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A B S T R A C T

The effects of a small addition of nanosized TiC particles (TiCp) on the microstructure evolution of the Al-Mg-Si
(6061) alloy throughout the entire fabrication process including casting, cold rolling and heat treatments were
investigated. TiCp impeded the recrystallization and grain growth, refined the grain structure, and evidently
increased the tensile strength without obvious decrease on ductility. The ultimate tensile strength and yield
strength of the 1.0 wt% TiCp/6061 composite were 330MPa and 275MPa in T6 state and 438MPa and 426MPa
in the as-rolled state, an increase of 42MPa and 38MPa, 41MPa and 52MPa, respectively, compared to the
matrix 6061 alloy. The strength increase is attributed to strengthening effect of TiCp, dislocation accumulation
and precipitate strengthening.

1. Introduction

Al-Mg-Si plates/sheets are widely used in industrial fields due to
their relatively high strength, considerable corrosion resistance and
fatigue properties [1,2]. Among them, AA6061 aluminium alloy is a
heat-treatable alloy that can obtain high strength through T6 or T4
treatment [3]. This alloy shows a relatively low strength but a high
ductility in solution-treated conditions. The strength of this alloy can be
enhanced by performing age hardening, and the ductility will decrease
significantly [4]. Since this alloy is mainly used in age hardening con-
ditions to utilize a higher strength to weight ratio, it is crucial to en-
hance the strength without sacrificing the ductility after the T6 process
with the purpose of expanding the application of the 6061 Al sheets,
especially where large deformation and high strength are required
[5–7]. The reinforcement particles are known to enhance mechanical
properties of Al alloys. Among the reinforcement particles, TiC is
proved to be an excellent ceramic reinforcement, in terms of its suitable
properties such as high hardness, good wear resistance and abrasion
resistance [8–10].

The literature has clearly proved that the strengthening effects of
nanoparticles are more obvious than micron-sized particles [11–13]. A
low content of nanoparticles can increase the tensile strength of the
matrix significantly through the Orowan mechanism, resulting from the
larger quantity compared with the micron-sized particles. Moreover,
the composites reinforced with nanoparticles possess higher ductility in

comparison with the same materials reinforced with micron-sized
particles. [14]. However, the effects of nano-sized reinforcements on
the mechanical properties, as well as the strengthening mechanisms
working in Al-Mg-Si sheets, is still need further research. In our pre-
vious work, we introduced the nanosized TiC particles (TiCp) into the
cast Al alloy using the nanosized TiCp-Al master alloy, leading to a good
distribution of nanoparticles and a significant improvement on tensile
strength and ductility [15]. Compared with the micro-sized particles,
the nanoparticles could improve the tensile strength without sacrificing
the ductility [16].

The nanoparticles could act as the heterogeneous nucleation sites of
α-Al and refine the grain structure in cast Al alloys [15,17]. The Or-
owan strengthening caused by the nanoparticles contributes to the
improvements in tensile strength, while a high content of the nano-
particles tends to agglomerate, resulting in a reduction in the strength
and elongation of nanocomposites [18]. Additionally, many researchers
have studied the hot-extruded Al matrix composites [7,19,20]. The
extruded nanocomposites usually contain a high fraction of the nano-
particles and exhibit a high tensile strength but a low ductility at both
room temperature and elevated temperatures [5]. The nanoparticles
could act as the barriers to dislocation movement during the de-
formation process and retard the recrystallization and grain growth,
increasing the thermal stability of the refined grain structure at elevated
temperatures [21,22].

However, research investigating the rolled Al matrix
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nanocomposites is limited. Dan et al. [23] studied the microstructure of
cold rolled Al composites reinforced with 5 wt% nanosized TiB2p. Most
of the TiB2p agglomerated around the Al grain boundaries and formed
the particle clusters, while the rest were relatively uniformly dispersed
inside the Al grains. High-density dislocations and high-angle grain
boundaries were formed around the particle-clusters, and small dy-
namic recrystallized grains were found around particle-clusters re-
sulting by the high local deformation strain. The literature mostly fo-
cused on the effects of the nanoparticles either on the as-cast grain
structure or on the deformation structure [24–26]. Few researchers
investigated the effects of the nanoparticles on the microstructure
evolution during the entire fabrication process including casting, de-
formation (cold rolling) and heat treatments.

