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Microstructure, mechanical properties, and formability of 1030B Al strip
manufactured by ultrasound-assisted continuous casting direct rolling
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Abstract: The microstructure and properties of a 1030B Al strip were improved by applying ultrasonic melt treatment
(UMT) in a Hazelett continuous casting direct rolling production line. The microstructure and properties of the 1030B
Al strip were investigated by scanning electron microscopy, electron backscatter diffraction, and tensile testing.
Applying UMT reduced the average grain size of the as-cast sheet by more than 28.0% with respect to that of the
normal samples without UMT. When UMT was applied, the rolled strip inherited the refined grains from the as-cast
sheet with an average grain size smaller than 63.0 um. Meanwhile, the dislocation density was increased by the grain
refinement, dynamic recovery, and recrystallization during rolling. Accordingly, the strain-hardening rates of the rolled
samples after UMT were generally higher than those of the normal samples, and the strength of the rolled strip was also
improved. Furthermore, the rolled strip exhibited better formability with higher strain-hardening exponents and
Erichsen index values.

Key words: grain refinement; mechanical properties; formability; continuous casting direct rolling; ultrasonic melt
treatment; 1030B Al

strengthened by heat treatment [2—4]. Moreover, the

1 Introduction

Given the increasing demand to decrease
carbon emissions and to develop green processes in
the aluminum industry, near-net-shape technology
has attracted increasing attention worldwide. With
this technique, the billet is cast with a thickness as
close as possible to that of the final product, which
increases productivity and reduces resource
consumption and waste emissions [1]. Thus,
continuous cast rolling (CCR) or twin-roll casting
(TRC) is gradually replacing breakdown hot rolling
in the manufacturing of Al alloys that cannot be

stand-alone output of continuous casting direct
rolling (CCDR) is considerably higher than that of
CCR or TRC, and the range of alloys that can be
produced by CCDR has expanded considerably [5].
Therefore, the CCDR process has tremendous
potential for the production of wide Al sheets
(1320—2300 mm) for foils (1xxx, 3xxx, 4XXX, SXXX,
and 8xxx Al alloys), which are extensively used in
ships, air conditioners, and batteries [6,7]. However,
unlike steel plates produced by CCDR, the as-cast
Al slab from the continuous casting machine is
rolled directly by wusing its residual heat
without homogenization [8]. Consequently, the final
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rolled strip inherits casting defects such as coarse
grains, solute segregation, and the agglomeration of
intermetallics, which severely deteriorates its
mechanical properties and formability. Therefore,
technological innovations, especially in the
continuous casting stage, may improve the quality
of the final Al strip prepared via CCDR.

Al melt treatment during the continuous
casting stage is an effective method for suppressing
or eliminating microstructural defects from the
original slab. Owing to the large flux in a single Al
melt input, the launder and conticaster used in
CCDR are longer than those used in CCR or TRC,
thus increasing the difficulty of the melt treatment.
Typically, the addition of grain refiners, such as
Al-Ti—-B, and the application of physical fields,
such as electromagnetic and ultrasonic fields,
positively affect the melt solidification process
[9-11]. Among these methods, ultrasonic melt
treatment (UMT) is the easiest to implement in the
CCDR production line because of its adjustability
and mobility [12,13]. By taking advantage of the
nonlinear effects, namely cavitation and acoustic
streaming, generated by ultrasonic waves in an Al
melt, UMT has been successfully utilized in the
TRC process [14,15]. The application of ultrasound
with a power of 300 W and incident angle of 45° in
the roll casting of 1235 Al strips significantly
refined the grains [16]. In addition, the observable
centerline segregation and clear macroscale edge
cracks in a conventional TRC 1050 Al strip were
effectively suppressed by acoustic streaming and
the microjets caused by the collapse of cavitation
bubbles [15]. Similar effects were observed in
ultrasound-assisted TRC Mg-alloy strips; specifically,
the a-Mg grains were refined, and the intermetallic
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Fig. 1 Schematic of UMT-assisted Hazelett CCDR process
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Mgi7(AL,Zn),> and MgAlCeMn phases were modified
for the Mg—3wt.%Al-1%Zn—0.8%Ce—0.3%Mn alloy
during the ultrasound-assisted TRC process [17]. In
addition, UMT reduced the anisotropy of a TRC
AZ31B strip, and its mechanical properties were
improved owing to the refined grains and uniform
microstructure produced by UMT [18].

