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Abstract 

This master thesis has summarized articles and patents found that have been evaluating and optimizing 

cold-drawing of nitinol wire. The nitinol wire of interest is where the nitinol is used as a core-wire in 

guidewires. The super-elastic and linear-elastic property of nitinol is attractive in this application. It 

has been found that cold-drawing of wire is performed in a number of steps, depending on how thin 

the target wire should be. The process starts with pre-annealing followed by cold-drawing with inter-

annealing in between each pass. After the final drawing pass a final annealing in combination with 

mechanical straightening should be done at a lower temperature than the inter-annealing. This process 

was tried out and it showed that with the existing equipment at one certain production plant of wire-

drawing of nitinol following parameters showed superelastic and high-strength properties: pre-

annealing at 550 °C for 10 min in air, drawing down to 55 % area reduction, inter-annealing at 675 °C 

for 15 min in hydrogen, drawing down to 61 % area reduction, final annealing at 450 °C for 2 min and 

30 s.  In order to realize a production line of nitinol wire more work must be done. Recommended is to 

perform a design of experiment at the final annealing times and temperatures in order to optimize the 

superelastic and high-strength properties of the nitinol wire to best suit as core wire for guidewires.  
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Sammanfattning 

Detta examensarbete har sammanfattat artiklar och patent där kalldragning av nitinoltråd har 

utvärderats och optimerats. Den typ av nitinoltråd som varit av intresse för denna rapport är den del av 

styrtråden som utgör kärnan i styrtråden. Superelasticitet och linjär elasticitet är intressanta egenskaper 

från nitinol som passar för denna applikation i styrtrådar. Det har visat sig att kalldragning av nitinol 

utförs i ett antal steg. Processen börjar med en förglödgning som sedan följs av kalldragning med 

mellanglödgning mellan varje dragning. Efter den sista kalldragningen då den önskade 

tråddimensionen uppnåtts utförs en slutglödgning i kombination med mekanisk sträckning av tråden. 

Slutglödgningen bör göras i en lägre temperatur än mellanglödgningen. Denna process testades och 

det resulterade i att med den utrustning som fanns tillgänglig på en specifik produktionsanläggning vid 

kalldragning av nitinol, visade följande parametrar upp superelastiska och höghållfasta egenskaper: 

förglödgning i 550 °C i 10 min i luft, kalldragning ned till 55 % areareduktion, mellanglödning i 675 

°C i 15 min i en omgivning av vätas, kalldragning ned till 61 % areareduktion, slutglödning i 450 °C i 

både 2 min och 30 s i en omgivning av vätgas. För att realisera en produktionslina av kalldragning av 

nitinoltråd måste mer arbete utföras. Rekommenderat är att utföra ”design of experiment” på final 

glödgningstemperatur och tid för att kunna optimera de superelastiska och höghållfasta egenskaperna 

hos nitinoltråd som bäst lämpar sig för styrtrådar.  
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Abbreviations 

Af – Austenite transformation temperature 

As – Austenite transformation starting temperature 

at% - Atomic percentage 

DSC – Differential Scanning Calorimeter 

LP – Lower plateau – unloading 

Mf – Martensite transformation temperature 

MoS2 – Molybdenium-disulphide 

Ms – Martensite transformation starting temperature 

Ni – Nickel 

Nitinol – Nickel-Titanium alloy with around 50at% Ni and 50at% Ti. 

Pseudoelasticity – in this report mentioned as superelasticity. 

SPC – Sandvik Palm Coast 

Ti- Titanium 

TiO2 – Titanium-dioxide 

UP – Upper plateau – loading 

UTS – Ultimate tensile strength 

wt% - Weight percentage 
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1. Introduction 

The medical market continuously strives to find and develop new materials in order to increase the 

safety of the patients. One material that have been of a big interest for the medical market is nitinol 

due to its biocompatible nature and unique properties. It could save a lot of time in surgery as well as 

increase the safety of the patients.  

Nitinol and its unique properties was first discovered in 1963 by Buehler et al. [1]. Since then a lot of 

research on the subject have been carried out and nitinol is today used in several different applications 

from orthodontic wires and implants to actuators.  

This master thesis aims to dig deeper in the literature of nitinol and the production of it in order to 

create a production line for the nitinol wires. The nitinol wire of interest will be one of a kind with the 

characteristic most common for the medical market. 

1.1. Nitinol 

Nitinol is an alloy of around 50:50 at% nickel and titanium. The nickel-titanium 50:50 composition 

holds unique properties; superelasticity and shape memory. This is caused by the phase transformation 

between martensite and austenite. [2] It has also been observed that Nitinol is relatively biocompatible 

and therefore is a good candidate for medical device applications [3]. 

Which phase is stable depends on the alloy composition, cold work, temperature and time of thermal 

processing [4]. The martensitic phase is stable at temperatures lower than the austenitic phase. The 

temperature of where the austenitic phase transformation starts is known as the austenitic starting 

transformation temperature (As) and the temperature of when the transformation is fully performed is 

known as the austenitic transformation temperature (Af). As has been proved to be able to vary 

between degrees from -140 °C to temperatures up to 130 °C [5].  

Production of nitinol has some limitations due to its extreme cold-work hardening and superelastic and 

shape-memory properties. The processing of nitinol is therefore preferably a multi-pass process with 

inter-annealing between each pass to recrystallize the material. 

1.2. Objectives and research questions 

The main purpose of this Master Thesis is to identify what is required for a production line of cold-

drawn nitinol wires. 

A production line for the nitinol wires must be developed. Equipment that is needed for the 

manufacturing and test equipment to understand and evaluate achieved properties of the Nitinol wires 

from the production will also be evaluated. The manufacturing methods of Nitinol differs depending 

on the desired properties, therefore the latter must be identified. Knowledge of what applications in the 

medical market where nitinol is common is sufficient to investigate, in order to gather information 

about the properties that are desired. 

