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Abstract
Background In many constitutive models for dynamic strain aging of aluminum alloys, the athermal component of flow stress 
was commonly assumed to be independent of temperature and strain rate. However, the assumption has not been examined 
experimentally due to lacking of a reliable and quantitative method to obtain statistical information of dislocation structure 
in the deformed aluminum alloys.
Objective Develop a novel X-ray diffraction procedure to characterize the evolution of dislocation structure in aluminum 
alloys over a wide range of temperatures and strain rates, and further clarify the contributions arising from the structural 
and thermal components of flow stress.
Methods The quasi-static and dynamic compression of artificial aged 2A12 aluminum alloy was carried out at the strain rates 
of 5×10-3 and 1×103  s-1 and within a temperature range of 173-673 K. The dislocation structure in the deformed aluminum 
alloy was determined by the newly developed X-ray line profile analysis procedure (CMWP). In combination with mechanical 
and X-ray diffraction tests, the correlation between the flow stress and microstructure for the aluminum alloy was established.
Results X-ray diffraction measurements showed the dislocation density in the deformed 2A12 aluminum alloy is tempera-
ture and strain rate dependence. Besides the structural or athermal component of flow stress calculated from the measured 
microstructure parameters, a bell-shaped flow stress was revealed clearly in the total flow stress, which can be attributed 
primarily to the dynamic strain aging mechanism.
Conclusions In this work, a fairly concise routine was proposed to characterize the microstructure and estimate the deforma-
tion mechanism for the 2A12 aluminum alloy, and the methodology could be easily extended to other alloys.

Keywords 2A12 aluminum alloy · Compression · Dislocation structure · Dynamic strain aging · X-ray line profile analysis

Introduction

2A12 aluminum alloy is one of important Al-Cu-Mg series 
alloys, which has nearly similar composition as that of 2024 
aluminum alloy but with different heat treatment processes 
[1–3]. It becomes widely used structural material in aero-
space, aircraft, marine and automotive industries because 
of excellent comprehensive properties of specific strength, 
heat conductivity, corrosion resistance, ductility and frac-
ture toughness [4, 5]. Structural components composed of 
aluminum alloys usually experience complex circumstance 
conditions, such as extreme temperatures and strain rates. 
All these factors will influence mechanical response of 
materials and eventually stability of components. In order 
to improve the performance and reliability of structural com-
ponents, it’s fundamental to know the mechanical behavior 
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and microstructure evolution of aluminum alloys over a wide 
range of temperatures and strain rates.

The relationship between flow stress and deformation 
conditions, including temperature, strain rate and strain, is 
usually depicted by a constitutive equation. Many constitutive 
models have been developed and applied to estimate the 
flow properties of aluminum alloys [6–12]. In the work of  
Lin et al. [9], a phenomenological constitutive model based 
on the Johnson-Cook model [13] and Arrhenius type model 
was proposed to evaluate the flow stress of Al-Cu-Mg 
alloys subjected to hot forming processes. In contrast to 
the Johnson-Cook model, the coupled effects of strain 
hardening, strain rate hardening, and thermal softening 
were considered. In this model, the coefficients used in the 
strain and strain rate hardening equations are expressed as 
functions of temperature and strain instead of independent 
constants in the Johnson-Cook model, and the peak stress 
changes with Zener-Hollomon parameter. To account for 
the plastic deformation behavior of the Al-Mg solid solution 
alloys, Horváth et al. [7] applied the Kubin-Estrin model 
[14] to predict not only the stress-strain curves but also the 
dislocation densities of the Al-Mg alloys during the stress 
controlled uniaxial compression. The predicted dislocation 
correlated well with that evaluated using the characteristics of 
Portevin-Le Chatelier effect. Additionally, the study showed 
both the mobile and forest dislocation densities increased 
with Mg concentration because of the interaction between 
the dislocations and solute atoms. Kreyca and Kozeschnik 
[12] developed a state parameter-based model to mimic the 
complex mechanical response of Al-Mg alloys at different 
strains, temperatures and strain rates. In the model, strain 
hardening is addressed using an extended Kocks-Mecking 
approach for the evolution of average dislocation density, the 
yield stress and its dependence on temperature and strain rate 
is modeled on the combination of the mechanical threshold 
stress and thermal activation mechanism, where solid 
solution hardening and dynamic strain ageing is described 
with a single parameter of effective solute concentration,  ceff. 
The stress-strain curves of the Al-Mg alloys with negative 
strain rate sensitivity were successfully reproduced using 
the present model with physically-based parameters. Since 
complex interaction between various microstructures during 
the deformation of Al alloys, characterizing accurately the 
evolution of microstructure is essentially necessary for both 
the deep insight of deformation mechanism and the validation 
of the physically-based constitutive models of materials.

