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Abstract: This study combined finite element method (FEM) simulations and physical experiments to
develop a novel cold bulging process, with the aim of studying and mitigating the quenching residual
stresses in 2A14 tapered cylinder forgings. The samples underwent cold bulging at different ratios
(0–4.0%) to evaluate the residual stress reduction performance (via the hole-drilling strain-gauge
method) and the improvements in their mechanical properties. The FEM simulation and experimental
results revealed that our proposed cold bulging process reduced the quenching residual stresses by
up to 85–87%. The density and uniformity of the precipitated phases increased along with the extent
of cold bulging, as confirmed by transmission electron microscope (TEM) observations. Furthermore,
compared to the unprocessed samples, the tensile and yield strengths, and elongation of the samples
with 3% cold bulging were significantly enhanced (65 MPa, 55 MPa, and 1.7%, respectively).

Keywords: 2A14 aluminum alloy; tapered cylinder forging; FEM simulation; residual stress reduc-
tion; quenching stress; cold bulging

1. Introduction

In order to obtain high mechanical properties, precipitation-hardened aluminum al-
loys must undergo a quenching process, which includes rapid cooling from the solution
temperature [1,2]: the faster the cooling rate, the higher the resulting strength. How-
ever, quenching is a complex thermomechanical process and when an object undergoes
inhomogeneous plastic deformation due to non-uniform temperature distribution, severe
quench residual stresses can develop. Generally, the sign (+ or −) of the residual stress
is opposite to that of the plastic strain that caused it [3]. For example, if an initial tensile
plastic strain is generated at the rapid cooling edge of the material at the beginning of
quenching, as the temperature of the block drops, the surface plastic strain decreases with
the development of the compression stress, resulting in the generation of compression
stress on the surface and residual tensile stress in the center. As such, compressive residual
stress may improve the fatigue life and stress corrosion of aluminum alloy components. On
the other hand, residual stress may cause cracks and lead to premature failure [4,5], reduce
fatigue strength, and induce dimensional alterations during the processing of the alloys.
All the above factors can severely compromise the mechanical properties and dimensional
stability of aluminum alloy materials. Therefore, predicting the residual stress generation
pattern is crucial for effectively reducing it, thereby improving the quality and reliability of
aluminum alloy components.

Numerous researchers have extensively studied the residual stress generation mech-
anism induced by quenching. For example, M Araghchi et al. [6] studied the influence
of the quenching conditions on the residual stress and strength of 2024 aluminum alloys.
Gür et al. [7] studied the effects of size and geometry on the residual stress distribution.
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Cold working [8–10], pulsed magnetic treatment [11,12], pulsed magnetic field and pushed
current combined treatment [13], and heat treatment methods [14,15] have been widely
employed to regulate the residual stress. Quenching residual stress is a stress system that
manifests in a body when it is free from external forces. Therefore, residual stresses can
be effectively relieved by plastic deformation through cold working methods (compres-
sion and stretching). Compression is a widely employed method for controlling residual
stresses in components with simple shapes and parallel surfaces. Similarly, stretching
is a highly effective method for reducing residual stresses in rectangular and symmetric
parts, as confirmed by production and experimental reports. Particularly, Koç et al. [3]
reported that both the compression and stretching processes were capable of reducing
the residual stresses of 7050 forged blocks by more than 90%. Yang et al. [9] employed
a cold stretching process (1.5% stretching at a speed of 0.5 mm/s), effectively reducing
the quenching residual stress of an A357 aluminum alloy cylindrical bar by 81.5–94.9%.
More importantly, when cold deformation was applied between the solution treatment
and aging steps, the mechanical properties of the resulting aluminum alloys were notably
improved. For example, Li [16] and Ghosh [17] found that cold deformation after solid
solution is beneficial to reduce the activation energy of secondary precipitation so as to
improve mechanical properties of the Al-Cu-Si-Mg alloy. He et al. [18] demonstrated that as
the extent of cold deformation increased, the driving force of precipitation during the aging
treatment process also increased, and the mechanical properties of the 2219 aluminum
alloy were correspondingly enhanced.

