
Abstract The formability of continuous cast 5052

alloy thin sheets from two different process schedules

was examined. One was prepared in the laboratory by

cold-rolling from a continuous cast thick plate followed

by annealing (lab-processed sheet), and the other was

produced by a new process involving hot-rolling

followed immediately by in-line annealing (in-line

annealed sheet). Tensile test results indicate that all

the lab-processed sheets exhibit evident yield behavior.

Increasing rolling reduction results in an increase of

strength and a decrease of ductility in the lab-pro-

cessed sheets due to increasing contribution of cen-

terline segregation of second-phase particles. Both the

lab-processed sheets annealed at 400 �C for 90 min and

the in-line annealed sheets exhibit tensile elongation of

more than 20% and two-stage strain hardening

behavior. Compared with the lab-processed sheets, the

in-line annealed sheet annealed at 454 �C has higher

values of UTS and elongation. Furthermore, forming

limit curves were determined. It is found that the level

of the forming limit curve of the lab-processed thin

sheet is lower than that of conventionally produced

5052-O Al, but close to that of 6111-T4 Al sheet.

Moreover, the in-line annealed sheets have higher limit

strains than the lab-processed sheets. These results

demonstrate that the in-line annealing process results

in the production of continuous cast alloy sheet with

improved formability.

Introduction

The conventional production of aluminum sheet and

plate products by ingot metallurgy and rolling pro-

cesses involves multiple steps of hot- and cold-rolling

and annealing of large ingots [1]. In contrast, the pro-

duction of aluminum sheets, starting from continuous

cast slab, includes only hot-rolling, cold-rolling and an

optional final annealing [1]. Therefore, thin sheets

produced by continuous casting may have economic

advantage over conventionally produced thin sheets

due to shortening of the production chain and period

[2–4]. Furthermore, a new process involving hot-rolling

followed immediately by in-line annealing was devel-

oped for continuous cast alloy sheet recently. This

process has been expected to result in the production

of continuous cast alloy sheet with improved form-

ability at high levels of productivity, consistency and

quality. However, very limited work on the mechanical

property and formability of the continuous cast alloy

sheet has been carried out, particularly its forming

limit behavior under biaxial stretching condition.

A useful parameter for evaluation of biaxial forming

capabilities is forming limit curves used for determin-

ing the formability in sheet metal stamping process.

The forming limit curve defines the maximum strain

before the onset of a neck or a tear in the sheet and is
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expressed in terms of maximum tensile strain as a

function of minor strain in the sheet surface [5–7]. The

forming limit curves have proved very useful in diag-

nosing actual and potential problems in sheet forming

[8], and have been widely applied to evaluate the

formability of various aluminum and steel sheets [7, 9–

11].

In this study, the mechanical properties and forming

limit curves of continuous cast 5052 alloy sheets were

evaluated and compared with data of conventionally

produced aluminum sheets. The thin sheets were pre-

pared from two different process schedules. One was

fabricated by cold-rolling using several rolling passes

from a 3.2 mm thick plate received from continuous

cast and hot-rolled condition, and then the cold-rolled

sheets were annealed prior to tests. This sheet is

referred to as the lab-processed sheet. The other was

produced by the developed process involving continu-

ous casting and hot-rolling followed immediately by

in-line annealing, and this sheet is noted as the in-line

annealed sheet in this paper. The microstructures of

the lab-processed sheets were examined to illustrate

the effect of cold-rolling on the mechanical property

and formability.

Experimental procedure

To produce thin sheets (lab-processed sheet), the

continuous cast 5052 plate with thickness of 3.2 mm

was first cold-rolled to sheets with two different

thickness: 0.8 and 1.6 mm. Then, to determine the

appropriate annealing condition for the O temper, the

cold-rolled sheet with thickness of 0.8 mm was an-

nealed at 350, 400 and 450 �C for 90 min, respectively,

and air-cooled. All the cold-rolled sheets for tensile

tests and punch tests were annealed at this appropriate

annealing condition. The in-line annealed sheet with

thickness of 2.0 mm was produced by hot-rolling pro-

cess followed immediately by in-line annealing. To

determine the optimum annealing condition, the in-

line annealing temperatures were selected as 343, 371,

413 and 454�C.

