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Abstract: The phase composition, microstructure, and mechanical properties of flat-rolled experimen-
tal Al-Cu-Mn system alloy with Si and Zr additions have been studied. The experimental results have
been compared with data for the AA2219 commercial alloy pertaining to the same alloying system.
Hot deformation of an experimental alloy causes the precipitation of ~100 nm sized dispersoids
and refinement of the eutectic phase particles. The yield strength and relative elongation of the
hot-deformed experimental alloy are 255 MPa and 8.6%, respectively. Subsequent cold deformation
reduces the relative elongation by 3.5% and increases the yield strength by 50 MPa, while the ultimate
tensile strength does not change. After long-term 350 °C exposure, the mechanical properties of the
experimental alloy remain the same as those of the as-deformed one, whereas the yield strength of
the 2219 alloy decreases by 2 times and the ultimate tensile strength by 1.4 times. Comparison of
these experimental results with data for the 2219 alloy and other Al-Cu-Mn system alloys cited in this
work and reported elsewhere suggests that a good thermal stability of Al-2Cu-2Mn-0.45i-0.2Zr alloy
rolled stock can be achieved through treatment using the regimes designed herein.

Keywords: aluminum alloy; Al-Cu-Mn system; deformation; thermostability; microstructure;
mechanical properties

1. Introduction

Aluminum and its alloys are widely used in a number of branches due to their
unique combination of mechanical and physical properties, high processability, and, most
importantly, low cost and abundance. Deformable 2xxx series aluminum alloys (Al-Cu
and Al-Cu-Mn) have found broad application in the aircraft and spacecraft industries due
to the possibility of their long-term operation over a wide temperature range without
compromise in performance [1]. The 2219 (Al-6Cu-Mn) alloy of the abovementioned
series is still commonly used as a construction material for operation at elevated (up to
315 °C) and cryogenic temperatures [2]. However, high performance of AA2219 alloy
products can only be achieved after combined heat and deformation treatment including
ingot homogenization, quenching, and aging of deformed semi-finished products [3]. This
process route requires strict adherence to the processing parameters, which is difficult to
realize in the conditions of large industrial enterprises and their narrow process windows,
as it increases the overall time consumption and cost of production and dictates the necessity
to use special process equipment. Furthermore, there are indications that the strength of
this alloy decreases dramatically at elevated temperatures (above 200 °C) [4,5].
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It is well-known that the mechanical properties of the Al-Cu system alloys, including
AA2219, depend on the size and morphology of their structural components that are in
turn controlled by the Al,Cu (0) and AlygCuy;Mnjs (Alyg) phase formation conditions [6,7].
The 0 phase forms from the metastable 6" and 0” as a result of deformation and heat
treatment and the decomposition of the supersaturated solid solution, respectively [8-10].
The precipitation of the ternary Alyy phase is also a result of 2219 alloy heat treatment, but it
occurs mainly at below 450 °C [11,12] which is far lower than the 2219 alloy homogenization
temperature. The formation of fine copper- and manganese-containing phases is a necessary
factor that provides for good physical and mechanical properties and preserves these
properties in the course of high-temperature operation by hindering recrystallization
processes [13-16]. Whereas some researchers have focused on the improvement of Al-Cu
system alloys’ properties by zirconium and scandium alloying [17-21], as well as various
rare earth metals like yttrium, erbium, or gadolinium [22-24], others explore the possibility
of replacing the graded alloy for non-heat-treatable Al-Cu-Mn system alloys containing
less Cu.

