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High-temperature strengths and stabilities of Al;Ni and Al;Zr phases can be used to develop
heat-resistant Al-matrix composites. In the current study, Al-1Mg-0.8Mn-0.8V alloy matrix
composites are synthesized by in-situ reaction of K,ZrFg salt and Ni powder to yield Al;Zr- and
Al;Ni-reinforcing phases. The as-cast microstructural and room-temperature and high-temper-
ature tensile properties of the composite are investigated. The microstructure of the composites
contain a-Al, AlsZr, Al3Ni, and Al;oV phases. The eutectic mixture comprises alternating Al3Ni
and o-Al phases with fine AlZr precipitates distributed in the interlamellar regions. The (2 pct
AlZr + 15.2 pct AlsNi)/Al-alloy composite shows the highest mechanical properties at room
temperature, with a tensile strength of 198 MPa and a fracture strain of 6.55 pct. At 200 and
300 °C, tensile strengths of (2 pct AlzZr + 13.3 pct Al;Ni)/Al-alloy and (2 pct Al;Zr + 15.2 pct
ALNi)/Al-alloy composites reach 175 MPa and 166 MPa, and 191 MPa and 155 MPa,
respectively. At 350 °C, the highest tensile strength of this composite family reaches 82 MPa,
which surpasses some of the existing Al-Si alloys used in automotive pistons, suggesting its
potential high-temperature applications. Analysis indicates that the fracture mode of the present
composites is ductile. Transgranular cleavage fracture of coarse, brittle Al;(V phase, and
microvoid coalescence are the main failure mechanisms.
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I. INTRODUCTION

THE high-temperature mechanical properties of
conventional aluminum alloys are unable to meet the
requirements of mechanical properties of new automo-
tive engines that work at temperatures above 300 °C.["
At such high temperatures, coarsening or dissolution of
the strengthening phases at elevated temperature results
in loss of mechanical properties of the alloy and make
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them unsuitable for engine applications.!!” Aluminum
matrix composites have been studied as promising
materials for such applications.”*! In-situ aluminum
matrix composites have been investigated and have
shown promising tensile and wear properties for such
applications™ but their high-temperature properties are
not determined. The «-Al matrix of these alloys is
mainly strengthened by eutectic mixture and intermetal-
lic phases such as Al,Cu and Mg,Si, depending on the
alloy composition. However, spheroidization of Si
particles may reduce the high-temperature strength of
Al-Si alloys.”) The AlL,Cu and Mg,Si intermetallic
phases are effective in improving strength and creep
resistance of the alloys at elevated temperatures but only
below 200 °C.1*" Many cast Al-Si alloys have hypereu-
tectic composition and contain coarse, angular primary
silicon phase, resulting in low strength and ductility of
the alloys.'® Casting defects such as porosity and
inclusions are observed in cast Al-Si alloys due to a
broad “mushy zone”. These defects considerably
degrade the mechanical properties and service life of
the alloys.®! Therefore, it is desired to develop new
high-temperature alloys as substitutes to the conven-
tional Al-Si alloys.
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Studies have attempted to introduce thermally
stable trialuminides by microalloying of transition
metals (TM) to improve elevated-temperature mechan-
ical properties of aluminum alloys.!>" Precipitation
strengthening was provided by Al;Zr and ALNi by
adding Zr and Ni, respectively, in aluminum alloys is
found to be promising in this regard. Al;Zr serves as a
high-temperature strengthening phase due to its high
melting point (1580 °C), high modulus of elasticity (205
GPa), high thermal stability (425 °C).["? slow diffusivit?/
in Al-matrix (at 400 °C, Dz = 1.2 x 1072 m?/s!'?¥)
and low interfacial free energy with o-AL"*!'>] However,
the strengthening effect of AlsZr in aluminum alloys is
significantly limited due to its low solid solubility gthe
solubility limit of Zr in a-Al, C,pz =0.28 wt pet'),
which limits its ability to provide strengthening effect.!'"
Adding an excess amount of Zr into aluminum melt
causes precipitation of primary Al;Zr by peritectic
reaction during solidification. Although these primary
AlsZr precipitates can be conducive to improving the
elevated-temperature mechanical properties, the equi-
librium form of Zr trialuminides that form by a
peritectic reaction is often coarse and incoherent with
the «-Al matrix, and adds little strength to the alloy.["®
Increasing the quantity of these precipitates is detrimen-
tal to room-temperature properties due to their low
crystal symmetry.l'7!8

