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Abstract: In this study, the tensile mechanical properties of a 2A14 aluminum alloy produced by
extrusion were tested at room temperature to investigate the tensile fracture behavior. The results
showed that the tensile fracture of the alloy was mixed intergranular and transgranular ductile
fracture, as numerous coarse second-phase particles were distributed in a band along the loading
direction, making it prone to microcracking. This was determined to be the main cause of fracture
failure of the alloy. In addition, we observed large α-AlFeMnSi(Cu), Al(Fe,Mn)Cu, AlCuMgSi, and
Al2Cu phases in the microstructure of the 2A14 aluminum alloy, and both Al2Cu second phase and
precipitation-free phase zone (PFZ) at the grain boundaries were observed, which made the alloy
susceptible to fracture failure and reduced the mechanical properties of the alloy.

Keywords: 2A14 alloy; tensile fracture behavior; microstructure; precipitated phase

1. Introduction

Aluminum alloys are commonly used to manufacture engineering parts for aerospace
and transportation applications due to their excellent characteristics, such as low density,
high strength, good processing properties, and electrical conductivity; however, they have
a limited range of applications, as aluminum alloys lose strength at high temperatures [1,2].
Alloying is an effective way to avoid this issue. For example, Al-Cu alloys have high
toughness and excellent mechanical properties at high temperatures [3,4]. Furthermore,
adding alloying elements such as Si and Mg to Al-Cu alloy can change the precipitation
behavior of the alloy and improve its mechanical properties. 2A14 aluminum alloy is a
typical Al-Cu-Si-Mg forged aluminum alloy with high strength, heat resistance, and good
thermoplasticity, and hence, it is used for forging and drop-forged parts subjected to heavy
loads [5–9]. 2A14 aluminum alloy is also a heat-treatment-strengthening alloy, and its
mechanical properties can be improved by heat treatment. Of these, solution and artificial
aging (T6) are the heat treatment processes that can maximize the strength of this alloy [10].

Researchers are increasingly studying 2A14 aluminum alloy. Wang et al. [11] inves-
tigated the effect of accumulated strain on the microstructure evolution and mechanical
properties of the 2A14 aluminum alloy. In addition, Lan et al. [12] subjected a 2A14 alu-
minum alloy to cold deformation and subsequent aging treatments, and then analyzed the
strengthening mechanism of the 2A14 aluminum alloy with different cold deformations
during aging. Zhang et al. [7] investigated the effect of the cooling rate on the residual
stresses and tensile properties of 2A14 aluminum alloy forging through numerical simula-
tions and quenching experiments. However, few reports have investigated and analyzed
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the room-temperature tensile fracture behavior of 2A14 aluminum alloy. Thus, by study-
ing the fracture type and fracture mechanism of 2A14 aluminum alloy materials at room
temperature and determining the cause of fracture failure, the preparation process of 2A14
aluminum alloy can be optimized. In addition, because of its potential applications, it is
essential to study the tensile fracture behavior of 2A14 aluminum alloy to ensure its safety.

The distribution, size, and number of second-phase particles in precipitate phase rein-
forced Al-Cu-Si-Mg alloys are essential to their mechanical properties. The strengthening
phase of this alloy type varies with the amount and type of alloying elements. Cu tends to
form the θ-Al2Cu phase in the aluminum matrix when Mg content is low and Cu content is
high. Studies have shown that the strengthening phase of Al-Cu-Mg alloys is influenced
by the CCu/CMg atomic concentration ratio, and when the CCu/CMg atomic concentration
ratio is too large, the θ-Al2Cu phase and its transition phase are the main strengthening
phases [12,13]. Thus, the distribution and morphology of the θ phase and its transition
phase are critical for Al-Cu-Si-Mg-type alloys. In addition, the distribution and size of the
second phase will affect the fracture behavior of the alloy. Therefore, it is important to
systematically study the second phase of the 2A14 aluminum alloy after tensile fracture.

In this study, we assessed the tensile fracture behavior of the 2A14 aluminum alloy
at room temperature and determined the second phase type and distribution in its mi-
crostructure, and the precipitated phases and their effects on the properties of the alloy
were assessed by energy dispersive spectrometer (EDS) and transmission electron micro-
scope (TEM). Moreover, the fracture mechanism of the 2A14 aluminum alloy provides a
theoretical and practical basis for further research and development of 2A14 aluminum
alloy materials.

