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Effect of Processing Parameters on the Earing and
Mechanical Properties of Strip Cast Type 3004 Al Alloy

0.S. Es-Said, A. Zeihen, M. Ruprich, J. Quattrocchi, M. Thomas, K.H.Shin, M. O'Brien, D. Johansen, W.H. Tijoe, and D. Ruh!

Electrical resistivity, superficial hardness, teunsile testing, and quantitative metallography techniques
were used in this study. The strip cast type 3004 aluminum alloy received sixteen different ther-
momechanical treatments before cups were drawn, The top edges of the drawn cups were not flat. Rather
there were high points or ears with valleys between them. The homogenization temperature varied form
510 to 621 °C at 24 h. Some samples received an additional 426 °C/24 h homogenization anneal. Most
specimens were rolled along the longitudinal direction of the as-cast material, and some were rolled in the
transverse direction. Most samples were recrystallized at 454 °C for 24 h in addition to the homogeniza-
tion treatment. Some were recrystallized for 168 h. All samples were subsequently rolled to 0.33 mm for
cup drawing and percent earing determination. The percent earing results of some samples were less than
1.5%, but the mechanical strength was also lowered. The high-temperature recrystallization anneal of
454 °C was the controlling factor in determining the earing and mechanical strength of the final rolled

sheet.
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1. Introduction

IN THE DEEP drawing cup formation step of aluminum sheet
metal, undulations on the rim of the formed cup may be found.
High points, which have a scalloped appearance around the top
edge of the cup, are called ears, and the general phenomenon is
known as earing (Ref 1, 2). The scallops, or ears, must be re-
moved to present a smooth flat upper lip on the cup. This leads
to cup trimming prior or subsequent to wall ironing, with an in-
crease in production costs and material waste (Ref 2). Can
manufacturers have tightened the earing requirement (material
waste) from 5% in 1980 to the present 3%, or preferably less
(Ref 3). Accordingly, control of earing (mechanical anisot-
ropy) plays an important role in processing of aluminum sheet
and strip for deep drawing applications. The ears of two main
forms: four ears at 0/90° to the rolling direction, associated
with cube-type texture, and four ears at 45° to the rolling direc-
tion, associated with deformation-type textures.

The majority of alloys used are presently semicontinuously,
direct chill (DC) casting billets that are processed by hot and
cold rolling to the final gauge. Type 3004 aluminum alloy con-
stitutes a large proportion of the rolled aluminum product
worldwide due to its use in beverage cans. The presence of
magnesium provides strength, and the distribution of AlgMn
and other particles stabilizes the structure during processing.
Interest has been shown in developing alloys that take advan-
tage of the high solute supersaturations that may be achieved
through rapid solidification in the continuous casting method
and subsequently processed by cold rolling and on-line anneal-
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ing, thus eliminating the hot rolling step and providing an at-
tractive short-cut from the liquid metal state to the final can
stock. The aim of this work is to study the effect of varying the
homogenization temperature, rolling mode, and recrystalliza-
tion duration on the earing level and mechanical strength of the
final rolled sheet of strip cast type 3004 aluminum alloy.

2. Background

Casting method, homogenization treatment, recrystalliza-
tion anneal, and mode of rolling are processing parameters that
affect the earing behavior and mechanical strength of the final
rolled sheet of drawn and ironed beverage can bodies.

2.1 Casting Method

The principal difference between alloys produced by strip
casting and those produced by DC casting is the higher level of
solute supersaturation and smaller primary intermetallic size in
the former. Chen, Morris, and Das (Ref 4) systematically com-
pared the earing behavior of aluminum alloy 3004 in the strip
cast and DC cast states. They indicated that the strip cast mate-
rial is essentially devoid of the 0/90° earing component in the
annealed state. The small grain size, reduction in the amount of
grain growth, and the high supersaturation content of the strip
cast material, leading to dynamic precipitation during anneal-
ing, suppresses the formation of a strong cube texture.

