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• A significant porosity reduction is
achieved in Al cast alloy through an in-
situ nanoparticle master alloy method.

• This method serves to uniformly add
nanoparticles into metal melt and im-
prove the bonding between particles
and matrix.

• The addition of TiC nanoparticles im-
pedes the formation of porosity and
thus improves the mechanical property
of Al alloy.

• The fatigue strength, fracture toughness
and elongation of the Al alloy are im-
proved to 114 MPa, 55 MPa m1/2 and
12%.

• Themechanism of themechanical prop-
erty improvement are revealedwith the
aid of finite element modeling.
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Fatigue resistance and fracture toughness are essential to the reliability of castings during service. Reducing mi-
croporosity in cast alloys is a crucial issue for improving their fatigue strength and fracture toughness. Here we
report a significant reduction inmicroporosity of a cast aluminum-copper alloy developed using in situ TiC nano-
particle additions coupled with a stir-casting method. The addition of TiC nanoparticles is found to improve the
interdendritic feedability of liquid metal and as a result reduces the volume fraction of microporosity by two or-
ders of magnitude compared to a conventionally cast Al–Cu alloy. This method, which is mechanistically associ-
ated with a pore-dominated process, acts to significantly improve the fatigue strength, fracture toughness and
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Table 1
The nominal composition and micro-hardness of the Al–C

TiC Cu

Matrix None 5.00%
TiC/AlCu 0.30% 5.00%
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uniform elongation of the cast Al–Cu alloy to values which, to the best of our knowledge, represent the highest
ever achieved for a cast aluminum alloy.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fracture toughness
Nanoparticles
1. Introduction

A persistent quest in the development of lightweight struc-
tural materials for the energy-conversion and transportation in-
dustries is creating alloys with higher strength and toughness,
two properties that are often mutually incompatible. Because of
their high strength-to-weight ratio, high on this list are cast alu-
minum alloys which have many potential applications in the au-
tomobile and aerospace industries [1–3]. However, the presence
of macro-scale defects (with dimensions above ∼10 μm), which
form during the casting process, can severely compromise the
mechanical properties of these alloys, particularly at higher tem-
peratures [4,5], and as a result cause a marked decrease in the re-
liability of cast components [6,7]. Accordingly, reducing these
macro-scale defects has become a crucial issue for cast aluminum
alloys.

Microporosity is one of the major casting defects in these al-
loys, in that it can significantly reduce ductility and fatigue resis-
tance [8]. This problem can be caused by dendrite growth and
solidification shrinkage, usually near the end of the solidification
process when limited interdendrtitic liquid flow can no longer
compensate for the shrinkage. It is widely accepted that the for-
mation of microporosity is essentially related to the interdendritic
feedability (or permeability) and secondary dendrite arm spacing
[9,10]. The tortuous interdendritic liquid channels tend to dimin-
ish the feedability which serves to escalate the microporosity
[10]; conversely, any reduction in the secondary dendrite arm
spacing acts to postpone the formation of microporosity [11]. In-
terestingly, it has been found that the introduction of an inoculant,
such as adding Al–Ti–B particles to an 4.5 wt% Cu aluminum alloy,
serves to change the dendrite morphology from columnar to
equiaxed shape and this changes the pore morphology [12]. Al-
though such particle additions are used to inhibit grain growth
during solidification [13,14], their potential use in limiting the de-
gree of microporosity is rarely investigated.

To reveal the effects of adding nanoparticles on the micropo-
rosity and mechanical properties of cast Al alloys, an Al–Cu alloy
was chosen as the matrix alloy (composition shown in Table 1).
TiC particles with a mean diameter of ∼97 nm (shown in Fig. 1a)
were introduced into the molten alloy through a method of addi-
tions of an in situ nanoparticle master alloy during stir-casting.
The microporosity formation was investigated by in situ x-ray ra-
diography with the morphology of the micropores characterized
with x-ray tomography (XRT). We found that the presence of the
nanoparticles significantly impedes the formation of microporosity
and leads to outstanding mechanical properties, compared with
those of the currently available cast Al alloys. Admittedly, ceramic
particle-reinforced metallic materials (or composites) have been
well studied, including their improved mechanical properties
[15–17] and particles size effects [18,19]. However, the strength-
ening mechanisms associated with the addition of TiC nanoparti-
cles in this study lie in a reduction in the microporosity that is
u matrix and TiCp/Al–Cu alloys.

