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Abstract

The effects of cold work on dynamic flow strength is studied through measurements of dislocation density and elastic precur-
sor attenuation in shocked aluminium. High-purity aluminium and Al 6082 alloy samples are subjected to up to three passes
of rotary swaging, a severe plastic deformation (SPD) technique, in order to produce large variations in starting material
conditions. Detailed material characterisation is performed using electron backscatter diffraction (EBSD) and transmission
electron microscopy (TEM) to determine the initial dislocation density, texture, grain boundary density and misorientation
distribution. Variations in dynamic strength are studied through the evolution of the elastic precursor amplitude with propa-
gation distance in specimens with thicknesses between 0.2 and 1 mm, shock loaded to impact stresses of about 4.6 GPa. It
is shown that dynamic strength decreases with increasing initial dislocation density in both materials, demonstrating rare,
quantified measurements of a reversal in the effect of dislocation density on yield strength at strain rates around 10* s~ and

above.

Keywords Aluminium - Shock loading - Dynamic strength - Precursor decay - Severe plastic deformation - Dislocation
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Introduction

The attenuation of the elastic precursor wave with propa-
gation distance is often studied as a means of probing the
time-dependence of yield during high strain rate loading. Its
decay rate is primarily ascribed to transient effects caused
by dislocation movement and generation. Measurements of
the propagation of the elastic—plastic wave in the weak shock
regime has therefore become a highly valuable validation
and calibration tool for dislocation-based models describing
the dynamical strength of materials.

Recent iterations of such models have advanced to
directly considering the underlying material microstruc-
ture, including the role of dislocation density [1-8]. It is
now in many cases theoretically possible to account for
the effects of processing history and microstructure during
deformation. In continuum analytical theories, dislocations
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are treated using Orowan-based approaches [2, 9, 10] to pre-
dict the attenuation of the precursor wave. Other numerical
microstructure-focused models go further to directly simu-
lating interface velocimetry results [4—8], while dynamic
discrete dislocation plasticity models aim to explicitly simu-
late the movement of populations of individual dislocations
and their strain fields [3, 11, 12]. Theoretical results show
that reducing the mobility of dislocations leads to a decrease
in the decay rate of the elastic precursor amplitude, whereas
an increase in the initial mobile dislocation density is shown
to increase the decay rate. Few experimental studies how-
ever include detailed characterisation of the starting mate-
rial state, especially that of the initial dislocation density.
Models are too often compelled to rely on calibrated or esti-
mated values, limiting these studies to fitting experimental
observations rather than quantitatively predicting them [4].

In the limited cases where variations in initial dislocation
density have been studied experimentally, the results have
led to apparently contradictory conclusions. Observations
of a decrease in the HEL after cold work have been made in
studies on Ta [13-15], Ti [16, 17], Mg [18], A12024 and Al
1421 [17, 19]. Conversely, increases in the dynamic strength
after cold work have been found in Fe [17], Cu [17], and
in a wide range of other aluminium alloys [17, 19-22]. A
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consistent explanation for these conflicting behaviours is a
goal of the present study, as it requires initial microstructural
states and dislocation densities to be known in detail.

In this investigation, the evolution of the elastic precursor
is studied in aluminium with varying degrees of swaging in
samples ranging in thickness from 0.2 to 1 mm. Both SN-Al
and Al 6082-T6 are examined in order to examine role of
initial dislocation density in a high-purity environment ver-
sus interactions in a precipitate-rich initial state. Emphasis
is therefore placed on quantitatively determining the initial
dislocation density, texture, grain boundary density and
misorientation distribution through use of EBSD and TEM.
The plate impact results along with the measured dislocation
parameters are used to explore the effects of initial micro-
structure and the relative contributions of initial dislocation
density on dynamic strength.

Experimental
Material Processing

The material used in the present study was obtained from
commercially-sourced rods of 5N-Al (“five-nines” i.e.
99.999% pure Al) in the as-drawn state, and Al 6082-T6 with
chemical composition as shown in Table 1, in the extruded
state.

The SN-Al was annealed for 1 h at 673 K to establish a
baseline material state and reduce any effects of its process-
ing history [23-25]. This resulted in recrystallised grains
with an average size around 300 pm. The Al 6082-T6 was
not annealed given that the tempered states are common
forms in which the alloy is used, while annealing the alloy
would instead significantly alter its material properties

including the precipitation state of secondary phase parti-
cles. Both material rods subsequently underwent up to three
passes of rotary swaging along the extrusion direction at
ambient temperature. Samples are hereafter denoted as SO,
S1 and S3 after 0, 1 and 3 passes respectively. The true
strains, listed in Table 2, are here defined as,

Ao
1 (1)

€e=1In
where A and A are the cross-sectional areas before and after
swaging respectively (note the Al 6082 was subjected to
twice the strain per swaging pass than the SN-Al, a con-
sequence of the starting diameters and available swaging
dimensions).