This master thesis will attempt to answer the following questions: 

R1. What are the desired properties of Nitinol? 

R2. What processes and equipment are necessary to manufacture nitinol wires with desired properties? 

R3. What test equipment is necessary to test the desired properties of the nitinol wires? 

R4. How would a production line for nitinol wires optimally be at an already existing production unit 

for cold drawing of ultra-fine metal alloy wire? 
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1.3. Methodology 

A literature survey has been carried out in order to explore the possible applications and properties of 

nitinol and different processing methods of it. The literature survey covered patents of products that 

used nitinol wires and articles about production and processing of the wires.  

The applications for nitinol wires were evaluated based on quantity of patents. The most common 

application for the wires were further evaluated in order to determine the desired properties of it used 

in the latter application.  

Based on the articles from the literature survey an experimental production line was developed and 

conducted in order to optimize the final and desired properties of the nitinol wire. 

1.4. Time Plan 

The time plan for this master thesis is illustrated as a Gantt chart in Figure 1. The activities in the time 

plan regards fulfilling the goals and objectives of the report. 

Activity 1 is formulation of the problem. During this period aims and objectives of this master thesis 

will be set.  

Activity 2 is the literature review of background information. This activity aims to provide general 

knowledge of nitinol. 

Activity 3 is defining a work-plan. This activity aims to set short-time and long-time goals in order to 

be able to reach the aim and objectives of this master thesis within the limit of 20 weeks. 

Activity 4 is the literature review of applications. This activity aims to gather information on nitinol 

wire medical applications in order to understand the requirements on the material and mechanical 

properties of the wire. 

Activity 5 is the literature review of articles related to production of nitinol. This activity aims to 

gather information about how nitinol is being produced in order to achieve the required properties. 

Activity 6 is the activities regarding meeting with users of nitinol wires. This activity is practically 

interviews and meetings with suppliers of medical instruments that might use nitinol wires in their 

products in order to obtain a deeper understanding of the material and mechanical properties 

requirements. 

Activity 7 is the summary of applications. During this activity all applications found in the literature 

study will be summarized and analyzed. The expected result of this activity is the selection of the 

required properties. 

Activity 8 is a process of listing suppliers of the pre-cursor of cold-drawn nitinol wires. In order to 

make experiments and start a drawing process, the raw material must be ordered and therefore 

potential suppliers are investigated. 

Activity 9 is formulating a production line based on the literature found during literature reviews. This 

activity aims to use the information found in the literature survey of production of nitinol and create a 

production line for cold-drawing of nitinol wires. 

Activity 10 is listing all equipment needed to realize a production line. This activity aims to identify 

the equipment needed for realizing the production line and also identify test equipment that is needed 

to test the desired properties of the nitinol wires. 

Activity 11 is ordering the equipment listed in activity 10. This regards contacting suppliers and get 

quotation on the equipment followed by making actual orders of material and equipment’s. 
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Activity 12 is the experimental part of the project. During this activity experiments on nitinol wires on 

the production line set in activity 9 will be performed. This activity aims to result in a production line 

producing nitinol wires with the desired properties, based in a design of experiment. 

Activity 13 is the writing of the report. This activity is continuing during the entire project. The 

activities listed in the Gantt chart are the deadlines for part-time goals, first draft and final draft of the 

report. 

Activity 14 is preparing and finishing the presentation of the project. This activity aims to put focus on 

how to present the results of this master thesis. 

 

Figure 1. Time-plan presented as a Gantt chart for this degree project. 

 

1.5. Delimitations 

The demand for nitinol in several applications is increasing and further widened. In order to 

implement a first generation production line for nitinol this thesis work is limited to focus on a 

production line for only cold-drawn ultra-fine nitinol wires in the most common applications in the 

medical market. 

The final production line in this master thesis is limited by the available equipment and production 

lines currently available at SPC. 

The wire in the annealers must be manually pulled with the speed settings that are necessary for 

producing the wire in this master thesis. The time the wire must be annealed also limits the amount of 

wire that can be annealed, due to the slow speed that is necessary. The annealing times limits the 

amount of wire possible to produce. Producing more wire would exceed the time that is humanly 

possible to manually pull the wire through the annealer. 

The tensile testing of the processed material cannot be performed in line with the ASTM standard for 

tensile testing of nitinol due to limitations in the available test equipment. 

It was desired to test the actual transformation temperature of the final achieved wire, but due to issues 

with the DSC that is necessary to test these properties it was not possible to get any results regarding 

transformation temperature. 
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A summary of the project scope is outlined and visualized in Figure 2 seen below. The master thesis 

will be limited to the subjects within the red lines. 

 

Figure 2. A visualization of the project content and its delimitations. The scope of the project is limited to the subjects within 

the red lines. 
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2. Literature review 

This chapter digs deeper in to the understanding of what nitinol is. It answers the questions regarding 

what characteristics the material holds, what the most common applications for nitinol wires within 

the medical market are and what are the desired properties of nitinol used in these applications? 

Furthermore are also methods of processing nitinol wire with desired properties investigated and 

presented. 

2.1. Nitinol 

As previously mentioned, nitinol is interesting due to its superelastic and shape memory properties 

caused by the phase transformation between austenite and martensite. Austenite is the stable phase at 

higher temperatures than martensite. Austenite is a cubic B2-phase and martensite appears in two 

phases, as a twinned B19’ phase and as deformed martensite. 

In Figure 3 it can be observed how the different phases occur. When nitinol is unloaded above Af B2 is 

stable – while cooling the material down under Af, B2  B19’. The deforming of twinned martensite 

occurs due to the twin boundary motion. [2] 

 

Figure 3. Illustration of the phase changes in nitinol at the cubic level [6]. 