Mn Ti

0.45% 0.30%
0.45% 0.30%
quite distinct from the particle reinforcement mechanisms in
these early studies.

2. Methods

2.1. Material fabrication

The composition of the Al–Cumatrix alloy used in this study is shown in Table 1. The
TiCp/Al–Cu cast alloy was fabricated by a stir-casting method using an in situ nanoparticle
master alloy; specifically, nano-sized powders (30–160 nm in diameter) of this TiCp/Al
master alloy were added into the molten Al–Cu matrix alloy during the casting process.
The TiCp/Al master alloy was prepared through combustion synthesis reaction conducted
with powders of Al, Ti and carbon nanotubes. Themixed powderwas blended by ballmill-
ing at a speed of 50 rpm for 48 h and was then cold pressed into cylindrical preforms
(28 mm in diameter and 40 mm in height) with a ∼65% theoretical density. The combus-
tion synthesis reaction of the preforms was conducted in a vacuum heat-treatment fur-
nace at 1173 K to produce the TiCp/Al master alloy. The TiCp/Al master alloy was added
into themolten Al–Cu alloy at 1173 K, followed bymechanical stirring for 2min to distrib-
ute the titanium carbide particulate evenly in the matrix. The final fraction of the nano-
sized TiCp was 0.3% by weight. After the molten alloy was cooled down to 1073 K, it was
cast into a preheated steel mold (400 × 200 × 50mm3) to form an ingot. The casting pro-
cess for the matrix Al–Cu alloy was the same as that used for the TiCp/Al–Cu alloy, as de-
scribed above. The as-cast grain structures of the matrix Al–Cu and TiCp/Al–Cu alloys are
shown in Fig. 1b and c, respectively.

The ingots were subjected to a T6 heat treatment, i.e., a solution treatment at 811 ±
1 K for 12 h and aging at 438 K for 10 h. Round-bar shaped tensile and fatigue specimens
were machined with a gauge diameter and length of respectively 5 mm and 15 mm.
Compact-tension C(T) samples were used for the fracture toughness measurements
with the dimensions shown in Supplementary Fig. 1. To create a smooth, nominally
stress-free surface, the tensile and fatigue specimens were mechanically polished and
then the fatigue specimens experienced electro-polishing in a mixed solution of 30 vol%
HNO3 and 70 vol% CH3OH.

2.2. Microstructure characterization

The surfaces of the electrolytic-polished matrix Al–Cu and TiCp/Al–Cu alloy samples
were observed by a ZEISS Supra 35 scanning electron microscopy (SEM). The internal de-
fects of the two materials were directly characterized with three-dimensional x-ray to-
mography (3D-XRT) using an Xradia Versa XRM-500 instrument with a resolution of ∼1
μmper pixel. The samples for XRT had a 1mm2 section with a length of 2mm. Themicro-
structure of the twomaterials was investigated using an FEI Tecnai F20 transmission elec-
tron microscope operating at 200 kV. Atom probe tomography (APT) specimens were
prepared using FEI Helios Plasma focused ion beam, with Xe source to avoid easy Ga im-
plantation [20], using an in situ lift-out method [21]. APT measurements were performed
on LEAP3000XHR by Cameca in voltage-pulsedmode at 50 K,with a pulse fraction of 15%,
a pulse rate of 200 kHz, and a target detection rate of 0.4% (4 detection events per 1000
pulses in average). The reconstruction of 3D atommaps, visualization and all data analysis
were performed using the IVAS® software from Imago Scientific Instruments.

Samples examined by x-ray radiographywere Al-18wt%Cuwith andwithout 0.1 wt%
of TiC; the in situ x-ray radiography facility used for this work is described elsewhere
[22,23]. The Cu concentration was increased to 18 wt% to improve the x-ray absorption
contrast. Large grains are preferred due to the limited spatial resolution of x-ray radiogra-
phy (∼1.5 μm/pixel), so aminor addition of TiC (0.1 wt%)was selected to demonstrate the
effect of TiC on solidification. The casting procedure was the same as that for the TiCp/Al–
Cu alloy. The size of x-ray radiography samples was 50 × 5 × 0.18 mm, as cut from the
ingot. The thin foil sampleswere positioned horizontally on a holder to avoidmelt convec-
tion. After heating the sample to melt, the furnace was operated in a near-isothermal
mode with a cooling rate of 0.1 K/s, and the images were recorded at a frame rate of 1 Hz.

