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Abstract: A novel method called thermomechanical treatment based on impact hydroforming (TTIHF) was proposed. 
The pre-deformation was achieved by using impact hydroforming (IHF) loading. The strengthening effect and mechanism 
of 2195 Al−Li alloy were investigated under various loading pre-deformation conditions. The results showed that the time 
for the alloy to reach peak aging was shortened under TTIHF. Compared with those of the pre-deformation method of 
stamping forming, the yield strength and tensile strength of the Al−Li alloy under TTIHF increased by 18.6% and 18.0%, 
respectively. The deformation caused by IHF loading resulted in a high density of dislocations, which served as nucleation 
sites for the precipitation of the T1 phase during aging. After TTIHF, the average diameter and thickness of the T1 phase 
in the alloy were smaller than those under other experiment conditions. Moreover, the density and distribution of the T1 
phase were the highest and the most uniform. 
Keywords: Al−Li alloy; thermomechanical treatment; impact hydroforming; peak aging; strengthening mechanism; 
dislocation density 
                                                                                                             
 
 
1 Introduction 
 

The addition of lithium to an aluminum alloy 
results in the formation of aluminum lithium (Al−Li) 
alloys. The presence of 1 wt.% Li reduces the  
density of the material by approximately 3%   
while simultaneously raising the elastic modulus  
by  5%−6% [1,2]. Al−Li alloys possess numerous 
unique advantages [3] such as reduced structural 
weight and increased stiffness [4,5] in comparison  
to conventional high-strength aluminum alloys. 
Therefore, Al−Li alloys are considered ideal for 
application in the aerospace industry as a structural 
material with extensive potentiality [6−9]. Currently, 
Al−Li alloys are being used in aerospace and launch 
vehicles, military and passenger aircrafts. They are 

mostly employed in the fuselage skin, floor beams, 
and fuselage frame [10]. However, besides the issues 
of poor formability and easy cracking at room 
temperature, the investigation into the heat treatment 
of Al−Li alloys still remains incomplete. Thus, the 
problem of improving comprehensive properties of 
Al−Li alloys through an appropriate heat treatment 
process is one of the main focuses of many 
researchers. 

The strength of an Al−Li alloy can be 
significantly enhanced through the process of 
solution and aging treatment since it is a type of  
alloy that can be reinforced by heat treatment [11]. 
The pre-deformation before aging generates a  
large number of dislocations [12], thus providing 
nucleation sites for subsequent T1 precipitates and 
substantially improving the nucleation rate of T1  
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phase, which will significantly enhance the strength 
of the alloy [13]. Thermomechanical treatment 
(TMT) is a composite method that combines the 
strengthening effects of plastic deformation and heat 
treatment phase transition. CASSADA et al [14], and 
NOBLE and THOMPSON [15] discovered that pre-
deformation before aging can alter the competitive 
precipitation kinetics of the T1 (Al2CuLi) phase and 
δ' (Al3Li) phase and promote the precipitation of  
the T1 phase. At the same time, the generation of 
dislocations in the alloy during the pre-deformation 
before aging will prevent the precipitation of δ' phase 
and make it easier for the T1 phase to precipitate.  
XIE et al [16] investigated the effects of aging 
temperature, single/double stage aging regime, and 
amount of pre-deformation on the precipitation 
behavior of 2195 Al−Li alloys. The results indicate 
that dislocations generated by pre-deformation can 
directly enhance strain hardening, while indirectly 
improving precipitation strengthening by refining 
the size of the T1 phase particles and increasing their 
number. It has also been found that the mechanical 
properties and fracture modes of materials are related 
to dislocation density, as well as to the type, size, 
distribution, and quantity of precipitates. CHEN    
et al [17] found that the dislocations introduced   
by pre-deformation can promote more uniform 
precipitation of finely dispersed precipitates and 
reduce the anisotropy of the alloy. An increase in the 
number density of the T1 phase precipitates and the 
improvement of their distribution uniformity     
are the main reasons for reducing the anisotropy    
of mechanical properties. The elimination of 
precipitate-free zone (PFZ) and an increase in grain 
boundary strength also contribute to the reduction of 
anisotropy. LI et al [18] investigated the effect of 
rolling pre-deformation on the formation of T1 phase 
and δ'/θ'/δ composite precipitates in Al−Cu−Li−Mg 
alloys. The results have shown that 5% pre-
deformation can promote the formation of the T1 
phase, inhibit the formation of δ'/θ'/δ composite 
precipitates, and improve the strength of the alloy, 
but significantly reduce its plasticity. LI et al [19] 
compared the effect of TMT on the 2219 aluminum 
alloy under three different pre-deformation 
conditions: tension, compression, and rolling. When 
the tensile strain at pre-deformation is 8.0%, the 
yield strength reaches 385.0 MPa, which is 22.2% 
higher than that without pre-deformation. When the 
thinning ratio at compression deformation is 4.0%, 

the maximum tensile strength of the alloy attains 
472.4 MPa, indicating that the strengthening effect 
of thermomechanical treatment is higher than that of 
ordinary heat treatment. 

