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The effects of specimen geometry on shear strain localization in AA 2219-T8 aluminum alloy under dy-
namic impact loading were investigated. The alloy was machined into cylindrical, cuboidal and conical
(frustum) test specimens. Both deformed and transformed adiabatic shear bands developed in the alloy
during the impact loading. The critical strain rate for formation of the deformed band was determined to be
2500 s~! irrespective of the specimen geometry. The critical strain rate required for formation of trans-
formed band is higher than 3000 s~' depending on the specimen geometry. The critical strain rate for
formation of transformed bands is lowest (3000 s™') in the @5 mm X 5 mm cylindrical specimens and
highest (> 6000 s~") in the conical specimens. The cylindrical specimens showed the greatest tendency to
form transformed bands, whereas the conical specimen showed the least tendency. The shape of the shear
bands on the impacted plane was also observed to be dependent on the specimen geometry. Whereas the
shear bands on the compression plane of the conical specimens formed elongated cycles, two elliptical
shaped shear bands facing each other were observed on the cylindrical specimens. Two parallel shear bands
were observed on the compression planes of the cuboidal specimens. The dynamic stress—strain curves vary
slightly with the specimen geometry. The cuboidal specimens exhibit higher tendency for strain hardening
and higher maximum flow stress than the other specimens. The microstructure evolution leading to the
formation of transformed bands is also discussed in this paper.
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1. Introduction

AA 2219 aluminum alloy is an aluminum-copper alloy that
is widely used in the aerospace and defense industry due to
their high specific strength and excellent weldability. It is useful
for cryogenic applications while it can also retain its good
mechanical properties up to 250 °C (Ref 1, 2). As a result of its
high tensile strength and good ductility at cryogenic temper-
atures, excellent weldability and good resistance to stress
corrosion cracking, AA 2219 aluminum alloy is an attractive
material for construction of propellant tanks (Ref 3) and storage
tanks for liquid nitrogen and oxygen (Ref 2). Its high
temperature capability also makes it a candidate material for
the fabrication of large molds for polymer casting (Ref 4).
Narayana et al. (Ref 1) investigated the tensile and fracture
behavior of rolled AA 2219-T87 aluminum alloy plate along
transverse and longitudinal directions and reported a uniform
distribution of densely packed fine precipitates along each of
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these directions. Since AA 2219 is an aluminum containing
high content of copper (> 6%), the fine precipitates contribut-
ing to the high strength of the alloy in the peak-aged condition
are predominantly 0 and 0" phases, while the second phase
particles will also be predominantly Cu,Al (Ref 4, 5). The
rather coarse second phase particles contribute little to the
strengthening of the alloy and can be detrimental to strength if
they form a network (Ref 6). The second phase particles can
also form galvanic couple with the a-aluminum phase and
cause galvanic corrosion of the alloy in the presence of an
electrolyte (Ref 7, 8).

Adiabatic shear bands (ASBs) develop in a material
undergoing high strain-rate deformation when heat generated
in some regions is not conducted away leading to thermome-
chanical instability and intense strain localization. Failure of
metallic alloys at high strain rates is triggered by development
of ASBs, along which cracks are initiated and rapidly
propagated to cause catastrophic failure (Ref 9, 10). Cracks
are initiated by microvoids generated inside the ASBs as a
result of tensile stresses exerted on the shear bands during the
impact loading. The tensile stresses are developed as a result of
the difference in the strength of the viscoplastic shear band
region and the surrounding rigid material (Ref 11, 12). The
results of a metallographic analysis traced the failure of a
propellant tank made of AA 2219 aluminum alloy to formation
and cracking of ASBs (Ref 13). Evidence of local melting in
some regions of the fracture surface provided an indication of
the intensity of localized heating and temperature rise in the
shear band region. Investigation of transformed bands that
formed in a similar aluminum-copper alloy (AA 2519-T8)
using the transmission electron microscope by Gao et al. (Ref
14) indicated the bands to consist of fine equiaxed grains with
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Table 1 Nominal composition of AA 2219 aluminum alloy

