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Abstract: Non-isothermal aging (NIA) is a composite heat treatment process that involves heating aging, cooling aging,
and complex solute precipitation sequences. The precipitation behavior and the strengthening and toughening
mechanisms of the 2014 Al alloy during NIA were studied by employing tensile, fatigue crack growth, hardness, and
electronic conductivity tests, as well as high-resolution transmission electron microscopy and scanning electron
microscopy. The results show that during NIA, the 6’ phase exhibits a complex process of nucleation, nucleation and
growth, nucleation and growth and coarsening, growth and coarsening, nucleation and growth, and nucleation. NIA
treatment imparts a mixed precipitation characteristic on the alloy, which is manifested as coherent precipitates,
including GP zones, 0" phases, small-sized 8’ phases, and semi-coherent or non-coherent precipitates such as large-sized
0' phases and equilibrium 6 phases. The simultaneous strengthening and toughening of the NIA-treated 2014 Al alloy is

caused by the synergistic effects of the particle-shearing mechanism and Orowan bypassing mechanism.
Key words: 2014 Al alloy; non-isothermal aging; precipitation behavior; strengthening and toughening

1 Introduction

The 2014 Al alloy, which exhibits high specific
strength, corrosion resistance, and workability, has
become one of the most crucial materials in
achieving structural weight reduction and is widely
used in the production of high-strength large-scale
structural parts in the fields of aerospace, rail
transit, and automobiles [1-3]. For most structural
materials, it is essential to have both high strength
and high toughness [4,5], but there is usually a
trade-off between the two properties. Therefore,
balancing strength and toughness is a core issue in
structural materials research.

It has been reported that grain refinement can
provide a synergistic improvement in the strength

and toughness of alloys to a certain extent [6—S].
However, grain refinement is often achieved
through severe plastic deformation and involves
challenges such as thermal instability and high
manufacturing costs [9—11]. Microalloying 1is
another effective way to improve the comprehensive
properties of alloys by promoting the aging
dynamics [12—15], although the addition of alloying
elements changes the overall chemical composition,
thereby affecting other properties and increasing the
material preparation cycle and cost. Ultimately,
optimizing the aging process and adjusting
the precipitation behavior and morphology of
precipitates is the most direct and effective means
to achieve a synergistic improvement in strength
and toughness.

Non-isothermal aging (NIA) is a novel method
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that has recently received considerable attention for
optimizing the precipitation characteristics of
Al-based alloys [16—20]. PENG et al [16]
performed NIA on the 7050 Al alloy to obtain a
combination of beneficial mechanical properties
and favorable corrosion resistance. ZHAO et al [17]
investigated the precipitation behavior of the 7055
Al alloy during NIA and found that secondary
precipitation led to an increase in precipitation
density and additional strengthening. WANG et al
[18] investigated the effect of NIA on the strength
and corrosion behavior of an Al-Zn—Mg—Cu alloy
and found that the differences in strength and
corrosion resistance were related to the evolution
of precipitates in grains and grain boundaries.
However, it remains unclear whether NIA
treatments can provide a synergistic improvement
in the strength and toughness of Al—Cu alloys, and
it is necessary to determine the evolution of
precipitation during NIA, as well as the relationship
between precipitates and mechanical properties of
the NIA-treated alloy.

NIA is a composite aging process that involves
heating aging and cooling aging, going from low
temperature to high temperature and then back to
low temperature. Thus, each parameter of the
precipitation process, such as nucleation barriers,
driving force, and diffusion, evolves simultaneously,
causing the precipitation sequence of solute atoms
to be activated in a complex manner. In the present
work, the precipitation behavior of the 2014 Al
alloy during NIA is investigated, focusing on the
interaction between precipitates and dislocations
under the action of static and dynamic loads to
reveal the strengthening and toughening mechanism
of the NIA-treated 2014 Al alloy.

