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ABSTRACT. A split Hopkinson pressure
bar or Kolsky bar system was used to de-
termine the dynamic compressive flow
b e h avior of two materials. Dynamic,
compressive stress-strain curves were ob-
tained of AA2024-T3 and AA7075-
T7351 aluminum alloys and their welds
as produced by the friction stir welding
process. To show the strain rate effect,
quasistatic tests of these materials were
also performed using a specimen config-
uration identical to that used in the dy-
namic tests. The experimental results
showed 1) friction stir welding reduces
the yield stress of the weld metal to below
that of the base metal; 2) both materials
exhibit the strain rate effect, i.e., the yield
stress is higher under higher strain rates;
and 3) the strain hardening appears to be
similar for various strain rates.

Introduction

Friction stir welding (FSW) is a rela-
t ively new technique for joining alu-
minum alloys (Ref. 1). Compared to tra-
ditional fusion welding, friction stir
welding is a solid-state joining process
that does not melt the materials and has
the potential to avoid significant ch a n g e s
in microstructure and mechanical prop-
erties. The FSW process provides a
method for joining some aluminum al-
l oys that are not normally weldable. Fo r
example, AA2024 and AA7075 are not
recommended for arc welding, but the
friction stir welding process can be used
to join these alloys without difficulty
(Ref. 2).  

Microstructure variation from the
FSW process, as well as the development

of the FSW process itself, has draw n
much attention in past years (Refs. 3–10).
However, the ultimate use of the weld is
in structural application, which often in-
volves the static, fatigue, dynamic or im-
pact type loading found in automotive
and aerospace applications. We l d
strength, fracture and fatigue must be
studied as well to ensure a safe and reli -
able operation of the welded structure.
Recent studies along this direction in-
clude Refs. 11–13. 

In many applications, the welded
structure may be subjected to dy n a m i c
load such as impact and explosion. It is,
therefore, important to understand the
mechanical properties of structural mate-
rials at the high strain rate to which the
components may be subjected during
service. The objective of the current work
is to evaluate changes in the compressive
mechanical properties due to the friction
stir welding process. Aluminum alloy s
AA2024-T3 and AA7075-T7351 were
studied. Samples were tested at a quasi-
static rate using a standard hydraulic load
frame and at high strain rates using a split
Hopkinson pressure bar system. Results
are reported in the form of stress-strain
curves for different strain rates. Hardness
values of the material before and after
testing are also presented. The results can

be used in evaluating the dynamic re-
sponse of the FSW structures as well as in
studying the material flow behavior of the
friction stir welding process. 

Experiment

Dynamic Tests

The split Hopkinson pressure bar
(SHPB) technique (Refs. 14–17) is one of
the most popular experimental tech-
niques for studying dynamic behavior of
materials under high strain rate loading.
The principle of this experimental tech-
nique is based on the well-known one-
dimensional theory of wave propagation
in elastic bars and the interaction be-
tween a stress pulse and a short cylindri-
cal specimen, which is sandwiched be-
tween the input and output bars. A
schematic illustration of the SHPB in this
study is shown in Fig. 1. 

The typical SHPB setup consists of a
gas gun, a striker, an input bar and an out-
put bar. A gas gun accelerates the striker
bar (projectile). The resulting impact with
the input bar produces an elastic, com-
p r e s s ive pulse (incident pulse εi). Th e
elastic compressive pulse propagates
down the input bar until it reaches the
input bar/specimen interface. This com-
pressive pulse then partially reflects back
into the input bar (reflected pulse εr) and
partially transmits through the specimen
into the output bar (transmitted pulse εt).
These three stress pulses in the bars are
recorded by strain gauges on the input
and output bars. The amplitude of the in-
cident pulse depends on the striker ve-
locity. In addition, the length of the inci-
dent pulse is twice the time needed for an
elastic stress pulse to travel the length of
the striker bar.

Based on one-dimensional stress
wave theory, the values of stress and
strain in the specimen can be determined
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by using records of strain gauges located
on the input/output bars. The axial stress
σs(t), strain εs(t), and strain εs(t) rate in the
specimen can be calculated as follow s
(Ref. 17):

(1)

(2)

(3)
Where t = time; A = cross-sectional area
of the bar; E = Young’s modulus of the
bars; C0 = speed of the elastic longitudi-
nal wave in the bar; Ls = thickness of the
specimen; As = cross-sectional area of

the specimen; εi(t), εr(t), = incident and
reflected axial strain signals recorded by
strain gauge on the input bar as a func-
tion of time t; and εt(t) = transmitted axial
strain signal recorded by strain gauge on
the output bar as a function of time t.

Therefore, the constitutive relation-
ship of the specimen material at a certain
strain rate can be obtained using Equa-
tion 1.