Heat-treatable 2xxx high-strength deformed aluminum alloys are widely used in
the aerospace industry due to their low weight [19,20]. For example, large 2A14 tapered
cylinder forgings are often used to process large thin-walled load-bearing components.
The solution and quenching treatments are crucial processes which endow the tapered
cylindrical forgings with high mechanical properties; however, they significantly contribute
to the generation of quenching residual stress. Owing to the size and asymmetric structure
of the tapered cylinder forgings, the reduction in residual stress by applying conventional
compression and stretching cold deformation techniques is not feasible. To compensate for
the challenging structural characteristics of tapered cylinder forgings, a novel cold bulging
process is required to achieve residual stress relief. Compressing along the taper of the
cylinder forging to attain uniform plastic deformation could provide a viable approach to
the above objective.

In this study, we conducted cold bulging experiments on reduced-scale 2A14 alu-
minum alloy tapered cylinder forgings, with the aim of developing a cost-effective and
suitable cold working method for residual stress reduction. The residual stresses of the
samples after the quenching and cold bulging treatments were measured using the hole
drilling strain-gauge method. Based on the elasto-plastic model of the material, the quench-
ing and subsequent cold bulging processes of the 2A14 aluminum alloy tapered cylinder
forgings were simulated using the finite element method (FEM), in order to predict the evo-
lution pattern of residual stress during the manufacturing process. The results of the FEM
simulation were compared with the experimental measurements to verify their accuracy.
In addition, tensile strength tests and transmission electron microscopy (TEM) analysis
were employed to study the mechanical properties and microstructures of the heat-treated
samples and analyze the effects of cold bulging on their mechanical properties in detail.

2. Materials and Experimental Procedures

The experimental materials were sawn from a homogenized 2A14 aluminum alloy
ingot and their chemical compositions are given in Table 1. Figure 1 illustrates the manufac-
turing process of the 2A14 taper cylinder forgings. First, four small taper cylinder forgings
were manufactured via hot forging, and subsequently machined into a reduced-scale
tapered cylinder forging (dimensions shown in Figure 2). Table 2 provides the detailed con-
ditions of the cold bulging experimental process. The samples were subjected to solution
heat treatment at 500± 3 ◦C for 4 h, before being immersed and quenched in water at 20 ◦C.
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Next, samples A and B were subjected to natural aging and artificial aging, respectively.
Samples C and D were subjected to cold bulging (Figure 3). The cold bulging process was
implemented to compress the reduced-scale tapered cylinder forgings using a bulging die
with the appropriate taper scale. The cold bulging ratios of samples C and D were 2 and
3%, respectively. Subsequently, the samples were aged at 160 ± 3 ◦C for 4 h, and the time
interval between the quenching and aging stages did not exceed 4 h.

Table 1. Chemical compositions of 2A14 aluminum alloy (wt%).

Element Cu Mg Si Mn Fe Zn Ti Ni Al

Nominal 3.8–4.8 0.4–0.8 0.6–1.2 0.4–1.0 <0.7 <0.3 <0.15 <0.1 Bal.
In this
study 4.40 0.48 0.98 0.75 0.20 0.03 0.05 0.01 Bal.

Figure 1. Manufacturing process of the 2A14 tapered cylinder forgings.

Figure 2. Dimensions of the reduced-scale tapered cylinder forging samples and stress test locations.

Table 2. Summary of cold bulging treatment conditions.

Sample Solution Treatment Quench Cold Bulging Aging

A 500 ◦C for 4 h Water quenching (<20 ◦C) None Nature aging
B 500 ◦C for 4 h Water quenching (<20 ◦C) None Artificial aging (160 ◦C for 8 h)
C 500 ◦C for 4 h Water quenching (<20 ◦C) 2.0% Artificial aging (160 ◦C for 8 h)
D 500 ◦C for 4 h Water quenching (<20 ◦C) 3.0% Artificial aging (160 ◦C for 8 h)

The residual stresses of the samples were measured using the hole drilling strain-
gauge method, in accordance with the GB/T 31310-2014 standard. As shown in Figure 4,
TJ120-1.5-Ø1.5 type A strain-gauge rosettes were attached to the test points following the
procedure provided by the Zheng Zhou Research Institute of Mechanical Engineering
Co. Ltd., Zhengzhou, China. During the residual stress measurements, 2 mm deep holes
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were drilled at the test points using a HK21B type drilling device. For all residual stress
measurements, the center of the drill hole and strain rosette were at the same position.

