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Abstract 

This study aims to investigate the formability of the AA2198-T3 Al-Li alloy in 

hydrodynamic deep drawing (HMDD), through experimentation and finite element 

simulation. The effects of the most critical factors were studied: die cavity pressure and 

forming temperature. The Gurson−Tvergaard−Needleman model (GTN model) was 

employed to analyze the formability of AA2198-T3 Al-Li alloy and predict the fracture 

in the hydroforming of a cylindrical part. Both the numerical and experimental results 

showed that the increase of the pressure inside the liquid chamber, within a certain range, 

contributes to improve the formability of the alloy. Increasing the temperature would 

reduce the required pressure for sheet hydroforming. Notably, the appropriate chamber 

pressure was beneficial to form good quality parts with a relatively uniform wall 

thickness. By analyzing the fracture morphologies, the brittle fracture of AA2198-T3 



plays a main role at room temperature, but the ductile fracture was shown at the elevated 

temperature.  

Keywords: Al-Li alloy; formability; hydrodynamic deep drawing; GTN model; 

warm hydroforming; microstructure. 
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1. Introduction 

With the rapid development of the aerospace industry, modern military and civilian 

aircraft have developed towards high-speed overload, long life and flight safety. The 

materials and weight requirements of aircraft structural parts have become increasingly 

stringent. Aluminum-lithium (Al-Li) alloys offer great superiority for use in aircraft 

structure since they reduce the density, increase stiffness, increase the resistance to 

fracture toughness and fatigue crack growth, and enhance the corrosion resistance [1,2]. 

With the addition of lithium, the weight (density) of the alloy reduces approximately 3% 

for each 1% lithium addition to aluminium, while Young’s modulus increases about 6% 

[1,3]. 

   AA2198-T3 Al-Li alloy, as the third generation of damage-tolerant Al-Li alloys, is 

considered as one of the most competitive lightweight and high strength structural 

materials in the aerospace industry [4-7]. However, the application of formed parts in 



critical structures is still restricted by the material low formability at ambient 

temperature [8-10].  

   Owing to the technical advantages of high forming limit, high dimensional 

precision, and good surface quality, hydrodynamic deep drawing (HMDD) method is 

widely used in the forming of complex thin-walled parts, especially aluminium alloy 

parts used in the aerospace field [11,12]. In the process, filling chamber instead of the 

original die, the pressure on the sheet comes from the liquid medium instead of a rigid 

die, hydraulic pressure to promote the formation of sheet metal. Under the action of the 

liquid chamber pressure, the plate and the punch fit closely, and the friction effect 

reduces the tendency of the plate to break at the corner of the punch; at the same time, 

the radial tensile stress is effectively reduced, and the wall thickness uniformity of the 

plate is improved. In addition, when the pressure of the liquid chamber reaches a certain 

value, the hydraulic pressure lifts the sheet material, and the liquid can flow between 

the sheet material and the die and blank holder. The lubricated function reduces the 

deformation resistance of the flange and the friction between the sheet and the die, 

improving the surface quality of the part. However, the application of Al-Li alloy 

formed components in critical structures is still restricted, due to the low formability at 

room temperature. Warm hydroforming provides a good solution since the elevated 

temperature can increase the flow of the metal [13]. Fig. 1 shows a schematic 

representation of the warm HMDD process.  

 

 

 

 

 

 

 

Fig.1 Schematic drawing of hydrodynamic deep drawing process: (a) Sheet in position and 
downward movement of blank holder; (b) Downward movement of punch; and (c) End of the 

(a) (b) (c) 



sheet forming; 1-punch; 2-blank holder; 3-sheet; 4-die; 5-liquid cavity; 6-liquid; 7-electrical heat 
rod 

