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Study of thermal properties of the aluminum
EN AW 2024-T3 alloy
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Abstract

The thermal properties of the aluminum EN AW-2024 alloy (duralumin) delivered in the T3
condition (solution annealed, quenched, cold-deformed, and naturally aged) were experimen-
tally investigated using differential thermal analysis (DTA), differential scanning calorimetry
(DSC), and light flash apparatus (LFA) for thermal diffusivity and thermal conductivity eval-
uation. The microstructure of the alloy in the initial state and after heating to 400°C was
investigated by scanning electron microscope (SEM) and energy-dispersive spectroscopy. The
presence of an exothermic thermal effect in the temperature range from 230 to 283°C during
the first heating of the examined sample was determined by the results of DTA /DSC analysis.
The thermal diffusivity of the investigated alloy was measured in the temperature range from
25 to 400°C using three heating runs. During the first heating, the thermal diffusivity of the
investigated alloy increased with an increase in temperature up to approximately 300°C, after
which it decreased. During the second and third heating, it was observed that the measured
thermal diffusivity values at temperatures lower than 300°C were significantly higher than
during the first heating, and the thermal diffusivity gradually decreased with increasing tem-
perature in the entire investigated temperature range. Experimentally determined thermal
diffusivity and density, as well as calculated specific heat capacity data, were used to deter-
mine the thermal conductivity of the studied alloy in the temperature interval from 25 to
400°C. The obtained results indicate that initial heating to a temperature above 300°C causes
a significant increase in the values of the thermal diffusivity and thermal conductivity of the
investigated 2024-T3 alloy.

Key words: 2024-T3 alloy, microstructure, DSC, thermal conductivity

31

1. Introduction

Duralumin is a trade name for Al-Cu(-Mg-Mn) al-
loys discovered in 1906 by Alfred Wilm [1, 2]. He devel-
oped the first duralumins, i.e. aluminum-based alloys
with 3 to 4.5 % of copper, 0.4 to 10 % of magnesium,
up to 0.7 % of manganese, 0.3 to 0.6 % of silicon, and
0.4 to 1.0% of iron [3]. Nowadays, according to the
International Alloy Designation System (IADS) devel-
oped by the Aluminum Association, these alloys be-
long to the 2xxx series of aluminum alloys (numerical
designation with 4 numbers) [4, 5].

Alloys from the 2xxx series have a good combi-
nation of different required properties: high mecha-

nical properties as well as strength-to-weight ratio,
good formability, machinability, fatigue, and accept-
able damage tolerance [5-8]. Their good mechanical
properties can be achieved using thermal or ther-
momechanical treatments, which include precipitation
hardening (aging). The thermal treatments consist of
heating near solvus temperature in the single-phase
region to create a homogeneous solid solution, quench-
ing to produce a supersaturated alloy, and aging dur-
ing which the coherent precipitates responsible for
strengthening are formed from a supersaturated solid
solution [7, 9, 10]. Aging can be implemented at room
temperature for several days (natural aging — T3 and
T4 tempers) or at temperatures from 150°C to 200°C
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Table 1. Chemical composition of the EN AW 2024 alloy

Component Cu Mg Mn Si

Fe Zn Cr Ti Bi Ni

Concentration mass% 4.8 1.41 0.42 0.13

0.28 0.07 <0.01 0.015 0.012 0.02

up to tens of hours (artificial aging — T6 and T8 tem-
pers) [7].

EN AW 2024 alloy is one of the most used from
2xxx series aluminum alloys [11]. It is widely applied in
the aeronautical field (aircraft fuselages, wings, rivets,
etc.), architecture, railway transportation, [12], auto-
motive industry [13], as a drill pipe material [14], etc.,
due to its lightweight, good strength, toughness, and
crack propagation, tolerance to elastic/plastic stretch-
ing [15, 16].