The eutectic reaction of Ni and Al can generate
high-temperature (> 500 °C) stable Al;Ni intermetallic
phase'"”! to obtain high-temperature stability in the
composite. Morphology of the Al-Al;Ni eutectic mix-
ture significantly influences the mechanical properties
of the composite.*”) Addition of Ni to Al-Si-Cu-Mg
alloy produces strengthening phases such as Al;Ni,
Al;CuNi, and Al,Cu4Ni. The tensile strength of the
alloy at high temperature (350 °C) can reach 62 MPa
because of Al;CuNi phase!?"! and adjustment of Cu
content can further improve the high-temperature
strength at 350 °C to 93.5 MPa.*”) Conventional Al-Si
and AI-Si-Cu system have been studied for increasing
their thermal stability with Al3Ni but the presence of
low thermal stability phases Mg,Si and Al,Cu limit
their advantage.

Mg, Mn, and V are common alloying elements in
Al-alloys. Mg increases the strength, hardness, and
corrosion resistance of Al alloys but at the expense of
ductility and impact resistance.”??! However, Mg addi-
tion is limited to small amounts because it may cause
hot brittleness and reduce the castability. The strength
of Al-alloys increases with Mn content without a loss in
ductility up to 0.8 wt pct. The addition of Mn to
commercial 6000, 7000, and 8000 series Al-alloys
signiﬁcantw increases the strength without loss of
ductility.®¥ Studies suggest that V could serve as a
grain refiner in Al-alloys!*” likely because V promotes
heterogeneous nucleation during solidification.*® More-
over, it is observed that the presence of Zr in V
containing Al-alloys can lead to precipitation of fine
Aly(Zr,, Vi) phase after heat treatment, which has
significantly higher thermal stability than Al;Zr and
ALV caused by their low lattice mismatch with the
aluminum matrix.!'*
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The current study is focused on synthesizing
Al-Mg-Mn-V alloy (without Si and Cu) matrix in-situ
composites containing Al;Zr and Al;Ni precipitates by
direct melt reaction (DMR) method in order to obtain
high volume fraction of strengthening phases with the
desired microstructure. These phases are expected to
provide high-temperature stability and strengthening
effect in the composite. The in-situ reaction methods of
composite synthesis, such as DMR, have many advan-
tages, such as the volume fraction of the reinforcing
phase can be varied over a wide range, and a clean
interface between the strengthening phase and the
matrix can be obtained without having to separately
addressing the issue of wettability. Particularly, the
DMR method is known for its simplicity, low cost, and
near-net-shape-forming capabilities.””) DMR method
has been used with success to introduce Al;Zr trialu-
minide in Al matrix by adding K,ZrF4 inorganic
salt.?’3Y% However, the available studies have not
focused on understanding the high-temperature charac-
teristics, especially the microstructural and mechanical
properties and retention of mechanical properties above
the intended use temperature of 300 °C. The as-cast
microstructural, room-temperature, and elevated-tem-
perature mechanical properties of the composite are
studied, which lay the foundation for developing new
varieties of heat-resistant aluminum matrix composites.

II. MATERIALS AND PROCEDURES

The (xAlsZr + yAl3Ni)/Al-1Mg-0.8Mn-0.8V (x and y
represent wt pct) composites were synthesized in a
mid-frequency induction furnace (20~40 kHz) by using
Al, Mg plate, and powders of Ni, Mn, and V, all of
which are 99.9 pct pure as well as analytically pure
inorganic salt K,ZrFg4. First, aluminum ingots were
melted in a graphite crucible. Covering agent (50 pct
NaCl + 50 pct KCI, powder) was added to the melt
surface. The temperature of the melt is controlled at
720 °C and held for 5 minutes. The melt temperature
was measured using a metallic thermocouple with a
digital indicator dipped into the melt and was controlled
by adjusting the power. Then, the melt was deslagged
and then mechanically stirred at 600 r/min. Ni, V, Mn,
Mg, Al-5Ti-1B refining agent, and K,ZrF¢ salt were
added successively while stirring. This process lasts for
about 10 minutes. C,Clg refining agent was added after
stirring and then the melt was allowed to sit for
5 minutes. Finally, the melt was deslagged again and
poured into a preheated (100~150 °C) permanent cylin-
drical die (20 mm inner diameter and 135 mm height).

