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1  Introduction

Al-Li alloys not only have the advantages of low density, 
high elastic modulus and specific strength, but also have the 
characteristics of a low fatigue crack growth rate and excel-
lent low temperature-performance, and are considered to 
be the most ideal structural materials in the aerospace field 
[1]. The 2195 Al-Li alloy is a third-generation Al-Li alloy 
mainly used in the manufacture of fuel tanks for launch 
vehicles [2]. Using the 2195 Al-Li alloy instead of the 2219 
Al-Cu alloy to manufacture a launch vehicle fuel tank, the 
structural mass is reduced by 5%, the carrying capacity is 
increased by 3.4 t, and the cost is reduced by approximately 
75  million US dollars [3]. Therefore, the development of 
high-performance Al-Li alloys is extremely significant in 
the aerospace field.
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Abstract
Reticular crystal phases and abnormally coarse grains are key problems that restrict the improvement of the mechanical 
properties and uniformity of Al-Li alloys. The effects of the multidirectional forging (MDF) process on the microstruc-
ture at the edge and center and the three-directional mechanical properties of the 2195 Al-Li alloy were investigated. The 
results show that the strong deformation resistance produced by one heat forging at 400 ℃ with seven upsetting and six 
stretching (400-7U6S-1) fully broke the reticular crystal phases at the grain boundaries and obtained the dispersed phase 
structure. The high density of dislocations accumulated by strong deformation promoted the dissolution of the dispersed 
secondary phases, and the area fraction of the secondary phase particles at the edge and center decreased from 3.88% 
and 1.97–0.75% and 0.61%, respectively, which prevented the occurrence of intergranular fractures and dramatically 
improved the ductility. Meanwhile, the dissolution of the second phases enhanced the precipitation force of the T1 phases 
and inhibited the precipitation of δ’ phases. Furthermore, the higher density of dislocations significantly increased the 
nucleation rate of dynamic recrystallization and eliminated the abnormally coarse grains, and thus acquired a uniform 
ultra-fined grain structure and the average grain diameter was reduced from 159 μm to 17 μm. The tensile strength, yield 
strength and elongation in the width direction increased to 592 MPa, 545 MPa and 8.0%, respectively, and increased by 
7.2%, 7.2% and 90.5%, respectively. In particular, the maximum difference in the elongation of the forgings in the width 
direction decreased from 83.3 to 11.1%.
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Currently, the manufacturing methods for 2195 Al-Li 
alloy ingots mainly include casting,

spray deposition and powder metallurgy [4, 5]. Among 
them, casting is the most extensively used method for pro-
ducing 2195 alloy ingots [6]. However, defects such as 
micro segregation inevitably form in the casting process 
owing to the uneven cooling rate, which is more serious in 
the casting process of large-scale ingots [7]. Relevant stud-
ies have shown that casting defects are mainly expressed 
as abundant residual crystal phases that segregate at the 
grain boundary and present a reticular distribution [8–10]. 
Moreover, these uneven crystal phases are inherited by the 
final heat-treated components [11], resulting in the initiation 
of cracks at the grain boundaries and a severe reduction in 
plasticity.

Severe plastic deformation (SPD) can improve the cast-
ing structure and distribution of residual crystal phases 
[12]. This method is effective in improving non-uniform 
casting defects and material properties [13]. Conventional 
methods of SPD include multidirectional forging (MDF) 
[14], equal channel angular pressing (ECAP) [15], high-
pressure torsion (HPT) [16] and accumulative rolling (AR) 
[17]. Among these, the MDF process is widely used for the 
cogging of large ingots because it can prepare bulk mate-
rials without special and complex mold structures. During 
MDF, the forging temperature, degree of deformation and 
speed significantly affect the microstructural evolution and 
mechanical properties of the alloy [18, 19]. Zhang et al. 
prepared large-scale commercial AZ80 Mg alloy forgings 
using MDF and aging processes and found that the high 
density of dislocations and subgrain boundaries generated 
by MDF accelerated the aging response, and the formed 
bimodal microstructure and nanoscale precipitated phases 
improved the strength and plasticity of the alloy [20]. He et 
al. studied the effect of MDF temperature on the microstruc-
ture and mechanical properties of 2219 Al alloy, and found 
that increasing the MDF temperature can promote the dis-
solution of a large number of Al2Cu particles and improve 
the mechanical properties of the forging. The optimal forg-
ing temperature of 2219 Al alloy is 510 ℃ [10]. Wang et al. 
reported that the large plastic deformation accumulated by 
MDF enhanced the texture and refined the grain structure of 
a Mg-Gd-Y-Zn-Zr-Ag alloy [21]. Wang et al. found that the 
coarse second-phase particles in 2A14 Al alloy gradually 
spheroidized during the process of MDF at 480 ℃, which 
improved the uniformity of the three-dimensional mechani-
cal properties of the alloy [22].

In addition, the grain structure can be refined and the 
strength and plasticity of the alloy can be improved by MDF. 
Anastasia V et al. found that during the process of MDF, the 
recrystallization nucleation induced by the β phase refined 
grains and increased the yield strength of the alloy [23]. 