In the present study, a multiple-stage UMT
method was applied at key positions in a Hazelett
CCDR strip production line according to the melt
flow rate and volume. Based on the experimental
results, the effects of UMT on the microstructure,
mechanical properties, and formability of the
CCDR strip were investigated. The corresponding
mechanisms underlying the improvements in the
microstructure and properties of the strip were also
examined.

2 Experimental

2.1 Ultrasound-assisted Hazelett CCDR process
Schematic and field-test images of the
ultrasound-assisted Hazelett CCDR process are
shown in Fig. 1. The twin-belt caster was internally
cooled by water at temperatures of 25—30 °C and at
a flow rate of 16.5L/min. The UMT system
included a power-supply box and an ultrasonic rod
with a titanium sonotrode (50 mm in diameter)
driven by an air-cooled piezoelectric transducer
(~20kHz) at a working power of 2kW
(corresponding to a 20 um peak-to-peak amplitude).
First, the ultrasonic generators were turned on to
make the sonotrodes resonate in the air, and then,
the ultrasonic system was adjusted immediately
after immersing the sonotrodes into the Al melt to
ensure that it reached a steady state. In contrast with

Triplet hot rolling mills ﬁ{ﬁg‘:‘D
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a previous study [12], the insertion depth gradient
of the sonotrodes in the tundish was varied, with
insertion depths of 150 mm for the outer two
sonotrodes (#1 and #4) and 50 mm for the middle
two sonotrodes (#2 and #3). This was intended to
broaden the ultrasonic effect on the Al melt for
different liquid levels in the tundish. During
continuous casting, the Al-Ti—B refiner wire was
automatically fed into the Al melt with amount of
0.2 wt% (2kg/10°kg Al) at the outlet of the
smelting furnace. The as-cast sheet (without
homogenization) was then delivered into the rolling
mills by a pinch roll after the recirculation of the
cooling water spray. During rolling, the rollers were
cold, and the as-cast sheet was rolled utilizing its
own residual heat. After three rolling passes, the
rolled strip was curled into coils. The dimension of
the as-cast billet was 1980 mm (width) X 19 mm
(thickness), and that of the rolled strip was
1980 mm (width) x 3.8 mm (thickness). Both had a
chemical composition of Al—0.29Fe—0.16Mn—
0.14Si—0.05Ti—0.006Zn—0.003Cu—0.001Mg (wt.%).

2.2 Characterization

Figure 2 shows the sampling positions and
sample dimensions. For the microstructural
observations, squares with dimensions of 10 mm x
10 mm x 3.8 mm were sectioned from the edge, L/2,
and center of the strips. The samples were then
ground, mechanically polished, electropolished, and
anodized. The grain structure of the as-cast billet
was examined using an optical microscope
(OLYMPUS GXS51, Japan) under polarized light,
while that of the rolled strip was detected using
electron backscatter diffraction (EBSD, EVO
MAI10, Zeiss, Germany) with a step size of 0.9 pm
at an accelerating voltage of 15 kV. Tensile testing
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Fig. 2 Schematic showing sampling positions and sample
dimensions (unit: mm)

was conducted using an Instron® 3369 mechanical
testing machine at the ambient temperature with a
loading rate of 1 mm/min. The tensile test samples
were cut from strips along the rolling direction
(RD), at an orientation of 45° with respect to the
RD and along the transverse direction (TD, 90° to
the RD). For the formability test, blocks with
dimensions of 90 mm x 90 mm X 1 mm were cut
and punched using an Erichsen test machine at a
speed of 10 mm/min. All tests were repeated at least
twice for each strip.

3 Results

3.1 Microstructure

Figure 3 shows the grain structure at
representative positions in the as-cast sheet, and
Table 1 presents the corresponding average grain
size (AGS). Equiaxed grains can be observed in
both sheets, whereas the grains in the normal sheet
without UMT appear coarser than those in the sheet
prepared with UMT. The AGS was approximately
100.0 um for the normal sheet, with size of
(101.244.1) um at the edge, (103.345.3) um at L/2,
and (98.7+£2.9) um at the center. After UMT, the
AGS of the sheet was reduced to approximately
70.0 um, with the size of (67.8+£2.2) um at the edge,
(69.5£1.6) um at L/2, and (70.5£1.9) um at the
center. The grain-refinement efficiencies obtained at
these three positions following UMT were
calculated to be 33.0%, 32.7% and 28.6%,
respectively.

