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Abstract 
Microstructure evolution of 2014 aluminum alloy was studied by hot com-
pression deformation at 410˚C to 470˚C and strain rates of 0.07 s−1 to 0.53 s−1, 
to provide manufacturing references for aluminum plate. The deformation 
temperature and especially strain rate ranges were chosen very close to the ac-
tual processing condition. The results show that the stress-strain curves display 
a stable flow at the given deformation conditions, corresponding a dominant 
microstructure evolution behavior of dynamic recovery (DRV) and few dy-
namic recrystallization (DRX). After solution treated at 502˚C for 3 hours, qua-
si in-situ observation shows that static recrystallization (SRX) develop typical 
fine grains with several microns at grain boundaries, while static recovery (SRV) 
dominants the microstructure evolution during the soaking time, leading to a 
similar microstructure to that of the as-deformed. The average low angle 
grain boundaries (LAGBs) and high angle grain boundaries (HAGBs) display 
weak differences between as-deformed and solution treated specimens, which 
reveals a good thermal stability of microstructure for 2014 alloy. However, 
the deformation at the lower temperature has an obvious trend to induce SRX 
during solution soaking.  
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1. Introduction 

Thermo mechanical processing of metallic materials, accompanied by dynamic 
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recovery (DRV) and dynamic recrystallization (DRX), is an effective method to 
modify microstructure. For most aluminum alloys, solution treatment and ar-
tificial aging is needed after thermal mechanical processing to obtain reasonable 
properties. Therefore, the final microstructure is controlled by both hot de-
formation process and solution treatment, corresponding to microstructural 
dynamic and static evolution. In order to achieve the better performance of 
metallic materials, manufacturers pay more and more attention to the conti-
nuous microstructure evolution from the previous process to the following 
process.  

2014 aluminum alloy is an important structural material applied widely in the 
fields of aerospace and civil engineering, due to its high strength, good plasticity 
and high temperature stability [1] [2]. Also, this alloy has excellent forge ability 
and can be used for complex components such as aircraft joint with thin rib. Most 
of the previous studies [3] [4] investigated on its hot deformation processing and 
heat treatment, but the seldom focused on the continuous microstructure evolu-
tion from thermal mechanical processing to the following solution treatment. In 
this study, quasi in-situ observation was adapted to analyze the details of micro-
structure evolution from hot compression to solution treatment, and to supply 
processing references for aluminum plates.  

2. Materials and Experiment 

The 2014 aluminum alloy ingot used in the experiment was fabricated by direct 
chill casting. The main element contents are 4.4% Cu, 0.5% Mg, 0.8% Si and 
0.8% Mn. Cylindrical sample of Φ10 mm × 15 mm were cut from the homoge-
nized ingot and compressed uniaxially using Gleeble 1500. The compression was 
conducted at strain rates of 0.07 s−1, 0.27 s−1 and 0.53 s−1, and temperature of 
410˚C, 430˚C, 450˚C, 470˚C. The strain rates are chosen to very close to actual 
thermal deformation velocity of aluminum plates. Prior to the test, the samples 
were heated to the targeted temperatures and then held for 3minutes to ensure 
temperature homogeneity. During the compression, the instant temperature was 
measured by thermocouples welded to the center area of the sample surface. 
Nickel powder was daubed on the two end surfaces of the sample to reduce fric-
tion. The height reduction is 70%, corresponding to the true strain of 1.2. The 
compressed specimens were water cooled and then sectioned along the com-
pression axis. As-deformed specimens was examined firstly, and then sealed into 
tube full of argon to solution treatment at 502˚C for 3 hours. In order to observe 
the same position of the both microstructures of as-deformed and solution treated, 
the as-deformed specimens were marked by hardness pits and remain during the 
following microstructure examine.  

