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Heterostructured materials have attracted increasing attention owing to their superior mechanical properties. In
this work, the high-temperature mechanical property and deformation mechanism of a heterostructured AIN,/Al
composite were revealed by isothermal compression tests. The results showed that the superior compressive
strength of the AIN,/Al composite could be maintained at both room temperature and high temperature of
300-500 °C during the whole deformation process. The strong pinning effect of the dispersive AIN nanoparticle
(AINp) on the matrix grains could prevent grain boundary softening and grain growth, as well as the special
layered heterogeneous structure and network structure could avoid high temperature softening. The hot
deformation mechanism of the AINp/Al composite could be affected by the strain rate and deformation tem-
perature. It was confirmed that continuous dynamic recrystallization (CDRX) dominated the whole deformation
process when deformed at low strain rates (0.0001-0.01 s™!) and high temperatures (400-500 °C); while dy-
namic recovery (DRV) was the main mechanism at high strain rate (0.1-1 s’l) and low temperature
(300-350 °C) Furthermore, the strain rate sensitivity exponent (m) was used to assess the relationship between
peak stress and deformation temperature and strain rate, which could predict the instability region of the
composite. It shows that the simultaneous action of high temperatures and high strain rates should be avoided
during hot deformation. This work shed light on the microstructure design of the high-strength heat-resistant
aluminum matrix composite.

corrosion resistance and high elastic modulus [4-6]. Many studies
revealed that PRAMCs exhibited better mechanical properties than

1. Introduction

With the development of various fields towards lightweight,
modernization, and high speed, the requirements for high performance
alloys with lightweight, high strength and high toughness are growing
[1-3]. In recent years, the tendency of “aluminum instead of steel” has
attracted increasing attention, and many researchers have shifted the
focus to high-strength aluminum alloys. Compared with traditional
aluminum alloys, particle reinforced aluminum matrix composites
(PRAMCs) are expected to become a kind of promising materials for
industrial development because of the advantages of both the matrix
metals and reinforcing particles, such as low density, high strength, good
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single aluminum alloys. Yi et al. [7]. prepared submicron-sized TiC
reinforced Al-4.5Cu composites, which showed significantly improved
strength and ductility compared with cast Al-Cu alloys. The
0.5TiC/Al-Cu composite had the best tensile properties with a 43% in-
crease in ultimate tensile strength (UTS), a 31% increase in yield
strength (YS) and a 142% increase in elongation. Yan et al. [8]. intro-
duced Si3Ny particles into 2026Al by gravity casting and hot extrusion. It
was found that the nano-AlN particles transition layer on the surface of
the SisN4 particles has good interfacial bonding with the Al matrix,
which resulted in better tensile properties than the matrix alloy.
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Generally, in addition to inherent excellent properties, PRAMCs are
often subjected to heat treatment or hot deformation processes to
regulate the microstructure, thereby precipitating nanoscale second
phase or building heterogeneous structures to further enhance perfor-
mance. Tang et al. [9] introduced stainless steel particles synergistically
reinforced 6061Al with SiC particles. The ductility was improved
without losing strength and the overall properties were greatly
improved after ageing. Nie et al. [10]. used hot rolling to form a
non-uniform grain structure in the Al matrix, thus inducing additional
HDI strengthening and hardening to further enhance the properties of
Al3BC/6061Al1. However, the high temperature deformation behavior of
the material is complex and variable during the hot deformation process.
The appearance of phenomena such as work hardening, dynamic re-
covery (DRV), and dynamic recrystallization (DRX) can lead to the
evolution of the material microstructure, which significantly affect the
material properties [11,12]. On the other hand, the high strain hard-
ening rate and poor ductility due to the influence of particle-reinforced
lead to reduced plastic deformation ability [13]. Furthermore, micro-
structure evolutions and property changes during the hot deformation
process are mainly controlled by the deformation parameters. Therefore,
it is greatly important to study the high-temperature mechanical
behavior and deformation mechanism of PRAMCs and to reveal the
optimal hot processing range to understand the hot processability of the
composite.

