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Abstract

The effects of microalloying with Mg (0-0.23 wt.%) on the microstructural evolution and mechanical
properties of Al-Cu 224 cast alloys at ambient and elevated temperatures are investigated using
transmission electron microscopy, differential scanning calorimetry, and tensile/compression testing.
The results show that microalloying with Mg significantly enhances the precipitation of the 6’ phase
during aging, producing fine, dense, and uniformly distributed 0’ precipitates. These precipitates are
much more effective for alloy strengthening than are the 6" precipitates in the alloy without Mg.
During stabilization at 300 °C for 100 h, the dominant process becomes coarsening of the 6’ phase.
The Mg-containing alloys have much finer and denser 6 precipitates and thus considerably higher
yield strengths at elevated temperature as compared to those of the alloy without Mg. The
improvement is more pronounced at low Mg contents (0.09%—0.13%) than at high contents. The yield
strength at 300 °C of the 0.13% Mg alloy is as high as 140 MPa, which is far superior to that of most
cast aluminum alloys. Moreover, the enhanced yield strength of this alloy is well preserved during
prolonged exposure at 300 °C for 1000 h, indicating that it is a promising lightweight material for
high-temperature applications.

Keywords
Al—Cu alloys; Mg microalloying; Microstructure; Mechanical properties; High-temperature strength;
Precipitation

1. Introduction

Weight reduction has become a prominent approach to improving fuel efficiency and reducing
greenhouse gas emissions in the automotive industry; consequently, Al-based alloys are finding new
applications, some of which require exposure to high stress and temperature during service [1].
Engine blocks and cylinder heads, for instance, must withstand high operating temperatures and stress
[1, 2]. Various cast alloy systems, such as Al-Cu, Al-Si—-Cu—-Mg, and Al-Si—-Mg, have been adopted
for engine applications. The most commonly used systems are Al-Si—-Mg (356 type) and Al-Si—Cu—
Mg (319 type) cast alloys, as they offer excellent castability and relatively high ambient-temperature
mechanical properties. The improved mechanical properties are primarily provided by metastable,
nanoscale strengthening precipitates such as B” (a Mg>Si precursor) in 356 alloys and 0" (an Al>Cu
precursor) in 319 alloys. However, these precipitates exhibit limited thermal stability at temperatures
above 200 °C, causing a sharp decrease in the mechanical properties [3]. The expected enhancement
of' engine power in the near future is anticipated to raise the operating temperature of engines to 300—
350 °C [4, 5]. Thus, research on high-temperature-resistant Al alloys with enhanced mechanical
performance has intensified further [6-9].
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The high-temperature resistance of Al alloys can be further enhanced by increasing the thermal
stability of the main strengthening precipitates, e.g., 6" in the Al-Cu system [10, 11], and/or by
inducing the precipitation of dispersoids enriched with slow-diffusing transition metals (e.g., Zr, V,
and Mo) [12-15]. However, only a limited fraction of dispersoids containing slow diffusers can be
obtained in conventional casting, mainly because of the low solid solubility of these slow-diffusing
transition metals in a-Al [16, 17]. Therefore, increasing the thermal stability of the 6’ phase and
reducing its coarsening rate could be an effective approach to improving the performance of high-
temperature-resistant aluminum alloys [4, 18].

Recent studies have revealed that 6’ precipitates remain stable at much higher temperatures in
Al-Cu alloys than in Al-Si—Cu—Mg alloys [18]. This suggests that certain solute elements, e.g., Si,
tend to accelerate the 6'-to-6 transformation, thus degrading the mechanical properties of the alloy
[19]. This behavior also explains why Al-Cu-based alloys are stronger at elevated temperatures than
Al-Si—Cu-based alloys [20]. However, some elements have been found to stabilize the 0 phase at
higher temperatures in the Al-Cu system [4]. Zr and Nb can reportedly enhance the precipitation of
0’ precipitates and slow the growth and coarsening of the 6’ phase [21, 22]. The strengthening effect
of 0" has been found to increase with minor additions of Sn, Cd, and In [23, 24].