Samples for EBSD and TEM were prepared from longi-
tudinal and transverse sections of the rod respectively using
electrical discharge machining (EDM). EBSD samples were
further mechanically ground in a sequence of 400, 800, 1600
and 4000 grade SiC paper, followed by polishing using 9,
3, 1 pm diamond suspensions. Final surface polish was
achieved using colloidal silica and ion polishing. The TEM
samples were punched to 3 mm discs, thinned by mechanical
grinding, and then ion-milled until perforation.

EBSD Characterisation

EBSD characterisation was performed with a Zeiss Mer-
lin SEM equipped with a Bruker Quantax EBSD system
and eFlash camera, operating at 20 kV. The step size of the
EBSD scan was varied from 100 nm to 5 pm depending
on the grain size of the specimens. Figures 1 and 2 show
results collected from representative regions of samples with
0, 1 and 3 passes of swaging. High angle grain boundaries

Table! Chemical composition Al Si Fe Cu Mn Mg 7n Ti Cr
of the Al 6082-T6 alloy (wWt%)

Bal 1.01 0.22 0.02 0.54 0.60 0.02 0.01 0.01
Tablell Material properties (,)f Material Swaging True areal ~ Dislocation den-  HAGB density LAGB density Vickers
th? SN-Aland A1 6082 used in passes strain sity (101* m™2) (um™h (um™h hard-
this study .

ness

5N-Al1 S0 0 0 04 +0.1 0.007 0.013 20

5N-Al S1 1 0.5 53+1.6 0.012 0.058 21

5N-Al1S3 3 14 112 +3.4 0.042 0.126 24

Al 6082 SO 0 0 129 +£3.9 0.241 0.229 106

A1 6082 S1 1 1 38.7+11.7 0.626 1.023 113

Al 6082 S3 3 2.8 29.2 + 8.8 4.119 2.575 122

Sample types are designated as SO, S1, and S3 for 0, 1 and 3 swaging passes respectively. Dislocation
densities are estimated from TEM measurements, and grain boundary densities are estimated from EBSD

results

SEM
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Fig. 1 EBSD IPF maps, pole figures, boundary maps and boundary misorientation distributions in SN-Al of the a annealed, b 1 pass swaged,
and ¢ 3 pass swaged material. Swaging was applied along the extrusion direction

(HAGB) are defined by a misorientation of > 15°, and low
angle grain boundaries (LAGB) by misorientations of 2—-15°,
shown as black and red lines respectively in the grain bound-
ary plots.

The microstructural morphology is observed to consist
primarily of coarse grains elongated along the extrusion
direction, interspersed by finer equiaxed grains of sizes < 10
pm for the SN-Al and <1 pm for the Al 6082. In the SN-Al,
the initial thickness of the elongated grains is approximately
300 pm. After 1 and 3 swaging passes, the size of the coarse
grains remains similar, however the material becomes
heavily populated with small equiaxed grains with an
average size of 11 pm for S1 and 5 pm for S3. In the Al 6082
alloy, the starting material exhibits a very strong fibrous
structure along the swaging direction. The initial thickness

of the elongated grains is approximately 9 pm, which is
reduced to 4 pm and 3 pm for S1 and S3 respectively. The S1
and S3 states also have significant populations of ultrafine
grains (UFGs) with an average size of around 600 nm in
both cases. The increasing fraction of unindexed (black)
regions with number of swaging passes found between the
boundaries of the coarse grains also suggests an increased
accumulation of low angle grain boundaries and very high
dislocation densities.

Listed in Table 2 are the resulting boundary densities, cal-
culated as p;p = L/A, where L is the total length of bounda-
ries and A is the total area of the scan. The boundary density
increases rapidly with increasing swaging, as is also evident
from the boundary plots in Figs. 1 and 2. The corresponding
misorientation distribution histograms show that the LAGB
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Fig.2 EBSD IPF maps, pole figures, boundary maps and boundary misorientation distributions in Al 6082 of the a as-received, b 1 pass
swaged, and ¢ 3 pass swaged material. Swaging was applied along the extrusion direction

density reaches a peak at strains between 0.5 and 1.4 (sam-
ples 5N-Al S1, S3 and Al 6082 S1). The increased misori-
entation within the grains and the formation of subgrains
is evidence of the large increase in dislocation density, as
dislocation tangling promotes the formation of LAGBs [25].
However, at the highest studied strain of 2.8 in Al 6082 S3, it
is observed that the fraction of LAGB is decreased to below
that of the as-received material. It is likely that the disloca-
tion density has started reaching a saturation level in which
continued straining causes annihilation of dislocations at
the LAGBs, which simultaneously causes an increase in the
grain misorientation angles [25, 26].

The sequence of grain rotations is also evident from
analysis of the pole figures. The (001) poles in the initial
state are preferentially oriented along the extrusion direction.

