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Abstract: This study evaluates the properties of superelastic Ni—Ti shape memory alloys under cyclic loading to assess their potential
for applications in seismic resistant design and retrofit. Shape memory alloy wire and bars are tested to evaluate the effect of bar size ar
loading history on the strength, equivalent damping, and recentering properties of the shape memory alloys in superelastic form. The ba
are tested under both quasistatic and dynamic loading. The results show that nearly ideal superelastic properties can be obtained in bc
wire and bar form of the superelastic Ni—Ti shape memory alloys. However, the wire form of the shape memory alloys show higher
strength and damping properties compared with the bars. The recentering capdbitiied on residual strainare not affected by

section size. Overall, the damping potential of shape memory alloys in superelastic form is low for both wire and bars, typically less than
7% equivalent viscous damping. Cyclical strains greater than 6% lead to degradation in the damping and recentering properties of th
shape memory alloys. Strain rate effects are evaluated by subjecting the shape memory alloys to loading rates representative of typic
seismic loading. The results show that increased loading rates lead to decreases in the equivalent damping, but have negligible effects
the recentering properties of the shape memory alloys.
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Introduction ciency and reduced noise and vibrati@eauchamp 1992; Chan-
dra 200). Recent years have seen numerous commercial and

Shape memory alloys are unique alloys that have the ability to consumer applications of shape memory alloys. Eye glass frames,

undergo large deformations, but can return to their undeformed celjular telephone antennas, frames for brassiers, and golf clubs

shape by heatingknown as the shape memory effeot through  gj| take advantage of the superelastic properties of SN
removal of the stresgknown as the superelastic effechithough and Suzuk 2000; Hsu et al. 2000
first discovered in the 1960s, shape memory all®MAs) have Recently, there has been increasing interest in using superelas-

found functional applications only in the past 15-20 years. The tijc shape memory alloys for applications in seismic resistant de-
high cost, lack of clear understanding of the thermo-mechanical sign of structures. Grasser and Cozzar€1991) suggested the
processing, and the inability to reliably predict the behavior of yse of binary nickel—titanium shape memory allgjitinol) as
shape memory alloys were the reasons for the slow introductionsejsmic dampers. Binary nickel—titanium shape memory alloys
of the material into application. Higher quality and reliability, are commonly referred to as NitinéNickel Titanium Naval Or-
coupled with a significant reduction in price has recently led to dinance Laboratody They studied the effect of loading frequency
numerous applications of shape memory alloys in the biomedical, and history on the energy dissipation characteristics of Nitinol
commercial, and aerospace industries. wires. They also proposed a one-dimensional constitutive model
Driven by a search for devices that could result in less invasive for the superelastic behavior and verified the model with experi-
medical procedures, researchers have found numerous applicamental work. Using a unidirectional shaking table, Inaudi and
tions for shape memory alloys in the medical field. Arterial stents, Kelly (1994 studied a four-story steel-frame model with tuned
medical guidewires, catheters, orthodontic braces, and orthopedignass dampers using shape memory alloy wires. The number of
prostheses have all taken advantage of the unique properties o5MA wires and the prestress tension were varied to study their
superelastic shape memory alloyBuerig et al. 1990 In the effect on the building response. The study found that significant
aerospace industry, shape memory alloys have been used in adagmprovement was obtained in the dynamic response of the struc-
tive aircraft wings and smart helicopter blades for increased effi- tyre when the prestress tension was tuned to the first natural fre-
quency of the isolated structure. Sweeney and H4¥8985 and
Iassistant Professor, Georgia Institute of Technology, Atlanta, Clarke et al.(1995 found that SMA wires can reduce displace-
GA 30332-0355. E-mail: reginald.desroches@ce.gatech.edu ments and accelerations in structures, although the extent of re-
iPhD Candidate, Georgia Institute of Technology, Atlanta, GA 30318. duction varied between the different studies. Recently, researchers
URS. Corp., Rolling Meadows, IL 60008. _ _ _in Japan have been investigating the use of SMA dampers on
Note. Associate Editor: Gregory A. MacRae. Discussion open until p,jqqeg(Adachi and Unjoh 1999; Wilde et al. 20p®oth studies
June 1, 2004. Separate'dlscusswns must be submlt'ted for individual Pa<howed that bridge deck displacements can be reduced with the
pers. To extend the closing date by one month, a written request must be . . .
filed with the ASCE Managing Editor. The manuscript for this paper was use of SMA dampersf' S(_averal St,u,d'e,s have investigated the_use of
submitted for review and possible publication on September 4, 2002: SMA elements in seismic rehabilitation of steel frame buildings.

