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Abstract 

This study investigated high-speed air-atomized water-mist impingement cooling of 2219 
aluminum alloy plates using a self-developed spray-quenching setup. Cooling intensity 
was controlled by varying the water loading fraction, and cooling curves were recorded 
using embedded thermocouples. Solution–aging treatments with conventional water 
quenching and mist quenching were performed, and multi-pass pre-deformation routes 
were applied before and/or after solution treatment. Tensile properties were evaluated at 
room temperature. Mist impingement cooling achieved markedly higher cooling rates 
than air cooling, with peak values in the order of 103 °C/s. Higher cooling intensity im-
proved quenching efficiency and increased strength after aging. Multi-pass pre-defor-
mation enhanced yield strength, but reduced elongation at high deformation levels, re-
vealing a strength–ductility trade-off. These results provide guidance for optimizing 
quenching and pre-deformation parameters in heat treatment of 2219 aluminum alloy 
components. 

Keywords: 2219 aluminum alloy; multi-pass pre-stretching; spray cooling; solution  
aging treatment 
 

1. Introduction 
Aluminum alloy 2219 belongs to the Al–Cu–Mn series of aluminum alloys. Due to its 

high specific strength, excellent weldability, machinability, and heat-treatability, it has 
been widely applied in the aerospace field, particularly in rocket fuel tanks, supersonic 
aircraft structural components, and space station assemblies [1–3]. As a typical heat-treat-
able wrought aluminum alloy, heat treatment processes such as solution quenching and 
artificial aging are primary methods for enhancing its mechanical properties [4,5]. 
Quenching, a critical step in solution treatment, directly influences the composition and 
distribution of microstructures at room temperature through its cooling rate, thereby af-
fecting a material’s final mechanical properties [6–8]. However, 2219 aluminum alloy ex-
hibits significant quenching sensitivity [9] due to the high diffusion rate of Cu atoms in 
the medium- to high temperature range, which readily leads to non-equilibrium precipi-
tation during cooling. Achieving the desired mechanical properties necessitates 
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sufficiently rapid cooling rates during quenching. Insufficient cooling rates can easily re-
sult in undesirable precipitation, uneven strengthening effects, and microstructural heter-
ogeneity, ultimately degrading mechanical performance. For instance, Elgallad et al. [10] 
investigated the effect of cooling rates on precipitation kinetics in 2219 aluminum alloy 
castings using both air cooling and water quenching. The results indicated that compared 
to water quenching, the slower cooling rate during air quenching suppressed 𝑂′-phase 
precipitation while promoting 𝜃-phase precipitation, ultimately causing deterioration in 
the mechanical properties of the 2219 aluminum alloy. Therefore, enhancing the quench-
ing rate is crucial for refining the grain structure of 2219 aluminum alloy, improving its 
mechanical properties, and extending its service life. 

Depending on how alloy components come into contact with water, the cooling pro-
cess after solution treatment of aluminum alloys is typically categorized into immersion 
and spray-cooling methods [11]. Immersion cooling is one of the most widely adopted 
cooling methods in industrial heat treatment, commonly utilizing water or oil as coolants 
and offering a high cooling rate. However, the uncontrollable cooling rate of immersion 
cooling can easily lead to excessive temperature differences between the interior and ex-
terior of a workpiece, creating significant temperature gradients. This induces substantial 
internal stresses, potentially causing workpiece cracking. Ma et al. [12] investigated the 
effect of quenching water temperature on the macro–micro performance of forged 2219 
aluminum alloy rings. They found that at lower quenching temperatures, the overall me-
chanical properties of the forged rings deteriorated as water temperature increased. This 
degradation primarily resulted from excessively rapid cooling rates inducing substantial 
quenching residual stresses, which adversely affected the material’s overall mechanical 
performance. Wang et al. [13] investigated the effect of cooling rate on the microstructure 
and mechanical properties of the nickel-based superalloy MAR-M247. Compared to im-
mersion cooling, spray cooling, which generates multiphase fluids with high heat ex-
change by mixing gas and liquid, has emerged as a frontier research direction and core 
technological focus in heat treatment cooling due to its efficient and controllable heat-
transfer characteristics [14,15]. Fan et al. [16] investigated the effect of asymmetric spray 
quenching on residual stresses in thick aluminum plates. They found that under symmet-
ric spray-quenching conditions, residual stress magnitude decreased with reduced spray 
velocity. Additionally, the established finite element model accurately predicted the dis-
tribution of residual stresses after quenching. 

In addition to the influence of quenching rate on the enhancement of mechanical 
properties, pre-stretching represents a critical strengthening approach for aluminum al-
loys. This process introduces a high density of dislocations into the microstructure 
through work hardening, which leads to an increase in strength accompanied by a reduc-
tion in ductility. Wang et al. [17] examined the influence of pre-deformation applied be-
tween solution treatment and aging on the mechanical behavior of 2219 aluminum alloy 
forgings. Their results demonstrated that relative to undeformed specimens, forgings sub-
jected to 3% pre-deformation exhibited increases of 11.9% in tensile strength and 26.2% in 
yield strength, along with a pronounced reduction in forging anisotropy. He et al. [18] 
studied the effect of pre-compression deformation applied prior to solution treatment on 
the dissolution behavior of Al2Cu second-phase particles in 2219 aluminum alloy. The au-
thors reported a substantial reduction in both the area fraction and average size of coarse 
Al2Cu particles as the level of pre-deformation increased. Moreover, the introduction of 
pre-deformation significantly improved the mechanical performance of the alloy, with 
yield strength showing particularly notable enhancement. Zheng et al. [19] investigated 
the effects of pre-compression deformation applied after quenching on residual stress evo-
lution and microstructural characteristics in aluminum lithium alloys. Their findings re-
vealed that the degree of residual stress relief initially increased and subsequently 
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decreased as the amount of pre-deformation rose. Concurrently, pre-compression defor-
mation promoted competitive precipitation among the T1, 𝜃′, and 𝛿′ phases. Within a 
pre-deformation range of 3% to 5%, T1 precipitation was increasingly favored over 𝜃′, 
resulting in a continuous increase in T1-phase content and the eventual disappearance of 
the 𝜃′ phase. A comprehensive review of the literature indicates that current research and 
industrial applications of spray-quenching processes are largely concentrated on thick 
aluminum alloy plates, whereas high-speed air atomization water spray-cooling tech-
niques for thin aluminum alloy plates have received comparatively limited attention. In 
addition, most existing studies on aluminum alloy heat treatment focus on the influence 
of thermal processing on macrostructural and microstructural evolution during a single 
deformation stage, such as either before or after solution treatment. Investigations ad-
dressing the combined or synergistic effects of pre-deformation applied both before and 
after solution treatment on the final mechanical properties of aluminum alloys remain 
scarce. 

