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ABSTRACT 

The objective of this study is to investigate the possibility of continuous extrusion forming (Conform process) and mi- 
crostructural evolution the of Cu-Mg alloy. The results indicate that Conform process can break as-cast grains and re- 
fine the structure, meanwhile. This process can improve the degree of the structure homogeneity. The TEM and EBSD 
techniques were used to investigate the morphology, grain size and misorientation of the samples at cavity entrance and 
cavity export. Refined structures after shear deformation include broken grains and subgrains formed by dislocation 
reconstruction. Due to the relatively high deformation temperature, dynamic recrystallization occurred during deforma- 
tion. The subgrain rotation nucleation took place, and grain boundary migration resulted in grain growth. However, the 
coarse grains were refined by anneal twins. 
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1. Introduction 

Conform continuous extrusion forming process has been 
most widely used in the efficient continuous production 
of soft aluminum alloys rod, tube, sections and cored 
products, as well as copper wires, rectangular sections 
and a wide range of copper profiles [1-3], since the in- 
troduction of this methodology by the Atomic Energy 
Authority in UK (UKAEA) early in 1970s, due to its su- 
periority of pre-heating-free, energy-saving, high extru- 
sion ratio and production efficiency, production with 
large length and high homogeneity and so on [4,5].  

Similar to ECAP (equal channel angular pressing), se- 
vere plastic deformation technique was performed using 
a tool steel die with two channels intersecting at an inner 
angle of 90˚ [6-11]. The schematic of the Conform proc- 
ess is shown in Figure 1. In principle, the feedstock is 
fed into the profiled groove of the extrusion wheel by 
means of a coining roll and the groove closed by a close 
fitting shoe. The material is prevented from continuing 
its passage around the wheel by means of an abutment 
[12,13]. As a result, high temperatures and pressures are 
developed in the material, which becomes plastic and 
subsequently emerges from the machine through an ex- 
trusion die [14]. 

The microstructural evolution and grain refinement 

during ECAP have been well documented [15]. Previous 
studies indicate that grain refinement is predominately 
operated by accumulation, interaction, tangling and spa- 
tial rearrangement of dislocations [16-18]. However, due 
to the large deformation heat produced by metal plastic 
deformation process of Conform, the microstructural 
evolution has not been reported. The main purpose of the 
present study is to research the microstructural evolution 
during Conform process. 
 

 

Figure 1. A schematic view of Conform process. 
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2. Materials and Experimental Procedures 

The Cu-0.45 Mg alloys were prepared by melting high 
purity cathode copper, high purity magnesium in a 3000 
kg industrial inductive furnace, then the ingots were cast 
by the upward casting system. The rods were extruded by 
TLJ500 Conform machine which was manufactured by 
Dalian Railway Institute. The parameters of extrusion 
process were extrusion temperature of 650˚C, wheel an- 
gular velocity of 4.0 r/min. Figure 2 shows the photo- 
graph of copper block in cavity obtained in the inter- 
rupted extrusion production. The copper samples at cav- 
ity entrance and export were researched. 

To evaluate the microstructural evolution during the 
process, transmission electron microscopy (TEM) obser- 
vations were performed on a transmission electron mi- 
croscope FEI TECNAIG2 at 200 kV. Thin foil samples 
were electropolished in a twin-jet instrument using a 
mixture of 30% hydrogen nitrate with alcohol as the bal- 
ance. The SEM examination was conducted with a 
KYKY-2800 type scanning electron microscope under 
control voltage 20 kV, and equipped electron backscatter 
diffraction (EBSD) was utilized to investigate the frac- 
ture behavior and quantitative analysis of grain and sub- 
grains. 

3. Results 

3.1. Microstructure Developed during the  
Conform Process 

The microstructure of Cu-Mg alloy rod before Conform 
process is shown in Figure 3(a). It can be found that 
coarse equiaxed grains and dendritic structure exist in the 
as-cast Cu-Mg alloy, the average grain size is about 2000 
µm. Figure 3(b) shows the microstructure of Cu-Mg 
alloy after Conform process. It can be found that the 
structure was consisted of fine grains. The evolution of 
microstructure shows that the as-cast structure is trans- 
formed into equiaxial and fine grains. So Conform proc- 
ess is an effective method to refine the as-cast grain  
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Figure 2. A photograph of copper block in cavity. 
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Figure 3. Optical micrographs of Cu-Mg alloy (a) before 
Conform process (b) after Conform process. 
 
structure in copper, and can be successfully applied to 
the continuous deformation of Cu-Mg alloy. 

3.2. EBSD Characterization of Cu-Mg Alloys 

In order to characterize the homogeneity of microstruc- 
ture during Conform process on a smaller scale, the ad- 
vanced EBSD technique was used to investigate the 
morphology, grain size and misorientation distributions 
of samples ar cavity entrance and cavity export. From the 
corresponding EBSD images in Figures 4(a) and (b), it 
can be seen that the microstructure of sample at the cav- 
ity entrance is consisted of high-angle grains, and the 
grain sizes are about 10 µm. However, the grain bounda- 
ries are not clearly observed (Figure 4(a)), which are 
caused by substructures consisting primarily of subgrains 
of small misorientation after shear deformation [19]. The 
grain boundaries can be be clearly observed for the sam- 
ple at the cavity export, and a lot of small-size grains and 
twins are shown in Figure 4(b). These grains showed 
well-defined grain boundaries, suggesting the presence of 
a large fraction of high angle grain boundaries. It’s worth 
mentioning that recrystalllization has occurred in die 
cavity, possibly due to the heat generated during the de- 
formation.  