The pre-deformation methods mentioned above 
were all low strain rate deformations. Recently, some 
researchers have begun to explore the high strain  
rate (HSR) forming combined with heat treatment 
methods to develop a novel TMT process in order to 
enhance comprehensive properties of materials. XU 
et al [20] proposed an electromagnetic deformation 
combined with heat treatment, which consists of 
solution quenching, electromagnetic deformation 
and artificial aging, and can be applied to    
forming high-performance Al−Li alloy components. 
The results have shown that compared with the 
traditional TMT process, electromagnetic deformation 
as a HSR loading can efficiently improve the 
strength of the alloy after heat treatment [20,21]. XIE 
et al [22] proposed a hot electromagnetic forming 
process, and compared with quasistatic tension, the 
morphology and density of dislocations formed by 
electromotive force appeared to be different, which 
further increased the number of nucleation sites of 
the T1 phase and improved the aging kinetics. 

Impact hydroforming (IHF) is a novel HSR 
forming process, which combines the advantages of 
the flexibility of hydroforming and specific features 
of HSR deformation [23]. The IHF technique utilizes 
the energy from a high-speed impact projectile to 
generate an impulse of a high hydraulic pressure in a 
liquid medium. This replaces the static high-pressure 
output typically achieved by a booster in traditional 
hydroforming. Following one or more impacts, the 
blank rapidly conforms to the die, which results   
in the formation of a final part [23]. The IHF 
technology has the advantages of a high-impact 
energy, short forming time, adjustable initial energy, 
and can be used for a wide range of applications. In 
recent years, it has been demonstrated that IHF, as 
the novel plastic processing technology, can greatly 
enhance the formability of low-plasticity materials, 
including lightweight alloys such as aluminum   
and titanium alloys [24,25]. AZARYAN et al [26] 
designed an IHF equipment based on compressed 
gas as the power source and performed process 
development for some typical parts made of different 
materials including steel, aluminum, and titanium 
alloys. AKST et al [27] and HOMBERG et al [28] 
also developed IHF equipment using compressed gas 
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as the power source. In addition, they studied the 
factors affecting the movement of the impact 
projectile, and explored the relationship between the 
measured and theoretically calculated kinetic energy 
of the experimental projectile. The research by XIA 
et al [29] has shown that the IHF technology can 
achieve the integration of shape and performance 
control of parts, thereby establishing the basis for 
further advancement of high-strength lightweight 
alloys commonly used in the aerospace industry. 
ZHANG et al [24] and LI et al [30] investigated the 
deformation behavior of various aluminum alloys 
and the Ti−6Al−4V alloy at a room temperature, 
using a wide range of strain rates. It has been found 
that under high strain rates (>103 s−1) the formability 
is significantly improved and spring-back is 
efficiently reduced. An analytical model was 
established to predict the spring-back behavior of 
Ti−6Al−4V alloy at a room temperature, considering 
the effects of deformation history and strain rate. 

However, currently, there is a lack of research 
reports on the combination of IHF and heat treatment 
technology. So, in this study, a novel TMT process 
technology called the thermomechanical treatment 
based on impact hydroforming (TTIHF) was 
proposed, which included solution treatment, 
deformation by IHF loading, and artificial aging. 
Simultaneously, two control experiments were 
conducted, namely heat treatment without 
deformation (HTWD) and thermomechanical 

treatment based on rigid punch stamping forming 
(TTSF). The mechanical properties, microstructure 
evolution and precipitation aging behavior of 2195 
Al−Li alloy under various conditions were also 
investigated. The strengthening mechanism of Al−Li 
alloy after TTIHF was revealed, which provided    
a new concept for the HSR thermomechanical 
treatment of a third-generation Al−Li alloy. 
 
2 Experimental 
 
2.1 Materials and testing methods 

A 2195-O Al−Li alloy sheet was used as the 
material that can be strengthened by means of heat 
treatment. The thickness of the sheet was 1.3 mm. 
Figures 1(a) and (b) show the initial microstructure 
and statistical distribution of the grain size of the 
2195 Al−Li alloy, respectively. Based on statistical 
data, the mean grain size is 52.58 μm. A room-
temperature tensile test was performed using a 
WDW−100KN electronic universal testing machine 
with a tensile speed of 1.44 mm/min. All tensile 
specimens were cut from the sheet along the rolling 
direction (RD); the size and cutting method are 
shown in Figs. 1(c) and (d), respectively. To ensure 
the accuracy and repeatability of the results, two 
samples were used as a control group in each 
experiment. The phase analysis of the 2195 Al−Li 
alloy was carried out by X-ray diffraction (XRD)  
to observe the position and intensity of diffraction 

 

 
Fig. 1 Basic information of 2195 Al−Li alloy: (a) Initial microstructure; (b) Statistical distribution of grain size;        
(c) Sample geometry (unit: mm); (d) Cutting method 
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peaks formed by each precipitated phase and to 
determine the type and content of precipitated phase. 
The JEM−2100F transmission electron microscope 
(TEM) was used to investigate the patterns and 
morphology of electron diffraction. The yield 
strength of the 2195 Al−Li alloy was 112 MPa, the 
tensile strength was 165 MPa, and the elongation 
after fracture was 16.8%. 
 
