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Cyclic Properties of Superelastic Shape Memory Alloy Wires
and Bars

Reginald DesRoches, M.ASCE1; Jason McCormick2; and Michael Delemont3

Abstract: This study evaluates the properties of superelastic Ni–Ti shape memory alloys under cyclic loading to assess their p
for applications in seismic resistant design and retrofit. Shape memory alloy wire and bars are tested to evaluate the effect of ba
loading history on the strength, equivalent damping, and recentering properties of the shape memory alloys in superelastic form.
are tested under both quasistatic and dynamic loading. The results show that nearly ideal superelastic properties can be obtain
wire and bar form of the superelastic Ni–Ti shape memory alloys. However, the wire form of the shape memory alloys show
strength and damping properties compared with the bars. The recentering capabilities~based on residual strains! are not affected by
section size. Overall, the damping potential of shape memory alloys in superelastic form is low for both wire and bars, typically le
7% equivalent viscous damping. Cyclical strains greater than 6% lead to degradation in the damping and recentering properti
shape memory alloys. Strain rate effects are evaluated by subjecting the shape memory alloys to loading rates representative
seismic loading. The results show that increased loading rates lead to decreases in the equivalent damping, but have negligible
the recentering properties of the shape memory alloys.
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CE Database subject headings: Seismic properties; Cyclic tests; Damping; Strain rate; Shape memory effect.
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Introduction

Shape memory alloys are unique alloys that have the ability
undergo large deformations, but can return to their undeform
shape by heating~known as the shape memory effect! or through
removal of the stress~known as the superelastic effect!. Although
first discovered in the 1960s, shape memory alloys~SMAs! have
found functional applications only in the past 15–20 years. T
high cost, lack of clear understanding of the thermo-mechan
processing, and the inability to reliably predict the behavior
shape memory alloys were the reasons for the slow introduc
of the material into application. Higher quality and reliabilit
coupled with a significant reduction in price has recently led
numerous applications of shape memory alloys in the biomedi
commercial, and aerospace industries.

Driven by a search for devices that could result in less invas
medical procedures, researchers have found numerous app
tions for shape memory alloys in the medical field. Arterial sten
medical guidewires, catheters, orthodontic braces, and orthop
prostheses have all taken advantage of the unique propertie
superelastic shape memory alloys~Duerig et al. 1990!. In the
aerospace industry, shape memory alloys have been used in a
tive aircraft wings and smart helicopter blades for increased e
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ciency and reduced noise and vibration~Beauchamp 1992; Chan-
dra 2001!. Recent years have seen numerous commercial a
consumer applications of shape memory alloys. Eye glass fram
cellular telephone antennas, frames for brassiers, and golf cl
all take advantage of the superelastic properties of SMAs~Asai
and Suzuk 2000; Hsu et al. 2000!.