The addition of Mg to Al-Cu alloys has been the subject of multiple studies [25-27]. Researchers
recently attempted to improve the high-temperature mechanical properties of Al-Cu alloys by
promoting the precipitation of the Q phase (Al2Cu), which is compositionally similar to, but
crystallographically different from, the 6’ phase; the Q phase is also generally considered to be more
resistant to coarsening than is the 6" phase [28]. The Q phase was found to have good coarsening
resistance and a good strengthening effect in AI-Cu alloys up to 200 °C. However, at higher
temperatures, the Q phase coarsens quickly and is eventually transformed into the equilibrium 6
phase, losing its strengthening effect [25].

It is worth investigating the effect of very small amounts of Mg on the thermal stability of the 6’
phase because the Q phase is unlikely to precipitate in Al-Cu alloys at lower Mg levels [29]. Previous
studies have found that adding Mg can affect the precipitation of the 6’ phase [26, 30]. However, the
thermal stability and coarsening kinetics of the 0’ phase at temperatures above 200 °C have received
less attention. Therefore, further understanding of the role of Mg in the precipitation of the 8" phase
and, in particular, in its thermal stability and coarsening resistance at elevated temperature (300 °C)
is essential. This study investigates the effect of microalloying with Mg on the precipitation and
coarsening behavior of the 8’ phase and on the mechanical performance of high-temperature-resistant
Al-Cu 224 cast alloy.

2. Experimental procedure

The chemical composition of the AI-Cu 224 cast alloys investigated in this study is shown in
Table 1 (all the alloy compositions are in wt.% unless indicated otherwise). Tensile test bars were
cast in a Stahl mold (ASTM B-108) at Arvida Research and Development Centre of Rio Tinto
Aluminum, Quebec. The average secondary dendrite arm spacing in the central region of the as-
received bars was measured to be ~20 pm for all the experimental alloys, indicating a consistent
temperature profile and cast conditions during casting.

T7 heat treatment of all the experimental alloys was performed in an air-circulating furnace.
Two-step solution heat treatment was applied, with the first step at 495 °C for 2 h and the second step
at 528 °C for 14 h, and was followed by quenching in water at room temperature. Aging was
performed at 200 °C for 4 h. To investigate the thermal stability of the experimental alloys, some of
the T7 heat-treated samples were further held at 300 °C for various times (100, 500, and 1000 h).
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Table 1. Chemical composition of the experimental alloys (wt. %).
Alloys Cu Mg Si Mn Fe Ti \% Zr Al

0Mg 4.71 - 0.09 0.33 0.15 0.20 0.17 0.14 bal.
0.09Mg 4.74 0.09 0.08 0.33 0.14 0.22 0.17 0.13 bal.
0.13Mg 4.74 0.13 0.09 0.33 0.15 0.21 0.17 0.13 bal.
0.19Mg 4.74 0.19 0.10 0.33 0.15 0.20 0.17 0.14 bal.
0.23Mg 4.74 0.23 0.10 0.32 0.15 0.20 0.18 0.14 bal.

Optical microscopy and transmission electron microscopy (TEM) with energy-dispersive
spectroscopy (EDS) were used to investigate the microstructure. Samples for metallographic
observations were prepared by the standard technique. To reveal grain boundaries, the polished
samples were immersed in 0.5% HF etchant for ~15 s. A TEM thin foil was prepared using twin-jet
electrochemical equipment at a voltage of 15 V in a solution consisting of 67% methanol and 33%
nitric acid at a temperature ranging between -20 and -30 °C. TEM observations of precipitates in the
a-Al matrix were made near the [001] axis zone under the g200 beam condition. The volume fraction
and number density of the 0" and 6’ particles were quantitatively analyzed using the methods
described in Refs. [31, 32]. The TEM foil thickness was measured using the two-beam convergent-
beam diffraction pattern method. Differential scanning calorimetry (DSC, PerkinElmer DSC 8000)
analyses were performed on the samples at a heating rate of 10 °C/min. Three samples per condition
were tested to ensure that the DSC curves were representative.

The tensile properties of all the experimental alloys were tested using an Instron universal testing
machine at a strain rate of 103 s”!. The compressive yield strength (YS) of selected alloys was
measured using a Gleeble 3800 thermomechanical simulator unit at a strain rate of 10~ s™! and a total
strain of 0.2. The Gleeble samples were 10 mm in diameter and 15 mm in height. At least three
samples were tested for each condition. Vickers microhardness tests were conducted using a load of
100 g and a dwell time of 20 s. At least 10 hardness tests per condition were performed to determine
the reproducibility of the results.

