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An experimental investigation on dynamic characteristics of as-received aluminium alloys under tension (0.001s!-

780s~") and compression (0.001s7'-2000s") is reported here. Quasi-static (0.001s™") tension and compression tests are

performed on universal testing machine whereas, the medium (5s™' and 25s71) and high strain rate (440s~!, 660s~! and

780s7!) tensile tests are conducted on hydro-pneumatic machine and modified Hopkinson bar setup respectively. The

dynamic compression (110s7'-2000s™!) experiments are carried out under split Hopkinson pressure bar apparatus at

different I/d (I = gauge length, d = diameter) ratios (0.5, 0.75 and 1) with and without pulse shaper. The fracture surfaces

of tested tensile specimens are studied by scanning electron microscope. The feature of fracture is dimples and planar

facets. The parameters of existing Johnson-Cook material model are determined and it is observed that this model with

estimated parameters can predict the flow stress of aluminium alloys precisely at different strain rates.
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1. Introduction

Aluminium alloys are widely used as structural
materials due to high strength to weight ratio, good
corrosion resistance and high capability of energy
absorbing. Such materials are employed in a number
of important engineering applications such as
automobile, aerospace, marine and building
structures. Thus, the knowledge of mechanical
characteristics of these alloys is essential to improve
the safety against crash, impacts and blast loads.

Several experimental studies [1-4] are reported
in the literature over the last few decades to
understand the influence of strain rate on the
mechanical properties of different grades of
aluminium alloys. Moshksar [5] conducted dynamic
uniaxial compressive tests on cylindrical specimens

of aluminium-silicon alloys and observed the
significant effect of strain rate on the flow stress of
the alloys. High strain rate compressive behaviour
of two cellular aluminium alloys (Alulight and
Duocel) has been investigated by Deshpande and
Fleck [6] and found that the dynamic behaviour of
these foams is very similar to their quasi-static
behaviour in the strain rate range 10~ to 5000s".
The strain rate sensitivity of the commercial
aluminium alloys, AA6082 and AA7108 is
investigated by Oosterkamp et al. [7] over a wide
range of strain rate 10> to 3000s~!. It is observed
that these aluminium alloys are poor strain rate
sensitive and a trend of negative strain rate sensitivity,
seen at strain rates greater than 2000s~!, could be a
consequence of the strain localization on a
microscopic scale. The strain rate sensitivity of
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various relative densities, open-cell aluminium alloy
foams fabricated by a powder metallurgical method
is investigated by Yi et al. [8] under compression
loading at different strain rates (103 to 2600 s71).
Dynamic compression of aluminium alloy 2519A at
different strain rates (600-7000 s~!) and temperatures
(20-450°C) is investigated by Zhang et al. [9] using
split Hopkinson pressure bar apparatus.The results
show that the flow stress is dominated by temperature
and increases with strain rate. The strain rate
sensitivity exponents (m), determined as the slope of
linear curve of the strain rate versus true yield stress
decreases with increasing temperature.

The stress-strain behaviour of aluminium alloys
under dynamic tensile and shear loads has also been
investigated by several researchers [10-15] using
modified versions of Hopkinson pressure bar. Lee
and Kim [10] investigated dynamic deformation
behaviours of the aluminium alloys (A12024, A16061
and A17075) under both high strain rate compressive
and tensile loadings. It is found that the relationship
between compressive/tensile strength and strain rate
are bilinear. The sensitivity of Al2024, Al6061 and
Al7075 are 286, 320 and 178% at compressive
strength and 63, 90, 45% at tensile strength,
respectively. The stress—strain behaviour of the
aluminium alloy AA7075 is characterized by Bgrvik
et al. [11] in dynamic tension and compression and
by El-Magd and Abouridouane [12] in tension,
compression and shear. Lee ef al. [13] studied the
shear deformation of Al-Sc alloy at different rates of
loading. Smerd et al. [14] reported that, the elongation
of aluminium alloys (AA5754 and AA5182) sheet
increases with the increase of strain rate. Further,
AAS5754 exhibited a mild increase in flow stress with
strain rate, while AA5182 appeared to be strain rate
insensitive. The Johnson-Cook material model is
found to represent the constitutive behaviour of such
aluminium alloys. Chen et al. [15] studied the stress-
strain behaviour of four different grades of extruded
aluminium alloys (AA6060, AA6082, AA7003 and
AA7108) in T6 temper under different strain rates
(0.001-1000s~!) and proposed a thermo-viscoplastic
constitutive relation. The strain rate sensitivity of
AA7003 and AA7108 alloys are found to be
moderate, while the other two alloys (AA6060 and

AA6082) are observed to be insensitive to strain rate.

