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Abstract: It is well known that ultrafine grained and nanocrystalline materials show enhanced
strength, while they are susceptible to thermally induced grain coarsening. The present work aims
to enhance the thermal stability of ultrafine Al grains produced by equal channel angular pressing
(ECAP) via dynamically precipitation. Detailed characterization by electron backscatter diffraction
(EBSD) and transmission electron microscopy (TEM) has been carried out to reveal the microstructural
evolution during both ECAP and post-ECAP annealing. After five passes of ECAP, both Al-8Zn and
Al-6Bi-8Zn alloys show an ultrafine grain structure together with dynamic precipitated nanoscale
Zn particles along grain boundaries. Upon annealing at 200 °C, ultrafine grains in the Al-8Zn and
Al-6Bi-8Zn alloys show a remarkable thermal stability compared to the Al-8Bi alloy, which is mainly
due to the presence of nanoscale Zn precipitates along grain boundaries. The present work reveals
that nanoscale Zn particles have a positive effect on preserving the ultrafine grains during annealing,
which is useful for the design of UFG Al alloys with improved thermal stability.

Keywords: ultrafine grains; dynamic precipitation; thermal stability; texture; mechanical properties

1. Introduction

Al alloys have received great interest for lightweighting in automobile and aerospace
industries due to their high specific strength [1,2]. It is well known that grain refine-
ment is effective in strengthening Al alloys. In recent years, severe plastic deformation
(SPD) processes have been developed for producing ultrafine grained (submicrometer)
or nanocrystalline Al alloys [3-6] with improved strengths in comparison to their coarse-
grained counterparts [3,4,7]. However, a disadvantage of UFG materials is a significant
decrease in ductility, which seriously hinders the structural application of UFG materials.
The poor ductility is attributed to the low work-hardening rate of the materials, which is a
result of the low dislocation accumulation capability of the ultrafine grains [8]. In general,
a suitable annealing treatment can lead to better ductility for wrought Al alloys. Thus,
annealing on SPD-processed materials has been extensively studied to optimize its strength
and ductility [3].

However, enhanced grain coarsening rates of SPD-processed microstructures have
been observed during the early stage of annealing, which have been attributed to the
faster boundary mobility of non-equilibrium GBs [9,10]. This is a major deficiency of
many SPD-processed UFG alloys, such as equal channel angular pressing (ECAP) [11], and
thermally stable microstructures are of particular importance for the application of UFG
alloys. Therefore, how to hinder recrystallization and rapid grain growth effectively in Al
alloys at elevated temperatures is worth investigating.

It is well known that the presence of a dispersion of fine secondary phase particles
has a huge influence on recrystallization and grain growth. Most studies focus on the
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grain refinement mechanism and dynamic precipitation during ECAP [12-16]. However,
the effect of dynamically precipitated Zn phase in Al-Zn alloys on the grain structure
evolution during annealing is less investigated. Moreover, the pinning effect of nano-sized
particles on ECAP texture evolution during post-ECAP annealing is less investigated as
well. Therefore, the present work was initiated to systematically study the microstructure
and texture evolution of ECAP-processed Al-8Zn and Al-6Bi-8Zn alloys upon annealing.
In particular, the effect of fine Zn precipitates pre-existing before annealing on grain
coarsening has been investigated. The results of the present work will be useful for
expanding the potential application of UFG Al alloys.

2. Materials and Methods

The Al-8Zn and Al-6Bi-8Zn (wt. %) alloys were produced by melting commercial
purity Al, Zn, and Bi, using an electric resistance furnace at 720 °C. Square cross-section
bars with dimensions of 100 mm X 19.5 mm x 19.5 mm were machined from the as-cast
ingots. These bars were coated with a thin layer of a graphite lubricant and then deformed
by a 90° ECAP die (Figure 1a) via route Bc at room temperature (RT). Route Bc means a 90°
rotation around the longitudinal (ED) axis of the ECAP bar between each pass, which has
been proved to be effective in the formation of homogeneous equiaxed grain structures with
a large fraction of high angle boundaries [17-19]. The samples were processed for various
numbers of passes through the die, i.e., 1 pass, 3 passes, and 5 passes. For convenience, the
deformed samples after X passes of ECAP are referred to as XP samples. Following ECAP,
post-ECAP isothermal annealing at 200 °C was performed on the 1P, 3P, and 5P samples
using an oil furnace for various times, i.e., 2 h, 8 h, and 96 h. After annealing, as-deformed
samples were immediately water quenched to RT.

