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Abstract: The microstructure evolution and mechanical properties of a T8-aged Al−Cu−Li alloy with increased 
pre-deformation (0−15%) were investigated, revealing the microstructure−strength relationship and the intrinsic 
strengthening mechanism. The results show that increasing the pre-deformation levels remarkably improves the strength 
of the alloy but deteriorates its ductility. Dislocations introduced by pre-deformation effectively suppress the formation 
of Guinier-Preston (GP) zones and provide more nucleation sites for T1 precipitates. This leads to more intensive and 
finer T1 precipitates in the samples with higher pre-deformation levels. Simultaneously, the enhanced precipitation of 
T1 precipitates and inhibited formation of GP zones cause the decreases in number and sizes of θ′ precipitates. The 
quantitative descriptions of the strength contributions from different strengthening mechanisms reveal that 
strengthening contributions from T1 and θ′ precipitates decrease with increasing pre-deformation. The reduced 
diameters of T1 precipitates are primarily responsible for their weakened strengthening effects. Therefore, the improved 
strength of the T8-aged Al−Cu−Li alloy is mainly attributed to the stronger strain hardening from the increased 
pre-deformation levels. 
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1 Introduction 
 

When considering the demands of lightweight 
and energy-saving, aluminum−lithium (Al−Li) 
alloys have gained substantial attention in 
aerospace industries due to their low density, high 
specific strength and stiffness [1−4]. However, the 
previous generations of Al−Li alloys characterized 
by high Li content (>2.0 wt.%) are defective in 
strength and toughness, thereby restricting     
their applications [5−7]. By adjusting the Cu 
(>3.0 wt.%) and Li (<2.0 wt.%) contents as well as 
supplementing with various microalloying elements, 

such as Mg, Ag, and Zn, the 3rd generation 
Al−Cu−Li alloys have achieved great improvement 
in their mechanical properties and therefore 
successfully serve in aircraft and aerospace 
structures [8−13]. As age-hardenable alloys, the 
mechanical properties of Al−Cu−Li alloys are 
largely dependent on their precipitates. Generally, 
T1-Al2CuLi and θ′-Al2Cu precipitates are 
predominant in these alloys, and meanwhile, they 
are accompanied by a few δ′-Al3Li and S′-Al2CuMg 
precipitates [14−17]. In addition, the GP zones  
and δ′/GP zone/δ′ composite precipitate are also 
found [18−21]. Compared with the others, the high- 
aspect-ratio T1 precipitates on {111}Al habit plane 
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are recognized as the most effective strengthening 
precipitates because of their greater hindrance for 
the movement of the dislocation [22−24]. 

Microalloying is known as an effective method 
for enhancing the properties of Al−Cu−Li-based 
alloys through the trace addition of some elements 
to alter the precipitation characteristics. Additionally, 
reasonable thermomechanical processing is also 
vital to optimize the mechanical properties of 
Al−Cu−Li alloys. In general, 2%−5% pre- 
deformation before artificial aging (AA) is usually 
involved in the traditional processes for aerospace 
applications of Al alloys to release residual stresses 
from quenching [25]. Moreover, extensive studies 
have demonstrated that dislocations introduced by 
the pre-deformation can provide homogeneous 
nucleation sites for T1 precipitates and therefore 
promote the T1 precipitation, improving the alloy 
strength [26−29]. On the other hand, the enhanced 
precipitation of T1 precipitates at the interior of 
grains instead weakens the formation of the GBs 
precipitates, which favors the improvement of 
ductility [30,31]. Consequently, influences of 
pre-deformation on the precipitation behavior and 
the resultant mechanical properties of Al−Cu−Li 
alloy have drawn extensive attention. 

WANG et al [32] discovered that introducing 
3.0% pre-deformation in an Al−Cu−Li−Mg−Ag 
alloy suppressed the formation of GP zones during 
the early aging stage, but significantly accelerated 
the aging kinetics and growth rate of T1 precipitates. 
Quantitative analysis of T1 and θ′ precipitates     
in a 2A55 Al−Li alloy at various levels of pre- 
deformation was conducted by ZENG et al [26], 
revealing a notable increase in T1 precipitates  
while a decrease in θ′ precipitates. However, it was 
found that benefits from pre-deformation reached 
saturation at around 6%−9% [33,34]. DUAN     
et al [35] claimed that the precipitation kinetics   
of T1 precipitates was continually accelerated    
by increasing the pre-stain and attributed the 
improvement of strength for the alloy to the more 
T1 precipitates and stronger strain hardening effect. 
LI et al [36] reported that as the level of pre-rolling 
deformation reached 20%, the atomic diffusion 
channels were reduced due to dislocation 
entanglement, and therefore the number density  
of T1 precipitates and the strength of the alloy 
decreased. Based on the shear mechanism with 
respect to the monolayer T1 precipitate, RODGERS 

and PRANGNELL [37] found that as pre- 
deformation levels increased, the enhanced strain 
hardening compensated for the loss of precipitation 
strengthening due to the decreasing diameter of T1 
precipitates, thereby improving the strength of the 
alloy. The strengthening mechanisms of precipitates 
are largely decided by their morphological 
parameters. It has been demonstrated that the 
transformation of the shearing mechanism to the 
bypassing mechanism would occur for the T1 
precipitates with a large diameter (>100 nm) and 
thickness (>1.3 nm) [32,38,39]. Although many 
efforts are focused on the effects of pre-deformation, 
there are few reports about the large strain of 
pre-deformation. Meanwhile, the strengthening 
contributions of θ′ precipitates and the variation of 
base strength during the aging process also should 
be fully considered, which were neglected in  
many studies about the strengthening models of 
Al−Cu−Li-baesd alloys. 