Its equilibrium microstructure consists of primary
a-Al dendrites with precipitates of S(AloCuMg) and
6(AlyCu) phases [15]. These stable phases are inco-
herent and have high interfacial energy with the ma-
trix so their nucleation requests high driving force.
Therefore, it is kinetically more suitable to nucleate
coherent metastable phases firstly, which have a lower
nucleation barrier [2]. According to the literature, the
precipitation of the main strengthening phases dur-
ing aging goes through the following paths [17]: (i)
from supersaturated solid solution Guinier-Preston-
-Bagaryatsky (GPB) zones firstly precipitate; then
S” metastable phase (fully coherent with the matrix)
occurs; whereupon the S’ metastable phase (semi-
coherent with the matrix) precipitates; finally at the
end of precipitation sequence S(Al,CuMg) equilibrium
phase precipitates [18]; (ii) similarly, from supersatu-
rated solid solution Guinier-Preston (GP) zones firstly
precipitate, then 6" metastable phase precipitates, af-
ter which the 6’ metastable phase occurs, finally at
the end of precipitation sequence the §(Al;Cu) equi-
librium phase forms [19].

Some other phases can be found depending on the
alloy composition (primarily Cu content and Cu/Mg
ratio) and thermal treatment parameters [17]. Starke
and Staley [20] confirmed the existence of intermetallic
particles of AlCuFe and AlFeMnSi phases in addition
to the standard S and 6 phases.

EN AW 2024 alloy was examined from the aspect of
precipitation behavior during different aging regimes
in numerous papers. Sun et al. combined modifica-
tion with Sr and strengthening during artificial aging.
They showed that Sr refines the precipitates improv-
ing the strengthening [14]. Akande et al. [21] inves-
tigated the influence of different quenching media on
the mechanical properties of the artificially aged alloy.
Quenching in water gave higher ductility and hard-
ness values than quenching in air and oil. The effect
of solid-solution treatment on the microstructure and
formability of the 2024 alloy was studied by Lin et
al. [22]. Alexopoulos et al. [19] investigated the effect

of different artificial aging conditions on precipitation
and cold deformation behavior.

The impact of deformation on the phases’ precipi-
tation was investigated by Guia-Tello et al. [5]. Also,
Lin et al. confirmed that external stress accelerated
the age hardening in 2024-T3 alloy by easily grow-
ing up precipitates of the S phase [23]. The influence
of post-ECAP aging on the homogeneity of the 2024
alloy was investigated by Kotan et al. [24]. ECAP de-
creased the aging time. Double-peak age strengthen-
ing in cold-worked 2024 alloy was shown in the paper
of Zhao et al. [18]. The first strengthening peak after
aging for 120 min is achieved due to the precipitation
of fine S’ precipitates, and the second one after aging
for 720 min is attributed to the particle precipitation
of 6 phase.

The main purpose of the investigation of Liang et
al. [25] was to study the effect of solution tempera-
ture and holding time on the mechanical properties
of the naturally aged alloy. Pre-aging as a potential
treatment for inhibiting secondary natural aging was
studied by Osterreicher et al. [26].

As can be seen, the influence of aging parameters
on the mechanical properties of EN AW 2024 alloys
has been studied intensively. The changes in ther-
mal properties were rarely reported [6]. However, alu-
minum alloys are often considered as heat sink mate-
rials to dissipate the heat away from the components,
ensuring their regular operation. This helps to increase
the lifespan of the components and improve the over-
all performance. For this type of application of alu-
minum alloys, knowledge of thermal properties is of
key importance. For this reason, specific heat, ther-
mal diffusivity, and thermal conductivity of EN AW
2024 alloy in the T3 temper are the focus of this re-
search. T3 temper includes the solid solution treat-
ment at 495°C, followed by cold rolling and natural

aging.

2. Materials and methods
2.1. Materials

The as-delivered EN AW 2024-T3 alloy was in the
form of sheets. The chemical composition (mass%) of
the EN AW 2024 alloy is shown in Table 1.

The EN AW 2024-T3 is a medium to high-strength
alloy that was solution heat-treated at 495°C, cold
worked, and naturally aged to a substantially stable
condition.
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2.2. Microstructure analysis

The microstructural analysis of the EN AW 2024-
T3 alloy was performed in the initial (as-received)
state and after heating the sample from room tem-
perature to 400°C. The test sample was the same
as for the thermal diffusivity measurements (round
disk shape with 12.7 mm in diameter and 3 mm thick,
with two ground plane parallel end-faces). A scanning
electron microscope (VEGA 3LMU, Tescan, Czech
Republic) with the energy-dispersive spectrometer
(X-act, Oxford Instruments, UK) was used to analyze
the microstructure. SEM-EDS analysis was performed
with an accelerating voltage of 20 kV.

