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Abstract: The mechanical properties of 2024 aluminum alloy were studied after two different tempers.
The T351 temper (solution heat treatment, stress relief, and natural aging) leads to high hardness
and toughness. A thermal treatment consisting of heat-treating at 280 ◦C for 48 h and slow cooling
in a furnace, named TT temper, was performed to increase the precipitate size and their separation
while minimizing the amount of solutes in solid solution, which produced the minimum hardness
for an overaged Al2024 alloy and a lower tensile flow stress than for the T351 temper. The flow
stress strongly decreases and the elongation to failure strongly increases for both materials above
300 ◦C. Differences in strain rate at a given stress in the power law regime at all temperatures for
both tempers and compared with pure aluminum are attributed to the influence of solutes in solid
solutions, affecting both the glide and climb of dislocations. However, the stacking fault energy,
SFE, alone does not account for the hot deformation behavior. Thus, it is the synergistic effect of
various solutes that affects the entire deformation process, causing a decrease of three or four orders
of magnitude in strain rate for a given stress with respect to the pure aluminum matrix values.

Keywords: mechanical properties; hot deformation behavior; stacking fault energy; solutes; solid
solution; 2024 aluminum alloy

1. Introduction

Aluminum alloys are important in many industries due to their lightweight, high
corrosion resistance, and high strength-to-weight ratio. Despite the introduction of com-
posite materials in the aeronautic industry, high-resistance aluminum alloys are still very
important for structurally reliable components and fracture-resistant parts for airframes,
fuselages, engines, and a vast number of other components [1,2].

The 2xxx series of aluminum wrought alloys and related alloys, having copper as
the principal alloying element followed by magnesium, are especially important in the
aeronautic industry and are nowadays subjected to extensive research [3–13]. These are
heat-treatable alloys that can be hardened under certain conditions of heating and cooling
and are primarily used for aircraft structures, fuselages, and the lower part of wings under
tension [14,15]. In addition, they can be spot-welded. The effect of heat treatment in these
alloys may be pronounced, increasing the strength of the fully annealed, named O temper,
almost three times in the T3 temper. As usual, ductility diminishes as strength increases.

In general, the strengthening effect increases when the atomic radius of the solute is
much larger than that of Al. However, the effect of adding multiple solutes is not necessarily
additive. An important factor is the precipitation hardening effect, especially due to the
extensive precipitation of second phases containing manganese. In the same line, Cu and
Mg are appreciated because they also contribute, in solid solution, to the strengthening
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effect. The usual heat treatment involves solubilization at high temperatures followed by
rapid cooling or quenching, provoking solute supersaturation. Then, aging treatments
are carried out to produce fine precipitates. Such heat treatment leads to high strength at
low temperatures by precipitation strengthening, while at high temperatures it provides a
beneficial high strength by the combination of the remaining precipitates and solutes in
solid solution. Additionally, depending on the characteristics of each solute, especially its
size, two distinct solutes can attract or repel each other and can form different “Cottrell
atmospheres,” so that dislocations can move unexpectedly slower because their combined
effect can be non-linear or multiplicative, not precisely additive.

At high temperatures, T > 0.6 Tm (where Tm is the absolute melting temperature),
the strain rate,

·
ε, has been observed to be related to the absolute temperature, T, and

stress, σ [16]:
·
ε = f(s) exp (−Q/RT) (σ/E)n (1)

where f(s) = function of microstructure, E = average unrelaxed polycrystalline Young’s
modulus, n = stress exponent, Q = activation energy for plastic flow, and R = universal gas
constant.

The function f(s) represents mainly the influence of grain size, d, subgrain size, λ, and
dislocation density, ρ. Over a certain temperature range, Q is constant and is related to a
particular deformation mechanism.

Although time-dependent deformation of metals at high temperatures, above 0.6 Tm, is
usually correctly described by a diffusion-controlled slip deformation mechanism (Equation (1)),
other mechanisms may become important. Grain boundary sliding (GBS) and directional
diffusional flow may, in fact, dominate deformation, especially in fine-grained materials.
These three mechanisms are considered to operate independently, are thermally activated,
are controlled by atom diffusion, and can be described by Equation (1).

In the case of the Al2024 alloys, the grain size is usually much larger than 20 µm,
which is about the upper limit to activate GBS and diffusional flow mechanisms. Therefore,
slip creep should be the controlling mechanism. This mechanism is usually described by
the following equation [17]:

·
ε = A DL/b2 (σ/E)5 (2)

where A is the constant for a given material, b is the Burgers vector, and DL is the lattice
self-diffusion coefficient.

This mechanism assumes that a moving dislocation, which is the origin of deformation,
is held by an obstacle on its slip plane. However, the dislocation can climb by diffusional
processes to a parallel slip plane. The climbing process permits the dislocation to glide
on a new plane until it encounters another obstacle. This process is constantly repeated.
This is a typical case of sequential processes, glide and climb, where the slowest of the
processes controls the strain rate. Therefore, for Equation (2), the climb process is the one
that determines the stress exponent, n = 5.