Recently, there has been increasing interest in using supere
tic shape memory alloys for applications in seismic resistant d
sign of structures. Grasser and Cozzarelli~1991! suggested the
use of binary nickel–titanium shape memory alloys~Nitinol! as
seismic dampers. Binary nickel–titanium shape memory allo
are commonly referred to as Nitinol~Nickel Titanium Naval Or-
dinance Laboratory!. They studied the effect of loading frequenc
and history on the energy dissipation characteristics of Nitin
wires. They also proposed a one-dimensional constitutive mo
for the superelastic behavior and verified the model with expe
mental work. Using a unidirectional shaking table, Inaudi an
Kelly ~1994! studied a four-story steel-frame model with tune
mass dampers using shape memory alloy wires. The numbe
SMA wires and the prestress tension were varied to study th
effect on the building response. The study found that significa
improvement was obtained in the dynamic response of the str
ture when the prestress tension was tuned to the first natural
quency of the isolated structure. Sweeney and Hayes~1995! and
Clarke et al.~1995! found that SMA wires can reduce displace
ments and accelerations in structures, although the extent of
duction varied between the different studies. Recently, research
in Japan have been investigating the use of SMA dampers
bridges~Adachi and Unjoh 1999; Wilde et al. 2000!. Both studies
showed that bridge deck displacements can be reduced with
use of SMA dampers. Several studies have investigated the us
SMA elements in seismic rehabilitation of steel frame building
Ohi ~2001! tested superelastic bracing elements using tern
NiTiCo SMAs. The braces were found to return to their origin
shapes after being subjected to strains as large as 5%. Also,
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Fig. 1. Three-dimensional stress–strain temperature diagram showing deformation and shape memory behavior of NiTi shape memo
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bracing provided some moderate damping for strains greater t
1%. Ocel et al.~2002! investigated beam–column connection
using 35 mm diameter martensitic SMA rods. The SMA conne
tion was found to exhibit a stable and repeatable hysteresis
cyclic loads up to 4% story drift. After the initial tests, the SMA
rods were heated above their transformation temperature
were able to recover approximately 76% of their residual def
mation. The most substantial effort thus far in the area of seism
applications of SMA has been from the Memory Alloys for Ne
Seismic Isolation and Energy Dissipation Devices~MANSIDE!
Project. This project was a multiyear effort by the Europe
Union to evaluate the efficacy of the shape memory alloys
seismic isolation~MANSIDE 1998!. The project included both
experimental studies and analytical modeling and resulted i
much better understanding of the behavior of SMA wires und
tension loads, and SMA bars under torsion loads~Dolce and Mar-
netto 1999; Dolce and Cardone 2001a, 2001b!. The results of the
project show there is promise for shape memory alloys in seism
isolation. However, significant research is still needed, partic
larly as it pertains to large section properties. Most of the stud
above used shape memory alloy wires or thin bars. There is c
rently little available data on the performance of large diame
shape memory alloy bars, and anecdotal evidence has sugge
that superelastic properties are difficult to achieve for large dia
eter shape memory alloy bars.

This paper presents the results of a study evaluating the c
acteristics of shape memory alloy wire and bars to determine
effects of bar size, loading history, and loading rate on the cyc
properties of shape memory alloys. The properties that are ev
ated are those which are most important for seismic applicati
such as energy dissipation, recentering capabilities, and trans
mation stresses. Recentering refers to the ability of the materia
return to its original undeformed shape upon unloading. The SM
wires and bars used in this study are superelastic and are c
posed of the binary nickel–titanium alloy.

Shape Memory Alloys

Shape memory alloys are materials that have the unique abilit
recover their shape after undergoing large deformations thro
either heating~known as shape memory effect! or removal of load
~known as the superelastic effect!. The unique property is made
possible by a martensitic phase transformation between a cry
lographic high-symmetry~cubic crystal structure! austenitic phase
to a low-symmetry ~monoclinic crystal structure! martensitic
phase. Typically, martensite is stable at low temperatures and h
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stress values, whereas austenite is stable at high temperature
low stress values. The mechanical behavior as a function of te
perature, strain, and stress is summarized in Fig. 1. Below
martensite finish temperature,M f , the SMA exhibits the shape
memory effect. Deformations due to an applied stress are rec
ered by heating the material above the austenite finish temp
ture, Af . At a temperature aboveAf , the SMA is in its parent
phase, austenite. Upon loading, stress-induced martensite
formed. Upon unloading, however, the material reverts to aus
nite at a lower stress, thereby resulting in the superelastic beh
ior. The resulting nonlinear stress–strain relationship results i
hysteresis. In the context of this paper, hysteresis refers to
nonsingle-valued stress–strain relationships for the NiTi SMA.
a yet higher temperature~aboveMd), the SMA undergoes ordi-
nary plastic deformation with much higher strength.

Superelastic shape memory alloys possess several charac
tics that make them desirable for applications in seismic resist
design and retrofit in structures. These characteristics include:~1!
hysteretic damping;~2! large elastic strain range, resulting in re
centering capabilities;~3! excellent low- and high-cycle fatigue
properties;~4! strain hardening at large strains; and~5! a stress
plateau, providing force transmission limitations. Table 1 show
summary of the mechanical properties of NiTi shape memo
alloys.

