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Abstract: The precipitation behavior and mechanical properties for conventionally solidified
Al-2.0wt.%Cu-2.0wt.%Mn alloy were studied. The supersaturated aluminum-based solid solution,
CuAl2, Al6Mn and Al20Cu2Mn3 phases of solidification origin were identified after casting. The high
temperature ageing of as-cast samples (T5 treatment) in a temperature range of 300–350 ◦C led to
the formation of the metastable θ′ phase and equiaxed precipitates of the quasicrystalline-structured
I-phase. The θ′ phase demonstrated a high size stability in a studied temperature range with a mean
length of ~300 nm and a mean thickness of ~24 nm. A mean size of the I-phase precipitates varied in
a range of ~30–50 nm depending on the treatment regimes. The rod-shaped T-phase precipitates were
formed with an increase in ageing temperature to 400 ◦C. Mechanical properties were analyzed at
room temperature in a solid solution-treated state. The increased yield strength at room temperature
and 200–300 ◦C were observed after ageing at 300 ◦C for 148 h.

Keywords: aluminum alloys; precipitates; aging; mechanical properties

1. Introduction

Aluminum-based alloys exhibit low density and good mechanical properties at room
temperature but limited high temperature strength above 200–250 ◦C. The promising
aluminum-based alloys for high temperature application are based on Al-Cu-Mn-(Zr)
system with the main strengthening phases of θ′ and T-Al20Cu2Mn3 [1–10]. To increase
the high temperature strength and creep resistance, a high fraction of fine and thermally
stable precipitates are required. The precipitates parameters depend on temperature and
time of ageing, and alloy’s composition. The θ′-phase is formed during low temperature
ageing after solid solution treatment and exhibits a low thermal stability at service temper-
atures of 250–300 ◦C. The Mn, Zr, Sc segregations to the θ′ interphases increase coarsening
resistance of the θ′-phase precipitates [11–14] and improve high temperature properties
of the alloys. The precipitation behavior and mechanical properties of the alloys with
high Cu/Mn ratio are well studied [15–17]. Meanwhile, the alloys with a low Cu and an
increased Mn are also promising and their microstructure and properties require further
investigation. The Mn-enriched phases, which are precipitated at high temperature ageing,
exhibit superior thermal stability compared to that for the θ′-phase. The supersaturated
by Mn solid solution is formed during solidification and the orthorhombic T-phase is
precipitated at temperatures above 400 ◦C during ageing of as-cast alloys [1–3,18–20]. Heat
treatment of the Mn-supersaturated solid solution in a temperature range of 300–400 ◦C
provides fine precipitates of the quasicrystalline icosahedral I-phase and decagonal D-phase
formed in Mn-bearing alloys [21–29]. In Al-(2–4)%Mn-(2–4)%Cu-(0.3–0.7)%Be alloys, a
high number density of the I-phase precipitates was formed after annealing at 300 ◦C for
24–168 h [21,22,30]. The size of spheroidal I-phase precipitates is 10–20 nm that proposed a
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high strengthening effect [31,32]. At temperatures of 400 ◦C and short ageing time for 1 h,
the I-phase precipitates have grown and, in addition, quasicrystalline decagonal D-phase
is formed. At higher temperatures above 450 ◦C, coarser particles of the orthorhombic
T-phase are precipitated [21,33].

Quasicrystalline phases usually have a solidification origin [34–38] and Be [39,40], and
co-addition of Ca, Sr, and Zn [41] stimulates the quasicrystalline phases formation during
solidification. Authors of [42] also suggest that Be has an impact to the formation of the
quasicrystalline phases during heat treatment. Due to a nanoscale size and an equiaxed
shape at ageing temperatures of 300–350 ◦C, the quasicrystalline phases precipitated during
solid solution decomposition have a high practical importance. Be-free conventional
Al-Cu-Mn alloys are usually heat-treated at high temperatures, above 400 ◦C, where
T-phase is formed, and the precipitation behavior is poorly studied at lower temperatures,
where quasicrystalline phases and fine Mn-bearing precipitates are possible. The present
study focuses on the analysis of the precipitation behavior in a range of 300–400 ◦C with
detailed microstructural investigations of the precipitates type and size for Al-2%Cu-2%Mn
alloy to identify heat treatment parameters providing fine precipitates of the I-phase.

