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ABSTRACT

Fabrication of fine grain structures in Al alloys at elevated temperature is of great difficulty, owing to the dra-
matic recrystallization and grain growth. In this study, particles with both (sub)micron and nano-scaled sizes are
introduced in Al matrices (composites) to deeply refine and stabilize the grain structures at high temperature.
Microstructural evolutions of the composites during deformation and annealing are characterized in details
compared to the alloy counterparts without particles. Consequently, more rapid and obvious grain refinement
are induced in the composites. Mechanisms of these grain refinement are discussed in terms of the influences of
dual-size particles. Initial particle clusters can enforce grain fragmentations during unidirectional extrusion, and
the subsequently dispersed micron particles accelerate the grain subdivision during orthogonal extrusion.
Meanwhile, massive (sub)micron particles and dense nanoparticles promote dynamic recrystallizations in
composites during deformation, thanks to the particle stimulated nucleation and lattice rotation. According to
the driving and dragging forces calculation and textural results, grain growth is the major mechanism to
determine the annealed structures of composites and alloys. As a result, uniformly fine grain structures are

achieved in composites, approaching a stable critical size decided by the Zener pinning of nanoparticles.

1. Introduction

Fine grain structures are beneficial for the mechanical performances
of metals, and can be fabricated by plastic deformation processing
depending on the Zener—Hollomon parameters (defined as Z =
gexp(Q /RT), where T is the deformation temperature and ¢ is the strain
rate) [1-3]. Smaller grain sizes usually result from the higher Z pa-
rameters. Consequently, low temperature deformations at ambient or
cryogenic conditions have been adopted to produce nanocrystals or ul-
trafine structures [4,5]. Besides, ultrahigh strains are generally needed
for generating small grain size as predicted by Z parameters, so that a
variety of severe plastic deformation (SPD), such as equal channel
angular pressing (ECAP), high pressure torsion (HPT) and multidirec-
tional forging (MDF), have been applied to refine the grain structures of
alloys in the past decades [6,7]. For example, Huang [8] obtained a
lamellar nanograined structures (~70 nm) in Al-4wt.% Cu alloys at
room temperature by ECAP to a strain of 10 (15 passes).

* Corresponding author.
** Corresponding author.

But low-temperature deformation are difficult, if not impossible, for
the high-strength alloys containing large contents of precipitates and
rigid particles, so that hot deformation processing has been generally
adopted. For instance, T. Sakai [9] refined 7475Al alloys at 490 °C by
MDF and an average grain size of 9 um was achieved (e ~ 6). I. Mazurina
[10] produced fine grained structures (~6 pm) in 2219Al at 400 °C by
ECAP (e~ 8). Although these SPDs have been repeated to an ultrahigh
strain level, the grain structures obtained at elevated temperature
(>400 °C) are still larger than 5 pm [11,12]. In addition, these severely
deformed materials are commonly followed by annealing at medium to
high temperature, to release the internal stresses [13], tailor the grain
structures [14] or control the precipitates [15,16]. Hence the as-
achieved fine grain structures have to resist the grain growth at high
temperature, which is rarely available in most of the severely deformed
alloys [17,18].

As a result, different particles have been introduced in alloys to
promote the grain refinement during high-temperature processing [19].
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Apps [20] found that coarse second-phase particles could accelerate the
grain refinement thanks to the formation of severe deformation zones in
nearby regions, which was also reported in alloys containing Al;;Fes
[21], Si [22] coarse particles. Besides, fine particles such as Al¢Mn [23],
Al O; [24], B4C [25] and TiB,/TiC [26] were found to enhance the in-
teractions between particles and dislocations, promoting the grain re-
finements during deformation as well. However, there are also some
reports illustrating that fine dispersions (Al;Sc) inhibit the formation of
cells with dislocation walls, delaying the grain refinement even at high
strains [27]. It indicates that the influences of particles on grain evolu-
tions are ambiguous. Actually, the majority of literatures only focus on
the effects of either micron particles or nanoparticles, which are still
insufficient to induce fine grains (<5 pm) individually under high
temperature (>400 °C) and low strains (<6) as summarized in Fig. 4(c).
Therefore, combining micron and nano-scaled particles together to
further refine the grain structures of metals at elevated temperature is
necessary. The concurrent acting mechanisms of dual-size particles are
of great importance as well and deserve to be studied in details. Fortu-
nately, the composites fabricated by in-situ melt reaction consist of
micron particles and nanoparticles simultaneously [28,29], providing
model materials for the study of dual-size particle influences on grain
refinement.