Recent publications [11,25,26] have reported on the production of deformed Al-Cu-Mn
alloy sheets with Zr and Sc additives. It was shown that acceptable strength and refractory
properties can be achieved for alloys containing 1-2% Cu and Mn and up to 0.2% Zr and Sc.
The phase composition of these alloys, expressed as (Al) + Alz(Zr,Sc) + Alpg, provides for
a high thermal stability and favors 8 phase content reduction which is auspicious for the
plasticity of the alloys and allows one to exclude the homogenization step from the process
route. One should, however, bear in mind the high cost of Sc (up to USD 10 per gram of
high-purity metal and up to USD 25 per kilogram of AlSc2 ligature) generally limiting its
use as an alloying additive [27,28]. Other works [29-31] have dealt with the effect of Si
and Fe on the phase composition of Al-Cu-Mn alloys after different types of deformation
and heat treatment. It was found that small additions of those elements (up to 0.4%)
favor the precipitation of the Al;5(Fe,Mn),Si3 (Alj5) and Alg(Fe,Mn,Cu) (Alg) phases which
decelerate the development of recrystallization processes in the alloy structure during
long-term exposure to elevated temperatures. Other data [32] suggest that the presence of
silicon in an amount of 0.4% in the alloy is sufficient for the formation of equal fractions
of Mn-containing Alyy and Al;s dispersoids and, probably, their refinement which favors
strength improvement.

However, despite the obviously available detailed data on the structure and properties
of the Al-Cu-Mn system alloys with a lowered Cu percentage and Si addition in the
absence of Fe, there are still insufficiently studied issues, e.g., optimum process routes and
processing conditions, including deformation and heat-treatment steps. Furthermore, there
is no information on the effect of low-rate cold deformation (up to 50%) on the properties of
experimental Al-Cu-Mn system alloys. Thus, it is an important task to study the structure
of the non-heat-treatable Al-2%Mn-2%Cu alloy with 0.4% Si and 0.2% Zr additions and
the effect of deformation treatment on the performance of the rolled sheets. Another task
of this work is to study the effect of cold preliminary deformation on the properties of
the aged 2219 type alloy (2219 hereinafter in the work). The main goal of this work is
to develop a process route for Al-2%Mn-2%Cu-0.4%Si-0.2Zr alloy sheet rolling and to
compare experimental data for that alloy with those for the graded heat-treatable alloy
in order to identify potential advantages of the experimental alloy and test the thermal
stability of the alloys at 350 °C.

2. Methods and Materials

The charge materials for ingots of the desired composition alloy were high-purity
aluminum (99.99%), copper (99.9%) and Al-10%Mn, Al-12%Si and Al-15%Zr alloying
additions. The alloys were melted in a PP-10 muffle furnace with fire—clay crucibles. After
the complete melting of the charge, the melt was held for 10 min in the crucible and cast into
graphite molds at 750 °C to flat 20 x 130 x 180 mm ingots (H x W x L). The ingot-cooling
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rate was approx. 20 K/s. Spectral data (Oxford Instruments) suggest a good match between
the actual and target chemical compositions (Table 1).

Table 1. Chemical composition of investigated aluminum alloys.

Composition, wt.%

Alloy

Al Cu Mn Zr Si Fe
2219 Balance 6.18 £0.09 037 +£0.04 0.30+£0.08 - <0.01
CMSZ Balance 2.03+0.07 194+005 0.17+£0.08 041+0.04 <0.01

The ingots were rolled in an ambient atmosphere on a two-high SKET mill, equipped
with an open-type housing, mechanical gap-setting system, and individual rolls drive. The
rolls diameter and length are 210 mm and 300 mm, respectively, and their circumferential
speed is 30 rpm. The rolling temperature was varied by heating in a SNOL 8,2/1100 LSM
mulffle furnace. The ingots were deformed to the target sizes gradually in 10 sequential
passes of 10-25% each with intermediate heating between the passes for temperature
homogenization to the target value of 400 °C.

The processing modes differed for two test-alloy batches (Table 2). The 2219 alloy
ingots before hot deformation were homogenization annealed at 535 °C for 12 h and then
rolled in several passes at 400 °C to 2.0, 2.06, and 2.2 mm thick sheets. Part of the 2.0 mm
thick sheets were annealed at 410 °C, while other 2.0 mm sheets were exposed to solution
treatment at 535 °C for 1 h followed by water quenching and artificial aging at 175 °C for
18 h (according to AMS2770R). Some of the 2.06 and 2.2 mm sheets were additionally cold-
rolled between the quenching and aging operations to strain (¢) of 3 and 9%, respectively.
Cold deformation was conducted no later than 1 h after quenching.

Table 2. Deformation and heat-treatment modes of test Al alloys.