However, after swaging to strains of 1 and 1.4, significant
grain rotation has occurred and the crystallographic
orientations are more randomised. Finally, at a strain of 2.8
in the Al 6082 S3, the (001) axes have once again become
preferentially oriented along the swaging direction, similar
to the SO state, showing evidence of LAGBs consolidating
into HAGBs.

TEM Characterisation

TEM imaging was carried out with a JEOL JEM-2100
operating at 200 kV. Specimen thicknesses were meas-
ured to be 70-130 nm using EELS. Dislocation densities
were estimated using the linear intercept method [27] and
are listed in Table 2, where the error is dominated by the
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uncertainty in the thickness computation of the foils. The
dislocation densities presented here are in excellent agree-
ment with pure Al and Al 6082 processed by other SPD
methods [28-31].

Representative TEM bright-field images from the SN-Al
are shown in Fig. 3. The SO sample displays a dislocation
density on the order of 10'> m~2, indicative of an annealed
material with a prior history of extrusion which has par-
tially recovered but not fully recrystallised [30, 32]. Very
few grain boundaries are observed, reflecting the large grain
size and low boundary density also found in the EBSD
analysis. After the first swaging pass, the material displays
a significant increase in dislocation density. A typical cel-
lular substructure is observed including dislocation pile ups
showing evidence of subgrain boundary formation, with low
dislocation densities at the cell interiors [33]. Similar sub-
structure in swaged Al 1070 has been found by Yang [34]
and in pure Al by El-Madhoun [35]. After 3 passes, grain
refinement has progressed substantially. Many of the dislo-
cation sub-boundaries produced at lower strains have formed
ultrafine grains with high angle boundaries. Dislocation den-
sities have reached above 10'* m~2, similar to pure Al pro-
cessed through accumulative roll bonding (ARB) [30], with
frequent dislocation tangles observed inside grain interiors.

In the Al 6082, shown in Fig. 4, the starting as-received
material displays an already high dislocation density, as
anticipated from an extruded precipitation-hardened alloy,
as well as a substantial presence of second-phase Mg,Si par-
ticles [36, 37]. As the effect of precipitates is to trap disloca-
tions and prevent absorption at grain boundaries, the alloy
exhibits a smaller relative proportion of mobile dislocations
and a higher density between boundary walls than the pure
Al In the 1 pass Al 6082, individual dislocations are no
longer easily distinguishable at the lower magnifications
shown in the figure, with observation of heavy dislocation
tangling similar to other SPD processed Al 6082 [38—40].
The highly tangled region shown in Fig. 4b is estimated to
have a dislocation density of around 7 x 10'* m~2.

Further grain refinement is evident after 3 passes, show-
ing a high fraction of sub-micron sized and even nanostruc-
tured grains with very high densities of internal disloca-
tions. However, the overall dislocation density has decreased
compared to S1. This is likely a consequence of the mate-
rial reaching a saturation stage where hardening is balanced
by recovery mechanisms. It has indeed been reported that
continued heavy plastic deformation leads to a saturation
stage in grain refinement where further straining can instead
cause grain coarsening and dislocation annihilation [41].

Fig.4 TEM micrographs of the a as-received, b 1 pass swaged, and ¢ 3 pass swaged Al 6082. Second-phase Mg, Si particle shown with white

arrows
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The evolution of misorientation distributions and formation
of ultrafine-grains observed in the EBSD measurements sug-
gests a high degree of dislocation absorption into HAGBs.
The low melting temperature and high stacking-fault energy
of aluminium also makes dislocation annihilation through
dynamic recovery likely [26, 30]. In this high strain regime,
dislocation multiplication due to continued straining is
therefore overshadowed by annihilation and grain boundary
migration. Indeed, up to order-of-magnitude decreases in
dislocation density after reaching the saturation stage have
been observed in ARB processed aluminium [42] and in
ECAP processed copper [43].

Experiment Assembly

Targets for plate impact experiments were sectioned trans-
verse to the extrusion direction using EDM. High flatness
and parallelism in the targets discs, necessary to avoid ramp-
effects caused by impact tilt, was achieved by diamond turn-
ing both sides of the targets to the final thicknesses listed in
Table 3. The resulting parallelism was < 0.1 mrad. C-cut
sapphire, with a surface planarity of < 0.2 mrad, was used as
both flyer and driver. The back free surface of the driver and
the front surface of the flyer was flash coated with <100 nm
of Al to allow optical measurement of shock arrival time and
impact velocity, respectively. The Al targets were adhered to
the sapphire drivers using a spin-coating method in which a
glue layer, measured to < 1 pm thick, is first deposited on the
driver, after which the target is bonded to the assembly. This
ensured a thin and even glue layer, minimising the effects of
tilt or glue layer ring-up. A 32 mm bore single stage gas gun
was employed to dynamically load the final target assembly,
shown in Fig. 5, at impact velocities of 400 m/s and vacuum
levels below 50 mtorr. Photon Doppler Velocimetry (PDV)
operating at a base frequency of 4 GHz [44] was used to
measure the velocity histories of the target, driver and flyer.