2.3. Thermal analysis

A simultaneous thermal analyzer (SDT Q600, TA
Instruments, USA) was employed to measure the
phase change temperatures of the investigated sample.
The DTA/DSC device was calibrated for cell constant,
temperature, and heat flow. The temperature range of
the DTA /DSC investigation was 30-450°C. The mea-
surements were carried out using alumina crucibles
under the protection of a constant stream of argon
gas with a flow rate of 50 ml min—!. The mass of the
investigated sample was about 20 mg, while the heat-

ing rate was 10°C min~1!.

2.4. Light flash apparatus (LFA)

The thermal diffusivity was determined using
a low-temperature light flash apparatus (Discovery
Xenon Flash DXF-500, TA Instruments, USA). In this
method, the bottom surface of a plane-parallel sam-
ple is heated by a short energy pulse generated by a
xenon lamp, and the resulting temperature rise on the
top surface of the sample is measured using an infrared
detector [27]. From the resulting temperature change
of the rear face, the thermal diffusivity is calculated.
The temperature range of the LFA investigation was
25—400°C. The following temperatures were selected
(for the first and following heating): 25, 50, 100, 200,
300, and 400°C. At each temperature three measure-
ments of the thermal diffusivity were done to allow an
average result to be calculated.

Thermal diffusivity measurements were performed
on the sample of the as-received alloy, which was al-
ready in T3 condition (solution annealed, quenched,
cold-deformed, and naturally aged to a substantially
stable condition). The first set of thermal diffusiv-
ity values was obtained during the initial heating of
the sample from room temperature to 400°C (first
heating). After cooling the sample to room tempe-
rature, the thermal diffusivity was measured again
by reheating the sample to 400°C (second heat-
ing). This experimental procedure (cooling and re-

heating of the sample to 400°C) was repeated for
a third time (third heating). In this way, three sets
of thermal diffusivity values were obtained in the
temperature range from 25 to 400°C, correspond-
ing to the first, second, and third heating of the al-
loy.

2.5. Density measurement

The indirect Archimedean method [28] was applied
to determine the density of the EN AW 2024-T3 alloy
at room temperature. The density was measured using
a Mettler Toledo electronic instrument.

2.6. Electrical conductivity measurements

Electrical conductivity was measured using the Fo-
erster SIGMATEST 2.069 eddy current conductiv-
ity meter. Electrical conductivity measurements are
based on the complex impedance of the measuring
probe. The technique includes nulling an absolute
probe in air and placing the probe in contact with
the sample surface. For nonmagnetic materials, the
change in the impedance of the coil can be correlated
directly to the conductivity of the material. Before
each measurement, the conductivity tester was cal-
ibrated with two standard plates with an electrical
conductivity of 4.362 MSm™! (7.521/a %IACS) and
58.18 MSm™! (100.3 %IACS). Electrical conductiv-
ity measurements at room temperature for samples
in the as-delivered state and after the first heating
cycle were performed at five measurement points, and
average values of electrical conductivity were then cal-
culated.

2.7. Thermodynamic calculation of specific
heat capacity

The specific heat capacity of the investigated
EN AW 2024-T3 alloy in the temperature inter-
val 25-400°C was calculated using the CALPHAD
method [29], Pandat software, and related thermody-
namic database for the multi-component aluminum-
rich casting and wrought alloys [30]. By minimizing
the total Gibbs energy, the thermodynamic equilib-
rium of the system is calculated. Several models are
developed to describe the Gibbs energy of a specific
phase using thermodynamic parameters. Optimiza-
tion of parameters is performed so that the model
fits the available experimental data for the given
phase. After entering the thermodynamic models of
all phases together with the optimized parameters
into the program, the thermodynamic quantities and
phase equilibria are calculated. All the other thermo-
dynamic functions (specific heat capacity, enthalpy,
entropy, etc.) are determined from Gibbs energy and
its partial derivatives. In the case of heat capacity, it
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Fig. 1. SEM image of the EN AW 2024-T3 alloy in the
initial state, magnification: (a) 2000x and (b) 5000x.

follows:
902G _OH

%= "Tor = o1 W)

where C,, represents heat capacity, G is Gibbs en-
ergy, H is enthalpy, and T is absolute tempera-
ture.