2 Experimental

Herein, as-forged 2014 Al with a composition
of 4.4% Cu, 0.7% Mg, 0.64% Si, 0.52% Mn, and
0.12% Fe was used. Samples were solution-treated
at 510°C for 1h and immediately quenched in
water, followed by T6 (i.e., isothermal aging) or
NIA treatments. During the T6 treatment, samples
were heated to 170 °C and held for different time.
For the NIA treatment, samples were heated from
25 to 210 °C with a heating rate of 20 °C/h, then
cooled to various ending temperatures with a
cooling rate of 20 °C/h, and followed by water

quenching to obtain different aging degrees. The
as-quenched samples heated to 170 °C, heated to
210 °C, and cooled to 140 °C were marked as
NIA-H170, NIA-H210, and NIA-C140, respectively.
The schematic diagram of the NIA process is shown
in Fig. 1.
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Fig. 1 Schematic diagram of solution treatment (ST) and
NIA treatment processes

Microhardness measurements were performed
using an HVS—10 Vickers hardness tester (Yanrun
Light Machine Technology Co. Ltd., China) with a
load of 1 kg and a loading time of 15 s. At least five
microhardness measurements were performed on
each specimen and then averaged. Electrical
conductivity was measured at room temperature
using a D60K digital test instrument (Desisen
Electronics Co. Ltd., China). To ensure the
reliability of the data, at least three measurements
were conducted for each specimen. Tensile and
fatigue crack propagation (FCP) tests were all
conducted on an MTS 810 testing machine (MTS
Systems Corporation, USA) according to the GB/T
228.1—2010 and GB/T 6398—2000 standards. The
tensile tests were performed with an axial loading
speed of 1 mm/min. The FCP tests were conducted
on compact tension samples using sinusoidal
waveform loading with a stress ratio of 0.1 and
loading frequency of 10 Hz. FCP rates were
measured under an increasing applied stress
intensity factor range, AK. The geometry and
dimensions of the specimens used for the tensile
and FCP tests are shown in Fig. 2.

Microstructural and fractographic tests of
the samples were conducted by scanning electron
microscopy (SEM, FEI Quanta 200, USA). The
characterization of precipitates was performed by
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Fig. 2 Geometry and dimensions of specimens used for
tensile (a) and FCP (b) tests

high-resolution transmission electron microscopy
(HRTEM, FEI Tecnai G2 F20 S-Twin, USA).
HRTEM foils were prepared after mechanical
grinding to 0.08 mm, followed by twin-jet electrical
polishing in a mixture of 30% nitric acid and 70%
methanol at 25 V and —30 °C.

3 Results and analysis

3.1 Precipitation behavior in isothermal and

non-isothermal aging process

Figure 3 shows the TEM images of the
To6-treated samples, as well as the corresponding
selected area electron diffraction (SAED) patterns
taken from [001] zone axes. As seen in Fig. 3(a),
after aging for 2 h, there are a small number of
strip-like precipitated phases along the [100]
direction and a small amount of point-like
precipitated phases in the matrix. In the SAED
pattern, in addition to the bright diffraction spots of
the a(Al) matrix, there are tiny diffraction spots in
the form of crosses around the {110}, forbidden
reflections, which are the chief features of the 6’
phase commonly found in AlI-Cu—Mg—Si alloys
[21]. Furthermore, the weakly diffracted streaks
through the {200}, planes along the [100]
directions correspond to the diffraction feature of
the Guinier—Preston (GP) zone or 6" phase. The
weak diffraction spots at (110), in the SAED
pattern indicate that the point-like precipitates in the
matrix are Q phases [22]. When the aging time is
extended to 6 h, as shown in Fig. 3(b), the number

Fig. 3 TEM m1crographs and corresponding diffraction patterns of T6-treated samples with aging time of 2 h(a), 6 h (b),

16 h (c), and 38 h (d)
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of ¢’ phases distributed along both the [100] and
[010] directions increase significantly, and the
size increases correspondingly, with a length of
20—50 nm and thickness of 1-2 nm. The number of
point-like O phases also increases. Moreover, the
cross-distributed streaks near (110), are more
distinct, whereas the streaks in the {200} direction
become discontinuous, which indicates that the GP
zones or 6" phases mostly transform into 6’ phases.
After 16 h of aging (i.e., the peak-aging state), as
shown in Fig. 3(c), the thickness of the 6’ phase
increases to 3—5 nm, and the volume fraction begins
to decline. When the aging time is extended to 38 h,
it can be seen from Fig. 3(d) that part of the 6’
phases are coarsened, reaching approximately 7 nm
in thickness. The number and size of the O phases
also increase significantly, indicating that the alloy
is over-aged, and the metastable 8’ phases transform
into equilibrium & phases.

