation : 0.01 503 548
1 283 613
Broken line : Isothermal annealing 10 633 693
Solid line : Continuously heating annealing 50 673 678
700 . .
680 Heating rate : S0K/s |
660 : 1.0
0.9
640 o 08
2 620 £ 0‘7
] .
£ 600 3
= = 0.6
£ 580 g
=% z 0.5
g 560 g 04
= 540 T 0s
520 : : : : g
' ' R tallizati 0.2
500 }... . S S Bk tcacall 2
480 01
1 10 100 1000 10000 100000 0.0
Time (s) 1 10 100 1000 10000

Time (s)

Fig. 6 Calculated recrystallization temperatures

and times of continuous heat annealing Fig.7 Isothermal recrystallization curve of

and the heating curves. the cold-rolled sheets.

(a) 593K

(c) 553K 100um

Fig.8 Microstructures of the sheets isothermally annealed at (a) 593K, (b) 573K, (c) 553K.

17
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1.0

0.5

0.0

%
= -05
=)
= -1.0
=14
S
= -15
-2.0 - - - -2 : .
'n=4.1 . 3.7 . 24

-2.5 : : : :

0.5 1.0 1.5 2.0 2.5 3.0 3.5
log t (s)

Fig.9 log In{l/(1—x)} vs. log ¢ of the cold-rolled
sheets isothermally annealed at different
temperatures.

t0.5 - lOeXp< QRx/R T) (5)

where, 1, is a constant, @,y 1s the apparent acti-
vation energy for recrystallization, R is the uni-
versal gas constant, and 7 is the annealing tem-
perature in K. The apparent activation energy
for recrystallization was estimated from the

Intos

1.65 1.70 1.75

1000/T (K)

1.80

Fig. 10 log ¢,; vs. inverse temperature plot used

in the apparent activation energy for
recrystallization of cold-rolled sheets.

slope to be 203kdJ/mol (Fig. 10 ). It is clear that
the annealing temperature did not alter the ap-
parent activation energy for recrystallization.
Fig. 11 shows the texture evolution during
isothermal annealing at different temperatures.
The degrees of recrystallization are the same
with Fig. 8. During annealing, the 8 fiber roll-

LVAYAN

[|RIAN
|l
7]
7

I

N1

=

®,=0deg.

FAIR)]

e

117

p,=45deg.

1]

VAT

IR
A

©,=90deg.

x=0.01 x=0.09

(a) 593K

Fig. 11 Texture evolution of cold-rolled sheets during isot
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x=0.91 x=1.0

hermal annealing at (a) 593K, (b) 573K, (¢) 553K.
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Fig.11 (Continued).
ing texture was converted into the recrystal- during the early stage of recrystallization. Fig.
lization texture. At high temperatures, the 12 shows the texture variation and the progress
strength of the g fiber rolling texture decreased of recrystallization as a function of the

19
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isothermal annealing time at 553K and 573K.
The intensity of the cube component is a maxi-
mum during the initial stage of recrystal-
lization, then decreases with the increasing de-
gree of recrystallization. As expected, the sharp-
ness of the retained cube component increased
with recovery.

Fig. 13 and Fig. 14 show the softening behav-
ior and the texture variation at different tem-
peratures as a function of the degree of
recrystallization, respectively. The SB {168}
<211> component was represented as the com-
ponent around the S {123} <634> orientation

because the intensity of the SB was stronger
than that of the S. At high temperatures (573K,
593K), the intensity of the textures and the
hardness substantially decreased with the occur-
rence of the primary recrystallization. On the
other hand, at a low temperature (553K), the
rolling texture was still retained even if
recrystallization progressed.

4. Discussion

The experimental results revealed that the ap-
parent activation energy for recrystallization

@ Cube {001}<100>
O Brass {011}<211>

A SB {168}<211>
O Cu {112}<111>

X Degree of recrystallization

1.0 12 1.0
0.8 10 0.8 =
£
8 h
0.6 0.6 =
C <3
= 6 5
0.4 04 =
4 2
5
0.2 .
2 02 %
0.0 0 0.0
0 10 100 1000 10000 0 10 100 1000 10000
Time (s) Time (s)
Fig. 12 Intensities of the ODF f(g) and recrystallization curve of the cold-rolled sheets annealed at :
(a) 533K, (b) 573K.
12 OO o @iijiis 1
LIEW cube joonj<ion- S - -
10 piatpa sk hasduna Nasnnin k ' v ORENRK
ﬁ'q-ﬁ,_.l ...... .:-I. .........
PR |y T i o it § : 5 : i
oy PR T PRI LY :
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e e e Drobt- b M Y S-S PIRN LIT .
]
LLE ] 0,5 LB 1.k
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Degree of recrvslallization
Fig. 13 Plots of intensities of the ODF f(g)

as a function of the degree of
recrystallization.
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egree of reorystallieation

Fig. 14 Comparison of softening behavior
as a function of the degree of

recrystallization.
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was estimated to be 203kdJ/mol from 553 to
993K, which is almost the same as the activation
energy for the diffusion of iron and/or manga-
nese in aluminum. It was considered that the
rate controlling process of recrystallization was
the dislocation motion controlling the nuclea-
tion and/or the migration of grain boundaries
influenced by the drag effects of the solute at-
oms. Also the inhibition of the grain boundary
motion by precipitation during annealing would
not occur, as observed in the 3000 series
alloys®.

