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BY L. FU AND S. G. DU 

ABSTRACT. The effect of electrostatic 
fields on the microstructure and mechan- 
ical properties of friction welded joints of 
duralumin LYI2CZ (approximately 
equivalent to ASTM 2024) was studied. 
The shape and distribution of the precip- 
itation phase and the dislocations were 
determined. Formation of a small-sized 
precipitation phase and dispersive distrib- 
ution was also promoted. In addition, the 
electrostatic field decreased dislocation 
density in the grains and entwining dislo- 
cation. The external electric field effect 
leads to increased weld joint hardness, 
and homogenizes the hardness distribu- 
tion along the radial and axial directions. 
The possible reasons for the effects of the 
electrostatic field on the microstructure 
and mechanical properties are discussed 
in this paper. 

Introduction 

Duralumin alloy has already been used 
in many fields because of its light weight 
and high strength. However, its lower duc- 
tility and lower deformation ability influ- 
ence the friction weldability. Many recent 
studies have indicated that the external 
electric field has significant effects on the 
mobility of vacancy, dislocation, and grain 
boundary of metallic material  (Refs. 
1-10). It is generally believed that the 
electric field enhanced the mobility of lat- 
tice defects and led to the microstructure 
rearrangement. In view of this, the electric 
field will have an effect on the superplas- 
tic deformation (Refs. 1-4), recrystalliza- 
tion (Refs. 5, 6), and phase transformation 
(Refs. 7, 8). The results from the literature 
show that the plasticity of 7475 aluminum 
alloy increased by two or three times and 
the superplasticity by one under an elec- 
tric field (Refs. 1, 2). In addition, the elec- 
tric field reduced the cavitations and grain 
growth that occurred during superplastic 
deformation. Li put forward the mecha- 
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nism of electro-plastic deformation in his 
research and showed that a modest elec- 
tric field could increase volume fraction of 
the precipitation phase with small sizes 
and dispersive distribution state, and also 
improve the superplasticity of the alu- 
minum alloy (Ref. 3). Chen and Liu ex- 
plored the effect of the electric field treat- 
ment on the grain boundary strength for 
AI-Li Alloy 2090+Ce. The experimental 
results showed that the solubility of solute 
atoms was enhanced and the cluster 
gather of solute atoms and vacancy were 
improved by electric field t reatment  
(Refs. 9, 10). Meanwhile, the grain bound- 
aries could be so s trengthened as to 
weaken the intergranular failure and duc- 
tility could also be improved. 

It should be noted that almost all of the 
previous research was conducted under 
the single tensile test condition or single 
compression test condition, which was dif- 
ferent from the real friction welding 
process. In this research, the dynamic re- 
crystallization and the related microstruc- 
ture of the recrystallized grains in the weld 
zone during friction welding of Alloy 
LY12CZ (approximately equivalent to 
ASTM 2024) under an electrostatic field 
has been studied. We have tried to reveal 
the electrostatic field effects on the shape 
and distribution of the precipitation phase 
and the dislocations in the weld zone 
(WZ), as well as the effects on the micro- 
hardness distribution of the friction 
welded joints. 

Experimental 

The specimens were prepared from 
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Chinese duralumin LY 12CZ, which was in 
an aged state and 30 mm in diameter.  
Table l gives the chemical composition of 
the alloy. 

The experimental  investigation was 
carried out on a continuous drive, Type 
C25 friction welding machine with an 
electrostat ic-field-producing apparatus 
- -  Fig. 1. Welding parameters such as 
welding pressure, rotation speed, torque, 
and axial burn-off length could be moni- 
tored and controlled in real time during 
friction welding. During the welding 
process, the welded material  was con- 
nected to the anode of a high-voltage 
power supply that could apply constant 
voltage, and a copper ring was linked to 
the cathode. The air gap between the ring 
electrode and the specimen was 10 ram. 
The intensity that the electric field acted 
on the weldments was calculated to be 3.9 
kV.cm -l. The welding parameters used in 
the experiments are given in Table 2. Six 
specimens were welded with the external 
electric field (E = 3.9 kV'cm -I) and an- 
other six specimens were welded without 
the external electric field. In each group, 
one specimen was used for microstruc- 
tural analysis of the recrystallized grains 
and five specimens for the average micro- 
hardness tests. 

The recrystalfized grain microstruc- 
ture, precipitation phases, and disloca- 
tions on the weld interface of the welded 
joint were analyzed by transmission elec- 
tron microscopy (TEM), and the micro- 
hardness test was performed with a scle- 
roscope Type HX-1000. 

Experimental Results 

Figure 2 presents the substructures of 
grains as well as the shape and distribution 
of the precipitation phases at different 
radii on the weld interface. The subgrain 
size was smallest at the one-third radius of 
the welded joint and largest near the outer 

circle zone of the welded joint. The shape 
of the precipitation phases appears mainly 
rod-like near the axial line of the welded 
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joint, but becomes smaller in size and 
more dispersively distributed near the 
outer circle zone. 