According to the precipitation characteristics
observed during the isothermal aging process,
there are mainly two types of aging precipitates
in the 2014 aluminum alloy, namely the vertically
distributed 6’ phase and point-like O phase. Because
the Q phase has a hexagonal crystal structure and is
very small in size, with a diameter of approximately
1 nm, it causes a small degree of lattice strain on
the matrix and has a limited contribution to the
strength of the alloy [23]. Therefore, when 8" and O
phases exist simultaneously in the matrix, the 6’
phase is the main strengthening phase. Thus, the
precipitation characteristics of the 6’ phase are
discussed only.

Figure 4 shows the curves of microhardness

1035

and electrical conductivity for the alloy during the
NIA process. In the heating process, the hardness of
the alloy increases slightly in the initial stage of
aging but gradually decreases in the temperature
range of 90—150 °C, and then rapidly increases until
reaching the value of HV 153.8 at 210°C. In
contrast, the electrical increases
rapidly throughout the heating process, reaching
36.2% (IACS) at 210 °C. During the subsequent
cooling process, the electrical conductivity is
continuously increased until it reaches 37.4%
(IACS) at 140 °C, after which it remains stable.
The hardness decreases slightly during the initial
cooling period until the temperature drops below
170 °C and then increases again, reaching a
maximum of HV 1624 at 140°C.
Subsequently, the hardness gradually decreases
again as the temperature continues to decrease.
Figure 5 shows the TEM images and
corresponding SAED patterns of the NIA-treated
samples. As seen from bright-field TEM images,
with the progression of NIA, the volume fraction
and size distribution range of the strip-like 8’ phases
increase. In the SAED pattern of the NIA-H170
sample (Fig. 5(a)), there are relatively weak
diffraction spots for the §' phase along the [010],
and [100], directions and weak streaks along the
{200} direction, indicating that there are a large
number of GP zones or 8" phases in the matrix, in
addition to €' phases. For the NIA-H210 sample
(Fig. 5(b)), the diffraction intensity of the 6’
phase in the SAED pattern is enhanced, and the
diffraction characteristics of the continuous streaks
along the {200} direction are interrupted, indicating
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Fig. 5 TEM microstructures of NIA-treated samples:
(a) NIA-H170; (b) NIA-H210; (c) NIA-C140

that the GP zones or 6" phases are reduced and the
@' phase is the main strengthening phase. After
cooling aging, the diffraction intensity of the 6’
phase in the SAED pattern of the NIA-C140 sample
(Fig. 5(c)) is further strengthened, the streaks along
the {200} direction are continuous again, and the
diffraction intensity is strengthened, indicating that
secondary precipitation of the 6’ phases and GP
zones or 6" phases occurs during cooling aging.
Figure 6 shows the HRTEM images and the
corresponding inverse Fourier transform (IFT)
images of the 6’ phases of the NIA-C140 sample.
As can be seen, the thicknesses of #' phases are
different, smaller size is
approximately 2.5—4 nm, and the larger size is

among which the

approximately 7 nm. The IFT morphology of the
smaller 6’ phase is the same as that of the Al matrix,
while the larger 6’ phase overlaps with that of the Al
matrix, which indicates that the smaller 8’ phase has
relatively good congruency with the matrix, while
the larger €' phase has poor congruency with the
matrix.