2. Experimental Section

The actual and reference chemical compositions of the 2A14 aluminum alloy used
in this study are shown in Table 1. Experimentally, the 2A14 aluminum alloy needs to be
cooled in water after solution treatment at 495 ◦C for 1 h and then cooled by air after aging
treatment at 160 ◦C for 10 h to achieve peak properties of the 2A14 aluminum alloy. Figure 1
shows the microstructure of the 2A14-T6 alloy. It can be seen that the grains elongate along
the extrusion direction and are surrounded by recrystallized grains, and the average grain
size is measured to be 22.5 (±0.3) µm, and the transversal average size and longitudinal
average size of the crystal grains are 35.5 (±0.5) and 9.5 (±0.2) µm, respectively. There are
large-sized precipitates in the metal matrix, which will hinder the movement of dislocations
in the 2A14 aluminum alloy material so that it has good mechanical properties.

Table 1. Actual and reference chemical composition of the 2A14 aluminum alloy (wt.%).

Composition Cu Mg Si Mn Ni Zn Fe Ti Al

Actual 4.68 0.629 0.980 0.973 0.0098 0.042 0.155 0.0026 Bal.

Reference 3.9–4.8 0.4–0.8 0.6–0.12 0.4–1.0 <0.1 <0.3 <0.7 <0.16 Bal.

The metallography of the 2A14 aluminum alloy was obtained by etching with Keller’s
reagent and observed by an optical microscope (OM). The microstructure and tensile
fracture of the 2A14 aluminum alloy were observed by scanning electron microscopy (SEM,
JSM-6700, JEOL, Tokyo, Japan, 20 kV). The composition in the microstructure of the 2A14
aluminum alloy was initially determined using EDS. The microstructure was observed by
TEM (JEM-2010, JEOL, Tokyo, Japan, 200 kV) and further analyzed for the second phase.
The 2A14 aluminum alloy is machined into a dog bone-shaped tensile specimen with a
diameter of 5 mm and a standard length of 25 mm according to ASTM E8M-04 (Tensile test
method for metallic materials, USA). CMT5205 (MTS, Eden Prairie, MN, USA) universal
testing machine was used to test tensile mechanical properties at room temperature with
a strain rate of 1 × 10−3 s−1. Each group of mechanical experiments was repeated three
times to ensure the accuracy of experimental data.
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Figure 1. OM (optical microscope) micrograph of 2A14-T6 aluminum alloy.

3. Results and Discussions
3.1. Tensile Properties

Figure 2 shows the tensile stress–strain curve of the 2A14 aluminum alloy. The
calculated yield strength value was 445 (±2) MPa, the tensile strength was 485 (±5) MPa,
the elongation after fracture was 7 (±0.2) %, and the elastic modulus was 69.43 GPa.

Figure 2. Engineering stress–strain curve of the 2A14 aluminum alloy.

3.2. Longitudinal Section Morphology of Fracture

As shown in Figure 3a, the longitudinal section of the tensile fracture sample along
the loading direction indicated that the fracture was ~60◦ from the loading direction.
Therefore, the fracture surface was rough and uneven, with slight shrinkage in the cross-
section at the location of fracture, which was determined to be ductile fracture. In the
enlarged areas, labeled as 1 and 2 in Figure 3a, we observed an obvious intergranular
fracture phenomenon in the local microstructure, discernable as a band-like distribution
(shown by the arrow in Figure 3b,c), particle fragmentation (shown by the black arrow in
Figure 3a(2)), and particle and matrix debonding, which caused microcrack initiation and
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promoted crack propagation until fracture. This was attributed to the continuity of grain
boundaries, which were destroyed when the brittle second-phase and inclusion became
attached to the grain boundaries, leading to intergranular fracture of the metal. In addition
to the banded distribution of numerous coarse second-phase particles along the extrusion
direction, Figure 3b shows that the grain structure exhibited fibrous banded distribution,
indicating that complete recrystallization did not occur in the alloy.

Figure 3. Morphology and microstructure of the longitudinal fracture section, where (a,b) are the
OM micrograph, and (c) shows the SEM micrograph. (Observation positions 1 and 2 in Figure (a) at
high magnification, the arrows refer to the second phase in the microstructure).