Tensile specimens of size ASTM E8 (g.l. = 50.8 mm)

were cut from the lab-processed sheets and the in-line

annealed sheets. All tensile tests were performed on a

5505 Instron testing machine with crosshead velocity of

1 mm/min and an extensometer of size 50.8 mm. For

microstructural examination, the lab-processed sheet

specimens were aged at 160 �C for 15 h to cause pre-

cipitation to decorate the grain boundaries, and then

polished and etched in the Keller’s reagent. The grain

length and thickness were determined by a linear

intercept method.

To construct forming limit curve, four rectangular

sheet specimens were deformed over a hemispherical

punch. Specimen widths and lubrication were varied to

obtain different strain paths. Two specimens were the

same width (127 · 127 mm), and the other two speci-

mens were 127 · 114 mm and 127 · 51 mm, respec-

tively. To measure and calculate the principal strains,

all specimens were electrochemically etched with circle

grids of diameter of 2.54 mm. The punch tests were

conducted by using dry (no lube) sheets on three of the

samples, and using rubber and oil between punch and

specimen for one of the 127 · 127 mm size sample.

The punch tests were conducted on an apparatus,

which was mounted on an Instron-1116 testing machine

with 250 kN capacity. The diameters of the hemi-

spherical steel punch and the circular die opening are

101.6 and 110.1 mm, respectively. The sheet was firmly

clamped between the die plate using blank holding

pressure, and the punch was moved to press against the

sheet causing it plastically deform until it failed. The

displacement rate of punch was kept constant at

0.02 mm/s and the punch load was monitored in order

to stop the test at the point of necking or a small crack

(indicated by load drop).

After punch tests, the deformed circles in the

vicinity of failure were read by precision digital

microscopy method. First, the deformed circles were

replicated on flat paper. Then, they were photographed

by digital camera connected to a computer. The

deformed circle sizes (along the major and minor axes)

were measured from the digital picture. At last, the

major strain and minor strain were calculated and

plotted to construct a forming limit curve.

Results and discussion

Microstructure of the lab-processed sheet

The microstructures of sheet cross-sections containing

the thickness direction and the rolling direction of

specimens with thickness of 0.8 and 1.6 mm, from the

center region and the near-surface region of specimens

are shown in Figs. 1 and 2. The grains are severely

elongated along the rolling direction for all the speci-

mens, which characterizes typical deformation grain

structures of aluminum alloys [1]. Two kinds of second-

phase particles are dispersed in the Al matrix. The fine

particles were precipitated during the aging treat-

ment and the coarse ones were initially formed during
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continuous casting. The coarse second-phase particles

have been identified as Al–Fe–Mn phase in the same

continuous cast 5052 alloy in previous research [1].

Furthermore, it can be found that there are more

coarse particles in the center region than in the near-

surface region of the specimens. The difference in

number of particles is caused by centerline segregation

formed during continuous casting as a result of inten-

sive segregation of alloying elements in the plate center

plane [2]. It can also be found that there are more

coarse particles in the 0.8 mm thick lab-processed

sheet than in the 1.6 mm thick lab-processed sheet,

indicating that the centerline segregation of the sec-

ond-phase particles is aggravated with increasing the

rolling reduction. It is believed that this difference is

due to the movement of the particles toward the cen-

terline plane with the flow of matrix during plastic

deformation in cold-rolling. This is consistent with

previous finding that a banded constituent particle

structure along the rolling direction is found in the

continuous cast 5052 alloy sheet after 90% cold-rolling

[1]. The centerline segregation may influence the

mechanical property and formability of the lab-pro-

cessed sheets with different thickness, which will be

discussed in Sect. Microstructure of the lab-processed

sheet and Sect. Mechanical Behavior, in detail.

Another noticeable difference between the micro-

structures in the center region and in the near-surface

region of the specimens is grain size. The grains in the

near-surface region are finer than those in the center

region. For example, for the 0.8 mm thick lab-pro-

cessed sheet, the average length (dl) and average

thickness (dt) of the elongated grains in the near-sur-

face region are 10 and 1.3 lm, respectively, whereas

the corresponding values in the center region are 13

and 1.8 lm, respectively. Moreover, the grains in the

sheet of 0.8 mm are somewhat finer than those in the

sheet of 1.6 mm by comparing the average length and

average thickness of the grains in the same locations of

the two specimens. This is also consistent with previous

finding that the grain size decreases with increasing

cold-rolling reduction [1].