This work focuses on revealing the evolution 
of strengthening contribution mechanisms of a 
T8-aged Al−Cu−Li alloy with increased pre- 
deformation (up to 15.0%) by investigating the 
evolution of microstructures and mechanical 
properties. Pre-deformation-introduced dislocations 
were characterized by X-ray diffraction (XRD) and 
transmission electron microscopy (TEM). Based on 
the TEM observation, the characteristics of the 
main precipitates (T1 and θ′ precipitates) were 
quantitively analyzed, and resultant strengthening 
contributions were calculated. Furthermore, the 
relationship among microstructures, related 
strengthening mechanisms, and mechanical properties 
were discussed. The findings will provide 
theoretical guidance for the practical production of 
high-strength Al−Cu−Li alloys. 
 
2 Experimental 
 
2.1 Materials preparation and heat treatment 

procedures 
The Al−Cu−Li alloy was supplied by 

Southwest Aluminum (Group) Co., Ltd., China. The 
as-received alloy was 21 mm-thick hot-rolled plate. 
The chemical compositions of the plate samples  
are detailed in Table 1. The rolling direction (RD), 
transverse direction (TD), and normal direction 
(ND) of the plate are defined in Fig. 1(b). Tensile 
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Table 1 Chemical compositions of experimental Al−Cu− 
Li alloy (wt.%) 

Cu Li Mg Ag Zr Fe Si Al 

3.95 0.92 0.36 0.36 0.12 0.06 0.02 Bal. 

 
test specimens were extracted from the 1/2 plate 
thickness along the RD. The sampling positions and 
dimensions of tensile test specimens are illustrated 
in Figs. 1(b) and 1(c), respectively. 

Figure 1(a) presents a schematic illustration of 
the entire experimental process and heat treatment 
process of the alloy. Initially, all specimens 
underwent a solid solution treatment at 510 °C for 
1 h. Subsequently, some specimens were cooled to 
148 °C in the furnace with a cooling rate of 40 °C/h 
and insulated at this temperature for 2 h (referred to 
as the SFCI samples). The remaining specimens 
were immediately quenched in room-temperature 
water (designated as the SQ sample). Some SQ 
samples were aged at 148 °C for 38 h to achieve the 
T6 samples. Additionally, other SQ samples were 

 subjected to various levels of pre-deformation 
through stretching (termed as T3 samples) and then 
were artificially aged at 148 °C for 38 h to obtain 
the T8 samples. The pre-deformation amounts were 
3.0%, 6.0%, 9.0%, 12.0% and 15.0%, respectively. 
On this basis, the obtained T3 and T8 samples were 
defined as T3-X and T8-X samples, respectively, 
where X represents the pre-deformation amounts. 
Table 2 gives the denoted names of the samples that 
suffered different heat treatment procedures. To 
avoid the occurrence of natural aging (NA), the SQ 
samples and T3-X samples were immediately 
(within 10 min) subjected to tensile tests after solid 
solution treatment and pre-deformation. 

 
2.2 Tensile tests 

The pre-deformation and tensile tests were 
performed on an MTS−810 universal mechanical 
testing machine at room temperature with a tensile 
rate of 2.0 mm/min according to the ASTM−E8 
standard. The strain of the samples was monitored 
using a 25.0 mm extensometer. To ensure accuracy 

 

 
Fig. 1 Schematic diagram of whole experimental route and heat treatment procedure (a); Sampling position of tensile 
test specimens in as-received plates (b); Dimensions of tensile test specimens and sampling position of specimens for 
microstructure characterization (c) 
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Table 2 Designations of samples subjected to different 
heat treatments 
Sample Heat treatment procedure 

SQ Solid solution treatment 
(510 °C, 1 h) + Water quenching 

SFCI 
Solid solution treatment (510 °C, 1 h) + 

Furnace cooling to 148 °C + 
 Insulation treatment (148 °C, 2 h) 

T3-X 
Solid solution treatment (510 °C, 1 h) + 

 Water quenching + Pre-deformation 
(3.0%, 6.0%, 9.0%, 12.0%, and 15.0%) 

T6 
Solid solution treatment (510 °C, 1 h) + 

Water quenching + 
Aging treatment (148 °C, 38 h) 

T8-X 

Solid solution treatment (510 °C, 1 h) + 
Water quenching + Pre-deformation 

(3.0%, 6.0%, 9.0%, 12.0%, and 15.0%) + 
Aging treatment (148 °C, 38 h) 

 
of the results, at least three tensile specimens 
corresponding to each heat treatment condition 
were tested and the average value was adopted. The 
fracture morphologies of the tensile test specimens 
were examined by a scanning scanning electron 
microscope (SEM). 
 
