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Abstract 

Nitinol, a slUlpe-memOlY alloy, is difficult to fusion weld to itse1fand to other metals. This can 
make can make certain post-weld processing operations expensive and can limit applications 
for the alloy. Void-free friction stir processed zones were produced in 6.35-mm (0.25-in) thick 
Nitinol plates using polyerystalline cubic boron nitride and tungsten-rhenium tool materials. 
Friction stir processing was done, since producing a processed 7.one is virtually equivalent to 
producing a welded joint. The processed zone microstructures were documented with optical 
and scanning electron microscopy. The austenitic and martcnsitic transformation temperatures 
of the processed regions were measured using differential scanning calorimetry. The nugget 
region showed a slightly reduced average grain diameter (33 ~lm) from the base mctal (43 [lm). 

The austenite finish transformation temperature was lower in the processed regions (_22.5°C) 
compared to the base metal (IS.O°C). The 6.35-111111 (0.25-in) thick friction stir processed plate 
was successfully hot-rolled at 850°C to a final thickness of 1.55 111m (0.061 in) for a 76% total 
reduction. The results of tensile tests on the processed plus rolled sheet indicated a slight 
increase in strength in the processed regions; likely because of grain size refinement, and no 
decrease in ductility compared to the rolled unprocessed sheet. The friction stir processed 
Nitinol retains its superelastic and shape memOlY properties, indicating that a friction stir 
welding process is feasible for Nitinol. 

Introduction 

Nitinol is an alloy composcd of ncar equiatomic proportions of nickel and titanium that exhibits 
extraordinary properties such as superelasticity and a shape memory erfect [I]. Nitinol 
undergoes a diffusionless, martensitic phase transformation associated with a specific 
transformation temperature and a reversible change in crystal structure. The phase 
transformation occurs between a high tcmperature austenite phase and a low temperature 
martensite phase [2]. The "loading strcss plateaus" for both austenite and maltensite strongly 
depend on the transformation temperahlre, test tempera hire, and thennomcchanical processing. 
In general, the martensitc plateau is on the order of 100 MPa, whereas the austenite plateau can 
range from less than 200 MPa to greater than 1000 MPa. This extreme range for the austenite 
phase is quite predictable and follows the Clausius-Clapeyron stress rate function, da/dT, of 
approximately 6 MPaiK. Both maltensite (shape memory) and austenite (snperciasticity) can 
recover up to 10% strain. Although Nitinol is considered to be an intermetallic compound, it is 
capable of elongation to failure of over 50% and tensile strength of 1500 MPa [3]. In addition, 
the material is exceptionally biocompatible and corrosion resistant [4]. 
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The austenitic and martcllsitic transformation temperatures can be determined by differential 
scanning calorimetry eDSC) as indicated in Figure I. The lower curve, measured during sample 
heating, shows the austenite phase transformation beginning at the austenite start temperature 
(A,) and completed at the austenite finish tempeniture (Ar). The upper curvc shows how the 
martensite phase tnlllsformation takcs place during sample cooling. The transformati911 
temperature of Nitinol is commonly listed as the alloy's Artemperature. 
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Figure 1. Typical differential scanning calOlimetry (DSC) curve for Nitinol showing the austenite and lmll1cnsite 
transfonnaliOll temperatures. 

The austenite phase exhibits an ordered 82 crystal stmcture and the martensite phase has a 
highly twinned, close-packed monoclinic (B 19') structure [5]. The numerous crystallographic 
pathways associated with Nitinol's phase transformations allow it to exhibit snpcreiasticity and 
shape memory ability (I, 2, 6]. 

Unique propel1ies ofNitinol have led to applications ranging from actuators to eyeglass frames 
[7]. One ofthe most common uses ofNitinol is in the production of biomedical devices such as 
arterial stents. A stcnt is a wire mesh tube inserted into an artelY of a patient suffering f1-om 
cardiovascular disease (Figure 2). The stent pennanently props open the artery after it has 
undergone angioplasty, or the removal of plaque from the arterial w<llls [8]. Self-expanding 
Nitinol stents are machined from thin-walled tubes and are commonly used in peripheral 
vessels such as the carotid mteries (4]. 

Figure 2. A wire mesh stent in place in an artery [9J. 

The current process of producing thin-walled Nitinol tubes involves gun drilling a 13 to 38 111m 
(0.512 to \.50 in) diameter bar and then ntbe drawing to the needed outer hlbe diameter of 0.5 
to 6.4 mm (0.020 to 0.252 in). Gun drilling is wasteful (25% loss in material) and therefore is a 
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major expense in the cost of stents and other thin-walled Niti110i medical devices. Welding 
Nitinol sheet into a relatively thick-walled tube that subsequently could be tube drawn to the 
proper waH thickness would elill~inatc the gun drilling step in stent manufacture. However, 
welding Nitinol continues to be a challenge using conventional joining techniques [10, 11]. 