As one of effective characterization methods, X-ray 
line profile analysis can provide the statistical properties 
of microstructure in crystalline materials [15, 16]. Recent 
years, the convolutional multiple whole profile (CMWP) 
procedure [17–19] has been developed for the evalua-
tion of X-ray diffraction data, and the density, character 
and arrangement parameter of dislocations, the type and 

probability of twin/stacking fault, and crystallite size can be 
obtained. In order to investigate the effect of severe plastic 
deformation on the microstructure and mechanical proper-
ties of Al-Mg alloys, dislocation densities and crystallite size 
have been determined by X-ray line profile analysis [20]. It 
was observed that a huge number of dislocations and small 
subgrain size were developed and reached a stable state 
with increasing strain. Fátay et al. [21] studied the thermal 
stability of the deformation induced defects in a deformed 
Al-Mg-Sc-Zr alloy. When the heat treatment temperature 
increased, the decreasing rate of dislocation densities was 
quicker than the increasing rate of crystallite size. As for 
polycrystalline Al alloys, the texture component, such as 
cube, goss, copper and brass, can be formed during the 
manufacturing processes. In the Ref. [22], as a function of 
annealing temperature the evolution of the dislocation den-
sity and the subgrain size for each texture component in a 
cold-rolled Al-0.2Sc-0.1Zr alloy were determined using line 
profile analysis in combination with texture information. It 
showed that the recovery rates of the microstructure in all 
the texture components of the alloy were similar in the tem-
perature range from the ambient to 573 K.

Although great efforts on measuring microstructure of 
deformed Al alloys have been made using X-ray line profile 
analysis [20–22], these works mostly focused on the micro-
structure changes as a function of strain or annealing tem-
perature during low strain rate deformation. Studies showed 
that strain rate in plastic deformation can also influence dis-
location density and grain size [23–25]. Synergistic effect 
of strain, temperature and strain rate on the microstructure 
and mechanical behavior of Al alloys were seldomly investi-
gated. The main problem is the lack of a reliable and feasible 
method to quantify the contribution arising from different 
conditions separately. Especially, commercial product of 
Al alloys usually has heterogeneous microstructures with 
textures and precipitation particles, which bring nontrivial 
work for dealing with X-ray diffraction patterns. To improve 
the computation process of diffraction patterns, the CMWP 
has been updated newly by extending or developing some 
novel functions, which includes weighting scheme selection 
and global optimization by using the combination of Monte-
Carlo and Levenberg-Marquardt algorithms [19]. This will 
shed light on obtaining more reliable microstructure results 
and further establishing a solid foundation for the constitu-
tive modelling of Al alloys.

In the current research we investigate the flow stress of an 
extruded 2A12 aluminum alloy compressed using universal 
material testing machine and Hopkinson bar. The range of 
deformation temperature covers 173-673 K and strain rates 
are 5×10-3 and 1×103  s-1, respectively. The relationship 
between the flow stresses of the Al alloy and the tempera-
tures and strain rates was revealed. The microstructure of the 
samples was observed by transmission electron microscopy 
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(TEM) and X-ray diffractometer. The CMWP procedure 
was used to evaluate the diffraction patterns and obtain the 
density and arrangement parameter of dislocations and sub-
grain size. The deformation mechanism of the specimens 
was discussed in terms of the correlation between the flow 
stress and the microstructure.

Experimental

Samples

The samples of 2A12 aluminum alloy were obtained from 
Southwest Aluminium (Group) Co., Ltd.. The chemical 
composition of the samples in wt% is: Cu: 4.3, Mg: 1.5, Mn: 
0.6, Fe: 0.3, Si: 0.2, and the balanced is Al. The heat treat-
ments including solution annealing, quenching and artificial 
ageing were carried out for the samples. The specimens were 
aged at 463 K for 10 h for obtaining fine precipitates so 
as to strengthen the materials. The cylindrical specimens 
with 10 mm diameter and 10 mm height were quasi-static 
and dynamic compressed at different temperatures, respec-
tively. Before the compression, the sample was maintained 
in a thermostat for 12 min at the preestablished temperature. 
The quasi-static compression was carried out in a universal 
materials testing machine. The strain rate of 5×10-3  s-1 and 
the temperatures of 173, 223, 293, 423, 503, 553 and 573 
K were applied, respectively. The dynamic compression 
was performed using a split Hopkinson pressure bar with 
22 mm diameter. The experimental setup of the Hopkinson 
bar is illustrated in Fig. 1. Firstly, the incident and transmis-
sion bars were driven by a pneumatic mounting system in 
opposite directions to contact the sample. To avoid elastic 
modulus change of the guide bars, the cold contact time for 
the bars and the specimen was about tens of milliseconds. 
The projectile collided with the incident bar at a speed of 
~15 m/s, a rectangular stress pulse was produced and trans-
mitted into the tested sample. The averaged strain and stress 
of the sample are therefore calculated from the measured 
stress pulses of the incident and transmission bars by the 

