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Abstract
In this study, the effects of strain rate on the dynamic behavior, microstructure evolution and hence, failure of the AA2519-T8 
aluminum alloy were investigated under compression at strain rates ranging from 1000 to 3500 s−1. Cylindrical specimens of 
dimensions 3.3 mm × 3.3 mm (L/D = 1) were tested using the split-Hopkinson pressure bar integrated with a digital image 
correlation system. The microstructure of the alloy was assessed using optical and scanning electron microscopes. Results 
showed that the dynamic yield strength of the alloy is strain rate dependent, with the maximum yield strength attained by the 
material being 500 MPa. The peak flow stress of 562 MPa was attained by the material at 3500 s−1. The alloy also showed 
a significant rate of strain hardening that is typical of other Al–Cu alloys; the rate of strain hardening, however, decreased 
with increase in strain rate. It was determined that the strain rate sensitivity coefficient of the alloy within the range of high 
strain rates used in this study is approximately 0.05 at 0.12 plastic strain; a more significant value than what was reported in 
literature under quasi-static loading. Micrographs obtained showed potential sites for the evolution of adiabatic shear band 
at 3500 s−1, with a characteristic circular-shaped surface profile comprising partially dissolved second phase particles in the 
continuous phase across the incident plane of the deformed specimen. The regions surrounding the site showed little or no 
change in the size of particles. However, the constituent coarse particles were observed as agglomerations of fractured pieces, 
thus having a shape factor different from those contained in the as-received alloy. Since the investigated alloy is a choice 
material for military application where it can be exposed to massive deformation at high strain rates, this study provides 
information on its microstructural and mechanical responses to such extreme loading condition.
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Introduction

Aluminum alloys are reputed for their high strength-to-
weight ratio, high specific stiffness and low density, which 
favor their use in wing skins and fuselage structure of com-
mercial and military aircraft [1]. A few other desirable prop-
erties of aluminum alloys include good corrosion resistance, 
excellent machinability, high thermal conductivity, high 
electrical conductivity and high ductility. The AA2000 

series are precipitation-hardenable aluminum alloys with 
copper as the principal alloying element [2]. Compositional 
control and advanced processing of the aluminum–copper 
alloy system have led to improved properties for various 
applications. For instance,  Al2CuMg intermetallic com-
pounds form as second phase particles to further improve 
the strength and the enhance fracture toughness of the alloy 
[1, 3]. Consequently, Al–Cu–Mg alloys find widespread 
applications in aircraft and automobile structures, where 
the combination of weight reduction and strength improve-
ment are both sought in order to minimize operational costs 
without compromising performance [4]. It has been estab-
lished that AA2519 armor grade alloy, when tempered to 
certain specified conditions, possesses excellent ballistic 
protection characteristics equivalent to those of AA7039 
and is less susceptible to stress corrosion cracking when 
compared to AA5083 [5]. Being easily weldable with filler 
alloy AA2319, its yield strength as welded butt joints is 
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higher than the yield strengths of other commercially avail-
able alloys [5]. Other selling points of AA2519 alloy, such 
as its age-hardenability and heat-treatability in the post-weld 
condition make it an alloy of choice because these features 
allow for the improvement of its mechanical properties when 
compared to the as-welded condition [6]. Another emerg-
ing application for AA2519 alloy is superplastic forming 
[7]. Superplasticity of metals is an important property in the 
fabrication of complex parts from sheet metals.

The growing number of applications of aluminum alloys 
in both aerospace and automotive industries has necessi-
tated a better understanding of the material behavior from 
the quasi-static regime to the high rate regime. Combination 
of these evolving applications and the constantly renewed 
interest in the plastic behavior of aluminum alloys under 
dynamic impact or shock loading conditions, which can be 
on the order of  103 s−1 constitute a major impetus for further 
understanding of their failure mechanisms at such high strain 
rates [8]. Other sources of motivation are the issues of safety 
and reliability of defense and aerospace structures most 
especially with increasing incidence of bird strikes which 
constitute a major air-flight danger in the world and bal-
listic impact on military vehicles during combat operations. 
Therefore, understanding the property changes associated 
with high strain rate loading during the material deformation 
is an important step in the characterization of the dynamic 
behavior of the alloys. This, in turn, provides useful informa-
tion which facilitates improved material design and proper 
selection for high-performance service requirements.