In this paper, the effect of TiCp on the microstructure evolution of Al
(6061) matrix composites during casting, rolling and the T6 heat
treatment was studied. It was found that the nanosized TiCp could re-
tard the grain growth and increase the tensile strength without de-
creasing the ductility. The contributions of different strengthening
mechanisms were also discussed. In comparison with the previous
studies, the present work aims to investigate the effects of nanosized
TiCp throughout the entire fabrication process and provide a relatively
easy way to improve the tensile properties of the Al plates/sheets.

2. Experimental

In the present work, the fabrication process is shown in Fig. 1. The
30 wt% nanosized TiCp-6061 master alloy was produced by the self-
propagation high-temperature synthesis (SHS) reaction of the metal
powders of 6061 Al alloy, Ti and carbon nanotubes, which corre-
sponded to stoichiometric TiC [27]. The mean size and morphology of
TiCp is shown in Fig. 2. The TiCp were extracted from the master alloy
using 18 vol% HCl aqueous solution. The morphology of the TiCp was
examined by FESEM (JSM-6700F, Japan). The nanosized TiCp/6061
composites with mass fractions of 0.5% and 1.0% were produced by
introducing the 30wt% nanosized TiCp-6061 master alloy into the
molten 6061 Al, followed by the mechanical stirring for 2min and ul-
trasonic vibration for 5min (Fig. 1(a)). Finally, after the molten 6061 Al
was cooled down to 1073 K, it was cast into a preheated steel mold
(200×190×20mm3). The temperature of the preheated mold was
200 °C. For comparison, the 6061 Al alloy was also prepared by the

same casting procedure. The nominal composition of the 6061 Al alloy
is 0.87 Mg, 0.55 Si, 0.59 Fe, 0.36 Cu, 0.15 Mn, 0.17 Cr, 0.23 Zn, 0.16 Ti
and balanced Al (in wt%). The samples for cold rolling with the di-
mensions of ~6×20×50mm3 were cut from the bottom of the
castings. Homogenization treatment was performed at 570 °C for 7 h
and cooled down by air (Fig. 1(b)). Then, the cold rolling (CR) was
carried out with 70% thickness reduction by 5 rolling passes (1 mm for
each pass of the first four passes, and 0.2mm for the last pass) at room
temperature (Fig. 1(c)). After the CR process, the T6 heat treatment
(solution at 525 °C for 1 h [5], then quenching in the water and ageing
at 180 °C for 5 h) was carried out and the CR-T6 samples were obtained.
By considering the followed deformation process of the sheets in in-
dustrial applications, the CR-T6 samples underwent a secondary rolling
(SR) process with a 50% thickness reduction at room temperature for
the further investigations (Fig. 1(d)).

The microstructures at the mid-thickness of the rolling direction
(RD)-normal direction (ND) section were observed, using a scanning
electron microscope (SEM, Tescan vega3 XM) equipped with electron
backscatter diffraction (EBSD, Oxford). The step size for EBSD scanning
was 1 µm. EBSD data and grain size statistics were carried out using the
HKL Channel 5 software, and the critical angles of 2° and 15° were
adopted in the boundary detection. Transmission electron microscopy
(TEM, JEM-2100F) was performed to observe the microstructures. TEM
thin foils were prepared at −20 °C using twin-jet electropolishing with
a solution of 90 vol% ethanol and 10 vol% perchloric acid at 20 V. The
bone-shaped tensile specimens were prepared with a gauge cross sec-
tion of 4.0× 1.8mm2 and a gauge length of 10mm. A tensile test was
performed in the rolling direction by a servo-hydraulic material testing
system (MTS, MTS810) at room temperature using a strain rate of
3.0× 10−4 s−1

, and at least three samples were tested for each state.

3. Results and discussion

3.1. The microstructure evolution

Fig. 3(a)–c) show that the as-cast grain structure was refined by the
introduction of the nanosized TiCp. The average grain size of the as-cast
6061 Al alloy was 108 µm, while it was refined to 57 µm and 40.1 µm by
adding 0.5 and 1.0 wt% nanosized TiCp, respectively. The grain size of
the CR samples also decreased with the increasing content (from 0.5 to