strain gauges. For the dynamic compression, the samples 
were deformed at the strain rate of 1×103  s-1 and the tem-
peratures of 293, 423, 503, 553, 573 and 673 K, respec-
tively. It is assumed during plastic deformation the sample 
volume remained constant and the deformation along the 
sample length was uniform. The relations � = �E

(
1 − �E

)
 

and � = −ln(1 − �E) can be applied to obtain true-stress 
vs. true-strain curves, where � , � and �E , �E correspond to 
the values of true-stress, true-strain and engineering-stress, 
engineering-strain, respectively. Fig. 2 shows the true-stress 
vs. true-strain curves of the quasi-static and dynamic com-
pressed samples at different temperatures.

Electron Microscopy and X‑ray  
Diffraction Measurements

After the deformation, the samples deformed at 173, 293, 
423, 573 K and 5×10-3  s-1 and at 293, 423, 503, 573, 673 
K and 1×103  s-1 were selected, and the surface of the cen-
tral part of the samples perpendicular to the compression 
direction were prepared for the X-ray diffraction measure-
ments. X-ray diffraction patterns were measured using an 
X-ray diffractometer (PANalytical X'Pert PRO) working 
at 40 kV and 40 mA. The focal spot size and the take-off 
angle are 0.4 mm×12 mm and 6º, respectively. The dis-
tance of incident and diffracted beam path is 240 mm for 
Bragg-Brentano geometry. The angle of the divergence 
slit is set to 0.5º and the size of the receiving slit is 0.05 
mm. A nickel filter was used to remove  Kβ radiation, and 
then Kα1,2 doublet was received by an X'Celerator detec-
tor. The 2θ angular range of the measured diffraction pat-
terns is 30°-120o and the step length is 0.033°. The Kα2 
lines were stripped using the Rachinger algorithm before 
the line profile analysis. A NIST SRM 640d silicon pow-
der was measured for the evaluation of the line profiles 
of the instrument. To observe the morphology of disloca-
tions and precipitates in the samples, the TEM analysis 
was carried out in a FEI Tecnai FEG-TEM operating at 
200 kV. All the thin-foil specimens were prepared by the 
mechanical polishing and twin-jet electro polishing. The 

Fig. 1  Schematic of the 
experimental setup for 
dynamic compression
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TEM micrographs of the initial specimen and the speci-
men deformed at 573 K and 5×10-3  s-1 and deformed at 
673 K and 1×103  s-1 are shown in Fig. 3, where the size of 
the grains and the precipitates are about 2 μm and 60 nm 
and the dislocations are distributed inside the crystallites.

Evaluation of the X‑ray Diffraction Patterns

The X-ray diffraction patterns are broadened due to crystal-
lite size, lattice distortions as well as instrumental effects. 
The effect of lattice distortions and crystallite size on peak 

Fig. 2  True-stress vs. true-strain 
curves of the quasi-static (a) 
and dynamic (b) compressed 
2A12 aluminum alloy samples 
at different temperatures

(a)

(b)
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broadening can be compared qualitatively using the method 
of the Williamson-Hall (WH) plots [26]. The WH plots of 
the quasi-static and Hopkinson bar compressed Al alloy 

samples at the deformation temperature of 293 and 573 K are 
shown in Fig. 4, respectively. In the figure, the full widths at 
half maximum (FWHM) of physical profiles are plotted vs. 
K = 2sin�∕� , where the FWHM values are obtained after 
subtracting the instrument broadening from the measured 
diffraction peaks of the Al alloy samples, � and � are the 
diffraction angles and the X-ray wavelength, respectively. 
The dash lines in the WH plots are the linear fitted lines 
where the slope is proportional to the microstrain and the 
intercept on the ordinate is inversely proportional to the crys-
tallite size. It can be seen that the microstrain increases with 
increasing the strain rate or decreasing the deformation tem-
perature. In the same time, we found crystallite sizes from 
the intercepts are negative values which are certainly lack-
ing of physical significance. This is because the theoretical 
assumptions implicated in the WH plots are incomplete. In 
order to obtain accurately the microstructure information not 
only the FWHMs but also the line profiles should be taken 
into account. This is the work that the CMWP line profile 
analysis procedure try to deal with.