Fig. 6 HRTEM morphologies of small 8’ phases (a) and
large 6’ phase (b) in NIA-C140 sample

During isothermal aging, the precipitation of §"
phase strictly follows the three stages of nucleation,
growth, and coarsening [24]. In the nucleation
stage, Cu atoms are constantly precipitated from the
supersaturated solid solution to form GP zones,
which gradually change into ordered 8" phases.
With aging, Cu atoms continue to segregate, and the
GP zones and 0" phases begin to transform into '
phases and enter into the growth stage. In this
process, the amount of precipitated phase remains
unchanged, and its size gradually increases until it
reaches the peak-aging state. In the coarsening stage,
adjacent 6’ phases with different sizes have a
concentration gradient because of the different Cu
contents, and the Cu atoms migrate from the small §’
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phase to the large €' phase, resulting in coarsening
and the formation of an equilibrium 6 phase, which
leads to the decrease in the precipitate density.
Therefore, 8’ phases are the main precipitates in the
T6-aged alloy.

In the heating process of NIA, with the linear
increase in temperature, Cu atoms in the
supersaturated solid solution begin to dissolve and
nucleate at positions of high energy in the matrix,
forming GP zones that are completely congruent
with the matrix and disperse easily, causing lattice
distortion and increasing the strength of the alloy.
However, owing to the small size of the GP zone,
its strengthening effect is not significant. Moreover,
with the precipitation of Cu atoms, the solid
solution strengthening effect gradually decreases.
Therefore, in the initial stage of heating aging, the
hardness of the alloy increases slowly. With the
increase in temperature, nucleation begins in the
locations where it is difficult to nucleate at low
temperatures, but not all nucleation cores can exist
stably. Some unstable nucleation cores dissolve into
the matrix again and only stable nucleation cores
can continue to grow. Therefore, in this process, the
nucleation of the GP zone, the growth of the 8"
phase, and the redissolution of the GP zone occur
simultaneously. The strengthening caused by the
nucleation of the initial §"” phase cannot make up
for the softening caused by the dissolution of the
GP zone, so the hardness of the alloy decreases
slightly.  With the increase  in
temperature, the 6" phase continues to nucleate and
grow and even transforms into the 6’ phase, so the
hardness of the alloy increases. Therefore, the
nucleation, growth, and coarsening of the 6’ phase
occur at the same time during heating.

In the subsequent cooling process of NIA,
owing to the high temperature at the initial stage,
the &' phases that preferentially nucleated and grew
in the heating process begin to coarsen, whereas the
small-sized €' phases that nucleated and grew later
in the heating process continue to grow. Therefore,
the growth and coarsening of the 8’ phase occur
simultaneously at the early stage of cooling aging,
and the strengthening caused by the growth of the
small 6" phase counteracts the softening caused by
the coarsening of the large 6’ phases. Thus, the
hardness remains relatively stable or decreases
slightly. As the temperature decreases, the diffusion
of Cu atoms decreases, and the coarsening of 6’

continuous

phases is restrained, but the growth of 6’ phases
is continued. When the temperature drops to
approximately 170°C, the Cu atoms, which
dissolved back into the matrix because of the
instability of the nucleation core, precipitate
again and gradually nucleate and grow. Thus, the
nucleation and growth of the 6’ phase occur
simultaneously at this stage, and the hardness of the
alloy increases again. With a further decrease in
temperature, the growth of 6’ phase is inhibited, but
the precipitation of GP zones or the growth of 6"
phases continues until reaching the maximum
precipitation of Cu atoms.

The electrical conductivity of the alloy
increases continuously during the whole NIA
process, even during cooling aging, suggesting that
secondary precipitation occurs during the cooling
process of NIA [25]. Furthermore, the change in the
rate of increase for electrical conductivity at
different temperature stages is indicative of the
different precipitation behavior [26]. Nucleation is
the main precipitation behavior in the early stage of
heating aging. Because the GP zone or §" phase is
completely coherent with the matrix, its scattering
effect on electrons is still strong, so the electrical
conductivity changes relatively slowly. With the
linear increase in temperature, the nucleation,
growth, and coarsening of precipitates occur at the
same time, and the coherent relationship between
precipitates and the matrix becomes worse. As a
result, the scattering of electrons is reduced, and the
electrical conductivity is rapidly increased. In the
subsequent cooling aging process, owing to the
high temperature at the initial stage, the 8’ phase is
in a state of growth and coarsening. With the
decrease in temperature, the coarsening of 0’ phases
is inhibited, and the redissolved GP zone nucleates
again and gradually transforms into 6" and 6’
phases, increasing the content of the coherent
precipitates in the matrix. Therefore, compared with
the heating process, the electrical conductivity
growth rate decreases in the cooling process.
Moreover, with a further decrease in temperature,
the diffusion of Cu atoms is inhibited, the
precipitation behavior remains in the nucleation
stage, and the electrical conductivity of the alloy
gradually becomes stable.