During the isothermal annealing at high tem-
perature, the texture changes and the softening
were initially rapid, but decreased as early as
the degree of the recrystallization reached the
order of 0.1 (Figs. 13 and 14). It was suggested
that during the early stage of recrystallization,
the recovery had already progressed enough to
form the subgrains which could act as nuclei. At
low temperature, the initial texture and hard-
ness were not fully decreased in spite of the fact
that the degree of recrystallization reached the
order of 0.9, i.e., both the recrystallized grains
and the area of remaining stored energy concur-
rently existed. Additionally, the JMAK expo-
nent for recrystallization was determined to be
2.4 at 553K. These tendencies might be an indica-
tion of the inhomogeneous distribution of
recrystallization nuclei, such as grain bounda-
ries, shear bands or large second-phase parti-
cles. Fig. 15 shows the effect of the cold rolling
reduction on the JMAK exponent estimated
from the hardness variation vs. the annealing
time (Fig. 13). In this case of a high cold rolling
reduction (90%), it was revealed that the JMAK
exponent did not strongly depend on the anneal-
ing temperature, and it was suggested that the
sites of nucleation were not restricted to the spe-
cial regions even if the annealing temperature
was low?”’. In the 7075 aluminum alloy, a similar
case was reported that dislocation cell thickness
decreased and recrystallized grain sizes in-
creased as the severity of deformation increased.
However, both quantities saturated at approxi-
mately 85% cold-rolled reduction®. Thus, it was
suggested that the lower cold rolling reduction
would provide the inhomogeneity of the stored
energy distribution, and the lower annealing
temperature would recrystallize the regions of

21
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Fig. 15 Effect of cold rolling reduction on
temperature dependence of JMAK
exponent 7.

high stored energy first.

When the recrystallization occurs in the spe-
cial regions, it is widely recognized that the tex-
ture components will be influenced according to
the sites of nucleation, e.g., grain boundaries,
bands™®
particles®*’. However, in this study, the contri-
bution of the nucleation at the particles would
not be high because the cold rolling reduction
was not high. During the continuous heat an-
nealing, the recrystallization texture will be

shear and large second-phase

controlled whether or not the conditions lead to
inhomogeneous recrystallization. If the cold
rolling reduction is low, the slow heating rate
will promote the textures affected by the re-
stricted sites of nucleation, but the rapid heat-
ing rate will promote the cube component that
usually appeared. However, in the case when the
cold rolling reduction is high enough to lead to
a homogeneous recrystallization even though
the heating rate is slow, the texture will mainly
consist of the cube component.

5. Conclusion

(1) The earing of the cold-rolled 5182 alumi-
num alloy strongly depends on the heating rate.
At a low heating rate (0.01-1K/s), the ears on a
drawn cup developed in 45 deg. to the sheet roll-
ing direction. At a high heating rate (10K/s),
the ears were lower.
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(2) The earing behavior is characterized by the
texture components. As the heating rate in-
creases, the intensity of the cube component in-
creases while the intensities of the Brass, Cu and
SB components decrease.

(3) The JMAK exponent for recrystallization
during isothermal annealing was determined to
be 2.4 at 553K and around 4 at 573K and 593K.
The apparent activation energy for recrystal-
lization was estimated to be 203kdJ /mol.

(4) During isothermal annealing at a high tem-
perature (573K, 593K), the intensity of textures
and the hardness significantly decrease with the
occurrence of the primary recrystallization. On
the other hand, at low temperature (553K), the
initial texture and hardness are not fully de-
creased in spite of the fact that the degree of
recrystallization reached the order of 0.9.

(5) The recrystallization texture will be con-
trolled whether or not the conditions lead to
inhomogeneous recrystallization. If the condi-

22

tion of cold rolling reduction, heating rate or
annealing temperature leads to inhomogeneous
recrystallization, the textures will be affected by
the restricted sites of nucleation.
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TECHNICAL PAPER

Effect of Coarse Al,Mn Particles on Work
Hardening in Al-Mn Binary Alloy”

Shingo Iwamura*

*

and Kazuyo Ogawa™ **

The effects of coarse AlsMn particles (~ 3 um) on the formation of a deformed microstructure

in the Al-0.66mass%Mn binary alloy have been investigated by tensile tests and microstructure

analyses. The coarse particles have less effect on the dislocation migration in the deformation

range up to yield strain. Due to the localization of the dislocations around the coarse particles, the

maximum n-value appears in the deformation range around ¢ = 0.02. The dislocation cells are

formed in the deformation range above ¢ = 0.10. During this stage, the localized dislocations

around the particles promote annihilation of the dislocations and prevent an increase in the flow

stress. For a higher deformation, the subgrains with a high angle boundary form around the

coarse particles. As a consequence of these results, the coarse AlsMn particles have a greater effect

on the work hardening than solute manganese atoms in the deformation range above ¢ = 0.10.

1. Introduction

AA3XXX alloys sheets are used for beverage
can bodies, heat exchangers and other various
applications. The strength properties of the
AA3XXX alloys, categorized as non-heat treat-
able alloys, are controlled by the annealing con-
dition and/or cold rolling reduction. With re-
spect to the products of H1 temper, the solute/
precipitate states of the manganese atoms also
affect the strength properties, though the
strength mainly depends on the alloy composi-
tion and cold rolling reduction. For example,
fine a -Al (Mn, Fe) Si particles formed by heat
treatment at 375°C make strengths higher". On
the other hand, for industrial products, particles
coarsen to large size because the AA3SXXX al-
loys are usually homogenized at high tempera-
ture, i.e. 450°C. Though these large particles
have little effect on the work hardening behav-
ior", the effects should be taken into considera-
tion for high-precision controlling of the
strength. In this study, the effect of the coarse

* Main part of this paper was presented in ICAA13
(2012).

#+  No.l Department, Research and Development Center,
Dr. Eng.

#++ No.l Department, Research and Development Center.
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particles and solute atoms on the work harden-
ing was studied in order to summarize the role
of the coarse particles for high-precision con-
trolling of the strength.

