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Abstract: The effect of dislocation structure evolution on low-angle grain boundary formation in 7050 aluminum alloy during aging was
studied by using optical microscopy, transmission electron microscopy, and electron backscatter diffraction analysis of misorientation angle
distribution, cumulative misorientation and geometrically necessary dislocation (GND) density. Experimental results indicate that coarse
spindle-shaped grains with the dimension of 200 pm x 80 pum separate into fine equiaxed grains of 20 um in size as a result of newborn
low-angle grain boundaries formed during the aging process. More specifically, the dislocation arrays, which are rearranged and formed due
to scattered dislocations during earlier quenching, transform into low-angle grain boundaries with aging time. The relative frequency of
3°-5° low-angle grain boundaries increases to over 30%. The GND density, which describes low-angle grain boundaries with the misorien-
tation angle under 3°, tends to decrease during initial aging. The inhomogeneous distribution of GNDs is affected by grain orientation. A de-
crease in GND density mainly occurs from 1.83 x 10" to 4.40 x 10" m™2 in grains with <111> fiber texture. This is consistent with a de-
crease of unit cumulative misorientation. Precipitation on grain boundaries and the formation of a precipitation free zone (PFZ) are facilitated
due to the eroding activity of the Graff etchant. Consequently, low-angle grain boundaries could be readily viewed by optical microscopy due

to an increase in their electric potential difference.
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1. Introduction

Grain boundaries in a polycrystalline aluminum alloy
have both beneficial as well as detrimental effects on the
properties of the alloy. For example, the presence of grain
boundaries strengthens the alloy by hindering the gliding of
dislocations in grains, while it deteriorates the corrosion
properties due to increasing electric potential difference
between the matrix and the boundaries. Therefore, the evo-
lution of grain boundaries is of great importance and has at-
tracted considerable interest among researchers. In general,
a low-angle grain boundary (LAGB) is modeled to be com-
posed of an array of parallel dislocations and separates re-
gions of different crystallographic orientations. Besides,
dislocations in a crystal could be classified into two catego-
ries, namely, geometrically necessary dislocations (GNDs),
which contribute to the curvature of the crystal lattice, and
statistically stored dislocations (SSDs), which evolve
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through random interactions among dislocations during
plastic deformation. Therefore, LAGB evolution includes
the following processes, namely, GND tangling, annihila-
tion, and rearrangement.

In general, LAGBs are produced via gliding, tangling,
and rearrangement of dislocations in grains during plastic
deformation [1]. Till date, several studies have focused on
using GND as a feasible method to establish a relationship
between plastic deformation and dislocations [2—5]. For in-
stance, Ruggles and Fullwood [2] measured the density of
GNDs using local crystal orientation by integrating
high-resolution electron backscatter diffraction (EBSD) be-
neath the indenters. As demonstrated in the Taylor model,
the number of activated slip systems differs significantly for
various grain orientations of polycrystalline materials under
plastic deformation. Merriman et al. [3] have determined the
largest GND density occurring in grains with {011}[122]
orientation after plane strain deformation. Based on LAGB
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model, Zhu and Xiang [4] have presented a continuum
framework to define the dislocation density potential func-
tion on the dislocation array and LAGB. Furthermore, Win-
ther et al. [5] have studied the relationship between crystal-
lographic orientation of planar dislocation boundaries and
grain orientation under tension. Quey ef al. [6] studied mi-
crotexture tracking of sub-boundary evolution during hot
deformation of aluminum.

In principle, residual stress relaxation generated by dis-
locations is a driving force for grain recovery to form
LAGBs [7-9]. Wang et al. [10] reported that residual stress
relaxation caused by a vibratory stress relief technique re-
sults in a decrease in dislocation density and formation of
LAGBs. However, in the metal forming industry, heat
treatment is a more widespread stress relief method. In par-
ticular, it is essential for strengthening the alloy during aging,
together with the advantage of relaxing the residual stress.
Nevertheless, the lack of studies on LAGB evolution during
aging has led to a greater deviation of aging strengthening
because of grain refinement and precipitation on LAGB
[11-12].

