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Abstract

In this work, the influence of different heat treatments (HT)
processes on the microstructure and mechanical properties
of cast Al-4Cu—1.5Mg alloy was investigated. To investi-
gate the effect of HT, firstly AI-4Cu—1.5Mg samples were
homogenized (solution treatment) at 500 °C/2h, water
quenched at room temperature (RT) and then immediately
exposed to an artificial aging process at 200 °C for various
aging times of 1, 4, 8, 12, 16, 20 and 24 hours. Quantita-
tive examinations after HT processes (solution treatment
and aging) have shown that intermetallic phases (Al,Cu
and Al,CuMg) were dissolved in the a-Al matrix phase and
distributed along the grain boundary. Some mechanical
properties (HVo, arys, 0yrs, 0cys, E and d) of a sufficient
number of alloy samples exposed to different heat treat-
ments were examined in detail. The data obtained show

that the conditions of solution treatment and aging in some
conditions show superior mechanical properties than the
sample in the form as-cast. The highest microhardness
value (126 HV) was obtained for the o-Al matrix phase,
which was subjected to solution treatment (only homoge-
nization). After aging for 1h at 200 °C, the peak value of
microhardness was achieved as 289.5 HV for intermetallic
phases. The highest tensile strength (oyrs) was obtained as
328 MPa for the sample which aged for 8h at 200 °C after
solution treatment for 2h at 500 °C.

Keywords: 2xxx alloy, solution treatment, artificial aging,
microhardness, tensile strength, yield strength

Introduction

Aluminum alloys are commonly used in the automotive
industry as well as in the aviation and space industries due
to their low density and desired physical properties.'~
2xxx family of aluminum casting alloys are age harden-
able, based on Al-Cu system, which offers high strength
and hardness at ambient and elevated temperatures.'™
Copper is a strong precipitation reinforcement element in

Received: 24 May 2021 / Accepted: 26 July 2021 / Published online:
12 August 2021

1020

aluminum alloy. The alloy containing up to 5.0 wt.% Cu
shows very high strength and good toughness properties
when exposed to artificial aging.*”® The addition of Cu and
Mg to the aluminum plays an important role in the mech-
anism of significant dispersion strengthening, not only by
solid solution reinforcement but also by forming 6 (Al,Cu)
and S (AlL,CuMg) intermetallic (IMC) phases by heat
treatment (HT).® To achieve improved mechanical prop-
erties, aluminum alloys are often exposed to different HT
process.'®'® Among these, one of the most interesting
alloys is the Al-Cu-Mg ternary alloy.'*
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Reis et al.'® have applied a series of HT on the 2024 alloy.
In the first step, these researchers applied the solution
treatment process at 495, 505 and 515 °C temperatures and
then the artificial aging processes at two different temper-
atures such as 190 and 208 °C for different aging times.
They reported that the highest hardness was achieved with
a combination of 505 °C/2h solution treatment and 208 °C/
2h aging process. In another study, Zhou et al.'” investi-
gated the low-temperature behavior of the 2024 alloy.
These researchers have worked on 2024 alloy with cryo-
genic treatment (CT) with 2, 4, 6, 8 and 12-h variation at
77 K using liquid nitrogen. Findings showed that CT can
increase the hardness of the material. Goodarzy et al.'®
applied the solution treatment at 500 °C for 0.7 h on the
2024 alloy and then performed the ECAP process with
aging of 70 °C and 100 °C. The results showed that the
aging process at 70 °C increased the hardness of the
studied alloy.