Specimens of 10 mm diameter and 10 mm length were
cut by a CNC wire cutting machine for microscopy. A
TD-2500 X-ray diffractometer was used for composition
analysis. The K, radiation of Cu target, 20 mA current,
6°/min scanning speed, and 15° to 85° scanning angle
range were selected as the scanning parameters. The
microstructures and chemical compositions were ana-
lyzed by the Phenom scanning electron microscope/
energy dispersive spectrometer (SEM/EDS). Room-tem-
perature and high-temperature (200 °C, 300 °C, and
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350 °C) tensile tests were conducted on a WDW3100
computer controlled universal testing machine at cross-
head displacement speed of 0.5 mm/min. Specimens for
high-temperature tests were homogenized at the set
temperatures for 20 minutes before loading. Figure 1
shows the size of the cylindrical specimens used for the
tensile test. The surfaces of the tensile specimens were
polished before testing.

III. RESULTS AND DISCUSSION
A. Effect of Al3Zr Content Variation

1. Microstructure

Figure 2 shows XRD patterns of the as-cast
(xAlzZr + 11.7 pct  AlzNi)/Al-1Mg-0.8Mn-0.8V com-
posites with different mass fraction of AlzZr (x = 1, 2,
3 and 4 pct). The results show that the microstructures
of four composites mainly consist of a-Al, Al;Ni, Al;Zr,
and Al;oV as well as a small amount of Al3Ti phase.

Figure 3 depicts the locations of EDS analysis con-
ducted on the microstructure, and the corresponding
results are presented in Table I for 2 pct AlzZr com-
posite. It can be observed that some Mg, Mn, and V
elements are dissolved in the Al;Ni phase, while Mg, V,
Ni, and Ti elements are found dissolved in the Al;Zr
phase. Figure 4 shows that the composite matrix is
composed of dark «-Al dendrites, and the AI-AL3Ni
eutectic mixture is distributed in the interdendritic
regions. This distribution should be related to the Ni
content. Mass fraction of Al;Ni is 11.7 pct, and the
corresponding Ni addition level is 5 wt pct, which is
lower than the Al-Ni equilibrium eutectic composition
(6.1 pct Ni'"3l). The hypoeutectic Al-Ni alloy contains
primary o-Al dendrites precipitate followed by precip-
itation of Al-Al5Ni eutectic mixture in the interdendritic
region. The platelet-like morphology of Al;Ni phase,
appearing as closely spaced lines in the cross-section
micro{gra}?hs, is similar to the previous observa-
tions."¥134 Moreover, very fine particles of AlyZr
(=1 to 5um) are distributed between the AIl3Ni
platelets. A small amount of coarse, blocky Al;oV phase
is also observed in the matrix, which indicates that the V
content (0.8 wt pct) is slightly over the solubility limit of
Vin a-Al (Cypy = 0.56 wt pet.1H¥)

As the mass fraction of Al;Zr changes, the shapes and
sizes of the primary a-Al phase and the relative amount
of a-Al + Al3Ni eutectic mixture are also changed, as
observed in Figure 4. With the increasing Al;Zr content,
the size and amount of the primary «-Al dendrites are

reduced. The relative amount of Al + Al3Ni eutectic
mixture increases with the increasing Als;Zr. It is likely
that the reduction of the primary a-Al dendrites and the
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Fig. 2—XRD pattern of (xAl3Zr + 11.7 pct Al3Ni)/
Al-1Mg-0.8Mn-0.8V composites with different mass fractions of
A13Zr.
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Fig. 1-—(a) Photo and (b) dimensions of the tensile specimen.
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increase of Al + Al3Ni eutectic structure are related to
the addition of K,ZrF that reacted with aluminum melt
and consumed Al The reaction of Al and K,ZrFg
occurs at over 700 °C, while Al-Ni eutectic reaction
temperature is 640 °C.["*! The relative concentration of
Ni in the melt is closer to eutectic composition (6.1 Ni
wt pct) when the melt temperature is below 640 °C,
which results in a higher amount of Al + Al;Ni eutectic
mixture, as shown in Figures 4(c) and (d). The fine
particles of Al;Zr appear to be aggregated, and the
segregation seems to increase with the increasing Al;Zr
content, which indicates that these particles are difficult
to disperse uniformly, even with applied mechanical
stirring.

