
Kovove Mater. 59 2021 21–38
DOI: 10.4149/km 2021 1 21

21

Influence of aging and annealing processes on the properties
of TiB2 particulate reinforced aluminum composites produced

by powder metallurgy

D. Zalaoğlu, M. Übeyli*
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Abstract

In this study, the influence of artificial aging at various temperatures and annealing on the mechanical char-
acteristics of the Al-6.2Zn2.3Mg2.3Cu alloy composites bearing various amounts of TiB2 particulates was in-
vestigated. Initially, the composites were produced with the cold pressing aid at 316MPa and subsequently
sintering at 590◦C. The composites were subjected to artificial aging at 100, 120, and 140◦C for 100 hours and
the annealing. The microstructural observations were done using the SEM, EDX, and XRD analyses to clarify
the materials’ phases. Next, the hardness and three-point bending tests of the investigated materials were done.
All samples reached their highest hardness values after the artificial aging at 120◦C for about 11 h. Besides,
the bending strength level of Al-6.2Zn2.3Mg2.3Cu/TiB2p composites was found to be lower than that of the
Al-6.2Zn2.3Mg2.3Cu alloy.

K e y w o r d s: metal matrix composites (MMC), powder consolidation, precipitation, hard-
ness test, bending test

1. Introduction

The development of innovative engineering mate-
rials opens new windows and presents important op-
portunities for the advancement of technology and in-
dustry. Therefore, manufacturing new materials with
superior properties and cost-effective production tech-
niques is strongly required [1–4]. Ceramic particulate
reinforced metal matrix composites, having superior
properties (i.e., higher strength and modulus, better
creep and wear properties) concerning their mono-
lithic counterparts, can exhibit better performance
in engineering applications [2–4]. In these materials,
types and properties of metal matrix and ceramic re-
inforcement: features of interface between matrix and
ceramic particles, volumetric fraction, distribution,
shape, size, and orientation of ceramic particulates,
thermal treatment and production methods are essen-
tial variables influencing their whole properties [2–4].
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Various ceramic materials, such as SiC, Al2O3,
B4C, AlN, and TiB2, can be incorporated into an
aluminum or aluminum alloy matrix to enhance me-
chanical properties to a great extent [5]. Titanium
diboride (TiB2), being one of the hardest ceramics
[6–8], is a vital reinforcement candidate to be used
in aluminum metal matrix composites [5, 9–62]. The
techniques used to fabricate TiB2 particle reinforced
Al composites are salt-metal reaction [9–37], mechani-
cal alloying and sintering [38–42], hot extrusion after
mechanical alloying [43], stir casting [44, 45], casting
[46, 47], squeeze casting [48], accumulative roll bond-
ing [49], vacuum infiltration [50], hot isostatic pressing
[51, 52], pressure infiltration [53], reactive hot pressing
[54], hot pressing [55], cold isostatic pressing and sin-
tering [56], cold pressing and hot extrusion [57], and
cold pressing and sintering [58–62].
Sadeghian et al. [39] fabricated the Al-TiB2 nano-

composites by hot extrusion after the spark plasma
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sintering of the mechanically alloyed element pow-
ders: Ti, Al, and B to prevent the existence of detri-
mental phases such as Al3Ti. After the hot extrusion,
they measured the mean grain sizes of aluminum and
TiB2 smaller than 100 nm. Besides, they obtained high
hardness (180 Vickers hardness) and tensile strength
(540MPa) values for the hot extruded nano-composite
due to the mainly nano-scale grains of matrix and rein-
forcement materials as well as the absence of unwanted
intermetallic products during the whole operation pe-
riod [39].
In another work conducted by Balci et al. [38], an

aluminum matrix composite reinforced by TiB2 was
manufactured using cold compaction and successive
sintering processes after the mechanical alloying of the
Al and TiB2 powders. They performed microhardness
and wear tests for these composites containing vari-
ous amounts and particle sizes of TiB2. It was found
that the Al composite reinforced with 15 wt.% micron-
sized TiB2 exhibited better wear resistance compared
to that reinforced with submicron one. Furthermore,
the Al3Ti compound was detected in the sintered sam-
ples at a low scale [38].
Sadeghian et al. [40] produced an aluminum com-

