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Abstract In situ synthesized MgAl,O, whiskers rein-
forced 6061 Al alloy composites were fabricated by a
powder metallurgy method. Nano-sized MgAl,O, spinel
whiskers distributed uniformly in 6061 Al alloy matrix
without any interfacial product and laid along the extrusion
direction after hot extrusion. As-extruded composite sam-
ples were annealed at 530, 580, 600 and 630 °C for 1 h and
examined by electron backscattered diffraction to investi-
gate the recrystallization behavior of obtained composites.
Microstructure and texture evolution was investigated, and
it is found that the recrystallization process is inhibited by
whiskers because of Zener pinning. Slender fibrous grains
remain until 630 °C, and deformation textures still exist
even in specimen annealed at 630 °C. Hardness and tensile
tests show that the completely recrystallized sample has an
ultimate tensile strength of 218 MPa and a hardness of HV
52 compared with 283 MPa and HV 69 of the unannealed
sample. Mechanical properties of the annealed samples
decline slightly with annealing temperature increasing up
to 600 °C.
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1 Introduction

Discontinuously reinforced aluminum matrix composites
(AMCs) have drawn considerable attention in many
advanced applications in automotive, transportation and
aerospace industries [1-3] due to their excellent mechani-
cal and physical properties such as low density, high
specific strength, good wear and corrosion resistance and
good thermal stability [4—10].

The mechanical performance of AMCs is significantly
influenced by the interfacial bonding and the distribution of
reinforcement. Compared with the ex situ fabrication, an
in situ method effectively avoids these problems
[4-8, 11, 12]. The reinforcements synthesized by the in situ
method usually have a very strong bonding with the matrix,
and their distribution is homogeneous, resulting in
improvement in the mechanical properties.

The mechanical properties of the deformed composites
can be easily influenced by annealing [13, 14]. Both
microstructure and texture evolve during the recrystal-
lization annealing process. Elongated deformed grains tend
to become equiaxed and deformation textures tend to
transform into recrystallization textures, resulting in the
decrease in strength. So if the recrystallization phe-
nomenon of composites was retarded, the composites
would present good mechanical properties after annealing,
giving a promising application at elevated temperatures.

The deformation textures of aluminum alloys (fcc metal)
mainly lie on a-fiber and B-fiber. Along a-fiber, the typical
texture components are Goss orientation {011} <100>,
brass orientation {011} <211>, and those along B-fiber are
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S orientation {123} <634>, R orientation
{124} <211> and cooper orientation {112} <111> [15].
While after annealing, cube orientation {001} <100> is
usually found to be the dominant recrystallization texture
[16]. And it is commonly understood that a noticeable Goss
orientation {011} <100> in recrystallization texture can
result in poor formability; on the contrary, a weak cube
orientation significantly increases the limiting dome height
[13].

However, the contribution of secondary phase still needs
much discussion [17], since the secondary phase has cru-
cial influence on the deformation and recrystallization
process. It is now mainly agreed that the effects of large
second-phase particles and small particles are quite dif-
ferent. Large second-phase particles (larger than 1 pm)
provide ideal nucleation sites in the deformation zone for
recrystallization, i.e., particle stimulated nucleation (PSN)
[17]. And the small dispersion particles have strong Zener
drag to pin the grain boundaries, sub-grain boundaries and
dislocations, so the migration of them is prevented. Then
recrystallization is inhibited.

Many studies about deformation textures or recrystal-
lization textures of aluminum alloys and aluminum alloy
matrix composites have been carried out [13-16, 18-26].
Deng et al. [16] investigated the texture of cold-rolled and
recrystallized Al-Zn-Mg—Sc—Zr alloys and the nucleation
mechanism of the recrystallization. Deng et al. [15] found
nanoscale MgZn, particles yielded during thermomechan-
ical processing can reduce the recrystallization content of
Al-Zn-Mg—Cu alloy plate due to that the particles inhibit
the migration of dislocations and grain boundaries. Jiang
et al. [22] compared the extrusion textures of 6061/SiC,
composites and those of pure Al and 6061 alloy and found
three moderate strong extrusion texture components close
to the typical B-fiber in deformed fcc metals. Furthermore,
Zhang et al. [27] found that both deformation texture
components and recrystallization texture components of
the obtained SiC,,/Al composite were weaker than those of
pure aluminum.