In the evaluation of CMWP, the measured diffraction pat-
terns are matched by the convolution of the physical profiles 

Fig. 3  TEM micrographs of the 
initial specimen (a) and the speci-
men deformed at 5×10-3  s-1 and 
573 K (b) and deformed at 1×103 
 s-1 and 673 K (c). The scale 
length in (a) is 0.5 μm and in (b) 
and (c) is 1 μm, respectively

Fig. 4  The Williamson-Hall plots of the quasi-static and Hopkinson 
bar compressed Al alloy samples at the deformation temperature of 
293 and 573 K, where the dash lines are the linear fitted lines for the 
corresponding samples
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and the instrumental profiles. The instrumental profiles were 
taken from the measurement of the NIST SRM 640d sili-
con powder sample. The physical profiles are related with 
crystallite size and lattice defects [15, 18]. The size profile 
is obtained by assuming that crystallite sizes follow a log-
normal distribution, which can be written as [27]:

where s = 2
(
sin� − sin�B

)
∕� , �B is the exact Bragg angle, 

m and �LN are the median and the variance of the lognormal 
distribution. The area average mean crystallite size or coher-
ent domain size dx is determined as [28]:

The defect profile is diffraction profile comes from vari-
ous kind of lattice defects including dislocations, twins and 
stacking faults. Since few planar defects were observed in 
the coarse-grained Al alloy samples, we considered exclu-
sively the diffraction effect of dislocations in the present 
case. The Fourier coefficient of defect profile can be written 
as [29, 30]:

where g and L are the length of the diffraction vector and the 
Fourier variable, ⟨ε2

g,L
⟩ is the mean square strain arising from 

dislocations. The expression of ⟨ε2
g,L

⟩ [30] is

where ρ, b, C and Re are the density, the Burgers vector, the 
average contrast factor and the effective outer cut-off radius 
of dislocations, f(L/Re) is the Wilkens function. In the case of 
a texture-free polycrystalline or all possible Burgers vectors 
are activated, the dislocation contrast factors can be averaged 
over the permutations of the multiplicity of the hkl reflec-
tions and the average contrast factors Chkl for cubic crystals 
are given as [31]:

where Ch00 is the average contrast factor for the h00 reflec-
tions, q is a parameter depending on the character of dislo-
cations and the elastic constants of the sample [17, 32] and 
H2=(h2k2+h2l2+k2l2)/(h2+k2+k2)2. The defect profile due to dis-
locations can be directly given by the Fourier transform of AD.

As shown in equations (1)-(5), the best solutions of five 
parameters for the samples need to be searched in the optimi-
zation process of CMWP. These parameters are the median, 

(1)I(s) = ∫
∞

0

x
sin2(x�s)

(�s)2
erfc

�
log(x∕m)
√
2�LN

�
dx

(2)d
x
= m exp

�
(5∕4)

�√
2�

LN

�2
�

(3)AD = exp
�
−2�2L2g

2⟨ε2
g,L

⟩
�

(4)⟨ε2
g,L

⟩ = �Cb2

4�
f (L∕Re)

(5)Chkl = Ch00(1 − qH2)

m, and the logarithmic variance, �LN of the lognormal size 
distribution and the density, � , the effective outer cut-off 
radius, Re , and the parameter, q of dislocations. During the 
iterations, the theoretical diffraction pattern was calculated 
using the parameters and compared with the measured dif-
fraction pattern. Once the relative change of the residuals 
of the measured and calculated patterns between two itera-
tion steps is less than the predefined criteria or the maximal 
number of iterations is reached, the evaluation procedure 
will stop. To obtain the character of dislocations in cubic 
crystals, the theoretical q values for the edge and screw dis-
location were numerically calculated by a program ANIZC 
[32]. Comparing the measured and the theoretical values of 
the q parameter, one can obtain slip activity of dislocations 
in the samples. Finally, the CMWP procedure can provide 
the densities, characters and arrangement of dislocations and 
the subgrain size in the deformed Al alloy samples.