Figure 4 shows the grain morphology and AGS
of the rolled strips at the three representative
positions with and without UMT. The grains were
elongated along the RD in both strips, and some
subgrains appeared. At the edges of the two strips,
almost all the grains presented the (001) orientation
(marked in red) and (101) orientation (marked in
green). At L/2 of the strips, the number of
(001)-oriented grains decreased, and some of the
grains transformed into the (111) orientation. At the
center, most of the grains maintained the (001) and
(101) orientations, and these grains appear to have
replaced the (111)-oriented grains. The grain size
distributions (Figs. 4(g—1)) indicate that several
coarse grains larger than 100.0 pum were distributed
at the edges of both strips. However, at L/2 and the
center of the UMT strip, the proportion of grains
larger than 100.0 pm in the strip was reduced. In
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200 pm

Fig. 3 Grain structures of as-cast samples taken from edge without UMT (a), L/2 without UMT (b), center without
UMT (c), edge with UMT (d), L/2 with UMT (e), and center with UMT (f)

Table 1 AGS of as-cast sample (um)

Sample Edge L2 Center
Without UMT  101.2+4.1 103.3+5.3 98.7+2.9
With UMT 67.842.2  69.5£1.6  70.5+1.9

summary, based on the results in Fig. 4, the AGS
declined from (69.6+£2.4) to (62.2+2.1) um at the
edge, from (66.843.2) to (56.1+£2.7) um at L/2, and
from (61.9+1.9) to (56.7£2.3) um at the center after
UMT, with reduction rates of 10.6%, 16.0% and
8.4%, respectively.

Figure 5 shows the fractions of
recrystallization, high-angle grain boundaries
(HAGBs), and low-angle grain boundaries (LAGBs)
in the rolled samples. Because the as-cast sheet was
directly rolled using only its residual heat, and the
rolled strip was not heat-treated, dynamic recovery
(DRV) tended to occur in Al that possessed a high
stacking fault energy [19]. Furthermore, the
elongated deformed grains with a small number of
subgrains indicated the occurrence of dynamic
recrystallization (DRX) during rolling. Figure 5(b)
shows that more than 60% of the grain boundaries
in the rolled samples were LAGBEs, irrespective of
whether UMT was used, thus indicating limited
DRX during the rolling process [20]. This finding is
consistent with the fact that deformed structures and
substructures dominate the rolled samples. By
contrast, the rolled samples that underwent UMT
contained somewhat more subgrains, which

explains why the AGS was relatively small in these
samples.

Figure 6 illustrates the kernel average
misorientation (KAM) diagrams and corresponding
KAM values. The average KAM values for the
rolled samples subjected to UMT were marginally
higher than those of the samples without UMT. In
addition, the KAM value for the sample at L/2
without UMT was the lowest among those of all
samples. This indicates that the UMT samples
contained more dislocations in the matrix than the
normal samples, which may have promoted strain
hardening during plastic deformation [21].

3.2 Mechanical properties and formability

Figure 7 depicts the true stress—strain curves
recorded from the rolled strip samples during
tensile testing. The curves indicate that the ultimate
tensile strength (UTS) of the samples along the RD
(Fig. 7(a)) and TD (Fig. 7(c)) were generally higher
than that along the 45° direction (Fig. 7(b)). In
addition, for both rolled strips, the UTS of the
samples taken from the center were higher than
those of the edge and L/2 samples.

Figure 8 shows the strain-hardening rate
curves, which demonstrates that the strain-
hardening rates for the samples after UMT at the
initial stage were generally higher than those for the
normal samples in all directions, except for the
samples taken from the center along the RD and
at 45°. In addition, the strain-hardening rates of the
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Fig. 4 Grain morphology of rolled samples taken from edge without UMT (a), L/2 without UMT (b), center without
UMT (c), edge with UMT (d), L/2 with UMT (e) and center with UMT (f), and corresponding grain-size distributions

and AGS at edge (g), at L/2 (h) and at center (i)

Il Recrystallized ] Substructured HllDeformed
20

15

10

Fraction/%

Edge

L/2  Center Edge
Without UMT

L2 Center
With UMT

Z2 LAGBs  EYHAGBs
70 ®)
o1 000
50 H
X
‘\é 40 A §
230/
=
20 1
101
Edge L/2 Center Edge L/2 Center
Without UMT With UMT

Fig. 5 Fractions of recrystallized grains (a) and HAGBs and LAGBs (b) of rolled samples

samples along the RD were marginally higher, and
the rate decreased most rapidly along the direction
oriented at 45°, followed by those along the TD and
then the RD.