Solution treatment is the first stage in which the alloy is
heated between the solvus and solidus temperatures and
held until all soluble phases dissolve and a uniform solid
solution structure is produced.'” The final stage in the
precipitation hardening process is aging process, which
allows controlled separation of the supersaturated solid
solution and the formation of strengthening precipitates.
Aging is the process of heating the supersaturated solid
solution at a temperature below the solvus temperature to
produce well-dispersed precipitates.'®~

Although there are a lot of studies and data in this area, the
effect of an HT on compressive yield strength (6cys) and
microhardness (HV) of intermetallic phases containing 6
and S has not been deeply investigated for Al-Cu-Mg
alloy. The solution treatment process can be applied in one
stage, two stages and sometimes three stages depending on
the studied alloy composition and experimental conditions.
In this study, Al-4Cu—1.5Mg (wt.%) alloy was preferred
especially to observe the 0 and S phases resulting from
precipitation hardening and the solution treatment was
performed in one step at the maximum solubility limit.
This composition equates to a low Cu/Mg ratio of 2.66.
This Cu/Mg ratio is suitable for the formation of the pre-
cipitated phases. Therefore, the aim of this study is to
determine which HT condition provides an improved
mechanical property for the Al-4Cu-1.5Mg alloy. In the
first stage, homogenization process was conducted on the
studied alloy samples at a certain temperature and time. In
the second stage, HT was completed by applying aging at a
certain temperature and different aging times. After
microstructural analysis of the samples and some
mechanical testing, optimum values were found for
microhardness (HV), ultimate tensile strength (oyrs), ten-
sile yield strength (orys), compressive yield strength
(ocys) and Young’s modulus (E).
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Experimental Procedures
Preparation of the AI-Cu-Mg Alloy

Al-4Cu-1.5Mg alloy (Figure 1) samples were prepared
using high-purity (99.99%) Al, Cu and Mg metals (all
compositions are given by weight unless otherwise speci-
fied). First, a sufficient amount of Al was placed in a
graphite crucible (L: 180 mm, OD: 38 mm, ID: 25 mm)
and melted in a vacuum furnace at set temperature of about
750 °C. After Al was completely melted, the required
amount of solid Cu (4 wt.%) was inserted under the liquid
Al surface. This liquid Al-Cu alloy was stirred three times
at three-minute intervals, and then the required amount of
Mg (1.5 wt.%) packed with pure thin Al foil was placed in
a graphite cage with many holes (Figure 2a); it was then
put under the surface of the liquid Al-Cu alloy in order to
avoid Mg burning on the surface of the melt. After
obtaining sufficient homogeneity and fluency, the molten
alloy was poured through a funnel into seven alumina
molds (100 mm long, 7 mm OD, 6 mm ID) placed in a
casting furnace (Figure 2b and c). The lower and upper
heaters of the casting furnace were kept at temperatures
approximately 50 and 100 °C above the melting point of
the alloy, respectively. To avoid air bubbles in the samples,
each sample was stirred with a thin alumina stick. Then, an
effective water cooling reservoir located at the bottom of
the casting furnace was used to obtain homogeneously
solidified samples. The sample preparation studies were
repeated until the necessary numbers (27) of suitable sam-
ples were produced. Approximately 10 cm sections of both
ends of the produced samples were cut and discarded. The
purpose of taking this precaution is to avoid possible errors
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casting furnace

during mechanical tests. The remaining 80-mm-long parts
of the samples were prepared for the microstructure
examination and mechanical tests (HV, orys, oyrs and

ocys)-

Heat Treatment

First, the required number (twenty-seven) of samples to
produce microstructure, HV hardness, tensile strength
(0Tys, outs) and compressive yield strength (6cys) testing
were produced for each HT setting. In order to increase
statistical reliability, three repetitions were run of each test
and HT condition. The solution treatment (homogeniza-
tion) and aging processes which are the HT steps to be
applied in this study are given in schematically Figure 3.

