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Abstract The ability to observe and quantify intrinsic
material response to loading at different rates of strain has
been improved by reducing the errors of mechanical
characterisation in uniaxial compression experiments. In
order to perform comparisons of the results from uniaxial
compression tests used to characterise mechanical proper-
ties of aluminium alloys at different strain rates, it is
necessary to reduce errors resulting from factors such as
specimen design. In this study, the effects of strain rate,
specimen geometry and lubrication on the compressive
properties of aluminium AA2024 alloy were quantitatively
investigated by measuring the mechanical behaviour of this
alloy as functions of strain rate, specimen aspect ratio and
lubrication condition. Both the deformation history and the
failure mode were identified using low and ultrahigh speed
photography. The interaction of factors influencing the
measured stress-strain response was quantified, and suitable
specimen aspect ratios for compression tests at different
strain rates were identified.

Keywords Aluminium alloy - Compressive property -
Strain rate - Dynamic loading - Surface profiling
Introduction

Heat treatable wrought aluminium alloys (e.g. AA2024) are
widely used in aerospace applications due to their high
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strength-to-weight ratio. The complex in-service loading
requires predictive modelling tools to be developed to
simulate the damage resistance of components. However, a
reliable modelling method is directly dependent on an
accurate characterisation of the mechanical response of the
material at a wide range of loading rates.

Aluminium alloys tend to have a small sensitivity to
strain rate at room temperature, e.g. 3-9% increase in flow
stress from quasi-static to high loading rates for AA6061-
T651 alloy [1], although the effect of strain rate on stress-
strain response becomes more pronounced at elevated
temperatures [2, 3]. The microscopic mechanism leading
to strain rate sensitivity of aluminium alloys is still a matter
of debate, however dislocation movement has been linked
to explain strengthening and rate dependency of the
material. During deformation, dislocation movement is
impeded by the finely dispersed precipitate particles in
aluminium alloys. To quantify the effect of strain rate on
stress-strain response [4], particularly at ambient temper-
atures, it is therefore necessary to minimise errors during
characterisation experiments, which may occur due to
factors such as specimen design and friction.

Uniaxial compression tests are commonly used to
characterise the mechanical (compressive) properties of
materials at strain rates ranging from 10 % to 10* s™! [5, 6].
However, a multiaxial stress state inevitably arises in the
compression test specimen owing to the presence of
friction, regardless of the applied lubricant [1, 7-11]. The
measured stress value is not just a function of the lubricant
type but also of the specimen geometry [8, 12]. The
interfacial frictional effect in a compression test can be
established by [13]:

P:(l+%-%)ay (1)
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where P is the applied mean pressure, 1 is the coefficient of
friction, » is a number (which equals 3 according to Hall et
al. [1]), d and [ are the diameter and length of the
cylindrical specimen, respectively, and oy is the intrinsic
yield stress of the material (when ©=0). A large aspect ratio
(I/d) specimen can reduce the friction and the subsequent
barrelling effect in compression tests; however, this may
produce shearing or even buckling deformation. Suitable
specimen geometries should therefore be selected to
improve the measurement accuracy. However, there is no
study in the literature focusing on specimen geometry and
lubrication effects on the compressive properties of alu-
minium alloys. In addition, there is a limited data set on the
high rate properties of these alloys in general.

In this study, the post-yield compressive behaviour of
AA2024 alloy was measured at three different strain rates
(approximately 10>, 10 and 3.5x 10 s™') using specimens
with various aspect ratios (//d=0.4, 1.0 and 1.4). The
experiments were conducted in both lubricated and unlu-
bricated conditions, and a specimen surface profile is
provided. The focus of this research was comparison of
plastic material behaviour across strain rates, for it is well
established that high strain rate experiments do not produce
an accurate representation of elastic modulus due to the
time taken for wave propagation and mechanical equilibri-
um in the specimen. Therefore, a comparison of elastic
properties at different loading rates is not discussed. If
elastic properties are desired from quasi-static experiments,
this would typically be achieved by using a specimen with
a large //d ratio, and measuring strain directly on the
specimen surface using either a clip gauge or a suitable
optical technique, such as an extensometer or speckle
correlation. However, such specimens are not suitable for
high strain rate experiments, nor, it will be shown later, for
evaluating post-yield behaviour at low rates.