2.2 Homogenization

Homogenization is critical in reducing the degree of solute
supersaturation, in changing the shape and size of the intermet-
allic particles and consequently increasing the kinetics of re-
crystallization, in altering the shape of the recrystallized grains,
and in reducing galling. Merchant and Morris (Ref 2) indicated
that a strip cast aluminum alloy 3004 homogenized between
510 and 621 °C encounters no galling during the wall ironing of
a cup formed from the web. Accordingly, the homogenization
temperatures in this study were chosen to range from 510 to
621 °C.
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2.3 Softening Anneal (Recovery and Recrystallization)

In previous work by Es-Said and Morris (Ref 5, 6) on the
same alloy system used in this study, one set of samples was ho-
mogenized at 580 °C for 25 h and furnace cooled. The samples
were then cold worked to 90% reduction thickness and an-
nealed at nine isotherms for 25 h. The percentage of 45° earing
of cups drawn from these softened samples progressively de-
creased from about 6% when annealed at 232 °C to less than
0.5% when annealed at 454 °C. These results are in accord with
the observations of Orsund and Nes (Ref 7), who indicated that,
at low recrystallization temperatures, nucleation of recrystal-
lized grains initiate from subgrains in the outer periphery of the
deformation zones surrounding large intermetallic particles,
and the resulting recrystallization texture is similar to the de-
formed matrix. However, at high recrystallization tempera-
tures, nucleation initiates from the core region of the
deformation zones, and the recrystallization texture is nearly
random. Accordingly, recrystallization of 454 °C was chosen
for all the thermomechanical processes used in this study.

.24 Rolling Mode

In a recent study by Nicol et al. (Ref 8), a commercial-type
3004 aluminum alloy was rolied and annealed to yield a strong
cube component and was further rolled at different rolling re-
ductions at five different angles from 0° (along the initial roll-
ing direction) to 90° (along the transverse direction). The
transverse rolling mode after annealing indicated a slightly
stronger cube texture than the longitudinal rolling mode. Ac-
cordingly, in this study, some samples were rolled in the longi-
tudinal mode and others in the transverse mode.

3. Experimental

Strip cast (stationary mold) AA 3004 plate, obtained form
Vereingte Alominum-Werke, Germany, of 300 x 300 X 12 mm
were used in this study. The spectrographic analysis of the strip
cast 3004 aluminum alloy is given in Table 1. Two fabricating
schedules were carried out; in the first, the homogenization
treatments were varied, and in the second, primarily the recrys-
tallization time and percentage of cold work were varied.

In the first fabricating schedule, six homogenizing treat-
ments (preheating steps) were produced (Fig. 1). The homog-
enization temperatures and times were 510 °C/24 h, ~565
°C/24 h, and ~621 °C/24 h. These single homogenization steps
were called condition Ia, IIa, and IIIa, respectively. The same
initial steps were repeated, followed by a second homogeniza-
tion step of ~426 °C/24 h. These double homogenizations were
called conditions Ib, IIb, and IIIb, respectively. All of these
samples were cold worked along the longitudinal direction of
the as-cast material. The six homogenization steps were re-

Table1 Chemical composition of type 3004 aluminum alloy

peated, and the samples were cold worked along the transverse
direction of the as-cast material. The samples that were rolled
in the transverse direction were called conditions IVa to VIb.
Samples Ia to VIb of 12 mm thickness were cold rolled to 0.5%
reduction in thickness (Fig. 1). The samples with a thickness of
0.6 mm were then annealed at 454 °C for 24 h. Samples were
quenched in water at times from 1 to 24 h.