Figure 5 shows typical CMWP evaluated diffraction pat-
terns of the Al alloy samples deformed at room temperature 
and 573K using a Hopkinson bar, where the intensity is plot-
ted in logarithm scale. As shown in Fig. 5, the diffraction 
pattern of the Al alloy specimen is composed of the {111} 
and {200} reflection families with stronger intensities, and 
the other reflections with weaker intensities. It can be con-
cluded that the current studied Al alloy samples possess 
{111} and {200} fiber texture components, which is ubiq-
uitous for the extruded Al alloy bar. In principle, the reflec-
tions corresponding to different texture components should 
be considered independently in the calculation. However, we 
still take the average contrast factor as a suitable approxima-
tion because of the following considerations: (i) The elas-
tic constants of Al are  c11 = 108.2 GPa,  c12 = 61.3 GPa 
and  c44 =28.5 GPa [33], respectively. The Zener constant, 

Fig. 5  The measured (open circles) and the CMWP evaluated (solid 
line) diffraction patterns of the Al alloy samples deformed at 293K and 
573K using a Hopkinson bar. The intensity is shown in logarithm scale
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AZ = 2c44∕(c11 − c22) , of Al is about 1.2, indicating that the 
elastic anisotropy is comparably small; (ii) when multiple 
slip systems are activated at larger deformation and/or higher 
temperature the individual contrast factor values of the hkl 
reflections become closer to the average contrast factor [34]; 
(iii) it’s shown the dislocation densities are nearly the same 
for all the grain orientations in a tensile deformed stainless 
steel at the larger deformation after stage-II work hardening 
[35], which justify the dislocation densities in the texture 
components could be hkl orientation independent.

Results

Plastic Flow Behavior of 2A12 Al Alloy

The true-stress versus true-strain curves of the Al alloy 
samples after a deformation of ~7% strain are shown in 
Fig. 2. In the elastic deformation region, the deviation 
between the stress-strain curves is comparably larger for 
the dynamic compression than for the quasi-static compres-
sion. Especially, the stress-strain curve for the dynamic 
compression at 423K even did not begin with zero stress. 
It is mainly because the mismatches of the diameter and 
sound impedance between the guide bars and the sample, 
the stress-strain curve for the dynamical compression can’t 
be obtained accurately at the stage of elastic deformation. 
After yielding, the flow stress increases with plastic strain 
due to work and strain rate hardening. To observe quan-
titatively the effect of strain rate and temperature on the 
plastic deformation of 2A12 Al alloy, a comparison was 
made in Fig. 6 for the change of flow stress as a function 
of temperature at the strain rates of 5×10-3 and 1×103  s-1. 

The flow stresses were taken at the strains of 2%, 4.5% 
and 7%, respectively. At both the strain rates, the samples 
all appeared to be softened with the temperature increas-
ing. For the quasi-static compression at 7% strain, the flow 
stress decreased along the variation of temperature, which 
is 540 MPa at 173 K and then continuously dropped to 253 
MPa at 573 K. For the Hopkinson bar compression at 7% 
strain, the flow stress is higher than that of the quasi-static 
compression due to about five order increase of strain rate. 
However, the flow stress seems insensitive to the tempera-
ture below 503 K, which evolved from 575 MPa at 293 K to 
354 MPa at 673 K. The thermal-activated mechanism [36] 
plays an important role in determining the flow behavior 
of the samples. When the temperature rises, thermal energy 
lowers down the effective height of short-range barriers 
and accordingly the flow stress decreases. The increase 
of strain rate has a negative effect of temperature on the 
material softening because of less time for thermal energy 
to get across short-range barriers, therefore higher flow 
stress has to be applied. At a higher temperature, e.g., 573 
K for the quasi-static compression, the flow stress is closer 
to the athermal component. This indicates at the moment 
short-range barriers have been overcome almost by thermal 
energy, and the flow stress is determined mainly by the 
long-range barriers.

Microstructure of the Compressed Specimens

The diffraction patterns of the selected Al alloy samples were 
evaluated using the CMWP procedure. The dislocation density 
ρ and the subgrain size dx as a function of deformation tem-
perature are shown in Fig. 7. For the quasi-static compression, 
the dislocation density is 1.0×1015  m-2 at the temperature of 

Fig. 6  Flow stress vs. deformation temperature at the strain rates of 
5×10-3 and 1×103  s-1. The flow stresses were taken at the strains of 
2%, 4.5% and 7%, respectively

Fig. 7  Dislocation density ρ and area average mean crystallite size 
dx of the Al alloy specimens deformed at the strain rates of 5×10-3 
and 1×103  s-1 vs. the deformation temperature. The dashed lines are 
to guide the eye
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173 K, then a slight decrease proceeds up to 423 K, after that 
a drop-off occurs and it reaches a low value of 0.4×1015  m-2 
at 573 K. For the Hopkinson bar compression, the dislocation 
densities follow a similar decreasing trend of first slowness 
and then rapidness, which starts from 1.5×1015  m-2 at the 293 
K to 0.4×1015  m-2 at 673 K. In contrast to the dislocation den-
sities, after a gentle increase from a level about 80 nm with 
the temperature increasing, the subgrain size rises dramati-
cally to 150 and 240 nm for the quasi-static and Hopkinson 
bar compression, respectively. The dislocation arrangement 
parameter M = Re