Significant research has been done to detcnnine 'welding process parameters to allow Nitinol to 
be SlIccessfully welded. Investigators have used fusion welding to join Nitinol~ however, the 
cast microstructure has little ductility. Solid-state joining methods have been developed for 
Nitinol such as diffusion bonding. However, the pressure, temperature, and time parameters 
used during diffusion bonding must be highly controlled to em:ure that Nitinol does not melt 
during the process [12]. 

The lack of melting during friction stir welding makes it a logical candidate for joining Nitinol. 
The present study investigated the feasibility of friction stir welding Nitinol by first producing 
friction stir processed regions in thick Nitinol plate. To simulate the tube drawing process that 
welded Nitinol matcrial would have to undergo, hot rolling studies were conducted on friction 
stir processed Nitinol plate. 

Experimental Procedure 

The stmting material for this investigation was 6.35-m01 (0.25-in) thick, fully annealed Nitinol 
plate (49.2 % Ti 50.8 % Ni, trace elements < 100 parts per million). The coupons were 102 
mm x 102 mm (4 in x 4 in), which limited· the length of friction stir processing that could be 
done on each plate. Friction stir processing was done lIsing thc Rockwell Scientific Company 
friction stir system ·under displacement control. Initial trials were conducted with a 
polyerystalline cubic boron nitride (PCBN) tool with a rotalion rate of 400 RPM and a travel 
speed of 12.7 mm/min (0.5 in/min). The PCBN tool had a 24.1-l11m (0.947-in) diameter 
shoulder and a 7.6-mm (0.30-in) diamcler x 5.59-mm (0.220-in) long pin. The pin was slightly 
eone-shapcd and contained three flats to promote material flow during friction stir processing. 
Additional trials were conducted using a tungsten-rhenium (W-Re) pin \vith a Densimet 
shoulder. This tool had a 24.I-mm (0.947-in) diameter shoulder and a 7.9-l11m (0.3125-in) 
diameter x 5.84-mm (0.230-in) long, threaded pin. The processing conditions were a tool 
rotation rate of 600 RPM and travel speed of 12.7 mm/min. Aft~r processing, the 
microstmctures of metallographically prepared and c1ectropolished samples were documented 
using light microscopy and scanning electron microscopy (SEM). Grain size values were 
measured for various regions across the Nilinoi plate. 

The austenite and martensite transformation temperatures of the friction stir processed plate 
using the PCBN tools were measured using DSC. Samples ranging in mass rl'UllI 24 tu 28 mg 
were cut using a slow~speed diamond saw from the base metal and friction stir processed 
regions including the heat affected zone (HAZ), thermo-mechanical affected zone (TMAZ), and 
nugget. Heating and cooling cycles were repeated multiple times to ensure the accuracy of the 
data obtained from the DSC. 

The friction stir processed plate lLsing the W-Re tool was subjected to further processing to 
simulate the tube drawing process used for stent applications. This Nitinol plate was hot-rolled 
at 850a C from an initial thickness of 6.35 mm to a final thickness of 1.55 mm (0.061 in). The 
plate was rolled approximately 10% each pass (14 total passes) for a total reduction of 75.6%. 
The plate was reheated to the rolling temperature after each pass. Prior to rolling the FSP sheet, 
a test sheet of unprocessed, fully annealed Nitinol plate was hot rolled to 1.55 mm thickness. 
The microstntcture of the FSP rolled sheet was documented with light microscopy and SEM. 
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Tnmsfonnation temperatures of the rolled sheet were measured using DSC. Fourteen 5-m111 
(O.2-in) diameter samples were laser cut across the width of the sheet encompas~ing rolled and 
FSP + rolled microstmcfures. Tile discs were then electro polished to remove the laser HAZ and 
surface oxides. DSe tests were done on each disc. The discs were then fully annealed at 850°C 
for 30 minutes, and the DSC tests were repellted - a common test procedure for Nitinol. 

Tensile tests were conducted on the rolled and FSP + rolled microstructures. The samples were 
laser l1111chined from the appropriatc regions of the sheet following modified ASTM 
specification E8. Tensile tests were conducted with a cross-head displacement rate of 0.254 
mm/min (0.01 in/min). Some Nitinol sheet samples were then deformed to 6% strain, 
unloaded, and then tensile tested to failure; a standard test for the superelastie properties of 
Nitinol. 

Results and Discussion 

A processed zone 76 mill (3 in) long was produced using the peBN tool (Figure 3a). The 
processed region was free of macroscopic and microscopic defects (Figure 3b). No cover-gas 
was used during processing so some oxidation of the Nitinol surface occurred. A small volume 
of tlash was produced during processing. The Nitinol did not produce any noticeable wear on 
the peBN pin. 