The strain-hardening behavior of the samples
was defined using the Hollomon equation [21]:

o=ke" (1)

where o, ¢, k and n represent the true stress, true
strain, strength coefficient and stain-hardening
exponent, respectively. The strain-hardening
exponent, n, can be obtained from the slope of the
logarithmic form of Eq. (1) via linear regression
fitting:

In o=In k+nlne

()
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Thus, based on the values of ¢ and ¢ in the
uniform plastic-deformation stage in the true stress—
strain curves, the n values of the samples were
determined from the fitted In o—In ¢ curves.

Table 2 summarizes the UTS, yield strength
(YS), elongation (EL) and n values of the rolled
samples obtained from different positions and
directions with and without UMT. After UMT, the
UTS and YS increased to values of >105 MPa
and >90 MPa, respectively, showing the greatest
improvement along the RD and TD. The EL values
did not change in the cases of the samples obtained
along the TD at all three positions. However, UMT
improved the EL values of the samples cut from the
L/2 and center regions along the RD and the
samples obtained at L/2 along the 45° direction.
Along the RD, UMT increased the UTS and YS by
9.5% and 15.8% at the edge, by 26.1% and 42.3%
at L/2, and by 3.2% and 2.3% at the center after
UMT, respectively. The average n values of the

samples obtained at the edge, L/2, and center of the
two strips were calculated using the relation of
Raverage=(MrRD 21450t n1D)/4 [22]. The Haverage values
were higher for the UMT strip than for the normal
strip and gradually decreased from the edge to the
center for both strips. At the edge and L/2, the n
values increased after UMT in the samples taken
along the same direction, except for the sample cut
from the edge along RD. However, UMT increased
the average n values for the samples obtained at all
representative positions, thus indicating improved
uniform plastic-deformation ability [23].

Figure 9 shows the fracture morphologies of
the tensile samples, wherein typical plastic-fracture
characteristics can be observed. However, the
fracture surfaces of the samples after UMT were
smoother than those of the normal samples. In
addition, the dimples were smaller and distributed
more uniformly in the UMT samples, whereas
shrinkage occurred in the normal samples. The
defects generated during casting were likely
inherited by the rolled strips during the
conventional CCDR process.

Table 2 UTS, YS, EL and » values of rolled samples obtained at different positions and directions without and with

UMT

Sample Direction UTS/MPa YS /MPa EL/% n Hayerage
RD 109.6+2.2 87.3:1.6 4.6£0.2 0.0980.012

i‘ﬁ? 45° 103.9+2.7 83.4+1.5 2.7+0.3 0.153:£0.020 0.138
TD 111.9:2.6 87.4+1.6 3,002 0.14620.018
RD 100.1£3.2 75.4+2.6 2.8+0.3 0.131:£0.019

Edge 45° 83.942.1 69.12.5 42402 0.081=0.011 0.107
D 92.742.2 64.6+2.6 3.5+0.3 0.133£0.017
RD 113.5+1.7 94.9+0.8 3.440.2 0.1340.017

éﬁT 45° 104.7+1.8 81.6:0.9 4.4:03 0.1200.015 0.113
TD 103.7+1.7 85.8+0.9 3.7£0.3 0.077:£0.009
RD 90.0+2.7 66.7+1.5 3.1£0.4 0.087::0.009

L2 45° 93.9+2.4 77.6+1.5 3.0£0.3 0.101£0.011 0.090
D 83.5:2.4 68.8+1.6 3.6+0.4 0.069:0.007
RD 114.723.1 97.9+0.9 2.8+0.3 0.143£0.012

CétheTr 45° 107.9+2.8 85.0+0.8 3.9+0.2 0.080:0.007 0.096
TD 109.6+2.9 92.3+0.8 2.8+03 0.082::0.007
RD 111,141 95.7+1.8 3.1£0.4 0.063£0.006

Center 45° 86.9+3.2 73.4+1.9 4.1:0.4 0.105:0.010 0.093
TD 95.6+3.1 77.5+1.8 2.9+0.3 0.0980.010
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Fig. 9 Fracture morphologies of tensile samples taken

from edge without UMT (a), L/2 without UMT (b), center

without UMT (c), edge with UMT (d), L/2 with UMT (e) and center with UMT (f)

Figure 10 shows the cupping curves and
macrophotographs of the samples after the Erichsen
tests. For the normal samples, the Erichsen index
(IE) values at room temperature were lower than
9.0 mm, with values of (7.5+0.1), (8.3+£0.2), and
(8.5+£0.3) mm for the samples obtained from the
edge, L/2, and center, respectively. After UMT, the
corresponding IE values increased to more than 9.0
mm, with values of (9.0£0.3) mm at the edge,
(9.4+0.2) mm at L/2, and (9.1+£0.2) mm at the
center.