3. Results and Discussion
3.1 As-cast and solutionized microstructures

Fig. 1 shows typical representative microstructures of the as-cast and solutionized 0.19Mg alloy.
The average grain size of all the investigated alloys was found to be ~170 um, indicating that Mg
addition had no apparent effect on the grain structure and size of the alloys. The as-cast microstructure
(Fig. 1b) comprises the a-Al matrix, plate-like Al3(ZrVTi) particles, and the Al;CuzFe, Al>Cu, and
MgaSi eutectic phases. No apparent difference among the microstructures of the as-cast experimental
alloys was observed, except that the Mg>Si particles formed only at a higher Mg content (0.19%). In
the microstructure after solution treatment (Fig. 1¢), the Mg>Si and most of the Al.Cu were dissolved
in the aluminum matrix, whereas dissolution of Al3(ZrVTi) and Al;CuzFe remained unfavorable. The
solutionized samples were observed using TEM to determine whether solid-state precipitation of Zr-
or V-rich dispersoids can occur during solution treatment; no evidence was found for the presence of
any type of dispersoids in the aluminum matrix.
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Fig. 1. Typical optical mcfographs showing (a) grain structure and (b,c) intermetallic phases of
alloy with 0.19% Mg under the as-cast (a,b) and solutionized (c) conditions.

3.2 Mechanical properties and microstructure at ambient temperature

The ambient-temperature mechanical properties of the experimental alloys under T7 conditions
are shown in Fig. 2. Microalloying with Mg significantly increased the tensile strength. The YS at a
0.2% offset strain and the ultimate tensile strength (UTS) increased from 189 and 349 MPa in the
0Mg alloy to 393 and 466 MPa in the 0.13Mg alloy, respectively. At higher Mg contents (0.19% and
0.23%), the UTS decreased moderately, whereas the YS remained almost unchanged, suggesting that
further increasing the Mg level does not increase the strengthening contribution. With increasing Mg
content, the elongation of the alloys decreased steadily from 15% at 0% Mg to just 2.4% at 0.23%
Mg. The tensile test results indicate that microalloying with 0.1%—-0.15% Mg is sufficient to
significantly improve the tensile properties.
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Fig. 2. Tensile properties of experimental alloys at ambient temperature under T7 conditions.

To reveal the microstructural changes resulting from Mg addition, detailed TEM investigations
were performed on three typical alloys, namely, the 0Mg, 0.13Mg, and 0.19Mg alloys. Fig. 3a shows
a bright-field TEM image of the 0Mg alloy under T7. This condition is characterized by the presence
of mainly 0" precipitates; this finding is consistent with the corresponding selected area diffraction
pattern (SADP, Fig. 3b), which shows discontinuous streaks along (200)a with maxima at the %4, Y2,
and ¥ positions. The spot reflections in the SADP at the (011)a positions represent 6" precipitates,
the broad faces of which are perpendicular to the beam [25]. In addition to the predominant 6"
precipitates, 0" precipitates with staircase-shaped structure were occasionally observed, indicating
nucleation on dislocations (Fig. 3c) [33].



O 00N O U W N

NNNNNNNMNNNNRRERRRRRRRRPR
OO N OO UMD WNRPRPOWOVOKNGOOULDWNEPRERO

[ 2 A / 29 \ 4 \ ) . 50 nm .
Fig. 3. Bright-field TEM images (a,c) and corresponding SADPs (b) of the 0Mg alloy viewed along
<001>¢-a1. The arrow in (c) indicates 0' precipitates that nucleated on a dislocation, forming a staircase
structure.

The typical precipitation microstructure of the 0.13Mg alloy after T7 treatment is shown in Fig.
4a. This alloy is characterized by the presence of mainly 0" precipitates. The spots and strikes,
indicated by arrows in the corresponding SADP (Fig. 4b), are characteristic features of the 6’ phase
[34]. A few 0" precipitates consisting of several multilayers were also occasionally observed as a
minor phase (Fig. 4d); however, the SADP reveals no information about this phase owing to its low
volume fraction.

Fig. 5 shows TEM micrographs representing the 0.19Mg alloy under T7 conditions. Like that of
the 0.13Mg alloy, the microstructure of this alloy is largely dominated by 0’ precipitates lying parallel
to the (001)a planes, and diffraction spots representing this phase appear in the SADP (Fig. 5b). A
comparison of the two Mg-containing alloys shows no apparent difference in the average length,
thickness, and number density of the 6’ precipitates.