approved on March 26, 2003. This paper is part ofbernal of Struc- Ohi (2000 tested superelastic bracing elements using ternary
tural Engineering, Vol. 130, No. 1, January 1, 2004. ©ASCE, ISSN NiTiCo SMAs. The braces were found to return to their original
0733-9445/2004/1-38—46/$18.00. shapes after being subjected to strains as large as 5%. Also, the
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Fig. 1. Three-dimensional stress—strain temperature diagram showing deformation and shape memory behavior of NiTi shape memory alloy

bracing provided some moderate damping for strains greater tharstress values, whereas austenite is stable at high temperatures and
1%. Ocel et al.(2002 investigated beam—column connections low stress values. The mechanical behavior as a function of tem-
using 35 mm diameter martensitic SMA rods. The SMA connec- perature, strain, and stress is summarized in Fig. 1. Below the
tion was found to exhibit a stable and repeatable hysteresis formartensite finish temperatur®;, the SMA exhibits the shape
cyclic loads up to 4% story drift. After the initial tests, the SMA memory effect. Deformations due to an applied stress are recov-
rods were heated above their transformation temperature andered by heating the material above the austenite finish tempera-
were able to recover approximately 76% of their residual defor- ture, A;. At a temperature abovA;, the SMA is in its parent
mation. The most substantial effort thus far in the area of seismic phase, austenite. Upon loading, stress-induced martensite is
applications of SMA has been from the Memory Alloys for New formed. Upon unloading, however, the material reverts to auste-
Seismic Isolation and Energy Dissipation Devid®ANSIDE) nite at a lower stress, thereby resulting in the superelastic behav-
Project. This project was a multiyear effort by the European ior. The resulting nonlinear stress—strain relationship results in a
Union to evaluate the efficacy of the shape memory alloys in hysteresis. In the context of this paper, hysteresis refers to the
seismic isolation(MANSIDE 1998. The project included both  nonsingle-valued stress—strain relationships for the NiTi SMA. At
experimental studies and analytical modeling and resulted in aa yet higher temperatur@boveMy), the SMA undergoes ordi-
much better understanding of the behavior of SMA wires under nary plastic deformation with much higher strength.
tension loads, and SMA bars under torsion lo€idslce and Mar- Superelastic shape memory alloys possess several characteris-
netto 1999; Dolce and Cardone 2001a, 200Tine results of the tics that make them desirable for applications in seismic resistant
project show there is promise for shape memory alloys in seismic design and retrofit in structures. These characteristics incldgle:
isolation. However, significant research is still needed, particu- hysteretic damping(2) large elastic strain range, resulting in re-
larly as it pertains to large section properties. Most of the studies centering capabilities(3) excellent low- and high-cycle fatigue
above used shape memory alloy wires or thin bars. There is cur-properties;(4) strain hardening at large strains; af& a stress
rently little available data on the performance of large diameter plateau, providing force transmission limitations. Table 1 shows a
shape memory alloy bars, and anecdotal evidence has suggestesummary of the mechanical properties of NiTi shape memory
that superelastic properties are difficult to achieve for large diam- alloys.
eter shape memory alloy bars.

This paper presents the results of a study evaluating the char-
acteristics of shape memory alloy wire and bars to determine theExperimental Tests of Superelastic Wires and Bars
effects of bar size, loading history, and loading rate on the cyclic ] ] ] ) ]
properties of shape memory alloys. The properties that are evalu-AS mentioned in the above section, the superelastic properties of
ated are those which are most important for seismic applicationsShape memory alloys may be ideally suited for applications in
such as energy dissipation, recentering capabilities, and transfor-
mation stresses. Recentering refers to the ability of the material toapie 1. Properties of NiTi Shape Memory Alloys
return to its original undeformed shape upon unloading. The SMA