Grain size distributions of corresponding samples are 
shown in Figure 5(a). When subgrain sizes are consid- 
ered, the grain sizes of the sample at entrance range from 
0.3 to 10.3 µm after shear deformation, with average 

rain size of 4.94 µm (Figure 5(a)). After annealing at  g 
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Figure 4. EBSD maps concerning microstructures of Cu-Mg alloy after Conform (a) sample at the cavity entrance (b) sample 
at the cavity export. 
 

 

Figure 5. Grain size distributions of Cu-Mg alloy alloys obtained by EBSD (a) cavity entrance’s sample (b) cavity export’s 
sample 
 

low-angle grain boundaries had transformed to high- 
angle grain boundaries during deformation. Meanwhile, 
the volume fraction of misorientation angles of 60˚ has 
increased up to 33.8% for the sample at the cavity export.  

the cavity, the average grain size changes to 5.45 µm. It’s 
worth noting that some grains have grown up at the cav- 
ity. 

The distributions of the misorientation angles of cor- 
responding samples are presented in Figures 6(a) and (b), 
respectively. The volume fraction of low-angle grain 
boundaries that powerfully substantiates the formation of 
the relatively homogeneous fine microstructures after 
shearing deformation is about 60%. However, from the 
data, the corresponding fraction of the low-angle grain 
boundaries of the extruded product is about 27%, which 
is essentially lower than that of sample at the cavity en- 
trance. From this difference, we can conclude that some  

4. Discussion 

According to the EBSD data, the grains have been re- 
fined to 4.94 µm after shear deformation at the cavity 
entrance. There are two reasons for the refinement. One 
is severe plastic deformation that increases the misorien- 
tation of geometrically necessary boundaries and inci- 
dental boundaries leading to the formation of high-angle 
grain boundaries, as well as smaller grains inside the 
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original coarse grains, this is the well-known dislocation 
subdivision mechanism [20-23]. The other is the sub- 
grains forming in the broken grains, which are separated 
by low-angle grain boundaries (Figure 7(a)). The second 
reason can be explained by that the dislocation distribu- 
tion produced by shear deformation is apt to be replaced 
by energetically favorable subgrains. The subgrain for- 
mation evidences in broken grains were observed in Fig- 
ure 7(b). Lots of dislocation entangle in position A and 
form dislocation-tangle zone. At high deformation tem- 
peratures, annealing of deformed metals results in the 
decrease of the number of dislocations in the cell’s inte- 
rior while the dislocations tangle in the cell walls and 
change into more regular dislocation networks. The re- 
construction was observed in position B. Then the dislo- 
cation walls gradually transform into subboundaries such 
as dense-dislocation wall (position D) and uncondensed 
dislocation wall (position C), and cells transform into 
subgrains free of dislocations. Thermal energy assists in 
creating “clean” boundaries. Meanwhile, it is to be noted 
that the deformation time for subgrain formation is ex-  

tremely low (−2.5 × 10 − 5 s) [24], that’s why a large 
number of subgrains form in short time. 

Due to the relatively high deformation temperature, 
dynamic recrystallization occurred during deformation 
(Figure 8). The TEM examination has shown that the 
grain boundaries become smooth, and the density of dis- 
location is low. Lots of anneal twins have nucleaned and 
grown up during heat treantment. These evidences con- 
firmed the occurrence of dynamic recrystallization due to 
the effect of heat and pressure, which is consistent with 
that shown in Figure 6 that the fraction of low-angle 
grain boundaries has decreased from 61% to 27%. 

Anneal twins are apt to be formed in main slip system 
(twin plan: (111), angle: 60˚) [25-28]. According to 
EBSD data calculation, the fraction of twins formed in 
main slip system is 20.3%, that’s why misorientation 
angles of 60˚ increased greatly. Meanwhile, there is no 
change at the angles of 38.9˚, which means there is no 
twin formed in second slip system (twin plan (110), an- 
gle 38.9˚). In Figure 9, a new grain (T) formed at the 
triple point between grains E, F and G. The location of  

 

 

Figure 6. Misorientation angle distributions of Cu-Mg alloy alloys obtained by EBSD (a) sample at the cavity entrance (b) 
sample at the cavity export. 
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Figure 7. Bright-field TEM images of cavity entrance’s sample (a) TEM micrographs of microstructures (b) TEM images of 
subgrain formation. 
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Figure 8. Bright-field TEM images of sample at the cavity export (a) dislocation in grain (b) twins and ledge of boundary mi- 
gration. 
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Figure 9. A new grain T formed at the triple point between 
grains E, F and G. 
 
the new grains in the structure appears to be more favor- 
able for their growth. According to Ref. [29], the grain (T) 
is twinned with grain G, and the energy of the boundary 
GT is lower than that of GF and GE, because the energy 
of the coherent twin boundary GT is very low, there may 
be a reduction in total boundary energy despite the extra 
boundary area created. So the anneal twins will refine the 
coarse-grain structure. 

5. Conclusions 

Continuous extrusion forming (Conform process) was an 
effective method to refine the cast grain structure in 
copper and can be successfully applied to Cu-Mg alloy. 
From the TEM and EBSD observation, the grains have 
been refined to 4.94 µm after shear deformation. How- 
ever, due to the relatively high deformation temperature, 
dynamic recrystallization occurs during deformation. The 
average grain size changes to 5.45 µm. 

By comparing to the microstructural evolution in 

Conform process, broken grains which composed of dis- 
locations formed during shear deformation, meanwhile, 
subgrains formed by dislocation reconstruction. 

Due to the relatively high deformation temperature, 
dynamic recrystallization occurred during deformation. 
The fraction of the low-angle grain boundaries decreased 
from 60% to 27%. According to EBSD data calculation, 
the fraction of twins formed in main slip system (twin 
plan: (111), angle: 60˚) is 20.3%. That’s why misorienta- 
tion angles of 60˚ increased greatly. 
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