The purposes of this study are (i) to fabricate fine grain structures at
high temperature, and (ii) to characterize the structural evolutions of Al
matrices containing dual-size particles during severe plastic deforma-
tion and subsequent annealing. As a result, uniformly fine grain struc-
tures (~2 um) have been introduced in Al matrices at 450 °C, which are
extremely stable even under the long-time exposure at 475 °C. The last
but not the least, (iii) to demonstrate the grain refinement mechanisms
stimulated by dual-size particles, compared to the Al alloys.

2. Materials and procedures

The 7050 Al alloys containing 8 wt% TiB, dual-size particles
(referred to the composites thereafter) were initially fabricated by in-
situ mixed salt method [30,31] and then severely deformed by the
accumulative orthogonal extrusion process (AOEP) at 450 °C, which
includes two steps of unidirectional extrusion (¢ = 2.2) and the subse-
quently orthogonal extrusion (¢ = 5.2), as described in our former study
[32]. “ED 1” and “ED 2” denotes the unidirectional extrusion direction
and the orthogonal extrusion direction respectively, which are vertical
with each other. The as-deformed composites were subsequently
annealed at 475 °C for 1 h. Besides, 7050 Al alloys without ceramic
particles (referred to the alloys thereafter) were also manufactured as
counterparts to outstand the influences of dual-size particles.

Microstructures of materials were characterized using a TESCAN
MAIA3 scanning electron microscope (SEM) and a FEI Tecnai G2
transmission electron microscope (TEM). Grain structures of materials
were characterized by electron backscattered diffraction (EBSD) using a
TSL orientation imaging microscope system mounted on TESCAN
MAIA3 SEM. The samples for EBSD analysis were prepared by me-
chanical polishing and additional ion-beam polishing to obtain a strain-
free surface. A step size of 0.69 pm and 0.13 pm was used in the EBSD
measurements of alloys and composites respectively. EBSD Kikuchi
patterns were post-treated using CHANNEL 5.0 software package to
obtain information on grain structure parameters. A misorientation
criterion (=15°) was used to identify high angle grain boundaries
(HAGBS), and the boundaries with misorientation angles (2° ~ 15%)
were defined as low angle grain boundaries (LAGBs), while the very
small misorientation angles (<2°) were ignored. All these SEM/EBSD
analyses of extruded materials were performed on the normal planes
along the extrusion direction (ED 1/ED 2).

3. Results
3.1. Particle characteristics

Fig. | are SEM micrographs of composites, showing the TiB, particle
distribution during AOEP. The in-situ synthesized TiB, particles are
dual-size distribution with both micron (0.5-2.0 pm, Fig. 1(d)) and
nano-scaled particles (20-500 nm, Fig. 1(e)), and the majority of nano-
TiB, particles display well coherent orientations with Al matrices, as
characterized in our former studies [33,34]. Initially, large amounts of
in-situ TiB, particles are clustered on the casting grain boundaries, as
shown in Fig. 1(a). After the unidirectional extrusion, initial TiB, par-
ticle clusters are elongated and transfer to particle bands parallel to ED 1
(Fig. 1(b)). And then these particle bands are well broken up during
orthogonal extrusion, as demonstrated in Fig. 1(c). Fig. 1(d) and (e)
shows the enlarged details of micron and nano-scaled TiB; particles in
AOEPed composites, which proves that AOEP can effectively disperse
the in-situ TiB, particles [28].

3.2. Deformed structures

3.2.1. After unidirectional extrusion

The grain structures of composites and alloys after unidirectional
extrusion are shown in Fig. 2(a) and (d). Initial coarse grains are elon-
gated along ED 1 and turn into columnar grains, the same as other hot
extruded alloys [35]. Fig. 2(b) and (c) depict the point-to-point (d0) and
point-to-origin (A0) misorientation within columnar grains of compos-
ites along the longitudinal (Line T;) and transverse (Line T,) direction
respectively. The dO of composites changes abruptly and the accumu-
lative misorientation (A0) gradient is up to 2.5°/um, indicating the
presence of highly misoriented (above 6°) fragments in the columnar

Fig. 1. SEM micrographs of composites during AOEP: (a) as-cast state, (b) after
unidirectional extrusion; (c) after orthogonal extrusion. The insets are the
corresponding EDX maps of Ti element in (a), (b), (¢) correspondingly. (d) and
(e) are the high-magnification images of (c), giving the enlarged details of
micron and nano-scaled TiB: particles in composites. The arrows indicate the
individual ED.