Lately, there has been rapid development in automated
EBSD techniques in terms of indexing speed and accuracy
[2,13—15]. More importantly, the EBSD technique is com-
bined with the continuum dislocation theory to establish
GND density calculation [16—17], which fills the scale gap
of microstructure observation between EBSD and transmis-
sion electron microscopy (TEM). The purpose of the present
study is to analyze LAGB evolution during aging and de-
termine the inhomogeneous distribution of GND density
acquired by this calculation in grains with three different
types of fiber texture during initial aging. Further studies are
underway to analyze the effect of grain boundary strength-
ening mechanics and precipitation on LAGBs.

2. Experimental

2.1. Materials

Commercial 7050 aluminum alloy used in this study was
obtained via hot extrusion thick profiles. The chemical
composition of the alloy is shown in Table 1.

Table 1. Chemical composition of the investigated 7050 alu-
minum alloy wt%
Zn Mg Cu Zr Fe Si Ti Al

584 232 204 011 0.039 0.041 0.012 Bal

In order to ensure homogeneous composition and identi-
cal grain structures, specimens were cut out from the center
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of the heaviest section in the extrusion profiles by wire elec-
trical discharge. Subsequently, the specimens were solution
treated at 477°C for 1 h to obtain a relatively disloca-
tion-free microstructure, followed by rapid quenching in
water at ambient temperature with the transferring time from
the heating furnace to water being less than 3 s. This thermal
gradient caused by the sudden quenching induces residual
stresses in the specimen [18—19]. Details on the heat treat-
ment procedures of these specimens are listed in Table 2.

Table 2. Description of heat treatment procedures adopted
for the 7050 Al alloy in this study

Sample .
Solution treatment
name

SQ (477°C, 1 h) + Quenching

A121-30  (477°C, 1 h) + Quenching + (121°C, 30 min)
A121-360 (477°C, 1 h) + Quenching + (121°C, 360 min)
N + ing + ° in) +
A177-5 “477°C, 1 h? Quenching + (121°C, 360 min)
(177°C, 5 min)
N + ing + ° in) +
A177-60 (477°C, 1 h) + Quenching + (121°C, 360 min)

(177°C, 60 min)

2.2. Microstructure characterization

The surfaces perpendicular to the extruding direction of
the specimens were mechanically ground and polished. Af-
ter etching with Graff [20] solution and Keller solution, the
microstructure of the specimens was observed using an op-
tical microscope (OM, Leica DM2500M).

Thin foils for TEM observation were prepared by twinjet
electro-polishing in a solution of 30vol% nitric acid in
methanol at —30°C and 12 V. The bright-field TEM images
of the specimens were obtained by using TEM (JEM-2010
JEDL) operated at 200 kV, in order to observe the disloca-
tions, sub-grain boundaries, and precipitation on the grain
boundaries.

After mechanical polishing, the specimens were subse-
quently electro-polished in 15vo0l% nitric acid methanol so-
lution at —20°C and 15 V. The grain orientation was identi-
fied using the EBSD technique equipped with a LEO-1450
scanning electron probe. The EBSD analysis yielded orien-
tation imaging microscopy (OIM) maps, misorientation an-
gle distribution (MAD), and line misorientation (LM). The
LAGBs were composed of low disoriented LAGBs
(LLAGBES, < 3°), medium disoriented LAGBs (MLAGBEs,
3°-5°), and high disoriented LAGBs (HLAGBs, 5°—15°).
The high-angle grain boundaries (HAGB) are defined as the
grain boundaries with misorientation angle greater than 15°.

