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The effect of microstructural anisotropy on the mechanical response of a heavily rolled
7010 — T7651 has been investigated. A comprehensive set of quasi-static and dynamic
experiments were conducted on specimens loaded along the Rolling (RD) and Through
Thickness (TT) directions. Results suggest that specimens tested along their TT exhibit
higher Elastic limit and Moduli; whereas specimens tested along their RD will exhibit
higher ductility and fracture stress. These observations held true for both the quasi-
static and shock-loaded specimens. Optical and EBSD characterisation was performed
on a number of the deformed specimens to investigate this behavior. For the case of
shock-loaded specimens, it was found that void nucleation was dependent on grain
orientation with respect to the applied load, whereas angle misorientation and Taylor
factor did not contribute significantly.
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Nomenclature

AA = Aluminum Alloy

Al = Aluminum

ASTM = American Society for Testing and Materials

Cu = Copper

EBSD = Electron backscatter diffraction
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HEL Huginiot elastic limit

HET-V = Heterodyne Velocimeter

Mg = Magnesium

RD = Rolled direction / Transverse direction

SD = Standard deviation

TT = Through Thickness/Short Transvers direction
TWIP = Twinning-induced plasticity

Zn = Zinc

Zr = Zirconium

I. Introduction

A study into the microstructural anisotropy of the common Aluminium alloy 7010 T7651 was conducted to
provide a better understanding of microstructural explanations for changes in strength properties due to
anisotropic microstructure when rolled. The aluminium tested is a high strength aluminium alloy designed for
applications where strength to weight ratios are important, and has the potential to be used for armour
applications. It has a tensile stress of 472MP, and can be strengthened and hardened by cold working or heat
treatment. The standard alloying elements for 7010 alloy is detailed in Table I [1].

Table I. Specification of alloy elements of 7010 and 7075 AA by wt.%
Zn Mg Cu Zr Fe Si Ti
5.7-6.7 2.1-2.6 1.5-2.0 .10-.16 0.15 max | .12 max .006 max

Source [2] explains the treatment T7651 as being solution heat treated, and stress relieved then artificially
overaged in order to achieve a good exfoliation corrosion resistance. Solution heat treatment involves the
deliberate alteration of the properties through dissolving of the alloying elements at temperatures 460-560 °C,
altering its structure to make it more homogenous. Age hardening is also achieved through long-term exposure
to room temperature or a slightly elevated temperature. Since the alloying elements have a decreased solubility
with the decrease in temperature, this will lead to those elements precipitating out of solution with the formation
of fine, uniformly distributed particles that will block the slip planes and obstruct the movement of dislocations.
There is a corresponding increase in strength [3].

Other Al alloys have also been studied to ascertain the mechanical strength properties and spall behavior due
to grain size [4-5] using similar experimental techniques. In [5] both pure and AA 1050 were cold rolled, and
then annealed and heat treated to specific conditions in order to gain specific grain sizes before testing. The
post-mortem characterisation concluded that at sufficient stresses spall response in pure Al does in fact increase
with grain size increases, however for the alloyed 1050 there was no significant difference. In an experiment
conducted by Boteler et. al [6], the dynamic response of two differing 5083AA tempers, being Al5083-H131
(H131) and AI5083-H32 (H32) were discussed. In the report, it was noted that Aluminium Alloy Al5083 has
been a preferred material for armour for many military vehicles. Their report explains how the transition
between elastic to plastic response occurs at the material HEL. The average HEL parameters that they found are
detailed in Table II. in this instance, the strain-hardened temper H131 displayed the most elastic-plastic
response.

Table I1. Average HEL Parameters

Temper HEL (GPa)
H32 0.40 + 0.03 GPa,
H131 0.573 + 0.04 GPa,

Previous experiments conducted by Paul Hazel et al [7] look into the properties of AA 7010-T7651 through
plate impact and quasi-static tensile tests on specimens in the RD and TT direction, in order to examine the
shock response to shock wave-loading through the Huginiot Elastic Limit (HEL) and the dynamic tensile
strength characteristics. It was found that the RD direction displayed higher yield strength, ultimate tensile
strength, and almost double the amount of elongation that the samples from the short-transverse directions. The

dynamic tensile behavior was also evaluated through changes to impact stress in both directions. The results

show the RD direction to have approximately 30% increased spall strength than that of the TT direction. These
results were relatively high in comparison to other high strength aluminum alloys [6], and therefore it was
concluded in that paper that it would make a good choice for amour applications. However, this particular
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experiment does not look into the microstructural reasons for this behavior. Therefore, a number of specimens
from this experiment were used for microstructural characterisation.

