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Abstract: The microstructure and mechanical properties of 105 mm thick 5083 aluminum alloy hot rolled plate were
investigated by metallurgical microscope, scanning electron microscope and tensile testing machine, and three major
characteristic problems in mechanical properties inhomogeneity were explained. The results show that the mechanical
properties of the rolled plate are inhomogeneous along the thickness direction. From the surface to the center, the
strength shows an inverted “N” shape change and the elongation presents a semi “U” shape change. Several similar
structural units composed of long fibrous grains (LFG) and short fibrous grains bands (SFGB) exist in a special layer
(Layer 2) adjacent to the surface. This alternating layered distribution of LFG and SFGB is conducive to improving the
plasticity by dispersing the plastic deformation concentrated on the boundary line (BL) between them. However, their
different deformability will cause the alternation of additional stresses during the hot rolling, leading to the strength
reduction. The closer the location to the center of the plate is, the more likely the recovery rather than the
recrystallization occurs. This is the possible reason for the unnegligible difference in strength near the central region
(Layer 4 and Layer 5).

Key words: aluminum alloy thick plate; mechanical properties; inhomogeneity; fibrous grains; dynamic recovery;
dynamic recrystallization

1 Introduction

Aluminum alloys are widely used in aerospace,
transportation and national defense industry due to
their light mass, great corrosion resistance, high
strength, excellent processing performance and low
cost [1-3]. In recent years, a large number of
researchers have focused on the relationship among
microstructure, hot deformation, heat treatment and
mechanical properties of aluminum alloy thin plates,
while there have been few reports about the
inhomogeneity of microstructure and mechanical
properties of thick plates [4—8].

It is known that the inhomogeneity of

microstructure and mechanical properties of
aluminum alloy thick plates along the thickness
direction is related to the alloy composition, second
phase distribution and texture type, and it will
become more obvious with the increase of the plate
thickness. CHANG et al [9] carried out an intensive
research on the structure and texture of 20 mm thick
7056 aluminum alloy, and found that the
recrystallization degree increased gradually from
the surface to the center, the volume fraction of
recrystallization textures (Cube {001}(100)) in the
surface was the smallest, the volume fraction of
rolling textures (Brass {011}(211), S {123}(634)
and Copper {112}(111)) in the center was the

largest, and the volume fraction of shear textures
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(r-Cube {001}<110) and {112}(110)) in 774 layer
(referring to the middle layer between the surface
and the center) was the largest. FENG et al [10]
investigated the microstructure and mechanical
properties of 40 mm thick 7056 aluminum alloy in
different thickness layers, and observed that the
second phase was small and diffusive in the surface,
large and concentrated in the center, and that in 774
layer was between the two. From the surface to
the center, shear textures (r-Cube {001}{110))
decreased, rolling textures (Brass {110}(211),
S {123}(634) and Copper {112}(111)) increased,
and recrystallization textures (Cube {001}(110))
had little difference. ZHANG et al [11] studied the
texture distribution and tensile property of 7050
aluminum alloy plate with a thickness of 120 mm,
and concluded that along the thickness direction,
the average sizes of the second phase and
recrystallization grain gradually increased, shear
textures (r-Cube {001}(110) and {111}(110))
decreased, recrystallization  textures  (Cube
{001}(100)) and rolling textures (Brass {011}(211),
S {123}(634) and Copper {112}(111)) first
decreased and then increased, and 774 layer seemed
to be a transition layer. There is a common law in
their research results, that is, the strength of the
plate presents a “’V” shape or an inverted “N” shape
change along the thickness direction, and the lowest
value is obtained in 774 layer. Earlier, similar results
were also found by JONG [12]. However, up to now,
there has not been relevant literature to explain the
reason why the strength of 774 layer is the lowest.
Large size and high homogeneity are the
development direction of aluminum alloys in the

future. Regulating the size, morphology and
distribution of grains is the main way to achieve the
homogenization, refinement and stabilization of the
structure. In this work, the relationship among
rolling deformation, recovery, recrystallization and
mechanical properties of 105 mm thick 5083
aluminum alloy hot rolled plate was discussed by
studying the inhomogeneity of microstructure and
mechanical properties along the thickness direction,
in order to provide theoretical guidance for further
improving the quality of aluminum alloy thick
plates in industrial production.

2 Experimental

The material used in this experiment is
2500 mm x 105 mm (width % thickness) 5083
aluminum alloy hot rolled plate prepared by a
domestic aluminum industry company. The
chemical composition of thick plate is shown in
Table 1.