The TEM results for the T7 heat-treated experimental alloys (Fig. 3, Fig. 4, and Fig. 5) clearly
show that minor addition of Mg to the experimental alloy promoted the precipitation of fine and
homogeneously distributed 6’ particles. According to the literature, the 6’ phase can be precipitated
in one of two ways: by either (1) independent nucleation and growth involving the dissolution of 6"
[34, 35] or (2) direct nucleation and growth by rearrangement of atoms in the 6" phase [19, 34]. Direct
nucleation of the 6’ phase within the 6” phase has been found to be favored when the alloy contains
certain elements such as Sn [19], Cd [23, 36], In [23, 36], and Au [37]. High-resolution
characterization of the Mg-containing alloy showed that only the upper part of the precipitate
exhibited 0" phase structure, whereas the lower part is believed to be the 6’ phase (Fig. 4c). This result
suggests that the 0" phase nucleated directly within the 6” phase by atomic-scale rearrangement of
elements, rather than by independent nucleation of the 0’ phase at the expense of the 6" phase [19,
34].
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Fig. 4. Bright-field TEM images (a,c) and corresponding SADPs (b) of the 0. 13Mg alloy viewed
along <001>¢.al.
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Fig. 5. Bright-field TEM images (a,c) and corresponding SADP (b) of the 0.19 alloy viewed
along <001>¢.al.

DSC analyses of the 0Mg and 0.13Mg alloys were performed to reveal the effect of Mg on the
kinetics of the 6"-to-0’ transformation. The first peak in the DSC curves of the T7 samples is
associated with dissolution of the 6" particles (Fig. 6a); however, the area under the peak is much
larger for the 0Mg alloy than for the 0.13Mg alloy, suggesting that the fraction of 8" particles in the
former was much higher than that in the latter, in agreement with the microstructural observations
(Fig. 3 and Fig. 4). The 0’ precipitation reaction (second peak) shows a similar tendency; i.e., the
magnitude of the 6’ precipitation reaction is much smaller in the 0.13Mg alloy than in the 0Mg alloy,
as most of the 0’ phase appeared during aging in the former (Fig. 4). The DSC curves of the
solutionized samples (Fig. 6b) also confirm the role of Mg in accelerating the precipitation of the 6’
phase, as the peak temperature of 0’ precipitation, at which the precipitation rate is highest, is ~20 °C
lower in the 0.13Mg alloy. Moreover, the precipitation temperature range of the Mg-containing alloy
is much narrower than that of the alloy without Mg, which could be a result of the enhancement of
the nucleation rate upon Mg addition.
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Fig. 6. Typical DSC curves during heating of 0Mg and 0.13Mg alloys: (a) T7-treated and (b)
solutionized and quenched samples.

It is well known that in precipitation-hardened Al-Cu alloys, the mechanical strength at ambient
temperature is controlled mainly by the precipitate characteristics, such as the type, size, and volume
fraction of precipitates formed during aging. The observed difference in the mechanical strengths of
the experimental alloys (Fig. 2) can be better explained by adopting a strength model [31].

Owing to their coherence with the a-Al matrix and shearability, the 6" precipitates contribute to
the strengthening by various factors, such as order strengthening, interfacial strengthening, coherency
strengthening, and modulus mismatch strengthening, all of which result from interactions between
dislocations and precipitates [22, 38]. The strengthening effects of modulus mismatch and order
strengthening are reportedly negligible [22, 39]. The contribution of the 6" precipitates to the critically
resolved shear stress (CRSS), Az, due to coherency strengthening can be estimated as [39]

At =41-G-|e32|- [fd—f]l/z ()

2b
where G is the shear modulus of the a-Al matrix (28 GPa [22]), ¢ is the lattice strain (0.006 [22]), f
is the volume fraction of precipitates, b is the magnitude of the Burgers vector for aluminum (0.284
nm [40]), and d; is the effective width of the 0" precipitates. The increase in the CRSS due to
interfacial strengthening of the 6" phase results from the formation of new interfaces during its
interactions with dislocations [22, 38] and can be estimated as [38]

v = (C208) (2 i = () () o

where t, is the effective thickness of the 0” precipitates; y; is the interfacial energy (0.21 J/m? [31]),
and I" represents the dislocation line tension, which is expressed as