Grain size values across the processed Nitinol plate arc shown in Figure 4. The average grain 
size in the center of the nugget region (Figure 3b) is 27 ~l1n. An initial grain size of 
approximately 45 ~lln of the unprocessed Nitinol indicates some grain size refinement produced 
by friction stir processing. The greatest refinement occurred at the top of the nugget region 
where the shoulder and pin produce a large amollnt of plastic deformation. The grain size 
decrease in the processed regions is common in alloys that undergo friction stir welding and 
processing [13]. 

(a) Top View (b) Microstmcture of FSP nugget center 

Figure 3. Void-free. defect-free friction stir processed region produced using the PCBN tool. 
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Figure 4. Grain size results for the friction stir processed Nitinol produced with the peUN tool. 

A typical output from a DSC measurement for FSP material is shown in Figure Sa. These 
results are fairly typical for Nitinol except for the fluctuation shown halfway through the 
!Iustenitc transformation (arrow, bottom curve). This effect was repeated in several DSC curves 
for the FSP material and may be due to an R~phase transformation. The variation in 
transfonnation temperature across the processed plate is shown in Figure 5b. The center of the 
nugget shows a lower transformation tempcrattlre than the surrounding material. This decrease 
in transformation temperahlre may be due to the chemical solutionizing effects and grain size 
refinement from friction stir processing. 

A 95-m111 (3.74-in) long processed zone was produced in the 6.35-mm thick Nitinol plate llSing 
the W-Re tool (Figure 6a). The morphology and microstmehlrc are similar to that produced 
with the PCBN tool. The Nitinol did not produce any noticeable wear on the W-Re pin. The 
grain size of the processed nugget is similar to that measured for the PCBN-tool nugget. 
Transfomlation temperatures for this processed material were not measured because of the 
similarity of the microstmchlre compared to the PCBN tool processed zone. 

The friction stir processed and hot-rolled sheet is shown in Figure 7. Friction stir processing 
did not affect the rolling characteristics of the sheet - it rolled exactly the same as an 
unprocessed sheet hot rolled as a test case. This is a clear benefit of the solid-state nahlre of 
friction stir processing. The microstructure of the rolled sheet indicated that some grain size 
refinement has occurred in the FSP region. Most of the cross section of the micrograph of 
Figure 7b shows of the refined grain size from the FSP nugget. Toward the bottom of the 
micrograph a coarser grain size is present, which was below the original processed zone before 
hot rolling. 
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(b) Variation in austenite finish temperature 

Figure 5. Transfonnation temperature results for the Nitinol friction stir processed with PCBN. 
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Ca) Top View 

Figure 6. Void-lice, defect-free friction stir processed region prmluced using the W-Re tool. 

Friction stir 

(<l) Overall View 

Figure 7. hiction stir processed and hot-rolled Nitinol sheet. 

The DSC results tor the rolled sheet are shown in Figure 8. A distance of around 5 cm 
corresponds to the center of the FSP nugget. These results are similar to those found for the 
PCBN tool FSP region with a reduction in the transformation temperatures in the center of the 
nugget. Tensile test results from the base metal and FSP regions (both hot-rolled) are presented 
in Figure 9. The tensile curves arc typical of samples in the transverse orientation of rolled 
Nitillol sheet or drawn tubing [14]. These curves differ from those obtained from the 
longitudinal orientation of sheet, tubing, and wire samples in that there is not a distinct loading 
platean in the 2 to 8% strain regions. These differences arc due to texhlre effects, whereby the 
rolling direction contains [1lO]B1 and [111]B2 texture, whereas the transverse direction. is 
dominated by the [IOOhl1 texture [15]. Nevertheless, these FSP tensile curves indicate that 
there arc 110 brittle intermetallics (Ti2Ni) formed as in fusion-welded Nitinol [10, II]. The 
highcr strength in thc FSP region may be beeaus~ of the lower tranSf0I111atioll temperature and 
finer grain size. 
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Figure 8. DSC results for the transformation temperatures oflhe FSP and hot-rolled Nitino! sheet. 
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Figure 9. Tensile lesl results for the hot-rolled Nitinol sheet: base metal and FSP regions. 

Conclusions 

Friction stir processing ofNitinol plate is feasible. The processing can be done with a 
polycrystalline cubic boron nitride or tungsten-rhenium tool. The Nitinol retains its shape 
memory and sliperelastic properties following processing. This was confirmed by differential 
scanning calorimetry of processed samples to determine their austenite and martensite 
transformation temperatures. A slight alllount of grain size refinement in the friction stir 
processed zone caused an increase in strength and a decrease in the Artransformation 
temperature compared to the base metal. Friction stir processed Nitinol can be hot rolled 76% 
at 850°C without cracking. These resnlts point to a promising future process for friction stir 
welding of Nit ina I alloys for medical device applications. 
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