Typical Nitinol alloys have a 50:50 at% ratio of nickel and titanium. Minor changes in the 

composition will have significant effects on the shape memory and superelastic properties. For alloys 

greater than 50 at% Ni, a 1 percentage increase in the amount of nickel or titanium can change the 

alloy transformation temperature with ±100°C [5, 7, 8, 9]. Nitinol with a slightly higher rate of nickel 

generally pushes the properties of nitinol to be more superelastic. Higher nickel-rates decreases the 

transformation temperature and the material becomes superelastic in lower temperatures. 50.5-51.5 

at% nickel is a common ratio for superelastic nitinol. [10, 11, 12] 

The recrystallization temperature of nitinol occurs at 550 C° [13]. It is important to take this in mind 

when heat-treating the material. During inter-annealing the material must be fully annealed and 

therefore the temperature must exceed the crystallization temperature. During final annealing the 

temperature of the material must stay below the crystallization temperature in order to keep the 

superelastic properties of the material.  
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Af can be manipulated with cold-working and heat-treatments. Due to the higher levels of internal 

energy in the material after cold-working, annealing is more effective the more the material has been 

cold-worked. [2, 14] 

As can be seen in the phase diagram in Figure 4, 50:50 at% Nickel-Titanium is in equilibrium from 

627 °C, at temperatures below and with an increased nickel-content precipitates of Ti2Ni4 or TiNi3 is 

formed. This means that annealing will increase Af since the nickel content erodes in the Ti-Ni matrix. 

The precipitate is formed with the following inter-mediate phases: Ti3Ni4  Ti2Ni3  TiNi3 [2] 

 

Figure 4. A zooming at the phase diagram of Nickel-Titanium. Picture from [2]. 

2.1.1. Superelasticity 

Superelasticity occurs when austenite is the stable phase, i.e. when the temperature is equal to or above 

Af. A material exhibiting superelastic properties, can be strained to higher levels without plastic 

deformation compared to other metallic materials. In superelastic nitinol, strains up to 10% is possible 

if the treatment of the material has been done correctly. The elasticity is a result from the phase 

transformations mentioned in the introduction, between the austenitic and the martensitic phase. The 

phase transformations causes a plateau in the stress strain curve; an upper plateau (UP) on loading and 

a lower plateau on unloading (LP) as can be seen in Figure 5 [2, 15]. 
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Figure 5.  Idealized stress-strain curve for superelastic nitinol and steel. When stress is applied to nitinol the austenite phase 

turns to martensite as seen in the upper plateau (UP) and when stress is released the martensite goes back to its parent 

phase, austenite, as seen on the lower plateau (LP). The curve shows to have extremely large elastic range compared to the 

stainless steel curve. Picture from Duerig et al. and [15] 

 

2.1.2. Shape memory 

When nitinol is cooled below Ms, martensite will turn into the stabilized phase. The superelasticity 

will be lost and the material will be easily deformed, see Figure 6. However, if the nitinol is heated 

again to above As, the deformed material will, as the phase transformation occurs, return to the shape it 

had before it was deformed. This characteristic of nitinol is called shape memory and is also due to the 

same phase transformations as in the superelastic event, but the mechanism is different. [2] 

The deformation due to temperature changes is illustrated in Figure 7. The nitinol is at first stabilized 

above the austenite finish temperature, with time the nitinol is cooled below the austenite starting 

temperature to martensite stable temperatures, where the material is deformed in a multiple of ways, 

followed by heating aging up to above austenite starting temperature where the material can be seen to 

form increasingly back to the starting shape and at the austenite finish temperature the material is 

completely deformed back to its original shape. 
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Figure 6. When martensite is the stable phase, the stress-strain curve gets offset downwards which will erase the 

superelasticity. 

 

Figure 7. The figure illustrates nitinol phase transformation by cooling the nitinol from its austenite phase to be stable at 

martensite, of where it is deformed. When the material subsequently is heated to above Af, the deformed nitinol will return to 

the shape it had before deformation. 

2.1.3. Linear superelasticity 

Linear elasticity of nitinol can be achieved by heat treatment and/or cold-working the material. In the 

as-cold worked state linear superelasticity of nitinol can be achieved. Linear elasticity of nitinol with 

recoverable strains up to 4 % have been observed by Zadno et al. [16]. In Figure 8 the stress-strain 

curve for linear elastic nitinol can be seen in comparison to a typical stainless steel alloy. It can be 

seen that the linear-elastic nitinol do not exhibit the elastic plateau as the superelastic nitinol. 



9 

 

 

Figure 8. Stress-strain curves at room temperature of the cold worked martensitic Ni-Ti and a typical stainless steel. 

The linear elastic properties achieved by cold-working nitinol is significantly less dependent on 

temperature than the superelastic and shape-memory properties, i.e. the linear elastic nitinol is 

generally inert to temperature changes. It also do not have the same dependent on alloy-composition of 

Nickel-Titanium as superelasticity and shape-memory. [16, 17, 18]. 

Nitinol with superelastic characteristics has shown to exhibit linear-elastic properties at temperatures 

around 50 °C above Af. [10, 19]. 

Figure 9 shows how the mechanical characteristics of nitinol changes with different temperatures. At 

temperatures below Af, in this case T2, the material is easy to deform but will also return to its 

austenitic shape when warmed up. At T3 (above Af) the material exhibits the superelastic 

characteristics and at even higher temperatures, T1 the superelastic characteristics fade out and the 

material achieves linear-elastic characteristics instead. [20] 
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Figure 9. Typical stress-strain curves at different temperature relative to the transformation showing, linear-elastic 

austenite, superelastic austenite and shape-memory martensite. Picture from Fuentes et al. [20] 

 

2.1.4. Biocompatibility 

Due to the formation of a passive titanium-oxide layer, Nitinol has showed to have excellent 

biocompatibility. [3] TiO2 prevents the nickel to erode from the binary nitinol in the human body. It 

has been shown that even though nitinol contains ~50% nickel and stainless steel generally contains 

~8 %, the erosion of nickel in nitinol have been proven to be lower in nitinol than in stainless steel 

[21]. 