2.3 Microstructure characterization 

Specimens for microstructure characterization 
were obtained from the parallel segment of the 
tensile test specimens along the RD, as presented  
in Fig. 1(c). The specimens for metallographic 
analysis underwent sequential grinding, polishing, 
and anodic treatment before observation using    
a Leica DMI300 M optical microscope (OM).   
The distribution and chemical compositions of 
secondary phase particles were examined using a 
scanning electron microscope (SEM, Regulus 8230) 
equipped with energy-dispersive spectroscope  
(EDS) in backscattering (BSE) mode. The metallo- 
graphic and SEM observations were conducted on 
the longitudinal sections (RD−ND) of plates. A FEI 
Talos F200X transmission electron microscope 
(TEM) with a high-angle annular dark field 
(HAADF) detector was employed to observe    
the precipitate characteristics and dislocation 
configurations. The thickness of TEM observation 
region was determined through convergent beam 
electron diffraction (CBED) [40,41]. Additionally, 
the X-ray diffraction (XRD) measurement was 

utilized to quantitatively analyze the dislocations of 
different samples. It was carried out on a Rigaku 
SmartLab high-resolution XRD instrument with a 
2θ range of 10°−140°, operating at 40.0 kV and a 
scanning speed of 2 (°)/min. Further detailed 
quantification process of the dislocation density  
can be found in our previous study [42]. TEM 
specimens were prepared by the twin-jet electro- 
polishing method, where specimens were thinned to 
approximately 80.0 µm and punched into circular 
foils with 3.0 mm in diameter. After that, the   
foils were subjected to twin-jet electropolishing 
treatment in a mixture of 75 vol.% methanol and 
25 vol.% nitric acid at the temperature from −20 to 
−30 °C and a voltage of about 15.0 V. 
 
3 Results 
 
3.1 Mechanical properties 

Figure 2 shows the engineering stress−strain 
curves and corresponding mechanical properties of 
different samples. As depicted in Fig. 2(a), evident 
Portevin-Le Chatelier (PLC) effects associated with 
plastic instability are observed in the SQ and T3-X 
samples, which are derived from the interaction 
between dislocations and solute atoms [43−45]. 
Notably, fluctuations different from the T3-X 
samples are also presented in the stress−strain curve 
of the SFCI sample, which is mainly related to the 
coarse phases at grain boundaries (GBs) formed 
during the furnace cooling stage [46,47]. The yield 
strength (YS), ultimate tensile strength (UTS), and 
elongation (EL) of SFCI sample are 104.6 MPa, 
238.8 MPa, and 16.0%, respectively, which are 
significantly lower than those of the SQ sample 
(165.8 MPa, 351.8 MPa and 22.0%), as shown   
in Fig. 2(b). In addition, with improving the pre- 
deformation levels, the YS of the T3-X samples 
shows an almost linear increase while a retarded 
increase in UTS. Meanwhile, the EL tends to 
decrease rapidly. Compared to the SQ sample, the 
YS of the T3-3 sample is increased by about 
70.8 MPa, which is from the strain hardening 
induced by pre-deformation. The strain hardening 
values of samples at various pre-deformation levels 
can be determined by subtracting the YS of the SQ 
sample from the YS of the T3-X sample. By 
calculating, it increases from 70.8 MPa in the T3-3 
sample to 257.5 MPa in the T3-15 sample. The 
result indicates that the strain-hardening effect is  
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Fig. 2 Comparision of mechanical properties of different samples: (a, c) Stress−strain curves; (b, d) Corresponding 
mechanical properties 
 
significantly enhanced by the improvement of 
pre-deformation levels. 

As shown in Fig. 2(c), PLC effects completely 
disappear in the stress−strain curves of the AA 
samples (T6 and T8 tempers). This indicates that 
the solute atoms in the matrix are almost depleted 
during the AA process. As indicated in Fig. 2(d), the 
YS and UTS increase from 381.2 and 513.9 MPa  
in the T6 sample to 603.6 and 630.6 MPa in the 
T8-6 sample, respectively, showing a rapid strength 
improvement. However, the EL decreases from  
15.0% in the T6 sample to 8.6% in the T8-6 sample. 
Further pre-deformation exceeding 6.0% in the 
samples induces a retarded strength increment. In 
the T8-15 sample, the YS, UTS, and EL are 
628.6 MPa, 645.8 MPa, and 6.6%, respectively. 
These results suggest that increasing pre- 
deformation significantly enhances the alloy’s 
strength but deteriorates its elongation. 

Figure 3 shows the typical morphologies of 
tensile fracture of different AA samples. As 
presented in Fig. 3(a), deep dimples accompanied 
by some secondary phase particles at the bottom 
(indicated by the yellow arrows) are dominant on 

the fracture surface of the T6 sample. The T8-3 
sample exhibits a similar morphology, but the 
proportion of the deep dimples decreases and a few 
shallow dimples emerge (indicated by the white 
arrows), as shown in Fig. 3(b). These indicate that 
transgranular fracture mode is predominant in the 
T6 and T8-3 samples, corresponding to their 
relatively high EL. Nevertheless, for the samples 
with pre-deformation above 6.0%, the fracture 
mode is different. As shown in Figs. 3(c−f), the 
fracture surfaces of different samples are covered 
with the predominant cleavage planes and local 
shallow dimples, indicating an intergranular- 
dimple mixed fracture mode. 
 