Currently, the researcher on the HMDD process mostly focus on the effects of 

process parameters at ambient temperature. Hama et al. [14] experimentally 

investigated the effect of the outflow volume of the pressure medium on the fluid-

lubrication effect during the sheet hydroforming and concluded that the fluid-

lubrication effect significantly affected the forming quality. Wang et al. [15] studied the 

blank shape and pressure-loading path on the AA2024 irregular box sheet hydroforming 

process, and they found that the part can be formed with the appropriate blank shape 

and die cavity pressure. In terms of sheet warm hydro-mechanical deep drawing, the 

material behavior of Al5754 was characterized using both tensile and hydraulic bulge 

tests under room and warm temperature conditions [16]. The results suggested that, in 

general, formability of AA5754 could be improved with high forming temperature 

(>200oC). Hosseinpour et al. [17] investigated the formability of AA5052 in warm 

hydrodynamic deep drawing. They demonstrated that the thickness distribution could 

be improved by increasing the maximum oil pressure to a certain level, leading to the 

increase of the punch force. Ling et al. [18] verified the forming parameters of sheet 

hydro-mechanical deep drawing on AA2198-T3 alloy by numerical simulation at room 

temperature. However, few studies investigated the solutions to improve the formability 

of Al-Li alloy in the warm hydroforming.  

   Therefore, the subject of the present paper was to study the characteristic of plastic 

deformation of AA2198-T3 alloy in the warm hydroforming. Meanwhile, the effect of 

the process parameters on the fracture behavior in the hydroforming process was 

numerically studied, employing the GTN model. 

  

2. Experimental 

2.1. Uniaxial tensile tests 

Uniaxial tensile tests were conducted on a STM5000 testing machine. The sheet 



specimens of AA2198-T3 Al-Li alloy with the thickness of 2.0 mm were cut along the 

rolling direction. The deformation behavior at ambient temperature and 423K were 

measured under the strain rates of 10−3s−1, 10−2s−1 and 10−1s−1. Considering the 

effect of strain and strain rate on the flow stress of the material, Fields-Backofen [19] 

constitutive equation is often used to describe the stress-strain relationship of materials 

under different deformation temperatures and different strain rates. The parameters of 

the Fields-Backofen equation shown in Equation (1) are obtained through isothermal 

experimental testing. Parameter fits and is listed in Table 1. 

𝜎 = 𝐾𝜀𝑛𝜀̇𝑚                                 (1) 

where K is strength coefficient, n is hardening exponent and m is the strain rate 

sensitivity exponent.  

   In the equation, K, n and m are constants of the material at a certain strain rate and 

a certain deformation temperature, that is, the values of K, n and m will change with 

the changes of temperature and strain rate. K, n, m and strain rate and temperature T 

mathematical relationship.  

The hardening exponent-n is as followed. 

ln
,
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                                 (2) 

From the deduced formula, it can be found that at a certain temperature and a certain 

strain rate, the strain hardening exponent n is the slope of the straight line in the 

 lnln   coordinate plane. The stress-strain logarithmic relationship curves at 

different strain rates were made for each temperature. Take the plastic deformation stage 

curve fitting to obtain a straight line, and find the slope of the straight line, that is, the 

hardening exponent n. 

The strain rate sensitivity exponent-m is as followed. 

lnσ ε,T
lnε
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 &                                   (3) 



The strain rate sensitivity exponent-m was determined using a constant strain rate 

stretching method. At a certain temperature, stress-strain curves obtained at different 

strain rates are plotted in the same coordinate system. Select the uniform plastic stage, 

obtain the stress-strain coordinate point and take the natural logarithm, draw the 

coordinate points in the same coordinate system and perform linear regression fitting to 

obtain the curve. The slope of the straight line is the m value at the temperature. 

Strength coefficient-K 

n m

σ
ε ε

K 
&                                    (4) 

The strength coefficient K at each temperature was determined from the calculated 

values of m and n, respectively. 