2.1.5. Applications 

The most common application for nitinol wires found from some of the major providers of medical 

equipment in the world were guidewires [22, 23, 24, 25, 26, 27, 28, 29, 30, 31] where nitinol is used as 

a core wire. 

A total of 33 patents were found, 17 of which covering nitinol core wires in guidewires and 6 covering 

joints of the core wire in guidewires. 

From the research on the product portfolios of suppliers of medical equipment including nitinol wires, 

there were a majority of applications with nitinol wires that were found in guidewires. Other 

applications, was balloon-dilatation catheters and retrieval devices. 

A guidewire is used to facilitate advancement of devices in the vascular and ureteral system of a 

human body which sets high standards on the instruments and the materials used. [11] 

2.1.6. Properties 

The main reason to use nitinol as core wire for guidewire is its kink resistance. [22, 23, 24, 25, 26, 27, 

28, 32, 33, 11] Kink resistance means that the wire will not be deformed by the stress that will occur to 

the wire while it is guided through the vessels. 

Kink resistance is a result of the elastic performance. A wire stays kink resistant as long as it do not 

plastically deform while bending it. A superelastic or a linear-elastic nitinol wire, both fulfill 
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absorbing high stresses without deforming. A superelastic nitinol wire fulfills these requirements best 

[28, 34]. 

Other properties the nitinol core wire are supposed to bring in a guidewire that is found on the product 

sheets from the suppliers, are flexibility, durability, maneuverability, torqueability, stiffness and 

steerability [22, 23, 24, 25, 26, 27, 28, 35, 11]. 

According to Furukawa Techno material [36, 37], there are 5 main properties that are important for 

design of a guidewire: 

1. Straightness (b) 

2. Yield point (F) 

3. Apparent modulus of elasticity (ED). 

4. Stress difference at a constant strain (2%) between loading and unloading of a load (H) 

5. Residual strain (Z) 

The straightness ought to be high and the stress difference ought to be small, this is important for the 

torque transmission which will result in improved steerability. The yield point ought to be non-existent 

and the apparent modulus of elasticity should be large to result in a good pushability. Finally the 

residual strain ought to be small for a good shape-recovery which makes the guidewire able to be 

reused. These characterisitcs of the hysterisis curve for nitinol best suits with a nitinol wire exhibiting 

linear-elastic properties as can be seen in Figure 10 below. For linear-elastic nitinol the yield point is 

non-existent whereas it can be seen as F2 for superelastic nitinol. The residual strain for super-elastic 

nitinol is non-existant whereas it can be seen as Z1 for linear-elastic nitinol. The apparent modulus of 

elasticity (Ed) is larger for linear-elastic nitinol. The stress difference (H) is larger for superelastic 

nitinol. Which desired property achived by which nitinol characteristic is summarized in Table 1. 

 

Figure 10. Desired properties of a guidewire applied on the stress-strain curve of linear-elastic and superelastic nitinol. The 

darker blue (1) represents linear-elastic nitinol and the lighter blue (2) represents superelastic nitinol. 

Table 1. A summary of which desired property of a guidewire that is fulfilled by which nitinol wire property [SOURCE]. 
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Residual strain 

(Z) 

Apparent 

modulus of 

elasticity (ED) 

Yield Point (F) Stress 

difference 

(H) 

SE LE LE LE 

 

A core-wire material determines properties such as tip load, flexibility, steerability, traceability, and 

last but not least the support, while its diameter is responsible for flexibility, torqueability, as well as 

support. [38] 

In the US patent no 8500658 a “Nickel-Titanium core guide wire” were described where the desired 

properties from the nitinol varies along the wire, but the entire wire is required to initially have a 

superelastic performance. Some parts of the wire might be cold-worked to achieve linear elastic 

properties, in order to be able to shape the distal tip of the wire. In the patents, the desired properties 

and reason for having a super-elastic core guidewire confirms the desired properties from the 

suppliers, which are kink resistance and torqueability. [39] 

Out of 27 patents found with medical devices using nitinol wires, 12 patents claimed to use nitinol 

with a superelastic core wire, 5 claimed to use nitinol with a liner-elastic/non-superelastic core wire, 7 

claimed to use some embodiments of the core wire with superelastic nitinol and some embodiments 

with linear-elastic/non-superelastic nitinol, 1 patent claimed the use of the shape memory 

characteristics of nitinol and 2 patents did not state the desired property of the nitinol used. 

In 7 of the patents found, the form of nitinol that is preferred is superelastic nitinol and/or linear elastic 

nitinol, this has been summarized in Figure 11 [39, 40, 41, 42, 43, 44, 45, 46]. It is described that the 

linear elastic nitinol is preferred in the guidewires having shapeable tip, whereas the last centimeter of 

the guidewire is of linear elastic nitinol and the inner part of the distal end of the core wire might be 

from superelastic nitinol. Since the linear-elastic properties of nitinol can be achieved from a 

superelastic nitinol, the entire wire could be produced as a superelastic wire, whereas following cold-

work could be achieved on the embodiments that require liner-elastic characteristics. 

 

Figure 11. Number of patents using a specific property. Out of 27 patents, 20 using superelasticity, 11 using linear-elasticity 

and 1 thermomechanical shape-memory. Of the superelastic and linear-elastic 7 patents uses combinations of superelastic 

and linear-elastic Nitinol. 
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In a majority of the cases where linear-elastic properties of Nitinol is desired, it is achieved by cold-

working a superelastic precursor of Nitinol, on either the entire part where nitinol is used, or on 

predetermined locations of the wire [39, 47, 44, 45, 48, 49]. 

Having a production of linear-elastic nitinol automatically includes super-elastic nitinol, the only 

difference is the final processing step of the nitinol since the linear-elastic nitinol is independent of 

alloy-composition and can easily be achieved from superelastic nitinol, as well as superelastic nitinol 

can be achieved by aging of linear-elastic nitinol as long as the alloy composition is a fit. 