Experimental Investigations
Material Preparation and Surface Profiling

The commercial aluminium alloy AA2024 (wt%, 93.5 Al,
4.4 Cu, 1.5 Mg and 0.6 Mn), after production in wrought
form, is usually subjected to heat treatment to allow for
solid solution and precipitation strengthening. The resultant
high strength and excellent fatigue resistance make it an
ideal material in transportation applications, such as aircraft
structural components.

In the present work, cylindrical specimens with a
diameter of 3.5 mm were cut from an AA2024 alloy plate.
Three types of compression specimens, 1.5, 3.5 and 5.0 mm
in length, were prepared to produce different aspect ratios:
1/d=0.4, 1.0 and 1.4, respectively. All the specimens were
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machined from the same region of the plate so as to
minimise the effect of any microstructural differences on
the mechanical response of the specimens.

Prior to mechanical testing, the surface roughness was
measured to support the later experiments by providing
information for interpretation of results and also character-
isation for future modelling activities. The surface of a
typical specimen, cleaned with isopropanol, was subjected
to an ultrasonic cleaning and subsequent hot air drying. The
NanoFocus psurf™ confocal white light microscope was
then employed to capture the surface topography and
quantify the surface roughness.

Mechanical Testing

To achieve a wide range of strain rates, compression tests
were conducted using: (1) a commercial screw driven
loading machine at quasi-static (low) strain rates
(~102 s, (2) hydraulic loading machine at medium
strain rates (~10 s "), and (3) split-Hopkinson pressure bars
at high strain rates (~3.5x10% s™") [14]. The strain rate for
each test was maintained approximately constant by the
prescribed velocity boundary conditions. The three groups
of specimens (//d=0.4, 1.0 and 1.4) were tested at each
loading rate test to assess the specimen geometry effect on
measurement accuracy and specimen response. Both lubri-
cated (with Castrol™ LMX grease as suggested by Hall et
al. [1]) and unlubricated specimens were tested for
comparison purposes. At least three specimens were tested
for each experiment configuration, allowing for evaluation
of the test reproducibility.

In the low loading rate tests, a non-contact scanning laser
extensometer (Fiedler Optoelektronik GmbH, Germany)
and calibrated load cell were used to record the applied
displacement and resultant force, respectively. The speci-
men deformation was captured using a low speed 4 mega-
pixel camera (0.25 fps—frames per second). In the case of
medium loading rates, the resisting force was obtained by
means of a calibrated load cell whilst the specimen
extension was measured from images produced using a
Phantom™ high-speed imaging system (~50,000 fps). In
the high strain rate experiments, strain gauges mounted on
split-Hopkinson bars measured the stress waves in these
bars, which were then used to calculate the resisting force
and specimen deformation rate on the assumption of
uniaxial elastic stress wave propagation as described by
Harding et al. [15]. Ultra high speed photography was used
to examine the deformation of a specimen using a Cordin
550 (Cordin Company, Salt Lake City, UT, USA) rotating
mirror camera at a framing rate of ~250,000 fps.

From the measured force and displacement, the engi-
neering stress and strain were calculated. Negligible
difference in the stress-strain response of AA2024 was
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found between tests at quasi-static and medium loading
rates. Therefore only the compressive properties obtained in
low and high loading rates are discussed in the following
sections.

Results and Discussion
Surface Roughness

The global and local roughness profiles are illustrated in
Fig. 1. Although the surface is jagged in a local vicinity of
<0.5 mm [Fig. 1(b)], the specimen end is concave-shaped
across 86% of the entire diameter [Fig. 1(a)]. This concavity
is beneficial to hold the lubricant effectively in a compres-
sion test, thus potentially reducing the frictional effect on
stress distribution [9].