Experimental Tests of Superelastic Wires and Bars

As mentioned in the above section, the superelastic propertie
shape memory alloys may be ideally suited for applications

Table 1. Properties of NiTi Shape Memory Alloys

Property

NiTi SMA

Austenite Martensite

Physical properties
Density 6.45 g/cm3

Mechanical properties
Recoverable elongation up to 8%
Young’s modulus 30–83 GPa 21–41 GPa
Yield strength 195–690 MPa 70–140 MPa
Ultimate tensile strength 895–1,900 MPa
Elongation at failure 5–50%~typically 25%!

Poisson’s ratio 0.33
Chemical properties

Corrosion performance Excellent~similar to stainless steel!
NAL OF STRUCTURAL ENGINEERING © ASCE / JANUARY 2004 / 39



Table 2. Shape Memory Alloy Test Specimen

Set
Diameter

~mm!

Specimen
length
~mm!

Gage
length
~mm! As ~°C!

Weight
~%!
Ni

Weight
~%!
Ti Processing

Cold
work

Annealing
temperature

~°C!

1 1.8 152 63.5 226 56.05 43.95 Cold drawn 30% 350
2 7.1 152 57 210 56.00 44.00 Hot rolled None 350
3 12.7 152 57 210 55.90 44.10 Cold drawn 30% 350
4 25.4 279.4 152 211 56.00 44.00 Cold drawn 25% 450
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seismic resistant design and retrofit. While there have been
merous studies on the properties of superelastic shape mem
alloys ~Kawaguchi et al. 1991!, few of these studies have bee
under cyclic loading histories and rates expected during ea
quakes. In addition, the properties that have been character
are typically different from those that are important for seism
applications. Moreover, few of these have been performed for
sizes that might be used in civil engineering applications.

In this study, SMA wires and bars up to 25.4 mm~1.0 in.! in
diameter are tested to determine their mechanical characteris
The tests are performed under cyclic tension loading up to 6
strain under both quasistatic and dynamic loading. The mecha
cal properties that are evaluated include the residual strains (« r),
forward and reverse transformation stresses (sL , andsUL), and
energy dissipation (jeq). Residual strain refers to the remainin
strain at the end of a cycle when the specimen returns to a stat
zero stress. The transformation stress is not straight forward
identify because of changes in the shape of the hysteresis l
represented by the nonlinear cyclic stress–strain plot. For the p
pose of this paper, the forward transformation stress is evalua
as the stress at 2% strain. For this reason, no value forsL is
reported for the first two cycles. The reverse transformation str
is much more difficult to evaluate. It was obtained by estimatin
the inflection point along the unloading curve. Equivalent visco
damping is used as a measure of the energy dissipation du
cycling and is defined the energy dissipated per cycle~area under
force–deformation curve! divided by the product of 4p and the
strain energy for a complete cycle.

Test Specimens and Loading Protocol

A number of specimens of each size, ranging from 1.8 mm~0.071
in.! diameter wires to 25.4 mm~1.0 in.! diameter bars were tested
in this study. For each size, a number of samples ranging from
for the large bars to 10 for the smaller bars and wire were test
Table 2 shows the size of the specimens, austenite start temp
ture, composition, and thermo-mechanical processing. All of t
specimens had very low austenite start temperatures, and w
superelastic at room temperature. The composition of all of t
samples was nearly identical, with an average of 56.0% nickel
weight and 44.0% titanium. The 7.1 mm~0.28 in.! diameter bars
were hot rolled, whereas the wires and larger diameter bars w
cold drawn with 30% cold working, where the amount of col
working refers to the reduction in cross-sectional area of t
specimen due to drawing. A larger percentage of cold worki
leads to increases in strength and hardness. Per recommenda
from the manufacturer, the specimens were heat treated at 35
~662°F! for 30 min, with the 25.4 mm~1.0 in.! diameter bars
being heat treated at 450°C~842°F! for 1 h. All of the bars were
water quenched.

The loading protocol used, shown in Fig. 2, consists of i
creasing strain cycles of 0.50%, 1.0–5% by increments of 1
followed by four cycles at 6%. For the first series of tests, th
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loading was performed at a frequency of 0.025 Hz, which corre
sponds to a maximum strain rate of approximately 0.3%/s. Sub
sequent testing was performed at loading frequencies of 0.5 a
1.0 Hz to simulate dynamic loading.