_avry [t
I'= - In 707 3)

The CRSS increments due to coherency and interfacial strengthening by the 8" precipitates in
the OMg alloy are calculated as 59.2 and 5 MPa, respectively. The results suggest that the interfacial
strengthening effect of the 8" precipitates with the observed characteristics in the 0Mg alloy (Table
2) is negligible compared to their contribution to coherency strengthening. The YS increment due to
precipitates, oy, is obtained as [22]

g, = M- At @)
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where M is the Taylor factor (M = 3 [22]). As shown in Table 2, the o, value of the 0Mg alloy is
estimated to be ~180 MPa, which accounts for ~80% of the experimentally measured YS. This
suggests reasonable agreement between the estimated YS increment due to 6" precipitates and the
measured YS, because the strengthening effects of the other mechanisms, such as solid solution
hardening and grain size hardening in the T7-treated alloys, remain relatively low.

Further, the 6" particles that formed in the Mg-containing alloys are non-shearable; therefore,
they contribute to alloy strengthening by the Orowan looping mechanism [22]. The CRSS increment
due to 0’ particles with the observed characteristics (Table 2) was estimated as [31]

_ Gb 1 0.981,/dt;
Ar = (zm/1—v) (1.23&—%—%—1.061%) (ln b ) )
vag

where N, is the number density of 0’ precipitates, and v is the Poisson ratio (0.33 for face-centered
cubic metals [22]). The YS increments due to 0’ particles in the 0.13Mg and 0.19Mg alloys are
estimated to be similar, ~300 MPa, which confirms that the 0" precipitates observed in the Mg-
containing alloys make a much larger contribution to strengthening of the alloy than the 6"
precipitates observed in the 0Mg alloy (Table 2).

Table 2. Summary of quantitative TEM results of 0” and 6’ phase characteristics in experimental
alloys under T7 conditions.

Aoy e Lengihum MK Nber O AMPa . MPa

0Mg 0" (28(3)(1)3) (i(?g?)?) 8958.2 0.022 59.2 177.5
0.13Mg 0 (ié)gg) (i(?ggi) 1754.8 0.043 101.3 303.9
0.19Mg 0 (ié)ggg) (i(?gg?) 1840.3 0.040 96.5 290.0

3.3 Mechanical properties and microstructure at elevated temperature

Fig. 7a shows the tensile properties of the experimental alloys at 300 °C after stabilization at 300
°C for 100 h following T7 treatment before mechanical testing. The results clearly show that the Mg-
containing alloys, in particular the alloys with 0.09% and 0.13% Mg, have much higher YS values at
elevated temperature than the alloy without Mg. Microalloying with Mg increased the YS from 98
MPa in the 0Mg alloy to 120-130 MPa in the 0.09Mg and 0.13Mg alloys, representing a 25%
improvement. As the Mg increased further, to 0.23%, the YS and UTS both tended to decrease. The
ductility of the experimental alloys (%El) at elevated temperature was generally very good; it varied
between 12% and 18%, and it was not greatly affected by the Mg content.

The compressive YS of three typical alloys under T7 conditions and in the stabilized state was
also tested at 300 °C (Fig. 7b). The YS of both Mg-containing alloys (0.13% and 0.19%) was
significantly higher than that of the base alloy. The results of compression testing of the stabilized
samples (Fig. 7b) were similar to those of high-temperature tensile testing (Fig. 7a). A low Mg content
(0.13%) maintained the strength more eftectively than a high Mg content. The Y'S at 300 °C of the
0.13Mg alloy increased by 30% relative to that of the 0Mg alloy (142 vs. 111 MPa), whereas the YS
of the 0.19Mg alloy was 10% higher than that of the 0Mg alloy.
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Fig. 7. (a) High-temperature tensile properties of the experimental alloys stabilized at 300 °C
for 100 h following T7 treatment and (b) high-temperature compressive Y'S of the experimental alloys
under T7 conditions and after stabilization treatment (T7 + 300 °C, 100 h).

Fig. 8 shows the typical precipitation microstructures of the experimental alloys after
stabilization, in which all the precipitates in the three alloys are the 6’ phase, as determined from the
corresponding SADP [41]. The 6’ precipitates are in a coarsening stage, as (1) the corresponding
SADPs reveal clearly defined spots featuring the 6’ phase (Fig. 8d,e,f), in contrast to the streaks
observed as a characteristic feature of the 0’ phase in the T7-treated alloys (Fig. 4b and Fig. 5b), and
(2) the length of the 6’ particles is more broadly distributed (Fig. 8a,b,c) than that of the T7 samples,
which show a narrow length distribution of the 0’ particles (Fig. 4a and Fig. 5a).