(a) ND I Plunger (b)
D sD ND Plane for hardness test
SPN i' and EBSD
Y )—» A
L I S S—
./ ] D

ED

Figure 1. (a) Sketch of the ECAP die, showing the shear direction (SD), shear plane normal (SPN),
and (b) EBSD, hardness, and tensile test measurement planes (ED-ND) with reference to the ECAP
die geometry.

Microstructures of the cast, deformed, and annealed samples were characterized
by backscattered electron (BSE, Zeiss Ultra 55, Oberkochen, Germany) imaging, electron
backscatter diffraction (EBSD, Nordif, Trondheim, Norway), and transmission electron
microscopy (TEM, JEOL Ltd., Tokyo, Japan) on ED-ND planes (Figure 1b). Here, ED and
ND are abbreviations for the extrusion direction and the normal direction, respectively.
Samples for EBSD were prepared by standard metallographic techniques followed by ion
milling at 3.5 V for 30 min (at a tilt angle of ~70°, and with a gas flow rate of ~0.08 mL/min)
using a Hitachi IM 3000 ion milling machine (Hitachi, Tokyo, Japan). EBSD was carried out
using a Hitachi SU-6600 field emission gun SEM (FEG-SEM, Hitachi Ltd., Tokyo, Japan)
equipped with a Nordif EBSD detector and the TSL OIM software (OIM 7.2, EDAX Inc.,
Mahwah, NJ, USA). TEM foils were prepared by twin-jet electro polishing in a solution of
33% nitric acid-methanol at —30 °C. TEM imaging was performed using the JEOL 2100
TEM at 200 kV. In the present work, texture analysis was conducted based on the data
obtained from EBSD.

The hardness was measured by applying a load of 5 kg for 15 s, using a DKV-1S Vickers
hardness testing machine (Matsuzawa, Akita, Japan). The hardness value was averaged
from six indentations. For each condition, uniaxial tensile testing was performed on
3 samples with a gauge length of 5 mm and thickness of ~2 mm at room temperature under
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a strain rate of 5 x 10~% s~!, using a MTS 810 hydraulic universal testing machine (MTS,
Eden Prairie, MN, USA) a 100 kN capacity and a video extensometer (TRV, SHIMADZU,
Kyoto, Japan).

3. Results and Discussion
3.1. Microstructure Evolution
3.1.1. As-Cast Microstructure

As shown in Figure 2, both the as-cast Al-8Zn and Al-6Bi-8Zn alloys are with an
equiaxed «-Al grain structure, ~50 pm for both of these two alloys. From Figure 2b, no
Zn precipitates in the as-cast Al-8Zn sample can be observed. For the as-cast Al-6Bi-8Zn
alloy, the area fraction and the average size of Bi particles were measured to be ~1.2% and
~5 um, respectively.

400 um 400 pm X

Figure 2. Microstructures of the as-cast Al-8Zn (a,b) and Al-6Bi-8Zn (c,d) alloys. (a,c) EBSD-IPF
maps, (b,d) SEM-BSE images.

3.1.2. Deformation Microstructure after ECAP

Figure 3 shows microstructures of the ECAP-deformed 5P Al-8Zn and Al-6Bi-8Zn
alloys. As displayed in Figure 3a,b, ultrafine grains are obtained in both alloys via continu-
ous dynamic recrystallization (CDRX), since equiaxed fine (sub)grains are surrounded by
high-angle boundary (HAB) segments connected to low-angle boundary (LAB) segments.
The average grain size (equivalent diameter) of the 5P Al-6Bi-8Zn sample (0.5 pm) is
smaller than that of the 5P Al-8Zn sample (~0.9 um) due to the presence of Bi particles [5].
As shown in Figure 3c,d, the dislocation density is much lower, and GBs are relatively well-
defined, with interiors of some grains even free of dislocations. It indicates that massive
dislocation annihilations and rearrangement have occurred during ECAP deformation. As
can be seen from STEM images in Figure 3e,f, a large amount of nano-sized Zn particles
distributed mainly along HABs have formed in both alloys as a result of dynamic precipita-
tion [20]. The average size and number density of Zn particles are 80 nm and 5 x 102 m~2
in the 5P Al-6Bi-8Zn alloy, which are larger than that of the 5P Al-8Zn alloy (the average
size and number density of Zn particles are 40 nm and 3 x 10'> m~2, respectively).
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Figure 3. Microstructures of the 5P Al-8Zn and Al-6Bi-8Zn alloys. (a,b) EBSD, (c,d) TEM, and
(e,f) STEM. In boundary maps, green, red, and blue lines depict boundaries with misorientations in
the range of 2° < 0 <5°,5° < 0 <15° and 15° < 0 < 180°, respectively.

