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HIGHLIGHTS ABSTRACT

e Aging temperature and time effects on the
ultimate tensile strength of Al2024 were
examined.

e Optical microstructure analysis was used at

This study focuses on the ultimate tensile strength of Al 2024 in that since the
past decade, Al 2024 alloy (Al-4.5% Cu-1.5% Mg-0.6% Mn) has been one of the
most widely used Al-Cu-Mg-Mn alloys. Therefore, it was subjected to heat
treatment, quenching, and artificial aging. The artificial aging temperatures were

dlfferim “d“.lt?s’ including as-quenched and 1400 °C, 1600 °C, 1800 °C, and 1900 °C, each for the range from 0.5 hr to 9 hr.
as-cast conditions. The ultimate tensile strength of the as-cast after solutionizing and quenching
o The ultimate tensile strength of Al2024 increased from 185 MPa to 199 MPa, representing a 7.6% increase. At 1900 °C

increased by up to 175.7% after heat

reatment, quenching, and artificial aging. aging temperature, the peak value of 348 MPa, representing an 88.1% increase

from the as-cast value, was recorded at 6 hr aging time. The drops in ultimate
tensile strength values outside the peak aging time of 6 hr were attributed to the

Keywords: precipitation of incoherent and coarse secondary phases in the alloy structure.
Al 2024 Ultimate tensile strength values increased at various aging temperatures and
Ageing Temperature aging times, culminating in 482 MPa, which is the semi-maximum overall value
Ageing Time at 1800 °C and 6 hr. Aging temperature, representing a 160.5% increase from the

. . as-cast value, while 510 MPa was recorded as the overall maximum ultimate
Ultimate Tensile Strength tensile strength at 1400 °C and 8 hr aging time, representing a 175.7% increase
Elongation from the as-cast value. This was a very considerable enhancement in the

mechanical properties of Al 2024 with respect to ultimate tensile strength.

1. Introduction

The Al 2024, made up of Al-4.5%Cu-1.5%Mg-0.6%Mn, has been widely used over the years as an Al-Cu-Mg-Mn alloy. It
has received great attention in terms of usage due to its excellent strength-to-density ratio, formability, corrosion resistance,
good fracture toughness, and excellent fatigue resistance properties [1,2]. Oguocha [3] showed that Al alloys have good
formability in their ‘zero’ condition, but like any heat-treatable alloy, it has poor weldability.

This alloy has been considered a substitute for steel materials used in automobile, aerospace, electrical, and cable
industries for the production of aircraft rivet structure hardware, truck wheels, screw machine products, etc. Meanwhile, its
excellent performance increases at a temperature below 100 °C, and its excellent mechanical properties decrease significantly
when it is exposed to temperatures above 1000 °C [4]. This difference in performance is a result of the incomplete solution mix
of the solute elements with large-sized and sparsely dispersed inter-metallic compounds or precipitates in the aluminum matrix
[51.

A known fact is that heat treatment of metals is generally employed to improve their mechanical properties. Still, for
aluminum alloys, heat treatment is restricted to specific operations employed to increase the strength and hardness of
precipitation-hardenable wrought and cast alloys. Davies [6], showed that Al 2024 is a “heat-treatable” alloy because it can
obtain significant strengthening effects by heat treatment. Therefore, in order to obtain Al 2024 with the optimum combination
of excellent mechanical properties, it is commonly subjected to heat treatment, quenching, and artificial aging treatment since
it has a positive response to artificial aging [7]. Xu et al. [8], showed that Al 2024 possesses an enhanced strength when
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exposed to heat treatment because of the precipitation of the AI2CuMg phase upon solutions and artificial aging. Alexopoulos
and Pantelakis [9,10], indicated that chemical composition, solidification rate, and heat treatment are the key parameters
necessary for the improvement of the mechanical properties of Al 2024. Polmear [11], established that precipitation, hardened
by the formation of S-type particles in the alloy - ALLCuMg, is observed in the aluminum matrix. Also, the deformation and
fracture of the alloy are affected by the size, morphology, distribution of Al-grains, and possible defects like voids, porosity,
etc. He added that the presence of the secondary precipitation hardening particles is also one of the main factors contributing to
the enhancement of the mechanical properties and behavior of the alloy. According to Smoljan [12], fractured toughness and
fatigue limit depend on the micro-structural constituents and distribution of the inter-metallic particles and non-metallic
inclusions. As well Xu et al. [8], established that precipitation-strengthened alloys show decreased positive mechanical
properties in the weld zone because of the dissolution and growth of strengthening precipitates in the thermal cycle.

