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Abstract  
Superelastic nitinol is competitive in the medical device industry due to its unique 

properties. Typical processing methods, such as electropolishing and etching, can introduce 

hydrogen into nitinol’s microstructure, which is known to affect its tensile properties. Due to the 

lack of information about hydrogen content in processed nitinol, an experiment was designed to 

find a relationship between hydrogen content and SE508 nitinol wire’s tensile strength, 

permanent set, ductility, and mode-of-failure of the fracture surface. Using a 50% sulfuric acid to 

mimic industry practices, five wire samples were exposed to the acid solution at seven different 

time intervals (ranging from 0 to 60 minutes) with additional groups of three samples at 24 hours 

and four days. Segments from two samples at each time interval were evaluated for hydrogen 

content, which revealed a consistent increase in hydrogen with time in the etchant. Each sample 

was tensile tested at a rate of 5 mm/min. The data showed little change in tensile strength and 

permanent set due to hydrogen, keeping at a consistent permanent set of around 0.20% and 

ultimate tensile strength of around 1080MPa. Ductility by measuring maximum elongation did 

not show a clear negative trend due to hydrogen under 150 wt.ppm. The fracture surfaces were 

imaged under the SEM, where a mixed mode of failure was characterized above 140 wt.ppm 

hydrogen. Adding between 0 and 150 wt.ppm hydrogen did not have major effects on the tensile 

properties of superelastic nitinol but had a noticeable impact on the fracture morphology at high 

concentrations. 
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Notation 

Af = austenite finish temperature 

As = austenite start temperature 

Mf = martensite finish temperature 

Ms = martensite start temperature 

wt.ppm = parts per million by weight 

at. %= atomic percent 
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Introduction 

i. History 

Nitinol (name derived from Nickel Titanium Naval Ordnance Laboratory) was first 

developed by William Buehler of the U.S. Naval Ordnance Lab in 1959. Originally, nitinol was 

promising for its impact resistance and ductility. Nitinol’s heat dependence was not documented 

until 1961, when it was accidentally shown to have temperature-dependent shape-memory after 

Dr. David Muzzey held his pipe lighter up to the deformed nitinol wire and it miraculously 

deformed back to its original shape. Dr. Frederick Wang joined Buehler’s lab and characterized 

the mechanism behind nitinol’s shape-memory, which would form the fundamentals of nitinol 

for future research and applications [1].  

ii. Composition 

Nitinol is an alloy that is, typically, equimolar amounts of nickel and titanium. The alloy 

has found several applications in medical devices (stenting, guidewires, etc.), where changes in 

the composition and heat treatments can either make nitinol exhibit shape-memory effects 

dependent on temperature or superelastic effects that exhibit a change of structure based on an 

applied load. The exact composition for medical devices, according to ASTM F2063-18, is 

shown in Table 1 [2]. Many of the elements, excluding nickel and titanium, are considered 

impurities and affect the shape-memory properties of nitinol heavily [3,4]. Although altering the 

temperature of Ms is important for developing shape-memory or superelastic nitinol, changing 

the ratio between nickel and titanium is the preferred method. This way, the alloy can be finely 

tuned to achieve the desired properties. Notably, oxygen and carbide contaminations produce 

TiC and Ti4Ni2Ox, which lead to crack initiation [5]. 
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Table I: Chemical Composition Requirements of Nitinol according to ASTM F2063-18. Any element with maximum 

is impurities from the ore and processing [2] 

Element % (mass/mass) 

Nickel 54.5 - 57.0 

Carbon, maximum 0.040 

Cobalt, maximum 0.050 

Copper, maximum 0.010 

Chromium, maximum 0.010 

Hydrogen, maximum 0.005 

Iron, maximum 0.050 

Niobium, maximum 0.025 

Nitrogen, maximum 0.005 

Oxygen, maximum 0.040 

Titanium Balance 

 

iii. Crystal Structure 

Austenitic nitinol has a structure similar to body-centered cubic (BCC). It is the primary 

crystal structure above and Ms due to its stability at higher temperatures. Once the nitinol is 

cooled below Ms, austenite becomes unstable and tends to form a lower-entropy crystal structure. 

