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Abstract: The recrystallization and mechanical properties of 7085 alloy and TiC/7085 composites
with different nano TiC content (0.1, 0.3, 0.5, and 1 wt%) were investigated in this work. Results
showed that as the TiC content increased from 0.1 to 1 wt%, dynamic recrystallization was promoted
in which the composites proceeded by hot deformation; after T6 treatment, static recrystallization
was hindered. In addition, the ultimate strength of composites first increased and then decreased
with the increase of nano TiC particle content from 0.1 to 1 wt%. When the content of nano TiC
particles reached 0.5 wt%, the tensile strength of the nanocomposites was improved to 608 MPa,
12% higher than that of 7085 alloy, via the reinforcing particle strengthening mechanism. Due to
the grain coarsening and the TiC particle cluster, the ultimate tensile strength of 1 wt% TiC/7085
composite decreased to 585 MPa.
Keywords: nano TiC particles; 7085 alloy; recrystallization; particle strengthening

1. Introduction
Due to its high strength, corrosion resistance, high thermal conductivity and hardenability,
aluminum alloy has been widely applied in many fields, such as aerospace and transportation [1–9].
With the development of science and technology, the mechanical properties of traditional aluminum
alloys find it difficult to meet application requirements. Thus, particle-reinforced aluminum matrix
composites (AMCs) and hot deformation are widely used as an effective approach for improving the
performance of aluminum alloys.
In recent years, particle-reinforced aluminum matrix composites have been widely developed
because of their high strength and wear resistance [10–15]. Most results show that AMCs exhibit high
strength and elastic modulus as a result of adding micro particles; however, their elongation and
toughness decrease. Recent reports have found that reducing the size of the reinforcement phase could
significantly improve the strength of the matrix and retard the reduction of elongation. When the size
of the reinforcing phase is reduced to nanoscale, both the strength and elongation of the composites
are able to be remarkably improved [16–18].
On the other hand, hot deformation is a way to strengthen aluminum alloys, while recrystallization
has great influence over the properties of aluminum alloys. The Al-Mg-Zn-Cu alloys are called
aeronautical Al alloys; their strength, toughness and corrosion resistance can be reduced and their
quench sensitivity can be improved with the appearance of recrystallization [19–22]. Chen et al. [23]
reported that the tensile strength of 7085 alloy would decrease from 585 MPa to 561 MPa with the
increase of the recrystallization fraction from 10% to 70% after T6 and T74 treatment. Han et al. [24]
found that increasing the recrystallization fraction would lead to a decrease in the strength and fracture
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toughness of 7050 alloys. Kannan et al. [25] discovered that it was feasible to enhance the Al-Zn-Mg-Cu
alloy’s stress corrosion resistance by inhibiting recrystallization. However, few investigations regarding
the relationship between recrystallization and the properties of Al-Zn-Mg-Cu composites have been
conducted [26–28].
In this work, nano TiC particles with different contents were introduced to 7085 alloy matrix.
In addition, the relationship between recrystallization and mechanical properties of TiC/7085 nano
composites was investigated after rolling and T6 treatment.
2. Materials and Methods
7085 alloy was used as the base alloy, and its main components are listed in Table 1. Pure Al-30TiC
master alloy with 30 wt% nano TiC particles was used to fabricate TiC/7085 composites. Firstly, 7085
alloy was melted and heated to about 850 ◦ C in a medium frequency induction furnace. Meanwhile,
Al-30TiC master alloy was heated to 500 ◦ C for approximately 2 h. Subsequently, the Al-30TiC master,
enveloped within aluminum foil, was added to the 7085 alloy, and then the liquid mixture of TiC
and 7085 was stirred for 10 min. Finally, the mixed melt was poured into cuboid molds to form
the composites.
Table 1. Chemical composition of 7085 alloy (wt%).
Zn

