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Abstract: In this work, the combination of cold rolling with post-aging treatment is developed
to achieve the optimal strength—ductility for the in situ nano TiBy/Al-Cu-Mg composite.
The microstructure and mechanical properties of the composite subjected to 20% thickness reduction
of cold rolling at room temperature and their evolutions upon post-aging at different temperatures
were investigated by means of a tensile test, differential scanning calorimetry, scanning electron
microscopy, and transmission electron microscopy. It was found that the TiB, particles were effective
in dislocation pinning and accumulation during the cold-rolling process. The tensile tests indicated
that both the yield and ultimate tensile strengths of the cold-rolling sample increased a lot due to
the dislocation strengthening and precipitation strengthening generated by dynamic precipitation
during cold rolling in comparison with the conventional T6 sample. After aging at 100 °C/12 h, the
elongation to failure reached ~8.4%, which was higher than the conventional T6 sample. Meanwhile,
there was also a dramatic increase of strength. The yield and ultimate tensile strengths are ~644 MPa
and ~726 MPa, respectively. This remarkable strength—ductility combination was due to the modified
microstructure caused prior to artificial aging by the cold-rolling method and the formation of
nanosized Guinier—Preston—-Bagaryatsky (GPB) zones. The underlying mechanisms related to the
superior strength—ductility combination were discussed regarding the microstructural characteristics
in the composite.
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1. Introduction

Strength and ductility are two of the most important mechanical properties for structural materials.
However, they are often in conflict with each other. This correlation is associated with the nature
of plasticity. The more difficult it is for dislocations to appear and to move, the stronger but more
brittle and less ductile any crystalline material is [1]. Therefore, there is a strong push to improve
the strength—ductility combination of Al-based materials for aerospace and automobile applications.
The Al-Cu-Mg alloy is one of the most commonly used aerospace Al alloys due to their attractive
mechanical properties [2-4]. Thus, it has been intensively developed to meet the advanced industrial
requirement. A number of methods have been developed to improve its strengths. For example,
the electropulsing treatment (EPT) is an instantaneous high-energy input method, and has been
extensively applied in science and engineering fields. In recent decades, many studies have indicated
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that the EPT can improve the mechanical properties by the grain-refining effect [5-7]. Recently, severe
plastic deformation (SPD) techniques (i.e., equal channel angular pressing (ECAP) [8,9], high-pressure
torsion (HPT) [10,11], and accumulation-rolling bonding (ARB) [12]) have been proven as the effective
approaches for microstructural refinement, leading to enhanced strength and ductility simultaneously.
For instance, ECAP has been applied to different Al alloys to obtain high strength and ductility
due to the higher dislocation accumulation rate in the solutionized matrix and the presence of a
higher density of fine particles in the aged matrix [13]. Kim et al. [8] reported that by combining
solid solution treatment, ECAP, and post-ECAP low-temperature aging, the yield strength of 2024
Al alloy was improved to >600 MPa while maintaining a respectable value of elongation to failure.
However, all these methods have their own limitations such as requiring a large load, the small size
of products, the high labor, and fuel expenses, degrading the possibility to be used for commercial
applications. If the materials for structural applications are to be produced commercially in large
quantities, a conventional processing method, such as rolling, should be more achievable. Recently, the
cryogenic rolling combined with post-aging treatment has been regarded as a potential method to obtain
nanostructured or ultrafine-grained Al alloys [14,15]. Normally, the low temperature (cryo) suppresses
the dynamic recovery during deformation, and the cryogenic rolling can preserve a high density of
defects generated by deformation, which can act as potential recrystallization sites for precipitates at
relatively low strain and stress as compared to other processes. Therefore, the strength and ductility of
materials can be both improved. Cheng et al. [15] reported that by combining solid solution treatment,
cryo-rolling at liquid nitrogen temperature and aging at 100 °C for 100 h, the yield strength of 2024 Al
alloy was increased to ~580 MPa, with a good elongation to failure of ~18%. However, this method
also has weaknesses. The highly dangerous nature of carrying out a work-piece at liquid nitrogen
temperature and the higher cost of its experimental setup has limited its further application. In addition,
Huang et al. [16] reported that by combining solid solution treatment, conventional rolling at room
temperature (to a total thickness reduction of 40%), and aging at 175 °C for 7 h, the yield strength
of 2024 Al alloy reached 540 MPa. Such an attempt to obtain a high strength—ductility combination
is successfully achieved by combining room temperature rolling with post-aging treatment on Al
alloys [15-18].

The particle-reinforced Al matrix composites (AMCs), which possess excellent mechanical
properties and high moduli, have attracted extensive investigation [19-21]. Recently, these composites
have been applied as advanced aerospace materials. The particle-reinforced AMC is one of the
developed materials with higher mechanical properties in comparison with the metallic counterpart.
For example, the particulate reinforcements such as SiC [22-24], B4C [25,26], and Al,O3 [27,28] particles
have been widely investigated in the Al-Cu-Mg alloy composites. In these composites, the particles
are usually added by ex situ methods with the larger particle size at the microscale. Due to the
poor ductility of ex situ particle-reinforced AMCs, there are rarely studies about the optimization of
mechanical property using the thermomechanical treatment. Regarding the in situ particle-reinforced
AMCs, the in situ TiB,/Al alloy composites have been successfully prepared by the salt-metal reaction
route, which showed the elevated and balanced mechanical properties recently [29,30]. Geng et al. [31]
performed pre-stretch aging treatment on in situ nano TiB,/Al-Cu-Mg composites to improve the
mechanical property by tuning the microstructure. However, the improvement of strength is limited
by the strain capacity introduced by the pre-stretch.