1022

To compare alloy samples to be heat treated with samples
in as-cast form, three casting samples were kept in a
refrigerator at — 18 °C without any HT and not allowing
natural aging at room temperature (RT). The remaining
twenty-four samples were exposed to 500 °C/2h solution
treatment process (homogenization) and then quenched in
water at RT (Figure 3a). After the solution treatment pro-
cess, these twenty-four samples were divided into eight
subgroups. One of these subgroups was preserved as an
only homogenized group. In other words, it was not
exposed to any aging treatment process. The remaining
seven subgroups (three samples) were exposed to artifi-
cially aging process (T6) in different conditions (Fig-
ure 3b). As shown in Figure 3c, three test samples were
allocated for each subgroup to increase the reliability of the
data.
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for the Al-4Cu-1.5Mg alloy

The HT (T6) was conducted in a muffle furnace. The
maximum temperature at which this heat treatment can be
carried out will depend on the content in Cu and Mg.
According to the ternary phase diagram®® given in Fig-
ure 1, the maximum solubility temperature is approxi-
mately 507 °C (eutectic temperature) and equilibrium
phase structure is « — Al + 0 + S. Therefore, the solution
treatment temperature was set as 500 °C during the T6 heat
treatment for the studied alloy. This process was optimized
during preliminary research. Parameters of artificial aging
applied to the alloys were developed based on common
industry standards and literature studies. In the first step of
the two-step HT process, the solution treatment process
(500 °C/2 h) was carried out, and then, the process was
completed by performing an artificial aging process in
seven different conditions (1 h, 4 h, 8 h, 12 h, 16 h, 20 h
and 24 h at 200 °C). For the solution treatment process,
samples were heated (300 °C/h), from RT to solution
processing temperature 7 (500 °C), kept at 500 °C for 2
hours and then quenched in water at RT to obtain a
supersaturated solid solution. For the aging process, the
solution-treated samples were heated (300 °C/h) again
from RT to the aging temperature (200 °C) and held at this
temperature for a certain time and then quenched in water
at RT. The parameters applied in both solution treatment
and aging process are given in Table 1. After the HT
process, standard metallography process for all samples
(without heat treated, only homogenized and homoge-
nized4+-aged samples), microstructure analysis and
mechanical tests (microhardness and tensile properties)
were performed.

Microstructure Characterization
and Identification of Phases

All samples were taken with appropriate sections, first
molded with cold molding material (epoxy resin). Then
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Table 1. Heat Treatment Processes of Studied Al-4Cu—
1.5Mg Alloy Samples

Number of Process Status
sample
S1 Without heat treatment  As-cast
(WHT)
S2 Only homogenization 500 °C/2 h
(OH)
S3 H+-artificial aging 500 °C/
2 h+200 °C/1 h
S4 H+-artificial aging 500 °C/
2 h+200 °C/4 h
S5 H+-artificial aging 500 °C/
2 h+200 °C/8 h
S6 H+-artificial aging 500 °C/
2 h+200 °C/12 h
S7 H+-artificial aging 500 °C/
2 h+200 °C/16 h
S8 H+-artificial aging 500 °C/
2 h+200 °C/20 h
S9 H+artificial aging 500 °C/

2 h+200 °C/24 h

these samples were prepared for examination by conven-
tional mechanical grinding, and polishing processes fol-
lowed by etching with Keller’s reagent (2 mL HF, 3 mL
HCI, 5 mL HNOj and 190 mL water) for 10 seconds. After
that, the microstructures of all the samples were revealed
and characterized using an inverted Nikon Eclipse MA 100
optical microscope and a Zeiss-Gemini 500 field effect
scanning electron microscope (FESEM) equipped with an
energy-dispersive X-ray (EDX) spectrometer as well as a
computer-controlled image system. EDX analysis was
performed to determine the composition of the matrix and
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intermetallic compound (IMC) phases in samples of stud-
ied alloy at 20 keV using the X-ray lines. Besides, X-ray
diffraction (XRD) analysis was conducted to confirm the
accuracy of the data obtained from the EDX analysis. XRD
measurements were conducted with a diffractometer
(Rigaku Ultima I'V) using Cu-Kao radiation (k = 1.5405 A°)
at an accelerating voltage of 40 kV. The diffracted beam
was scanned in steps by 0.01° across a 20 range of 20-90°.
The EDX and XRD analysis results and related comments
are given in detail in the next section.

