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a b s t r a c t

A torsional split Hopkinson bar has been implemented to observe strain rate effects in the material
response of aluminum alloy 7050-T7651. The material, received in the form of 32 mm thick plates, has
been tested in the as received condition and also in the as friction-stir welded (FSW) condition.
Microstructural observations have been performed using optical microscopy, revealing a fine, equiaxed
structure of small grains in the FSW nugget material and an elongated and markedly larger grain
structure in the as-received material condition, typical of rolled, un-recrystallized plate. Quasi-static
tensile and high rate torsional testing reveal lower yield and flow stresses in the FSW material when
compared to the base metal. Testing further demonstrates the presence of appreciable rate dependence
in both material states. The present work is also indicative of an increased work hardening rate in the
FSW material, while the base metal exhibits only minimal work hardening. The increased propensity for
work hardening and decreased mechanical strength in the FSW material is found to be the primary
difference between the two material states.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Aluminum alloys have traditionally been the engineering
material of choice in aerospace applications, mainly due to their
high strength to weight ratio and corrosion resistance [1,2]. Alu-
minum alloy 7050 is an aerospace grade of aluminum that incor-
porates desirable qualities such as high strength, high resistance to
stress corrosion cracking (SCC), and good toughness. The temper
studied here is 7050-T7651, which possesses the greatest strength
and good corrosion resistance, while maintaining an acceptable
resistance to stress corrosion cracking [3]. This alloy also exhibits
low quench sensitivity, allowing it to maintain high strength in
thicker sections, making the alloy desirable in applications
requiring thick plate (75–150 mm) [4], such as spars and bulk-
heads. These aerospace components may be vulnerable to impact
loading in the event of a collision with flying debris, for example.
Therefore, an adequate understanding of material behavior at high
strain rates is desirable.

In general, the open literature contains little study of aluminum
alloy 7050. Some investigations regarding micromechanical and
fracture response of this material have been performed, mostly
utilizing indentation techniques [5,6]. Han et al. [7] have studied
gineering, University of South
, SC 29208, United States.
the effect of solution heat treatment on the mechanical char-
acteristics and fracture properties of AA7050. Existing work by Ren
et al. [8] considers the effect of orientation with respect to material
elongation during the forging process on the tensile and fatigue
properties of AA7050. Zheng et al. [9] characterized the effect of
large plastic deformation on the microstructure and mechanical
response of AA7050. Published work dealing with AA7050 is
limited to cases considering quasi-static loading conditions.
Although a vast amount of effort has been devoted to character-
izing similar, older alloys such as AA7075, it would seem that a
more thorough understanding of material behavior exhibited by
AA7050 would be worthwhile, particularly when considering
elevated strain rate conditions.

The demand for a joining process able to produce high strength
bonds containing minimal defects in materials difficult to join with
conventional fusion processes, such as 7000 series aluminum
alloys, has given rise to the friction stir welding (FSW) process
[10,11]. Changes in microstructure and hardness as a result of
friction-stir welding have been well documented in AA7050 [12].
Tensile strength and hardness in the friction stir weld materials
made in air and submerged water have also been studied while
investigating the effect of quenching rate in the joint and weld
response parameters. It was observed that, in the range of para-
meters tested, submerged welds show improvement in tensile
strength and elongation [13]. However, mechanical characteristics
of friction-stir welded material at elevated strain rates have
received no attention in published works.
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Fig. 1. Orientation of specimens extracted from FSW process zone and base metal.

Fig. 2. (a) A typical thin walled tubular specimen with the dimensions shown in
(b).
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The present work characterizes the mechanical behavior of
7050-T7651 aluminum alloy in as received and as friction stir
welded conditions at effective strain rates of 300–900 s�1 with the
use of a torsional Hopkinson bar apparatus (TSHB). The TSHB has
proved to be a robust piece of equipment, having been used suc-
cessfully to test a wide variety of materials including composites,
aluminum, stainless steel, and the super alloy Inconel at elevated
strain rates [14–21]. The dynamic deformation response of the
specimens in this work was compared with the quasi-static
results, as well. The main reason behind comparing the quasi-
static results with the dynamic results was to investigate whether
the loading rate has any significant influence on the mechanical
response and strain hardening rate of friction stir processed
material compared with base metal.
2. Material and specimen geometry