However, in addition to the UTS and YS during high temperature
deformation, researchers are now focusing more on creep and thermal
stability [14-17]. With the increasing complexity and versatility of the
applications put forward higher demands on the high temperature
properties, such as aircraft landing gear, drilling rods of deep well, and
aluminum tubes in oilfield, all of which require consideration of high
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Fig. 1. Microstructure images of the extruded AIN,/
Al composite before compression: (a)-(b) SEM images
and EDS; (c) a low magnification TEM image, and the
corresponding SAD pattern; (d) a magnified TEM
image showing the distribution of the AIN particles;
(e) the crystal orientation map, and the inset is the
IPF color code; (f) grain size distribution; (g) recrys-
tallized distribution (blue is the recrystallized grain,
yellow is the substructure grain, red is the deformed
grain); (h)fraction of various types of grains. (For
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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temperature compression properties, especially compression strength.
Compared with other PRAMCs, AIN,/Al composites have better
high-temperature tensile and creep resistance [18], but there are few
studies on the deformation behaviour and the corresponding deforma-
tion mechanism during the hot compression process.

In this work, a 12.3% AINp/Al composite was prepared by in-situ
synthesis method and isothermal compression tests were carried out
on the 12.3% AIN,/Al composite under different temperatures and
strain rates. The high temperature compressive strength, microstructure
evolution and the corresponding deformation mechanisms of the com-
posite were investigated. In addition, the constitutive equations and hot
processing maps of the composite were established, which showed the
optimum hot processing process range. This work provided guidance for
the design of high strength heat-resistant aluminum matrix materials.

2. Experimental

The 12.3% AIN,/Al composite was fabricated by liquid-solid reac-
tion combined with the subsequent extrusion process [19], which was
labeled as “as-extruded” (all compositions quoted in this work are in wt.
% unless otherwise stated). The raw materials are commercial pure Al
powders (99.7%), nitrogen plasmids powders (98.5%) and active carbon
powders (99.0%) supplied by Shandong Al&Mg Melt Technology Co.
Ltd. (Jinan, China).

All samples used for characterization were taken from the central
part of the cylindrical compressed samples. The microstructures of the
samples were characterized by a field emission scanning electron mi-
croscope (FESEM, Quanta 250F, FEI, Hillsboro, OR, USA) equipped with
an energy dispersive spectroscopy (EDS, Oxford Instruments, Oxford,
UK), electron backscatter diffraction (EBSD) with a FIB/SEM dual-beam
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Fig. 2. True stress-strain curves of the 12.3% AIN,/Al composite after compression deformation under different temperatures and strain rates: (a) RT; (b) 0.0001 s7h
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system (Zeiss Auriga) and a transmission electron microscopy (TEM, FEIL,
Hillsboro, USA). Specimens for the SEM/EBSD characterization were
prepared by mechanical polishing. The operation voltage for EBSD
scanning was 15 kV, and the step size was 0.05-0.2 pm. Due to the
limitation of angular precision, misorientation below 2° was not
measured to avoid spurious boundaries. All EBSD data were analyzed
using the Channel 5 software. Thin foils for TEM observations were
ground into a thin sheet of ~25 pm thickness, and then polished by ion
beam using Gatan 691 precision ion polishing system (PIPS).

The extruded rod was cut into multiple cylindrical specimens with a
height of 9 mm and a diameter of 6 mm along the extrusion direction.
Isothermal compression tests were carried out on a Gleeble 3500 ther-
mal simulation tester under the room temperatures (RT), 300 °C, 350 °C,
400 °C and 500 °C with the strain rates of 0.0001 s*, 0.001 s, 0.01
s71,0.1s7!and 1571, respectively. Each compressed sample was heated
to the target temperature at a heating rate of 10 °C/s and held for 5 min
for uniform heating before isothermal compression. Both the indenter
and the samples were coated with graphite lubricant to avoid the effect
of friction during the test. The height of the deformed specimens was
reduced to half of the initial height. After the isothermal compression,
all specimens were rapidly quenched in water at room temperature.

3. Results

3.1. Microstructure of the extruded 12.3% AIN,/Al composite before
isothermal compression

The microstructure of the initial specimen before compression is
shown in Fig. 1. As shown in Fig. 1a-b, the initial specimen formed a
non-uniform microstructure along the extrusion direction, the particle-
rich zone with the dispersive distribution of nanoparticles and the
particle-lean zone with a a-Al stripe together constituted a layered
heterogeneous structure. According to the EDS point analysis, the
dispersively distributed nanoparticles were AIN. Fig. 1c-d shows the
TEM images of the composite and it can be found that the fine AIN
nanoparticles formed clusters around the Al grains, and the AIN clusters
interconnected with each other to form a network structure (shown in
the dashed line in Fig. 1d), which could effectively bear higher load at a
high temperature.