Mg

Cu

Zr

Cr

Mn

Fe

Si

Al

7.5

1.6

2

0.12

0.04

0.04

0.04

0.04

Bal

The cuboid samples (60 mm × 30 mm × 20 mm) were taken from the composites by Electrospark
Wire-Electrode Cutting. Then they were placed into a box furnace at 465 ◦ C for 24 h to eliminate the
defects which had appeared during casting; a hot rolling process of 7085 and TiC/7085 composites was
conducted under a deformation of 80% at 430 ◦ C; the rolled samples were then treated with a T6 process
(i.e., solution treated at 480 ◦ C for 2 h, water quenching and then aged at 120 ◦ C for 24 h, air cooling).
Afterwards the metallographic specimens were taken from the rolled and T6-treated samples, and then
they were prepared by the standard routines of polishing and burnishing, following by corroded in
Keller reagent (1 mL HF + 1.5 mL HCl + 2.5 mL HNO3 +95 mL H2 O). The metallographic structures
were observed using an optical microscope.
To further explore the effects of nano TiC particles on 7085 alloy, the Electron Back-Scatter
Diffraction (EBSD, Carl Zeiss, Oberkoichen, Germany) technique was applied to analyze the evolution
of recrystallization. Samples for EBSD analyses were taken from the rolled and T6 treated samples
(along the rolling direction) and prepared by using elector-polishing (Sturer, Ballerup, Denmark) at
30 V for 15 s within a special solution. The solution was a mixture of 5 mL HClO4 with 77% volume
fraction and 95 mL pure C2 H6 O.
The microscopic structures were observed by Transmission Electron Microscopy (TEM,
FEI Company, Hillsboro, OR, USA). TEM samples were ground into small disks with a thickness of
30 µm and a diameter of 3 mm, and then thinned with a double jet.
The tensile samples were cut from T6-treated samples (along the rolling direction), and the
mechanical properties of samples were tested by a universal testing machine; the stretching rate is
1 mm/min. The shape of the tensile samples is shown in Figure 1.
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Figure 1. The shape of tensile samples.

3. Results
Figure 2 displays the optical photograph of as-cast 7085 alloy and nano TiC particle-reinforced
7085 composites. It can be seen that the 7085 alloy and TiC/7085 composites are both composed of
α-Al grains and some precipitates, appearing at the α-Al grain boundary. As shown in Figure 2a,
the metallographic structure of 7085 alloy mainly contains α-Al grains. With increasing content of
nano TiC particles, the coarse α-Al is refined and transformed into equiaxed grains. When the content
reaches 1 wt%, the microstructure of the composite is almost a uniform and equiaxed one (Figure 2b–e).
This is because nano TiC particles could function as heterogeneous cores during the solidification of
alloys [23]; the additions could refine the as-cast 7085 alloy.

Figure 2. Cont.
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Figure 2. Optical photograph of the as-cast 7085 and TiC/7085 alloys (a) 7085; (b) 0.1 wt% TiC/7085;
(c) 0.3 wt% TiC/7085; (d) 0.5 wt% TiC/7085; (e) 1 wt% TiC/7085.

Figure 3 shows EBSD grain orientation maps and inverse pole figures of as-cast 7085 alloy and
TiC/7085 composite. As shown in Figure 3a, the grain size of as-cast 7085 alloy is very large, and the
average grain size is more than 500 µm. When TiC particles are added to the 7085 alloy from 0.1 to
1 wt%, the size of the composite is obviously refined. The average grain sizes of 0.1 wt% TiC/7085,
0.3 wt% TiC/7085, 0.5 wt% TiC/7085, 1 wt% TiC/7085 composites are about 415, 223, 121 and 84 µm,
respectively. This can be observed from Figure 3b–e.
Figure 4 shows the misorientation distribution of as-cast 7085 alloy and TiC/7085 composites, the
fraction of low-angle grain boundaries (LAGBs 3–15◦ ) and high-angle grain boundaries (HAGBs ≥15◦ )
are drawn in Figure 2. For as-cast 7085 alloy, the fraction of HAGBs is low just 34.06%, as shown in
Figure 3a. When the nano TiC particles are introduced into the 7085, the fraction of HAGBs also first
increases and then decreases. The proportions of HAGBs for the different TiC contents were 66.73%,
72.78%, 88.13%, 81.93%, respectively.

Figure 3. Cont.