A guidewire that will hold superelastic properties inside the body, at a constant temperature of 37 °C 

must have an austenite transformation temperature below body-temperature. 

The warmer active temperature for the wire compared to Af – the less significant superelastic 

characteristic the wire will have and more linear elastic properties. For nitinol used in body 

temperature a common Af is 10-35 °C [50, 51] According to ASTM F2005 that sets minimum 

requirement for medical nitinol, Af must be in the range of ±5 °C and therefore a Af to aim for is 20-30 

°C in order to stay superelastic at body temperature at 37 °C. 

A concern occurring when using superelastic nitinol is the lower UTS of the wire compared to for 

example stainless steel since a lower stiffness will cause less torqueability. In some application this is 

solved by using a sleeve in a stiffer material that is wrapping the core wire [30, 52, 53]. Levels for a 

desired UTS for a superelastic nitinol found is between 500-1380 MPa. [33, 54] 

This master thesis will therefore aim to achieve a production line of cold-drawing nitinol-wire of 50.6-

50.8 at% nickel with a balance of titanium with superelastic final properties and a minimum UTS of 

1380 MPa and the Af is 30 °C ± 5 °C. The diameter dimension of the wire will be discussed below. 

Wire dimensions 

In the patents analyzed diameter sizes from 0.025-1.27 mm have been observed. The most common 

sizes of the cold-drawn wires have been summarized in Figure 12 below. The most common wire 

dimensions are 0.178, 0.381, 0.508 and 1.016 mm. When analyzing the guidewires from the suppliers 

mentioned above, the wire sizes the standard wire dimensions are summarized in Table 2. Matching 

the standard sizes with the sizes of wires in the patents the most commonly produced dimensions of 

nitinol wires for guidewires are 0.356, 0.457, 0.889 and 0.965 mm. [29]  

 

Figure 12. The diameter of the wire claimed in each patent summarized. In the cases of where the diameter is close to each 

other they have been aggregated to the closest number which is displayed in the graph. 
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Table 2. Standard wire diameter dimension at relevant suppliers of guidewires. 

Wire diameter [mm] 

0.305 

0.356 

0.457 

0.635 

0.813 

0.890 

0.965 

 

Matching most common wire sizes in patents with standards from suppliers of wires the 3 most 

common sizes are: 0.356 mm, 0.457 mm and 0.965 mm. 

2.2. Production methods 

12 studies, patents and articles have been found that investigates and presents different methods and 

considerations when cold-working nitinol wires. Key information from the previous work is 

summarized and presented below.  

Preparation 

Before the process is started, any black oxide layer left from the melting or previous processing should 

be removed before the pre-annealing [9]. 

Raw material 

To produce a superelastic wire, a nitinol rod or thicker wire with compositions of between 50.5-51 at% 

nickel with a balance of titanium and a maximum of other trace-elements in accordance to ASTM 

F2063 have been used. [14, 37, 55, 56, 33] 

Lubricants 

During the drawing process the oxide layer will be worn out after the first pass, therefore additional 

lubricants must be used to prevent wear of dies and the surface of the wire to fracture. MoS2 and oil 

have showed to be efficient for lubrication. Recommended use of MoS2 is as dry powder solved in 

water with a density of 1.31 kg/l. [57, 58] 

 

Production process: 

1. Pre-annealing 

Before the drawing a pre-annealing process should be carried out in order to create a thin oxide layer 

on the surface of the wire. The oxide layer will work as a lubricant in the drawing process. Studies 

have shown that an oxide layer that is too thick causes cracks on the surface, and therefore the oxide 

layer should be kept thin. [59, 58, 4, 60]  

2. Drawing + inter-annealing 

The drawing will be achieved through a multi-pass procedure through monocrystalline dies with inter-

annealing in an inert atmosphere. The drawing rates around 60 % have been successful with inter-

annealing temperature and time from 600-800 °C for 10-20 minutes. [59, 58, 55, 4, 9, 56, 33, 61] 

3. Final drawing 

The final drawing rate should be costumized to achieve the desired final properties of superelasticity 

and dimension. A slightly lower rate than in the previous passes have turned out to be successful.  
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4. Final annealing 

After the final drawing a final annealing from 330-550 °C for 0.5-10 minutes have showed good 

results in achieving superelastic properties. [59, 14, 37, 55, 56, 33, 61, 62]. In Figure 13 it can be seen 

how Af varied depending on final heat-treatment time and temperature on a test where a wire had cold-

drawn down to 50% area-reduction. An Af from 10-20 °C can be achieved with a span from t = 2-5 

minutes, at T = 350 °C and 20 minutes < t < 60 minutes at T = 550 °C. 

 

 

Figure 13. Variation of Af depending on heat-treatment times at 2 min, 5 min, 10 min, 20 min, 60 min and 180 min and heat-

treatment temperatures at 350°C, 450°C, 550°C, pre-worked by cold-drawing at 50 % area-reduction. Data from [14]. 

 

5. Straightening 

The process is preferably finalized with a mechanical straightening in combination with the final 

annealing in order to create a straight memory. This should be implied with a force of 20-100 MPa 

[59, 14, 4, 56, 62] 

If a linear-elastic nitinol wire is to be preferred, the annealing temperature is around 250 °C with a 

force of 700-800 MPa. [37] 

In order to achieve a higher torqueability which is a desired property in guidewires, the mechanical 

straightening could be performed with an additional shear strain in the torsional direction. [37] 

6. Cleaning 

Any residuals of lubricants must be removed after the straightening and final annealing. 
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Figure 14. Process flow layout of the wire drawing of nitinol, whereas the last step creates wires that are either more linear-

elastic or more superelastic. 

2.3. Test methods 

As discussed above in the property section, the properties is characterized by the stress-strain curve, 

transformation temperatures (As and Af) and the surface of the wire. 

Austenite transformation temperature (As) 

The three most important methods of determining the transformations temperature is done by 

differential scanning calorimeter (DSC) per ASTM F2004 or Bend and Free Recovery (BFR) per 

ASTM F2082. The mechanical methods are more advantageous for heat-treatments around 450 °C. 