This equation is strongly influenced by the stacking fault energy (SFE, γ) of the
materials. A stacking fault is an irregularity in the normal stacking sequence of the atomic
planes. These irregularities have associated a certain energy, which is called stacking-fault
energy. The width of these planes is determined by this energy, and therefore a low SFE
corresponds to a wide stacking fault, causing difficulties in the mobility of dislocations in
the material. Equation (2), therefore, has been changed to take account of the SFE in the
following form [17–22]:

·
ε = A′ γq DL/b2 (σ/E)5 (3)

where q is the stacking fault energy exponent that is usually equal to about 3–3.5 for a
number of materials [17–22]. Therefore, Equation (3) assumes that the SFE has a strong
influence on the flow resistance of the material (the A’ constant) and not on the stress
exponent value. In other words, the SFE affects, at least, the glide part of the sequential
process (glide + climb).
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SFE is heavily influenced by many factors, especially the amount of alloying elements
and solutes [23] and the valence-electron to atom ratio [24], and has been proven to have
a profound influence on the deformation behavior of materials [19,25–34]. As a result, a
decrease of various orders of magnitude in the strain rate with decreasing SFE has been
observed. It has also been proposed that climb is strongly affected [35–37] so that as γ
decreases, the rate of climb and cross-slip decrease correspondingly [25,33,36–38].

However, research conducted on Al2024 alloy prior to severe plastic deformation [39]
shows no correlation with SFE during high-temperature deformation, as will be shown in
this paper. This finding implies that the high-temperature creep behavior of this alloy, and
to some extent, that of the Al2XXX family, cannot be accurately predicted on the basis of
its composition. The aim of this study is to understand the high-temperature deformation
behavior of the Al2024 alloy by comparing two extreme alloy tempers with pure aluminum
and focusing on the influence of their solute atoms at high temperatures. As it will be
shown, further analyses regarding the influence and interaction of the diverse solutes on
the stacking fault energy of the alloy should be carried out to fully understand the hot
deformation behavior of this and other alloys comprising several different solutes.

2. Materials and Methods

The 2024 aluminum alloy was received from Alu-Stock in the form of rolled plates,
3 mm in thickness, in the T351 temper [40,41]. The nominal chemical composition is
provided in Table 1.

Table 1. Nominal chemical composition of the Al 2024 alloy.

Element Cu Mg Mn Si Fe Zn Ti Cr Al

wt. % 4.3 1.5 0.6 <0.5 <0.5 0.15 0.03 0.007 balance

In the as-received state, the alloy exhibits high hardness values for this alloy system.
The T351 temper is obtained by solution heat-treatment at 495 ◦C for 1 h, water quenching
at a maximum of 40 ◦C, stress relief by controlled stretching, and then naturally aging.
On the other hand, the minimum hardness state, named 2024-TT, was reached starting
with the T351 material, heating at 280 ◦C for 48 h, and slow cooling in the furnace [42].
Figure 1 shows the thermal treatment history of both alloys (Al2024-T351 in blue, left,
and Al2024-TT in red, right). The very slow cooling rate shown in the figure resulted in
minimum hardness. This is the result of extensive overaging of precipitates and a strong
reduction of solid solution atoms.
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The microstructural characterization was carried out by means of optical microscopy
(OM) and transmission electron microscopy (TEM). OM samples were prepared by con-
ventional mechanical polishing and etched at room temperature with the Keller reactive,
which consisted of a solution of 1.5% HCl, 1% HF, 2.5% of HNO3, and 95% distilled water.
TEM samples were electropolished until light detection at 15 V and 25 ◦C using a solution
of 30% HNO3 and 70% CH3OH.

Instrumented ultramicroindentation was used to characterize the mechanical homogeneity
of the Al 2024 alloy at room temperature using a diamond Berkovich-type indenter. The tests
were carried out on Micromaterials Nanotest 600 equipment. The indents were obtained by
applying a maximum load of 2 N. The detailed procedure can be found elsewhere [43].

Constant crosshead speed tensile tests (CCST) at an initial 10−2 s−1 were used to
characterize the mechanical behavior of the alloy. In addition, tensile strain rate change tests
(SRCT) ranging in strain rate from 10−1 to 10−5 s−1 were performed to characterize room
temperature to high temperature (25–450 ◦C) behavior. The tests were performed using
a universal Instron 1362 testing machine equipped with a four-lamp ellipsoidal furnace.
Planar dog-bone tensile samples with 6.5 × 2 × 3 mm3 gage area dimensions were electro-
discharge machined so that their longitudinal axis was parallel to the extrusion direction.