The Precipitation hardening heat treatment emerged as a result of the desire in automobile, transportation, and aeronautical
industries to develop new materials with high strength-weight ratio, excellent ductility, and hardness [7]. It is the most
common heat treatment method applied to Al 2024. The sequence of precipitation hardening heat treatment practice includes
solution heat treatment at a high temperature (about 5500 °C), quenching in water, and aging (which may be either natural
aging or artificial aging). On this kind of heat treatment, Jiang et al. [13], showed that solution heat treatment is most
effectively carried out near the solidus where the maximum solubility exists and diffusion rates are rapid and possible to
improve the fracture toughness by dissolution and modification of the soluble inter-metallic particles. It involves heating the
alloy to a temperature where a single phase can be obtained and held at this temperature for a sufficient time 30 minutes to
enable complete dissolution of the phase and random dispersion of the solute atoms in the solid solution [6] and [14].
Quenching (or rapid cooling in water) after solution treatment is a very critical step necessary to retard the diffusion process of
the alloying elements in solid solution [6] and [14]. Quenching is to obtain a solid solution supersaturated with solute elements.
The solid solution of Al 2024 at a high solutioning temperature of 5500 °C is quenched down to room temperature with the
solute precipitate trapped in super-saturated and meta-stable conditions. As a result of the quench, a supersaturated solution
now exists between the solute and the aluminum matrix, and an undesirable concentration of the alloying elements in the
defect and grain boundary structure is avoided. According to Totten et al. [15], the alloy must be cooled rapidly to avoid solid
diffusion and precipitation of the phase. The rapid quenching creates a saturated solution and allows for increased hardness,
improved strength, and other mechanical properties of the material [16]. The coherent lattice phenomenon usually induces an
improvement in strength. Thus, the distortion of the coherency of the migrated solute atoms with the matrix lattice structure
results in interference and impediment to the movement of dislocations. This increases the ultimate tensile strength during the
aging process, as opined by lyida et al., [17]. Thermal stresses are typically minimized by reducing the cooling rate from the
solutionizing temperature, as revealed by Rollanson [18]. However, if the cooling rate is too low, undesirable grain boundary
precipitation will result. If the cooling rate is too high, distortion will occur, as revealed by Belhocine and Bouchetara [19].
Therefore, one of the primary challenges in quench process design is to select quenching conditions that optimize strength
while minimizing distortion and, at the same time, ensuring that other undesirable properties, such as inter-granular corrosion
and cracks, are not obtained, as stated by [6], [20] and [14].

This work aims to produce an Al 2024 alloy with better ultimate tensile strength and other mechanical properties. The
excellent mechanical properties of Al 2024 decrease significantly when it is exposed to temperatures above 1000 °C, creating
the need to identify and/or produce an aluminum alloy that can operate at elevated temperatures. After properly aging at
suitable temperatures and without over-aging, it will consequently produce Al 2024, which finally establishes the effects of
aging temperature and time on the ultimate tensile strength of Al 2024.

2. Materials and method

Aluminum wire, copper wire, magnesium, and manganese powders were used as the base materials. Other materials were
emery paper, o-grits sizes, aluminum oxide powder, etchants (acidified ferric oxide), and water. The equipment used was a
bailout crucible, muffle furnace, hack saw, weighing balance, and steel. Others are heat gun machine (Bosch GHG660LCD),
tensile strength tester (100KN JPL, 130812), digital motorized Brinell hardness tester (Phase II 900-355, equipped with 20X
optical microscope), digital impact strength tester (UI820), optical microscope (L2003A), digital camera, scanning electron
microscope (Carl Zeiss EVO/NA10), electronic weighing balance (GF-203A) and lathe machine. Aluminum and copper wires
were sourced from Curtix Cable PLC, while magnesium and manganese powders were supplied by Sigma-Aldrich PLC, both
in Nnewi, Anambra State, Nigeria. Table 1 shows the compositions of the four Elements that make up the Al 2024 alloy:
Aluminum, Copper, Manganese, and magnesium.