3.1.3. Microstructural Evolution during Post-ECAP Annealing

Figure 4 depicts microstructural evolution during post-ECAP annealing. In our
previous work, it has been proved that soft Bi particles can promote CDRX during ECAP [5],
which has occurred to such an extent that the influence of coarse Bi particles on the particle
simulated nucleation (PSN) mechanism is rather limited during post-ECAP annealing.
After annealing at 200 °C for 2 h, no obvious grain growth can be observed (Figure 4a,b),
indicating that the migration of HABs between the deformed grains is rather limited.
Thus, only the recovery process takes place in the structure, i.e., thermally activated
annihilation and rearrangement of dislocations. It is well known that UFG alloys produced
by SPD are inherently unstable at elevated temperatures. In another study [21], when
the ECAP deformed Al-8Bi alloy was annealed at 200 °C for 5 min, partial discontinuous
recrystallization occurred rapidly; i.e., most grains grow rapidly (larger than 25 pm) and
only a few fine grains retained locally along boundaries of coarse recrystallized grains. It
demonstrates that in the present work, the grain structures of ECAP-deformed Al-8Zn and
Al-6Bi-8Zn alloys are much more stable than that of the ECAP-processed Al-8Bi alloy in
the work [21].
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Figure 4. EBSD IPF maps and boundary maps of the annealed (at 200 °C) Al-8Zn and Al-6Bi-8Zn
alloys. (a,b) 2 h, (¢,d) 8 h, and (e,f) 96 h. In boundary maps, green, red, and blue lines depict
boundaries with misorientations in the rage of 2° < 8 < 5°, 5° < 8 < 15°, and 15° < 6 < 180°,
respectively.

As can be seen from Figure 4c,d, with further increasing the annealing time to 8 h, the
number density of ultrafine grains (with grain sizes less than 1 um) shows a decreasing
trend. The evolution of the average grain size (with boundary misorientations larger than
5°) of the 5P and annealed 5P alloys derived from EBSD results are plotted in Figure 5.
As can be seen from Figure 5, after annealing time to 8 h, the average grain size becomes
larger, which indicates grain coarsening. For the ECAP-deformed Al-8Bi alloy annealed
at 200 °C for 8 h [21], the deformation grain structure is consumed almost completely by
equiaxed recrystallized grains delineated by HABs (>50 pm). It shows a much faster grain
coarsening rate than the ECAP deformed Al-8Zn and Al-6Bi-8Zn alloys in the present work.
After annealing for 96 h (Figure 4e,f), the grain size distribution becomes heterogeneous,
and the average grain sizes of the 5P Al-Zn and Al-Bi-Zn samples increase to 2.3 and
2.2 pum, respectively (Figure 5). The number density of grains with dimensions larger than
10 um increases, which means that some grains grow faster than others and consume the
smaller ones.
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Figure 5. The evolution of average grain size for the as-deformed and annealed (at 200 °C) Al-8Zn
and Al-6Bi-8Zn alloys.

Therefore, the present work demonstrates that compared with binary Al-Bi alloys
processed by ECAP, the grain structure of ECAP-deformed Al-6Bi-8Zn alloy is very stable
at 200 °C, at least up to 8 h. The slow grain coarsening in the present work can be mainly
related to the presence of nano-sized Zn particles dynamically formed along GBs during
ECAP, which can effectively impede grain boundary migration during long-term annealing
by the Zener pinning effect [22]. As a result, the thermal stability of 5P Al-8Zn and 5P
Al-6Bi-8Zn alloys is improved. This strategy has never been reported in improving the
thermo-stability of UFG Al-Bi based alloys, which shows great practical and industrial
potential.