2.2 Experimental process 

Three process experiments were carried out 
simultaneously in this work (see Fig. 2). The first 
process was the HTWD, i.e. the sample was 
subjected to artificial aging directly after solution 
treatment. The second process was the TTSF, i.e. the 
sample after solution treatment was deformed under 
the stamping forming (SF) loading, and then exposed 
to artificial aging treatment. The third process was 
the TTIHF, i.e. the sample after solution treatment 
was deformed under the IHF loading and then 
subjected to artificial aging treatment. Impact 
hydroforming and rigid punch stamping forming can 
provide different strain rates of metal forming; in  
the former the strain rate is no less than 103 s−1, while 
in latter it is less than 1 s−1. Based on the current 
research [31,32], the aging temperatures selected in 
the study were 165 and 195 °C, respectively. 
Furthermore, for the sake of clarity, the process 

routes for three experimental conditions are shown 
schematically in Fig. 2. 

A sample after solid solution treatment is 
referred to as the solution state; A sample subjected 
to solid solution treatment and 165 °C artificial peak 
aging is abbreviated as Aging-AA165; A sample 
after solution treatment and 195 °C artificial peak 
aging is abbreviated as Aging-AA195; A sample 
after solution treatment in the IHF experiment with 
10% deformation, and it is abbreviated as the    
IHF state; The sample after solution treatment     
is subjected to the SF experiment with 10% 
deformation, and it is referred to as the SF state;    
A sample after solution treatment with 10% 
deformation by IHF and artificial peak aging 
treatment at 165 °C is abbreviated as IHF10%-
Aging-AA165; A sample after solution treatment 
with 10% deformation by IHF and artificial peak 
aging treatment at 195 °C is abbreviated as IHF10%-
Aging-AA195; A sample after solution treatment 
with 17% deformation by IHF and artificial peak 
aging treatment at 195 °C is denoted as IHF17%- 
Aging-AA195; A sample after solution treatment with 
10% deformation by SF and artificial peak aging 
treatment at 165 °C is abbreviated as SF10%-Aging-
AA165; A sample after solution treatment with 10% 
deformation by SF and artificial peak aging treatment 
at 195 °C is abbreviated as SF10%-Aging-AA195. 

 

 

Fig. 2 Schematic diagrams of experimental process routes: (a) HTWD; (b) TTSF; (c) TTIHF 
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The equipment utilized for IHF primarily 
consists of a high-pressure power zone, impact 
projectile acceleration zone, forming zone, and 
control zone. Before forming, a blank should be 
covered with plastic wrap to avoid the liquid  
leakage. The experimental equipment and the die 
used for IHF deformation are shown in Fig. 3. The 
experimental equipment of rigid punch stamping is 
the BCS−50BR hot forming tester for sheet metal, 
and the experimental equipment and the die used for 
SF deformation are shown in Fig. 4. 

 
2.3 Control of deformation amount 

A crucial aspect of TMT is the precise control 
of deformation amount. A trapezoidal part (Fig. 5(a)) 
was designed, which can be used to achieve different 
deformation amounts by varying the strains and then 

cutting samples out of the part at the corresponding 
positions. Various strains of trapezoidal components 
were achieved by designing five different cavity 
sizes (Fig. 5(d)). The finite element analysis was 
used to numerically simulate the equivalent plastic 
strain at the gauge length that corresponds to the 
cavity size of the five dies shown in Fig. 5(e). The 
SF technology is a quasi-static forming process, and 
a numerical model (Fig. 5(b)) was established for 
numerical simulation. The IHF is a novel HSR-
forming process that involves the joint participation 
and interaction of fluids and solids [23]. Therefore, 
it is necessary to develop a solid−liquid coupling finite 
element (SLC-FE) model (Fig. 5(c)) for numerical 
simulation. The method of establishing the SLC-FE 
model is similar to that mentioned in XIA et al [29], 
so we will not go into details in this the work.  

 

 

Fig. 3 Equipment and die for IHF deformation 
 

 
Fig. 4 Equipment and die for SF deformation 
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Fig. 5 Methods of deformation control: (a) Trapezoid; (b) SF model; (c) SLC-FE model; (d) 5 cavity sizes and profiles; 
(e) Die 3 results and sampling locations 
 

Following the experiment, the tensile sample 
was cut out from the side wall of the part. As an 
example, the results obtained with Die 3, which    
is shown in Fig. 5(d), are presented in Fig. 5(e). 
Meanwhile, the simulation results involve collecting 
a series of data points at the location where the gauge 
length of the tensile part is obtained by cutting. The 
equivalent plastic strain of each point is calculated 
and the average value is evaluated to reflect the strain 
at the gauge length in order to guide the subsequent 
die design. Figure 6 shows the equivalent plastic 
strain at the gauge length corresponding to different 
cavity sizes in the simulation results. The average 
equivalent plastic strain of the gauge length is used 
to represent the deformation amount. These values 
for the five cavity sizes under SF are 0.15, 0.10, 0.07, 
0.05, and 0.02, respectively. The average equivalent 
plastic strains for the five cavity sizes under IHF are 
0.26, 0.17, 0.13, 0.10, and 0.08, respectively. The 
average values of 0.10 and 0.17 under SF and    
IHF are selected, respectively, which guide the 
subsequent die design. The designed die is used for 
IHF and SF experiments to analyze the influence  
of different loading deformation methods on the 
mechanical properties of 2195 Al−Li alloy. 