Fig. 2. EBSD maps of composites and alloys after
unidirectional extrusion: the grain structures of (a)
composites and (d) alloys. The insets give the corre-
sponding grain size distribution, respectively. The
point-to-point (A6) and point-to-origin (£A0) misori-
entation along lines: (b) Line T, (¢) Line T2, (e) Line
Ty, (f) Line T2’. The HAGBs (>15°) are marked in
thick black lines, the LAGBs (5-15°) are marked in

thin black lines and the very low LAGBs (2-5°) are
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marked in thin green lines. The EBSD maps are given
by IPF images whose color codes representing the
crystal orientation are shown in the inset of (d), and
the arrow indicates the ED. The transverse accumu-
lative misorientation gradients of composites and al-
loys are given by labels. (For better interpretation of
the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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grains. In contrast, Fig. 2(e) and (f) give the corresponding misorienta-
tion distribution of Al alloys in both longitudinal (Line T,’) and trans-
verse (Line T,”) directions. The A6 in Al alloys changes smoothly (<2°),
and the accumulative misorientation (A0) gradient is consequently
below 0.2°/um, which is only a tenth of that in composites.

3.2.2. After orthogonal extrusion

Fig. 3(a—d) illustrate the grain structures of composites and alloys
after orthogonal extrusion. Former columnar grains (Fig. 2) are
sectioned by new HAGBs and equiaxed grains. The as-achieved grain
structures can be classified into three types of grains according to their
individual aspect ratio (AR) value: (1) long fibrous grains (LFGs, 5 < AR)
parallel to ED with interior low LAGBs (<5°), (2) short ribbon grains
(SRGs, 2< AR < 5) with waved HAGBS, (3) equiaxed grains (EGs, 1 < AR
< 2) randomly embedded between LFGs and SRGs. Fig. 3(e) shows the
frequency of grains with AR values in both composites and Al alloys after
orthogonal extrusion. Low AR grains (<3) are more dominant in com-
posite structures than in alloy structures, indicating severer grain sub-
division and dynamic recrystallizations (DRX) in the composites.
Besides, Fig. 3(b) and (d) show that the as-achieved Al structures present
long-range heterogeneities, including residual LFGs (Grain B) and
abnormally growing EGs (Grain A), which will further affect the
annealed homogeneity of grain structures (Fig. 5(d)).

Fig. 3(f) depicts the misorientation angle distribution in orthogonally
extruded composites and alloys. The composites reveal higher misori-
entation angles with an average misorientation angle of 31.5" and a
HAGBEs fraction of 63.8%, compared to 23.7" and 50.4% in Al alloys.
Particularly, the inset in Fig. 3(f) shows the specific HAGBs contents of
composites and alloys, illustrating that the higher HAGBs fraction in
composites is owing to the increase of HAGBs larger than 45°. The ul-
trahigh HAGBs (>45") are depicted by yellow thick lines in Fig. 3(c) and
(d). It demonstrates that these ultrahigh HAGBs are identified as general
SRGs and EGs boundaries in composites, but only some LFGs boundaries
in Al alloys.