3.2. Texture Evolution

As can be seen from Figure 6a,b, the grain orientation distributions of the 1P samples
are nearly centro-symmetric, showing characteristics of the ideal (pure shear) ECAP texture
of FCC metals and alloys processed through a 90° ECAP die [23]. Compared to the 1P
samples, the texture components of the 3P Al-8Zn and Al-6Bi-8Zn samples become more
concentrated with the maximum intensity increased to ~9.1 and 7.8 mr, respectively. With
increasing ECAP passes to five, the loss of monoclinic symmetry and deviation from
ideal positions occurs, which can be related to the formation of ultrafine grains as a result
of CDRX. However, the similarity between textures of Al-8Zn and Al-6Bi-8Zn samples
demonstrates that CDRX can only modify the ECAP texture in some extent. The effect of
annealing at 200 °C on the texture of Al-8Zn and Al-6Bi-8Zn alloys is illustrated in Figure 7.
A comparison of Figures 6 and 7 shows that after annealing for 8 h, annealing at 200 °C
is not radical enough to eliminate ECAP textures, which further confirms that the grain
structures of 5P Al-8Zn and Al-6Bi-8Zn alloys are stable during annealing.
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Figure 6. {110} and {1 1 1} pole figures of ECAP-processed Al-8Zn and Al-6Bi-8Zn alloys. (a)
and (b) 1P, (c) and (d) 3P, (e) and (f) 5P, and (g) is a schematic of the ECAP die and its relevant
coordinate system. The dotted lines in the pole figures indicate the ideal shear plane (SD and SPN
are abbreviations for shear plane and shear plane normal).
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Figure 7. {11 0} and {1 1 1} pole figures of ECAP-processed (a—c) Al-8Zn alloy and (d—f) Al-6Bi-8Zn
alloy. The dotted lines indicate the ideal shear plane, and SPN is the shear plane normal.
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3.3. Mechanical Properties

The evolution of Vickers hardness upon annealing at 200 °C as a function of time is
shown in Figure 8. The 5P Al-8Zn and Al-6Bi-8Zn alloys before annealing have a hardness
of 66 HV and 73 HYV, respectively. Overall, the hardness continuously decreases with
increasing the annealing time. In the present work, after annealing for 1 min, the decreased
hardness is caused by thermally activated annihilation and rearrangement of dislocations.
The decrease in the hardness of the 5P Al-6Bi-8Zn alloy is larger than that of the 5P Al-
8Zn alloy. This can be mainly attributed to the faster occurrence of recovery in the 5P
Al-6Bi-8Zn alloy due to the smaller grain size. After annealing for 1 h, the Vickers hardness
of the Al-8Zn and the Al-6Bi-8Zn alloy is much higher than that of the ECAP-deformed
commercial purity (99.5%) Al alloy (~42 HV) after annealing at 200 °C for 1 h [24].

75 & €—Hardness before annealing —e— Al-8Zn
704 —a— Al-6Bi-8Zn
S 65 roo ey
a:v"’ 60: Hardness before ;lnncnlin: T?r-n?i\::n_—';"-~r.,,_.r:>:
2 551 ’ )
5 501 i g l
E E 8h \ :
T 454 \.o
® 40 .
Q E
= -
§ 23: 120 h
25 T
0 1 10 100 1,000 10,000

Annealing time (min)

Figure 8. Evolution of Vickers hardness of the 5P Al-8Zn and Al-6Bi-8Zn alloys as a function of
annealing time at 200 °C.

With increasing the annealing time up to 8 h, the decrease in hardness is rather slow
and gradual, which is consistent with the microstructural evolution. After annealing for
120 h, the hardness of the Al-8Zn and Al-6Bi-8Zn alloys drops down to ~43.7 HV and
~40.7 HV, respectively. The lower hardness of the Al-6Bi-8Zn alloy should be due to the
presence of soft Bi particles. The significant decrease in hardness is mainly attributed to
grain growth. Compared to their as-cast counterparts, the hardness of these two alloys is
still higher.