2.3. Mechanical property testing

Room-temperature tensile tests were carried out at a strain rate of 10−3 s−1 with an
Instron 5982 testing machine with the strains measured using an extensometer. High-
Cd V Zr B Micro hardness
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Fig. 1. (a) SEM image of TiC nanoparticles extracted from the TiCp/Al master alloy. Optical metallography of the (b) as-cast matrix Al–Cu alloy and (c) TiCp/Al–Cu alloy.
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temperature tensile properties were evaluated at four elevated temperatures, namely,
100°, 140°, 180° and 220 °C, using a heating rate and hold time of 20 °C/min and
20 min, respectively. For each condition, three samples were tested to ensure the repeat-
ability and credibility of the results.

Stress-controlled axial pull-push fatigue tests were performed with a stress ratio
(ratio of minimum to maximum stress) of R = −1 on an Instron 8871 testing machine
at a frequency of 40 Hz with a sinusoidal waveform. The fatigue limit (σ-1) was
Fig. 2. Microstructures of the Al–Cu matrix and the TiCp/Al–Cu alloys prior to deformatio
verified by (a, b) SEM sample surface and (d, e) bulk XRT observations. (c) Quantitative meas
Cu alloys. (f, g) TEM and (h, i) Atom Probe tomography (APT) imaging show the size and spa
Al–Cu alloy.
determined for lifetimes exceeding 107 cycles using tension-compression testing. Fracture
toughness tests were conducted on an Instron 8871 testing machine with three C
(T) specimens for each condition. The C(T) specimens were pre-cracked by fatigue and
were finally loaded to fracture at a displacement rate of 1 mm/min. The detailed method
for computing KIc values are presented in our previous study [24]. Vickers hardness tests
were conducted with an EveroneMH-5L hardness tester at 1000 N for 20 s and 10 inden-
tations were made on each specimen.
n. The matrix alloy contains significantly more micropores than the TiCp/Al–Cu alloy, as
urements from XRT of the number and size of the voids in the Al–Cu matrix and TiCp/Al–
cing of the θ' (Al2Cu) precipitates to be larger in the Al–Cu matrix alloy than in the TiCp/



Fig. 3. In situ x-ray radiography of the solidification of the model Al–Cu binary alloy and TiCp/Al–Cu alloy. Image of the state of solidification at (a) 615 °C, (b) 610 °C, (c) 580 °C
(cooling rate 0.1 K/s; scale bar: 1 mm). The isolated liquid region in the Al–Cu binary alloy is indicated by the dashed lines. The liquid channels in the TiCp/Al–Cu alloy are indicated by
the dotted lines. (d) Schematics of the microporosity formation in the isolated liquid regions between dendrite arms near the end of solidification, showing the formation of
micropores in the Al–Cu alloy and in the residual liquid channels in the TiCp/Al–Cu alloy.
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3. Experimental results

