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Abstract:Monolithic thin-wall components of 2219 Al–Cu
alloy are widely used in aerospace and military fields, and
usually treated with solution and quenching to improve
their comprehensive performance. However, a high mag-
nitude residual stress is introduced into the components
during the quenching process, which is unfavorable to the
subsequent manufacturing process and service perfor-
mance. Therefore, residual stress relief is essential to
enhance the performance of the components. A conven-
tional effective method is thermal stress relief (TSR).
However, the underlying mechanisms of TSR still remain
unclear and lack a quantitative interpretation. In the pre-
sent work, the evolution and distribution laws of the resi-
dual stresses, tensile properties, Vickers hardness, dis-
locations, precipitated phases, and metallography during
TSR were investigated. Based on the experimental results,
dislocation theory and strengthening mechanisms were
applied to reveal the underlying mechanisms of the resi-
dual stress relief by TSR. The results showed that the cir-
cumferential and axial residual stress relief rates can reach
86.37 and 85.77% after TSR, respectively. The residual
stress relief after TSR is attributed to the dynamic evolu-
tion of dislocation configuration and density. The improve-
ment in the mechanical properties mainly depends on the
precipitated phases and is also affected by the stress orien-
tation effect caused by the residual stress.

Keywords: 2219 Al–Cu alloys, thermal stress relief, resi-
dual stresses, dislocations, mechanisms

1 Introduction

Due to the excellent high and low-temperaturemechanical
properties, high fracture toughness, strong stress corrosion
resistance, and sound welding performance, the heat-treat-
able 2219 Al–Cu alloys are widely used in aerospace and
military fields [1,2]. To obtain excellent mechanical proper-
ties, the heat-treatable 2219 Al–Cu alloys are generally
quenched into cold water after solution treatment. How-
ever, an inevitable detrimental residual stress is produced
in 2219 Al–Cu alloy components during the quenching
process due to the severe thermal gradients [3,4]. In the
subsequent machining process of these components, the
balance state of residual stress in the components is broken
with the removal of materials, and the residual stress is
released and redistributed, causing vulnerable distortion
and deteriorating dimensional accuracy, especially for
large-scale and complex monolithic thin-walled compo-
nents with low stiffness [5–7]. This stress also affects the
static strength, stress corrosion, fatigue resistance, and
dimensional stability during the service process, which
greatly reduces the service life and safety performance of
the components [8–11]. Therefore, how to effectively pre-
dict, control, and reduce the residual stress for improving
the comprehensive performance of the components is
highly valued in aerospace and other industrial fields.

At present, there are many methods for relieving resi-
dual stress in engineering. The essence of residual stress
relief is to input energy into the atomic lattice of materials
by applying external load such as force [12–14], heat
[15–26], electricity [27–29], or magnetism [30–32], so
that the elastic strain energy stored in the materials can
be gradually relieved through micro- or local-plastic
deformation [33–35]. Thermal stress relief (TSR) is the
most widely used residual stress relief method at present.
This method is to heat the components with a heating
furnace and control the temperature drop after holding
for a period of time, so as to reduce and homogenize the
residual stress. To avoid introducing new residual stresses,
the cooling rate should be properly controlled. The current
relatively complete mechanism of residual stress relief by
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TSR is that high temperature reduces the yield strength of
the material, and the plastic deformation of the material
will be caused when the internal stress exceeds the yield
strength.

As an effective stress relief technology, TSR has gradu-
ally attracted the attention of scholars [15–22]. Bruno et al.
[15] studied the residual stress distribution and microscope
changes in the metal matrix composites after T6 and over-
aging treatment by means of neutron diffraction. Epp et al.
[16] investigated cold rolled rings and machined rings in
terms of residual stress relaxation behavior during heating.
They found that the residual stress of the two ring types
decreases in varying degrees, and the differences in the
initial residual stress state result in a different relaxation
behavior. According to Kim et al. [17], the reduction percen-
tages of the residual stresses of the high-density polyethy-
lene pipe increases with increase in the annealing time
and temperature. Younger and Eckelmeyer [18] compared
the quenching process, mechanical deformation treat-
ment, and thermal aging treatment to adjust the residual
stress state of a heat-treated Al alloy satellite box, and the
results showed that the thermal aging treatment reduced
the residual stress magnitude by 40%.