Therefore, the objective of this study was to systematically investigate the coupled 
effects of cooling intensity and pre-deformation route on the cooling behavior and me-
chanical properties of 2219 aluminum alloy. Specifically, (1) a self-developed spray-cool-
ing experimental setup was employed to perform high-speed air-atomized water-mist im-
pingement cooling on thin 2219 aluminum alloy specimens under multiple water loading 
fraction conditions, in order to evaluate the cooling efficiency, heat-transfer uniformity, 
and the underlying mechanisms; (2) solution–aging heat treatment experiments involving 
conventional water quenching and spray quenching with different water-mist ratios were 
conducted to examine their influence on mechanical properties; and (3) a systematically 
designed experimental matrix with different multi-pass pre-stretching levels applied be-
fore and/or after solution treatment was carried out to clarify the effects of pre-defor-
mation on yield strength, ultimate tensile strength, and elongation. The results of this 
work are expected to provide experimental guidance for optimizing heat treatment pro-
cesses of high-performance 2219 aluminum alloy components. 

2. Materials and Methods 
2.1. Aluminum Alloy Specimens 

The test material used in this study was annealed 2219 GB standard cross-sectional 
uniaxial tensile aluminum alloy[20]. Its chemical composition is shown in Table 1. The 
primary alloying elements of this alloy include Cu, Mn, and Zr. Among these, Cu serves 
as the core element for forming the θ’ strengthening phase, while Mn and Zr help sup-
press recrystallization and refine grain size, thereby improving the material’s microstruc-
tural uniformity and overall properties. All samples used in this study complied with 
GB/T 228.1-2010. Aluminum alloy plates were processed into standard tensile specimens 
using wire-cutting technology along the rolling direction. To minimize the influence of 
surface oxide films and surface defects on test results, all specimen surfaces were polished 
using 800-grit sandpaper. 

Table 1. Chemical composition of 2219 aluminum alloy (wt.%). 

Cu Mn Fe Zr Ti Si Zn Mg Al 
6.52 0.35 0.21 0.17 0.05 0.05 0.02 0.01 92.62 
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2.2. Water-Mist Spray-Quenching Experiments 

A schematic of the experimental setup is shown in Figure 1. The experimental system 
was developed based on established spray/mist impingement cooling principles reported 
in the literature [21], which utilize enhanced convective heat transfer and phase-change 
heat transfer during droplet impingement to achieve high and controllable cooling rates. 
It consisted of a water and an air delivery system that are both precisely regulated by the 
valves and flow meters. The main components of the system included a water pump, a 
centrifugal air blower, flow meters, valves, pressure gauges and temperature sensors, wa-
ter recovery tank and data acquisition system. The furnace and transfer apparatus are 
omitted from Figure 1 for clarity. 

 

Figure 1. Schematic of the experimental system. The transfer apparatus, the furnace, and the intelli-
gence system are not presented for better clarity. 

The cooling platform consists of upper and lower cooling modules, as shown in Fig-
ure 2. The upper cooling platform is operated through a screw-driven lifting, and the 
lower platform is equipped with positioning blocks at each corner, ensuring precise align-
ment and firm installation of the cooling module. The geometrical details of the aluminum 
alloy 2219 workpiece are illustrated in Figure 2b. The workpiece was a square plate with 
dimensions of 50 mm × 50 mm × 4.5 mm (length × width × thickness). The workpiece tem-
perature was measured using two type-K thermocouples (T1 and T2) embedded near the 
central region, with a horizontal offset of 7.5 mm from the outer boundary, as illustrated 
in Figure 2b. The thermocouple signals were recorded using a HIOKI temperature data 
logger with a sampling interval of 10 ms. The measured temperature–time data were used 
for subsequent cooling-rate analysis. A high-speed air-atomized water-mist spray (jet ve-
locity > 100 m/s) with different water loading fractions was applied to quench the speci-
men, enabling controllable cooling rates. As shown in Figure 3, different water loading 
fractions were used to control the cooling rate of the solid solution quenching, followed 
by the same aging treatment procedure [22]. The detailed experimental plans are shown 
in Table 2. 
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Figure 2. Cooling platform and workpiece. (a) 3D top and bottom cooling assembly with the work-
piece in the middle; (b) dimensions and temperature sensor location; (c) photograph of the work 
piece; (d) photograph of the upper cooling platform (left). The cooling platform connected with the 
working media piping. 