3.1. Microstructure before deformation

Microstructure characterizationwas performed to verify the reduced size and fraction
of micropores caused by the addition of the nano-sized TiC particles. Fig. 2a and b shows
scanning electron microscopy (SEM) images of the electro-polished sample surfaces of
thematrix Al–Cu alloy and the alloy with TiC nanoparticle additions (TiCp/Al–Cu), respec-
tively. It is clear that the surface of the matrix alloy is covered with ∼50-μm diameter mi-
cropores, whereas the corresponding surface of the TiCp/Al–Cu alloy is characterized by
much smoother voids smaller than ∼10 μm. The difference in the distribution and size of
the micropores in the two materials can be directly verified using XRT. Fig. 2d and e
shows the XRT images of the internal defects in the matrix Al–Cu alloy and in the TiCp/
Al–Cu alloy, respectively, with the blue regions indicating the casting defects. Consistent
with the SEM observations, there are clearly fewer and smaller micropores in the Al–Cu
alloy with TiC particle additions, as shown quantitatively by the count data in Fig. 2c de-
rived from the XRT images. Specifically, the volume fraction of voids in the TiCp/Al–Cu
alloy matrix is less than 0.01%, i.e., over 100 times smaller than in the Al–Cu matrix alloy
where it is ∼1%. Aside from the marked reduction in macro-scale defects, the microstruc-
ture of the alloy is also changed after nano-sized TiC particle additions. Fig. 2f and g shows
transmission electron microscopy (TEM) images of the two materials. Precipitates can be
observed in both alloys, which have been identified as the θ' (Al2Cu) phase in a previous
study [25]. Such θ′ precipitates in the Al–Cu matrix alloy were ∼100 nm in length with a
.
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mean spacing of ∼50 nm, whereas those in the TiCp/Al–Cu alloy were finer and more
closely spaced with an average size and spacing of ∼50 nm and ∼10 nm, respectively
Note that the TiC particles themselves can be as small as ∼10 nm (inserted image in
Fig. 2g). From reconstructed 3-D atommaps of needle-shaped specimens in Fig. 2h, exam
ined using atom probe tomography, the plate-shape θ′ precipitates can be seen to be
highlighted in terms of 6 at.% Cu iso-composition surfaces. There are minor differences
in the compositions of the two materials, as displayed by the 1-D concentration profiles
along the arrows across a θ′ precipitate in Fig. 2h; these profiles are plotted in Fig. 2i.

Themicropores are formed in the liquid regionwhich is constrained by adjacent den
drite arms due to solidification contraction, which for the Al–Cu matrix is ∼7% by volume
(Supplementary Fig. 2). The TiC particles are intended to act as heterogeneous nucleation
sites during the solidification of the Al–Cu because of their good wettability and the smal
lattice misfit (6.9%) between TiC and Al [26].

The specific effects of TiC nanoparticles on thenucleation and growth of ourmodel Al–
Cu binary alloy were investigated using in situ x-ray radiography, as shown in Fig. 3a–c
When the Al–Cu liquid is cooled to 615 °C, noα-Al grains were observed to form, in con
trast to the many fine equiaxed α-Al grains that had already formed in the TiCp/Al–Cu
alloy (Fig. 3a), which strongly suggests that TiC nanoparticles indeed act to promote het
erogeneous nucleation of the α-aluminum. At lower temperatures (610 °C), large α-A
dendrites were observed to grow in the field of view of the Al–Cu binary alloy with
some tips of the arms of the α-Al dendrites reaching the adjacent dendrite arms. Here, a
large fraction of the liquidwas clearly constrained in the interdendritic or intergranular re
gions, as indicated in Fig. 3b. In contrast, α-Al dendrite arms in the TiCp/Al–Cu alloy grew
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slowly with intergranular liquid channels remaining interconnected; this is also shown in
Fig. 3b. As the temperature was further reduced to 580 °C, the solidification process
reached completion with the eutectic Al2Cu phases forming within interdentritic regions
and at grain boundaries.

To give an indication of the difference in size, the field of view for our x-ray radiogra-
phy (2.9 × 1.9 mm) was insufficient to view a complete grain in the Al–Cu matrix alloy,
whereas more than twenty equiaxed α-Al grains appeared in the field of view of the
TiCp/Al–Cu alloy (Fig. 3c). Moreover, the size and spacing of the dendrite arms in the
TiCp/Al–Cu alloy were significantly refined compared to the Al–Cu alloy. The formation
of micropores in the interdendritic or intergranular regions are illustrated in Fig. 3d. As
the dendrite arms in the Al–Cu alloy touch adjacent dendrite arms, the residual liquid
flow is constrained by the solid phase network; once the interdendritic or intergranular
liquid channels become so enclosed, the liquidflowcan no longer compensate for the con-
traction due to solidification. The result is thatmicropores then form in the isolated resid-
ual liquid left in the interdendritic or intergranular regions. In the Al–Cu matrix alloy, the
primary and secondary dendrite arms double in size and cause a higher fraction of liquid to
be enclosed in these interdendritic or intergranular regionswith the result that the shrink-
agemicropores that form are also large and concentrated in these regions (Fig. 2d). In con-
trast, the liquid channels in the TiCp/Al–Cu alloy aremore interconnected and less tortuous
due to the suppressed dendrite arm growth and refined grain size. Consequently, the frac-
tion of enclosed liquid in the interdendritic or intergranular regions wasmuch lower than
that in the matrix alloy: at 610 °C, the fraction of enclosed liquid region in the matrix and
TiCp/Al–Cu alloy are about 10% and 2%, respectively. X-ray radiography at 600 °C indicated
that 58% of the liquid phase was enclosed in the interdendritic regions in the Al–18Cu ref-
erence alloy, whereas only 20% was enclosed in TiCp/Al–18Cu alloy. Here, the
interdendritic or intergranular flow is expected to compensate for the shrinkage, thereby
inhibitingmicropore formation, which in turn result inmicropores in the TiCp/Al–Cu alloy
that are fewer in number and smaller in size than those in the matrix alloy.