 
Fig. 6 Equivalent plastic strains at gauge length 
corresponding to different cavity sizes in simulation 
results: (a) SF; (b) IHF 
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3 Results and discussion 
 
3.1 Determination of solution treatment regimes 

Solution treatment is a process in which an 
alloy is heated to a high-temperature single-phase 
area and held for a certain period, so that the solute 
atoms are dissolved into the alloy matrix, followed 
by rapid cooling. The crucial factors of solution 
treatment are the solution temperature and time. 
Differential scanning calorimetry (DSC) enables 
qualitative and quantitative analysis of test materials. 
The Al−Li alloy was examined using the STA449F3 
extreme high-temperature comprehensive thermal 
analyzer. The results of the DSC test for 2195 Al−Li 
alloy are displayed in Fig. 7. The graph indicates the 
presence of two absorption peaks at temperatures of 
515 and 652 °C, respectively. The absorption peak at 
652 °C corresponds to the melting point of the alloy 
while the solid solution phase transition temperature 
of this alloy is 515 °C. The solution temperature is 
determined by subjecting the solution to a series of 
treatments within the temperature range from 475 to 
555 °C for 90 min, followed by a metallographic 
examination. 

The metallographic micrographs of 2195 Al−Li 
alloy at different solution temperatures are presented 
in Fig. 8. When the solid solution treatment 
temperature is 475 °C (Fig. 8(a)), blocky white 
structures and a small number of secondary-   
phase particles in the alloy are observed. When   
the temperature is 495 °C (Fig. 8(b)), the number of 

 

 
Fig. 7 DSC test results of 2195 Al−Li alloy 
 
residual crystalline phases decreases, and small 
pieces of structures are uniformly distributed around 
the large white structures. At 515 °C (Fig. 8(c)), the 
residual crystalline phase has mainly dissolved in the 
Al−Li alloy. At 525 °C (Fig. 8(d)), a remelted ball-
shaped fragment and a clear triangular remelted zone 
appeared at the junction of grain boundaries in the 
alloy, thus indicating that the alloy is over-burnt. At 
535 and 555 °C (Figs. 8(e) and (f)), over-burning  
is still more obvious. Therefore, to prevent over-
burning of the alloy, the solution treatment 
temperature of 515 °C was selected. 

To determine the optimal solution time, a  
series solution treatments were conducted at  
515 °C. The corresponding mechanical properties 
are summarized in Fig. 9. It is seen that both the yield 
strength and tensile strength of the material initially 

 
Fig. 8 Metallographic micrographs of 2195 Al−Li alloys at different solution temperatures: (a) 475 °C; (b) 495 °C;     
(c) 515 °C; (d) 525 °C; (e) 535 °C; (f) 555 °C 
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Fig. 9 Mechanical properties of 2195 Al−Li alloys at 
different solution time 
 
rise and thereafter decline as the solution time 
increases. At a solution time of 90 min, the yield 
strength and tensile strength reach their maximum 
values; 181 MPa and 319 MPa, respectively. With 
the increase of the solution time, the elongation after 
fracture of Al−Li alloy first increases and then 
decreases. When the solution time is 90 min, the 
highest elongation after fracture of 26.2% is attained. 
Finally, the treatment parameters are determined as 
follows: the solution temperature is 515 °C and the 
time is 90 min. 
 
3.2 Influence of different conditions on peak aging 

treatment 
To investigate the effect of different loading 

conditions on peak aging, experiments were 
performed to obtain the hardness variation curves for 
the 2195 Al−Li alloy under different loading 
conditions (see Fig. 10). The hardness of the alloy 
begins to decline slowly after 50 h of artificial aging 
at 165 °C during the HTWD (Fig. 10(a)); In the case 
of artificial aging at 195 °C, the alloy hardness starts 
decreasing after 10 h (Fig. 10(b)). The 2195 Al−Li 
alloy can reach the peak aging state with the hardness 
of HV 196 at 165 °C for the exposure time of 50 h. 
At 195 °C, the peak aging state is reached at 10 h  
and the corresponding hardness is HV 165. The 
variations in hardness of the 2195 Al−Li alloy after 
artificial aging at 165 and 195 °C following TMT 
under the aforesaid two different conditions exhibit 
a pattern similar to that of the HTWD. 

However, the time required to reach peak aging 
differs. Under the TMT based on the SF loading 
deformation with the strain of 10% (TTSF-10%), the 
2195 Al−Li alloy can reach a peak aging state at 
165 °C after 40 h, which corresponds to a hardness  

 

 
Fig. 10 Hardness curves of 2195 Al−Li alloys under 
different loading conditions: (a) 165 °C; (b) 195 °C 
 
of HV 200. During the 195 °C aging treatment, the 
peak aging state is reached after 8 h, with the 
hardness being HV 179. Under the TMT based on 
IHF loading with a strain of 10% (TTIHF-10%), the 
2195 Al−Li alloy can reach a peak aging state at 
165 °C after 32 h, and the corresponding hardness is 
HV 205. Under the 195 °C aging treatment, the peak 
aging state with a hardness of HV 185 is reached 
after 6 h. Under the TMT based on a IHF load with a 
strain of 17% (TTIHF-17%), the alloy can reach a 
peak aging state with a hardness of HV 203 after 
aging treatment at 165 °C for 24 h, while at 195 °C 
the peak aging state can be reached after 5 h, 
resulting in a hardness of HV 192. 