3.2.3. Structural evolutions with strains

The structural parameters of composites and alloys during AOEP are
given in Fig. 4, varying with the accumulative strains. It can be seen in
Fig. 4(a) that the composites present a higher fraction of HAGBs and
larger misorientation angle than alloys, and the bigger increment (AP,
> AP)) is obtained during the orthogonal extrusion. Fig. 4(b) demon-
strates that larger grain densities are obtained in composites, indicating
that more and finer SRGs and EGs are introduced during processing. And
since the grain boundaries of SRGs and EGs in composites are usually
above 45° (Fig. 3(c)), the resultant composites exhibit more HAGBs and
larger misorientation angles as shown in Fig. 3(f) and Fig. 4(a).
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Fig. 3. EBSD maps of (a) (c)composites and (b) (d)alloys after orthogonal
extrusion. The EBSD maps are given by IPF images whose color codes repre-
senting the crystal orientation are shown in the inset of (b). The insets of (a) and
(b) give the corresponding grain size distribution, respectively. The ultrahigh
HAGBs (>45°) are marked in thick yellow lines, the HAGBs (15-45°) are
marked in thick black lines, the LAGBs (5—15°) are marked in thin black lines
and the very low LAGBs (2—5°) are marked in thin green lines, correspondingly.
The red phases are TiB: particles in composites. The arrows indicate the indi-
vidual ED. (e) the frequency of grains with different AR value in AOEPed ma-
terials. (f) the misorientation angle distribution of AOEPed materials, whose
specific fractions of HAGBs are given in the inset. The average misorientation
angle and HAGBs fraction are given by labels. (For better interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 4(c) shows the grain size of composites and alloys in function of
strains. The initial grain size (~35 pum) of composites dramatically de-
creases to 3 pm after unidirectional extrusion and is further reduced to
1.7 pm after the orthogonal extrusion, in comparison with a grain size
above 7 um in Al alloys undergoing the identical conditions. Fig. 4(c)
also compares the grain sizes of AOEPed composites and alloys with the
literature data of Al alloys processed by other hot SPD technologies [9,
23,36-40]. It demonstrates that fine grain structures (3—5 pm) of Al
alloys could be achieved only if either the applied strains are above 6 or
the deformation temperature is below 300 ‘C. Once the deformation
temperature is beyond 400 "C, coarser grain structures (>7 pm) will be
induced in Al alloys. Interestingly, although the composites are
deformed at ultrahigh temperature (450 °C) in this study, much finer
structures (<3 pm) are still achieved even under low strain levels (~5).
The grain size evolution of composites with 5 wt% TiB, is also given in
Fig. 4(c). Though containing a larger initial grain size, finer grain
structures are obtained in the 8 wt% TiB, particles reinforced compos-
ites than those of 5 wt% TiB,/Al composites. It proves that final grain

Sum(2~15° )
47.0 %

composites and (e) (f) Al alloys, respectively. The
labels give the average grain size and fraction of
LAGBs in materials. (For better interpretation of the
references to color in this figure legend, the reader is
referred to the Web version of this article.)
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sizes after large strains are not decided by the initial grain structures of
materials as reported in other literatures [20,41], so that the dramatic
grain refinement of composites during AOEP could be substantially
attributed to the TiB, particles.

3.3. Annealed structures

Grain structures of annealed composites and alloys are shown in
Fig. 5. The annealed composites mainly consist of homogenous EGs with
clean HAGBs (Fig. 5(a)), presenting an ultrahigh fraction (80%) of
HAGBs (Fig. 5(c)), consistent with the general characteristics of
recrystallization and uniform grain growth [12,19]. The composites still
keep a fine grain size of 2.3 pm (Fig. 5(b)), even under the long-time
exposure at 475 °C. In contrast, the alloys undergoing identical
annealing treatment reveal different features as follows: (i) the grain
structures in alloys are completely heterogeneous (Fig. 5(d)), consisting
of abnormal growth regions (grain size up to 200 um), partial recrys-
tallization zones (fine EGs) and stubborn LFGs containing dense LAGBs



(2-57). (ii) the grain structures of annealed alloys are much coarse with
an average grain size of 14.1 um (Fig. 5(e)). (iii) the annealed alloys still
retain a large fraction of LAGBs (~47%) (Fig. 5(f)).

4. Discussion

As shown above, more rapid and obvious grain refinement are ach-
ieved in composites containing dual-size TiB, particles, in comparison
with the Al alloys undergoing identical deformation and annealing
processes. Specifically, (i) more HAGBs and (ii) EGs are induced during
deformation, and (iii) uniformly finer structures are obtained after
annealing. Mechanisms of these grain refinement will be discussed in
terms of the dual-size TiB, particles in this section.

4.1. Dynamic grain refinement during deformation
4.1.1. Particles accelerate grain subdivision
(1) Grain fragmentation during unidirectional extrusion

Fig. 6(a) and (c) shows the internal fine structures of columnar grains
in composites and alloys, respectively. Textural columnar grains with
recovered cells (~2°) are achieved in Al alloys after unidirectional
extrusion as shown in Fig. 2(d) and Fig. 6(c), but the grain structures of
composites are more fragmental containing highly misoriented sub-
structures (Fig. 6(a)). Fig. 6(b) and (d) illustrates the orientation maps of
substructures within columnar grains of composites and alloys. The
substructures in composites exhibit scattered orientations with few do-
mains (3/4/5) rotated from the matrices (1/2/6), but the orientations
within the columnar grain of Al alloys are much clustered.