Hsu and Jones [16] investigated the dynamic
axial crushing of aluminium alloy, 6063-T6 circular
tubes having external diameter 51 mm and thickness
1.50 mm in strain rate range from 5 x 10#s7! to
118s~! at room temperature (20°C) in tensile tests.
The yield and the ultimate tensile stresses of the alloy
show a negligible dependency on strain rates.
Driemeier et al. [17] studied the combined influence
of stress intensity, stress-triaxiality and lode
parameter on the behaviour of aluminum alloys
typically used in the aircraft industry. Tucker ef al.
[18] reported the plasticity, damage, and fracture
characteristics of three different processed aluminum
alloys (rolled 5083-H13, cast A356-T6, and extruded
6061-T6) under varying stress states (tension,
compression, and torsion) and strain rates (0.001s™,
Is™! and 1000s~!). Pothnis et al. [19] presented the
effects of strain rate (54-164s!) on tensile properties
of aluminum alloy, 7075-T651 and IS 2062 mild steel.
Johnson—Cook material constitutive model is applied
to predict the tensile yield strength of the tested
materials at different strain rates. The strength
enhancement factor is up to 1.3 for aluminum alloy,
7075-T651 and it is up to 1.8 for IS 2062 mild steel.
The mechanical behaviour of the commercial
aluminum alloy, AA5182-0 is investigated by Picu
et al. [20] at temperatures ranging from-120 to 150°C
and strain rates from 1076 to 10! s~!. The strain rate
sensitivity parameter is determined as a function of
temperature and plastic strain, and the strain rate, and
temperature range in which dynamic strain aging
leads to negative strain rate sensitivity is mapped.
The effect of dynamic strain aging on ductility and
strain hardening is investigated. Cadoni et al. [21]
studied the strain rate (1073-10% s™1) effects on the
high strength alloys; aluminium alloy, AA7039-T651
and titanium alloy, Ti-6Al-4V under tensile loads. It
is found that the aluminum alloy, AA7039-T651 is
moderate strain rate sensitive while the titanium alloy,
Ti-6Al1-4V is highly sensitive to strain rate. An
experimental and numerical analysis for high strain
rate (1000-3000s!) compression behaviour of 6061-
O aluminum alloy is carried out by Jenq and Seu [22]
and the dynamic yield stress is found to increase with
increasing strain rate. When the strain rate is
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2140s7!, the dynamic yield stress is approximately
45% higher than the quasi-static (3 x 10*s7!) yield
stress. Singh et al. [23] presented the stress-strain
behaviour of Aluminium 6063-T6 in compression at
different strain rates (0.001-850s~!) for //d ratio 1 and
shows that the material is poor strain rate sensitive.

This paper reveals the mechanical
characteristics of the as-received aluminium alloys
in detail under dynamic tension and compression, and
is the extension of the authors’ work presented in Ref
[23]. The fracture surfaces of the broken tensile
specimens are studied by scanning electron
microscope and the measured results are fitted with
the Johnson-Cook material model.

2. Experiments

Cylindrical specimens (Fig. 1) of as-received
Aluminium alloy, AA6063-T6, having diameter (d)
16 mm and varying thickness (or gauge length, /)
8mm, 12mm and 16 mm are selected for compression
experiments. The constituents (Ref 23) of AA6063-
T6 in weight% are Al: 98.67, Mg: 0.567, Mn: 0.022,
Si: 0.415, Fe: 0.148, Cu: 0.055, Ni: 0.040, Zn: 0.030,
Ti: 0.003, Cr: 0.005, Pb: 0.010 and Sn: 0.025. Flat
sheet tensile specimens (Fig. 1) of another as-received
aluminium alloy have gauge length = 10mm, width
= 4mm and thickness = 2mm. The constituents of
this alloy in weight% are Al: 97.78, Mg: 0.070, Mn:
0.225, Si: 0.503, Fe: 1.050, Cu: 0.062, Ni: 0.000, Zn:
0.248, Ti: 0.022, Cr: 0.032, Pb: 0.000 and Sn: 0.005.
The tension and compression experiments are
performed at room temperature (20-25°C). The
surface hardness of the material in Rockwell ‘B’ scale
is nearly RB53 for both sheet and cylindrical rod of
the aluminium alloys.