Il. Experimental Methods
In order to accurately examine how the microstructure is affected through various impact methods, EBSD
images of both the rolled (RD) and through-the-thickness (TT) planes of an as-annealed specimen of
Aluminium alloy 7010 T7651 were taken as a control. Images shown in Fig 1 show that along the rolled
direction, the material is textured towards the 111 planes.

Rolling direction

Orientation key ‘2"

Figure 1. Images of as annealed AA 7010 T7651 in the: a) rolled direction and b) transverse direction

A. Quasi-Static Testing

Compression experiments were designed and executed in accordance with ASTM E9-09 [8]. ASTM E9-09
is a standard which details the test methods for compression testing of metals at room temperature. Small
cylinders 7mm in diameter and length were machined with their compression axis oriented along either the
rolling direction (RD), transverse direction (TD) or through-thickness direction (TT). Figure 2 shows how the
directions correlate to the original as annealed plate.

R —

Figure 2. orientation of directions during testing

The tensile experiments were also conducted following the respective standard utilizing “dogbone”
specimens [8-9]. Tests were carried out using a Shimadzu machine at a strain rate of ~10-%/s. The force applied
and displacement was recorded for both sets of trials. From this data, and the geometric information of the
specimens, stress strain data could be ascertained and used for analysis of mechanical response.

B. High strain- rate testing

For the dynamically loaded experiments described in [7], four specimens in both the RD and TT directions
were impacted at 200, 500, 700, and 900m/s using a 50-mm single stage gun with 1050 Al flyers (results of
only the first two impact velocities are provided in this article). Plate impact testing is commonly used in
investigating dynamic damage evolution and failure mechanisms of metals, composites, and many other
materials [10-12]. The plate impact experiments consist of a thin plate or flyer plate that is launched against a
target of the same or similar material properties. Upon impact an initial elastic shock compressive state is
generated, then upon decompression is followed by a plastic release waves that travels from the free surface
towards the target, causing a tensile stress in the interior specimen area at strain-rates on the order of 10%-10° /s
[13]. An image of a post-impacted target plate is shown in Fig 3.
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Sectioned specimen

Figure 3. TT target sample impacted at 718m/s Figure 4. Sectioned specimen read for mounting
and characterization

Transmission of the shock wave was evaluated using a Heterodyne Velocimeter (Het-v). This method is
useful for the measurement of dynamic strength, in specific the Hugoniot elastic limit (HEL) and the spall
strength [4, 7, 14-15]. The experimentally obtained spall strength of a material is often determined through its
measured velocity pullback [16]. The velocity pullback is defined by the FSV difference experienced by the
material. The spall strength (o) Was estimated by utilizing [17]:

1
Osp = 5 PoCp (AFSV + 8.orr) @

In general the TT direction is generally the less ductile. Therefore, it was expected that the TT specimens
fail in a less ductile manner than the RD specimens when impacted [18]. The HELSs in each test were also
calculated from the free-surface velocity using the following equation [19]:

1

OHEL = 3 PoCilfs 2

Note: ufs is the free-surface velocity taken from the point at which the elastic wave transitions to the plastic
wave. The HEL is a measure of dynamic yield strength under uniaxial strain loading [4], and prescribes the
locus of all possible states attainable by single stage shock compression from an initial state [11]. HEL can be
related back to the material Yield strength through the following equation [21]:

(1-2v)
1-v

oy = [ lohEL 3)

Selected specimens were then sectioned with a low speed diamond blade to slice a small selection of each of
the four experiments, as shown in Fig 4. Each specimen was then labelled with experiment number, direction of
material cut (TT/ RD), and approximate FSV.