Table 1. Material parameters of AA2198-T3 

T K n m 

298K 737.51 0.375 0.0019 

423K 476.55 0.266 0.0058 

 

2.2. Sheet hydroforming tests 

Hydrodynamic deep drawing experiments were carried out to evaluate the 

formability of AA2198-T3 Al-Li alloy in warm sheet hydroforming at the double-action 

hydraulic press. The diameter and thickness of the initial sheet blank was 127.6 mm 

and 2.0 mm. The fillet radius of punch and die were 10 mm and 8 mm respectively. The 

blank holder gap was 1.1 times the sheet thickness. Fig. 2 shows the experiment 

equipment of the warm HMDD. 

   Firstly, the liquid cavity was fully filled with hydraulic oil under high temperature 

(≤573K). Then, the sheets were put on the die surface and the blank holder gap was 

kept fixed, at 2.2 mm, through walking beam of the double-action hydraulic press. By 

heating the tools and the hydraulic oil, the sheet reached the required temperature. The 



punch started the downward movement, to press the sheet into the cavity, once the 

temperature indicator reach the required value, and the pressure of the liquid chamber 

was controlled by using the pressure control valve.  

 

 

 

 

 

 

 

Fig. 2 The experiment equipment of the warm HMDD 

   The appropriate hydraulic pressure of liquid in the hydrodynamic chamber is 

one of the key factors that determine the success of HMDD process. Due to the action 

of pressure inside the liquid chamber, the sheet was lifted upwards. Then, the liquid 

flowed into the gap between the sheet and the die so that the effective lubrication was 

obtained and the frictional resistance decreased. Furthermore, because of the action of 

hydraulic pressure, the sheet was attached to the punch closely. The loading paths of 

hydraulic pressures at different temperatures is shown in Fig. 3a. As the punch is slowly 

depressed, the hydraulic value increases linearly and remains constant when the 

hydraulic pressure reaches a suitable value until the drawing deformation is completed. 

 

Fig. 3.a The loading paths of hydraulic pressures 



 

3. Numerical simulation 

3.1. GTN damage model 

Based on the microscopic void theory, the fracture of metals includes three stages, 

namely void nucleation, void growth, and void coalescence [20]. Gurson [21] proposed 

a continuum damage model according to the theory. The yield condition is shown as 

follows:  

Φ = ( qσy) + 2𝑓∗q1 cosh (−q2 3p2σy) − (1 + q3𝑓∗2) = 0                                   (5) 

where q is the macroscopic von Mises equivalent stress, σy is the current flow stress 

of the matrix, p is the macroscopic hydrostatic stress, and the function f ∗(f) models the 

rapid loss of stress carrying capacity, which accompanies the void coalescence. This 

function is defined in terms of the void volume fraction as follows: 

𝑓∗ = { 𝑓 if  𝑓 ≤ 𝑓𝑐𝑓𝑐 + 𝑓�̅�−𝑓𝑐𝑓𝐹−𝑓𝑐 (𝑓 − 𝑓𝑐) if  𝑓𝑐 < 𝑓 < 𝑓𝐹𝑓�̅� if  𝑓 ≥ 𝑓𝐹                                                 (6) 

𝑓�̅� = q1+√q12−q3q3                                                       (7) 

   In the above relationship, 𝑓𝑐  is a critical value of the void volume fraction, and 𝑓𝐹  

is the value of void volume fraction at which there is a complete loss of stress carrying 

capacity in the material.  

   Damage evolution in the metal includes two stages, void growth fg  and 

nucleation fn: 

�̇� = �̇�𝑔 + �̇�𝑛                                           (8) 

   The growth of the existing voids is based on the law of conservation of mass and is 

expressed in terms of the void volume fraction: 



�̇�𝑔 = (1 − 𝑓)𝜀�̇�𝑘𝑝                                   (9) 

where ε̇kkp  is hydrostatic component of the plastic strain rate tensor. 