2. Room-temperature mechanical properties

Figure 5 shows the room-temperature engineering
stress—strain curves of (xAl;Zr + 11.7 pct  Al3Ni)/
Al-1Mg-0.8Mn-0.8V composites containing various
Al;Zr mass fractions. The tensile properties measured
from these tests are given in Table II. The tensile
strength and yield strength of the composite with 1 and
2 pct Als3Zr are higher than other compositions, and the
tensile strength of 2 pct Al3Zr is close to 190 MPa.

When the mass fraction of Al;Zr increases to 3 and
4 pct, the tensile strength of the composites decreases to
about 150 MPa, and the yield strength decreases to
about 70 MPa. The strengthening effect of Al;Zr on the
mechanical properties of the composite does not follow
a linear trend with respect to the Al;Zr content. Initially
high elastic modulus, high strength and fine particle size
(average size ~ 1 to 5 um) of Al3Zr phase help in
obtaining precipitation hardening effects but agglomer-
ation of the precipitated phase start to dominate over 3
wt pct reinforcement (Figures 4(c) and (d)) and leads to
decrease in the properties. The (2 pct Al;Zr + 11.7 pct
Al3Ni)/Al-1Mg-0.8Mn-0.8V composite with a tensile
strength of 189 MPa and a fracture strain of 3.29 pct
has the best combination of mechanical properties.
Although the best room-temperature tensile strength of
the present composites is still below 200 MPa, it reaches
the room-temperature strength level of some cast
MAHLE aluminum piston alloys,*” such as M126
(180 to 220 MPa), M138 (180 to 220 MPa), and M244
(170 to 210 MPa). The fracture strain of all composites
is over 2 pct, which is higher than the above-mentioned
MAHLE Al-Si piston alloys (=~ 1 pct).>”

B. Effect of Al3Ni Content Variation

1. Microstructure

The microstructural and mechanical properties of
(2 pct AlZr + xAl;Ni)/Al-1Mg-0.8Mn-0.8V  compos-
ites with the Al3Ni mass fractions of 2.3, 7, 13.3, and
15.2 pct are discussed in this section. Figures 6 and 7
show the XRD patterns and microstructures of the
composites. The XRD results show that the microstruc-
ture of these alloys is mainly composed of a-Al, Al3Ni
phase, Al;Zr phase, and a small amount of Al;yV phase.
It is observed in Figure 7 that AlsZr fine particles are
bright white and granular, and Al,(V phase is larger and
blocky. With the increasing Ni addition level and Al;Ni
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content, the morphologies of the eutectic structure
(a-Al + Al3Ni) and «-Al phase changed dramatically.
When the content of Niis 1 wt pct, only a small quantity
of (Al + Al;Ni)-divorced eutectic structure is generated
and distributed in a-Al interdendritic regions.

The primary «-Al phase is coarse with the average size
of about 80 um. At the Ni content of 3 wt pct, the
average dendrite size of «-Al decreases to about 50 um,
while a greater amount of (Al + Al3Ni) eutectic mixture
appears and begins to surround the primary o-Al phase
as shown in Figure 7(b). When the Ni content is 5.7
wt pct, only a small amount of primary a-Al dendrites
can be observed, while the amount of (Al + Al;Ni)
eutectic mixture is further increased as shown in
Figure 7(c). When the Ni content is further increased
to 6.5 wt pct, the microstructure is mainly composed of
some fine primary Al;Ni and a significant amount of
fine (Al + AI3Ni) eutectic mixture as well as Al;Zr
particles as shown in Figure 7(d). It appears that the
(Al + Al;Ni) eutectic mixture in Figure 7(d) is finer than
that observed in Figures 7(b) and (c). The primary a-Al
dendrites are not observed in Figure 7(d).