Experimental Setup

Testing of the 1.8 mm~0.071 in.!, 7.1 mm~0.28 in.!, and 12.7 mm
~0.5 in.! diameter specimens was done using a 250 kN~55 kip!
MTS hydraulic testing apparatus fitted with MTS 647 hydraulic
wedge grips. Round specimen wedges were used to grip the b
with flat specimen wedges being used for the wire. The abov
mentioned loading protocol was input using an MTS TestSta
Controller runningTestWaresoftware which used strain output
from the extensometer to control the movement of the actuato
Strains were measured with a 25.4 mm~1.0 in.! gage length ex-
tensometer with the load being measured with the internal loa
cell of the actuator. Testing on the 25.4 mm~1.0 in.! diameter bar
was performed using a 2.7 MN~600 kip! MTS uniaxial servo-
controlled hydraulic frame and an INSTRON 8500 Plus control
ler. The ends of the 25.4 mm~1.0 in.! specimens were threaded to
facilitate gripping of the specimens.

Cyclic Properties of Wires

Wires are the most common form of Nitinol SMA. While wires
have been extensively tested, most tests have not evaluated
cyclic properties for loading histories that are similar to those
found in seismic applications. The stress–strain curve for the 1
mm ~0.071 in.! diameter wire, shown in Fig. 3, reveals severa
interesting pieces of information. First, the initial modulus of
elasticity is approximately 40 GPa~5802 ksi!. During early
cycles, the forward transformation stress~henceforth referred to
as the loading plateau stress,sL) occurred at approximately 550–

Fig. 2. Loading protocol for cyclic tests of shape memory alloy
wires and bars
04



Fig. 3. Stress–strain behavior for 1.8 mm diameter nitinol shape memory alloy wire subjected to quasistatic cyclic loading
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600 MPa~79.8–87.0 ksi!. During later cycles,sL gradually de-
creased to approximately 400 MPa~58.0 ksi!. The effect of de-
creasing loading plateau stresses with increasing cyc
commonly referred to as fatigue, have been previously studied
SMA wires. Fatigue, in the context of this study, refers to t
degradation of properties~such as the reduction insL) due to
cyclic loading. The effect is considered to be associated with
introduction of small levels of localized slip that assist the fo
ward transformation, which results in lower values of the forwa
transformation stress,sL ~Miyazaki et al. 1986; Miyazaki 1990;
Tobushi et al. 1992!.

The reverse transformation stress~henceforth referred to as the
unloading stress,sUL) occurs at approximately 200 MPa~29 ksi!
for the 2% cycle to the first 6% cycle. Slight reductions are o
served for the later 6% strain cycles. Previous studies have sh
that the unloading plateau stress generally decreases less d
cycling compared with decreases observed in the loading pla
stress~Strandl et al. 1995a; 1995b; Friend and Morgan 1999!.

The residual strains after unloading increase after each c
and range from 0.14% after the 2% strain cycle to 0.73% after
fourth 6% cycle. Previous studies have shown that the increas
residual strain with cycling is also due to small levels of localiz
slip and build-up of dislocations and will typically stabilize wit
increased cycling. Observe that the rate of increase in resid
strain slows as the wires undergo the last two 6% cycles.

The equivalent viscous damping ratio,jeq, for the wire is
shown in Fig. 3 for each cycle.jeq ranges from 3.58% for the 2%
cycle to a maximum of 7.60% for the 4% strain cycle. Th
equivalent viscous damping slightly decreases for increasing
strain cycles. This results from the fact thatsL is decreasing,
while sUL essentially remains constant, resulting in smaller h
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teresis. These results confirm previous studies on the propertie
wire subjected to cyclical loading~Dolce and Cardone 2001b!.
Their study found that the maximum equivalent viscous damp
occurred at around 5–6% strain and was in the range ofjeq

55 – 7%.