2. Experimental Procedure

In the present study, DC cast ingots of 3 N-
aluminum and Al-0.66mass%Mn binary alloy,
the compositions of which are shown in Table 1,
were used. These ingots were solution-treated in
air at 640°C for 24h, then cold-rolled at 87% re-
duction. After that, the sheets were recrystal-
lized by salt bath at 600°C for 30s. These plates
are named as sample A for 3 N-Al sheets and
sample S for solution-treated Al-Mn alloy
sheets. Furthermore, to study the effect of the
coarse particles, heat treatment in a salt-bath at
450°C for 48h was carried out to sample S. These
plates are labeled as sample P for heat-treated
Al-Mn alloy. The manufacturing process in this
study is shown in Fig. 1.

It is clear from Fig. 2 that there are few parti-
cles in sample A and sample S. It is suggested
that most of the manganese atoms would dis-
Coarse particles (~
3 um) were observed in sample P. These parti-
cles were identified as AlsMn by X-ray diffrac-

solve in the matrix.

tion. The electrical conductivities of the samples
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Table1 Chemical composition of the specimens (mass%).

Si Fe Cu Mn Mg Cr Zn Ti Al
3N-Al 0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 Bal.
Al-0.66Mn 0.02 0.03 <0.01 0.66 <0.01 <0.01 <0.01 0.01 Bal.
Ingots 1 -lﬂlil'l-i'lﬂ Table 2 Conductivity and the amount of manganese
s e | A BERAR atoms in the samples.
I
Solution heal troatmen Conductivity Amount of Mn [mass%]
0G4 i air —W0
--"'"""T""'"“-"" i I" — [%IACS] in the matrix |in the precipitates
Crddd roding Sample A 62.6 0 0
T34 OrmnRed. G575 )
1 | Sample S 35.7 0.66 0
Ricrysinlkzation Mhaat ineatman
SOOC-E08 in sal-bath —WQ Sample P 42.1 0.37 0.29

| Precipitation heat treatmen
| 450 C-th in =at bath —W0

¥ v
| SempleA | | Samples | Sampla P

Fig.1 Flow chart of the manufacturing process.
WQ : water quench.

---.

Fig.2 SEM images of the specimens.

are shown in Table 2. In sample P, the amount
of manganese atoms was determined from the
conductivity value as 0.37% in the matrix and
0.29% in the AlsMn particles. Fig. 3 shows the
microstructures of the samples. Though sample
A has a larger grain structure than those of
sample S and sample P, we thought that the dif-
ference in the grain size had little effect on the
work hardening behavior.

3. Results

Fig. 4 shows the yield stress of the samples
cold-rolled by 0 ~80%. The strengths of sample
S and sample P are higher than that of sample
A. This indicates that the manganese content
has a significant effect on the strength. Com-
pared to sample S, sample P shows slightly
The amount of work

higher strength.
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Fig.4 Yield stress of the cold worked samples.

hardening, A YS, is in the following order :
sample P > sample S > sample A. This result
indicates that the AlsMn particles, even in the
case of coarse particles, harden more effectively
than solute manganese atoms. Though coarse
particles as shown in Fig. 2 generally have a
negligible effect on the strength!’, it is impor-
tant to know the slight effect of coarse particles
on the work hardening in order to control the
strength of AA3XXX alloy in H1 temper.

4. Discussion

The results mentioned above indicate that the
AlsMn particles harden more effectively than
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solute manganese atoms in H1 temper. We next
discuss the role of the coarse AlsMn particles on
the work hardening behavior by a comparison of
sample P and sample S.

4.1 Early stage of deformation

Table 3 shows the tensile properties of the
samples. Sample S shows higher yield stress
than that of sample P. On the other hand, the
tensile strength of sample P is higher than that
of sample S. These results indicate that, at least
up to yield strain, the solute manganese atoms
have a greater effect as an inhibitor from migra-
tion of the dislocations than the AlsMn parti-
cles. The AlsMn particles show their importance
above yield strain in which interaction between
the dislocations and the particles arises.

4.2 Small strain (& ~ 0.02)

Fig. 5 shows the change in the n-value during
the tensile test calculated from stress-strain
curve. The n-value shows a peak value at
e = 0.02 in sample P. Fig.6a shows a TEM
micrograph of sample P stretched by ¢ = 0.02.
At this strain, the interaction between the parti-
cles and the dislocations produces localization of
the dislocations around the coarse AlsMn parti-

Table 3 Tensile properties of the samples.

TS [MPal YS [MPal EL [%]
Sample S 83 49 55
Sample P 85 41 56
0.4
Sample P
03
% 0.2 5
=+
=
0.1
Sample S
0.0
0.0 0.1 0.2 0.3 0.4

True strain, € [-]

Fig.5 Change in n-value during tensile test.
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cles. This suggests that the peak of the n-value
at e = 0.02 corresponds to the pile-up of disloca-
tions around the coarse particles. In addition,
dislocation cells have not formed yet at e = 0.02
as shown in Fig. 7.

4.3 Medium strain (¢ = 0.10~)

In sample P, though the n-value attained
maximum value at ¢ = 0.02, n-value decreased to
lower value than that of sample S in the higher
strain range (¢ = 0.10~). Fig. 6 b shows a TEM
micrograph of sample P stretched by ¢ = 0.10.
During this stage, the localization of disloca-
tions around the particles saturates and disloca-
tion cells form (as shown in Fig. 7). It is rea-
sonable to postulate that a higher dislocation
density around particles promotes annihilation
of the dislocations during deformation, and re-
sults in lower n-value than that of sample S. It
should be noted that the flow stress of sample P
is higher than that of sample S, because the to-
tal dislocation density increases by the presence
of the coarse AlsMn particles.

500nm

Fig.6 TEM micrographs of sample P stretched by
(a) e = 0.02, (b) e = 0.10.