Results

A series of 22 impact experiments, listed in Table 3, were
conducted at target thicknesses from 0.2 mm to 1 mm for
all three swaging levels of both the SN-Al and Al 6082. The
impact velocity of 400 m/s corresponded to a peak shock
stress of about 4.6 GPa in the aluminium. PDV spectrograms
were processed using STFT methods [45] with a window
length of 64 points and 50% overlap, corresponding to 0.8 ns
time-steps. Velocity histories were computed from Gaussian
fits to the power spectrum for each time-step.

The combined wave profiles for the impact experiments
are shown in Figs. 6 and 7, with thicknesses indicated in
the figures. The breakout times of the shock waves have
been shifted for clarity. The velocity profiles reveal clear

SEM
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c-cut sapphire
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Fig.5 Experimental configuration for the single stage gas gun shots.
The velocity of the target free surface is measured using frequency-
shifted PDV. The impact velocity of the projectile is measured
through a window in the driver. The tilt and time of arrival of the
shock at the target front surface is determined from PDV measure-
ments at three equidistant points on the sapphire driver

precursor waves without peaks, followed by the principal
plastic wave. Note that experiment 2 is not plotted as it
was a repeat of experiment 1 and displayed a near identical
velocity response. Significant decay of the elastic precursor
with propagation distance is exhibited in the SN-Al, whereas
only very slight precursor attenuation is observed in the Al
6082. This is in agreement with the numerous previous
studies on both pure Al and the very similar Al 6061 alloy.
To make a direct comparison, the peak elastic stresses,
Oy listed in Table 3 were calculated from the standard
expression,

o, = % Po Cp U, ()
where p, is the unshocked mass density, ¢, is the longitudi-
nal sound speed, and u is the free surface velocity at the
precursor peak. Note that the yield point has been denoted
as o, rather than the commonly used 6, to distinguish
these evolving peak elastic stress measurements from the
“far-field” or equilibrium HEL stress of the precursor wave
(after attenuation has taken place). Densities used were 2.70
+ 0.01 g/cm? for the 5N-Al and 2.71 + 0.01 g/cm? for the Al
6082. The longitudinal sound speed was taken as 6.4 + 0.1
mm/ps for both materials [46, 47].

In Fig. 8, the peak elastic stresses are plotted against
propagation distance (or sample thickness, #) alongside
literature data from a mixture of gas gun and laser shock
experiments on both pure Al and Al 6061. The results
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Table lll Experimental

; Expt no Material Swaging Sample thick-  Impact velocity Peak elastic stress (GPa)

parameters of the impact passes ness (wm) (m/s)

experiments on 5N-Al and Al

6082 1 5N-A1 SO 0 200 + 5 399 + 1 0.435 + 0.027
2 5N-A1 S0 0 202+ 1 400 + 1 0.440 + 0.027
3 5N-A1 S0 0 403 + 1 397+ 1 0.237 + 0.026
4 5N-A1S0 0 539+1 399 + 1 0.235 + 0.026
5 5N-A1S0 0 609 + 1 393 +1 0.180 + 0.026
6 5N-A1S0 0 1031 +5 426 + 1 0.164 + 0.026
7 5N-AlS1 1 200+ 5 400+ 1 0.405 + 0.027
8 5N-AlS1 1 405+ 1 398 + 1 0.241 + 0.026
9 5N-AlS1 1 586 + 1 396 + 1 0.173 + 0.026
10 5N-AlS1 1 1015+ 1 396 + 1 0.153 + 0.026
11 5N-A1S3 3 200 + 1 404 + 1 0.383 + 0.027
12 5N-A1S3 3 408 + 1 393 +1 0.178 + 0.026
13 5N-A1S3 3 1002 + 1 406 + 1 0.108 + 0.026
14 A16082 SO 0 203 +5 414+ 1 0.932 + 0.030
15 A16082 SO 0 404 +5 402 + 1 0.835 +0.029
16 Al 6082 SO 0 968 + 5 409 £ 1 0.722 + 0.029
17 A16082 S1 1 195+5 398 + 1 0.731 + 0.029
18 A16082 S1 1 402 +£5 405+ 1 0.731 £ 0.029
19 A16082 S1 1 968 + 5 407 £ 1 0.568 + 0.028
20 A16082 S3 3 183 +5 402+ 1 0.829 + 0.029
21 A16082 S3 3 401 +£5 403 £ 1 0.857 £ 0.029
22 A16082 S3 3 888 +5 396 + 1 0.720 + 0.029
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along with the previous data have been fitted to power laws
of the form o, = 0", where 6, and n are the fitting param-
eters. Good agreement is found between the yield points
of the annealed 5N-Al and the pure aluminium from previ-
ous studies, whereas the as-received Al 6082 has slightly
higher yield points than the Al 6061 in the studied thick-
ness range. More notable are the significant differences in
the yield points of the SO, S1 and S3 samples at constant
thickness in both of the present materials. A monotonic