Figure 1 shows the sampling diagrams of 5083
aluminum alloy thick plate. Firstly, to study the
variation of microstructure and mechanical
properties of thick plate along the thickness
direction (normal direction, ND), sample plates
were taken from one end of the plate to the center
along the transverse direction (TD) and marked as
A, B, C and D, respectively (Fig. 1(a)). Then,
according to the sampling orientation, each sample
plate was divided into ten drawing blanks along the
thickness direction and numbered as Layers 1—10
from the upper surface to the lower surface
(Fig. 1(b)). Finally, all the drawing blanks were

Table 1 Chemical composition of 5083 aluminum alloy thick plate (wt.%)

Si Cu Mg Zn Mn Ti Cr Fe  All other elements Al
0.163 0.004 4.434 0.026 0.678 0.012 0.104 0.238 <0.05 Bal.
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Fig. 1 Sampling diagrams of 5083 aluminum alloy thick plate: (a) Cutting method of sample plates; (b) Cutting method

of drawing blanks; (c) Observation surfaces of metallographic specimens
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processed into strip tensile specimens along the
rolling direction (RD) meeting the GB/T 228—
2002 standard.

The ultimate tensile strength (UTS), yield
strength (YS) and elongation (ELO) of tensile
specimens were measured at 25 °C with a tensile
speed of 1 mm/min. Metallographic specimens with
dimensions of 10 mm x 10 mm X 10 mm (length x
width x thickness) were cut from the undeformed
end of tensile specimens of Sample plate A in
Layers 1-5. Considering that there was a work
hardening zone on the surface of the plate, only the
bottom surface, horizontal surface and front surface
of metallographic specimens were mechanically

ground and electrolytically polished in turn
(Fig. 1(c)).
The grain structure of metallographic

specimens treated by electrochemically etching in
the fluoroboric acid aqueous solution to form an
anodic film was observed by metallurgical
microscope (OM, ZEISS AXIOVERT 200MAT).
Scanning electron microscope (SEM, JEOL-6610)
with electron backscatter diffraction (EBSD,
OXFORD) was used to analyze the misorientation
and recrystallization of grains.

3 Results and discussion

3.1 Mechanical properties

Figure 2 shows the mechanical properties of
thick plate in different layers. It is obvious that the
mechanical properties are inhomogeneous along the
thickness direction. From the surface to the center
(Layers 1-5), the UTS and YS firstly decrease, then
increase and finally decrease, and the ELO presents
a trend of first increasing and then decreasing.
Along the width direction (Sample plates A—D), the
difference of UTS, YS and ELO in the same layer is
small. All test data are shown in Table 2.

To clarify the inhomogeneity of mechanical
properties of the plate along the thickness direction,
it is necessary to focus on the following three
issues.

(1) From the surface to the center, the strength
shows an inverted “N” shape change and the
elongation presents a semi “U” shape change
(Figs. 2(a—c)). This indicates that the strength and
plasticity of the plate in Layer 5 are low.

(2) The lowest strength is not in 7/4 layer
of the plate, but shifted to Layer 2 near the surface
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Fig. 2 Mechanical properties of thick plate in different
layers: (a) UTS; (b) YS; (c) ELO

(Figs. 2(a) and (b)). This is slightly different from
the previous studies, and may be related to the
initial thickness of ingot, rolling deformation
process, thickness of hot rolled plate and sampling
method. However, the plasticity in this layer is the
best (Fig. 2(c)).

(3) Layer 4 and Layer 5 are adjacent to each
other, both near the central region of the plate.
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Nevertheless, there is an unnegligible difference in
strength (Figs. 2(a) and (b)). Taking Sample plate A
as an example, the UTS and YS of Layer 4 are
2.62% and 2.60% higher than those of Layer 5,
respectively (Table 2).

3.2 Microstructure

Figure 3 shows the fracture morphologies of
tensile specimens. The fracture surfaces of tensile
specimens are comparatively flat on the whole.
Cleavage fracture areas and dimple areas are
intermingled, demonstrating that the fracture mode
is a mixture of ductile and brittle modes. Tearing
ridges in the surface are sharp and intensive, which
tend to form closed regions mostly composed of