Measurement of the Microhardness (HV)

Microhardness measurements were conducted at room
temperature with a Future-Tech FM—700 model micro-
hardness test apparatus. In these measurements, 300 g load
was applied to the polished sample surface for 10s.
Approximately 20-25 measurements were taken for each
sample section. Mean values were calculated from these
microhardness values. Some errors inevitably occurred
during the microhardness measurements. These errors are
caused by factors such as surface quality of the sample,
inhomogeneous phase distributions in the microstructure
and uncertainty of the traces. In this case, a measurement
error may occur, since the sharpness cannot be achieved
sufficiently during the measurement of the diagonal lengths
of the trace formed on the surface of sample. The per-
centage of error in hardness measurements is reasonable
(6%) and is within the systematic measurement error limits
of the hardness measurement device.

Measurement of Tensile Yield Strength (c7ys),
Ultimate Tensile Strength (oyts)
and Compressive Yield Strength (ocys)

The measurements of tensile yield strength and ultimate
tensile strength of the samples were performed with a
Shimadzu AG-XD testing apparatus with a strain rate
(1072 s ') at RT. The samples (as-cast and heat-treated
samples) in cylindrical form for tensile strength were pre-
pared to be 6 mm in diameter and 60 mm in length (Fig-
ure 3c). To increase the reliability of tensile tests, the tests
were repeated three times for each regime and the mean
value was taken. Similarly, cylindrical samples with a
diameter of 6 mm and a length of 8 mm were used in
compressive strength tests. For the test to be reliable, the
deformation rate was chosen as 1 mm/min. Also, com-
pression tests were repeated three times like tensile tests
and the mean value was taken. It has been found that the
experimental error was about 5% for both tensile and
compressive tests.
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Results and Discussion
Heat Treatment

Both optical (OM) and SEM images of the as-cast sample
are shown in Figure 4. It can be seen that the microstruc-
ture of the as-cast sample consists of o-Al (matrix phase)
and second phases. As-cast microstructures contain both
coarsened dendritic «-Al solid solution and nonequilibrium
second phases. These secondary phases are intermetallic
phases that mainly precipitate on grain boundaries and
interdendritic regions during solidification. For this reason,
the distribution of the a-Al solid solution and IMC phases
during solidification is uneven and composition segregation
usually occurs too. In addition, unstable distribution of
temperature, impurity, metallic or nonmetallic inclusion
and so on can also result in inhomogeneous microstruc-
ture.”” However, the as-cast microstructures are unsta-
ble and can be improved by HT (homogenization and
aging).”> The most important point to be considered in the
solution treatment process is that the process temperature
should not exceed the lowest melting point of any phase in
the sample.”® During the HT process, dendritic segregation
will gradually decrease and the unstable phases will turn
into the stable phases. Optimum HT parameters should be
found by providing different conditions. Many scientists
have worked on the HT process of 2xxx alloys for decades,
and they have proposed some optimum parameters for
advantageous HT,"-11:1417.1820.27-29

Microstructure Characterization

The mechanical properties mainly depend on the
microstructures of the material; therefore, OM and SEM
analyses were performed to characterize microstructures,
and chemical composition analyses of the phases were
determined with EDX and XRD analysis. As can be seen
from Figure 5, chemical results of the heat-treated (500 °C/
2h+200 °C/1h) alloy (S3) are given in the EDX spectrum.
The microstructures observed in the sample (S3) consisted
mainly of larger «-Al grains (gray region) and IMC phases
(60 and S) in the grain boundaries (dark region) in a-Al
matrix. According to the EDX, although the composition
ratios (94.62 Al, 4.15 Cu and 1.23 Mg wt.%) in the gray
region are close to the nominal composition, the compo-
sition ratios (43.02 Al, 47.21 Cu and 9.77 Mg wt.%) in the
dark region are very rich in Cu and Mg and formed
intermetallic phases. The constituent phases of the sample
(S3) were identified with XRD analysis. The XRD pattern
of the heat-treated alloy (S3) is shown in Figure 6. As
indicated, the presence of «-Al (dominant phase), Al,Cu
and Al,CuMg is confirmed due to the high number of peaks
corresponding to these matrix phase and IMC phases,
respectively. Both EDX analysis (Figure 5) and XRD
pattern (Figure 6) strongly indicate that only three phases
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Figure 4. Optical and SEM micrographs of as-cast Al-4Cu-1.5Mg alloy (S1)

