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Abstract

In situ (Al3Ti + Al2O3)/Al composites were fabricated from powder mixtures of Al and TiO2 using hot pressing, forging and subse-
quent multiple-pass friction stir processing (FSP). The reactive mechanism and mechanical properties of the FSPed composites were
investigated. Four-pass FSP with 100% overlapping induced the Al–TiO2 reaction, as a result of the enhanced solid diffusion and
mechanical activation effect caused by the severe deformation of FSP. Decreasing the size of TiO2 from 450 to 150 nm resulted in the
formation of more Al3Ti and Al2O3 particles. The formation mechanisms of Al2O3 and Al3Ti during FSP are understood to be a defor-
mation-assisted interfacial reaction and deformation-assisted solution-precipitation, respectively, based on detailed microstructural
observations. The microhardness, Young’s modulus and tensile strength of the FSPed composites were substantially enhanced compared
with those of FSPed pure Al with the same processing history, and increased as the TiO2 size decreased from 450 to 150 nm. The
strengthening mechanisms of the FSPed composites included load transferring, grain refinement and Orowan strengthening, among
which Orowan strengthening contributed the most to the yield strength of the composites.
� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Chemical reactions between Al and suitable metal oxides,
such as CuO [1], Fe2O3 [2] and TiO2 [3,4], have been widely
used to produce in situ aluminum matrix composites
(AMCs). This process makes use of the fact that the reduc-
tion of such oxides by Al results in the formation of another
metal and aluminum oxide. The metal can be a good alloy-
ing element for the Al matrix, or forms intermetallic phases
with Al as the reinforcements. However, the aluminum
oxide, especially Al2O3, is a good reinforcement for AMC
[5]. Among the reactive systems of Al–metal oxide, the Al–
TiO2 system is particularly attractive, since Al3Ti, one of
the reactive products, has a relatively low density
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(3.4 g cm�3), high Young’s modulus (220 GPa) and excel-
lent mechanical properties at both ambient and elevated
temperatures [6,7].

Based on these considerations, in situ AMC have been
fabricated from an Al–TiO2 system by several in situ tech-
niques, such as reactive hot pressing (RHP) [8], reactive
squeeze casting (RSC) [9] and mechanical alloying (MA)
[10,11]. The size of Al3Ti in the composites fabricated by
RHP and RSC usually grew to >20 lm, owing to the high
process temperature [8,9]. The coarse Al3Ti blocks tended
to crack under a low stress during tension, resulting in low
strength and ductility. The in situ composites fabricated
by MA exhibited high strength due to fine Al3Ti particles,
but it was always accompanied by significant ductility loss
due to contamination introduced by MA [10].

In order to optimize the microstructure and achieve
good overall properties of the in situ AMC, the in situ
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reactive mechanism has been thoroughly investigated. Four
main formation mechanisms of in situ particles in AMC
are summarized by Tjong and Ma [12], including solu-
tion-precipitation, solid–liquid interface reaction, solid–
solid interfacial reaction in metal melt and solid diffusion
reaction. It is documented that the mechanisms of Al–
TiO2 reaction are dependent on the in situ processing meth-
ods. Peng et al. [9] reported that the in situ reaction
between Al and TiO2 during squeeze casting consisted of
two steps. First, TiO2 reacts with molten Al via a solid–
liquid interface reaction to form Al2O3 particles and Al–
Ti solution. Second, during the solidification of Al–Ti solu-
tion, Al3Ti precipitated due to the decreasing solubility of
Ti in Al. Barlow et al. [11] and Ying et al. [13] found that
the Al–TiO2 reaction could take place via a solid–solid
interfacial reaction, and that mechanical milling facilitated
the Al–TiO2 reaction, owing to the shortened diffusion dis-
tance and increased diffusion rate. Furthermore, it was also
revealed that some intermediate products such as TiO
[4,13] and Ti2O3 [14] would be present during the Al–
TiO2 reaction before the final products of Al2O3 and Al3Ti
were formed.

Friction stir processing (FSP), a development based on
friction stir welding (FSW), is a solid-state processing tech-
nique for microstructural modification [15]. During FSP,
the material in the processed zone undergoes intense plastic
deformation, mixing and thermal exposure, leading to sig-
nificant microstructural changes. Recently, FSP has been
successfully applied to produce in situ intermetallics-rein-
forced AMC from elemental powder mixtures of Al–Cu
[16], Al–Ti [17,18] and Al–Fe [19]. However, the exother-
mic reactions could not proceed sufficiently even after
four-pass FSP with 100% overlapping [16–19].

In a previous study, the in situ AMC was fabricated
from an Al–TiO2 system via hot pressing and subsequent
FSP [20]. The preliminary study indicated that the Al–
TiO2 reaction took place in several seconds, forming
nano-sized Al2O3 and Al3Ti particles during FSP. Tensile
test indicated that the in situ composites exhibited a good
combination of strength and ductility. However, the reac-
tion mechanism of Al–TiO2 during FSP and the strength-
ening mechanism of the in situ AMC are still not clear.