Consequently, throughout the whole NIA
process, the precipitation of the 6" phase undergoes
a complex process of nucleation, nucleation and



1038

growth, nucleation and growth and coarsening,
growth and coarsening, nucleation and growth, and
finally nucleation. As a result, in addition to &'
phases, GP zones and 0" phases are mixed in the
matrix of non-isothermal-aged alloy.

3.2 Quasi-static and dynamic mechanical
properties
Figure 7 shows the quasi-static tensile

properties of T6 and NIA-C140 samples at room
temperature. As illustrated in Fig. 7(a), the tensile
properties of the NIA-C140 samples are enhanced
compared with those of the T6 samples. The yield
strength (YS), ultimate tensile strength (UTS), and
elongation (El) of the NIA-C140 sample are
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458.8 MPa, 521.7 MPa, and 12.5%, respectively.
Notably, the strength and ductility of the NIA
sample are simultaneously improved. The toughness
of the composite can be estimated from the energy
absorption during tensile deformation, which is
estimated by integrating the area under the stress—
strain curve [27]. Hence, the NIA-C140 sample
shows higher toughness. The work-hardening
behaviors of the T6 and NIA-C140 samples during
tensile tests are analyzed based on the work-
hardening rate (i.e., f=do/de). As illustrated in
Fig. 7(b), the work-hardening rate of the T6 sample
is higher than that of the NIA-C140 sample.

Figure 8 shows the tensile fracture surfaces of
T6 and NIA-C140 samples. The fracture surfaces of
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Fig. 7 Mechanical properties of T6 and NIA-C140 samples: (a) Tensile properties; (b) Work-hardening rates
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of both samples are covered with many dimples,
revealing typical ductile fracture characteristics.
The difference is that the fracture of the T6 sample
contains a small number of cleavage planes and
micro-cracks, and the dimples in the T6 sample are
smaller and shallower than those in the NIA sample,
suggesting that large local plastic deformation takes
place during the tensile test, corresponding to the
higher El in the NIA sample. Meanwhile, broken
precipitates are observed in the fracture surface of
the T6 sample, whereas fewer fractured precipitates
are found for the NIA-C140 sample.

Figure 9 shows the FCP curves of the T6 and
NIA-C140 samples under cyclic loading. Three
typical stages of FCP are observed, from the
threshold regime through the steady-state regime
(Paris regime) to the instability expansion regime.
The crack growth rate of the NIA-C140 sample is
lower than that of the T6 sample at every stage.
Through linear regression fitting of (da/dN); and
considering the corresponding AK; data in the range
of 1x107-5x10"°mm/r, the crack growth rate is
determined to be 1077 mm/r. Furthermore, the
threshold values of the stress intensity factor (AKiw)
for the NIA-C140 and T6 samples are 5.53 and
4.45 MPa-m'?, respectively. The NIA-C140 sample
also has a larger Paris regime than that of the T6
sample, due to the higher toughness of the
NIA-C140 sample. The crack growth rate in the
Paris regime can be expressed by the Paris formula
(i.e., da/dN=c(AK)™), where ¢ and m are material
parameters. By linear regression of da/dN and AK
in the Paris regime, the Paris equation of samples
T6 and NIA-C140 is da/dN=1.653x10"% AK>**! and
da/dN=5.361x10"% AK **!6, respectively.
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Fig. 9 FCP curves of T6 and NIA-C140 samples