The instantaneous cooling rate was obtained from the measured temperature–time 
data by numerical differentiation using a finite-difference scheme. The cooling rate at time 
step i was calculated using Formula (1): 𝑇పሶ ൌ െ𝑇௜ାଵ െ 𝑇௜∆𝑡  (1)

where 𝑇௜  and 𝑇௜ାଵ  are the recorded temperatures at two consecutive sampling points 
and ∆t is the sampling interval. In this study, ∆t ൌ  10 ms. 

 

Figure 3. Schematic diagram of water-mist spray-quenching experiments. Red lines represent the 
heating stage, and blue lines represent the cooling/quenching stage. 
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Table 2. Experimental parameters for water-mist spray-quenching experiments. The water loading 
fraction is defined as 𝜙 ൌ 𝑞ሶ௪/ሺ𝑞ሶ௪ ൅ 𝑞ሶ௔ሻ, where 𝑞ሶ௪ is the volumetric flow rate of water and 𝑞ሶ௔ is 
the volumetric flow rate of air. 

 O-State 
Pre-Stretching 

Solution 
Treatment 

Cooling Method W-State 
Pre-Stretching 

Aging Treat-
ment 

1 

0 535 °C × 40 min 

Water quenching 

0 175 °C × 18 h 

2 
Spray cooling 
(𝜙 = 0.10%) 

3 
Spray cooling 
(𝜙 = 0.20%) 

4 
Spray cooling 
(𝜙 = 0.30%) 

5 
Spray cooling 𝜙 = 0.40%) 

6 
Spray cooling 
(𝜙 = 0.60%) 

2.3. Heat Treatment Under Different Pre-Deformations 

To investigate the influence of different pre-stretching deformations before and after 
solution treatment on the mechanical property of 2219 aluminum alloy, a series of heat 
treatment experiments was conducted following the procedure shown in Figure 4. The 
specimen dimensions used in this experiment were identical to those of the water-mist 
spray-quenching experimental specimens (50 mm × 50 mm × 4.5 mm). Prior to solution 
treatment, specimens were subjected to quasi-static tensile deformation at a strain rate of 
0.001/s using a room-temperature tensile testing machine. The pre-stretching defor-
mations were set to 0, 0.1, 0.2, and 0.25. The specimens were then solution-treated at 535 
°C for 40 min to ensure complete dissolution of alloying elements. Rapid water quenching 
cooled them to room temperature, followed by secondary pre-deformation stretching 
with deformation levels of 0, 0.05, and 0.1. Subsequently, specimens underwent artificial 
aging at 175 °C for 18 h before air cooling to room temperature. All heat treatment param-
eters are detailed in Table 3. 

 

Figure 4. Schematic diagram of pre-strain heat treatment at different deformation levels. Red lines 
represent the heating stage, and blue lines represent the cooling/quenching stage. 
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Table 3. Experimental parameters under pre-deformations at different deformation levels 

 
O-State 

Pre-Stretching 
Solution 

Treatment Cooling Method 
W-State 

Pre-Stretching Aging Treatment 

1 0 

535 °C × 40 min Water quenching 

0 

175 °C × 18 h 

2 0.1 0 
3 0.2 0 
4 0.25 0 
5 0.1 0.05 
6 0.2 0.05 
7 0.25 0.05 
8 0.1 0.1 
9 0.2 0.1 

10 0.25 0.1 
11 0 0 
12 0 0.05 
13 0 0.1 

2.4. Mechanical Testing 

Room-temperature tensile tests were performed using a LE5105 computer-controlled 
electronic universal testing machine It was sourced from Lishi (Shanghai) Instruments 
Co., Ltd, located in Jinshan District, Shanghai, China. The tensile specimens followed the 
standard GB/T 228.1–2010, and the strain rate was set to 0.001 s−1. Electron backscatter 
diffraction (EBSD) characterization was performed using a field-emission scanning elec-
tron microscope (FE-SEM, JSM-IT800, JEOL, Japan) equipped with an EBSD detector. 
Prior to EBSD analysis, the specimens were mechanically ground and subsequently elec-
tropolished to obtain a deformation-free surface suitable for orientation mapping. The 
EBSD data were acquired to analyze the geometrically necessary dislocation (GND) den-
sity and grain orientation spread (GOS), which were used to evaluate the dislocation 
structures and intragranular strain heterogeneity induced by different pre-deformation 
conditions. 

For each processing condition, tensile tests were repeated five times (n = 5) to ensure 
repeatability. The reported mechanical properties represent the average values of the re-
peated measurements. For consistency and clarity, the mechanical property values re-
ported in this manuscript are rounded to the nearest integer unless otherwise stated. 

3. Results 
3.1. Water Spray-Quenching Results. 

In Figure 5b, the instantaneous cooling rate and the average cooling rate are pre-
sented for the three jet composition configurations. The instantaneous cooling rate was 
calculated as the numerical derivative of the recorded temperature–time data using a fi-
nite-difference method with a sampling interval of Δt = 10 ms. The average cooling rate 
was calculated for temperature cooling from 450 °C to 300 °C, neglecting the cooling dur-
ing the loading process. The x-axis is the temperature of the workpiece, and the y-axis is 
the corresponding cooling rate. A pure water jet experiment was also conducted for com-
parison. In the pure water jet, the water mass flow rate is the same as the water in the 𝜙 =0.15% scenario, corresponding to a jet velocity of U0 = 4.86 m/s. The average cooling rate 
for water-mist cooling reaches 233.58 °C/s (𝜙 = 0.15%) compared with that of dry air 
impingement 48.56 °C/s, revealing significant improvement on the performance in the 
terms of the average cooling rate attributed to the effective cooling from phase change of 
the water droplet. With water cooling, the average cooling rate is 118.25 °C/s between the 
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dry air and water mist. The instant cooling rate, defined as the time derivative of the sur-
face temperature, is illustrated in Figure 5b. The peak cooling rate 𝑇ሶ୫ୟ୶ for ϕ = 0.15% 
water mist reaches 1760 °C/s, significantly exceeding those using dry air (𝑇ሶ୫ୟ୶ = 120 °C/s) 
and pure water (𝑇ሶ୫ୟ୶ = 698 °C/s). 