In this study, two types of TiO2 particles with sizes of
450 nm and 150 nm were used to fabricate in situ AMC
Fig. 1. Morphologies of the TiO2 p
via FSP. The microstructural evolution and mechanical
properties were investigated in detail. The aims are to
answer the following questions: (1) why the Al–TiO2 reac-
tion took place in only several seconds during FSP; (2) by
which formation mechanisms the in situ reinforcing parti-
cles were formed during FSP; and (3) which strengthening
mechanisms contributed to the strength of the FSP in situ
AMC.

2. Experimental

The starting materials used were commercial pure Al
powder (99.9% purity, 13 lm) and rutile TiO2 powders
(99% purity), with average particle sizes of 450 and
150 nm (Fig. 1). The volume fraction of reinforcement
(Al3Ti + Al2O3) was 25%, assuming that the reaction took
place completely to form Al3Ti and Al2O3 (Table 1). The
Al and TiO2 powders were mixed in a bi-axis rotary mixer
with a rotation speed of 50 rpm for 12 h. The as-mixed
powders were hot-pressed at 823 K and then hot forged
at 723 K into disc plates 10 mm thick. The forged plates
were subjected to four-pass FSP with 100% overlapping
at a tool rotation rate of 1000 rpm and a traverse speed
of 25 mm min�1, i.e., four FSP passes were run along the
same path. The plates were cooled to room temperature
in air between successive passes. A cermet tool with a con-
cave shoulder 20 mm in diameter, a threaded cylindrical
pin 6 mm in diameter and 5 mm in length was used. For
comparison, an unreinforced pure Al sample was also fab-
ricated and processed under the same conditions. The sche-
matic illustration of FSP is shown in Fig. 2a.

The samples for microstructural investigations were cut
in the transverse direction to the FSP. The microstructures
were examined by optical microscopy (OM; Zeiss Axiovert
200 MAT), scanning electron microscopy (SEM; Quanta
600) and transmission electron microscopy (TEM; TEC-
NAI20) complemented by energy-dispersive spectroscopy
(EDS). An X-ray diffraction analyzer (D/max 2400) was
used to identify the phases of the composites. The quanti-
tative analysis of XRD results were conducted using Dif-
fracplus EVA software. The specimen of FSPed pure Al
for OM was anodized for 100 s at 0.4 A cm�2 in a solution
of 5 ml HBF4 and 200 ml water at room temperature. Thin
foils for TEM were prepared by the ion-milling technique.
owders: (a) 450 nm; (b) 150 nm.



Table 1
Volume fractions of reinforcing particles and elastic moduli of FSPed
composites.

Vol.% Young’s modulus (GPa)

Al3Ti a-Al2O3

Theoretical valuea 17.2 7.8
FSPed sample 1 8.7 3.6 85
FSPed sample 2 14.4 5.7 95

a Assuming that all the TiO2 reacted with Al to form Al3Ti and a-Al2O3.
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Vickers microhardness (HV) measurement was per-
formed on a Leco-LM-247 AT machine along the mid-
thickness of the stir zone (SZ) of the FSPed samples by
applying a 100 g load for 10 s. The plate specimens
(50 � 8 � 2.5 mm) cut in the SZ were subjected to a
Young’s modulus test on a RFDA HTVP 1750-C machine.
Dogbone-shaped tensile specimens (5.0 mm gage length,
1.4 mm gage width and 1.0 mm gage thickness) were elec-
trical discharge machined from the SZ, transverse to the
FSP direction, as shown in Fig. 2b. Tensile tests were con-
ducted using an INSTRON 5848 micro-tester at a strain
rate of 1 � 10�3 s�1. The property values for each condi-
tion were calculated by averaging the three test results.
After the tensile test, the fracture surfaces were examined
Fig. 2. Schematic illustrations of (a) FSP ru

Fig. 3. XRD patterns of various comp
using SEM. The specimens for microstructure investigation
and mechanical property test were sampled at least 30 mm
away from the FSP start point.

3. Results

3.1. Microstructure

Fig. 3a shows the XRD patterns of the forged samples.
For the sample prepared from 450 nm TiO2 (hereafter
referred to as sample 1), no evident peaks except for Al
and TiO2 peaks were detected, indicating that almost no
reaction between Al and TiO2 took place during hot press-
ing and forging. For the sample prepared from 150 nm
TiO2 (hereafter referred to as sample 2), the intensity of
TiO2 peaks decreased compared with those in sample 1,
whereas the peaks of Al3Ti and a-Al2O3 became evident.
Meanwhile, some oxygen-deficient titanium oxides (formu-
lized as TinO2n�1, such as Ti2O3 and TiO) were revealed.
However, insufficient confirmatory peaks were found for
definite attribution. These results indicate that a partial
reaction between Al and TiO2 took place during hot press-
ing and forging in sample 2.

Fig. 4a and b shows the microstructures of the forged
samples. In both sample 1 and sample 2, initial Al particles
n and (b) locations of tensile specimens.

osites: (a) as-forged; (b) as-FSPed.



Fig. 4. SEM images of various composites: (a) forged sample 1; (b) forged sample 2; (c) FSPed sample 1; (d) FSPed sample 2.
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were elongated by forging. TiO2 particles were generally
distributed at the initial Al particle boundaries, and some
particle clusters were observed.