Aluminum alloy 7050-T7651 plate manufactured by Kaiser
Aluminum (California, US) was used as the base metal for the
present study. The friction stir welding process was used to join
two 32 mm thick plates with a butt joint, producing a process zone
approximately 19 mm wide at the root and 28 mm wide at the
crown. The welding process was carried out using an MTS friction
stir welding machine (Eden Prairie, Minnesota, USA) on the USC
FSW Process Development System, on which further detail can be
found in the literature [11,12]. This allows for specimens to be
extracted exclusively from the large process zone, producing ideal
conditions in which the FSW modified material is the sole con-
stituent of the specimen. Specimens were also extracted from the
base metal in similar fashion. All specimens were extracted with
the specimen axis of symmetry aligned with the rolling and weld
directions, as depicted in Fig. 1.

Experiments carried out here utilized tubular, thin-walled
specimens, with dimensions shown in Fig. 2. The gage section is
2.41 mm in length, with a nominal wall thickness and mean dia-
meter of 0.5 mm and 12.97 mm, respectively. In order to reduce
the likelihood of distortion and irregularity in the thin-walled gage
length, cutting stresses during manufacturing were minimized by
carefully selecting the order in which machining processes were
carried out in the manner described next. First the bar is turned
(machined on a lathe) to the desired outer diameter, and the gage
section grove was made using a sharp cutting tool. Then the inner
section was drilled to a diameter large enough to accommodate a
boring bar. Finally, the inside diameter was bored to the desired
dimension in very small increments. All machining processes were
performed on CNC equipment. Specialized gage blocks were fab-
ricated so that the outer diameter of the thin-walled gage section
could be precisely measured, accounting for any variations in
specimen dimensions.

The grain structure of the base metal and FSW process zone
were observed and analyzed prior to testing. Standard metallo-
graphic procedures were followed for each specimen including
grinding, polishing, and etching. Keller's etchant solution was
utilized to reveal the grain structure of the material, and the
average grain size was measured by determining the number of
grains intersecting a given length of a random line [22]. The
fracture surfaces of the failed specimens were also observed using
scanning electron microscopy (SEM).
3. Experimental apparatus and procedure

3.1. Apparatus

The experimental apparatus utilized in the current work,
depicted in Fig. 3, is a stored torque torsional split Hopkinson bar.
The apparatus consists of an incident and a transmitter bar, each
comprised of a 25.4 mm in diameter 7075-T6 aluminum rod, in
addition to a rotary actuator and a quick release clamping
mechanism. A specimen is affixed between the incident and
transmitter bar with the use of a high strength epoxy. These
components are suspended by Teflon bearings atop an I-beam
serving as a supporting frame. Torsional stress waves are gener-
ated in the incident bar by the instantaneous release of a torque
that is elastically stored in a segment of the incident bar. External
torque is applied with the use of a rotary hydraulic actuator fas-
tened to free end of the incident bar, in conjunction with a quick-
release hydraulic clamping mechanism. The rotary actuator is used
to impose a predetermined rotation at the end of the incident bar
whilst the bar is held stationary by the clamping mechanism, thus
elastically straining the portion of the incident bar between the



Fig. 3. (a) Schematic and (b) photograph of the TSHB apparatus used in the present
work. All dimensions in mm.
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actuator and clamping mechanism, wherein the initial torque is
“stored”. The clamp is then instantaneously released, allowing the
stored torsional elastic strain energy to propagate along the inci-
dent bar in the direction of the specimen and transmitter bar. The
clamping and releasing mechanisms rely on the fracture of a
notched bolt fashioned from 2024-T3 aluminum to provide the
instantaneous release of the incident bar that is essential to the
stored torque torsional Hopkinson bar. The stored torque propa-
gates in the form of a square wave, or pulse, imposing a state of
high rate torsional loading upon reaching the specimen.