4 Discussion
4.1 Effect of UMT on grain size

The aforementioned results indicate that UMT
positively affected the microstructure, mechanical

properties, and formability of the CCDR strip. In
the present study, UMT was simultaneously applied
in the launder and tundish. When ultrasound
propagates in the Al melt, nonlinear effects, such as
cavitation and acoustic streaming are generated,
which influence nucleation and solute diffusion
[14,24,25]. Cavitation bubbles typically form, grow,
and collapse during the alternation of negative and
positive acoustic pressures as the ultrasound
propagates. Local high temperatures (>5000 K),
high-energy shock waves exceeding 1000 MPa, and
microjets with speeds of approximately 100 m/s are
generated at the time of the collapse [26,27]. In this
case, mass transfer was accelerated, and the
agglomerated AI-Ti—B clusters could be broken
down under UMT conditions. Indeed, the AI-Ti—B
refiner in our previous study was distributed more
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Fig. 10 Cupping curves (a) and macrophotographs (b) of

samples after Erichsen test

uniformly after UMT, and a higher Ti content was
detected at the outlet of the filter box and tundish
[12]. This was probably because agglomerated
Al-Ti—B clusters were scattered by UMT, allowing
more dispersed Al-Ti—B particles to pass
successfully through the filter box and enter the
tundish. Subsequently, four-source UMT in the
tundish would fully stir the Al melt therein, thereby
dispersing the solutes and Al1-Ti—B refiners.

The minimum acoustic pressure that causes the
cavitation effect is called the cavitation threshold of
the liquid [28]. According to the formula of
I=1/2pc(2nf4)* [29], the acoustic intensity is
calculated to be 1994 W/cm? in the current study,
which is much higher than the theoretical cavitation
threshold (100 W/cm? in the Al melt) required to
produce cavitation in the Al melt [29]. For values
higher than the cavitation threshold under UMT
conditions, the relationship between the number of
nucleation sites and grain size can be expressed as
follows [30]:

DzAT, 1
+
v0 IS (AN,

where D, is the grain size, D is the diffusion
coefficient of the solute atoms, zAT, is the
additional undercooling required to stimulate the
next nucleation, v is the growth rate of a-Al grains,
Q is the growth restriction factor of the grains, fis
the fraction of heterogeneous particles required to
successfully nucleate a grain, 4 is the ultrasound
amplitude, and N, is the number density of
heterogeneous particles in the Al melt. This formula
indicates that if other parameters (including the
ultrasound amplitude) are the same above the
cavitation threshold, the grain size is mainly
determined by the number density of heterogeneous
particles in the Al melt. Thus, as the Al melt with
more dispersed Al;Ti/TiB; particles flowed into the
caster from the nozzle, the heterogeneous
nucleation rate of a-Al increased, thus refining the
grains of the as-cast billet. This also indicates that
the utilization rate of the added refiners can be
increased by UMT during industry-level casting
processes.

Subsequently, most of the grains
elongated and turned into deformed structures
during three rounds of continuous rolling. The
refined grains in the UMT billet possessed greater
deformation resistance during rolling, and the
extent of grain deformation was not as large as that
in the normal rolled samples, which narrowed the
difference in the grain size between the rolled strips
with and without UMT. Conversely, DRV and DRX
occurred during rolling, which increased the
amount of subgrains and reduced the grain sizes of
the UMT rolled samples. However, DRX was not
significant; thus, it did not contribute considerably
to the grain-size reduction in the UMT rolled
samples.

D,,=5.6 )

WwWere

4.2 Effect of UMT on mechanical properties and
formability
In the present study, the UTS and YS of the
rolled strips were improved after UMT. Fine-grain
strengthening and dislocation strengthening were
the primary strengthening mechanisms because
neither a precipitation phase nor a solid solution
formed during the cold rolling of commercial-purity
Al. The relationship between the YS and grain size
can be described by the Hall-Petch equation as
follows [31,32]:
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where k& is the corresponding strengthening
coefficient (68 MPa-um'? for Al) [33], and duwmr
and d, are the AGS values of the rolled samples
with and without UMT, respectively. Because of the
small difference in these two AGS values, this
calculation confirmed that grain refinement did not
contribute significantly to the strength, which was
within 1 MPa.