3. Results and discussion
3.1. Microstructure investigation

The microstructure of the studied EN AW 2024-T3
alloy in the initial state and after heating to 400°C is
shown in Figs. 1 and 2.

The presence of insoluble precipitates of the
f-Al,Cu equilibrium phase was confirmed by the re-
sults of EDS analysis. They are visible in the mi-
crostructure as bright, relatively large particles lo-
cated inside the grains of the aluminum solid solu-
tion — o phase. They are present in the microstructure

Fig. 2. SEM image of the EN AW 2024-T3 alloy after heat-
ing to 400°C, magnification: (a) 2000x and (b) 5000x.

of the alloy in the initial state (Figs. 1a,b) and after
heating (Figs. 2a,b). These precipitates were formed
during solidification of the alloy. They remained undis-
solved during the heat treatment of the alloy and did
not contribute to its strengthening.

The microstructure of the EN AW 2024-T3 alloy
after heating to 400°C is characterized by the pres-
ence of submicronic particles (dispersoids) homoge-
neously distributed throughout the aluminum matrix.
The small precipitates along the grain boundaries of
aluminum solid solution are also visible. According to
the results of EDS analysis, these precipitates corre-
spond to the S-Al,CuMg phase.

3.2. Investigation of thermal behavior

DTA/DSC techniques were used to study phase
transition temperatures during the heating of the EN
AW 2024-T3 alloy. The DTA heating curve for the
first heating run is shown in Fig. 3. The presence of
one broad exothermic peak was identified in the tem-
perature range from 230 to 283°C. The second and
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Table 2. Density, thermal diffusivity, specific heat capacity, and thermal conductivity of the investigated EN AW 2024-T'3
alloy in the temperature range 25-400°C

Temperature  Density  Specific heat capacity Thermal diffusivity Thermal conductivity
(°C) (gem™) (Jg™' K™ (mm?s™") (Wm™ K™)
first heating second heating first heating second heating
25 2.77 0.877 49.86 71.37 121.1 173.4
50 2.76 0.892 50.85 69.59 125.2 171.3
100 2.75 0.918 52.68 69.19 133.0 174.7
200 2.73 0.962 56.48 68.74 148.3 180.5
300 2.71 1.003 65.48 67.33 178.0 183.0
400 2.69 1.044 62.78 63.43 176.3 178.1
termined based on the coefficient of linear expansion
N gy s 1 proposed by Hidnet and Krider [33] for aluminum al-
g = ) 7 23001\ 2m01 Exo loys with low copper con.te.nt. '
el o N Next, thermal diffusivity was directly measured
% 5.0 R in the temperature interval 25-400°C using the light
g flash method. The thermal diffusivity values obtained
D 45 o during the first and second heating are given in Ta-
& ble 2.
g 401 / The specific heat capacity of the investigated EN
o o \ AW 2024-T3 alloy in the temperature interval 25—
\ 400°C was calculated using the CALPHAD method
0 100 200 300 400 500 [29].

Temperature (°C)

Fig. 3. DTA curve of studied EN AW 2024-T3 sample in
the first heating run.

subsequent heating runs did not identify any exother-
mic or endothermic phase transitions.

The exothermic heat effect during the initial heat-
ing of the studied alloy indicates the precipitation pro-
cess, which is characterized by the release of heat.
In commercial EN AW 2024 alloy precipitation se-
quence includes the formation of Guinier-Preston-
Bagaryatsky (GPB) zones followed by precipitation
of S” and S’ metastable phases before the precipita-
tion of stable S-Al,CuMg phase [17, 31]. According
to the results of Zmywaczyk et al. [6] and Semnani
and Degischer [32], the exothermic heat effect in the
temperature range identified in the present study is
related to the precipitation of S’ and S phases. This is
also in accordance with the results of the microstruc-
tural analysis.