Cui et al. proposed a small-strain MDF process with gradi-
ent cooling for the preparation of AZ31 Mg alloy forgings. 
When the cumulative strain reached 2.7, a uniform fine-
grained structure and bimodal basal texture were obtained 
[24]. Sun et al. obtained ultrafine grains using MDF and 
improved the yield strength of 304  L stainless steel [25]. 
Paula et al. studied the effect of cumulative strain during 
MDF on the thermal stability of copper alloys and found 
that with an increase in cumulative strain, the thermal sta-
bility related to static recrystallization gradually decreased, 
and finer grain structures were obtained [26].

Nevertheless, there are only a few studies on the influence 
of upsetting and stretching methods on the microstructure 
of the edge and center and the three-directional mechanical 
properties of the 2195 Al-Li alloy. In this study, the effects 
of four types of MDF processes on the microstructural uni-
formity and mechanical properties of 2195 Al-Li alloys 
were systematically studied. A new MDF process that fully 
disperses the residual crystal phases and refines the grains 
of the 2195 Al-Li alloy was proposed. In summary, these 
research results provide theoretical and technical references 
for the development of high-performance Al-Li alloy forg-
ings for aerospace applications.

2  Experimental Procedure

The experimental material used in this study was a large-
scale 2195 Al-Li alloy ingot cast by the Light Alloy Research 
Institute of Central South University. The chemical compo-
sition of the ingot was as follows: Al–4.25%Cu–1.13%Li–
0.39%Mg–0.45%Ag–0.12%Fe–0.11%Zr–0.04%Mn (wt). 
First, a cylindrical sample with a thickness of 200 mm was 
cut from the large 2195 Al-Li alloy ingot (Ø400 mm × 
1000 mm) after homogenization. Subsequently, four quarter 
ingots (190 mm × 190 mm × 200 mm) were cut along the 
diameter of the cylindrical sample. A sampling diagram is 
shown in Fig. 1. The four samples were forged using dif-
ferent MDF processes on a 40 MN numerically-controlled 
hydraulic press at a forging speed of 10  mm/s. Figure  2 
shows the principle of MDF (in each step, the black and 
purple lines represent the contours of the sample before and 
after forging, respectively). Before the MDF, the mold was 
heated to 470 ℃ at a rate of 5 ℃/min and held for 2 h to 
ensure heat penetration, while the specimen was heated to 
400 °C and 480 °C at the same speed and held for 2 h. MoS2 
was used as a lubricant at the interface between the die and 
specimen to achieve homogeneous deformation. During the 
MDF process, the ingot was stretched axially to prepare a 
rectangular specimen, and then separately upset (the speci-
men was compressed along different axial directions with 
a height reduction of 60%) and stretched (the specimen 

1 3



Metals and Materials International

was compressed in two specified directions so that it was 
stretched in the undeformed direction). TThe four MDF 
processes differed in the number of upsets and stretches, 
forging temperature and heating number. Figure 2 (a) shows 
the four-upsetting and three-stretching MDF process, des-
ignated as 4U3S. As shown in Fig. 2 (b), the seven upset-
ting and six stretching process (7U6S) were achieved by 
repeating the 4U3S process. The MDF processes of 4U3S 
and 7U6S accumulated strains of 1.8 and 3.6, respectively. 
The names of the different processes are shown in Table 1. 
During twice-heating forging, the annealing time was 2 h. 
After MDF, the sample was annealed for 2 h at 480 °C at a 
heating rate of 5 ℃/min and then forged at 480 ℃ with a 
deformation of 40%. The air-cooled sample was subjected 
to solution treatment at 500 ℃ for 4  h and quenched in 
water at room temperature. After cold deformation in the 
height direction with a deformation of 3% at room tempera-
ture, the sample was immediately artificially aged at 160 
℃ for 24 h and then air-cooled. Research results showed 
that 2195 Al-Li alloy maintained a high elongation while the 
strength did not decrease after aging at 160 ℃ for 24 h [27]. 
Therefore, the aging temperature of 160 ℃ was selected. 
The process route is illustrated in Fig. 3.

The microstructures of the samples after homogeniza-
tion, MDF, annealing, and T8 heat treatment (solution treat-
ment + cold deformation + artificial aging) were analyzed to 
study the microstructural evolution of the 2195 Al-Li alloy 
during deformation and treatment. To detect the homogene-
ity of the mechanical properties of the alloy, tensile samples 
at the edge, quarter and center positions of the forgings in 
the three directions of length, width and height were taken 
for mechanical property testing. A sampling diagram and 
the tensile specimens are shown in Fig.  4. A tensile test-
ing machine (CMT5105GL) was used to test the mechanical 
properties of the Al-Li alloy after heat treatment at a ten-
sile speed of 2 mm/min. The influence of the MDF process 
on the microstructure uniformity of 2195 Al-Li alloy was 

analyzed, and the microstructure at the edge and center of 
the samples after MDF and heat treatment was observed, 
as well as the transverse and longitudinal microstructures 
at each position after heat treatment (as shown in Fig. 4). 
The EBSD samples were prepared by electropolishing 
at -25 – -30 ℃ for a mixture of 30% nitric acid and 70% 
ethanol. Scanning electron microscopy (SEM, TESCAN-
MIRA3LMU) was used to observe the distribution of the 
secondary phase particles and the characteristics of the frac-
ture surfaces. The heat-treated samples were ground and 
etched using Keller’s reagent, and an optical microscope 
(OM, OLYMPUS DSX500) to observe the grain structure of 
the alloy. The samples were ground to 50–80 μm, punched 
to Ø3 mm disks, and thinned using a double jet instrument 
(Tenupol-5). Transmission electron microscopy (TEM, 
Talos F200) was used to observe the dislocation configu-
rations, substructures and precipitated phases of the alloys.