Compared with friction welded joints 
in the absence of an electrostatic field, the 
subgrain size decreases a little and tends 
to become more homogenous on the weld 
interface of welded joints with application 
of the electrostatic field, as shown in Fig. 
3. Because the diffusion activity energy of 
the dominating elements around the fric- 
tion weld interface could decrease under 
an external electrostatic field, the diffu- 
sion process can be enhanced and the de- 
formation in the WZ of welded joints be- 
come more uniform in the presence of the 
electric field (Ref. 11). On the other hand, 
grain boundary movement driving force 
will be decreased by more precipitation 
phase particles near the grain boundary 
and the grain growth can be impeded 
under the electric field because of the in- 
creased amount of precipitation phase 
particles. 

Figure 4 shows the amount, size, 
shape, and distribution of second-phase 
particles, s" (that is, CuMgAI2), contain- 
ing magnesium and copper elements on 
the weld interface of the welded joints 
both with and without the electric field. As 
shown in Fig. 4, the amount of the precip- 
itation phase with a smaller size and a 
more homogeneous distribution condi- 
tion was enhanced. It implies that the 
electric field has two effects on phase 
transformation: on one hand, the electric 
field accelerates the dissolution of sec- 
ond-phase particles of LY12CZ alloy at 
the heating stage of the friction welding 
process and, on the other, it promotes the 
nucleation of the second-phase particles 
during the cooling process (Refs. 12, 13) 

Figure 5 shows the influence of the 
electrostatic field on the amount, shape, 
and distribution state of dislocations at 
different radii on the weld interface. Be- 
cause the extent of deformation and the 
deformation rate near the outside circle 
zone of the specimen were greater than 
any other regions of the joint (Refs. 14, 
15), the dislocation entwines appear in the 
subgrain, and the density of dislocations is 
greatest near the outside circle zone. 
When applying an external electrostatic 
field, the dislocation distribution becomes 
uniform and its density decreases on the 
weld interface. It is obvious that the ap- 
plied electrostatic field promoted unifor- 
mity of the dislocation during deforma- 
tion of the Alloy LY12CZ friction weld 
metal. 

Figure 6 presents the influences of the 
external electric field on the average Vick- 
ers hardness distribution along the radial 
and axial directions in the weld zone (WZ) 
and dynamic recrystallization zone 
(DRZ). Here, z is the distance from the 
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Fig,. 1 - -  Schematic diagram o f  the experimental arrangement with the electric fiehl. 

Table 1 - -  Chemical Composition of the Alloy Used in the Experiments (wt-%) 

Cu Mg Mn Fe Zn Ti Si 

4.30 1.44 0.82 0.29 0.05 0.06 0.13 

AI 

balance 

Table 2 - -  The Electric Field and the Friction Welding Parameters 

Condition Intensity of Friction Friction Forging Forging Rotate Final 
No. electrical field pressure time pressure time speed upset 

E (kV'cm I) Pl (MPa) t I (s) P2 (MPa) t 2 (s) N (r.min -I) L (nun) 

1 0 1.4 4.0 1.9 6 
2 3.9 1.4 4.0 1.9 6 

1450 9.4 
1450 11.2 

weld interface along the axial direction, 
and r refers to the radius. Hardness on the 
weld interface is greatest along the axial 
direction, which results from the extra- 
fine grain existing in this zone. During 
friction welding, the double effects of 
strain and temperature between the r = 4 
mm and r = 12 mm radial positions lead 
to fewer recrystallization grains in this 
area (Refs. 14-16). Therefore, the hard- 
ness in this position appears to have a 
local maximum. In addition, the hardness 
shows an increasing tendency along the 
radial and axial directions of the welded 
joints in the presence of the electric field, 
and its distribution becomes more even 
than that in absence of the electric field. 

Discussions 

During the friction welding process, 
strain, stress, strain rate, and temperature 
on the weld interface are different along 
the radial and axial directions (Refs. 
14-17). As we know, temperature, stress, 
and strain can influence the state of the 
precipitation phase and the dislocation 
(Refs. 12, 13). Therefore, the different 

distributions of strain, stress, strain rate, 
and temperature on the friction welded 
joint will result in different subgrain sizes, 
shapes, and distributions of the second- 
phase and dislocations in the weld inter- 
face. Whether or not the external electric 
field is applied, the amount of the precip- 
itation phases with a rod-like shape is 
highest near the axial-line zone of the 
welded joint, because the lowest tempera- 
ture and deformation degree in this re- 
gion results in inadequate dissolution of 
the precipitate phases at the heating stage 
of friction welding. In contrast, the second 
phases are smaller in size and in a disper- 
sive distribution near the outer circle zone 
of the welded joint, due to sufficient dis- 
solution of the second phases in these 
areas resulting from greatest extent of de- 
formation, deformation rate, and highest 
temperature (Refs. 12-14). 