Component Al Cu Fe Mg

Mn Si Ti v Zn Zr

Wt.% 91.5-93.8 5.8-6.8 <03 < 0.02

0.2-0.4 <02

0.02-0.1 0.05-0.15 < 0.1 0.1-0.25

5mm

5mm

(d)

2.54 mm,

()

@5 mm

4 mm

Fig. 1 Geometries of the test specimens. (a) Cubic, (b) cuboidal, (c) conical (frustum), (d) cylindrical

average diameter of about 2 um. Depending on alloy compo-
sition and strain rates, both deformed shear bands consisting of
severely deformed grains and transformed shear bands consist-
ing of fine equiaxed grains have been reported to develop in
aluminum alloys (Ref 15-17). The fine equiaxed grains inside
transformed bands in aluminum alloys are formed by dynamic
recrystallization (DRX) (Ref 15, 17).

Besides the observations of ASBs in the microstructure of
an exploded propeller tank made of AA 2219-T8 alloy by Jha
et al. (Ref 13), not much work has been done on dynamic
impact response of AA 2219 aluminum. This is an attractive
material for defense application due to its high tensile strength
over a wide range of temperature. It is therefore important to
understand the dynamic impact response of this alloy if it is
exposed to ballistic impact in military applications. In the
current study, the deformation and failure of AA 2219
aluminum alloy at high strain rates in relation to adiabatic
shear banding were investigated using split Hopkinson bar
system, digital imaging correlation (DIC) technique and
microscopy. The DIC enables strain measurement in situ as
the deformation proceeded using high-speed cameras. The
effects of specimen geometry on the development, geometry
and cracking tendency of ASBs in the alloy were investigated,
and the results are discussed in this paper.
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2. Materials and Methods

The investigated AA 2219 aluminum alloy was tested in the
as-received T8 temper condition. It is an aluminum-copper
containing minor alloy additions of manganese, vanadium and
zirconium. Transmission electron microscopic investigation of
age-hardened AA 2219 alloy by Elgallad et al. (Ref 4) indicated
that the alloy, when specimens subjected to two-step aging,
contains both 0 and 0’ precipitates leading to high strength. On
the other hand, it was reported to contain predominantly 6
precipitates when subjected to one-step aging. The investigated
AA 2219 aluminum alloy is a commercial alloy with nominal
composition presented in Table 1. The alloy was machined into
cylindrical, cubical and conical shaped test specimens with
dimensions as presented in Fig. 1.

Instrumented split Hopkinson pressure bar (Fig. 2) was used
in conducting the dynamic impact test. It consists of incident
bar, transmitter bar, striker bar, a light gun and data acquisition
system (strain conditioner/amplifier and digital oscilloscope).
The incident and transmitter bars are made of Ti-6Al-4V alloy
and are 12.7 mm in diameter and 1892 mm long. The
specimens were sandwiched between the incident and trans-
mitter bars. A striker bar fired by a light gun strikes the end of
the incident bar not in contact with the specimen. The impact
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Fig. 2 Experimental setup: split Hopkinson pressure bar synchronized with high-speed cameras for in situ strain measurement using digital
image correlation technique

Fig. 3 Optical micrographs of the as-received AA 2219-T8 aluminum alloy before impact

force generates elastic waves which travel through the incident strain rates (¢) in the specimens using the following equations
bar. This is captured by a strain gate attached to the incident bar (Ref 18):

as incident wave. On reaching the test specimen, a fraction of 4

the elastic wave is expended in rapidly deforming the specimen o= (_B) Eper (Eq 1)
while a fraction is transmitted through the specimen on to the As

transmitted bar. The transmitted wave propagating through the Co\ 1
transmitter bar is captured as transmitted wave by the strain e=—2 <_B) [ erdt (Eq 2)
gage attached to the transmitter bar. A fraction of the elastic