wires and bars used in this study are superelastic and are com- NiTi SMA
posed of the binary nickel—titanium alloy. Property Austenite Martensite
Physical properties
Density 6.45 glcm
Shape Memory Alloys Mechanical properties
sh I terials that h th . bility t Recoverable elongation up to 8%
ape memory alloys are materials that have the unique ability oYoung,S modulus 30-83 GPa 21-41 GPa
recover their shape after undergoing large deformations through,,.
. - Yield strength 195-690 MPa 70-140 MPa
either heatingknown as shape memory effe¢cr removal of load ] .
. . ) Ultimate tensile strength 895-1,900 MPa
(known as the superelastic effecThe unique property is made . : .
. . . Elongation at failure 5-50%typically 25%
possible by a martensitic phase transformation between a crystal-P ; 's rat 0.33
lographic high-symmetr{cubic crystal structupeaustenitic phase oisson's ratio Chemical ) ’
to a low-symmetry (monoclinic crystal structuje martensitic ) " emica propltlartlgs " inf |
phase. Typically, martensite is stable at low temperatures and highC°rosion performance Excelle(gimilar to stainless stee
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Table 2. Shape Memory Alloy Test Specimen

Specimen Gage Weight Weight Annealing
Diameter length length (%) (%) Cold temperature
Set (mm) (mm) (mm) A (°C) Ni Ti Processing work (°C)
1 1.8 152 63.5 —26 56.05 43.95 Cold drawn 30% 350
2 7.1 152 57 -10 56.00 44.00 Hot rolled None 350
3 12.7 152 57 -10 55.90 44.10 Cold drawn 30% 350
4 25.4 279.4 152 =11 56.00 44.00 Cold drawn 25% 450

seismic resistant design and retrofit. While there have been nu-loading was performed at a frequency of 0.025 Hz, which corre-
merous studies on the properties of superelastic shape memorgponds to a maximum strain rate of approximately 0.3%/s. Sub-
alloys (Kawaguchi et al. 1991 few of these studies have been sequent testing was performed at loading frequencies of 0.5 and
under cyclic loading histories and rates expected during earth-1.0 Hz to simulate dynamic loading.
quakes. In addition, the properties that have been characterized
are typically different from those that are important for seismic
applications. Moreover, few of these have been performed for bar
sizes that might be used in civil engineering applications. Testing of the 1.8 mn(0.071 in), 7.1 mm(0.28 in), and 12.7 mm

In this study, SMA wires and bars up to 25.4 n{i0 in) in (0.5 in) diameter specimens was done using a 250(&8l kip)
diameter are tested to determine their mechanical characteristicsMTS hydraulic testing apparatus fitted with MTS 647 hydraulic
The tests are performed under cyclic tension loading up to 6% wedge grips. Round specimen wedges were used to grip the bars
strain under both quasistatic and dynamic loading. The mechani-with flat specimen wedges being used for the wire. The above
cal properties that are evaluated include the residual strajjs (  mentioned loading protocol was input using an MTS TestStar
forward and reverse transformation stresses,(ando ), and Controller runningTestWaresoftware which used strain output
energy dissipation&,;). Residual strain refers to the remaining from the extensometer to control the movement of the actuator.
strain at the end of a cycle when the specimen returns to a state ofStrains were measured with a 25.4 nfinO in) gage length ex-
zero stress. The transformation stress is not straight forward totensometer with the load being measured with the internal load
identify because of changes in the shape of the hysteresis loopcell of the actuator. Testing on the 25.4 niinO in,) diameter bar
represented by the nonlinear cyclic stress—strain plot. For the pur-was performed using a 2.7 MK600 kip MTS uniaxial servo-
pose of this paper, the forward transformation stress is evaluatedcontrolled hydraulic frame and an INSTRON 8500 Plus control-
as the stress at 2% strain. For this reason, no valuerforis ler. The ends of the 25.4 m(d.0 in) specimens were threaded to
reported for the first two cycles. The reverse transformation stressfacilitate gripping of the specimens.
is much more difficult to evaluate. It was obtained by estimating
the inflect?on point along the unloading curve. EqL_liva_llen_t viscoqs Cyclic Properties of Wires
damping is used as a measure of the energy dissipation during
cycling and is defined the energy dissipated per cyatea under ~ Wires are the most common form of Nitinol SMA. While wires
force—deformation curyedivided by the product of # and the have been extensively tested, most tests have not evaluated the
strain energy for a complete cycle. cyclic properties for loading histories that are similar to those
found in seismic applications. The stress—strain curve for the 1.8
mm (0.071 in) diameter wire, shown in Fig. 3, reveals several
interesting pieces of information. First, the initial modulus of
A number of specimens of each size, ranging from 1.8 (@971 elasticity is approximately 40 GP&802 ks). During early
in.) diameter wires to 25.4 mif1.0 in) diameter bars were tested cycles, the forward transformation stre$enceforth referred to
in this study. For each size, a number of samples ranging from sixas the loading plateau stress,) occurred at approximately 550—
for the large bars to 10 for the smaller bars and wire were tested.
Table 2 shows the size of the specimens, austenite start tempera-
ture,_composition, and thermo-m_echanical processing. All of the Typical Loading History
specimens had very low austenite start temperatures, and were (0.025 Hertz)
superelastic at room temperature. The composition of all of the
samples was nearly identical, with an average of 56.0% nickel by
weight and 44.0% titanium. The 7.1 m{@.28 in) diameter bars
were hot rolled, whereas the wires and larger diameter bars were
cold drawn with 30% cold working, where the amount of cold
working refers to the reduction in cross-sectional area of the
specimen due to drawing. A larger percentage of cold working
leads to increases in strength and hardness. Per recommendations
from the manufacturer, the specimens were heat treated at 350°C
(662°H for 30 min, with the 25.4 mm(1.0 in) diameter bars 0 !
being heat treated at 4509842°P for 1 h. All of the bars were 0 100 200 300 400
water quenched. Time (s)