Fig. 6(e) illustrates the structural evolutions of polycrystalline alloys
during deformation. When the applied shear stress rises to a critical
level, slip systems with high Schmid factor will be activated firstly,
resulting in deformation bands in initial grains. The moving dislocations
continue to slip and stop at the intersection between deformation bands

Initial
Al grains

—_— T

Fig. 6. Enlarged images of columnar grains in (a) composites and (c) alloys
after unidirectional extrusion. (b) and (d) are the pole figures of columnar
grains in (a) and (c¢). The corresponding substructures are numbered and given
by labels. Schematic diagrams showing the grain evolution of (e) alloys and (f)
composites during deformation. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

and grain boundaries, increasing the local stress high up to trigger the
slip systems in neighbor grains. Once the neighboring slip systems start
to move, surrounding grains will begin to deform coordinately, intro-
ducing permanent shear bands in long ranges. These shear bands keep
rotating towards ED during extrusion, transforming into the elongated
grain structures in Fig. 2(d) and Fig. 6(c). However, the initial composite
grains are surrounded by dense TiB, particle clusters (Fig. 1(a)), which
will hinder the transfer of slip bands between neighbor grains and pre-
vent the formation of long-range shear bands, as shown in Fig. 6(f)
schematically. These isolated grains tend to deform alone and then more
active slip systems are needed to keep the plastic deformation contigu-
ity, resulting in misoriented domains inside grains. Besides, higher stress
are accumulated near the grain boundaries (around particle clusters) as
well, promoting the rotation of subgrains to further increase the interior
misorientations. Consequently, more grain fragments are introduced in
the extruded composites as shown in Fig. 2(a) and Fig. 6(a).

(2) Grain subdivision during orthogonal extrusion

Fig. 7 show the distributions of Schmid factor in unidirectionally
extruded composites and alloys loading along ED 2 (vertical to ED 1).
The fragmental composites have more grains with high Schmid factor
(>0.45), so that the dislocation slip systems in composites are easy to be
activated to form deformation heterogeneities (deformation cells/
bands) during the orthogonal extrusion. More importantly, former TiB,
particle bands are well dispersed during the orthogonal extrusion (Fig. 1
(¢)), leaving micron particles uniformly embedded in Al matrices (Fig. |
(d)). As reported in literatures [20,42], the large (>1 um)
non-deformable particles can promote the lattice rotation of sub-
structures, inducing sharp misorientation gradient and HAGBs in the
nearby matrices. Fig. 8 give the microstructures and line scan mis-
orientations around micron TiB, particles in composites. Substructures
with ultrahigh HAGBs (>45°) are consequently induced in the particle
deformation zones, and high misorientations are accumulated within
(Line 1) and across (Line 2) the grains, resulting in the sharp misorien-
tation gradient (up to 10°/pm) around particles. Since these micron TiB,
particles are widely distributed in matrices (Fig. 1(c)), large amounts of
highly misoriented substructures and HAGBs are introduced in com-
posites, subdividing the coarse grains (LFGs) into finer fragments (SRGs
or EGs), as shown in Fig. 3(c). These extra HAGBs discussed in this
section (4.1.1) are geometrically necessary to accommodate the inho-
mogeneous strains among different domains, leading to the strain-
induced grain refinement (grain subdivision), which is different from
the grain refinement caused by DRX as discussed below (4.1.2).

4.1.2. Particles promote dynamic recrystallization

There are highly misoriented deformation zones around micron
particles (Fig. 8), providing driving energies for the nucleation of
recrystallization grains, as the so called particle stimulated nucleation of
recrystallizations (PSN). Numbers of micron TiB, particles are dispersed
completely during AOEP to guarantee the massive occurrences of PSN in
Al matrices, so that the resultant composites present more EGs than the
alloys (Fig. 3(a) and Fig. 4(b)). Fig. 9(a) shows the typical PSN occurring
in composites. It is noteworthy that the widely accepted critical particle
size for PSN is about 1 um below which no PSN will exist. But the
recrystallized nuclei in composites are not only found surrounding
micron (> 1 pm) particles, but also nearby the submicron ones (<1 pm),
as shown in Fig. 9(a).