In addition, Fig. le-g shows the EBSD analysis of the Al matrix
grains. As shown in Fig. le, the high-angle grain boundaries (HAGBs,
indicated by black lines) and low-angle grain boundaries (LAGBs, indi-
cated by white lines) accounted for 59% and 13%, respectively. In
particular, there was a region with similar grain color in the lower-left
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Fig. 3. Comparison of the hot compression properties of the 12.3% AIN,/Al
composites in this work with other reported high performance aluminum al-
loys [20-36].

corner, which was an a-Al stripes formed by the elongation of Al grains
along the extrusion direction due to the hot extrusion process and lack of
particles pinning (corresponding to the AlN-lean zone in Fig. la-b).
They had similar grain orientations and exhibited preferred orientations
to some extent. Meanwhile, the grain size of the 12.3% AIN,/Al com-
posite was 1.07 £+ 0.17 pm and had a good uniformity (Fig. 1f). Fig. 1g
shows that most of the initial specimens of the composite were sub-
structure grains accompanied by a few recrystallized grains and very few
deformed grains with the percentages of 72%, 19%, and 9%, respec-
tively (Fig. 1h), which was mainly due to the occurrence of the DRV and
DRX during the hot extrusion deformation.
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3.2. Hot deformation behavior

Fig. 2 lists the true stress-strain curves for all specimens. As shown in
Fig. 2a, the compressive strength of the 12.3% AIN,/Al composite
increased with the increase of strain rate at room temperature, from 402
MPa at 0.0001 s* to 531 MPa at 1 s~ which increased by 32.1%. The
flow stress remained relatively constant with the increase of strain, and
although a slight decrease occurred at 1s~}, the flow stress at a strain of
0.69 remained at 88.7% of the peak stress. The high temperature true
stress-strain curves for the 12.3% AIN,/Al composite under different
deformation temperatures and different strain rates are listed in
Fig. 2b-4f. At 300 °C, 350 °C and 400 °C, the compressive strength
increased from 171 MPa, 131 MPa, 121 MPa at 0.0001 s! to 279 MPa,
242 MPa and 209 MPa at 1 s_l, an increase of 63%, 85% and 73%
respectively. However, the corresponding compressive strength
increased from 82 MPa at 0.0001 s to 113 MPa at 1 s~ under 500 °C,
an increase of 37%. This is mainly because high strain rate means high
speed of dislocation production, and the high temperature of 500 °C was
favorable for annihilating the dislocations and occurring recrystalliza-
tion. Similarly, with the strain increase, flow stress did not occur
significantly reduction at high temperature deformation conditions,
except for 500 °C/0.0001 s}, indicating that the 12.3% AINp/Al com-
posite has good thermal stability during whole compression deforma-
tion. It is noticed that an abnormal fluctuation on the flow curve at
500 °C/0.0001 s!, which indicated that deformation instability
occurred during the compressive deformation. It is supposed that the
phenomena caused by the special heterogeneous structure of the 12.3%
AIN,,/Al composite. The Al strips were prone to soften at high temper-
ature and cracks tended to appear at the zone interfaces. At higher strain
rates, a large number of dislocations were pinned by the AIN, at the
interface thus preventing softening and crack extension. In addition, the
network structure of AIN, in the AlN-rich zone further acted as work
hardening, which balanced the softening effect at high temperature. At
low strain rates, the rate of dislocation multiplication was slow, which
reduced the suppression effect of the softening of the Al strips and the
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Table 1
Peak stresses of different compression specimens.

Strain rate Peak stress(MPa)

-1
G 25°C 300 °C 350 °C 400 °C 500 °C
0.0001 402 171 131 121 82
0.001 449 203 149 118 76
0.01 492 230 183 142 95
0.1 522 260 215 188 98
1 531 279 242 209 113
Table 2

Types of dynamic softening mechanisms of the 12.3% AIN,/Al composite under
different deformation compression conditions (A:DRV, B: DRX).