2. Tensile properties

Figure 8 shows the engineering stress—strain curves
for (2 pct AlsZr + xAl3Ni)/Al-1Mg-0.8Mn-0.8V com-
posite with different AI3Ni mass fractions at room
temperature. The corresponding tensile properties are
presented in Table III. It can be observed that the tensile
strength and yield strength increase with the increase of
Ni content (i.e., the increase of Al;Ni). The tensile
strength of the composite with 2.3 wt pct Al3Ni is
measured to be 114 MPa but increases with further
addition of ALNi. At 13.3 wt pct of AI3Ni in the
composite (i.e., Ni level becomes close to the AI-Ni
eutectic composition), the tensile strength is over
190 MPa and the yield strength reaches 87 MPa. When
Al3Ni content is 15.2 wt pct (i.e., 6.5 wt pct Ni, which is
a hypereutectic composition), the tensile strength
reaches the highest level of 198 MPa. These observa-
tions indicate that having Ni content close to or greater
than the AI-Ni eutectic composition is beneficial for
mechanical properties of the composite.

C. High-Temperature Tensile Properties

Room-temperature test results revealed that the
mechanical properties of (2 pct AlsZr + xAlsNi)/Al-al-
loy composites containing 13.3 and 15.2 wt pct of Al;Ni
are high. Here, these compositions are selected for
studying their elevated temperature mechanical proper-
ties. The high-temperature stress—strain curves for two
composites at 200 °C, 300 °C and 350 °C are shown in
Figure 9. Table IV presents the corresponding tensile
property values.

It is observed that the tensile strength decreases with
the increasing temperature, but the decrease is small up
to 300 °C, which is attributed to thermal stabilities of
AlsZr and Al3Ni phases within this temperature range.
The highest tensile strengths at 200 °C and 300 °C are
191 (15.2 wt pct Al3Ni) and 166 (13.3 wt pct Al3Ni)
MPa, respectively. Tensile strengths at 350 °C are
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Table I. EDS Component Analysis of Each Phase (Atomic Percent)
Spot Number* Al Mg Mn v Ni Zr Ti Phase Types

1 97.27 1.55 0.36 0.26 0.43 0.00 0.13 a-Al

2 87.42 0.96 4.78 4.61 1.97 0.00 0.25 AljpV
3 80.84 0.89 0.00 0.84 1.30 15.73 0.42 AlzZr
4 87.02 1.37 0.45 0.24 10.92 0.00 0.00 Al3Ni
5 88.83 1.20 0.53 0.30 9.14 0.00 0.00 Al3Ni
6 86.65 0.86 3.61 6.84 1.93 0.00 0.11 Al vV
7 79.20 0.90 0.00 0.60 0.82 18.17 0.31 AlzZr

Spot numbers 1 to 7 represent the EDS spot scan at corresponding locations shown in Fig. 3.

s \‘\\\: \ndt \’ﬁ\'\
ey

/ Al+Al:Ni
eutectic structure

Fig. 4—Microstructures of (xAlsZr + 11.7 pct AlzNi)/Al-1Mg-0.8Mn-0.8V composites with different Al;Zr mass fraction: (¢) x = 1 pct, (b)

x = 2pCts ()x =3 pct, and (d) x = 4pct‘

70 MPa (13.3 wt pct Al3Ni) and 82 MPa (15.2 wt pct
Al3Ni), respectively. In general, the tensile strength
values of these two compositions are close to each other.
The fracture strain of the composite with 13.3 wt pct
Al3Ni is 8 pct, and that of the composite with 15.2
wt pct AlI3Ni is 6 pct, which are similar to the fracture
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strains of some MAHLE Al-Si piston alloys.*” Elevated
temperature tensile strengths of these two composites at
350 °C are better than some other Al-Si heat-resistant
aluminum alloys as shown in Table V, which suggests
their potential application at above 300 °C in the
automobile engine field.
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The MAHLE aluminum piston alloys such as M 124,
M126, M138, M142, M145, M174+, and M244 have
been widely applied in engines. The comparison data
show that the present composites have higher tensile
properties and are promising in the high-temperature
applications. However, fatigue strength, Young’s mod-
ulus, thermal conductivity, thermal expansion, and
relative wear rate are among other properties that need
to be characterized for the present alloy system to ensure
they can replace some of the MAHLE alloys in
high-temperature applications. The results obtained
from the present experiments provide great confidence
to conduct these further studies.