 

Figure 5. Temperature profile and cooling rate (a) T1 (solid line) and T2 (dashed line) evolution under 
different cooling media: air jet (U0 = 110 m/s), mist (U0 = 110 m/s, 𝜙 = 0.15%), water jet (U0 = 4.86 
m/s); (b) instantaneous cooling rate for different cooling media; (c) average cooling rate for different 𝜙 and nozzle-to-plate distance; (d) instantaneous cooling rate for different 𝜙. The values shown 
represent average results from three repeated tests. 

The mist jet initiates rapid heat removal almost immediately after impingement, as 
evidenced by the high cooling rate discussed above, attributable to the high surface area-
to-volume ratio of microdroplets and the intense boiling upon contact with the hot sur-
face. In addition, the micro-droplet accelerated by the high-speed air flow in the air-atom-
ized water mist has enough momentum to rupture the vapor layer and achieve effective 
cooling via phase change. Finally, the airflow can also facilitate in rapidly removing the 
generated vapor, thereby suppressing vapor accumulation. In contrast, the pure water jet 
forms a continuous liquid film on the surface, which initially delays efficient heat transfer 
until nucleate boiling is established. The air jet, due to the inherently low heat capacity of 
air and absence of a phase-change mechanism, relies solely on convective cooling, which 
is less effective, resulting in limited overall cooling performance. The extremely high peak 
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cooling rates (above 10ଷ °C/s) are mainly attributable to the combined effects of (i) the 
very large surface area-to-volume ratio of the microdroplets, (ii) intense phase-change 
heat transfer during droplet impingement and evaporation, and (iii) the high-speed air-
flow, which enhances convective heat removal and helps disrupt the vapor layer near the 
hot surface. Therefore, the measured peak cooling rates of 1000–3000 °C/s are physically 
reasonable for high-speed air-atomized mist impingement cooling [15,23]. 

Figure 5c illustrates the average cooling rate, while Figure 5d shows the instantane-
ous cooling rate with water load fraction ranging from 0.1% to 0.4%. As seen in Figure 5c, 
for 𝜙 = 0.1%, increasing nozzle-to-plate distance H from 20 mm to 40 mm leads to a 27% 
reduction in the average cooling rate. As the water load fraction increases, the effect of H 
in the present study becomes less pronounced, for example, at 𝜙 = 0.15%, only a 6.2% 
reduction is observed. This is mainly because a larger H normally increases the evapora-
tion ratio, thereby reducing the mass of liquid-phase droplets reaching the target surface 
and weakening micro-droplet evaporative cooling. Increasing 𝜙  enhances the surface 
wetting and droplet coverage, which mitigates the sensitivity of cooling performance to 
H. It is observed that as the water load fraction increases, the average cooling rate also 
increases, reaching 413.88 °C/s for 𝜙 = 0.4%. 

The instantaneous cooling rate for varying 𝜙 is presented in Figure 5d. It reveals 
that the instantaneous cooling rate increases with increasing 𝜙, with a maximum cooling 
rate 𝑇ሶ୫ୟ୶ =3000 °C/s for 𝜙 = 0.4% compared with 𝑇ሶ୫ୟ୶ =1620 °C/s for 𝜙 = 0.1%, yield-
ing an almost 50% improvement. The maximum water load fraction 𝜙 = 0.4% utilized in 
the present study is restricted by the current system, as the hydraulic resistance of the 
water flow path limits the pump delivery capacity. Although a higher water load fraction 
might enhance cooling capacity, it should not become excessively high to avoid locally 
liquid film accumulation. Under excessively high water load fractions, the dense droplets 
tend to agglomerate upon impingement, leading to reduced effective contact area and di-
minished single-droplet kinetic energy, which weakens the droplet–surface impact inten-
sity and reduces the capacity to disrupt the vapor layer. In addition, excessive droplets 
can induce flow blockage near the surface, causing boundary-layer distortion and deteri-
orating the uniformity of the surface temperature, thus enlarging the spatial gradient of 
the cooling rate and degrading quench uniformity. Moreover, large droplets may deflect 
the mainstream flow, disturb the shear-layer structure near the surface, and trigger unex-
pected recirculation zones, complicating spray-field control. 

The cooling rate variation curves for the entire process and the quenching-sensitive 
zone under different conditions are shown in Figure 6. These curves illustrate the changes 
in cooling rate under varying water load fraction. It can be observed that both the overall 
cooling process and the cooling within the quenching-sensitive zone demonstrate in-
creased cooling rates with higher water load fraction. The cooling rate reaches its maxi-
mum at 𝜙 = 0.40%, after which it begins to decrease as the ratio increases further. As the 
cooling rate increases, non-equilibrium precipitation during cooling can be more effec-
tively suppressed, which is beneficial for maintaining a supersaturated solid solution and 
improving the subsequent aging response. Within the quenching-sensitive zone, varying 
water loading fractions influence cooling rates, thereby determining whether the alloy 
undergoes complete quenching. By analyzing these cooling rate variation curves, spray-
cooling parameters can be adjusted to precisely control phase transformations and opti-
mize the alloy’s final properties. Similar trends of enhanced cooling efficiency with in-
creasing spray intensity have been reported in previous spray-cooling and mist-quench-
ing studies [24–28]; however, the peak cooling rates achieved in the present work are 
higher, which can be attributed to the combined effect of high-speed airflow, fine-droplet 
atomization, and reduced workpiece thickness. 
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Figure 6. Heat treatment experiments under different cooling methods: (a) cold-hardening rate 
curve throughout the entire process under different conditions; (b) cold-shrinkage rate variation 
curves of quenching-sensitive zones under different conditions. 