Alloy Designation Thermal and Deformation Processing Route
HR (2219) HR 2.0 mm
(@) HR 2.0 mm, Ann 410 °C-1 h
Q HR 2.0 mm, Ann 535 °C-1h, Q
2219 AA HR 2.0 mm, Ann 535 °C-1h, Q, AA 175 °C-18 h
AA3 HR 2.06 mm, Ann 535 °C-1 h, Q, CR 3%, AA 175 °C-18 h
AA9 HR 2.20 mm, Ann 535 °C-1 h, Q, CR 9%, AA 175 °C-18 h
A350-6 (2219) HR 2.0 mm, Ann 535 °C-1h, Q, AA 175 °C-18 h, Ann 350 °C-6 h
HR (CMSZ) HR 2.0 mm
CR25 HR 2.5 mm, CR 25%
CMSZ CR33 HR 3.0 mm, CR 33%
CR50 HR 4.0 mm, CR 50%
A350-6 (CMSZ) HR 4.0 mm, CR 50%, Ann 350 °C-6 h

HR—Hot rolling. CR—Cold rolling. Ann—Annealing. Q—Quenching in water. AA—Artificial Aging.

Due to the proven best processability of the CMSZ alloy [16] the process route for
its sheets was far shorter and included 400 °C hot rolling and cold rolling of 2.5, 3.0,
and 4.0 mm sheets to € = 25, 33, and 50%, respectively. For evaluating the effect of high-
temperature treatment on the structure and properties of the 2219 and CMSZ alloys, the
deformed sheets were annealed at 350 °C for 6 h.

The main methods used for characterizing the structure and the mechanical and
physical properties of the test alloys were electron microscopy, electrical conductivity
measurement, hardness, and tensile tests. The weight fraction of the solid phases and
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isothermal section were calculated using the Thermo-Calc 3.1 software (TTAL5 database).
The microstructure was studied using scanning electron microscopy (SEM, TESCAN VEGA
3, TESCAN Brno, s.r.0., Brno, Czech Republic) and transmission electron microscopy (TEM,
JEOL JEM-1400, JEOL Ltd., Tokyo, Japan), and the phase composition was verified using
electron microprobe analysis (EMPA, OXFORD Aztec, Aztec, Oxford, Abingdon, UK). The
specimens were prepared for the tests through mechanical treatment on a disc grinder
(ATM SAPHIR 560, ATM GmbH, Blieskastel, Germany) and electrolytic treatment in a
perchloric acid—ethanol electrolyte at 12 V. TEM foils were made using PIPS (Precision Ion
Polishing System, Gatan, Inc., Pleasanton, CA, USA) ion beam thinning. The Vickers (HV)
microhardness was measured with a digital hardness tester MH-6 (Metkon Instruments
Ltd., Bursa, Turkey) at a 1000 g load with a 10 s dwell time. The electrical conductivity (EC)
was measured with an eddy current structuroscope (RII-MSIA “Spectrum” VE-26NP). The
ultimate tensile strength (UTS), yield strength (YS), and relative elongation (EI) tests were
carried out on an Instron 5900 Series universal tester at a 0.001 s~! strain rate. The tensile
test specimens were taken from the sheets along the rolling direction.

3. Results and Discussion
3.1. Phase Diagram Calculation

The as-crystallized alloys were theoretically analyzed by means of Sheile-Gulliver
simulation (Figure 1a). According to the nonequilibrium crystallization curve presented,
one should anticipate the formation of Al;5 and Al,Cu eutectic phase and Si crystals. The
formation of primary AlgMn and Al3Zr phase crystals under the actual crystallization
conditions is suppressed by the formation of a manganese- and zirconium-supersaturated
aluminum solid solution (Al). Figure 1b shows the isothermal section of the Al-Cu-Mn-
0.2Zr-0.45i system at 350 °C: this temperature is accepted as the working one for the new
alloy. It can be seen that the composition of the new alloy falls in the four-phase region
containing AlsZr, Alj5 and Alyg aluminides which should be expected to precipitate in
the form of dispersoids during the decomposition of the supersaturated aluminum solid
solution. It is the presence of these phases that is anticipated to provide for a highly stable
alloy structure at elevated temperatures.

