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TEM invEsTigaTion on MicrosTrucTurEs of agE-hardEnEd 2014 al alloy forgEd  
by cold biaxial alTErnaTE forging

in this study, microstructures of age-hardened 2014 al alloy forged by cold biaxial alternate forging was investigated by trans-
mission electron microscope. and also, the forming limits of age-hardened 2014 al alloy were examined using both conventional 
compression test and biaxial alternate forging. as a result of compression test, it showed a perfect plastic behavior with no visible 
change in stress after 27% in strain and eventually, the curve fluctuated as a shear crack occurs after 51% strain. however, it was 
possible to impose very large strains on the 2014-T6 al alloy workpieces through the biaxial alternate forging of up to 4 passes. 
The effective strain was possibly accumulated to 356% and 204% as the maximum and average values, respectively. The results 
of transmission electron microscope indicated that the high density dislocations were distributed after 3 passes. after 4 passes, the 
distribution of more increased dislocations was observed and band-shaped dislocation clustering appeared. 
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1. introduction

The forgeability of a metallic material can be explained 
as its capability to undergo deformation by forging without 
cracking. a number of forgeability tests have been developed 
to measure forgeability. one of the commonly used tests is the 
upsetting test, which simulate the forming characteristics during 
upsetting process. in the previous study, the forgeability of al 
wrought alloys was examined by a biaxial alternate forging us-
ing the upsetting system self-developed [1]. al-Mg based alloys, 
one of the non-heat treatable al alloys, were mainly subjected 
to the test. it was also found that a significant amount of strain 
was accumulated even under cold forming condition. This 
study focuses on whether it is possible to apply large amounts 
of strain to age-hardening al alloys through the upsetting test 
mentioned above. 

2xxx series al-Cu alloys are widely used in aircraft industry 
where their high strength is required [2]. among 2xxx series, 
aa2024, the most popular al-Cu alloys, has recently been re-
placed with aa2014. aa2014 is an al-Cu-Mg based alloy which 
is a promising candidate in the high specific strength structural 
materials [2]. Various studies on severe plastic deformation 
(SPD) behaviors of 2xxx series alloys have been reported [3-5]. 
Wang et al. [3] investigated the grain structures of 2014 al alloy 

at different cumulative strain after multidirectional forging at 
350 ℃. Prakash et al. [6] studied the tensile, compressive and 
flexural behaviours of 2014-T6 al alloy at different strain rates 
and temperatures including room temperature. however, few 
researches have been concerned about cold SPD behavior of 
2xxx al alloys. it was judged that it is possible to apply a large 
amount of strain to the 2xxx series alloys when using the above 
mentioned biaxial alternate forging. in addition, when SPD 
was applied to an age-hardened alloy, it was thought possible 
to observe the response of precipitates to SPD. in this study, 
microstructures of age-hardened 2014 al alloy forged by cold 
biaxial alternate forging was investigated by transmission elec-
tron microscope (TeM). and also, the forming limits of age-
hardened 2014 al alloy were examined using both conventional 
compression test and biaxial alternate forging. 

2. Experimental 

The experimental material examined in this study is an 
extruded 2014 al alloy billet (provided by domestic al alloy 
manufacturer) whose nominal composition is given elsewhere 
[2]. The extruded 2014 al alloy was subjected to T6 heat 
treatment [2]. The sample was solution heat treated at 500°C 
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for 5 hours and water quenched, followed by artificial aging at 
180°C for 9.5 hours. Compression and tensile tests on 2014-T6 al 
alloy were carried out. Tensile test specimen was machined 
according to aSTM: B557M-10 standards. The compression 
test was performed at a strain rate of 0.005/s for cylindrical 
specimens with a diameter of 12 mm and a height of 18 mm. 
Details of biaxial alternate forging test conducted for SPD are 
given in fig. 1. The 2014-T6 al alloy workpiece was rotated 
by 90° along its longitudinal axes for each forging pass as 

shown in fig. 1(a). fig. 1(b) displays a rod-shaped workpiece 
(∅19×108 mm) with octangular rod-shaped dies for the repetitive 
compression. The die cavity shape and the dimension of a fully 
deformed workpiece, respectively, are also shown in fig. 1(c) 
and 1(d). The round shape of both ends in the die cavity and 
workpiece restricted the strain along the longitudinal direction 
as can be seen in fig. 1(b) and 1(c). The test was conducted at 
room temperature (cold) using a hydraulic press with a capacity  
of 150 tons. 

fig. 1. Schematic 3D views of (a) biaxial alternate forging process, (b) dies and workpiece, (c) die cavity shape, (d) dimensions of section and 
(e) accumulated effective strain on workpiece depending on the number of forging passes

fig. 2. (a) Tensile stress-strain curves and (b) compressive stress-strain 
curves of 2014-T6 al alloy obtained at room temperature

The distribution of precipitates and dislocation in the as-
forged samples were observed using a 200-kV field-emission 
transmission electron microscope (Jeol-2100f, Jeol, Japan) 
equipped with an energy-dispersive X-ray spectroscopy (eDS) 
detector. The TeM specimens were prepared as 3-mm-diameter, 
100-mm-thick disk-type plates via mechanical polishing with 
a digitally enhanced precision specimen grinder (DePS-101). 
Before being inserted into the TeM chamber, the specimens 
were trimmed and cleaned by precision ion polishing with a 691 
PiPS device (gatan) and subjected to plasma cleaning with 
a fischione 1020 cleaner. 