The value of surface roughness depends on the scale of
measurement (evaluation range). The total height (R,) was
quantified for the global and local roughness, 2.7 versus
1.7 um, respectively, the centre-line average roughness (R,)
0.5 versus 0.2 um. The maximum total height of roughness
(R;=2.7 um) over the entire end surface will lead to an error
of up to 0.004 strain in compressive deformation measure-
ment for a 1.5-mm long specimen. This error will thus
reduce the accuracy of measured strains particularly in the
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Fig. 1 The surface of a typical specimen: (a) global roughness and
(b) local roughness and waveness (the dashed lines indicate where the
profiles are detected)
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Fig. 2 Stress versus strain curve at quasi-static loading rates for the
specimens: (a) unlubricated and (b) lubricated (two test repeats are
marked with identical line style)

stage of elastic deformation (elastic strain: <0.02 in
AA2024).

Compressive Behaviour at Low Loading Rates

The engineering stress-strain curves for AA2024 alloys at
quasi-static rates of strain (~10> s™') are shown in Fig. 2.
The compressive properties were measured as a function of
specimen aspect ratio in lubricated and unlubricated
conditions. For each test condition, a good reproducibility
of better than 2% in flow stress was achieved indicative of
consistent microstructure between tested specimens.

For each of the three specimen geometries, the presence
or absence of lubrication has a negligible effect on the
elastic region of the stress—strain curve. This can be
confirmed by comparing Fig. 2(a) and (b) for each
geometry. For the longer specimens (/d=1.0 and 1.4), the
flow stress and hardening behaviour are also unaffected by
the presence or absence of lubricant. However, the plastic
properties of the short specimen (//d=0.4) are sensitive to
lubrication. Compared to Iubricated specimens, the mea-
sured resisting force dramatically increases when the
specimens were unlubricated, e.g. by 8% at 0.05 strain
and 20% at 0.2 strain (refer to Fig. 2 and Table 1). As

SEM
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Table 1 Measured compressive properties of AA2024 alloys at quasi-
static (~0.001 s™') and high (~3,500 s ') loading rates

I/d  Flow stress at £=0.05 (£10 MPa) Strain at
failure
(£0.03)
Quasi-static High strain rate High strain
rate

Unlubricated Lubricated Unlubricated Lubricated Lubricated

0.4 670 620 765 670 0.78
1.0 630 625 695 670 0.46
1.4 625 625 680 665 0.27

expected, it was found that use of lubricant brings the flow
stress curve of //d=0.4 specimens close to that of I/d=1.0
samples, e.g. with the difference changed from 6%
(unlubricated) to 0.8% (lubricated) at 0.05 strain; 21% to
2% at 0.2 strain (see Fig. 2 and Table 1).

In the experiments on lubricated specimens [Fig. 2(b)],
the specimen geometry also affected the measurement of
compressive properties. The apparent strain in short
samples (//d=0.4) is larger than that in other tests (//d=1.0
and 1.4) for a given level of stress in the elastic region. The
difference in elastic strain (Ag,~0.01) probably results
from: (1) the error in specimen length due to surface
roughness and non-parallel ends; and (2) thickness of the
applied lubricant layer. As discussed in the introduction, a
large //d ratio would be used to measure the elastic
properties. Considering the larger specimens, the two aspect
ratios gave indistinguishable results up to strains of ~0.08,
indicating that end effects are not adversely affecting the
results.