Four different experimental techniques are
employed to study the mechanical characteristics of

‘_ ‘ (a) . (b)

Fig. 1: Aluminium alloy specimens for (a) Tension and (b)
Compression

aluminium alloys at different strain rates. The stress-
strain behaviour of the alloys under quasi-static
tension and compression are obtained from the
Universal Testing Machine (UTM). Medium and high
strain rate experiments under dynamic tensile loads
have been performed on the Hydro-Pneumatic
Machine (HPM) and modified Hopkinson bar (MHB)
setup respectively at DynaMat laboratory of the
University of Applied Sciences of Southern
Switzerland. High strain rate experiments under
dynamic compressive loads are carried out in the split
Hopkinson pressure bar apparatus available at Impact
Mechanics laboratory of Indian Institute of
Technology Delhi. The split Hopkinson pressure bar
experiments are conducted with and without pulse
shaper. The pulse shaper is a ‘fip’ material used at
the striking end of the input bar to increase the rise
time of the wave pulse, so that the specimen deforms
under equilibrium loads at its both ends. As the striker
strikes the pulse shaper fixed with the input bar, it
deforms plastically and the fluctuations or ringing in
the propagating wave pulse is reduced. The diameter
of the pulse shaper is marginally more than the
diameter (20mm) of the Hopkinson bars, whereas,
the thickness is 1mm. The details of the working
principle of the experimental techniques with the
estimation of stress-strain are reported elsewhere
(Singh et al. 23, 24) and not repeated here for the
sake of brevity.

3. Results and Discussion

The experimental data obtained from various
experiments under tensile and compressive loads are
analyzed, and the observed material characteristics
are presented here. Three tests at each strain rate are
conducted and average mechanical properties are
reported. The yield stress in the stress-strain curves
is measured at 0.2% offset strain. The images of
fracture surfaces of broken tensile specimens are
taken by scanning electron microscope and the
mechanism of fracture is discussed. The influence of
pulse shaper and gauge length of specimens is
investigated during the SHPB experiments. Finally,
the material parameters of the existing Johnson-Cook
model are determined and the experimental data is
fitted with the predicted results by the model.
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Dynamic Characteristics Under Tension

The stress-strain curves are compared in Fig. 2 at
different strain rates (0.001s™! to 780s™!) under tensile
loads and the obtained experimental results are
presented in Table 1. The engineering and true yield
stresses at quasi-static condition are 156MPa and
157MPa respectively, whereas, the engineering and
true ultimate tensile strengths are respectively
170MPa and 173MPa. Yield stress, ultimate tensile
strength and ductility of the material decreased
slightly at 25s7! as compared to 5s~!, which may be
due to local strain rate hardening. The flow stress of
the material changes marginally in the strain rate
range, 0.001s7!-780s~!. The true yield stress varies
from 87% to 92% of the ultimate tensile strength,
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Fig. 2: Stress-strain curves (a) engineering stress-strain (b) true
stress-strain

Table 1: Experimental results under tension (Y.S. is at 0.2%
offset strain)

Strain Engineering stress- True stress-  Reduction
rate (s7) strain curves strain curves of area (%)
Y.S. U.T.S. Total Y.S. U.TS.
(MPa)(MPa) elon- (MPa) (MPa)
gation
(%)

0.001 156 170 05.65 157 173 37.70
5 161 180 10.00 162 185 47.17
25 159 175 08.50 160 178 48.99
440 175 195 12.65 176 200 50.91
660 179 198 13.16 180 203 55.60
780 170 190 14.90 171 195 55.68

which shows good absorbing capability of crash
energy. The reduction in area increases with
increasing strain rate. Yield stress and ultimate
strength achieved at high strain rate are 1.15 times
and 1.17 times respectively to that at quasi-static
condition. The yield strength and ultimate strength
decreases at 780s~!, which is expected due to thermal
softening in the material. The selected aluminium
alloy can be considered as poor strain rate sensitive.
The tensile specimens elongated to nearly 15% of
original gauge length at high strain rate. The ductility
of the material increases with increasing strain rate
(440s71-780s7!). The aluminium alloy has more
fracture energy and toughness at high strain rates
compared to that at quasi-static and medium strain
rates as the area under stress-strain curve is more at
high strain rate.