Figure 3. Schematic diagram of the cold bulging process.

Figure 4. Strain gauge rosette type A: (a) Schematic; (b) TJ120-1.5-Ø1.5; and (c) residual stress test.

The tensile samples were cut from the central section of the reduced-scale tapered
cylinder along the axial direction and had the following dimensions: Total length, 80 mm;
gauge length, 30 mm; width, 8 mm; thickness in the parallel section, 2.5 mm. According to
the GB-T228-2002 standard, the tensile tests were performed on a WDW-100A mechanical
tensile machine at a tensile rate of 2 mm/min. Three samples were measured to obtain an
average for each cold-bulging condition.

Transmission electron microscopy (TEM) (FEI Titan G2 60-300, FEI Company, Hilsboro,
OR, USA) was used to characterize the microstructures of the heat-treated tapered cylinder
samples. Before TEM analysis, the samples were prepared by grinding and polishing to
an 80–90 nm thickness and then punched into flakes of 3 mm in diameter. The disks were
further thinned by a twin-jet electro-polishing device (in a solution of 30% nitric acid and
70% methanol at a stable temperature of −30 ◦C).

3. FEM Modeling of Quenching and Cold Bulging Processes

The ABAQUS software was used to perform the FEM simulations of both the solution
quenching and subsequent cold bulging processes of the 2A14 aluminum alloy tapered
cylinder forgings. This stage had multiple purposes: analyzing the quenching residual
stress distribution; studying the evolution of residual stress during the cold bulging process;
determining the reduction in quenching residual stress by cold bulging. The quenching
and cold bulging processes are complex non-linear thermo-elasto-plastic contact problems,
which involve the interactions of the temperature, phase transition, and stress/strain fields.
Therefore, a temperature–displacement coupling simulation analysis was required to:
(a) calculate the temperature gradient and the residual stress caused by it during quenching,
and (b) analyze the stress rebalancing caused by plastic deformation and the residual stress
reduction attained by cold bulging. ABAQUS/Standard and ABAQUS/Explicit were used
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for the quenching and cold bulging process simulations, respectively. The 2A14 alloy yield
strength values required for the simulation model under varying temperature and plastic
strain conditions are provided in Figure 5. Table 3 describes the thermal properties (such as
thermal conductivity, specific heat capacity, elastic modulus, Poisson’s ratio, and thermal
expansion coefficient) required for the FEM model [21].

Figure 5. Yield strengths at different temperatures and plastic strains.

Table 3. Thermal properties of 2A14 aluminum alloy.

Temperature
/◦C

Thermal
Conductivity/
(W·m−1·K−1)

Specific Heat
Capacity/

(J·kg−1·K−1)

Elastic
Modulus/GPa

Poisson
Ratio

Density/
(kg·m−3)

Thermal
Expansion

Coefficient/10−6

20 114.3 809 81.5 0.33 2800 20.8
100 122.3 860 66.2 0.33 2800 21.9
200 130.8 897 49.3 0.33 2800 26.1
300 145.1 922 31.0 0.33 2800 27.0
400 124.5 872 25.3 0.33 2800 26.8
500 122.7 985 – 0.33 2800 27.3