The nucleation of voids is given by a strain-controlled relationship: 

�̇�𝑛 = 𝐴𝜀�̇�𝑝                                        (10) 

A = 𝑓𝑁𝑆𝑁√2π
exp [− 12 (𝜀𝑒𝑝−𝜀𝑁𝑆𝑁 )2]                            (11) 

where fN is the volume fraction of the nucleated voids and voids are nucleated only in 

tension. The normal distribution of the nucleation strain has a mean value εN  and 

standard deviation SN,  εep is the von Mises equivalent plastic strain, and  ε̇ep is the 

von Mises equivalent plastic strain rate. 

   According to the recommendations found in the literature of Needleman and 

Tvergaard [22] and Benseddiq and Imad [23], the values of some parameters in the 

present study have been adopted as follows: q1 = 1.5 , q2 = 1 , q3 = q12 = 2.25 , SN=0.1 and εN = 0.1. The remaining parameters, f0, fN, fc and fF are very difficult 

to be directly evaluated from the experimental tests. However, an inverse finite element 

approach was adopted in the present work to determine the proper values of f0, fN, fc 

and fF [24-26]. The tensile test of AA2198-T3 alloy specimen have been simulated 

using Abaqus finite element code. Consequently, the parameters of GTN model for 

AA2198-T3 at different temperatures were obtained as shown in Table 2. 

Table 2. GTN model parameters for AA2198-T3 at different temperatures 

 𝐪𝟏 𝐪𝟐 𝐪𝟑 𝒇𝟎 𝒇𝐍 𝑺𝑵 𝜺𝑵 𝒇𝐜  𝒇𝑭 

298k 1.5 1.0 2.25 0.0016 0.02 0.1 0.1 0.024 0.15    

423k 1.5 1.0 2.25 0.002 0.0214 0.1 0.1 0.095 0.40 

3.2. Finite element model 

First of all, combined with the GTN model and Fields-Backofen equation as shown in 



Eq. (1), the engineering stress-strain curves of uniaxial tension for AA2198-T3 Al-Li 

alloy can be obtained from FE simulation, which were compared with those from 

experiments as shown in Fig. 3b. It can be seen that the parameters used are suitable in 

the FE simulation of the uniaxial tensile test. 

 

Fig. 3.b Engineering stress-strain curves of AA2198-T3 Al-Li Alloy obtained from experiments 
and simulation 

   In order to simulate the warm sheet hydroforming, a model for the processes was 

built on Abaqus/Explicit. By considering the symmetry of the process, a 3D elasto-

plastic model with only a quarter part of the sheet and the dies was established to 

improve the calculation efficiency, as illustrated in Fig. 4a. The blank holder has a fillet 

radius of 6mm. The gap between blank holder and punch is maintained at 2mm，and 

the gap between punch and die is kept constant at 3mm. The diameters of punch and 

die are 58mm and 64mm, respectively. 

 

 

 

 

 

    Fig. 4.a The finite element model and dimensions of tools. 



 

   The symmetry boundary conditions were assigned to the edges of the sheet. The 

sheet was discretized with C3D8R solid element and tools used discrete rigid shell 

elements. The gap between the blank holder and the die is 1.1 the sheet initial thickness 

and the punch speed is 15.0 mm/s. The Coulomb friction law was used to define the 

contact conditions. Since there is hydraulic oil between the sheet and the die surface 

and grease was applied to the blank holder for lubrication, the friction coefficients at 

the sheet/die, sheet/blank holder, and sheet/punch interfaces were assumed as 0.05. The 

discrete rigid dies should be meshed finely at the position in contact with the sheet, such 

as punch corner and die corner for accurate results. As the same as the experiments, 0, 

5.0 MPa, 10.0 MPa, 15.0 MPa, 20.0 MPa and 25.0 MPa were chosen as the hydraulic 

pressures at 298 K and 423 K to evaluate the effect of hydraulic pressure inside liquid 

chamber on the thickness distribution. 