The kinetics of softening were studied by using hardness
measurements (Rockwell superficial 15T) and optical metal-
lography. The particle structure of the samples was examined
after etching in a perchloric acid solution. The grain structures
were revealed by using a fluoboric acid anodize using a polar-
ized light. The mean grain diameter, D, was measured by the
line interception method according to the relation:

Ly
D=pm

where Ly is the total test-line length; M is the magnification;
and P is the number of grain boundary intersections. Electrical
resistivity measurements (a standard four-terminal probe
method) were used to monitor the changes in solute solid con-
centration of the alloy. The addition of a solute to an otherwise
pure metal raises the electrical resistivity, whereas if the solute
is removed from solid solution by precipitation (or segrega-
tion), the electrical resistivity decreases because a precipitate is
not as effective an electron scatterer as is the solute in solid so-
lution. The electrical resistivity of 3004 aluminum alloys de-
pends mainly on the manganese solid solution concentration
(Ref 9, 10). The stress-strain characteristics were determined at
room temperature at a constant crosshead speed of 1.3 mm/min
using a screw-driven Instron machine in a uniaxial tension
mode. Following recrystallization for 24 h, all of the samples
were cold rolled to 45% reduction in thickness. The samples
with a thickness of 0.33 mm were baked at 210 °C for 10 to 20
min, deep drawn, and the earing percentage of the cups was cal-
culated using the following formula:

(H, - H,) x 100
% earing = —2——Y\—r

(H,+H,)?2

where Hp is the distance between the bottom of the cup and the
peak of ear, and H, is the distance between the bottom of the
cup and the valley of the ear.

In the second fabricating schedule, conditions E1 to E4 were
produced (Fig. 2ato d). In condition E1 (Fig. 2a), the magnified
factor is the time of recrystallization anneal, 168 h. The E2 con-
dition resembles the E1 condition, except for the rolling sched-
ule, where a 95% cold work prior to recrystallization and a final
45% cold work were changed to 80 and 85%, respectively (Fig.

Mn Mg Si Fe Zn

Compeosition, wt %

Cr Ti Ni Pb Sn

1.05 1.04 0.25 0.43 <0.10

<0.05 <0.05 <0.05 <0.05 <0.05
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2b). The E3 condition resembles the E2 condition, except for a
higher homogenization anneal of 599 °C instead of 510 °C
(Fig. 2c). In the E4 condition, the magnified factors are a high-
temperature homogenization anneal, 599 °C, and an extended
recrystallization annealing time, 240 h (Fig. 2d). All of the E1l
to E4 conditions were cold worked along the longitudinal di-
rection.

4. Results and Discussion

All of the thermomechanical processes were composed of
four steps: a homogenization treatment, recrystallization (cold
working and annealing), and a final cold work.

4.1 Effect of Homogenization and Rolling Mode

The independent variables in the first fabricating schedule
are the homogenization temperature (510, 565, and 621 °C)
and the rolling mode (0° or 90° to the as-cast rolling direction)
(Fig. 1). The dependent variables are the percentage earing and
the mechanical strength of the final rolled sheet.

The degree of the solute supersaturation change, as deter-
mined by measuring electrical resistivity, after different ho-
mogenization treatments and two rolling modes is shown in
Table 2. The supersaturation level appears to be independent of
the rolling mode. Solute supersaturation in solid solution in-
creases with increasing homogenization temperature, being the
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Table2 Effect of processing on electrical resistivity of strip cast type 3004 aluminum alloy+

Electrical resistivity, pQ - cm

Processing Longitudinal rolling Transverse rolling
As-cast + 90% cold work 6.53

As-cast + 510 °C for24 h + 95% cold work 4.39(a) 4.48(b)
As-cast +510°C for24 h + 426 °C for 24 h + 95% cold work 4.19(c) 4.18(d)
As-cast + 565 °C for 24 h + 95% cold work 4.94(e) 4.80(f)
As-cast + 565 °C for 24 h + 426 °C + 95% cold work 4.60(g) 4.80(h)
As-cast + 621 °C for24 h + 95% cold work 5.22(3) 5.04()
As-cast + 621 °Cfor24 h + 426 °C for 24 h + 95% cold work 4.87(k) 4.94(j)