In the present work, a thermomechanical treatment (consisting of: (i) solution treatment at
higher temperature to fully dissolve the second-phase particles and to produce an oversaturated solid
solution; (ii) a conventional cold-rolling at room temperature to accumulate the strain; and (iii) post
low-temperature aging treatment to optimize the precipitates in the matrix) was proposed to tune the
mechanical properties of the in situ TiBy/Al-Cu-Mg composite. The effects of post-aging temperatures
on both the microstructure and tensile property of the composite were focused. The underlying
mechanisms for the improved mechanical property have been discussed in terms of the microstructural
characteristics in the composite.
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2. Materials and Methods

The in situ 6 wt.% TiB,/2024 composite with a major composition of Al-4.63Cu-1.77Mg-0.71Mn
(wt.%) in matrix alloy was fabricated by the addition of a pre-weighted mixture of K, TiFs; and KBF,
salts into the 2024 alloy melt at 850 °C through an exothermic reaction. The melt was stirred using a
home-made blade paddle mixer for 30 min, and then the slag was skimmed out completely. Afterwards,
the melt was poured into a permanent mold to obtain the as-cast ingot, and the ingot was extruded at
420 °C with the extrusion ratio of 14:1 to the as-extruded state.

The as-extruded plates with 5-mm thickness were solution-treated at 520 °C for 1.5 h followed
by water quenched to room temperature. Subsequently, such samples were cold rolled (CR) at room
temperature to 4 mm with a total thickness reduction of ~20%. Finally, the artificial aging treatment
was carried out at 180 °C for 18 h of conventional T6 treatment and at lower temperatures (80 °C and
100 °C) for various durations to further optimize the strength—ductility combination of CR sheets.
The whole procedures can be illustrated shown in as Figure 1. In order to illustrate the treated condition
clearly, the description “CR@100 °C/xh” should represent “CR + aging at 100 °C/xh”.

Extruded sheet

———>= | Solute treatment: 520°C/1.5h

Smm
/N
Cold rollin
Past-aging treatment 4— -~
_J

_ %

4mm @)/ Smm

Figure 1. The sketch map of the experimental procedure.

The tensile test was performed on a Zwick/Roell Z020 testing machine (Zwick, Ulm, Germany) at
a strain rate of 6 x 107 s71. All the tensile samples with the gauge size of 54.5 mm length X 15 mm
width were machined along the rolling direction. The tensile properties of the composites were
calculated by averaging the values of three parallel samples. The differential scanning calorimetry
(DSC, 204F1) investigations were performed in the flowing Ar atmosphere at a constant heating rate
of 10 °C/min with the polished composite disks of 5-mm diameter sealed in Al pans. The observed
samples were prepared by metallographic grinding and polishing paralleled to the rolling direction.
The microstructures were examined by scanning electron microscopy (SEM, TESCAN MAIAS XMU,
TESCAN, Brno, Czech Republic). The transmission electron microscopy (TEM, FEI Talos F200X,
Hillsboro, OR, USA) observations were performed to investigate the microstructure evolution during
aging. All the TEM facilities were operated at 200 kV. The TEM thin foil of the 3-mm diameter disk
was prepared by metallographic grinding and polishing, followed by the twin-jet electropolishing
using a mixture of 25 vol% nitric acid and 75 vol% methanol electrolyte. The dislocation density was
examined by the Ultima IV X-Ray diffractometer with Cu K« radiation (A = 0.1542 nm). The range
of diffraction angle was from 110° to 120°, and the scan speed was 2°/min. As a measure of peak
broadening, the true full-width at half-maximum (FWHM) of the peak was obtained by deducting the
instrumental broadening.



Materials 2019, 12, 3626 4 of 14

3. Results and Discussions

Figure 2a,b shows the SEM (backscattered electron) micrographs of the CR-treated TiB,/2024
composite under low and high magnification, respectively. In Figure 2a, the rolling direction is
indicated by the arrow. The matrix is Al alloy, and the particles are TiB,. It is noticeable that some
particles in the composites are agglomerated to form the clusters, but there are sparse TiB, particles in
the other regions. The TiB; particles have exhibited the paralleling bands along the unidirectionally
rolling direction. From Figure 2b, it is obvious that the sizes of TiB, particles are mainly in <100 nm.

53

' \

\‘r /

TiB, particles

Figure 2. SEM (backscattered electron) micrographs of an in situ TiB,/2024 composite (a) low
magnification image along the rolling direction and (b) corresponding high magnification image of the
zone boxed in (a).

