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Abstract— The deformation flow behavior of 2A14 aluminum alloys during multi-directional forging (MDF) under various 

cumulative strains (∑Δɛ) has been investigated by combining experiment with finite element method (FEM). The forging 

process has been performed at 450
o
C with a deformation speed of 0.15 mms

-1
 and a pass strain (Δɛ) of 0.4. Numerical 

simulations of MDF using a commercial software (DEFORM-3D), have shown that the vortex, cross-flow and fold defect of 

flow lines of the forgings do not occur during deformation, and the degree of bent and inhomogeneity of flow lines also 

increase steadily with ∑Δɛ increases. The FEM analysis coincides well with experimental results. The effective strain in 

various areas of the forgings has been significantly enhanced during MDF. The dynamic recovery is dominant during 

deformation. The proportion of recrystallized grains and the degree of fragmentation of second phases in various areas of 

the annealed forgings increase with the increase of effective strain. 
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I. INTRODUCTION 

Severe plastic deformation (SPD), as an effective processing method to fabricate ultrafine or nanostructured metallic 

materials with excellent properties, has been the subject of intensive investigations over the last two decades [1]. Compared 

with high-pressure torsion (HPT)，equal-channel angular pressing (ECAP) and accumulative roll-bonding (ARB), multi-

directional forging (MDF) which involves repeating compression process with changing the axis of the applied strain in three 

orthogonal directions at each step to obtain fine-grained products and to improve their comprehensive properties, is the 

simplest and cost-effective method to fabricate bulk products for industrial applications [2-7]. Due to the repeating rotation 

of the loading direction with deformation passes during MDF, cumulative strain applied from various directions is very 

significant for the evolution of grain structure and flow behavior of the materials subjected to deformation. A large number 

of investigations on MDF have indicated that microstructure change during MDF, especially grain refinement, can be 

controlled by various process factors, such as strain pass, deformation temperature, strain rate, alloying elements, second 

phase, etc [8-13]. Sitdikov et al. have found that the grain size and its volume fraction in 7475 aluminum alloys during high-

temperature multi-directional compression are obviously different from those subjected to uniaxial compression [14]. The 

reasons are that two deformation modes have different flow behaviors. However, conventional flow analysis only based on 

experiments is very difficult to use for explaining the deformation behavior very clearly because the flow of metallic 

materials cannot be observed, so the application of finite element method (FEM) simulation offers convenience to flow 

analysis of MDF, which makes flow lines behaviors can be seen [15]. Park et al. have predicted metal flows and volume 

change during die-forging with the rigid-plastic finite element analysis and successfully designed the preform for precision 

forging of an asymmetric rib-web component [16]. Petrov et al. have applied QFORM-3D for the numerical investigations of 

the metal flow of isothermal forging and determined the optimum process conditions for isothermal enclosed die forging to 

fabricate A92618 aluminum alloy part with irregular shape [17]. Otherwise, Zhang et al. investigated the influence of forging 

process parameters on the distribution of flow lines in 7075 aluminum alloy disk workpiece with complex shape [18]. 

However, there is almost no work on the flow behaviors of the whole metallic products. Therefore, in this work, the MDF 

process of 2A14 aluminum alloys has been investigated by finite element software-DEFORM 3D, and the obtained results on 

the flow behaviors are compared with those obtained by experimental investigations on MDF process. 

II. FINITE ELEMENT ANALYSIS 

A commercial finite element method (FEM)-code (DEFORM-3D) was used to investigate plastic deformation of 2A14 

aluminum alloys during MDF. In the numerical simulations reported here the initial dimension of the billet was 15 

mm×12.5 mm×10 mm [14]. The dimensions of the upper and lower anvils of the die were 60 mm in diameter and 20 mm 
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in length. The FE model of MDF was established by importing three-dimensional images constructed with the CAD 

software Pro/ENGINEER to DEFORM-3D software. The material of anvils was Inconel 718 alloy. 2014 aluminum alloy 

was chosen for the forged material. The mesh was generated according to absolute density. The initial mesh with the 

maximum edge length of 0.3 mm and its size ratio was 1:1, while the final mesh with the minimum edge length of 0.1 mm 

and its size ratio was 3:1. The isothermal and deformation stages were included in each MDF pass. In the isothermal stages, 

the initial die temperature and ambient temperature both were 450
 o

C, while the initial billet temperature was 25
 o

C. Heat 

transfer coefficient was set to 1 kWm
-2

K
-1

 and the isothermal time was 8 minutes. In the forging stage, heat transfer 

coefficient was set to 11kWm
-2

K
-1

 and the deformation speed 0.15mms
-1

. A constant friction factor of (m=0.3) was used to 

define the friction condition at the die-billet interface because this value is often used for hot forging. The forging process 

ended when the height of the billet was 10 mm. The MDF process was shown in Fig. 1. The initial length (Lx0), width 

(Ly0) and height (Lz0) of the billet were 12.5 mm, 10 mm and 15 mm, respectively. The pass strain △ε was all 0.4 and the 

accumulate strain ∑Δɛ was 3.6. In the simulation, the die was considered as a rigid body, while the billet as a rigid-plastic 

material. The analysis of flow line, effective strain and stress were carried out by the DEFORM-3D software. 