Metals 2019, 9, 753

5 of 16

Figure 3. Orientation maps and inverse pole figure of as-cast 7085 and TiC/7085 (a) 7085; (b) 0.1 wt%
TiC/7085; (c) 0.3 wt% TiC/7085; (d) 0.5 wt% TiC/7085; (e) 1 wt% TiC/7085.

Figure 4. Distributions of misorientation angles of as-cast 7085 and TiC/7085 (a) 7085; (b) 0.1 wt%
TiC/7085; (c) 0.3 wt% TiC/7085; (d) 0.5 wt% TiC/7085; (e) 1 wt% TiC/7085.

Figure 5 shows the orientation maps and inverse pole figures of 7085 and TiC/7085 composites
after 80% rolling deformation. Compared to Figure 3, the original α-Al grains are stretched, and some
recrystallization grains have appeared. With increasing TiC content, the volume of refined grains
shows a growing trend. As shown in Figure 5a, in the orientation map of 7085 alloy there are some
elongated coarse grains and a few recrystallized grains are embedded. When the content increases
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from 0.1 to 1 wt%, the elongated grains in the composite gradually disappear and are replaced by fine
equiaxed grains. It can be seen from Figure 5d that when the content reaches 0.5 wt%, the number of
grains in the composite reaches the maximum and the average grain size is around 20 µm. When the
content increases to 1 wt%, the grain shape of the composites tends to be equiaxed, and the grain of the
composites is relatively coarsened, with an average grain size of 30 µm, as observed in Figure 5e.

Figure 5. Orientation maps and inverse pole figure of 7085 and TiC/7085 after 80% rolling deformation
(a) 7085; (b) 0.1 wt% TiC/7085; (c) 0.3 wt% TiC/7085; (d) 0.5 wt% TiC/7085; (e) 1 wt% TiC/7085.

Figure 6 shows microstructures of the recrystallized 7085 alloy and TiC/7085 composites with
different TiC contents. The recrystallized grains, sub-structured grains (recovered with sub-grains)
and deformation grains are shown in blue, yellow and red, respectively. These grains are determined
by their average misorientation angles, the grain is classified as deformation grains when its average
misorientation angles are below 3◦ , and as sub-structured grain if its average misorientation angles are
between 3 and 15◦ . All of the remaining grains are classified as recrystallized grains. As shown in
Figure 6, the more nano TiC particles, the more recrystallized grains and sub-structured grains there
are, and the fewer deformation grains there are. In Figure 6a, it can be seen that the recrystallization
degree of the 7085 is only 0.5% after deformation. With the increase of nano TiC particles from 0.1 to
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1 wt%, the recrystallization fraction of TiC/7085 composite gradually increases from 5.8% in 0.1 wt%
TiC/7085 composites to 27% in 1 wt% TiC/7085 composites, corresponding to Figure 6b–e.

Figure 6. Microstructures of the recrystallized of 7085 and TiC/7085 after 80% rolling deformation (a)
7085; (b) 0.1 wt% TiC/7085; (c) 0.3 wt% TiC/7085; (d) 0.5 wt% TiC/7085; (e) 1 wt% TiC/7085.

Figure 7 shows the misorientation distributions of 7085 alloy and TiC/7085 composites and the
fractions of LAGBs and HAGBs are drawn as in Figure 5. It can be observed that the fraction of LAGBs
is higher than that of HAGBs. For the as-rolled 7085 alloys, as shown in Figure 7a, the fractions of
LAGBs and HAGBs are 91.30% and 8.7%, respectively, the average misorientation angle of which
is 6.9◦ . When the TiC content increases from 0.1 to 1 wt%, the fractions of HAGBs are 14.12%, 15%,
20.68% and 26.56%, respectively. Meanwhile, the average misorientation angles are 7◦ , 10◦ , 11◦ and 12◦ ,
as illustrated in Figure 7b–e.
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Figure 7. Distributions of misorientation angles of 7085 and TiC/7085 after 80% rolling deformation (a)
7085; (b) 0.1 wt% TiC/7085; (c) 0.3 wt% TiC/7085; (d) 0.5 wt% TiC/7085; (e) 1 wt% TiC/7085.