JEOL 7800F scanning electron microscope with electron back-scattering dif-
fraction (EBSD) system was used to investigate the detailed substructure charac-
teristics. The EBSD samples were obtained by mechanical grinding and electro-
chemical polishing. 
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3. Results and Analysis 
3.1. True Stress-Strain Curves 

Figure 1 shows the true stress-strain curves of 2014 aluminum alloy suffered hot 
compression deformation. These curves show the similar shapes being stable 
flow, and only slight hardening appears with the strain rate increasing. Stable 
flow generally can be considered as a balance between dislocation multiplication 
and dislocation recovery [5] [6] [7]. With strain rate increasing, increased veloc-
ity of dislocation multiplication lead to a quick hardening. Inversely, the shorter 
deformation time is not enough for microstructure evolution to consume the 
interior energy [8]. It should be noted that although the strain rate range of 0.07 
s−1 - 0.53 s−1 is so narrow, the flow stress increase obviously from 46 - 63 MPa for 
0.07 s−1, to 62 - 78 MPa for 0.53 s−1. Figure 1(d) shows the relationship between 
strain rate and flow peak stress, where the strain rate sensitivity value is 0.1 - 
0.15. It is revealed that although this value slightly lower than the general value 
of 0.3, deformation resistance should be pay more attention during the actual 
thermal mechanical process. It is known that different matches of temperature 
and strain rate can obtain the same flow stress, but corresponding to the differ-
ent microstructures. So the examination of the deformation microstructure is 
more important for choosing the reasonable thermal processing parameters. 
 

 
Figure 1. True stress-strain curves ((a)-(c)) and the relationship between flow stress and strain rate (d). 
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3.2. Microstructure Evolution 

Figure 2 shows the EBSD images of the microstructure deformed at 410˚C, 
strain rate of 0.07 s−1 and 0.53 s−1, as well as solution treated. Crystal orientation 
is marked by the inset color code, and high angle (>15˚) and low angle (≤15˚) 
grain boundaries are indicated by black line and white line, respectively. At this 
lower temperature of 410˚C, almost no differences are observed for the strain 
rate of 0.07 s−1 and 0.53 s−1 (Figure 2(a) and Figure 2(c)). Original grains are 
pancaked and the boundaries became serrate. Obvious characteristic is that new 
grains with several microns appear in the original boundaries, especially at triple 
junctions. These new developed grains are in accordance with the dynamic re-
crystallization (DRX) [7] [8] [9]. The colour difference of the EBSD images, in 
the interior of the pancake-shaped grains, reveals the accommodated lattice dis-
tortion induced by strain especially near to grain boundaries. It is clear that these 
deformed microstructures display a typical plasticity deformation dominated by 
dynamic recovery (DRV), while DRX is minimal.  

Quasi in-situ observation is carried out for the deformed specimens after solu-
tion treatment at 502˚C for 3 hours (Figure 2(b) and Figure 2(d)). The micro-
structures keep a similar overall morphology to the deformed microstructures, 
except three noticeable characteristics. Firstly, the small sized DRX grains grow 
to a certain extent, even crystal merging for different orientations, indicated by 
black circle in Figure 2(b) and Figure 2(d). Secondly, new DRX grains develop 
at tirple junctions with high storage energy, noted by the white circle. In addi-
tion, the lattice distortion indicated by color gradient has faded and evolved into 
regular sub-grain boundaries. These three characteristics, including the grain  
 

 
Figure 2. EBSD images of 2014 alloy deformed at 410˚C and strain rate of 0.07 s−1 (a) and 
then solution treated (b); and deformed at 410˚C and strain rate of 0.53 s−1 (c) and then 
solution treated (d). 
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merging, the formation of new DRX grains and the changes of lattice distortion, 
are all the ways for microstructure to consume deformable storage energy. Giv-
ing a brief summary, during the solution soaking at 502˚C for 3 hours, static re-
crystallization (SRX) is the main evolution mechanism.  

Figure 3 shows the EBSD images of the microstructure deformed at 470˚C, 
strain rate of 0.07 s−1 and 0.53 s−1, as well as solution treated. At this higher tem-
perature of 470˚C, the quantity of new DRX grain decrease comparing with that 
of deformed at 410˚C, but the grain size is relatively large due to the higher de-
formation temperature. Typical DRX grains are noted by the black circle in Fig-
ure 3(a) and Figure 3(c). In this case, DRV is more enhanced no matter strain 
rate 0.07 s−1 or 0.53 s−1.  

However, only two characteristics are observed after solution soaking. The 
merging of DRX grain noted by black circle in Figure 3(b) and Figure 3(d), and 
the changes of lattice distortion still happened similarly with that of deformed at 
410˚C, while the new grains induced by SRX are not observed even at triple 
junction. This means deformation temperature is the most important factor for 
the recrystallization at the deformation parameters used in present study. 