The second-phase particle composition was also analyzed. As shown in Figure 4, the
microstructure of the 2A14 aluminum alloy mainly consisted of light gray and bright white
phases (labeled by 1 and 2, respectively). The map scanning results showed that the bright
white phase mainly contained Cu elements, while the light gray phase mainly contained Fe,
Mn, and Si elements. The second phase in the Al-Cu-Si-Mg alloy was mainly divided into
two categories: the first phase contained Fe impurity elements, and was difficult to dissolve
and transform, such as AlFeMnSi and AlCuFe phases [14]; the other phase dissolved and
transformed after heat treatment, and mainly consisted of Al2Cu and Al2CuMg phases [15].
Therefore, we concluded that the bright white phase was the Al2Cu phase, and the light
gray phase was the α-AlFeMnSi phase. For Al-Cu alloy, the θ-Al2Cu phase and its transition
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phase were the main precipitate-strengthening phases [12]. The above experimental results
also showed a large stable θ-Al2Cu phase in the alloy, which reduced the solid Cu solubility
in the Al matrix and affected the subsequent age strengthening effect. This was possibly
related to the homogenization and solution treatment system, which did not completely
dissolve or redissolve the θ-Al2Cu phase.

Figure 4. (a) Backscattered electrons (BSE) micrograph, (b–g) mapping of Al, Cu, Si, Mg, Fe and Mn.
(2D distribution of elements determined using EDS).

3.3. Fracture Appearance

As shown in Figure 5a–d, the fracture morphology of the 2A14 aluminum alloy
exhibited obvious dimple fracture characteristics, and no intergranular fracture features
were found. However, the longitudinal fracture section indicated intergranular fracture,
and according to the alloy grain group, the fracture surface morphology can be determined.
The tensile fracture of the 2A14 aluminum alloy is intergranular, and transgranular fracture
consisted of mixed ductile fracture; however, the dimples were relatively shallow, indicating
the poor tensile plasticity of the alloy. Due to the presence of numerous coarse second-phase
particles in the alloy, the micro-cracks led to, and promoted, crack propagation, and a larger
number of fracture particles were observed on the alloy fracture surface, as shown by the
red arrows in Figure 5c. Moreover, the fracture morphology of the BSE showed the obvious
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band-like distribution of the second phase particles (as shown in Figure 5e), which was
consistent with the previous metallographic structure results.
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Figure 5. Fractography of a tensile specimen. (a–d) Second electron (SE) micrographs, (e–f) BSE mi-
crographs. (The red arrows in (c) are dimples, the numbers 1–5 in (f) refer to different second phases).

As shown in Figure 5f and Table 2, light gray area 1 contained Al, Si, Mn, Fe, Cu
elements, and light gray area 3 contained Al, Mn, Fe, Cu elements. Therefore, we deter-
mined that the light gray phases, 1 and 3, were α-AlFeMnSi(Cu) and Al(Fe, Mn)Cu phases,
respectively. Bright white area 2 contained Al, Si, Mg, and Cu elements, and was possibly
an AlCuMgSi phase (Q phase), while bright area 4 mainly contained Al and Cu elements,
which were possibly the AlCu phase. In addition, black area 5 contained Al and Cu, and a
small amount of Mg elements, and was tentatively determined to be the AlCuMg phase.
However, further phase analysis is needed to determine the final phase composition.
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Table 2. EDS analysis results of areas 1–5 in Figure 5f (wt.%).

Point Mg Al Si Mn Fe Cu

1 - 55.50 7.79 19.70 9.95 7.06
2 11.27 39.07 10.36 - - 38.60
3 0.63 37.10 1.13 29.97 17.15 13.66
4 0.31 15.04 - - - 84.42
5 1.02 82.90 - - - 16.08