The main distinctive feature of the three experimental alloys is that the 6’ precipitates in the Mg-
containing alloys are much finer and denser than those in the alloy without Mg (Fig. 8). The
quantitative 0’ characteristics are listed in Table 3. The average length and thickness of the 6’ particles
in the 0.13Mg alloy are smaller, and their number density is significantly higher than those of the
OMg alloy. As the Mg content increases further, from 0.13% to 0.19%, the average thickness and
length of the 6’ particles remain unchanged, but their number density decreases noticeably, from 406
to 226 um. In addition, a few coarse precipitates lying on the {210} i planes are observed in the
0.19Mg alloy (Fig. 8c), and these precipitates are identified as the S (Al.CuMg) phase, as this phase
has been reported to precipitate parallel to the {210} a1 planes in Mg-containing AI-Cu alloys [42].
The S particles are much larger than the 0’ particles, and their coarsening is believed to occur at the
expense of the 0’ particles.

The finer and denser precipitates observed in the Mg-containing alloys are more effective for
alloy strengthening at elevated temperature, which explains why the YS at 300 °C of the Mg-
containing alloys, in particular the alloy with 0.13% Mg, is remarkably higher than that of the alloy
without Mg (Fig. 7). The fact that the 0.19Mg alloy has a lower YS after stabilization than the 0.13Mg
alloy can be attributed to precipitation of the coarse S phase. It had two effects: (1) the S phase
consumed some Cu solutes, thus remarkably reducing the number density and volume fraction of the
0’ particles (Table 3), and (2) some Mg, Mn, and Si, which are expected to remain in solid solution,
were bound to the S phase (Table 4), thus reducing the solid solution hardening contribution of the
solutes somewhat.

To understand why the 6" precipitates in the Mg-containing alloy are significantly finer than
those in the alloy without Mg, the as-aged microstructures of these two alloys were examined. The 6
precipitates that formed during aging (T7 treatment) in the Mg-containing alloy experienced only
coarsening during stabilization at 300 °C. The coarsening proceeded mainly by lateral
growth/lengthening of the plates, which is governed by the interfacial and strain energy anisotropies
[43]. By contrast, the thickening of the precipitates was rather slow and required ledge nucleation
[44]; its rate has been found to be temperature-dependent [45]. More specifically, the formation of

9
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precipitates at low temperature (T7 treatment), e.g., 200 °C, has been found to involve limited
nucleation density of the thickening ledges [45]. During stabilization, further nucleation of the ledges
on the pre-existing 6’ particles is limited because Cu solutes from the shrinking precipitates
preferentially move toward the growing lateral surfaces. Thus, it is inferred that the limited ledge
nucleation and dominant lateral growth of larger precipitates at the expense of smaller ones during
preconditioning of the Mg-containing alloy resulted in the broad size distribution and higher number
density of 8’ precipitates (Fig. 8b).

By contrast, the alloy without Mg under T7 conditions is composed predominantly of 6”
particles. When the alloy is treated at 300 °C during stabilization, the 6" particles tend to first change
into the 6’ phase and then become coarse. However, at elevated temperature (300 °C), the driving
force for nucleation of the 6’ phase becomes lower, and the diffusion of Cu is much greater, leading
to activation of a limited number of nucleation sites and fast growth of ' particles [35, 45].
Furthermore, quick dissolution of 6" particles at 300 °C can satisfy the solute requirement for both
lateral and ledge growth [45], and thus induces the precipitation of thicker 6" particles in the early
stages of stabilization. Once a few relatively thick (coarse) precipitates are formed, their coarsening
rate increases owing to the larger surface area of the advancing precipitate edges. Therefore,
stabilization at elevated temperature clearly caused significant coarsening of the 0’ plates in the 0Mg
alloy (Fig. 8a and Table 3).