However, the current research on TSR has primarily
focused on the effectiveness of stress relief, rather than the
underlyingmechanisms of stress relief. There is no recognized
mechanismof residual stress relief by TSR, or theoretical basis
in practical applications. To reveal the underlying mechan-
isms of TSR, the effect of TSR on residual stress relief was
evaluated and validated, and the evolution and distribution
laws of microstructures and mechanical properties were then
investigated in this study. After analyzing the experimental
results, this study established the underlying mechanisms of
TSR based on dislocation theory and strengthening mechan-
isms. The findings provide valuable insight into the under-
lying mechanisms of TSR and are an important reference for
exploring the innovative heat-treatment process.

2 Materials and methods

2.1 Materials and TSR treatment

The experimental materials came from a large hot-rolled
transition ring for a launch vehicle of 2219 Al–Cu alloy

with an external diameter of 5 m, and the chemical com-
position of the alloy is listed in Table 1. Test pieces were
cut from the ring for heat treatment, as shown in Figure 1a.
Test pieces had a dimension of 45mm (radial direction;
RD) × 150mm (axial direction; AD) × 450mm (circumfer-
ential direction; CD). The heat treatment process involved
solution treatment at 535°C for 150min, and quenching in
water at 25°C. Next piece 1 remained quenched as the
original state (as-quenched; AQ) and piece 2 was subjected
to TSR at 175°C for 2 h using a self-made stress relief
experiment furnace (Figure 1b). The steps of this TSR
involves heating the piece to 175°C in 0.5 h, then preser-
ving for 2 h, and finally cooling with the furnace to room
temperature.

2.2 Evaluation of residual stresses

The residual stress was measured using Prism manufac-
tured by the Stresstech Group of Finland in this study.
Prism is an advanced residual stress measurement device
based on the hole-drilling method and electronic speckle
pattern interferometry technique [36], as shown in Figure 2.
Compared with the traditional hole drilling technique with
strain gauges, Prism is simpler to operate without pasting
the strain gauge, collects more data points, and calculates
more reliable results. A carbide tool with a diameter of
1.6mm was used in the experiment with a cutting speed
of 5,000 rpm. The measured depths of each point were 0.1,
0.2, 0.4, 0.6, 0.8, and 1.0mm, and the measuring points of
the two test pieces are shown in Figure 1c.

2.3 Mechanical properties and
microstructures

The evolution of mechanical properties and microstructure
was examined to gain a better understanding of the internal
mechanisms of TSR. The tensile samples with a total length
of 100mm and a thickness of 2.5mm were cut from the
central areas of the test piece, as shown in Figure 1c. The
tensile test was performed at room temperature with a
loading rate of 2mm·min−1 using an INSTRON5967 uni-
versal testing machine, and the mechanical properties

Table 1: Chemical composition (wt%) of the 2219 Al–Cu alloy rings

Cu Mn Ti Zr V Mg Zn Fe Si Al

5.8–6.8 0.2–0.4 0.02–0.1 0.1–0.25 0.05–0.15 ≤0.02 ≤0.1 ≤0.3 ≤0.2 Bal.
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along the CD were examined. Each tensile test was repeated
at least two times. Then, the fracture surfaces of the tensile
samples were further examined in detail by a scanning
electron microscope (SEM; JSM-7610FPlus). Hardness mea-
surement was conducted by using the TUKON2500 Vickers
hardness instrument at a load of 0.1 kg for a 10 s duration.
Nine points were measured and averaged for each sample.
The dislocations and precipitated phases were observed by

a transmission electron microscope (TEM; Talos F200X G2).
The samples were prepared by mechanical grinding with a
thickness of 50–60 nm. Then, disks of Φ3 mm diameter
were punched, and TEM foils were thinned by a twin-jet
electropolishing device using a solution of 33% perchloric
acid and 67% methanol with the electricity of 50–60mA at
−45 to −35°C. The metallographic microstructures were
observed by optical microscopy (OM; ZEISS Observer Scope

Figure 1: TSR experiments and sampling location maps: (a) sampling and various processing routes, (b) experimental equipment of TSR, and
(c)measurement location and tensile sample maps. The dot in the direction icon indicates that RD is perpendicular to the paper surface and
outward.

Figure 2: Residual stress measuring equipment.
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A1m), and the samples were prepared by mechanical pol-
ishing and then anodically coated using the mixed liquor of
38% sulfuric acid, 43% phosphoric acid, and 19% water at
25 V per 0.17 A for 50 s.