wave is reflected at the contact between the specimens and the
incident bar. These reflected waves are captured by the strain p— 2 <CB) er (Eq 3)
gage attached to the incident bar as reflected waves. A

schematic representation of the wave propagation toward and
away from the specimen is inserted in Fig. 2. The elastic strain
data captured by the strain gages are processed by strain
conditioner/amplifier connected to the strain and are stored by
the connected mixed signal digital oscilloscope. The elastic
strain data are used in the calculation of the strain (), stress (o)

where (g;), €7 and (eg) are incident, transmitted and reflected
strain pulses, respectively, Az, Cp and Ejp are cross-sectional
area of the bars, wave propagation speed in the bars and elas-
tic modulus of the bar material, respectively;. 4, is the cross-
sectional area of the specimens. For the conical specimens,
Ay is taken to be the average of the cross section of the top
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Fig. 5 (a-d) Impacted specimens after plastic deformation at increasing strain rates and (e-g) microstructures showing the morphology of adia-
batic shear bands in impacted @5 mm by 5 mm cylindrical specimens deformed at increasing strain rates

. . n(R2+r2)
and base surfaces of conical the frustum, i.e., 4, = ——— R

and r are the radii of the base and top surfaces of the conical
frustum, respectively.

In addition to the impact data provided by the data
acquisition system connected to the SHPB, the digital image
correlation (DIC) technique was used to capture strain in situ as
the specimens deformed under the impact load. This was
achieved through the use of two ultrahigh-speed Photron
FastCam SAS cameras (Fig. 2) that captured the images of the
specimens during the high strain-rate deformation. To enable
strain data to be effectively captured by the DIC during impact
loading, the test specimens were coated with monochrome
random dot pattern, which was achieved by painting with black
and white patterns. The tracking of the displacement on the dot
patterns was performed using ARAMIS (a commercial software
developed by Trilion Quality System Inc.), which yields
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accurate strain data. Metallurgical preparations of the alloy
for microstructural examination involved cutting, grinding and
polishing to mirror surface finish. This was followed by etching
using a solution consisting of 25 ml ethanol, 25 ml HNOs,
25 ml HCI and 1 drop of HF.

3. Results and Discussion

3.1 Microstructure of the As-Received Alloy

Optical micrographs indicating the microstructures of the as-
received AA 2219-T8 aluminum alloy to consist of dispersed
second phase particles in a continuous o-aluminum phase are
presented in Fig. 3. The second phase particles are formed as
the solubility of the alloying elements in aluminum is exceeded
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Fig. 7 SEM micrograph of an impacted AA 2219 showing disappearance of second phase particles inside a transformed shear band (TSB):

(a) overview, (b) outside TSB, (c) inside TSB

during cooling from the solidification temperature. Although
the etchant could not reveal the grain boundaries, the mor-
phology and distribution of the second phase particles are
clearly revealed in the optical micrographs. There is a good
contrast between the second phase particles and the continuous
o-aluminum phase. The second phase particles are widely
dispersed within the o-aluminum phase. They are mostly
irregular in shape. Clustering of second phase particles was also
observed in the microstructure (Fig. 3). The sizes of the second
phase particles vary between 10 and 45um, while the average
particle size was calculated to be 22 pm. The volume fraction of
the second phase particles in the as-received alloy is estimated
to be 6.8%. The scanning electron microscopic (SEM) micro-
graphs (Fig. 4) suggest dissolution of the second phase
particles by the etchant leaving behind groves in the areas
containing second phase particles. It is important to note that x-
ray diffraction or energy-dispersive spectroscopic analysis was
not done to ascertain the composition of the second phase
particles. A number of researchers, however, have used these
techniques to identify Al,Cu and Al,Cu,Fe (Ref 4, 5, 19) in
aluminum-copper alloys containing such a large concentration
of copper and negligible magnesium content as in the case of
the investigated AA 2219 alloy. Manganese has the highest
concentration of the minor alloying elements. Manganese in
aluminum-copper alloy reacts with aluminum and copper to
form Al,oCu,Mn; dispersoids, which prevent grain growth
during artificial aging heat treatment (Ref 6). Surekha et al. (Ref
8) identified the second phase particles in AA 2219 to be
predominantly Al,Cu intermetallic compound and reported that
galvanic action between this compound and the continuous
aluminum phase reduces the corrosion resistance of the alloy.
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3.2 Microstructure of the Alloy After Dynamic Impact
Loading

