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Cold forming is usually associated with the “work hardening” of the material being formed. The work hardening 
behavior of metals subject to complex processing paths is different from that in monotonic deformation. The results 
show that, after some initial hardening, there is a possibility that further deformation will cause softening in the 
material (“work softening”). Recent work showed that cyclic torsion applied to drawn products causes changes 
in the subsequent tensile behavior of low carbon steel, and that the effect will depend on the previous “history” 
of the material. For annealed samples, the cyclic torsion leads to an increase in the yield strength, but does not 
affect the tensile strength and elongation. For the case of previously drawn bars, the cyclic deformation caused 
a decrease in the yield and tensile strength and an increase in the total elongation. The present paper discusses 
the dislocation structure changes associated with different strain paths in mild steel. 
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1. Introduction

Cold forming of metals usually causes their work hardening. The 
magnitude of this hardening depends on the area reduction, on the 
temperature and strain rate associated with the processing, and on the 
way the strain is imposed on the metal. Keeping all other variables 
constant, the work hardening of a metal submitted to a sequential 
straining under varying directions or of different natures is different 
from that resulting from monotonic straining. Changes in the way 
the material is deformed can alter the hardening rates and even cause 
strain softening of the metal1-16.

Recent research results17-19 show that cyclic straining influences 
in various ways the mechanical behavior of annealed and drawn 
metal bars. Annealed Aluminum submitted to cyclic torsion displays 
higher flow stresses than the annealed material. On the other hand, 
cyclic torsion softens previously drawn Aluminum. Cyclic torsion 
also softens steel bars previously drawn in one or two passes and 
hardens the initially annealed material. Experimental results indicate 
that the stress-strain curve and the work hardening coefficient (n) of 
steel drawn in two passes and submitted to cyclic torsion are similar 
to those for the material submitted to only one drawing pass. This 
is similar to the case of the Aluminum alloy 6063, where the cyclic 
torsion after two drawing passes eliminates the hardening associated 
with the second drawing pass. It is also observed for both materials 
that their Ultimate Tensile Strength (UTS) tends to remain unaltered 
by cyclic torsion, in the case of initially annealed material, whereas 
their Yield Strength (YS) is considerably increased by cyclic torsion. 
The YS and UTS of both previously drawn materials are decreased by 
cyclic torsion, with the exception of the YS of Aluminum drawn in a 
single pass. The decrease in these properties is more pronounced after 
two drawing passes than after a single drawing pass. Finally, cyclic 

torsion increases the Tensile Elongation to Fracture of drawn material 
and decreases this property for initially annealed material.

The present research analyzes the relationship between the 
mechanical effects described above and the dislocation structures in 
Low Carbon steel.

2. Materials and Experimental Methods

The material was an AISI 1010 steel with the following chemical 
composition: 0.12%C, 0.47%Mn, 0.07%Si, 0.003%Sn, 0.01%Mo, 
0.016%P e 0.013%S, received as cylindrical bars 6.4 mm in diameter. 
The bars were initially annealed and some of them were drawn in one 
or two passes. A fraction of these bars were then submitted to cyclic 
torsion. The effects of the strain path were analyzed by Transmission 
Electron Microscopy (TEM).

Annealing was performed under vacuum, at 850 °C for 2400 sec-
onds, leading to an average hardness of 122.6 HV. Drawing was 
performed in a hydraulic draw bench, using Tungsten Carbide dies 
with semi-angle of 8º and abundant lubrication with a Molybdenum 
Disulfide paste. Different dies were employed, guaranteeing a fixed 
reduction of area of 20% in each pass. Cyclic torsion (11.2% plastic 
strain per cycle, total of 10 cycles) was performed in an especially 
adapted lathe, where the chuck was manually actuated. All ex-
periments were performed at room temperature, at a strain rate of 
0.002 / s5. All deformed samples were stored at temperatures below 
0 °C in order to avoid static strain aging effects.

TEM was performed in a JEOL-JEM microscope, operated at 
200 kV. Analyses were performed in 3 mm samples taken from the 
cross-section of the bars. Sample preparation involved initial mechani-
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cal polishing, followed by electrolytic thinning with a perchloric acid 
and ethanol solution at room temperature.

3. Results and Discussion

The dislocation structures of the annealed and of the drawn mate-
rial (in one or two passes) are shown in Figures 1 and 2 respectively. 
The dislocation density is quite low for the annealed material, whereas 
the deformed material displays a much higher dislocation density. 
Drawn material shows an aligned cell structure, with irregular cell 
sizes and cell wall thickness. Dense dislocation networks can be 
observed inside the cells. Higher drawing strains lead to a smaller 
cell size, as expected. 

The dislocation structure of the material submitted only to cyclic 
torsion is broadly similar to that resulting from drawing (see Figure 3), 
but the cell size is higher and the tendency to cell alignment is less 
pronounced than in drawing. It is important to realize that the total 
strain caused by cyclic torsion is much higher than in drawing, but 
leads to essentially similar dislocation structures.

The analysis of Figure 4 indicates that the dislocation structure 
of the material after one drawing pass is altered by subsequent cyclic 
torsion. There is an increase in the cell size, a decrease in their align-
ment and in the dislocation density within the cells, and an overall 
evolution of alignment in only one direction to a “checkerboard” ap-
pearance, which is typical of the development of two sets of aligned 
cells, corresponding to the two directions of twisting. This is also 
the situation for the material initially annealed, drawn in 2 passes 
and cyclically twisted (Figure 5). Under these circumstances, the 
dislocation cells tend to be larger and the dislocation density inside 
the cells lower than for one drawing pass followed by cyclic torsion. 
Cyclic torsion promotes dynamic recovery of the material, involving 
the annihilation of cell walls and the decrease of dislocation density 
inside the cells. This is similar to results from the analysis of the 
Bauschinger effect20, where such dislocation annihilation stems from 
dislocation movements in opposing directions.

Considering the widely established relationship between the ma-
terial flow stress Γ, and the corresponding dislocation density ρ20:

Γ ∝ ρ1/2 (1)

one should expect higher flow stresses in the drawn or cyclic twisted 
material than in the annealed material. On the other hand, the recovery 
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Figure 2. TEM of annealed and drawn steel (8° and 20% per pass): a) 1 pass; 
and b) 2 passes.
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Figure 3. TEM of annealed steel submitted only to cyclic torsion (11.2% 
strain per cycle, 10 cycles). 
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Figure 1. TEM of annealed steel.
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Figure 5. TEM of different regions of steel drawn in 2 passes ( 8° e 20%), and cyclically twisted (11.2% per cycle, 10 cycles).

Figure 4. TEM of different regions of steel drawn in 1 pass ( 8° e 20%), and cyclically twisted (11.2% per cycle, 10 cycles).
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promoted by cyclic torsion of the previously drawn material should 
lead to their softening and consequent lower flow stresses.

4. Conclusions

Drawing of low carbon steel leads to the formation of an aligned 
dislocation structure, displaying irregular cell sizes and cell wall thick-
ness as well as dense networks of dislocations inside the cells.

Cyclic torsion promotes the softening of material previously 
strained by drawing. This softening is associated with a restructur-
ing of the previous dislocation arrangement, involving an increase 
in cell size, a decrease in the dislocation density inside the cells and 
a “checkerboard” dislocation wall structure.
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