Figure 3a—c shows the tensile properties of the CR composites aged at 80 °C, 100 °C, and 180 °C,
accordingly. For the CR composites aged at 80 °C and 100 °C, the strengths decrease initially due to the
recovery in the matrix, and then increase with the precipitation of Guinier-Preston-Bagaryatsky (GPB)
zones until the peak aging. After the peak aging state, the effect of dislocation density loss exceeds the
precipitation of the GPB zones; thus, the strength decreases thereby. For the CR composites aged at
180 °C, the initially loss of strengths is also because of the recovery. Then, due to the precipitation
of S phases, the strengths reach peak aging. With the coarsening of the precipitates, the strength
decreases accordingly. The times to reach peak aging (48 h for 80 °C, 12 h for 100 °C, and 6 h for 180 °C
(highlighted by the red boxes in Figure 3a—c)) are reduced with the increasing aging temperature.
The shorter time to reach peak aging with the increased aging temperature could be attributed to the
formation of high-density dislocations and vacancies introduced by the cold-rolling process. Therefore,
the heterogeneous nucleation of precipitates is accelerated, and there is a short-circuit diffusion path
for solute atoms speeding up the growth of precipitates.

The tensile properties and the corresponding true stress—strain curves of the in situ TiB,/2024
composite with different post-aging treatments are shown in Table 1 and Figure 3d. The composite
in the T6 state has relatively low strength and ductility, and its yield strength (oys), ultimate tensile
strength (oyts), and elongation (8) are ~459 MPa, ~567 MPa, and ~7.5%. After cold rolling at room
temperature with the thickness reduction of 20%, the oys (oys = ~653 MPa) is 42% higher, and the
oyrts of the CR sample (oyrs = ~710 MPa) is 25% higher than the T6 sample. However, its 8 is only
~3.9%, which is typical for cold-worked metals. The increased strength and decreased ductility of the
CR sample is attributed to work hardening caused by cold-rolling.

Due to the low aging temperature, the variation of tensile properties under aging at 80 °C is
slight. On the one hand, the oys and oyrs of CR@80 °C/48 h sample are ~624 MPa and ~702 MPa,
respectively, which are only 4% lower and 1% lower than the oys and oyrs of the CR sample. On the
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other hand, its 4 is elevated to ~6.9%. Increasing the aging temperature, the oys and oyrg of the
CR@100 °C/12 h sample are ~644 MPa and ~726 MPa, respectively. Remarkably, the 5 increases from
~3.9% to 8.4%, which is higher by a factor of 1.2 than the CR sample. When the aging temperature is
increased to 180 °C, the oyg of the CR@180 °C/6 h sample reaches a remarkable ~693 MPa, and the
oyrs is ~709 MPa. However, the 4 decreases to only ~3.2%. Conclusively, comparing with the CR@80
°C/48 h sample and the CR@180 °C/6 h sample, the CR@100 °C/12 h sample shows superior combined

mechanical properties.
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Figure 3. Tensile properties of in situ TiBy/2024 composite versus aging time of (a) 80 °C, (b) 100 °C,

and (c) 180 °C, correspondingly (the red boxes indicate the peak aging of the given aging temperature).

(d) True stress—strain curves of TiB,/2024 composites under different conditions. (e) Tensile properties

of the TiB/2024 composite in this work compared with the available literature data of 2024 alloys and

particle-reinforced 2024 composites [15-17,23,24,31-33].
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Table 1. Tensile properties of TiB,/2024 composites under different conditions.

ip Yield Strength Ultimate Tensile Strength s o Uniform
Conditions (oys, MP ag) (ouTs, MPa) 8 Elongation (%) Elongation (%)

T6 459 +4 567 +3 75+0.2 62+0.1

CR 653 +4 710 + 12 39+08 32+05

CR@80 °C/48 h 624 +4 702 +8 69+14 5.0+09

CR@100 °C/12h 644 + 6 726 £ 5 84+05 71+£02

CR@180 °C/6 h 693 +1 709 +1 32+02 28 +05

The decreased oyg of the CR@80 °C/48 h sample is due to the recovery of the generated dislocations
by deformation but relatively limited precipitations in the post-aging process. For the CR@180 °C/6 h
sample, a large amount of S phases (Al,CuMg) precipitated during the post-aging process can not only
compensate for the loss of strength caused by recovery of dislocations, but further increase the oyg
by ~40 MPa compared with the CR sample. However, because of the coarsening of precipitates, the
ductility deceased to only ~3.2%. For the CR@100 °C/12 h sample, the improved ductility should be
attributed to the relaxation of internal stress during post-aging processing. This process is in favor
of the dislocation accumulation before saturation under tensile stress [4]. Besides, the elongation to
failure is increased, and the uniform elongation is also improved, as shown Figure 3d. Compared
with the CR sample whose uniform elongation is ~3.2%, the CR@100 °C/12 h sample owns a higher
uniform elongation of ~7.1% due to the precipitation of nanosized GPB (Guinier-Preston-Bagaryatsky)
zones [3,18]. Therefore, the higher ductility of the CR@100 °C/12 h sample can be explained.

In Figure 4, the variations of dislocations densities for both the CR sample and CR samples
with different post-aging treatments are presented by XRD (X-ray diffraction spectrum) patterns.
The FWHMs of Al(3 3 1) and Al(4 2 0) peaks narrow down from 1.076° and 1.136° to 1.049° and 1.118°
after aging at 100 °C/12 h, accordingly (Table 2). There are mainly two reasons for the narrowing of
the Al peaks in the composites [34], which are grain refinement and dislocations multiplication or
annihilation. After solution treatment and the cold-rolling process, the grain size of the composites
remains stable and almost unchanged, since the temperature is not enough to make it grow up in the
composite [35]. Therefore, the variations of the FWHMSs at both peaks mainly demonstrate the change
of dislocation densities.