Often, this structure is monoclinic martensite, which has a tetragonal-like crystal structure. This 

differs from austenite in that there is a 96.8o slant in the crystal structure. The crystal structure 

can be observed in Figure 1 [6]. Note that one side is shorter than the other, resulting in a slanted 

structure. The transformation occurs using self-accommodating twinning of the lattice structure 

to produce the martensitic phase, which appears as needle-like crystals. There are no atomic 

bonds that are broken during the phase transformation, which means the process is reversible [6]. 

Using the reversible phase-change, important values such as As, Af, Mf, and Ms can be 

found in ASTM F2004-17. Using differential scanning calorimetry (DSC) shown in Figure 2, 

heating the nitinol from -120oC to 30oC results in a change in heat flow, which correlates to a 

phase change. The phase changes from martensite to austenite. The As and Af can be found on 

the graph. A similar peak appears when cooling the alloy back down to low temperatures, which 

results in a change from austenite to martensite. Like As and Af, Ms, and Mf can be found on the 

graph in Figure 2 [7].  
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Figure 1: (a) Nitinol crystalline structure in phases Martensite and Austenite and (b) the relationship between 

austenite and martensite when increasing either load or temperature. 

 

 
Figure 2: DSC graph of shape-memory nitinol. Because austenitic nitinol has high entropy, it is more stable at 

higher temperatures. Changing the nickel content can increase the Af to above room temperature to become 

superelastic [8,9]. 



9 

iv. Microstructure 

 Typically, the composition of nitinol alloys is between 45 at.% and 55 at.% Ni, which 

lends itself to having a majority NiTi solid solution. Unless the alloy is exactly equi-atomic, 

precipitates form, shown in the phase diagram in Figure 3. Shape-memory alloys and 

superelastic alloys can precipitate Ti2Ni, TiNi3, and Ti4Ni3 precipitates, which increase the room-

temperature hardness and affect the Af and Ms [9]. During annealing, the presence of precipitates 

decreases as the annealing temperature increases [10]. 

 

 
Figure 3: Phase diagram of nickel-titanium binary alloy[11]. 

v. Superelastic Nitinol 

The Ms and Mf temperatures decrease 10oC for every 0.1 at. % Ni was added to the alloy 

[12]. Shape-memory nitinol alloys tend to have an equal proportion of nickel to titanium, while 

superelastic nitinol tends to be nickel-rich [7,15]. One common alloy, SE508, uses 50.8 at. % Ni 

and it has a wrought Af between -25oC and 5oC [13]. 

Superelastic nitinol has an austenitic structure at working temperature, and it is used 

above Ms and Af. Superelastic nitinol loads and unloads in several, shown in Figure 4. When a 

load is applied to the alloy, there is a period of linear strain. After around 6% strain is induced 

into the metal, the stress plateaus as the energy goes toward the phase transformation from 

austenite to martensite [14]. There is some hysteresis, or a delayed change, which causes a 

permanent set when nitinol is loaded. This hysteresis is attributed to internal friction effects [3], 

[15]. 
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Figure 4: Stress-strain curve of both superelastic and thermal shape memory nitinols with the changes to the 

microstructure[16]. 

vi. Shape-Memory Nitinol 

For shape-memory alloys, cooling the metal down to working temperature now yields 

twinned martensite, as previously shown in Figure 4. This occurs when Ms and Mf are above the 

temperature of application. The transformation is complete at the martensite finish temperature 

(Mf).  Once the alloy is below the Mf temperature, the alloy has shape-memory properties. 

During loading, there is a similar period of linear strain, followed by a phase-transformation to 

non-twinned martensite. However, during unloading, the structure does not contain enough 

energy to return to an austenitic or twinned-martensitic structure. The alloy must be heated above 

the austenite finish temperature (Af) to return to its original shape. Increasing the molar ratio of 

nickel will decrease the martensitic point Mp and austenitic point Ap temperatures [17].  

Nitinol Processing 

 i. Shape Memory Processes 

 The composition of nitinol is typically an equimolar composition of nickel and titanium. 

A subtle change to this ratio can have large effects on its properties. Increasing nickel content by 

even one percent can drastically decrease the material’s transformation temperature or increase 

the austenitic yield strength. This sensitivity can make manufacturing difficult, especially when 

repeatability and uniformity are necessary. It can also prove to be powerful, as manufacturers can 

harness precise control in properties and desired transition temperatures [18,19].  