2.3. Calculation of GND density

Previous studies have proven that the selection of scan-
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ning step size is a key parameter for accurate calculation of
GND density [15,21]. Therefore, scanning with a higher
scan step size of 3 um was performed to statistically obtain
the fiber texture of the polycrystalline material. Similarly,
another scanning with a smaller scan step size of 0.5 pm
was performed to collect information on local orientation for
point-to-point misorientation within grains, which met the
precision need for GND density calculation. All number av-
erages are translated directly to averages of the grain area
owing to the principle of DeLesse.

The GND density was calculated and illustrated in fig-
ures by independently programming in the MATLAB soft-
ware using the original local orientation data of EBSD
[17,22-24]. In the GND density maps, the black region
represents higher dislocation density. The geometrical inde-
pendence of dislocations and slip systems was fully consid-
ered during the programming process.
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3. Results and discussion
3.1. Optical microscopy analysis

Figs. 1(a)—1(f) show the OM images of 7050 aluminum
alloy obtained through five heat treatment procedures. The
specimens etched using Graff solution are shown in Figs.
1(a)—1(e), while the specimen etched using Keller solution
is shown in Fig. 1(f). Specimens shown in Figs. 1(e) and 1(f)
are processed under identical aging conditions. The recovery
and recrystallization processes have occurred during the so-
lution treatment stage. As can be seen from the OM image
shown in Fig. 1(a), the fiber grains present a spindle-like
morphology, with a long axis length of about 200 um and
the short axis length of about 80 um, under the influence of
extrusion. The grain size and morphology do not change
significantly during the initial stages of aging (Figs.
1(b)—1(c)). However, more unclosed grain boundaries could

of the images. These specimens were obtained through five different heat treatment processes: (a) SQ; (b) A121-30; (c) A121-360; (d)
AL77-5; (e) and (f) A177-60. All specimens were etched using Graff etchant, except the specimen in (f) which was etched using Keller
etchant.
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be observed in the grains of A177-5 specimen, as shown in
Fig. 1(d). With an increase in the unclosed grain boundaries,
the former coarse spindle-shaped grains are further broken
into fine equiaxed grains of dimension 20 um, as shown in
Fig. 1(e). Compared with the microstructure shown in Fig.
1(e), the microstructure of the A177-60 specimen etched
using Keller etchant (as seen in Fig. 1(f)) does not reveal
any subgrain boundaries. Or in other words, the microstruc-
ture was similar to the structure shown in Fig. 1(a). These
results demonstrate that the newborn grain boundaries
within the coarse grains are LAGB and that they can only be
viewed using Graff etchant.

3.2. TEM analysis

Figs. 2(a)—2(d) show the TEM bright-field images of the
specimens SQ, A121-30, A121-360, and A177-5, re-
spectively. The 7050 aluminum alloys contain several alloy
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elements that tend to increase the dislocations upon
quenching after the treatment at 477°C [25]. As seen in Fig.
2(a), the dislocations are scattered in the grains, which
curve the crystallographic lattice plane and store elastic
strain energy in the SQ specimen. This sub-structure is
rather unstable and hence tends to release the elastic strain
energy. Therefore, the dislocations are rearranged upon
initial aging at 121°C, as shown in Fig. 2(b). Dislocation
arrays are formed as a result of scattered dislocations,
some of which integrate into LAGB at 121°C for longer
time, as depicted in Fig. 2(c). However, the integration of

dislocation arrays and the migration of LAGBs after aging
at 177°C for 5 min are hindered due to the precipitation
occurring in grains, as shown in Fig. 2(d). Meanwhile, the
precipitation free zone (PFZ) is formed and the eroding
ability of LAGBs is enhanced by Graff to be viewed in
OM.

Fig. 2. TEM images showing the scattered dislocations, dislocation arrays, and LAGBs in 7050 Al alloy specimens treated by solid
solution (a), aging at 121°C for 30 min (b), aging at 121°C for 360 min (c), and aging at 177°C for 5 min (d).