—CR

- = = - CR+aging at 80°C/48h 420),,
- -+ - CR+aging at 100°C/12h
=== CR+aging at 180°C/6h

Intensity

110 112 114 116 118 120
26 ()
Figure 4. XRD patterns of the TiB,/2024 composite in different states.

Table 2. The full-width at half-maximums (FWHMs) of Al(3 3 1) and Al(4 2 0) peaks for the TiB,/2024
composite in different states. CR: cold rolled.

Conditions FWHMs of Al(3 3 1) Peak FWHMs of Al(3 3 1) Peak
CR 1.076° 1.136°
CR@80 °C/48 h 1.035° 1.081°
CR@100 °C/12 h 1.049° 1.118°

CR@180 °C/6 h 0.958° 0.995°
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When the solid solution-treated (SST) samples are cold rolled with the thickness reduction of 20%,
a lot of dislocations are introduced in the CR sample. After the aging of the CR sample, the dislocation
densities should decrease due to the recovery, which explains the higher elongation and the lower
oys of the CR@100 °C/12 h sample compared with the CR sample. For the CR@80 °C/48 h sample, the
FWHMs of the Al(3 3 1) and Al(4 2 0) peaks narrow down to 1.035° and 1.081° (Table 2). Although the
aging temperature is low, the recovery of dislocations is more than that of the CR@100 °C/12 h sample
due to the long aging time. Meanwhile, the decreased oys is not only attributed to the recovery of
dislocations, but also to the few GPB zones precipitated under low aging temperature. When the CR
sample is aged at 180 °C for 6 h, the FWHMSs of Al(3 3 1) and Al(4 2 0) peaks narrow down to 0.958°
and 0.995°. Although the dislocation recovery is much more than the CR@100 °C/12 h sample, the
improved oyg is mainly because of large amounts of S phase precipitates.

Figure 5 presents the DSC curves of the composites experiencing different aging treatment. For the
SST sample, a strong exothermic effect containing two overlapping peaks (I and II) appears at about
200-350 °C. Peak I is due to the formation of S-type precipitates, whereas Peak Il is associated with
the formation of type II S phases. The type Il S phase has a weaker effect on strength because of its
relatively larger size [4]. An endothermic effect of peak in the frame at about 170-240 °C is about the
dissolution of GPB zones. In the SST + CR sample, only one exothermic peak exists between 200 °C
and 350 °C. Compared with the SST sample, the exothermic peak of S precipitates in the composites is
sharper and shifts to a much lower temperature range. It has suggested that the precipitation kinetics
of S phases in the CR sample is enhanced due to the dislocations generated during the cold-rolling
process providing nucleation sites for S precipitates and atomic diffusion paths [36]. Comparing with
the CR sample, the exothermic peaks of the CR@80 °C/48 h sample and the CR@100 °C/12 h sample are
quite similar to the exothermic peak of the CR sample as a result of relatively few amounts of S phases
precipitated under the low aging temperature. The exothermic peak of the CR@180 °C/6 h sample
disappeared due to the precipitation of S phases during the aging process.

\ 0 t~e.lo
/ f———
/" SST+CR+aging at 100°C/12h

SST+CR+aging at 80°C/48h

S ~ . 0 -

Heat flow (W/g)

The dissolution of GPB zones
1 n 1 1

150 200 250 300 350

Temperature (°C)

Figure 5. Differential scanning calorimetry (DSC) curves of TiB,/2024 composite in different states.

Conclusively, after post-cold rolling aging treatment at 100 °C for 12 h, a good combination
of strength and ductility can be achieved. In comparison with other post-cold rolling alloys, a
pre-stretched aging in situ TiB,/2024 composite and ex situ 2024 composites (Figure 3e), the post-cold
rolling TiB,/2024 composite has exhibited better combined mechanical properties.

The TEM micrographs of TiB,/2024 composites in their T6 states are exhibited in Figure 6a-d.
Figure 6a shows that the S phases precipitate preferentially on dislocations around TiB, particles
after the conventional T6 treatment. The morphology of the needle-like S precipitates (length larger
than 200 nm) that aggregated near TiB, particles are clear at a higher magnification (Figure 6b).
The distribution of TiB; particles is confirmed by corresponding element mapping (Figure 6¢,d).
The precipitation of S phases is responsible for the peak aging hardening. The matrix near TiB, particles
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can be regarded as the precipitation-accelerated zones, while the other regions with few TiB, particles
form precipitation-free zones. Although the strength reaches the maximum value, the distribution
of S precipitates is still very inhomogeneous. Since the precipitation-free zones are softer than the
precipitated matrix, the plastic flow should occur preferentially within these regions [37-40]. Thus,
both the strength and ductility of TiB,/2024 composites are adversely influenced by precipitation-free
zones because of their vulnerability to premature fracture. The precipitation behavior under the T6
condition has confirmed that the inhomogeneous distribution of S precipitates accompanying the
precipitation-free zones are ineffective at improving the comprehensive mechanical properties of
TiB,/2024 composites.

o200 .-

Figure 6. TEM images showing the morphology of S precipitates in TiB,/2024 composites under the
T6 condition: (a,b) bright-field (BF) image, (c,d) corresponding element mapping. Inset in (a) is the
corresponding selected area electron diffraction (SAED) patterns recorded along <001> 4.