D. Strengthening and Failure Mechanisms

In dispersion-strengthening mechanism, the matrix is
the main load-bearing phase. Rigid particles (usually 1
to 100 nm diameter) hinder the motion of dislocations in
the matrix by increasing resistance for dislocation slip,
which improves the strength of the composite.*”! How-
ever, the average size of most Al;Zr particles and some
Al;Ni particles is over 1 um in the present composites.
Controlling the size of Al;Zr and Al;Ni precipitates by
applying mechanical stirring (up to 600 r/min) to the
melt during in-situ reaction process was considered.
However, very little effect of stirring on the precipitate
size was observed at these speeds, and nanoscale Al;Zr
and Al;Ni precipitates were not formed. Other means
such as heat treatments can be explored in the future to
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Fig. 5—Tensile stress—strain curves of (xAl;Zr + 11.7 pct AL;Ni) /
Al-1Mg-0.8Mn-0.8V composite with different Al;Zr mass fraction.

reduce the precipitate size to benefit from the strength-
ening mechanisms that contribute at nanoscale. The
larger size (1 to 100 um diameter) reinforcing precipi-
tates obtained in the current study contribute to a
particle strengthening mechanism, where matrix and
particles share the load. These particles restrain defor-
mation of the matrix besides hindering the dislocation
motion. The platelet-like eutectic phase also contributes
to strengthening in these composites. The matrix is not
the main load-bearing phase but contributes to trans-
ferring the load through the interface, while the Al;Ni
platelets bear the load and strengthen the material.
Figures 7(c) and (d) show the presence of Al;Ni platelet
phase in the eutectic mixture. These hard load-bearing
platelets contribute to the strengthening of the compos-
ite. These two-dimensional platelets are better load
bearers compared to the fine particulates present in the
microstructure. However, the tensile strengths of the
present composites at room and high temperatures are
not obviously better than some conventional Al-Si
alloys. Random orientation of Al + Al;Ni eutectic
mixture in the matrix due to nondirectional solidifica-
tion of the alloy is the likely reason that the presence of
ALNi has not resulted in increasing the strength
compared to that of the conventional Al-Si alloy.
Directional solidification may align the eutectic mixture
preferentially and provide further improvement in the
strength in the direction of lamella. Moreover, there are
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Fig. 6—XRD pattern of (2 pct AlsZr + xAl;Ni)/Al-1Mg-0.8Mn-0.8V
composites with different AI3Ni mass fractions.

Table II. Tensile Properties of (xAl;Zr + 11.7 pct Al3Ni)/Al-1Mg-0.8Mn-0.8V Composites with Different Al;Zr Mass Fraction
Mass Fraction of Al;Zr (Pct) UTS (o) (MPa) YS (09,) (MPa) Fracture Strain (Pct) Elongation
1 162 74 2.74 2.04
2 189 80 3.29 2.98
3 151 70 2.57 1.80
4 150 71 2.66 2.23
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Fig. 7—Microstructure of the composite with different Al;Ni contents by weight: (a) 2.3 pct, (b) 7 pct, (¢) 13.3 pct, and (d) 15.2 pct.
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Fig. 8—Tensile engineering  stress—strain  curves of (2 pct
AlzZr + xAl3Ni)/Al-1Mg-0.8Mn-0.8V  composites with different
Al3Ni at room temperature.
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crystallographic orientation relationship [221]a132://
[100]a1, (012)a132://(110)4*"! between AlsZr and Al
matrixes and  (100)a3nill(131) A1 [010]arsnill[ 10114
between AL3Ni and Al matrixes, which indicates AlsZr
and Al3Ni have coherent relation with the matrix. These
orientation relationships provide the phase boundary
with strong interface bonding that ensures that decohe-
sion cannot happen at high temperature. Ni has a very
low solid solubility limit in the «-Al matrix at room
temperature (only 0.05 wt pct??”) and may not be able to
play an important role in strengthening the alloy.
Therefore, the particle-reinforced, fiber-reinforced, and
coherent strengthening are likely the most important
high-temperature strengthening mechanisms in the pre-
sent composites.

The composite (2 pct AlzZr + 15.2 pct Al3Ni)/ Al-al-
loy is chosen for failure analysis. Figure 10 shows the
failure characteristics of the specimens that were sub-
jected to testing at different temperatures. In all cases,
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Table III.

