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Abstract. We have subjected the aluminium alloy 7010-T7651 to shock loading. A heterodyne
velocimeter system was used to interrogate both the HEL and dynamic tensile failure (spall). It
was shown that the HEL in the short transverse direction is higher than in the longitudinal
direction whereas the spall strength is higher in the longitudinal direction. The increased HEL
in the short-transverse direction is thought to be due to the increased number of grain
boundaries due to the highly elongated nature of the grains along the rolling direction. The
spall strength was measured and compared with other high-strength aluminium alloys and was
found to be 1.61 GPa + 0.19 GPa in the longitudinal direction and 1.20 GPa = 0.01 GPa in the
short-transverse direction.

1. Introduction

The aluminium alloy 7010-T7651 (Al+Zn+Mg+Cu) is a high-strength aluminium alloy manufactured
by solution treatment, stretching for stress relief and then artificially over-aged to achieve some
corrosion resistance with a moderate reduction in strength [1]. This particular alloy is a contender for
armour applications given its reasonable strength and toughness values. This alloy is also used
extensively in aerospace structures — most recently for some of the wing components on the Airbus
A380 [2].

The shock response to aluminium has been extensively studied for decades. However, more
recently the shock behavior of certain alloys that are relevant to armour applications have been studied
by Boteler et al. [3, 4], Whelchel et al. [5] and Appleby-Thomas et al. [6]. The shock behavior of AA
7010-T6 has been studied by Edwards et al. [7], with subsequent modelling work carried out by
Vignjevic et al. [8].

In this work we examine the shock response of AA 7010-T7651 to shock-wave loading using the
plate-impact method. The Hugoniot elastic limit (HEL) and spall strength in both the longitudinal and
short-transverse directions were interrogated.

2. Experimental

Plate-impact testing was carried out on a 5 m, 50-mm bore single-stage gas gun using aluminum (AA
6082-T6) plates of 4-mm thickness; the target thickness was nominally 8 mm. The AA 7010-T7651
targets were shocked either along the longitudinal direction or through the short-transverse direction of
the plate. Transmission of the shock wave was evaluated using a Heterodyne velocimeter (Het-v). The
system employed a 12 mW laser source (DFB-1550-BF-20-2.5-FA) operating at 1545+15 nm. An
ITC-510 laser diode combi-controller was used to control both the temperature and the supply current
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to the laser diode, ensuring a stable output wavelength. The interfered light was collected by a
PDASGS amplified photodetector, having 8 GHz bandwidth. A disposable experimental probe was
employed consisting of a collimating lens connected to a 5 m length of 9/125 pm single-mode fibre.

The elastic wave velocities were measured using a Panametrics 5077 PR pulser-receiver in the
pulse-echo mode. These results, along with the derived shear modulus (G) and Poisson’s ratio (v) are
presented below in table 1.

Table 1. Elastic data.
Sample c Cq Cp G y
(mm/uys) (mm/us) (mm/us) (GPa)
Longitudinal 6.420 3.101 5.329 27.0 0.348
Short-transverse 6.411 3.106 5.314 27.1 0.347

Strength properties were measured using an Instron 1122 (High Wycombe, UK). Measured values
of the yield strength (Y), ultimate tensile strength (UTS) and elongation at failure (El.) are presented in
table 2 (£ 1 standard deviation). This data compares well with mechanical data published in the
literature [9].

Table 2. Quasi-static strength data.
Sample Y Urs El
(MPa) (MPa) (%)
Longitudinal 464 +13 541+11 157+0.6
Short-transverse 42619 527+9 8.0+1.0

3. Results and Discussion

3.1. Measurement of the HEL

HEL measurements were carried out by measuring the free-surface particle velocities at the rear of the
target using the Het-v system. The HELs were calculated from the free-surface velocity measurements
using the following equation:

1
OHEL = 5 PoCilUss » (D

where p, is the initial density (2.81 g/cc) and uy is the free-surface velocity taken from the point at
which the elastic wave transitions to the plastic wave. The results are shown below in table 3 presented
with error calculated to +1 standard deviation. In addition, the results are compared to the gauge
values provided by Edwards et al. for the T6 alloy [7].

Table 3. HEL data.

Sample Thiswork — HEL Ref. [7]-HEL
(GPa) (GPa)

Longitudinal 0.89 £0.02 1.25

Short-transverse 0.95 + 0.02 1.06

Our data is somewhat lower than the data for AA 7010-T6 presented by Edwards et al. [7]. The
reason for this may lie in the different temper. Notably it should be pointed out too that our Het-v data
shows a measureable increase in the HEL in the short-transverse direction when compared to the
longitudinal direction. This is contrary to the quasi-static (tensile) yield behavior and the results of
Edwards et al. [7]. This has, however, been seen in a strain hardened 5083 alloy by Whelchel et al. [5]
as well as other alloys. In our 7010 alloy, the grains were highly elongated in the direction of rolling
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and therefore in the short-transverse loading direction there is an increased grain-boundary density. In
compression, this will lead to an increased level of dislocation impediment (due to more grain
boundaries being present) and therefore strengthening. Whereas in tension, it has been shown that
micro-porosity along the grain boundaries of an aluminium alloy affects its tensile properties [10]; the
quasi-static tensile strength data reflects this.