Fig. 9(b) is the schematic diagram of particles stimulated recrystal-
lization, illustrating the driving (F4) and dragging force (F. + F,) for PSN
in composites. The driving force (Fg4) for nucleus is stem from the stored
dislocations [43], as given by equation (1):

F;=aGb’p (1

Where a is a constant of 0.5,G is the shear modulus of Al at deformation
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temperature, which is about 24 GPa at 450 °C [44], b= 0.283 nm is the

Burgers vector, and p is the dislocation density within the deformation
zones surrounding particles.

If the recrystallized grains are nucleated and grow into the deformed
structures, extra grain boundary areas with specific energy (y) will be
induced, so that there will be a dragging pressure (F.) to shrink the new
nucleus [43], given by:

F.=

=y

@)

Where R is the radius of new grains,y =0.32J m™2
energy of Al

In addition, dense TiB, nanoparticles are uniformly distributed in Al
matrices (Fig. 1(e)), which inhibit the nucleus growth known as Zener
pinning pressure, providing the extra retarding force (F,) for recrystal-
lization, given by Ref. [45]:

is the grain boundary

_ 3w
Fr o) 3)

Where f, and r is the volume fraction and mean radius of nanoparticles,
which is about 0.032 and 17 nm in this TiB,/Al composites, according to
our former studies [28].

Only if the driving force (F,) is large enough to overcome the drag-
ging forces (F. + F,), can the PSN occur in composites, as demonstrated
by the PSN criterion in Fig. 9(b). Thus, the dislocation density (p) around
particle is the major determining factor for recrystallization, which is
related to the misorientation (0) and distance (x) from particle as follows
[43]:

Distance / pm

2¢, tan By,,ccos 2 6 cix

p= bd exp( _d) (4)

And the misorientation (0) around particle can be given empirically as
[43]:

tan & = tan O, exp( —%} 5)

Where ¢, is a constant (~1.8), d is the diameter of large particle. 8 max Is
the maximum misorientation nearby each particle. For the particles
between 0.1 pm and 2.5 pm, 0., is a function of both strain and particle
size, given by Refs. [43]:

Omax =0.80,(d - 0.1)" 6)

Where 6, is the maximum misorientation decided by strains. In the case
of composites in this study, particles undergo identical strains (~5.2)

during deformation. And thus a linear relationship can be derived from
the measured maximum misorientation (0,.x) and corresponding par-

0.2
e PRI e e d iR thid A EBRY S posites Terbrring to a Thrbe
value of 0, about 61.5°.

For the analysis of PSN, a critical nucleus size is usually assumed
equal to the particle diameter (x = 2 R = d) to simplify the calculation
[19]. Therefore, we can calculate the driving force (F4) and dragging
forces (F. ¥,) for PSN around different particles (0.1-2.5 pum), as
depicted in Fig. 9(d). The driving force for PSN is always larger than the

dragging forces in composites, no matter what particle size is. It is the
reason why some submicron TiB; particles below the general critical size
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Fig. 9. (a) the high resolution EBSD maps of composites after AOEP, showing
the presences of dynamic PSN around micron (>1 pum) and submicron (<1 pum)
particles. The HAGBs (>15°) are marked in thick black lines, the LAGBs (5-15°)
are marked in thin black lines and the very low LAGBs (2-5°) are marked in thin
green lines, correspondingly. The gray phases are TiB2 particles. The individual
particle size is given by label. The white arrows indicate the recrystallized
nuclei around particles. (b) the schematic diagrams illustrating the mechanisms
of PSN in composites. (¢) the measured maximum misorientation angle around
each particle versus particle size, and the linear fit equation is given as well. (d)
the calculated driving (Fa) and dragging forces (Fc + F;) for PSN in the function
of particle diameter. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

(~1 pm) trigger the PSN as well (Fig. 9(a)).

According to the calculation (equation (4)), the dislocation density
(p) around TiB; particles during deformation has been up to the order of
10'3/m?, so that it finally induces a very large value of misorientation
(65 ~ 61.5") nearby the particles, which is usually below 50° in Al alloys
under identical strains (¢ ~ 5) [19,43]. Such an ultrahigh driving force
can be attributed to two major factors: Firstly, the progressive lattice
rotation promoted by micron TiB, particles like other large particles in
literatures. Furthermore, these submicron and micron TiB, particles are
surrounded by dense nanoparticles (Fig. 1(e)), which can effectively
hinder dislocations and mitigate the dynamic recovery during hot
deformation, so that considerable dislocation density is achieved in Al
matrix to afford the ultrahigh driving force.