In this work, the MgAl,0, whiskers reinforced 6061 Al
alloy composites were fabricated using an in situ method,
and microstructure and texture of both the extruded sam-
ples and annealed samples were studied to investigate the
evolution of microstructure and texture of composites
during annealing.

2 Experimental
6061 Al powders with an average diameter of 36 um, Mg
powders with an average diameter of 10 um and boric acid

were used as the raw materials to fabricate the MgAl,O,
whiskers reinforced 6061 Al alloy composites. These
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powders were mixed in a mass ratio of 15:2:3, and 1 wt%
stearic acid was also added as the process control agent to
prevent excessive cold welding of the powders in the
subsequent ball milling pretreatment. Then a ball milling
pretreatment was carried out in a stainless steel chamber of
250 ml for 4 h with a ball-to-powder weight ratio of 10:1 at
a speed of 400 r-min~'. The obtained mixture was com-
pacted into a bulk with 20 mm in diameter under a pressure
of 600 MPa, and the bulk was sintered at 650 °C for 1 h in
a tubular furnace with argon atmosphere protection to
in situ generate MgAl,O, whiskers. Afterward, the bulk
was heated at 540 °C for 1 h and immediately hot-extruded
in a steel mold with an extrusion ratio of 16:1. Finally, the
rod samples were annealed at 530, 580, 600 and 630 °C for
1 h separately in a resistance furnace to further estimate the
stability of microstructure at high temperatures.

X-ray diffraction (XRD) was carried out on a Bruker D8
advance diffractometer with Cu Ko radiation to identify the
phase components. Scanning electron microscope (SEM,
Hitachi S4800) was used to observe the microstructure of
whiskers and the fracture surfaces of tensile test specimens.
And high-resolution transmission electron microscope
(HRTEM, JEM-2100F) was used to characterize the
microstructure and interface of whiskers and the matrix in
detail. To analyze the microstructure and texture of
deformed and annealed composite specimens, electron
backscattered diffraction (EBSD) was employed. The
specimens were first ion polished and then examined by
scanning electron microscope (SEM, FEI Quantan 650F)
equipped with EBSD detector (Oxford HKL Nordlys).
Electron energy loss spectrum (EELS) chemical analysis
was carried out using aberration-corrected transmission
electron microscope (TEM, FEI Titan Cubed Themis G2
300) and Enfinium ER Model 977 EELS spectrometer to
determine whether the whiskers contained B element.

The hardness was evaluated on an MH-6 Vickers
hardness device under loading weight of 200 g for 5 s from
the average value of 8 measurements. And tensile tests of
the composites were performed on an M350-20KN uni-
versal testing machine under 1 mm-min~' monotonic
loading at room temperature.

3 Results and discussion
3.1 In situ synthesis of whiskers/6061 Al composites
The 6061 Al powder, Mg powder and boric acid were

mixed and sintered, and the reactions among the raw
materials can be inferred as follows [5-8, 28]:

4H3BO; (solid) — 2B, 03 (solid) + 6H,O (gas) (1)

@ Springer



G. Hao et al.

1734
1000
Al PDF No. 04-0787
= MgAL,O, PDF No. 21-1152
800 [ ’
<
£ 600 s
Ny =
z 5 S
= s S
5 400 ~| S8 s =
£ == =8 83 &
= Sa| < ¢ = ~
CTIgI8 g%sa =
200 g 2|82 =85 =
- < ~—
35|92 23 <
== - A
0
1 1 | 1 | 1

Fig. 1 XRD pattern of specimen after sintering at 650 °C for 1 h,
showing existence of Al and MgAl,O, spinel phases

B,0; (solid) — B,0; (liquid) (2)
4H3BO;s (solid) + 6Al + 3Mg — 3MgAl, O, + 4B + 6H,
(3)
4B,0;s (liquid) + 6Al 4+ 3Mg — 3MgAl, 04 + 8B (4)
Mg + 2B — MgB, (5)