1 1 1 1 1 1 2.5 | 1 1
720 L (ANFALZF+AL+AL,
1 alzr = -(Al)+Al+ALZr+AL+AT
T | — [A+ALFALZ+A],, i
680 - 2.0 A CMSZ
JA
_ /(A.f) -
e L5 (Al)J+ALFALCU+ALZr+Al, -
2
£ L (Al)+ALZr+Al,,
(=]
=17 (AALCU+ALZr+AI |
054 —T(ANFALZr+Al +(Si) 219 b
®
(Al)+ALCu+Al Zr+Al +(Si)
| | | | | |

@ 0 1 2 3 4 5 6 7
Cu, mass.%
(b)

Figure 1. Mole fraction of solid phases (Q) versus temperature (a) and 350 °C isothermal section
(b) of CMSZ alloy.
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3.2. Microstructure

Figure 2 shows microstructural images of 2219 alloy ingots homogenized at 535 °C
and as-cast and hot rolled CMSZ alloy ingots. The images clearly show the difference
between the microstructures of the test alloys. The microstructural image of the 2219 alloy
(Figure 2a) suggests that the Al,Cu phase did not undergo a complete dissolution since the
Cu content is above its solubility limit in Al at the selected homogenization temperature
535 °C. As a result, that phase remained in the structure in the form of spherical particles
up to 15 pm in size at dendrite cell boundaries. The slow post-annealing cooling of the
alloy favored the precipitation of Cu- and Mn-containing secondary phase crystals.

(b)

Figure 2. SEM images of experimental alloys: (a) 2219 after homogenization at 535 °C for 12 h,
(b) as-cast CMSZ, and (¢) HR-CMSZ.

Due to the far smaller Cu content in the CMSZ alloy, its concentration in the structure
of the Al,Cu eutectic phase inclusions was far lower than in the grade alloy. However, an
increase in the Mn content in the alloy provided for the precipitation of the crystallization-
type manganese-containing eutectic phases. As can be seen from the micrograph, those
phases precipitate at the boundaries of (Al) cells in the form of streaks. This difference in
the microstructure is expected to improve the mechanical properties and processability of
the CMSZ alloy since the refinement of the eutectic phase inclusions during hot rolling at
400 °C followed by cold rolling provides for the formation of fine eutectic phase particles
limiting the growth of subgrains at high temperatures and, hence, stabilizing the structure.
As can be seen from the micrograph (Figure 2c), hot rolling refined the eutectic phase
particles and homogenized their distribution. It can be clearly seen that the particles are
arranged in the rolling direction.

Despite the visible refinement and a more homogeneous distribution of the eutectic
phase particles as a result of deformation, the main contribution to the thermal stability
of the CMSZ alloy pertains to the secondary phase dispersoids forming as a result of
aluminum-matrix decomposition in the course of thermomechanical treatment. For exam-
ple, the structure of the as-hot-rolled CMSZ specimen contains subgrains elongated in the
deformation direction. The dislocations are arranged randomly, with their density being
high (Figure 3a). The structure contains a large number of <100 nm sized particles well-
resolvable both in bright-field (Figure 3b) and dark-field (Figure 3c) images. The particles
are arranged randomly relative to the aluminum matrix and to one another, leading to the
formation of diffraction rings in the electron-diffraction pattern. Most of those particles
can be identified as Mn-containing dispersoids (AlgCu;Mnjz and AljsMn;Sis); however,
analysis of the diffraction pattern proved some of them to be AlzZr particles.
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AL, Cu,Mn, (Al Mn,Si,).

(b)

Figure 3. TEM images in (a,b) bright-field and (c) dark-field of CMSZ alloy in HR condition,
(a,b) with corresponding diffraction patterns.

The structure of the test alloy processed following the A350-6 regime (Figure 4) differs
but only slightly from the structure of the as-hot-rolled alloy, except for the absence of a
clearly pronounced rolling structure. One can also see a large number of <100 nm sized
Mn- and Zr-containing particles which segregate at subgrain boundaries (Figure 4b), thus
hindering boundary migration and, therefore, stabilizing the structure of the material at
high operation temperatures.