A SHPB system was designed and
built by the mechanics group in the De-
partment of Mechanical Engineering,
U n iversity of South Carolina. The steel
input and output bars had lengths of 
2.4 m (94.5 in.) and 1.2 m (47.2 in.), re-
s p e c t ive l y. They were instrumented with
semiconductor strain gauges at two lo-
cations. At each location, two gauges

were oriented axially and were bonded
to the opposite sides of the bar to cancel
a ny bending disturbance. The striker bar
and input/output bars had the same di-
ameter 25.4 mm (1.0 in.) and were made
of O1 tool steel. The speed of the elastic
longitudinal wave of these steel bars wa s
5000 m/s (16,404 ft/s).

Typical recorded signals from the
s t rain gauges are shown in Fig. 2. The in-
cident pulses were generated using a 287-
mm (11.3-in.) striker bar with approxi-
mately 10 m/s (32.8 ft/s) impact speed.
Different strain rate tests can be per-
formed by using different length striker
bars and generating different impact ve-
locities. The strain rate variation from a
typical test is shown in Fig. 3. The ave ra g e
s t rain rate for this test of 1200/s is only an
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Fig. 1 — Schematic diagram of the split Hopkinson pressure bar.

Fig. 2 — Typical incident, reflected and transmitted pulses from
a split Hopkinson pressure bar test.

.

Fig. 3 — Typical strain rate variation from a split Hopkinson
pressure bar test.

Fig. 4 — Schematic of the friction stir welding process and specimen locations. 



“ e yeball estimate” because strain rate is
not constant in this type of SHPB test. 

Specimens

The alloys selected were AA2024-T3
and AA7075-T7351. Two 9.5-mm-
(0.374-in.-) thick plates for each type of
the material were joined using friction
stir welding on the Supermill-5VR mill at
the University of South Carolina. Th e
FSW tool is made of tool steel with a
threaded pin. The outside diameter of the
tool is 28 mm (1.1 in.) and the pin diam-
eter and length are 10 mm and 7.5 mm
(0.394 and 0.295 in.), respectively. The
travel speed for welding is 113 mm/min
(4.4 in./min) with a spindle speed of 215
rpm. A schematic of the friction stir weld-
ing process is shown in Fig. 4.

After welding, cylindrical specimens
were cut from the base metal and the weld
zones of the aluminum plate. The orienta-
tion of the cylindrical axis of the specimen
was perpendicular to the aluminum plate,
as shown schematically in Fig. 4. The spec-
imen has a diameter of 20 mm (0.787 in.)
and thickness of 9 mm (0.354 in). 

Quasistatic Test

To evaluate strain-rate sensitivity, qua-
sistatic compression tests were run on an
MTS hydraulic load frame. A fixture was
made for the compression tests, wh i ch
were conducted with a crosshead veloc-
ity producing a constant strain rate of
0.0001/s. Identical specimen configura-
tions were used in both the dynamic and
the quasistatic tests, allowing for a much
more reliable comparison of data at var-
ious strain rates.

Microhardness Tests

To examine local variations in the me-
chanical properties that occur in and
around the friction stir weld zone, the
hardness of the welding zone was tested
with a Micromet microhardness tester. A
Knoop indentor was used with a load of
200 g and dwell of 15 s. The Knoop hard-
ness was measured across the centerline
of the welded plate.

All compression tests and hardness
tests were performed at room tempera-
ture, approximately 22°C.

Results and Discussion

The dynamic tests were performed at
s t rain rates of 800/s and 1200/s for
AA2024-T3 and 500/s for AA7075-
T7351. The experimentally determined
compressive stress-strain relations at dif-
ferent rates are shown in Figs. 5 and 6, re-
spectively, for AA2024-T3 and AA7075-
T7351. The comparison of the yield stress
determined at 0.2% offset for different
rates is listed in Table 1. Also, the yield
stress at various strain rates are plotted vs.
strain rate in log scale in Fig. 7. 

It can be seen from Figs. 5 and 7 and
Table 1 that both the AA2024-T3 base
metal and the friction stir weld show an
increase in yield stress with strain rate.
Compared to quasistatic loading, the
yield stresses for the base metal and weld
metal at 800/s increased 14% and 19%,
r e s p e c t ive l y. From 800/s to 1200/s, the
yield stress for the base metal increased
by 10%. However, the strain-rate sensi-
tivity for weld metal is not as pronounced
from 800/s to 1200/s. Under 1200/s dy-
namic loading, the yield stress of the
weld metal is 16% less than that of the
base metal, and it is about 13% less in
yield stress under quasistatic loading.

The strain hardening after yielding for
both the base and FSW materials appear
to be very similar. It may be concluded
the effect of the FSW process on the me-
chanical property of AA2024-T3 under
both dynamic and quasistatic loading
was approximately identical, i.e., reduc-
ing the yielding stress by about 13% to
16% without changing the hardening be-
havior. This similarity in hardening could
be due to the base metal of AA 2024-T3
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Fig. 5 — Stress-strain curves for AA2024-T3 at three strain rates. Fig. 6 — Stress-strain curves for AA7075-T7351 at two strain rates.