posite reinforced with 20 wt.% TiB2 by mechanical al-
loying technique. They applied two steps during the
alloying processing of powders: Al, Ti, and B to pro-
vide the composite powder free from brittle inter-
metallic phases, namely titanium aluminides, which
are harmful to some mechanical properties [52, 54]. It
was stated that there were no intermetallic phases de-
tected in the composite powder after the process [40].
Tjong and Tam [52] manufactured the Al-TiB2

composites using hot isostatic pressing of the com-
pacted powders consisting of pure Al with different
particle sizes and TiB2 to achieve full densification
and avoid the harmful phase formation. They inves-
tigated the tensile, thermal expansion, and thermal
cycling properties as well as the impact of the partic-
ulate size ratio of Al/TiB2 on the densification of the
composite. They found a moderate increment for the
tensile strength of composite (from 148 to 191MPa)
when the TiB2 reinforcement content was increased
from 5 to 20 vol.% [52].
In a recent study by Akbari [44], the stir-casting

process at 750, 800, and 900◦C was applied to pro-
duce A356 aluminum alloy composites with different
amounts of micro or nano TiB2 particles (up to 5
vol.%). After the casting, the composites, solution-
ized at 520◦C, were artificially aged at 180◦C. It was
pointed out that the porosity level rose with the TiB2
fraction, and the highest hardness value of 120 Brinell
hardness was found for the composite having 1.5 %
nano TiB2 [44].
Paidpilli et al. [58] examined the influence of re-

inforcement content and the alloy powder type (pre-
mixed and prealloyed) on the mechanical and electri-

cal behavior of AA6061/TiB2 composites that were
fabricated via cold compaction and sintering route
[58]. In a more recent study [62], the impact of precip-
itation hardening on some properties of AA2024/TiB2
composites manufactured by powder metallurgy was
examined [62].
According to our literature survey, although nu-

merous studies related to the fabrication of Al-TiB2
composites, particularly with the aid of in situ salt-
metal reaction [9–37] exist, the works conducted on
their production using the cold pressing and sintering
route are very rare [58–62]. Also, the works concern-
ing the influence of artificial aging on the mechanical
behavior of cold-pressed and sintered Al-TiB2 com-
posites are very limited [59, 61, 62]. The powder met-
allurgy method has certain advantages compared to
casting techniques in the manufacturing of metal ma-
trix composites [2, 51, 63, 64]. It enables more uniform
particle distribution and homogeneity throughout the
matrix [2, 51, 63, 64]. And also, unwanted reactions
and harmful phase formations can be eliminated with
the powder metallurgy technique due to the utilization
of lower processing temperatures [2, 51, 63, 64].
This research presents the effects of aging and

annealing applications on the mechanical and mi-
crostructural characteristics of the aluminum compos-
ites (Al-Zn-Cu-Mg/TiB2p) reinforced with TiB2 par-
ticulates and manufactured using powder metallurgy.
The Al-Zn-Mg-Cu alloys exhibit exceptional mecha-
nical properties owing to their superior age harden-
ing capability [65]. Therefore, these alloys are uti-
lized extensively in crucial fields of industry, such
as automotive and aerospace [65]. Initially, the char-
acterization and compressibility behavior of powders
were determined. And then, the composites with vari-
ous TiB2 particle content were manufactured via cold
pressing and sintering technique. After the produc-
tion, the sinterability of these composites was mea-
sured. Next, the artificial aging treatments at different
temperatures were applied to the composite samples
for 100 h. Finally, the microstructural examinations
and mechanical characterizations of the composites
were done to see the role of TiB2 fraction and ag-
ing.