2

Fig. 8. Bright-field TEM images (a, b, c¢) and corresponding SADPs (d, e, f) viewed along
<001>¢-a1 of 0Mg alloy (a and d), 0.13Mg alloy (b and e), and 0.19Mg alloy (c and f). Cross-marks
numbered 1 and 2 in Fig. 8c indicate the regions where the TEM-EDS analyses were performed.
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Table 3. Quantitative TEM results for 6’ characteristics in experimental alloys after stabilization.
Quantified Length, Thickness, Number Volume

Alloy precipitates um pm density, pm?  fracrion
0Mg : 0.604 0.027
Gooec/oon  ° (20.36)  (20.005) 7.0 0.054
0.13Mg : 0.110 0.012
Gooc/i00hy +0.06) 0.00n) 4037 0.048
0.19Mg : 0.122 0.011
(300°C/100 h) o @0.01) (20003 2260 0.030
0.13Mg , 0.250 0.013
(300°C/1000 h) o (£0.152)  (£0.004) 754 0.051

Table 4. TEM-EDS results for the S phase (1) and the matrix (2) shown in Fig. 8c.
Analyzed EDS results (wt.%)
phases Cu Mg Si Mn Al
S-ALCuMg 15.28 3.77 4.10 7.56 67.21
a-Al 556 0.16 - 0.27 93.58

3.4 Long-term thermal stability

The long-term thermal stability of the mechanical properties during service is an important
feature of high-temperature-resistant aluminum alloys. In this study, after stabilization (T7 treatment
plus treatment at 300 °C for 100 h), thermal exposure at 300 °C was continued for up to 1000 h to
assess the long-term thermal stability of the material. Fig. 9 shows the evolution of the microhardness
and YS of the 0.13Mg alloy during prolonged thermal exposure. The microhardness decreased
slightly from 111 HV at 100 h to 108 HV after 1000 h (Fig. 9a). The YS after stabilization (300 °C,
100 h) was 217 and 140 MPa at 20 and 300 °C, respectively (Fig. 9b). Prolonging the thermal
exposure to 500 h caused a moderate drop in the YS (by ~10%) at both room and high temperatures.
As the exposure time was increased further to 1000 h, no further changes in the YS were observed.
Specifically, the YS of the 0.13Mg alloy after 1000 h at 300 °C was still 202 and 125 MPa at 20 and
300 °C, respectively. Importantly, the Mg-containing alloy has not only high strength at high
temperature but also an excellent balance between the ambient-temperature and high-temperature
mechanical properties, so this material is expected to exhibit reliable and robust performance during
long-term service.

TEM investigation of the 0.13Mg alloy after 1000 h revealed that the precipitates were still the
0’ phase, which retained its plate-like shape (Fig. 10); the quantitative results are shown in Table 3.
A comparison of two exposure times (100 h in Fig. 8b and 1000 h in Fig. 10a) shows that the
coarsening of the precipitates was dominated by lengthening, as the average length of the 6" phase
increased from 0.11 pum after 100 h to 0.25 um after 1000 h, whereas the thickness remained
unchanged. It is reasonable to think that only moderate coarsening occurred during prolonged thermal
exposure, confirming the long-term thermal stability of the 6" phase at 300 °C, which is the key point
for preserving the high-temperature properties, where the YS exceeded 125 MPa at 300 °C after 1000
h. It is also interesting that the Y'S at 300 °C of the 0.13Mg alloy after 1000 h (125 MPa) was even
higher than that of the 0Mg alloy after 100 h (111 MPa), because the 6" precipitates in the 0.13Mg
alloy after 1000 h were still finer and denser than those of the 0Mg alloy after 100 h (Table 3).
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Fig. 9. Microhardness (a) and room- and high-temperature Y'S (b) of 0.13Mg alloy after exposure
at 300 °C for various times.

(@~

Fig. 10. (a) Bright-field TEM image and (b) the corresponding SADP of 0.13Mg alloy viewed
along <001>4.a1 after exposure at 300 °C for 1000 h.

3.5 Comparison of high-temperature strength of various cast aluminum alloys

The cast aluminum alloys that are most frequently used to fabricate engine blocks and cylinder
heads fall into two main groups [5]:

o Al-Si—-Mg 356-type alloys containing 7—10 wt.% Si and 0.25—-0.45 wt.% Mg and strengthened

with B"/B" MgaSi precursors;

o Al-Si—-Cu—Mg 319-type alloys containing 5-9 wt.% Si and 3—4 wt.% Cu and strengthened

with 8"/6" AlCu precursors.