1783

and dispersed shrinkages (Fig. 3(a)). From the
surface to the center, the number of tearing ridges
decreases and cleavage fracture areas increase.
Meanwhile, the shape of dimples gradually changes
from round to parabolic and the size of shrinkages
becomes larger and deeper (Figs. 3(b—d)). The
central fracture primarily consists of cleavage
fracture areas which enclose some sparse
large-dimple areas. Grooves formed by joining
shrinkages close to each other can prevent the
propagation of tearing ridges and cause coarse
cracks (Fig. 3(e)), which will reduce the effective
area of the plate under external load [13].
According to the rolling theory [14]:

some small-dimple areas, cleavage fracture areas  [/hey=2RAh/(H +h) (1)
Table 2 Mechanical properties of thick plate
Layer UTS/MPa YS/MPa ELO/%
No. A B C D A B C D A B C D
1 310 309 308 311 155 154 154 155 24.8 27.2 26.4 23.8
2 297 298 299 297 148 149 150 149 26.2 28.7 26.7 254
3 305 306 307 308 153 153 154 154 26.7 232 24.2 24.9
4 313 314 315 312 158 158 158 157 19.7 18.6 18.7 20.8
5 305 306 308 309 154 154 156 156 19.8 17.6 18.1 18.1
6 301 302 307 304 152 152 155 154 18.0 18.4 18.5 17.8
7 313 311 312 315 157 157 157 158 18.7 23.0 19.6 21.1
8 309 307 306 308 155 154 153 155 25.5 26.4 24.8 24.5
9 297 296 294 296 149 148 147 148 28.4 27.8 24.2 28.8
10 306 302 304 308 153 151 152 154 27.7 25.8 27.2 26.4
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Fig. 3 Fracture morphologies of tensile specimens: (a) Layer 1; (b) Layer 2; (c) Layer 3; (d) Layer 4; (e) Layer 5
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where [ is the length of deformation zone, A, is the
average thickness of workpiece, R is the roll radius,
Ah is the increment of rolling thickness, H is the
thickness of workpiece before rolling, and 4 is the
thickness of workpiece after rolling.

When //h,<1 (referring to the earlier stage of
rolling) or >1 (referring to the later stage of rolling),
additional stresses in the surface or center of the
metal are different, which are manifested in the
alternating change of additional compressive stress
and additional tensile stress. In this experiment, the
total reduction ratio of the plate is 83.3%, the
reduction per pass is controlled at 10—55 mm and
its value in the stable rolling process is kept at
33-38 mm. By roughly calculating, the shape
coefficient of each pass deformation zone //h,, €
[0.25, 1.35]. It is obvious that the interior of the
plate undergoes the alternation of additional
stresses, certainly leading to the decline of
mechanical properties [15]. Hence, it is necessary to
find out the boundary region of the alternating
effect. Generally, the existence of additional
stresses  inevitably additional lattice
distortion which will increase the driving force of
recovery and recrystallization.

The grain structures on the front (main image)
and bottom (secondary image) surfaces of thick
plate are shown in Fig. 4. By observing the grain
morphology on the front surface of metallographic
specimens, it can be seen that the plate is mainly
composed of fibrous grains elongated along the

causes

rolling direction. Deep into the center, the length of
fibrous grains decreases and the width increases.
Along the thickness direction in Layer 2, not only
the uneven distribution of grain size is appreciably
visible, but also some isolated short fibrous grains
(marked with white oval frames) can be observed at
certain thickness locations (Fig. 4(b)). Furthermore,
starting from Layer 3, the grain boundary suddenly
becomes clear (Fig. 4(c)), suggesting that the
deformation degree of the plate in this layer is
slighter than that in Layer 2 [16]. Considering that
the strength in Layer 2 is seriously reduced, it is
reasonable to suspect that this is the key position we
are looking for.

A further observation of the grain morphology
on the bottom surface shows that grains in Layer 4
and Layer 5 are mostly approximated to be
equiaxed and some grain boundaries present
serrated (marked with white arrows), implying that
recrystallization occurs in these layers (Figs. 4(d)
and (e)).

Figures 5 and 6 show the EBSD test results of
thick plate in Layers 2, 4 and 5, separately. The
black lines in Figs. 5(a), 5(c), 6(a) and 6(c)
represent high angle grain boundaries (6>15°), and
the regions with different colors represent grains
with different orientations. The black lines in
Figs. 5(b), 5(d), 5(g), 5(i), 6(b) and 6(d) represent
low angle grain boundaries (5°<6<15°, thin lines)
and high angle grain boundaries (thick lines).
The red region, yellow region and blue region in

Fig. 4 Grain structures on front and bottom surfaces of thick plate: (a) Layer 1; (b) Layer 2; (c) Layer 3; (d) Layer 4;