3.3. EBSD analysis

Fig. 3 shows the misorientation angle distribution of
grain boundaries in specimens obtained by various heat
treatments. Except for LLAGBs, the evolution of MLAGBs

can also be observed. It seems that the relative frequency of
MLAGBs accounts for over 30% of LAGBs in Fig. 3.
Moreover, the relative frequency of MLABGs shows a
downward trend after an initial increase. Besides, the
LAGBs in aged specimens exhibit higher volume fraction
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than that in as-quenched specimen. Among all aged speci-
mens the A121-360 has the highest volume fraction of
LAGBs. This could be explained by the formation of
LAGBS, which is due to the integration of scattered disloca-
tions, as depicted in Fig. 2(c). Heat from the initial aging to
the secondary aging thermally facilitates the integration of
LLAGBs. Herein, little precipitation occurs due to the
misorientation angle less than 3° [26], while there is a re-
duction in the volume fraction of MLAGBs. In addition, the
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precipitation, which favors nucleation on MLAGBs and
HLAGBs during aging, hinders the transformation from
LAGBs to HAGBs.

Figs. 4(a)—4(e) illustrate the color depiction of the distri-
bution of four fiber textures, i.e., <100> texture, <110> tex-
ture, <111> texture, and other random texture within various
specimens. The relative frequency of these fiber orientations
stays stable with aging owing to the solution alloy elements,
i.e., magnesium [1].

40
| w
N
& 30+
5 7
3]
e 20
.g
2
LSIO—
)
0 / / / L

SQ A121-30 A121-360 A177-5 A177-60
Heat treatment

Fig. 3. (a) Relative frequency of the misorientation angles of GBs and (b) sum of relative frequency of MLAGBs marked by the

black rectangle block in Fig. 3(a) after five heat treatments.

Fig. 4. EBSD orientation maps showing the fiber textures of SQ (a), A121-30 (b), A121-360 (c), A177-5 (d), and A177-60 (e). Grains
with <100>, <110>, <111>, and other fiber textures are illustrated using different colors. Geometrically necessary dislocations were

calculated in the region marked by yellow line frames.
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Fig. 5 demonstrates the unit cumulative misorientation
(A6)/1)) in the grains of SQ, A121-30, and A121-360 speci-
mens. The line scan of misorientation measurement never
crosses any grain boundaries along the long axis of the
grains. The value of A@)/I; represents the average lattice
curvature due to residual stress. As shown in Fig. 5, the
value of A@/[; in the <111> grains has the largest decrease
during initial aging, while that in the <110> grains has the
smallest change.
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Fig. 5. Variation of unit cumulative misorientation (Aé./l,)
with the first aging time of the solid-solution treated specimen.
As shown in the upper-right corner of this figure, A@y/l; is
statistically —calculated as cumulative  misorientation
(point-to-origin) as a function of distance, and from one grain
boundary to another in grains. Note that the line is nearly par-
allel to the long axis of the grain and does not cross any grain
boundaries.

3.4. GND density calculation

Furthermore, we calculated the GNDs in order to analyze
the evolution of its density on different fiber textures and its
effect on the formation of LLAGB in grains during the ini-
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tial stages of aging, as seen in Fig. 6. The regions enclosed
in yellow line frames in Fig. 4 correspond to the regions for
which the density of GNDs is calculated. The small white
bands around black line, shown in Fig. 6, represent HAGBs
or the regions poorly indexed in EBSD. Conversely, gray
scale corresponds to black regions with GND density more
than 8.5 x 10" m? to white regions with GND density less
than 1.5 x 10" m ™. The GND density presents homogene-
ous distributions in grains with different crystallographic
orientations of the SQ specimen (Fig. 6(a)). As shown in Fig.
6(b), the GND density distributions are not homogeneous;
rather, they are in the form of dislocation arrays within the
grain. However, as demonstrated in Fig. 2, the dislocations
glide, aggregate, and rearrange within the grains of A121-30
and A121-360 (Figs. 6(b)—6(c)). Dislocation arrays and
LLAGBs are formed and consist of GNDs. Therefore, the
volume fraction of MLAGBs increases during the initial
aging processes, as seen in Fig. 3.