2.1 Experimental design

A full-factorial two-level design was used to design the experiment, considering two dependent factors: aging temperature
and aging time. This was used basically to determine simultaneously the individual and interactive effects of the factors that
hopefully will affect the output results [21]. The actual coded values of the factors and the design layout in standard order are
presented in Tables 2 and 3, respectively.

As artificial aging was adopted, 140 °C was chosen as the low-level aging temperature because the aging temperature
should not be too close to room temperature to ensure that fine precipitation occurs inside the grain boundaries.
Correspondingly, 190 °C was chosen as the high-level aging temperature because aging temperatures should not be too close to
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the solidus temperature (of 550 °C) to avoid burning, which leads to melting and oxidation at the grain boundaries. That
condition seriously causes a decrease in ductility [22, 23]. Hence, the aging temperature range was from 140 °C to 190 °C.

Table 1: Composition of the constituent elements of Al 2024 Alloy

S\N Elements Compositions Percentage

1 Aluminum  Aluminum Al 99.5
Copper Cu 0.5

2 Copper Copper C11000 99.5
Impurities less than 50 ppm 0.5

3 Magnesium  Magnesium-24 79
Magnesium -25 10
Magnesium -26 11

4 Manganese  Pyrolusite MnO2 63
Psilomelane manganese oxide 31
Manganife MnO3 5

2.2 Alloy preparation and casting

The equivalent weight in grams of each element in the alloy composition was calculated using the weight percentage
calculation Equation (1) and measured using the electronic weighing balance.

%weight/ — mass solute (g) x 100 (1)

weight mass solution (g)

The materials were stored for the melting process. During melting, the bail crucible furnace was preheated for two
minutes, and the measured pure aluminum wire was introduced into the furnace. Aluminum melt was obtained at 660 °C and
then superheated to 700 °C to increase its fluidity [23]. Then, the alloying elements of copper, magnesium, and manganese
were introduced into the liquid metal and stirred. The magnesium and manganese powders were wrapped in aluminum foil
before being introduced into the liquid melt to avoid agglomeration and loss of materials. The mixture was stirred again after 5
minutes for complete homogeneity and then cast in a preheated permanent mold with cavity dimensions of 250 x 16 mm? [24]
[25]. After 1.6 to 2.4 minutes, the mold was disengaged to remove the solidified cast sample. The cast sample was cleaned and
machined to the appropriate dimensions using the lathe machine. Table 2 presents the normal weight composition in the
parentage of the Al 2024 matrix. Though, Table 1 presents the percentage of each element, and Table 2 presents the weight of
each element.

Table 2: Normal Composition Weight Percent of Al 2024 Material Matrix

Materials Cu Mn Mg Al
Percentage (g) 0.4 0.15 0.8 Balance

2.3 Characterization of alloys

A permanent die-casting technique was adopted as in their work [25]. The mold was prepared using a thick steel plate
measuring 300 x 30 mm?. A cavity of dimensions 250 x 16 mm? was drilled at the centre of the steel plate using a drilling
machine. The steel plates were sectioned vertically into two parts at the centre, after which a dome and pin were created at the
sectioned parts for easy coupling and disengagement of the mold after casting.

The aging heat treatment process was carried out using the muffle furnace, which comprised solution heat treatment at 550
°C for 2 hours, quenching in water, and then artificially aging at temperatures of 140 °C, 160 °C, 180 °C, and 190 °C for 0.5
hr, 1 hr, 2 hr, 3 hr, 4 hr, 5 hr, 6 hr, 7 hr, 8 hr, and 9 hr, respectively [26].