[63, 64, 58, 55, 14, 65, 66] 

In standard F2063, the recommended test method for testing transformation temperature is “F2004 or 

any other appropriate thermomechanical testing method” which indicates that both F2004 and F2082 

are appropriate. According to the ASTM standards F2004 and F2082 that both methods are supposed 

to result in deformation temperatures. 

F2082 is supposed to be a fast and an economical way to achieve transformation temperature, and the 

result may also differ due to transformation temperature changes as a result of strains. F2004 will 

provide a rapid method for determining the transformation temperature(s) of nitinol. 

Tensile strength 

The stress-strain relationship of nitinol is best evaluated using a conventional tensile testing apparatus. 

[58, 55, 65, 66] ASTM standard F2516 describes tensile testing of nitinol.  

Wire surface 

The surface of the wire is best evaluated using SEM [55, 66]. 

Other 

Other test equipment found that could evaluate properties of the nitinol wire is Vickers micro-

hardness, FEA, rotary bending fatigue testing, [58, 65] 
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3. Results 

This chapter presents the experimental setup that was the result of the investigated processing methods 

in chapter 2. The results from the completed experiments is also presented. 

3.1. Experimental setup 

Based on the literature survey an experimental setup was defined. 

Inter-annealing was performed for 15 min in an inert atmosphere at 675 °C. 

After the inter-annealing the wire was further drawn down to 0.34 mm through 5 dies. 

The process was finalized by annealing the wire at 450 °C. Half of the wire was annealed for 30 s and 

the other half was annealed for 2 min. 

 A wire of 50.69 at% Ni, less than 0.102% of H, N, O, C and a balance of Ti with size 0.8 

mm.  

 UTS was measured using a Tinius Olsen H5K-S Benchtop tester with following settings: 

25.4 mm reduction of cross-area/min and 254 mm gauge length, 

 Pre-annealing was carried out in an atmosphere of oxygen at 550 °C for 10min. This was 

performed by pulling the wire manually through the annealer with a speed of 0.17 m/min. 

 First drawing procedure was done with 4 dies from 0.8 mm down to 0.54 mm. The tensile 

strength was measured between each die. 

 Second annealing was done for 15 minutes at 675 °C in an inert atmosphere of hydrogen. 

This was performed by pulling the wire manually through the annealer with a speed of 

0.11 m/min 

 Second drawing procedure was done with 5 dies from 0.54 mm down to 0.34 mm. The 

tensile strength was measured between each die. 

 Final annealing was performed at 450 C for 2 minutes and 30 s in an inert atmosphere of 

hydrogen. This was performed by continuously pulling the wire automatically through the 

annealer with a speed of 0.85 m/min respectively 3.4 m/min. 

 The lubricant used during the drawing process was oil (aldol). 

 All annealing steps was performed using a continuous annealer with a length of 1.70 m. 

 

3.2. Results 

Visual results 

 Pre-annealing. The wire turned light blue. 

 The color of the wire achieved from inter-annealing at 675 C for 15 minutes in an inert 

atmosphere was dark purple with hints of amber-brown. 

 The following drawing procedure did remove parts of the apparent color, and after all 

drawing dies in the final drawing pass the color was dark blue. 

 After the final annealing the wire had a dark purple color. 

Tensile tests 

After each drawing die the wire became stiffer and the plateau became less significant. For each 

additional drawing die used in each pass the UTS of the wire increased up to 54 % area reduction. In 

the second drawing pass after the 5th drawing die, where an area reduction of 61% had been reached, 

the UTS decreased compared to the UTS after the 4th drawing die. The stress-strain curves of each 

wire after each drawing die can be seen in Figure 15. 

The effect of annealing on the stress-strain curves of the wire can be seen in Figure 16. After annealing 

the raw material for 10 min in 550 °C the wire became softer. After the first drawing pass the wire had 
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almost lost all its superelasticity since the plateau was eliminated, but after annealing for 15 min at 675 

°C the wire achieved extreme levels of elasticity in comparison. After the final drawing pass the wire 

was once again linear-elastic but after annealing at 450 °C the superelasticity returned. The curve did 

not differ between annealing for 30 s and 2 min. 

 

Figure 15. The stress-strain curve of the wire after each drawing die. The diamond-dotted curves represents the wire drawn 

after inter-annealing at 675 C for 15 minutes. The purple curves represents the wire drawn through the first die , the green 

curves the second die, the blue curves the third die, the yellow curves the fourth die and the red curve the fifth die. 
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Figure 16. . The stress-strain curve of the raw material, the wire after each annealing step and the wire of the final drawings 

before annealing. 

Table 3. A summary of the UTS, elongation to failure and Af after each annealing-step and drawing die. 

  Wire diameter [mm] Tensile test DSC 

Step Die 

Before 
drawing 

[mm] 

After 
drawing 

[mm] 

Cross section 
area 

reduction 
UTS 

[MPa] 
Elongation to 

failure [%] Af  [°C] 

Pre-annealing (550 °C - 10 min) 1000 37.4  

First 
pass 

1:st 0.80 0.72 18% 1256 18.7  

2:nd 0.72 0.65 19% 1520 14.0  

3:rd 0.65 0.60 16% 1776 17.8  

4:th 0.60 0.54 18% 2046 8.2  

Inter-annealing (675 °C – 15 min) 794 62.9  

Second 
pass 

1:st 0.54 0.50 16% 1143 41.8  

2:nd 0.50 0.45 18% 1364 14.1  

3:rd 0.45 0.41 17% 1868 10.4  

4:th 0.41 0.37 19% 2001 8.1  

5:th 0.37 0.34 16% 1902 6.1  

Final annealing (450 °C – 30 s-2 min) 1790 23.2  
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Economic calculations 

This part is not published due to the content of classified information.  
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4. Discussion and conclusion 

In this chapter the results from above chapters are discussed. Based on the results and the discussion 

some main points have been concluded. Furthermore, recommendations for future work in order to 

realize the results from this master thesis project are presented in the last part. 