During high strain-rate loading, a work-hardening region 
of the deformation profile is followed by flow stress, which 
is contingent upon a complex combination of contributions 
from relevant strengthening contributors which may include 
dislocation interactions, solute hardening, and hardening by 
dispersoids and second phases among others [9, 10]. Plastic-
ity and work-hardening of Face Centered Cubic materials 
have been explained by the concepts of dislocations [11]. 
The investigated material is a precipitation hardened alu-
minum alloy. Precipitation hardening relies on strengthening 
by fine precipitates which form during heat treatment and 
very effective in impeding the motion of dislocations. The 
result of this immobilization of dislocation is responsible for 
strengthening or hardening.

The deformation and failure of metallic alloys under 
quasi-static loading are generally by slip and twinning while 
a failure at high strain rate is initiated by intense localiza-
tion of shear strain. When metallic alloys are subjected to 
such extreme loading conditions, phenomena such as phase 

transformation, twinning, void formation, dynamic recov-
ery or dynamic recrystallization can occur the kinetics of 
each of which are different [12]. Bai et al. [13] reported that 
during large plastic deformations, about 90% of the applied 
deformation energy is converted into heat, causing a rise in 
temperature in the deforming material. This may ultimately 
lead to localized plastic flow due to adiabatic heating. How-
ever, part of the mechanical energy for plastic deformation 
is stored in the material microstructure as internal residual 
energy [14]. In reality, the quantity of heat dissipation from 
plastic work depends on the thermal diffusivity of the mate-
rial, strain, local strain rate and temperature [13, 14]. The 
undesirable effect of localized heating is intense localized 
shearing and fracture. The evolution of adiabatic shear band 
(ASB) begins with the formation of deformed ASBs (also 
called deformed bands) characterized by highly deformed 
and elongated grains. The literature is replete with informa-
tion on the microstructural evolution during high strain-rate 
loading and other events leading to shear fracture of various 
aluminum alloys and other metallic materials, while high 
strain-rate studies on AA2519 are limited [15–17]. Hence, 
it is imperative to understand the microstructural response 
of AA2519-T8 aluminum alloy when subjected to high-rate 
compression loading. This is the focus of the current study.

The objectives of this paper were to investigate the high 
strain-rate deformation of aluminum alloy AA2519-T8, 
employed in the design of lightweight armored military 
equipment, and define its microstructural evolution during 
its dynamic deformation at high strain rates. The intent is 
to provide its material properties database that can be used 
to validate current or future constitutive models for predict-
ing its dynamic response under high strain rate compressive 
loading. These experimental data include significant infor-
mation on the dynamic yield and flow stresses, the strain 
rate sensitivity (SRS) and microstructural evolution of the 
material and can be used in the formulation and validation 
of robust constitutive models for simulating the material’s 
response at high strain rates.

Materials and Methods

The investigated AA2519 (AlCu6Mn) alloy was received 
in T8 temper condition. The alloy contains 5.3–6.5% cop-
per and other trace elements as shown in Table 1. The as-
received plates were machined to cylindrical test specimens 
having 3.3 mm in diameter and 3.3 mm long (aspect ratio, 
L/D = 1). Split-Hopkinson pressure bar (SHPB) and digital 

Table 1  Elemental composition 
of AA2519 aluminum alloy

Composition Al Cu Fe Mg Mn Si Ti V Zn Zr

Wt% 91.5–93.8 5.3–6.4 0.3 0.05–0.4 0.1–0.5 0.25 0.02–0.1 0.05–0.15 0.1 0.1–0.25
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image correlation (DIC) systems were used concurrently for 
capturing the compression data from the test specimens dur-
ing the mechanical loading. The photograph of the SHPB 
used for mechanical testing is shown in Fig. 1. It comprises 
the incident and the transmitter bars which are made of 
Ti–6Al–4V alloy, each 13 mm in diameter and 1905 mm in 
length. Strain gages were bonded to each of the bars at equi-
distance of 947 mm from the test specimen. At both loca-
tions, the strain gages were connected to a full Wheatstone 
bridge circuit which was configured to capture the axial 
loads as elastic waves. The elastic wave data captured as 
voltage–time signals by the strain gages on the incident and 
the transmitter bars were converted to their corresponding 
load values using a conversion factor obtained from an initial 
calibration of the equipment. The elastic waves are longitu-
dinal for compressive loading and comprise the incident, the 
reflected and the transmitted waves. A schematic represen-
tation of the wave propagation towards and away from the 
specimen is inserted in Fig. 1. The amount of wave reflected 
by the specimen is a function of the material properties.