3.2. Mechanical property testing results

The addition of the TiC particulate to theAl–Cu alloy, which results inmarkedly differ-
ent microstructures, correspondingly leads to the differences in themechanical properties
(Figs. 4 and 5). A comparison of the ultimate tensile strength (UTS) and uniform elonga-
tion (UE) of the current Al–Cumatrix and TiCp/Al–Cu alloyswith the corresponding prop-
erties of several cast Al alloys, including four stir-cast alloys [27], is shown in Fig. 4a.
Although cast Al alloys invariably exhibit a trade-off between strength and elongation –
higher strength generally results in lower uniform elongation – both Al–Cu alloys exam-
ined in this study displayed the best combination of strength and ductility compared to
all the conventionally fabricated Al alloys. The TiCp/Al–Cu alloy, however, exhibits a UTS
and uniform elongation of, respectively, ∼550 MPa and ∼12%, both representing
Fig. 4. Uniaxial tensile properties of the Al–Cumatrix and TiCp/Al–Cu alloys. (a) Uniform elo
with the corresponding properties of several conventional cast Al alloys27; the TiCp/Al–Cu alloy
stress-strain curves for the Al–Cumatrix and TiCp/Al–Cu alloys. (c) The ultimate tensile strength
in strength through TiC particle additions can be seen to be more apparent at high temperatur
improvements compared to the matrix alloy. The superior mechanical properties gener-
ated by the addition of nano-size TiC particles can also be seen in the uniaxial tensile
true stress-strain curves shown in Fig. 4b. Although the improvement in yield strength
is not significant, the fracture strength increases roughly 100MPa and theuniform elonga-
tion by a factor of two. Furthermore, the TiCp/Al–Cu alloy also shows superior high-
temperature tensile performance compared to the Al–Cu alloy (Fig. 4c), consistent with
previous studies [25,26]. The ratio between the strength of the Al–Cu and TiCp/Al–Cu
alloy increases with increasing temperature, that is, the addition of TiC particles has a
more apparent effect at high temperature.

Fig. 5 shows the results of the fatigue tests and fracture toughness tests conducted on
thematrix Al–Cu and TiCp/Al–Cu alloys. Stress vs. cycles to failure (S–N) fatigue curves and
the measured 107-cycle fatigue limits are shown in Fig. 5a where it is apparent that, al-
though the fatigue lives are similar for the two materials at relatively high stress ampli-
tudes, the TiCp/Al–Cu displays a progressively superior fatigue resistance at decreasing
stress amplitudes. In terms of fatigue limits, the addition of the nano-particulate TiC raises
the fatigue limit by some 36% from a value of 84MPa in thematrix alloy to 114MPa in the
TiCp/Al–Cu alloy.