decrease in peak stress with increasing swaging passes
(up to a true strain of 1.4) is observed in the SN-Al at all
thicknesses. Tied with the measured increase in disloca-
tion density, this is indicative of the dominant role played
by mobile dislocations at high strain-rates in determining
the rate of stress relaxation at the onset of plastic flow.
Interestingly, in the case of the Al 6082, the first swaging
pass is associated with a decrease in the strength, whereas
after the third swaging pass there is a reversal in which
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Fig.7 Al 6082 velocity profiles 700
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Fig. 8 Peak elastic stress in
5N-Al and Al 6082 plotted
against propagation distance
comparing present results to
literature data [48—55]

Peak elastic stress (GPa)

the dynamic strength reverts back towards that of the
unswaged material. It should be noted that the Al 6082
was taken to a higher strain than the pure Al.

The initial longitudinal plastic strain rate is calculated using
[52],

du,/dt -
— P =¢ 2ug pin (3)

PUEMin °

€, .
where u,, is the particle velocity and u ,;, is the particle
velocity at the peak of the elastic wave. The strain rate
is calculated from the onset of plasticity at ug ;,, up to
2 X ug pri,» Which is taken as indicative of the plastic strain
rate experienced at the elastic limit. A strong correlation is
found between the strain rate and the dynamic yield stress,
shown in Fig. 9, in which the results have again been fitted
to power laws as shown in the figure. The fit for the 5N-Al
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compares favourably to the equivalent fit of (0.001)@2'43

found by Smith et al. [52]. Sharp up-turns in the flow stress
have been found above 10°s~! for pure Al [56], associated
with a transition into the currently shown region of strong
strain rate dependency. This represents the regime in which
phonon drag effects are dominant over thermal activation,
meaning mobility is limited by the drag force caused by
resistance of the lattice to motion [33]. Dislocation drag is a
manifestation primarily of phonon scattering and radiation
by dislocations, which are effects known to be proportional
to temperature. Indeed, experiments by Zaretsky and Kanel
on pure Al at 900K showed an increase of the HEL by 4-5
times compared to room temperature, at thickness ranges of
0.1-2 mm [47].

The Al 6082 displays a much lower strain rate sensi-
tivity compared to the pure Al. In these cases, materials
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Fig.9 Peak elastic stress in
5N-Al and Al 6082 plotted
against strain rate. The data
points are fitted to power laws
as displayed in the figure. It is
found that the pure aluminium
displays a significantly higher
strain rate sensitivity than the
alloy. The addition of secondary
phase particles shifts the alu-
minium from the phonon drag
to the thermal activation regime
at these strain rates

Peak elastic stress (GPa)

with secondary phase particles and/or higher Peierls bar-
riers (such as the present alloy or BCC metals) will pre-
sent greater obstacles to dislocation movement, which
increases the shear stress needed to induce plastic flow
and therefore the magnitude of the peak elastic stress. This
decreases the strain rate dependence by shifting the mate-
rial into the thermal activation regime. It is believed that if
the strain rate was increased above 107s™!, or equivalently
the thickness decreased below 200 pm, only then would
phonon drag effects drive significant increases to the peak
elastic stress. Zaretsky et al. investigated this threshold
more closely in a series of impact experiments on Al 6061,
in which it was found that the strain rate needed to reach
the transition to the phonon drag regime increases dra-
matically with higher aging time (precipitation hardening)
[57].

5N-Al-SO 7
5N-Al - S1
5N-Al - S3

Al 6082 - SO
Al 6082 - S1
Al 6082 - S3

P = (0.001) ¢ 24
y p

10°
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10* 10° 7 108

—
o

Discussion

The relationship between peak elastic stress and disloca-
tion density is demonstrated more clearly in Fig. 10. In
the SN-Al, a decrease is observed in the elastic peak with
increasing dislocation density and swaging passes at all
thicknesses. In the Al 6082, since the dislocation density of
the S3 sample is lower than S1, again the result is a trend of
decreasing elastic stress with increasing dislocation density
for all thicknesses. This proves a counter-intuitive inverse
relationship between strength and dislocation density at
high strain rates. In the annealed material, the high precur-
sor states in the attenuation region are a result of the failure
of dislocation mobility alone to relax the imposed deviatoric
stresses, causing a high dependence on dislocation genera-
tion. In the cold worked material however, the experimental
results suggest that the higher availability of initial mobile
dislocations is responsible for increased stress relaxation in
the swaged samples and a lessened reliance on generation
mechanisms.