Based on one-dimensional wave theory and on the 
assumption that the forces acting on both ends of the test 
specimen are equal, the mean values of force, true stress, 
true strain and strain rate in the specimen were determined 

mathematically using appropriate equations that are well 
described in the literature [8, 18]. Also, SRS plot was gen-
erated using the following relation [19]:

where m is the SRS, �(�) is the flow stress in MPa at fixed 
plastic strain , and �̇� is the strain rate in  s−1.

Prior to putting the test specimen between the bars, the 
contacting surfaces of the bars and those of the specimen 
were cleaned using acetone and M-prep neutralizers. The 
contact surfaces between the bars and test specimens were 
subsequently lubricated with a thin film of molybdenum 
disulphide  (MoS2) in order to reduce the effect of friction 
and prevent any shear traction on the specimens’ surfaces 
during deformation. A stopper piston built at the right end 
of the transmitted bar was designed for safe collection and 
containment of the transmitter bar at the end of the impact 
in order to prevent any secondary loading during the experi-
ment (i.e., for momentum trapping). The piston is stuffed 
with Play Doh™ (Hasbro, USA), a pliable dough-like mate-
rial before the test. The dough material absorbs the kinetic 
energy of the transmitted bar, thereby bringing it to a smooth 
and safe halt after the impact.

(1)m =
𝜕 ln 𝜎(𝜀)

𝜕 ln �̇�
,

Fig. 1  Experimental set-up showing SHPB synchronized with high speed cameras for in-situ strain measurement using digital image correlation 
technique



154 Journal of Dynamic Behavior of Materials (2018) 4:151–161

1 3

The experiment was run three times, and an average of 
the three strain rate data obtained was taken and reported 
to the nearest hundred. Averaging out the data obtained for 
the three runs at each strain rate also made the strain rate vs. 
true strain plot fairly constant. Typical plots of the stress vs. 
strain (for one and two wave stress) and strain-rate vs. strain 
plots obtained for the alloy impacted at an average strain rate 
of 3000 s−1 are presented in Fig. 2a to demonstrate the valid-
ity of the test results. At the corresponding pressures, the 
specimens were tested at approximate strain rates of 1000, 
1500, 2000, 2500, 3000 and 3500 s−1. Figure 2b, c show the 
typical voltage vs. time (V–T) signal and those obtained for 
multiple experiments respectively, at an average strain rate 
of 3000 s−1.

In situ strain data acquisition was accomplished using 
the DIC system. The system, synchronized with the SHPB 
apparatus, is comprised of two high speed Photron Fast-
Cam™ SA5 cameras which were set at angles of 45° and 
− 45° to the horizontal, while focusing on the horizontally 
positioned specimen. The cameras have a maximum frame 
rate of 1,000,000 frames per second (fps) and a maximum 

resolution of 64 pixels × 16 pixels at 1/(2,712,000) second 
shutter speed. Photron software was used for activating the 
cameras at select trigger modes during the testing. The pic-
ture frames obtained in this study were captured at the frame 
rate of 124,000 fps and 64 × 16 pixels resolution. A total of 
131,000 images were taken for each experiment. In order to 
prepare the specimen for both the SHPB experiment and the 
DIC testing technique simultaneously, a speckled pattern of 
black and white dots was applied to its circumferential area 
by painting the specimens. The evolution of strain along the 
specimen was captured in the series of images produced as 
the specimens deformed under compressive high strain rate 
loading. Aramis™ software, developed by Trillion Qual-
ity Inc., was used to obtain the strains along the deformed 
specimens.