3. Results and Discussion
3.1. Microstructures

The microstructure of the as-received alloy in the T351 state was evaluated in the L, LT,
and T (longitudinal, longitudinal-traverse, traverse) planes by means of optical microscopy
(OM), as shown in Figure 2. The micrographs show elongated grains, especially in the LT
plane, with a size between 50 and 150 µm on its major axis and between 20 and 40 µm on
its minor axis. The precipitates, of different sizes and types, are distributed homogeneously
throughout the sample. Additionally, we observed black particles of irregular morphology,
ranging from 5–15 µm in size, which are called constituent particles. These particles consist
of a complex composition rich in Fe, Mn, Si, and Al [44,45].
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Figure 3 shows transmission electron microscopy (TEM) micrographs of the Al2024-
T351 alloy with a second type of smaller precipitate. These precipitates are called hardeners
and can have rod-like morphologies with a size between 50–500 nm on the major axis
and 10–50 nm on the minor axis. The main composition of this type of compound is
CuAl2 or CuMgAl2 [46,47]. Rod-morphology precipitates are oriented in the same direction
and can cross grain boundaries, as shown in Figure 3a. Figure 3b shows a round-shaped
precipitate about 600 nm in diameter. Figure 3c shows tangles of dislocations within a grain
of the as-received alloy. This microstructure is totally different from that obtained after
increasing the temperature up to 450 ◦C, where the hardening precipitates are dissolved in
a coarse-grained matrix containing most elements in a solid solution [48].
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Figure 3. TEM micrographs of Al2024-T351. (a) Detail at a grain boundary, (b) precipitates inside a
grain, and (c) showing tangled dislocations.

Finally, Figure 4 shows optical micrographs of the Al2024 alloy under TT temper at
two different magnifications with larger precipitates than in T351 (note the scale). This
makes the separation between precipitates in the TT temper higher than in the T351 temper.
The grains are less elongated compared to those of the T351 temper, with the grain size
slightly larger. As observed in Figure 4, the precipitates of the TT temper are much larger
than those of the T351 temper.
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3.2. Ultramicrohardness

The microhardness of the Al 2024 alloy in two heat treatment tempers is given in
Table 2. The as-received T351 temper presented the maximum hardness value, which
drastically diminished after the heat treatment.

Table 2. Average hardness values, H (GPa), of the Al 2024 in two temper conditions.

Al2024-T351 Al2024-TT

H (GPa): 1.34 ± 0.02 0.65 ± 0.02
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The high hardness value measured in the T351 temper is attributed to the presence of
solid solution and, especially, the short distance between precipitates around 100 nm. After
the TT temper, the solid solution content decreases, and the corresponding precipitates’
coarsening leads to a longer separation distance between them, as shown in Figure 4.
Consequently, the possible dynamic processes such as nucleation and growth of new
precipitates are minimized.

3.3. Tensile Tests at Intermediate and High Temperatures

Figure 5 shows stress-strain curves for the Al 2024 alloy for two different tempers
at an initial strain rate of 10−2 s−1 at temperatures ranging from 25 to 450 ◦C. In general
terms, flow stress values decrease with increasing testing temperatures for both tempers.
Two different behaviors can be distinguished, one at low (high stresses and low ductility)
and another at high (low stresses and high ductility) temperatures, with a transition
temperature around 250–300 ◦C. The low-intermediate temperature regime (25–200 ◦C)
shows very similar low tensile ductility values <25% for all T351 samples. In this regime,
the stresses for the T351 material are considerably higher than for the TT material. At the
highest temperatures, the stress is low and the ductility is high, with similar values for both
tempers. The largest tensile ductility value and the lowest stress value are observed for
both materials at 450 ◦C.
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Figure 5. Stress-strain curves of Al2024 processed in two tempers and tested at an initial strain rate
of 10−2 s−1 at temperatures from 25 to 450 ◦C.

The mechanical parameters extracted from the curves in Figure 5 are given in Table 3.
These parameters are yield stress (σ0.2), flow stress (σ), uniform elongation (eu), and
elongation to failure (eF). A maximum elongation to failure of 122% and a maximum stress
of 606 MPa are observed for the T351 material.

The evolution of mechanical properties for both tempers lies mainly in the evolution
of the precipitates with the testing temperature, considering that both tempers present
different precipitate natures and concentrations. It is worth mentioning that both tempers
present an abrupt change in ductility and stress. At 300 ◦C, the Al2024-T351 still presents
high stress values (190 MPa) and ductility (34%), while in the Al2024-TT state, the stress
is lower (89 MPa) and the ductility is almost double (62%). This is attributed to the effect
of the solutes and the precipitates in the T351 state, while in the TT temper, this effect is
less important, with coarser precipitates. However, it is evident that there is a large drop in
stress for both tempers due to the dissolution of the precipitates at high temperatures.

The flow stress, σ, as a function of temperature at 10−2 s−1 is represented in Figure 6
for both materials. The figure shows a moderate parallel decrease in stress with temperature
from 25 to 250 ◦C. Above this temperature, the stress strongly drops for both materials
towards similar values. It should be mentioned that at high temperatures, both time and
temperature unavoidably dissolve the precipitates, which, at 450 ◦C, are residual and,
therefore, do not influence the deformation behavior.
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Table 3. Yield stress (σ0.2), UTS (σmax), uniform elongation (eu), and elongation to failure (eF) at
different test temperatures of the alloy Al 2024 in two tempers and two precipitation states.