2. Experimental procedure

2.1. Powder characterization

At the beginning of the current study, the pow-
ders of Al, Zn, Cu, Mg, and TiB2 with high pu-
rity were supplied from the market. And then, their
sizes and shapes were specified by a particle size ana-
lyzer (Malvern Mastersizer 2000) and the FEI Quanta
650 FEG scanning electron microscope (SEM), suc-
cessively.
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2.2. Mixing and compaction of powders

After the powders’ characterization, they were ad-
mixed in the Turbula T2F mixer for 2 h to get uni-
form powder compositions to be cold-pressed. The Al-
-6.2Zn2.3Mg2.3Cu aluminum alloy (AA) with a nom-
inal composition of 6.2 % Zn, 2.3 % Mg, and 2.3 %
Cu in weight and the TiB2 ceramic in the form of
particulates were chosen to be the matrix and rein-
forcement, successively. The four sample types were
taken into account concerning the TiB2p volume frac-
tion changing from 0 to 15%. The codes were defined
to be AA, AA-5TiB2, AA-10TiB2, and AA-15TiB2 for
the investigated materials consisting of 0, 5, 10, and
15 vol.% TiB2, respectively. No binder was used during
the powder processing. The mixtures of powders were
compacted in a cold mold at different pressures up
to 800MPa to have their compaction pressure (P ) vs
relative density (D) relations. The compressibility be-
havior of powder mixtures was investigated by apply-
ing the linear regression analysis for the widely used
powder compaction models [66–68]. Heckel [66] pro-
posed the below equation for the compressed powders,
in which C1 and C2 are constants:

ln

(
1

1−D

)
= C1P + C2. (1)

Moreover, another equation given below was suggested
by Ge [67]:

log

[
ln

1
(1−D)

]
= C3 logP + C4. (2)

In this formulation, C3 and C4 are also constants [67].
In a more recent study conducted by Panelli and Am-
brozio Filho [68], a novel expression for the consolida-
tion behavior of compacted powders was developed to
get more precise fittings with the experimental data.
This equation is given as follows:

ln

(
1

1−D

)
= C5

√
P + C6, (3)

where C5 and C6 are constants [68].
In the Eqs. (1)–(3), the constants C1, C3, and C5

reflect the plastic deformation ability of powders dur-
ing compression whereas, the other constants C2, C4,
and C6 represent the apparent density of powders [66–
68]. Panelli and Ambrozio Filho [69] applied the lin-
ear regression analysis for the experimental results to
check the validity of these compaction equations. The
details can be found in [69].

2.3. Sintering

The green samples, compressed at 316MPa, were
sintered at 590◦C for 15min with a heating rate

of 15◦Cmin−1 in a furnace using pure argon at-
mosphere. The sintering temperature was chosen to
be higher than the solidus temperature of the Al-
-6.2Zn2.3Mg2.3Cu alloy to improve densification [65].
Upon completing the sintering operation, the sinter-
ability of the samples was determined using their
green and sintered densities. The sinterability (φ), also
called densification, can be expressed as below [70]:

φ =
ρs − ρg
1− ρg

, (4)

where ρs and ρg are relative densities of sintered and
compacted parts, relatively [70]. All the densities were
measured using the Archimedes’ principle [71], while
the theoretical densities were computed with the rule
of mixture [2–4]. The porosity content and relative
density of the investigated materials were computed.

2.4. Heat treatment

The artificial aging treatments were applied to
the fabricated samples to get the hardness-aging time
profiles. Firstly, in these treatments, all the investi-
gated materials were held at 480◦C in the furnace for
45 min to be solutionized. Then, a subsequent water-
quenching was applied to them promptly to final-
ize the solutionizing procedure. Secondly, they were
soaked into an oil bath at 100, 120, and 140◦C for the
time extending to 100 hours to catch the peak aging
points. At certain time intervals, along with the total
aging time, the samples were water-quenched to make
the Brinell hardness measurements [72]. Thirdly, their
aging curves showing hardness versus aging time were
constituted. In addition to the aging treatment, the
annealing treatment was also facilitated in a chamber
furnace for a group of samples to make a comparison.
In this treatment, they were held at 420◦C for 2 h. Af-
ter that, their slow cooling was allowed in the furnace.