The study of fracture surfaces of specimens at
different rates of loading is essential for dynamic
characterization of materials before designing
structures of those materials. The images of failure
surfaces, also known as fractographs (Fig. 3) are taken
from scanning electron microscope (SEM) at the
magnifications of 2500x to investigate the fracture
behaviour of the aluminium alloy at different strain
rates, 0.001s71-780s~!. The feature of fracture is
dimples and planar facets. A large number of small
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Fig. 3: SEM pictures (2500x) of failure surfaces for tensile
specimens (a) 0.001s™! (b) 557! (c) 440s~! and (d) 780s™!

and big cup like depressions (black color), known as
dimples are seen in the fractographs. The cup like
depressions show that the material exhibits ductile
fracture. There is less and shallow dimples at quasi-
static condition, whereas, there is not much
differences in number and size of dimples at medium
and high strain rates. There is partially low energy
fracture at each strain rate but quasi-static condition
is seen to have more flat fracture. The dimples are
deeper at higher strain rates compared to quasi-static
condition. When the load increases, the small dimples
collapse and form big dimples. The further increase
in the big dimples causes failure of the material.

Dynamic Characteristics Under Compression

The mechanical characteristics of the aluminium
alloy, 6063-T6 are investigated in the strain rate range
from 0.001s7! to 1700s™! with pulse shaper (used in
SHPB experiments only) and from 0.001s™! to 2000s™
! without pulse shaper under compression. In dynamic
loading such as Hopkinson bar experiments, the
thickness of sample is not a standard quantity. The
thickness of the sample is decided so that it can
fracture under the equilibrium loads on the contact
surfaces with the bars. The use of specimens having

large //d ratio should be avoided to prevent buckling
and shearing modes of deformation. The unsuitable
l/d ratio may increase friction on contact surfaces
which can raise the value of flow stresses. Thus the
optimized values of / and d combinations are required
to obtain the mechanical characteristics on better
accuracy. The cylindrical specimens of three
different I/d (I = gauge length, d = diameter) ratios
(0.5, 0.75 and 1) are prepared for experiments to
understand the effects of I/d ratios in SHPB
experiments. The true stress-strain curves are
compared under different strain rates at each //d ratio
in Fig. 4. The experimental results obtained under
various dynamic compression experiments are
presented in Tables 2 and 3. Yield stress in quasi-
static condition increases with decreasing //d ratio.
The yield stress increases with increasing strain rate
at I/d = 1 and I/d = 0.75, whereas, the yield stress
increases from 0.001s™! to 1450s~! but decreases in
1700s~" at //d = 0.5, which may be due to thermal
softening. Yield strength and obtained strain rate are
less in case of pulse shaper compared to that obtained
without pulse shaper at the same specified velocity
of the striker, as some impact energy consumed during

Table 2: Experimental results under compression with pulse
shaper

Ratio Strain  Engineering Compre- True yield
rate yield stress ssion stress
(s (MPa) (%) (MPa)
LD=1 0.001 195 - 196
110 203 1.98 204
400 206 6.28 207
550 227 8.72 228
700 229 10.90 230
850 238 13.60 240
L/D=0.75 0.001 224 - 226
180 234 3.38 236
550 238 9.16 240
800 260 12.21 262
1000 270 15.62 272
1150 273 17.72 275
L/D=05 0.001 230 - 232
250 250 4.32 253
750 264 12.18 266
1100 269 16.60 271
1450 279 21.80 281
1700 271 25.83 273




592

N K Singh et al.