(b)

Figure 4. TEM images in (a) bright-field and (b) dark-field of CMSZ alloy in A350-6 condition,
(a) with corresponding diffraction pattern.

By way of comparison, Figure 5a,b shows the typical structure of the artificially aged
2219 alloy. Both images indicate the precipitation of 6" phase particles along the {001}
planes of a-aluminum, which is typical of the alloy in this state. The size of the particles
is 40-60 nm, with their boundaries being semi-coherent. Some inclusions are markedly
larger than others, with their orientation differing in some cases (Figure 5b) from that of
the other particles. Those inclusions can be identified as the 6 phase arranging incoherently
relative to the aluminum matrix, and, therefore, their orientation differs from that of the
0’ phase particles.
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(a)
Figure 5. TEM images in (a) bright-field and (b) dark-field of 2219 alloy in AA condition.

3.3. Mechanical Properties

Figure 6 illustrates the change in the microhardness of the specimens processed us-
ing the regimes summarized in Table 2. The hot-deformed 2219 alloy exhibits slight
deformation hardening. The hot-deformed and annealed 2219 alloy undergoes reverse
(recrystallization) processes and inner stress relaxation, leading to softening. Quenching
noticeably increases the hardness and reduces the electrical conductivity due to copper
dissolution in the aluminum matrix and the formation of a supersaturated Al. The hardness
of the artificially aged 2219 alloy is the highest, reaching 146 HV! (Figure 6a). It should
be noted that deformation treatment immediately before artificial aging did not affect HV.
After long-term high-temperature exposure, the microhardness of the 2219 alloy speci-
men decreased dramatically to 63 HV! due to coarsening of the predominant 8’ phase in
the alloy.

AA

(a) (b)
Figure 6. HV and EC of (a) 2219 and (b) CMSZ alloys.

26 120 30

EmHY ~T-EC
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EC, MS/m

NoB oo

The hardness of the CMSZ alloy after different types of deformation and heat treatment
is more uniform (Figure 6b). The hardness of the HR-CMSZ specimen is 99 HV!. As
described above, this hardness is achieved due to the formation of a subgrain structure
with a large number of dispersoids as a result of deformation. Cold rolling of the specimen
slightly increases the hardness due to deformation hardening. This fact indicates a low
deformation, strengthening susceptibility of the alloy. It is more important, however, that
annealing does not affect the hardness of the alloy. Indeed, 6 h 350 °C heat treatment
reduced the microhardness of the specimens by an average of 4 HV! in comparison with
the CR50 condition, confirming the high thermal stability of the CMSZ alloy.



Metals 2023, 13,2019

8 of 12

500
450
400
350

& 300

250

/UTS, M

A 200

Y

150

100

50

Figure 6 also shows electrical conductivity data. EC and its variations are known to be
in good agreement with the heat conductivity and microstructural changes of materials,
e.g., phase transformations [16]. The EC of the 2219 alloy is the highest after hot rolling
and annealing due to the depletion of the aluminum solid solution after these treatments.
Quenching reduces the EC of the alloy to 19 MS/m due to Cu dissolution in (Al). Aging
(AA, AA3 and AAY) increases the conductivity of the alloy by an average of 1 MS/m due
to the decomposition of the solid solution and the formation of the 6" phase. The deformed
CMSZ alloy specimens typically exhibit slight changes in the EC. The electrical conductivity
of the hot-rolled specimen is controlled by the Mn content in (Al). Cold rolling with different
deformation degrees causes a variation of the EC within the confidence interval due to
defect formation in the crystal structure of the specimens. Further decomposition of the
as-annealed aluminum solid solution in the A350-6 specimen leads to a significant growth
of the EC to 24.6 MS/m.

The most interesting tear test data for the specimens are shown in Figure 7 and are
summarized in Table 3. By and large, the YS and UTS figures are in agreement with
the microhardness data as can be seen from the diagram. The 2219 commercial alloy
specimen subjected to the conventional deformation and heat-treatment route had the best
mechanical properties meeting the performance requirements for it. The hot-rolled and
annealed CMSZ alloy specimens exhibit moderate but almost stable properties regardless
of cold deformation or high-temperature treatment. Cold rolling leads to a slight increase
in the yield strength and an appropriate decrease in the hardness which, nevertheless,
remains sufficiently high. On the contrary, subsequent high-temperature annealing at
350 °C for 6 h completely recovers the properties achieved after hot rolling. One can,
therefore, conclude that the new alloy exhibits an excellent thermal stability which becomes
evident when compared with grade 2219 alloy after similar annealing. Indeed, one can see
from Table 3 that similar annealing of the grade alloy reduces its yield strength twofold, to
about 1.5 times lower than that of the new model alloy.