Fig.7 EBSP grain boundary map of pre-deformed
sample P. (a) non-deformed, (b) & = 0.02,
(e) e = 0.10, (d) e = 0.26.
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4.4 High strain

Fig. 8 shows EBSP grain boundary map of
sample P cold-rolled by ¢ = 1.9. During this
stage, dislocation cells develop into subgrains.
Namely, the subgrains around the AlsMn parti-
cles have high-angle boundaries. As reported by
Humphreys®?® and Liu", the localization of dis-
locations around the particles produces a higher
dislocation density and more rotation of the dis-
location cells and subgrains.

5. Summary

The study of the effect of the coarse Al¢Mn
particles on the work hardening behavior of an
Al-0.66%Mn binary alloy had the following
conclusions :

(1) The AlsMn particles, even in the case of
coarse particles, harden more effectively than
solute manganese atoms. Though the coarse
particles generally have few effects on the
strength, it is important to take the slight effect
into consideration in order to control the
strength of the AA3XXX alloys in H1 temper.

(2) The role of the coarse AlsMn particles on
formation of the deformation microstructure is
as follows :

+ At the early stage of deformation, coarse
AlsMn particles prevent the migration of dis-
locations less effectively than solute manga-
nese atoms. Because coarse AlsMn particles
have little interaction between the dislocations
and the particles.
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Fig.8 EBSP grain boundary map of sample P
cold rolled by e = 1.9.

« At e = 0.02, dislocations localize around
coarse AlsMn particles. This phenomenon
brings a peak of the n-value.

+ Dislocation cells form in the deformation
range over ¢ = (0.10. During this stage, the
dislocations localizing around the particles
promote annihilation of the dislocations.

* In the higher deformed state, i.e., ¢ = 1.9, dis-
location cells develop into subgrains. In par-
ticular, subgrains around the AlsMn particles
have high-angle boundaries.
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TECHNICAL PAPER

Deformation Behaviors of Pure Aluminum and
Al-4.5%Cu Alloy in Semi Solid State”

Nobuhito Sakaguchi* *

To clarify the mechanism of hot tearing in the aluminum alloy ingot, the mechanical properties
and the deformation behaviors of pure aluminum and the Al-4.5mass%Cu alloy in the semi solid
state were investigated by the tensile test method in that state. The tensile strength and elonga-
tion of the Al-4.5mass%Cu alloy remarkably decreased with the generation of liquid in the grain
boundaries at a temperature above the solidus. The healing by the liquid flow into the crack was
observed in a high temperature range in the semi solid state by in situ observations. The pure alu-
minum exhibited a very high ductility in the temperature range that was solidus to near the
liquidus. The deformation behaviors in the semi solid state of both alloys were classified into four
stages based on their mechanical properties, fracture surface morphologies, and in situ observa-
tions on the tensile tests. In the lowest temperature stage, a large uniform deformation and a high
tensile strength were obtained. The embrittlement with the liquid film occurred in the second
stage. The healing behavior of the crack by liquid flow occurs in the third stage. The slurry zone
was the highest temperature range of the semi solid state. The brittle temperature ranges in which
hot tearing occurred in both alloys were determined by that classification. These data obtained
from the tensile test in the semi solid state could be applied to several simulations, such as solidi-

fication and hot working.

1. Introduction

The hot tearing in the ingot has occurred fre-
quently in DC casting process of aluminum al-
loys. Many reports for the mechanism of the hot
tearing had been published'™*. Recently,
Watanabe hot
49 summarized the mechanism to the

et al. reviewed about the
tearing
following "in the semi solid state, if the tensile
strain or stress generated by solidification
shrinkage exceeds the strength or the fracture
strain of the material, hot tearing will occur.”
BEskin clarified that crack initiators, propaga-
tion mechanisms, and fracture modes, would
change with solid fraction of the material®.

Therefore, the investigation for the deformation

*  The main part of this paper was presented at the
TMS (The Minerals, Metals & Materials Society) 141%
Annual Meeting & Exhibition, Orlando, Florida, United
Stats of America, March 11-15, 2012.

«+ Dr. of Eng., No.1 Department, Research & Development
Center
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behaviors of aluminum alloys in the semi solid
state need to clarify the mechanism of the hot
tearing. However, in most of the previous stud-
les, the mechanical properties of aluminum al-
loys with a high content of the eutectic element
at wide temperature range in the semi solid
state were investigated. The mechanical proper-
ties of aluminum alloys with a low eutectic con-
tent such as wrought aluminum alloys produced
by DC casting were not investigated. Thus, to
clarify the mechanism of hot tearing that would
occur in DC casting aluminum ingots, it was
necessary to investigate the deformation behav-
iors and mechanical properties of aluminum al-
loys with a low eutectic content.

In this study, the deformation behaviors and
mechanical properties of aluminum alloys which
had a low eutectic content and a narrow tem-
perature range in the semi solid state were in-
vestigated by the new tensile test method.
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2. Experimental procedures

2.1 Materials and sample preparation

Pure aluminum and Al-Cu alloy were selected
for the sample alloys. Pure aluminum has the
narrowest temperature range in the semi solid
state among wrought aluminum alloys. Pure
aluminum which is used widely in industry has
included low contents of Fe and Si as impurities.
Therefore, the pure aluminum which was sam-
ple of this study included the 0.1%Fe and 0.1%Si
("mass%" has been expressed as "%" in this pa-
per). On the other hand, Al-4.5%Cu had a rela-
tively wide temperature range in the semi solid
state compared with pure aluminum. Pure alu-
minum and Al-4.5%Cu billets were produced by
DC casting, 330 mm in diameter. The chemical
compositions of those billets are shown in
Table 1. Plate-type specimens for the tensile
test were taken from stable parts of those bil-
lets. The section size of parallel part of specimen
was 4 mm thickness and 3 mm width. The gage
length to evaluate the elongation was 10mm
length. In this study, ten gage marks were
marked at intervals of Imm. The average grain
sizes of pure aluminum and Al-4.5%Cu speci-
mens were 196pm and 153um, respectively.
Fig. 1 shows the microstructures of the speci-
mens. Each microstructure is characterized by
the dendrites and the compounds are observed in
grain boundaries and inter dendrite arms. The
solidus of pure aluminum and Al-4.5%Cu were
identified to 644°C and 549°C by differential
thermal analysis (DTA).