3.3. Investigation of thermal properties

The obtained density value for the EN AW 2024-
br-T3 alloy is 2.77 g cm~3. Based on the density mea-
surement for pure Al, the measurement uncertainty
was assessed to be + 1 %. The change in density with
temperature in the studied temperature range was de-

Finally, the thermal conductivity of the alloys was
calculated using values of thermal diffusivity, density,
and specific heat capacity following the fundamental
equation, Eq. (2):

A=apCyp, (2)
where ) represents thermal conductivity (Wm~=! K1),
« is thermal diffusivity (m?s™1), p is the value of den-
sity (kgm™3), and C,, is the specific heat capacity
(Jg=1 K1) of the studied alloy.

The obtained results are shown in Table 2.

Figure 4 shows temperature dependences of ther-
mal diffusivity for the EN AW 2024-T3 alloy obtained
from the first and subsequent heating runs. Bearing
in mind the standard deviation of experimental points
and errors from instrument measurement, the uncer-
tainty in thermal diffusivity measurements was esti-
mated to be about + 3 %.

During the first heating, the thermal diffusivity of
the investigated alloy increased with the increase in
temperature up to approximately 300°C, after which
it decreased. The measured thermal diffusivity val-
ues obtained during the second and third heating
runs were nearly identical. This means that, after
the first heating, the microstructure of the alloy re-
mained fairly unchanged during subsequent heating
runs. During the second and third heating, the mea-
sured thermal diffusivity values at temperatures lower
than 300°C were significantly higher than during the
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Fig. 4. Thermal diffusivity as a function of temperature
for the EN AW 2024-T3 alloy obtained from the first and
subsequent heating runs.

first heating, and the thermal diffusivity gradually de-
creased with increasing temperature in the entire in-
vestigated temperature range. The significant increase
in thermal diffusivity below 300°C after the first heat-
ing is the result of artificial aging, i.e. formation of pre-
cipitates of S’ and S intermetallic compounds. This is
in line with the results of microstructural analysis and
DTA measurements. Thermal diffusivity dependence
on temperature changed in the following heating cy-
cles. Considering that the microstructure of the alloy
remained the same during subsequent heating cycles,
the decrease in thermal conductivity with an increase
in temperature can be attributed to the increased lat-
tice vibrations caused by the higher thermal energy.
As temperature increases, the atoms in the metal lat-
tice vibrate more vigorously, which leads to greater
scattering of the electrons that carry heat. This in-
creased scattering reduces the mean free path of the
electrons, thereby decreasing the overall thermal dif-
fusivity of the alloy.

The specific heat capacity dependence on tempera-
ture for the EN AW 2024-T3 alloy is shown in Fig. 5.

The specific heat capacity of the investigated EN
AW 2024-T3 alloy steadily increases with increas-
ing temperature from 0.877Jg 'K~! at 25°C to
1.044J g~ ' K1 at 400°C.

The thermal conductivities of the investigated al-
loy were calculated based on the measured values of
thermal diffusivity during the first and second heating,
the measured density of the alloy, and the calculated
specific heat capacity data. The obtained temperature
dependences of thermal conductivity for the EN AW
2024-T3 alloy in the studied temperature interval are
presented in Fig. 6.

Similar to the case of thermal diffusivity, the ob-
tained values of thermal conductivity during the ini-
tial heating of the alloy at temperatures below 300°C

1.10 —
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Fig. 5. Specific heat capacity of the EN AW 2024-T3 alloy
as a function of temperature.
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Fig. 6. Thermal conductivities of the studied EN AW 2024-
T3 alloy based on the thermal diffusivity values obtained
during first and second heating.

were significantly lower than the corresponding values
obtained during the second heating.

Based on thermal diffusivity data from the first
heating, the obtained value of thermal conductiv-
ity at 25°C was 121.1Wm~!K~!. This result is
in excellent agreement with the literature value of
thermal conductivity for the EN AW 2024-T3 alloy
(121.0Wm~t K1) [34].

Thermal conductivities of the studied EN AW
2024-T3 alloy at room temperature in the as-delivered
state and after the first heating cycle were also esti-
mated using the Wiedemann-Franz law and measured
values of electrical conductivity.