2. Materials and Methods

The Al-2%Cu-2%Mn (wt.%) alloy was prepared in an Interselt induction furnace in a
graphite chamotte crucibles. Pure Al (99.99%), Al-53.5%Cu, and Al-10%Mn master alloys
were used for alloy preparation. The increased cooling rate of ~15 K/s during solidification
was reached by casting in a water-cooling copper mold. The cast samples were heat-treated
in air-circulation furnace Nabertherm N 30/65A followed by water quenching to room
temperature. The heat treatment temperature was in a range of 300–450 ◦C and time was
varied from 0.5 to 200 h. The X-ray diffraction (XRD) analysis was carried out using a
Bruker D8 Advanced diffractometer at a Cu-Kα radiation.

The dependences of Vickers hardness (HV) vs. annealing time were obtained through
the annealing at 300 ◦C, 350 ◦C, 400 ◦C, and 450 ◦C. The Wolpert DigiTestor 930/250 N was
used to measure Vickers hardness. The measurements were performed at a load of 5 kg,
load application time of 15 s, by averaging from ten to twenty values. The error bars were
calculated as a confidence interval for a confidence probability of 0.95.

The in situ evolution of electrical resistance (ρ) was measured during annealing at
300 ◦C, 325 ◦C, 450 ◦C up to 200 h. Measurements were performed in electrical resistance
furnace by INSTEK GOM-802 milliohm meter GOM-802, using the samples with size of
1.5 × 1.5 × 70 mm3.

Microstructures of as-cast and heat-treated specimens were studied by scanning and
transmission electron microscopy (SEM and TEM). SEM was performed in a Tescan-VEGA3
LMH microscope equipped with energy-dispersive X-ray spectrometer (EDS) X-MAX80,
Oxford Instruments. TEM was performed using a JEOL JEM 2100 microscope at an operat-
ing voltage of 200 kV. The samples for SEM studies were prepared by mechanical grinding
and polishing using a Struers LaboPol-5 machine. The samples for TEM studies were
thinned by mechanical grinding to 0.25 ± 0.02 mm and subsequent electric polishing in a
solution of 30% HNO3 and 70% methanol using a Struers TenuPol-5 machine.

A mean size and volume fraction of precipitates of solidification-originated
phases were measured by a linear secant method for five-six SEM micrographs at
1000–3000 magnification. A mean diameter for near-equiaxed shape secondary precip-
itates and both longitudinal and cross sizes for elongated precipitates were measured in
TEM micrographs. The mean size was calculated by averaging of at least 160 measurements.
The error bars were calculated using a standard deviation and a confidence probability
of 0.95.

The as-cast specimens for compression test with dimensions of 5 × 5 × 8 mm3 were
prepared using a spark-erosion-cutting machine and subjected to heat treatment according
to regimes indicated in Table 1. The compression tests were carried out using a Zwick-Z25
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universal testing machine at 20, 200 and 300 ◦C with a total strain of 0.5 and an initial strain
rate of 10−3 s−1. Three samples per point were tested.

Table 1. Yield strength (MPa) at different compression temperatures of the alloys studied after aging
of as-cast alloy (error bars are the standard deviation of a mean value).

Aging Regime
Compression Test Temperature

20 ◦C * 200 ◦C ** 300 ◦C **

450 ◦C, 4 h 85 ± 3 80 ± 2 51 ± 2

400 ◦C, 32 h 100 ± 3 92 ± 3 53 ± 2

350 ◦C, 48 h 96 ± 4 91 ± 3 57 ± 1

300 ◦C, 148 h 97 ± 3 94 ± 2 62 ± 1
* water-quenched state; ** water-quenching from the aging temperature and second step stabilizing treatment at
300 ◦C for 1 h.