As shown in Figure 9, tensile tests were conducted on the 5P Al-8Zn and Al-6Bi-8Zn
alloys after annealing for 96 h. For comparison, the tensile results of the as-cast and as-
deformed 5P samples are also given in Figure 9, and the corresponding tensile properties
are given in Table 1. It is apparent that for both alloys, five passes of ECAP can lead to
a substantial increase in yield strength and ultimate tensile strength, with a decline in
ductility. The improvement of yield strength after five passes of ECAP compared to the as-
cast state is a result of increased grain boundary strengthening (=96 MPa) and dislocation
strengthening (~49 MPa), coupled with decreased solid solution strengthening [5]. The low
uniform elongation is related to the very limited work-hardening potential [5]. The tensile
fracture morphologies of the 5P Al-8Zn and Al-6Bi-8Zn samples are shown in Figure 10. It
can be seen that the 5P Al-8Zn sample exhibits more and deeper dimples than the 5P Al-
6Bi-8Zn sample, indicating that the 5P Al-8Zn sample is more ductile. The flake-shaped Bi
particles in the 5P Al-6Bi-8Zn sample cause decohesion of the Bi particle/matrix interfaces,
which leads to poor ductility.
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Figure 9. Tensile engineering stress—strain curves of the Al-8Zn and Al-6Bi-8Zn alloys.

Table 1. Tensile properties of the as-cast, as-deformed, and annealed Al-8Zn and Al-6Bi-8Zn alloys.

Material Yield Strength (YS) (0.2% Ultimate Tensile Uniform Elongation to
(wt. %) Offset) [MPa] Stress (UTS) [MPa] Elongation (UE) [%] Failure (EF) [%]
Al-8Zn (as-cast) 66 + 2 130 £ 4 26.0 £ 0.5 515+1
Al-8Zn (5P) 199 + 4 221+5 22402 375+0.6
Al-8Zn (5P + 96 h) 106 £ 2 146 +£ 3 246 £ 0.4 60.3 £ 0.3
Al-6Bi-8Zn (as-cast) 63+3 118 £3 22.0+0.3 484 £+ 0.8
Al-6Bi-8Zn (5P) 211+ 4 238 + 4 23+0.2 6.0+ 0.3
Al-8Zn (as-cast) 99 +2 133 +3 248 £ 0.3 572 +04
Al-8Zn (as-cast) 66 + 2 130 £ 4 26.0 £ 0.5 515+1
(b)
5P
Al-6Bi-8Zn
SE

Figure 10. Fracture morphologies. (a) SE images of the 5P Al-8Zn sample, (b) BSE image of the 5P
Al-6Bi-8Zn sample.

Compared to the 5P Al-8Zn and Al-6Bi-8Zn alloys, the yield strength is considerably
reduced by annealing at 200 °C for 96 h. Nevertheless, it can be seen that post-ECAP
annealing is very advantageous in improving the ductility of the ECAP processed Al-8Zn
and Al-6Bi-8Zn alloys. The uniform elongation is increased significantly, ~11 times as large
as the 5P samples. In addition, the yield strength of the 5P + 96h Al-8Zn alloy is ~7 MPa
higher than that of the 5P + 96h Al-6Bi-8Zn alloy. Since the average grain size of these
alloys are nearly the same, the decreased yield strength of the 5P + 96h Al-6Bi-8Zn sample
can be due to the presence of coarse soft Bi particles.

Furthermore, the yield strength of the 5P + 96 h samples is ~1.6 times of its as-cast
counterparts, with higher values of elongation to failure as well, which can be ascribed
to the fine dislocation-free grains. On the one hand, the fine grains can contribute larger
grain boundary strengthening, making the yield strength higher. On the other hand, fine
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grain structures make deformation more homogeneous, which can prevent early crack
nucleation due to strain localization and is beneficial for elongation to failure [25].

4. Conclusions

The present work aims to produce UFG Al alloys with stable ultrafine grain structures
by adding Zn, in which the effect of nano-sized Zn particles on ECAP texture evolu-
tion during post-ECAP annealing has also been investigated. The main conclusions are
summarized as follows:

(1)  Only recovery occurs upon annealing at ~200 °C for 2 h, while the coarsening of UFG
grains are depressed. In contrast to severely deformed commercial purity Al and the
binary Al-8Bi alloys, the present 5P Al-8Zn and Al-6Bi-8Zn alloys show a more stable
thermal stability. It can be mainly ascribed to the retarded GB migration due to the
Zener pinning effect of pre-existing fine Zn particles dynamically precipitated along
GBs.

(2) ECAP texture of the 5P Al-8Zn and Al-6Bi-8Zn alloys remain stable upon annealing
at 200 as a result of the stable grain structure.

(3) Annealing at 200 °C leads to a reduction in the strength of 5P Al-8Zn and Al-6Bi-8Zn
alloys, while the uniform elongations are much improved, reaching ~24.6% and
~24.8%, respectively.
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