Mechanical behavior

Figure 3 shows plots of engineering stress versus

engineering strain for the lab-processed sheets and the

in-line annealed sheets annealed at different tempera-

tures. The mechanical properties for all the investi-

gated sheets and 5052-O sheet produced by

conventional method are summarized in Tables 1 and

2 [12, 13]. All the curves of engineering stress versus

strain exhibit serrated flow, which is a reflection of

dynamic strengthening of Portevin–Le Chatelier effect

[11]. The lab-processed sheet annealed at 400 �C for

90 min has the best ductility, as indicated by the largest

engineering strain at fracture (Fig. 3a) and elongation

(Table 1). For determination of the forming limit

Fig. 1 Microstructure in the
thickness direction of the
lab-processed sheet with
thickness of 0.8 mm, annealed
at 400 �C for 90 min and aged
at 160 �C for 15 h.
(a) Microstructure in the
center region, (dl = 13 lm,
dt = 1.8 lm),
(b) microstructure in the
near-surface region
(dl = 10 lm, dt = 1.3 lm)

Fig. 2 Microstructure in the
thickness direction of the
lab-processed sheet with
thickness of 1.6 mm, annealed
at 400 �C for 90 min and aged
at 160 �C for 15 h
(a) Microstructure in the
center region, (dl = 20 lm,
dt = 2.0 lm),
(b) microstructure in the
near-surface region
(dl = 18 lm, dt = 1.5 lm)
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curve, all the lab-processed sheet specimens were

subjected to the annealing at 400 �C for 90 min.

Compared with the lab-processed sheets, the in-line

annealed sheets do not have evident yield points

(Fig. 3b). The sheet annealed at 454 �C exhibits larger

engineering strain at fracture (or elongation in

Table 2) than other sheets (Fig. 3b).

The logarithmic curves of true stress versus true

strain for the lab-processed sheets and the in-line

annealed sheets have been plotted, and the lab-pro-

cessed sheet annealed at 400 �C for 90 min and the in-

line annealed sheet annealed at 454 �C are typically

shown in Fig. 4. From the slope of the best linear fit

through the plot of true stress and strain, the values of

strain-hardening exponent n and strength coefficient K

can be determined. It is found that all of these sheets

exhibit two-stage strain hardening behavior i.e. the

terminal values of the strain-hardening exponent, n2,

are substantially less than the earlier constant values,

n1, in all plots. As shown in Fig. 4a, a constant value of

n (n1 = 0.338) for the lab-processed sheet can be

determined from early part of the curve, whereas a

smaller n (n2 = 0.192) can be obtained on the basis of

the last portion of the stress–strain data prior to max-

imum load. The strength coefficient K1 and K2 corre-

sponding to n1 and n2 are 517.9 and 362.0 MPa,

respectively. For the in-line annealed sheet annealed at

454 �C (Fig. 4b), n1 and K1 are 0.300 and 417.2 MPa,

respectively, n2 and K2 are 0.228 and 359.2 MPa,

respectively. Furthermore, it can be found that the n2-

values are much closer to the uniform strains than the

n1-values. For example, the uniform strain for the

0.8 mm thick lab-processed sheet is about 0.192

(Fig. 3a), equal to the n2-value of 0.192, while much

smaller than the n1-value of 0.338. Clearly this terminal

n value, designated as n2, is related to maximum load

condition and becomes equal to uniform strain, and

thus marks the onset of diffuse necking [14]. One

possible mechanism for this drop in n immediately

prior to the maximum load is the ease of cross slip

leading to an exhaustion of strain hardening [15]. From

Tables 1 and 2, it can also be found that the n2-values

are closer to the values of the total elongation. These

results indicate that the specimen failed at the strain

slightly higher than that at the onset of diffuse neck, i.e.

almost all the total elongation comes from the uniform

strain. In addition, the in-line annealed sheet annealed

at 454 �C exhibits the largest value of n2, indicating

that this sheet experienced more uniform deformation

during tensile tests.