For comparison, the fatigue strength andUTS of several cast Al alloys, including Al–Si–
Mg, Al–Si–Cu and Al–Cu–Mn alloys [27,28] and the two current Al–Cu alloys, are summa-
rized in Fig. 5b. Whereas the fatigue properties of the Al–Cu matrix alloy are similar to
those of the other conventionally fabricated alloys, the TiCp/Al–Cu alloy is distinctly supe-
rior. Moreover, with respect to the compendium of fracture toughness and yield strength
plotted in Fig. 5c for cast Al alloys, including Al–Zn–Mg, Al–Cu–Mg, Al–Cu–Li, Al-Li-Cu and
Al–Si–Mg [29–33], the fracture toughness of the matrix Al–Cu alloy, at 45 MPa∙m½, is
among the highest for conventionally-cast Al alloys, yet the toughness of the TiCp/Al–Cu
alloy is even higher at 55 MPa∙m½.
4. Discussions

4.1. Improvement in tensile strength and fracture toughness

Based on these results, it is evident that the TiCp/Al–Cu alloy displays
a combination of outstanding tensile and fatigue strength, as well as ex-
cellent fracture toughness, without loss in ductility. Although the nano-
particulate additions serve to alter the composition andmicrostructure,
such as the change in the θ′ precipitate size, we believe that the major
reason for the improvement can be attributed to the reduction in the
volume fraction of casting defects and their size. The following sections
ngation vs. ultimate tensile strength for the current Al–Cu and TiCp/Al–Cu alloys compared
can be seen to display the best combination of properties. (b) Room-temperature tensile
of the Al–Cumatrix alloy and TiCp/Al–Cu alloy at different temperatures; the improvement
es.



Fig. 5. Fatigue strength and fracture toughness of the Al–Cumatrix and TiCp/Al–Cu alloys. (a) S–N fatigue curves and plots of (b) ultimate tensile strength vs. fatigue strength and (c)
yield strength vs. fracture toughness for the Al–Cu and TiCp/Al–Cu alloys, compared corresponding data for with conventionally-cast Al alloys29−33.

Fig. 6. Tensile fracture of the Al–Cu matrix and TiCp/Al–Cu alloys. For both alloys, the
strain-hardening rate and true stress-strain curves do not intersect, which indicates a
fracture dominated by voids coalescence.
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now focus on the mechanisms underlying these improved mechanical
properties.

Firstly, the improvement in the tensile strength and fracture tough-
ness fromTiC nanoparticle additions can be directly attributed to the re-
duction in the amount and size of the micropores. Although both the
matrix alloy and the TiCp/Al–Cu alloy fail by a nominally flat fracture,
i.e., with fracture angles of nearly 90° to the tensile axis, shown in
Supplementary Fig. 3, the reduction in the load-bearing area caused
by larger porosity cannot explain the difference in tensile strength be-
tween theAl–Cumatrix and TiCp/Al–Cu alloys: the real normal stress in-
side the specimens can be calculated as

s ¼ σA
A−Av

; ð1Þ

where σ is the true stress obtained through tensile tests, A is the cross-
section area of the entire specimen and Av is the total cross section area
of the micropores. At fracture, the Av of the matrix Al–Cu alloy and the
TiCp/Al–Cu alloy are estimated to be 0.046A and 0.002A, respectively, ac-
cording to the XRT data, with the fracture strengths measured as
525 MPa and 610 MPa, respectively, from the results of the tensile
tests. Substituting the values of Av and fracture strength into Eq. (1),
one can obtain the true normal stress of the two materials, i.e.,
550 MPa and 611 MPa. Clearly, even after subtracting the area repre-
sented by themicroporosity, which naturally cannot carry load, the nor-
mal stress to cause fracture of the matrix Al–Cu alloy is still lower than
that of the TiCp/Al–Cu alloy. Thus, themaximumnormal stress is not the
dominate mechanism of the final tensile fracture.

As cast Al alloys usually fail by void coalescence [34], the larger size
and amount of themicropores in the Al–Cumatrix alloywould promote
earlier fracture and result in a larger gap between the true stress-strain
and the strain-hardening rate curves (as shown in Fig. 6). Therefore, ob-
servations that the TiCp/Al–Cu alloy exhibits a higher tensile strength
and ductility is consistent with its fewer and smaller micropores. Such
a reduction in the size and distribution of micropores induced by the
TiC nanoparticulate additions is also consistent with the improved frac-
ture toughness of this cast alloy. Specifically, the larger and more nu-
merous pre-existing micropores in the matrix Al–Cu alloy would serve
to exacerbate the process ofmicrovoid coalescence and thereby acceler-
ate cracking, resulting in a reduced stress required for final fracture and
a lower fracture toughness.
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4.2. Improvement in fatigue strength