The results show that compared with HTWD, 
the time to reach the peak aging state of the 2195 
Al−Li alloy is shortened by performing deformation 
before the aging treatment. If the strains of IHF and 
SF loading are both 10%, the former demonstrates a 
shorter time for reaching the peak aging state. With 
the strain increasing to 17%, the time for reaching 
the peak aging state is further shortened. In brief, 
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compared with HTWD, when deformation is used 
before aging, the time to reach the peak aging state 
at 165 and 195 °C will be shortened. It is also found 
that the 2195 Al−Li alloy will have the shortest time 
to reach the peak aging state when it is treated at 
higher aging temperatures, but its strength will be 
slightly lower. 
 
3.3 Effect of different peak aging treatments on 

mechanical properties 
In Fig. 11, the stress−strain curves and 

mechanical properties of the 2195 Al−Li alloy in 

different states, which were obtained by using three 
process routes, are displayed. In Figs. 11(a) and (b), 
it is seen that under HTWD, the strength and 
elongation of the alloy after solution treatment are 
higher than those in the original state, while the 
strength of the alloy after artificial aging at 165 and 
195 °C is further improved. The strength of the alloy 
after aging at 195 °C is slightly lower than that at 
165 °C. In Figs. 11(c) and (d), it is shown that under 
the TTSF, the strength after SF but without artificial 
aging is improved as compared to the original and 
solution states; The yield strength of the SF10%-  

 

 
Fig. 11 Stress−strain curves (a, c, e) and mechanical properties (b, d, f) of 2195 Al−Li alloys under different conditions: 
(a, b) HTWD; (c, d) TTSF; (e, f) TTIHF 
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Aging-AA165 and SF10%-Aging-AA195 states, i.e. 
of the samples artificially aged after deformation, is 
increased by 283 and 265 MPa while the tensile 
strength is increased by 273 and 252 MPa, 
respectively, as compared to that of the original state. 
These findings indicate that TTSF can improve the 
strength of the 2195 Al−Li alloy. Figures 11(e) and 
(f) demonstrate that under TTIHF, the strength of the 
alloy deformed by IHF but without artificial aging is 
increased as compared with that of the original and 
solution states. Compared with that of the IHF state, 
the strength of the alloy after deformation and aging 
is further improved. Thus, the yield strength of the 
IHF10%-Aging-AA165 state is increased by 198 
MPa, i.e. by 66.8% and the tensile strength is 
increased by 111 MPa (by 26.7%). This indicates 
that the TTIHF can substantially enhance strength of 
the 2195 Al−Li alloy. 

To compare the effect of different heat 
treatments on the mechanical properties more clearly, 
the data from Figs. 11(b), (d), and (f) are combined 
in Fig. 12. In comparison with the original and 
solution states, the strength of the IHF and SF states 
without artificial aging after deformation is 
increased, but the strength of the IHF state is higher 
than that of the SF state. Furthermore, Fig. 12 
illustrates that the Al−Li alloy exhibits a higher 
strength after deformation and artificial aging as 
compared to heat treatment without deformation.  
As compared with artificial aging after solution 
treatment (Aging-AA165), the deformation in the 
middle of TTSF (SF10%-Aging-AA165) and TTIHF 
(IHF10%-Aging-AA165) processes improves the 
strength of Al−Li alloy. After TTIHF, the yield 
strength of 2195 Al−Li alloy is 491 MPa, which is 
18.6% higher than that of TTSF while the tensile 
strength reaches 518 MPa, which is 18% higher than 
that of TTSF. Thus, it can be inferred that the TTIHF 
is more conducive to the strengthening of 2195   
Al−Li alloy than the TTSF route. In addition, the 
mechanical properties under various heat treatments 
can be compared and analyzed from the red dashed 
box in Fig. 12. It can be seen that under similar 
conditions, the strength of the alloy after TTIHF is 
the highest, and increasing the strain can also 
improve the strength of the alloy, but the maximum 
is not more than 15 MPa. Besides, the strength of the 
alloy after TTSF is slightly higher than that after 
HTWD. 

Through the above analysis, it is shown that:  

(1) Compared with HTWD, the time to reach the 
peak aging state of the 2195 Al−Li alloy is shortened 
by introducing deformation before aging treatment, 
and this time is the shortest at IHF loading; (2) The 
strength of the alloy after TTIHF is increased to the 
highest, and TTIHF is more conducive to the 
strengthening treatment of the 2195 Al−Li alloy;   
(3) For the strain of 10% and 165 °C peak aging, the 
yield strength of 2195 Al−Li alloy after TTIHF is 
491 MPa, which is increased by 18.6%, and the 
tensile strength reaches 518 MPa, which is increased 
by 18.0% as compared with TTSF; (4) When the 
strain amounts to 10% and 17%, the strength of the 
2195 Al−Li alloy after peak aging at 165 °C under 
TTIHF is higher than that at 195 °C, but the 
difference is not significant. When the actual 
production time is taken into consideration, the 
optimal heat treatment appears to be artificial aging 
at 195 °C. On the whole, the TTIHF process is more 
conducive to the strengthening treatment of 2195 
Al−Li alloy than the TTSF, and it can be applied to 
improving the strength of components made from 
this material. 
 