Figure 10 shows the fracture morphologies of
the T6 and NIA-C140 samples under the same
stress intensity factor range (AK=12 MPa-m'?) in
the Paris regime. The fracture morphologies of
samples with different aging states all show typical
crystallographic characteristics, and there are many
small facets, tearing edges, and cleavage steps in
the fracture. The difference is that the fracture
morphology of the T6 sample is rough, the cleavage
plane is distinct, and there are secondary cracks
along the grain boundary and fatigue steps. From
the high-magnification morphology, the spacing of
fatigue striations in the NIA-C140 sample is
significantly smaller than that in the T6 sample.
Using the linear measurement method, it can be
roughly determined that the spacing of fatigue
striations in the NIA-C140 sample is ~0.15 pm, and
that of the T6 sample is ~0.23 um. By substituting
AK=12 MPa-m'?
equations, the crack growth rates of NIA-C140 and
T6 samples are 0.16 and 0.26 um/r, respectively,
which are consistent with the spacings of the
fatigue striations. The average inter-layer spacing
of the fatigue striations, which represents a

into the corresponding Paris

propagation cycle of a fatigue crack [28], indicates
that the fatigue crack growth rate of the NIA sample
is smaller than that of the T6 sample.

Figure 11 shows the fracture morphologies of
the T6 and NIA-C140 samples under the same
stress intensity factor range (AK=28 MPa-m'?) in
the instable expansion regime. The fracture
morphologies of samples with different aging states
all show typical plastic deformation characteristics,
such as dimples and tearing edges. In addition, from
the high-magnification images (squared areas in
Figs. 11(a, b)), the T6 sample exhibits brittle
fracture characteristics such as cleavage facets
and intergranular cracks. Conversely, more ductile
dimples and tearing ridges are found in the
NIA-C140 sample, and the fatigue striations can
still be observed in the instable expansion regime.
This indicates that under the same stress intensity
factor range (AK) of 28 MPa-m'?, the T6 sample
has entered the stage of complete plastic fracture,
whereas the NIA-C140 sample remains in the stage
of crack growth. However, under the large stress
intensity factor, the crack growth is already unstable,
and the crack growth rate is large.
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5 striations=1.15 pm 5 striations=0.73 pm
0.23 um/r 0.15 pm/r

Fig. 10 SEM images in stable crack-growth zone of T6 sample (a, ¢) and NIA-C140 sample (b, d) under same stress
intensity factor range (AK) of 12 MPa-m'?

Fig. 11 SEM images in instable crack growth zones in T6 sample (a, ¢) and NIA-C140 sample (b, d) under same stress
intensity factor range (AK) of 28 MPa-m'?
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3.3 Strengthening and toughening mechanism of
non-isothermal aging

For aging-strengthened Al alloys, the type,
morphology, quantity, volume fraction, and
distribution of precipitates have a direct effect on
the physical properties. Precipitates that have
congruency with the matrix interact with the
dislocations through a particle-shearing mechanism,
and their contribution to the strength of the alloy
can be expressed as o=caf"r", where ca, m and n
are constants, f'is the volume fraction of precipitates,
and 7 is the radius of precipitates [29]. From the
formula, the strength of the alloy can be effectively
improved with the increase in the volume fraction
and size of the shearable precipitates. Moreover,
under the action of the particle-shearing mechanism,
dislocations cut through the precipitates and deform
them with the matrix, thereby reducing stress
concentration, coordinating the deformation, and
improving the plasticity and toughness of the alloy.

Dislocations cannot cut through the large 6’
phases and equilibrium 6 phases with poor matrix
coherency, but can only interact with them in a
bypassing manner, known as the Orowan bypassing
mechanism. Under the bypassing mechanism, the
repulsion force of precipitates to dislocations is
sufficiently large, causing dislocations to bend and
leave dislocation rings around the precipitates.
However, the dislocation rings increase the
resistance of the precipitates to subsequent passing
dislocations, resulting in a strengthening effect. The
contribution of the Orowan bypassing mechanism
to the strength of the alloy can be expressed as
Ao=cpf"?’r”!, where cp is a constant [30]. The
strengthening effect is more apparent when the
precipitates are smaller. When the size of
precipitates is fixed, the strengthening effect is
enhanced for larger volume fractions.