T (◦C) σ0.2 (MPa) σmax (MPa) eu (%) eF (%)

Al2024-T351

25 398.8 606.2 17.3 28.3
200 320.9 433.5 16.0 24.1
250 280.9 295.9 3.5 24.4
300 173.3 189.7 3.9 33.6
350 83.1 97.2 4.3 58.6
400 43.4 53.8 7.9 107.4
450 26.6 32.5 24.5 122.2

Al2024-TT

25 154.5 279.3 14.8 26.9
200 107.6 158.3 10.7 57.6
250 108.1 131.1 7.4 57.2
300 79.6 89.1 5.3 62.3
350 63.5 69.6 5.0 79.9
400 44.8 48.7 5.8 91.6
450 21.7 30.5 28.2 98.3
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Figure 7 shows curves of the elongation to failure at 10−2 s−1 as a function of temperature
for the Al 2024 alloy for both temper conditions. In general terms, the ductility continuously
increases with temperature up to a maximum temperature of 450 ◦C, except for the regime
between 25–250 ◦C in the T351 temper, which could be attributed to the fine precipitation of the
solid solution. At this temperature, the ductility values for the T351 temper are higher than for
the TT temper. It can also be observed that in the range of 25–350 ◦C, the tensile ductility values
of the T351 material are lower than those of the TT material.

3.4. Strain Rate Change Tensile Tests

Strain rate change tests at various temperatures were conducted to determine the
stress exponents and the activation energies. This would allow us to gain information on
the deformation mechanism at various temperatures for the Al 2024 aluminum alloy in the
T351 and TT tempers. Figure 8 shows these tests at 300, 350, 400, and 450 ◦C.
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Figure 8 shows a double logarithmic scale representation of the
·
ε-σ pairs at four

different test temperatures of the Al 2024 alloy for both tempers. This figure shows that,
for a given value of the strain rate, the stress decreases with temperature for both tempers.
The material in the T351 temper is more resistant than in the TT temper at all temperatures,
although this difference decreases as the temperature increases. It should be noted that the
curve at 300 ◦C in condition T351 shows outstanding behavior because the fine precipitates
still have a predominant effect, as mentioned previously. For this reason, the analysis of
the high-temperature behavior was carried out without considering this temperature. At
higher temperatures, the precipitates are dissolved, losing their importance and their effect
and becoming the solid solution the relevant feature.



Materials 2023, 16, 6251 9 of 14

The value of the stress exponent is approximately five at the two highest temperatures
and increases to about eight at the two lowest temperatures and high strain rates. The
value of five corresponds to a mechanism of climb-controlled slip creep, which is common
in pure materials and alloys with coarse grain sizes.

In relation to the activation energy for deformation, both temper materials show
high values of about 200 kJ/mol. This value is higher than that corresponding to the
self-diffusivity of aluminum. These high values are typical of reinforced aluminum al-
loys [49,50] and are indicative, on the one hand, that, with increasing time and temperature,
the reinforcing precipitates present at the lowest temperatures dissolve and coarsen con-
tinuously, accelerating the decrease of flow stress and, thus, increasing the experimental
or apparent activation energy value. On the other hand, a slight increase in the activation
energy could be indicative of greater difficulty in the diffusion of the various interacting so-
lutes in the aluminum matrix, which could lead to a lower effective diffusion rate compared
to that of pure aluminum.

3.5. Deformation Mechanisms

A slow decrease of the UTS from room temperature up to about 250 ◦C and, from
there, an abrupt decay at higher temperatures was shown in Figure 6. This contrasts with
the behavior observed in other aluminum alloys, where a smooth decrease of the UTS is
experienced up to high temperatures [17,51,52].

Figure 9 shows the stress data compensated by Young’s modulus at each temperature
(σ/E) versus the strain rate compensated by the lattice self-diffusion coefficient (

·
ε/DL)

obtained from strain rate change tensile tests for pure aluminum and for the as-received
alloys in the precipitation states T351 and TT [17,35,51].
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For pure aluminum, two zones are distinguished in the
·
ε/DL-σ/E curves. A region

situated at
·
ε/DL < 1013 m−2 values, known as the power law region, where data fit in a

straight line with slope n = 5, and another region at
·
ε/DL > 1013 m−2 values in which the

slope increases progressively with increasing stress, named power law breakdown (PLB).
Figure 9 shows that the stress values are higher for both Al 2024 materials compared to
pure Al. The figure clearly shows that at 300 ◦C, the T351 material is more resistant. This
was attributed to the fine precipitates in the T351 that were still present at this temperature.
At 450 ◦C, both tempers show lower resistance compared to data at 400 and 350 ◦C, which
is attributed to the fact that at 450 ◦C, most precipitates have already been dissolved and
most elements are now in solid solution.
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The pre-exponential constant for aluminum, A, that is included in the general equation
for slip creep [17], Equation (2), is 2.5 × 1012. The values of the preexponential constants,
considering an equation similar to Equation (2) that fits the data, for the Al2024 are 3.3× 108

and 2.5 × 109 for the T351 and the TT materials, respectively. In other words, for a given
stress, pure aluminum is 4 orders of magnitude less resistant in terms of strain rate than
the T351 temper material and 3 orders of magnitude less resistant than the TT material.