The geometries and microstructures of the test specimens
after plastic deformation at increasing strain rates under impact
loading are presented in Fig. 5. The geometry of the transverse
section normal to the impact direction changed as the strain rate
was increased. The circular shape of the transverse cross
section of the cylindrical specimens and conical specimens
changed to elliptical shape (Fig. 5a and d), while the square
shape of the impacted plane of the cubical specimen became
rectangular (Fig. 5b). The rectangular specimen became elon-
gated in the direction of the longer side during impact loading.
The severity of shape change increased with increase in strain
rate. The change in shape is an indication of heterogeneous
deformation in the specimens during impact loading. The
deformation is relatively homogeneous for all the specimens
deformed at 1000 s~ " as evident in the negligible shape change
in specimens impacted at this strain rate. The intensity of the
deformation heterogeneity increased with strain rates leading to
the formation of ASBs, which are regions of intense shear strain
localization in the alloy at higher strain rates (Fig. Se-g). ASBs
occur in the regions of intense adiabatic heating and thermal
softening during the impact loading of the specimens.

The microstructure of the alloy changed from one consisting
of homogenous distribution of second phase particles to one
containing shear bands which contain little or no second phase
particles (Fig. 5e-g). The amount of second phase particles
inside the shear bands decreased as strain rates and intensity of
strain localization increased. Deformed bands were first
observed in all the specimens when the strain rate was raised
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Fig. 8 Optical micrographs showing the shapes of shear bands on the compression planes of the impacted specimens. Strain rates are provided
in the bracket. (a) @5 mm x 4 mm cylindrical specimen (6000 s™'), (b) @5 mm x 5 mm cylindrical specimen (3500 s™), (c) 3.5 mm x 2.5 mm
conical specimen (6000 s™'), (d) 5 mm x 5 mm x 5 mm conical specimen (3000 s™')

Cylindrical specimens

Conical specimens

Cubic and cuboid specimens
J

Fig. 9 Schematic representation of the geometries of the fully developed transformed bands as a function of the shape of the impacted

specimens

to 2500 s~ '. The critical strain rates at which transformed
bands formed were observed to be dependent on the specimen
geometry. Fully developed transformed bands were observed
when the strain rates were increased to 3000 s~ ' in the
@5 mm x 5 mm cylindrical specimens, whereas a fully devel-
oped transformed band was not observed in the @5 mm x 4
mm until the strain rate was increased to 5500 s~'. Only
deformed bands were observed in the conical specimens
impacted at 6000 s~'. The micrographs in Fig. 5 provide
indication of how the shear bands evolved as the strain rate was
raised from 1000 to 6000 s™' in @5 mm x5 mm long
cylindrical specimens. Strain localization began with alignment
of second phase particles in shear flow direction forming an S-
shape (Fig. 5e). As the intensity of shear strain and strain
localization increased, the density of second phase particles in
the shear bands decreased and remaining particles became
aligned perpendicular to the shear band propagation path
(Fig. 5f). Eventually fully developed transformed bands are

5842—Volume 26(12) December 2017

formed with minimal amount of second phase particles
(Fig. 5g), suggesting dissolution of these particles inside the
transformed bands. It has been suggested that deformed bands
change to transformed bands as the intensity of strain
localization, and consequently strain values, in the shear band
reached a critical value (Ref 20). Thus, it can be concluded that
the transformed bands observed at high strain rates developed
from the deformed bands that initially formed at the onset of
strain localization.