 Nitinol processing begins by melting raw material ingots by use of vacuum induction 

melting, then vacuum arc melting. These methods are used due to titanium’s high reactivity with 

oxygen; microstructural homogenization is also achieved. At this stage, the microstructure is not 

refined enough for the shape memory or elastic properties, and it tends to have a lower fracture 

resistance. Intermediate materials are made by hot rolling and forging, which are then processed 

under coldworking and annealing [18,19].  
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 ii. Superelastic Processing 

Maximizing superelasticity requires nitinol to be both cold-worked and heat-treated. The 

first cold-working process requires the nitinol to be drawn to about 50-70% of its original cross-

sectional area. Next nitinol is kept under strain during the annealing process—a process called 

continuous strand strain annealing. This is performed at 450-550oC under a stress of 35-100 

MPa, depending on mechanical properties, Af desired temperature, and cross-sectional area. Due 

to some shape-memory tendencies in the alloys, the wire would tend to increase in cross-

sectional area and decrease in length. For superelastic processing, this tendency is restricted as it 

reverses the cold-working process. As time goes on and the wire heats up, the strength will drop, 

and the nitinol will take on a new shape [15].  

These processing methods are vital to achieving nitinol's full potential. Nitinol’s main 

applications in the medical industry are reliant on its shape memory and superelastic properties, 

which will be discussed in the next section. 

Applications of Nitinol 

 Nitinol’s predominant use in the engineering world is in the medical device industry, 

largely because of its biocompatibility, superelasticity, and shape memory properties. 

Biocompatibility is the ability for a material to be accepted into the body. This property is 

directly related to the material’s corrosion behavior, as well as the tendency to release toxic ions. 

While nickel is not typically used for internal medical devices, nitinol’s formation of a titanium-

oxide layer stabilizes its surface layer and forms a physical and chemical boundary to prevent the 

oxidation of nickel [20]. 

i. Biocompatibility 

 Biocompatibility and corrosion resistance are also influenced by mechanical, chemical, 

electrical, and biological stresses placed on a material. For implanted nitinol devices, 

understanding the interactions between the surface layer and surroundings is important when 

considering biocompatibility. Processing can have a dramatic effect on the composition of 

nitinol’s surface layer. Electropolishing is an effective method to remove thermal oxides and 

nickel accumulated from heat treatments. This generally decreases the possibility of nickel 

releasing in the short and long term. One common avenue of failure for an in-situ nitinol device 

is pitting corrosion. Pitting corrosion is an electrochemical reaction, in which oxidation reactions 

occur at anodic sites and metal ions are released. Localized pits or cavities open in the surface of 

the device over time. This can result in possible wire fractures, as well as biologically harmful 

metal ions being released into the surrounding tissue. Pitting has been observed with in situ 

nitinol devices as early as five months after implantation. This is most likely due to a corrosive 

surface treatment that rendered the anodic sites vulnerable [20,21]. Another common failure is 

hydrogen embrittlement, where hydrogen diffuses into the crystal structure and makes the metal 

harder and more brittle. Much about hydrogen embrittlement in nitinol is unknown, but a 
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required maximum 50 wt.ppm for wrought ingots is used to comply with ASTM F2063 [2]. 

After processing, the exact amount hydrogen in a final product is unknown, which will be 

discussed below. 

ii. Stents 

Biocompatibility is only one of the properties that is desired in the medical device 

industry. The mechanical properties prove useful for different applications within this field, 

including guide wires and heart stents. Nitinol’s cyclic mechanical load capabilities are attractive 

because these devices withstand cyclic loading during their lifetime post-implantation and must 

be able to return to their original elasticity. Superelastic materials are under constant stress, in 

which they exhibit constant unloading stress over a large strain. This means the force applied by 

nitinol is not determined by strain, but by temperature. The flexibility of nitinol is up to ten to 

twenty times greater than stainless steel (another option for medical devices). High in situ 

flexibility is a good attribute because of internal pressures that would otherwise cause stents to 

be crushed. Deformation in stents can lead to serious consequences for their functionality and 

can put a user’s life at risk.  

Self-expanding deployment has some advantages compared to conventional stent 

deployments. Conventional stents and alloys require a balloon to expand the stent. Some 

drawbacks to this are the stent does not expand as much as nitinol stents, the device requires 

larger area, and the balloon has an extra chance to rupture and cause the surgery to fail[22]. 