Cyclic Properties of 25.4 mm (1.0 in.) Bars

Since the majority of applications of superelastic shape mem
alloys use them in the form of wires, there is little information o
the behavior of large diameter shape memory alloy bars. T
studies that were performed in the early 1990s found that SM
bars did not exhibit the superelastic properties that are found
wires. Even more recent studies from the MANSIDE project re
ommended using SMA wires instead of bars because of the
hanced performance of wires compared to bars~Dolce and Mar-
netto 1999!.

Fig. 4 shows the cyclical stress–strain diagram for a 25.4 m
~1.0 in.! diameter SMA bar, subjected to the same loading pro
col as the wire discussed in the previous section. The ini
modulus of elasticity, 28 GPa~4,061 ksi!, and the loading plateau
stress, 410 MPa~59.5 ksi!, is approximately 30% less than th
corresponding values for the wire. In later cycles,sL decreases to
375 MPa~54.4 ksi! due to the fatigue effect. The decrease insL

is considerably less than what was observed in the wires. Thi
most likely a result of the differences in thermo-mechanical tre
ment between the wires and the bars. Previous research
shown that thermo-mechanical processing has a significant ef
on the superelastic cyclic stability of shape memory allo
~Friend and Morgan 1999!. The reverse transformation stress,
unloading plateau,sUL , occurs at approximately 268 MPa~38.9
NAL OF STRUCTURAL ENGINEERING © ASCE / JANUARY 2004 / 41



Fig. 4. Stress–strain for 25.4 mm diameter nitinol shape memory alloy bar subjected to quasistatic cyclic loading
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ksi! for the 2% cycles and decreases to approximately 260 M
~37.7 ksi! during the 6% cycles.

The residual strains in the SMA bar increase from 0.14% a
2% strain to 0.73% after the fourth 6% cycle. It appears that
residual strain begins to stabilize since the residual strain for
last three cycles at 6% strain are approximately the same. H
ever, the residual strains in the bar are still very low, consider
the bar was subjected to four cycles at 6% strain.

The equivalent viscous damping ratio,jeq, for various cycles
of the bar is shown in Fig. 4.jeq ranges from 2.59% for the 2%
cycle to a maximum of 3.97% for the first 6% strain cycle. This
considerably less than what was observed for the wire. This
result of the decreased hysteresis, which resulted in less en
dissipation. Overall, the 25.4 mm~1.0 in.! bar exhibited good
superelastic behavior, as measured by its ability to have a s
residual deformation following cycling to 6% strain. The mo
significant difference between the wire and bars is in the equ
lent viscous damping ratio.

Comparison of Shape Memory Alloy Wire and Bars

The previous section showed the stress–strain behavior for
mm ~0.071 in.! wire, and 25.4 mm~1.0 in.! diameter bar. For each
sample size, a number of cyclic loading tests~6–10! were per-
formed under the same loading conditions to confirm the beha
and ensure consistency within a sample set. The cyclic stre
strain response within each set was similar. This is expected, s
in each case the samples were obtained by subdividing a la
segment. In addition, the samples within a set were heat tre
and tested under the same conditions. While the behavior with
set was similar, differences in the cyclic stress–strain beha
were observed between the wires and bars. In particular, the l
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ing plateau, unloading plateau, and equivalent viscous damping
the wires and bars showed some moderate differences. Res
from 7.1 mm~0.28 in.! and 12.7 mm~0.5 in.! diameter bars also
show different characteristics from the wires and 25.4 mm~1.0
in.! diameter bars. Fig. 5 shows a comparison of the typica
stress–strain behavior for the first 6% cycle for the four sets o
samples. As shown in the plot, there are substantial differenc
between the stress–strain plots of the wire and bar samples. T
SMA wires have the highest loading stress and the lowest unloa
ing stress, which results in a higher equivalent viscous dampin
than the bars. The 12.7 mm~0.50 in.! diameter bars have the most
significant strain hardening, which results in larger stresses at 6
strain than the other samples, but have the lowest equivalent v
cous damping of all the samples. In general, the behavior of th

Fig. 5. Comparison of stress–strain curve for first 6% strain cycl
for 1.8, 7.1, 12.7, and 25.4 mm diameter nitinol shape memory allo
wire and bars
04