Tensile Properties of Composite (2 pct Al;Zr + xAl3Ni)/Al-1Mg-0.8Mn-0.8V at Room Temperature

Mass Fraction of Ni Addition Mass Fraction of AI3Ni UTS (oy,) YS (6¢.) Fracture Strain Elongation
(Pct) (Pct) (MPa) (MPa) (Pct) (Pct)
1 2.3 114 69 >7.11 5.02
3 7 170 63 9.43 6.52
5.7 13.3 191 87 5.67 3.98
6.5 15.2 198 70 6.55 3.86
(a) 200 (b) 220
180 —2a-20°C 200 —2a-20°C
——b-200°C ——b-200°C /‘
160 —-300°C 180 - ¢-300°C -2
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Fig. 9—Tensile stress—strain curves of composites (2 pct Al;Zr + xAl;Ni)/Al-1Mg-0.8Mn-0.8V at high temperature: (¢) x = 13.3 pct and (b)

x = 15.2 pct.

Table IV. Tensile Properties of Composites (2 Pct Al;Zr + x Pct Al;Ni)/Al-1Mg-0.8Mn-0.8V at High Temperature

UTS (,) (MPa)

YS (002) (MPa)

Fracture Strain (Pct)

Elongation (Pct)

Temperature (°C) x =133 x =152 x =133 x =152 x =133 x =152 x =133 x =152
25 191 198 87 65 5.67 6.55 3.98 3.86
200 175 191 100 83 6.55 4.92 4.68 3.12
300 166 155 90 85 5.39 5.70 3.75 3.66
350 70 82 48 70 >8.43 6.01 5.24 5.46

the failure shows strong indication of being ductile
failure due to the presence of dimples (elliptic regions
are equiaxial dimples, rectangular regions are longilineal
dimples) created by plastic deformation and microvoid
coalescence (MVC). The ductile fracture mode is con-
sistent with the fracture strain values shown in Table 1V,
which are greater than 5 pct for the composites. This
ductile fracture mode is different from the brittle
fracture in Al;Ni and interfacial debonding in Ni-7050
composites reported by earlier studies.**! Close exam-
ination of the fracture surface shows some fine Al;Zr
and Al3Ni particles in the middle of the equiaxed
dimples (Figure 10e), where finer particles lead to
smaller dimples. Eutectic Al3Ni platelets are observed
in the center of the eclongated dimples (Figure 10f).
AL3Ni platelets separated from the «-Al matrix or
fractured into pieces do not appear on the fracture sur-
face, which indicates that there no interfacial debonding

METALLURGICAL AND MATERIALS TRANSACTIONS A

or brittle fracture of Al;Ni. These observations show
that the dimples initiate by o-Al matrix plastic defor-
mation around hard Al;Zr or AlsNi precipitates and
coalescence of such voids generating larger cracks on the
fracture surface. Failure at the interface between these
particles and matrix due to stiffness mismatch can also
lead to microvoid formation but such separation is not
observed in the micrographs. Moreover, the dimples
increase in size and number with the increasing testing
temperature. Reduction in the interfacial bonding force
and softening of the matrix with the increasing temper-
ature also indicate that the interface plays an important
role in the failure of these composites.

The fracture surfaces contain some coarse cleavage
planes (triangular regions in Figure 10). According to
the EDS analysis shown in Figure 11, these blocky
phases are Al;oV, which is a brittle phase with low
crystal symmetry that is detrimental to the strength and
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Table V. Comparison of Tensile Strength at 350 °C with Other Al-Si Heat-Resistant Aluminum Alloys