The microstructure of TiB,/2024 composites after cold rolling was examined using TEM. The BF
TEM and high-resolution TEM (HRTEM) images along a zone axis <001>4; and the corresponding
fast Fourier transform (FFT) pattern are presented in Figure 7. From Figure 7a, a large number of
homogeneous distributed dislocations are effectively pinned and accumulated due to the presence
of TiB, particles after cold rolling, which are in favor of the uniform deformation and reducing local
stress concentration during the tensile test. The corresponding HRTEM image is shown in Figure 7b.
According to the FFT pattern, the nanoprecipitates are identified by the streaking of the diffraction
spots. Due to the difference from the reported diffraction patterns of GPB zones, S”, and S/S’” phase
with 12 equivalent variants [3], the very fine precipitates are considered to be solute clusters created
by dynamic precipitation during cold rolling at room temperature. The increase in strength of the
CR sample is mainly because of the work-hardening mechanism generated by a large number of
dislocations. Aside from this point, the precipitation of very fine solute clusters also plays an important
role for the enhanced strength of the precipitation-strengthening mechanism in this study. Thus, there
is an oyg increase of ~194 MPa compared to the T6 sample. However, the strain hardening is known to
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have an adverse effect on the ductility. During the cold rolling, the composite undergoes large plastic
deformation, and thus the dislocation density increases significantly. These tangled dislocations are
difficult to slip, decreasing the ductility of the composite. So, the decrease of ductility from ~7.5% to
3.9% can be interpreted.

Figure 7. Microstructure of TiB,/2024 composites after cold rolling: (a) BF TEM image and
(b) high-resolution TEM (HRTEM) image. Inset in (b) is the corresponding fast Fourier transform (FFT)
pattern recorded along <0 0 1> 4.

Figure 8 shows the TEM micrographs of the CR sample under different post-aging conditions.
During the low-temperature aging process, two microstructural changes are formed as shown in
Figures 4 and 8a,b, including;:

(i) During post-aging, the reduction of dislocation density due to the recovery can proceed
simultaneously with the S-phase precipitation. This also has been considered to cause the
decrease of the strength in the CR samples [5].

(ii) Since the dislocation density increases drastically during the cold rolling, which provides
heterogeneous nucleation sites for precipitation, there is an increasing density of nanosized
precipitates in comparison with T6 treatment. For the CR@80 °C/4 h sample, although the
aging temperature is quite low, the long aging time (48 h) has resulted in the more reduced
dislocation density comparing with the CR@100 °C/12 h sample. Besides, there are relatively few
nanosized precipitates (Figure 8d) due to the low aging temperature. Thus, the ~29 MPa loss of
oys compared with the CR sample can be explained. For the CR@100 °C/12 h sample, although
the density of dislocations decreases, the precipitation of nanosized precipitates is noticeable and
is rarely coarsening (Figure 8e). The strength of the material depends on the interaction of the
second phase particles and mobile dislocations. Fine precipitates increase the strength of the
material due to the Orowan strengthening effect [41]. On one hand, the contribution to strength
from precipitation can compensate for the loss of strength causing from the reduced dislocations
density, although there is still a ~9 MPa loss of oys. On the other hand, the reduced density of
dislocations and homogeneously distributed nanosized precipitates contribute to the dramatic
improvement of 5 from ~3.9% to 8.4% (Table 1).

Comparatively, the CR@180 °C/6 h sample shows the lower density of dislocations and higher
density of S precipitates according to Figures 4 and 8c, respectively. Even though the size of the S
precipitates are coarsened compared to the CR@100 °C/12 h sample, they are still in a fine nanoscale
(~3-8 nm in width and ~12-30 nm in length) in the CR@180 °C/6 h sample. It is clear that the
contribution to strength from precipitation not only compensates for the loss of strength due to the
dislocation density decrease, but also further increases the yield strength by ~40 MPa as a result of the
effectiveness of a high density of S precipitates in the strength improvement. Although the dislocation
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density introduced by cold rolling is decreased via recovery, which can increase 0, a high density of S
precipitates should increase the strain concentration to some extent. The S precipitates are found to be
effective in pinning dislocation and resisting the gliding of dislocation, which can impair the ability of
further plastic deformation during a tensile test. It is likely that the improvement from recovery is not
enough to compensate for the decrease in ductility caused by a large amount of S precipitates. Thus,
the 6 decreases to 3.2% in the CR@180 °C/6 h sample (Table 1).

002,

] 131,

| 002,— .

000

e 2 2
-y

Figure 8. TEM micrographs of the cold-rolled (CR) sample under different post-aging conditions:
(a) CR@80 °C/48 h, (b) CR@100 °C/12 h, (c) CR@180 °C/6 h; HRTEM images: (d,e) showing uniformly
distributed nanosized precipitation regarding (a,b,f) showing S precipitates regarding (e). Insets in
(c—e) are the corresponding SAED and FFT patterns.
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Figure 9 shows the SEM images of the tensile fracture morphologies of the materials under
different post-aging conditions. The CR sample presents brittle fracture features composed of fewer
and finer dimples, and the dimple depth is much shallower (Figure 9a,b). By contrast, the CR@100 °C/12
h sample exhibits a typical ductile fracture features with many large and deep dimples (Figure 9¢,d).
Thus, the better ductility of the CR@100 °C/12 h sample can be explained. In addition, some larger
intermetallic particles that acted as microcrack precursors can be observed on the fracture morphologies
of the CR sample (Figure 9a), which are harmful to its ductility.