Note: All homogenization treatments were carried out for 24 h, (a) Condition Ia. (b) Condition IVa. (c) Condition Ib. (d) Condition IVb. (e) Condition Ia. (f)
Condition Va. (g) Condition IIb. (h) Condition Vb. (i) Condition Illa. (j) Condition VTa. (k) Condition ITIb. (1) Condition VIb
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Fig.3 Superficial hardness and electrical resistivity changes versus annealing time
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Jowest at 4.39 pQ - cm at 510 °C and the highest at 5.22 uQ -
cm at 621 °C. Also, supersaturation decreases with a double ho-
mogenization step as compared to a single homogenization
step. For example, the electrical resistivity after a homogeniza-
tion of 510 °C was 4.39 pQ - cm and dropped to 4.194€Q - cm
after 510 °C followed by a 426 °C treatment. These results are
in accord with the work of Li et al. (Ref 11), who indicated that,
in the high temperature homogenization step (607 °C for 6 h)
and in the double homogenization steps (607 °C for 6 h + 454
°C for 6 h), globurization and break up of the intermetallic eu-
tectics occurred, whereas in the low-temperature homogeniza-
tion step (454 °C for 6 h) the intermetallic particles were not
affected and loss of solute supersaturation was attributed to
solid-state precipitation of Al¢(Mn,Fe) and AlMn. The soften-
ing behavior of the high-temperature homogenization step and
the double homogenization steps was rapid compared to the
low-temperature homogenization step (Ref 11). In this study,
however, the different homogenization temperatures with dif-
ferent initial degrees of solute supersaturation levels did not ex-

hibit any effect on softening behavior. The decomposition be-
havior and softening characteristics of conditions Ia to VIb are
shown in Fig. 3, where the materials in all of the conditions
were fully recrystallized after 1 h of annealing at 454 °C, re-
gardless of a low level of dynamic precipitation (conditions Ia,
Ib, I'Va, and IVb), a medium level of dynamic precipitation ac-
companying recrystallization (conditions Ila, IIb, Va, and Vb),
or a relatively high dynamic precipitation level (conditions
IIa, IITb, VIa, and VIb). The same result is confirmed in Fig. 4,
where the yield stress (0.2% offset) and the ultimate stress rap-
idly drop to 68.9 MPa (10 ksi) and around 151.6 to 172.3 MPa
(22 to 25 ksi), respectively, in about 1 h.

The discrepancy in the kinetics of softening between Li et al
(Ref 11) and this study can be explained by the Hornbogen-
Koster-Stuwe (HKS) model (Ref 12). In this model, the interac-
tion of precipitation and recrystallization depends on the
temperature. At high temperatures, recrystallization precedes
precipitation. At intermediate temperatures, interference be-
tween both phenomena occurs, and at lower temperatures, pre-
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Fig.4 Yield stress and ultimate tensile stress changes versus annealing time. 1 ksi = 6.89 MPa
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Fig.5 Grain structure and particle structure of type 3004 aluminum alloy at two magnifications. Both images are in Condition I, as ho-
mogenized.

cipitation precedes recrystallization. In this study, the high-
temperature recrystallization anneal of 454 °C caused recrys-
tallization to precede precipitation, and the initial particle
structure and solute supersaturation level prior to annealing did
not interfere with the completion of recrystallization.

The grain sizes of the initial homogenized states, conditions
Ia to VIb, are between 45 and 60 pm, with a progressive in-
crease of 5 to 10 um from a single to a double homogenization
treatment. However, the average recrystallization grain sizes of
all conditions after 95% cold work and 454 °C/24 h were 10 to
15 pm without any significant or consistent variations relating
to the initial homogenization. The grain structure was uniform
and equiaxed. In Fig. 5, the grain structure and particle struc-
ture of condition I as homogenized is shown. The intermetallic
eutectic cast structure, mainly Alg (Mn,Fe) and Al;, (Mn,Fe);
Si, particles are dispersed, coarsened, and globurized. In Fig. 6,
the grain and particle structure of condition I as recrystallized is
shown. The recrystallized grains are fine, and precipitation of
fine dispersoids has occurred.

