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An attempt was made to explore the possibility of fabricating AA2618 reinforced by submicron AlN
particles. The results show that the addition of AlN particles decreases remarkably the grain size of the
alloy. The 2618-AlN dispersion-strengthened alloy has the same strength as AA2618 at room temperature
in the T6 state, but exhibits significantly higher strength after isothermal exposure at 200 °C for 100 h. The
strength of the dispersion-strengthened alloy at elevated temperatures was greater than that of AA2618.
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1. Introduction

AA2618 is a heat-treatable Al-Cu-Mg-Fe-Ni forging alloy,
which is widely used in the automobile industry and for aircraft
engine components (Ref 1). It is a heat-resistant structural ma-
terial fabricated by ingot metallurgy (I/M). The addition of
small amounts of Fe and Ni can improve the microstructural
stability during thermal exposure (Ref 2). The main precipi-
tates in this alloy are coherent Guinier-Preston-Bagaryatskii
(GPB) zones, which form rapidly during aging at temperatures
higher than 200 °C, and the semicoherent S�(Al2CuMg) phase,
which apparently strengthens the alloy. Stable intermetallic
particles, such as the Al9FeNi particles, are useful in control-
ling grain size and for impeding dislocation motion. It should
be stressed here that the amount of Fe and Ni in the alloy
should be balanced; otherwise, these elements may combine
with Cu to form stable compounds that reduce the response of
the alloy to age hardening (Ref 3). To improve the mechanical
properties of AA2618 at high temperatures, much research has
been done over the years (Refs 4-11). The addition of Sc and
Zr to AA2618 results in the precipitation of primary Al3(Sc,Zr)
particles, and thus, increases both the ambient- and elevated-
temperature strength (Refs 4, 5). Increasing the amount of Fe
and Ni in the alloy enhances the tensile strength (Refs 6, 7).
The experimental results indicate that AA2618, reinforced with
5 to 20 wt.% SiC or Al3O2 particles in the size range of 2 to 20
�m, showed higher elevated-temperature tensile strength (Refs
8, 9). However, the SiC and Al3O2 particles do not bond well
with the matrix due to the poor wetting ability between par-
ticles and matrix. Additionally, stress concentrations near the
coarse particles are high, resulting in the tendency for prema-
ture rupture along the interface. The particles are also prone to
fracture when the composite is subjected to

deformation. The fracture tendency of the coarse particles de-
pends on their aspect ratio (Ref 12). Conversely, there is no
problem with wetting in AA2618 reinforced with in-situ syn-
thetic TiC particles (Ref 13), but the processing is so compli-
cated it results in high manufacturing costs. The purpose of the
present study is to explore the possibility of fabricating
AA2618 reinforced with submicron AlN particles using stir
casting as the processing method, and to investigate the effect
of the AlN particles on microstructure and mechanical proper-
ties of the alloy, especially the elevated-temperature mechani-
cal properties.

2. Experimental Procedures

The nominal compositions of the studied materials are listed
in Table 1. The reinforced AA 2618 is referred to 2618-AlN in
the following discussions. Pure Al and Mg, and master alloys
of Al-Cu, Al-Fe, and Al-Ni, were used as starting materials.
One piece of AA2618 was used as the reference material. The
fabricating method for 2618-AlN consists of melting a multi-
plex-salt (30%NaCl + 47%KCl + 23%Na3AlF6) in a resistance
crucible while the submicron (0.1-0.7 �m, mean size 0.4 �m)
AlN particles were preheated at 250 °C to remove residual
moisture. A mixture of 50 wt.% multiplex-salt and
50 wt.% submicron AlN particles was ball milled for 2 h. The
AA2618 was then melted at 750 °C and kept molten for 20 min
in a resistance crucible furnace at which point 2 wt.% of the
salt-AlN mixture was added to the alloy and stirred for a suf-
ficient time to ensure complete mixing. After refining and
inoculation, the molten alloy was poured at 730 °C into a pre-
heated steel mold (200 °C). The cast ingots were homogenized
at 480 °C for 16 h. The ingots were sectioned into 16 mm thick
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Table 1 Compositions of the alloys used in this study
(wt.%)

Alloy Cu Mg Fe Ni Ti AlN Al

AA2618 2.26 1.53 1.1 1.15 0.02 0 bal
2618-AlN 2.26 1.53 1.1 1.15 0.02 1.0 bal

Note: The volume fraction of AlN is 0.83%.
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plates and rolled to 7 mm in three passes using a reheat tem-
perature of 480 °C. The plates were subsequently rolled to a
thickness of 2 mm in three passes at room temperature with the
plates annealed at 450 °C between passes. The rolled plates
were then solutionized in salt at 535 °C and quenched into
water at room temperature. The plates were then aged at 200 °C
for 20 h (T6 state). After aging, some of the material was
isothermally aged at 200 °C for 100 h in a resistance furnace to
examine the effects of long-term high temperature exposure on
the room- and elevated-temperature mechanical properties of
the alloys. The gauge section of the tensile specimens mea-
sured 30 × 6 × 2 mm.