Fig. 3b shows the XRD patterns of the FSPed samples.
The peaks corresponding to TiO2 all disappeared, and
some strong peaks corresponding to Al3Ti and a-Al2O3

appeared in the two FSPed samples. Furthermore, some
weak peaks corresponding to TinO2n�1 were detected in
FSPed sample 1. The volume fractions of Al3Ti and a-
Al2O3 in the FSPed samples were estimated based on quan-
titative analysis of the XRD results. As shown in Table 1,
the volume fractions of Al3Ti and a-Al2O3 in FSPed sam-
ple 2 are more than those in FSPed sample 1, indicating
that more reaction took place in FSPed sample 2. How-
ever, the volume fractions of Al3Ti and a-Al2O3 in FSPed
sample 2 are still lower than the theoretical values, assum-
ing that all TiO2 particles react with Al to form Al3Ti and
a-Al2O3 (Table 1). This indicates that there are still some
oxygen-deficient titanium oxides in FSPed sample 2,
though no evident peaks corresponding to these phases
were detected in the XRD pattern, because of either insuf-
ficient concentration or too small a crystallite size [21].

Fig. 4c and d shows that the initial Al particle bound-
aries in the FSPed samples disappeared. In FSPed sample
1, the in situ formed particles were distributed homoge-
neously in the Al matrix, whereas in FSPed sample 2 the
particles were too fine to be resolved under SEM. TEM
and OM observations indicated that the grains in both
FSPed pure Al and the composites were equiaxed
(Fig. 5). The FSPed pure Al had an average grain size of
�8.3 lm (Fig. 5c); by comparison, the grain sizes in FSPed
samples 1 and 2 were refined to 1.3 and 1.2 lm, respectively
(Fig. 5a and b). The grain size distributions of the two
FSPed samples are shown in Fig. 6a and b.

Fig. 5a and b shows that nano-sized particles were ran-
domly distributed both within the grain interiors and at
the grain boundaries for both FSPed samples. Fig. 7 shows
that the particles in the FSPed samples had two different
shapes. One is equiaxed, and the other exhibited a floc
appearance with an irregular shape. Fig. 6c–f shows the size
distributions of the equiaxed and floc-shaped particles in the
two FSPed samples. The average sizes of the equiaxed and
floc-shaped particles are 85 and 455 nm in FSPed sample
1, and 116 and 204 nm in FSPed sample 2, respectively.

Fig. 8 shows the highly magnified TEM images of FSPed
sample 2. The equiaxed particles were identified as Al3Ti
and a-Al2O3 by selected electron diffraction patterns
(Fig. 8a). Fig. 8b and c shows the HRTEM images of the
Al/Al3Ti and Al/Al2O3 interfaces. It is evident from the
clear lattice images of Al3Ti and Al2O3 that the matrix Al
grains in Fig. 8b and c were not in a zone axis, and hence
the atomic fringes in the matrix grains were not visible.
The interfaces between the in situ Al3Ti and a-Al2O3 parti-
cles and the Al matrix were clean and free from any interfa-
cial phase. Furthermore, no specific orientation relationship
was observed between the equiaxed particles and Al matrix.

The magnified image of a floc-shaped particle in FSPed
sample 2 is shown in Fig. 9. Some a-Al2O3 particles were



Fig. 5. Grain structures of FSPed samples: (a) sample 1 (TEM); (b) sample 2 (TEM); (c) pure Al (OM).
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detected at the boundaries of the floc-shaped particles
(Fig. 9a). There is a unique orientation relationship
between these a-Al2O3 particles and the Al matrix:
ð2�1�1�3ÞAl2O3

jjð002ÞAl (Fig. 9b). The clear and symmetrical
diffraction patterns cannot be obtained in the floc-shaped
particles, probably owing to the complex crystal structures
of these particles. EDS analysis indicated that these parti-
cles contained Al (40–67 at.%), Ti (11–28 at.%), and O
(14–31 at.%) (Fig. 9c).

3.2. Mechanical properties

Fig. 10 shows the hardness profiles of the FSPed compos-
ites. The hardness distributions in the SZ of the two FSPed
samples are relatively uniform. The average hardness of
FSPed sample 1 and sample 2 is 87 HV and 107 HV, respec-
tively. The Young’s modulus of FSPed sample 1 and sample
2 is 85 GPa and 95 GPa (Table 1), respectively, which are
considerably higher than that of pure Al (70 GPa).

Fig. 11 shows the engineering stress–strain curves of the
forged and FSPed samples. The forged samples had the low
strength and ductility. In contrast, FSPed sample 1 exhib-
ited a yield strength (YS) of 221 MPa, an ultimate tensile
strength (UTS) of 295 MPa, and an elongation of 18.5%.
The YS and UTS of FSPed sample 2 were 314 MPa and
415 MPa, respectively, and the elongation was 15.5%.
Compared with the FSPed pure Al, the strength increased
by �170% and 280%, respectively, for FSPed samples 1
and 2.

Fig. 12 shows the SEM fractographs of the FSPed
samples. FSPed sample 1 showed relatively deep and large
dimples on the fracture surface, corresponding to larger
elongation, whereas FSPed sample 2 showed shallower
and smaller dimples. Furthermore, the size distribution of
dimples in FSPed sample 1 was non-uniform, and some
large dimples with a size of �1–2 lm were revealed (white
arrows in Fig. 12a), but the large dimples were not observed
on the fracture surface of FSPed sample 2 (Fig. 12b).