3  Results

3.1  Initial Microstructures

Figure 5 shows the SEM images of large-scale 2195 Al-Li 
alloy ingot after homogenization. It can be observed that 
abundant crystal phases formed in the casting process were 
unevenly distributed. These coarse crystal phases precipi-
tated continuously along the grain boundaries and form 
a reticular structure, which deteriorated the mechanical 
properties of the alloy. Additionally, numerous needle-like 
phases were observed, which were secondary phases that 
precipitated from the matrix with decreasing temperature. 
The crystal phases at the grain boundaries detected by 
Energy Dispersive Spectroscopy (EDS) were the Al-Cu 
phase, and the intracrystalline needle-like phases were 
identified as containing Cu and Ag phases (Fig. 5 (c, d)). 

Fig. 1  Sketch of sampling from large ingot (dimensions are in mm)
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According to Zhang et al., the coarse crystal phase at the 
grain boundaries was Al2Cu [8].

Figure  6 shows the EBSD image of large-scale 2195 
Al-Li alloy ingot after homogenization. The initial grains 
of the ingot were coarse and uneven, with an average grain 
diameter of 212 μm. The orientation difference of adjacent 
grains was greater than 15°, and the grain boundaries were 
high-angle grain boundaries (HAGBs).

Table 1  Designation of different MDF processes
Process Forging 

temperature
MDF method Heating 

number
400-4U3S-1 400 ℃ Four-upsetting and 

three-stretching
1

480-7U6S-2 480 ℃ Seven-upsetting and 
six-stretching

2

480-7U6S-1 480 ℃ Seven-upsetting and 
six-stretching

1

400-7U6S-1 400 ℃ Seven-upsetting and 
six-stretching

1

Fig. 2  Schematic of multidirec-
tional forging process
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Figure 7 shows the SEM images of the edge and center of 
the 2195 Al-Li alloy after different MDF processes. It can 
be seen that the coarse crystal phases have a certain degree 
of fragmentation after MDF. After adopting the MDF pro-
cess for 400-4U3S-1, the distribution of the crystal phases 
was the worst, similar to that of the casting structure. A 
large number of crystal-phase particles at the edge and 
center were still accumulated around the grain boundar-
ies (Fig. 7 (a1–a4)). The crystal-phase particles at the edge 

3.2  Microstructures after MDF and Annealing

3.2.1  Evolution of Crystal Phases

The abundant coarse reticular crystal phases distributed 
along the grain boundaries in the 2195 Al-Li alloy ingots 
have an important effect on the mechanical properties. 
Therefore, the effects of the MDF processes on the coarse 
crystal phases and microstructure uniformity were studied. 

Fig. 4  Schematic of sampling: (a) cutting samples for tensile testing and microstructure observation and (b) schematic of the tensile specimens 
(dimensions are in mm, R: transitional arc radius)

 

Fig. 3  Schematic of the four MDF processing routes
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orientation between 2° and 15°. Compared with the as-
cast grains, the grain diameter after MDF was significantly 
reduced, indicating that dynamic recrystallization occurred 
during the MDF process. The dynamic recrystallization of 
the samples with the 480-7U6S-2 and 480-7U6S-1 processes 
was low at the edge and center, and only a small number 
of HAGBs were observed, as shown in Fig.  9. However, 
the HAGBs ratio of 480-7U6S-1 samples was higher than 
that of 480-7U6S-2 samples. After adopting the MDF pro-
cess of 400-4U3S-1, the proportion of HAGBs at the edge 
and the center of the sample increased to 16% and 34%, 
respectively (Fig. 10), indicating that the degree of dynamic 
recrystallization increased, and the recrystallization degree 
at the center was higher than that at the edge. However, the 
degree of recrystallization at local locations was low and a 
few coarse grains were observed. We found that the propor-
tion of HAGBs at the edge and center of the sample after 
MDF of the 400-7U6S-1 process increased to 43% and 
37%, respectively, indicating that the degree of recrystal-
lization was significantly improved. In addition, the grains 
at the edge and center of the samples were equiaxed and fine 
grains with average sizes of 8 μm and 15 μm, respectively. 
Notably, no coarse grains were observed at the edge and 
the center (Fig. 9 (d1, d2)). It can be seen that the degree of 
dynamic recrystallization degree and grain uniformity were 
significantly improved by MDF at 400 ℃ and by increasing 
the number of upsetting and stretching.