Figure 9. Tensile fracture morphologies of specimens under different post-aging conditions: (a) CR,
(c) CR@100 °C/12 h; (b,d) are high magnification images. The inset in (a) is a high-magnification
backscattered electron image of zone pointed by arrow.

4. Conclusions

By combining the cold rolling with the suitable post-aging treatment (aging at 120 °C for
12 h), a good strength—ductility combination can be achieved in the in situ TiBp/2024 composites
(O'YS = ~644 MPa, oyTs = ~726 MPa, 6 = ~8.40/0).

The uniform nucleation sites have been significantly increased due to the high density of
dislocations introduced by the cold-rolling process. The uniformly distributed nanosized GPB zones
significantly improve the uniform plastic deformation of composites, together with the accumulated
dislocations responsible for the enhancement of strength. The strengthening mechanism for the peak
aging treatment of the CR sample should depend on the dislocation strengthening due to the high
density of dislocations introduced by cold rolling, and the precipitation strengthening from the very
fine GPB zones in the composite.



Materials 2019, 12, 3626 12 of 14

The conventional cold-rolling process and post-aging treatment employed in this study could
be easily adapted to the current industrial processes and avoid the time-consuming heat treatments.
Thus, the potential for large-scale aerospace industrial applications should be expected.

Author Contributions: ].T., M.W., and D.C. performed the experiments, analyzed the data, and wrote the whole
manuscript; J.G. and C.X. participated in the TEM experiment and image analysis; H.-W. supervised the project.
All authors had commented on the manuscript.

Funding: This work was funded by the National Key Research and Development Program of China (Grant No.
2018YFB1106302), and the project (Grant No. 2017WAMCO002) sponsored by Anhui Province Engineering Research
Center of Aluminum Matrix Composites (China).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Valiev, RZ. Nanomaterial advantage. Nature 2002, 419, 887. [CrossRef] [PubMed]

Styles, M.].; Hutchinson, C.R.; Chen, Y.; Deschamps, A.; Bastow, T.J. The coexistence of two S (Al,CuMg)
phases in Al-Cu-Mg alloys. Acta Mater. 2012, 60, 6940-6951. [CrossRef]

3. Wang, S.C,; Starink, M.]. Review of precipitation in Al-Cu-Mg(-Li) alloys. Int. Mater. Rev. 2005, 50, 193-215.
[CrossRef]

4. Wang, S.C; Starink, M.]. Two types of S phase precipitates in Al-Cu-Mg alloys. Acta Mater. 2007, 55, 933-941.
[CrossRef]

5. Ruszkiewicz, B.J.; Grimm, T.; Ragai, I.; Mears, L.; Roth, ].T. A review of electrically-assisted manufacturing
with emphasis on modeling and understanding of the electroplastic effect. |. Manuf. Sci. Eng. 2017, 139,
110801. [CrossRef]

6. Xu, X.E; Zhao, Y.G.; Ma, B.D.; Zhang, J.T.; Zhang, M. Rapid grain refinement of 2024 Al alloy through
recrystallization induced by electropulsing. Mater. Sci. Eng. A 2014, 612, 223-226. [CrossRef]

7. Sanchez Egea, A].; Jorba Peir¢, ].; Javier, W.S.; Gonzalez Rojas, H.A.; Diego, ].C. On the microstructure effects
when using electropulsing versus furnace treatments while drawing inox 308L. J. Mater. Res. Technol. 2019, 8,
2269-2279. [CrossRef]

8. Kim, WJ.; Chung, C.S.; Ma, D.S.; Hong, S.I; Kim, H.K. Optimization of strength and ductility of 2024 Al by
equal channel angular pressing (ECAP) and post-ECAP aging. Scr. Mater. 2003, 49, 333-338. [CrossRef]

9. Kim, WJ,; Kim, ].K;; Kim, HK,; Park, ] W.; Jeong, Y.H. Effect of post equal-channel-angular-pressing aging
on the modified 7075 Al alloy containing Sc. J. Alloy. Compd. 2008, 450, 222-228. [CrossRef]

10. Ito, Y.; Horita, Z. Microstructural evolution in pure aluminum processed by high-pressure torsion. Mater. Sci.
Eng. A 2009, 503, 32-36. [CrossRef]

11. Liu, M,; Roven, H.J.; Murashkin, M.; Valiev, R.Z. Structural characterization by high-resolution electron
microscopy of an Al-Mg alloy processed by high-pressure torsion. Mater. Sci. Eng. A 2009, 503, 122-125.
[CrossRef]

12.  Tsuji, N.; Ito, Y.; Saito, Y.; Minamino, Y. Strength and ductility of ultrafine grained aluminum and iron
produced by ARB and annealing. Scr. Mater. 2002, 47, 893-899. [CrossRef]

13. Kim, WJ,; Kim, J.K,; Park, T.Y,; Hong, S.I; Kim, D.I; Kim, Y.S.; Lee, J].D. Enhancement of Strength and
Superplasticity in a 6061 Al Alloy Processed by Equal-Channel-Angular-Pressing. Metall. Mater. Trans. A
2002, 33, 3155-3164. [CrossRef]