Regarding the A constant, it is strongly influenced by the stacking fault energy, SFE.
As mentioned before, the SFE influences the glide part of the sequential deformation mech-
anism (glide + climb) and the resistance of the material and is considered in Equation (3).
This has been proven in Ni-Cu [17], where an increase in SFE from 20 to 200 erg/cm2 leads
to an increase of

·
ε/DL of almost 4 orders of magnitude. For this family of alloys, the SFE

decreases with increasing amounts of solutes. In the case of pure aluminum, values of
SFE varied from 200 to 350 erg/cm2 (350 mJ/m2) [53]. It should be noted that Al is a high
stacking fault material compared to 80 mJ/m2 for Cu or 22 mJ/m2 for Ag [53].

Specific values of stacking fault energies for the Al2024 alloy have not been measured,
but data on the influence of Cu and Mg on aluminum can be found in the literature [54,55].
The addition of 2% Cu in Al drops the SFE from 221 to 162 mJ/m2, and the addition of
2% Mg drops it to 144 mJ/m2. Therefore, the presence of elements in solid solution in Al
could be relevant because increasing amounts of solutes decrease the SFE and increase the
flow stress values [54]. Additionally, a synergic effect of several solute elements could be
expected as the initial SFE value for Al is much higher than for other pure metals [53,56,57].

The mechanism explaining how the SFE affects deformation behavior is poorly un-
derstood at the moment, but a first approach points to the variation of the dislocation
climb velocity. Other explanations involve the effect of dislocation constriction prior to
climbing [37,58], vacancy emission from extended jogs [36], and the influence of SFE on the
evolution of dislocation structure during deformation [35,58]. In addition, in the case of
low SFE materials, cross-slip of dislocations should be difficult because the partials must
first combine before the change of slip plane takes place.

The influence of SFE may partially explain the behavior of the three materials in
Figure 9. In fact, the T351 material is likely to have a higher solute concentration than
the TT material at all temperatures because it is easier to dissolve the fine precipitates
before tensile testing. Thus, a lower SFE is also expected for the T351 material, the most
resistant one.

Taking Equation (3) into account and assuming γ3.5, a drop in SFE of a factor of 1.58
(from 221 to 140 mJ/m2) causes a drop in the strain rate of 1.583.5 = 4.96 times. This drop is
too small to explain the 3 or 4 orders of magnitude decrease in strain rate. If the change in
strain rate is only due to SFE, a decrease in SFE for aluminum of about ten times should
be necessary, towards 20 mJ/m2, which has never been observed and is highly unlikely.
Another approach to still considering the SFE important would be through its exponent, q,
which could be larger than 3.5. However, even considering an exponent as high as 5, four
times lower SFE would be necessary to lower by three orders of magnitude the strain rate
at a given stress. Considering that the highest value of SFE in Al, reported by Muzyk [54],
is 221 mJ/m2 and the lowest SFE values for some Al alloys are 90 mJ/m2 [54,59], the ratio
is 2.46, which raised to the fifth power corresponds to an 89 times lower strain rate, far
from the experimental values for the Al2024 alloys.

Therefore, we cannot explain the 1000–10,000 times lower strain rates of the Al2024
alloy than those of pure Al for the same given stress based only on stacking fault energy val-
ues. This is a clear indication that the solutes are influencing flow rates in additional ways.

It should be noted that the presence of solid solutions in the materials, even if they
do not change the stacking fault energy, has an influence on the climb, which is the rate-
controlling mechanism in slip creep. In this case, the diffusivities of the distinct solutes
should be considered, especially if they influence each other mutually or synergistically,
as could be expected by the coupling of solutes with dissimilar sizes, larger and smaller
than the matrix atoms. This could be a similar case to that of magnesium WE54 alloy
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having large and small solutes [60,61] and showing extra resistance for the movement of
dislocations and increased flow resistance.

Additionally, the presence of solid solutions in the materials, even if they do not
change the stacking fault energy, has an influence on glide, controlling the mechanism
of solute drag creep [47,60,62]. Therefore, the controlling deformation mechanism for
the Al2024 alloy is climb-controlled slip creep at high temperatures, but the influence of
solutes cannot be disregarded, taking into account that the higher the temperature, the
higher the solute concentration. This is confirmed by the fact that the most resistant alloy,
Al2024 T351, is the one with the largest amount of solid solution at any temperature, as
its small precipitates could dissolve faster than the very gross and far apart precipitates
obtained after the intensive TT thermal treatment. This treatment was meant to reduce
its room-temperature hardness by overaging precipitates and diminishing the amount of
solid solution.

In summary, the 2024 alloy high-temperature deformation behavior, although climb-
controlled slip creep, is also affected by the amount of solutes in solid solution, lowering
the effective diffusion rates for creep and influencing SFE. However, SFE is not solely
responsible for the four orders of magnitude lower flow rates than for pure aluminum at
450 ◦C. The synergic effect of their solutes affects both glide and climb sequential processes
for slip creep and lowers the effective diffusion rates for creep in this alloy. Further experi-
mental and modeling research should be carried out to separate the different contributions,
allowing for the prediction of the preexponential constants for Equations (2) and (3).