To figure out whether the equiaxed and fine grains 
obtained after MDF grew during subsequent annealing, the 
EBSD image of the center position of the 2195 Al-Li alloy 
after annealing was obtained (Fig. 11). It can be observed 
that the grains after annealing do not grow significantly, 
which was similar to the grain structure after MDF. This 
indicated that no significant static recrystallization occurred 
during annealing. After annealing, coarse grains with a 
size of ~ 80–120 μm still exist in the samples adopting the 
MDF process of 400-4U3S-1, 480-7U6S-2 and 480-7U6S-
1. Annealed samples adopting the 400-7U6S-1 process 
retained the even and fined grain structure and the average 
grain diameter was reduced to 21 μm (Fig. 12 (d)).

of the sample obtained using the 480-7U6S-2 process still 
exhibited a reticular distribution, but the degree of aggre-
gation was weakened (Fig. 7 (b1, b2)). The crystal phases 
at the central position presented a striped distribution along 
the flow direction (Fig.  7 (b3, b4)). When the intermedi-
ate annealing process was stooped and the 480-7U6S-1 
process was adopted, the reticular structure of the crystal 
phases at the edge of the sample disappeared; however, 
particle aggregation was observed. At the central position, 
abundant crystal phases tended to disperse, and no crystal 
phase aggregation was observed (Fig. 7 (c1–c4)). After the 
MDF process of 400-7U6S-1, the crystal phase particles at 
the edge and center of the samples were evenly distributed 
and dispersed, and no reticular crystal -phase aggregation 
was observed (Fig. 7 (d1–d4)).

3.2.2  Evolution of Grain Structure

Figure  8 shows EBSD images of the edge and center of 
the 2195 Al-Li alloy after different MDF processes. In the 
figure, the black line represents HAGBs with a difference 
in orientation greater than 15°, and the red line represents 
low-angle grain boundaries (LAGBs) with a difference in 

Fig. 6  EBSD images of the as-homogenized ingot

 

Fig. 5  SEM images of the as-homogenized ingot: (a) low-magnification SEM image; (b) high-magnification SEM image; (c, d) EDS analysis 
results
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were observed. However, there was a significant increase in 
the dislocation density of the 480-7U6S-1 samples. When 
the forging temperature of 400 ℃ and the forging method 
of 7U6S were adopted, the dislocation density in the matrix 
was considerably increased. Within the subgrain, a high 
density of dislocations was entangled and accumulated at 
the grain boundaries. Annealing in the MDF process elimi-
nated a mass of dislocations, resulting in a significantly 
lower dislocation density in twice-heating forging than that 

3.2.3  Dislocation Evolution

To further analyze the grain refinement mechanism of the 
Al-Li alloy during MDF, the evolution of the dislocation 
configuration in different MDF processes was studied. Fig-
ure 13 shows the TEM images of the 2195 Al-Li alloy after 
different MDF processes. After adopting the MDF process of 
400-4U3S-1 and 480-7U6S-2 process, the dislocation den-
sity in the samples was low, and only a few dislocation lines 

Fig. 7  SEM images of the edge and central position of 2195 Al-Li alloy in the transverse section after different MDF processes: (a1–a4) 400-4U3S-
1; (b1–b4) 480-7U6S-2; (c1–c4) 480-7U6S-1; (d1–d4) 400-7U6S-1
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To quantitatively characterize the dislocation density, 
the samples of four MDF samples were analysed using 
the X-ray diffraction (20°˂2θ˂90°), as shown in Fig.  14. 
The Williamson–Hall method was used to calculate the 

in the MDF process in the one heat forging process. As a 
result, reducing MDF temperature and increasing the num-
ber of upsetting and stretching significantly increased the 
dislocation density.

Fig. 9  Grain boundary images of the edge and center position of 2195 Al-Li alloy after different MDF processes: (a1, a2) 400-4U3S-1; (b1, b2) 
480-7U6S-2; (c1, c2) 480-7U6S-1; (d1, d2) 400-7U6S-1

 

Fig. 8  EBSD images of the edge and center position of 2195 Al-Li alloy after different MDF processes: (a1, a2) 400-4U3S-1; (b1, b2) 480-7U6S-
2; (c1, c2) 480-7U6S-1; (d1, d2) 400-7U6S-1
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and subgrain size, respectively. Therefore, e and Dv can be 
calculated by fitting the (2sinθ/λ) and (βcosθ/λ). Then, the 
dislocation density (ρ) can be described as Eq. 2:

ρ =
2
√
3e

Dvb
� (2)

where b is the Burgers vector for Al alloy (0.285 nm). Using 
Eqs. 1 and 2, the dislocation density (ρ) of the 400-4U3S-1, 

dislocation density of the different MDF samples [28], as 
shown in Eq. 1:

β cos θ
λ

=
1

Dv
+ 2e

(
2 sin θ
λ

)
� (1)

where λ represents the wavelength of Cu Kα radiation; θ 
is the diffraction angle; e and Dv represent the microstrain 

Fig. 11  EBSD images of the center position of 2195 Al-Li alloy after different MDF processes and annealing: (a1, a2) 400-4U3S-1; (b1, b2) 480-
7U6S-2; (c1, c2) 480-7U6S-1; (d1, d2) 400-7U6S-1

 