3 Results

3.1 Residual stresses

The comparison curve of residual stresses along the
depth direction between the AQ piece and the TSR piece
is presented in Figure 3, in which the residual stress value
of each layer depth is the average value of residual

stresses of five measuring points. It can be seen from
Figure 3 that the residual stresses first decreased, next
increased and then decreased along the depth direction,
reaching the maximum at 0.2 or 0.4mm and the minimum
at 0.8mm. The residual stresses of the AQ piece are very
large and fluctuate violently due to a large temperature
gradient caused by the extremely uneven temperature.
Compared with the value of the AQ piece, the value
of circumferential residual stress decreased from −116.11
to −15.83MPa, with a rate of 86.37% (Figure 3a); the
value of axial residual stress decreased from −87.35 to
−12.43MPa, with a rate of 85.77% (Figure 3b). Therefore,
the residual stress of the TSR piece decreased to a similar
degree in both the CD and AD. Further, compared with the
value of the AQ piece, the value of maximum principal
stress decreased from −73.51 to −6.19 MPa, with a rate of

Figure 3: Comparison of residual stress distribution along the depth between the AQ piece and the TSR piece: (a) circumferential residual
stress, (b) axial residual stress, (c) maximum principal stress, and (d) minimum principal stress.
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91.58% (Figure 3c); the value of minimum principal stress
decreased from −130.08 to −22.06MPa, with a rate of
83.04% (Figure 3d). Therefore, the decrease in the max-
imum principal stress after TSR is greater than that of the
minimum principal stress.

Figure 4 shows the ranges and average standard
deviations of residual stresses of the AQ piece and the TSR
piece. It can be seen from Figure 4 that compared with the
value of the AQ piece, the ranges and average standard
deviations of residual stresses after TSR decreased in different
degrees. The maximum range value decreases from 103.74 to
17.23MPa, and the maximum average standard deviation
value decreases from 30.25 to 8.00MPa. This smaller range
and average standard deviation indicate that the residual
stress distribution of the TSR piece was more uniform.

3.2 Mechanical properties and fracture
behavior

Figure 5 shows the comparison of tensile properties and
Vickers hardness between the AQ piece and the TSR
piece. The distribution of and variation in the ultimate
tensile strength (UTS), yield strength (YS), and Vickers
hardness (HV0.1) of the two pieces were similar. The UTS,
YS, and HV0.1 of the TSR piece were higher than those of
the AQ piece by 85.98 MPa, 98.46 MPa, and 27.8 HV0.1,
respectively. However, the elongation (EL) of the TSR
piece was lower than that of the AQ piece with a decrease
by 13.38%.

To further study the effect of TSR on the mechanical
properties, the tensile fracture surface using SEM was
analyzed, as shown in Figure 6. A large number of big
(elliptical frame) and tiny (rectangular frame) dimples were
observed in the fracture morphology (Figure 6a1–b2), which
indicate that the main fracture mode was microporous
aggregation ductile fracture, and the existence of a large
number of dimples indicate remarkable plasticity. Com-
pared with the AQ piece (Figure 6a1 and a2), the TSR piece
showed fewer dimples with a shallow depth, staggered and
uneven size, and emergence of dark gray areas, which indi-
cate that the increase in strength led to the decrease in the
proportion of ductile fracture. This result was consistent
with the results of tensile samples. In addition, the energy
dispersive spectroscopy (EDS) spectrum in Figure 6c shows
that the long strip phase A contained Al, Cu, Fe, and Mn,
which can be determined as a mixture of Al7Cu2Fe and
Al20Cu2Mn3, and that the block phase B mainly contained
Al and Cu, which can be determined as Al2Cu. These two
phases increased the stress concentration and formed the
crack source at the phase boundary during the tensile pro-
cess, which caused the alloy fracture and significantly
reduced the plasticity and strength.

3.3 Dislocations and precipitated phases

Figure 7 shows the dislocation morphology of the AQ
piece and the TSR piece. As shown in Figure 7a, copious
dislocation lines appeared and some dislocation lines
were tangled massively into spirals, especially with fine

Figure 4: Comparison of ranges and average standard deviations of
residual stresses between the AQ piece and the TSR piece. (1) CD:
circumferential residual stress, (2) AD: axial residual stress, (3) Max:
maximum principal stress, and (4) Min: minimum principal stress.