Using nitinol’s shape memory or superelastic properties, a nitinol stent can compress smaller 

than conventional stents while opening to a larger area with no risk of balloon rupture. The 

differences are shown in Figure 5. In larger arteries like in limbs and heart, this allows for a less 

intrusive entrance in smaller arteries while expanding to encompass the artery. There are two 

main types of self-expandable ‘shape-memory’ stents: thermal and elastic. In a thermal-

expanding stent, the device is preloaded in the martensitic phase and positioned in the 

deployment site, in which the device is warmed by the blood and surrounding tissues and springs 

back into the desired shape. In contrast, an elastic-expandable stent is compressed to a thin size. 

Once the stent is positioned, the stent is released and allowed to take the shape of the artery, 

clearing flow [19-21,23].  
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Figure 5: Comparison between balloon expansion for conventional stents and                                                             

self-expanding stents made from nitinol alloys[23]. 

Hydrogen Embrittlement 

i. Mechanisms of Diffusion 

 Hydrogen embrittlement is seen throughout many engineering metals, like steels, 

aluminum, copper, and refractory metals [24-26]. For all metals, hydrogen enters the metal 

through humidity under a hydrogen atmosphere or an acid and electrochemical processes  [26-

28].  The latter requires the charging of hydrogen ions: 

 

                                                        (H+ + e- → H)                                                       (1) 

 

For hydrogen to get into the metal, hydrogen needs to first be adsorbed to the metal, 

which means there is an attraction between the surface and the hydrogen. Only then can the 

hydrogen be absorbed into the metal. Some hydrogen in the lattice forms into hydrogen gas: 

 

                                                           (2H → H2)                                                         (2) 

 

where the gas escapes the metal at the surface. Otherwise, the hydrogen diffuses into the metal 

lattice, and the concentration builds up. The hydrogen diffusion into the lattice along the plate 

thickness direction follows Fick’s diffusion law: 

 

                                                                  
𝜕𝑐

𝜕𝑡
 =  𝐷

𝜕2𝑐

𝜕𝑥2                                                         (3) 
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where c is the hydrogen concentration, t is the time, x is the position, and D is the diffusion 

coefficient [24,28,29].  

Oxide layers, like aluminum oxide, can impede the attraction on the surface and decrease 

the diffusion of hydrogen in the metal. Purposefully oxidizing the metal in a protective salt or 

oxide is called passivation. Passivation is quite common in the industry, and it has been proven 

to be biocompatible [30]. Titanium is one of the metals that reacts to form protective oxides and 

nitrates. A high-level purity is required, and the extra step may not always be convenient in 

processing [31]. Regardless, hydrogen embrittlement is one of the most complex phenomena to 

predict due to the unknown kinetics of processes; an applicable predictive physical mechanism 

model does not yet exist [24].  

ii. Hydrogen Testing 

The most common form of testing the hydrogen content in nitinol is hot vacuum testing. 

Adding heat and decreasing pressure can force the hydrogen out of the crystal structure of 

nitinol; collecting the escaped hydrogen can allow for the precise measurement of hydrogen 

concentration [32-34]. Because the process is done at high temperatures (>650oC) for extended 

periods of time, it is a destructive test that limits its use as a quality control step in industry. Due 

to its light atomic mass, hydrogen cannot be measured with conventional non-intrusive methods, 

like x-ray fluorescence (XRF). 

iii. Hydrogen in Nitinol 

According to ASTM F2063-18 and shown in Table 1, the maximum wrought 

concentration of hydrogen is 50 wt.ppm. There is, however, no standard for the concentration of 

hydrogen after processing due to the destructive nature of hydrogen testing. Observationally, 

hydrogen embrittlement affects the mechanical properties close to the surface of the metal. 

Titanium has a much higher affinity for hydrogen than nickel, and it is the primary metal that 

becomes a hydride. Like oxides and carbides, hydrides in metals are stress concentrators and 

cause brittle fractures under tension. The concentration of H required to form hydrides is not 

fully clear, as Pruitt et al. cite hydride formation as low as 75 wt.ppm, while Burch and Mason 

tested up to 13000 wt.wpm with no formation of hydride [35]. Yamanaka et al. found that 

hydrogen remains dissolved in a solid solution (NiTiH1.4) below 270oC, but above 500oC under a 

strong hydrogen atmosphere leading to the decomposition of TiNi3 + TiH2 [36]. Regardless of 

the formation of hydrides, tensile tests show the areas around the sample, the area that was 

inflicted by hydrogen, undergo brittle failure at a lower load [37]. In terms of fatigue, low 