Strain rate Temperature(°C)
-1

6 300 350 400 500
0.0001 B B B B
0.001 B B B B
0.01 B B B B
0.1 A B B B

1 A A B B

extension of cracks, resulting in deformation instability. However, the
AlN-rich zone was the main microstructure the 12.3% AINp/Al com-
posite, even if instability occurred, it was confined within the Al stripes,
thus exhibiting a high peak stress at 500 °C/0.0001 s~ . Peak stresses of
compression tests under different deformation conditions were deter-
mined (in Table 1).

Fig. 3 shows the compressive properties of the 12.3% AINp/Al
composite and other traditional high performance aluminum alloys. It
can be seen that the compressive strength of the 12.3% AIN,/Al com-
posite at 300 °C could exceed 200 MPa and even reached at least 76 MPa
at 500 °C, which exhibited higher room temperature and high temper-
ature compressive properties than most other aluminum alloys. Among
them, although there were a few aluminum alloys with higher room
temperature compressive properties than the 12.3% AIN,/Al composite,
their compressive properties at high temperatures were lower than that
of the 12.3% AINp/Al composite. This suggests that the aluminum alloys
with excellent room temperature compressive properties often have
difficulty in maintaining superior high temperature compressive prop-
erties, while the 12.3% AIN,/Al composite in this work could maintain a
high level of compressive properties at both room and high
temperatures.

In addition, two shapes of the compression curves were found: at
strain rates of 0.0001-0.1 s 1, the curve rises first, then enters the stable
stage, and finally decreases; at strain rates of 1 s’l, the curve first rises to
the highest point, then decreases, and finally enters the stable stage.
These two curve shapes are defined as DRV and DRX shapes, respec-
tively [20], and these curve features are more obvious at high temper-
atures. It indicated that the 12.3% AINp/Al composite exhibited
different dynamic softening mechanisms at different deformation con-
ditions (as in Table 2).

3.3. Constitutive equation

The constitutive equation is usually established to describe the
relationship between flow stress, strain rate and deformation tempera-
ture in hot deformation. In this paper, the Arrhenius constitutive model
has been adopted, which has three types of expressions according to the
range of applicability, as follows [37]:

£=A,6" exp (—%) 1)
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€=A, exp (Bo)exp (—%) 2)
€= Al[sin h(ao)]" exp (7%) 3

Where ¢ is the strain rate, Q is the activation energy of hot deformation,
R is the ideal gas constant (R = 8.314 J/mol-K), T is the absolute tem-
perature(K), Aj, Ay, A, n, nj, a and f are the material constants, and o =
B/n;. Eq. (1) is applied to low stress levels (ac < 0.8), Eq. (2) is applied
to high stress levels (ac > 1.2), and Eq. (3) is applied to all stress levels.
To solve the equation, the above three equations are taken as logarithms
on both sides, respectively, and collated to obtain:

Iné =n,; lnG+lnA1—% 4)
Iné=Bo +In A, — -2 ®)
RT
Iné =n In[sin h(ac)] +1n A — Q (6)
RT

The linear relationship between the low strain levels (In 6 — In€) and
the high strain levels (6 — In€) can be obtained from Egs. (4) and (5),
respectively, and the average values of n; = 13.65 and p = 0.1166
MPa ! are obtained from the linear fit results shown in Fig. 4a-b, where
the values of 400 °C/0.0001 s~ and 500 °C/0.0001s ~! were removed as
large deviation data. o = /n; = 0.009 MPa L. The linear relationship of
Infsin h(0o)] — Iné can be obtained by substituting o = 0.009 MPa ! into
Eq. (6) and the average value of n = 9.539 obtained by linear fitting, as
shown in Fig. 4c. According to Eq. (6):

Q=RnS

dlné

= dln[sin h(ao)] |, )

__ Oln[sin h(ao)]
~o(1/T)

Based on the above equation, there is a linear relationship between
(I/T) and In[sin h(xo)], and S is the average slope of the liner fitting of
(1/T)— In[sinh(oo)]. Fig. 4d is the relationship of (1000 /T)—
In[sin h(ao)], and the average slope of the liner fitting is 3.249, thus S =
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Fig. 6. Hot processing maps at different true strains: (a) 0.1; (b) 0.2; (c) 0.4; (d) 0.6; (e) 0.69.