√
� describes the mutual screening ability 

of the dislocation strain fields. When the dislocations have 
stronger dipole character or weaker long-range strain fields, the 
M values become smaller. The evolution of the M parameters 
as a function of temperature is shown in Fig. 8. The charac-
ter of dislocations in the samples can be determined by the q 
parameter, which accounts for the anisotropic peak broaden-
ing due to dislocations. For the Al alloy samples, the theoreti-
cal q values are 0.37 and 1.35 corresponding to the edge and 
screw character of a/2<111>{110} slip system, respectively. 
As illustrated in Fig. 9, the experimental q values provided by 
CMWP fluctuate in the range of 0.4 and 0.7, indicating that 
the dominate character of dislocations in the samples is edge.

Discussion

Effects of Temperature and Strain Rate On 
the Evolution of Dislocation Density

When the Al alloy samples are compressed, both the mul-
tiplication and annihilation of dislocations occur simulta-
neous during the compression. Comparing the measured 

dislocation densities in the samples after the deformation 
at different temperatures, if the temperature is less than 
~423 K for the quasi-static compression and ~503 K for 
the Hopkinson bar compression, the dislocation densities in 
the samples decrease moderately. It indicates the dislocation 
structure generated in the deformation process is still fairly 
stable within these temperature ranges. As the deformation 
temperature increases further, the dislocation densities drop 
dramatically up to the temperature of 573 and 673 K for 
the quasi-static and the Hopkinson bar compression, respec-
tively. The descending of dislocation densities could be 
attributed primarily to the effect of thermal activation [36]. 
In the plastic deformation of an alloy, mobile dislocations 
will meet various kinds of possible resistances, e.g., Peierls-
Nabarro force, crossing of forest dislocations, elastic interac-
tion between dislocations, precipitates and etc., which can 
be classified into short- and long-range barriers depending 
on interaction distance of strain field. It’s well known that 
temperature has a large impact on short-range barriers. The 
height of short-range barriers will be reduced if temperature 
increases. For the 2A12 Al alloy samples with face-centered 
cubic structure, short-range barriers mostly consist of forest 
dislocations, and the width of extended dislocation is narrow 
and inclined to be bounded due to high stacking fault energy 
of aluminum. The increasing temperature accelerated the 
diffusion of point defects, cross-slip and climb of disloca-
tions, and correspondingly enhanced dynamic recovery of 
dislocations. This resulted in the rapid annihilation of dis-
locations at the higher temperatures.

Besides temperature, the quantity of dislocations in the 
Al alloy samples is also strongly dependent on strain rate. 
As shown in Fig. 7, although the evolution trend of disloca-
tions is similar for both the quasi-static and Hopkinson bar 

Fig. 8  Dislocation arrangement parameter M of the Al alloy speci-
mens deformed at the strain rates of 5×10-3 and 1×103  s-1 vs. the 
deformation temperature. The dashed lines are to guide the eye

Fig. 9  Experimental q parameters of the Al alloy specimens deformed 
at the strain rates of 5×10-3 and 1×103  s-1 vs. the deformation tem-
perature
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compression, there is remarkably different between them. 
Before the deformation temperature of 573 K, the disloca-
tion densities in the samples after the quasi-static compres-
sion are almost ~30% less than those after the Hopkinson bar 
compression at the same temperature. As the strain rate rises, 
the applied external force has to be increased to facilitate 
dislocation movement, a large number of dislocations are 
activated and multiplied, however the time for dislocation 
annihilate is insufficient. Therefore, the incomplete dynamic 
recovery resulted in high dislocation densities left in the 
samples deformed at the higher strain rate. Additionally, in 
Fig. 7 we can find the dislocation density at the deformation 
temperature of 573 K for the quasi-static compressed sample 
is very close to that at the deformation temperature of 673 K 
for the Hopkinson bar compressed sample. The temperature 
difference about 100 K can also be explained by the shorter 
time for dislocations to overcome short-range barriers at the 
higher strain rate. To compensate the weakening effect of 
thermal energy, higher temperatures are needed to promote 
the annihilation of dislocations.