2.5. Microstructural characterization

Some selected samples, representing the four
groups, were subjected to standard metallographic
treatment: cutting, grinding, polishing, and etching
[73]. The modified Keller’s reagent was utilized in
the etching step to get the samples ready for the
microstructural characterization [73]. After that, the
microstructural examinations on the selected samples
were done using the SEM (FEI Nova NanoSEM 430).
The analyses of the Energy Dispersive X-ray (EDX)
and Back Scattered Electron (BSE) on some samples
were also made with the aid of the SEM (FEI Quanta
650 FEG). The phases formed within the samples were
investigated with the X-Ray Diffractometer (PANa-
lytical EMPYREAN) aid, having Cu Kα radiation of
1.5406 Å wavelength and working at 45 kV and 40mA.
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Fig. 1. The three-point bending testing of the composite
sample.

The X-Ray Diffraction (XRD) analyses of the inves-
tigated materials either in the peak-aged at 120◦C or
annealed conditions were carried out by scanning the
2θ interval of 10◦–90◦. The scanning rate was adjusted
to be 0.04◦ s−1. The data gained during the XRD anal-
yses were evaluated with the software HighScore plus
[74, 75] utilizing the ICSD database [76].

2.6. Mechanical characterization

The Brinell hardness tests were conducted using
the standard ASTM E10-17 [72] to clarify the sam-
ples’ hardness variation concerning aging temperature
and time. Five measurements by exerting the load
of 62.5 kg were taken at different locations for each
sample to get mean hardness values. Furthermore, ac-
cording to TS 4222 EN ISO 3325 [77], the three-point
bending tests were made for the peak aged and an-
nealed samples. These experiments were made using
a tensile testing machine (Instron 3300). The three-
-point bending testing of the composite sample is ex-
hibited in Fig. 1.

3. Results and discussion

3.1. Powder properties

Table 1 epitomizes the important parameters of the
powders (Al, Zn, Cu, Mg, and TiB2) derived from the
particle size analyses. The mean particle size for TiB2
is 16 µm while that for Al is 11 µm. On the other hand,
the mean particle sizes are recorded to be 73, 124, and
62 µm for the Zn, Mg, and Cu powders, successively.

Ta b l e 1. The main powder size indicators for the com-
ponents

Powder D10 (µm) D50 (µm) D90 (µm)

Al 5.18 10.91 22.84
Zn 23.55 72.95 154.62
Mg 55.40 124.10 217.42
Cu 36.46 61.80 94.97
TiB2 8.60 15.81 29.29

The range between D10 and D90 for aluminum and
titanium diboride powders is found to be relatively
narrow.
The SEM pictures of the powders are illustrated in

Fig. 2. It is observed that the aluminum powder has
a mostly irregular and rounded shape and some rod-
like appearance. The copper powder is spherical with
some satellite formations, whereas the magnesium and
zinc powders have a round morphology. Moreover, the
shape of titanium diboride powder looks flakey.

3.2. Compressibility and sinterability of
powders

The relative density variations of the materials
concerning the compaction pressure are illustrated in
Fig. 3. A linear increase of the relative densities with
the pressure up to 150MPa is seen apparently. This
increment takes place more slowly and becomes nearly
stationary at higher pressures. The highest green den-
sity values are reached at ∼ 600MPa, and there is no
more densification up to 800MPa practically. One can
observe from Fig. 3 that the incorporation of TiB2 par-
ticulates diminishes the compressibility of alloy pow-
der remarkably. After the compaction process, the
highest relative density for the unreinforced aluminum
alloy reaches 0.972, whereas it reduces to 0.965, 0.958,
and 0.946 for the composites reinforced with 5, 10, and
15% TiB2, respectively.
In the pressing of powders, the particles’ movement

initially exists to change their settlement by sliding
with some local deformation [78–83]. It commences the
packing of loose powders by reducing the porosity at a
low level. After that, the ductile metal powders begin
to be deformed plastically together with the elastic
deformation of brittle TiB2 particles upon increasing
the pressure [78–83]. For this reason, the linearly steep
rise in the relative density up to intermediate pressure
levels (i.e., 150MPa) obtained in this study is related
to this mechanism. The hardening of aluminum parti-
cles by cold working entails a deceleration of density
rising at higher pressures [78–83]. The brittle titanium
diboride particles diminish the plastic deformation of
matrix powders either by restricting their rearrange-
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Fig 2. The SEM pictures of powders (a) Al, (b) Zn, (c) Cu, (d) Mg, and (e) TiB2.