C. Characterisation
1. Optical

The tested materials were then set into an epoxy resin. The compressed samples were prepared by hand,
using manual polish techniques from rough sandpaper, all the way through to vibro-polishing. The tested tensile
and shock-loaded specimens were prepared using an automated Stuers polishing machine, previously
unavailable for use with the compression samples. The machine improves the sample results as it automates and
standardizes the sample prep process, as well as significantly reducing the amount of preparation time. All
materials were then prepared for optical characterization by chemical etching using Keller’s etch. This is a
commonplace metallographic etchant for aluminum and its alloys when trying to reveal grain size [22]. The
etching time typically takes around 10-20 seconds. A breakdown of the etchants composition is included in
Table 1. [23]

Table I11. Keller’s Etchant chemical breakdown
Product Distilled water | Nitric acid Hydrochloric acid | Hydrofluoric acid

Concentration 190ml 5ml 3ml 2ml

Optical characterisation was performed using a Zeiss optical microscope equipped with an automated stage.
This was performed to assist in determining the location of voids and grain boundary size and locations in the
failed specimens. Then, the program ImageJ was used to assist in this analysis. ImageJ is a java based image
processing software created to assist in optical analyses. Not only did it allow for manipulation of the image to
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create a better visual of the damage or fracture surface, but the program can also calculate the overall and
average area of all the damage, through the ‘analyse particles” function.

2. Electron Back Scatter Diffraction

EBSD measurements were also performed on selected shock-loaded specimens [24]. During EBSD, The
polished sample is placed in a SEM and inclined approximately 70° relative to normal incidence of the electron
beam, which forms particular patterns on a fluorescent screen that is characteristic of the crystallographic
structure and orientation of the sample, with sub-micron resolution [25].

Patterns created using the EBSD technique occur when the primary beam interacts with the material,
subsequently the atoms scatter a fraction of low energy electrons that are subject to different path differences,
causing constructive and destructive interference patterns. When used to form an image on the fluorescent
screen the regions of enhanced electron intensity between the cones produce Kikuchi bands of the electron
backscatter diffraction. [26] To ensure uniformity in the analysis, the same specimen reference frame was used
for all EBSD images, i.e. RD aligned with the sample normal. From these images, a number of measurements
were made using the processing program OIM to determine how, or if the grain boundary orientation affects the
damage evolution.

A complementary type of analysis used was Taylor factor. These maps can assist in understanding
deformation in materials [27-29], as it identifies hard and soft orientated grains. The Taylor factor relates the
uniaxial yield stress and resolved shear stress. [30-31]. In [26] it is demonstrated that the Taylor factor can give
an important guideline for determining the deformation mode of Twinning-induced plasticity (TWIP) steel.
Because it is a function of grain orientation and applied stress, and its value indicates a specific plastic

deformation mode under an applied stress.
I11. Results

A. Quasi-static compression

The images displayed in Fig 5 show the stress-strain response curves of each of the three directions of
loading. All had similar curves; however the rolled samples did yield at a slightly lower stress than the other
two. Table IV also indicates that curve 1 and 3 have very similar responses, while the specimen compressed
along the rolled direction showed reduced yield stress.

180 |
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9Q  f/
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60 |
45
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0 1 2 3 4 5 6 7 8 9 10 11 12
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Figure 5. Stress strain diagram of compressed samples in TT and RD directions
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Table V. Yield stress analysis for compression tests on AA 7010 T7651

Direction Yield stress (MPa) Strain at yield (%)
RD 120+ 2 1.22+0.95
TT 125+15 1.10£0.02
TD 124 + 4 1.15+0.03

After compression tests were conducted, a sample of RD and TT specimens were chosen for optical analysis.
The image in Fig 6a shows the grain boundaries are aligned parallel to the direction of loading in the RD
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sample, whereas Fig 6b shows the TT sample has grain boundaries orientated perpendicular to the direction of
loading. It was also noted that the grain boundaries in the RD specimen were slightly separated through the mid-
section of loading. This behavior may be explained due to the fact that when the force is applied along the
transverse direction, there is an increased grain boundary density, leading to an increase in resistance to
dislocation impediment [32].