loading (1.4% strain) and low cycling (<104) were not greatly impacted by hydrogen up to 80 

wt.ppm [38]. To test for the effects of hydrogen on nitinol, many groups offered different 

methods of hydrogenation. Yokoyama et al. used an acidulated phosphate solution (APF), which 

was made of H3PO4 and a fluoride salt. They managed to get a range of hydrogen concentrations 

from 100-1000 wt.ppm [39] Pruitt et al. used 85% H3PO4 at various times at 80oC and found 

hydrides above 583 wt.ppm, while Pelton et al. used an unlisted concentration of H3PO4 for a 

maximum of 20 minutes at 90oC [36,38]. The effects of tensile properties are missing from 

studies, however. 
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Experimental Design 

In this study, the goal is to understand and determine the effects of the concentration of 

hydrogen in SE508 nitinol wire regarding strength, permanent set, ductility, and mode-of-failure 

of the fracture surface. Tensile testing will show how the strength and permanent set degrades 

with higher hydrogen concentrations. Observing the fracture surfaces of samples at different 

levels of hydrogen is important for showing how hydrogen has affected the local plastic 

deformation. 

A preliminary test was conducted to determine how fast 50% sulfuric acid adds hydrogen 

into the microstructure at room temperature. Because the trend was unknown during the 

preliminary test, periods of 1 minute, 2 minutes, 5 minutes, 10 minutes, 20 minutes, 1 hour, 1 

day, and 3 days in the sulfuric acid were chosen. Using hot vacuum extraction, the exact 

hydrogen content was found at each interval, shown in Figure 6.  

 
Figure 6: Preliminary etch of superelastic nitinol in 50% sulfuric acid. 

 

It was determined the time of interest was primarily between 10 and 60 minutes. 10-

minute intervals within that time will give further understanding of multiple hydrogen 

concentrations. For the strongest statistical significance possible with limited testing time, there 

were five samples submerged in the sulfuric acid at each of these time levels, as well as a control 

group. The hydrogen concentrations of these samples are displayed below in Figure 7. 
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Figure 7: Final etch of superelastic nitinol in 50% sulfuric acid. 

 

Three samples were submerged in the sulfuric acid for one day, and three more samples 

were submerged for four days to observe the effects of higher hydrogen concentrations. The 

samples had hydrogen concentrations of 125 wt.ppm and 143 wt.ppm, respectively.  

The next step in this experiment was to tensile test each sample on a 50kN Instron as per 

ASTM F2516 standard for tension testing superelastic nitinol. This standard requires 150 mm of 

wire between each clamp, so the samples were cut down to size using large wire cutters. The 

cross-head displacement rate was set to 5 mm/min. The samples were loaded and pulled to 6% 

strain, then returned to zero strain as per the ASTM standard. This process allows for a 

measurement of permanent set, which was found by taking the difference in strain from when the 

initial and final load read above 7MPa. The samples were then tested to fracture, where the 

maximum elongation and ultimate tensile stress were recorded.  

To further investigate the effects of hydrogen concentration on the nitinol wire samples, 

the fracture surface of one sample from each hydrogen level was imaged under the SEM. The 

spot size was set to 4.5 and the accelerating voltage was set to 20.0 kV consistently. The cross-

section of the fracture surface was observed at a low magnification around 90x as well as a 

higher magnification around 3000x to observe any reduction of area and surface artifacts present.  

Results 

i. Tensile Tests 

The acid had noticeable, visible effects to the nitinol wire. Shown in Figure 8, the 

evolution of the appearance of the wires are shown. At first, the black oxide layer is clearly seen. 

Between 40 and 60 minutes, the oxide completely disappears, with possible evidence of pitting 

shown. Some more pitting can somewhat be seen in the 48-hour sample, but it does appear that 

pitting becomes a larger problem. This has the potential to affect the tensile properties, as pits act 
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as a stress concentrator and may cause fractures sooner. If there are noticeable effects between 

the levels, further analysis would be needed to identify if pitting impacted the tensile properties 

or if it was hydrogen changing the microstructure. 

 

 

 
Figure 8: The impact of the acid on the nitinol surface at a) 20 minutes, b) 40 minutes, c) 60 minutes, d) 24 hours.   

