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ABSTRACT 
Bending is the predominant deformation mode in Nitinol medical devices and components. Many 
of these applications also impose cyclic bending loading conditions. The present study of rotary 
bend fatigue provides insight into the behaviour of Nitinol under zero mean-strain conditions. 
This investigation also gives a better understanding about the influence of the surface condition, 
transformation temperature and test temperature on the bending fatigue characteristics of Nitinol. 
 
These rotary bend results are also supplemented with non-zero-mean strain results that were 
obtained using a 4-point bending fixture attached to a dynamic electro force testing system. These 
results can be used as the basis of a constant life diagram for fatigue-resistant design of medical 
devices. 
 
 
INTRODUCTION 
Bending is the predominant mode of deformation in medical application use [1-2]. Furthermore, 
deformation is often cyclic in nature leading to potential bending fatigue failures. For example, 
endodontic dental files are subjected to rotary-bend fatigue conditions. In this case, the outer 
fibers are under alternating compressive and tensile strains with an approximate net zero-mean 
strain. These in vivo conditions can be adequately simulated with rotary bend fatigue tests.  
 
Other Nitinol medical devices are subjected to dynamic bending loads with an applied mean 
strain. For example, the predominant fatigue loading mode for a stent strut is bending with a mean 
strain present due to oversizing of the stent relative to the artery wall. The bending characteristics 
under non-zero-mean strain conditions can be studied using a 4-point bending fixture. 
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For this study superelastic and shape memory wires were tested in the rotary bending mode. The 
superelastic wires had different Af temperatures and surface conditions. These wires were tested 
at a range of temperatures in order to obtain a better understanding of the influence of the test 
temperature on the fatigue behavior of Nitinol.  
 
The purpose of this paper, therefore, is to report on a recent investigation of the bending fatigue 
characteristics of shape memory and superelastic Nitinol.  The goal of the study is to establish the 
relationships between mean and alternating strain on fatigue behavior.  
 
 
 
MATERIALS AND METHODS 
The following material was tested in rotary bending or 4-point bending mode: 
� Ø0.8mm SE-wire, electropolished surface, Af = 13°C 
� Ø0.6mm SE-wire, bright surface, Af = 1°C 
� Ø0.6mm, SM-wire, dark-oxide surface, Af = 70°C 

 
Rotary Bending 
Rotary bending tests were performed using a guided rotary bend tester, which was used for 
previous studies [3,4]. The specimens were guided around a fixed diameter mandrel. Different 
mandrel diameters were used in order to produce a range of outer-fibre strains. Strain was 
estimated with ε=r/ρ where ε is the strain, r is the radius of the wire and ρ is the radius of 
curvature of the mandrels used. Test temperatures from –30°C to +60°C were realized with a 
Haake K15 temperature-control liquid bath. Tests were run until failure was detected or until 107 
cycles. 
 
4-Point Bending 
Non-zero-mean-strain bending tests conditions were obtained with a 4-point bending fixture with 
a span of 25.4mm. Equidistance loading was used for the four points in the test setup. This fixture 
was installed onto an Electro Force Tester (Enduratec-ELF 3200 Series), which allows testing at 
selected mean and alternating displacements. The test frequency was 40Hz and tests were stopped 
using electrical break detectors. If the samples did not break after reaching 106 cycles, the test was 
stopped and the samples were considered a run out.  
 
 
 
RESULTS AND DISCUSSION 
Rotary Bending 
Fig. 1 shows half–amplitude strain versus cycles to failure data for different superelastic wires as 
well as for a shape memory wire. Comparable rotary bend test data are also included from 
Reinoehl, et al. [5], which were obtained on two different lots of superelastic Nitinol wires (Ø 
0.27mm, Af  = 9°C and 13°C). These tests were conducted in a room-temperature water bath. 
  