4. Discussion

4.1. Feasible analysis of Al–TiO2 reaction during FSP

In the present study, XRD results showed that the peaks
of TiO2 disappeared and the intense peaks of a-Al2O3 and
Al3Ti were revealed in both FSPed samples 1 and 2, indi-
cating that the following reaction took place during FSP:

3TiO2 þ 13Al! 2a�Al2O3 þ 3Al3Ti ð1Þ
According to the thermodynamic data [22], the relation-

ship between the standard Gibbs free-energy variation
(DG0

T ) and temperature (T) of reaction (1) can be expressed
by:

DG0
T ¼ �96766:7þ 27:2T ð2Þ
According to Eq. (2), the value of DG0

T would be nega-
tive, and reaction (1) can take place spontaneously when
the temperature is <3557 K, which is far higher than the
temperature in the present investigation. This indicates that
reaction (1) has a large thermodynamic driving force.

For Al alloys and AMC, the peak temperature in the SZ
during FSW/FSP is usually below the melting point of Al



Fig. 6. Distributions of grain and particle sizes in FSPed samples.

Fig. 7. Morphologies of particles in FSPed samples: (a) sample 1; (b) sample 2.
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[23–25]. In this case, the reaction between Al and TiO2 is
very weak, owing to lower solid-state reaction rates
[13,21]. Schaffer and McCormick [26] suggested that the
solid-state reaction rate is controlled by diffusion of the
reactants through the product materials. The reaction of
solids is therefore dependent on the initial contact area,
particle size and factors that influence the diffusion rate,
such as defect density, local temperature and product
morphology. In a thermally activated system, the reactant
locations usually remain unchanged and are spatially sepa-
rated by the reactive products during the course of the
reaction, resulting in a lower diffusion rate and then a lower
solid-state reaction rate [27].

During FSP, the rotating threaded pin induces severe
plastic deformation in the SZ with a strain rate of 100–
102 s�1 and a strain of up to �40 [28], resulting in the



Fig. 8. TEM and HREM images of FSPed sample 2 showing: (a) morphologies of Al3Ti and a-Al2O3; (b) and (c) interfaces of Al3Ti/Al and Al2O3/Al.
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breakup of the oxide film surrounding Al and sufficient
mixing of Al and TiO2. In this case, atomically clean sur-
faces of Al and TiO2 are brought into intimate contact,
facilitating the diffusion between them.

The diffusion flux is directly proportional to the concen-
tration gradients of the diffusion components at the inter-
faces. For steady-state diffusion, the concentration of
components gradually changes at the interfaces, as illus-
trated in Fig. 13a. The balance of atom concentration
would be reached with the occurrence of diffusion. Diffu-
sion during FSP, however, differs from steady-state diffu-
sion, since the balance of atom concentration at the
interface between two different components may be
destroyed by severe deformation. Consequently, new sur-
faces with very different compositions meet each other to
form new diffusion couples. This situation is depicted in
Fig. 13b. Large differences in the atom concentration at
the interface therefore promote the diffusion flux through
the interface.

Furthermore, a high density of lattice defects, such as
dislocations, is introduced by severe plastic deformation
during FSP. Then the diffusion will be substantially
enhanced owing to the occurrence of pipe diffusion. In con-
trast, lattice defects probably contribute very little to ther-
mally induced diffusion, because the lattice defects may be
annealed out very rapidly at relatively high temperatures
[29].
However, based on the theory of reactive kinetics, the
molecules or atoms of a reactant should obtain extra
energy in order to react with other reactants, though there
is enough thermodynamic force to drive the reaction [30].
The extra energy is referred to as activation energy (E0).
The relationship between the reaction rate constant and
activation energy can be described by the Arrhenius
equation [30]:

k ¼ A exp � E0

RT

� �
ð3Þ

where k is the reaction rate constant, T is the reaction tem-
perature, A is a pre-exponential factor, and R is the gas
constant. The severe deformation during FSP, which func-
tions like a mechanical activation, may lower the activation
energy of reaction and then reduce the reaction tempera-
ture and increase the reaction rate.

The mechanical activation during severe deformation
can be achieved in the following ways. First, during severe
deformation, when dislocations move along a slip plane,
the mechanical energy is transformed into the kinetic
energy of the atoms, which excites the translational mobil-
ity of the atoms [29]. Second, when a solid suffers from
stress during mechanical treatment, the structural disorder
of the solid is accompanied by chemical bond distorting
and bond length extending. If the imposed stress is beyond
the chemical bonding energy, the bonds of the solid can be



Fig. 9. TEM and HREM images showing (a) morphologies of floc-shaped particles in FSPed sample 2, (b) interface between Al and Al2O3 at the
boundaries of floc-shaped particles, and (c) EDS results of floc-shaped particles.

Fig. 10. Microhardness profiles of FSPed samples.

Fig. 11. Engineering stress–strain curves of forged and FSPed samples.
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effectively broken up, along with the collapse of their crys-
talline structure. As a result, the molecules or atoms of the
reactants are activated and may easily react with other
reactants during this process [31]. Third, the grain size
decreases dramatically during severe deformation, and
the ultra-fine grains decrease the onset temperature of the
reaction and enhance the reaction. For example, Wang
et al. [32] found that the Fe–Zn reaction in nanostructured
Fe (�100 nm) showed an onset temperature decrease of
�21 �C compared with the coarse-grained (CG) sample,
and the activation energy for the growth of the Fe–Zn com-
pound layer decreased from �167.1 kJ mol�1 in the CG
sample to �108.0 kJ mol�1 in the nanostructured sample.