 
FIGURE. 1: SCHEMATIC ILLUSTRATION OF THE MULTIDIRECTIONAL FORGING (MDF) OF 2A14 ALUMINUM 

ALLOYS 

III. EXPERIMENTAL PROCEDURE 

The raw materials used in this work were commercial 2A14 aluminum alloy rods (supplied by Southwest Aluminum (group) 

Company Ld. China). Its actual chemical composition is 4.76 wt.% Cu, 0.66 wt.% Mg, 0.43 wt.% Si, 0.87 wt.% Mn, 0.20 

wt.% Fe and balance Al. The rectangular samples with dimensions of 15 mm×12.5 mm×10 mm were cut from the same part 

of 2A14 aluminum alloy rods. After being homogenized at 495
o
C for 12 hours followed by water quenching at room 

temperature, the samples were alternately forged with loading direction changed through 90°on high-temperature universal 

testing machine (WSM-200kN) with a deformation speed of 0.15 mms
-1

. MoS2 was used as high-temperature lubricant 

between the interface of the anvil and the samples during deformation to alleviate inhomogeneous deformation. After each 

MDF pass, the sample was quickly quenched, patched and rotated for the next pass. Maximum 9 passes were used. Before 

MDF, the dies and samples were annealed in an electrical resistance at 450
o
C for 1 h and 8 minutes, respectively. The 

material and dimension of the dies were the same as those used for FEM. To observe the recrystallization of the forged 

samples, the annealing treatment was carried out at 500
o
C for 1 h. The T6 aging treatment was conducted by holding the 

annealed samples at 160°C for 12 h followed by air cooling for the micro-hardness measurement. 

The central cross-sections of the samples parallel to the last loading axis were used for FEM and microstructural analysis. 

The schematic illustration was shown in Fig.2. Microstructural analysis was performed by optical microscopy (OM, Leica 

DFC 500) and scanning electron microscopy (SEM, FEI Nova Nano 230). The polished samples prepared for the low- and 

high-magnified OM were etched in 50% NaOH solution and Kerr agent containing 5 ml HNO3, 2 ml HF, 3 ml HCl and 190 

ml water, respectively. The micro-hardness measurement was performed using a typical Vickers hardness tester with an 
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applied load of 1 kg for a dwell time of 15 s and 8 spots for each sample were selected, and then average value and 

standard deviation were calculated. 

 
FIGURE. 2 VIEWING PLANE OF 2A14 ALUMINUM ALLOYS PROCESSED BY MDF AND ANALYTICAL PLANE OF 

FEM 

IV. RESULTS AND DISCUSSION 

4.1 Forging process 

The FEM-simulated and experimental stress–strain curves of 2A14 aluminum alloys during the first MDF pass are shown 

in Figure 3. It can be seen that the two flow stress-strain curves are remarkably similar and both exhibit sharp stress peak 

just after yielding, followed by work softening. The experimental curve shows a steady stress with a significant decrease 

after △ε beyond 0.1. In contrast, the FEM-simulated curve presents a steady-state-like flow behavior. The difference of the 

flow stresses between FEM and experiments was mainly attributed to the constitutive equation used for 2A14 aluminum 

alloy in this work neglecting the softening of materials. Nevertheless, the subtle difference has little impact on the 

simulation results of flow line and effective strain distribution during MDF process. 

 
FIGURE 3 FEM-SIMULATED AND EXPERIMENTAL STRESS–STRAIN CURVES DURING THE FIRST MDF PASS OF 

2014 ALUMINUM ALLOYS AT 450
O
C AND AT A DEFORMATION SPEED OF 0.15 mms

-1
 

Figure 4 presents the appearances of the billets during MDF obtained by experiments and FEM. The experimental results 

show that the shapes of samples before and after MDF remain unchanged basically. However, there are some bulges in x 

direction and z direction, which are caused by the friction between billets and anvils. With the increase of forging passes, 

the bulges have a trend to become more obvious. The FEM analysis coincides well with experimental results, which 

indicates that the selected parameters used for the FEM analysis are suitable for the simulation of MDF process of 2A14 

aluminum alloy. 
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FIGURE 4 APPEARANCES OF THE 2A14 ALUMINUM ALLOY BILLETS DURING MDF OBTAINED BY (a) 