Figure 3 illustrates the recorded deformation series in
lubricated quasi-static compression, in which specimens
were not fractured. Almost homogeneous deformation with
very little barrelling was observed in //d=1.0 specimens

Fig. 3 Deformation sequences
at quasi-static loading rates for
the lubricated specimens with
aspect ratio //d: (a) 1.0 and
(b) 1.4

LIIX
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£=0.05

[Fig. 3(a)]. However, localised shear slip is observed in the
lubricated //d=1.4 specimen. The shearing, visible in Fig. 3
between frames €=0.05 and 0.1, arises at a strain of 0.085,
and is associated with the stress drop in the stress-strain
curve for all the //d=1.4 specimens [Fig. 2(b)]. Because the
slip occurred at the same strain in all specimens, whether
lubricated or not, the authors are confident that it was not
due to misalignment of the loading apparatus; rather, it is
probably due to an instability caused by the intersection of
the strain localisation with the sides of the specimen. The
shearing slip invalidates the resisting force measurement
after the strain of 0.085. Therefore the material’s intrinsic
mechanical properties cannot be well represented by //d=
1.4 specimens beyond this strain.

In summary, specimens of aspect ratio //d=1.0, lubricat-
ed, give the most valid results in low loading rate
compression tests. The //d=0.4 specimen should be avoided
due to the significant frictional effect and errors in strain
measurement. The shearing slip phenomena in early stage
of plastic deformation invalidates the use of //d=1.4.

Compressive Behaviour at High Loading Rates

Figure 4 illustrates the engineering stress-strain curves of
AA2024 at high loading rates (~3.5x 10 s™') as a function
of specimen geometry and lubrication. Similar to quasi-
static strain rate tests, split-Hopkinson bar tests can be
repeated with a deviation of <2%. Qualitatively, instanta-
neous catastrophic fracture along a shear band in the plane
45° to the loading direction occurred in all specimens at all
aspect ratios; and no shearing slip was observed prior to
fracture in the //d=1.4 specimens, different from observa-
tions in quasi-static tests (compare Figs. 3(b) and 5).

The effects of lubrication on the high strain rate
compressive properties are similar to those observed in
low rate tests (compare Figs. 2 and 4). The plastic

behaviour (yield strength, flow stress and hardening) of
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the short specimen (//d=0.4) is sensitive to lubrication, but
not in longer specimens (//d=1.0 and 1.4). However,
compared to lubricated conditions, the strain of fracture is
reduced in the unlubricated tests for all aspect ratios. This is
probably because the increased stress triaxiality due to
friction leads to more rapid formation of shear bands in the
unlubricated specimens. In a longitudinal section, the
triaxial stress is a mixture of compressive and tensile nature
along the diagonal (45°) whereas hydrostatic compression
occurs in the centre of a specimen.

Examining the stress—strain curves for the lubricated
specimens, in contrast to quasi-static loading conditions, the
high rate compressive properties (i.e. yielding, hardening
and flow stress) prior to fracture are not influenced by the
specimen geometry (see Fig. 4 and Table 1). However, the

Fig. 5 Deformation sequences
at high loading rates for the
lubricated specimens (//d=1.4)

\

Table 2 Comparison of the effects on the measured AA2024 flow
stress due to strain rates, aspect ratio and lubrication

Variable Deviation at ~ Deviation at
£=0.05 (%) £=0.2 (%)
Strain rate sensitivity <8 <3
Test reproducibility <2 <2
Specimen aspect ratio (unlubricated) 12 >10
Specimen aspect ratio (lubricated) 1 1
Lubrication 2-14 3-20

strain at fracture increases with decreasing aspect ratio
(Fig. 4 and Table 1). These data suggest that all three aspect
ratios (0.4, 1.0 and 1.4) may be used to measure yield and
post-yield behaviour, up to fracture, with equal confidence.
Therefore, specimen choice may be based on other factors.
In addition to allowing higher strain rates for a given
projectile velocity in the input bar, the shorter specimens of
aspect ratio //d=0.4 are close to the ratio of 0.5 recom-
mended for minimisation of the effects of inertia [16—19].
All three aspect ratios are less than the suggested value
(1.5<1l/d<2.0) to minimise friction in ASTM E9; however,
the experiments demonstrate that friction is not a significant
source of error in these conditions.