- 14
EZZ1YS EEUTS =m—El|
L 12
L 10

W

/ 4
. f

HR-CMSZ CR50 A350-6 (2219) A350-6 (CMSZ)

Figure 7. Yield strength (YS), ultimate tensile strength (UTS), and elongation (El) of experimental alloys.
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Table 3. Mechanical properties of experimental alloys.

Alloy

Route

HV YS, MPa UTS, MPa El, %

Value sd Value sd

2219

AA

146 2.6 314 4.8 446 53 11.3 0.9

A350-6

63 2.0 157 4.6 320 24 9.3 35

CMSZ

HR

99 1.4 255 3.1 333 29 8.6 0.7

CR50

100 2.8 305 11.9 317 16.9 5.1 22

A350-6

96 1.1 244 1.4 309 43 7.9 0.5

3.4. Discussion

The alloys studied in this work pertain to different groups of aluminum alloys. The
2219 alloy is heat-treatable, and increasing its strength and plasticity requires additional
quenching and aging steps in its process route. The experimental CMSZ alloy is a non-heat-
treatable one. Experimental results also indicate a low deformation hardening susceptibility
of this alloy composition. Thus, alloying processes and deformation-heat-treatment modes
deliver the main contribution to the properties of the CMSZ alloy. These operations provide
for the formation of fine-grained manganese- and zirconium-containing particles (Alp,
Aljs and Als) in the structure of rolled sheets, with these particles being the main factor
delivering the high thermal stability of the test alloy.

Results of quantitative analysis of the fraction of phases and composition of Al for the
experimental alloys (based on their actual compositions (Table 1)) at 350 °C are summarized
in Table 4. The data show that the equilibrium concentrations of Cu, Mn, Si, and Zr in Al are
the same for both alloys. Calculations showed that the AA2219 and CMSZ alloys contain
approximately equal total fractions of the excess phases (Al,Cu, AlygCuyMng, AljsMn;Sis.
and Al3Zr). The calculations also showed that the CMSZ model alloy contains a high
amount of the Al,)CuyMnj3 and Al;sMn;Siz phases (about 3 and 4.6 wt.%, respectively).
However, the Al,Cu phase dominates in the 2219 alloy.

Table 4. Calculated phase composition of experimental alloys at 350 °C.

Alloy

Fraction of Phase, wt.% Concentration in (Al), wt.%

A12Cu

Alzo A115 A13 Zr (AD) Cu Mn Si Zy

2219

9.60

1.76 - 0.58 88.05 0.86 0.02 <0.01 0.07

CMSZ

1.35

3.03 4.58 0.20 90.83 0.86 0.02 0.02 0.07

The properties of the grade heat-treatable 2219 alloy in the AA condition are in a very
good agreement with the standard requirements to the alloy in the T6 condition, and the
resultant microstructure being typical of that alloy. The large quantity of ordered 6’ phase
particles in the alloy structure favor its high strength and plasticity. The selected artificial-
aging regime provides for the optimum combination of properties that are superior to the
YS and El parameters for artificially aged specimens obtained earlier [33]. A combination of
preliminary hot deformation (5 and 10%) and artificial aging (Figure 8, CPD + AA) allowed
for the achievement of a higher strength at a lower plasticity. The hardness and electrical
conductivity data (Figure 6a—AA3 and AA9) suggest that preliminary cold deformation
before aging has but a little effect ranging within standard statistical deviation. However,
despite the substantially higher strength, the predominant fraction of the metastable 6’
phase makes this chemical composition and processing route of the alloy unsuitable for
high-temperature operation. It was reported [16] that even short-term operation at 250 °C
leads to a degradation of 2219 alloy properties to the level of Al-2Cu-2Mn, and operation at
300 °C further impairs the alloy properties (Figure 8, AA + A-300). The data presented in
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this work confirm earlier results, showing a reduction of 2219 alloy’s YS of four times and
an El reduction of 2% after 6 h 350 °C heat treatment (Figure 8, AA + A-350).
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Figure 8. Comparison of mechanical properties of Al-Cu-Mn system alloys according to experimental
data and data from other sources [11,16,31,33].