The post-impact metallographic specimen preparation for 
microstructural characterization, involved surface grinding 
and polishing using 9 µm Struer’s MD Largo™ disc and 
emery cloths (ranging from 3 to 0.02 µm) respectively, with 
the recommended solutions. The polished surfaces (com-
pression plane) of the test specimens were etched using a 

Fig. 2  Plots showing a stress–strain response of AA2519-T8 alu-
minum specimen including one- and two-wave stress curves and the 
strain rate, b typical V–T signal of the compression experiment com-

prising incident, reflected and transmitted waves, and c multiple V–T 
signals, at an average strain rate of 3000 s−1
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solution consisting of 25 ml methanol, 25 ml HCl, 5 ml 
 HNO3 and a drop of HF. The etching time ranged between 
30 and 40 s, depending on the severity of the compression 
load. The etched specimens were rinsed thoroughly using 
methanol and air-dried. Microstructures of the specimens 
were then evaluated using optical microscopy (OM) and 
scanning electron microscopy (SEM). The OM used is a 
Nikon ECLIPSE MA200. Its imaging analysis software is 
NIS Elements version 4.20. The SEM used is a JEOL JSM-
7600F, and secondary electron imaging at an accelerated 
voltage of 20 kV was used.

Results and Discussion

Dynamic Mechanical Response

The true stress–true strain curves for the AA2519-T8 alu-
minum alloy obtained at six different strain rates are pre-
sented in Fig. 3a. Figure 3b shows a plot of log of stress vs. 
log of strain rate, which provides the SRS of the alloy at 0.12 

plastic strain under high strain rates. Figure 3c was obtained 
from the quasi-static compressive test results in Macar [20], 
in the range of strain rates  10−3–100 s−1, in order to provide 
information on the SRS of the same alloy under quasi-static 
loading. The variation of its yield strength with strain rate is 
provided in Fig. 3d. It is observed in Fig. 3a that all the true 
stress–true strain curves have distinct points of yield except 
that which was obtained at the lowest strain rate of 1000 s−1. 
At 1000 s−1, the curve shows both regions of elastic and 
plastic deformation without a clear yield point. At higher 
strain rates, the yield points are clearly identified with an 
initial slight drop in flow stress at yield point. Beyond the 
yield point, there is a decline in the rate of stress increase 
and the plastic portion is characterized by strain harden-
ing to the maximum strain of 0.20. Strain hardening is a 
consequence of dislocation multiplications as the materials 
deformed plastically. The effects of dislocation mobility, 
density or patterning on the strength of metallic alloys have 
been extensively studied [11].

Peak flow stresses of 528, 523 and 542  MPa were 
observed at strain rates of 1000, 1500 and 2000  s−1, 

Fig. 3  Results showing a dynamic true stress-true strain curves, b 
strain rate sensitivity at 0.12 plastic strain under dynamic loading, c 
strain rate sensitivity at 0.12 plastic strain under quasi-static loading 

[20], and d yield strength variation with strain rate for the investi-
gated AA2519-T8 alloy under impact loads



156 Journal of Dynamic Behavior of Materials (2018) 4:151–161

1 3

respectively. These values agree with the average ultimate 
tensile strength of about 550 MPa reported in Macar [20]. 
Moreover, in Macar [20], it was reported that the peak flow 
stress is nearly the same for the range of quasi-static strain 
rates used (i.e., 0.001–1 s−1) indicating that the material is 
not strain rate sensitive in the quasi-static regime. When 
deformed at high strain rates of 2500, 3000 and 3500 s−1, 
the peak flow stress values attained by the material were 
determined to be 552, 545, 560 MPa, respectively. The true 
stress–true strain curves of the material at 3000 and 3500 s−1 
were observed to plateau at corresponding peak flow stress 
values as strain-hardening slowed down to give way for a 
marginal but steady decline in flow stress over a range of 
strains depending on strain rate, due to thermomechanical 
instabilities. This behavior is attributable to thermal soften-
ing. Thermal softening is a phenomenon which results from 
an increase in temperature as a result of the conversion of 
deformation energy to thermal energy. Although the total 
strain attained by the material that was deformed at 3500 s−1 
strain rate is about 0.90, the rate of flow softening remains 
marginal. The macroscopic inspection of the tested speci-
men did not reveal any fracture, while further testing at a 
strain rate higher than 3500 s−1 is limited by specimen size 
constraint. Therefore, the total strain to failure is expected 
to be more than 0.90. This is an indication of high ductility 
that is typical of the AA2519 aluminum alloy. This property 
behavior has been found in a study [7] to be significant at 
high temperatures ranging from 450 to 535 °C. In the study, 
Zuiko et al. investigated the superplasticity of a thermo-
mechanically processed AA2519 alloy and determined the 
highest elongation-to-failure of ~ 750% at a temperature of 
525 °C. The alloy shows significant rates of strain hardening 
from low to high strain rates, thus exhibiting high strength. 
It has been reported that AA2519 has 20% higher yield 
strength than AA2219 (another Al–Cu alloy) in the same 
T8 temper condition [21]. It was however reported that the 
rate of strain hardening decreased with increasing strain rate.