All materials from conditions Ia to VIb were finally rolled to
the H19 temper (Fig. 1), where cups were drawn and their me-
chanical strengths were evaluated. The range of values for me-
chanical strength and earing level specified by the beverage
can manufacturers for 3004 aluminum alloy is given in Table 3.
Table 4 shows the almost identical mechanical properties of the
final rolled sheet of conditions Ia to VIb. The ultimate strength
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Table3 Strength and earing specifications of alloy 3004
used for beverage can manufacture

Ultimate tensile strength, ksi 39-43
Yield strength (0.2% offset), ksi 36-41
Total elongation, % 1-2
Earing level Less than 3%

Note: 1 ksi = 6.89 MPa

and yield strength fell below the minimum requirement by
about 20%, but the total percent elongation requirement was
met. The low values of the ultimate and yield strength of the fi-
nal rolled sheet indicate that the 45% reduction in thickness is
not sufficient to completely eliminate the recrystallized struc-
ture. The microstructure of all of the final rolled sheet revealed
a retained recrystallized microstructure. For example, in Fig. 7,
where the grain and particle structure of a sample from condi-
tion I in the H19 temper is shown, the grain boundaries are dis-
tinct. The average grain size for conditions [a to VIb were in the
range of 25 to 30 um in length and 10 to 15 um in width, with-
out consistent variations between conditions.

The sheet was subsequently baked, and cups were drawn.
The deep drawing characteristics of condition Ia to VIb, with a
low earing level less than 3% but with a high fracture percent-
age (indicating mechanical embrittlement), are shown in Table

Volume 4(3) June 1995—351



Fig. 6 Grain structure and particle structure of type 3004 aluminum alloy at two magnifications. Both images are in Condition I, as recrys-

tallized (454 °C/24 h) after 95% cold work.

Table4 Mechanical properties of final rolled sheet

Ultimate tensile  Yield strength  Total elongation,

strength,

Condition ksi (0.2% offset), ksi T

Ia 35 324 1.5
b 33.5 32.1 1.5
Oa 34.8 33.1 1.2
TI(b) 33.0 31.0 1.6
I(a) 35.0 33.0 1.4
OIb) 336 31.8 1.1
IV(a) 34.8 33.0 1.3
IV(b) 34.5 31.7 1.8
V(a) 33.1 314 1.2
V(b) 334 323 2.3
Vi(a) 349 335 2.9
Vi) 33.8,32.1 2.1

Note: 1 ksi = 6.89 MPa

5. From the drawn cups, it can be noted that low-temperature
homogenization does not favor a lower percentage of earing as
compared to a higher temperature homogenization (compare Ia
versus IIla, Ib versus IIIB, and IVa versus VIa). This result is
not in accord with the observations of other studies (Ref 13,
14).
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It is well established that the recrystallization behavior of
the material has a profound effect with regard to controlling its
subsequent earing behavior (Ref 11, 15, 16). In this study, al-
though the homogenization (preheating) treatments varied sys-
tematically from 510 to ~621 °C, including single and double
homogenization steps, the subsequent high-temperature re-
crystallization anneal of 454 °C virtually rendered all of the re-
crystallized sheet almost identical in grain structure and
mechanical strength. Accordingly, when the sheet was rolled
and deep drawn, the earing percentage was almost identical re-
gardless of the initial homogenization step or rolling mode.

The embrittlement of the finally rolled sheet might have
been caused by the formation of a large volume fraction of fine
dispersoids during the recrystallization anneal (Fig. 3).

4.2 Effect of Extended Recrystallization and Extent of
Deformation

Conditions E1 to E4 were processed to magnify one or more
of the four processes: homogenization, cold work plus anneal
(recrystallization), and final cold work to determine the con-
trolling factor on the dependent variables, namely percentage
earing and mechanical strength. The mechanical properties of
the final rolled sheet are shown in Table 6, and the deep drawing
characteristics are shown in Table 7.