The improvement in fatigue resistance of the cast Al–Cu alloy can
also be attributed to the reduction of the microporosity due to TiC par-
ticulate additions. From the S–N (Wöhler) curves shown in Fig. 5a, im-
provement in the fatigue lifetimes (at a given stress amplitude) for the
TiCp/Al–Cu alloy, compared to the matrix Al–Cu alloys, only occurs at
longer lives, primarily exceeding ∼5 × 10−5 cycles. In this longer life re-
gime, fatigue lifetimes are invariably dominated by crack initiation, as
opposed to crack growth [35,36], again consistent with the diminished
role of micropores in the TiCp/Al–Cu alloy in promoting the formation
of incipient fatigue cracks. Evidence that indeed fatigue cracks do initi-
ate from themicropores in both the Al–Cumatrix and TiCp/Al–Cu alloys
can be seen in Fig. 7. The addition of TiC particles effectively reduces the
size and amount of the micropores, which serves as the initiation point
of fatigue crack. Thus, with less and small pores, the TiCp/Al–Cu alloy is
more resistant to fatigue crack initiation, which leads to a longer fatigue
life. In contrast, the matrix Al–Cu alloy with more and larger pores is
more vulnerable to fatigue crack initiation and thus present a shorter fa-
tigue life. An approximate relationship between the micropore defects
and the resulting fatigue limit can be deduced using the empirical ap-
proach of Murakami and Endo [37], viz.:

σw ¼ α Hvþ 120ð Þ
ffiffiffiffiffiffiffiffiffiffi
Area

p� �1=6 : ð2Þ

The average Vickers hardness Hv of the matrix Al–Cu alloy and the
TiCp/Al–Cu alloy was 144 Hv and 159 Hv, respectively, based on 10 in-
dentations. The Area for the matrix Al–Cu alloy and the TiCp/Al–Cu
alloy was 2826 μm2 and 113 μm2, respectively, calculated through
Fig. 7. SEM images of the fatigue fracture surfaces of (a), (b) the matrix Al–Cu, and (c), (d) th
materials, the fatigue cracks initiate from micropores on the sample surface, as shown by the d
Area = π (d/2)2 where d is the size of the largest micropore listed in
Fig. 1c. As for the factor α, it can be considered as a constant, because
the fatigue cracks of the two materials initiate at the same sites, i.e.,
from the micropores on the sample surface. Substituting the above pa-
rameters into Eq. (1), one obtains the ratio of the fatigue limits of the
two alloys to be ∼0.71. This estimation is consistentwith the experimen-
tally measured ratio 0.73 (84 MPa/114 MPa, as shown in Fig. 4a). The
bottom line here is that the improvement in the fatigue strength can
be related to the addition of nano-sized TiC particles which acts to sup-
press the generation and growth of micropores; this in turn reduces the
potency of fatigue crack initiation sites in the cast Al–Cu alloy, thereby
elevating the longer life fatigue strength of the TiCp/Al–Cu alloy com-
pared to that of the Al–Cu matrix alloy.
5. Conclusions

To summarize, the cast Al–Cu alloy processed using in situ TiC nano-
particle additions coupled with a stir-casting method display a combi-
nation of outstanding mechanical properties in comparison with to
the cast aluminum alloys currently available: the ultimate tensile
strength and uniform elongation reach 550 MPa and 12%, the fatigue
strength increases by 36% (from 84MPa to 114MPa) relative to thema-
trix alloy without TiC nanoparticle additions and the fracture toughness
is similarly increased to KIc ∼ 55 MPa∙m½. Such excellent strength, duc-
tility, fatigue and toughness properties of the TiCp/Al–Cu alloy are attrib-
uted to a marked reduction in the size and extent of casting
microporosity, which serves to aid the tensile alloy's strength, but
more importantly to provide a lesser contribution to microvoid coales-
cence thereby enhancing the ductility and toughness; furthermore,
the smaller and less numerous micropores diminish the opportunity
e TiCp/Al–Cu alloys after ∼106 cycles under 92 MPa and 124 MPa, respectively. For both
ashed-line circles.
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for the premature initiation of fatigue cracks, leading to a significant im-
provement in high-cycle fatigue resistance.
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