In Fig. 3b, c, the SRS values of the alloy at 0.12 plastic 
strain in the dynamic high strain rate and quasi-static load-
ing regimes respectively, were determined as shown in the 
figures. The linear fit (based on the least squares method) 
of the logarithm of the true stress vs. the logarithm of the 
strain rate plots for the high-rate loading of the material 
indicates the SRS (m) to be approximately 0.05 while the 
value is − 0.0018 under quasi-static loading. Fitting was 
done because it appears that at higher strain rates, the rate 
controlling mechanisms are changing perhaps due to ther-
momechanical instabilities of the material at those rates. The 
lower value of m and near-constant SRS plot observed based 
on the quasi-static data reported by Macar [20] for the mate-
rial (Fig. 3c) may be an indication of the insensitivity of the 
material to strain rate in the quasi-static loading regime. The 
negative-valued m may also be of no consequence, since 

the difference in the logarithmic values of flow stress in 
Fig. 3c appears statistically insignificant, but could have an 
impact on the line fit. In Macar [20], the material was mainly 
considered as insensitive to strain rate under quasi-static 
loading at room temperature notwithstanding the negative 
SRS, which is often an indication of dynamic strain aging, 
because there was no evidence of serrated flow in the mate-
rial. Cadoni et al. [22] also reported strain rate insensitivity 
for AA2519 with similar heat treatment at different plastic 
strains with no experimental evidence of serrated flow for 
the material tested under quasi-static loading at room tem-
perature. A higher value of m indicates higher ductility while 
materials with m > 0.33 exhibit superplasticity [7]. It has 
been reported for superplastic flow that the value of SRS 
is related to strain rate �̇� such that the maximum value of 
the SRS corresponds to the optimum strain rate [23]. The 
parameter depends on other factors including strain, average 
grain size, and temperature of deformation [23, 24]. Regard-
less of the technical route adopted for grain refinement, FCC 
metals showed an increase in SRS values with grain size 
reduction [25]. Grain refinement of the AA2519 alloy by 
thermo-mechanical processing was reported to improve 
its SRS significantly when subjected to high-temperature 
superplastic testing [7]. Armstrong and Walley [24], in their 
review of high strain rate properties of metals and alloys, 
reported that SRS was only noticeable in the strain harden-
ing behavior of FCC metals such as copper and aluminum, 
while it was observed to be significant only in the yield stress 
of BCC metals and alloys like steel. However, in Fig. 3d, it is 
shown that the yield strength of AA2519-T8 alloy exhibited 
a notable strain rate dependency from 283 MPa at 1000 s−1 
to 500 MPa at 3500 s−1. The quasi-static yield strength 
values reported for this material by Macar [20] and Thom 
[26] in their experimental studies are about 420 and 421, 
respectively. These values fall within the range of dynamic 
yield strengths (283 MPa ≤ σy ≤ 500 MPa) obtained for the 
material within the range of high strain rates examined in 
this study. Moreover, in Macar [20], it was reported that the 
yield strength of the material is almost the same for all the 
strain rates used for the quasi-static tests (i.e., 0.001, 0.01, 
0.1 and 1 s−1) at room temperature. This is expected since 
most AA2000 aluminum alloys that are strain rate insensi-
tive under quasi-static load at room temperature. However, 
for the high strain rate regime studied in this work, Fig. 3d 
shows that the rate of the dynamic yield strength increase 
between 1000 and 2500 s−1 is higher than the rate of increase 
between 2500 and 3500 s−1. The SRS value obtained in this 
study is consistent with those that other researchers have 
reported for aluminum in the literature [25].