3.3. Misorientation Distribution 

In order to analyze quantitatively the characteristics of sub-structure evolution, 
misorientation distribution is show in Figure 4. The deformed and solution 
treated microstructure were analyzed by calculating the fraction of low angle 
grain boundaries (FLABs), average misorientation angles of low angle grain boun-
dary (θLABs) and high angle grain boundaries (θHABs), and the result listed in Ta-
ble 1. Firstly, the higher strain rate of 0.53 s−1 leads to the higher FLABs, 71% and  
 

 
Figure 3. EBSD images of 2014 alloy deformed at 470˚C and strain rate of 0.07 s−1 (a) and 
then solution treated (b); and deformed at 470˚C and strain rate of 0.53 s−1 (c) and then 
solution treated (d). 
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Figure 4. Misorientation distributions of 2014 alloy deformed at different conditions 
(gray bars) and then solution treated (shadow bars). 
 
Table 1. Calculated FLABs, θLABs and θHABs of the alloy deformed and solution treated. 

 
Deformed Solution treated 

FLABs θLABs θHABs FLABs θLABs θHABs 

410˚C 
0.07s−1 65% 5.1 42.3 66% 4.9 43.0 

0.53s−1 71% 5.1 39.5 72% 4.9 42.1 

470˚C 
0.07s−1 63% 5.3 40.8 68% 5.3 41.5 

0.53s−1 72% 5.1 38.8 76% 4.9 39.3 

 
72%, comparing with 65% and 63% for strain rate of 0.07 s−1. As such, the θHABs 
is relatively lower for the higher strain rate of 0.53 s−1. Secondly, the solution 
soaking enhances the microstructure static recovery and leads to a weak in-
creasing in FLABs. Generally speaking, the sub-crystalline polygonization means a 
decrease in the fraction of low angle boundaries. In this case, the lattice distor-
tion with misorientation angle of below 2˚ is not considered. In fact, abundant of 
lattice distortion with small misorientation angle less than 2˚ is beyond the de-
tectable limitation of the EBSD analysis. These lattice distortions probably 
transform to the low angle grain boundaries, which leads to the increased FLABs 
value.  

3.4. Discussion 

In present study, the compression temperature range of 410˚C - 470˚C and train 
rates of 0.07 s−1 - 0.53 s−1 are chosen to very close to the actual thermal deforma-
tion parameters, in order to refine the actual thermal deformation processing. 
Although stable flow has displayed the good deformation ability of this alloy, 
slight differences of temperatures and strain rates induce the different substruc-
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ture, especially after solution treatment. The most obvious is that the specimen 
deformed at the lower temperature of 410˚C has the further trend to recrystalli-
zation after solution soaking at 502˚C for 3 hours. However, the higher defor-
mation temperature of 470˚C is more inclined to obtain a uniform microstruc-
ture with the lower deformation storage energy. Essentially, plastic flow ability of 
metallic materials decreases with deformation temperature decreasing [10] [11], 
which is the dominant factor for strain concentration. So the higher deformation 
storage energy releases by the way to form new grains and alleviate lattice distor-
tion. Generally, the solution soaking time of 3 hours is enough for the conven-
tional forgings, plates and extrusions. The final microstructure controlling of 
these work pieces are suggested to pay more attention to the thermal mechanical 
process. 

4. Conclusions 

The continuous microstructure evolution of 2014 aluminum alloy is studied by 
hot compression deformation at the relative narrow temperature range of 410˚C 
- 470˚C and strain rate of 0.07 s−1 - 0.53 s−1, to provide manufacturing sugges-
tions for aluminum plate. 

1) At the given deformation conditions, stable deformation flow corresponds 
to the microstructure evolution behavior of dominant dynamic recovery (DRV) 
and few dynamic recrystallization (DRX).  

2) After solution treated at 502˚C for 3 hours, static recrystallization (SRX) 
develop typical fine grains with several microns at grain boundaries, while static 
recovery (SRV) dominants the microstructure evolution during the soaking time, 
leading to a similar microstructure to that of the as-deformed. 

3) The average low angle grain boundaries (LAGBs) and high angle grain boun-
daries (HAGBs) display weak differences between as-deformed and solution treated 
specimens, which reveals a good thermal stability of microstructure for 2014 al-
loy. However, the deformation at the lower temperature has an obvious trend to 
induce static recrystallization during solution soaking.  
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