Fig. 6. Comparison of shape memory alloy wire and bars subjected to quasistatic cyclic loading showing:~a! loading stress plateau,sL , ~b!
unloading stress plateau,sUL , ~c! residual strain,« r , and~d! equivalent viscous damping ratio,jeq
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7.1 mm ~0.50 in.! and 25.4 mm~1.0 in.! diameter bars were
similar in terms of loading and unloading stress and energy d
sipation. The most interesting, and perhaps most important fi
ing for applications of seismic resistant design is that both w
and bar samples exhibited very good recentering capability, re
ing earlier studies that suggests that superelastic propertie
large diameter bars are difficult to achieve. In all cases, the
sidual strains are less than 0.75% after the bars have been
jected to 6% cyclic strains.

Fig. 5 underscores one of the major concerns with sha
memory alloys. The mechanical characteristics of the material
extremely sensitive to the composition and thermo-mechan
heat treatment provided to the material. Previous studies h
shown that a 0.10% difference in the amount of titanium c
significantly affect the loading plateau stress and the overall sh
of the stress–strain hysteresis~Serneels 1999!. This effect would
have to be better understood and quality control would need to
enforced before shape memory alloys can be widely used in c
engineering applications. To better understand and quantify
differences between the various samples, the mechanical pro
ties of SMAs are evaluated as a function of cyclic strain and b
diameter.

Comparison of Cyclic Properties of Shape
Memory Alloys

Fig. 6 shows the loading plateau stress,sL , unloading plateau
stress,sUL , residual strain,« r , and equivalent viscous damping
jeq, as a function of the cyclic strain for the SMA wire and ba
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samples. In all cases, the mean responses from each set
shown. As shown in the Fig. 6~a!, the wire samples have consid
erably higher strength compared with the SMA bar samples. T
differences are due to a combination of slightly different comp
sitions and differences in the thermo-mechanical processing. P
vious studies have shown that cold working increases the stren
of superelastic shape memory alloys~Serneels 1999!. The other
major observation is that the loading plateau stress slightly
creases for successive cyclic loads for both the wire and
samples. The decrease in the loading stress from the 2% cycl
the first cycle at 6% is approximately 130 MPa~18.9 ksi! for the
wire sample. Much smaller reductions were observed for t
SMA bar samples. As previously mentioned, the decrease in
loading stress is a result of localized slip, which facilitates th
formation of stress-induced martensite. This behavior has b
shown to decrease and stabilize for a large number of cyc
~Mizayaki et al. 1986!. Given this stabilization behavior, many
have recommended ‘‘training’’ or preloading superelastic SMA
to limit the fatigue effect in shape memory alloys~MANSIDE
1998; Miyazaki et al. 1986!.

Fig. 6~b! shows the unloading plateau stress values for t
wire and bar samples as a function of loading strain. The figu
shows that the unloading plateau stress increases during the
strain ranges, up to 2% strain. With the exception of the 1.8 m
~0.071 in.! diameter wires and 25.4 mm~1.0 in.! diameter bars,
subsequent loading beyond 2% strain leads to slight decrease
the unloading plateau. Overall, the reduction in the unloadi
plateau is much less than the reduction in the loading plate
stress, which leads to a narrowing of the hysteresis, and there
less energy dissipation.
RNAL OF STRUCTURAL ENGINEERING © ASCE / JANUARY 2004 / 43



Fig. 7. Comparison of static and dynamic loading on 7.1 mm diameter shape memory alloy bar
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Fig. 6~c! shows that for both the wires and bars, the residu
strain increases, as the cyclic strain increases. That effect has b
previously observed for SMA wires and is also a result of loca
ized slip during stress-induced martensitic transformation. Th
residual strain after the first 6% cycle is largest for the 25.4 m
~1.0 in.! diameter bars2« r50.55%, and smallest for the 12.7
mm ~0.5 in.! diameter bars2« r50.17%. There is no clear rela-
tionship between bar size and residual strain. Successive cyc
loading at 6% strain results in slight increases in residual stra
After completing four cycles at 6%, the residual in the 25.4 mm
~1.0 in.! diameter bar increases from 0.55 to 0.73%. In genera
the results show that both the superelastic wires and large b
exhibit good superelastic behavior for the range of cyclic strain
up to 6%.