The microstructures of the alloys were observed using op-
tical microscopy (OM) and transmission electron microscopy
(TEM). X-ray diffraction (XRD) was carried out to check the
phase constitution of 2618-AlN. The samples for TEM obser-
vation were prepared by double-jet electro-chemical polishing
in a solution of 25% nitric acid and 75% methyl alcohol at −15
to −25 °C. The room- and elevated-temperature tensile tests
were carried out on an Instron (Instron Company, UK) 8032
servo-hydraulic testing system attached to a computerized data

acquisition system. The tensile specimens were heated to the
test temperature and kept there for 12 min prior to tensile
testing. The displacement rate was 2 mm/min, yielding a strain
rate 0.067/min.

3. Results and Discussion

3.1 Microstructures of the Alloys

Figure 1(a) and (b) show the microstructures of as-cast
AA2618 and 2618-AlN. Three phases, �(Al) and S
(Al2CuMg), as well as Al9FeNi, were identified in the alloys.
Besides these phases, the AlN particles (gray) can be seen in
2618-AlN, as shown in Fig. 1(c). Figure 1(d) shows the mor-
phology of the boundary in 2618-AlN. Due to the limited frac-
tion of AlN particles, they cannot be identified from the XRD
pattern, as shown in Fig. 2. In AA2618, the Al9FeNi phase is
distributed inside the grains or at the grain-boundaries in
needle-like form, but the S (Al2CuMg) phase is found only at
the grain boundaries. In 2618-AlN, most of the coarse Al9FeNi
and S (Al2CuMg) phases are observed at the grain boundaries,

Fig. 1 Microstructures of the as-cast alloys: (a) AA2618; (b-d) 2618-AlN
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and the morphology of the Al9FeNi phase is “block-like”. The
morphologies of the grains of 2618-AlN is petaline in nature,
and the subgrain size is slightly smaller than that of AA2618
(Fig. 1b).

The wetting ability of the submicron AlN particles with
liquid Al was improved due to the use of the multiplex-salt
(NaCl + KCl + Na3AlF6), and the high-energy ball milling
salt-particle mixture. During the melting of 2618-AlN, the mix-
ture dispersed rapidly on the surface of the liquid aluminum
alloy due to the multiplex-salt. Stirring continuously, the AlN
particles were evenly distributed in the liquid alloy. After so-
lidification, the AlN particles were uniformly dispersed in
2618-AlN. A TEM micrograph of 2618-AlN after quenching is
shown in Fig. 3. It is clear that many AlN particles are dis-
persed in the � (Al) matrix of 2618-AlN.

The S (Al2CuMg) phase that existed at the grain boundaries
of AA2618 and 2618-AlN dissolved after homogenization at
480 °C, and precipitated in the alloys after cooling. The mor-
phology of Al9FeNi phase was that of small particles after
hot-rolling and this did not change during subsequent annealing

treatments. The microstructures of hot-rolled AA2618 and
2618-AlN are shown in Fig. 4. It can be seen that dynamic
recrystallization has occurred in both alloys during hot rolling.
The grain size of 2618-AlN is smaller than that of AA2618
after dynamic recrystallization owing to the existence of the
large fraction of dispersed submicron AlN particles, which sup-
pressed dynamic recrystallization as well as coarsening of the
grain of 2618-AlN.

The force exerted by the AlN particles in retarding recrys-
tallization can be expressed as (Ref 14):

Pz = 3 f��2r (Eq 1)

where � is the boundary energy (given a value of 0.5 J/m2), f
is the volume fraction (0.83%), and r is the average size of the
AlN particles (4 × 10−7 m). According to the calculation, the
force Pz exerted by the AlN particles is equal to 15.6 MPa. The
force resisting recrystallization in 2618-AlN is larger than that
of AA2618 due to the fraction of AlN particles. Likewise, the
velocity of the grain boundaries in 2618-AlN is smaller than
that of AA2618 for the same reason.

Fig. 2 XRD pattern of 2618-AlN Fig. 3 TEM observation of alloy 2618-AlN after quenching

Fig. 4 Microstructures of hot-rolled (a) AA2618 and (b) 2618-AlN
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The microstructures of AA2618 and 2618-AlN in the T6
state are shown in Fig. 5. This figure shows that recrystalliza-
tion occurred in both alloys with the grain size of both alloys
becoming larger during solid-solution heat treatment (at
535 °C) and long-term aging. The measured results of the al-
loys show that the mean grain size of AA2618 is about 25 �m
and that of 2618-AlN 12 �m. It can be seen from Fig. 5 that the
grain size of 2618-AlN is much smaller than that of AA2618.
The reason is the same as that explained previously in this
article.