ment for densification or by sharing the compressive
load elastically [78–83]. Hence, the lower relative den-
sities are found for the composite samples.
The compressibility behavior of powders, analyzed

by the equations of Heckel [66], Ge [67], and Panelli
and Ambrozio Filho [68], is depicted in Figs. 4–6, re-
spectively. Table 2 gives the coefficients of linear cor-
relation (R2) and the constants reflecting the plastic
deformation ability of powders for the applied models
[66–68]. It can be stated that the linear correlation co-

efficients are found generally greater than 0.99 in the
composite samples for the models of Ge [67] and Pan-
elli and Ambrozio Filho [68]. However, the R2 values
vary between 0.95 and 0.96 for the compacted powder
mixtures at different pressures by the Heckel model
[66]. Hence, the linear fittings of the experimental data
concerning the Ge [67] and Panelli-Ambrozio Filho
[68] powder consolidation models are more suited.
These compaction relations demonstrated an exact
approximation, especially in determining the relative
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Fig. 3. Compressibility behavior of the investigated com-
posites and the unreinforced alloy.

Fig. 4. Densification of the investigated powder mixtures
by the Heckel equation [66].

density of compacted powders. The constants C1, C3,
and C5, indicating the plastic deformation capabil-

Fig. 5. Consolidation of the investigated powder mixtures
by the Ge equation [67].

Fig. 6. Densification profile of the investigated powder mix-
tures by the Panelli and Ambrozio Filho equation [68].

ity of the compacted powder [78–83], decrease with
increasing TiB2 particulates in the composite pow-

Ta b l e 2. The correlation coefficients and the constants of the investigated materials computed using the powder com-
paction models [66–68]

Heckel [66] Panelli and Ambrozio Filho [68] Ge [67]
Samples

C1 (MPa−1) R2 C5 (MPa−0.5) R2 C3 (MPa−1) R2

AA 0.00449 0.9553 0.1465 0.9845 0.5098 0.9825
AA-5TiB2 0.00434 0.9633 0.1415 0.9911 0.5072 0.9929
AA-10TiB2 0.00406 0.9537 0.1333 0.9915 0.4929 0.9936
AA-15TiB2 0.00361 0.9547 0.1184 0.9926 0.4670 0.9946
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Ta b l e 3. Density, sinterability, and porosity of the investigated materials

Sample Green density Sintered density Theoretical density Sinterability % Porosity
(g cm−3) (g cm−3) (g cm−3) (after sintering)

AA 2.604 2.682 2.817 0.366 4.79
AA-5TiB2 2.665 2.730 2.901 0.275 5.89
AA-10TiB2 2.727 2.790 2.986 0.243 6.56
AA-15TiB2 2.747 2.820 3.070 0.226 8.14

Fig. 7. Typical microstructures of the materials peak aged at 120 ◦C: (a) AA, (b) AA-5TiB2, (c) AA-10TiB2, and (d)
AA-15TiB2 (1000 ×).

ders. This means that the deformation capability of
the alloy particles is constricted by the TiB2 parti-
cles [78–83]. The partition of the applied load between
the metal matrix and TiB2 particulates constrains the
plastic deformation of aluminum alloy matrix [78–83].
Table 3 gives the density, porosity, and sinterability

of the composites. A gradual decline in both the green
and sintered density with an increase in the TiB2 ratio
is observed. The densification of the compacted pow-
der is promoted in the sintering process. The porosity
level of the unreinforced aluminum alloy is obtained
to be ∼ 4.8%, whereas it increases with the incorpo-
ration of TiB2 content gradually.