The large number of <100 nm sized nanostructural particles forming in the CMSZ alloy
upon hot deformation provide for efficient structural stabilization. Indeed, as can be seen
from microstrucrual images, the large quantity of the Al;5sMn;,Sis and AlsZr phase particles
and the absence of secondary Al,Cu particles favor the preservation of the predominantly
deformed CMSZ alloy structure even after long-term high-temperature treatment. YS
and El data for this system alloys reported elsewhere (Figure 8) suggest a substantially
predetermined strength level of within 300-350 MPa and the possibility of controlling
the plasticity of the alloys over a wide range. The effect of annealing at 300 to 400 °C
(Figure 8, A-300 and A-400, respectively) can be clearly seen in the slight reduction of
YS from 283 to 210 MPa and the gradual linear growth of El by 5%. As was concluded
earlier [16], increasing the strength of Al-Cu-Mn system alloys requires reducing the size
of the Al,)CuyMnj3 dispersoids or increasing their content in the material. Zirconium
and silicon microalloying aimed to form thermally stable phases, coupled with a lower
hot rolling temperature (400 °C) and a higher deformation rate at final rolling passes,
provide for the best combination of strength and plasticity (Figure 8, yellow rhomb-HR) in
comparison with the other experimental results. YS, in this case, totaled 255 MPa, and El
is 8.6%. One should also bear in mind that earlier data [11] (Figure 8, A-300) demonstrate
quite a small effect of Sc microalloying on the thermal stability of the Al-Cu-Mn system
alloy, i.e., that this alloying is unnecessary.

Thus, the experimental results allowed for finding the optimum deformation and
temperature for flat rolling of the thermally stable CMSZ (Al-2%Cu-2%Mn-0.4%Si-0.2%Zr)
alloy exhibiting high processability in comparison with other 2xxx system alloys, e.g., the
heat-treatable 2219 one, without expensive alloying additions.

4. Conclusions

1. The phase composition, microstructure, and mechanical properties of non-heat-
treatable experimental Al-2%Cu-2%Mn-0.4%Si-0.2%Zr alloy rolled sheets were stud-
ied after different deformation and heat-treatment modes and the data were compared
with those for the graded heat-treatable AA2219 alloy;

2. The as-cast structure of the experimental alloys (except for the Al,Cu phase) contains
a small quantity of eutectic phase inclusions and Mn-containing phase interlayers at
dendrite cell boundaries that favor the deformability and processability of the alloy;
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3. The microstructures of the as-deformed experimental alloy specimens and the long-
term high-temperature-treated ones contain multiple nanosized Mn- and Zn-containing
particles (Alyy, Alys, AlsZr) that deliver the major contribution to the thermal stability
of the alloy;

4. The 3 to 9% pre-aging deformation of the 2219 heat-treatable alloy specimens had but
a little effect on the properties of the rolled sheets. The aged rolled sheets have high
YS and UTS (314 and 446 MPa, respectively) which, however, decrease noticeably
upon heat treatment at above 250-270 °C;

5. The room-temperature mechanical properties of the model non-heat-treatable alloy
were studied: The UTS and YS parameters of the hot-rolled CMSZ alloy are 333 and
255 MPa, respectively, the relative elongation being —8.6%. These parameters are
the highest for the test alloy and confirm that achieving its best properties does not
require additional processing. At 6 h 350 °C heat treatment of the alloy reduces its
mechanical properties but slightly;

6. Zr and Si microalloying and use of the herein-suggested process route for rolling of
semi-finished rolled sheets of the Al-Cu-Mn system alloy prove to deliver the best
final product performance that is superior to results achieved in earlier works and to
the thermal stability of the compared graded alloy.
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