The thermal conductivity of metallic materials is
composed of electronic thermal conductivity A\, and
phononic (or lattice) thermal conductivity A, [35]:

A=Ae + Ap. (3)
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The Wiedemann-Franz law gives the relationship
between electronic thermal conductivity A, electrical
conductivity o, and temperature T' [35]:

Ae

Hatch et al. [36] proposed that the Lorentz con-
stant Lo of aluminum alloys is 2.1 x 1078 W QK2
and c is 12.6 Wm~! K~!. Thus, the following equa-
tion can be used for the prediction of total thermal
conductivity for aluminum alloys:

A=0LT +c. (5)

Using the measured values of electrical conductiv-
ity (average value 15.5 MSm~! for the as-delivered
state and 23.5 MSm~! after the first heating cycle)
and Eq. (5), it follows that the predicted thermal con-
ductivities of the investigated alloy in the as-delivered
condition and after the first heating cycle are 109.6
and 159.7 W m~! K~!. The calculated values are com-
parable with the experimentally obtained values of
thermal conductivity (121.1 and 173.4Wm~! K~1).

It is known that the weakening effect of alloying
elements in the solid solution state on the thermal
conductivity of aluminum is much more significant
than when in the precipitated state [37]. The added
solute atoms induce the lattice distortion which leads
to an increase in electron scattering and a decrease in
the thermal conductivity of alloy. On the other hand,
precipitation of solute atoms can weaken the lattice
distortion by reducing the supersaturation of the Al
matrix, which is beneficial to thermal conductivity. It
is also established that the level of influence of dif-
ferent alloying elements in solid solution on lowering
the thermal conductivity of aluminum is not the same
and that it is related to the variation of outer elec-
tronic structure and atom radii difference between al-
loying elements and aluminum [37]. Common alloy-
ing elements such as Si, Cu, Mg, and Zn show more
similar outer electronic structures to aluminum than
trace alloying elements (Cr, V, Mn, Ti). Therefore,
the influence of common alloying elements on the re-
duction of thermal conductivity in aluminum alloys
is significantly weaker than in the case of trace al-
loying elements. For this reason, it is necessary to
strictly control the content of trace elements in alu-
minum alloys for industrial heat dissipation compo-
nents [37].

Thus, it can be concluded that the increase in ther-
mal conductivity of the investigated alloy after initial
heating is caused by the formation of precipitates from
supersaturated aluminum solid solution.

4. Conclusions

In this study, the microstructure and thermal prop-
erties of the EN AW 2024-T3 alloy in the as-delivered
state and after heating to 400°C were examined. The
following conclusions can be derived:

(a) The microstructure analysis confirmed the
presence of intermetallic precipitates corresponding
to the equilibrium #-Al;Cu phase in both initial
and after-heating conditions. Heating the alloy up to
400°C caused the appearance of a large number of
very small precipitates visible by SEM uniformly dis-
tributed within the grain and along the grain bound-
aries of the aluminum solid solution. Precipitates
of the S-Al,CuMg phase were observed along grain
boundaries.

(b) The results of DTA/DSC analysis revealed the
exothermic thermal effect in the temperature range
from 230 to 283°C during the heating of the alloy.
According to the literature data, this thermal effect
is associated with the formation of precipitates of S’
and S phases during artificial aging. Succeeding heat-
ing runs did not indicate the existence of any phase
transitions in the studied temperature range.

(c) The obtained density value for the EN AW
2024-T3 alloy is 2.77 g cm 2 at room temperature, and
it continuously decreases with the increase in tempe-
rature up to 400°C to a value of 2.69 g cm 3.

(d) Specific heat capacity of the investigated EN
AW 2024-T3 alloy grows approximately linearly with
increasing temperature from 0.877Jg ! K1 at 25°C
to 1.044 J g~ K~ at 400°C.

(e) The microstructure changes caused by the first
heating to 400°C had a significant effect on thermal
diffusivity and thermal conductivity values obtained
during subsequent heating runs. The formation of pre-
cipitates during the heating, which consumed solute
elements in the aluminum matrix, contributed to the
increase in thermal diffusivity and thermal conductiv-
ity of the studied EN AW 2024-T3 alloy. The obtained
thermal conductivity at the start of the first heating
was 121.1 Wm~! K~! and at the start of the second
heating, 173.4Wm™1 K.
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