Fig. 10  Grain boundary distributions of the edge and center position of 2195 Al-Li alloy after different MDF processes: (a1, a2) 400-4U3S-1; (b1, 
b2) 480-7U6S-2; (c1, c2) 480-7U6S-1; (d1, d2) 400-7U6S-1
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prepared using the MDF process of 400-7U6S-1 showed a 
significant decrease in the number of crystal phases, smaller 
size, and uniform distribution after solution treatment at 
both the edge and center. Nevertheless, the microstructure 
uniformity of the samples obtained using the other three 
MDF processes was poor after solution treatment. The 
crystal phases at the edges were still distributed along the 
grain boundaries. At the central position, the coarse crystal-
phase particles aggregated along the direction of the flow. 
To quantitatively analyse the influence of the MDF process 
on the number of residual crystal phases, Image Pro-Plus 
software was used to calculate the area fraction of the coarse 
phase particles of the alloy. The statistical results are shown 
in Fig.  16. The 400-7U6S-1 samples had the lowest con-
tent of crystal-phase particles after solution treatment, and 
the area fraction of the particles at the edge and center was 

480-7U6S-2, 480-7U6S-1, 400-7U6S-1 samples was cal-
culated to be 4.3 × 1011, 7.6 × 1011, 1.2 × 1012 and 3.4 × 1013 
m− 2, respectively. This was consistent with the evolution 
tendency of the dislocations observed using TEM.

3.3  Microstructures after T8 Heat Treatment

3.3.1  Evolution of Crystal Phases

SEM images of the 2195 Al-Li alloy forgings after solu-
tion treatment were obtained to analyse the evolution of the 
residual crystal phases during the final heat treatment. The 
results are shown in Fig. 15. After solution treatment at 500 
℃ for 4 h, a mass of fine secondary phase particles were 
dissolved into the matrix, while the coarse crystal phase par-
ticles were still difficult to dissolve completely. The samples 

Fig. 12  Grain diameter distributions at the center position of 2195 Al-Li alloy after different MDF processes and annealing: (a) 400-4U3S-1; (b) 
480-7U6S-2; (c) 480-7U6S-1; (d) 400-7U6S-1
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3.3.2  Evolution of Grain Structure

Figure  17 shows the metallographic images of the 2195 
Al-Li alloy forgings at different positions after T8 heat treat-
ment. After the heat treatment, the grains of the sample in 
the transverse section were nearly equiaxial, and the grains 
in the central position of the longitudinal section were 

0.75% and 0.61%, respectively. However, the area fraction 
of the crystal-phase particles in the samples adopting the 
other three MDF processes was higher and the difference 
between the edge and central positions was larger.

Fig. 14  XRD patterns of the 2195 
Al-Li alloy after MDF
 

Fig. 13  TEM images of 2195 Al-Li alloy after different MDF processes: (a1, a2) 400-4U3S-1; (b1, b2) 480-7U6S-2; (c1, c2) 480-7U6S-1; (d1, 
d2) 400-7U6S-1
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heat treatment, and the diameter of most grains was reduced 
to 10–20 μm. However, abnormally coarse grains could still 
be observed in local regions. The size of abnormally coarse 
grain of the sample of 480-7U6S-2 process was nearly 
120–150 μm, which was consistent with the grain size of 
the ingot. The coarse-grain size in the center of the 480-
7U6S-1 sample was slightly reduced, ranging from 50 to 
80 μm. However, the grains at the edges were still relatively 
coarse. In the MDF process of 400-7U6S-1, the grains in the 
edge and center of the samples were significantly refined to 

elongated along the compression direction. The grains of the 
400-4U3S-1 samples were coarse at different positions after 
heat treatment. In the transverse section, the grain size at the 
edge and center was 223 μm and 156 μm, respectively. In the 
longitudinal section, the grain size was slightly reduced and 
fine grains were observed at local locations. The grain sizes 
at the edge and center were 126 μm and 131 μm, respec-
tively, which were close to the grain size of the ingot. When 
the number of upsetting and stretching was increased (MDF 
method was 7U6S), the grain was significantly refined after 

Fig. 15  SEM images of the edge and central position of 2195 Al-Li alloy forgings in the transverse section after solution treatment: (a1–a4) 400-
4U3S-1; (b1–b4) 480-7U6S-2; (c1–c4) 480-7U6S-1; (d1–d4) 400-7U6S-1
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Fig. 17  Optical microscopy images of the edge and central position of 2195 Al-Li alloy forgings after T8 heat treatment: (a1–a4) 400-4U3S-1; 
(b1–b4) 480-7U6S-2; (c1–c4) 480-7U6S-1; (d1-d4) 400-7U6S-1

 

Fig. 16  Crystal phase particles of the edge and central position of the 2195 Al-Li alloy forgings in the transverse section after T8 heat treatment: 
(a1, a2) 400-4U3S-1; (b1, b2) 480-7U6S-2; (c1, c2) 480-7U6S-1; (d1, d2) 400-7U6S-1; (e) area fraction of crystal-phase particles
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strength (YS) and elongation (EL) of 558 MPa, 513 MPa 
and 4.3%, respectively, and the elongation in the height 
direction was only 2.4%. Additionally, the three-directional 
mechanical properties exhibited significant anisotropy, and 
the maximum differences in TS, YS and EL were 15 MPa, 
26 MPa and 2.1%, respectively. Adopting the 480-7U6S-2 
and 480-7U6S-1 processes significantly improved the three-
directional strength and elongation. Nevertheless, the elon-
gation in the height direction was low at only 3.5% and 
3.2%, respectively. The strength and toughness of the forg-
ings using the MDF process with 400-7U6S-1 were further 
improved. Compared to the MDF process of 400-4U3S-1, 
the TS in the width, height and length directions increased 
by 40 MPa, 32 MPa and 35 MPa, respectively. The YS in the 
three directions increased by 37 MPa, 39 MPa and 25 MPa, 
respectively, and the strength difference at the different posi-
tions was less than 10 MPa. Notably, the elongation in the 
height direction of the T8-aged forgings increased signifi-
cantly from 2.4 to 6.3%, and the elongation in the width and 
length directions increased to 8% and 9.8%, respectively. 
Therefore, the MDF process of 400-7U6S-1 can achieve a 
higher toughness and performance uniformity (Table 2), and 
this process is expected to be used in the cogging of 2195 
Al-Li alloy rings for launch vehicle fuel tanks.