Aluminum alloys based on the 356 and 319 types have excellent ductility and strength at ambient
temperature, but their elevated-temperature strengths are quite limited (#9, 13, and 14 in Table 5).
The operating temperature has been increasing continuously (toward 300-350 °C) with the
development of new generations of engines [46]. Recent studies have explored the introduction of
thermally stable dispersoids by adding transition elements in both types of alloys (#10, 11, 12 in 356
alloys and #15, 16 in 319 alloys in Table 5), which considerably improved the YS at elevated
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temperature. However, owing to the relatively low volume fraction of the dispersoids, their
strengthening effect remains relatively small.

By contrast, some Al-Cu alloys exhibit much better high-temperature strength and high thermal

stability (#3 and 4) than the 356 or 319 alloys. The O0Mg alloy (#1) in this work also showed a
relatively high YS at 300 °C, which is consistent with the results in the literature (#3). The present
work demonstrated that appropriate microalloying with Mg can further improve the high-temperature
strength. As shown in Table , the 0.13Mg alloy (#2) showed the highest YS (142 MPa at 300 °C) and
was far superior to all the other cast aluminum alloys. Owing to the excellent stability of the 6’
precipitates, its YS after 1000 h at 300 °C was still 125 MPa, which greatly exceeded the YS of all
the other alloys, making this material more suitable for long-term service at elevated temperatures.

Table 5. Comparison of the YS at 300 °C of various cast aluminum alloys.
YS at 300 °C - 315 °C*

# Alloys 100 h 1000 h Reference

1 224-(0Mg)-T7 110 -- Present study
2 224-(0.13Mg)-T7 142 125 Present study
3 224-T7 110 * 105 * [47]

4 240-T7 105 * 90 * [47]

5 242-T7 52 % 45% [47]

6  201-T7 - 55 % [47]

7 AlI5CuMg-T6 60 ** - [10]

8  AI5CuNiMnZr-T6 105 ** - [10]

9  356-T6 28 * 24 * [47]

10 356ZrV-T6 41 - [5]

11 3560.5Cu-T7 33 - [12]

12 3560.5Cu0.3Mo-T7 47 -- [12]

13 319-T5 52 % 48 * [47]

14 319-T7 51 34 [48]

15 3190.25Mn0.3Mo-T7 60 54 [48]

16  Al5Si4CuZrVTi-T7 63 - [5]

Note: * Test temperature and thermal exposure temperature is 315 °C [49]. ** Thermal exposure
is at 300 °C for 200 h [11].

4. Conclusions

The precipitation behavior and its effects on the ambient- and high-temperature mechanical

properties and thermal stability of high-temperature-resistant AI-Cu 224 alloys microalloyed with
Mg were investigated. The following conclusions can be drawn:

In the absence of Mg, the precipitates in the Al-Cu 224 alloy under T7 conditions were
predominantly the 0" phase. Microalloying with Mg enhanced the precipitation of the 6’ phase
during aging, producing fine, dense, and uniformly distributed 6’ precipitates. These precipitates
were much more effective for alloy strengthening than the 0" precipitates in the alloy without Mg,
in good agreement with the results of strength modeling based on the quantitative characteristics
of the precipitates.

During stabilization at 300 °C for 100 h after T7 treatment, the precipitates of all the alloys were
mostly 0’ particles that had undergone coarsening. The 0’ precipitates in the Mg-containing alloys
were much finer and denser than those in the alloy without Mg; consequently, the Mg-containing
alloys had remarkably improved high-temperature strength.

The alloys with low Mg levels (0.09%—0.13%) were found to retain their strength better at
elevated temperatures. The YS at 300 °C of the 0.13% Mg alloy was as high as 140 MPa. With
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increasing Mg content (>0.19%), coarse S (Al.CuMg) particles appeared, reducing the number
density of the 0’ particles and decreasing the high-temperature strength.

e The 0' precipitates in the 0.13% Mg alloy remained thermally stable during long-term thermal
exposure at 300 °C for up to 1000 h. The YS of the alloy after 1000 h at 300 °C was still 202 and
125 MPa at 20 and 300 °C, respectively, giving the alloy an excellent balance between the
ambient-temperature and high-temperature mechanical properties for reliable and robust
performance.

e The high-temperature strength and thermal stability of the Mg-containing alloys were far superior
to those of most cast aluminum alloys, indicating that they are a promising lightweight material
for high-temperature applications.
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