Figure 1 shows XRD pattern of as-sintered specimen.
The peaks at 36°, 44° and 65° can be assigned to MgAI,O,
spinel, proving that the MgAl,O, spinel was in situ
synthesized successfully during the sintering process. Al
is also recognized by XRD pattern (peaks at 38°, 44° and
78°), and the peaks are much stronger than that of
MgAl,O, spinel because of the high content of matrix in
the obtained composites. However, MgB, is not detected
by XRD due to its low content. To verify the morphology
of the spinel phase, the specimen was eroded by HCI, and
then the remnant was examined by XRD and observed by
SEM. The SEM observation shown in Fig. 2 confirms the

existence of whiskers, and the corresponding XRD pattern
recognizes the whisker as MgAl,O4 spinel. So the
MgAl,O, spinel whiskers were successfully generated in
the 6061 Al alloy matrix.

The obtained composites were examined by SEM and
TEM to further characterize the whiskers. From SEM
images shown in Fig. 3a, b, it is found that the diameter of
the whiskers ranges from 30 to 100 nm with the aspect
ratio ranging from 10 to 30. The whiskers uniformly dis-
tribute in the matrix without obvious agglomeration, and
the most of the whiskers lay along extrusion direction (ED)
due to the high stress during hot extrusion. The orientation
of whiskers can significantly improve the tensile strength
along the extrusion direction. However, it is unexpected
that a small part of whiskers is broken during hot extrusion.
SEM images (Fig. 3c, d) show a smooth and clean inter-
face without interfacial products or precipitated phase
between MgAl,O, whisker and 6061 Al alloy matrix,
reflecting the strong bonding of whisker and matrix. Fig-
ure 3d shows well crystallization of MgAl,O,4 whisker that
is elongated in the {220} direction. Besides the MgAl,O,
spinel whiskers, MgB,, which was undetected by XRD due
to its small amount in the obtained composites, is also
found as whiskers by TEM (Fig. 3e). SAED pattern in the
inset can be assigned to MgB, whiskers (Fig. 3e). EELS
pattern shows B-enriched region (Region A) on a MgB,
whisker and B-free region (Region B) on its adjacent
whisker, indicating that both MgB, whisker and MgAl,O4
spinel whisker exist in the composites (Fig. 3f).

3.2 Microstructure of composites

Hot extrusion is an effective method to improve the com-
pactness of powder metallurgy products and the strength of
composites. Generally, most grains of hot-extruded sam-
ples are elongated along the extrusion direction (ED), and
some grains may show equiaxed because of dynamic
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Fig. 2 a SEM image of remnant of composite after removal of matrix by HCI erosion and b corresponding XRD pattern showing remnant spinel
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Fig. 3 a, b SEM images of whiskers in Al matrix after hot extrusion at 540 °C with an extrusion ratio of 16:1; ¢, d TEM images of MgAl,O4
spinel whiskers [inset d showing lattice planes of (220)]; e TEM image of MgB, whisker; f EELS patterns determining presence of B element in

Region A and the absence of B element in Region B

recrystallization. The deformed grains are sensitive to
temperature. When annealed at high temperatures, the
deformed grains tend to recrystallize, resulting in equiaxed
coarse grains. Secondary phase significantly influences the
recrystallization, either promotes or inhibits recrystalliza-
tion, depending on the size of secondary phase. In this
work, the obtained MgAl,0, whiskers reinforced 6061 Al
alloys composites were annealed at 530, 580, 600 and
630 °C for 1 h separately to investigate the effect of
whiskers on the annealing process. In addition, as-sintered
and as-extruded specimens were also investigated for
comparison.

Figure 4 shows microstructures of as-sintered specimen
and as-extruded specimen. The grains of as-sintered
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specimen are equiaxed, with an average diameter of
30 um. After hot extrusion, the deformed grains show
slender fibrous elongated along ED. However, a very small
amount of fine equiaxed grains are detected, suggesting
that dynamic recrystallization partially occurs due to the
high temperature and large extrusion ratio of the hot
extrusion process [22]. During dynamic recrystallization,
the grains nucleate but do not grow coarse, resulting in the
grain refinement. And it is worth mentioning that the grains
of as-sintered specimen are randomly oriented (Fig. 4a)
while those of as-extruded specimen tend to have some
preferred crystallographic orientation (Fig. 4b).