The loading protocol used, shown in Fig. 2, consists of in-
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, the

Experimental Setup

Test Specimens and Loading Protocol

Strain (%)

N W R OO N

Fig. 2. Loading protocol for cyclic tests of shape memory alloy
wires and bars
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Fig. 3. Stress—strain behavior for 1.8 mm diameter nitinol shape memory alloy wire subjected to quasistatic cyclic loading

600 MPa(79.8—87.0 ki During later cyclesg, gradually de- teresis. These results confirm previous studies on the properties of
creased to approximately 400 MP38.0 ks). The effect of de- wire subjected to cyclical loadin¢gDolce and Cardone 2001Lb
creasing loading plateau stresses with increasing cycles,Their study found that the maximum equivalent viscous damping
commonly referred to as fatigue, have been previously studied foroccurred at around 5-6% strain and was in the rangé.gf
SMA wires. Fatigue, in the context of this study, refers to the =5-7%.

degradation of propertiesuch as the reduction ior|) due to
cyclic loading. The effect is considered to be associated with the
introduction of small levels of localized slip that assist the for-
ward transformation, which results in lower values of the forward Since the majority of applications of superelastic shape memory
transformation stresss; (Miyazaki et al. 1986; Miyazaki 1990;  alloys use them in the form of wires, there is little information on

Cyclic Properties of 25.4 mm (1.0 in.) Bars

Tobushi et al. 1992 the behavior of large diameter shape memory alloy bars. The
The reverse transformation strékgnceforth referred to as the  studies that were performed in the early 1990s found that SMA
unloading stressr ) occurs at approximately 200 MR29 ksi) bars did not exhibit the superelastic properties that are found in

for the 2% cycle to the first 6% cycle. Slight reductions are ob- wires. Even more recent studies from the MANSIDE project rec-
served for the later 6% strain cycles. Previous studies have showrommended using SMA wires instead of bars because of the en-
that the unloading plateau stress generally decreases less duringanced performance of wires compared to larsice and Mar-
cycling compared with decreases observed in the loading plateaunetto 1999.
stress(Strandl et al. 1995a; 1995b; Friend and Morgan 1999 Fig. 4 shows the cyclical stress—strain diagram for a 25.4 mm
The residual strains after unloading increase after each cycle(1.0 in) diameter SMA bar, subjected to the same loading proto-
and range from 0.14% after the 2% strain cycle to 0.73% after the col as the wire discussed in the previous section. The initial
fourth 6% cycle. Previous studies have shown that the increase inmodulus of elasticity, 28 GP@,061 ks}, and the loading plateau
residual strain with cycling is also due to small levels of localized stress, 410 MP#59.5 ksj, is approximately 30% less than the
slip and build-up of dislocations and will typically stabilize with  corresponding values for the wire. In later cycles,decreases to
increased cycling. Observe that the rate of increase in residual375 MPa(54.4 ksj due to the fatigue effect. The decreaserin
strain slows as the wires undergo the last two 6% cycles. is considerably less than what was observed in the wires. This is
The equivalent viscous damping ratig,,, for the wire is most likely a result of the differences in thermo-mechanical treat-
shown in Fig. 3 for each cyclé,, ranges from 3.58% for the 2%  ment between the wires and the bars. Previous research has
cycle to a maximum of 7.60% for the 4% strain cycle. The shown that thermo-mechanical processing has a significant effect
equivalent viscous damping slightly decreases for increasing 6%on the superelastic cyclic stability of shape memory alloys
strain cycles. This results from the fact thaf is decreasing, (Friend and Morgan 1999The reverse transformation stress, or
while o, essentially remains constant, resulting in smaller hys- unloading plateaus,_, occurs at approximately 268 MRa8.9
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Fig. 4. Stress—strain for 25.4 mm diameter nitinol shape memory alloy bar subjected to quasistatic cyclic loading