3. Results

The XRD data for as-cast sample (Figure 1) suggested the solidification of the aluminum-
based solid solution (Al) and several secondary phases of CuAl2, Al20Cu2Mn3, and Al6Mn.
Owing to a small fraction of the secondary phases in the studied alloy, the precise identifi-
cation of the secondary phases by XRD method was difficult and microstructural investi-
gations was involved. Meanwhile, the suggested phases are agreed to Al-Cu-Mn phase
diagram [43] and Thermo-Calc simulation [18].
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Figure 1. XRD data for the Al-2%Cu-2%Mn as-cast alloy studied (Cu K-α radiation).

In the SEM structure of as-cast alloy, the grey-colored aluminum solid solution matrix
phase and bright areas of constitutes phases enriched with Cu, Mn, and both Mn and
Cu were observed (Figure 2). The morphology of the secondary phases and EDS data
suggested that the bright areas belonged to solidification-originated θ-Al2Cu, Al6Mn, and
T-Al20Cu2Mn3 phases. The total volume fractions of the secondary phases was 1.8 ± 0.2%,
with 1.0 ± 0.1% of θ-Al2Cu phase. According to SEM-EDS data, the (Al) solid solution
contained 1.7 ± 0.2 wt.% Mn and 1.2 ± 0.3 wt.% Cu in as-cast state. The dendrite liquation
of Cu, which enriched periphery of dendrite cells, was observed. The phase composition of
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the studied alloy is typical for Al-Cu-Mn-based alloys [1,44]. The Thermo-Calc calculations
suggested that two main phases of (Al) and T-Al20Cu2Mn3 should be observed after
equilibrium solidification, and θ-Al2Cu and Al6Mn are non-equilibrium phases [1].
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Figure 2. (a,b) The as-cast microstructure of the Al-2%Cu-2%Mn alloy, (c) EDS layered image,
(d) Mn-distribution map, and (e) Cu distribution map for image in (b).

During aging at 300 ◦C the hardness slightly increased at the beginning of annealing
(Figure 3a). An increase in time above 96 h led to an additional hardening effect, and
hardness values stabilized after ~148 h of aging. Heat treatment at 350 ◦C led to hardening
in a range of 8–48 h and stabilization of HV values at larger time. After aging at higher
temperature of 400 ◦C, HV-time curve had a maximum at 32 h. Similarly, at 450 ◦C, hardness
grew during aging for 4 h and then decreased. The evolution of electrical resistance was
studied in-situ at 300, 325, and 350 ◦C (Figure 3b). The electrical resistance insignificantly
changed up to 7–10 h of aging and continuously decreased with a further increase of
aging time.
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Several processes were expected during heat treatment of the as-cast alloy in a tem-
perature range of 300–400 ◦C below the solvus point. First, the dissolution of the non-
equilibrium θ-phase of solidification origin with enrichment of the solid solution with
Cu at elevated temperatures, second, the precipitation of secondary metastable or stable
Cu-enriched θ phase, and third, the formation of secondary precipitates of the Mn-enriched
phases or both Mn- and Cu-enriched T-phase were suggested.

As it was shown by SEM study (Figure 4a,d), low temperature annealing at 300 ◦C for
8 h and for 148 h led to precipitation of the platelet-like metastable θ′-phase with a typical
morphology on the periphery of dendrite cells, that agreed to [45–50]. The morphology
of the non-equilibrium θ-CuAl2 particles did not change (Figure 4a,d). With increasing
annealing time from 8 to 148 h, the number density and size of the θ′-phase precipitates
changed insignificantly. Similar θ′-phase precipitates was observed after treatment at
350–400 ◦C, but a number density of precipitates in this temperature range significantly
decreased with increasing aging time (Figure 4b,c,e). Non-equilibrium θ-CuAl2 phase
dissolved and its volume fraction decreased to ~0.6 ± 0.2% at 350 ◦C for 48 h and to
~0.2 ± 0.1% at 400 ◦C for 32 h. In addition, fine equiaxed precipitates were observed after
aging at 350–400 ◦C (green arrows in Figure 4e,f). TEM studies were involved for precise
identification of the precipitates parameters.
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Figure 4. SEM-BSE micrographs for the Al-2%Cu-2%Mn alloy aged at (a,d) 300 ◦C (b,e) 350 ◦C
(c,f) 400 ◦C.