 
Fig. 12 Comparison of mechanical properties of 2195 
Al−Li alloys under different conditions: ① Original state; 
② Solution state; ③ SF state; ④ IHF state; ⑤ Aging- 
AA165; ⑥ Aging-AA195; ⑦ SF10%-Aging-AA165; 
⑧ SF10%-Aging-AA195; ⑨ IHF10%-Aging-AA165; 
⑩ IHF10%-Aging-AA195; ⑪ IHF17%-Aging-AA165; 
⑫ IHF17%-Aging-AA195 
 
3.4 Strengthening mechanism of different peak 

aging treatments 
The TMT procedure involves pre-deforming 

the alloy before aging, which creates increased 
dislocation density within the material. Nucleation 
and growth of the T1 phase occur at sites with a 
higher energy such as dislocations and sub-grain 
boundaries. 
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Figure 13 presents the transmission electron 
microscope (TEM) images of the 2195 Al−Li alloy 
deformed along the [110]Al direction under different 
loading methods without artificial aging treatment. 
In Fig. 13(a), the bright field (BF) image of the   
SF state (deformation at SF loading after solution 
treatment) is presented, and Fig. 13(b) displays the 
BF image of the IHF state (deformation under IHF 
loading after solution treatment). Deformation under 
both loading methods after solution treatment results 
in work hardening, so a large number of dislocations 
are observed in Figs. 13(a) and (b). In Fig. 13, the red 
circle represents the area where the dislocations are 
heavily entangled, and the yellow circle indicates the 
end of dislocations in other directions than [110]Al. 
Different strain rates of the deformation of the TTSF 
and the TTIHF lead to different numbers of 
dislocations generated in the alloy. By comparing the 
results of these two types of loading, it is found that 
the dislocation density in the BF image of IHF 
deformation is larger than that in the BF image of SF 
deformation and the dislocation entanglement is 
more obvious, which explains the fact that the yield  
 

 
Fig. 13 TEM images of Al−Li alloy under different 
loading methods without aging: (a) SF; (b) IHF 

strength and tensile strength of the 2195 Al−Li alloy 
in IHF state are significantly higher than those in SF 
state. 

XU et al [33] found that the deformation time 
under HSR is short and hence is not sufficient for the 
rearrangement and partial annihilation of closely 
spaced dislocations in aluminum alloys. In addition, 
an increase in the density of movable dislocations 
under HSR can also lead to a certain degree of the 
entanglement and accumulation of dislocations. At 
the same time, HSR loading occurs under the effect 
of an instantaneous high stress. In such conditions, a 
local stress in hard-oriented grains exceeds the 
critical shear stress value, thereby activating slip 
systems in hard-oriented grains and causing plastic 
deformation of the latter. This provides a lot of 
spaces for the proliferation and movement of active 
dislocations, so that the dislocation distribution 
becomes more uniform. Mobile dislocations in hard-
oriented grains can tangle and accumulate, which 
results in “secondary hardening” during the 
deformation stage of the aluminum alloys. This is 
also consistent with the well-known fact that the 
dislocation density generated by HSR deformation is 
much higher than that by LSR deformation [34]. 
Since dislocations can provide nucleation sites for 
the precipitation of the T1 phase in the subsequent 
artificial aging process, and a high density of 
dislocations created by deformation during IHF 
result in a larger number of T1 phases precipitated in 
the subsequent aging process as compared with the 
TTSF, and their distribution is more uniform.  

TEM investigation is limited to observing 
small-scale microstructure. Therefore, XRD was 
employed to assess the dislocation density on a larger 
scale. XRD analysis was performed for the 2195 
Al−Li alloy in both SF and IHF states (seen Fig. 14). 
The Williamson−Hall model was used to calculate 
the dislocation density. The XRD data were put into 
Jade software to analyze and calculate the full  
width at half maximum (FWHM) of the alloy. The 
Williamson−Hall formula [35,36] is as follows:  

cos 4 sink
d
λβ θ ε θ= +                       (1) 

 
where β is the full width at half maximum (FWHM) 
of the alloy, k is a constant, λ is the wavelength of 
Cu Kα radiation, d is the average grain size, ε is the 
micro-strain, and θ is the Bragg angle. The βcos θ 
and 4sin θ values obtained by Jade software are 
plotted in Fig. 15, and the slopes of the two linear 
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Fig. 14 XRD patterns of 2195 Al−Li alloy in SF and IHF 
states 
 

 

Fig. 15 βcos θ and 4sin θ functions of 2195 Al−Li alloy:  
(a) SF state; (b) IHF state 
 
relations are obtained to reveal that the micro-strain 
ε for SF and IHF states are 0.0337 and 0.0425, 
respectively. The average grain size (d) appears to  
be 52.28 μm. The dislocation density (ρ) can be 
calculated by Eq. (2) as follows:  

2 3=
db
ερ                                 (2) 

where b is the magnitude of Burgers vector (for 
aluminum alloys, b=0.289 nm [37]). The dislocation 
densities of 2195 Al−Li alloys in SF and IHF states 
are 7.68×1013 and 9.69×1013 m−2, respectively. The 
dislocation density of the alloy under IHF loading  
is higher than that under SF loading, which is 
consistent with the TEM results. 