The grains and grain boundaries of as-extruded and
annealed specimens are shown in Fig. 5. Low-angle grain

@ Springer
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Fig. 5 Orientation images of extruded MgAl,O, whiskers/6061 Al composites annealed at different temperatures for 1 h: a as-extruded,
b 530 °C, ¢ 580 °C, d 600 °C and e 630 °C

(Sub-) grain boundaries

Fig. 6 TEM images showing whiskers distributed at vicinity of a (sub-) grain boundaries and b dislocation
boundaries (LAGBs, < 15°) are colored by red and high-  equiaxed grains have nucleated due to dynamic recrystal-

angle grain boundaries (HAGBs, > 15°) are colored by  lization (Fig. 5a). Although fine equiaxed grains exist,
black. As mentioned above, a very small amount of fine  most grains are elongated along ED. When specimens were
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Fig. 7 Misorientation angle distributions of extruded MgAl,O4 whiskers/6061 Al composites annealed at different temperatures for 1 h: a as-

extruded, b 530 °C, ¢ 580 °C, d 600 °C and e 630 °C

annealed at 530, 580 and 600 °C, the content of equiaxed
grains increases and some recrystallized grains start to
grow (Fig. 5b—d), compared with as-extruded specimen.
Moreover, it is interesting to find that there is no evident
difference in recrystallized grains between specimens
annealed at 530, 580 and 600 °C. The recrystallization is
uncompleted in these specimens. And annealing at 630 °C,
the fine recrystallized grains grow into coarse equiaxed
grains sharply and no fibrous grain can be observed. This
indicates that a complete recrystallization has already
occurred.

Compared with the deformed Al-Mg—Si (6xxx series)
alloys [13] and SiC/Al composites [27, 29], of which the
recrystallization annealing was usually carried out at 500—
600 °C, the obtained MgAl,O, whiskers reinforced 6061
Al alloy composites show a significant recrystallization
resistance. The recrystallization process is retarded since
the migration of (sub-) grain boundaries and dislocations is
inhibited by the whiskers (Fig. 6). These whiskers were
present before recrystallization annealing, which is the
essential precondition of Zener pinning [17], and its size is
small enough to be regarded as small or closely spaced
particles. So according to Zener’s pinning equation [30]:

2(0) o

where r represents the dispersoid radius, k is a scaling
factor, fis the content of dispersoid particles (vol%) and y
is the energy of the boundary that the dispersoids pinned.

Rare Met. (2023) 42(5):1732-1742

The nano-sized whiskers that located at vicinity of (sub-)
grain boundaries and dislocations can offer a strong Zener
drag to prevent the movement of dislocations and the
migration of grain boundaries, inhibiting the occurrence of
recrystallization during annealing.

To characterize the LAGBs and HAGBs, the misorien-
tation angle distribution was investigated (Fig. 7). LAGBs
dominate in the as-extruded specimen (Fig. 7a), and the
content of LAGBs decreases and that of the HAGBs
increases when the specimens were annealed at 530 and
580 °C (Fig. 7b, c). However, when annealed at higher
temperatures (600, 630 °C), LAGBs increase continuously
even HAGBs hardly can be seen in specimen annealed at
630 °C. It is quite different from the grain boundaries of
alloys that have secondary phase dispersions, in which
LAGBs decrease and HAGBs increase with annealing
temperature increasing [16, 31].

To figure out the reason for this phenomenon, only grain
boundaries are shown in Fig. 8, in which LAGBs are col-
ored by red and HAGBs are colored by black. Plenty of
LAGBs exist in both deformation sample (Fig. 8a) and
annealed samples (Fig. 8b—e). LAGBs do not migrate into
HAGBs during recrystallization annealing, but HAGBs
decrease because recrystallized grains grow (Fig. 8d, e),
resulting in the increase in relative content of LAGBs. And
the existence of LAGBs in recrystallized specimens is also
caused by the nano-sized whiskers. The whiskers strongly
pin LAGBs to prevent their migration (Fig. 6), while
migration of HAGBs is not prevented by the whiskers.