3.2. Data acquisition

Experimental data is acquired with the use of strain gages
mounted on the incident and transmitter bars in conjunction with
an oscilloscope. The oscilloscope is also used to trigger data
acquisition. Signal conditioning amplifiers are employed to max-
imize precision in the obtained strain measurements. Two strain
gages are mounted on each bar, diametrically opposed to each
other, to negate the presence of small amounts of bending during
loading. The strain gages are mounted in the center of each bar to
avoid the overlap of waves reflected back from the end of the bars.

3.3. Experimental procedure

Experiments are carried out by first affixing a specimen
between the incident and transmitter bars with the use of a high-
strength epoxy. The epoxy is then allowed to cure for several hours
to ensure an adequate bond. The clamping mechanism is then
readied by installing an unbroken, notched bolt into the jaws of
the vise. Clamping pressure is applied to the incident bar, and the
rotary actuator is then used to apply a predetermined rotation to
the free end of the incident bar; thus elastically storing a torque in
the portion of the incident bar between the rotary actuator and
clamping mechanism. This torque is then instantaneously released
by further applying clamping force, causing the notched bolt to
fracture and the clamping jaws to release the incident bar. A tor-
sional stress wave then propagates towards the specimen, dyna-
mically loading the specimen in torsion. Once the wave reaches
the specimen, some portion of the wave is transmitted through
the specimen and into the transmitter bar, while the remainder of
the wave is reflected back to the incident bar. These stress waves
can be recorded using strain gages attached into the incident and
transmitter bars. A number of experiments at different strain rates
were conducted using specimens extracted from both base metal
and friction stir weld material. The strain rate was altered by
varying the predetermined rotation angle at the end of the inci-
dent bar.

3.4. Data analysis

Detail theoretical background and analysis of the torsional split
Hokinson pressure bar technique can be found elsewhere [14–21],
but is presented briefly here for completeness.

The average strain rate in the specimen can be expressed in
terms of stress wave measured in the incident and transmitter bar
as shown in Eq. (1) [19]:
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where Ds and Ls are gage mean diameter and gage length of the
specimen, respectively, and Cs is the shear wave velocity of the bar,
D is the diameter of the bar.

By integrating Eq. (1) with respect to time, the specimen strain
as a function of time can be expressed as
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the average shear stress present in the gage section of the
specimen can be expressed as
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where ts is the gage thickness of the specimen, and Ts is the
average of the torque exerted on the specimen interface with the
incident bar, T1, and the torque exerted on the specimen interface
with the transmitter bar, T2. The torque at the specimen interface
with the incident bar can be calculated from stress waves in the
incident bar, as well as the shear modulus and diameter of the bar
using Eq. (4):
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similarly, the torque present at the specimen interface with the
transmitter bar is given as
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by substituting Eqs. (4) and (5) into Eq. (3), the shear stress in
the specimen can be expressed directly as a function of the strain
waves present in the incident and transmitter bars as
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The torques T1 and T2 can be of additional utility when
attempting to quantify the presence of stress equilibrium in the



Fig. 4. Optical micrograph of (a) friction-stir weld fusion zone and (b) base metal.
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specimen. The torque ratio, T1/T2, can be observed and interpreted
to represent the degree to which stress equilibrium has been
achieved in the specimen, with a ratio of unity representing per-
fect equilibrium. As aforementioned, it is often impractical for one
to expect such perfect equilibrium in a typical test. However, a
torque ratio as near as possible to unity is desirable. Further
information regarding principles of operation and theory of the
TSHB apparatus can be obtained elsewhere in the literature [21].
Fig. 5. Typical strain histories obtained from strain gage pairs on incident and
transmitter bars.
4. Results and discussion

4.1. Microstructural observations

The microstructure of specimens extracted from the base metal
and FSW process zone are shown in Fig. 4. The grain structures are
different in size and morphology. The FSW material is character-
ized by a highly regular structure of small, equiaxed grains with a
mean grain size of 10 mm. In contrast, the base metal exhibits
irregularity in grain size and structure, with a much larger average
grain size of 30 mm and a substantial elongation in the rolling
direction. Based on these measurements, approximately 17 grains
exist across the gage thickness of the typical base metal specimen,
while approximately 52 grains exist across the gage thickness in
the typical FSW specimen. In either case, the corresponding ratio
of grain size to wall thickness is much larger than the 1:7 ratio
present in Al 1100-0 specimens used successfully by Duffy et al.
[15]. Based on these observations, it is clear that a more than
adequate representative volume is present in the gage sections of
the specimens used in the present work.