Figure 5: Comparison of tensile properties and Vickers hardness
between the AQ piece and the TSR piece.
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particles with an average size of 0.2 µm. These particles
were confirmed as θ-phase (Al2Cu particles) in Al–Cu
alloys by EDS analysis [37]. Further, the dislocation
distribution was inhomogeneous, and dislocation-free
and dislocation-tangled areas coexisted. In contrast, the
number of dislocations of TSR was noticeably smaller
(Figure 7b), and only a few dislocation lines were distrib-
uted randomly, small and vaguely visible, which were
severely trapped by the precipitated phases. Addition-
ally, dislocations can only be rarely observed between
precipitated phases. This suggests the immovable nature
of the dislocations in the TSR piece.

Figure 8 shows TEM and STEM images and the corre-
sponding selected area electron diffraction (SAED) pattern
of the AQ piece and the TSR piece obtained near the [001]Al

zone axis. Figure 8a shows that the matrices of the AQ piece
were very pure without any precipitated phases after solu-
tion treatment, indicating that the alloy was still in the
supersaturated solid solution phase. The TSR piece (Figures
8b1 and b2) showed a high number density of precipitated
phases, with the length of the precipitates ranging from 120
to 480 nm and a thickness of approximately 2–6 nm. The
corresponding SAED pattern clearly displays an obvious
increase in the streak intensity at the {110}Al positions, con-
firming the presence of a high fraction of θ′ phase precipi-
tates in this sample. The presence of θ′ phases was further
confirmed by the high-resolution TEMmicrograph shown in
Figure 8b3. The distribution of these θ′ phases was uniform
but accompanied by preferential orientation precipitation,
that is, stress orientation effect (SOE).

Figure 6: SEM images of tension-fracture surfaces: (a and b) AQ piece, (c and d) TSR piece, and (e) EDS analysis of particles.
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3.4 Grain structures and second phase
particles

Figure 9 shows the OM microstructures of the AQ piece
and the TSR piece. There was little variation in the grain
size between the AQ piece (Figure 9a) and the TSR piece
(Figure 9b), the grains were coarse and elongated along
the CD, and a large number of coarse Al2Cu particles still

existed in the matrix. These coarse second-phase Al2Cu
particles appear because the mass fraction of Cu in 2219
Al–Cu alloys ranges from 5.8 to 6.8% and exceeds the
solubility limit of Cu in the Al matrix (5.65%) [2]. There-
fore, the size and shape of the grains and the coarse Al2Cu
particles were not obviously changed by TSR at a tem-
perature below the recrystallization temperature, indi-
cating that TSR can only cause the micro-plastic

Figure 7: TEM images of dislocation characteristics: (a) AQ piece and (b) TSR piece.

Figure 8: TEM/STEM images and corresponding SAED patterns of precipitated phase characteristics: (a) AQ piece and (b1–b3) TSR piece.
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deformation within the grain interior, but not the macro-
plastic deformation.

4 Discussion

4.1 Evolution and relief mechanism of
residual stress during TSR

In general, in the quenching process of large Al alloy
rings, the residual elastic deformation caused by the
uneven temperature of each part of the workpiece is the
main reason for the internal residual stress. As shown in
Figure 10a, the residual stress relief in the TSR process is
the result of the transformation of residual elastic strain
into inelastic strain. The total strain remains unchanged
because there is no new deformation in the workpiece,
and the strain relationship can be expressed as fol-
lows [38,39]:

= + + = +ε ε ε ε ε ε ,tot e pl c e ie (1)

= − = −

⋅

ε ε σ
E t

̇ ̇ d
d

,e ie (2)

where εtot, εe, εpl, εc, and εie are the total strain, elastic
strain, plastic strain, creep strain, and inelastic strain,
respectively; ε̇e and ε̇ie are the elastic and inelastic strain
rates, respectively. ε̇ie is the derivative of residual stress σ
divided by the elastic modulus E over time t.