Specimens that underwent the entire heat treatment process were placed in a univer-
sal testing machine for room-temperature tensile testing. The engineering stress–strain 
curves obtained under different water loading fractions are shown Figure 7 below. At least 
three sets of tests were conducted for each condition, with the transfer time during spray 
quenching recorded for each. Except for isolated cases, the experimental data were repro-
ducible, indicating that the variations were attributable to experimental random errors. 

 

Figure 7. Tensile test at room temperature of the samples after heat treatment: (a) mist (𝜙 = 0.10%); 
(b) mist (𝜙 = 0.20%); (c) mist (𝜙 = 0.30%); (d) mist (𝜙 = 0.40%); (e) mist (𝜙 = 0.60%). 

Analysis curves reveal the mechanical properties of the material under different wa-
ter loading fraction ratios, including yield strength, tensile strength, and elongation vari-
ation curves, as shown in Figure 8. The yield strength and tensile strength under different 
water loading fractions showed little variation, likely due to similar cooling processes. The 
maximum strength values occurred at 𝜙 = 0.40%  and 𝜙 = 0.60% , but both remained 
below the standard. This discrepancy may stem from prolonged transfer times causing 
slow room-temperature cooling coupled with a smaller contact area—and thus heat ex-
change area—between the water mist and the specimens compared to the standard. 

Although a higher cooling rate is generally beneficial for suppressing non-equilib-
rium precipitation during quenching and improving the subsequent aging response, 
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excessively high cooling intensity may also induce large thermal gradients, which can in-
crease quench-induced residual stress and the risk of distortion or cracking. Therefore, the 
optimization objective in practical heat treatment should not only focus on maximizing 
strength, but also consider maintaining sufficient ductility and minimizing residual stress 
and deformation. 

Compared with conventional immersion quenching, the proposed air-atomized mist 
impingement cooling provides a more controllable cooling capacity. By adjusting key pa-
rameters such as the water loading fraction, nozzle-to-plate distance, and flow uniformity, 
the cooling rate and spatial temperature uniformity can be tailored to achieve a balanced 
combination of mechanical performance and quench quality. 

 

Figure 8. Comparison of material mechanical properties at different water loading fractions. 

Figure 9 present the SEM fractography of tensile fracture surfaces of 2219 aluminum 
alloy after T6 heat treatment under different water loading fractions. All specimens exhibit 
typical ductile fracture characteristics dominated by microvoid coalescence, indicating 
that plastic deformation remains the primary fracture mechanism. 

At lower water loading fractions (0.1%–0.2%), the fracture surfaces are characterized 
by deep and uniformly distributed dimples, suggesting sufficient plastic deformation 
prior to fracture. As the water loading fraction increases to 0.3%–0.4%, the dimples be-
come finer and less uniform, reflecting enhanced strengthening and reduced plastic de-
formation capacity. 

At the highest water loading fraction (0.6%), the fracture surfaces show noticeably 
shallower dimples and locally flattened regions, indicating restricted microvoid growth 
and coalescence. This transition in fracture morphology is consistent with the observed 
decrease in elongation and can be attributed to the combined effects of higher cooling 
rates, increased dislocation density, and enhanced precipitation strengthening, which col-
lectively limit dislocation mobility during tensile deformation. 



Metals 2026, 16, 228 12 of 20 
 

https://doi.org/10.3390/met16020228 

 

Figure 9. Fracture morphology of room-temperature tensile specimens under different water vapor 
ratios: (a) mist (𝜙 = 0.10%); (b) mist (𝜙 = 0.20%); (c) mist (𝜙 = 0.30%); (d) mist (𝜙 = 0.40%); (e) 
mist (𝜙 = 0.60%). 

3.2. Effect of Pre-Stretching in the O State 

The experimental results are shown in Figure 10. Analysis revealed that the influence 
of O-state pre-deformation on the mechanical property of 2219 aluminum alloy exhibited 
distinct phase differences and quantitative effects. In the O state (initial pre-deformation 
state), as the pre-deformation amount increased from 0 to 0.25, the tensile strength rose 
from 156 MPa to 198 MPa, while yield strength surged from 65 MPa to 192 MPa. Pre-
deformation directly strengthened the material by introducing dislocations and refining 
the microstructure. However, elongation decreased from approximately 35% to 10%, with 
plasticity markedly diminishing as deformation increased. 

Upon entering the W state (after solution treatment and water quenching), the 
strength differences caused by pre-deformation were partially offset. Tensile strengths 
across various pre-deformation levels clustered between 343 and 357 MPa, while yield 
strengths rose to 134–159 MPa. The recovery effect of solution treatment partially miti-
gated the microstructural distortion induced by pre-deformation, restoring elongation to 
24%–32%. Following aging, material strength further increased substantially, with tensile 
strength reaching 437–456 MPa and yield strength at 306–314 MPa, with strength peaking 
at moderate pre-deformation levels (0.1–0.2). Excessive pre-deformation (0.25) caused a 
slight decrease in strength while further reducing elongation to 12%–18%, with plasticity 
continuously declining as pre-deformation increased. 