Table 3: Experimental results under compression without
pulse shaper

Ratio Strain ~ Engineering Compre- True yield
rate yield stress ssion stress
(s (MPa) (%) (MPa)
LD=1 0.001 195 - 196
140 220 2.80 221
410 248 7.78 250
610 258 11.40 260
800 261 14.50 263
1000 262 16.28 264
L/D=0.75 0.001 224 - 226
200 234 3.88 236
600 254 11.69 256
850 273 16.32 275
1200 276 20.83 278
1350 286 24.50 288
L/D=05 0.001 230 - 232
300 257 4.37 260
850 259 15.29 262
1350 263 23.26 266
1650 258 30.52 260
2000 250 36.52 253

the plastic deformation of the pulse shaper material.
The dynamic yield stress compared with the quasi-
static value, reaches up to 1.22 times with pulse
shaper and 1.35 times without pulse shaper at //d = 1
under compression, these values increase slightly with
decreasing //d ratio. When pulse shaper is not being
used, the yield stress increases with increasing strain
rate at I/d = 1 and I/d = 0.75, whereas, the yield stress
starts decreasing after the strain rate, 1350s™! at //d =
0.5. The specimen compresses more at lower I//d ratio
and higher strain rate. There is marginal increase in
the strain hardening of the material with increasing
strain rate.

There is small yielding instability of upper and
lower stress peaks in each strain rate with and without
pulse shaper at I/d = 1. This yielding instability
increases with increasing strain rate. In I//d = 0.5 and
0.75, the material deforms horizontally after yielding
and then regains its strength which creates sharp
peaks of strain hardening. After this peak, the flow
stress decreases due to thermal softening and then
again the material strain hardened and flow stress
increases. The horizontal deformation of the material

at yield increases with increasing strain rate and
decreasing //d ratio. The strain rate is almost constant
during the plastic deformation of the material when
pulse shaper is used. The flow stress is observed to
increase with increasing //d ratio.

Johnson-Cook Material Model

The Johnson-Cook model can be expressed [23-25]
as:

o=[A+Be |[1+C-Iné" ] (1

where, e, is the equivalent plastic strain; & is the
strainrate; &, (= 0.001s71) is the reference strain rate,
£ = £/¢, isthe dimensionless plastic strain rate. The
material constants A is quasi-static true yield stress
at room temperature; ‘B’ and n represent strain
hardening effect under quasi-static condition, which
are determined by curve fitting method; C'is the strain
rate sensitivity parameter and is also obtained by
curve fitting at different strain rates. All the
parameters are determined here from the
experimentally obtained true stress versus true plastic
strain curves and are presented in Table 4.

After substitution of the obtained material
parameters in equation (1), the final relationships of
the J-C model under tension and compression (/d =
1) are expressed as:

For Tension:

o =[157+@69)"™" | [1+Ciné'] )
For Compression, Ref [23]:

o =[196+(557)e"™ | [1+ Ciné" | 3)

The *C’ parameter can be used at different strain
rates from Table 4. The Johnson-Cook model results
are compared with the experimental results in Fig. 5
for tension and this comparison for compression
(I/d = 1) is given in Ref [23]. The true stress-strain
curves under tension are fitted from yield point
corresponding to 0.2% offset strain to the point of
insatiability whereas, the true stress-strain curves
under compression are fitted up to maximum 10%
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Table 4: Johnson-Cook material model parameters for Aluminium alloys

Mode A (MPa) B (MPa) n C
Tension 157 469 0.810 0.001s™! 55! 25571 440s7! 660s!  780s!
0(say)  0.0038 00017  0.0089 0.0099 0.0064
Compression Ref [23] 196 557 0.576 0.001s™! 110st  400s! 550s7! 700s!  850s!
0 (say) 0.0017  0.0023 0.0046  0.0056 0.0062
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Fig. 4: Comparison of true stress-strain curves at different strain rates with pulse shaper

deformation of the material. It is observed that the
Johnson-Cook model with the estimated material
parameters (A, B, n and C) has good agreement with
the experimental results.

4. Conclusions

The dynamic tension and compression characteristics
of as-received aluminium alloys are presented. The

effects of pulse shaper and gauge length are discussed
under compression. The flow stress of the material
changes marginally with the strain rate. The selected
aluminium alloys are poor strain rate sensitive under
tension and compression. The fracture of the alloys
is ductile in nature. The predicted flow stresses by
Johnson-Cook model have good agreement with the
experimental results.
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