(o-Al, Al,Cu and Al,CuMg) are present in the
microstructure of the sample (S3).

Figure 7 shows the TEM micrograph for the S5 sample

aged (8h at 200 °C) after being homogenized (2h at
500 °C). In this micrograph, Al,CuMg (S phase) and
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Al,Cu (0 phase) precipitates (IMCs) have formed, which
were defined as polyhedral-shaped and spherical particles,
respectively. As can be seen from this figure again, the
precipitates have different shapes: Some (the dark bigger
ones) were polyhedral-shaped Al,CuMg particles and some
spherical-shaped Al,Cu particles (the open smaller ones).
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Al,CuMg (S phase, red arrows) and Al,Cu (0 phase, blue
arrows) precipitates in the S5 sample aged with the
aging regime (8 h at 200 °C) after the homogenization
(2 h at 500 °C)

The size of Al,CuMg particles is about 30-60 nm, while
the size of Al,Cu particles is 10—35 nm and dispersed in
the eutectic phase and at the grain boundaries.

Typical OM microstructures of the as-cast (WHT) and
heat-treated Al-4Cu—1.5Mg alloy are shown in Figure. 8.
Figures 4a and 8a show the coarsened dendritic structure of
the as-cast of the studied alloy (S1). However, coarsening
dendritic structures have disappeared in the structures of
heat-treated samples (S2-S9) and grain boundaries have
been further thinned (Figure 8b—i). The solution-treated
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sample or only homogenized (OH) sample (S2 in Fig-
ure 8b) and aged samples (S3—-S9) in Figure 8c—i) originate
from the same as-cast Al-4Cu-1.5Mg alloy. Since the aged
alloy samples were exposed to the same solution treatment
regime (500 °C/2h), it can be considered that the aged
alloy samples have the same original microstructure before
aging. For this reason, the difference in the microstructures
of artificially aged alloy samples is caused by the different
aging regimes used in this study. Since aging is a precip-
itation process, the microstructure difference between
artificially aged alloy samples is closely related to the type,
size and number of precipitates.

Microhardness

Microhardness values of all samples were measured both
on matrix phases («-Al) and on IMC phases (Al,Cu and
Al,CuMg), usually clustered at grain boundaries. Micro-
hardness values obtained for IMC phases were more than
twice compared to those obtained for matrix phase. Fig-
ure 9 illustrates the HV values of the samples. Average HV
value of the matrix phases of as-cast (S1) sample without
HT is found to be 61 HV. However, the average HV value
for the IMC phases of the same sample (S1) was obtained
as 120.1 HV. Peak hardness values for matrix and IMC
phases are obtained as 126.2 HV (500 °C/2 h (S2)) and
289.5 HV (500 °C/2h 4 200 °C/1 h (S3)), respectively.
Peak HV value (126.2 HV) for matrix phase is in very good
agreement with values 119 HV, 127 HV and 129 HV
obtained by Zamani et al.”® at 190 °C/4h aging process
after solution treatment (495 °C/5 h), Feng et al.” at
190 °C/12 h aging process after solution treatment
(500 °C/3h) and Yamanoglu et al.** at 200 °C/6 h aging
process after solution treatment (540 °C/6 h), respectively,
for AI-Mn—Cu alloys. The peak hardness value (289.5 HV)
obtained for the IMC phase is also very close to the value
(300 HV) obtained by Petrova et al.>' at two-stage aging
(120 °C with holding for 1.5 h and 160 °C for 6h) by the
T6I6 regime after solution treatment at a temperature of
500 °C for 16 h. As can be understood from these com-
parisons, the optimum HT condition (S3), which requires a
shorter time, has been determined for the maximum
microhardness value in the Al-4Cu-1.5Mg alloy.