ICompression
axis

2000um

Figure 6. Optical micrographs of deformed specimens with compression axis along (a) RD
and (b) TT directions. The superimposed lines show grain deformation.

B. Quasi-static tension
The stress strain curves in Fig 7 show that that the RD specimen deforms in a much more ductile way than

the TT specimen. The data presented in Table V indicates all specimens experience the same yield stress.
However, interestingly both The RD and TD specimens seem to fail with a more ductile behavior. Both reached
a higher max stress, and then failed at a lower (engineering) stress. This is in contrast to the compression
samples, where the rolled specimen alone exhibited different behavior to the other two samples.

From the accompanying images in Fig 8, it was observed that the RD specimens show a grain structure that
is parallel to the applied force, where the TT specimens showed a perpendicular grain structure. It would be
reasonable to conclude that because the grains of sample 2 are perpendicular to the applied stress, once voids
began to appear they will easily nucleate across the grain boundaries, leading to a less ductile fracture at lower
stresses. Where the other 2 samples also cracked along their grain boundaries, it was a lot harder to propagate
across the width of the specimen as it had to find ways to cross those grains.

600 -

— a————— _—
= >

500 - =

400

300 -+

STress (Mpa)

200 - 74

100 -

O T T T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22 24 26
Strain (%)
Figure 7. Stress strain diagram of compressed samples in TT and RD directions
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Table V. Yield stress analysis for tensile tests on AA 7010 T7651

Direction Yield stress Averages Stress at failure Strain at Averages max Strain at max
(MPa) failure stress (MPa) stress

RD 473 £11.4 0.262 £0.007 540 £11.2 0.166 + 0.009
TT 473 +£1.8 0.151 +0.005 525+3.8 0.125 + 0.002
TD 475 +1.4 0.242 +0.004 540 + 0.7 0.162 + 0.009

—p

Tensile

axis
100um

C. Shock-loading testing

Figure 8. Optical images of tensile fracture surface profiles.

The free surface velocity (FSVs) traces of experiments conducted at flyer velocities of ~190 and 490 m/s on
RD and TT specimens are shown in Fig 9. At both impact velocities is observed that the change in FSV from the
peak to the minima is higher in the RD oriented specimens. This change in FSV is generally associated to the
spall strength of the material. A higher resistance for damage evolution is expected for the RD specimens,
similar to the quasi-static tensile results. The results listed in Table VI illustrate the AFSV values from the
previous plot, which were used to calculate spall strength using Eg. 1. With the exception of the RD-180m/s
experiments which displayed no pullback signal, the spall strength in the RD direction was 34% greater than

those tested in the TT direction

500 r
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£
S 300 e TT @ 490 mM/s
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© 200 |
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2 3
Time (ps)

Figure 9. Free surface velocity traces for specimens impacted at ~190 and 490m/s
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Table VI. Spall strength for shock-loading tests on AA 7010 T7651

Impact velocity AFSV RD (m/s) Spall strength RD AFSV TT (m/s) Spall strength TT
(m/s) [GPa] [GPa]
180-190 No Spall (180-190) No spall 141 1.21
490 186 1.62 150 1.22

Optical microscopy images shown in Fig 10 illustrate the damage experienced by the same specimens as in
Fig 9. In Fig 104, it can be seen that the RD specimen impacted at 180m/s did not actually experience spall
damage, as data in Fig 9 suggests by the lack of pull back wave. The TT specimen impacted at a similar speed
of 190m/s did experience a crack spanning through the middle of the specimen. The image in Fig 10c shows the
resulting damage. Comparing the two specimens impacted at around 500m/s in Fig 10b and 10d, it is observed
that the RD specimen exhibits limited evidence of damage with voids oriented along the grain boundaries,
parallel to the shock direction. Whereas, the TT specimen shows a considerably higher amount of damage, in
this case the voids coalesce perpendicular to the direction of loading.