Fig. 6~d! shows the equivalent viscous damping for the supe
elastic wires and bars as a function of the cyclic strain. Sever
important observations can be made. First, the equivalent visco
damping typically reaches a maximum at approximately 4–5%
strain and begins to decrease. This result can be easily underst
by examining a typical stress–strain plot for the wire or 25.4 mm
diameter bar, as shown in Figs. 3 and 4. For cyclical strains up
5%, the area enclosed by the stress–strain curve increases rap
due to the increase in strain, but more importantly due to th
decrease in the reverse transformation stress. The unload
stress,sUL , decreases for increasing strains up to approximate
5% strain, after which the behavior stabilizes. This results in in
creasing equivalent viscous damping ratios for increasing strain
Beyond 5% strain, the SMA wire and bars begin to experienc
strain hardening. The strain hardening, coupled with the slig
decrease in forward transformation results in slight reductions
the equivalent viscous damping. The equivalent viscous dampi
ranges from a maximum of 6.8% for the wires to a minimum o
2.1% for the 12.7 mm~0.5 in.! diameter bars, based on the first
6% strain cycle. In general, the bars have much lower equivale
viscous damping compared with the superelastic wire.
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While the superelastic shape memory alloys exhibit hysteres
the energy dissipation resulting from the hysteretic behavior
generally too low for the superelastic SMAs to be used in pure
damping applications. The martensitic form of superelastic SMA
has shown significantly higher damping potential, with equivalen
viscous damping typically on the order of 20–25%~MANSIDE
1998; Delemont 2002!. However, the recentering capability of
superelastic SMAs, coupled with the moderate damping, may r
sult in superior performance in earthquake engineering applic
tions, compared with the martensitic form of shape memory a
loys. Moreover, it may be best to use a combination o
superelastic and martensitic shape memory alloys to exploit t
characteristics of both damping and recentering.

Effect of Dynamic Loading

Since the focus of this study is to evaluate the properties of s
perelastic SMAs for seismic applications, it is important to exam
ine the effect of loading rate on the properties of the superelas
wire and bars. Previous studies of the strain rate effects on t
properties of SMA wires have led to conflicting conclusions. To
bushi et al.~1998! showed that as the strain rate increased abov
0.16%/s, the energy dissipated increased, compared with statica
loaded SMAs. However, Wolons et al.~1998! found that at low
frequencies, the dissipated energy may initially increase, but
the frequency increased above 0.1 Hz~1.0%/s!, the energy dissi-
pated becomes as small as 50% of the low frequency ener
dissipation. Similar results to Wolon were observed by Dolce an
Cardone~2001a,b!. To determine the effect of loading rate, the
cyclical tests are repeated at 0.5 Hz~6.0%/s! and 1.0 Hz~12.0%/
s!. Fig. 7 shows the stress–strain plot for the 7.1 mm~0.28 in.!
diameter superelastic bar tested at 0.025, 0.5, and 1.0 Hz. T
results show that increases in strain rate lead to an increase
both the loading stress,sL , and the unloading stress,
04
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sUL . The loading stress for the first 6% strain cycle increa
from sL5345 MPa ~50 ksi! for the static loading, tosL

5407 MPa~59 ksi! for the 0.50 and 1.0 Hz loading frequencie
Larger increases were observed for the unloading stress,sUL .
This resulted in a narrowing of the hysteresis and an overall
duction in the energy dissipated for the dynamic loading co
pared with the static loading. The equivalent viscous damping
the first 6% strain cycle decreased from 3.87% during static lo
ing to 2.39 and 1.82% during the 0.5 and 1.0 Hz loading frequ
cies, respectively. The increases in the loading and unloa
stress are a result of an increase in temperature in the spec
during cycling. The heat of transformation results in self heat
of the specimen during testing. As previously noted, the mar
sitic transformation is thermo-mechanical, meaning that an
crease in temperature is equivalent to a decrease in stress. T
fore, as the temperature increases, there is an equivalent dec
in stress, resulting in a requirement of larger stress to ind
martensite.