3.2 Microstructure  
3.2.1 Microstructures of pre-treatment samples 

Figure 4 displays the microstructures of the  
SQ and SFCI samples. It can be observed from 
Figs. 4(a, c) that there are no obvious differences in 
the grain morphology between the two samples. 
Both samples exhibit fiber-like grains with an 
average thickness of about 20.0 μm, accompanied 
by some fine equiaxed grains at the grain boundaries 
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Fig. 3 Typical tensile fracture morphologies of different samples: (a) T6; (b) T8-3; (c) T8-6; (d) T8-9; (e) T8-12;      
(f) T8-15 
 
(GBs). This indicates that the SFCI treatment has 
little impact on the grain morphology. In Fig. 4(a), a 
few black secondary phases remain at the GBs of 
the SQ sample, while no evident secondary phases 
are found inside the grains, suggesting the 
successful solid solution treatment. Conversely, 
Fig. 4(c) shows strip-like black/white secondary 
phases densely distributed within the grains of the 
SFCI sample with massive large-size secondary 
phases along the GBs. The OM observation results 
are further supported by the BSE images of samples. 
In Fig. 4(b), only a few small white secondary 
phases, identified as Cu-rich phases through EDS 
analysis, are presented at the GBs of the SQ sample. 
On the other hand, Fig. 4(d) reveals significantly 

larger and denser secondary phases in the SFCI 
sample. Among them, the bulk phases are mainly 
distributed at the GBs, while the striped phases are 
concentrated within the grains. As evidenced by the 
EDS analysis in Figs. 4(e, f), all these phases are 
also primarily enriched in Cu elements. Similar 
results have also been reported by DUAN et al [48]. 
As for the SFCI sample, the slow cooling rate 
enables the massive formation of secondary phases, 
which therefore almost depletes the solute atoms in 
the matrix. 

To investigate the evolution of dislocation 
configurations and density in samples with 
increasing pre-deformation, a combination of TEM 
and XRD measurements is employed to analyze 
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Fig. 4 Microstructures of SQ (a, b) and SFCI (c, d, e, f) samples: (a, c) OM images showing typical grain morphologies; 
(b, d, e, f) BSE images showing distribution and chemical compositions of secondary phases; (e) Enlarged view of 
region of red dotted frame in (d); (f) EDS-mapping images corresponding to (e) 
 
the microstructures. Figure 5 illustrates the 
comparison of dislocation configurations in samples 
at various pre-deformation levels. As shown in 
Figs. 5(a, e), almost no obvious dislocations are 
found in the SQ sample, except for a few Zr-rich 
spherical dispersoids. According to our previous 
studies [49,50], these dispersoids are identified as 
the Al3Zr particles. In contrast, samples subjected to 
pre-deformation exhibit abundant wavy lines with 
black contrast (indicated by the red arrows) and  
fine ring-like structures (indicated by the yellow 
arrows), as shown in Figs. 5(b−d). These structures 
are indeed the projections of three-dimensional 
dislocations and dislocation loops. Figure 5(b) 
reveals that spare and homogeneous dislocations 

are distributed in the T3-3 sample, in which the 
dislocations lines are predominant. Differently, the 
T3-9 and T3-15 samples display significantly 
increased dislocations, which tangle with each other 
to form dense network structures, as shown in 
Figs. 5(c, d). Meanwhile, an evident increase in the 
fine dislocation loops is also observed. 

The XRD data were analyzed using the 
Williamson−Hall method to quantitatively assess 
the dislocation density in different samples. Figures 
6(a−c) display the XRD patterns, Williamson−Hall 
plots, and the dislocation density of different 
samples. As expected, dislocation density rapidly 
increases with improving the pre-deformation levels, 
which increases from 0.8×1014 m−2 in the T3-3 
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Fig. 5 STEM images (a−d) showing dislocations configuration in different samples and STEM-EDS mappings (e, f) 
showing compositions of typical dispersoids in samples: (a, e, f) SQ sample; (b) T3-3 sample; (c) T3-9 sample;      
(d) T3-15 sample 
 

 
Fig. 6 XRD patterns (a), modified Williamson−Hall plots (b), and estimated dislocation density (c) of samples with 
different pre-deformation levels 
 
sample to about 10.4×1014 m−2 in the T3-15 sample. 
These findings suggest that increasing the 
pre-deformation levels in samples not only alters 
the dislocation configurations but also markedly 
increases the dislocation density. 
3.2.2 Precipitation behaviors of AA samples 

Figure 7 shows the selected area electron 
diffraction (SAED) patterns viewed along the 
[110]Al zone axis for AA samples with different 
pre-deformation levels and the corresponding 
schematical diagram illustrating the SAED pattern 
model of the Al−Cu−Li alloys. In the SAED 

patterns, streaks from the T1 precipitates, θ′ 
precipitates, and GP zones are highlighted by red 
and yellow dashed circles, respectively. The T6 
sample displays distinct streaks from the T1 
precipitates passing through [1�11]Al and [11�1]Al 

spots, as well as continuous streaks with high 
intensity through the [002]Al spot, as depicted in 
Fig. 7(a). These findings suggest the coexistence  
of a high density of GP zones, θ′ precipitates, and 
T1 precipitates in the T6 sample. In comparison,  
the T8-X samples exhibit stronger streaks of T1 
precipitates, as shown in Figs. 7(b−e), suggesting  
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Fig. 7 Selected area electron diffraction (SAED) patterns of different AA samples recorded along [110]Al zone axis:   
(a) T6; (b) T8-3; (c) T8-6; (d) T8-12; (e) T8-15; (f) Schematical diagram of diffraction spots and streaks derived from 
main precipitates in [110]Al zone axis 
 
the enhanced precipitation of T1 precipitates with 
the increased pre-deformation. Notably, the streaks 
through [002]Al spot become discontinuous and 
weak, and almost completely disappear as the 
pre-deformation levels are improved. This implies 
that pre-deformation suppresses the formation of 
GP zones and meanwhile, exerts a strong inhibition 
effect on the precipitation of θ′ precipitates as the 
pre-deformation increases. 