Figure 8 demonstrates the orientation maps and inverse pole figures of 7085 alloy and TiC/7085
composites after T6 treatment. Compared to Figure 5, the microstructure of the 7085 alloy and TiC/7085
composites are all translated into equiaxed grains, and the size of the grains coarsen with increasing
TiC content. As shown in Figure 8, the coarse grains of 7085 matrix alloy were transformed into fine
equiaxial grains with an average grain size of 8.77 µm. With the addition of a few nano particles,
the 0.1% TiC/7085 reaches the maximum number of grains and exhibits uniformly distributed grains as
shown in Figure 8b. Additionally, the average grain size (8.50 µm) is substantially unchanged compared
to the matrix. When the content of nano TiC particles increased from 0.3 to 1 wt%, the number of grains
in the composites decreases and the grain size is coarsened constantly, as observed in Figure 8c–e.
The average grain sizes of the composites with increasing content of nano TiC particles are 9.74, 11.12
and 12.2 µm, respectively.
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Figure 8. Orientation maps and inverse pole figure of 7085 and TiC/7085 after T6 treatment (a) 7085;
(b) 0.1 wt% TiC/7085; (c) 0.3 wt% TiC/7085; (d) 0.5 wt% TiC/7085; (e) 1 wt% TiC/7085.

Figure 9 shows the recrystallized microstructure of 7085 matrix alloy and TiC/7085 composites with
different TiC contents after the T6 process. The representations of recrystallized grains, sub-structured
grains (recovered with sub-grains) and deformed grains are shown in blue, yellow and red, respectively.
These grains are determined by their average misorientation angles, the grain is classified as deformation
grains if its average misorientation angles are below 3◦ , and sub-structured grain is designated if its
average misorientation angles are between 3 and 15◦ . All of the remaining grains are classified as
recrystallized grains. It can be observed from Figure 9 that the recrystallization of the composites
decreases obviously with increasing TiC content. It can be observed in Figure 9a that the volume of
recrystallization of 7085 alloy is relatively low, and the volume fractions of recrystallization grains and
sub-structured grains are 67.5% and 31.1%, respectively. As illustrated in Figure 9b, when 0.1 wt% nano
TiC particles were added to the 7085 alloy, the fractions of recrystallization grains and sub-structured
grains were 87.1% and 12%, respectively. As the content of nano particles increases, the recrystallization
degree decreases slightly. The fractions of recrystallization for the TiC/7085 composites are 81.1%
(0.3 wt% TiC), 78.4% (0.5 wt% TiC) and 77.7% (1 wt% TiC). Meanwhile, the sub-structures are 15.9%,
20% and 21.3%, according to the results as displayed in Figure 9c–e.
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Figure 9. Recrystallized maps of 7085 and TiC/7085 after T6 treatment (a) 7085; (b) 0.1 wt% TiC/7085;
(c) 0.3 wt% TiC/7085; (d) 0.5 wt% TiC/7085; (e) 1 wt% TiC/7085.

Figure 10 shows the misorientation distributions of 7085 and TiC/7085 composites after T6
treatment, and the fraction of LAGBs and HAGBs are drawn in Figure 8. It is a very clear change
compared with Figure 6; the LAGBs have basically transformed into HAGBs. The fraction of HAGBs in
the 7085 alloy is 74.62%, and the average misorientation angle is 30.6◦ , as shown in Figure 10a. When
the nano TiC was introduced into the alloy from 0.1 to 1 wt%, the fractions of HAGBs were 80.3%,
82.42%, 78.69% and 73.94, respectively. Meanwhile, the average misorientation angles are 34.6◦ , 34.77◦ ,
33.55◦ and 31.91◦ , as shown in Figure 10.
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Figure 10. Distributions of misorientation angles of 7085 and TiC/7085 after T6 treatment (a) 7085;
(b) 0.1 wt% TiC/7085; (c) 0.3 wt% TiC/7085; (d) 0.5 wt% TiC/7085; (e) 1 wt% TiC/7085.