The TEM analysis of the 2195 Al−Li alloy after 
TMT with different loading methods was carried out. 
BF images of 2195 Al−Li alloy in different states 
along the [110]Al direction and their corresponding 
selected area electron diffraction (SAED) patterns 
are shown in Figs. 16(a) and (b), correspondingly, 
for Aging-AA165 specimens. Weak diffraction spots 
and stripes of the T1 phase are observed in the SAED 
pattern along the [110]Al direction, and T1 phase 
precipitates can be observed in the BF image. The 
diffraction spots of θ' and δ' phases are not seen in 
the SAED pattern, but a certain amount of θ' phase 
and a small amount of δ' phase precipitates can be 
observed in the BF image. Figures 16(c) and (d) 
show the BF image and SAED pattern of SF10%-
Aging-AA165, respectively. Weak diffraction spots 
and stripes of the T1 phase are observed in the SAED 
pattern along the [110]Al direction. The T1 phases of 
SF10%-Aging-AA165 can be seen in the BF image, 
and they are more numerous than those of Aging-
AA165. The diffraction spots of the θ' phase are not 
observed in the SAED pattern, but a small amount of 
θ' precipitated phase is noticed in the BF image. 
Compared with Fig. 16(a), it can be seen that the 
number of θ' phases decreases while the number of 
T1 phases increases. This phenomenon indicates that 
a decrease in the number of θ' phases occurs during 
pre-deformation before aging, and the precipitates 
are mainly the T1 phase with uniform distribution. 
Figures 16(e) and (f) display the BF image and 
SAED pattern of IHF10%-Aging-AA165, respectively. 
Diffraction spots and stripes of the T1 phase are 
observed in the SAED patterns along the [110]Al 
direction. The BF image exhibits a significant 
quantity of the T1 phase. Compared with Aging-
AA165 and SF10%-Aging-AA165, the number 
density of the precipitated T1 phase increases     
for IHF10%-Aging-AA165, and features a more 
uniform distribution and smaller size. A small 
number of θ' phases can be observed in the BF  
image, but their amount is relatively small as 
compared to Figs. 16(a) and (c). 
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Fig. 16 TEM images (a, c, e) and SAED patterns (b, d, f) of 2195 Al−Li alloys in different states: (a, b) Aging-AA165; 
(c, d) SF10%-Aging-AA165; (e, f) IHF10%-Aging-AA165 
 

Since the T1 phase is an equilibrium phase and 
θ' phase is a metastable phase, a change in the 
volume free energy required to form the T1 phase is 
higher than that required to form the θ' phase. A 
relatively high volume free energy change associated 
with the T1 and the {111} shear strain energy can 
promote the nucleation of the T1 phase on the  
matrix dislocations in preference to that of θ'   
phase. Meanwhile, the dislocation generated     

by deformation may become a defect of vacancy 
annihilation, which reduces the number of vacancies, 
inhibits the precipitation of the θ' phase and promotes 
precipitation of the T1 phase [38]. Deformation in 
TMT results in a high-density dislocations, which 
provides a significant number of nucleation sites for 
the T1 phase. Additionally, this process consumes  
the atoms necessary for the cubic phase, hence 
substantially restricting the precipitation of the latter. 
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During the middle and later stages of aging,       
the formation of the T1 phase consumes θ' and δ 
phases. In the TTIHF conditions, the number of T1 
phases precipitated in the 2195 Al−Li alloy is the 
highest and their distribution is the most uniform. 

The T1 phase, which acts as a primary 
strengthening precipitate, can reduce the coplanar 
slip and greatly enhance the strength of the alloy. 
Statistical analysis was performed to evaluate the T1-
phase diameter in the BF images of Figs. 16(a), (c), 
and (e) for three different situations: Aging-AA165, 
SF10%-Aging-AA165 and IHF10%-Aging-AA165, 
respectively. The results of this analysis are 
presented in Fig. 17. The average diameters for these  
 

 
Fig. 17 Statistics of T1 phase diameter of 2195 Al−Li alloy 
in different states: (a) Aging-AA165; (b) SF10%-Aging-
AA165; (c) IHF10%-Aging-AA165 

cases are 159.96, 144.63, and 93.31 nm, respectively, 
i.e. the diameter of the T1 phase precipitated under 
the condition of IHF10%-Aging-AA165 is the 
smallest. 

From the above results, it can be seen that the 
amount of T1 phase precipitated in the Al−Li alloy 
under SF10%-Aging-AA165 and IHF10%-Aging-
AA165 conditions is larger than that under Aging-
AA165. Under IHF10%-Aging-AA165 condition, 
the T1 phase has the maximum number density, the 
most uniform distribution and the smallest diameter. 
The dense distribution of the T1 phases hinders the 
dislocation movement and requires a larger tensile 
stress to cause plastic deformation of the alloy, which 
seems to be the reason for the highest strength of the 
2195 Al−Li alloy after TTIHF. 

DORIN et al [39], and RODGERS and 
PRANGNELL [40], based on the interaction 
mechanism between the T1 phase and dislocations, 
assumed that the volume fraction of the phase is 
constant, and established Eq. (3) as a functional 
relationship between the number density and size of 
the T1 phase and precipitation strengthening (∆σ).  