Overall, O-state pre-deformation serves as an effective strengthening method for 
2219 aluminum alloy, significantly enhancing tensile and yield strengths across all stages 
while simultaneously sacrificing ductility. Moderate pre-deformation (0.1–0.2) represents 
the optimal range balancing strength and ductility. It promotes the dispersion precipita-
tion of age-hardening phases through dislocation energy storage while avoiding micro-
structural inhomogeneity and excessive ductility reduction caused by excessive defor-
mation. 
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Figure 10. Tensile properties with no W-state pre-strain under different O-state pre-strain levels at 
room temperature of the samples after heat treatment: (a) yield strength; (b) tensile strength; (c) 
elongation. 

To further clarify the role of pre-stretching in the O state in the present coupled pro-
cessing route, EBSD-based geometrically necessary dislocation (GND) and grain orienta-
tion spread (GOS) analyses were conducted prior to solution treatment for samples sub-
jected to different O-state pre-deformation levels. As shown in Figures 11 and 12, increas-
ing O-state pre-deformation from 0 to 0.2 leads to a pronounced increase in dislocation 
density and intragranular orientation gradients. 

For the undeformed O-state sample, the GND density remains low and uniformly 
distributed, indicating a fully recrystallized and strain-free microstructure. With increas-
ing pre-deformation, localized regions with elevated GND density and higher GOS values 
emerge, reflecting enhanced strain storage and lattice curvature. These dislocation struc-
tures are partially retained during subsequent solution treatment and act as preferential 
nucleation sites for precipitates during aging. 

As a result, moderate O-state pre-deformation promotes strengthening through en-
hanced precipitation and dislocation–precipitate interactions, while excessive pre-defor-
mation leads to pronounced strain heterogeneity and reduced ductility. When combined 
with controlled spray cooling, the synergistic effects of pre-deformation and cooling rate 
govern the strength–ductility balance of the alloy, highlighting the unique contribution of 
the present processing strategy. 

 

Figure 11. GND under different O-state pre-strains: (a) O-state pre-strain: 0; (b) O-state pre-strain: 
0.1; (c) O-state pre-strain: 0.2. 
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Figure 12. GOS under different O-state pre-strains: (a) O-state pre-strain: 0; (b) O-state pre-strain: 
0.1; (c) O-state pre-strain: 0.2. 

3.3. Effect of Pre-Stretching in the W-State 

The experimental results are shown in Figure 13. The effect of pre-stretching defor-
mation on the mechanical property of 2219 aluminum alloy exhibits a phased characteris-
tic. During the O-state and W-state phases, pre-stretching had not yet been applied. Con-
sequently, no differences were observed in tensile strength, yield strength, or elongation 
across varying deformation levels. The O state maintained its initial properties, while the 
W state demonstrated simultaneous enhancement due to solution treatment. 

The strengthening effect of pre-stretching before aging becomes evident after defor-
mation: as the pre-stretching deformation increases from 0 to 0.1, the tensile strength be-
fore aging rises from 343 MPa to 360 MPa, the yield strength jumps from 134 MPa to 338 
MPa, and the elongation decreases to 23%. Post-aging properties further improved, with 
tensile strength reaching 437–445 MPa and yield strength reaching 310–336 MPa. Higher 
deformation rates correlated with greater strength, as the dislocations introduced by pre-
stretching deformation directly strengthened the material while also providing more nu-
cleation sites for strengthening phases during aging, achieving synergistic strengthening 
through deformation and aging. 

However, increasing pre-stretch deformation simultaneously reduces material plas-
ticity: post-aging elongation decreased from 18% to 12% as deformation increased from 0 
to 0.1%. This results from dislocation entanglement and strengthening phases jointly hin-
dering slip. Overall, however, pre-stretching deformation before aging proves an efficient 
strengthening method. A deformation of just 0.1 increases the post-aging yield strength 
by approximately 8%, achieving significant strength enhancement while maintaining 
plasticity within a reliable range. 

 

Figure 13. Tensile properties with no O-state pre-strain under different W-state pre-strain levels at 
room temperature of the samples after: (a) yield strength; (b) tensile strength; (c) elongation. 

To clarify the microstructural origin of the mechanical property variations, EBSD-
based geometrically necessary dislocation (GND) density and grain orientation spread 
(GOS) analyses were performed for samples subjected to different W-state pre-defor-
mation levels. As shown in Figures 14 and 15, increasing W-state pre-deformation from 0 
to 0.1 leads to a pronounced increase in GND density and strain heterogeneity within the 
grains. 

For the sample without pre-deformation, the GND density remains low and uni-
formly distributed, indicating limited strain accumulation after solution treatment. With 
increasing pre-deformation, localized regions with elevated GND density emerge, accom-
panied by higher GOS values, reflecting enhanced lattice curvature and intragranular mis-
orientation. These dislocation structures act as effective obstacles to dislocation motion 
during subsequent tensile deformation, resulting in increased yield and tensile strength. 
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However, excessive pre-deformation introduces pronounced strain localization and 
heterogeneous dislocation distribution, which restricts plastic deformation coordination 
and accelerates damage initiation, leading to reduced ductility. 

 

Figure 14. GND under different W-state pre-strains: (a) W-state pre-strain: 0; (b) W-state pre-strain: 
0.0.05; (c) W-state pre-strain: 0.1. 

 

Figure 15. GOS under different W-state pre-strains: (a) W-state pre-strain: 0; (b) W-state pre-strain: 
0.05; (c) W-state pre-strain: 0.1. 