Fig. 1. Schematic diagram of the fabrication process, (a) the nanosized TiCp-6061 master alloy was added into the molten metal with the mechanical stirring and
ultrasonic vibration, (b) the homogenization treatment of the as-cast samples, (c) the samples after the first cold rolling process and T6 treatment, (d) the sample after
the secondary rolling process.
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1.0 wt%) of the nanosized TiCp during the cold rolling processing as
shown in Fig. 3(d)-(e). The grain size in the matrix 6061 Al alloy was
~39 µm in width after the CR process, and it was refined to ~25 µm and
~13 µm in width by introducing 0.5 and 1.0 wt% nanosized TiCp, re-
spectively. Recrystallization occurred in the deformed samples during
the solution treatment. Fig. 4 shows the EBSD images of the CR-T6
samples including the 6061 Al alloy, 0.5 wt% nanosized TiCp/6061
composite (0.5–6061 Al) and 1.0 wt% nanosized TiCp/6061 composite
(1.0–6061 Al) after T6 treatment. The addition of the nano-sized TiCp

refined the recrystallized grains. The small-sized grains existed around
the coarse grains and the small-sized grains tended to be more prevalent
and smaller in size as the content of the nanosized TiCp increased, as
shown in Fig. 4(a)–(c).

The grain size distributions of these T6 treated materials are shown

in Fig. 4(g)-(i). The grains of the matrix 6061 Al alloy were coarse with
an average size of 41 ± 4 µm, while the grains of the composites de-
creased with the increasing content of the nanosized TiCp. The average
sizes of the α-Al grains were ~ 15 ± 2 µm and 13 ± 2 µm in the
0.5–6061 Al and 1.0–6061 Al, respectively. In addition, the matrix
6061 Al alloy showed a wide range of grain size distribution and pos-
sessed 10% grains with a size over 100 µm. The composites have a
narrower grain size distribution, in comparison with the matrix 6061 Al
alloy, e.g., ~ 80% grains in the 0.5–6061 Al and 1.0–6061 Al with a size
no more than 25 µm. Moreover, 1.0–6061 Al possessed the highest
percentage (25%) of smallest grains (˂ 25 µm). The white lines in
Fig. 4(a)-(c) represent the sub-grain boundaries. Few sub-grain
boundaries were observed in the EBSD image of the 6061 Al alloy
(Fig. 3(a)). However, more sub-grain boundaries were found in the

Fig. 2. FESEM image of the TiCp extracted from the master alloy (a); the size distribution diagrams of the TiCp (b).

Fig. 3. EBSD images of the as-cast (a) 6061 Al alloy, (b) 0.5 wt% TiCp/6061 composite, (c) 1.0 wt% TiCp/6061 composite and the cold rolled without annealing (d)
6061 Al alloy, (e) 0.5 wt% TiCp/6061 composite, (f) 1.0 wt% TiCp/6061 composite.
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composites. In Fig. 4(d)-(f), the blue zones represent the fully re-
crystallized grains, the yellow zones represent the recovered grains and
the red zones represent the deformation regions. This suggests that the
matrix 6061 Al alloy after T6 treated was almost fully recrystallized,
while in the composites, some deformation regions were retained. The

deformation regions in the 1.0–6061 Al distributed more homo-
geneously and were larger in number and smaller in size, in comparison
with the 0.5–6061 Al. The refined microstructure was attributed to two
causes: I). the nanosized TiCp could refine the as-cast grain structure
which contributes to refined grains after deformation, thus providing

Fig. 4. EBSD images of (a) and (d) the 6061 Al alloy, (b) and (e) the 0.5 wt% TiCp/6061 composite, (c) and (f) the 1.0 wt% TiCp/6061 composite after T6 treatment;
(g)–(i) the grain size distribution of these samples.

Fig. 5. Nanosized TiCp pinned the sub-structures at grain boundary after the T6 treatment.
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more nuclei for the recrystallized grains according to the recrystallized
nuclei could form at grain boundaries [28], and II). the nanosized TiCp

can induce the Zener pinning effect on the grain boundaries as shown in
Fig. 5. The small deformation regions and the refined recrystallized
grains are retained after the recrystallization by the retardation of the
nanosized TiCp. Thus, the introduction of the nanosized TiCp could
refine the recrystallized grains.

Fig. 6 shows the EBSD images of the SR samples. As indicated in
Fig. 6(a)-(c), the density of the sub-grain boundaries in the composites
is higher than that in the matrix 6061 Al alloy. The grain size decreased
with the increasing content of the nanosized TiCp. Fig. 7(a) shows the
dislocation movement without the influence of the nanosized TiCp.
However, when the nanosized TiCp were introduced, the dislocations
were retarded by the nanosized particles as indicated in Fig. 7(b). A
high-density dislocation is also found around the nanosized TiCp

(Fig. 7(c)). These dislocations interact with each other when two ad-
jacent particles are close (Fig. 7(d)). Thus, we can conclude that the
impediment of the nanosized TiCp on the dislocation movement leads to
the formation of the sub-structures.