In general it can be seen that the shape memory (SM) material has a significantly higher fatigue 
resistance than the superelastic (SE) material both in the low-cycle and in the high-cycle regions. 
These data demonstrate that the fatigue resistance of non-transforming martensite is higher than 
that of transforming austenite, consistent with the results from Dauskardt, et al. [6] and Miyazaki, 
et al. [7].  
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The three sets of SE data all show similar trends with respect to the effects of strain on fatigue 
life. At the highest strains (≥ 2.75%), the fatigue life is approximately constant (~103 cycles) and 
independent of strain. This was observed by Miyazaki, et al. [7,8] and Sheriff, et al. [4] and is 
likely due to the effect of stress-induced martensitic transformations. At intermediate strains in the 
103 – 104 range, there is an increase in fatigue life with decreasing strain. Strains less than ~ 1% 
strain correspond to high-cycle fatigue with > 104 cycles. Each of these three regions indicates 
that Nitinol fatigue is dominated by different mechanisms.  
 
Two separate factors can account for the differences in the low-cycle fatigue resistance of the 
three sets of SE wires. First, comparisons can be made between the Af = 13°C data and the 
Reinoehl study [5]. These sample sets have similar transformation temperatures and were tested in 
water baths at approximately 20°C. However, the samples from the current study were 
electropolished prior to testing in order to minimize effects from any surface defects, whereas the 
other study used dark oxide wire. As expected, higher fatigue life was obtained with the 
electropolished wires. Comparison can also be made between the Af = 1°C wire with the 
chemically etched surface (bright) and the other two SE wires. The lower-Af wire has a lower 
fatigue life compared to the electropolished wire, which indicates that Af is a strong factor in 
fatigue behaviour as shown by Miyazaki, et al. [7]. Surprisingly, however, there are only minor 
differences between the Reinoehl data and the lower Af data. This may be due to the offsetting 
effects of surface finish (dark oxide vs. bright) and transformation temperature (~10°C vs. 1°C). 
 
 

 
Fig. 1: S-N curves for different Nitinol wires tested at room temperature. 
 
To get a better understanding about the influence of the test temperature on the low-cycle fatigue 
behaviour, the Af = 1°C wires were tested at –30°C, 20°C and 60°C. These comparative data are 
plotted in Fig. 2. 
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Fig. 2: Rotary bend data for superelastic wire (bright surface) tested at different temperatures 
 
 
4-Point Bending 
Since there is no predefined radius of curvature for a 4-point bending experiment, the radius of 
curvature has to be determined in order to calculate the strain on the outer fibre of the test specimen. 
The contour along the sample for different deflections was measured using a laser micrometer.  
 
The measured profiles can be fit very accurately using second order polynomials. The curvature in 
the middle of the sample can be then obtained as the second derivative of these polynomials. 
Using these curvatures to calculate the maximum strain at the outer fibre, a linear relationship of 
sample deflection and strain can be found. In this case it was found that strain ε in percent is equal 
to 0.77 times the deflection in mm (see also [9]). 
 
The strain-deflection relationship was used to generate the alternating strain vs. mean strain 
diagram shown in Fig. 3 for SE wire with Af = 13°C. Each data point represents at least four 
samples subjected to the same testing conditions. 
 
The preliminary interpretation of the data indicates that the106-cycle fatigue limit for a non-zero-
mean strain conditions are lower than for zero-mean strain. The results also show that the 
oscillating strain has a greater effect on the fatigue life of Nitinol than the mean strain. This 
principal trend is in good agreement with the findings of other authors [10-12] on the effect of 
mean and alternating strain on the fatigue characteristics of Nitinol. The limit for the alternating 
strain found in the study of Tablani, et al. [10] on uniaxial tensile tests is about 0.2%. Results for 
“Big Cell” pull-pull fatigue tests from Nitinol stent-like devices conducted by Perry, et al. [11] 
show that there is no break prior to 100 Million cycles for alternating strains smaller than 0.5% 
for mean-strain between 2-4%. A similar fatigue limit of 0.4% was found on Nitinol diamond 
samples in more physiologically appropriate push-pull fatigue tests [12].   
 
A comparison of the data obtained in air and saline solution indicate that saline solution decreases 
the fatigue life slightly for smaller mean strains. However, the data collected so far is not 
sufficient to draw any final conclusions. 



BENDING FATIGUE CHARACTERISTICS OF NITINOL   93 

 

 

 
 
Fig. 3: Alternating strain vs. mean strain data for the 4-point bending test conducted in air and 
Saline solution. Rotary bending limit for zero-mean strain from Fig. 2 is added for reference. 
 