4.2. Wave analysis

The typical strain time histories obtained from the gage pairs
mounted on the incident and transmitter bars are given in Fig. 5.
The obtained wave forms are nearly ideal, characterized by short
rise times, long durations at a constant magnitude, and only small
rounded peaks present in the incident pulse immediately after rise
time. The relation given in Eq. (2) is exemplified in the typical
strain histories in Fig. 5, evident in the prominent increase in the
magnitude of the reflected strain pulse, corresponding to the
instance at which the transmitted pulse diminishes.

Typical incident, reflected, and transmitted strain pulses taken
from the strain histories are shown in Fig. 6a. It is worthwhile to
note that the duration of the transmitted pulse is also the duration
of the experiment. This is clear from the fact that once the speci-
men has failed incident strain pulses can no longer propagate
through the specimen into the transmitter bar. The typical pulses
shown in Fig. 6a depict an experimental duration beginning and
ending at approximately 100 μs and 300 μs, respectively. The
experimental duration is highly dependent upon strain rate,
typically decreasing with increasing strain rate.
The specimen strain rate can then be found from these pulses
by applying Eq. (2). A typical evolution of specimen strain rate is
given in Fig. 6b. Again, the evolution of specimen strain rate
approaches the ideal, with a nearly constant strain rate present in
the specimen throughout the entire duration of the experiment.

As previously discussed, the ratio of the torques applied to
either side of the specimen is generally of significant interest. In
the present work, the so-called torque ratio was found to be
characteristic of the apparatus and specimen geometry, with all
tests maintaining a nearly constant value of approximately 0.85
during the entirety of the experimental duration, regardless of
strain rates present in the specimen. The torque ratio approaching
unity present in all tests discussed in the current work suggests
the presence of near ideal stress equilibrium in the specimen; a
vital assumption that must be met in any TSHB test [15].

4.3. Quasi-static stress–strain behavior

Quasi-static tensile tests were performed to evaluate the
stress–strain response of both the base and FSW materials. Tensile
tests were carried out based on ASTM-E8 on flat specimens of
50.8 mm gauge length, 12.7 mm width, 4.1 mm thickness and
6.35 mm fillet radius. The tensile specimens were extracted along
the rolling direction and weld line, for base and FSW specimens,
respectively. Stress–strain relations obtained from this testing are
given in Fig. 7. The alloy is shown to exhibit obvious differences in
mechanical behavior between these two states, as one would
expect from the different microstructures and processing. Most
notably, the FSW material state experiences a relatively large
amount of work hardening while also exhibiting a lower yield and
maximum flow stress. In contrast, the base metal exhibits a much
higher yield stress, with less work hardening. Considering the



Fig. 6. (a) Typical incident, reflected, and transmitted strain pulses and (b) typical
shear strain rate developed in the specimen, as a function of time.

Fig. 7. Stress–strain curves obtained from quasi-static tensile tests for FSW and
base metal.
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substantially smaller grain size present in the FSW specimen,
higher yield strength might be expected, following the well-
established Hall–Petch relation [23,24]. However, in alloys like
7050, the primary strengthening mechanism is precipitation
hardening. The base metal, in the T7651 condition has a large
population of η′ precipitates which act as barriers to dislocation
motion. The FSW process, on the other hand, subjects the material
in the weld nugget to the equivalent of a solution heat treatment
along with complete recrystallization (as evidenced by the refined,
equiaxed grain structure). Hence, the precipitate content in the
weld nugget is low and approaches zero, although subsequent
artificial aging would result in substantial recovery of precipitation
hardening [12,13,25,26]. This material condition is similar to that
of a “W” temper. Accordingly, it is evident that in quasi-static
loading conditions, the principal strengthening mechanism for the
base material is the precipitation hardening. The differences in
work hardening between the two conditions also arise from this
difference in precipitate content [12]. Note that the large popula-
tion of η′ precipitates present within the structure of the base
metal can give rise to the saturation of dislocation density at a
faster pace compared with the precipitate-free FSW specimen.
Such fast saturation of dislocation density shows itself as a
decreasing work hardening rate, particularly at larger strain
magnitudes.