3.3. Microstructural examination

Figure 7 represents the SEM images of the investi-
gated materials, which were peak-aged at 120◦C. The
porosities as black round points are seen apparently in
Fig. 7. They are generally formed at the boundaries of
the equiaxed grains in the matrix aluminum alloy. Al-
though some local agglomerations of the ceramic par-
ticles were recorded, particularly for the composites
with 10 or 15 % TiB2, the dispersion of TiB2 particles
is generally found to be uniform throughout the ma-
trix. The maps of alloying elements throughout the
matrix are shown in Fig. 8 for the selected sample,
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Fig. 8. Dispersion of elements in the AA-5TiB2 composite, peak-aged at 120◦C: a) the composite microstructure, (b) Al,
(c) Zn, (d) Cu, and (e) Mg.

namely AA-5TiB2 which was peak-aged at 120◦C. One
can see that the distribution of alloying elements is ho-
mogeneous.
The BSE images for the peak-aged and annealed

samples in the polished condition are shown in Figs. 9
and 10, successively. For both kinds of sample groups
concerning the thermal treatment, the secondary
phase regions, which appear as white or light-colored

in the matrix, are seen. In the annealed samples, the
formation of coarse secondary phase particles is ob-
tained to be more extensive compared to that in the
peak-aged ones. Figure 11 reflects the EDX analy-
ses of some locations in the annealed samples of AA-
-5TiB2 and AA-10TiB2. The second phase regions are
found to be rich in alloying elements: Zn, Mg, and
Cu.
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Fig. 9. The BSE images of the composite that was peak-aged at 120◦C: (a) AA, (b) AA-5TiB2, (c) AA-10TiB2, and
(d) AA-15TiB2 (3000 ×).

The XRD patterns for the artificially peak-aged
and annealed samples are illustrated in Figs. 12 and
13, respectively. In addition to the main constituents
of the samples, namely Al (ICSD no: 240129) and
TiB2 (ICSD no: 189387) [76], the intermetallic phases
which are precipitated as MgZn2 (ICSD no: 108587),
MgZn (ICSD no: 151402), Al2Cu (ICSD no: 151384),
AlCuMg (ICSD no: 607006), AlMg4Zn11 (ICSD no:
57967), and Al2CuMg (ICSD no:415062) are seen in
the aged and annealed samples apparently [76]. Also,
the oxides TiO2 (ICSD no: 33844) and Ti3O5 (ICSD
no: 75193) are detected in the annealed composites at
a low scale [76]. The variation in these components’
intensities depending on the TiB2 ratio appears to be
regular, as seen in the XRD analyses. The patterns
indicate no Al3Ti occurrence in the samples during
the production and the heat treatment processes. This
means that the use of cold compaction and sinter-
ing method in such composites obstructed the Al3Ti
formation. Tjong and Wang [54] reported that the
Al3Ti formation caused the reductions in the fatigue
and tensile strength of the aluminum composites rein-
forced with TiB2p.

3.4. Mechanical properties

The alloy, chosen as the matrix in this research, is
sensible to heat treatment which means that it can be
hardened substantially with precipitation heat treat-
ment [65, 84–93]. The precipitation route from super-
saturated solid solution (SSSS) for this alloy is ex-
pressed as follows [65, 84–94]:

SSSS → GP-I zones → GP-II zones →
η′ (metastable MgZn2) → η (stable MgZn2). (5)

In the above sequence, the supersaturated solid
solution, formed after quenching from solutionizing
treatment, initially transforms to GP-I zones which
contain vacancy-rich clusters [84–91]. These zones
and clusters turn into coherent GP-II zones that are
precursors to the formation of η′ phase, metastable
MgZn2 [84–91]. The η′ precipitates, which are con-
sidered responsible for the maximum hardness and
strength in the peak-aged condition of 7000 series of
aluminum alloys, convert to stable and incoherent η
phase if aging time is prolonged sufficiently [84–91].
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Fig. 10. The BSE pictures of the annealed composite: (a) AA, (b) AA-5TiB2, (c) AA-10TiB2, and (d) AA-15TiB2 (3000 ×).