3249. Therefore, Q is calculated as 257.67 kJ/mol. This is due to the
pinning effect of the dispersively distributed AIN, on the dislocations
and the thermal stability of the AIN,, which together prevented dislo-
cation movement, resulting in a high Q value.

In addition, the relationship between the strain rate and the defor-
mation temperature can be expressed by introducing the Zener-
Hollomon parameter (Z-parameter) as [38]:

Z = gexp (%) = Alsin h(ao)]" (8

InZ=1In A + n[sin h(0o)] 9

The In[sin h(ac)] — In Z image is plotted in Fig. 5, and the intercept of
the linearly fitted line with the InZ axis is A value, A = 1.02 x 10'°.
In addition, the relationship between ¢ and Z parameter can be

further obtained by Eq. (10):

1 7 1/n 7 2/n 1/2
——mi (% z 1
=4 n{ (A) + (A) + }

In summary, by substituting all the required parameters into Eq. (3), Eq.
(8), and Eq. (10), the Arrhenius flow stress relationship, the Z-parameter
expression, and the constitutive equation between the ¢ and the Z-
parameter can be expressed as:

(10)

1D

7257670)

¢ =1.02 x 10"[sin h(0. 203
€ X [sin h(0.0090)] ™ exp RT

7 —exp (257670) a2)

RT
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3.4. Hot processing map

Microscopic unstable phenomena such as localized flow, cracks,
microscopic pores, and adiabatic shear bands occurred frequently dur-
ing hot deformation [29,35]. Therefore, in addition to the processability
of the composite, the evolution of the microstructure should be
considered. In this paper, we establish hot processing maps based on
Dynamic Material Model (DMM) to determine the optimal range of
process parameters for the 12.3% AINp/Al composite from both power
dissipation and unstable deformation.

According to the power dissipation theory, the total dissipation P is
divided into two parts [39]:

P:Gé:G+J:/6dé+/édc
0 0

Where G is the plastic deformation dissipation power and J is the
structural evolution dissipation power. At a certain deformation tem-
perature and strain, the relationship between flow stress and strain rate
can be expressed as ¢ = Ké™,where K is the material constant, and m is
the strain rate sensitivity index, which is expressed as:

2/9.03
) +1

V4
1.02 x 10'®

(14
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dln o
= - 15
m ( Olng ) ot (15)
The structural evolution dissipation energy J can be expressed as:

moeg
14+ m

= (16)

When 0 < m < 1, the dissipation state is non-ideal linear, so the power
dissipation efficiency ) is introduced, which is expressed as:
J 2m

= = 17
N Joax 1+ m an

When the value of 1 is high, there are two deformation states of the
material: better deformation performance and deformation instability.
To determine the deformation state, the instability expression by Prasad
established is derived as:

£(e) - 20c)

dlng

According to the above equation, n and ¢ are determined to build the
hot processing maps, as shown in Fig. 6.

Except for the strain of 0.2, the power dissipation efficiency 7 is
higher in the medium temperature and high strain rate region
(380-450 °C, 0.04-1s™1) of the 12.3% AINp/Al composite, and the 1
increased from 0.19 to 0.24 with increasing strain, which means this
region has better processability. The 1 in the low temperature and low
strain rate region (320-370 °C, 0.0001-0.002s™!) also gradually in-
creases as the strain increases from 0.1 to 0.69, indicating that the
processability in this region is more strain sensitive. However, the
shaded part of the instability occurs mainly in the low temperature and
high strain rate region (300-350 °C, 0.01-1 s~1), and the area of the
unstable region increases with increasing strain. It is indicated that flow
instability tends to happen in this range, resulting in poor processability.
The instability zone also varies with strain, which requires more strict
control of the processing. In particular, the anomaly exhibited by the
strain of 0.2 is related to the significant decrease in flow stress under
500 °C at a low strain rate in the compression curve, which is analyzed in
detail below. In conclusion, combining all the hot processing maps and
the corresponding unstable zones, the optimal processing range for the
12.3% AIN,/Al composite is about 380-450 °C and 0.04-1 s~ strain
rates, where the power dissipation efficiency is kept beyond 0.21.