A further advantage of using smaller aspect ratios in
high strain rate experiments is their ability to characterise
material response to higher strains before failure occurs; the
strong agreement of the results for different aspect ratios
before failure indicates that the data produced are repre-
sentative of intrinsic material properties, until a strain very
close to the fracture strain. Such data may be required for
calibration or validation of models to be used in situations
where other constraints prevent material behaviour at low
strains. However, it is also clear that in order to characterise
fracture behaviour, it is necessary to test a number of
specimens with different ratios in order to develop a range
of fracture strains.

Sensitivity to Strain Rate, Aspect Ratio and Lubrication
To compare the intrinsic strain rate sensitivity of AA2024

alloys to factors influencing experimental accuracy (e.g.
aspect ratio and lubrication), quantification was performed
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to calculate the deviation from the baseline data due to
experimental repeats, specimen geometry and lubrication
(Table 2). The reference (baseline) stress—strain data at
quasi-static and high strain rates was selected from that
measured using //d=1.0 and 0.4 lubricated specimens,
respectively, on account of their capacity to characterise
the intrinsic behaviour as discussed above.

The deviation value resulting from test repeatability,
specimen aspect ratio and lubrication is in the same order
of magnitude as strain rate sensitivity (Table 2). Speci-
men geometry and lubrication have a stronger impact at
higher plastic strain state due to the increased stress
triaxiality. This demonstrates the importance of designing
a suitable specimen geometry and using the appropriate
lubricant for compression tests at different loading bound-
ary conditions.

Conclusions

The compressive behaviour of AA2024 alloys was mea-
sured as a function of three different strain rates (approx-
imately 107, 10 and 3.5x10° s') using lubricated/
unlubricated specimens with various aspect ratios (//d),
where d=3.5 mm. The alloy shows a relatively low
sensitivity to strain rate at ambient temperature, e.g. 3—8%
increase in flow stress from quasi-static (~107°) to high
(~3.5%x10% s7') strain rates.

In both quasi-static and high loading rate tests, lubrica-
tion influencing the interfacial friction has a more signifi-
cant impact on the measured plastic behaviour in a short
specimen (//d=0.4) than that in long ones (//d=1.0 and 1.4).
The yield strength, hardening behaviour and flow stress
value are sensitive to the specimen geometry at low loading
rates, but not in high strain rate conditions. However, both
the fracture strain and achievable strain rate increase with
decreasing aspect ratio in the high rate tests. Quantitative
analysis revealed that the effect of specimen geometry and
lubrication is in the same order of magnitude as strain rate
sensitivity of AA2024 alloys.

From the results presented, the following recommenda-
tions may be made regarding specimen design for yield and
post-yield, pre-fracture material characterisation at different
rates. An aspect ratio of 1.0 is the most suitable for quasi-
static experiments. Here, larger aspect ratios may be
unstable due to slip shear and shorter specimens are prone
to end effects that prevent strain measurements being
performed to the level of accuracy that is potentially
achievable.

For high rate experiments, aspect ratios of 0.4, 1.0 and
1.4 gave essentially identical measurements of pre-fracture
behaviour, and are therefore equally valid for measurements
of yield and post-yield plastic deformation. Strain measure-
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ments are affected by other factors, e.g. wave propagation
effects, such that the end effects, observed in quasi-static
experiments, are insignificant. Therefore, in this case,
considerations such as specimen inertia, achievable strain
rate and desired final strain should be taken into account.
These considerations would suggest that an aspect ratio of
~1.0 should be used for moderately high strain rates, and
the inertia reducing aspect ratio of ~0.5 for very high rates,
with some overlap between these specimen dimensions at
an intermediate strain rate.

In order to characterise the rate dependence of fracture
behaviour, the results indicate that it would be most suitable
to perform experiments with a number of specimen aspect
ratios at each of the strain rates of interest.
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