4. Conclusions

(1) Minimum hardness is reached for the Al2024 TT temper after a very slow cooling rate in the
furnace, which results in coarse precipitates and reduction of solid solution atoms.

(2) The flow stress is higher for the T351 temper at all temperatures. A strong decrease
occurs at temperatures higher than 300 ◦C for both materials. In contrast, the elon-
gation to failure for the TT temper is higher than for the T351 temper, and a strong
increase occurs for both materials above 300 ◦C.

(3) Differences in flow rate at a given stress are observed at all temperatures for the T351
and TT tempers and are especially high compared with pure aluminum, being about 3
and 4 orders of magnitude at the highest temperatures for which slip creep is the rate-
controlling mechanism. At these high temperatures, most precipitates have dissolved,
and the main reinforcing mechanism is attributed to solutes in solid solutions.

(4) The differences in high-temperature flow rate between Al2024 T351, Al2024 TT tem-
pers, and pure aluminum are attributed to the influence of solutes in solid solutions
on both glide and climb processes. Solutes in solid solutions affect stacking fault
energies (SFE) and decrease both glide and climb rates for a given stress. However,
the SFE alone does not explain the differences among the three materials.

(5) The synergic effect of various solutes and their influence on both glide and climb pro-
cesses is important in this alloy and should be further investigated in other materials.
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19. Pahutová, M.; Hostinský, T.; Čadek, J. On the influence of stacking fault energy on high temperature creep of Cu-Al solid

solutions. Scr. Metall. 1969, 3, 293–296. [CrossRef]
20. Burton, B. The influence of stacking fault energy on creep. Acta Metall. 1982, 30, 905–910. [CrossRef]
21. Chaudhury, P.K.; Mohamed, F.A. Creep and ductility in an Al-Cu solid-solution alloy. Metall. Trans. A 1987, 18, 2105–2114. [CrossRef]
22. Soliman, M.S. Effect of Cu concentration on the high-temperature creep behavior of Al-Cu solid solution alloys. Mater. Sci. Eng. A

1995, 201, 111–117. [CrossRef]
23. Venables, J.A. The electron microscopy of deformation twinning. J. Phys. Chem. Solids 1964, 25, 685–692. [CrossRef]
24. Thornton, P.R.; Mitchell, T.E.; Hirsch, P.B. The dependence of cross-slip on stacking-fault energy in face-centred cubic metals and

alloys. Philos. Mag. 1962, 7, 1349–1369. [CrossRef]
25. Barrett, C.R.; Sherby, O.D. Influence of stacking-fault energy on high-temperature creep of pure meals. Trans. AIME 1965,

233, 1116–1119.
26. Davies, C.K.L.; Davies, P.W.; Wilshire, B. The effect of variations in stacking-fault energy on the creep of nickel-cobalt alloys.

Philos. Mag. 1965, 12, 827–839. [CrossRef]

https://doi.org/10.1016/j.msea.2011.12.023
https://doi.org/10.1016/j.msea.2012.12.058
https://doi.org/10.1016/j.jallcom.2023.169339
https://doi.org/10.1016/j.jallcom.2022.164211
https://doi.org/10.1016/j.jallcom.2021.163168
https://doi.org/10.1016/j.jallcom.2022.165085
https://doi.org/10.1016/j.jallcom.2021.163488
https://doi.org/10.1016/j.msea.2022.143531
https://doi.org/10.1016/j.jallcom.2021.161433
https://doi.org/10.1016/j.jallcom.2022.165298
https://doi.org/10.1016/j.jallcom.2022.166395
https://doi.org/10.1016/j.jallcom.2022.167187
https://doi.org/10.1016/j.msea.2022.142618
https://doi.org/10.1016/j.jallcom.2020.157164
https://doi.org/10.3390/ma16165568
https://doi.org/10.1051/rphysap:01988002304062500
https://doi.org/10.1016/0079-6425(68)90024-8
https://doi.org/10.1016/0036-9748(69)90289-0
https://doi.org/10.1016/0001-6160(82)90195-X
https://doi.org/10.1007/BF02647082
https://doi.org/10.1016/0921-5093(95)09776-7
https://doi.org/10.1016/0022-3697(64)90177-5
https://doi.org/10.1080/14786436208213168
https://doi.org/10.1080/14786436508218920


Materials 2023, 16, 6251 13 of 14

27. Singh Deo, N.N.; Barrett, C.R. High-temperature creep of some dilute copper silicon alloys. Trans. AIME 1969, 245, 2467–2473.
28. Vandervoort, R.R. On the possible influence of stacking fault energy on the creep of pure BCC metals. Trans. AIME 1969, 245,

2269–2272.
29. Shalayev, V.I.; Tkachenko, I.B.; Pavlov, V.A. Influence of stacking fault energy on creep of FCC Metals. Phys. Met. Met. Engl. Trans.