@ Springer
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Fig. 8 LAGBs and HAGBs of extruded MgAl,O, whiskers/6061 Al composites annealed at different temperatures for 1 h: a as-extruded,
b 530 °C, ¢ 580 °C, d 600 °C and e 630 °C (red lines and black lines indicating LAGBs and HAGBS, respectively)

Thus, relative content of LAGBs increases in specimens
annealed at 600 and 630 °C.

3.3 Texture analysis

Texture evolution is important during both the deformation
process and recrystallization process since the mechanical
properties are related to texture distribution [13]. In gen-
eral, Goss orientation or other deformation texture com-
ponents weaken during recrystallization, and cube
orientation is usually found to be the dominant recrystal-
lization texture. Since the obtained MgAl,O, whiskers

¢,=45°

reinforced composites show a great recrystallization resis-
tance, it is even necessary to evaluate the texture evolution
in annealing process.

Orientation distribution functions (ODFs) of the as-sintered
and as-extruded specimens are given in Fig. 9. The textures are
formed during hot extrusion (Fig. 9). There is no preferred
orientation in as-sintered specimen (Fig. 9a), but deformation
textures exist in as-extruded specimen (Figs. 9b, 10a). A
strong brass orientation {011} <211> (35° 45° 0°) is found,
and an S’ component {423} <0-76> (50° 60° 65°) located
close to S orientation is found. Moreover, there is an extremely
weak cube orientation {001} <100> (0° 0° 0°) in the as-

¢, =90°

9,=90°

Fig. 9 ODFs with contour line showing texture components of a as-sintered and b as-extruded MgAl,0, whiskers/6061 Al composites
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Fig. 10 ODFs of extruded MgAl,O,4 whiskers/6061 Al composites annealed at different temperatures for 1 h: a as-extruded, b 530 °C, ¢ 580 °C,

d 600 °C and e 630 °C

extruded specimen (Figs. 9b, 10a). It indicates that dynamic
recrystallization occurs during the hot extrusion, which agrees
with the result of microstructural observation (Figs. 4b, 5a).
The same texture components are also found in annealed
specimens (Fig. 10b—e), with little differences in location and
intensity that could be neglected. The result is consistent with

Rare Met. (2023) 42(5):1732-1742

the microstructure of specimens annealed at 530, 580 and
600 °C (Fig. 5b—d) since recrystallization is retarded by the
whiskers.

It is worth mentioning that even in completely recrys-
tallized specimen the deformation textures are still retained
and no recrystallization texture is detected (Figs. Se, 10e).

@ Springer



1740

G. Hao et al.

ﬁ/
SO0F e go11y<211> v
45L — 423} <0-76>
—a— {247} <4-31>

40 | —v— Random

35
30
25
20
15
10 Y

0 500 550 600 650
Annealing temperature / °C

Content / vol%

Fig. 11 Content of major texture components in MgAl,O4 whiskers/
6061 Al composites with annealing temperature

This phenomenon is sometimes found in the recrystalliza-
tion textures of alloys containing small non-deformable
particles which are present before deformation [17]. It can
be explained by the theory first proposed in 1949 [17] that
the new grains do not ‘nucleate’ as totally new grains
through the atom-by-atom construction. These new grains
grow from small regions, recovered sub-grains or cells,
which are already present in the deformed microstructure.
It results in the orientation of new grain arises from the
same orientation present in the deformed state, and thus the
deformation textures remain and no recrystallization tex-
ture appears.

Figure 11 shows the content of three major texture
components. Beside the two deformation textures mentioned
above, another texture is found as {247} <4-31> (20° 35°
25°), and its content decreases overall with the annealing
temperature increasing. The brass component first decreases
and then increases, reaching the bottom at about 580 °C, and
its content of completely recrystallized specimen (annealed
at 630 °C) is even higher than that of as-extruded specimen.
Meanwhile, S’ component fluctuates slightly with annealing
temperature, but almost remains the same as non-annealed.
In addition, the total content of these three major texture
components first decreases then increases and reaches the
minimum at about 580 °C.