+m<0 (18)

4. Discussion

4.1. Effect of strain rate and deformation temperature on high
temperature deformation behavior

As a reflection of the maximization of the work-hardening effect,
peak flow stress is an important indicator of the hot deformation
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Fig. 8. (a) Relationship between the flow stress and strain rate under the strain of 0.69; (b) the m value for different conditions under the strain of 0.69.



M. Jiang et al.

L [ =

025 045 065 085 105 1.25 145 1.65

Grain size (pm)

030 054 078 1.02 1.26
Grain size (pm)

L R Tp———

0 .
02 04 06 08 1.0 1.2 14 16 18 20
Grain size (pm)

Materials Science & Engineering A 878 (2023) 145199

06 08 10 12 14 16 18
Grain size (um)

[25:27% |
Fo1s:40%

03 0507 09 11 13 15 1.7 1921
Grain size (um)

KL frus:21% |
- & /2

fo15:39% |

0
0103050709 1113151719212325

Grain size (pum)

Fig. 9. EBSD maps and the corresponding grain size statistics of compression specimens under different deformation conditions: (a, b, ¢) 300 °C/0.0001 s~ %, 0.01 s 2,

1574 (d, e, f) 500 °C/0.0001 s7%, 0.01 s7%, 1571

properties of materials. The variation in peak flow stress is attributed to
the competition between dynamic softening and work hardening in high
temperature deformation. As shown in Fig. 7, the peak stresses of the
12.3% AINp/Al composite during high temperature compression defor-
mation were related to the deformation temperature and strain rate.
Although different types of curves occurred under different conditions,
the peak stresses generally showed an increase with decreasing defor-
mation temperature and increasing strain rate. This was mainly due to
the significant influence of deformation temperature and strain rate on
the work-hardening effect of high temperature deformation of the
12.3% AIN,/Al composite. With the deformation temperature increases,
the thermal activation of the composite increases, and dislocations
tended to migrate, leading to a reduction in dislocation density. And the
efficiency of dislocation generation decreases with the strain rate de-
creases, which also leads to a reduction in dislocation density. Both of
these would lead to a weakening in the work hardening effect.

In particular, at 400-500 °C, the differences in peak stress between
0.0001 s~! and 0.001 s~ were very small, declaring that the stress
sensitivity of the composite at lower strain rates was weak. To further
investigate the dependence of the high temperature deformation of the
12.3% AINp/Al composite on the deformation temperature and the
strain rate, the strain rate sensitivity exponent (m) was used to evaluate
it. By analyzing the value of m at a given deformation condition, the
evolution of the composite microstructure can be predicted [40].
Generally, the higher the m value, the better the ductility of the material.
while the m value approaches zero or appears negative, indicating the
possible existence of microscopic defects in the material [40,41]. From

the hot processing map, the power dissipation efficiency was highest and
the processability was most sensitive at a strain of 0.69. Based on the
true stress-strain curve, the flow stress value at a strain of 0.69 was
obtained. To improve the accuracy, the correlation between In ¢ and Iné
was obtained according to Eq. (15) as shown in Fig. 8a, the m value for
various conditions was shown in Fig. 8b. As shown in Fig. 8b, the m
values showed two opposite trends at high temperature, low strain rate
condition and low temperature and high strain rate condition. When the
temperature was below 350 °C, the m value increased with increasing of
temperature and decreasing of strain rate. When the temperature was
above 350 °C, the m value decreased with increasing of temperature and
decreasing of strain rate, with a negative value at 0.0001 s~1. This was
because that dislocations had enough energy and time to move at high
temperatures and low strain rates, and the material appeared to soften
excessively, resulting in instability or defects. Therefore, the simulta-
neous action of high deformation temperatures and low strain rates
should be avoided during hot processing. Combined analysis of the
variation of m values and hot processing map, we can predict that the
instability or poor processability would happen in the specific range as
shown by the red circles in Fig. 8b (400-500 °C, 0.0001-0.001 s ! and
300-350 °C,0.1-1 s™1), and the hot processing map for 0.69 strain
confirmed this prediction.