The Relation Between the Subgrain Size 
and the Dislocation Arrangement

As shown in Fig. 7, the subgrain size was changed in an 
opposite direction of the dislocation densities for both the 
quasi-static and Hopkinson bar compression. It’s noted that 
the subgrain size determined by X-ray diffraction are not 
certainly equal to the crystallite size obtained from TEM 
[37]. The crystallite size from TEM is ~2 μm, which is one 
order larger than the subgrain size from X-ray diffraction. 
As illustrated in the Ref. [27, 37], there is a sequence of 
length scales in a bulk material, the TEM size usually cor-
responds to the grains with large angle boundaries while the 
X-ray size to the coherently scattering domains divided by 
1-2 degrees of small angle misorientation. For the 2A12 Al 
alloy samples, there’re dispersed hard precipitates distrib-
uted in the soft Al matrix. The dislocations pinned by the 
precipitates could produce local misorientations randomly. 
According to the TEM measurements, the interval between 
the precipitates is about 200 nm, which is in good correlation 
with the subgrain size determined from X-ray diffraction. 
Besides the precipitates, the solute atoms also have strong 
pinning effect of dislocations, which was substantiated by 
the character of dislocations in the samples. As discussed in 
paragraph 3.2, the dislocations are mostly of edge character. 
This result together with other previous investigations [20, 
38] shows if there’re solute atoms prevailing in the materi-
als, edge dislocations could be pinned preferentially and the 
dislocation character will be shifted to the edge type after 
a deformation.

Since the subgrain size obtained from X-ray diffraction is 
coherently scattering domains divided by dislocation arrays, 

the evolution of subgrain size with temperature is essentially 
related to both the density and arrangement of dislocations. 
At the low temperatures, the change of dislocation densities 
is moderate in the deformation, which means most dislo-
cations are pinned or tangled and difficult to move. Cor-
respondingly, the subgrain size is stable with temperature 
as well. If the temperature is elevated higher than a critical 
value, e.g., ~503 K at 5×10-3  s-1 and ~573 K at 1×103  s-1, the 
dynamic recovery become more remarkable and dislocations 
tend to break away obstacles and glide. The annihilation of 
dislocations and the growth of subgrains lead to a reduction 
of the stored energy in the samples. Here, we focus on the 
relation between the dislocation arrangement parameter M 
and the subgrain growth with temperature. When the sam-
ples were compressed at the lower temperatures, a large 
number of dislocations accumulated and arranged into low 
energy configurations. At this stage, the M parameters are 
comparable small, indicating stronger dipole character of 
dislocations. When the temperature increases, the disloca-
tion dipoles come closer and annihilate finally [38], result-
ing the M parameters increase significantly. Meanwhile, the 
excess dislocations with the same signs can’t be annihilated, 
which will be driven to migrate and form low angle grain 
boundaries. Therefore, the subgrain growth at the higher 
temperatures occurs concomitantly with the increase of the 
M parameters. The subgrain sizes are 150 nm for the quasi-
static compression at 573 K and 240 nm for the Hopkinson 
bar compression at 673 K, respectively, which is close to the 
intervals between the precipitates. The precipitates distrib-
uted in the samples could hinder the further coalescence of 
the subgrains.

Correlation Between the Flow Stress 
and Microstructure

As discussed in the paragraph 4.1, the flow stress of the 
present 2A12 Al alloy samples deformed at different strain 
rates and temperatures consists of structural component and 
thermal component. The structural component �s is directly 
related with the microstructure in the samples, including grain 
size, dislocations and precipitates. The thermal component 
�t is a function of strain rate and temperature. Therefore, we 
correlate the flow stress with the microstructure by adding 
up different strengthening contributions using the equation:

where �0 is the friction stress, K and α are constants, d is the 
grain size determined by TEM, G is the shear modulus, MT 
is the Taylor factor for polycrystalline material, x and l are 
the average dimension and interval of the precipitates, 

(6)

�calc= �0 +
K√
d
+ αGbMT

√
� + 0.85GbMT

ln(x∕b)

2π(l − x)
+ �t ,
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respectively. In the right side of equation (6), K√
d
 is Hall-

Petch type of grain-size contribution [39], αGbMT

√
� delin-

eates work-hardening of Taylor mechanism [40], 
0.85GbMT

ln(x∕b)

2π(l−x)
 characterizes precipitation strengthening 

[41] and �t is a term correlated with strain rate and tempera-
ture [42].