Journal of Materials Engineering and Performance



Fig.7 Grain and particle structure of condition I as finally rolled (45% cold work) to 0.33 mm

Table5 Deep drawing characteristics of conditions Ia to
VIb

Percent earing of Fracture Average percent
Condition drawn cups(a) percent(b) earing(a)
Ia 1.6 75 1.6
(3 outof 4)
Ib 2.3 40 22
23 (2 out of 5)
2.1
fia 100 Fracture
(1outof1)
IIb . 100 Fracture
(3 outof 3)
Ma 1.4 0 1.4
1.4 (O out of 2)
b 1.7 75 1.7
(3outof 4)
IVa 2.1 0 21
2.1 (O outof 2)
IVb 1.5 0 1.6
1.7 {Boutof2)
Va .o 100 Fracture
(3 outof 3)
Vb e 100 Fracture
(2 outof 2)
Via 1.6 0 1.5
1.4 (0 out of 2)
Vib . 100 Fracture
(2 out of 2)

(a) All ears were at 45% to the rolling direction. (b) Number of fractured
cups out of the total trials

Journal of Materials Engineering and Performance

In E1, a low-temperature single homogenization step at 510
°C, the magnified factor was the long time during the recrystal-
lization anneal (Fig. 2a). The ultimate strength and yield
strength were lower than all of the corresponding strengths in
conditions Ia to VIb due to the longer time of the recrystalliza-
tion anneal. The percentage earing (1.4%) was equivalent to
those obtained in conditions la, IIla, and VIa, and the total per-
cent elongation was not significantly high (1.7%).

Condition E2 was similar to condition E1, except for chang-
ing the rolling schedule, which was used in all previous condi-
tions. In conditions Ia to VIb and El, the final cold work was
kept to a minimum (45% reduction in thickness) to minimize
the effect of the deformation texture components in promoting
45° ears. However, the mechanical strength always fell below
the minimum requirements (Table 3). In E2, the cold work prior
to recrystallization was decreased from 95% to 80%, and the fi-
nal cold work was increased from 45% to 85%. Although the
mechanical strength was above the minimum requirements
(Table 3), the earing percentage increased to 5.6%.

In condition E3, which is similar to condition E2 except for
increasing the homogenization temperature from 510 to 599
°C, the mechanical strength was above the minimum require-
ment, and the percentage earing dropped slightly from 5.6% in
E2 to 5.0% in E3. This result again indicates that, contradictory
to other studies (Ref 13, 14), a low-temperature homogeniza-
tion does not favor a lower percentage of earing compared to a
higher temperature homogenization. This confirms that the
high-temperature recrystallization anneal of 454 °C resulted in
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Fig.8 The grain structure of E1 as recrystallized

Table6 Mechanical properties of final rolled sheet

Ultimate Yield strength  Total elongation,
strength,

Condition ksi (0.2% offset), ksi %

El 309 29.5 39.1

E2 41.5 39.1 2.4

E3 43.5 40.2 1.9

E4 321 30.8 1.7

Note: 1 ksi = 6.89 MPa

conditions E2 and E3 having almost identical recrystallization
behavior, mechanical strength, and subsequent earing behavior
regardless of the initial homogenization step.

In conditions E4, the cold work schedule was again similar
to conditions Ia to VIb and to condition E1 in that the final cold
work was 45% reduction in thickness. The magnified factors
were a high-temperature homogenization step (599 °C) and an
overextended time (240 h) during the recrystallization anneal.
The mechanical strength together with the ductility were infe-
rior to E2 and E3; however, the percentage of earing dropped to
less than 2%.

The grain structure of conditions E1 to E4 after recrystalli-
zation at 454 °C for 168 h (E1 to E3) and 240 h (E4) were simi-
lar, with an average grain size of 30 pm, although some grains
extended to over 100 pm (Fig. 8 and 9). In conditions E1 and
E4, where a 45% final cold work was given, similar to condi-
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Table7 Deep drawing characteristics of conditions E1 to
E4

Percent earing of Fracture Average percent
Condition drawn cups(a) percent(b) earing(a)
El 1.4 67 1.4
(2 outof 3)
E2 5.4 0 5.6
5.7 (0 outof 2)
E3 45 5.1 33 5.0
5.1 5.1 (2 out of 6)
E4 1.8 67 1.8
(2 out of 3)

(a) All ears were at 45° to the rolling direction. (b) Number of fractured
cups out of the total trials

tions Ia to VIb, a retained recrystallized microstructure oc-
curred. In conditions E2 and E3, where 85% final cold work
was given, the recrystallized microstructure was completely
smeared off (Fig. 10).