Table 1 Chemical compositions of ingots (mass%).

Cu Ie Si Ti Mg Al

Pure aluminum | =0.01  0.10  0.10  0.02  0.01  Bal.

Al-4.5%Cu 444 005 003 0.02 001 Bal

(a) Pure aluminum (b) Al-4.5%Cu

Fig.1 Microstructures of tensile test specimens.

2.2 'Tensile test apparatus and condition

Generally, a tensile test in the semi solid state
has been performed in two type methods. In one
case, the test was performed after the specimen
remelted by heating to the test temperature
above the solidus®*™. In the other case, it was
performed after the liquid sample solidified by
cooling to the test temperature below the
liquidus®. In this study, a tensile test based on
the first case had been selected because of the
high accuracy of the temperature control. The
schematic of the tensile test apparatus is shown
in Fig. 2. In this test, the specimen was heated
by using an infrared lamp, located on a jig (sup-
port bar) in the chamber filled by Ar gas. The
deformation behavior of the specimen was ob-
served through the window located on upper
side of the chamber. In this apparatus, the speci-
men does not contact to the jig in loading direc-
tion before loading. Therefore, the thermal
stress, which generate between the heated speci-
men and the jig, could eliminate by using the ap-
paratus. Fig.3 shows the heating property of

B B
Specimen Crmikcad jig

Lading
direction

60 Py ¥ ¥ T Y "
;:I AT
o 340 F Siemdy wmperatine
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E e o e e T e

S T
& sl
[
= == Elgetsm: oeder from conted device
a0 k] Therme conghle
i = Tisl paece {oenier}
Test pacie (edge of gagel
sl . ; &

Ll 350 M} A5 L] 5350 L]
Tirss £ s

Fig.3 Heating property of tensile test apparatus.
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this apparatus, for example the specimen tem-
perature was controlled to 533°C. The lag time
was o0s, the temperature of the control thermo-
couple became stable after the electric order
from a control device reached to 550°C. On the
other hand, the specimen temperature became
stable 250s after the electric order from control
device reached to 550°C. The specimen tempera-
ture could be stable at the tensile test tempera-
ture in a short time. The temperature difference
(AT) between the control thermocouple and the
specimen was essentially attributed to the
chemical composition and the shape of the speci-
men and the jig. It should be noted that AT
could be controlled with an accuracy of £1.5°C
in this apparatus. AT on Al-4.5%Cu and pure
aluminum were 17.0°C and 10.4°C, respectively.
Further, AT on the evaluation area, which is
same part of specimen as gage length to evalu-
ate the elongation, of the specimen could be con-
trolled with an accuracy of £0.6°C on both al-
loys.

In this study, the crosshead speed on the ten-
sile test was 0.0omm/s. Further, a load was de-
tected by a load cell measuring until 2 kN at-
tached to the apparatus. The elongation was es-
timated by comparing the gage marks before
and after the tensile test. The cross section
micrograph of the specimen after tensile frac-
ture in semi solid state was shown in Fig.4.
There are many small cracks in this cross sec-
tion without main crack. To estimate the elon-
gation, the displacement by these small cracks
in loading direction should not be included.
Therefore, the smallest displacement in the gage
marks on the specimen, which was estimated
that had the minimum amount of cracks, was
defined to the elongation on this specimen'®.
The fracture surfaces of the specimens were ob-

(b) High magnification image

(a) Low magnification image

Fig.4 Cross section micrographs of tensile
fractured specimen.
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served using a scanning electron microscope
(SEM) equipped with an energy dispersive X-
ray spectrometer (EDX).

3. Results

3.1 Mechanical properties in semi solid
state

The changes in the mechanical properties and
deformation behaviors of pure aluminum and
Al-4.5%Cu are shown in Fig.5. By using our
tensile test apparatus, we could examine the me-
chanical properties near the liquidus (660°C) of
pure aluminum, which had a narrow tempera-
ture range in the semi solid. However in the test
of pure aluminum, the maximum elongation for
a specimen was over 100%, because the motion
distance of the crossheads in the chamber was
limited less than 10mm. Therefore, the unbro-
ken specimen over the tensile limit was denoted
as an "unbroken" in Fig. 5. On the other hand,
the specimen which healed by the liquid flow
into the crack could not be estimated the elonga-
tion.

The tensile strength of pure aluminum near
the solidus was approximately 2 MPa. However,
the elongation of pure aluminum was not esti-
mated because of the unbroken. The tensile
strength and elongation of pure aluminum did
not decrease until the liquidus. On the other
hand, the tensile strength of Al-4.5%Cu was ap-
proximately 9 MPa near the solidus. The tensile
strength of Al-4.5%Cu deceased to approxi-
mately 1MPa at the temperature range of 559
C-561°C. Over the temperature range, the ten-
sile strength of Al-4.5%Cu decreased gradually.
The elongation of Al-4.5%Cu near the solidus
was not estimated because of the unbroken
situations. The elongation of Al-4.5%Cu de-
creased rapidly to less than 1 % at the tempera-
ture range of 559°C-561°C as same as its tensile
strength.