Fig. 12. SEM fractographs of FSPed samples: (a) sample 1; (b) sample 2.

Fig. 13. Atom distribution during (a) steady-state diffusion and (b) FSP.
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It was reported that newly recrystallized grains around the
pin tool during FSP were in the order of 25–100 nm [33,34].
So it is reasonable to expect that the reaction between the
ultrafine-grained matrix and TiO2 will be substantially
enhanced during FSP.

Based on above analyses, the occurrence of the Al–TiO2

reaction during FSP can be attributed to enhanced solid
diffusion, which provides sufficient atoms for the Al–TiO2

reaction, and the mechanical activation effect caused by
severe deformation of FSP, which decreases the activation
energy of the Al–TiO2 reaction.

4.2. Formation mechanisms of reinforcements

For other in situ methods, such as RHP and RSC, the
in situ reactive process and formation mechanism of rein-
forcements are usually studied by means of DSC curves
and the microstructure of the DSC/DTA samples
[4,35,36]. However, for FSP, the in situ reaction takes place
under the condition of severe deformation and completes
within a very short duration, so the exothermic or endo-
thermic peaks of the DSC curves could not reflect the reac-
tion process during FSP. For example, the DSC curve of
the Al–Ti green compact indicated that Al reacted with
Ti at �930 �C, whereas the Al–Ti reaction took place dur-
ing FSP, though the process temperature was not above
660 �C (melting point of pure Al) [17,18].

The morphology, size and distribution of in situ rein-
forcement can also shed some light on the reactive mecha-
nism. For example, Chu and Premkumar [37] studied the
formation mechanism of TiC in an Al–Ti–C system based
on the microstructure observation. First, they found that
all the TiC particles within the matrix are significantly finer
than the original graphite particles used in the mixture.
Second, the fine TiC particles are not only round in shape,
but also relatively uniform in size. On the basis of these
observations, Chu and Premkumar [37] suggested that
the in situ formation of TiC is achieved via a mechanism
of multiple nucleation and growth from the carbon-satu-
rated Al–Ti melt during isothermal holding, i.e., a solu-
tion-precipitation mechanism.

4.2.1. Formation mechanism of a-Al2O3

The reaction between Al and TiO2 can be divided into
two steps: first, TiO2 reacts with Al to form a-Al2O3 and
free Ti atoms, and second, the displaced Ti atoms then
react with Al to form Al3Ti. The reaction formulas are as
follows [8]:

3TiO2 þ 4Al! 2a�Al2O3 þ 3½Ti� ð4Þ
½Ti� þ 3Al! Al3Ti ð5Þ

Once reaction (4) has taken place, a-Al2O3 particles are
formed in situ. However, in this study most of the a-Al2O3

particles in the FSPed samples have a size of <100 nm and
are smaller than the initial TiO2 powders, indicating that
one TiO2 particle may transform into several Al2O3

particles.



Fig. 14. Schematic diagrams of the formation mechanism of Al3Ti and
Al2O3 during (a) hot pressing or sintering and (b) FSP.

Fig. 15. TEM image of FSPed sample 2 after being heated at 650 �C for
4 h.

Q. Zhang et al. / Acta Materialia 60 (2012) 7090–7103 7099
Fig. 14 shows a schematic diagram of the formation of
reinforcing particles. In the hot-pressed or sintered samples
[8,38], TiO2 particles aggregate into the clearance of the ini-
tial Al particles. The reaction is controlled by solid-state
diffusion at point contacts, and Al2O3 may only be formed
at the contact points. As the reaction proceeds, a TiO2 par-
ticle gradually transforms into one or two Al2O3 particles
from the contact points (Fig. 14a). In this case, the size
of Al2O3 is comparable with the size of TiO2.

For the FSPed samples, TiO2 particles were uniformly
distributed and surrounded by the Al matrix. The reaction
was significantly enhanced by severe deformation of the
FSP. In this case, many Al2O3 particles would nucleate
and grow on the Al/TiO2 interfaces along the special crys-
tal orientation of the reactant (Fig. 14b). In the present
study, an orientation relationship ð2�1�1�3ÞAl2O3

jjð002ÞAl

was observed between the Al2O3 particles and the Al
matrix. In subsequent severe deformation during FSP,
most of the Al2O3 particles would become detached from
unreacted TiO2 and uniformly distributed in the matrix.
And the special orientation relationship between Al2O3

and the matrix would be destroyed.
The results of Feng and Froyen [4,14] suggested that

some oxygen-deficient titanium oxides such as Ti2O3 or
TiO were formed as intermediate products during the reac-
tion between Al and TiO2 (reaction (4)). Welham [21] also
suggested that the removal of oxygen from TiO2 underwent
a sequential process through the oxides of general formula
TinO2n�1 until n = 1. In this study, some peaks correspond-
ing to TinO2n�1 were also detected in FSPed sample 1
(Fig. 3b). Furthermore, some floc-shaped particles contain-
ing Al, Ti and O were found in both FSPed samples 1 and
2, and their size was similar to the initial size of TiO2 in
both samples. Thus, the floc-shaped particles are consid-
ered to be transformed from the initial TiO2 and were the
intermediate products of the Al–TiO2 reaction composed
of some TinO2n�1 phases.