3.4. TEM Microstructure Analysis

According to the above OM and SEM results, numerous coarse second-phase particles
were mainly distributed at the grain boundaries, and were the main cause of microcracks
and fracturing. This was attributed to tensile deformation, which occurs at room tempera-
ture, and dislocations will proliferate and accumulate in the coarse secondary interactions
within the grain or grain boundaries. In addition, stress concentrations will form locally,
leading to microcrack initiation, and these cracks will continue to expand and converge
to form a main crack, until fracture. Studies have shown that with more precipitated
phases at grain boundaries, cavities and cracks will generate more easily around coarse
grain boundary particles [16,17]. The second-phase near the grain boundary was further
characterized by TEM, as shown in Figure 6, revealing the presence of spherical, irregular,
and striped phases. Point component analysis of the A–E phases in the TEM microstructure,
as shown in Figure 6a–c, was conducted separately and the results are presented in Figure 6
and Table 3. We concluded that A, C, and D were the α-AlFeMnSi(Cu) phase (Fe-rich phase,
size 0.3–1 µm), B was the Al2Cu phase (length ~2.3 µm, width ~1.2 µm), and E was the
Q-Cu2Mg8Si6Al5 phase (size ~2 µm). Combined with the SEM and TEM characterization
results, the second-phase particles in the alloy mainly consisted of α-AlFeMnSi(Cu), Al2Cu,
and Q-Cu2Mg8Si6Al5 phases, and possibly Al(Fe,Mn)Cu and AlCuMg phases, which also
require further characterization and verification.

In addition, the TEM results showed numerous light-colored 100~200 nm particles
in the grains (as shown in Figure 7a,b), black ~0.5 µm particles and strips 0.5~1 µm in
length at the grain boundary (as shown in Figure 7a,c,d). The compositional analysis results
showed that the black particulate phase was an Fe-rich phase (A in Figure 7c), while the
stripe phase was the θ-Al2Cu phase (B in Figure 7c,d), and the light-colored particulate
was Q-Cu2Mg8Si6Al5. The Q-Cu2Mg8Si6Al5 phase will precipitate during the aging of
Al-Mg-Si-Cu alloys, and has a strengthening effect on the alloy, due to the synergistic
strengthening effects between the θ-Al2Cu and Q-Cu2Mg8Si6Al5 phases [18,19]. As shown
in Figure 7c,d, in addition to the particulate or stripe phases, brightly colored PFZ was
present at the grain boundary in the alloy. This presence of PFZ could also affect the
mechanical and electrochemical corrosion properties of the grain boundary micro-zones,
and affect the fracture failure and corrosion resistance of the alloy. Because the PFZ was
soft, dislocations could proliferate and accumulate at the second-phase grain boundaries
and the PFZ, resulting in local stress concentrations, and cavities, which can preferentially
form, grow, and converge in the PFZ, exhibiting characteristics of intergranular fracture.
Meng et al. [20] showed that the strength of the PFZ was lower than matrix, leading to
additional strain localizations and the destruction of grain boundaries. Similarly, reports in
the literature have shown that PFZ formation and growth near grain boundaries can reduce
the mechanical properties of the alloy [21,22]. In addition, this process can be regulated
and optimized for specific service performance requirements, such as strength, toughness,
and corrosion resistance.
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Figure 6. (a–c) Bright-field TEM micrographs; (d–h) EDS spectra of phases indicated in (a–c).
(A–E) are the different phases in Figure 6 (a–c).

Table 3. Energy spectrum analysis of grain boundary phase composition (wt.%) from Figure 6.

Point Al Si Mn Fe Cu Mg

A 61.43 8.38 21.78 5.48 2.91 -
B 50.41 - - - 49.89 -
C 68.15 8.26 19.27 1.38 2.92 -
D 56.42 9.68 16.8 11.7 5.91 -
E 17.48 28 - - 23.63 30.87

The mechanical properties of the Al-Cu alloy can be improved mainly by precipitation
strengthening; thus, the uniform distribution of the fine θ′-Al2Cu metastable phase or GP
region can be obtained by reasonable aging treatments to strengthen the Al matrix, forming
numerous precipitates in the aged Al-Cu alloy matrix. Figure 8 shows many fine needle-like
phases (three-dimensional structure may be a sheet) that precipitated in the alloy matrix,
and were uniformly distributed in the matrix. The precipitated phases also grew in two
mutually perpendicular directions (Figure 8a). The data showed that the precipitate was
15~130 nm in length, 3~10 nm in width, and the volume fraction was about 4.2%. The
diffraction areas are shown in Figure 8d, indicating that the precipitated phase in the matrix
was the θ′-Al2Cu phase.
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Figure 7. TEM images showing grain boundary and intracrystalline phases. (a,b) show the distribu-
tion of phases. The morphologies of the grain boundary and intragranular phases are shown in (c,d).