1969, 27, 136–143.
30. Oikawa, H.; Karashima, S. Effect of stacking-fault energy on steady-state creep rates in copper-base solid solutions. Scr. Metall.

1971, 5, 909–914. [CrossRef]
31. Johnson, W.R.; Barrett, C.R.; Nix, W.D. The high-temperature creep behavior of nickel-rich Ni-W solid solutions. Metall. Trans.

1972, 3, 963–969. [CrossRef]
32. Kozyrskiy, G.Y.; Okrainets, P.N.; Pischak, V.K. Dependence of the structural changes and mechanical properties of metals with an

F. C. C. lattice on the energy of stacking faults. Phys. Met. Met. Engl. Trans. 1972, 33, 173–178.
33. Mohamed, F.A.; Langdon, T.G. The transition from dislocation climb to viscous glide in creep of solid solution alloys. Acta Metall.

1974, 22, 779–788. [CrossRef]
34. Yang, Z.; Xiao, Y.; Shih, C. High Temperature Creep of Ni-Cr-Co Alloys and the Effect of Stacking Fault Energy. Int. J. Mater. Res.

1987, 78, 339–343. [CrossRef]
35. Weertman, J. Theory of the influence of stacking-fault width of split dislocations on high-temperature creep rate. Trans. AIME

1965, 233, 2069–2075.
36. Argon, A.S.; Moffatt, W.C. Climb of extended edge dislocations. Acta Metall. 1981, 29, 293–299. [CrossRef]
37. Kong, Q.P.; Li, Y. Investigation of the climb of extended dislocations during high-temperature creep. Philos. Mag. A 1993,

68, 113–119. [CrossRef]
38. Argon, A.S.; Takeuchi, S. Internal stresses in power-law creep. Acta Metall. 1981, 29, 1877–1884. [CrossRef]
39. Orozco-Caballero, A.; Álvarez-Leal, M.; Carreño, F.; Ruano, O.A. Superplastic Behavior of Overaged 2024 Aluminum Alloy after

Friction Stir Processing. Metals 2022, 12, 1880. [CrossRef]
40. Totten, G.E.; MacKenzie, D.S. Handbook of Aluminum Vol. 1 Physical Metallurgy and Processes; Marcel Dekker, Inc.:

New York, NY, USA, 2003.
41. Genevois, C.; Deschamps, A.; Denquin, A.; Doisneaucottignies, B. Quantitative investigation of precipitation and mechanical

behaviour for AA2024 friction stir welds. Acta Mater. 2005, 53, 2447–2458. [CrossRef]
42. Álvarez-Leal, M. Superplasticidad de las Aleaciones Aeronáuticas de Aluminio 2024 y Magnesio WE54 Mediante Procesado

Severo por Fricción-Agitación (FSP). Ph.D. Thesis, Universidad Complutense de Madrid, Madrid, Spain, 2019.
43. Orozco-Caballero, A. Optimización de propiedades mecánicas de las aleaciones de aluminio Al-7%Si y Al7075 mediante

deformación plástica severa: Procesado por fricción batida (FSP) y extrusión en canal angular constante (ECAP). Ph.D. Thesis,
Universidad Complutense de Madrid, Madrid, Spain, 2014.

44. Glenn, A.M.; Hughes, A.E.; Torpy, A.; Nolze, G.; Birbilis, N. Defect density associated with constituent particles in AA2024-T3
and its role in corrosion. Surf. Interface Anal. 2016, 48, 780–788. [CrossRef]

45. Zhang, C.; Huang, G.; Cao, Y.; Zhu, Y.; Huang, X.; Zhou, Y.; Li, Q.; Zeng, Q.; Liu, Q. Microstructure evolution of thermo-mechanically
affected zone in dissimilar AA2024/7075 joint produced by friction stir welding. Vacuum 2020, 179, 109515. [CrossRef]

46. Shih, H.-C.; Ho, N.-J.; Huang, J.C. Precipitation behaviors in Al-Cu-Mg and 2024 aluminum alloys. Metall. Mater. Trans. A 1996,
27, 2479–2494. [CrossRef]

47. Cepeda-Jiménez, C.M.; Hidalgo, P.; Carsí, M.; Ruano, O.A.; Carreño, F. Microstructural characterization by electron backscatter
diffraction of a hot worked Al-Cu-Mg alloy. Mater. Sci. Eng. A 2011, 528, 3161–3168. [CrossRef]

48. Shin, D.; Roy, S.; Watkins, T.R.; Shyam, A. Lattice mismatch modeling of aluminum alloys. Comput. Mater. Sci. 2017, 138, 149–159. [CrossRef]
49. Carreño, F.; Ruano, O.A. Separated contribution of particles and matrix on the creep behavior of dispersion strengthened materials.

Acta Mater. 1998, 46, 159–167. [CrossRef]
50. Carreño, F.; Ruano, O.A. High-temperature deformation behavior of an Al-8.4Fe-3.6Ce dispersion-strengthened material. Metall.