Figure 1 above shows the graphical representation of the aging treatment of the Al 2024 process. It starts with the initial
solutionizing process, where it is heated to 550 °C. Then, there are four aging temperatures and times, all of which are the
same, 0.5hr to 9 hr for the aging temperatures.

Finally, the samples were ground with emery paper. The tensile strength of the samples was characterized using the tensile
testing machine. During the testing operation, the specimen was clamped at the ends of the dome-shaped sample on the fixed
and movable jaws of the machine, and the tensile load was applied automatically by pressing the “down button” on the
machine scale until the specimen fractured. The values of the load and extension at rupture were recorded as shown on the load
scale, and the Ultimate Tensile Strength (UTS) was determined using Equation (2):

_ MAX.Fore (N) _ Ppax
urs = oOriginal C.S.A(mm2) A @
Let UTS after casting = UTS.ast and UTS after quenching = UTSquench then,
Change in UTSquench = UTSquenchchange (3)
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UTSquench_ UTScast

UTSquenchchange = UTSoqet x 100 4)
Also, let UTS after ageing = UTSgeeq, then,
Change in UTSqgea = UTSagedchange (5)
UTSaged_UTScast
UTSagedchanged = UTS,qet x 100 (6)
Aging hardening treatment
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Figure 1: Schematic graph of aging hardening treatment of Al 2024 Alloy process
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Figure 2: Tensile curve for Al 2024 As-cast, quenched, and aging specimens

Experimental data obtained from the test results were analyzed by plotting a series of curves for each test. Each series ran
for a particular temperature over several aging times. Finally, a combined plot of all the values for all the temperatures was
done as a correlation to display the optimal value.

The tensile curve of Figure 2 shows the ductile nature of Al 2024 material as it obeys Hookes law for ductile materials.
Stress is the ratio of the applied load to the cross-section. Strain: The ratio of the change in length and original length and the
ratio of stress and strain will give us the Young modulus of the Al 2024 as well as the slope of the above curve in Figure 2.
Point one is the yield point, between point one and point two is the ultimate tensile strength and point 3 is the fracture point,
the point of breakage. Aged treated specimen showed an increase in ultimate tensile strength.
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2.4 Results and discussion

Table 3 presents the actual and coded values of the independent variables from the experiment. This table houses the aging
temperature and time. Table 4 presents the design layout of aging temperature and aging time in hours and Celsius,
respectively, with 42 experimental runs.

Table 3: Actual and coded values of the independent variables

Factors Units Low Level (-) High Level (+)
Ageing temperature °C 140 190
Ageing time hr 0.5 9

Table 4: Design layout

S/N Aging Temperature (°C) Aging Time (hr.)
1 As — cast -
2 Solutionized and Quenched -

3 140 0.5
4 160 0.5
5 180 0.5
6 190 0.5
7 140 1
8 160 1
9 180 1
10 190 1
11 140 2
12 160 2
13 180 2
14 190 2
15 140 3
16 160 3
17 180 3
18 190 3
19 140 4
20 160 4
21 180 4
22 190 4
23 140 5
24 160 5
25 180 5
26 190 5
27 140 6
28 160 6
29 180 6
30 190 6
31 140 7
32 160 7
33 180 7
34 190 7
35 140 8
36 160 8
37 180 8
38 190 8
39 140 9
40 160 9
41 180 9
42 190 9

438



Benedict U. lyida et al. Engineering and Technology Journal 43 (06) (2025) 434-443

Table 5 includes the aging temperature, aging time, calculated percentage elongation, and ultimate tensile strength for the
42 experimental runs.