Table 1 — Yield Stress of Different Materials at Different Strain Rates

Strain Rate (1/s) Yield Stress σ0.2 (GPa)

AA2024-T3 base metal 1200/800/0.0001 0.420/0.381/0.335
AA2024-T3 weld metal 1200/800/0.0001 0.352/0.346/0.290
AA7075-T7351 base metal 500/0.0001 0.627/0.554
AA7075-T7351 weld metal 500/0.0001 0.414/0.398



being stretched and naturally aged to sta-
ble conditions. The FSW process relieved
the stretch and eliminated the work hard-
ening; consequently, parallel shift of the
curves is seen in Fig. 5.  

For AA7075-T7351, an increase in
yield stress of 13% from a strain rate of
0.0001/s to 500/s was found, as shown in
Figs. 6 and 7 and Table 1. However, the
yield stresses for weld material at quasi-
static and dynamic loading rates are al-
most identical, which means there is no
apparent rate sensitivity up to 500/s in
compression. Similar to AA2024-T3, the
yield stresses for weld metal decrease at
both high-rate and quasistatic loading
compared to those of the base metal. Fur-
thermore, the degree of decrease through
friction stir welding at 500/s was higher
than at 0.0001/s, as seen in Fig. 7. The
s t rain-hardening behavior of both the
base metal and the weld metal appears to
be very similar, i.e., seen as a parallel in-
crease as the strain rate is increased.

It should be mentioned the specimen
(20 mm diameter and 9 mm thick) con-
tains different microstructure regions
g e n e rated by the friction stir process.
Therefore, data presented here are
“lumped” material properties prototypi-
cal for the weld as a whole, not for the in-
dividual microstructure.

The Knoop microhardness as a func-
tion of distance from the centerline of the
friction stir weld for AA2024-T3 and
AA7075-T7351 is shown in Figs. 8 and 9,
r e s p e c t ive l y. Three regions are obv i o u s
from the hardness distribution in Figs. 8
and 9: 1) the central part of the weld cor-
responds to the fully plasticized region of
the FSW weld; 2) the heat-affected zone

has the lowest hard-
ness; and 3) the base
metal has the highest
hardness. The va r i a-
tion of the hardness
from base metal to
weld metal is larger
for AA7075-T7351
than AA2024-T3,
which correlates with
the yield stress results
shown in Fig. 7. The
base metal on two
sides of the FSW weld
s h ow a slight differ-
ence in hardness,
possibly due to the
asymmetric nature of
the process (tra i l i n g
vs. leading side).

The hardness of the
samples (AA2024-T3
weld metal at 1200/s;
AA7075-T7351 weld
metal at 500/s) used
in the dynamic test
was also measured after the tests. As
shown in Figs. 8 and 9, dynamic loading
increased the hardness of the weld and,
accordingly, the yield stress. This is obvi-
ously due to the work hardening of the
material, which has had a large perma-
nent plastic strain.

Note the tests were performed approx-
imately two months after the FSW wa s
made. This time is probably sufficient for
AA2024-T3 to stabilize, but this is not true
for AA7075-T7351. Both the base metal
and the weld are expected to age continu-
ously for AA7075-T7351; thus, higher
strength may be obtained later.

Conclusions

A split Hopkinson pressure bar or Ko l-
s ky bar system typically used to determine
the dynamic behavior of materials was in-
troduced. Dynamic, compressive stress-
s t rain curves were obtained for AA2024-
T3 and AA7075-T7351 aluminum alloy s ,
as well as their weld material produced by
the FSW process. The experimental results
indicated the follow i n g :

1) Yield stresses of both base and fric-
tion stir weld material of AA2024-T3 ex-
hibited rate sensitiv i t y. In addition,
AA7075-T7351 base metal had some
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Fig. 7 — Yield stresses vs. strain rate (log scale). Fig. 8 — Knoop hardness for welded AA2024-T3.

Fig. 9 — Knoop hardness for welded AA7075-T7351.



rate dependence. However, no rate effect
was found for AA7075-T7351 friction stir
weld material up to the strain rate of
500/s.

2) Friction stir welding reduced the
yield stress of both AA2024-T3 and
AA7075-T7351 under both high stra i n -
rate and quasistatic loading conditions. 

3) Strain hardening is similar for both
materials at various strain rates.

The results reported in the current
paper can have two applications. One is
to aid in process modeling – e.g., mater-
ial flow characterization. Recent studies
at the University of South Carolina (Ref.
18) indicate the strain rate near the vicin-
ity of the tool pin can be as high as 1000
1/s. The results in this paper provide pre-
liminary technical information for such a
modeling effort. It is, how e ve r, under-
stood high material strain rate occurs at
e l e vated temperature during welding.
Therefore, our future work will study ma-
terial rate data, similar to that reported
here but at high temperatures for friction
stir welding process modeling. 

The immediate and second applica-
tion of the results reported in this paper
are for structural performance, e.g., load-
carrying capability, fracture and reliabil-
ity of the weld. As mentioned in the in-
troduction section, welded structures
m ay be subjected to dynamic impact
load. As such, high strain (loading) rate
behavior of the weld, such as the data re-
ported here, is essential in modeling and
understanding the dynamic response of
the welded structures. 
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