4.2. Microstructure evolution and deformation mechanism

The EBSD maps of the 12.3% AIN,/Al composite samples under
different hot deformation conditions with 300 °C/0.0001s7%,0.01s7,1
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s~ and 500 °C/0.0001 s}, 0.01 s}, 1 s™! are shown in Fig. 9. The
averaged grain sizes of all six high temperature compressed specimens
were about 0.6 pm, which was reduced compared to the initial sample of
~1 pm. Based on the analysis of the compression curves, the composite
did not cause matrix grain growth during hot compression deformation
even though significant DRX occurred but instead promoted matrix
grain refinement. This was due to the effective pinning of AIN;, on dis-
locations at grain boundaries, which promoted DRX nucleation and
inhibited grain growth, resulting in fine equiaxed grains in the particle-
rich zone.

In addition, the matrix grains were obviously compressed after hot
deformation, but from the local magnification, the compressed grains
were composed of multiple small grains with similar colors, which had
similar grain orientations (Fig. 9a-d). Meanwhile, coarse grains with
similar grain orientation were observed in both Fig. 9e-f. These grains
were connected with large segments of LAGBs and very small segments
of HAGBs. According to the previous microstructure analysis, this region

was the AIN-lean zone, where small grains readily rotated to similarly
oriented positions to form the coarse grains under the combined effect of
DRX and loads at high temperatures. This also agrees well with the
phenomenon that the proportion of LAGBs increased and the proportion
of HAGBs decreased with increasing temperature and strain rate.
Three types of dynamic recrystallization have been reported:
continuous dynamic recrystallization (CDRX), discontinuous dynamic
recrystallization (DDRX), and geometric dynamic recrystallization
(GDRX). CDRX is more likely to occur at high temperatures in the form
of subgrain rotation, and DDRX is more likely to occur at high strain
rates in the form of nucleation and growth [42]. As shown in Fig. 10, the
microstructures of the specimens under different deformation condi-
tions were dominated by substructures, and the volume fraction was not
much different from the initial specimen. At the low strain rate of
0.0001s7}, the pinning effect of AIN particles on grain boundary was still
very strong at 300 °C, therefore the specimens showed more deformed
grains. While the temperature rises to 500 °C, the DRX became easier,
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the recrystallized grain fraction increased (Fig. 10g). As a continuation
of DRV, DRX usually results from the transformation of LAGBs into
HAGBs, and internal recrystallized grains are rotated from subgrains
[43]. At a low strain rate, the dislocations had enough time to migrate
and annihilate thus promoting DRV and grain rotation, which resulted in
a reduction of poorly oriented grains and suborientation. This corre-
sponded to the reduction of LAGBs and the increase of HAGBs in Fig. 9(a,
d). At a high temperature of 500 °C, the pinning effect of AIN on the Al
grains and dislocations was weakened, and enough thermal energy was
beneficial to driving the growth subgrains, resulting in a maintenance of
50% HAGBs.

Comparing Fig. 10(a and c), the fraction of deformed grains
decreased significantly with increasing strain rate at 300 °C, indicating
that DRV occurred. While the fraction of recrystallized grains increased
slightly, and the recrystallized grains were mainly distributed in serrated
and bulging grain boundaries (Fig. 10c), which served as possible lo-
cations for recrystallization nucleation, thus indicating the presence of
DDRX as well [44]. The presence of DDRX also explained the mainte-
nance of more than half the proportion of the HAGBs as the strain rate
increases at 300 °C (Fig. 9a-c). The wave shape of the flow stress curve
at 300 °C/1 s ! also confirms the occurrence of DDRX. The residual
dislocations tangled and interacted with each other to form the dislo-
cation cells, then gradually transformed into recrystallized grains. The
nucleation and growth of recrystallized grains would promote the
annihilation of dislocations [41]. Therefore, the deformation mecha-
nism of hot deformation of the 12.3% AIN,/Al composite at a low strain
rate and the high temperature was CDRX, and the deformation mode is a
rotation between individual grains or grain clusters. At a high strain rate
and a low temperature, the deformation mechanism is dominated by
DRV, accompanied by DDRX, and the deformation mode is dislocation
entanglement form the substructure and nucleus at irregular grain
boundaries (Fig. 10h).