Figure 8 exhibits the HAADF-STEM images 
of different AA samples viewed along the [110]Al 

zone axis. In Fig. 8(a), it is observed that some T1 
precipitates of large sizes and a few Al3Zr particles 
inhomogeneously distribute in the T6 sample. 
Additionally, a high density of small-sized GP 
zones and a few large θ′ precipitates are formed 
intensively in regions where the T1 precipitates are 
less. Nevertheless, as revealed by Figs. 8(b−f), no 
GP zones are found in the T8-X samples and the  
T1 precipitates are predominant, accompanied by 
some θ′ precipitates. Moreover, increasing the 
pre-deformation results in a significant rise in the 
number of T1 precipitates and a decrease in their 
size, while the number and sizes of θ′ precipitates 

decrease noticeably. These results, in combination 
with SAED findings, suggest that pre-deformation 
effectively suppresses the formation of GP zones. 
Furthermore, the higher pre-deformation levels in 
samples promote the precipitation of T1 precipitates 
but reduce their size, while decrease the number 
and sizes of θ′ precipitates. 

According to the obtained HAADF-STEM 
images, the characteristics of T1 and θ′ precipitates 
are quantitively analyzed. According to literature, 
for the TEM images recorded along the [110]Al  
zone axis, both T1 and θ′ precipitates can be 
simultaneously observed, in which only two of  
four T1 variants and one of three θ′ variants can  
be observed, presenting needle-like shape [51,52]. 
Consequently, the factor of the variants for T1 and θ′ 
precipitates is also fully considered. For each 
sample, at least 5 images containing more than 200 
precipitates are manually measured by using the 
Image J software. Figure 9 presents the size 
distribution, average diameter, and number density 
of T1 and θ′ precipitates in different samples. As 
shown in Figs. 9(a−f), the size distribution ranges 
of T1 and θ′ precipitates are remarkably narrowed  
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Fig. 8 HAADF-STEM images of different AA samples viewed along [110]Al zone axis: (a) T6; (b) T8-3; (c) T8-6;    
(d) T8-9; (e) T8-12; (f) T8-15 
 
with increasing the pre-deformation levels in 
samples. Meanwhile, the average diameter of T1 
precipitates decreases from 112.3 nm in the T6 
sample to 42.8 nm in the T8-15 samples, while their 
number density increases from 806 to 13800 μm−3, 
as indicated in Figs. 9(g, h). The θ′ precipitates in 
the T6 sample exhibit a large average diameter 
(143.4 nm) whereas a relatively low number density 
(282 μm−3). With improving the pre-deformation 
levels, the T8-X samples show a continuous 
decrease in the average diameter and number 
density of θ′ precipitates. These findings indicate 
that increasing pre-deformation improves the 
homogeneity of the precipitates and enhances the 
precipitation of T1 precipitates while diminishes the 
precipitation of the θ′ precipitates and decreases the 
diameter of the precipitates. 

Figure 10 exhibits high-resolution transmission 
electron microscopy (HRTEM) images of different 
samples viewed along [110]Al zone axis. To assess 
the thickness of precipitates in different samples, at 
least 15 independent precipitates for each sample 
are measured and the statistical results are listed  
in Table 3. The thickness of θ′ precipitates in the 
samples remains relatively constant, at 2.40 nm 

approximately. In the T6 sample, the thickness of 
T1 precipitates is about 1.86 nm. Comparatively, 
the T8-X sample shows a slight decrease in     
the thickness of T1 precipitates, stabilizing at 
1.2−1.4 nm. 

Figure 11 displays the HAADF-STEM images 
of the GB/sub-grain boundary and the adjacent 
regions in different samples. In the T6 sample, 
dense T1 precipitates with large sizes continuously 
distribute at the grain boundaries (GBs) and  
evident precipitation-free zones (PFZs) are 
observed, as presented in Fig. 11(a). However, 
almost no PFZs are presented around the sub-grain 
boundaries in the T8-X samples, as depicted in 
Figs. 11(b−d). As for the T8-X samples, more 
nucleation sites for T1 precipitates provided by 
pre-deformation make the distribution of T1 
precipitates in grains more uniform, which 
effectively eliminates the PFZs. Meanwhile, the T1 
precipitation around the sub-grain boundaries 
competes with the sub-grain boundary precipitates. 
As a result, the T1 precipitates at sub-grain 
boundaries in the T8-X samples exhibit a much 
smaller size and transform to discontinuous, as 
shown in Figs. 11(b−d). 
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Fig. 9 Size distribution (a−f), average diameter (g), and average number density (h) of T1 precipitates and θ′ precipitates 
in different AA samples: (a) T6; (b) T8-3; (c) T8-6; (d) T8-9; (e) T8-12; (f) T8-15  
 