Previous studies (Refs. 2-6) have 
demonstrated that ductility depends 
mainly on the volume fraction of second- 
phase particles. In fact, the shape and dis- 
tribution of the second-phase particles in 
the WZ also have important effects on the 
ductility and strength of the friction 
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Fig. 2 - -  T E M  p ic tures  at  d i f ferent  •adii  o n  the  we ld  in ter face  o f  the  s a m e  
we ld  j o i n t  in the  a b s e n c e  o f  the  electric f ie ld.  A - -  • = 0 ram;  B - -  • = 5 
m m ;  C - -  • = 12 m m .  

Fig. 3 - -  T E M  p ic tures  at  di f ferent  radii  o n  the  we ld  in ter face  o f  the  s a m e  
we ld  j o i n t  in the  p r e s e n c e  o f  the  electric f ield. A - -  r = 0 turn; B - -  r = 5 
ram;  C - -  r = 12 m m .  

welded joints. The electrostatic field in- 
creases the volume fraction of second- 
phase particles with the small size, and re- 
duces the volume fraction of the 
second-phase particles with the rod-like 
shape on the weld interface of the Alloy 
LY12CZ friction welded joint. So, it could 
be deduced that the electrostatic field ac- 
celerates dissolution of the second phase 
at the heating stage of friction welding and 
promotes its precipitation in the cooling 
process of friction welding of LY12CZ 

alloy (Refs. 12, 13). In addition, the ex- 
perimental results show that the electro- 
static field increases the mobility of the 
dislocations, thus decreasing the disloca- 
tion density in the W Z  of the friction 
welded joints. Therefore, under the exter- 
nal electrostatic field, the microhardness 
on the weld interface of the welded joint 
increases and becomes more even due to 
the combined effects of the shape and dis- 
tribution state of the second phase and 
dislocations on the weld interface. 

Previous research suggests that the ap- 
plied static electric field enhances the dif- 
fusion process, and significantly increases 
the ability of grain boundary sliding cou- 
pled with the diffusion process (Refs. 
7-10). Due to the effect of the static elec- 
trical field on the lattice defects (vacancies 
or dislocations), charged defects may 
occur. The applied electric field creates a 
charged surface layer in metallic materials 
and the interaction of the surface charge 
with the charged defects, particularly va- 
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Fig. 4 - -  Influence o f  the electrical field intensity on the shape o f  the precipitation phases. A - -  E = 0 kV'cm I; B - -  E=3.  9 kV.cm -1. 

Fig. 5 - -  Influence o f  the electrical ]~eld intensity on shape and distribution o f  the dislocations at different radii. A - -  E = 0 kV.cm -1, r = 5 mm;  B - -  E = 3. 9 
kV.cm -I, r = 5 m m ;  C - - E  = OkV.cm -1, r = 1 2 m m ; D - -  E = 3 . 9 k V . c m  -1, r = 12m.  

cancies (Ref. 5). When they approach the specimen surface, an 
additional defect flux will be created, which in turn governs dislo- 
cation climb and subgrain formation and coalescence. While the 
dislocations climb, subgrain formation and coalescence could in- 
fluence the dynamic recrystallization process on the friction weld 
zone. This could accelerate the nucleation of dynamic recrystal- 
lization grains and thereby lead to reducing the grain size. It is ex- 
pected that vacancies and atomic mobility play some role in the 
friction welding process. Therefore, the external electrostatic field 
will improve slipping and climbing of the dislocation related to the 

plastic deformation in the WZ of the friction welded joint and will 
lead to more uniform deformation of weld metal. 

Conclusions 

1) Under the external electrostatic field, the size of the sub- 
grains on the weld interface of the friction welded joints of 
LY12CZ alloy decreases. Meanwhile, the distribution of the sub- 
grains on the weld interface becomes more uniform. In addition, 
the amount of the fine second-phase particles s" with the disper- 
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Fig. 6 - -  Influence of  the electric fieM on the average Vickers hardness distribution in the WZ and DRZ. A - -A long  the radial direction; B - -  along the axial 
direction. 

sive distribution increases, but those with 
the rod-like shape decrease. 

2) The dislocation density decreases on 
the weld interface of the friction welded 
joints of  Alloy LY12CZ when applying the 
e lec t ros ta t ic  field. This shows that the 
e lectr ic  field p romote s  c rea t ion  and 
growth of  the dislocation during the de- 
formation process of the weld metal. 

3) Hardness  of  the fr ic t ion welded  
joints increases in the presence of the elec- 
tr ic field, and its d is t r ibut ion becomes  
more uniform along the radial and axial 
direction than in the absence of  the elec- 
tric field. 
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