Table 5: Effects of ageing temperature and time on the percentage elongation and ultimate tensile strength of Al 2024

S/N Aging Temperature Ageing %Elongation Ultimate Tensile
°O) Time (hr.) (%) Strength (MPa)
1 As - cast - 18.8 185
2 Solutionized and Quenched - 12.7 199
3 140 0.5 17.9 205
4 160 0.5 15.8 360
5 180 0.5 14.8 216
6 190 0.5 14.6 209
7 140 1 17.1 278
8 160 1 15.8 344
9 180 1 14.8 281
10 190 1 14.6 270
11 140 2 16.8 284
12 160 2 15.0 363
13 180 2 14.5 298
14 190 2 143 280
15 140 3 17.4 298
16 160 3 14.6 380
17 180 3 143 308
18 190 3 13.8 283
19 140 4 16.5 313
20 160 4 14.5 394
21 180 4 14.0 326
22 190 4 13.5 291
23 140 5 16.0 324
24 160 5 17.3 410
25 180 5 13.7 372
26 190 5 13.1 354
27 140 6 15.5 450
28 160 6 14.1 430
29 180 6 13.4 482
30 190 6 12.8 348
31 140 7 14.9 325
32 160 7 133 444
33 180 7 13.0 430
34 190 7 12.1 364
35 140 8 14.2 510
36 160 8 13.1 416
37 180 8 12.2 408
38 190 8 11.4 344
39 140 9 133 371
40 160 9 12.8 346
41 180 9 11.2 338
42 190 9 10.5 308

Presented below are the results of the analysis of the as-cast and quenched at various temperatures at different times,
plotted ultimate tensile UTS (MPa) against aging temperature in degrees Celsius.

Figure 3 is a condensed and multiferous bar chart plot showing the ultimate tensile strength of Al 2024 at the conditions of
the as-cast, quenched, and aged for various aging temperatures and aging times. The Al 2024, in the as-cast condition, has an
ultimate tensile strength of 185MPa. The optical microstructure (OM) of the as-cast condition is shown in Figure 4.

The analysis of the results, as presented in Figure 3, indicated that the Al 2024 responded positively to the aging heat
treatment as its ultimate tensile strength was significantly improved at different aging temperatures and aging times. It showed
an increase in the ultimate tensile strength of Al 2024 after being solution heat-treated and quenched in water. This increase is
due to the retardation of the diffusion process during quenching. This agrees with the by Lewandowska et al., [27]. The optical
microstructure (OM) of Al 2024 as cast and solutionized at 5500 °C for 2 hr quenched in water are shown in Figure 3. The
quenched Al 2024 recorded an ultimate tensile strength of 199 MPa, which, according to Equation (3), represents an increase
of 7.6% from the as-cast value.
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Figure 3: Effects of aging temperature and time on the ultimate tensile strength of Al 2024

Figure 4: (a) As-cast OM of Al 2024 and (b) Quenched in water OM of Al 2024

2.5 Optical Microstructure Al 2024

Figures 4, 5, and 6 present the optical microstructure of Al 2024, revealing coarse grains of the solid solution matrix and
bright disparities associated with intermetallic phases. These intermetallic phases are precipitated at grain boundaries and have
different morphologies and dark disparities. Some of the intermetallic phases of AICuMnMg alloy have a coarse plate-like
morphology. This microstructure has an average grain size range of 30pum to 56pum. At the same time, the AICuMnMg alloy
aged treated containing phases at recognized different times appears as elongated grains parallel to the direction of rolling,
while its morphology of plate-like precipitate is completely changed to fine particles. Figure 4 (a) illustrates the microstructure
of the as-cast condition, showing finer precipitates along the grain boundaries compared to the quenched condition depicted in
Figure 4 (b). Figure 5 (a) represents aging at 140 °C for 0.5 hr, where lattice formation has induced an increase in ultimate
tensile strength (UTS). The precipitates at the grain boundaries are fine but not as fine as those observed in the as-cast
condition. Figure 5 (b) shows aging at 140 °C for 7 hr, revealing slightly coarser particles along the grain boundaries,
attributed to the increased aging time and temperature. In Figure 5(c), aging at 140 °C for 8 hr results in further particle
coarsening due to the extended aging duration.

Figure 6 (a) demonstrates aging at 160 °C for 7 hr, where coarser particles are observed at the grain boundaries,
corresponding to an increase in UTS due to the higher aging temperature and time. Figure 6 (b), aged at 160 °C for 8 hours,
shows even coarser particles due to the prolonged aging duration. Conversely, Figure 6 (c), aged at 180 °C for 6 hours, exhibits
finer particle sizes along the grain boundaries, resulting from the higher temperature combined with a shorter aging time.
Finally, Figure 6 (d), aged at 190 °C for 6 hours, shows finer precipitate particles along the grain boundaries, corresponding to
an increase in UTS.