4.4. Dynamic stress–strain behavior

Stress–strain curves obtained at elevated strain rates are pre-
sented for FSW and as-received material in Fig. 8. These resulting
stress–strain curves are given in terms of effective stress, strain,
and strain rate using the relations in Eq. (7) in order to facilitate
comparison with quasi-static tensile results.

3 7-aσ τ¯ = ( )

3 7-b
ε γ
¯ =

( )

The dynamic curves are found to lie above those obtained from
quasi-static conditions in all cases, indicating some appreciable
strain rate dependence in both material states. Stress levels
increase gradually with increasing strain rate. Stress levels in
dynamic tests on specimens extracted from FSW material appear
to be slightly more rate dependent when compared to similar tests
on base metal. For both material states, the rate of work hardening
obtained from dynamic torsional testing is observed to be less
than that found in the corresponding quasi-static case. The FSW
material continues to exhibit lower yield and plastic flow stresses
when compared to the base metal at elevated strain rates. The
stress–strain relations obtained experimentally at elevated strain
rates for this alloy were fitted using the Holloman equation taking
the form depicted as follows:

K 8nσ ε¯ = ¯ ( )

where K and n are the strength coefficient and strain hardening
exponents, respectively. This type of fitting yields curves having
high coefficients of determination with respect to the experi-
mentally obtained dynamic data, typically 0.96 and above. It
should be made clear that the fitted curves shown in Fig. 9, are
proposed only to facilitate analysis within the range of parameters
explored experimentally.

Note that the work hardening rates (θ) are extracted from the
fitted stress–strain curves based on Eq. (9) and are presented in
Fig. 10.

d
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ε
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In all instances, the FSW material is seen to exhibit sub-
stantially higher work hardening than the base metal. This again
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Fig. 8. Stress–strain curves experimentally obtained from dynamic torsion tests.
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Fig. 9. Fitted stress–strain curves obtained using experimental data.
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can be explained through the role of precipitates existing within
the microstructure of the base metal. The nanometer-sized
coherent precipitates in the base metal can create barriers to the
dislocation motion. Such barriers can act as dislocation generating
sources, increasing the dislocation density at a fast pace. The
increase in the dislocation density is followed by a saturation,
which is revealed as steady–state flow stress (see Fig. 9). On the
other hand, the precipitate-free friction stir processed specimens
show a more noticeable strain hardening rate which can be due to
the relatively delayed achievement of dislocation density satura-
tion. Furthermore, increasing strain rates appear to lower the work
hardening rate in the FSW material, where work hardening rates
are seen to converge in all high strain rate tests to a value that is
approximately 60% of that observed in the quasi-static case. The
base metal does not follow this trend, with some increase in work
hardening rate occurring at elevated strain rates when compared
with the quasi-static case. The dynamic tests exhibit some con-
vergence at only slightly elevated work hardening rates for the
base metal. All work hardening rates are seen to decrease with
increasing strain. The higher strain hardening rates in the FSW
material are consistent with typical observations for W vs. T7 or T4
vs. T6 type tempers and are due to different strengthening
mechanisms. For example, in the W-temper, the main strength-
ening mechanisms are grain boundary strengthening, work hard-
ening via production of sessile forest dislocations which act as
barriers to subsequent dislocation motion, and solid solution
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strengthening. In TXXX type tempers, the primary strengthening
mechanism is precipitation hardening as the distance between
precipitates forming dislocation barriers is lower than for the
other boundaries and much of the solute has been depleted in
order to form the precipitates.