The inelastic strain (including plastic strain, creep
strain, etc.) of metals is caused by the motion and multi-
plication of dislocations. Dislocations are micro defects in
the crystal materials, which are the local dislocation of
atoms and belong to the line defects from the geometric
point of view. Under the action of external force, disloca-
tions slide along a specific direction in the slip plane,
which eventually lead to the generation of inelastic strain
[39]. The inelastic strain rates ε̇ie can be calculated by the
Orowan equation [40,41]:

= /ε ρ vb Ṁ ¯ ,ie m (3)

Figure 9: OM images of grain structures and coarse second-phase particles: (a) AQ piece and (b) TSR piece.

Figure 10: Schematic illustration of residual stress relief mechanisms in the TSR process: (a) corresponding relationship between stress and
strain in the process of TSR and (b) evolution of dislocation density.
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where ρm is the density of the mobile dislocations in the
material, v̄ is the average velocity of dislocations, b is the
mode of the Burgers vector (=0.286 nm for Al) [42], andM
is the Taylor factor of face-centered cubic crystal (=3.06
for Al) [42].

Therefore, in order to study the inelastic strain and
inelastic strain rate, and then establish a residual stress
relief model, it is necessary to analyze the evolution
behavior of dislocation density during TSR. Dislocations
are the carrier of inelastic deformation, and inelastic
strain is caused by the motion, multiplication, annihila-
tion, and transformation of dislocations, i.e., dynamic
evolution behavior of dislocations. As shown in Figure 10b,
the evolution rate of the total dislocation density is the
sum of the single dislocation density and dipole dis-
location density according to the dislocation evolution
theory proposed by Blum et al. [40,43,44]:

= +ρ ρ ρ ,sgl dip (4)

= +ρ ρ ρ̇ ̇ ̇ ,sgl dip (5)

where ρ, ρsgl, and ρdip are total dislocation density, single
dislocation density, and dipole dislocation density, respec-
tively. A single dislocation is a mobile dislocation; that is,

=ρ ρm sgl. The single dislocation density can be expressed
as follows:
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and the dipole dislocations in plastic deformation can be
described as follows:
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where +ρ̇sgl is the accumulation rate of single dislocations,
−ρ̇sgl,spon is the spontaneous annihilation rate of single dis-

locations, +ρ̇dip is the accumulation rate of dipole disloca-
tions, −ρ̇dip,spon is the spontaneous annihilation rate of
dipole dislocations, and −ρ̇dip,c is the thermal activation
annihilation rate of dipole dislocations. KΛ is a dimen-
sionless constant related to the material, ddip is the
shortest distance to form a dipole dislocation, ng is the
number of active slip systems, and vc is the climbing
velocity of dislocation motion.

Residual stresses originate from the elastic accommoda-
tion of misfits between different regions in a structure [45].

It can be considered that the residual stress is the elastic
stress in an equilibrium state, which is the mutual restraint
between the plastic deformation part and the non-plastic
deformation part. The essence of the residual stress is lat-
tice distortion, which is largely caused by dislocations.
Therefore, there are two ways to relieve the residual stress:
(1) give the metal atom enough energy to intensify the
vibration and return to the equilibrium position, so as to
reduce the lattice distortion; (2) make those parts in the
elastic stress state achieve the plastic yield, so as to reduce
the elastic stress of the metal, and then achieve the pur-
pose of reducing the residual stress [46].

Based on the above analysis of the residual stress in
the process of TSR, the mechanism of TSR on residual
stress relief can be summarized from the macroscopic
and microscopic perspectives. From the macroscopic per-
spective, the yield stress and elastic modulus of metal
materials decrease with the increase in heating tempera-
ture. When the yield stress is lower than the residual
stress, the plastic yield will occur in the workpiece,
thus releasing the elastic stress and reducing the residual
stress. Since the grain size and shape had no significant
change after TSR (Figure 9), it is almost impossible to
achieve the macro-plastic yield, but the stress relief effect
can still be produced in the process of TSR (Figure 3). This
phenomenon can be explained that micro-plastic defor-
mation has occurred in the elastic range of the material
before the yield of the material as a whole, and the micro-
plastic deformation only occurs inside some grains of the
material. Considering the combined action of residual
stress and temperature, a variety of creep mechanisms
may be activated, which will cause a large relief of
internal residual stress.