Fig. 10 Peak elastic stresses (@)os (b) 1.1
from the a 5N-Al and b Al 6082 ~ 0.2mm — 4l
. . © s 170.2mm
plate impact experiments, plot- &o04r ) ’
ted against dislocation density. e 2 00[0.4mm
. . 0 173
Thicknesses are shown in the 203 Qo8 "o
. . ® > .0mm
figure, with experiments at the o 0.4 mm a =
X = —e 2077
same thickness connected by 8 02l 06mm 8
lines. A decrease in the yield o Y Sost
. . . . @ ®
point is observed with increas- K 1.0 mm o5l
ing dislocation density in both 0.1 '
o ‘ ‘ 04 ‘ ‘ ‘ ‘ ‘
materials 0 5 10 15 20 0 10 20 30 40 50 60

Dislocation density (x 103 m'2)

Dislocation density (x 1018 m'2)
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Similar observations of a decrease in yield point after
cold working have been made in studies on tantalum
[13-15]. Razorenov et al. compared the dynamic strength
of UFG tantalum and coarse grained tantalum, finding it
to be lower in the UFG Ta [14]. They theorised that the
increase in grain boundary density in the UFG material led
to a higher rate of stress-relaxation caused by increased dis-
location nucleation at the grain boundaries. In the study by
Millett, the difference was quite pronounced as the material
displayed a peak-and-valley profile in the as-received state,
which turned into the more diffuse shoulder-type yield point
after cold working [13]. The material was only cold rolled
up to a strain of 0.5 and can therefore not be considered
SPD processed. Although dislocation densities were not
measured directly, TEM data indicated that differences in
total dislocation density was likely not as large as the pre-
sent study. Despite this, the cold rolled samples had lower
yield points than the as-received material even up to the very
high propagation distance of 9 mm. It was theorised that the
cold-rolling process resulted in a displacement of disloca-
tions away from surrounding interstitial solute atoms which
ordinarily would have acted as pinning points. Consequently,
even if the total dislocation density change was compara-
tively small, there was a significant increase in the ratio of
mobile versus immobile dislocation densities, thus caus-
ing a faster decay rate. Decreases in yield strength in cold
worked tantalum was also found in work by Asay et al. [15],
who drew similar conclusions. Zaretsky and Kanel found
that annealed Ta had a higher yield point than the as-rolled
material [58], prompting them to suggest that defects which
ordinarily strengthen the material instead act as sources of
mobile dislocations at high strain rates.

Decreases in the yield point after cold work has also been
observed in Al 2024 and Al 1421 [17, 19], however conflict-
ing results have been found in other aluminium alloys. In a
study on Al 5083, high pressure torsion (HPT) was applied
to produce a UFG structure with accumulated strains up
to 9.3 [19]. Shock wave experiments performed on coarse
grained (CG) samples in the initial annealed state resulted
in a yield point of 0.4 GPa, whereas the UFG state had much
higher yield around 0.8 GPa, both at 1 mm thickness (i.e.
opposite trend to the current 1 mm data). Note that the yield
point of the initial material was quite low compared to pre-
sent results.

Similarly, a study comparing CG to ECAP processed Al
6063 led to peak elastic stresses of 0.2 and 0.4 GPa for the
CG and UFG materials, respectively, at 2 mm propagation
distance [17]. Again however the reported yield point of only
0.2 GPa for the CG material is very low for an aluminium
6000-series alloy (expected to be around 0.6 GPa as shown
in Fig. 8). Supplementary data from the ECAP processed
Al 6063 study, discussed by Razorenov [19], displayed very
significant attenuation of the precursor stress at thicknesses
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all the way up to 8 mm. This is again inconsistent with data
from similar alloys in which the precursor amplitude is
almost fully decayed by 0.2 mm. This is likely related to the
processing history, which was reported as an annealing step
followed by aging [59]. Similar results showing cold work
strengthening at high strain rates were found in dynamic
channel angular pressing (DCAP) processed aluminium
alloys A7, 7075, 3003, 5083 [20, 60], ARB processed Al
1070 [21], and ECAE then cold rolled Al 5083 [22, 61]. In
the ARB study, the initial cycles caused an increase in the
yield point, which then peaked and eventually decreased. In
the ECAE study, no large difference was observed after the
initial pass, and only after subsequent cold rolling did the
yield point start to increase. In all of the above mentioned
studies, the initial reference alloy was annealed to varying
degrees prior to applying the cold working method.

A likely explanation of the apparent inconsistency
between these studies and the current data lies within
the material processing histories. Studies by Zaretsky
et al. showed that annealing Al 6061-T6 produces an up
to three-fold reduction in the peak elastic stress [47, 57].
Each subsequent stage of the precipitation sequence is then
accompanied by an increase in the shear stress required for
dislocation unpinning. As expected however, Zaretsky and
Kanel found that the annealed then paritally aged alloy sam-
ples would still display significantly reduced strength com-
pared to original conditions. At 1 mm thickness, the partially
aged 6061 exhibited peak elastic stresses of only 0.3 GPa,
compared to 0.6 GPa of fully age-hardened 6061 in the T6
state. At higher propagation distances, the yield points of the
annealed samples continue to attenuate down to 0.15 GPa at
6 mm thickness (compared to 0.5 GPa for 6061-T6).