(@) (b)

Shock
irection

PP 5000pm

Figure 10. Optical images of spalled samples of (a) RD impacted at 180m/s (b) RD at 490m/s (c) TT at
190m/s (d) TT at 490m/s

The calculated HEL values in each direction are also presented in Table VII. HEL was described in Eqg. 2 as
the stress where the elastic wave transitions to a plastic wave, and is closely related to yield strength (Eq 3).
While the RD direction has shown to exhibit higher spall strength, the transverse direction has displayed a
higher HEL. This is interesting because the HEL is concerned with the initial compressive wave, and this
response was also experienced in the yield stresses on the quasi-static compression tests. As with the quasi-static
compression test, this is likely to be due to the higher rate of dislocation impediment when force is loaded along
the TT.

Table VII. Experimental spall strength and HEL measurements from plate impact tests

Average HEL Data (GPa)
RD TT
0.89 +0.02 0.95 £0.02

EBSD measurements were performed on spalled regions in both the RD and TT directions. The results are
shown in Fig 11. In both the RD and TT specimens, cracks run along the grain boundaries. Furthermore, these
images allowed assessment of whether crystallographic orientation between grains affected the locations where
cracks nucleated. This was done by measuring the misorentation between grains that have spall damage, as
opposed to grains that did not. For both the RD and TT specimens the misorientation angles in spalled GBs was
in the 10-60° range; similar values were obtained for the misorientation angles on GBs that did not spall.
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Aluminium

Figure 11. (a) RD impacted sample (b) TT impacted sample

However, upon investigation both samples selected from regions where damage had occurred and unaffected
areas had the same range of misorientation between grains (between 8-60 degrees). This leads to the conclusion
that misorientaiton between grains cannot be used to predict damage growth. Taylor factor maps of the
specimens were also produced to determine if there was evidence that damage propagates preferentially along
grain boundaries with different hardness values, and at what level that might begin to effect damage evolution.
Fig 12 is a representative Taylor map of spalled sections in the rolled direction. While there are some cases
where the damage nucleated is between grains of high difference, there are just as many areas of damage
between grains of similar strength. Again, this indicates that prediction of damage location within the AA
cannot be determined through examining the Taylor factor, or hardness variations between grains.

Damage betwegn:graihs/with
different TayloFfactols

Min Max
Bl 226715 254857
[ 254857 2.82998

o [ ] 282998 31114
Damage bediigen &grai - 21114  3.39281

with similar Tayl
y 3 B 2329281 367423

Figure 12 — Taylor Map of spalled sections of a rolled specimen

IVV. Conclusions

This research project aimed to identify microstructural effects on the directional strength properties of AA
7010 T7651. Under quasi-static compressive loads it was seen that the TT direction showed slightly increased
yield strength when compared to the RD samples. This was attributed to an increased grain boundary density,
leading to an increase in resistance to dislocation impediment. During the initial shock compressive state in the
plate impact tests, this behavior was also seen in the increased HEL values for specimens loaded along the TT
direction. However, in the quasi-static tensile and plate impact samples it was shown that there was higher spall
strength displayed when loaded along the RD plane. EBSD measurements, angle misorientation and Taylor
factor, suggest that these properties play little significance in where or how the material failed. Overall, our
results indicate that grain boundary orientation with respect to the applied load is the main factor affecting
tensile, quasi-static and dynamic, material failure. Specimens can withstand a higher level of plastic deformation
in the RD, whereas the TT samples tend to fail more readily along the grain boundaries.

V. Recommendations

The testing to date has only looked at quasi-static and plate impact tests. Dynamic tests such as Hopkinson bar
tests and drop tower tests on the same materials would round out the research done. Since the research was
conducted on a collection of separate tests, it was impossible to trace back the exact processing the material
experienced, or how was the plate cut from the rolled material. In order to respond to the questions raised during
testing about if or how this may affect results, more tests would have to be conducted, where all plates were cut
and tested from the same machined material. Preferably these tests would span across the entire spectrum of
available quasi-static, dynamic, and impact testing methods.
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In order to expand on the work already done to date, in-depth research into crystallographic orientation effects
should also be conducted. This should include looking at other properties such as elastic moduli, Schmid factor,
etc, along the spall plane where the material did spall, compared to sections along the spall plane where they did
not to see if there is any correlation.
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