For the T6 sample, most of the precipitates
are semi-coherent or completely incoherent, and
interact with dislocations through the bypassing
mechanism, resulting in rapid dislocation
proliferation and stress concentration. Therefore,
the alloy has high strength but low ductility, which
is consistent with the high work-hardening rate. The
NIA-treated sample is mixed with precipitates that
have different coherency levels, which interact
through both the particle-shearing and bypassing
mechanisms. The bypassing mechanism ensures the
strength of the alloy, and the shearing mechanism

reduces the growth rate of dislocations as well as
the stress concentration, improving the ductility and
toughness of the alloy. Notably, there are many
shearable precipitates in the NIA-treated sample,
but the strength is higher than that of the T6 sample
because of the large precipitation density and high
dispersion distribution. Therefore, based on the
mixed precipitation characteristics, consisting of
shearable GP zones, 0" phases, and small-sized 6’
phases, as well as non-shearable large-sized 6’
phases and equilibrium & phases, the ductility and
toughness of the NIA-treated alloy are greatly
improved without sacrificing strength.

Stress concentration and slip localization play
significant roles in determining the crack growth
behavior of Al alloys [31—33]. Stress concentration
is caused by the pinning of precipitates to
dislocations, whereas slip localization is associated
with easy shearing of precipitates by dislocation
motion. In the case of cyclic loading, the bypassing
mechanism is induced by the interaction between
semi-coherent or non-coherent precipitates and the
dislocations, and the movement of the dislocations
is hindered, which creates a barrier to subsequent
dislocation motion. In this case, it is easy to
produce alternating slips with multiple slip tracks,
resulting in more non-localized slip but irreversible
deformation and stress concentration. Consequently,
the deformation resistance of the plastic zone at the
crack tip is increased, and debonding easily occurs
along the interface of precipitates and the matrix
[34], resulting in an accelerated crack propagation
rate.

In contrast, for the shearing mechanism
between coherent precipitates and dislocations,
when a dislocation cuts through a precipitate on a
certain slip plan, the movement of subsequent
dislocations on the same plane becomes easier.
Thus, dislocations cut through precipitates and
localize in a limited number of slip planes, resulting
in slip localization and slip reversibility during
cyclic loading. The “reversed” dislocations do not
cause damage accumulation in the plastic zone at
the crack tip during cyclic loading and do not
promote crack propagation, resulting in a lower
crack propagation rate. Therefore, the mixed
precipitation characteristics of coherent and
non-coherent precipitates in NIA samples result in
both bypassing and shearing mechanisms under
cyclic loading. The bypassing mechanism makes
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plastic deformation more uniform at the crack tip
and thus improves the crack propagation resistance,
while the shearing mechanism promotes slip
reversibility and reduces the stress concentration at
the crack tip, thus reducing the crack propagation
rate.

4 Conclusions

(1) The main strengthening phase of the 2014
Al alloy is the 6" phase. During isothermal aging,
precipitation of 6’ phases proceeds successively in
three stages: nucleation, growth, and coarsening.
During NIA, the precipitation of @' phases
undergoes a complex process of nucleation,
nucleation and growth, nucleation and growth and
coarsening, growth and coarsening, nucleation and
growth, and finally nucleation.

(2) NIA imparts mixed precipitation
characteristics on the 2014 Al alloy, which is
manifested as coherent precipitates, such as GP
zones, 0" phases, and small-sized 6" phases, and
semi-coherent or non-coherent precipitates such as
large-sized @' phases and equilibrium & phases.

(3) Under static or cyclic loading, coherent
precipitates interact with dislocations through the
particle-shearing mechanism, which coordinates the
deformation and reduces the stress concentration,
thereby improving the toughness and reducing the
crack growth rate. Semi-coherent or non-coherent
precipitates interact with dislocations through the
bypassing mechanism, which promotes the work-
hardening rate and increased strength, as well as the
crack initiation resistance.
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