3.2 Fracture surface

3.2.1 Fracture surface of pure aluminum

The fracture surfaces of tensile specimens on
pure aluminum at 650°C, 655°C, and 658°C are
shown in Fig. 6. The fracture surface of pure
aluminum at 650°C included flat surfaces such as
a brittle by
intergranular fracture. However, the creases,

fracture surface formed
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which were considered to the trace of a ductile
fracture, were observed on this surface. Further,
the needle-shaped compounds were observed. Al
and Fe elements were detected on the needle-
shaped compounds by EDX analysis. The frac-

ture surface at 655°C included a rounded surface
as compared with one at 650°C, but the needle-
shaped compound was not observed. The frac-
ture surface at 658°C was smooth compared with
the fracture surface at 655°C. The grain shape

C kassafication of deformation behavior Pure aluminum  Al=3. 5%
Stage | Stage 2 Tensile strength L ——
. Stage 3 Elongation o e
. (}:—g - - - v Q—:—Oﬂ—qullhmlnl
[ ] L ] m L]
: Aoy N © ¢,
:E 10 - E Pure alurminum —— i'i ; i:_.' ]
- L - s ] 1B
% 43 31 Al &
El a% I iE]
=] E - H : o - E
g W : ] E : F : E_ ;‘-‘ -_:
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Fig.5 Change in mechanical properties and deformation behaviors of pure aluminum and Al-4.5%Cu.

Low magnification image

High magnification image

655°C 658°C

Fig.6 SEM micrographs of fracture surfaces on pure aluminum.
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was collapsed partially in the fracture surface.
It was considered that those collapsed grains on
the fracture surface were formed by the local
melting of a -Al dendrite (grain), because the
test temperature was very close to the liquidus.

3.2.2 Fracture surface of Al-4.5%Cu

The fracture surfaces of tensile specimens on
Al-4.5%Cu at 559°C, 561°C, and 595°C are shown
in Fig.7. A comparing those fracture surfaces
showed that the roundness on surface had in-
creased with the test temperature. The creases
and pores, which were considered to the trace of
a ductile fracture, were observed on the surfaces
at 559°C. The spikes, which were considered the
trace of contact with solids at the fracture sur-
face, were observed on the surface at 561°C.
However, the creases and pores were not ob-
served on this surface. The fracture surface at
595°C was smooth as compared with the other
fracture surfaces. The trace of ductile fracture
was not observed on the surface too.

3.2.3 In situ observation of tensile

deformation

The result of the in situ observation on the
tensile test of Al-4.5%Cu at 615°C is shown in
Fig. 8. As shown in this figure, the crack would
be healed by the liquid flow quickly. The speci-
men on the tensile test looked like still connect-
ing with flowed liquid phase, and did not break
to add a few strains approximately 2 mm (20%
in elongation). In that case, the liquid with solid

phase had flowed into the crack, as the results
the specimen would not break on the visual ob-
servation. The result on the in situ observation
of tensile deformation of Al-4.5%Cu at 625°C is
shown in Fig.9. As shown in this figure, the
crack was healed by the liquid flow, too. How-
ever, that specimen was broken unexpectedly
with a few strains of approximately 2 mm. It
was considered that the solid fraction at this
625°C was smaller than that at 615°C. As a result
of the connection strength on specimen at
625°C was lower than that at 615°C, because only
the liquid phase flowed into the crack. On the
other hand, on the tensile test of pure alumi-
num, the healing phenomenon of a crack by the
liquid flow was not observed at all.

4. Discussion

4.1 Classification of deformation

behaviors in semi solid state
Generally, the semi solid state is classified
into two types. One type is a slurry state, which
1s situated at a higher temperature range in
semi solid state. In this state, the solid phase
(grain) is considered to float in the liquid phase
because the solid fraction is low. Moreover, each
solid phase exists independently and is not
strongly bonded with the adjacent solid phase.
The other type is a mushy state, which is situ-
ated at a lower temperature range in semi solid

Low magnification image

High magnification image

Fig.7 SEM micrographs of fracture surfaces on Al-4.5%Cu.
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(a) Crack initiation

.- .

(c) After 20s (d) After 30s

Fig.8 Deformation behavior of Al-4.5%Cu on
tensile test at 615°C.

(b) Afterbs

(c) After 15s (d) After 22s

Fig.9 Deformation behavior of Al-4.5%Cu on
tensile test at 625°C.

state. In this state, the solid phase is strongly
bonded with each other. Further, the liquid
phase exists only in the grain boundary because
the solid fraction is high. The hot tearing is con-
sidered to occur in this mushy state in general.
However, the fracture mode of the material in
the mushy state would change with the solid
fraction. In this study, the deformation behav-
ior in the mushy state has been classified by
means of the mechanical properties, fracture
surface morphology, and the result of in situ ob-
servation on the tensile deformation.

The classification of the deformation behavior
is shown in Table2. And the temperature
ranges of these stages on pure aluminum and

32

Table 2 Classification of deformation behavior in
semi solid state.

Large uniform deformation and high tensile strength

St 1 .
age are obtained.

Stage 2 |Embrittlement with liquid film occurs.

Stage 3 |Healing behavior of crack by liquid flow occurs.

Slurry zone. Specimen is not able to keep original

Stage 4 shape.