In addition, few EGs are also found far from the (sub)micron TiB,
particles in composites (Fig. 10(a)), indicating the presence of another
DRX mechanism (apart from PSN) during deformation. Although the
dynamic recovery is mitigated by the dense nanoparticles in composites,
there are still small recovered cells near the HAGBs (subgrains A/B in
Fig. 10(a)) because of the high stacking fault energy (SFE) of Al. These
recovered subgrain boundaries are initially pinned by dense TiB,
nanoparticles (Fig. 1(e)), which will continue to trigger dislocations
during further deformation. As a result, massive dislocations are accu-
mulated at the recovered grain boundaries, gradually increasing the
misorientation of subgrains by lattice rotation, as illustrated in Fig. 10
(b) and (c). Consequently, extra EGs with non-equilibrium HAGBs (high
up to 50" shown in Fig. 10(a)) are introduced in resultant composites,
owing to the promotion of dense TiB, nanoparticles. Such a similar
process of lattice rotation is usually responsible for the development of

(b)

Nanoparticles promoted
lattice rotation

Fig. 10. (a) The high resolution EBSD maps of composites, giving the local
grain boundary misorientation of subgrains (A,B) and EGs (C). (b) The sche-
matic diagrams illustrating the mechanisms of nanoparticles promoted DRX in
composites. (¢) TEM images showing the interactions between dislocations and
nanoparticles on (sub)grain boundaries. The inset is the diffraction patterns of
Grain D. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

fine grain structures in high SFE alloys, as the so called continuous dy-
namic recrystallizations during thermomechanical processes [12,46].
With the concurrent stimulations of both (sub)micron and nano-scaled
TiB; particles, more and finer EGs are introduced in Al matrices dur-
ing deformation, dynamically refining the grain structures of compos-
ites, as shown in Fig. 3 and Fig. 4.

4.2. Grain stabilization during annealing

Grain structures of Al alloys are susceptible to dynamically abnormal
growth during deformation (such as grain A in Fig. 3(d)), while the
composite structures are very stable without ultra-large grains. Such a
difference in grain stabilization is enlarged during high-temperature
annealing, resulting in heterogeneously coarse grains in alloys but uni-
formly fine structures in composites, as shown in Fig. 5.

As discussed in 4.1.2, stable nucleus of recrystallization will be
formed only if the driving force (Fy) is larger than the dragging force,
which is the sum of F, (equation (2)) and F, (equation (3)) in composites
but only F. in alloys. With regard to the driving force in materials after
AOEP (Fig. 3(a) and (b)), the dislocation densities (geometrically
necessary dislocations, GNDs) can be calculated by the strain gradient
model [47]:

_ ZQKAM

= 7
PGnps b @)

Where ponps is the density of GNDs, Oxawm is the kernel average misori-
entation, x is the unit length (twice of the step size used in EBSD
acquisition, which is 690 nm and 130 nm for Al alloys and composites,
respectively).

Assuming that GNDs account for 90% of the total dislocations in each
region (Protal=pGNDs/0.9) [48] and the maximum nucleus size is equal to
the subgrain size in composites (~1.5 pm) and alloys (~4.4 pum), the
critical Oxam for nucleation can be derived from equations (1)-(3) and
(7). Consequently, a Oxam of 3.8" and 3° is needed at least to ensure the
nucleation of recrystallized grains in composites and alloys. Fig. 11 show



15 o °
Oriticar > 3-8 ° eriticat = 3

X N
< <
7 LS I
g g
H H
g 10 s
g g
2 05 £
1= -

—— n H 0

2 3
KAM/°

-
n
°

2 3 4 5
KAM /°

Fig. 11. The kernel average misorientation (6kam) maps and corresponding
distributions of Oxam in AOEPed (a) (c) composites and (b) (d) alloys. The
critical Okam for nucleation is given by label. The red phases in (a) are TiB2
particles. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

the Oxam distributions in AOEPed composites and alloys. It illustrates
that majorities of Oxam in deformed materials are around 1°, far below
the critical Oganm demanded for nucleation. That is to say, since the
dramatic DRX has consumed most of the deformation capacity, the
remnant energy is too low to trigger the nucleation of new grains during
annealing, so that the final grain structures are mainly decided by the
growth of existing nuclei or EGs, as the so called metadynamic recrys-
tallization in literatures [12,49].