The high-resolution results images showed that the width of the precipitated phase
increased from several atomic layers (1–4 in Figure 8e,f) to several nanometers, and then to
more than ten nanometers (5–6 in Figure 8f), and the precipitated phase was coherent with
the matrix. The precipitated phase gradually grew from initial atomic clusters, forming
areas 1–4, and then continued to grow, forming areas 5–6. The precipitated phase grew
in both length and width, but its length grew more rapidly. Reports have shown that
the precipitation sequence of the θ phase follows: SSS → GP region → θ′′ phase → θ′

phase→ θ′ phase, where SSS is a supersaturated solid solution [23,24]. Therefore, the θ′

phase formed after the formation of the θ′ phase, with the enrichment of copper atoms.
The θ′ phase was the transition phase of θ and had a tetragonal lattice. The coherent
relationship between the θ′ phase and the matrix was maintained by the {100} plane.
When the coherent relationship between the θ′ phase and the matrix started to dissociate,
the coherent relationship became semi-coherent, causing the alloy to soften. With the
formation and growth of the θ phase, the θ phase completely dissociated from the coherent
relationship with the matrix, and the strength of the alloy continued to decrease.
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Figure 8. TEM bright field (a,c) and dark field (b) images, with selected diffraction spots (incident
direction [011] Al) (d), and high-resolution images (e,f) of the precipitates in the intracrystalline phase.

Considering the microstructure characteristics of the grain boundary precipitates and
the PFZ, as shown in Figure 8c,d, the HAADF (High-angle annular dark field) imaging
mode was used to characterize and analyze the grain boundary region, and the analysis
results were shown in Figure 9. The precipitates at the grain boundaries were discontinuous
(particulate or short bar), and there was no obvious precipitation at the junction between
the precipitates at the grain boundaries and the ingrain, as shown in Figure 9a,b. Figure 9b
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also shows the scanning results of line 1, indicating that Al decreased, Mg and Si increased
significantly, Cu slightly increased, and Fe and Mn remained mostly unchanged in the
discontinuous precipitate phase at the grain boundary. Thus, Mg, Si, and a small amount of
Cu underwent grain boundary segregation. Grain boundary segregation mainly occurred
during the solid solution treatment and quenching processes of the alloy, resulting in
lower concentrations of Mg, Si, and Cu in the matrix than at the grain boundary [25,26].
The scanning results for line 2 showed that the bright white phase at the grain boundary
mainly contained Cu elements; therefore, we determined this phase to be the Al2Cu phase.
According to the elemental distribution in the line scan image, the width of the PFZ
was approximately 100 nm. After comparing Figure 9c,d, the main difference was the
varying degrees of Cu enrichment. This indicated that the grain boundary segregation of
Mg, Si, and a small number of Cu elements in the PFZ at the grain boundary may be a
common phenomenon.

Figure 9. TEM-HAADF images of the grain boundaries and inner-grain precipitates (a,b, where
b is the enlargement of the white square area in a). The grain boundaries were scanned along the
composition lines, shown as red lines 1 (c) and 2 (d) in (b).

4. Conclusions

(1) The tensile fracture mode of the 2A14 aluminum alloy was mixed intergranular
and trans-granular ductile fracture. Specifically, numerous coarse second-phase particles
were distributed along the loading direction which readily induced microcracks, and these
mainly caused the fracture failure of the alloy.

(2) The coarse second-phase mainly consisted of α-AlFeMnSi (Cu), Al (Fe, Mn) Cu,
AlCuMgSi, and Al2Cu phases. The presence of the latter two phases indicated that some of
the Cu elements did not participate in the aging strengthening phase. Thus, the homoge-
nization and solid solution process of the alloy may possibly be optimized.

(3) The precipitated phase in grain was metastable θ′-Al2Cu phase with a length of
15~130 nm and a width of 3~10 nm. There were significant Al2Cu precipitates and PFZ at
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the grain boundary, which can easily affect the fracture failure and corrosion resistance of
the alloy.
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