Al-4.5%Cu are shown in Fig.4. The deforma-
tion behaviors in the mushy state were classified
into three stages. Finally, in this study the de-
formation behaviors in the semi solid state were
classified into four stages included the one in the
slurry state. Stage 1 is the lowest temperature
range in the semi solid state. In this stage, the
specimens in the tensile test have showed the
large uniform deformation and the high tensile
strength equal to that at the temperature fairly
below the solidus. This stage on pure aluminum
and Al-4.5%Cu is situated at the temperature
less than 650°C and 559°C, respectively. In stage
2, the specimens in the tensile test have showed
the characteristic embrittlement because the lig-
uid film was formed in grain boundary. This
stage is characterized by the decrease in both the
tensile strength and the elongation with increas-
ing temperature. Further, in this stage, the
fracture surface morphology has also changed
with temperature. The change in the fracture
surface morphology would be discussed later.
This stage is situated at the temperature ranges
of 650°C-658°C on pure aluminum, 559°C-615°C
on Al-4.5%Cu. In stage 3, the specimens in the
tensile test have showed the characteristic heal-
ing. The crack on the specimen in the tensile test
was healed by the liquid flow. The crack on Al-
4.5%Cu was healed at temperatures greater
than 615°C. As the result, stage 3 on Al-4.5%Cu
is situated at the temperature greater than 615
°C. However, on pure aluminum the temperature
range for stage 3 could not be determined in this
study. In stage 4, the specimens in the tensile
test would have showed the characteristic slurry
state, but on both pure aluminum and Al-
4.5%Cu, the temperature range of stage 4 could
not be determined in this study.

4.2 Change in fracture surface morphology

The temperature range for stage 2 on pure
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aluminum was very narrow. It was found that
the fracture surface morphology in the tempera-
ture range on pure aluminum had changed with
temperature. Although the needle-shaped com-
pounds detected Al and Fe elements by EDX
were observed on the fracture surface of tensile
specimen at 650°C, these compounds were not
observed at 655°C. Therefore, in the temperature
range of 650°C-655°C, these compounds would
melt and form the liquid film in grain boundary.
However, the tensile strength of pure aluminum
at 655°C was nearly equal to that at 650°C. The
tensile strength of pure aluminum decreased
rapidly in the temperature range of 655°C-658
°C. At 658°C, the trace of local melting of a -Al
dendrites was observed. Therefore, it is consid-
ered that the tensile strength of pure aluminum
in stage 2 depends on the amount of the bound-
ing with a -Al dendrites and its strength, and
not on the existence of the liquid film formed by
the melting of these compounds.

The fracture surface morphology on Al-
4.5%Cu has changed with increasing tempera-
ture as same as that of pure aluminum. A large
number of creases and pores, which were the evi-
dence of a ductile fracture, were observed on the
fracture surface at 559°C. At 561°C, the spikes,
which were also the evidence of a ductile frac-
ture, were observed on the fracture surface.
However the evidence of the ductile fracture was
not observed on the fracture surface at 595°C. It
was observed that the area of ductile fracture
surface decreased with increasing temperature.
The phase changes on Al-4.5%Cu during solidi-
fication had been calculated by JMatPro V6.0
and the calculation results are shown in Fig. 10 .
As shown in this figure, the compounds of the
Al-Cu system were appeared near the solidus. It
was considered that a liquid film was formed in
grain boundary by melting the compounds of
the Al-Cu system. Therefore, in stage 2 on Al-
4.5%Cu, the tensile strength would depend on
the amount of the liquid film formed by the
melting of those compounds, and not on the
bounding strength with a -Al dendrites.

4.3 Sensitivity of hot tearing

Hot tearing in the semi solid state would oc-
cur when the tensile strain or stress generated
by solidification shrinkage exceeded the
strength or the fracture strain of the material.

In stage 1, the solidified materials could deform
without the crack when high stress generated by
solidification shrinkage or some external force
act upon the materials. In DC casting process,
the crack formed in the ingot would be healed by
the liquid flow in the same manner as stage 3,
because high temperature liquid had been con-
tinuously supplied to the solidification surface
in the sump. Therefore, the temperature range
in which hot tearing would occur corresponded
to stage 2 in the semi solid state.

The fracture surface of the hot tearing oc-
curred in DC casting ingot on Al-Cu alloy is
shown in Fig.11. The feature on the fracture
surface in stage 2 such as creases, spikes and
rounded surface are observed on this figure.
Therefore, it is reasonable that the hot tearing
in DC casting would occur at the same tempera-
ture range for stage 2.

® Liguid phase
O a-Al

O ARCa-Mg svsiom coempaonin
B ARCu system compound

Wolume fraction

Lscpandus: B=45,. 00 L

I A3l iR et FiKi

Temperihine /

Fig. 10 Calculation result of phase changing
during solidification in Al-4.5%Cu
by JMatPro V6.0.

Fig. 11 SEM images of fracture surface with

hot tearing on Al-Cu alloy occurred
in DC casting ingot.
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It was found that the temperature range for
stage 2 on Al-4.5%Cu was larger than that on
pure aluminum. Thus, it is most possibly that
the hot tearing would occur on Al-4.5%Cu than
on pure aluminum. It is considered that the tem-
perature range for stage 2 would control the
sensitivity of the hot tearing. In that tensile
test, different factors controlled the tensile
strength in stage 2 on pure aluminum and Al-
4.5%Cu. On pure aluminum, the tensile strength
in stage 2 has depended on the amount of the
bounding with « -Al dendrites and its strength.
On the other hand, the tensile strength on Al-
4.5%Cu in stage 2 had depended on the existence
of the liquid film formed by the melting of com-
pounds. However, those factors would be af-
fected significantly on the microstructure mor-
phology, for example, grain size, compound size
and its distribution, dendrite arms morphology
etc.. Therefore, the relation among the micro-
structure, the mechanical properties and defor-
mation behaviors in semi solid state would be in-
vestigated in future work.

In the case of DC casting process, the hot tear-
ing would occur when the tensile strain or stress
generated by solidification shrinkage had ex-
ceeded over the strength or the fracture strain
of the material. It is considered that the hot
tearing is affected by the tensile strain or stress
distribution in the ingot and its change in time.
Therefore, the stress analysis by the computer
simulation would be necessary to discuss these
factors. The obtained numerical data for the me-
chanical properties in the semi solid state could
be applied to the computer simulation for sev-
eral casting conditions. In the future we could
establish the casting conditions to prevent the
hot tearing in any alloys.