From Table 1, the sheets obtained from continuous

cast product appear to have somewhat higher strength

and slightly lower elongation compared with the con-

Fig. 3 Nominal stress–
nominal strain curves for
continuous cast 5052 alloy
sheets. (a) Lab-processed
sheet, (b) in-line annealed
sheet

Table 1 Mechanical properties of the lab-processed sheets and
conventionally produced 5052-O Al sheet

Material YS
(MPa)

UTS
(MPa)

El
(%)

n1 K1

(MPa)
n2 K2

(MPa)

Conventional
5052-O sheet

90 193 25 0.28

Lab-processed
sheet (1.6 mm)

102.1 215.1 21.1 0.312 455 0.2 358

Lab-processed
sheet (0.8 mm)

97.9 217.3 20 0.338 517.9 0.192 362

Table 2 Mechanical
properties of the in-line
annealed sheets with
thickness of 2.0 mm

In-line annealing
temperature

YS (MPa) UTS (MPa) El (%) n1 K1 (MPa) n2 K2 (MPa)

343 �C 94.4 249.8 20 0.312 454.4 0.191 344.4
371 �C 95.8 251.1 20.7 0.303 444.8 0.204 351.8
413 �C 88.9 238.3 20.9 0.296 417.2 0.21 337.1
454 �C 90.3 250 23.2 0.3 417.2 0.228 359.2
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ventional 5052-O Al sheet. It can also be found that the

0.8 mm thick lab-processed sheet has higher ultimate

tensile strength (UTS) and strength coefficient K, and

lower tensile elongation and n2-value than the 1.6 mm

thick lab-processed sheet, which means that the

strength increases and the ductility decreases with

increasing rolling reduction. This may be related to the

presence of segregation along the centerline of the

continuous cast plate. The second-phase particles seg-

regated along the centerline plane may cause

strengthening [8]. The strengthening in thin sheet rol-

led from the continuous cast plate is increased to a

greater extent than that in the thick sheet. On the other

hand, the centerline segregation of the second-phase

particles is aggravated with increasing rolling reduction

in the lab-processed sheets. Therefore, the contribution

of second-phase particles to sheet strengthening

increases with increasing rolling reduction. However,

the second-phase particles can initiate voids, and thus

results in earlier fracture, leading to a lower ductility.

This is demonstrated by the smaller post-uniform strain

in the 0.8 mm lab-processed sheet, as indicated by the

fact that the n2-value is much closer to the total elon-

gation (Table 1). Also, the grain refinement by cold-

rolling and annealing may give a contribution to the

increase of the strength. In addition, it is speculated

that the difference in mechanical properties between

the conventionally produced 5052-O sheet and the

continuous cast 5052 sheet is also due to the centerline

segregation of the second-phase particles.

From Table 2, it is evident that with increasing the

annealing temperature for the in-line annealed sheets,

the elongation and n2-value increase, whereas the

strength properties exhibit less change. As a result, the

sample annealed at 454 �C exhibits a good combina-

tion of strength and ductility. These results indicate

that the in-line annealing temperature of 454 �C is the

optimum annealing condition for good mechanical

properties. Compared with the lab-processed sheets,

the in-line annealed sheet annealed at 454 �C exhibits

higher UTS and elongation, and lower yield strength.

Determination of forming limit curves

During punch stretch testing, cracks initiate at the

region where the strain is largest, and propagate to

fracture. Grid circles near the middle of crack reach to

the highest strain and are used to construct a forming

limit curve as failed circles. The necking circles are

selected on opposite side of the crack in the deformed

specimens where incipient necking is observed.

Figure 5 shows how to obtain a datum from the plot of

measured strains for constructing the FLC. In the plot,

the data from circles cut through by a crack are labeled

to be ‘‘fracture’’, and those from circles near necking

are labeled to be ‘‘neck’’, and others are ‘‘success’’.

The datum of the limit strain is obtained from the

Fig. 4 True stress–true strain
curves for continuous cast
5052 alloy sheets. (a) Lab-
processed sheet annealed at
400 �C for 90 min, (b) in-line
annealed sheet annealed at
454 �C

Fig. 5 A plot of measured strains for the lab-processed sheet
with thickness of 1.6 mm

592 J Mater Sci (2007) 42:588–594

123



middle of the acceptable data points (marked as

‘‘success’’) and the necked or fractured data points.

Furthermore, the FLC is drawn through fitting the four

data obtained from four tests by varying the lubrication

or reducing the specimen width as described in Sect.

Experimental procedure.