The size of the FEM simulation model was the same as that of the reduced-scale
tapered cylinder forging samples used in the experiments (Figure 1). Due to the axisym-
metric geometry and boundary conditions of the tapered cylinder forgings, only 1/24 of
the sample was used to establish a simplified model for the quenching and cold bulging
processes (Figure 6), significantly reducing the simulation calculation time. For the quench-
ing process simulation, 3-dimensional, 8-node linear heat transfer (C3D8T) elements were
used. Accordingly, 3-dimensional, 8-node trilinear displacement and temperature, reduced
integration, hourglass control (C3D8RT) elements were used for the cold bulging process
simulation. The total elements of each simulation model were 9600. The quenching and
cold bulging process boundary conditions were consistent with those reported in the
experiments discussed above (Figures 2 and 3). The quenching residual stress field was
applied as the initial condition in the subsequent cold bulging process simulation, where
the effect of the cold bulging ratio on the residual stress reduction performance was also
investigated. The cold bulging ratios of 0, 1, 2, 3, and 4% were simulated. The pressure
velocity of the bulging die mold was 5 mm/s for all cold bulging simulation scenarios.
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Figure 6. Simplified simulation model and mesh generation.

4. Results and Discussion
4.1. FEM Simulation Results

The residual stress nephogram at the cross-section of the 2A14 tapered cylinder forging
after quenching is displayed Figure 7. As can be observed, the quenching treatment induced
a larger residual tensile stress in the central region and a greater residual compressive stress
in the exterior region of the tapered cylinder forging, establishing the equilibrium of the
stress system. The hoop residual stress (σt) and axial residual stress (σz) levels were much
higher than that of the radial residual stress (σr), while the residual stress concentration
area in the r-direction was much smaller than those in the t- and z-directions. The hoop
tensile residual stress in the center region fluctuated between 120 and 183 MPa, while the
tensile axial stress ranged between 115 and 140 MPa. The hoop compression residual stress
in the exterior region was between −131 and −162 MPa, while the compressive axial stress
was between −125 and −149 MPa.

Figure 7. Residual stresses nephogram of the 2A14 tapered cylinder forging in the r-, t-, and z-
directions after quenching: (a) σr; (b) σt; and (c) σz.

To determine the effect of the cold bulging ratio on the quenching residual stress
reduction performance, six cold bulging simulation scenarios with ratios of 0, 1, 2, 3, 3.5,
and 4% were investigated in this study. Figures 8 and 9 illustrate the t- and z-direction
residual stress nephograms at the cross-section of the 2A14 tapered cylinder forging with
different cold bulging ratios. It can be observed that, when the bulging ratio was below
4%, the residual stress levels σt and σz decreased as the bulging ratio increased. At lower
cold bulging ratios (≤3%), the hoop and axial stresses both exhibited typical characteristics
of tensile stress in the center region and compressive stress in the exterior region of the
forging. When the cold bulging ratio exceeded 3%, the hoop residual stress exhibited a
large stress gradient along the radial direction. The hoop residual stress on the interior side
of the tapered cylinder forging was compressive, whereas on the exterior side it was tensile.
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Additionally, the exterior tensile stress exhibited an upward tendency with the increasing
cold bulging ratio.

Figure 8. Residual stresses nephogram of the 2A14 tapered cylinder forging in the t-direction under different cold bulging
ratio conditions: (a) 0%; (b) 1.0%; (c) 2.0%; (d) 3.0%; and (e) 4.0%.

Figure 9. Residual stresses nephogram of the 2A14 tapered cylinder forging in the z-direction under different cold bulging
ratio conditions: (a) 0%; (b) 1.0%; (c) 2.0%; (d) 3.0%; and (e) 4.0%.

Figure 10 illustrates the residual stresses of the quenched tapered cylinder forgings
along path 1 under different cold bulging ratios. As the cold bulging ratio increased, while
remaining below 3%, both the hoop and axial residual stresses in the central region of the
forgings significantly increased. On the contrary, when the cold bulging ratio exceeded
3%, the reduction rates of both residual stress types became insignificant. Therefore, when
considering the optimal cold bulging ratio conditions so as to maximize the reducing effect
on the residual tensile stresses in the central region of the forging, the minimum cold
bulging ratio was set at 3%. Figure 11 illustrates the residual stresses of the quenched
tapered cylinder forging along path 2, under different cold bulging ratios. As the cold
bulging ratio increased but remained below 3%, both the hoop and axial residual stresses
in the exterior region of the forging sharply decreased. For a cold bulging ratio above 3%,
the hoop residual stress on the exterior side of the forging considerably dropped, even
transitioning from compressive to tensile stress. Additionally, the tensile stress tended
to increase along with the increasing cold bulging ratio. Therefore, in order to maximize
the reducing effect on the residual stress in the exterior region, the upper limit of the cold
bulging ratio should be less than 3.5%.
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Figure 10. Residual stresses of the quenched tapered cylinder forgings along path 1 under different cold bulging ratio
conditions: (a) σt and (b) σz.