ksi) for the 2% cycles and decreases to approximately 260 MPaing plateau, unloading plateau, and equivalent viscous damping of
(37.7 ks) during the 6% cycles. the wires and bars showed some moderate differences. Results
The residual strains in the SMA bar increase from 0.14% after from 7.1 mm(0.28 in) and 12.7 mm(0.5 in) diameter bars also
2% strain to 0.73% after the fourth 6% cycle. It appears that the show different characteristics from the wires and 25.4 (n®
residual strain begins to stabilize since the residual strain for thein.) diameter bars. Fig. 5 shows a comparison of the typical
last three cycles at 6% strain are approximately the same. How-stress—strain behavior for the first 6% cycle for the four sets of
ever, the residual strains in the bar are still very low, considering samples. As shown in the plot, there are substantial differences
the bar was subjected to four cycles at 6% strain. between the stress—strain plots of the wire and bar samples. The
The equivalent viscous damping ratig,,, for various cycles SMA wires have the highest loading stress and the lowest unload-
of the bar is shown in Fig. £, ranges from 2.59% for the 2%  ing stress, which results in a higher equivalent viscous damping
cycle to a maximum of 3.97% for the first 6% strain cycle. This is than the bars. The 12.7 m¢@.50 in) diameter bars have the most
considerably less than what was observed for the wire. This is asignificant strain hardening, which results in larger stresses at 6%
result of the decreased hysteresis, which resulted in less energystrain than the other samples, but have the lowest equivalent vis-
dissipation. Overall, the 25.4 mrtl.0 in) bar exhibited good cous damping of all the samples. In general, the behavior of the
superelastic behavior, as measured by its ability to have a small
residual deformation following cycling to 6% strain. The most

significant difference between the wire and bars is in the equiva- 1st 6% Strain Cycle
lent viscous damping ratio. L S —} 800
100 { 777 327 050 S 700
—— 25.4mm (1.007) ) S L 600 —~
Comparison of Shape Memory Alloy Wire and Bars § 80 ' | 500 &
< =
The previous section showed the stress—strain behavior for 1.8 § & [ 400 3
mm (0.071 in) wire, and 25.4 mng1.0 in) diameter bar. For each & a0 r 300 E
sample size, a number of cyclic loading te@s-10 were per- r 200
formed under the same loading conditions to confirm the behavior 20 1 ) L 100
and ensure consistency within a sample set. The cyclic stress— 0 LA . ‘ ‘ , 0
strain response within each set was similar. This is expected, since 000 0.01 002 003 004 005 006 0.07
in each case the samples were obtained by subdividing a larger Strain (infin)

segment. In addition, the samples within a set were heat treated

and tested under the same conditions. While the behavior within afig'l‘:g ?im{);r;son é);gtaess—sérain ct:urve.t.forlfirﬁt 6% strain Cyﬁle
set was similar, differences in the cyclic stress—strain behavior ort.e, 7.1, 1z.7,an -4 mm diameter nitinol shape memory alloy

were observed between the wires and bars. In particular, the load V"€ and bars

42 | JOURNAL OF STRUCTURAL ENGINEERING © ASCE / JANUARY 2004



© : =
. a
% 600 - Loading Plateau Stress (GL) Unloading Plateau Stress (cUL) L 600 =
@ @
£ 500 1 500 3
- - - a
<g 400 - T s L 400 5
£ 300 - L300 £
g —e— 1.8 mm ;;_;‘-'——‘-‘—ﬂ:‘__—‘_'_—'_ -a (-]?
200 {|-~+— 7.1 mm TTY e D L 200
g — = 12.7mm / % E:
T 1001 _a 254mm P52 100 §
3 0o i T i ’ T T fut . , - . . . ‘ 0 c
0 1 2 3 4 5 6 7 9 1 2 3 4 5 6 7 =
Maximum Cyclical Strain (%) Maximum Cyclical Strain (%)
1.0 - - - - - 010 o
0.9 | Residual Strain (sR) Equivalent Viscous Damping (eeq) £
< 0.8 - 0.08 E
c 0.7 1 a
& 0.6 1 - 0.06 3
P 0.5 1 2
S 0.4 - 0.04 >
2 0.3 5
& 0.2 H0.02 Q
0.1 1 =
0.0 0.00 W