The DIC system images of the compressed specimen, 
taken at 0, 48, 96, 144 and 192 µs in the deformation history 
for specimen deformed at 3000 s−1 are shown in Fig. 4, to 
demonstrate the initiation, propagation, and localization of 
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surface plastic strain along the specimen. The scale legend 
in the right corner of the figure ranks strain level from zero 
to − 40%, with a color other than blue indicating increase in 
strain level. Blue and red colors are the two extremes with 
0 and − 40% values respectively. Negative strain denotes 
compression as opposed to axial tension in which strain is 
positive. It is observed that the strain level at the beginning 
of the test is zero while at 48 µs, strain has developed to 
about 20% from the transmitter-bar end of the specimen. 
At the base of the specimen, the strain has built up to a 
significant value around the maximum at time t = 96 µs and 
was observed to have propagated and distributed along the 
specimen at 144 µs. At 192 µs, higher strains are observed 
to have localized along an apparent plastic flow path within 
the specimen and on the incident-bar end of the specimen. It 
can, therefore, be inferred that plastic strain develops, propa-
gates and gets localized from the transmitter-bar end to the 
incident-bar end of the sandwiched specimen in the SHPB 
compression test. This strain localization direction explains 
the reason why the incident surface of the shear compression 
specimen is often prepared for microstructural investigation.

Microstructure of the As‑Received Alloy

Figures 5 and 6 show the results of the microstructural inves-
tigation of the as-received alloy using OM and SEM, respec-
tively. From the micrographs in Fig. 5, dispersed second 
phase particles were identified within a continuous phase 
of α-aluminum. Some of the particles are seen to be aligned 
along the rolling direction of the alloy. Based on size dif-
ference, the second-phase particles can be categorized into 
coarse and fine-sized particles. The two categories exhibit 
irregular shape but different sizes. The equivalent dimen-
sion of the coarse particles ranges from 22 to 90 µm. SEM 

micrographs confirming the alignment of the second phase 
particles along the rolling direction are presented in Fig. 6. 
The alignment of particles may not be unconnected with 
the initial cold work applied to the material before artificial 

Fig. 4  DIC images of the deformed specimen at different stages of compression with corresponding strain map, showing the progression of 
strain localization along the specimen at 3000 s−1

Fig. 5  Optical photomicrographs of the as-received AA2519-T8 alu-
minum alloy at different magnifications showing morphology and 
distribution of second phase particles
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aging. The fine particles, round and irregular in shape, are 
less than 1 µm in size, and are clearly identified in the SEM 
micrographs (Fig. 6b) at higher magnification. The shape 
factor of the fine particles was found to be 0.9. It is also 
observed that the fine particles have higher density and are 
more uniformly distributed than the coarse particles.

In Wang and Starink [17], the second phase particles are 
suggested to be intermetallic phases formed by liquid–solid 
eutectic reaction during solidification. It was also reported 
that these phases transform with further heat treatment and 
that their sizes range from one to tens of micrometers. The 
variation in size of these particles can be attributed to nature 
of different intermetallic phases in various aluminum alloys 
and other factors like solidification rate, impurity content 
and rate of deformation during mechanical and thermo-
mechanical processing. These second phases may be classi-
fied into insoluble and soluble phases based on their stabil-
ity during heat treatment. Wang and Starink [17] indicated 
that the insoluble phases arise as a result of the presence of 
impurity atoms of Fe and Si which have low solubility in 
aluminum that is alloyed with Mg, while the other phase 
is soluble as long as the alloying elements are kept below 

solubility limits. In the same study, with the help of back-
scatter electron images and element mappings, the research-
ers found structures of some as-cast Al–Cu–Mg alloys to 
be a mixture of constituents which include  Al7Cu2Fe, 
 Al12Fe3Si,  Al6(Fe,Cu), and soluble particles of  Al2Cu, 
 Al2CuMg, and  Mg2Si. Other dispersoid-forming elements 
in the composition (Table 1) of the aluminum alloy in the 
current investigation are Mn and Zr. The complex addition 
of dispersoid-forming elements was reported to enhance sig-
nificant resistance to recrystallization [27].

While second phase particles are widely believed to 
have adverse effects on mechanical properties, due to their 
contribution to crack initiation, crack growth and corro-
sion, the main strengtheners heat-treatable Al–Cu alloys 
to which AA2519 belongs are semi-coherent and coherent 
particles of θ″-(Al2Cu) and θ′-(Al2Cu) phases respectively 
[28]. θ″ and θ′ phase precipitates are phases that form during 
precipitation heat treatment of Al–Cu alloys and they are 
produced from the transformation of Guinier Preston (GP) 
zones; clusters of solute atoms resulting from the decom-
position of the supersaturated solid solution (SSS) obtained 
after solution heat treatment. The suggested precipitation 
sequence for the Al–Cu–Mg alloys is SSS → GPB zones → 
S″ → S′ → S(Al2CuMg). Therefore, the major strengthen-
ing precipitates suggested for this alloy are θ′(Al2Cu) and 
S′(Al2CuMg) phases. They are coherent particles which 
are very effective in pinning down dislocation and improve 
strength. These precipitates, which are formed during age-
hardening, are normally demonstrated on transmission elec-
tron microscope by selected area diffraction pattern as thin 
plates with thickness of a few nanometers [7, 29]. In addi-
tion to 5.3–6.4 wt% Cu, the Al–Cu–Mg alloy contains Mg 
(0.05–0.4 wt%) with Cu/Mg ratio ≥ 15 [21, 30]. This com-
position modification has been reported to be responsible 
for the increase in strength through the formation of second 
phase particles [10].