3.4. Effect of Coupled O-State Pre-Stretching and 0.05 Deformation in the W State 

The experimental results are shown in Figure 16. The O-state pre-deformation and 
pre-aging deformation exhibited a pronounced coupled strengthening effect on the me-
chanical properties of the 2219 aluminum alloy. As the O-state pre-deformation increased 
from 0 to 0.25, the initial O-state tensile strength rose from 156 MPa to 198 MPa, with the 
W-state strength after solution treatment and water quenching also increasing synchro-
nously. Following the superimposition of a secondary deformation of 0.05 before aging, 
dislocations accumulated further, providing more nucleation sites for strengthening 
phases during aging. Ultimately, the post-aging tensile strength reached 442–459 MPa and 
the yield strength reached 331–359 MPa, with peak strength observed at a pre-defor-
mation of 0.1, demonstrating the synergistic strengthening effect of the dual-deformation 
process. 

Concurrently, the coupled effect of these processes accelerated plasticity decay. As 
O-state pre-deformation increased from 0 to 0.25, elongation in the O state plummeted 
from 35% to 10%, and after superimposing secondary deformation before aging, the elon-
gation further decreased to 7%–26%. Ultimately, the elongation after aging remained only 
8%–13%. The greater the pre-deformation, the more pronounced the plasticity decline, 
which is because the dislocation entanglement introduced by pre-deformation and sec-
ondary deformation, combined with the strengthening phases precipitated during aging, 
jointly hindered dislocation slip, leading to a continuous reduction in plasticity. 

Overall, the optimal process combination balancing strength and ductility is an O-
state pre-strain of 0.1 combined with a secondary strain of 0.05 before aging: under these 
parameters, the post-aging tensile strength reaches 459 MPa and the yield strength reaches 
351 MPa, achieving maximum strength while maintaining elongation at 10%. This ensures 
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plasticity remains within a reliable range despite significant strength enhancement, mak-
ing it the ideal process parameter for the 2219 aluminum alloy under this processing route. 

 

Figure 16. Tensile properties with W-state pre-strain of 0.05 under different O-state pre-strain levels 
at room temperature of the samples after heat treatment: (a) yield strength; (b) tensile strength; (c) 
elongation. 

3.5. Effect of Coupled O-State Pre-Stretching and 0.1 Deformation in the W State 

The experimental results are shown in Figure 17. For 2219 aluminum alloy, the O-
state pre-deformation and pre-aging deformation exhibit a coupled effect of dual-defor-
mation superposition strengthening. As the O-state pre-deformation increases from 0 to 
0.1, the O-state tensile strength rises from 156 MPa to 170 MPa, while the strength of the 
solution-treated W state simultaneously increases to 357 MPa. Following secondary de-
formation of 0.1 before aging, the pre-aging tensile strength further increased to 395 MPa. 
After aging, the tensile and yield strengths ultimately reached 465 MPa and 357 MPa, re-
spectively, both representing peak values. This occurs because the initial dislocations from 
O-state pre-deformation combine with newly generated dislocations from secondary de-
formation, providing more nucleation sites for the age-hardening phase, resulting in sig-
nificant strengthening. 

However, this coupling also accelerated plasticity decay. As the O-state pre-defor-
mation increased from 0 to 0.25, the O-state elongation decreased from 35% to 10%, and 
after superimposing secondary deformation, the pre-aging elongation further decreased 
to 12%. Ultimately, the post-aging elongation ranged only between 7% and 12%. Greater 
pre-strain resulted in lower plasticity, attributable to the dual hindrance of dislocation 
entanglement and the aging-strengthening phase, causing the material’s plasticity to con-
tinuously decrease with the accumulation of deformation. 

Overall, a combination of 0.1% pre-strain in the O state and 0.1% strain before aging 
proves optimal. Under these parameters, post-aging strength reaches its peak (tensile 465 
MPa, yield 357 MPa) while maintaining 9% elongation. This configuration maximizes 
strength while keeping plasticity within a reliable range, representing the ideal process 
parameters for achieving both high strength and plasticity in 2219 aluminum alloy under 
this processing route. 

 

Figure 17. Tensile properties with W-state pre-strain of 0.10 under different O-state pre-strain levels 
at room temperature of the samples after heat treatment: (a) yield strength; (b) tensile strength; (c) 
elongation. 
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3.6. Correlation Between Processing Parameters and Mechanical Properties 

Regarding the quenching condition, a higher cooling rate is expected to suppress 
non-equilibrium precipitation during cooling and retain more supersaturated solute in 
the matrix. This provides favorable conditions for subsequent precipitation during artifi-
cial aging, which contributes to strength improvement. In contrast, insufficient cooling 
may promote premature precipitation during quenching, leading to reduced age-harden-
ing potential and thus limiting the achievable mechanical performance. 

Regarding the pre-deformation route, pre-stretching introduces a high density of dis-
locations into the alloy. These dislocations can directly contribute to strengthening 
through work hardening and can also serve as preferential nucleation sites for strength-
ening precipitates during aging, resulting in a coupled strengthening effect. However, ex-
cessive pre-deformation may lead to severe dislocation entanglement and localized strain 
accumulation, which reduces ductility and decreases elongation at fracture. Therefore, the 
strength–ductility trade-off observed in this work can be understood as the combined re-
sult of precipitation strengthening and dislocation strengthening under different cooling 
and pre-deformation conditions. 

4. Discussion 
Overall, the observed effects of cooling rate and pre-deformation on the mechanical 

properties of 2219 aluminum alloy are generally consistent with previous studies on spray 
quenching [24,25] and deformation-assisted aging of aluminum alloys [18,19], while the 
present work further highlights the influence of controllable mist impingement cooling 
and multi-pass deformation routes on the strength–ductility balance. 

Similar enhancement of cooling efficiency with increasing spray intensity has been 
widely reported in spray or mist impingement cooling studies [26–28]. Cooling rates in 
the order of 103 °C/s have also been observed under intense spray-cooling conditions. 
Compared with some reported values, the relatively high peak cooling rates obtained in 
the present study can be attributed to the combined effects of high-speed airflow, fine 
droplet atomization, and the reduced thickness of the workpiece, which together facilitate 
rapid heat extraction. 