EXPERIMENTS AND (b) FEM: (i) BEFORE MDF; (ii) ∑△ ε=1.2; (iii) ∑△ ε=2.4; (iv) ∑△ ε=3.6 

4.2 Effects of cumulative strain on flow lines 

To keep tracking of the materials flow during MDF, a flow-net technique was used in the FEM simulation. The flow lines 

distribution of the cross section of 2A14 aluminum alloys under various cumulative strain during MDF are shown in Figure 

5. In Figure 5(a), the size of mesh was 0.42×0.42 mm, which was generated by setting the initial lateral and vertical flow 

lines. With the increase of cumulative strain, the vortex and outcrop defects did not exist, but flow lines in some areas were 

obviously bended, which led to the formation of considerable distorted meshes. When ∑△ ε=0.4 (shown in Fig.5(b)), the 

billet was only subjected to compressed deformation in the axial direction, so the vertical flow lines were slightly bended 

toward the outer edge, and the lateral flow lines were bended toward the corners nearby. The meshes were stretched and the 

deformation extent in the center was relatively large, while the deformation extent on the surface between the die and billet 

were slightly small. The mesh deformation in various areas was obviously inhomogeneous. This inhomogeneity was 

attributed to non-uniform MDF deformation. The difference of deformation degrees during forging resulted into the 

formation of four deformation zones in the deformed billet, namely easy deformation zone Ι, shear deformation zone II, free 

deformation zone III and hard deformation zone IV, as shown in Fig. 5(c). The zone Ι and II showed an X-shape and were in 

the center of the sample, where high plastic deformation could be easily obtained. The zone III was close to the free end 

surfaces and exhibited two hemispheric shapes. During forging, the capacity of plastic deformation in this zone was between 

the easy deformation zone and hard deformation zone. The zone IV was close to the two anvils and its shape was similar to 

that of zone III. In this zone, the friction between the anvils and the sample impeded the flow of the metal leading to the 

hard-plastic deformation. 

According to the distribution patterns of flow lines of the MDF samples, the meshes in the cross section could also be 

divided into the four deformation zones, as indicated in Fig. 5(b), (d), (e) and (f). When ∑△ ε>0.4 (shown in Fig. 5(d)-(f)), 

the billet was subjected to multidirectional deformation, compared with uniaxial deformation, the characteristics of flow 

lines in this four zones were more apparent. In zone I, the meshes were square and its size slightly decreased compared with 

the initial ones, which were different from the tensile meshes normal to compression direction during uniaxial compression. 

The meshes in zone II were diamond and the bend degree of flow lines increased with cumulative strain increased. The 

meshes in zone III were also square, which were similar to those in zone I, and the mesh size slightly increased with 

cumulative strain increased. When ∑△ ε=3.6 (shown in Fig. 3(d)), the mesh size was equal to that of the initial mesh. In 

zone IV the meshes were stretched along compression direction and mesh density also increased with cumulative strain 

increased. Compared with the free forging process, MDF changed flow lines distribution in zone IV and enhanced the degree 

of deformation. Therefore, the inhomogeneous degree of the formed meshes gradually increased with the evolution of flow 

lines during MDF. 
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FIGURE 5: CROSS SECTIONS OF THE SIMULATED FLOW LINES OF 2A14 ALUMINUM ALLOYS PROCESSED BY 

MDF UNDER VARIOUS CUMULATIVE STRAINS: (a) =0; (b) =0.4; (c) SCHEMATIC DIAGRAM OF FOUR 

DEFORMATION ZONES DURING MDF; (d) =1.2; (e) =2.4 (f) =3.6 

 
FIGURE 6: SEM IMAGES OF 2A14 ALUMINUM ALLOYS PROCESSED BY MDF IN DIFFERENT ZONES WITH 

=3.6: (a) Zone I; (b) Zone II; (c) Zone III; (d) Zone IV 

Figure 6 presents the SEM images of the 2A14 aluminum alloy obtained by MDF. As shown in Fig. 6, the intensity and 

orientation distribution of flow lines of the 2A14 aluminum alloy forgings coincided well with the simulated results. The 

high magnified SEM images were described as follow: the grains in zone I (shown in Fig. 6(a)) were repeatedly tensioned 

and compressed, so the second phase particles were completely broken. Besides, a great number of second phase particles 

existed in grain interiors. In zone II flow lines were bent and the direction along which the grains were stretched was at a 45° 

to compression direction. The grains in zone III were near isometric, which corresponds to the almost unchanged meshes in 
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this zone during MDF process. On the contrary, the grains in zone IV were stretched along compression direction and their 

distortion degree was large. During MDF process, the position of zone III and zone IV were exchanged, so there were some 

broken second phase particles along grain boundaries in hard-plastic deformation zone IV. Since the flow lines of aluminum 

alloy forgings have obvious effects on their mechanical properties, the control of flow lines is always one of the key in the 

production of forgings [18]. The accurate prediction for flow lines during MDF provides a convenient and effective way for 

the control of flow lines in the practical forging process. 