 
4 Discussion 
 
4.1 Effect of pre-deformation on precipitation 

behaviors 
The above results demonstrate that samples 

with different pre-deformation levels exhibit 
considerably distinct precipitation behaviors. The 
T6 sample presents intensively distributed small- 
size GP zones, whereas they almost completely 
disappear in the T8-X samples, as illustrated in 
Figs. 7 and 8. This observation is consistent with 
the previous studies by ZENG et al [42] and WANG 
et al [32]. Indeed, this precipitation behavior is 
primarily attributed to the pre-deformation prior  
to AA. During the early stage of aging, Mg atoms 
with higher binding energy preferentially bond  
with quenched-in vacancies to form Mg−vacancy 
complexes. Due to the strong Mg−Cu interactions, 
these complexes tend to trap Cu atoms, leading   

to the formation of Mg−Cu co-clusters, which 
eventually aggregate and grow into the Cu-rich GP 
zones [53]. The formation of GP zones is highly 
susceptible to the concentration of quench-in 
vacancy in the matrix [44,54]. However, it has been 
revealed that vacancies are prone to annihilation at 
moving dislocations [55,56]. In the T8-X samples, 
the high density of dislocations introduced by 
pre-deformation inevitably decreases the vacancy 
concentration, thereby suppressing the formation of 
GP zones. On the other hand, the dislocations from 
pre-deformation are also primarily responsible for 
the enhanced precipitation of T1 precipitates. As we 
know, the pre-deformation-introduced dislocations 
can act as homogeneous nucleation sites for T1 
precipitates. As confirmed by the TEM observation 
and XRD results (Figs. 5 and 6), dislocations in 
samples significantly increase with improving the 
pre-deformation levels. More nucleation sites of T1 
precipitates provided by the increased dislocations  
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Fig. 10 HRTEM images of precipitates in different samples viewed along [110]Al axis: (a) T6; (b) T8-3; (c) T8-6;     
(d) T8-9; (e) T8-12; (f) T8-15 (The inserted images show corresponding fast Fourier transformation (FFT) patterns) 
 
Table 3 Average thickness of T1 precipitates in different 
samples (nm) 

T6 T8-3 T8-6 T8-9 T8-12 T8-15 

1.86 1.35 1.36 1.32 1.29 1.27 
 
eventually cause the higher density of T1 
precipitates in samples with higher pre-deformation 
levels (Figs. 7 and 8). Furthermore, the formation of 
T1 and θʹ precipitates competes with each other for 
solute atoms during the aging process. In the T8-X 
samples, the increased pre-deformation inhibits the 
formation of the precursor GP zones of the θʹ phase 
but promotes T1 precipitation, which ultimately 
leads to a decrease in the number density of θʹ 
precipitates (Figs. 7−9). Nevertheless, the high 
density of T1 precipitates narrows the inter- 
precipitate spacing and diffusion field around 
independent precipitates, restricting their growth. 
As a result, the diameter and size distribution of T1 
and θʹ precipitates decrease in samples with higher 
pre-deformation levels (Fig. 9). 
 
4.2 Relationship between microstructures and 

strengthening contributions 
The mechanical properties of alloys are largely 

dependent on their microstructure. As discussed in 

Section 4.1, increasing the pre-deformation levels 
in samples remarkably alters the precipitation 
characteristics. In addition, there are also distinct 
differences in the dislocations of different samples, 
as demonstrated by the TEM and XRD results 
(Figs. 5 and 6). All these eventually result in the 
variation of mechanical properties for different 
samples (Fig. 2). 

As for age-hardenable alloys, precipitation 
strengthening is the predominant strengthening 
mechanism for Al−Cu−Li alloys. Meanwhile, the 
contributions from strain hardening, solution 
strengthening, and grain boundary strengthening 
also can not be ignored. As a consequence, to 
clarify the root reasons for the differences in    
the mechanical properties of different samples, 
contributions from the different strengthening 
mechanisms should be fully considered. Generally, 
the YS of Al alloys (σy) can be described by the 
following equation [57−59]: 
 
σy=ΔσB+M(ΔσD+ΔσP)                     (1) 
 
where ΔσB is the base strength of the alloy; ΔσD and 
ΔσP are the contributions from strain hardening and 
precipitation strengthening, respectively; M is the 
Taylor factor of the material. 
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Fig. 11 HAADF-STEM images of grain boundaries/sub-grain boundaries regions in different samples viewed along 
[110]Al axis zone: (a) T6; (b) T8-3; (c) T8-9; (d) T8-15 
 
4.2.1 Base strength 

The base strength (ΔσB) mainly includes the 
intrinsic lattice strength (Δσb), grain boundary 
strengthening (Δσgb), and solid solution strengthening 
(Δσss). The values of Δσgb should remain constant 
for samples with different pre-deformations, as the 
pre-deformation methods have little impact on the 
grain sizes of Al−Cu−Li alloys [37,60]. Solution 
strengthening originates from the interactions 
between mobile dislocations and solute atoms, 
which are highly affected by the alloy compositions. 
For highly alloyed third-generation Al−Cu−Li 
alloys, solution strengthening contributions can 
reach 70.0−80.0 MPa [42,61]. It can be roughly 
estimated by the following equation [62]: 
 

X 2/3
ss

ss trace ss

x x
x

σ A C

σ σ σ

 =

∆ = + ∑

                       (2) 

 
where X

ssσ  is solution strengthening contribution 
from one type of solute atom (X); Cx is solute 
concentration in mass fraction; Ax values for the 

major alloying elements (Li, Cu, and Mg) in the 
experimental alloy are 10.862, 12.132, and 20.481, 
respectively; σtrace is the contribution from trace 
elements such as Fe and Si, approximately 
24.0 MPa [63,64]. Based on Eq. (2), the solution 
strengthening value for the experimental alloys is 
calculated to be about 75.0 MPa. 