After ageing at 300 ◦C for 8 h, the θ′-phase precipitates (Figure 5a,b) were confirmed.
The mean θ′ precipitates length was 290 ± 50 nm and the mean thickness of precipitates
was 24 ± 5 nm. Increase ageing time to 148 h (Figure 5c–i) led to a high number density of
fine I-phase precipitates but the θ′-phase precipitates parameters remained the same with
a mean length of 310 ± 40 nm and a mean thickness of 23 ± 4 nm. According to [15,16]
the high stability of the θ′-phase can be the result of Mn atomic segregations to the θ′

interphases. A mean size of the I-phase precipitates was 35 ± 5 nm. It is notable that after
similar ageing conditions, the fine I-phase dispersoids are precipitated in Al-Cu-Mn-Be
alloy [21,22].
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Figure 5. (a–c,e,f) TEM images and (d) SAEDs of the Al-2%Cu-2%Mn alloy subjected to aging for
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After annealing for 4 h, 8 h, and 48 h at 350 ◦C (Figure 6), both θ′-phase plates and
fine near-equiaxed precipitates were observed. Fine near-equiaxed precipitates exhibited
an Ashby-Brown contract (Figure 6b,i) and a Moiré pattern (Figure 6d), which suggested
coherency/semi-coherency to (Al) matrix. A Fast Furies Transform (FFT) of the high-
resolution images for most of precipitates demonstrated the pattern of two-fold symmetry
of the I-phase (Figure 6e,f). Depending on the aging time, a mean size of near-equiaxed
precipitates was (33–38) ± 3 nm after annealing at 350 ◦C. An increase in the heat treatment
time to 48 h (peak ageing time) led to a higher number density of precipitates (Figure 6g,i),



Metals 2023, 13, 469 7 of 12

but insignificancy changed their mean size and structure. Some particles belonged to the
crystalline phases but the precipitates were also semi-coherent to the aluminum matrix.
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Heat treatment at 400 ◦C for 3 h led to a high number density of precipitates with a
size in a range of 41 nm to 120 nm, respectively (Figure 7). The diffraction pattern after 3 h
of annealing revealed reflexes belonged to the θ′-phase and some extra-reflexes suggested
precipitation of an additional crystalline phase (see SAED in Figure 7d). The θ′ phase
was not found, and predominantly rod-shaped precipitates of the T-phase were observed
after peak aging for 32 h (SAEDs in Figure 7e,f). The length of the T-phase precipitates
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was varied in a range of 118 to 236 nm. Some precipitates exhibited hexagon shape and
demonstrated ten-fold symmetry SAED (Figure 7c,f). According to [51,52], the T-phase is
an approximant of the decagonal quasicrystal. This microstructure may be the result of
multiple-twinning of the T-phases during its growth [53–56].
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The evolution of hardness and electrical resistance during annealing depends on the
cooperation of the several processes occurred in the microstructure of the studied alloy.
The precipitation of θ′-phase at small annealing time at 300 ◦C leads to some hardening
effect at the beginning of annealing for ~8 h. Higher annealing time led to a further harden-
ing resulted of Mn-enriched I-phases precipitation. Decomposition of the solid solution
with precipitation of the Mn-bearing phases also decreased in electrical resistance after
annealing time above 7–10 h at 300–350 ◦C. Annealing at 400–450 ◦C provided hardening
effect after smaller time that is reasonable due to potentially higher diffusivity. At these
temperatures, the dissolution of the θ-phase and an increase in Cu content in solid solution
with subsequent precipitation of the T-phase occurred.

The most promised aging regimes for T5 treatment that led to the formation of a high
number density of fine precipitates are long-term aging at 300 ◦C (for ~148 h) or aging at
350 ◦C for 48 h. This aging should provide a high strengthening effect due to the Mn-
enriched I-phase precipitation. Aging at 400 ◦C led to a dissolution of the θ-phase and
change in the precipitates structure from the quasicrystalline to the crystalline with forma-
tion of the coarser Cu- and Mn-bearing T-phase precipitates.