In conditions Ia to VIb, the recrystallized grain structure
was homogeneous, with an average size of 10 to 15 um (95%
cold work + 454 °C/24 h). In conditions E1 and E4 (95% cold
work + 454 °C/168 h and 240 h, respectively), the recrystal-
lized grain structure was inhomogeneous, with some large
grains (>100 pm) and with an average grain size of 30 um.
However, all of these conditions after the final roll (45% cold
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Fig.9 Grain and particle structure of E3 as recrystallized

work) had a similar earing percentage; compare Table 5 and 7.
This implies that doubling (or more) of the recrystallized grain
size prior to the final roll did not promote the cube component
and lower the 45° earing behavior.

Similar to the first fabricating schedule, a high fracture per-
centage of the drawn cups occurred (Table 7) due to the forma-
tion of a large volume fraction of fine dispersoids during the
extended recrystallization annealing time. The electrical resis-
tivity of E1, E2, E3, and E4 after the extended recrystallization
anneals were 3.99, 3.87, 3.92, and 4.22 uQ - cm, respectively,
indicating a further drop inn solute supersaturation content.

5. Summary and Conclusions

In the first fabricating schedule, 12 thermomechanical treat-
ments were carried out on the strip cast type 3004 aluminum al-
loy, where the homogenization (preheating) treatments were
‘varied systematically from a low temperature of 510 °C to a
high temperature of 621 °C, including single and double ho-
mogenization steps (Table 2). In this alloy system, homogeni-
zation between 510 and 621 °C provides the requirements for
rapid nucleation and growth of recrystallized grains. These re-
quirements are (1) the reduction in solute supersaturation con-
tent, (2) reduction of impurity microsegregation effects, and (3)
the break up and coarsening of the intermetallic particles,
which in turn are potent sites for nucleation of recrystallization
nuclei. The subsequent high-temperature recrystallization an-
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neal of 454 °C, after 95% cold work, was the controlling factor
in the sense that the recrystallization kinetics, the recrystallized
grain structure, recrystallized grain size, and mechanical
strength of all the conditions were virtually the same regardless
of the initial homogenization step, rolling mode, or dynamic
precipitation effects. Accordingly, the mechanical strength and
mechanical anisotropy (earing) of all of the conditions after the
final cold roll were almost identical.

In the second fabricating schedule, the above-mentioned
controlling factor of the high-temperature recrystallization an-
neal is confirmed, where conditions E1 and E4 on the one hand
(454 °C, after 95% cold work) and condition E2 and E3 on the
other hand (454 °C, after 80% cold work) had similar mechani-
cal strength and mechanical anisotropy (earing) based on the
recrystallization anneal regardless of the initial homogeniza-
tion step.

From the resulis of this study, the following conclusions are
drawn. A single-step homogenization between 510 and 621 °C
or a double-step homogenization of these temperatures fol-
lowed by 426 °C produces virtually the same effect on the me-
chanical strength and mechanical anisotropy (earing) if they
are followed by a large deformation (80 to 95% cold work) and
a high-temperature recrystallization anneal. The earing behav-
ior obtained was less than 3% and in some instances less than
1.5%. The total percent elongation was within the acceptable
limits. However, the strength parameters (yield strength and ul-
timate strength) were about 20% less than the acceptable pa-
rameters.
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Fig. 10 The grain and particle structure of E3 as finally rolled to 0.33 mm

Conditions (E1 to E4) indicated that a minimum amount of
cold work greater than 45% is needed in the final roll to impart
the acceptable desired strength levels. Conditions (E1 to E4)
also indicated that grain growth of recrystallized grains prior to
the final roll does not promote the cube component and reduce
the 45° earing behavior in the strip cast type 3004 aluminum al-
loy. Embrittlement of the finally rolled sheet might have been
caused by the formation of a large volume fraction of fine dis-
persoids during the extended recrystallization anneals.
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