In many studies, the value of ΔσB for the 
artificially aged alloys is roughly considered     
to be equivalent to the YS of the as-quenched  
alloys [37,39,65]. This is mainly based on the 
assumption that the loss of solution strengthening 
can be ignored in comparison to the high increment 
of precipitation strengthening during the aging 
process. However, LV et al [66] found that    
there was a deviation of up to 40.0 MPa between 
the theoretical calculation strength and the 
experimental results of the T8-aged 2195 Al−Cu−Li 
alloy, based on this hypothesis. Actually, in age- 
hardenable Al alloys, the formation of precipitates 
undoubtedly consumes massive solute atoms in the 
matrix, which in turn weakens the solution- 
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strengthening effects. In terms of the investigated 
Al−Cu−Li alloy, by considering the high solution 
strengthening value (75.0 MPa) and the complex 
alloy elements, it is unreasonable to ignore the loss 
of solution strengthening during the aging process. 
To obtain a more accurate value of ΔσB for the aged 
alloys, the SFCI sample is utilized. For the SFCI 
sample, during the furnace cooling stage, an 
extremely low cooling rate enables the massive 
formation of the coarse Al−Cu phases with large 
size (Fig. 4), which almost depletes the solutes in 
the matrix and therefore weakens the solution 
strengthening effects. Notably, this state of the 
SFCI sample is extremely similar to that of the aged 
alloys, except for the secondary phases. DUAN   
et al [48] and TANG et al [67] have demonstrated 
that these micron-sized coarse Al−Cu phases in the 
SFCI sample formed during the furnace cooling 
stage are primarily the θ′ and T1 precipitates and 
have a limited impact on the strength of alloys. As 
expected, the YS of the SFCI sample is 104.6 MPa, 
which is approximately 62.0 MPa lower than that of 
the as-quenched sample (165.8 MPa). This value is 
close to the contribution from solid solution 
strengthening (75.0 MPa). Therefore, by taking into 
account the loss of solution strengthening during 
the aging process, the value of YS for the SFCI 
sample is more approximate to the actual value of 
ΔσB for the aged alloy. 
4.2.2 Strain strengthening 

Both TEM and XRD measurements reveal that 
the dislocation density in samples significantly 
increases with improving the levels of pre- 
deformation. Since the moderate aging temperature 
(~150 °C) can not enable the occurrence of static 
recovery for the Al−Cu−Li alloy, the strain 
hardening contribution from pre-deformation is 
reasonably considered to be constant during the 
aging process [37]. Strain-hardening contributions 
can be expressed as follows [23]:  
ΔσD=MαGbρ1/2                                          (3)  
where α is a constant, G is the shear modulus, b is 
the magnitude of Burgers vector, and ρ is the 
dislocation density. According to the dislocation 
density values in Fig. 6 and Eq. (3), the strain 
hardening contributions are calculated and given in 
Fig. 12. As shown, the contributions from strain 
hardening significantly increase with improving the 
levels of pre-deformation in samples. 

 

 
Fig. 12 Contributions of main strengthening mechanisms 
to yield strength (YS) of samples and comparison 
between experimental strength and predicted one 
 
4.2.3 Precipitation strengthening 

The precipitation strengthening is derived from 
the precipitates−dislocations interaction, of which 
the strengthening mechanisms are dependent on the 
precipitates being bypassed or sheared by the 
dislocations. As discussed in Section 4.1, T1 and θ′ 
precipitates are the predominant precipitates in the 
samples after aging treatment. The characteristics of 
these precipitates such as the type, volume fraction, 
and size have a great impact on the precipitation 
strengthening effects. It has been demonstrated that 
the bypass mechanism is activated for the T1 
precipitates with large diameter (>100 nm) or 
thickness (>1.3 nm) [29,32]. Therefore, the 
modified Orawan model based on the bypass 
mechanism is employed to predict the contribution 
(ΔσP,T1) of precipitation strengthening from the T1 
precipitates with a large diameter (112.3 nm) in the 
T6 sample [68]: 
 

3/2
P, 1 v v v

0.12Δ 0.7 0.12T
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t tDt
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= + + ⋅  
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 
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(4) 

 
where D, t, and fv are the diameter, thickness, and 
volume fraction of precipitates, respectively. 

As for the T1 precipitates with smaller 
diameters (<80 nm) in the T8-X samples, their 
contributions can be estimated by the model with 
respect to the shear mechanism proposed by 
DORIN et al [69]: 
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where γeff is the interfacial energy, and Γ is the 
dislocation line tension (with the value of Gb2/2 
approximately). 