0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Maximum Cyclical Strain (%) Maximum Cyclical Strain (%)

Fig. 6. Comparison of shape memory alloy wire and bars subjected to quasistatic cyclic loading sh@vlogding stress plateaw, , (b)
unloading stress plateaat,_, () residual straing,, and(d) equivalent viscous damping ratig,

7.1 mm (0.50 in) and 25.4 mm(1.0 in) diameter bars were  samples. In all cases, the mean responses from each set are
similar in terms of loading and unloading stress and energy dis- shown. As shown in the Fig.(8), the wire samples have consid-
sipation. The most interesting, and perhaps most important find-erably higher strength compared with the SMA bar samples. The
ing for applications of seismic resistant design is that both wire differences are due to a combination of slightly different compo-
and bar samples exhibited very good recentering capability, refut- sitions and differences in the thermo-mechanical processing. Pre-
ing earlier studies that suggests that superelastic properties invious studies have shown that cold working increases the strength
large diameter bars are difficult to achieve. In all cases, the re-of superelastic shape memory allo§Berneels 1999 The other
sidual strains are less than 0.75% after the bars have been submajor observation is that the loading plateau stress slightly de-
jected to 6% cyclic strains. creases for successive cyclic loads for both the wire and bar
Fig. 5 underscores one of the major concerns with shapesamples. The decrease in the loading stress from the 2% cycle to
memory alloys. The mechanical characteristics of the material arethe first cycle at 6% is approximately 130 MPEB.9 ks) for the
extremely sensitive to the composition and thermo-mechanical wire sample. Much smaller reductions were observed for the
heat treatment provided to the material. Previous studies haveSMA bar samples. As previously mentioned, the decrease in the
shown that a 0.10% difference in the amount of titanium can |oading stress is a result of localized slip, which facilitates the
significantly affect the loading plateau stress and the overall shapeformation of stress-induced martensite. This behavior has been
of the stress—strain hystere¢erneels 1999 This effect would ~ shown to decrease and stabilize for a large number of cycles
have to be better understood and quality control would need to be(Mizayaki et al. 1988 Given this stabilization behavior, many
enforced before shape memory alloys can be widely used in civil have recommended “training” or preloading superelastic SMAs
engineering applications. To better understand and quantify theto limit the fatigue effect in shape memory alloysIANSIDE
differences between the various samples, the mechanical proper1998; Miyazaki et al. 1986
ties of SMAs are evaluated as a function of cyclic strain and bar Fig. 6(b) shows the unloading plateau stress values for the
diameter. wire and bar samples as a function of loading strain. The figure
shows that the unloading plateau stress increases during the low
strain ranges, up to 2% strain. With the exception of the 1.8 mm
Comparison of Cyclic Properties of Shape (0.071 in) diameter wires and 25.4 mif1.0 in) diameter bars,
Memory Alloys subsequent loading beyond 2% strain leads to slight decreases in
the unloading plateau. Overall, the reduction in the unloading
Fig. 6 shows the loading plateau stress,, unloading plateau plateau is much less than the reduction in the loading plateau
stresso ., residual straing,, and equivalent viscous damping, stress, which leads to a narrowing of the hysteresis, and therefore
€eq» a@s a function of the cyclic strain for the SMA wire and bar less energy dissipation.
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Fig. 7. Comparison of static and dynamic loading on 7.1 mm diameter shape memory alloy bar