Both optical micrographs (Fig. 6) and SEM micrographs
(Fig. 7) confirm dissolution of the second phase particles inside
fully developed transformed bands. This suggests that the
temperature reached inside the shear band is higher than the
solvus temperature for the alloy, which is above 500 °C under
atmospheric pressure. Dissolution of second phase particles has
been reported to be associated with the formation of trans-
formed shear bands in other aluminum alloys during dynamic
shock loading (Ref 10, 17). Crack initiation and propagation
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leading to fragmentation of the specimens occurred along the
transformed bands (Fig. 6). Microvoids interconnected by
microcracks were observed at the crack tip suggesting that
the mechanism of crack formation inside the transformed bands
involves microvoid nucleation and growth leading to formation
of cracks connecting the microvoids. Similar crack initiation
and propagation mechanism was reported in transformed bands
of impacted AISI 4340 steel (Ref 21). The intense strain and
adiabatic heating that occur in the shear bands during impact
loading may be responsible for the dissolution of the coarse
second phase particles. An analysis by Chen et al. (Ref 22)
shows that temperature increase in excess of 1500 °C occurred
in the transformed bands in Weldox 460E steel. Melting was
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Fig. 11 (a) Strain distribution, (b) progression of strain distribution for @5 mm x 4 mm cylindrical specimen impacted at 1000 s~'

reported to occur inside the transformed shear bands that
developed in AISI 4340 and 1340 steels under dynamic impact
loading (Ref 23). These observations underscore the intensity
of adiabatic heating that lead to formation of transformed shear
bands in metallic alloys. Xu et al. (Ref 17) also suggested that
dissolution of the second phase particles in AA 8090 aluminum
alloy in transformed bands is an indication of the temperature
inside the transformed bands exceeding the solvus temperature.

Optical micrographs showing geometries of the adiabatic
shear bands on the compression plane of the impacted
specimens are provided in Fig. 8, while schematic representa-
tion of the geometries of shear bands as a function of the shape
of the test specimens is provided in Fig. 9. The white thick
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Fig. 13 (a) Strain distribution, (b) progression of strain distribution for 5 mm x 5 mm x 4 mm rectangular specimen impacted at 2000 s '

lines in Fig. 9 represent the fully transformed bands, while the
dark particles represent the second phase particles. As observed
in the micrographs, fully developed transformed bands are
devoid of second phase particles in the schematic representation
of the bands. The geometry of the adiabatic shear bands
depends on the initial geometry of the specimens. The shear
bands formed two elliptical vertices facing each other on the
compression planes of the cylindrical specimens, whereas the
shape of the shear bands on the compression planes of the
conical specimens is elliptical (elongated circle). Two parallel
shear bands were observed on the compression plane of cubical
specimens. In AISI 1340 steel, the shape of the shear bands on
the compression plane of a cuboidal test specimen was
rectangular, whereas it was circular in cylindrical specimens
of this steel (Ref 23). This implies that the geometry of
adiabatic shear bands in impacted specimens is not only
dependent on the geometry of the test specimens, but also on
the type of alloy. The occurrence of the shear bands is
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responsible for the change in the geometry of the compression
plane of the impacted specimens. The cylindrical specimens
that showed the greatest propensity to form transformed bands
exhibited the greatest shape change.