Since the samples have been artificially aged for 10 h at 
190 °C before the deformation tests, �0 and K were taken 
approximately as 20 MPa and 0.040 MPa·m1/2 for pure Al [41, 
43]. α and MT were taken as 0.33 and 3 for the polycrystalline 
specimens, b = 0.286 nm, x and l are estimated as 60 and 200 
nm from the TEM measurements, the values of G at the dif-
ferent temperatures are shown in the Table 1. Making use of 
these parameters, the structural component of flow stress �s 
were calculated and listed in Table 1. The values of thermal 
component �t were obtained by subtracting �0 and �s from the 
measured flow stresses �meas . It can be seen in Fig. 10 that the 
dependence of �t on temperature is not a monotonous function, 
which is more like a bell shape. In the frame of the thermally-
activated mechanism the flow stress that getting across the 
short-range barriers becomes smaller with increasing the tem-
perature, the bell-shaped �t can’t be explained exclusively by 
this mechanism. The other mechanism of dynamic strain aging 
should be taken into account [12, 42, 44–49]. As the deforma-
tion of the samples is processing, mobile dislocations could be 
dragged by the atom atmosphere, such as Cottrell atmosphere 
[44, 46]. The drag force is determined by the relative velocity 
between the dislocation moving and the solute atom diffusion. 
The drag force reached a maximum value when the diffusion 
velocity of solute atoms is nearly close to the velocity of mov-
ing dislocations. When the diffusion is slower or faster than 
the critical velocity of moving dislocations, the drag force will 
be decreased. The varying drag force was added as one part 
of the total flow stress, then we can see the change of �t is 
not a monotonous function of temperature. We fitted the data 

points of �t with a Gaussian function, and the calculated values 
of �t were also listed in Table 1. The best match between the 
measured and calculated flow stress values, �meas and �calc are 
shown in Fig. 11. The temperatures at the peak stress are 383 
and 523 K for the strain rates of 5×10-3 and 1×103  s-1, respec-
tively. When the strain rate increased from 5×10-3 to 1×103 
 s-1, the temperature of the peak �t moved to a higher value. 
This phenomenon is consistent with the observations in other 
materials [42, 45, 47]. As the strain rate increased, the mobile 
dislocations had to move faster. The diffusion of solute atoms 
needed to be accelerated by higher temperature to catch up with 
the moving dislocations. Therefore, the temperature region of 
the dynamic strain aging shifted to a higher temperature region. 
Within specific temperature regions in Fig. 6 the amplitude 

Table 1  The deformation temperature T, the shear modulus G, the 
measured flow stress �

meas
 , the calculated structural component of 

flow stress �s and the calculated thermal component of flow stress �t 
for the Al alloy specimens deformed at the strain rates of 5×10-3 and 
1×103  s-1, respectively

Strain rate  [s-1] T [K] G [GPa] �
meas

[MPa] �s[MPa] �t [MPa]

5×10-3 173 28 540 406 114
293 26 500 377 103
423 22 420 307 93
573 17 253 201 32

1×103 293 27 575 446 109
423 25 544 392 132
503 24 539 360 160
573 22 466 295 151
673 19 354 217 117

Fig. 10  Flow stress �t vs. deformation temperature of the Al alloy 
specimens deformed at the strain rates of 5×10-3 and 1×103  s-1. The 
data of �t were fitted with a Gaussian function (solid lines), and the 
temperatures at the peak stress are 383 and 523 K for the strain rates 
of 5×10-3 and 1×103  s-1, respectively

Fig. 11  The calculated, �
calc

 vs. the measured, �
meas

 , flow stress values
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of stress peak is not so significant compared to the total flow 
stress. Kreyca and Kozeschnik [12] compared the flow stress 
of Al-Mg alloy with 0-5 wt.% solute contents, the peak stress 
is revealed to be reduced with the descending of solute content. 
For a full-aged nickel-base superalloy Inconel 718, Yuan et al. 
[49] attributed a weaker effect of dynamic strain aging to the 
transformation from the mechanism of shearing to bowing-out 
between dislocations and precipitates. It is concluded naturally 
that the artificial aging for the current 2A12 Al alloy samples 
indeed weaken the peak stress of dynamic strain aging.

Conclusions

In this investigation the artificial aged 2A12 Al alloy has 
been uniaxially compressed in a temperature range of 
173-673 K and at the strain rates of 5×10-3 and 1×103  s-1, 
respectively. Although the softening of flow stress occurred 
for the Al alloy samples deformed at both the strain rates, 
the evolution of flow stress as a function of temperature 
manifested differently. In contrast to the continuous drop 
of flow stress in the temperature range of 173-573 K at the 
strain rate of 5×10-3  s-1, there’s a moderate variation before 
the temperature of 503 K at the strain rate of 1×103  s-1. In 
order to correlate the flow stress with the microstructure in 
the deformed Al alloy samples, TEM and X-ray line profile 
analysis were used to obtain the size of grains and precipi-
tates and the dislocation density. The structural component 
of flow stress has been evaluated using the experimentally 
determined values of the microstructure. After subtracting 
the structural component from the total flow stress, the left 
was found to be a bell-shaped flow stress in some specific 
temperature regions, which shifted to a higher temperature 
region as the strain rate increased from 5×10-3 to 1×103 
 s-1. The phenomenon was explained well in terms of the 
dynamic strain aging mechanism.
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