In order to verify this viewpoint, FSPed sample 2 was
heated at 650 �C for 4 h, and then subjected to TEM exam-
ination. It was found that, after heat treatment, the floc-
shaped particles transformed into fine a-Al2O3 particles
and, at the same time, some coarse Al3Ti particles with a
size of 400–600 nm were detected near the a-Al2O3 particles
(Fig. 15). This indicates that the floc-shaped particles are
the intermediate products of reaction (4) and would react
with Al further to form a-Al2O3 and Al3Ti during isother-
mal holding at 650 �C.

The existence of some intermediate TinO2n�1 phases sug-
gests that reaction (4) could not proceed completely during
FSP, which made the volume fractions of Al3Ti and a-
Al2O3 in FSPed samples lower than the theoretical values.
Furthermore, no Ti phase was observed in both FSPed
samples. These two facts indicate that it was easier for reac-
tion (5) to take place than reaction (4), and the entire Al–
TiO2 reaction (reaction (1)) was more likely governed by
reaction (4) rather than reaction (5).

Based on the thermodynamics, Gibbs free-energy varia-
tion (DG0

T ) of reaction (4) was more negative than that of
reaction (5) [38]. However, the proceeding of reaction
was not only dependent on thermodynamical factors, but
also controlled by dynamical factors. The dynamical data
of Al–TiO2 reaction would provide some guidance to the
Al–TiO2 reaction process. Unfortunately, no dynamical
data of Al–TiO2 reaction are available in the previous liter-
ature. However, in the Al–ZrO2 system, although the DG0

T

of reaction between Al and ZrO2 to form Al2O3 and Zr is
more negative than that between Al and Zr to form Al3Zr,
the activation energy of the former reaction is much higher
than that of the latter during sintering, indicating that it is
much more difficult for the former reaction to take place
than the latter [39].

4.2.2. Formation mechanism of Al3Ti
Once reaction (1) has taken place, some free Ti atoms

will be formed, according to Eq. (4). Because Ti has low
diffusivity and solubility in Al, Al3Ti will form and grow
into coarse block-shaped particles at the Al–TiO2 reactive
interface in the in situ (Al2O3 + Al3Ti)/Al composites fab-
ricated by RHP [8,38] (illustrated in Fig. 14a). Fig. 7 shows
that the Al3Ti particles in the FSPed samples were not only
equiaxed in shape, but also relatively uniform in size, and
no Al3Ti particles were found at the interface of the floc-
shaped particles and Al matrix (Fig. 9a). For FSPed sample
1, the Al3Ti particles were significantly finer than the origi-
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nal TiO2 particles. These microstructural characteristics
indicate that the Al3Ti particles in the FSPed samples
might be formed via a solution-precipitation mechanism,
like in situ TiB2 or TiC particles in the Al–Ti–B system
[40] or Al–Ti–C system [37].

According to the Al–Ti binary phase diagram, the solu-
bility of Ti in Al is as low as 1.15 wt.% even at 662 �C.
However, Kim et al. [41] reported that the solubility of
Ti in Al would reach 2.46 wt.% for an Al–20 wt.% Ti sam-
ple milled for 15 h. In the present study, severe plastic
deformation was induced by four-pass FSP. Biallas et al.
[42] suggested that the material flow around the pin during
FSP was somewhat similar to the mechanical milling of
metal. So it is considered that Ti atoms displaced from
TiO2 (reaction (4)) would first be dissolved into Al. If all
the Ti atoms were displaced, the concentration of Ti in
Al would reach 8.3 wt.%, which is far greater than the sol-
ubility of Ti in Al at solid state. Therefore, as the Al–TiO2

reaction proceeds, when Ti is supersaturated in Al, the
Al3Ti particles will precipitate. The precipitation of Al3Ti
reduces the supersaturation degree and then promotes the
solution of Ti in Al in turn. This cycle proceeds until no
more Ti atoms are displaced from TiO2.

The nano-sized Al3Ti particles, with a narrow size distri-
bution, indicate that the nucleation of Al3Ti is easier than
the growth. First, the high solubility of Ti in Al caused by
severe plastic deformation during FSP increases the degree
of supersaturation, and increases the driving force of nucle-
ation. Second, the high density of dislocations produced by
severe plastic deformation not only provided nucleation
sites of Al3Ti, but also assisted in the growth of an embryo
beyond the critical size by providing a diffusion pipe
[11,43,44]. Third, the duration of FSP was very short,
and the peak temperature was relatively low compared
with other in situ processing methods [12], thus the coars-
ening of Al3Ti was restrained.