Mater. Trans. A 1999, 30, 371–376. [CrossRef]
51. Servi, I.S.; Grant, N.J. Creep and Stress Rupture Behavior of Aluminum As a Function of Purity. JOM 1951, 3, 909–916. [CrossRef]
52. Luthy, H.; Miller, K.; Sherby, O.D. The stress and temperature dependence of steady-state flow at intermediate temperatures for

pure polycrystalline aluminium. Acta Metall. 1980, 28, 169–178. [CrossRef]
53. Rohatgi, A.; Vecchio, K.S.; Gray, G.T. The influence of stacking fault energy on the mechanical behavior of Cu and Cu-Al alloys:

Deformation twinning, work hardening, and dynamic recovery. Metall. Mater. Trans. A 2001, 32, 135–145. [CrossRef]
54. Muzyk, M.; Pakiela, Z.; Kurzydlowski, K.J. Ab initio calculations of the generalized stacking fault energy in aluminium alloys.

Scr. Mater. 2011, 64, 916–918. [CrossRef]
55. Muzyk, M.; Pakieła, Z.; Kurzydłowski, K.J. Generalized Stacking Fault Energies of Aluminum Alloys–Density Functional Theory

Calculations. Metals 2018, 8, 823. [CrossRef]
56. Liu, L.H.; Chen, J.H.; Fan, T.W.; Liu, Z.R.; Zhang, Y.; Yuan, D.W. The possibilities to lower the stacking fault energies of aluminum

materials investigated by first-principles energy calculations. Comput. Mater. Sci. 2015, 108A, 136–146. [CrossRef]
57. Liu, L.-H.; Fan, T.-W.; Wu, C.-L.; Xie, P.; Yuan, D.-W.; Chen, J.-H. Synergistic Effect of Alloying Atoms on In-trinsic Stacking-Fault

Energy in Austenitic Steels. Acta Metall. Sin. (Engl. Lett.) 2017, 30, 272–279. [CrossRef]

https://doi.org/10.1016/0036-9748(71)90068-8
https://doi.org/10.1007/BF02647673
https://doi.org/10.1016/0001-6160(74)90088-1
https://doi.org/10.1515/ijmr-1987-780506
https://doi.org/10.1016/0001-6160(81)90156-5
https://doi.org/10.1080/01418619308219360
https://doi.org/10.1016/0001-6160(81)90113-9
https://doi.org/10.3390/met12111880
https://doi.org/10.1016/j.actamat.2005.02.007
https://doi.org/10.1002/sia.5813
https://doi.org/10.1016/j.vacuum.2020.109515
https://doi.org/10.1007/BF02652342
https://doi.org/10.1016/j.msea.2010.12.045
https://doi.org/10.1016/j.commatsci.2017.06.021
https://doi.org/10.1016/S1359-6454(97)00217-6
https://doi.org/10.1007/s11661-999-0326-z
https://doi.org/10.1007/BF03397400
https://doi.org/10.1016/0001-6160(80)90066-8
https://doi.org/10.1007/s11661-001-0109-7
https://doi.org/10.1016/j.scriptamat.2011.01.034
https://doi.org/10.3390/met8100823
https://doi.org/10.1016/j.commatsci.2015.06.015
https://doi.org/10.1007/s40195-016-0521-z


Materials 2023, 16, 6251 14 of 14

58. Raj, S.V.; Iskovitz, I.S.; Freed, A.D. Chapter 8. Modeling the role of dislocation substructure during Class M and exponential creep.
In Unified Constitutive Laws of Plastic Deformation; Academic Press: San Diego, CA, USA, 1996; pp. 343–439.

59. Kritzinger, S.; Dobson, P.S.; Smallman, R.E. The influence of a dilute magnesium addition on the growth ant shrinkage of
dislocation loops in aluminium. Philos. Mag. 1967, 16, 217–229. [CrossRef]

60. Ruano, O.A.; Álvarez-Leal, M.; Orozco-Caballero, A.; Carreño, F. Large elongations in WE54 magnesium alloy by solute-drag
creep controlling the deformation behavior. Mater. Sci. Eng. A 2020, 791, 139757. [CrossRef]

61. Ruano, O.A.; Álvarez-Leal, M.; Orozco-Caballero, A.; Carreño, F. Superplasticity of a friction stir processed overaged WE54
magnesium alloy. J. Magnes. Alloys 2022, 10, 3156–3166. [CrossRef]

62. Taleff, E.M.; Henshall, G.A.; Nieh, T.G.; Lesuer, D.R.; Wadsworth, J. Warm-temperature tensile ductility in Al−Mg alloys. Metall.
Mater. Trans. A 1998, 29, 1081–1091. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/14786436708229735
https://doi.org/10.1016/j.msea.2020.139757
https://doi.org/10.1016/j.jma.2022.02.008
https://doi.org/10.1007/s11661-998-1017-x

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Microstructures 
	Ultramicrohardness 
	Tensile Tests at Intermediate and High Temperatures 
	Strain Rate Change Tensile Tests 
	Deformation Mechanisms 

	Conclusions 
	References