During overaging, the precipitates begin to grow in
size. The incoherency between the η phase and alu-
minum solid solution is destroyed so that the hardness
and strength of the alloy are decreased gradually with
aging time [84–91].
The hardness change with respect to the aging pe-

riod at 100◦C is shown in Fig. 14 for the produced
materials. At starting, all samples’ hardness values
are very low, and they increase very rapidly in the
first five hours. The maximum hardness was recorded
to be 142 Brinell for the unreinforced aluminum alloy.
In the meantime, the peak Brinell hardness values at
the aging of 100◦C, increasing with the reinforcement
fraction, are obtained to be 148, 160, and 169 for the
composites reinforced with 5, 10, and 15% TiB2, suc-
cessively. After the peak aging, the hardness values
begin to decrease and finally remain almost constant
during the aging period of 25–100 h. The aging curves,
derived at 120◦C, are depicted in Fig. 15. The highest
hardness values at this temperature are attained for
the samples after an aging period of ∼ 11 h. They are
165, 184, 189, and 197 Brinell for the aluminum alloy
reinforced with 0, 5, 10, and 15% TiB2, respectively.
The profiles of the variation in hardness with aging

time are similar for the examined materials. Moreover,
the aging treatment’s temporal hardness variations at
140◦C are represented in Fig. 16. The peak harden-
ing for all materials obtained at this temperature is
bigger than that at 100◦C but smaller than that at
120◦C. Also, the lowest hardness values belong to the
samples aged at 140◦C for 100 h. The precipitation ki-
netics of the PM composites bearing different amount
of TiB2 particles is found to trace similar paths with
the unreinforced aluminum alloy. Therefore, the ag-
ing behavior of the Al-6.2Zn2.3Mg2.3Cu alloy is not
altered upon the addition of TiB2 particulates up to
15 vol.%.
It was previously stated that the precipitation ki-

netics was affected by augmentation of the dislocations
throughout the matrix owing to the thermal incom-
patibility between ceramic reinforcement and metallic
matrix [95–99]. The higher dislocation density, which
created more nucleation zones for the precipitates,
brought the acceleration of the matrix hardening of
composites [95–99]. In other words, shorter times to
reach peak hardness levels for the ceramic particle re-
inforced composites were required compared to the
monolithic matrix [95–99]. Nevertheless, some other
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Fig. 11. The EDX analyses of some secondary phase regions in the annealed materials: (a) AA-5TiB2 and (b) AA-10TiB2.

Fig. 12. The XRD patterns of the peak-aged specimens at 120◦C.

studies [100–106] showed different results about the
peak-aging periods of aluminum composites compared
to those of unreinforced aluminum alloys.
In the studies conducted on the Al-Mg-Cu/SiCp

[100] and AA2024/Al2O3 [101] composites, the addi-

tion of ceramic particulates entailed the slower aging
kinetics and so lower peak aging periods concerning
the unreinforced alloy. Furthermore, the period for
reaching maximum hardness for the AA2024 compos-
ites reinforced with 20% SiCp was found to be higher
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Fig. 13. The XRD results for the annealed specimens.

than that for AA2024 alloy after the implementation
of solutionizing at 495◦C for 1 h and artificial aging at
191◦C [102]. Moreover, the hardness variations with
respect to aging time for composites were found to
have a similar propensity with respect to those of un-
reinforced aluminum alloy in some studies [103–106].
In the current work, the main reason for having no
change in the precipitation kinetics of composites with
respect to that of AA could be related to lower disloca-
tion density formation upon cooling from the solution-
izing treatment [100, 101]. Therefore, the precipitation
sites could not be increased sufficiently to fasten the
aging process in the AA-TiB2 composites [95–101].
The Brinell hardness was measured to be 48, 53,

54, and 55 for the annealed specimens, AA, AA-5,
AA-10, and AA-15, respectively. The hardness levels

Fig. 14. The precipitation hardening curves for the inves-
tigated materials aged at 100◦C.

Fig. 15. The precipitation hardening profiles for the inves-
tigated materials aged at 120◦C.

of the annealed samples are much lower than those
of aged ones, as expected since the coarse precipitate
formation and the softening of the microstructure [65]
in all the investigated samples occur. In a previous
study by Singh et al. [62], a reduction in AA2014/TiB2
composites’ hardness was observed while the amount
of TiB2 was increased. They found the highest hard-
ness of 138 VHN for the composite reinforced with
5% TiB2 after aging, while the lowest one was ∼ 105
VHN recorded for that with 15% TiB2 [62]. More-
over, only the AA2014 – 5 % TiB2 composite had a
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Fig. 16. Temporal hardness variation for the investigated
materials aged at 140◦C.