3.2. Tensile properties

Fig. 8 shows the engineering stress-strain curves of the matrix 6061
Al alloy for different fabrication processes at room temperature. The
ultimate strength (UTS) and yield strength (YS) improved obviously
with the increasing content of the nanosized TiCp. The UTS and YS are
330 ± 2MPa and 275 ± 3MPa in 1.0–6061 Al after T6 treatment,
respectively. They are ~ 15% and 16% higher than those of the matrix

6061 Al alloy, as listed in Table 1. The tensile test results of the SR
samples also demonstrate the evident reinforcing effects of nanosized
TiCp. The UTS and YS of 1.0–6061 Al can reach up to 438 ± 2MPa and
426 ± 4MPa, respectively, ~10% and 14% higher than those of the
6061 SR samples.

The strengthening effects of the nanosized TiCp can be attributed to
many sources, including the grain refinement, Orowan strengthening
and dislocation strengthening. The refined grains in these composites
show a significant effect on deformation procedure. On the one hand,
the grain boundaries play as a barrier to impede the further movement
of the dislocation, resulting in the improvement of the tensile strength
in these composites. On the other hand, the small grain size is beneficial
for the formability providing better ductility. According to Figs. 4,
10.0 wt% nanosized TiCp refined recrystallized grain from 41 µm to
13 µm, and the contribution on the increase in the yield strength can be
described by the Hall-Petch equation: =σ k d̅ /HP [29], where k is a
constant and d is the average grain diameter. For Al alloy, k is found to
be ~0.08MPa m [30]. σ̅HP is calculated to be ~12MPa and ~22MPa
in the matrix 6061 Al alloy and 1.0–6061 Al, respectively. The increase
contributed by the grain refinement is ~10MPa.

The nanosized TiCp in this paper are equiaxed and small enough so
that the increase due to the Orowan stress (σOrowan) can be estimated by
[31]:

= ⎛
⎝

⎞
⎠

σ 0.81 MAGb
2πλ

ln πd
4bOrowan (1)

where M is the Taylor factor (it was 3.06 for face-centred cubic metals),
G is the shear modulus of the matrix (for pure aluminium at 298 K, G ≈

Fig. 6. EBSD orientation imaging maps of the (a) 6061 Al alloy, (b) 0.5 wt% TiCp/6061composite and (c)1.0 wt% TiCp/6061 composite in SR state. The white line
represents the sub-grain boundaries.
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25232MPa [32]), b is the Burger's vector (b = 0.286 nm for Al). The
constant A is estimated to be 1.2 [31]. λ is the interparticle spacing and
d is the average particulate diameter. The calculation of λ can be de-
scribed as the equation:

=λ d fV0.4 ( π/ -2) (2)

where f is the volume fraction of the TiCp. For the simplicity of calcu-
lation, it is assumed that the nanoparticles distributed uniformly in the
matrix. The calculated increase in 1.0–6061 Al is ~21.9MPa. The ac-
tual distribution of the reinforcement is not randomly uniform, and
some TiCp were observed at grain boundaries (Fig. 5), reducing the

Fig. 7. TEM micrographs of the dislocations in SR samples: the dislocation in the 6061 Al alloy (a); nanosized TiCp impede the movement of dislocations, forming
dislocation tangles around the nanosized TiCp (b)-(d).

Fig. 8. Typical engineering stress-strain curves of the matrix 6061 Al alloy and
the nanosized TiCp/6061 composites with different fractions of the nanosized
TiCp.

Table 1
The ultimate tensile strength, yield strength and fracture strain of the matrix
6061 Al alloy and the nanosized TiCp/6061 composites with different fractions
of the nanosized TiCp through different rolling processes.