Tensile Yield Strength and Ultimate Tensile
Strength

Typical strength—strain curves of Al-4Cul.5Mg samples
are shown in Figure 10. The tensile yield strength (o1ys)
and elongation (6) values of the samples are defined from
the curves in Figure 10. The yield point is the point on a
strength—strain curve that indicates the limit of elastic
behavior and the beginning of plastic behavior. oryg values
are shown in Figure 11. As can be seen from Figures 10
and 11, while the highest orys value (268.3 MPa) was in
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Figure 8. Optical micrographs of the as-cast (WHT) and heat treated Al-4Cu-1.5Mg alloy (a) as-cast

sample (S1), (b) only homogenized sample (or solution treatment) (S2) and (c—i) aged samples at
different times after homogenization (S3—S9)

I WHT (as-cast)

EE OH(500 °C/2h)
300 {EEE-H:+(200°C/1h)
T H+(200 °C/4h)
W 14200 °C/8h)

200 +

Lowest value

/Peak value

Microhardness (HV)

B H+(200 °C/12h)
=3 H+(200 °C/16h)
=3 H+(200 °C/20h)
1200 ©C/24h)

s Peak value

Lowest value,\

S1 S2 S3 S4 S5 S6 S7 S8 S9 S1 S2 S3 S4 S5 S6 S7 S8 S9

Matrix phase

phase

Number of sample

Figure 9. The effect of solution treatment and aging
treatment on the microhardness
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the S6 sample (500 °C/2 h+ 200 °C/12 h), the highest ¢
value (3.89%) was determined in the S2 sample (500 °C/
2 h). In addition, the minimum otys (81.51 MPa) and &
(0.55%) values were obtained for the as-cast sample (S1)
without any heat treatment. Ultimate tensile strength
(ouTs) and elongation (J) values were determined from the
curves in this graph (Figure 10) again. Both the oyrs and &
of some samples (S2, S5, S8 and S9) increased compared
to the as-cast sample (S1). However, in some samples (S3,
S4, S6 and S7), while the oyrg increased, the 6 decreased
compared to the as-cast sample (S1). As can be seen from
the curves given in Figure 10, the J of the as-cast sample
(S1) without any heat treatment is 2.8%. The ductility of
the material in terms of the elongation increased signifi-
cantly in comparison with the as-cast sample (S1) and
reached 6.9% in the S2 sample after the solution treatment
process (500 °C/2 h). If the S7 sample is compared with
the S1 sample, it will be observed that there is a significant
decrease (55%) in the amount of ¢ (1.3%) while a small
increase (4%) in oyts (172.5). The values of the oyrg are
shown in Figure 12. The lowest value was obtained as
166 MPa for the as-cast sample (S1). This value reached

B WHT (as-cast) _— 0
~ 400 | ™= OH(500 °C/2h) Peak value = 31888 08?2{1)
& E= H+(200 °C/1h) l E= H+(200 °C/16h)
S 3 H+(200 °C/4h) = H+(200 °C/20h)
~ [ ] 0,

E Lowest value HH(200 °C/24h)
5 300 4
g

&n

=
=2
5 200 A
=

=
&
2

< 4
g 100
5

O d
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Number of sample

Figure 12. The effect of solution treatment and aging
treatment on the ultimate tensile strength
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310 MPa in the solution treatment process (S2) as shown in
Figure 12. In different aging regimes applied after the
solution treatment process, the others were obtained below
310 MPa except for one aging regime (S5). Peak oyrg
value was obtained as 328 MPa for this aging regime (S5)
and 97% improvement was achieved compared to the
tensile value of the as-cast sample (S1). If we compare the
optimum HT conditions, we have determined in terms of
maximum microhardness and maximum tensile strength,
an aging time of 1 hour (S3) is sufficient to reach the
maximum microhardness value, while an aging time of
8 hours (S5) is required for maximum tensile strength.