 

4. Results and discussion 

4.1 Deformation behavior and formability 

The distribution of the equivalent plastic strain predicted by the FE simulation model 

under different hydraulic pressures at 298 K and 423 K are depicted in Figs. 4b and 4c 

respectively. The fracture occurred on punch corner or cylinder wall, when the pressure 

is not enough. Hydraulic anti-expansion can effectively prevent wrinkling of the sheet 

material at the corners of the die, and plays an important role in improving the forming 

accuracy of the part and increasing the forming limit of the sheet. 

   The formability at the room temperature can be improved as hydraulic pressure 

increases but still hard to form a completed cylindrical part as shown in Fig. 5. However, 

in warm hydroforming conditions it is easier to obtain good quality components, 

compared with forming at room temperature as shown in Fig. 5. The maximum draw 

depth was 35.4 mm at 298 k. Since the depth of the cylindrical part was not increased 



too much, the hydraulic pressure does not play a big role at the room temperature. As 

depicted in Fig. 4b, it can be seen clearly that the fracture occurred at the wall where 

high uniaxial tensile stress exists. It is difficult to draw a cylindrical part without cavity 

pressure. In other words, conventional deep drawing is not suitable for AA2198-T3 

alloy.  

   When the forming temperature of 423 K was utilized during the process of HMDD, 

it is obviously seen in Fig. 4c that the elevated temperature improved the formability of 

the AA2198-T3. A completed cylindrical part was formed at the hydraulic pressure of 

25.0 MPa with a depth of 58.15mm. This can be verified by the GTN model and the 

void volume fraction (Fig. 12). When the liquid temperature rises from 298 K to 423 K, 

the void volume fraction fracture limit increases from 0.04 to 0.067. Therefore, the 

hydraulic drawing limit of AA2198-T3 Al-Li alloy increases. Besides, as shown in Fig. 

5，at 298 K, the drawing depth has a significant increase when the hydraulic pressure 

is in the range of 15 MPa-20 MPa. At the condition of 423 K, the drawing depth has a 

significant increase when the hydraulic pressure is in the range of 20 MPa-25 MPa.  
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Fig. 4.b Plastic strain distributions and fracture under different hydraulic pressures at 298K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.c Plastic strain distributions and fracture under different hydraulic pressures at 423K. 

 

Fig. 5 The limit drawing height at different hydraulic pressures. 

   In addition, the thickness distributions under different hydraulic pressures are 
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shown in Fig. 6. With the increase of hydraulic pressure, the thickness distribution 

becomes nonuniform. In zone I, the thickness distribution is relatively uniform. In zone 

II, the overall thickness distribution is not uniform, and the thickness variation is large; 

however, with the increase of hydraulic pressure, the thickness change amplitude 

decreases; at 25 MPa, the thickness distribution at 423 K is more uniform than 298 K. 

In zone III, the thickness increased obviously as true distance form the cup center 

increased, and the thickness of the 25 MPa was the smallest. The thickness at the bottom 

of the cup (zone I) is approximately constant at 298 K and 423 K. The thickness at the 

bottom becomes increasingly closer to initial thickness with the increase of hydraulic 

pressure, due to the equal biaxial stretching. At zone II including punch corner and cup 

wall, the sheet experiences more thickness reduction and the fracture is likely to occur 

in this region. The thickness of the flange increases due to the compression stress state 

in the circumferential direction. This effect is visible in zone III, where wrinkling might 

also occur. 

 

 

 

 

 

 

Fig. 6 Thickness distribution of the formed parts achieved at the maximum height under different 
hydraulic pressures: (a) 298K, (b) 423K. 

   The formed parts obtained from the HMDD experiment are shown in Fig. 7. The 

cylindrical part cannot be formed completely at the room temperature by using the 

HMDD. However, hydraulic pressure could improve the depth. The elevated 

temperature would improve the formability at 25 MPa hydraulic pressure since the 

deformation resistance of the blank flange decreases, which favors the material flow. 