Presented below are values of the ultimate tensile strength of 205 MPa, 260 MPa, 216 MPa, and 209 MPa at aging
temperatures of 140 °C, 160 °C, 180 °C, and 190 °C, for 0.5, 6, 7, 8 hr, were recorded representing 10.9%, 40.5%, 16.8% and
13.0%, increases from the as-cast value respectively, using Equation (5). The optical microstructures (OM) of Al 2024 aged at
140 °C for 0.5 hr, is shown in Figure 5.
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Figure 5: (a) OM aged at 140 °C for 0.5 hr, (b) Aged at 140 °C for 7 hr, and (c) Aged at 140 °C for 8 hr, of Al 2024

The coherent lattice phenomenon induced the improvement in ultimate tensile strength. Thus, the distortion of the
coherency of the migrated solute atoms with the matrix lattice structure, which resulted in the interference and impediment to
the movement of dislocations, increased the ultimate tensile strength during the aging process [28]. At the aging temperature of
140 °C, the Al 2024 recorded an overall maximum tensile strength of 510 MPa at 8 hr aging time, representing a 175.7%
increase from the as-cast value. Also, at 160 °C, it recorded a maximum tensile strength of 430 MPa, representing a 132.4%
increase, and at 6 hr aging time. In contrast, at 180 °C aging temperature and 6 hr aging time, it recorded an overall and semi-
maximum ultimate tensile strength of 482 MPa, representing a 160.5% increase from the as-cast value, using Equation (5). The
respective optical microstructures (OM) are shown in Figure 6.

F. g . X - * s e

Figure 6: OM of Al12024 (a) Aged at 160 °C for 7 hr, (b) Aged at 160 °C for 8 hr, (c) Aged at 180
°C for 6 hr, and (d)Aged at 190 °C, for 6 hr

Furthermore, at the aging temperature of 190 °C, the peak aging time is 6 hr with the ultimate tensile strength of 348 MPa,
representing an 88.1% increase from the as-cast value, also using Equation (5). The respective optical microstructures (OM)
are also shown in Figure 6 at the bottom right. Generally, drops in the ultimate tensile strength beyond the peak aging times
can be attributed to the precipitated incoherent coarse secondary phases in the alloy structure. This is also observed in their
work on heat treatment of AL 2024 [29].

3. Conclusion

The work was to increase the mechanical properties of Al 2024 alloy using aging heat treatment of the composite. The
ultimate tensile strength of the as-cast increased from 185 MPa to 199 MPa, representing a 7.6% increase after solutionizing
and quenching. This was induced by the retardation of the diffusion process and the presence of fine grains in the quenched
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sample. Thereafter, improvement in the ultimate tensile strength progressively continued. At 190 °C aging temperature, the
peak value of 348 MPa, representing an 88.1% increase of the as-cast value, was recorded at 6 hr aging time. The drops in
ultimate tensile strength values outside the peak aging time of 6 hr were attributed to the precipitation of incoherent and coarse
secondary phases in the alloy structure. There were further increases in the values of the ultimate tensile strength at various
aging temperatures and aging times, culminating in 482 MPa as the semi-maximum overall value at 180 °C and 6 hr aging
temperature, representing a 160.5% increase of the as-cast value. Meanwhile, 510 MPa was recorded as the overall maximum
ultimate tensile strength at 140 °C and 8 hr aging time. Representing a 175.7% increase in the as-cast value. This increased the
mechanical property of Al 2024, and it’s so recommended for application in lightweight machines and equipment with respect
to ultimate tensile strength.

Nomenclature

A Area (mm?)

BL Bottom left

BR. Bottom right

hr. hour

KN  kilo-newton

Mpa megapascal

Oc. Degree Celsius

OM  Optical Microstructure
TR  Topright

TL.  Top left

UTS. Ultimate Tensile. Strength (mpa)
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