The peak orys value (268.3 MPa) obtained by us is fairly
close to value 256.4 MPa obtained by Elgallad et al.” under
similar aging conditions (220 °C/6h) for Al-2.1Cu-—
0.4Mg-0.8Fe-0.8Mn alloy. The peak oyrs value
(328 MPa) is in good agreement with value 330 MPa
obtained by Samuel et al.>* at 200 °C/5 h aging process
after solution treatment (495 °C/8h) for 220 Al-2Cu-based
alloy. Also, peak oyrs value is lower than values 385 MPa
and 367 MPa obtained by Feng et al.?’ at 190 °C/12 h
aging process after solution treatment (500 °C/3 h) for Al-
4Cu-1.3Mg alloy and Zhao et al.*® at 180 °C/6 h aging
process after solution treatment (495 °C/2 h) for Al-
4.5Cu-1.5Mg alloy, respectively. This improvement in
tensile strength is due to precipitation hardening. Similar
behaviors were reported by Petrova et al.>', Li et al.*,
Zhang et al.*® and Gu et al.?® for 2xxx alloys with different
compositions. It can be said that the strengthening mech-
anism for the studied alloy is due to the precipitation
hardening. In some studies, it was emphasized that the
dislocation movement is effective in the precipitate for-
mation process.”’ >’

—— WHT (as-cast)
600 41— OH (500 °C/2h)
H+(200 °C/1h)

H+(200 °C/4h)
H+(200 °C/8h)
— H+(200 °C/12h)

H+(200 °C/16h)
H+(200 °C/20h)
H+(200 °C/24h)

500 4 Yield strength point
,,'/

Compressive strength (MPa)

Strain (%)

Figure 13. Typical compressive strength-strain curves
of heat-treated Al-4Cu—1.5Mg alloys
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Compressive Strength

Compressive strength—strain curves for Al-4Cul.5Mg
samples are shown in Figure 13. Compressive yield
strength values (gcys) were determined from strength—
strain curves (yield strength point indicated by red dot).
The values of the ocys under different heat treatment
processes are shown in Figure 14. The ocys value of the as-
cast sample (S1) is found to be 187.1 MPa. This value is
the lowest value for ocys, but this value improved in aging
processes applied for different times. The ocys of the
sample (S4) reached to 337.3 MPa (peak value) with the
aging process (200 °C/4h) applied after the solution treat-
ment (500 °C/2h). The maximum gain of 150.2 MPa
(80.2%) of the S4 sample was obtained. As can be
understood from these results, unlike other mechanical
properties (HV, oyrs), the optimum HT condition for
maximum compressive yield strength was the 4 hours
aging process (S4) applied after the solution treatment.
Peak value (337.3 MPa) of gcys obtained in this study is in
very good agreement with values 310 MPa, 300 MPa and
331 MPa obtained by Feng et al.*’ at 190 °C/12h aging
process after solution treatment (500 °C/3 h) for Al-4Cu—
1.3Mg alloy, Samuel et al.** at 200 °C/5h aging process
after solution treatment (495 °C/8h) for 220 Al-2Cu-based
alloy and Zhan et al.*° at 160 °C/12h aging process for Al—
4.26Cu-1.36Mg alloy, respectively.