Fig. 12 give the pole figures of composites and alloys before and after
annealing. The AOEPed materials exhibit dominant Brass ((011)<211>)
textures [28], and few Cube ((001)<100>) textures are also detected in
both composites and alloys. The annealed materials keep the same
textures (weaker Brass, but stronger Cube) as deformed ones, without
the formation of new types of recrystallization textures, which proves
that there are no newly recrystallized grains during annealing as dis-
cussed above. However, the Cube textures in either composites or alloys
are strengthened after annealing as shown in Fig. 12(b) and (d). It is
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Fig. 12. Pole figures of composites: (a) AOEPed, (b) annealed. And alloys: (c)
AOEPed, (d) annealed. The typical textures are indicated by labels.

mainly because that Cube nuclei are easy to form owing to the mecha-
nism of strain induced grain boundary migration at the boundaries of
Cube-oriented regions in deformed microstructures, especially in the Al
alloys under high-temperature deformation [50,51]. These recrystal-
lized Cube grains continue to grow during annealing, further increasing
their orientation intensities. In contrast, remnant grains with deforma-
tion textures are gradually consumed by the growth of dynamically
recrystallized nuclei/grains, so that the intensities of Brass textures are
decreased after annealing.

As discussed above, grain growth during annealing is of great
importance to determine the final structures in both composites and
alloys. Fig. 13 illustrates the grain growth mechanisms in composites,
where the dragging force is the Zener pinning pressure (F, in equation
(3)) [52], but the pressure (F. in equation (2)) arising from the curvature
of grain boundary turns out to be the driving force for grain growth.
Besides, the remnant deformation structures with recovered sub-
structures (Dgw) can provide parts of driving force for growth as well
[43], given by:

3y
F_
L ®

Where Dy, = 1.5 pm is the subgrain size in composites. On the
assumption that the driving (F, + F,) force is equal to the dragging force
(F,), a stable grain size close to 4.9 um will be obtained in the annealed
composites. Although the deformed composites structures are somewhat
heterogeneous as shown in Fig. 3(a) and (c), fine grains will stop
growing once the grain size approaching the stable size, inducing final
uniform and fine grain structures in composites [52]. In contrast, there is
no dragging force (F,) for the grain growth of alloys, so that the fine-
grained structures will keep growing even under a small driving
pressure. Thus, heterogeneously coarse grains (Fig. 5(d)) are finally
achieved in alloys, inheriting from the inhomogeneous structures in
deformed state (Fig. 3(b) and (d)).

5. Conclusions

Both (sub)micron and nano-scaled particles have been introduced in
Al matrices to refine the grain structures at elevated temperature, and
fine grain structures are obtained in the composites. Mechanisms of
grain refinement and stabilization in composites have been discussed in
details based on the influences of dual-size particles. Main conclusions
are as follows:

(1) In comparison with Al alloys, the composites present more rapid
and obvious grain refinement under identical deformation and
annealing processes, including (i) more ultrahigh HAGBs and
equiaxed grains after deformation, and (ii) more uniform and
finer grain structures after annealing.
Particle clusters can hinder the neighboring transfer of slip bands
between grains and prevent the formation of long-range shear
bands, enforcing the interior grain fragmentations during unidi-
rectional extrusion. Subsequently, dispersed micron particles in-
crease misorientation gradient in the nearby regions, inducing
grain subdivision during orthogonal extrusion.

(3) DRX have been promoted in the composites during deformation,
thanks to the PSN and lattice rotation stimulated by dual-size
particles.

(4) Grain growth is the major mechanism to determine the annealed
structures of both composites and alloys. Uniform and fine grain
structures are achieved in composites, approaching a stable
critical size decided by the Zener pinning of nanoparticles.

(5) The strategies of fabricating fine grain structures at elevated
temperature by the introduction of dual-size particles are both
effective and achievable, which can be extended in other metal-
particle systems.
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Fig. 13. The schematic diagrams showing the grain growth mechanisms with driving (Fc + Fq) and dragging force (F:) in composites.
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