Figure 11 shows the SEM micrographs and TEM micrographs of nano TiC particles in TiC/7085
composites. In Figure 11a, the SEM micrographs show that the nano TiC particles are dispersed
non-uniformly in the matrix; the TiC particle cluster can be observed at the grain boundary. However,
it still has some TiC particles dispersed in the grains. Furthermore, the TiC particle cluster is also found
in the grains, as shown in Figure 11b. Figure 11c shows the TEM micrographs, showing that the TiC
particles disperse in the grains; the size of TiC particle is around 50 nm. Figure 11d shows the HRTEM
micrograph of Figure 11c, the interface between TiC particles and matrix (α-Al) is uniform and clear,
which indicating that the nano TiC particle did not react with other elements and only pure nano TiC
particles. The precipitated phases η (MgZn2 ) and η0 (MgZn2 ) are clearly observed in Figure 11e,f, the
TiC particle is surrounded by these precipitated phases, and the size of TiC particle is larger than the
precipitated phases, whose length is about 10 nm.
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Figure 11. TEM diagram of TiC/7085 composite. (a,b) SEM micrographs of TiC/7085 composites;
(c) TEM micrographs of nano TiC particles in the TiC/7085 composites; (d) HRTEM image of interface
between TiC particles and α-Al matrix; (e,f) TEM and micrographs of the η, η0 and TiC particles.

Figure 12 shows the results of tensile strength and elongation of 7085 alloy and TiC/7085 composites
after T6 treatment. It can be seen clearly from Figure 8 that the ultimate tensile strength exhibits an
increasing trend followed by a decreasing trend, while the change of elongation is not obvious. When
the content is 0.5 wt%, the mechanical properties of the composites reach their peak. The ultimate tensile
strength and elongation of 7085 matrix alloy is 524 MPa and 12.1%, respectively. As a comparison,
the corresponding values are 608 MPa and 10.5% when the TiC content is 0.5 wt%. Compared to 7085
alloy, the ultimate tensile is enhanced by 16%, while the elongation is decreased by 13%.
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Figure 12. Mechanical properties of 7085 alloy with different TiC content.