It is therefore clear that the strengthening effects of alloy-
ing elements and their exact precipitation state in the mate-
rial has immense repercussions on the yield point, as is also
emphasised by the large differences in dynamic strength
between pure aluminium and its alloys. It is likely that this
pattern of strengthening was at play in the previous studies
on cold worked aluminium alloys discussed above, where
annealing was followed by a combination of cold working
and aging (of which the latter occurs even at room tem-
perature in both e.g. the 2000 and 7000 series alloys [62]).
First, by annealing to the solid solution state, the dynamic
yield point is reduced by a factor of 2 to 3 compared to the
same material in the fully precipitation hardened state. Next,
while subsequent cold work causes an increase in the dis-
location density, the character of these new dislocations is
likely heavily weighted towards immobile rather than mobile
dislocations (in particular when compared to cold working
a pure material). This, combined with a potential increase
in the unpinning stress caused by aging, overshadowed any
softening effect caused by increases in mobile dislocations.
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The present TEM data in Figs. 3 and 4 points towards this
distinction in the type of dislocations created through cold
working pure versus alloyed material. After swaging to the
S1 state, the pure aluminium has developed a cellular sub-
structure with low dislocation densities at the cell interiors.
Such microstructure is indicative of highly mobile disloca-
tions and a high SFE [63, 64]. In the Al 6082 on the other
hand the grain interiors are densely populated with randomly
spread immobile dislocations, likely due to the substantial
presence of second-phase Mg,Si particles preventing dislo-
cation movement and absorption at grain boundaries dur-
ing deformation. This is supported by the study on Al 2024
[17], in which the initial fully age hardened material was
compared to the annealed and the UFG states, with resulting
peak elastic states of 0.73, 0.19 and 0.32 GPa, respectively.
Again it was shown that annealing results in a large decrease
in strength, and while the UFG state did exhibit a higher
yield point than the annealed sample, it was low when com-
pared to the fully age hardened material. This general trend
seems to be consistent with the above findings, however
exact quantification of microstructures is needed.

It is noted that the EBSD results in Figs. 1 and 2 display
significant changes in texture which may have influenced
yield points, particularly for the Al 6082 measurements.
Previous studies by Owen [65] and Huang [66] have shown
small variations in the dynamic strength of single crystal
aluminium depending on loading direction. The relative
strengths of these loading angles can be explained by an
orientation-based calculation of the ratio between the maxi-
mum resolved shear stress in the {111}(110) slip planes and
the applied longitudinal stress. Such calculations have been
used before to calculate the resolved shear stress in the elas-
tic wave under uniaxial strain conditions at arbitrary loading
angles [9, 67], and was recently used by the present authors
to analyse the effect of orientation distribution on the pre-
dicted strength of textured Mg AZ31 [68]. A similar analysis
was also employed here, in which the area-weighted average
Schmid factors (m) were calculated for all samples from the
EBSD results [69]. For SN-Al SO, S1 and S3 this led tom =
0.48, 0.47, and 0.45 respectively, while for Al 6082 SO, S1,
and S3 the results were m = 0.44, 0.44, 0.43 respectively. In
the SO material states, the spread of loading angles is close
to the [100] axis which is highly favourable for maximis-
ing the resolved shear stress in the {111}(110) slip planes,
resulting in high average Schmid factors. In contrast, while
the 5N-AI S3 and Al 6082 S1 also display grains in simi-
larly favourable orientations, a very significant population
of grains have been reoriented with the [111] axis towards
the impact direction. As this is the highest strength orienta-
tion, the expected effect is to balance or potentially even
increase the yield point of these samples when compared
to SO (given the overall decrease in Schmid factors). The
indication from these results therefore is that it is unlikely

that the observation of a lower yield point is driven by the
change in orientation distribution.

Similarly, it is possible that changes in grain boundary
density may have either contributed to the reduction in peak
elastic stress, by serving as points of facilitated disloca-
tion nucleation, or counteracted it through grain boundary
strengthening. However, previous studies on aluminium have
found that even order of magnitude differences in grain size
has led to no significant impact on dynamic strength [52,
70-72]. In recent experiments by Asay et al., pure alumin-
ium was cold rolled and then annealed at varying tempera-
tures in order to produce a range of grain sizes from 49 to
453 pm, finding that the dynamic strength was insensitive
to the initial conditions. A similar study by Huang et al.
on a variety of initial grain sizes in pure Al (180-300 pm)
and Al 6061 (5-50 pm) also showed no clear indication
of a grain size dependent response. While grain boundary
effects should not be ruled out, they are likely secondary to
the effects of initial dislocation density under the present
conditions.