4.3 Effects of cumulative strain on effective strain 

Figure 7 shows the effective strain distribution of the deformed 2A14 aluminum alloy workpieces with various cumulative 

strains during MDF. It can be seen that the distribution of the effective strain is inhomogeneous in the workpieces and the 

values of the effective strain gradually increase with the increase of cumulative strain. Large deformation occurs in the center 

and corners of the workpiece, while the plastic deformation is very difficult at the regions between the workpiece and the die 

due to high friction. In addition, it can be also seen from the strain values that the strain level in the larger cumulative strain 

is the higher. Overall, the values of effective strain gradually decrease from the center (point O in Fig. 2) toward the contact 

surface (point P in Fig. 2) and the edge (point –P in Fig. 2). The quantitative comparison of the effective strain from point –P 

to point O, then to point P of the deformed workpieces with various cumulative strains is shown in Fig. 8. It can be found that 

the minimum value of the effective strain is 0.428, and its maximum value in the center with large deformation is 0.843 when 

∑△ε=0.4. The effective strain in various regions continuously accumulates with increasing the total cumulative strain. When 

∑△ε=3.6, the minimum value of the effective strain is 1.94, and its maximum value in the center is up to 6.9. This means that 

the MDF process can obviously enhance the effective strain in various regions, and thus improve the microstructure and 

properties of the 2A14 aluminum alloys. Meanwhile, when the workpiece is subjected to uniaxial compression (∑△ε=0.4), 

the minimum value of the effective strain is distributed at the contact surface of the workpiece (point P), when subjected to 

MDF (∑△ε>0.4), its minimum value is alternately distributed at the contact surface (point P) and the edge (point –P). 

Therefore, the distribution of the effective strain during MDF exhibits different characteristics compared with uniaxial 

compression. It is favorable for improving the deformation characteristic of hard deformation zone at the contact area 

between the workpiece and the die by steadily changing the compression direction during forging. 

 
FIGURE 7 DISTRIBUTION OF EFFECTIVE STRAIN IN CROSS SECTION OF 2A14 ALUMINUM ALLOYS PROCESSED 

BY MDF WITH VARIOUS CUMULATIVE STRAINS: (a) =0; (b) =1.2; (c) =2.4; (d) =3.6 
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FIGURE 8: RELATIONSHIP BETWEEN EFFECTIVE STRAIN AND THE DISTANCE FROM THE EDGE OF THE DRUM 

SHAPE (POINT –P) TO THE CENTER (POINT O), THEN TO THE CONTACT SURFACE (POINT P) 

 
FIGURE 9: (a) EVOLUTION OF THE VOLUME FRACTION OF EFFECTIVE STRAIN WITH AVERAGE EFFECTIVE 

STRAIN; (b) EVOLUTION OF AVERAGE EFFECTIVE STRAIN WITH CUMULATIVE STRAIN 

To further investigate the distribution of the effective strain during MDF, the analysis of the volume fraction of the effective 

strain and average effective strain are also carried out. Figure 9(a) shows the relationship between the volume fractions of 

the effective strain and cumulative strain of 2A14 aluminum alloy during MDF. With cumulative strain increases the 

effective strain in various areas are all enhanced but its heterogeneity also gradually increases. It can be also seen in Fig. 9(b) 

that the distribution range of the effective strain also becomes wider and the average effective strain is also higher. When 

∑△ε>0.6, the average effective strain is higher than the total cumulative strain and the difference between them becomes 

larger. This means that the steadily increase of cumulative strains can enhance the mobility of metals in hard deformation 

region. Therefore, it is a feasible way for enhancing the properties of the forgings by steadily increasing cumulative strain 

during MDF, but how to improve its homogeneity needs to be further studied in the future. 