Comparing with the experimental results, the fracture generated from FE simulation at 

(a) (b) 



zone II is consistent.  

Fig. 7 Comparison between experimental and simulation results. 

   Fig. 8 illustrates the thinning ratio obtained from simulation and experiment for 25 

MPa at 298 K and 423 K. The thickness distribution obtained from FE simulation are 

very close to experimental results. The thickness distribution at 423 K is more uniform 

than that at the room temperature. The punch force during the process with the hydraulic 

pressure of 25 MPa is depicted in Fig. 9. The force for warm HMDD is much lower 

than that for cold HMDD. In addition, the actual drawing force was greater than that 

obtained from FE analysis, which may be caused by friction between punch and seal 

ring on blank holder. 

  

 

 

 

 

Fig. 8 Thinning ratio of the formed part at the hydraulic pressure of 25 MPa 



 

 

 

 

 

Fig. 9 The comparison of punch force of simulation and experiment with the hydraulic pressure of 

25 MPa 

   The formability of AA2198-T3 Al-Li alloy is not good at room temperature. The 

HMDD process with proper fluid pressure can improve the formability of the alloy. The 

formed depth promoted with the increase of hydraulic pressure, but there is an optimal 

hydraulic pressure value beyond which the sheet will wrinkle. The fracture will occur 

after the pressure is up to a certain value at room temperature. 

   By utilizing the warm HMDD, the formability of A2198-T3 Al-Li alloy was much 

improved at the elevated temperature (423 K). The hydraulic pressure has a significant 

influence on the warm HMDD. When the hydraulic pressure reached a certain value 

(25 MPa), the formability is higher. Besides, the thickness distribution is more uniform 

at 423 K than at room temperature. 

4.2. Microstructure and fracture mechanism 

The microstructure and fracture of AA2198-T3 Al-Li alloy after HMDD was observed 

by Hitachi TM-3000 Tabletop Scanning Electron Microscope. SEM specimens were 

cut from the fracture region of the part at different temperatures with 15MPa. 

From the SEM images in Fig. 10 (a), there is a large and smooth micro-fracture 

surface with a few dimples. At the high magnification (Fig. 11(a)), the dimples barely 

exist. Therefore, the brittle fracture plays a dominant role at room temperature, 

appearing the poor ductility.  

Meanwhile, at the elevated temperature of 423 K, the micro-fracture surface 



presents a fibrous structure in Fig. 10 (b) which is a typical characteristic of ductile 

fracture. Furthermore, many dimples and a large number of voids appear in the micro-

fracture surface that demonstrate good plasticity as shown in Fig. 11 (b). The 

deformation should be the result of the combined action of grain deformation, grain 

dislocation movement and grain boundary movement. When the action cannot be 

eliminated, stress concentration will be generated. At this moment, micro-voids will 

appear in the grain boundary. As micro-voids coalesce together, the ductile fracture 

begins to initiate. Besides, the distribution of dimples is uneven and the dimples are 

small and shallow. With the increase of temperature, dimples increase and become more 

homogeneous. 

 

Fig. 10 Fracture microstructure at low magnification (×400) in different temperatures: (a) 298K; (b) 423K 

 

Fig. 11 Fracture microstructure at high magnification (×2000) in different temperatures: (a) 298K; (b) 423K 

When the hydraulic pressure is 15 MPa, the void volume fraction at 298 K and 

423 K were shown in Fig.12. At 298 K, when the pore volume fraction reaches 0.147, 



near the ultimate fracture void volume fraction of 0.15, the AA2198-T3 Al-Li alloy 

begins to break. This is consistent with the parameters of the GTN model shown in 

Table 2. However, with the liquid temperature rises to 423 K, the ultimate fracture value 

of the void volume fraction increases to 0.4, the material will fracture. As the liquid 

temperature rises, the fracture limit of the void volume fraction also increases. 

Therefore, the forming depth of AA2198-T3 Al-Li alloy is also significantly increased. 