Figure 11. Residual stresses of the quenched tapered cylinder forgings along path 2 under different cold bulging ratio
conditions: (a) σt and (b) σz.

4.2. Experimental Results and Discussion

The residual stresses measured by the hole drilling strain-gauge method for all sam-
ples are shown in Figure 12, indicating compressive stress at the surface. The results
revealed that the residual stress magnitude of sample A, which exhibited natural aging
after quenching, was as high as 113–130 MPa—the highest among all samples. Table 4
shows the experimental and simulation results of quenching residual stress of sample A;
the test results are in good agreement with the results of the FEM simulation. The residual
stress of sample B, which underwent artificial aging after quenching, was 106–120 MPa.
Intriguingly, the experimental results showed that, compared with natural aging treatment,
artificial aging at 160 ◦C for 8 h can reduce the quenching residual stress by 7–10 MPa
(~7%). However, it was also observed that artificial aging had no significant effect in
reducing the residual stress of the 2A14 aluminum alloy tapered cylinder forging samples.
Godlewski et al. [22] studied the effects of different aging times and temperatures on the
reduction in quenching residual stresses and determined that artificial aging treatment
could achieve a 10–35% reduction. It was therefore inferred that artificial aging alone was
not sufficient to adequately reduce the quenching residual stress of the samples.

The residual stress values of samples C (2% cold bulging) and D (3% cold bulging)
were approximately 19 MPa and 16 MPa, respectively. Their quenching residual stress
reduction percentages were compared to that of the sample with natural aging (Figure 13).
The results indicated that the quenching residual stress of the cylinder forgings with 2%
cold bulging decreased by 95–110 MPa. When the cold bulging rate was increased to 3%,
the increase in the reduction percentage was marginal.



Metals 2021, 11, 717 9 of 12

Figure 12. Residual stresses magnitudes as measured via the hole drilling strain-gauge method.

Table 4. Experimental and simulation results of quenching residual stress of taper cylinder forging.

Test Points
Experimental Results Simulation Results

σmax/MPa σmin/MPa β/◦ σt/MPa σz/MPa σt/MPa σz/MPa

P1 −131.8 −103.8 −0.6 −105.9 −129.7 −125.8 −143.3

P2 −125.7 −114.1 −1.2 −122.1 −117.8 −116.4 −149.1

P3 −128.8 −121.4 1.1 −126.9 −123.3 −121.5 −146.2

Figure 13. Comparison of residual stress reduction percentage between artificially and naturally
aged samples.

When an object sustains non-uniform plastic deformation due to inhomogeneous
temperature distribution, quenching residual stress is manifested. Relatively large tensile
and compressive stresses can be observed at the core and surface of the quenched forgings,
respectively. Residual stress is a stress system that exists in a body without external forces.
Assuming a uniform plastic strain acted on the material during the cold deformation
process. Cold deformation causes plastic deformation with the opposite sign of the residual
stress, thus relieving the material from the residual stress. When the external load is
eliminated, the internal stress is rebalanced, and the overall residual stress level of the
object is reduced [23]. It was suggested that the quenching residual stress was effectively
reduced after the material underwent plastic deformation, but it was not completely
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released. As shown in Figure 13, under 2–3% of cold bulging, the quenching residual stress
of the tapered cylinder forgings was effectively reduced by approximately 85%, which was
in good agreement with the results of the FEM simulation.