3.3 Dynamic Stress—Strain Curves and DIC Measurements

The stress—strain curves obtained from the dynamic impact
tests of the specimens as a function of strain rates and specimen
geometry are provided in Fig. 10. The flow stress increased
marginally as the strain rate was increased from 1000 to
3000 s~'. The average flow stress was determined to be
approximately 700 MPa for most of the specimens. The
rectangular specimens, however, attained a maximum flow
stress of about 800 MPa at strain rates of 2500 and 3000 s~ .
The total strain in the specimens increased significantly as the
strain rate was increased. For example, the total strain of the
rectangular specimen increased by 460% when the strain rate
was doubled from 1500 to 3000 s~ '. The marginal increase in
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maximum flow stress as the strain rate was increased is
attributed to the domineering influence of thermal softening
over strain hardening during plastic deformation of the alloy at
high strain rates. The higher the impact load, and consequently
the strain rate, the higher will be the degree of thermal softening
which cancels the strain hardening effect of plastic deformation.
The increase in temperature leading to thermal softening is due
to the conversion of most of the impact energy to heat energy in
the specimens. Analysis has indicated that 90% of the kinetic
energy of a projectile is converted to thermal energy when it
strikes a target (Ref 24). The rest are either utilized in
deforming the target or stored as residual strain energy in the
target. It is evident from the stress—strain curves that plasticity
of the alloy is significantly enhanced by thermal softening at
high strain rates. The relatively good impact strength (700-
800 MPa) of the investigated AA 2219 alloy can be traced to its
T8 temper condition in which both strengthening effects of cold
work and precipitation hardening are combined. The major
strengthening precipitates in Al-Cu alloy, such as the investi-
gated AA2219 alloy, are 0 and 0" (Ref 4, 5). These precipitates
are, respectively, coherent and semi-coherent with the contin-
uous o-aluminum phase. They are therefore very effective in
hindering the dislocation motion and thereby increase the
resistance to plastic deformation.

The results of the digital imaging correlation (DIC) mea-
surement showing strain distribution maps and strain values
across the length of some test specimens during deformation
under impact loading are presented in Figs. 11, 12, and 13. The
strain distribution images and plots were obtained by post-
processing of the strain data captured by the DIC system using
ARAMIS, the DIC commercial software from Trilion Quality
System Inc. The graph was created by taking a horizontal line
section in the middle of the shear localization stages calculated
by ARAMIS software. The section established a series of data
collection points along the specimen’s horizontal length relative
to the visual images that were previously processed. Each
individual curve on the resulting graph represents the strain
data along the section line at different times during the
compression. The plot is another useful way of monitoring
heterogeneity of deformation along the test length of specimens
in situ during impact, especially shear localization. Deforma-
tion which was uniform across the length of the specimens
started showing evidence of strain localization as strain values
in some region became higher than the adjacent region. The
time at which the strain localization became pronouced, the
location and the intensity of localization varied slightly with
specimen geometry and strain rate. Potential sites for shear
strain localization leading to formation of adiabatic shear bands
(marked with read circles in the figures) can be recognized
along the length of the specimens from the strain distribution
maps and plots.

4. Conclusion

Cylindrical, cuboidal and conical specimens of AA 2219
aluminum alloy were subjected to dynamic impact test using
the split Hopkinson pressure bar synchronized with digital
image correlation system. Heterogenous deformation of the
alloy occurred at high strain rates resulting in intense strain
localization and formation of adiabatic shear bands. De-
formed bands were first observed in the test specimens when
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the strain rate was raised to 2500 s~ . Initially the deformed
bands consisted of second phase particles aligning in shear
flow direction forming what looked like S-shape. As the
intensity of adiabatic heating and strain localization increased
at higher strain rates, the particles aligned perpendicular to the
shear band propagation path. The concentration of the second
phase particles in the shear bands decreased as the strain rate
increased. Eventually transformed bands devoid of second
phase particles developed at high strain rates, suggesting
particle dissolution inside the transformed bands. The critical
strain rates for formation of transformed bands and their
shape on the compression planes varied depending on the
geometry of the test specimens. Failure of the specimens
occured by ductile fracture characterized by formation of
microvoids inside the transformed bands, which became
connected to form crack propagating along the transformed
bands.
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