Fig. 6(c) shows that for both the wires and bars, the residual  While the superelastic shape memory alloys exhibit hysteresis,
strain increases, as the cyclic strain increases. That effect has beethe energy dissipation resulting from the hysteretic behavior is
previously observed for SMA wires and is also a result of local- generally too low for the superelastic SMAs to be used in purely
ized slip during stress-induced martensitic transformation. The damping applications. The martensitic form of superelastic SMAs
residual strain after the first 6% cycle is largest for the 25.4 mm has shown significantly higher damping potential, with equivalent
(1.0 in) diameter bars—¢,=0.55%), and smallest for the 12.7 viscous damping typically on the order of 20—25%ANSIDE
mm (0.5 in) diameter bars-&,=0.17%. There is no clear rela- 1998; Delemont 2002 However, the recentering capability of
tionship between bar size and residual strain. Successive cyclicsuperelastic SMAs, coupled with the moderate damping, may re-
loading at 6% strain results in slight increases in residual strain. sult in superior performance in earthquake engineering applica-
After completing four cycles at 6%, the residual in the 25.4 mm tions, compared with the martensitic form of shape memory al-
(1.0 in) diameter bar increases from 0.55 to 0.73%. In general, loys. Moreover, it may be best to use a combination of
the results show that both the superelastic wires and large barssuperelastic and martensitic shape memory alloys to exploit the
exhibit good superelastic behavior for the range of cyclic strains characteristics of both damping and recentering.
up to 6%.

Fig. 6(d) shows the equivalent viscous damping for the super-
elastic wires and bars as a function of the cyclic strain. Several Effect of Dynamic Loading
important observations can be made. First, the equivalent viscous
damping typically reaches a maximum at approximately 4—5% Since the focus of this study is to evaluate the properties of su-
strain and begins to decrease. This result can be easily understoogerelastic SMAs for seismic applications, it is important to exam-
by examining a typical stress—strain plot for the wire or 25.4 mm ine the effect of loading rate on the properties of the superelastic
diameter bar, as shown in Figs. 3 and 4. For cyclical strains up towire and bars. Previous studies of the strain rate effects on the
5%, the area enclosed by the stress—strain curve increases rapidigroperties of SMA wires have led to conflicting conclusions. To-
due to the increase in strain, but more importantly due to the bushi et al.(1998 showed that as the strain rate increased above
decrease in the reverse transformation stress. The unloadind).16%/s, the energy dissipated increased, compared with statically
stressoy, , decreases for increasing strains up to approximately loaded SMAs. However, Wolons et dl1998 found that at low
5% strain, after which the behavior stabilizes. This results in in- frequencies, the dissipated energy may initially increase, but as
creasing equivalent viscous damping ratios for increasing strains.the frequency increased above 0.1 H20%/9, the energy dissi-
Beyond 5% strain, the SMA wire and bars begin to experience pated becomes as small as 50% of the low frequency energy
strain hardening. The strain hardening, coupled with the slight dissipation. Similar results to Wolon were observed by Dolce and
decrease in forward transformation results in slight reductions in Cardone(2001a,p. To determine the effect of loading rate, the
the equivalent viscous damping. The equivalent viscous dampingcyclical tests are repeated at 0.5 Hz0%/9 and 1.0 Hz(12.0%/
ranges from a maximum of 6.8% for the wires to a minimum of s). Fig. 7 shows the stress—strain plot for the 7.1 128 in)
2.1% for the 12.7 mn{0.5 in) diameter bars, based on the first diameter superelastic bar tested at 0.025, 0.5, and 1.0 Hz. The
6% strain cycle. In general, the bars have much lower equivalentresults show that increases in strain rate lead to an increase in
viscous damping compared with the superelastic wire. both the loading stresso,, and the unloading stress,
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oy - The loading stress for the first 6% strain cycle increases eration of superelastic SMAs in purely damping applications.

from o_=345MPa (50 ks) for the static loading, too, However, when combined with the recentering capability, the
=407 MPa(59 ks) for the 0.50 and 1.0 Hz loading frequencies. Properties may be well suited for seismic applications. In addi-
Larger increases were observed for the unloading stregs, tion, for supplemental damping, SMAs in martensitic form can be