From the void volume fraction, it can be seen that the fracture is likely to occur at punch 

corner or cylinder wall of the product, which is consistent with the results of the plastic 

strain cloud diagram. 

 

Fig. 12 void volume fraction at different temperatures: (a) 423K, (b)298k 

By analyzing the SEM images, the brittle fracture of AA2198-T3 Al-Li alloy plays 

a main role at the room temperature. The ductile fracture was shown at the elevated 

temperature. The GTN model can reflect the fracture behavior through calculating void 

nucleation (Fig. 13) and void growth (Fig. 14), which can be confirmed by the SEM 

images of AA2198-T3. 



 

Fig. 13 void volume fraction due to nucleation at different temperatures: (a)423K, (b)298k 

 

Fig. 14 void volume fraction due to growth at different temperatures: (a)423K, (b)298k 

5. Conclusions 

In this study, the formability of warm hydrodynamic deep drawing (HMDD) of 

AA2198-T3 Al-Li alloy through experimentation and finite element simulation was 

investigated. By using GTN model, a 3D FE model of the HMDD of A2198-T3 alloy 

sheets was developed at different temperatures. The effect of hydraulic pressure on 

HMDD process, formability and thickness distribution were studied. The main 

conclusions can be drawn as follows: 

(1) It showed a very poor formability of AA2198-T3 Al-Li alloy at room 

temperature. The HMDD process with proper fluid pressure can improve the 

formability of the alloy. The formed depth promoted with the increase of hydraulic 

pressure. However, the fracture will occur after the pressure is up to a certain value at 



room temperature. 

(2) By utilizing the warm HMDD, the formability of AA2198-T3 Al-Li alloy was 

much improved at the elevated temperature (423 K). The hydraulic pressure has a 

significant influence on the warm HMDD. When the hydraulic pressure reached to a 

certain value (25 MPa), the plasticity can be much raised. Besides, the thickness 

distribution was more even at 423 K than the room temperature. 

(3) By analyzing the SEM images, the brittle fracture of AA2198-T3 plays a main 

role at room temperature. The ductile fracture was shown at the elevated temperature. 

The GTN model can reflect the fracture behavior through calculating void nucleation, 

void growth, and void coalescence. 
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Figures

Figure 1

Schematic drawing of hydrodynamic deep drawing process: (a) Sheet in position and downward
movement of blank holder; (b) Downward movement of punch; and (c) End of the sheet forming; 1-punch;
2-blank holder; 3-sheet; 4-die; 5-liquid cavity; 6-liquid; 7-electrical heat rod



Figure 2

The experiment equipment of the warm HMDD

Figure 3

a The loading paths of hydraulic pressures b Engineering stress-strain curves of AA2198-T3 Al-Li Alloy
obtained from experiments and simulation

Figure 4



a The �nite element model and dimensions of tools. b Plastic strain distributions and fracture under
different hydraulic pressures at 298K. c Plastic strain distributions and fracture under different hydraulic
pressures at 423K.

Figure 5

The limit drawing height at different hydraulic pressures.

Figure 6

Thickness distribution of the formed parts achieved at the maximum height under different hydraulic
pressures: (a) 298K, (b) 423K.



Figure 7

Comparison between experimental and simulation results.

Figure 8



Thinning ratio of the formed part at the hydraulic pressure of 25 MPa

Figure 9

The comparison of punch force of simulation and experiment with the hydraulic pressure of 25 MPa

Figure 10



Fracture microstructure at low magni�cation (×400) in different temperatures: (a) 298K; (b) 423K

Figure 11

Fracture microstructure at high magni�cation (×2000) in different temperatures: (a) 298K; (b) 423K

Figure 12

void volume fraction at different temperatures: (a) 423K, (b)298k



Figure 13

void volume fraction due to nucleation at different temperatures: (a)423K, (b)298k

Figure 14

void volume fraction due to growth at different temperatures: (a)423K, (b)298k