The results found from our tensile tests show us the correlation between the hydrogen 

content of the nitinol samples and their tensile properties. The time periods between 0 and 60 

minutes had a sample size of five, while the one-day and four-day samples each had three test 

wires. The permanent set data is displayed in Figure 9. Again, there were five samples at each 

hydrogen concentration level through 120, and three samples at 125 and 145 wt.ppm. The red 

data points represent an average value of these samples. It can be observed that there is some 

variance at each level, but there does not seem to be a correlation with hydrogen concentration 

and that variance. In comparison to different concentrations, the mean of each data set above and 

below the 50 wt.ppm ASTM limit for wrought nitinol shows little difference in value.  

 

a) b) 

c) d) 
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Figure 9: Impact of hydrogen concentration on permanent set. One standard deviation is shown in the error bounds.  

 
The ultimate tensile strength, shown in Figure 10, remained around 1180 MPa, which 

matched the specifications of the manufacturer. The samples with low hydrogen concentration 

had low variance, with all five samples fracturing with 5 MPa of each other. Any hydrogen 

added to the system seemed to increase the spread of tensile strengths. Although more variance 

in tensile strength may be of concern, the spread only minimally increased with the one-day 

sample having a standard deviation of 20 MPa.  

In addition, the tensile strength generally increased as more hydrogen entered the crystal 

structure. The trend is subtle, and the increase of tensile strength would be unnoticeable when 

applying the nitinol wire. Importantly, the tensile strength did not decrease as hydrogen entered 

the wire.  

 

 
Figure 10: Ultimate tensile strength of nitinol samples at each hydrogen content.  
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The final variable measured is maximum elongation. A large impact on ductility could 

signal that hydrogen embrittlement is happening at these concentrations. However, a large 

change in ductility was not observed, shown in Figure 11. The overall ductility hovered around 

19.0% strain from control to 143 wt.ppm. Likely due to the limited number of samples, no 

decisive conclusion can be made about the correlation between maximum strain and hydrogen 

concentration. Regardless, any loss in strain, even in the high concentrations, would not be 

indicative of an embrittled part. 

 
Figure 11: Maximum percent elongation of nitinol samples at each hydrogen concentration. 

ii. SEM Imaging 

The SEM images taken in this experiment helped determine the variable most affected by 

hydrogen content. Upon visual inspection of each sample, there was obvious necking for the 

samples containing up to 120 wt.ppm hydrogen, indicating a ductile failure. The samples that 

had been left in the etchant for one and four days (125 and 142.5 wt.ppm) did not show signs of 

necking. Looking at the cross-section of the control sample compared to the cross-section of the 

most hydrogenated sample in Figure 12, there is a change in reduction of area. 
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Figure 12: SEM images of nitinol wire fracture surfaces after tensile testing. (a) Fracture surface of control sample 

(5 wt.ppm hydrogen) with obvious necking, (b) fracture surface of most hydrogenated sample (142.5 wt.ppm 

hydrogen) with no reduction of area, (c) higher magnification of control sample with microvoid coalescence, (d) 

higher magnification of 142.5 wt.ppm sample with microvoid coalescence.  

 

In the higher magnification images displayed in Figure 12, there is evidence of micro-

void coalescence in both the control sample and 142.5 wt.ppm sample. This is an indicator of a 

ductile failure. In the highly hydrogenated sample, however, there are other surface artifacts 

visible that suggest this mode of failure was mixed, and that it failed with more brittleness than 

the control sample. The SEM images of the additional samples can be viewed in Appendix A. 

All SEM images of samples that were in the etchant up to one hour are visually similar to the 

control sample, and the other sample beyond that threshold is visually similar to the 142.5 

wt.ppm sample.  
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Discussion  

i. Tensile Tests 

The data collected from the tensile tests indicate that there was no major negative effect 

of hydrogen concentration on the superelastic nitinol wires. In permanent set, the hydrogen 

concentration did not change the deformation of the wire after loading to 6% strain. 

Statistical T-tests were performed to support this, as shown in Figure 13. Each hydrogen 

level is compared to the control sample. Most of the p-values lie above 0.05, so the null 

hypothesis cannot be rejected. Therefore, hydrogen content had no statistical effect on the 

permanent set of the nitinol wire samples.  

 

  
Figure 13: Statistical T-tests comparing samples at each hydrogen level to the control sample (4 wt.ppm) for 

permanent set data. The second number represents the concentration of hydrogen that was compared to the sample. 

The red line signals the inability to reject the null hypothesis if above. 