This resulted in a narrowing of the hysteresis and an overall re- used in combination with superelastic SMAs as they have been
duction in the energy dissipated for the dynamic loading com- shown to have significant damping characteristics.
pared with the static loading. The equivalent viscous damping for ~ Rate effects are evaluated by testing the SMA wire and bars at
the first 6% strain cycle decreased from 3.87% during static load- loading frequencies of 0.025, 0.5, and 1.0 Hz. The results show
ing to 2.39 and 1.82% during the 0.5 and 1.0 Hz loading frequen- that increased frequency leads to an increase in the loading and
cies, respectively. The increases in the loading and unloadingunloading plateau stresses, a reduction of the hysteresis, and a
stress are a result of an increase in temperature in the specimefarked decrease in the equivalent viscous damping in the wire
during cycling. The heat of transformation results in self heating and bars. However, the recentering capability, measured by the
of the specimen during testing. As previously noted, the marten- residual strain, is not affected by loading rate.
sitic transformation is thermo-mechanical, meaning that an in-  The goal of this study was to illustrate the potential of SMAs
crease in temperature is equivalent to a decrease in stress. Therdd seismic application, with focus on the properties of the larger
fore, as the temperature increases, there is an equivalent decreaggctions. While the study illustrated that similar mechanical prop-
in stress, resulting in a requirement of larger stress to induce erties of SMAs can be achieved in both wire and bars, careful
martensite. consideration of other factors must be taken into account when
The recentering capability, measured from the residual strain, determining whether to use the wire or bar for SMAs. The cost
is shown to be insensitive to the strain rate. The residual strainfor producing large diameter bars are generally more compared
under static loading0.025 H2 after the first 6% strain cycle is ~ With wire form, primarily due to low volume of production for
approximately the same as under dynamic loading. Similar obser-large bars. In addition, the use of large diameter bars typically
vations were made for a set of 1.8 n{th071 in) diameter wire, requires threading the SMAs, which is very difficult and expen-
and 12.7 mm(0.50 in) and 25.4 mm(1.0 in) diameter bars. sive due to the hardness of the material.
The use of SMAs in structural and seismic applications is still
in its early stage of research. However, the past few years have
Conclusions shown significant promise due to a decrease in price and improve-
ment in material quality. While the price of shape memory alloys

This study involved the testing of superelastic SMA wires and is stiII_ considered high compared with_ other civil engineering
bars to determine the cyclic properties and potential of SMAs, in matenqls, the cost has reduced drarnatlcally. The cost is .expected
particular those with large cross sections, in seismic resistant de-f0 continue to decrease as production procedures are improved
sign and retrofit applications. The effects of loading history, load- @nd as more applications warranting large sections are sought.
ing frequency and bar size on the mechanical properties such as

“yield” stress, damping, and recentering provide a valuable guide
in determining the appropriate use of superelastic shape memor
alloys in seismic applications.

In general, both the wire and bar form of the material show
very good superelastic behavior. The residual strain gradually in-
creases from an average of 0.15% following 3% strain to an av-
erage of 0.65% strain following four cycles at 6% strain. The
residual strain does not appear to be a function of the bar diam-
eter, with the 12.7 mnf0.5 in.) diameter bars showing the small-
est residual strain of the four sets of samples. Continued loading
beyond 6% strain typically resulted in unacceptably large in-
creases in residual strains.

The forward transformation stress, typically referred to as
loading stress platefatr,L, r_anges_from approximate_ly 3500550 The following symbols are used in this paper:
MPa (59.8—79.8 k§)1 Cycllc Iogdlng of the SMA wire and bar§ A; = austenite finish temperature;
led to sllgnt reductions in loading stress plateau _due to_the fatigue A, = austenite start temperature:
effect. Fatigue results from small levels of localized slip that as- g~ —

= initial modulus of elasticity;

sist the forward transformation, which results in lower values of M; = maximum temperature at which martensite occurs:

the loading stress plateaa, . o _ M = martensite finish temperature;
An important property of SMAs for application in seismic M. = martensite start temperature;
resistant design and retrofit is damping. Equivalent viscous damp- .~ — (asidual strain:
ing is computed for the SMA wire and bars as a function of the " equivalent viscous damping ratio:
cyclic strain level. The equivalent viscous damping reached a GeLq = loading plateau stress; and ’
maximum at approximately 4—5% strain and began to decrease; ~ _ unloading plateau stress.
for strains beyond 5%. The decrease is primarily due to the re-
duction in loading stress platead; , and the strain hardening
that occurs for larger strains. More importantly, the equivalent References
viscous damping is generally low—ranging from 2.0% for the
12.7 mm(0.5 in) bar to a maximum of 7.6% for the 1.8 mm  Adachi, Y., and Unjoh, $(1999. “Development of shape memory alloy
(0.071 in) wires. These values are generally too low for consid- damper for intelligent bridge systemsProc. SPIE,3671, 31-42.
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