3.2 Properties of AA2618 and 2618-AlN

The room-temperature mechanical properties of AA2618
and 2618-AlN after quench-aging (T6 state) and isothermal
exposure at 200 °C for 100 h are shown in Table 2. Clearly, the
tensile strength of 2618-AlN is almost equal to that of AA2618
in the T6 state. It can be inferred from the experimental results
that the existence of the semicoherent S� (Al2CuMg) phase is
the main reason for the strengthening of the alloys (T6 state) at
room temperature. There is little strengthening from the sub-
micron AlN particles or the smaller grain size of the matrix
for 2618-AlN in the T6 state. However, after exposed at 200 °C
for 100 h, the room-temperature tensile strength of 2618-AlN
became larger than that of AA2618. The reasons for this are
that S� (Al2CuMg) coarsened and gradually transformed to
the equilibrium S (Al2CuMg) phase, which is no longer coher-
ent with the � (Al). So strengthening from the semicoherent
S� phase was almost completely lost after isothermal expo-
sure. Due to the existence of the fraction of submicron AlN
particles and their strengthening of 2618-AlN, the room-
temperature tensile strength of 2618-AlN was larger than that
of AA2618.

The elevated temperature tensile properties of the alloys are
shown in Table 3. With the addition of submicron AlN par-
ticles, the elevated temperature tensile strength of 2618-AlN
increased markedly regardless of whether it was subjected to
isothermal exposure at 200 °C or not. The results show that the
elevated temperature tensile strength of 2618-AlN was 19%
higher than that of AA2618 before isothermal exposure. After

isothermal exposure at 200 °C for 100 h, the strength increased
by 30% relative to AA2618. The results indicate that strength-
ening from S� decreased significantly at elevated temperatures
for AA2618, while the AlN particles helped keep the strength
of 2618-AlN high relative to AA2618. After isothermal expo-
sure, the tensile strength of AA2618 and 2618-AlN decreased
to a greater degree during elevated temperature testing for the
reasons expressed previously in this article. However, the sub-
micron AlN particles, which are stable at high temperatures,
are still effective, retarding dislocation movement and provid-
ing higher strength than AA2618. The mechanism is Orowan
strengthening whereby a moving dislocation encounters a hard
particle, for example, AlN particles, and must bypass it by
some mechanism (i.e., particle looping or climb). The stress
required to move a dislocation around a particle is given by the
expression (Ref 15):

� = 2Gb�� (Eq 2)

Fig. 5 Microstructures of the quench-aged alloys (a) AA2618 and (b) 2618-AlN

Table 2 Room temperature mechanical properties of the
alloys

Alloy

RT T6 Condition
Exposure at 200 °C

for 100 h

�b /MPa �S /MPa �/% �b /MPa �S /MPa �/%

AA2618 409 369 15.4 316 311 18.8
2618-AlN 411 371 14.5 348 332 16.7

Table 3 Elevated temperature mechanical properties of
the alloys

Alloy

200 °C
200 °C (after

isothermal exposure)

�b /MPa �S /MPa �/% �b /MPa �S /MPa �/%

AA2618 230 203 22.4 183 158 24.4
2618-AlN 274 241 19.5 238 205 21.1
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where G (given a value of 6 × 104 MPa) is the shear modulus
and b (2.8683 × 10−10m) is the Burger’s vector. � is the inter-
particle spacing (2.674 × 10−7 m), which decreases due to the
existence of a high fraction of submicron AlN particles in
2618-AlN. According to Eq 2, the calculated � exerted by AlN
particles is 12.9 MPa. Due to the effect of AlN particles, the
elevated temperature strength of 2618-AlN would be higher
than that of AA2618.

4. Conclusions

The following conclusions can be drawn from the current
study:

• The AlN particles can be uniformly distributed in
2618-AlN by using a mixture of multiplex-salt (NaCl +
KCl + Na3AlF6) and submicron AlN particles through stir
casting.

• The addition of 1.0 wt.% submicron AlN particles to
AA2618 can remarkably decrease the grain size of the
alloy by pinning grain boundaries during recrystallizations
and grain growth.

• The room temperature tensile strength of 2618-AlN is al-
most equal to that of AA2618 in the T6 condition, and
before exposure at 200 °C for 100 h, 2618-AlN is mainly
dependent on the strengthening imparted by S�
(Al2CuMg).

• A large fraction of dispersed submicron AlN particles,
which are stable at high temperature, increase the elevated
temperature tensile strength of 2618-AlN at 200 °C, after
exposure at 200 °C for 100 h, relative to AA2618.
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