The recentering capability, measured from the residual str
is shown to be insensitive to the strain rate. The residual st
under static loading~0.025 Hz! after the first 6% strain cycle is
approximately the same as under dynamic loading. Similar ob
vations were made for a set of 1.8 mm~0.071 in.! diameter wire,
and 12.7 mm~0.50 in.! and 25.4 mm~1.0 in.! diameter bars.

Conclusions

This study involved the testing of superelastic SMA wires a
bars to determine the cyclic properties and potential of SMAs
particular those with large cross sections, in seismic resistant
sign and retrofit applications. The effects of loading history, lo
ing frequency and bar size on the mechanical properties suc
‘‘yield’’ stress, damping, and recentering provide a valuable gu
in determining the appropriate use of superelastic shape mem
alloys in seismic applications.

In general, both the wire and bar form of the material sh
very good superelastic behavior. The residual strain gradually
creases from an average of 0.15% following 3% strain to an
erage of 0.65% strain following four cycles at 6% strain. T
residual strain does not appear to be a function of the bar di
eter, with the 12.7 mm~0.5 in.! diameter bars showing the smal
est residual strain of the four sets of samples. Continued loa
beyond 6% strain typically resulted in unacceptably large
creases in residual strains.

The forward transformation stress, typically referred to
loading stress plateau,sL , ranges from approximately 350 to 55
MPa ~50.8–79.8 ksi!. Cyclic loading of the SMA wire and bars
led to slight reductions in loading stress plateau due to the fat
effect. Fatigue results from small levels of localized slip that
sist the forward transformation, which results in lower values
the loading stress plateau,sL .

An important property of SMAs for application in seism
resistant design and retrofit is damping. Equivalent viscous da
ing is computed for the SMA wire and bars as a function of
cyclic strain level. The equivalent viscous damping reache
maximum at approximately 4–5% strain and began to decre
for strains beyond 5%. The decrease is primarily due to the
duction in loading stress plateau,sL , and the strain hardening
that occurs for larger strains. More importantly, the equival
viscous damping is generally low—ranging from 2.0% for t
12.7 mm ~0.5 in.! bar to a maximum of 7.6% for the 1.8 mm
~0.071 in.! wires. These values are generally too low for cons
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eration of superelastic SMAs in purely damping applications
However, when combined with the recentering capability, the
properties may be well suited for seismic applications. In add
tion, for supplemental damping, SMAs in martensitic form can be
used in combination with superelastic SMAs as they have bee
shown to have significant damping characteristics.

Rate effects are evaluated by testing the SMA wire and bars
loading frequencies of 0.025, 0.5, and 1.0 Hz. The results sho
that increased frequency leads to an increase in the loading a
unloading plateau stresses, a reduction of the hysteresis, and
marked decrease in the equivalent viscous damping in the wi
and bars. However, the recentering capability, measured by t
residual strain, is not affected by loading rate.

The goal of this study was to illustrate the potential of SMAs
in seismic application, with focus on the properties of the large
sections. While the study illustrated that similar mechanical prop
erties of SMAs can be achieved in both wire and bars, carefu
consideration of other factors must be taken into account whe
determining whether to use the wire or bar for SMAs. The cos
for producing large diameter bars are generally more compare
with wire form, primarily due to low volume of production for
large bars. In addition, the use of large diameter bars typical
requires threading the SMAs, which is very difficult and expen
sive due to the hardness of the material.

The use of SMAs in structural and seismic applications is stil
in its early stage of research. However, the past few years ha
shown significant promise due to a decrease in price and improv
ment in material quality. While the price of shape memory alloys
is still considered high compared with other civil engineering
materials, the cost has reduced dramatically. The cost is expec
to continue to decrease as production procedures are improv
and as more applications warranting large sections are sought.
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Notation

The following symbols are used in this paper:
Af 5 austenite finish temperature;
As 5 austenite start temperature;
Ei 5 initial modulus of elasticity;

Md 5 maximum temperature at which martensite occurs;
M f 5 martensite finish temperature;
Ms 5 martensite start temperature;
« r 5 residual strain;
jeq 5 equivalent viscous damping ratio;
sL 5 loading plateau stress; and
sUL 5 unloading plateau stress.
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