Cao and Campbell [45–47] suggested that many interme-
tallic compounds such as Al3Ti can nucleate on oxides such
as MgO or a-Al2O3. Nucleation on these oxides would
reduce the nucleation energy because of the low planar dis-
registry of the crystal structures between these intermetallic
compounds and oxides during the solidification of Al
alloys. In the present study, almost no Al3Ti growing on
Al2O3 particles were observed, indicating that nucleation
of Al3Ti on Al2O3 may not be the dominant mechanism
of Al3Ti precipitation. As mentioned above, the high den-
sity of dislocations can be produced during FSP. Nucle-
ation on the dislocations can also reduce the nucleation
energy, and rapid pipe diffusion through dislocations
would facilitate the growth of crystal nuclei [11,43,44].
These two factors may result in the nucleation and growth
of Al3Ti on the dislocations being much easier than that on
the Al2O3 particles during FSP.

It was reported that Al3Ti particles could act as active
nuclei for Al grains during solidification, because Al3Ti is
usually observed at the center of Al grains, and there is a
well-established orientation between the lattices of the
two phases [48]. In this study, no specific orientation rela-
tionship was observed between the equiaxed Al3Ti particles
and Al matrix, indicating that the Al grains might not
nucleate on Al3Ti particles during recrystallization of
FSP in solid state.

The driving force of recrystallization is stored deforma-
tion energy, and thus only large particles (>1 lm) may act
as nucleation sites for recrystallization, because the large
particles would cause heterogeneity of deformation in the
matrix and a severe deformation zone in the vicinity of
the particles [49]. In the present study, the Al3Ti or Al2O3

particles are much smaller than 1 lm in size, so they would
not act as the nucleation sites for recrystallization, thus no
specific orientation relationship was observed between the
equiaxed Al3Ti or Al2O3 particles and Al matrix. However,
these fine particles may exert a significant pinning effect on
Al grain boundaries and hinder the growth of recrystallized
Al grains [49].

As shown in Fig. 6, the size of A3Ti particles in FSPed
sample 2 was coarser than that in FSPed sample 1, though
the original TiO2 used in sample 2 was finer than that in
sample 1. This can be explained as follows. First, the origi-
nal TiO2 used in sample 2 would be more active than that
in sample 1 owing to the smaller particle size. Thus, a par-
tial reaction had taken place to form some Al3Ti during hot
pressing and forging. These particles were coarsened
slightly during FSP. Second, the results of XRD showed
that more Al3O2 were formed in FSPed sample 2, indicat-
ing that more free Ti atoms were formed according to Eq.
(4). The high concentration of free Ti atoms would facili-
tate the growth of Al3Ti particles.

4.3. Mechanical properties

Fig. 10 shows that the HV hardness values in both
FSPed samples 1 and 2 were relatively uniform throughout
the whole SZ, indicating that the SZ were basically sym-
metric and uniform. Generally, an onion ring structure,
which has been explained by variations in grain size [50],
particle-rich band [51] or texture [52], may form in the
SZ of single-pass FSPed samples, and this caused a hard-
ness fluctuation in the SZ. In this study, four-pass FSP with
100% overlapping caused more severe deformation and
more thorough mixing of the particles and matrix, resulting
in a uniform microstructure and hardness distribution in
the SZ. Furthermore, the average hardness increased from
85 to 107 HV, with a decrease in the size of TiO2 from 450
to 150 nm. This can be attributed to the fact that more
reinforcements were formed in FSPed sample 2, resulting
in a greater strengthening effect. The strengthening mecha-
nisms of the FSPed samples will be discussed in detail later.

The Young’s modulus of FSPed sample 1 and sample 2
is 85 and 95 GPa, respectively, which is considerably higher
than that of aluminum (70 GPa). This can be attributed to
the presence of a large amount of reinforcing particles
(Al3Ti and Al2O3) and good interfacial bonding for effec-
tive load transfer. The modulus of FSPed sample 2 is



Table 2
Contributions of each strengthening mechanism to the strength of FSPed composites.

ru (MPa) rg (MPa) rOR (MPa) rmy (MPa) rcy (MPa) Experimental YS (MPa)

FSPed sample 1 69 38 98 205 215 221
FSPed sample 2 69 42 126 237 261 314
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higher than that of FSPed sample 1 because of more rein-
forcing particles in FSPed sample 2 (Table 1).

The forged samples exhibited low strength and ductility
because of inhomogeneous distribution and a relatively
small number of reinforcing particles (Figs. 3 and 4).
Four-pass FSP resulted in significant improvements in both
strength and ductility. Compared with FSPed pure Al pro-
cessed with the same parameters, the YS of FSPed sample
1 and sample 2 increased by 152 MPa and 245 MPa,
respectively.

The strengthening mechanisms that may operate in par-
ticle-reinforced AMC have been considered in several pub-
lications. In general, two approaches have been used to
account for the strength in particle reinforced AMC. One
is based on the load transferring effect (the continuum
mechanics) and the other is based on the influence of par-
ticles on dislocation movement (micromechanics strength-
ening) [53]. The YS of composites could also be predicted
by incorporating both approaches [54].

By considering the load transferring effect of reinforcing
particles, the YS of composites (rcy) can be expressed as
[55]

rcy ¼ rmy½V fðsþ 2Þ=2þ ð1� V fÞ� ð6Þ
where rmy is the YS of the matrix, Vf is the volume fraction
of the reinforcing particles, and s is the aspect ratio of the
reinforcing particles, which is 1 for equiaxed particles.