4.4 Effects of cumulative strain on recrystallization microstructure 

Figure 10 shows the optical microstructures of zone I, II, III and IV of the deformed and annealed forgings. When ∑△ε=3.6, 

it can be seen from Fig. 10(a) that the microstructure exhibits the characteristic of dynamic recovery and the deformed 

microstructures at different regions are obviously different. The size and appearance of grains coincide well with the 

simulation results of flow lines. As above mentioned, the value of effective strain in these four zones are ranged as follows: 

I>II>IV≈III. This shows that the degree of fragmentation of second phase particles gradually increases with the increase of 

effective strain. To further investigate the recrystallization of 2A14 aluminum alloy forgings, the optical microstructures of 

the annealing samples are shown in Fig. 10(b). It can be found that partial recrystallized grains exist on the boundary of the 

initial grains, and the recrystallization in various regions is also different. The size of recrystallized grains gradually 

decreases with the increase of cumulative strain, while volume fraction increases. The difference of effective strain in various 
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regions is mainly responsible for the inhomogeneity of recrystallization. It is generally believed that dynamic 

recrystallization does not occur in aluminum alloys due to its high fault energy, but recently some work have shown that the 

distinct dynamic recrystallization microstructure can be found during the compression deformation of some Al-Zn-Mg-Cu 

and Al-Cu-Mg-Ag aluminum alloy systems [19-22]. In 2A14 aluminum alloys the dislocation easily moves and cross slips, 

so the steady sub-microstructure can be formed during deformation process, and thus continuous dynamic recrystallization 

only occurs in the range of sub-grains [23]. Dynamic recovery has a predominant role in the MDF of 2A14 aluminum alloys, 

while dynamic recrystallization is difficult to proceed completely. After annealing treatment, the energy stored in sub-grain 

nearby is released, so continuous dynamic recrystallization takes place and recrystallized grains completely grow up. The 

different of effective strain results in the difference of the accumulation and the degree of entanglement of the dislocation in 

various regions, and thus leads to the difference of the recrystallization nucleation rate. Therefore, the fraction of 

recrystallization is also non-uniformly distributed. 

 
FIGURE 10: OPTICAL MICROSTRUCTURES OF THE DEFORMED (a) and annealed (b) 2A14 aluminum alloys 

obtained by MDF in different zones with ∑△ε=3.6: (i) Zone I; (ii) Zone II; (iii) Zone III; (iv) Zone IV 

The inhomogeneity of the strain increases with the increase of ∑Δɛ in the forging process, but its homogeneous degree can 

be improved with the increase of ∑Δε. In order to evaluate the relationship between mechanical property and strain during 

MDF process, the Vickers hardness in various zones of the center interface of this alloy was measured. As shown in figure 

11, the microhardness values in various zones are slightly different due to the difference of deformation degree. The 

microhardness values are ranged as followed: I>II>IV≈III, which coincide well with the simulation results of effective 

strains. This suggests that the distribution of equivalent strain simulated by FEM can predict the changing trends of the 

hardness. Meanwhile, the difference of the microhardness in various zones gradually decreases with the increase of 

cumulative strain. This means that the inhomogeneity of deformation of 2A14 aluminum alloy during forging can be 

improved by increasing ∑Δε. 
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FIGURE 11: DISTRIBUTION OF VICKERS HARDNESS IN FOUR DEFORMATION ZONES FOR 2A14 ALUMINUM 

ALLOYS WITH DIFFERENT NUMBERS OF MDF PASSES 

V. CONCLUSION 

In this work, the deformation flow behavior of 2A14 aluminum alloy processed by MDF has been investigated by combining 

experiment with finite element method (FEM). Experiments were carried out to validate the simulated results. The results are 

summarized as follow: 

(1) The evolution with respect to the metal flow in 2A14 aluminum alloy forgings during MDF can be accurately 

simulated by FEM. With cumulative strain increases the heterogeneity of flow lines is obviously enhanced. The 

meshes in some areas are steadily stretched and flow lines are significantly bent. 

(2) The effective strain in various areas of 2A14 forgings is steadily accumulated with the increase of cumulative strain. 

When cumulative strain ∑△ε=3.6, the minimum value of effective strain is 1.94, and its maximum value is up to 6.9 in the 

center with high deformation degree. It is favorable for the improvement of deformation capacity of hard deformation area by 

MDF. 

(3) The degree of fragmentation of grains and second phases on the grain boundary is obviously enhanced with the steady 

accumulation of effective strain in various areas of 2A14 forgings. It can be effectively predicted that the refinement 

degree of grains and second-phase particles in various areas by using FEM to simulate the evolution of effective strain 

of the forgings. 

(4) The dynamic recovery microstructure can be found in the 2A14 aluminum alloy forgings processed by MDF. After 

annealing treatment, the size of recrystallized grains gradually decreases while its volume fraction steadily increases 

with the increase of effective strain. 
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