The strength properties were determined after compression tests with initial strain
rate of 10−3 s−1 at room temperature, 200 ◦C and 300 ◦C to compare the different aging
regimes (Table 1). Properties at room temperature are presented in as-quenched state. All
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samples for high temperature compression tests were heat-treated at 300 ◦C for 1 h to
stabilize microstructure and properties and to avoid an effect of dynamic precipitation
of the during compression tests for the samples pre-treated at higher temperatures of
400–450 ◦C. Engineering stress–engineering strain compression curves for 200 ◦C and
300 ◦C are presented in Figure 8. Ageing of as-cast samples at 300–400 ◦C provided a higher
yield strength at room temperature and at 200 ◦C, than that of ageing at 450 ◦C. Notable
that the difference between yield strength at room temperature and 200 ◦C was insignifi-
cant. The yield strength and stress level during compression at a testing temperature of
300 ◦C strongly decreased comparing to 200 ◦C, meanwhile, the values increased by 20%
with a decrease in aging temperature from 450 to 300 ◦C (at a time corresponded to the
peak hardness).
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and final stabilizing aging at 300 ◦C to 1 h.

The strength properties for the studied alloy depend on precipitation strengthening
and solid solution strengthening effects. Cu solute content increased with an increase
in aging temperature and led to a higher solid solution strengthening effect and higher
precipitation strengthening effect. The predicted by Thermo-Calc equilibrium Cu content
in the (Al) solid solution increased insignificantly from 0.47 wt.% (0.2 at%) at 300 ◦C to
0.65 wt.% (0.28 at.%) at 450 ◦C. Therefore, the maximum predicted solid solution strength-
ening effect of Cu at room temperature calculated as σSS = 57.2 Ccu [57] is decreased from
16 MPa for the samples pre-treated at 450 ◦C to 11 MPa for the samples pre-treated at
300 ◦C. Strengthening effect for the samples pre-treated at 300–350 ◦C, as well as strength
at 200–300 ◦C, was the result of cooperative effect of the I-phase and θ′ precipitates. Mean-
while, the expected strengthening effect of the θ′-phase is weak due to a low solute Cu
and related low number density of θ′-phase for the studied alloy and comparatively coarse
θ′ precipitates.

In the studied Al-Cu-Mn alloy, the I-phase precipitates near dislocations heteroge-
neously (Figure 6b). Heterogeneous nucleation of the I-phase was observed for Al-Mn-Mg
alloys and pre-straining significantly increased the number density of precipitates [25,58].
Further investigations should be focused to study the influence of a low temperature
thermomechanical treatment on the I-phase precipitates parameters and properties of the
Al-Cu-Mn-based alloys. Pre-straining before aging at a temperature of 300 ◦C should
increase the fraction of the fine I-phase precipitates, improve strengthening effect and
strength properties of the alloys.
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4. Summary

The precipitation behavior and mechanical properties at room temperature and
300 ◦C after ageing treatment in a temperature range of 300–400 ◦C for 3–148 h for as-
cast Al-2%Mn-2%Cu alloy were studied.

According to XRD and microstructural studies, the alloy exhibited (Al) solid solution
containing 1.7 ± 0.2 Mn wt%, Al20Cu2Mn3, Al2Cu, and Al6Mn phases of solidification
origin in as-cast state. The maximum hardening effect was revealed after aging of as-cast
alloy at 300 ◦C for a time above 148 h, at 350 ◦C for 48 h, and at 400 ◦C for 32 h. The
θ′-phase with a high size stability precipitated in a temperature range of 300–350 ◦C, and
additionally, the I-phase precipitates with a mean size in a range of 30–50 nm were observed
after long-term aging at 300 ◦C for 148 h and after 350 ◦C for 8–48 h. The structure of
precipitates changed from the quasicrystalline to the crystalline with the formation of the
orthorhombic T-phase precipitates during aging at temperature of 400 ◦C. The aging of
as-cast samples in a temperature range of 300–400 ◦C provided a higher yield strength at
room temperature compared to that of for 450 ◦C. A long-term aging at 300 ◦C provided an
increased yield strength values at elevated compression temperature.
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