 
 
The data collected for this study indicate that for this 4-point bending mode no breaks prior to 106 
cycles occurred for alternating strains smaller than 0.2%, for mean strains up to 4%. A 
comparison of the limits where no break appears independent of the mean strain shows that this 
limit varies significantly with the test conditions. The mode of deformation is known to have a 
strong influence on the fatigue limit in general. From a fundamental point of view Macherauch 
[13] reports a strong dependency of the fatigue limit and the deformation mode that is valid for 
most conventional materials. According to Melton and Mercier [14] the fatigue limit found in 
rotary bend is higher than that in bending, which is higher than the fatigue limit for tension-
compression mode.  
  
 
 
CONCLUSION 
This study investigated the bending fatigue characteristics of Nitinol. Rotary bending tests were 
used to establish zero-mean strain data on different Nitinol materials. In addition to this, 4-point 
bending tests were performed to understand the influence of a non-zero-mean strain the fatigue 
behaviour. The following trends were observed from the collected data: 
 

• Shape memory (SM) material seems to have a superior fatigue resistance compared to 
superelastic (SE) material. The surface finish as well as the Af temperature of Nitinol has 
an effect on the fatigue resistance: increased fatigue life was observed for electropolished 
wire and for higher Af Nitinol wire. 

• Three distinct regions were observed in the SE fatigue data, consistent with proposed 
mechanisms of cyclic strain accommodation. In the low-cycle region, fatigue life appears 
to be independent of strain, consistent with a mechanism of transforming austenite to 



94 

 

stressed induced martensite. In the intermediate strain range, fatigue life increases with 
decreasing alternating strain. This strain range is a transition region between linear elastic 
and transforming austenite and mechanistically is likely to be the most complicated. The 
high-cycle region corresponds most closely to a traditional linear-elastic fatigue.   

• An initial constant-life diagram was developed using the 4-point bending data. These 
preliminary data indicate that cyclic strain is more influential than mean strain for fatigue 
life.  Changing the test environment from air to saline solution decreases the fatigue life 
for smaller mean strains. 

 
 
REFERENCES 
[1] A.Wick, et al.; Journal De Physique IV. Colloque C8, Supplement au Journal de Physique 

III, Vol. 5, December 1995. pg. 789. 
[2] B.T. Berg, Technical Report 91-63, University of Minnesota, Minneapolis, Minnesota. 
[3] R. Graham et al., Proceedings SMST 2003. Eds. A.R. Pelton, T. Duerig. Pacific Grove Ca: 

International Organization on SMST, 2004.    
[4] J. Sheriff, et al. in these proceedings. 
[5] M. Reinoehl et al., in Proceedings SMST 2000, Eds. S.M. Russell and A.R. Pelton. Pacific 

Grove, CA, 2001, p. 397-403. 
[6] R.H. Dauskardt, et al., Proc. MRS Int. Meeting on Advanced Materials, K. Otsuka and K. 

Shimizu, eds., Materials Research Society, Pittsburgh, PA, 1989. Vol. 9. pg. 243-249. 
[7] S. Miyazaki, et al., Mat Sci Eng A 1999; 273-275: 658-63. 
[8] Y.S. Kim, et al, Proceedings SMST 1997, SMST International Committee. Pacific Grove, 

CA. 1997. pp. 473. 
[9] A. Wick, et al., Proceedings ASM 2004, in press. 
[10] R.M. Tabanli, et al., Material Science and Engineering A273-275 (1999) p. 644-648. 
[11] K. Perry, et al., Experimental Techniques, Jan 2002. 
[12] A.R. Pelton, et al., Proceedings SMST 2003, Eds. A.R. Pelton, T. Duerig. Pacific Grove 

CA, 2004. 
[13] Macherauch, E. “Praktikum in Werkstoffkunde”, Vieweg 1987. 
[14]  K.N. Melton and O. Mercier: Acta Metall., 1979, Vol. 27, pg. 137-144. 


	MAIN MENU
	PREVIOUS MENU
	---------------------------------
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