(e) Layer 5
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Fig. 5 EBSD test results of thick plate in Layer 2: (a—d) IPF containing misorientation angle distribution on horizontal
surface selected near BL (a, b) and on front surface (c, d); (e) Frequencies of different grain boundaries; (f) Volume
fractions of different grains; (g) Structural units consisting of LFG and SFGB; (h) SC corresponding to (g); (i) LFG
from central region of (g); (j) SC corresponding to (i); (k, 1) SC histograms corresponding to (h, j), respectively
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Fig. 6 EBSD test results of thick plate in Layer 4 and Layer 5: (a—d) IPF containing misorientation angle distribution on

bottom surface in Layer 4 (a, b) and Layer 5 (c, d); (e) Frequencies of different grain boundaries; (f) Volume fractions of

different grains

Figs. 5(b), 5(d), 6(b) and 6(d) represent the
deformed grains, substructured grains and
recrystallized grains respectively measured by
setting a user-defined minimum angle to define a
subgrain (6.=7.5°).

Figures 5(c) and (d) show the inverse pole
figures containing misorientation angle distribution
on the front surface in Layer 2. It can be observed
that the grain growth is inhomogeneous that is
manifested by a short fibrous grain band (SFGB)
consisting of short fibrous grains (SFG) arranged
disorderly in multiple layers between long fibrous
grains (LFG). Comparing the number of black lines,
it can be found that most of black lines exist near
the boundary between LFG and SFGB, except for a
few low angle grain boundaries distributed within
the grain. Moreover, the location of high local
misorientation, for example, high angle grain
boundaries, is just at grain boundary of two
different grains, indicating that plastic deformation
is mainly concentrated on the boundary line (BL)
between LFG and SFGB. Substructured grains and
recrystallized grains tend to distribute in the dense
area of low angle grain boundaries, which also
confirms this point.

Figures 5(a) and (b) show the inverse pole
figures containing misorientation angle distribution
on a horizontal surface selected near the BL in
Layer 2 along the thickness direction. By counting
the misorientation angle distribution of grains, the

proportions of subgrain boundaries (the rotation
angle of subgrain boundaries is usually 1.5°-5°,
therefore, 6 <5°), low angle grain boundaries and
high angle grain boundaries (Table 3), and the
volume fractions of deformed grains, substructured
grains and recrystallized grains (Table 4) on the
horizontal and front surfaces in Layer 2 can be
obtained.

Table 3 Misorientation angle distribution on horizontal
and front surfaces in Layer 2

Misorientation  Misorientation angle distribution/%
angle Horizontal surface Front surface
6<5° 83.80 85.95

5°<p<15° 7.71 6.22
6>15° 8.49 7.83

Table 4 Volume fractions of recrystallization on
horizontal and front surfaces in Layer 2

Volume fraction/%

Grain type -
Horizontal surface  Front surface
Deformed 19.99 96.53
Substructured 79.05 1.52
Recrystallized 0.96 1.95

According to the characteristics of rolling, the
microstructure and mechanical properties of two
adjacent points along the width direction are similar
on different horizontal surfaces of the plate in the
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same thickness layer (Figs. 2, 4, Table 2). Here, if a
LFG and a SFGB along the thickness direction are
regarded as a basic structural unit, Layer 2 consists
of several similar structural units (Fig. 5(g)). It can
be considered that the misorientation angle
distribution of a structural unit on the front surface
of the plate can represent the average state of that
on all horizontal surfaces in the same thickness
layer to a certain extent. The proportions of
subgrain boundaries, low angle grain boundaries
and high angle grain boundaries on the horizontal
surface are similar to those on the front surface,
which illustrates this view (Fig. 5(e), Table 3).
Abnormally, the volume fraction of substructured
grains on the horizontal surface is about 52 times as
large as that on the front surface, and the volume
fractions of deformed grains and recrystallized
grains on the horizontal surface are about 20.71%
and 49.23% of those on the front surface
successively, indicating that there is an
exceptionally strong recovery occurring on the
horizontal surface during the hot rolling (Fig. 5(f),
Table 4). Additionally, the plastic deformation on
the horizontal surface corresponds to the grain
recovery. There is no doubt that the horizontal
surface mentioned above is very special for
Layer 2.