The above observations are summarised in Fig. 11, show-
ing the effects of pre-straining a material through cold work
prior to high and low strain rate loading. At low to interme-
diate strain rates of up to around 103 s=' [73], cold work is
well-known to result in improved strength due to higher dis-
location densities causing increased resistance to dislocation
glide. In the high strain rate regime (above around 10° s™1),
the opposite behaviour has been exhibited. At these strain
rates, the availability of mobile dislocations is highly domi-
nant in determining the rate of stress relaxation. Increasing
the initial dislocation density addresses the lack of mobile
dislocations in the attenuation stage immediately following
impact, resulting in lower yield points. The experimental
evidence suggests this is the case both for pure materials
and age hardened alloys. Finally, in the special case when an
aluminium alloy is annealed, the behaviour is altered in the
high strain rate regime because of the exceedingly dominant
role played by the alloying elements. Having initially been
annealed, the dynamic strength in the “reference” state of
these alloys is at its low point. Subsequent cold work likely
leads to several order of magnitude increases in pinned and
immobile dislocations, as well as increases in the unpinning
stress caused by aging. Consequently, the overall yield stress
increases despite any additions in mobile dislocation density.

While dynamic yield is a complex interplay between the
state of alloying elements, initial mobile and immobile dislo-
cations, nucleation at grain boundaries and more, the degree
to which these factors can be measured and compared dur-
ing shock loading through experimental techniques has its
limitations. Future confirmation of the above hypotheses will
require the use of models in which each of these components
can be parameterised, allowing the relative influence of these
factors to be simulated. Models in which initial dislocation
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Fig. 11 Relationship between the yield point and pre-applied strain
for aluminium in different strain rate regimes. In the low strain rates
of quasi-static (QS) and split-Hopkinson pressure bar (SHPB) experi-
ments (literature data from Karnes [73]), increasing the initial dis-
location density through cold work produces higher strength. In the
high strain rate (shock compression) regime, increasing initial dislo-
cation density leads to higher availability of initial mobile disloca-
tions which can more quickly accommodate plastic deformation (SO

density is a primary input parameter [2, 5, 7, 8] will benefit
from the additional modelling constraint provided by data
such as that presented here, allowing focus to shift further
towards investigations of e.g. the role of dislocation genera-
tion or annihilation during loading. Experimentally, a natural
next step will be to study at which strain rates the material
transitions from the low to the high strain rate behaviours
depicted in Fig. 11. Clearly, this transition must be material
dependent, and in pure aluminium should occur between the
strain rates of 103 s™!and 10° s~!, based on comparisons to
SHPB data [73].

Summary

This study presents an investigation into the role of cold
work and initial dislocation density in the dynamic strength
of aluminium. Plate impact experiments were conducted on
pure aluminium and aluminium alloy 6082-T6 with increas-
ing passes of rotary swaging. Detailed material characterisa-
tion was performed in order to measure grain size, boundary
misorientation, grain orientation, and dislocation density.
Comparison of the peak precursor stress states to the meas-
ured dislocation densities reveal an inverse relationship,
in which increased initial dislocation density results in a
faster decay rate and lower peak stresses across all measured

SEM
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and S1 experiments from the present SN-Al and Al 6082 data shown,
only the 0.6 and 1.0 mm samples have been included for SN-Al for
clarity). If the material is an alloy, annealing will reduce the yield
stress as shown (representative data point on annealed Al 5083 taken
from Razorenov [19]). Subsequent cold work and/or aging causes an
increase in dislocation densities, dislocation pinning and hardening,
which strengthens the alloy back towards the yield point of the fully
age hardened states (represented by arrow in figure)

thicknesses. While this relationship has long been theorised,
detailed quantitative experimental data has been necessary
in order to further develop both models and theoretical
understanding.

In the high strain rate regime of shock experiments, the
high non-equilibrium precursor states are a result of the
failure of dislocation mobility alone to relax the imposed
deviatoric stresses. The result is a high dependence on
dislocation generation, which requires time and high
applied stress in order to initiate. Given the experimental
results, it is theorised that cold work increases the
availability of initial mobile dislocations, which are
responsible for increased stress relaxation in the swaged
samples and a lessened reliance on generation mechanisms.
The findings imply that the increase in mobile dislocations
dominates over the effects of increased dislocation pinning
when cold worked materials are loaded at high strain
rates (above 10° s™!), with the opposite being the case in
low strain rates (below 10* s~'). While the transition to
a trend of cold work strengthening should occur before
strain rates of around 103 s~!, experimental measurement
of this shift in Al is still outstanding. Measurement of the
transition is of high importance to future work, as it can
be used to quantify dislocation mobility, as well as the
disparate behaviours of mobile and immobile dislocations
as required for dislocation dynamics models.
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