Fig. 17. The bending strength levels for the peak aged at
120◦C and annealed samples.

higher hardness than AA2014 [62]. In the current re-
search, all samples’ hardness levels are obtained to
increase gradually as TiB2 content increases at all ag-
ing temperatures. This means that the contribution of
very hard TiB2 particles [6–8] on the hardening of Al-
-6.2Zn2.3Mg2.3Cu alloy is taken place effectively due
to the uniform structure formation except for some
local ceramic clusters.
The TRS levels for the artificially aged and an-

nealed samples are presented in Fig. 17. The ar-
tificially aged specimens have substantially higher
strength than the annealed ones, as expected. Nev-
ertheless, the incorporation of micron-sized TiB2 par-
ticles results in lower TRS values, particularly in the
aged samples. The highest TRS values are attained

Fig. 18. Local particulate agglomeration in the composites
with (a) 10 % TiB2 and (b) 15 % TiB2 (1000 ×).

for the aluminum alloy in both conditions. This is
mainly attributed to the higher volumetric propor-
tions of pores and some local agglomerations of TiB2
particulates with increasing the TiB2 fraction. Fig-
ure 18 demonstrates the characteristic formation of
particle clusters locally for the composites with 10 and
15% TiB2.
It is well-known that pores’ existence in the com-

posites decreases the cross-sectional area and degrades
the mechanical properties [58, 62, 70, 107–111]. More-
over, the local particle agglomeration leads to non-
uniformity in composites’ structure, affecting defor-
mation and failure mechanisms [107, 112–117]. It lo-
cally brings about inhomogeneous deformation under
the applied tensile stress on composites by creating
high triaxial stresses on the matrix around the clusters
of ceramic particles [107, 112–117]. These stresses en-
hance the initiation and linkage of voids in the matrix
that lead to the fracture more easily [107, 112–117].
The TRS varies between 624 and 739MPa for

the peak aged samples, while it ranges between 401
and 417MPa for the annealed samples depending on
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the TiB2 fraction. The small differences in the bend-
ing strength of the annealed samples are due to the
higher plastic deformation ability of the softer matrix
compared to the peak-aged ones. A similar trend in
the TRS of the composites produced by cold press-
ing and sintering concerning TiB2 particle content
was also recorded for the AA2014/TiB2 [62] or the
AA6061/TiB2 composites [58] recently. The TRS was
reported to be ∼ 229MPa for the aluminum alloy
2014, whereas it sharply decreased to ∼ 62MPa for
AA2014-15%TiB2 composite [62]. In the other study
[58], it was stated that even though the utilization
of 5 % TiB2 particle reinforcement in the alloy 6061
made a moderate improvement on the TRS, further
additions of TiB2 up to 15% lowered it remarkably
compared to the alloy 6061 [58]. The TRS values
were obtained in the range of ∼ 140–180MPa for the
AA6061/TiB2 composites using premixed alloy pow-
der [58].

4. Conclusions

The main conclusions related to the experimental
data gathered in this work can be outlined as below:
– The compressibility and density of the composite

declined as its TiB2 fraction increased.
– The densification of the powders during the cold

pressing was almost completed at the compaction
pressure of ∼ 600MPa. Besides, the available com-
paction equations [66–68] worked very well with our
data regarding the compressibility of the investigated
powders.
– The dispersion of ceramic particles in the Al-

-6.2Zn2.3Mg2.3Cu alloy composites was usually ob-
tained to be relatively uniform.
– The maximum hardness levels of all samples were

reached at the aging of 120◦C after the period of
∼ 11 h.
– The precipitation hardening curves of the com-

posites followed similar paths with the alloy so that
the precipitation mechanism was not affected by the
incorporation of TiB2 particles.
– The TRS of the materials declined with the

increasing TiB2 ratio, somewhat more or less de-
pending on the reinforcement content and heat treat-
ment. Nonetheless, they were found to be much higher
than the PM composites AA2014/TiB2 [62] or the
AA6061/TiB2 [58].
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