The bypass mechanism is responsible for   
the strengthening contribution from θ′ precipitates, 
which can be assessed by the Orawan equation 
proposed by NIE and MUDDLE [70]:  
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 (6) 

 
Figure 12 shows the contributions of the main 

strengthening mechanisms to the YS of samples 
with different pre-deformation and the comparison 
between experimental strength and the predicted 
one. With increasing the pre-deformation     
levels in samples, the contribution from strain 
hardening increases, whereas it diminishes for   
the precipitation strengthening. Therefore, the 
increment of the strain hardening contributions   
is primarily responsible for the increased YS     
of samples with higher pre-deformation      
levels. Additionally, although the T1 precipitation  
is significantly enhanced by the increased pre- 
deformation, its strength contributions decrease, 
especially for samples with high pre-deformation 
levels. DORIN et al [69] have proposed that the 
variation in diameter of T1 precipitates has a larger 
impact on the strengthening contribution in 
comparison to that of number density. Consequently, 
despite the remarkably increased number density of 
T1 precipitates, the decrease in their diameter 
eventually results in their reduced strengthening 
contributions. Meanwhile, inhibited precipitation  
of θ′ precipitates in samples with the increased 
pre-deformation leads to a continuous reduction in 
their strengthening contributions. As a result, the 
contributions from precipitation strengthening (T1 
and θ′ precipitates) decrease with increasing levels 
of pre-deformation in samples. As shown in Fig. 12, 
the predicted YS of T8-X samples has a good fit  
for the experimental one. However, the prediction 
for the T6 sample deviates obviously from the 
experimental data. This may be related to the 
neglect of the contributions from the GP zones in 

the T6 sample (Fig. 8(a)). Indeed, the influence of 
GP zones on the strength of Al−Cu−Li alloy has 
been revealed in our previous study [44]. Although 
the accurate strengthening model for GP zones 
remains lacking, their strengthening contributions 
for the T6 sample in this study can not be ignored. 

The precipitation behavior of precipitates at 
the GBs/sub-grain boundary and the interior of the 
grains has a large impact on the plasticity of the 
samples. Generally, the presence of PFZs can 
deteriorate the ductility of the alloy because the 
stress concentration preferentially occurs in this 
region during the tensile test [71,72]. Nevertheless, 
the T6 sample has relatively higher elongation 
despite the presence of PFZs (Fig. 2 and Fig. 11).  
In terms of the T6 sample, the small number     
of precipitates in the grains cause a weakened 
intragranular strengthening effect. During the 
tensile tests, the crack propagates preferentially 
toward the grain interior and shows transgranular 
fracture with a higher elongation. In addition, the 
low initial dislocation density in the T6 sample can 
also delay the occurrence of necking constriction 
and benefit ductility [23]. For the T8-X samples, 
pre-deformation weakens the enrichment of T1 
precipitates at GBs/sub-grain boundaries, thereby 
suppressing the formation of PFZ (Fig. 11). This 
can alleviate the stress concentration levels, and  
be favored for the improvement of the ductility. 
However, the high number density of T1 
precipitates strongly hinders the movement of 
dislocations, resulting in dislocation pinning or 
blockage in the grains. This induces a significant 
intragranular strengthening effect leading to 
relatively weak grain boundaries. Therefore, tensile 
failure starts from the grain boundary during 
tension, exhibiting relatively low elongation for the 
T8-X samples. 

Through the detailed discussion about the 
various strengthening contributions including  
base strength, strain hardening, and precipitation 
strengthening, the intrinsic mechanism for the 
further strength enhancement of T8-aged Al− 
Cu−Li alloys with increased pre-deformation is 
innovatively illustrated. These findings indicate that 
enhancing the strain hardening contribution while 
maintaining a high precipitation strengthening 
contribution is necessary for the development of 
high-strength Al−Cu−Li alloys. This also provides 
the theoretical basis and data support for the choice 
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of alloy strengthening methods for achieving 
comprehensive performance improvements in 
Al−Cu−Li alloys. 
 
5 Conclusions 
 

(1) The increased pre-deformation improves 
the strength of the Al−Cu−Li alloys but deteriorates 
the elongations. A tensile strength of about 650.0 
MPa with an elongation of 6.0% can be achieved in 
the sample with a pre-deformation of 15.0%. 

(2) The higher number density of dislocations 
is introduced in the samples with higher 
pre-deformation. This suppresses the formation of 
GP zones and diminishes the θ′ precipitates while 
promoting the nucleation of T1 precipitates. With 
increasing the pre-deformation, the diameter of  
both T1 and θ′ precipitates decreases obviously, 
narrowing their size distribution. 

(3) With increasing the pre-deformation, the 
strength contributions from T1 and θ′ precipitates 
decrease, leading to weakened precipitation 
strengthening effects. Although the number density 
of T1 precipitates increases, the reduction of 
diameter eventually decreases their strength 
contributions. The increased strain hardening 
contributions from the higher levels of pre- 
deformation are primarily responsible for the 
improved YS of the alloy. Therefore, it is crucial  
to increase strain hardening contributions while 
maintaining high precipitation hardening for the 
development of high-strength Al−Cu−Li alloys. 
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摘  要：研究随预变形量增加(0~15%)时 T8 时效态铝铜锂合金的显微组织演变和力学性能，揭示显微组织特征与

强度之间的关系以及内在的强化机制。结果表明，增加预变形量可显著提高该合金的强度但会降低其塑性。预变

形引入的位错有效抑制 GP 区的形成，并为 T1 相提供更多形核位点，这导致预变形量更大的样品中形成更密集且

细小的 T1 相；同时，T1 相析出增强与 GP 区形成受阻导致 θ′析出相的数量和尺寸显著降低。对不同强化机制的

贡献进行定量描述。结果表明：随着预变形量增加，T1 相和 θ′相的强化贡献降低。T1 相直径减小是其强化效果

减弱的主要原因。因此，该合金强度的提高主要归因于增加预变形量诱发应变硬化主导的强化贡献。 
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