Table 5 presents the results of some published works regarding the reduction in
residual stresses in aluminum alloys via cold working methods. It can be deduced that
our proposed 2–3% cold bulging strategy achieved equally satisfying results, attaining
an 83–87% residual stress reduction in the tapered cylinder forgings. However, 2 or 3%
cold bulging may not provide the optimal conditions for stress reduction in larger-sized
tapered cylinder forgings. Therefore, for tapered cylinder forgings with different materials,
quenching conditions, and geometric dimensions, the ideal cold bulging process conditions
should be re-optimized.

Table 5. The results of residual stress reduction via cold working presented by other researchers.

Alloy Sample Dimension (mm) Method of Cold Deformation Residual Stress Reduction (%) Reference

7050 5600 × 760 × 121 Cold compression 43–79% [10]
7050 340 × 127 × 124 Cold compression more than 90% [3]
7050 1270 × 406 × 127 Cold stretching more than 90% [3]
A357 Ø80 × h160 Cold stretching 81.5–94.9% [9]
2A14 Ø170 × b30 × h120 Cold bulging 85–87% Present study

The mechanical properties of the aged samples (i.e., ultimate tensile strength (UTS),
yield strength (YS), and elongation percentage) with cold bulging at different ratios are
presented in Figure 14. The UTS and YS values increased along with the increasing cold
bulging ratio. At room temperature, when the ratio was increased from 0 to 4.0%, these
parameters developed as follows: UTS increased from 416 to 481 MPa (15.6% increase);
YS increased from 353 to 408 MPa (15.5% increase); elongation increased from 6.3 to 8.0%
(26.9% increase). However, with a further increase in the cold bulging ratio the elongation
started to decrease. Numerous related studies have confirmed that for the majority of age-
hardened aluminum alloys, the introduction of cold deformation before artificial aging can
promote precipitation strengthening and improve the mechanical properties of the material.
The precipitation phases of the 2A14 aluminum alloy were greatly affected by the relative
concentration of solute atoms in the material. The CCu/CMg ratio of the 2A14 aluminum
alloy used in this study was 9.16 > 8 (Table 1); therefore, the θ phase (Al2Cu) and its
transition phase were the main strengthening phases, and the aging precipitation sequence
was: GP zone→θ”→θ′→θ [24]. Figure 15a illustrates the scanning transmission electron
microscopy (STEM) micrograph of the aged sample without cold bulging, where multiple
intersecting needle-like precipitates with lengths of 50–60 nm were detected. The STEM
micrograph of the aged sample with 2% cold bulging (Figure 15b) indicates that, compared
to the sample without cold bulging, the corresponding needle-like precipitated phases
exhibited smaller sizes, higher density, and a more uniform distribution. In accordance
with the selected area electron diffraction (SAED) pattern, the needle-like precipitates were
identified as θ′ fine precipitates. These results further confirmed that cold bulging can
effectively promote precipitation during the aging process and thus improve the mechanical
properties of the 2A14 forgings.
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Figure 14. Mechanical properties of the samples under different cold bulging conditions.

Figure 15. {001}Al TEM images of the as-aged samples with cold bulging at different ratios: (a) With-
out cold bulging and (b) with 2% cold bulging.

5. Conclusions

In the present study, a novel cold bulging process was designed to reduce the quench-
ing residual stresses in 2A14 aluminum alloy tapered cylinder forgings. In this context,
its effects on the aging precipitation behavior and mechanical properties of the processed
samples were also studied. The following conclusions were drawn:

(1) Experimental and FEM simulation results demonstrated that 2–3% cold bulging
effectively the reduced the quenching residual stress of the tapered cylinder forgings
by 95–110 MPa. No discernible benefit or disadvantage was reported for cold bulging
ratios above 3%.

(2) Upon increasing the extent of cold bulging, the driving force responsible for the
precipitation of the strengthening phase during the aging process was enhanced. As
a result, the number, density, and uniformity of the precipitated phases increased,
thereby improving the mechanical properties.

(3) The mechanical properties of the 2A14 aluminum alloy tapered cylinder forgings
were further improved with the extension of the cold bulging process. The optimal
mechanical properties were achieved when the cold bulging ratio was 3%, with a UTS
of 481 MPa, YS of 408 MPa, and elongation of 8.0%.
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