σb (MPa) σs (MPa) ε (%)

6061 Al (CR-T6) 288 ± 3 237 ± 3 18.6 ± 1.0
0.5–6061 (CR-T6) 315 ± 2 267 ± 4 18.4 ± 1.2
1.0–6061 (CR-T6) 330 ± 2 275 ± 3 17.9 ± 0.6
6061 Al (SR) 397 ± 1 374 ± 3 7.7 ± 0.5
0.5–6061 (SR) 427 ± 2 414 ± 3 5.8 ± 1.0
1.0–6061 (SR) 438 ± 2 426 ± 4 6.7 ± 1.1
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effective amount of the nanosized TiCp for Orowan strengthening.
Researchers reported that the introduction of the reinforcement

particles can affect the precipitation of the composite significantly in
comparison with the matrix alloys [33,34]. The rolling process induces
high-density dislocations which contributes to the increased strength of
the matrix 6061 Al alloy and the composites. The extra dislocations are
retained around the nanoparticles, acting as the heterogeneous nu-
cleation sites for precipitates, or the diffusion path for the solute atoms
to improve the ageing kinetics of the composites during the T6 treat-
ment. Fig. 9(a)-(c) shows the Mg2Si precipitates in the matrix alloy,
0.5–6061 Al and 1.0–6061 Al, respectively. The distributions of the
precipitates were reported in the form of histograms in Fig. 9(d)-(f). The
red lines were the lognormal fit of the data, indicating the precipitates
fitted a lognormal distribution. The mean size of precipitates were
118 nm, 92 nm and 79 nm for the matrix alloy, 0.5–6061 Al and
1.0–6061 Al, respectively. Clearly, the introduction of nanosized TiCp

resulted in a decrease in the precipitate diameter and an increase in the
density of the precipitates. The precipitation strengthening was resulted
from the restriction of precipitates to the bypassing dislocations. The
strength increase caused by the precipitates strengthening can be cal-
culated based on the modified Orowan equation [35]. Tian et al. [14]
reported that the improvement contributed from the precipitates in-
creased with the decrease in the diameters of precipitates according to
these modified Orowan equation. It indicates that the smaller pre-
cipitates in the 1.0–6061 Al could play a more obvious effect to impede
the dislocation movement, which is beneficial for improving the tensile
strength.

As mentioned above, dislocations interact with each other and form
the dislocation tangles in CR-T6 samples during the tensile process,
which retards the dislocation movement. As a result, the dislocation
walls were generated. The nanosized TiCp could also act as a barrier to
hinder the dislocation movement. Thus, the extra dislocation multi-
plication caused by the nanosized TiCp contributes to the increase in the
tensile strength. After the SR process, the sub-structures and high-
density dislocations are formed as indicated in Fig. 7. On the one hand,

the nanosized TiCp could accelerate the formation of dislocations in the
nanosized TiCp/6061 composite resulting by the interaction between
dislocations and TiCp (Fig. 7(b)-(d)) [36]. On the other hand, with the
Zener pinning effect, the particles can effectively impede the movement
of dislocations. As a result, the dislocation strengthening contributes to
the increase of the UTS and YS and results in a low elongation in the SR
samples.

4. Conclusions

a. 1.0 wt% nanosized TiCp refined the grain structure from 108 µm to
40.1 µm during the solidification process. The nanosized TiCp re-
tarded the recrystallization and grain growth during the T6 treat-
ment, resulting in the refined recrystallization grains. The re-
crystallized grain size of the matrix alloy was 41 µm, and 13 µm for
the 1.0–6061 Al.

b. The UTS and YS of the matrix 6061 Al alloy in CR-T6 state were
288MPa and 237MPa, respectively. The UTS and YS of the com-
posites in CR-T6 state could reach 330MPa and 275MPa, respec-
tively after adding 1.0 wt% nanosized TiCp. Moreover, the ductility
remained unchanged.

c. The UTS and YS of the matrix 6061 Al alloy were 397MPa and
374MPa, respectively after the SR process. The introduction of the
nanosized TiCp increased the tensile strength. They could reach
438MPa and 426MPa, respectively after adding 1.0 wt% nanosized
TiCp. However, the ductility was not improved.

d. The increase in the tensile strength of the CR-T6 samples at room
temperature was attributed to the strengthening effect of the na-
nosized TiCp, larger number of finer precipitates and the dislocation
accumulation, collectively. These contributed to the enhanced ten-
sile strengths without obviously reducing the ductility. The in-
creased dislocation density in SR samples resulted in a slight re-
duction in ductility.

Fig. 9. TEM micrographs of the 6061 Al alloy and composites after T6 treatment: (a) the 6061 Al alloy, (b) the 0.5 wt% TiCp/6061 composite and the (c) 1.0 wt%
TiCp/6061 composite; (d)-(f) the diameter distributions of the precipitates in (a)-(c), respectively.
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