To further analyse the factors affecting the fracture 
behaviour of the Al-Li alloy, the fracture surfaces of the 
tensile specimens were observed. Figures  20, 21 and 22 
show SEM images of the fracture of the tensile specimens 
at different positions of the 2195 Al-Li alloy forgings. It 
can be observed that nearly all the fracture surfaces of the 
samples at the edge and center using the MDF processes 
of 400-4U3S-1 and 480-7U6S-2 presented rock sugar-like 
fracture characteristics, which were obvious intergranular 
fractures, and a certain degree of second-phase particles 
could be observed at the grain boundaries (Fig. 22 (a1–a2, 
b1–b2)). The fracture at the edge of the sample using the 

18 μm in different directions after T8 heat treatment, and 
no local abnormally coarse grains were observed. This indi-
cates that the grain uniformity of the forgings was signifi-
cantly improved.

3.3.3  Precipitated Phase Evolution

The TEM images and corresponding electron diffraction 
patterns of the T8-aged 2195 Al-Li alloy forgings observed 
along the (110)Al direction are shown in Fig.  18. Owing 
to the obvious T1 phase diffraction spots observed, the 
reinforced phases that precipitated during the aging of the 
2195 Al-Li alloy were mainly needle-like T1 phases with 
a length distribution of 20–120 nm. According to the sta-
tistics obtained using the Image-ProPlus software, the area 
fraction of the T1 phases in the sample of 400-4U3S-1 was 
approximately 3.2%. The area fraction of the T1 phases in 
480-7U6S-2 and 480-7U6S-1 samples increased to 4.3% 
when the MDF temperature and number of the upsetting 
and stretching were improved. Importantly, when the MDF 
process of 400-4U3S-1 was adopted, the precipitation force 
was significantly enhanced, and the area fraction of the T1 
phase significantly increased to 6.7% (Fig.  18 (a4)). Fur-
thermore, the weak δ’ phase diffraction spots in the electron 
diffraction spot images indicated that the spherical phases 
observed in the sample using the MDF process of 400-
4U3S-1 and 480-7U6S-2 were the δ’ phase.

3.4  Three-Directional Mechanical Properties and 
Fracture Characteristics

The mechanical properties of the forgings after T8 heat treat-
ment were tested in the width, height and length directions 
at different positions, as shown in Fig. 19. The mechanical 
properties of MDF forging using the 400-4U3S-1 process 
were the worst, with an average tensile strength (TS), yield 

Fig. 18  TEM images and cor-
responding electron diffraction 
patterns of the 2195 Al-Li alloy 
forgings after different MDF 
processes and T8 heat treatment: 
(a1, b1) 400-4U3S-1; (a2, b2) 
480-7U6S-2; (a3, b3) 480-7U6S-
1; (a4, b4) 400-7U6S-1
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480-7U6S-1 process was still characterized by a rock-sugar-
like intergranular fracture. At the central position, a small 
number of dimples and a large number of second-phase par-
ticles can be observed (Fig. 22 (c1, c2)). This indicates the 
occurrence of transgranular fractures in local regions. How-
ever, the edge and center of the sample prepared using the 
400-7U6S-1 process presented mainly transgranular frac-
tures, and the intergranular fracture area was significantly 
reduced. Additionally, the diameters of the second-phase 
particles at different fracture positions decreased signifi-
cantly from 6.3 μm to 1.1 μm (Fig. 22 (d1, d2)).

Table 2  Average value of three-directional mechanical properties of 
2195 Al-Li alloy forgings
MDF process Properties Width Height Length
400-4U3S-1 Tensile strength 552 555 567

Yield strength 508 496 534
Elongation 4.2 2.4 6.3

480-7U6S-2 Tensile strength 563 561 589
Yield strength 520 517 507
Elongation 5.2 3.5 7.2

480-7U6S-1 Tensile strength 582 557 599
Yield strength 527 506 539
Elongation 6.7 3.2 8.7

400-7U6S-1 Tensile strength 592 587 602
Yield strength 545 535 559
Elongation 8 6.3 9.8

Fig. 19  Three-directional mechanical properties of T8-aged 2195 Al-Li alloy forgings at different positions: (a1–a3) edge position, (b1–b3) quarter 
position, and (c1–c3) central position
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Fig. 22  Second-phase particle 
distribution in the tensile fracture 
surfaces of T8-aged 2195 Al-Li 
alloy forgings at the: (a1–d1) 
edge position; (a2–d2) central 
position

 

Fig. 21  SEM images of tensile 
fracture surfaces at the edge 
of T8-aged 2195 Al-Li alloy 
forgings under the different 
MDF processes: (a1, a2) 400-
4U3S-1; (b1, b2) 480-7U6S-2; 
(c1, c2) 480-7U6S-1; (d1, d2) 
400-7U6S-1