In explaining the decrease in work hardening observed in the
FSW material as strain rate increases, the dislocation annihilation
phenomenon must be considered. This phenomenon occurs par-
ticularly in metals with high stacking fault energy (SFE), such as
aluminum alloys, for which recovery is the principal restoration
mechanism [27,28]. At high strain rates, dislocation velocity is
higher, thus the dislocation density will increase at a higher rate,
particularly at grain boundaries. With greater dislocation densities
at grain boundaries, the chance of dislocation annihilation at these
dislocation pile-up regions will increase. This might decrease the
overall dislocation density in the material. As a consequence of
this lower overall dislocation density, work hardening would be
seen to decrease at elevated strain rates. Such a mechanism is
actually evident in the experimental data, wherein dynamic
experiments tend to achieve a plateau in the stress–strain curve at
strain levels much lower than those at which plateaus are
achieved in similar quasi-static tests.

The overall outcome of the study can be summarized from
three main known material strengthening mechanisms, grain size
control, precipitation hardening and strain rate hardening.

In most metals, grain size refinement plays an influential role in
strengthening mechanism of the material. However, merely the
grain size refinement might not result in the desired strengthening
effect. In our study, in the case of both quasi-static and dynamic
loading conditions, though the FSW specimen has smaller grain
structure than the base material, its yield strength was lower
compared with the base metal. This behavior can be related to the
more substantial role of the η′ precipitates present within the base
metal, hindering the dislocation motion and consequently
increasing the strength of the base metal in the as-received state.

The work hardening rate of the FSW processed specimens in
this work was found to be 100% higher than the base metal. This
could be due to the fact that the FSW process dissolves the pre-
cipitates, diminishing the influence of precipitation hardening
mechanism in the material. This phenomenon not only reduces
the overall strength of the weld metal compared with the base
metal, but also influences the rate of dislocation density satura-
tion, such that the strain hardening rate in the precipitate-free
FSW specimen would be significantly greater than that of the base
metal.

4.5. Fractography

Fracture surfaces present on FSW and base metal specimens
tested at the highest strain rates achieved were examined with the
use of a scanning electron microscope (SEM). Images of these
fracture surfaces are presented in Fig. 11. Voids are apparent in the
fracture surface of both specimen types, indicative of a ductile
failure mechanism [16,29]. This observation is bolstered by the
large amounts of strain achieved prior to failure in all tests. Void
size and spacing is likely correlated with constituent particle
spacing. In the FSW material, these constituents are typically
broken up, such that there are a larger number of smaller con-
stituent particles present in the material when compared to the
base metal. The shape of a typical void appears to be elongated in
the direction of the applied shear stress in both specimen types, as
is illustrated in the images with the use of arrows.
5. Conclusions

A TSHB apparatus has been used to perform high strain rate
testing on aluminum alloy 7050T-6571 in both the as-received and
friction-stir welded conditions. Quasi-static tensile tests have been
performed for reference on both material states. The micro-
structures of each state are observed to be different: the FSW state
containing small, equiaxed grain structure while the base metal
consists of an irregular and much larger grain structure. Although
the FSW material consists of a significantly smaller grain structure,
the overall strength of the base metal, which incorporates fine η′
precipitates, is significantly higher in both quasi-static and
dynamic loading conditions. This indicated the substantial influ-
ence of precipitation hardening mechanism in this material. In



Fig. 11. (a) A typical fractured specimen, indicating that the failure has taken place from the gage section, with high magnification SEM images of fracture surfaces of (b) a
base metal specimen and (c) a FSW material specimen tested at high strain loading.
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addition, the role of precipitates was also highlighted in the work
hardening response of the two material states. The distribution of
fine η′ precipitates within the as-received base metal can attribute
to the early saturation of dislocation density in the material,
indicated by steady-state flow stress and lower work hardening
rates when compared with precipitate-free friction stir welded
specimens. The FSW material exhibits a decreased propensity for
work hardening at elevated strain rates. Such response can be
related to the greater chance of dislocation annihilation at elevated
strain rates, in which increased dislocation velocity can result in
dislocation pile-ups to be more rapidly formed in the grain
boundaries followed by dynamic recovery. SEM observations of
fracture surfaces present on specimens tested at elevated strain
rates depict the presence of voids in both material states, having
diameters commensurate with grain sized. Elongation is also
apparent in these voids, occurring in the direction of applied shear
stress. The presence of voids suggests the material remains ductile
in both the FSW and base metal states at dynamic strain rates.
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