3. results and discussion

fig. 2 presents tensile stress-strain curves and compres-
sive stress-strain curve of 2014-T6 aluminum alloy obtained at 
room temperature. average values of ultimate tensile strength 
and fracture strain corresponded to about 467 MPa and 11.9%, 
respectively. according to a previous study reported by Prakash 
et al. [6], the 2014-T6 al alloy was sensitive to increasing strain 
rate in tensile test. it showed higher ductility at low strain rates 
compared to that at high strain rates. Therefore, the tensile test 
values may differ from those of other literatures depending 
on the test conditions as well as the heat treatment conditions. 
as a result of compression test, it shows a perfect plastic 
behavior with no visible change in stress after 27% in strain. 
eventually, the curve fluctuates as a shear crack occurs after 
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51% strain. Based on the result in the current test, it is confirmed 
that a deformation method such as biaxial alternate forging test 
aforementioned which can delay cracking is needed in order to 
realize a SPD with a strain of more than 50% on the  2014-T6 
al alloy. in this study, it was possible to impose very large 
strains on the 2014-T6 al alloy workpieces through the biaxial 
alternate forging of up to 4 passes. as shown in fig. 1, accumu-
lated effective strain on workpiece depending on the number of 
forging passes simulated finite element analysis (fea) software 
DeforM 3D is shown in fig. 1(e). The maximum and mean 
values of effective strain amount concentrated in the core (the 
area of 4 mm in diameter) increase significantly depending 
on the pass number. and also, it can be seen that the effective 
strain can be accumulated to 356% and 204% as the maximum 
and average values, respectively, with increasing the pass  
number up to 4. 

TaBle 1

analyzed compositions of areas indicated in fig. 3 by STeM-eDS

area
analyzed composition (at%)

al cu Mg si Mn fe
1 98.29 1.32 0.16 0.04 0.08 0.04
2 96.82 2.12 0.61 0.27 0.03 0.07
3 96.40 2.39 0.69 0.36 0.12 0.03

fig. 3 shows the TeM images and diffraction spots on the 
precipitates distributed in the 2014-T6 al alloy. The needle-like 
and dot-like precipitates are found in the bright-field TeM im-
ages. The two precipitates were identified as Q' and θ', respec-
tively, which are in good agreement with those in a previous 

study [7]. fig. 4 shows the bright-field and dark-field TeM 
images on the matrix in the 2014-T6 al alloy after 3 passes. 
The distribution of high density dislocations was observed. and 
also, dislocation tangles were locally found. after 4 passes, the 
distribution of more increased dislocations was observed and 
band-shaped dislocation clustering appeared as shown in fig. 5. 
from the above results, it was confirmed that it was possible to 
observe the dislocation behavior by imposing very large trains 
to high-strength heat-treated alloys such as 2014 al alloy using 
the SPD technique self-developed and taking samples from the 
core where the strain was concentrated. 

4. conclusions

from the compression test, it was confirmed that the strain 
limit of 2014-T6 al alloy was approximately 51% as the stress-
strain curve fluctuated as a shear crack occured after 51% strain. 
on the other hand, it was possible to impose very large strains 
up to 356% and 204% as the maximum and average values, re-
spectively, on the core of 2014-T6 al alloy workpieces through 
the biaxial alternate forging of up to 4 passes. The TeM results 
indicated that the high density dislocations were distributed 
after 3 passes. after 4 passes, the distribution of more increased 
dislocations was observed and band-shaped dislocation cluster-
ing appeared. from the results in this study, it was considered 
that it was possible to observe the dislocation behavior by 
imposing very large trains to high-strength heat-treated alloys 
such as 2014 al alloy using the SPD technique self-developed 
and taking samples from the core where the strain was con- 
centrated.

fig. 3. (a) Bright-field TeM image of analyzed area, (b) enlargement 
of the analyzed area, (c) selected area diffraction pattern of fig. 3 (b), 
and (d) areas analyzed by STeM-eDS

fig. 4. (a) Bright-field TeM image of analyzed area, (b) corresponding 
selected area diffraction pattern, (c) dark-field TeM image, and (d) 
corresponding selected area diffraction pattern after 3 pass
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fig. 5. (a) Bright-field TeM image of analyzed area, (b) enlargement of (a), (c) corresponding selected area diffraction pattern, (d) dark-field 
TeM image, and (e) corresponding selected area diffraction pattern after 4 pass
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