Considering the contribution of the micromechanics
strengthening resulting from the reinforcing particles,
including Orowan strengthening (rOR), grain refinement
strengthening (rg) and quench strengthening due to the dis-
locations generated by CTE (coefficient of thermal expan-
sion) mismatch (rCTE), the YS of the matrix can be
expressed as [53]

rmy ¼ ru þ rOR þ rg þ rCTE ð7Þ
where ru is the strength of the unreinforced matrix.

Previous studies [56,57] suggested that the contribution
of quench strengthening can be neglected in the AMC rein-
forced by submicron particles. The strength increment
caused by grain refinement can be expressed by the Hall–
Petch relationship:

rg ¼ r0 þ kd�1=2 ð8Þ
where r0 is rationalized as either a frictional stress to the
motion of dislocation glide or an internal back stress, d is
the matrix grain size in the composites, and k is the
Hall–Petch slope, which is �74 MPa lm1/2 for pure Al [58].

To calculate the contribution of Orowan strengthening
by Al3Ti and Al2O3 particles, it is assumed that all Al3Ti
and Al2O3 particles are spherical and uniformly distrib-
uted. The interparticle spacing k can be calculated by [59]

k ¼
ffiffiffiffiffiffiffiffi
2=3

p
1:25

ffiffiffiffiffiffiffiffiffi
p=V

p
� 2

h i
r ð9Þ

where r is the average radius of the particles. The contribu-
tion of the particles to the shear strength can be calculated
using the modified Orowan equation given by Martin [59]:

sOR ¼
0:81Gb

2pð1� tÞ1=2k
ln 2

ffiffiffiffiffiffiffiffi
2=3

p
r=r0

� �
ð10Þ

where G is the matrix shear modulus, b is the Burgers vec-
tor, t is Poisson’s ratio, and r0 is the dislocation core ra-
dius. For pure Al, G = 26.2 GPa, b = 0.286 nm, t = 0.345
and r0 = 4b. The relationship between rOR and sOR can
be expressed as

rOR ¼ MsOR ð11Þ

where M is the Taylor factor, and M = 3 for face-centered
cubic metals.

The calculated strength from each strengthening mecha-
nism and the experimental values are summarized in Table
2. It indicates that Orowan strengthening contributes the
most YS of the composites. The contribution of the load
transferring mechanism is relatively small because of the
small aspect ratio of particles (s = 1) in the FSPed samples.
Furthermore, the calculated YS of FSPed sample 1 agrees
well with the experimental value, whereas the calculated YS
is lower than the experimental value for FSPed sample 2.
This can be attributed to the fact that the above calculation
neglected the strengthening effect of the floc-shaped
particles.

In FSPed sample 1, the average size of floc-shaped
particles is �455 nm, while the grain size is only
1.3 lm. Therefore, the floc-shaped particles are not sup-
posed to interact directly with intragranular dislocations
and cannot contribute to the strength via the Orowan
mechanism [60]. Because these particles are far larger
than the equiaxed Al3Ti and Al2O3 particles, voids would
be preferentially formed near or at the interface between
these particles and the matrix during tension, resulting in
some relatively large dimples on the fracture surfaces
(Fig. 11a). For FSPed sample 2, the average size of the
floc-shaped particles decreased to �204 nm, thus the
interaction between these particles and the intragranular
dislocations cannot be neglected. However, because the
volume fraction of the floc-shaped particles is difficult
to estimate from the XRD results owing to the weak dif-
fraction peaks of these phases (Fig. 2b), the calculation
without considering the strengthening effect of the floc-
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shaped particles resulted in the underestimation of the
YS for FSPed sample 2.

As shown in Fig. 11 and Table 1, the UTS increment of
FSPed sample 1 and sample 2 are 187 and 307 MPa,
respectively, compared with FSPed pure Al, which is larger
than the calculated total contribution of various strength-
ening mechanisms. This is attributed to more severe work
hardening during tensile testing of FSPed samples caused
by reinforcing particles, which contributed some strength
to the UTS of FSPed samples [5]. However, as far as the
present authors know, no reliable equation or model was
established to predict the UTS of dispersion strengthened
alloys or composites, because of the complex process of
work hardening caused by interaction between particles
and dislocations.

5. Conclusions

(1) No reaction and partial reaction took place between
Al and TiO2 with an average size of 450 nm and
150 nm, respectively, during HP and forging. Four-
pass FSP induced the Al–TiO2 reaction, which can
be attributed to the enhanced solid diffusion and
mechanical activation effect caused by the severe
deformation of FSP.

(2) During FSP, Al–TiO2 reaction produced Al2O3 and
Ti atoms, then Al3Ti precipitated from the Al matrix
when Ti was supersaturated in Al. Decreasing the size
of TiO2 from 450 to 150 nm resulted in the formation
of more Al3Ti and a-Al2O3. The formation mecha-
nisms of Al2O3 and Al3Ti are considered to be defor-
mation-assisted interfacial reaction and deformation-
assisted solution-precipitation, respectively.

(3) The microhardness, Young’s modulus and tensile
strength of the FSPed composites are substantially
enhanced compared with those of FSPed pure Al,
and increased with a decrease in the TiO2 size from
450 to 150 nm.

(4) The strengthening mechanisms of the FSPed compos-
ites included load transferring, grain refinement and
Orowan strengthening, among which Orowan strength-
ening contributed the most YS of the composites.
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