From the microscopic perspective, the dislocations in
the stress concentration region are activated due to the
input of thermal energy, and the dislocations slip along
the slip plane and small inelastic strains (plastic defor-
mation, creep, etc.) appear. There is no sufficient energy
to break through the grain boundary constraints, so the
dislocations inside the grains are not enough to excite the
dislocation sources of adjacent grains, and the micro-
plastic deformation produced by the dislocations is not
enough to change the grain shape and size. In the process
of dislocation motion, dislocation proliferation, stacking,
and entanglement occur constantly, the mobile disloca-
tions become immobile dislocations (i.e., pinned) or dis-
appear and the dislocation configuration is more stable
(Figure 7). Therefore, the lattice distortion decreases,
the lattice arrangement tends to balance, and the residual
stress decreases. With the extension of stress relief time, the
motion resistance becomes larger due to the continuous
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increase in the precipitated phases. When the motion resis-
tance is balanced with the residual stress, the motion stops,
and the TSR treatment process is completed.

4.2 Strengthening mechanisms of
mechanical properties during TSR

The strengthening effect of 2219 Al–Cu alloy comes from
many aspects, and the change in macro strength is
usually the result of the comprehensive action of various
strengthening mechanisms. These mechanisms mainly
involve four types of strengthening: dislocation, fine-
grain, solid-solution, and precipitation strengthening.
The contribution of various strengthening mechanisms
to strength can be expressed as follows [37,42]:

= + + + +σ σ σ σ σ σ ,y 0 gb ss dis
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ppt
2 (8)
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where σ0 denotes the lattice friction stress, σgb, σss, σdis, and
σppt represent the strengths contributed by grain boundary
strengthening, solid-solution strengthening, dislocation

strengthening, and precipitation strengthening, respec-
tively; k is an experimental constant, d is the average grain
diameter, Hi is a constant related to the properties of the
related solute i, Ci is the solute concentration, α is an
average value of the junctions strength over all existing
configurations [47], G is the shear modulus, r0 is the inner
radius of dislocations around strengthening phases, r, h,
and fv are the radius, thickness, and volume fraction of θ′
phases, respectively.

The experimental results showed that the strength of
the TSR piece was higher than that of the AQ piece, and
the changing trend of hardness was basically consistent
with that of strength (Figure 5). The sketch in Figure 11a
summarizes the microstructure evolution of 2219 Al–Cu
alloy during TSR at 175°C for 2 h. The grain size had no
obvious change by metallographic observation (Figure 9),
which indicates that the grain boundary strengthening
was not the main strengthening mode. The experimental
results showed that the number of precipitated phases
increased (Figure 8), and that the dislocation density
decreased (Figure 7). The solute atoms (Cu) precipitate
from the Al matrix, and the solid solution concentration
decreases significantly with more precipitated phases. The
shadow in Figure 11a represents the solid solution concen-
tration. The deeper the shadow, the greater the solid solu-
tion concentration. From equation (8), it can be seen that
the contribution to strength is positively correlated with
the number of precipitated phases, dislocation density,
and the solid solubility, while only the number of precipi-
tated phases was consistent with the changing trend of
strength. Thus, precipitation strengthening was the main
strengthening mechanism of 2219 Al–Cu alloy during TSR.
Equation (12) shows that the increase in strength caused

Figure 11: Schematic illustration of strengthening mechanisms of 2219 alloy during TSR at 175°C for 2 h: (a) microstructural evolution, and
(b) diffusion coefficient ratio along two different directions under stress. The shadow represents the solid solution concentration.
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by the θ′ phase is clearly associated with its size (radius
and thickness) and volume fraction. Therefore, the TSR
piece with a higher density of θ′ phases obtains a higher
strength.

The precipitation sequence of the precipitated phases
in 2219 Al–Cu alloy is: supersaturated solid solution →
Guinier–Preston (G.P.) zones → coherent θ′′ (Al3Cu) →
semi-coherent θ′ (Al2Cu) → stable θ (Al2Cu) [47]. The
precipitated phases have different habitual surfaces, θ′
phase mainly precipitates at {100}Al planes. From the
perspective of precipitation kinetics, the precipitation of
precipitated phases needs to overcome a certain energy
barrier in the initial nucleation stage. Temperature as
energy inputs is an important factor for promoting nuclea-
tion of precipitated phases during TSR. The nucleation rate
can be calculated by classical nucleation theory [48,49]:
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where A0 is the Avogadro constant, N0 is the number of
atoms per unit volume, Z is the Zeldovich non-equili-
brium factor (≈1/20) [50], kβ is the Boltzmann constant,
T is the heating temperature of TSR, τ is the incubation
time, t is the heating time of TSR, rp