In addition, LAGBs dominated in both types
of rolled strips, and the dislocation density was
slightly higher in the samples that underwent UMT,
as evidenced by the results in Figs.5 and 6.
Additionally, the formation of subgrains by DRV
and DRX during rolling would lead to the
continuous movement and convergence of
dislocations in LAGBs. In this case, the lattice slip
was hindered by dislocation interactions between
subgrains, recrystallized grains, and deformed
grains, and greater forces were required to
plastically deform the alloy, which increased the YS.
The contribution of dislocation strengthening could
be calculated using the following Bailey—Hirsch
formula [34,35]:

AG gigocation =MaG ([ porr —+[pn) (6)

where M is the Taylor factor; o is a constant
between 0.2 and 0.5 (0.2 for Al) [36]; G is the shear
modulus, which is typically equal to 26.9 GPa for
Al [37]; b is the magnitude of Burgers vector
(0.286 nm) [37]; and pumr and pn are the dislocation
density values for the UMT and normal samples,
respectively, which can be calculated from the
average KAM value [38,39].

_2KAM
Ib

SS

P (7N
where KAM s the average KAM value, which
can be obtained from Fig. 6, and /[=0.9 ym
is the scan step length for EBSD. The p, values
at the edge, L/2, and center, were calculated
to be 1.48x10'%, 1.41x10', and 1.62x10"m>2,
respectively, and the corresponding pumr values
were calculated to be 1.57x10', 1.59x10'¢, and
1.64x10* m™2,

Subsequently, the predicted YS (Opredicted) Was
calculated as follows [40]:

O-predicted:Ao-grain+Ao-dislocation+A0-n (8)

where o, (64.6 MPa) is the YS of the normal
samples without UMT. Using the primary
parameters from Egs. (5)—(8), the contributions of
grain refinement and dislocation strengthening to
the increase in the YS for the UMT sample obtained
at L/2 along the RD were calculated to be 0.8 MPa
and 33.0 MPa, respectively. In addition, the YS
value (98.4 MPa) predicted by Eq. (8) was close to
the measured value (94.9 MPa), confirming that
dislocation strengthening played the dominant role
among the two strengthening mechanisms.

Typically, the strength increases at the expense
of plasticity. However, in the present study, not only
the strength but also the ductility and formability
improved in the rolled strip after UMT. The higher
n values of the strip after UMT indicated a lower
sensitivity to strain localization, which implied
better EL and ductility of the strip [41]. This was
mainly attributed to the grain refinement with UMT,
which increased the number of grains per unit
volume. Under the same deformation conditions,
more grains were involved in the deformation,
thereby increasing the deformation uniformity,
mitigating the formation and expansion of cracks,
and enabling larger plastic deformation before
fracture [42]. In summary, UMT directly affected
the nucleation of the a-Al grains during casting,
with hereditary effects on the grain structure and
properties of the rolled strip. The results of the
present study also indicate that a front-end melt
treatment is an effective method for simultaneously
improving  the  microstructure, = mechanical
properties, and formability of Al strips during
near-net-shape manufacturing.

5 Conclusions

(1) The a-Al grains were significantly refined
by ultrasound-assisted solidification to sizes smaller
than 70 um, with grain-refining efficiencies of 33.0%
at the edge, 32.7% at L/2, and 28.6% at the center.
The rolled strip inherited the refined grain structure
of the as-cast UMT billet, and the AGS was reduced
to be <63 pm, representing a decrease of more than
8% with respect to that of the normal strip.

(2) The strength of the rolled strip was
improved after UMT. The UTS and YS were
increased to be >105 and >90 MPa after UMT,
respectively, especially for the samples taken along
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the RD and TD, with the largest increase of 26.1%
in the UTS and 42.3% in the YS observed at L/2. A
theoretical analysis showed that the main
contribution to the increment in the YS case was
dislocation strengthening.

(3) The EL values were improved for the
samples obtained at L/2 and the center along RD,
and for the samples at L/2 in the 45° direction after
UMT. The IE values of the UMT strip increased to
be >9.0 mm, and the average strain-hardening
exponent (n) values for the UMT strip were higher
than those for the normal strip.
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