5. Conclusions

To clarify the mechanism of hot tearing on
the DC casting ingot produced, the mechanical
properties and the deformation behaviors of
pure aluminum and Al-4.5%Cu alloy in the semi
solid state were investigated by a new tensile
test method. Those alloys have the narrow tem-
perature range in the semi solid state among
wrought aluminum alloys.

(1) On Al-4.5%Cu, the tensile strength and
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elongation have decreased remarkably at the
temperature above the solidus. This result
would depend on the existence of a liquid film in
the grain boundary. And in situ observation, the
healing by the liquid flow into the crack was ob-
served at the high temperature range in the semi
solid state.

(2) Pure aluminum exhibited very high ductil-
ity until near the liquidus. It is considered that
the tensile strength of pure aluminum in the
semi solid state depended on the amount of the
bounding with « -Al dendrites and its strength,
and not on the existence of the liquid film
formed by the melting of those compounds.

(3) The deformation behaviors in the semi solid
state of both alloys were classified into four
stages based on their mechanical properties,
fracture surface morphologies, and in situ ob-
servations on the tensile tests. Stage 1 was the
lowest temperature range in the semi solid state.
In that stage, the large uniform deformation
and the high tensile strength which equal to
that at the temperature fairly below the solidus
were observed. In stage 2, the characteristic
embrittlement was observed. In stage 3, the
crack on the material was healed by the liquid
flow. In stage 4, the characteristic slurry state
was formed. The temperature range in which
hot tearing would occur correspond to stage 2
(brittle temperature range) in the semi solid
state.

(4) The obtained numerical data for the me-
chanical properties in the semi solid state can be
applied to the computer simulation for several
casting conditions. In the future, we could estab-
lish the casting conditions to prevent the hot
tearing in any alloys.
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Flatness Control Using Roll Coolant Based on

Predicted Flatness Variation
in Cold Rolling Mills

Yukihiro Dohmae and Yoshihide Okamura

Flatness control for cold rolling mills is one of the important technologies for improving prod-
uct quality and productivity. In particular, a poor flatness leads to strip tearing in the extreme
case and, moreover, it significantly reduces productivity. Therefore, various flatness control sys-
tems have been developed. The main actuators for flatness control are classified into two types ;
one is the mechanical equipment, such as the roll bender, and the other is a zone coolant spray
which controls the thermal expansion of the roll. Flatness variation, such as center buckle or edge
wave is mainly controlled by the mechanical actuator which has high response characteristics. On
the other hand, flatness variation of the local zone can be controlled by the zone coolant spray al-
though this response is lower than the response of the mechanical actuator. For accomplishing a
good flatness accuracy in cold rolling mills, it is important to improve the performance of the cool-
ant control. In this paper, a new coolant control method based on a flatness variation model is de-
scribed. In the proposed method, the state of the coolant spray on or off is selected in order to
minimize the flatness deviation by using the predicted flatness variation. The effectiveness of the

developed system has been demonstrated by application in an actual plant.
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Table1 Simulation parameters.

Parameters Value
Coolant zone numbers 40
Control period 0.5s
Coefficient parameter k; 2.9, 5.0I-unit
Time constant 7; 0.0s
Initial strain condition Random at * 5.0I-unit
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Fig.7 Simulation results using single coolant header.
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Table 2 Productive conditions.

Parameters Material or value

Strip material Aluminum alloy

Exit strip thickness 0.136mm
Strip width 1,260mm
Rolling speed 600m/min
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Fig. 12 Effect of proposed control method.
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Hydraulic Bulge Forming Simulation of 6000 Series
Aluminum Alloy Sheets Using Anisotropic Yield

Functions and Experimental Validation

Daisaku Yanaga, Toshihiko Kuwabara,
Naoyuki Uema and Mineo Asano

Biaxial tensile tests of 6000 series aluminum alloy sheets with different density cube textures
were carried out using cruciform specimens. The specimens were loaded under linear stress paths
in a servo-controlled biaxial tensile testing machine. Plastic orthotropy remained coaxial with the
principal stresses throughout every experiment. Successive contours of plastic work in stress space
and the directions of plastic strain rates were precisely measured and compared with those calcu-
lated using selected yield functions ; the von Mises, Hill's quadratic and Y1d2000- 2d. The Y1d2000-
2d yield functions with exponents of 12 and 6 are capable of reproducing the general trends of the
work contours and the directions of plastic strain rates observed for test materials with high and
low cube textures, respectively. Hydraulic bulge tests were also conducted and the variations of the
thickness strain along the meridian directions of the bulged samples were compared with that cal-
culated using finite element analysis (FEA) based on the Y1d2000- 2d yield functions with expo-
nents of 12 and 6. The differences of cube texture density cause significant differences in the strain
distributions of the bulged specimens, and the FEA results calculated using the Y1d2000- 2d yield
functions show good agreement with the measurement results.
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Table1 Mechanical properties of test materials.
Tensile direction | g, c*
R n* a* |r-value™”
¢ (MPa) | (MPa)
0 169 494 0.24 0.008 0.54
High
45 152 469 0.28 0.014 0.13
Cube
90 163 485 0.25 0.007 0.55
0 152 474 0.25 0.007 0.80
Low
45 146 469 0.27 0.009 0.26
Cube
90 145 466 0.26 0.007 0.70

*  Parameters for Swift's hardening law, o = c(a+¢e”)", for
the strain range of 0.002 < &” < e}, where ef, is the logarith-
mic plastic strain at the maximum load.

=+ Measured at a uniaxial nominal strain of 0.10.
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