⁎ is the critical nuclea-
tion radius of precipitated phases, D is the diffusion rate
of solute atoms in the solvent, C0 is the concentration of
solute in the parent phase, A is the ratio of the length to
the diameter of precipitated phases, a is the lattice con-
stant of precipitated phases, and GΔ ⁎ is the variation in
the critical nucleation free energy including the influence
of dislocations and other nucleation factors. The precipi-
tated phases can preferentially nucleate and grow near the
dislocation defects, grain boundary, or phase boundary
with high free energy. Therefore, equation (13) is in fact
quasi-uniform nucleation, which is the assumption that
the precipitated phases are uniformly distributed and pre-
cipitated under non-uniform nucleation conditions.

Under the action of residual stress introduced by
quenching, the precipitation behavior of the θ′ phase
changes in all directions and is easier to precipitate on
the [100]Al plane parallel to the stress axis, that is, the
precipitation of θ′ phase has SOE. According to the theory of
atomic migration dynamics, the SOE of θ′ phases in the pro-
cess of TSR can be explained by the diffusion mechanism.
The diffusion coefficient ratio in two different directions

(perpendicular to each other) under the action of stress
is as follows [51,52]:
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(16)

( )= + /K C C2 2,11 12 (17)

( )= + /C C C 3,11 12 (18)

where σ is the stress; C11 and C12 are the elastic stiffness
constants, = ×C 1.082 10 MPa11

5 and = ×C 6.13 10 MPa12
4

[53]; QM is the diffusion activation energy of vacancy,
= × ⋅

−Q 1.3 10 J molM
5 1; and R is the gas constant,

=R ( )⋅ ⋅

−8.314 J mol K 1. The heating temperature =T 448 K.
As shown in Figure 11b, the change in diffusion coefficient
ratio of Al alloy along two different directions under stress
at 175°C is obtained according to equation (16).

It can be seen from Figure 11b that under the condi-
tion of no stress, the diffusion coefficient ratio along two
different directions is / =D D 111 12 , which indicates that
the diffusion coefficient is isotropic. If the applied stress
is compressive stress, the diffusion coefficient ratio along
two different directions is / <D D 111 12 , and the precipi-
tated phase will preferentially precipitate along the direc-
tion perpendicular to the stress. If the applied stress is
tensile stress, the ratio of diffusion coefficients along two
different directions is / >D D 111 12 , and the precipitated
phase will preferentially precipitate along the direction
parallel to the stress. These analyses indicate that the
stress makes the difference in diffusion coefficients along
two different directions. The higher the applied stress
level (i.e., the greater the absolute value of stress), the
more the diffusion coefficient ratio deviates from 1. That
means the greater the difference between the two direc-
tions, and the diffusion coefficient shows obvious aniso-
tropy, indicates that the applied stress can produce the
SOE by changing the precipitation velocity of the preci-
pitated phases along different directions. As shown in
Figure 3, the average initial stresses along the two direc-
tions are –116.11 and –87.35 MPa. When the temperature
is 175°C, under the combined action of compressive stress
along both directions, the precipitated phases in the alloy
produce obvious SOE (Figures 8 and 11a). Therefore, the
applied stress will make the precipitated phases in the
alloy preferentially precipitate along the tensile stress
direction, which will significantly improve the mechan-
ical properties of the alloy along this direction, but the
mechanical properties perpendicular to the tensile stress
direction may be weakened.

To address the problem of shortage of stress relief
equipment for large rings, ref. [39] has made more
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consideration on economy and portability, and carried
out stress relief treatment for rings section by section.
Considering that there is a large temperature gradient
at the junction between the heating zone and the non-
heating zone on both sides of the furnace, the superposi-
tion of TSR and vibration stress relief (VSR) is introduced
into the large rings to compensate for heat loss, that is,
the so-called segmented thermal-vibration stress relief
(STVSR). However, the research on TSR in this study
belongs to general basic scientific research, which can
be applied to large and small-size rings or other components,
suggesting that the application object and application scope
are wider. Accordingly, its underlying mechanisms are more
general and universal. Remarkably, the comparison of experi-
mental results between TSR and STVSR (Table 2) indicates
that the stress relief and strengthening effect of TSR are
superior to those of STVSR at the same temperature (175°C).