4.1. Discussion 

In this master thesis a number of patents and articles on cold-drawing of nitinol wire have been 

summarized in order to find an optimal solution for cold-drawing of nitinol at an existing factory for 

wire drawing of ultra-fine wire. 

The most common application of nitinol wires for medical equipment has shown to be as core wire in 

guidewires where the desired property is kink resistance which is mainly achieved from the 

superelastic characteristic of nitinol, but also from a linear-elastic nitinol wire. Based on this the 

production line that have been investigated focuses on producing a superelastic nitinol wire in 

dimensions best suited for guidewires. Common diameter sizes of guidewires are 0.356 mm and 0.457 

mm. 

In the literature it was shown that nitinol cold-drawing is preferably performed in the following steps: 

1. Pre-annealing at 550 °C for 10 min to fully anneal the wire and to achieve a thin oxide layer 

that will work as a lubricant. 

2. Multi-pass drawing with inter-annealing at 600-800 °C for 10-20 min. 

3. Final drawing to achieve final dimension. 

4. Mechanical straightening at 350-550 °C for 30 s – 2 min with 10-30% of yield strength 

tension to impart a straight memory and achieve superelastic properties. 

 

In order to be able to produce nitinol wire with highest possible profit, costs for producing must be as 

low as possible. Production cost is lowered with shorter lead times. 

Shorter lead time when drawing nitinol wires is achieved with higher rate of area-reduction/pass and 

die. This amount is limited by the deformation hardening of the nitinol wires when cold-working 

causing increasing wear on the dies, fracture of the wire surface as well as the entire wire. 55% cold-

work of the wire was proven to be successful. 62 % was also successful, but a decrease of the UTS 

after the final drawing die, from 55% to 62 % raises question – would the superelasticity of the final 

annealed wire be better if only 55% cold-work of the wire had been performed before annealing? That 

is something that must be further tested to answer. The decrease of the UTS was probably due to an 

elimination of the superelasticity. As found in the literature, cold-work decreases superelasticity, 

which in this case caused a completely linear-elastic wire. The superelasticity was returned after by 

annealing. 

In the literature review it was found that it was mainly the final cold-work and annealing passes that 

had effect on the final property of the wire. With that in mind, a maximum cold-drawing rate should 

be used in all passes except the last. Therefore, based in the results of the drawing and the literature the 

first drawing could be up to 61 % but the final drawing should be kept at a level of where either the 

superelasticity is preserved or the UTS of a linear-elastic property is maximized. As mentioned in the 

delimitations, this could not be evaluated due to limitations in the existing testing equipment. 

To minimize the wear on dies a good lubricant should be used. MoS2 has proved to be the most 

efficient lubricator. Due to the risk of contamination of the equipment used during the experiment 
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MoS2 was neglected as a lubricator. Since oil was also proven to be efficient as a lubricator, oil was 

used. 

The combination of using oil as a lubricator with the thin oxide layer formed from the pre-annealing in 

air at 550 °C for 10 minutes proved to be successful since no obvious wear on the dies were noticed. 

The number of passes that should be performed depends on the starting diameter of the wire and the 

final desired wire diameter. For example, if starting with a wire with diameter 0.80 mm and the 

desired final diameter is 0.34 mm, a number of 2 passes of which one is 55% area reduction and one is 

60.5 % must be done of which the final is preferably the pass with the smallest area-reduction.  

Previous studies showed that 600-675 C for 10-20 min was efficient, in the experimental part of this 

thesis the inter-annealing was therefore carried out at 675 C for 15 minutes. This turned out to make 

the wire significantly softer and the following drawing was done without any complications. 

The most important factor for the final properties is the final annealing procedure. Since 

superelasticity is the property that is desired for a production line of nitinol wire in this master thesis, 

an annealing process encouraging this property is preferred. Although, the annealing should not lower 

the UTS of the final wire, which can be contradictory to a good superelasticity and a high elastic 

modulus. 

In some applications the final annealing process was combined with mechanical straightening. The 

combination of mechanical straightening and annealing is not possible at the location of where the 

experiments been carried out, but based on the literature found about nitinol wires – saying they are 

most often straight annealed – it will be recommended to look further into the possibilities of acquiring 

equipment for mechanical straightening in combination with annealing. 

The pre-annealing for 10 min in 550 C proved to be successful. The wire achieved a thin blue surface 

which can be assumed to be a thin layer of TiO2. This oxide layer kept the surface in the first drawing 

pass smooth and did not wear down the dies nor crack during drawing. The only issue is the limitation 

of the annealer used. The length of the annealer is 5.57 feet (1.69 m) which required a speed of 0.17 

m/minute. In this experiment it took 300 minutes and the wire had to be pulled manually each minute 

since an automatic puller with a speed as low as that was not available. However, even if it could have 

been done automatically, the lead times are too long. In order to make production of nitinol profitable, 

annealers that will reduce the lead time are required. 

 The first drawing procedure which draw the wire down 55 %, from 0.8 mm to 0.54 mm using oil as 

lubricant turned out as expected. No visual cracks on the surface could be seen. After the wire was 

drawn through the final die the UTS was as high as the maximum UTS seen in literature. Therefore a 

55% area-reduction in the first drawing pass could be seen as an effective cold-work amount for 

nitinol after pre-annealing at 550 °C in an atmosphere of air for 10 minutes.  

The inter-annealing required was performed in the same annealer as the pre-annealing. The inter-

annealing was performed for 15 minutes in an inert gas at 675 °C. The result turned out to be 

successful since it made the wire soft and prepared for further cold-drawing. Once again, the length of 

the annealer creates long lead times which hinders the productivity of the process – a longer annealer 

is necessary. Using the current annealer sets an annealing speed of 0.12 m/minute. The minimum order 

quantity of the raw material ordered for the experimental setup in this master thesis was 5 kg which is 

around 1500 m of wire. With the current annealing pace it would take minimum 95 h to anneal. On top 

of that, with the current equipment it must be done manually. 