3.4 Mechanical properties

Table 1 lists the tensile and hardness test results of the as-
extruded specimen and the samples annealed at different
temperatures. The ultimate tensile strength (UTS) of as-
extruded specimen is 285 MPa and the elongation to fail-
ure is 9.4%. The UTS declines gradually with the annealing
temperature increasing up to 600 °C. The elongation pre-
sents slight difference in the specimens annealed at 530,

@ Springer

Table 1 Mechanical properties of as-extruded sample and samples
annealed at different temperatures

Samples UTS/MPa  Elongation/%  Hardness (HV)
As-extruded 285 9.4 69
Annealed at 530 °C 246 9.9 61
Annealed at 580 °C 239 10.4 60
Annealed at 600 °C 234 9.3 59
Annealed at 630 °C 218 4.6 52

580 and 600 °C, but a sharp decrease can be found for the
specimen annealed at 630 °C. The similar trend exists for
hardness. Fracture appearances of the specimens are shown
in Fig. 11. Obvious deep ductile dimples are distributed on
the fracture surface of as-extruded specimen (Fig. 12a),
and the whiskers are found in dimples (Fig. 12b), indicat-
ing that the load is effectively transferred to the whiskers.
The cross section of whiskers can be observed since most
of the whiskers lay along ED (Fig. 3a, b). There are also
plenty of dimples in specimens annealed at 530 and
580 °C. However, in specimens annealed at 600 and
630 °C, few ductile dimples can be observed and some
deep pores appear due to the partly melting of the matrix at
high annealing temperature, leading to the poor toughness
especially in the specimen annealed at 630 °C.

The mechanical properties of the AMCs depend on the
reinforcement, the microstructure of the matrix and a
strong reinforcement—matrix interface. The as-extruded
composite exhibits the highest strength and hardness
among all the examined specimens, which can be attributed
to the orientation-aligned reinforcement and the grain
refinement after the partly dynamic recrystallization. UTS
and hardness of the specimens annealed at 530, 580 and
600 °C are lower than those of as-extruded sample due to
the growth of some recrystallized grains, which is consis-
tent with the microstructural evolution shown in Fig. 8.
The strength and hardness of these three samples show a
slight decrease with the annealing temperature increasing
due to the contribution of uniformly distributed whiskers.
However, the grains of specimen annealed at 630 °C grow
equiaxed and extremely coarse, resulting in the decline in
strength and hardness. Even worse, ductile dimples can
hardly be found in the specimen annealed at 630 °C and
pores are much larger and deeper than those of specimen
annealed at 600 °C, so micro-cracks tend to form when
subjecting to tensile stress, resulting in the poor elongation
to failure. The microstructure stability at high temperatures
indicates that the obtained AMCs have potential applica-
tion at elevated temperatures.

Rare Met. (2023) 42(5):1732-1742
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Fig. 12 SEM images for fracture morphologies of extruded MgAl,O, whiskers/6061 Al composites annealed at different temperatures for 1 h:

a, b as-extruded, ¢ 530 °C, d 580 °C, e 600 °C and f 630 °C
4 Conclusions

Nano-sized MgAl,0O, spinel whiskers were in situ synthe-
sized in 6061 Al alloys during sintering, and the diameter of
whiskers ranges from 30 to 100 nm with the aspect ratio
ranging from 10 to 30. The whiskers lay along ED after hot
extrusion and strongly bond with the matrix through a clean
and smooth interface. The whiskers located at vicinity of
grain boundaries, sub-grain boundaries and dislocations may
offer great Zener drag to them, inhibiting their migration
during annealing, and thus the recrystallization is retarded.
The microstructure of annealed specimens shows slight
difference till the recrystallization completed, when the
grains grow coarse and HAGBs decrease sharply with
LAGBSs retaining. Deformation textures are Brass orienta-
tion and a texture closed to S orientation, and they remain
during recrystallization. The change of mechanical proper-
ties agrees with the microstructural evolution. Both UTS and
Vickers hardness drop slightly when annealed at 530, 580
and 600 °C and quickly decline at 630 °C. When annealed at
temperatures higher than 630 °C, part of matrix melts,
resulting in the poor elongation in specimen.
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