Fig. 7(a) shows a continual decrease in the sum of GND
density, with the specimen A121-360 having the lowest
GNDs density. The inhomogeneous distribution of GND
density in grain orientation becomes more apparent in Fig.
7(b). Owing to the gathering and collapsing of several dis-
locations into LLAGBSs, there is a decrease in the volume
fraction of GND density to a lower level [27]. Besides, the
GND density of the regions around LAGBs is smaller in
grains, as seen in Figs. 6(a)—6(c). Fig. 7(b) shows the statis-
tical distribution of average GND density in grains with
<111>, <110>, and <100> fiber textures in A121-30. The
most consumption of GNDs from 1.83 x 10" mto 4.40 x
10" m?occurs in <I111> grains. This consumption causes
the LLAGBs to form and disorient, which leads to the high-
est density of MLAGBs and the lowest one of LLAGBSs in
<111> grains among the three fiber grains.

Fig. 6. GND density maps for orientation images in the region marked by yellow line frames in Fig. 4, which represent the GND

content of the specimen SQ (a), A121-30 (b), and A121-360 (c).
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3.5. Mechanism underlying LAGB formation by GND

Heat during the initial stages of aging plays a critical role
in relaxing quenching residual stress. As shown in Fig. 2,
the quenching dislocations are rearranged into a dislocation
array, the gliding of which will lower the system energy and
stabilize the sub-structure. During the initial stages of aging,
the decrease of GND density has a contrast with increase in
the fraction of the MLAGBES, as shown in Figs. 6 and 3.

During aging, 7050 aluminum alloys are not subject to
external stress. Therefore, the stress components are not
formed due to crystal stress anisotropy as demonstrated in
the Taylor model. The Taylor factor could not be calculated,
given the fact that the quenching residual stress does not
have a straightforward direction, but a macroscopic homo-
geneous distribution. However, the GND density in various
grains, including <100>, <110>, and <111>, can indirectly
reflect the stress to some extent. Ultimately, the harder grain
with the highest GND density would activate more slip sys-
tems [3]. The dislocations activated by heat may glide along
the lowest energy barrier. As the crystal structure of 7050
aluminum alloy is a face-centered-cubic structure, the pri-
mary slip system is {111}<110> and the secondary slip sys-
tem is {110}<111> [17]. It demonstrates that the slip sys-
tems activate firstly in <111> grains, followed readily by the
gliding of dislocations. The cumulative misorientation has
the most precipitous decrease in grains with <I111> fiber
texture. As shown in Fig. 6(b), most GND density aggre-
gates into grain with <111> fiber texture, upon holding for 30
min at 121°C. As aging proceeds, the dislocation tends to slip
and climb up into an array, contributing to an increasingly
well-defined sub-structure in the grains. Subsequently, the lat-
tice curvature reduces, thereby releasing the residual stress.
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(a) Histograms showing the total GND density in specimens and (b) GND density of MLAGBs and LLAGBs in different fi-

4. Conclusion

It is beneficial to form dislocation arrays via the aggrega-
tion of GNDs in grains, which lower the GND density dur-
ing initial aging. Dislocation arrays are merged and trans-
formed into LAGBs as a result of the aging process. The
MLAGBSs account for over 30% of LAGBs and show a
downward trend after the initial decrease. This could be at-
tributed to the integration of LLAGBs during the aging
process, resulting in a decrease in cumulative misorientation
and residual stress relaxation. The GND density has an in-
homogeneous distribution, showing a significant variation
from 1.83 x 10" m? to 4.40 x 10" m?, in grains with
<111> fiber texture due to the most activated slip system.
The precipitation on grain boundaries and the formation of
PFZ facilitate the eroding of the specimen surface by Graff
etchant, which will allow us to view the LAGBs due to an
increase in the electric potential difference.
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