4. Discussion
The above results showed that the microstructure evolution of TiC/7085 composites are mainly
dependent on the content of nano TiC particles. From Figure 6, it can clearly be observed that the
fraction of HAGBs increases from 8.7% to 25.56% with the increase nano TiC content. With regard
to the increase in HAGBs, it is generally accepted that a large stain gradient deformation zone and
a local variation in the active sliding system are formed near the non-deformable particles, creating
a region called a high local orientation gradient region [29]. This region can collapse into HAGBs.
As many more nano TiC particles were added into the 7085 alloy and processed by hot deformation,
the fraction of HAGBs increased. It has been reported that the difference of unrecrystallized grains and
recrystallized grains is related to the grain boundaries, with an increase in HAGBs being accompanied
by an increase in recrystallized grains [22], such that the fraction of recrystallized grains about
composites increases from 2% to 27% (Figure 7). Meanwhile, the average misorientation angle of
composites increased from 6.97◦ to 12◦ . These results demonstrate that nano TiC particles can promote
the dynamic recrystallization of 7085 alloy. Al alloys are generally considered to be easily recoverable
materials due to their high stacking fault energy [30]. During the high temperature deformation
process, the dynamic recovery can reduce the dislocation density, which will inhibit recrystallization
during the high-temperature deformation process [31]. Subsequently, from the recrystallized map
(Figure 9), it can be clearly observed that the fraction of recrystallized grains decreased with the TiC
content, from 86.91% in 7085 alloy to 77% in 1 wt% TiC/7085 composite samples, when the composites
were processed by T6 treatment. Meanwhile, the fraction of HAGBs decreased from 82.42% to 73.94%,
and the average misorientation angle decreased from 34.6◦ to 31.9◦ in composites (Figures 8 and 10).
These results show that nano TiC particles could hinder the recrystallization when the composites
proceed by T6 treatment. These TiC particles pin the sub-boundaries and stabilize the sub-grains
during the T6 treatment [32]. As a result, the sub-grains coarsen with the recrystallization grains after
T6 treatment. The greater the number of particles, the coarser the grains are.
In this work, the ultimate tensile strength of the composites increased with the increase of grain
size (Figure 8b–e), which is not in accordance with the Hall-Patch relationship. The composites with
grain size of 11.12 µm showed the highest ultimate tensile strength, owing to the particle reinforcement
of the TiC particles at nanoscale in 7085 alloy. As illustrated in Figure 11a–c, the TiC particles dispersed
both in the grains and along the grain boundaries. When plastic deformation occurred, some nano TiC
particles dispersed in the grains were able to hinder the dislocation movement and formed a dislocation
wall within the grains due to Orowan Strengthening [33]. This dislocation accumulation inside the
grains could give rise to the improvement of strength markedly [34]. Meanwhile, it was observed from
Figure 11d that the interface between TiC particles and 7085 alloy was uniform and clear, preventing
premature interfacial cracking in the composites when the composites were loaded [33]. Therefore, the
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ultimate tensile strength of the composites increased with the increase of mean grain size when the
TiC particle content was low. As shown in Figure 12, the tensile strength of the composites decreased
suddenly when the TiC content reached 1 wt% due to the coarsening of the grain size and the increase of
the TiC content. As shown in Figure 8e, the grain size of 1 wt% TiC/7085 composites continue increased
to 12.2 µm. The coarsening of the grain reduced the dense network of grain boundaries and led to
premature cracks at grain boundaries, which could reduce the strength of the composites. Meanwhile,
as shown in Figure 11a,b, the TiC particles which had formed to the TiC particle cluster was found
along the grain boundary and the grains. When the composites were loaded, these clusters allowed
the initiation and propagation of the cracks, which could reduce the strength of the composites [35].
This phenomenon was not obvious when the TiC content was low, such that TiC particles still played
the role of strengthening reinforcement in the matrix. With the further increase of the TiC content to 1
wt%, the enriched particle clusters led to the decrease of the ultimate tensile strength of composites.
As a result, the increased of the ultimate tensile strength was attributed to reduction of recrystallized
grains by nano TiC particle strengthening.
As a result, the improved ultimate tensile strength of nano TiC/7085 composites was mainly
attributed to the interactions between partially recrystallization and nano TiC strengthening
(the particles in the grain interiors). Nano TiC particles pinned the sub-boundaries, stabilized
the sub-structure, and subsequently retarded the recrystallization of 7085 alloy during the T6 treatment,
which was proved in the above discussion. Partialto recrystallization could increase the strength in
some extent. This is because the formation of partial recrystallization consists of large recrystallized
grains and small equiaxed grains. When the composites are loaded, the large recrystallized grains
mainly store the dislocation to improve the ultimate tensile strength, while the small equiaxed grains
improve the elongation. However, the composites with more recrystallized grains could pile up the
dislocations and make them difficult to slip across the recrystallized grain boundaries, these factors
facilitate nucleation and propagate of inter granular cracks [25]. Meanwhile, the nano TiC particles
which were dispersed in the grains were able to hinder the dislocation movement and formed a
dislocation wall within the grains when the composites loaded. This dislocation accumulation inside
the grains could give rise to the improvement of strength markedly. The interaction between these
could greatly improves the strength of the composites.
5. Conclusions
This article presents work on the recrystallization and mechanical properties of nano TiC
particle-strengthened 7085 composites with different TiC particles (0.1, 0.3, 0.5 and 1 wt%) after hot
rolling and T6 treatment. The main results are summarized as follows:
(1) Nano TiC particles pin the sub-grains and hinder the recrystallization of TiC/7085 composites
during T6 treatment. With the increase of nano TiC particles, the average grain size of the composites
is, respectively, 8.77, 8.5, 9.74, 11.12 and 12.2 µm, and the fraction of recrystallization for the TiC/7085
composites decreased from 86.91% to 77.7%.
(2) Nano TiC particles are dispersed in 7085 alloy and did not react with other elements.
Dislocation movement was blocked, benefiting from the pinning effect, when TiC/7085 composites
suffered tensile load.
(3) With the addition of nano TiC particles from 0.1 to 1 wt%, the tensile strength and yield strength
firstly increase and then decrease for T6 treatment. The maximum of 608 MPa for ultimate tensile
strength were achieved when nano TiC content is 0.5 wt%. Compared to 7085 alloy, the ultimate tensile
are improved to 16%.
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