An observation important to keep is the color of the wire after the annealing, which was light purple 

almost brown. Knowing this color in the manufacturing of nitinol wire makes it easier for the 

operators to know whether the wire annealed have been correctly annealed or not. The precipitate 
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formed on the wire could be identified as any of the precipitates that could be found in the TTT-

diagram and the phase-diagram of binary nickel-titanium. It is impossible to say exactly which 

precipitate without making a chemical analysis of the wire. According to the phase-diagram as seen in 

Figure 17, it is most likely Ti3Ni4. 

Second drawing was achieved with 5 dies, a total of 61% area-reduction. The tensile-test showed the 

same trend as the first drawing-pass, except that after the last die, the tensile-strength became lower 

which changed the trend. 

The final annealing process was performed with temperatures from 250 °C-450 °C for 30 s-5 min. At 

450 °C the processed wire had achieved a straightness which eliminated the need of straightening. On 

the other hand, the Af is still unknown, so whether the desired properties was fulfilled could not be 

determined. However, the tensile curve was superelastic, so the other properties was fulfilled. 

 

Figure 17. A snapshot of the phase diagram for Nickel-Titanium. 

Results of a repetition of the experimental setup was desired, but due to time constraints it was not 

possible to do this. It is highly recommended to try out the experimental setup for at least one more 

time in order to confirm the results. 

The time set out in the time plan should have been enough, and the time plan were kept until after 

finishing the first experimental setup. Due to a high pressure on the plant during the last months of the 

project, annealers were not available for experiments and therefore the time plan could not be kept.  

4.2. Conclusions 

This master thesis aimed to investigate possibilities to draw nitinol wire at one certain production plant 

of ultra-fine wire, this was proven to be successful. 

The research questions presented in the beginning of this master thesis have been answered as follows:  

R1. What are the desired properties of Nitinol? 

The most desired properties of Nitinol are superelasticity and linear elasticity. 

R2. What processes are necessary to manufacture nitinol wires with desired properties? 

Processes that are necessary to cold-draw nitinol wire where the final properties are superelastic or 

linear-elastic is pre-annealing, drawing, inter-annealing and a final annealing in combination with 

mechanical straightening. The complete production line is presented in Figure 18. 
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Figure 18. Processing necessary to cold-draw Nitinol wire where the final desired properties are superelasticity or linear-

elasticity. 

R3. What test equipment is necessary to test the desired properties of the nitinol wires? 

Tensile testing device according to ASTM F2516. 

DSC in accordance with ASTM F2005. 

BFR in accordance with ASTM F2082. 

R4. How would a production line for nitinol wires optimally be at an already existing production unit 

for cold drawing of ultra-fine metal alloy wire? 

The production line seen in Figure 19 was successfully performed at the production plant. In order to 

make it optimal, the recommendations in Future work should be followed.

 

Figure 19. Visualization of the recommended production line for cold-drawing of nitinol wire. 

 

4.3. Future work 

Most important follow up is to repeat the experimental setup of this master thesis in order to confirm 

or neglect the results of this master thesis. Repeatability is sufficient in order to produce wire with a 

constant and high quality. 

It is also necessary to test the desired properties with more descent testing equipment, a DSC in 

accordance with ASTM F2004 and/or a BFR in accordance with ASTM F2084 should evaluate the 

transformation temperatures of the final wire and the tension testing apparatus should have the 

possibility to test tensile strength in accordance with ASTM F2516. 

Furthermore, there are 3 crucial aspects regarding quality, productivity and knowledge about 

production of nitinol wire that must be in order to realize an implementation of nitinol wire as a 

product offer. 
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1. Nitinol quality. 

o This master thesis answered the question whether it is possible to draw one kind of 

nitinol wire used for one certain application. Further testing should answer the 

following questions: 

 Investigate possibility to draw thinner nitinol wires 

 Invest or build mechanical straighteners with elements possible to straighten 

wire at a controlled temperature up to 500 °C. 

 Investigate possibilities of mechanical straighteners with the possibility to 

torque the wire along when straighten it in order to increase torqueability 

which is a desired property in core wires for guidewires. 

 Investigate possibilities to polish the nitinol wire mechanically or chemically 

in order to be able to have the possibility to offer nitinol wire without an oxide 

layer which is a result of the annealing and drawing process. 

2. Productivity. 

o Build, invest or develop existing annealers to be longer in order to decrease the 

annealing-speed since the annealers are an apparent bottleneck. 

o In order to fully industrialize nitinol manufacturing for a commercial wire drawing 

company it must be carried out as a profitable business. Profit is gained if the costs are 

minimized. The costs can be minimized by a decrease of lead times and work in 

process. This is best carried out by continuously evaluate and improve the efficiency 

of the process by eliminating waste. A recommendation is to do flow simulations of 

the process in order to identify bottle necks and to make evaluations of the factory 

layout for the production line of interest. 

o The result of such simulations could also determine which of the value adding 

processes should be prioritized regarding optimization of the process, which in turn 

can determine any potential investments that are necessary to maximize profit of 

nitinol wire manufacturing. 

 

3. Knowledge about market and quality demand. 

o For supply of one certain production plant to meet demand, it is of big importance to 

keep updated on what is demanded. Execution of continuous market analysis by 

visiting conferences and meetings of where nitinol and other shape memory alloys are 

on topic is crucial. From increased knowledge of demand, production in line with 

demand can be developed to be more certain and a larger market share can be 

achieved.  

All steps above are crucial to continuously evaluate and develop in order to increase and not lose 

market share. Continuously improve quality, productivity and knowledge. Quality is increased by a 

gain of knowledge, when quality is increased bottlenecks and possibilities to improve productivity can 

be identified. 
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