2 1/2 3/2D N tσ −∆ ∝                           (3)  
The T1 phase is characterized by a diameter D, 

number density N and thickness t. According to 
Eq. (3), D and N are directly proportional to      
the precipitation strengthening, while t is inversely 
proportional to the strengthening. The results show 
that the strengthening effect of the T1 phase is 
proportional to the ratio of diameter to thickness,  
and the strengthening effect is reduced when the 
thickness of the T1 phase is too large. Consequently, 
the more uniform the distribution of the T1 phase is, 
the smaller its thickness is, and the higher the 
strength of the alloy is [35,41]. 

In Fig. 18, the high-resolution TEM images of 
Aging-AA165, SF10%-Aging-AA165 and IHF10%-
Aging-AA165 are displayed. The T1 phases grow 
along the {111}Al plane. There are distinct and well-
defined boundaries at the interface between the T1 
phase and the Al matrix. In Fig. 18, it is seen that the 
thickness of the T1 phase for the three states are 2.82, 
2.46 and 1.29 nm, respectively. These indicate that 
deformation has a significant effect on the T1 phase 
precipitates. After the TTIHF, the T1 phases 
precipitated from the 2195 Al−Li alloy have not only 
the largest number density and the most uniform 
distribution but also the smallest thickness, which  
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Fig. 18 High-resolution TEM images of aged 2195 Al−Li 
alloy in different states: (a) Aging-AA165; (b) SF10%-
Aging-AA165; (c) IHF10%-Aging-AA165 
 
further explains that this alloy has the highest 
strength after TTIHF. 

In summary, it should be noted that the 
deformation processes of TTIHF and TTSF can 
generate a large number of dislocations before  
aging. An increased dislocation density enhances  
the formation of nucleation sites for the T1 phase  
and facilitates its precipitation. The movement of 

dislocations is hindered and pinned by the 
precipitated phase. Therefore, the strength of the 
alloy is improved by the deformation before aging. 
Among, the IHF loading deformation with high 
dislocation density in the subsequent aging process 
brings about a larger amount of precipitated T1 

phases compared to the SF loading deformation. 
Additionally, the distribution of the T1 phase in the 
former case is more uniform and the particles are 
finer. The obtained results indicate that the TTIHF 
process is more efficient for improving the strength 
of the 2195 Al−Li alloy than TTSF, and the 
strengthening effect is still more significant after  
the subsequent aging treatment. Hence, the TTIHF 
process exhibits a good prospect for the promotion 
and application. 
 
4 Conclusions 
 

(1) The peak aging treatments of TTIHF of the 
2195 Al−Li alloy are as follows: when the strain is 
10%, they are 165 °C for 32 h and 195 °C for 6 h. 
When the strain is 17%, they are 165 °C for 24 h and 
195 °C for 5 h. In comparison with HTWD and 
TTSF, the peak aging time of the alloy under TTIHF 
is shortened substantially. 

(2) For the case when the strain is 10% and the 
temperature is 165 °C, the TTIHF process appears 
more efficient for strengthening the 2195 Al−Li alloy 
than TTSF. The yield strength and tensile strength  
of the 2195 Al−Li alloy are 491 and 518 MPa after 
TTIHF, which are 18.6% and 18.0% higher than 
those for TTSF. 

(3) Both the IHF and SF loading methods 
introduce dislocations into the alloy. The 
comparative study has demonstrated that the 
dislocation generated by IHF is higher than that in 
the case of SF, the dislocation entanglement is 
obvious, and the dislocation densities are 9.69×1013 
and 7.68×1013 m−2, respectively. The dislocations 
provide nucleation sites for the precipitation of the 
T1 phase during the subsequent artificial aging, and a 
high dislocation density is conducive to increasing 
the amount of the T1 phases. 

(4) Compared with HTWD and TTSF, the 
number density, size and distribution of the T1 phase 
in the alloy after TTIHF are the largest, the smallest 
and the most uniform, respectively. The uniformly 
distributed fine T1 phase hinders the movement of 
dislocations, which requires a higher stress to plastic 
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deformation of the alloy. This provides an 
explanation to the observed fact that the 2195 Al−Li 
alloy demonstrates the highest strengthening effect 
after TTIHF. 
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摘  要：提出了一种新型基于冲击液压成形的形变热处理方法(TTIHF)。预变形采用冲击液压成形(IHF)加载  

实现。研究了 2195 铝锂合金在不同加载预变形条件下的强化效果及机理。结果表明：经 TTIHF 处理后合金达到

峰时效的时间缩短。与冲压预变形铝锂合金性能相比，经 TTIHF 处理后铝锂合金的屈服强度和抗拉强度分别    

提高了 18.6%和 18.0%。IHF 加载引起的形变导致高位错密度，在时效过程中为 T1 相的析出提供了更多形核

质点。经 TTIHF 处理后合金中 T1 相的平均直径和厚度均小于其他实验条件的相应值。此外，T1 相的密度最高且

分布最均匀。 

关键词：铝锂合金；形变热处理；冲击液压成形；峰时效；强化机制；位错密度 

 (Edited by Wei-ping CHEN) 