In particular, an abnormally large area of deformed grains appeared
in the 500 °C/0.01 s} (Fig. 10e), which is the AIN-lean zone. This
indicated that the lack of AIN,, pinning effect in this region caused more
severe deformation. Gao et al. [45]. prepared an Al,O3/Al composite by
in-situ and hot extrusion, which has a heterogeneous structure with
alternating particle-lean zones and particle-rich zones, facilitating the
mechanical properties. The 12.3% AINp/Al composite had a similar
characteristic: the a-Al strips lacked AIN,, distribution and AIN-rich zone
formed a laminar heterogeneous structure. During the hot deformation,
the a-Al stripes were prone to softening and cracking at high tempera-
tures. In the AlN-rich zone, the presence of AIN, could prevent the
softening and crack extension, thus limiting the instability to a few a-Al
stripes and further improving the load-bearing capacity of the compos-
ite. This was the reason why there was a significant drop and rise of the
flow stress at 500 °C/0.0001 s~1,0.001 s~ L. The unstable zone came from
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500°C

TEM images of compressed specimens: (a—c) 0.0001 s~/300 °C,400 °G,500 °C; (d—f) 1 s~!/300 °C,400 °C,500 °C.

the a-Al stripes, but the maintenance of peak stresses at high tempera-
tures depends on these AIN nanoparticles.

As shown in Fig. 11, AIN, were distributed around the Al grains. On
the one hand, the Al grains were expected to grow at high temperatures,
but the pinning effect of AIN,, on the grain boundaries prevented grain
growth. Intragranular nanoparticles (within the interior of primary a-Al)
formed NP layers at grain boundaries, which restricted the solute
diffusion and hence inhibited the grain growth [46]. On the other hand,
the AIN, distributed at the Al grain boundaries to form irregular
boundaries, which prevented the softening of the grain boundaries.
These two aspects together maintained the high temperature compres-
sive strength of the 12.3% AINp/Al composite. At 300 °C, with the
increased strain rate, dislocations were heavily accumulated in the
AlN-rich zone and formed the dislocation walls with mutual pinning of
AINp,. This can divide the deformed grains into substructures, which was
beneficial to DRV [47]. At low strain rates, with the increased temper-
ature, most of the dislocations within the grains disappeared, the grain
boundaries became clear. In addition, the sub-grains could be found
within the grain, which was attributed to the rotation of the AIN,, during
deformation releasing accumulated dislocations and promoting CDRX.
At high strain rates, when the deformation temperature increased to
500 °C, the pinning effect of dislocations was significantly weakened,
and the slip lines appeared (Fig. 11i). This indicated that the pinning
effect of AIN}, on dislocations was reduced at high temperatures and that
it was easier to promote the occurrence of dislocation sliding. This was
the main reason for the compression strength had been reduced to 37%
at 500 °C.

5. Conclusions

In this work, isothermal compression tests were carried out on a
AINp/Al composite under room temperature and high temperature of
300-500 °C with strain rates of 0.0001-1 s '. The hot deformation
behavior of the AIN,/Al composite was systematically investigated. The
conclusions are as follows.

(1) The AIN,/Al composite had excellent and stable high tempera-
ture strength at room temperature and high temperature, espe-
cially the high temperature compressive strength was higher than
most of traditional high-performance aluminum alloy. The flow
stress was maintained more than 80% of the peak stress.

Based on the experimental results, the Arrhenius flow stress
relationship between the flow stress, the deformation tempera-
ture and strain rate of the 12.3% AIN,/Al composite were
calculated. According to the hot processing maps, the optimal hot
processing range for the 12.3% AIN,/Al composite was deter-
mined to be 380-450 °C and 0.04-1 5.

2
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(3) The dependence of the 12.3% AIN,/Al composite on strain rate
and deformation temperature was explored by the strain rate
sensitivity exponent m. It was also found that m value could be
effectively used to predict the instability region and the simul-
taneous action of high deformation temperature and high strain
rate should be avoided during hot deformation.

The hot deformation mechanism varied with the deformation
conditions. At low temperature and high strain rate, DRV domi-
nated the microstructure evolution, accompanied by DDRX
formed by dislocation entanglement at irregular grain bound-
aries. At high temperature and low strain rate, rotation of the
AIN,, released accumulated dislocations, leading to rotation be-
tween grains or grain clusters and grains merging, promoting the
development of CDRX.

The dislocation pinning effects and particle pinning effects
induced by AINj, in the matrix grains effectively prevented grain
boundary softening and grain growth. At the same time, the
special layered heterogeneous structure and network structure
further inhabited the high temperature softening.
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