Figures 5(h) and (j) show the strain contouring
(SC) of thick plate in Layer 2 along the thickness
direction measured by setting an appropriate
half-width value of 5 pum. The detection area of
Fig. 5(h) is the same as that of Fig. 5(g). It can be
clearly seen that the high strain zone (warm color
zone) tends to appear in the dense area of low angle
grain boundaries. Influenced by the distribution of
low angle grain boundaries, the high strain zone
distributes alternately along the thickness direction.
The peak and mean values of SC histogram occur at
0.05° and 1.55°, respectively (Fig. 5(k)). The
detection area of Fig. 5(j) is the same as that of
Fig. 5(i) which corresponds to the central region of
Fig. 5(g). It can be observed that the strain in the
grain is uneven. Generally, the deformation in the
grain is more uniform and consistent than that at
grain boundary. However, the high strain zone
primarily exists in the grain center, and next spreads
near the grain boundary. The peak and mean values
of SC histogram occur at 1.65° and 0.85°,
respectively (Fig. 5(1)), which have a big difference
with those of Fig. 5(k), illustrating that the forming

cause of high strain zone in the grain center is
different from that near the BL. In the vicinity of
the BL, there will be additional stresses during the
hot rolling due to different deformability of LFG
and SFG. Nevertheless, the plate in Layer 2 exhibits
excellent plasticity (Fig. 2(c)), possibly benefiting
from the alternating layered distribution of LFG and
SFGB. This distribution is conducive to dispersing
the plastic deformation concentrated on the BL in
time to reduce crack initiation and delay its
propagation [17,18].

Figures 6(a—d) show the inverse pole figures
containing misorientation angle distribution on the
bottom surface in Layer 4 and Layer 5, separately.
It can be seen that the bottom surface is composed
of many grains with different sizes, whose
arrangement is confused. The grain coarsening in
Layer 5 is more serious due to its proximity to the
center (Figs. 6(a) and (c)). Similarly, low angle
grain boundaries and high local misorientation are
inclined to distribute between grains, suggesting
that plastic deformation primarily occurs at grain
boundary (Figs. 6(b) and (d)). Moreover,
recrystallized grains are easy to nucleate near the
substructured grains, indicating that recovery has a
priority in the center of the plate during the hot
rolling. By counting the misorientation angle
distribution of grains, the proportions of subgrain
boundaries, low angle grain boundaries and high
angle grain boundaries (Table 5), and volume
fractions of deformed grains, substructured grains
and recrystallized grains (Table 6) on the bottom
surface in Layer 4 and Layer 5 can be obtained. The
proportions of subgrain boundaries and low angle
grain boundaries in Layer 4 are lower than those in
Layer 5, suggesting that the degree of recovery or
recrystallization of the plate is greater (Fig. 6(e),
Table 5). The volume fraction of substructured
grains in Layer 4 is about 54.63% of that in Layer 5,
and the volume fraction of recrystallized grains in
Layer 4 is about 3.33 times as large as that in
Layer 5 (Fig. 6(f), Table 6). This result is in a good
agreement with the rolling -characteristics of
aluminum alloy thick plates. That is, deformation is
gradually penetrated into the center of the plate,
meaning that Layer 5 with higher temperature,
smaller deformation degree and more lagging
critical deformation of recrystallization is prone to
recover rather than recrystallize, while Layer 4
tends to recrystallize.
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Table 5 Misorientation angle distribution on bottom
surface in Layer 4 and Layer 5

Misorientation ~ Misorientation angle distribution/%
angle Layer 4 Layer 5
6<5° 81.41 84.12

5°<6<15° 6.06 6.52
0>15° 12.53 9.36

Table 6 Volume fractions of recrystallization on bottom
surface in Layer 4 and Layer 5

Volume fraction/%

Grain type
P Layer 4 Layer 5
Deformed 93.86 96.35
Substructured 1.18 2.16
Recrystallized 4.96 1.49
4 Conclusions
(1) The mechanical properties of 5083

aluminum alloy thick plate are inhomogeneous
along the thickness direction. From the surface to
the center, the strength shows an inverted “N”” shape
change and the elongation presents a semi “U”
shape change.

(2) The reason for the shifting of the lowest
strength to Layer 2 may be that the main
deformation zone of the plate is located near the
surface in a long period by calculating the shape
coefficient of each pass deformation zone //h,,,.

(3) Layer 2 consists of several similar
structural units composed of LFG and SFGB. This
alternating layered distribution is conducive to
improving the plasticity by dispersing the plastic
deformation concentrated on the BL.

(4) During the hot rolling, the alternation of
additional stresses induced by the different
deformability of LFG and SFG in Layer 2 will
eventually cause a decrease in strength.

(5) The closer the location to the center of the
plate is, the more likely the recovery rather than the
recrystallization occurs. This is the possible reason
for the unnegligible difference in strength between
Layer 4 and Layer 5. Furthermore, the low strength
and elongation in Layer 5 are related to the original
casting defects.
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