The actual temperature in the furnace of TSR with
better air tightness is higher and more uniform than
that of STVSR, thus an excellent comprehensive effect
can still be achieved without the superposition of VSR.
The findings confirm that temperature plays a dominant
role in stress relaxation. In an appropriate range, with the
increase in temperature, the dislocation motion is more
intense and the dislocation recovery is more sufficient,
resulting in a more stable configuration. Meanwhile, the
driving force of precipitation is greatly improved, and
then the density of precipitated phases (semi-coherent
θ′ phases) with greater strengthening effect is higher.
Under the interaction of dislocations and precipitated
phases, TSR in the present work produces a higher stress
reduction rate and better aging strengthening effect than
STVSR in ref. [39], which can better achieve the purpose
of synergistic optimization of residual stress andmechan-
ical properties.

Since the underlying mechanisms of stress relief and
strengthening effects during TSR are established based
on the microscopic interaction between dislocations and
precipitated phases, it is anticipated that they can be
applied to describe the stress relief mechanisms of other

heat-treatable aluminum alloys, e.g., other 2xxx and even
6xxx and 7xxx series Al alloys. However, necessary mod-
ifications have to be made to fully account for the differ-
ence in dislocation mobility in different alloy systems and
the varying strengthening mechanisms with various types
of precipitated phases.

5 Conclusion

The effects of the TSR treatment method on the residual
stresses, microstructures, and mechanical properties of
the large 2219 Al–Cu alloy transition ring were studied.
The underlying mechanisms of effects of TSR on these
aspects were then analyzed. Based on the results obtained,
the following conclusions can be drawn:
(1) The circumferential and axial stress relief rates of the

test piece treated by TSR can reach 86.37 and 85.77%,
respectively, and the maximum and minimum prin-
cipal stress relief rates of the test piece treated by TSR
can reach 91.58 and 83.04%, respectively. The max-
imum range and maximum average standard devia-
tion decreased from 103.74 and 30.25 MPa to 17.23
and 8.00 MPa, respectively. These results show that
TSR has a desirable effect on relieving and homoge-
nizing residual stress.

(2) The UTS, YS, and HV0.1 of the TSR piece were higher
than those of the AQ piece, increased by 85.98 MPa,
98.46 MPa, and 27.8 HV0.1, respectively. However, the
EL of the TSR piece was lower than that of the AQ
piece with a decrease by 13.38%. The main fracture
mode of the two pieces was microporous aggregation
ductile fracture.

(3) The AQ piece showed copious dislocations with no
distinct precipitated phases, but TSR showed a notice-
ably smaller number of dislocations with a higher den-
sity of uniformly distributed θ′ phases. The size and
shape of the grains and the coarse Al2Cu particles were
not obviously changed by TSR, which indicates that

Table 2: Comparison of experimental results between TSR and STVSR [39]

Experimental results STVSR (Optimal position O) TSR

Stress relief rate (CD and AD) 44.43 and 45.14% 86.37 and 85.77%
Increment in UTS, YS, and HV0.1 67 MPa, 53 MPa, and 19 HV0.1 85.98MPa, 98.46MPa, and 27.8 HV0.1
Fracture morphology More and deeper dimples Fewer and shallower dimples
Dislocation Higher density Lower density
Precipitated phase G.P. zones and θ″ phases G.P. zones, θ″ and θ′ phases
Grain and second-phase particle Almost unchanged Almost unchanged

Residual stress relief mechanisms by TSR  113



TSR can only cause micro-plastic deformation within
the grain interior, but not macro-plastic deformation.

(4) The evolution process of dislocation density in the
process of TSR includes dislocation accumulation
and annihilation, in which the dislocation annihila-
tion process is dominant. This reduces the disloca-
tion density, changes the dislocation configuration,
and reduces the lattice distortion, which relaxes the
residual stress in the material. Therefore, the residual
stress relief is attributed to the dynamic evolution
behavior of dislocations during TSR.

(5) Precipitation strengtheningwas themain strengthening
mechanism of 2219 Al–Cu alloy treated by TSR. The
heterogeneous nucleation of θ′ phases was induced
by dislocation motion. The θ′ phases have a preferred
orientation distribution (i.e., SOE) due to the high resi-
dual stress introduced by quenching, which weakened
the strength of the alloy to a certain extent.
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