Young Modulus

The Young modulus (E=a/¢) can be defined as the slope of
the linear part of the stress—strain curve that occurs when a
material is subjected to tensile testing. Young modulus
values defined from strength—strain curves in Figure 10 are
given in Figure 15. The lowest value was obtained as
35.7 GPa for the S9 sample. The Young’s modulus of the
sample (S4) reached 100.3 GPa (peak value) with the aging
process (200 °C/4h) applied after the solution treatment

EER WHT (as-cast)
EE (OH(500.°C/2h)  peak value
E=E H+(200 °C/1h)
3 H+(200 °C/4h)

W (200 °C/8h)

B 1200 °C/12h)
=3 H+(200 °C/16h)
3 H+(200 °C/20h)
B 1200 °C/24h)

400 A

300 A

Lowest value

200 A

100 A

Compressive yield strength, 6., (MPa)

S1 S2 S3 S4 S S6 S7 S8 S9
Number of sample

Figure 14. The effect of solution treatment and aging
treatment on the compressive yield strength
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Figure 15. Young modulus of heat-treated Al-4Cu—
1.5Mg alloys

Table 2. Heat Treatments Where Mechanical Properties
Reach Peak Value

Mechanical properties Peak Process (number of
values sample)
Microhardness of matrix 126.2 HV ~ 500 °C/2 h (S2)
phase (HV)
Microhardness of IMC 289.5 HV 500 °C/
phase (HV) 2 h+200 °C/1 h
(S3)
Tensile yield strength 268.3 MPa 500 °C/
(o1ys) 2 h+200 °C/12 h
(S6)
Ultimate tensile strength 328.0 MPa 500 °C/
(ouTs) 2 h+200 °C/8 h
(S5)
Elongation () 6.9% 500 °C/2 h (S2)
Compressive yield 337.3 MPa 500 °C/
strength (ocvs) 2 h+200 °C/4 h
(S4)
Young modulus (E) 100.3 GPa 500 °C/
2 h+200 °C/4 h
(S4)

(500 °C/2h). Peak value of E (100.3 GPa) is close to with
values 109.3 GPa and 100.1 GPa calculated by Zhang
et al.*' for AlI-Cu—Mg alloy and obtained by Kaczmarek
et al.*? after treatment by regime T616 for the matrix phase
of 2024 alloy, respectively. The peak values of the
mechanical properties detected after HT are given in
Table 2. Changes in elastic constants of multicomponent
materials can be quite complex. It is quite natural to have
this complexity. There are many factors that affect the heat
treatment processes applied after solidification such as
microstructure (size, shape and composition of the different
constituent phases), presence of precipitates (composition,
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distribution, size of the particles) and interactions between
dislocations.*?

Conclusions

Al-4Cu-1.5Mg alloy was produced using the vacuum fur-
nace and the casting furnace. Microstructure and mechan-
ical properties of cast (S1) and heat-treated samples (S2-
S9) were investigated. The key findings are drawn as
follows:

1. The microstructure of the cast sample (S1)
consisted of «-Al (coarse dendritic structure)
and second phases. However, coarsening den-
dritic structures have disappeared in the struc-
tures of heat-treated samples (S2-S9) and grain
boundaries have been further refined.

2. Substantial improvements in the microhardness
of the Al-4Cu-1.5 Mg alloy were attained at
different aging processes (200 °C/1 h-24 h) after
solution treatment (500 °C/2 h). Peak hardness
values for matrix and IMC phases are obtained as
126.2 HV (500 °C/2h (S2)) and 289.5 HV
(500 °C/2 h + 200 °C/1 h (S3)), respectively.

3. The peak orys value was obtained as 268.3 MPa
for this aging regime (S6). The peak elongation
value in the S2 sample reached 3.89%.

4. The peak oyrs value was obtained as 328 MPa
for this aging regime (S5) and 97% improvement
was achieved compared to the tensile value of the
as-cast sample (S1). The highest average oyrs
about 328 MPa was obtained for the S5 samples.
The peak elongation value in the S2 sample
reached 6.9%.

5. The compressive yield strength of the S4 sample
reached 337.3 MPa with the aging process
(200 °C/4 h) applied after the solution treatment
(500 °C/2 h). The maximum gain of the S4
sample was calculated to be about 80.2%.

6. The Young modulus of S4 sample reached
100.3 GPa with the aging process (200°C/4 h)
applied after the solution treatment (500 °C/2 h).
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