 

Fig. 20  SEM images of tensile fracture surfaces at the center of T8-aged 2195 Al-Li alloy forgings under the different MDF processes: (a1, a2) 
400-4U3S-1; (b1, b2) 480-7U6S-2; (c1, c2) 480-7U6S-1; (d1, d2) 400-7U6S-1
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of the second-phase particles, but also increased the defor-
mation of the edge of the alloy and improved deformation 
inhomogeneity. This completely eliminated the reticular 
structure of the crystal phases between the edge and cen-
ter of the alloy, resulting in a uniform and dispersed micro-
structure (Fig.  7(d1–d4)). Therefore, the MDF process of 
400-7U6S-1 proposed in this study had a significant effect 
on the uniformity and dispersion control of coarse reticular 
crystal phases, which prevented their inheritance in the final 
forging.

Studies have shown that dislocations can provide chan-
nels for the diffusion of second-phase particles at high 
temperatures [31]. The strong lattice distortion and higher 
density of dislocations produced by the MDF process of 
400-7U6S-1 provided a diffusion channel for the crystal-
phase particles smashed during MDF, which facilitated the 
dissolution of a large number of crystal-phase particles dur-
ing the subsequent high-temperature annealing process and 
significantly reduced the crystal phases at the sample edges 
and center (Fig. 15(d1–d4)). Simultaneously, with the disso-
lution of the residual crystal phases, the susaturation of the 
matrix increased, which significantly enhanced the precipi-
tation force of T1 phases in the subsequent aging process. 
Thus, dispersed T1 phases with higher density were obtained 
using the MDF process of 400-7U6S-1 (Fig. 18(a4)).

4  Discussion

4.1  Microstructural Evolution

4.1.1  Crystal Phases Dispersing by Strong Deformation 
during MDF at 400 ℃

During the upsetting process, the deformation of the billet 
at each position was not uniform (Fig. 23), and the deforma-
tion zones included stagnant, easily deformed, and freely 
deformed zones [29].

It has been confirmed that the uneven reticular crystal 
phases formed by segregation during the casting process 
were inherited by the final forging after heat treatment, which 
significantly reduced the mechanical properties and unifor-
mity of the forging [30]. Figure 7 shows that compared to the 
MDF process of 4U3S, the 7U6S process was more benefi-
cial for improving the reticular structure of the crystal-phase 
particles. Because the 7U6S process increased the number 
of upsetting and drawing, a greater degree of plastic strain 
was obtained, and the fracture stress of the crystal phases 
at the grain boundaries was increased. However, increasing 
the heating number was not conducive to confirming the 
distribution of the crystal phases. The recovery that occured 
during the intermediate annealing process eliminated many 
dislocations generated by the thermal deformation process, 
resulting in a decrease in the stress level around the crystal 
phases, which was not sufficient to break the coarse par-
ticles. The strong deformation resistance produced during 
the forging at 400 ℃ not only increased the crushing stress 

Fig. 23  Diagram of deformation 
zones of the upsetting process: I 
stagnant zone, II easy-deforma-
tion zone, III free-deformation 
zone

 

1 3



Metals and Materials International

σ = 0.13MG
b

2
√
lt

[
√
f + 0.75f

(
l

t

)1
2

+ 0.14
√
f 3

(
l

t

)]
ln

(
0.158L

ro

) � (3)

whereσ  is the yield strength associated with T1 phase; G is 
the shear modulus (~ 27 GPa); M is the Taylor factor (usu-
ally taken as 3.1); ro  is the inner radius of dislocation around 
the T1 phase; b is the Burgers vector of Al alloy (0.285 nm); 
and l, t, and f are the length, thickness, and volume frac-
tion of the T1 phase, respectively. As mentioned previously, 
the MDF process of 400-7U6S-1 combined with high tem-
perature annealing caused numerous of second-phase par-
ticles to break and dissolve in the matrix, which increased 
the saturation of the solid solution and the aging precipi-
tation force of the T1 phases. The volume fractions (f) of 
the T1 phases for the four specimens were measured using 
image-proplus software and were 3.53%, 4.16%, 4.23% and 
5.38%, respectively. The thickness (t) of the T1 phases in 
the four samples was almost unchanged at ~ 12 nm, while 
the average length (l) of 400-7U6S-1 samples was reduced 
from 96 nm to 83 nm. According to Eq. 3, the increment of 
yield strength compared to 400-4U3S-1 samples can be cal-
culated as 21 MPa, 23 MPa and 55 MPa respectively, which 
was basically consistent with the experimental results. 
Therefore, the precipitation of the higher density T1 phases 
was key factor for the significant strength improvement of 
Al-Li alloy.

In addition, the MDF process of 400-7U6S-1 refined 
the grain structure, eliminated the abnormal coarse grains 
that were easily formed in local positions owing to uneven 
deformation, and obtaind fine and uniform dynamic recrys-
tallization grains. Therefore, an increase in the total area of 
the grain boundaries leads to an increase in the resistance to 
dislocation movement, which is another important factor for 
the strength improvement of the alloy.