14. Mirzaei, M.; Roshan, M.R,; Jenabali Jahromi, S.A. Microstructure and mechanical properties relation in cold
rolled Al 2024 alloy determined by X-ray line profile analysis. Mater. Sci. Eng. A 2015, 620, 44-49. [CrossRef]

15.  Zheng, R; Sun, Y.; Ameyama, K.; Ma, C. Optimizing the strength and ductility of spark plasma sintered Al
2024 alloy by conventional thermo-mechanical treatment. Mater. Sci. Eng. A 2014, 590, 147-152. [CrossRef]

16. Huang, Y].; Chen, Z.G.; Zheng, Z.Q. A conventional thermo-mechanical process of Al-Cu-Mg alloy for
increasing ductility while maintaining high strength. Scr. Mater. 2011, 64, 382-385. [CrossRef]

17.  Zheng, R.; Ma, C. Novel Fabrication of Bulk Fine-Grained Al-Cu-Mg Alloy with Superior Mechanical
Properties. Adv. Eng. Mater. 2016, 18, 1027-1035. [CrossRef]

18.  Zhao, Y.L; Yang, Z.Q.; Zhang, Z.; Su, G.Y.; Ma, X.L. Double-peak age strengthening of cold-worked 2024
aluminum alloy. Acta Mater. 2013, 61, 1624-1638. [CrossRef]


http://dx.doi.org/10.1038/419887a
http://www.ncbi.nlm.nih.gov/pubmed/12410292
http://dx.doi.org/10.1016/j.actamat.2012.08.044
http://dx.doi.org/10.1179/174328005X14357
http://dx.doi.org/10.1016/j.actamat.2006.09.015
http://dx.doi.org/10.1115/1.4036716
http://dx.doi.org/10.1016/j.msea.2014.06.057
http://dx.doi.org/10.1016/j.jmrt.2019.03.007
http://dx.doi.org/10.1016/S1359-6462(03)00260-4
http://dx.doi.org/10.1016/j.jallcom.2006.10.151
http://dx.doi.org/10.1016/j.msea.2008.03.055
http://dx.doi.org/10.1016/j.msea.2008.02.053
http://dx.doi.org/10.1016/S1359-6462(02)00282-8
http://dx.doi.org/10.1007/s11661-002-0301-4
http://dx.doi.org/10.1016/j.msea.2014.09.110
http://dx.doi.org/10.1016/j.msea.2013.10.017
http://dx.doi.org/10.1016/j.scriptamat.2010.10.037
http://dx.doi.org/10.1002/adem.201500450
http://dx.doi.org/10.1016/j.actamat.2012.11.039

Materials 2019, 12, 3626 13 of 14

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Ferguson, ].B.; Thao, X.; Rohatgi, PK.; Cho, K.; Kim, C.S. Computational and analytical prediction of the
elastic modulus and yield stress in particulate-reinforced metal matrix composites. Scr. Mater. 2014, 83,
45-48. [CrossRef]

Geng, J.; Hong, T.; Ma, Y.; Wang, M.; Chen, D.; Ma, N.; Wang, H. The solution treatment of in-situ sub-micron
TiB,/2024 Al composite. Mater. Des. 2016, 98, 186-193. [CrossRef]

Li, X.P; Ji, G.; Chen, Z.; Addad, A.; Wu, Y.; Wang, HW.; Vleugels, J.; Van Humbeeck, J.; Kruth, J.P. Selective
laser melting of nano-TiB, decorated AlSi10Mg alloy with high fracture strength and ductility. Acta Mater.
2017, 129, 183-193. [CrossRef]

Cioffi, F,; Ibafiez, J.; Fernandez, R.; Gonzalez-Doncel, G. The effect of lateral off-set on the tensile strength
and fracture of dissimilar friction stir welds, 2024 Al alloy and 17% SiC/2124 Al composite. Mater. Des. 2015,
65, 438-446. [CrossRef]

Angers, R.; Krishnadev, M.R.; Tremblay, R.; Corriveau, J.E; Dube, D. Characterization of SiCp/2024 aluminum
alloy composites prepared by mechanical processing in a low energy ball mill. Mater. Sci. Eng. A 1999, 262,
9-15. [CrossRef]

Varma, VK., Kamat, S.V;; Kutumbarao, V.V. Tensile behaviour of powder metallurgy processed
(Al-Cu-Mg)/SiC;, composites. Mater. Sci. Technol. 2013, 17,93-101. [CrossRef]

Abdollahi, A.; Alizadeh, A.; Baharvandi, H.R. Dry sliding tribological behavior and mechanical properties of
Al2024-5wt.%B4C nanocomposite produced by mechanical milling and hot extrusion. Mater. Des. 2014, 55,
471-481. [CrossRef]

Nie, C.; Gu, J.; Liu, J.; Zhang, D. Investigation on microstructures and interface character of B4C particles
reinforced 2024Al matrix composites fabricated by mechanical alloying. J. Alloy. Compd. 2008, 454, 118-122.
[CrossRef]

Abdel-Azim, A.N.; Shash, Y.; Mostafa, S.F; Younan, A. Ageing behaviour of 2024-Al alloy reinforced with
AlyOs particles. J. Mater. Process. Tech. 1995, 55, 140-145. [CrossRef]