Microstructure Evolution During Dynamic Loading 
at High Strain Rates

When the aluminum alloy was deformed at strain rates 
of 3000 s−1 and below, the optical microstructure did not 
indicate any change in microstructure compared to that of 
the as-received alloy. The deformation was heterogene-
ous as there is no evidence of strain localization in the 
microstructure. Figure 7 shows the optical micrograph 
of a specimen deformed at 3500 s−1. The figure shows a 
circular shape ASB containing a much lower density of 
second phase particles in comparison with other regions 
in the microstructure. The circular shear band is concentric 
with the circular cross-section of the impacted plane of the 
specimen. Circular shaped ASBs have also been observed 
on the impacted plane of other metallic alloys [31]. The 

Fig. 6  SEM photomicrographs of the as-received AA2519-T8 alu-
minum alloy at different magnifications showing two types of second 
phase particles
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presence of the ASBs is an indication of heterogeneous 
deformation in the alloy when deformed at a strain rate of 
3500 s−1 and above. This is usually as a result of the sig-
nificant amount of thermal softening, occurring as a result 
of the transient adiabatic heating in the local region of the 
shear bands during large plastic deformation. The begin-
ning of the evolution of ASB is often marked by a point of 
thermal instability that is reached when thermal softening 
eventually becomes larger than the rate of strain hardening 
lead to sharp drop in stress in stress–strain curves. In real-
ity, this thermal instability is not perfectly adiabatic. Some 
of the heat generated by plastic flow is always conducted 
away from the deforming zone which may or may not be 
significant depending on the thermal diffusivity of the tar-
get material [13]. The phenomenon has been referred to as 
‘catastrophic’ thermoplastic shear by Rogers [32] and Bai 
et al. [33] to indicate that ASB usually leads to fracture.

The second phase particles were observed to have dis-
solved partially into the matrix within the shear band. SEM 
micrograph showing only fine particles inside the shear 
band is presented in Fig. 8. The mean size of the undis-
solved particles within the shear band was determined to be 
11 ± 3 µm with a shape factor of 0.9. Micrographs showing 
the morphology of these coarse constituent particles outside 
the ASB are presented in Fig. 9. The coarse particles outside 
the ASB are 40 ± 9 µm in size but with a slight difference 
in shape factor of 0.8 when compared to the as-received 
alloy. Apparently, the small change in shape factor may be 
due to their fractured, strained or partially dissolved nature 

after deformation. Fracture of second phase particles can be 
observed in the microstructures presented in Fig. 9.

Conclusion

The plastic deformation of cylindrical specimens of 
AA2519-T8 aluminum alloy with an aspect ratio of 1 was 
investigated at high strain rates in compression. It was deter-
mined that the SRS coefficient of the alloy is 0.0486 at 0.12 
plastic strain. Peak flow stress of 560 MPa was obtained 
when the alloy was deformed at a strain rate of 3500 s−1. The 
peak flow stress decreased as the strain rate was reduced. 
The microstructure of the deformed specimen exhibited 
an evolving circular ASB on the compression plane of the 
specimen. The evolving ASB comprised partially dissolved 
and fractured second phase particles. The regions surround-
ing the shear bands showed little or no change in the size 
of particles. However, the coarse constituent particles were 
observed as an agglomeration of fractured pieces, thus hav-
ing a shape factor that is different from that of the second 
particles contained in the as-received alloy.

Fig. 7  Optical photomicrograph showing ASB that formed in a speci-
men deformed at a strain rate of 3500 s−1

Fig. 8  SEM photomicrographs of the deformed specimen (at 
3500  s−1), showing region of adiabatic shear band and morphology 
and distribution of second phase particles in this region
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