4.2.2  Ductility

As can be seen from Figs. 20–22, the fractures of the forg-
ings adopting the MDF process of 400-4U3S-1 and 480-
7U6S-2 show obvious fracture characteristics of the crystal 
sugar shape, which is typical intergranular fracture behav-
iour and the elongation in the direction of height and width 
was only 3–5%. A large number of dimples appeared on the 
fracture surface of the samples adopting the MDF process of 
400-7U6S-1, which indicated that the fracture behaviour of 
the alloy gradually changed to transgranular fracture and the 
elongation in the direction of height and width increased by 
6–8%. Because the 400-4U3S-1 and 480-7U6S-2 processes 
was difficult to effectively eliminate the reticular structure 

4.1.2  Dynamic Recrystallization with Uniform Nucleation 
during MDF Refined the Grains

Under the condition that the alloy does not crack during the 
forging process, the deformation resistance of Al-matrix was 
significantly enhanced by reducing the MDF temperature to 
400 ℃ and increasing the number of upsetting and stretch-
ing. This accelerated the rate of dislocation accumulation 
and resulted in an extremely high dislocation density in the 
matrix (Fig.  13). These dislocations enhanced the stored 
energy of the alloy and form more uniform high-energy 
regions, which increased the degree of dynamic recrystal-
lization during the MDF process. Furthermore, studies 
have confirmed that second-phase particles can stimulate 
nucleation (PSN) [32]. The strong deformation resistance of 
the MDF process of 400-7U6S-1 caused the second-phase 
particles to disperse, which provided favourable condi-
tions for uniform nucleation and thus resulted in fine and 
uniform dynamic recrystallization grains (Fig. 8 (d1, d2)). 
Because the Al3Zr particles in 2195 Al-Li alloy can inhibit 
recrystallization [33] and the high-temperature recovery and 
dynamic recrystallization during thermal deformation con-
sume a large number of dislocations, they are insufficient to 
provide a sufficient driving force for static recrystallization 
during the solution process. Consequently, recrystalliza-
tion during the final heat treatment process was inhibited, 
and fine and uniform dynamic recrystallization grains were 
retained (Fig. 8 (d1-d4)).

However, improving the MDF temperature to 480 
℃, reducing the number of upsetting and stretching and 
increasing the heating number of forging reduced the dislo-
cation density in the matrix, which reduced the nucleation 
rate and enhanced the non-uniformity of the deformation of 
the edge and center of the forging. Meanwhile, the aggrega-
tion of the second-phase particles and the low nucleation 
rate caused uneven nucleation, which resulted in grain 
boundaries at local locations not being restricted by the sur-
rounding grains during the grain growth process of dynamic 
recrystallization. Eventually, the grain boundary migration 
rate accelerated and abnormally coarse grains were formed 
(Fig. 24).

4.2  Analysis of Three-Dimensional Mechanical 
Properties

4.2.1  Strength

The 2195 Al-Li alloy is a deformed alloy that can be 
strengthened by heat treatment, and the main strengthened 
phase that precipitated during the aging process is the T1 
phases. The strength improvement caused by the T1 phases 
can be expressed as follows [34]:
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contrast, the fine and uniform grain structure increased 
the area of the grain boundaries, which reduced the crack 
propagation rate and improved the plasticity of the alloy. 
Conversely, the inhibitory effect of abnormally coarse 
grains formed by non-uniform nucleation on crack growth 
was reduced, which was the key to reducing the ductility of 
the alloy. Moreover, studies have shown that the δ’ phase 
(Al3Li) can cause coplanar slip of the dislocation during 

of the crystal phases during MDF, a large number of coarse 
second-phase particles were still distributed along the grain 
boundaries after the final heat treatment. When the alloy 
was loaded, a high stress concentration was easily produced 
around the gathered second-phase particles, forming cracks 
at the grain boundaries. The MDF process of 400-7U6S-1 
dispersed the second-phase particles to reduce the stress 
concentration and avoid the formation of microcracks. By 

Fig. 24  Schematic of grain structure evolution of 2195 Al-Li alloy forgings after different MDF processes and heat treatment: (a) 400-4U3S-1; (b) 
480-7U6S-2; (c) 480-7U6S-1; (d) 400-7U6S-1
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(4) Compared to the conventional MDF process of 400-
4U3S-1, the uniform ultra-fine grain structure and dispersed 
precipitated phases obtained by the 400-7U6S-1 process 
significantly improved the mechanical properties of the 
2195 Al-Li alloy forgings. The tensile strengths of width, 
height and length increased from 552 MPa, 555 MPa and 
567 MPa to 592 MPa, 587 MPa and 602 MPa, respectively, 
which were increases of 7.2%, 5.8% and 6.2%, respectively, 
and the yield strengths in the three directions improved from 
508  MPa, 495  MPa and 534  MPa to 545  MPa, 535  MPa 
and 559  MPa, respectively, which were 7.2%, 8.0% and 
4.7% higher, respectively. Importantly, the elongation in the 
three directions markedly increased from 4.2%, 2.4% and 
6.3–8.0%, 6.3% and 9.8%, with increases of 90.5%, 162.5% 
and 55.6%, respectively. Furthermore, the maximum differ-
ence in elongation at different positions in the width direc-
tion was reduced from 83.3 to 11.1%, which significantly 
improved the ductility uniformity of the Al-Li alloy.
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