Kok, M. Production and mechanical properties of Al;O3 particle-reinforced 2024 aluminium alloy composites.
J. Mater. Process. Tech. 2005, 161, 381-387. [CrossRef]

Wang, M.; Chen, D.; Chen, Z.; Wu, Y.; Wang, E; Ma, N.; Wang, H. Mechanical properties of in-situ TiB,/A356
composites. Mater. Sci. Eng. A 2014, 590, 246-254. [CrossRef]

Karbalaei Akbari, M.; Baharvandi, H.R.; Shirvanimoghaddam, K. Tensile and fracture behavior of nano/micro
TiB, particle reinforced casting A356 aluminum alloy composites. Mater. Des. 2015, 66, 150-161. [CrossRef]
Geng, J.; Liu, G.; Hong, T.; Wang, M.; Chen, D.; Ma, N.; Wang, H. Tuning the microstructure features of in-situ
nano TiB,/Al-Cu-Mg composites to enhance mechanical properties. |. Alloy. Compd. 2019, 775, 193-201.
[CrossRef]

Nie, C.Z.; Gu, ].J,; Liu, J.L.; Zhang, D. Production of Boron Carbide Reinforced 2024 Aluminum Matrix
Composites by Mechanical Alloying. Mater. Trans. 2007, 48, 990-995. [CrossRef]

Luk, M.J.; Mirza, EA.; Chen, D.L.; Ni, D.R;; Xiao, B.L.; Ma, Z.Y. Low cycle fatigue of SiCp, reinforced AA2009
composites. Mater. Des. 2015, 66, 274-283. [CrossRef]

Chen, Z.; Li, J.; Borbely, A.; Ji, G.; Zhong, S.Y.; Wu, Y.; Wang, M.L.; Wang, H.W. The effects of nanosized
particles on microstructural evolution of an in-situ TiB,/6063Al composite produced by friction stir processing.
Mater. Des. 2015, 88, 999-1007. [CrossRef]

Hong, T,; Shen, Y.; Geng, J.; Chen, D.; Li, X.; Zhou, C. Effect of cryogenic pre-treatment on aging behavior of
in-situ TiB,/Al-Cu-Mg composites. Mater. Charact. 2016, 119, 40-46. [CrossRef]

Sha, G.; Marceau, RK.W.; Gao, X.; Muddle, B.C.; Ringer, S.P. Nanostructure of aluminium alloy 2024:
Segregation, clustering and precipitation processes. Acta Mater. 2011, 59, 1659-1670. [CrossRef]
Morgeneyer, T.E; Starink, M.].; Wang, S.C.; Sinclair, I. Quench sensitivity of toughness in an Al alloy: Direct
observation and analysis of failure initiation at the precipitate-free zone. Acta Mater. 2008, 56, 2872-2884.
[CrossRef]

Lin, Y.C.; Zhang, ].L.; Liu, G.; Liang, Y.J. Effects of pre-treatments on aging precipitates and corrosion
resistance of a creep-aged Al-Zn-Mg-Cu alloy. Mater. Des. 2015, 83, 866—-875. [CrossRef]

Zindal, A.; Jain, J.; Prasad, R.; Singh, S.S.; Cizek, P. Correlation of grain boundary precipitate characteristics
with fracture and fracture toughness in an Mg-8Al-0.5 Zn alloy. Mater. Sci. Eng. A 2017, 706, 192-200.
[CrossRef]


http://dx.doi.org/10.1016/j.scriptamat.2014.04.004
http://dx.doi.org/10.1016/j.matdes.2016.03.024
http://dx.doi.org/10.1016/j.actamat.2017.02.062
http://dx.doi.org/10.1016/j.matdes.2014.09.042
http://dx.doi.org/10.1016/S0921-5093(98)01030-2
http://dx.doi.org/10.1179/026708301101509016
http://dx.doi.org/10.1016/j.matdes.2013.09.024
http://dx.doi.org/10.1016/j.jallcom.2006.12.024
http://dx.doi.org/10.1016/0924-0136(95)01946-4
http://dx.doi.org/10.1016/j.jmatprotec.2004.07.068
http://dx.doi.org/10.1016/j.msea.2013.10.021
http://dx.doi.org/10.1016/j.matdes.2014.10.048
http://dx.doi.org/10.1016/j.jallcom.2018.10.078
http://dx.doi.org/10.2320/matertrans.48.990
http://dx.doi.org/10.1016/j.matdes.2014.10.070
http://dx.doi.org/10.1016/j.matdes.2015.09.127
http://dx.doi.org/10.1016/j.matchar.2016.07.012
http://dx.doi.org/10.1016/j.actamat.2010.11.033
http://dx.doi.org/10.1016/j.actamat.2008.02.021
http://dx.doi.org/10.1016/j.matdes.2015.06.029
http://dx.doi.org/10.1016/j.msea.2017.09.019

Materials 2019, 12, 3626 14 of 14

40. Abe, M.; Asano, K,; Fujiwara, A. Influence of the precipitate-free zone width on the tensile properties of an
Al-6wt Pct Zn-1.2wt Pct Mg alloy. Metall. Trans. 1973, 4, 1499-1505.

41. Ibrahim, I.A.; Mohamed, F.A.; Lavernia, E.J. Particulate reinforced metal matrix composites—A review.
J. Mater. Sci. 1991, 26, 1137-1156. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1007/BF00544448
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussions 
	Conclusions 
	References