From a process optimization perspective, the target should not only focus on maxim-
izing strength, but also consider maintaining adequate ductility and reducing quench-
induced residual stress and distortion. Compared with conventional immersion quench-
ing in a standard T6 route, mist impingement cooling has the potential advantage of of-
fering more controllable cooling capacity and improved cooling uniformity through pa-
rameter adjustment (e.g., water loading fraction and nozzle-to-plate distance). The multi-
pass pre-deformation route can further enhance yield strength; however, excessive pre-
deformation may lead to a pronounced reduction in elongation, highlighting the strength–
ductility trade-off. Therefore, an optimized processing window should be determined by 
balancing cooling intensity and deformation level to achieve a desirable combination of 
strength and ductility. 

The strengthening effect induced by pre-deformation observed in this study is in 
good agreement with previous reports on deformation-assisted aging of Al–Cu alloys 
[18,19], where increased dislocation density promotes precipitation strengthening during 
subsequent aging. At the same time, the reduction in elongation at higher pre-deformation 
levels reflects the typical strength–ductility trade-off widely reported in the literature. Dif-
ferences in the extent of ductility loss among studies may result from variations in defor-
mation level, deformation sequence, and heat treatment schedules. 

Compared with single-stage pre-deformation, the present work introduces multi-
pass pre-deformation routes applied at different processing states. This processing strat-
egy leads to different deformation–aging interactions and thus results in mechanical 
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responses that are not directly identical to those reported in the literature. The observed 
differences highlight the importance of deformation sequence and cooling history in tai-
loring the final properties of 2219 aluminum alloy. 

It should be noted that the present study focused on the macroscopic mechanical re-
sponse under different quenching and pre-deformation conditions. Although qualitative 
fractography analysis has been discussed based on SEM observations, a more quantitative 
characterization of fracture features (e.g., dimple size and distribution) will be conducted 
in future work to further correlate microstructural evolution with mechanical properties. 
Therefore, the discussion on ductility variation is mainly based on the observed tensile 
properties and established deformation/strengthening mechanisms. Detailed fracture sur-
face characterization (e.g., SEM-based fractography) will be conducted in future work to 
further clarify the failure mechanisms under different processing conditions. 

Although the current experimental setup is designed for laboratory-scale investiga-
tion, the proposed mist impingement cooling concept provides controllable cooling inten-
sity and may be adapted for industrial applications after further simplification and scala-
bility evaluation. 

5. Conclusions 
Based on a self-developed spray-cooling system, this study systematically conducted 

high-speed air-atomized water mist-cooling experiments under different water load frac-
tions, providing an in-depth elucidation of the evolution of cooling efficiency and its un-
derlying mechanisms as regulated by the water load parameter. On this basis, compara-
tive heat treatment experiments involving water quenching and spray quenching with 
different water-mist ratios were further carried out using the same system to investigate 
the effects of different cooling methods on the macroscopic mechanical properties of the 
material. A systematic investigation of heat treatment processes incorporating multi-pass 
pre-deformation was performed, and the results indicated the following. 

(1) Air-atomized mist achieves substantially higher average and instantaneous cooling 
rates compared with both air-jet and water-jet impingement cooling. Experiments 
demonstrated that at ϕ = 0.4%, the average cooling rate reaches 413.88 °C/s, signifi-
cantly exceeding the values obtained with dry air (48.56 °C/s) and pure water (118.25 
°C/s). As the water load fraction increases, both the maximum and average cooling 
rates rise, i.e., when ϕ increases from 0.1% to 0.4%, both values nearly doubled. More-
over, with higher ϕ, the sensitivity of the cooling performance to the nozzle-to-plate 
distance becomes notably reduced. 

(2) In addition, during the spray-quenching experiments, within the quench-sensitive 
temperature range, an increase in the water vapor ratio leads to a higher cooling rate 
and an improvement in the macroscopic mechanical properties of the material. 

(3) In the heat treatment experiments involving multi-pass pre-stretching, a combined 
process consisting of a pre-deformation of 0.1 applied before solution treatment and 
a pre-deformation of 0.1 applied after solution treatment enabled the material to 
achieve optimal mechanical performance after heat treatment. Compared with the 
reference specimens without pre-deformation, the yield strength increased by 12.4% 
and the tensile strength increased by 15.9%. 

Limitations and future work 

The present study mainly focused on the effects of quenching method/cooling rate 
and multi-pass pre-deformation routes on the macroscopic mechanical properties of 2219 
aluminum alloy. In future work, systematic microstructural characterization (e.g., 
OM/SEM/TEM observation of precipitation features and EBSD analysis of grain morphol-
ogy) will be performed to quantitatively establish the microstructure–property 
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relationship. In addition, further optimization of spray parameters (water loading fraction 
and nozzle-to-plate distance) will be conducted to achieve a balanced combination of high 
strength, adequate ductility, and reduced quench-induced residual stress and distortion. 

In addition, it should be noted that excessively high cooling rates may increase ther-
mal gradients and consequently enhance quench-induced residual stress and distortion 
risk. Therefore, future optimization should aim at achieving a balanced combination of 
high strength, adequate ductility, and reduced residual stress by tuning spray parameters 
(e.g., water loading fraction and nozzle distance) and improving cooling uniformity. 

Therefore, the present results are generally consistent with existing literature trends, 
while the observed discrepancies emphasize the role of cooling method and deformation 
route in determining the mechanical behavior of 2219 aluminum alloy. 
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