 

Likewise, the ultimate tensile strength of the nitinol wires showed little variance between 

hydrogen content levels. Another T-test was performed to support this, shown in Figure 14. For 

ultimate tensile strength, most of the p-values lie below 0.05, and the null hypothesis can be 

rejected, meaning there is a statistical effect of hydrogen content on the UTS.  Based on the trend 

in Figure 10, however, it can be observed that this is not a negative effect. In fact, the UTS 

increases (though minimally) above the 50 wt.ppm ASTM limit for wrought nitinol up to 143 

wt.ppm.  
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Figure 14: Statistical T-tests comparing samples at each hydrogen level to the control sample for ultimate tensile 

strength data. Because most samples are below the red line, the null hypothesis can be rejected. 

ii. SEM Imaging 

 Upon inspection of the SEM images collected, local plastic deformation was the most 

impacted by increasing hydrogen content. This is indicated by the significant decrease in 

reduction of area beyond a hydrogen concentration of 120 wt.ppm. This means that at higher 

hydrogen levels, these wires will not deform before they break, and will break much faster when 

failure begins. This can lead to a more catastrophic failure of a component made from this 

superelastic nitinol. The reduction of area trend is displayed below in Figure 15. 

 
Figure 15: The reduction of area determined from SEM imaging at each level. 
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 The presence of micro-void coalescence in samples at all hydrogen levels is indicative of 

ductile fracture. Without necking, however, this does little to make up for a loss in plastic 

deformation. Additionally, the presence of other surface artifacts shows there was potentially a 

mixed mode of failure for the highly hydrogenated samples.  

Conclusions 

1. According to tensile testing data, permanent set of the nitinol wire was not impacted by 

the addition of hydrogen. Throughout the testing, all the samples had around .20% 

permanent set, with no sample not passing the .5% ASTM F2516 threshold. 

2. Ultimate tensile strength saw a subtle increase as more hydrogen diffused through the 

wires. Note this is only below 150 wt.ppm, and no conclusions can be made outside of 

this region. 

3. Maximum elongation saw a slight decrease in the mean but is within the margin of error. 

The decrease does not play a significant role in industrial processes. 

4. There was an evolution of the mode-of-failure of the fracture surface under the SEM. All 

low-hydrogen samples had only micro-void coalescence with samples above 140 wt.ppm 

experiencing some different artifacts. 

5. There was a reduction in the area that disappeared between 120 wt.ppm and 125 wt.ppm. 

Further research will be needed to show whether that reduction is from hydrogen, pitting, 

or time in etchant. 

Recommendations 

1. To be sure that processed nitinol can truly withstand more than 50 wt.ppm hydrogen, 

other mechanical, thermal, and chemical properties should be analyzed. This will allow 

for a wider scope of understanding of how hydrogen affects superelastic nitinol beyond 

the ASTM limit. 

2. Long-term fatigue testing should be conducted as hydrogen can decrease the lifetime in 

other alloys. This is important because medical devices like stents are intended to not 

break over an extended amount of time. 

3. The fracture behavior and artifacts found on the surface could indicate a more brittle 

fracture. A further exploration is needed to understand if these differences are of concern, 

as the local plastic deformation was most impacted by hydrogen content in this study. 
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Appendix A 

 

 
Figure A1: Low magnification (left) and high magnification (right) SEM image of fracture surface of 

superelastic nitinol wire etched in 50% sulfuric for 20 minutes and tensile tested. 

 

 
Figure A2: Low magnification (left) and high magnification (right) SEM image of fracture surface of 

superelastic nitinol wire etched in 50% sulfuric for 30 minutes and tensile tested. 
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Figure A3: Low magnification (left) and high magnification (right) SEM image of fracture surface of 

superelastic nitinol wire etched in 50% sulfuric for 40 minutes and tensile tested. 

 

 
Figure A4: Low magnification (left) and high magnification (right) SEM image of fracture surface of 

superelastic nitinol wire etched in 50% sulfuric for 50 minutes and tensile tested. 
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Figure A5: Low magnification (left) and high magnification (right) SEM image of fracture surface of 

superelastic nitinol wire etched in 50% sulfuric for 60 minutes and tensile tested. 

 

 
Figure A6: Low magnification (left) and high magnification (right) SEM image of fracture surface of 

superelastic nitinol wire etched in 50% sulfuric for one day and tensile tested. 
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