Figure 6 shows forming limit curves of the lab-pro-

cessed sheets, and sheets fabricated by conventional

method [16]. It is clear that the 1.6 mm thick lab-pro-

cessed sheets have higher limit strains than the 0.8 mm

thick lab-processed sheets. Thick sheets appear to

spread the neck over a larger region and fail at higher

limit strains. Moreover, material on the outside of

sheet during bending in punch stretch tests suffers

larger strains than that on the centerline of the sheet,

and thus, thicker layer of finer grains in the near-sur-

face region may also give a contribution to higher limit

strains of the 1.6 mm thick sheet specimens. On the

other hand, as in the uniaxial tensile tests, the voids

may initiate earlier during punch stretch testing due to

the presence of the second-phase particles toward the

center of the sheets [17]. The increasing contribution of

the second-phase particles on fracture in the thinner

sheet might also lead to lower limit strains of the lab-

processed thin sheet. From Fig. 6, the forming limit

curve of the 0.8 mm thick lab-processed sheet is lower

than that of conventionally produced 5052-O Al, and

close to that of 6111-T4 Al sheet, which is a standard

material in the automotive industry. However, the

0.8 mm thick lab-processed sheet has greater form-

ability under biaxial tension than the 6111-T4 Al sheet.

Therefore, it is expected that the sheet could be used in

automotive industry to minimize part cost.

Figure 7 shows forming limit curves of the in-line

annealed sheets. It can be found that when the minor

strains are less than 0, the limit strains increase with

increasing the annealing temperature. This may be

related to the higher n2-values, i.e. larger uniform

strains in uniaxial tensile tests, at higher annealing

temperatures (Table 2). However, the annealing

temperature has not significantly effect on the limit

strains under biaxial tension. In addition, compared

with the forming limit curves of the lab-processed

sheets in Fig. 6, all the in-line annealed sheets have

higher limit strains. For example, the minor strain

corresponding to plane strain for the in-line annealed

sheet annealed at 454 �C is about 33, which is higher

than that of 28 for the 1.6 mm thick lab-processed

sheets. These results demonstrate that the in-line

annealing heat treatment results in the production of

continuous cast alloy sheet with improved formability.

Conclusions

(1) The lab-processed sheets exhibit somewhat

inhomogeneous microstructures due to centerline

segregation of the second-phase particles. The

cold-rolling process aggravates the centerline

segregation, and refines the grain size with

annealing.

(2) All the lab-processed sheets show evident yield

behavior. The annealing heat treatment at 400 �C

for 90 min produces the best ductility in the lab-

processed sheet. Increasing rolling reduction

results in an increase of UTS and a decrease of

ductility due to increasing contribution of cen-

terline segregation of the second-phase particles.

For the in-line annealed sheets, increasing the

Fig. 6 Forming limit curves for the lab-processed sheets and
conventionally produced aluminum sheets Fig. 7 Forming limit curves for the in-line annealed sheets
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annealing temperature leads to an increase of

elongation and less change of strength properties.

The in-line annealed sheet annealed at 454 �C

exhibits a good combination of strength and

ductility.

(3) Both the lab-processed sheets and the in-line

annealed sheets exhibit two-stage strain harden-

ing behavior. The values of n2 are equal to the

uniform strains, and thus mark the onset of

diffuse necking. Increasing rolling reduction de-

creases the n2-value for the lab-processed sheets,

and the in-line annealing temperature of 454 �C

produces the largest n2-value.

(4) The 1.6 mm thick lab-processed sheets have

higher limit strains than the 0.8 mm thick lab-

processed sheets. The increasing contribution of

the second-phase particles on fracture in the

thinner sheet might give a contribution to the

lower limit strains. The level of the forming limit

curve of the 0.8 mm thick lab-processed sheet is

lower than that of conventionally produced 5052-

O Al, and close to that of 6111-T4 Al sheet, but

excellent formability is recorded under biaxial

tension. It is expected that the continuous cast

alloy sheets could be used in automotive industry.

(5) For the in-line annealed sheets, the levels of the

forming limit curves in the negative values of the

minor strain increase with increasing the anneal-

ing temperature. This is consistent with the in-

crease of the n2-value. However, the annealing

temperature has not significant effect on the lev-

els of the forming limit curves under biaxial ten-

sion. Compared with the lab-processed sheets, the

in-line annealed sheet annealed at 454 �C has

higher level of the forming limit curve besides its

higher values of UTS, elongation and n2. There-

fore, the in-line annealing process results in the

production of continuous cast alloy sheet with

improved formability.
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