Materials Composition (Wt Pct) Temperature (°C) UTS (MPa) Year Ref.
(2 pct AlsZr + 15.2 pct AlzNi)/Al-1Mg-0.8Mn-0.8V 350 82 2018 Present study
Al-12Si-3.5Cu-2Mn-1Cr 350 106 2018 10
Al-12Si-0.9Cu-0.8Mg-4Ni 350 116 2017 36
Al-12.5Si-0.84Mg-5Cu-2Ni-0.5Fe-(0.24~0.28) Cr 350 ~92 2015 37
Al-138Si-3Cu-0.6Fe-0.6Mn 340 92 2011 38
Al-138Si-5Cu-0.6Fe-0.6Mn 340 97 2011 38
Al-12.75Si-2.63Cu-1.93Ni 350 78.1 2012 22
Al-12.87Si-5.45Cu-1.83Ni 350 93.5 2012 22
Al-138Si-1.08Cu-1.05Mg-1Ni 350 61.63 2010 21
Al-12.8Si-3.23Cu-1.01Mg-1Ni 350 61.71 2010 21
Al-12.57Si-1.02Cu-1.23Mg-1.07Ni-0.04Mn 350 67.07 2008 39
Al-12.57Si-1.02Cu-1.23Mg-1.07Ni-0.15Mn 350 75.62 2008 39
Al-12.57Si-1.02Cu-1.23Mg-1.07Ni-0.4Mn 350 71.92 2008 39
Z1.109 350 67.4 2018 10
Al-(11~13)Si-(0.5~1.5)Cu-(0.8~1.3)Mg-(0.8~1.5)Ni
M124 350 35to 55 — 35
Al-12Si-1Cu-1Mg-1Ni
M126 350 35to 55 — 35
Al-16Si-1Cu-1Mg-1Ni
M138 350 35to 55 — 35
Al-18Si-1Cu-1Mg-1Ni
M244 350 35to 55 — 35
Al-25Si-1Cu-Mg-1Ni
M142 350 45 to 65 — 35
Al-12Si-3Cu-2Ni-1Mg
M145 350 45 to 65 — 35
Al-15Si-3Cu-2Ni-1Mg
M174+ 350 45 to 65 — 35
Al-12Si-4Cu-2Ni-1Mg
ductility of the composites.*® Therefore, transgranular 2. The room-temperature tensile strength of the com-
cleavage fracture of Al;V is also a failure mode of the posites increased with the increasing AI3Ni content.
present composite. The (2 pct AlsZr + 15.2 pct Al;Ni)/Al-alloy com-
posite shows the best overall mechanical properties,
with a tensile strength of 198 MPa and a fracture
IV. CONCLUSIONS strain of 6.55 pCt. At 200 °C and 300 OC, tensile
strengths of composites (2 pct Al;Zr + 13.3 pct
The as-cast microstructure and tensile properties at AlNi)/Al-alloy and (2 pct AlZr + 15.2 pet
room temperature and elevated temperature are studied Al3Ni)/Al-alloy reach 175 MPa and 166 MPa, and
for in-situ reaction composites (Al;Zr + Al3Ni)/ 191 MPa and 155 MPa, respectively. At 350 °C, the
Al-1Mg-0.8Mn-0.8V. The main conclusions are sum- highest tensile strength reaches 82 MPa, which
marized as surpasses some MAHLE Al-Si piston alloys, sug-
. L . gesting its potential application in heat-resistant
I The milcrc()ist'ruc‘;lures of the dln-51tu Compocsiltesf parts of automotive engines. However, further
mnvestigated n the current study are composed o studies on creep, dynamic properties, and wear
a-Al, AlsZr, Al3Ni, and Al;yV phase. The eutectic behavi d b ired bef .
. 2 : ehavior wou e required before the composite
Al3Ni phase exhibits lamellar morphology with b di 1 licati
Iternating layers of o-Al. The fine AlsZr particles can be used In actual app 1catlops.
a g 'ay 4L P 3. Analysis indicates that the failure mode of the

are mainly distributed in the space of Al + Al3Ni
eutectic structure. Some coarse, blocky Al;(V
phases with low crystal symmetry are scattered in
the matrix. Increase in the Al;Zr content results in
the decrease in the size of the primary o-Al
dendrites, but the relative amount of Al + Al;Ni
eutectic mixture increases. The AlsZr particles tend
to agglomerate at greater than 2 wt pct content.
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present composites is ductile fracture; the particle
strengthening, fiber-reinforced strengthening, and
coherent strengthening are the main strengthening
mechanisms, while significant eutectic mixture pre-
sent in the microstructure provides toughening.
Transgranular cleavage fracture of coarse, brittle
Al(V phase, and the microvoid coalescence frac-
ture are among the main failure mechanisms.
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Longilineal dimple
and AlNi inclusions

Fig. 10—Microfracture surface morphologies of (2 pct Al;Zr + 15.2 pct Al;Ni)/Al-1Mg-0.8Mn-0.8V at different temperatures: (a) 25 °C, (b)
200 °C, (¢) 300 °C, (d) 350 °C, (e) 300 °C at higher magnification, and (f) 350 °C at higher magnification.
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Fig. 11—EDS analysis of Al10V phase in locations shown in Fig. 10(a): (a) 1, (b) 2 and in Fig. 10(b): (¢) 3 and (d) 4.
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