3.2. Spall behaviour

The spall behavior was assessed at various stress levels by changing the impact stress in both the
longitudinal and short-transverse loading directions. Figures 1 and 2 show the traces. There are several
points to note from these shock traces. Firstly, it is seen that at the lowest shock stress (~ 1.3 GPa) that
the short-transverse target spalled whereas the target shocked in the longitudinal direction did not.
Secondly, as the shock stress is increased there is nominally a constant level of velocity drop for both
sets of targets (although the short-transverse targets exhibited a small declanation as the shock stress
was increased).
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Figure 1. Free-surface velocity traces for Figure 2. Free-surface velocity traces for
samples shocked along the longitudinal samples shocked in the short-transverse
direction. direction.

Calculation of the spall strength (") was carried out using the following equations [11]:

.1
o =5pocb(Auﬁ+5), 2
i 1
5:(1—1J ‘ 2,' : 3)
c, ¢ |u1|+u2

where x is the spall position, u,is the gradient of the velocity curve into the spall dip and u, is the
gradient out of the spall dip. Delta (8) is the correction to the free-surface velocity and was 16% (+
7%) of the maximum free-surface velocity measurements for the longitudinal shots and 16% (+ 5%)
for the short-transverse experiments (+ 1 standard deviation). These values are higher than the typical
values cited by Kanel et al. [12] for aluminium and magnesium (~ 10%).



18th APS-SCCM and 24th AIRAPT IOP Publishing
Journal of Physics: Conference Series 500 (2014) 112032 doi:10.1088/1742-6596/500/11/112032

Results are presented in figure 3. As anticipated the spall strength in the longitudinal direction is
shown to be higher than that of the spall strength values in the short-transverse direction by ~ 30%.
The longitudinal spall strength in the longitudinal direction and was 1.61 GPa £ 0.19 GPa; it was 1.20
GPa + 0.01 GPa in the short-transverse direction (+ 1 standard deviation). The increased spall strength
in the longitudinal direction mirrored the quasi-static tensile strength values. It should be noted that the
work of Edwards et al. [7] showed varying behavior as the shock stress was increased whereas our
results indicate that the alloy exhibited a more classical spall response. At this stage the reason why
this is so is unclear however it should be noted that Edwards et al. used a different experimental set-up
to us.

Comparing these results to that of Boteler et al. [3], shows that this alloy exhibits a higher spall
strength than the AA 5083-H131. Boteler et al. reported a mean spall strength of 0.94 GPa using the
equations listed above. Similarly Welchel et al. [5] reported a maximum spall strength in the
longitudinal direction of 1.06 GPa versus 0.95 GPa in the transverse directions. They also noted,
however, that the target thickness and the flyer-plate thickness affected these values.
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Figure 3. Calculation of the spall strength for varying shock stress.

3.3 Microscopy

Samples were recovered from a tube of cotton rags after being shocked. They were then etched, and
sectioned to examine the failure modes. No spall failure was observed at a shock stress of ~ 1.3 GPa in
the longitudinal direction whereas in the short transverse direction spall failure was evident. The spall
crack in the central plane of the target appeared to be brittle in nature and followed the direction of the
grain boundaries. This was also true of the longitudinally shocked samples that showed a blocky type
of fracture path. Further, for the samples shocked in the longitudinal direction it appeared that voids
had opened up in-between the grain boundaries before linking up to form the spall crack.

4. Conclusions
The AA 7010-T7651 has been shocked using the plate-impact method. It was shown that:
e The HEL appeared higher in the short-transverse direction than in the longitudinal
direction with the Het-v recording values of 0.95 GPa + 0.02 GPa in the short-transverse
direction and 0.89 GPa + 0.02 GPa in the longitudinal direction. It is thought that this is
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due to the increased number of grain boundaries in the short transverse loading direction
thereby leading to the observed strengthening.
e The shock stress at which incipient spall occurred was higher in the longitudinal direction.
e The longitudinal spall strength appeared markedly higher in the longitudinal direction and
was 1.61 GPa £ 0.19 GPa; it was 1.20 GPa £+ 0.01 GPa in the short-transverse direction.
Given the relatively high HEL (particularly in the short-transverse direction) and the high spall
strength when compared to other high-strength aluminium alloys, it appears that this alloy’s
mechanical response under dynamic loading makes it a reasonable choice for armour applications.
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