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Abstract. Nitinol (NiTi) alloy consists of nickel (Ni) and titanium (Ti) shows the 

shape retention  and psuedoelasticity while going through phase transformation. 

NiTi is a strong candidate for engineering applications due to these properties. In 

this work, NiTi tubes were manufactured via LPBF starting from NiTi powder 

with (52%Ni-48%Ti). Heat treatment was performed at a continuous temperature 

of 500 oC for 10 min to 60 min. Heat flow analysis shows an increase in austenite 

finish temperature to 25 oC. The experiments for thermal expansion coefficient 

(CTE) shows values of 11.4x10-6/°C that matached with literature for austenitic 

thermal expansion coefficient.  
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 1  Introduction  
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Nitinol (NiTi) alloy exists in the binary composition of nickel (Ni) and titanium (Ti) 
ranging from 45% (at.%) to 55% (at. %) for both Ni and Ti respectively [1], [2]. 
Primarily, NiTi has two solid phases martensite (lowtemperature phase) and austenite 
(high-temperature phase). Martensite has a monoclinic crystal structure while austenite 
has a cubic center crystal structure. NiTi exhibits shape memory and superelastic 
properties depending upon the exact composition i.e. Ni: Ti [3]–[5], which makes it an 
interesting material for potential engineering applications in various industries such as 
biomedical engineering, aerospace, and automotive industries [6]–[9]. Ni-rich NiTi 
results in an austenite phase at room temperature exhibiting superelasticity while Ti-
rich results in a martensite phase at room temperature showing shape memory property. 
NiTi is manufactured widely via the casting technique while metal additive 
manufacturing (metal AM) is an emerging technology that is also used [10], [11]. On a 
very large scale, NiTi wires and tubes are manufactured using casting technology 
employed in various applications. However, in the last few decades, metal AM has also 
been used in manufacturing NiTi providing similar thermal/physical properties to the 
manufactured parts. Moreover, metal AM has numerous advantages over the casting 
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technology such as, near net-shaped parts, freedom to manufacture complex 
geometries, and less waste etc [12]–[19]. NiTi goes through solid-solid phase 
transformation from martensiteaustenite and austenite to martensite with 
transformation temperature majorly dependent upon composition.  However, the 
transformation temperature is altered using the ageing heat treatment of NiTi. 
Numerous studies have been reported in the literature on studying the change in 
austenite finish temperatures after performing ageing heat treatment on NiTi [20]–[24].   

In this study, NiTi tubes produced by metal additive manufacturing (AM) underwent 
aging heat treatment in a furnace under an inert atmosphere. The tubes were subjected 
to consistent heating at a fixed temperature for specific durations to investigate the 
impact of heat treatment. Various thermal and physical characterization methods were 
applied to assess the effects of the treatment, including relative density measurements, 
thermal heat flow analysis, and evaluations of the thermal expansion coefficient (CTE).  

2.Materials and Methodologies  
NiTi tubes produced through casting were supplied by Johnson Matthey (JM) PLC, 
with atomic percentages of 50.8% Nickel and 49.2% Titanium. JM utilized the casting 
process, which involved melting and drawing, to manufacture these tubes, and their 
austenite finish temperature, measured through a three-point bending test, was 1.7°C. 
Additionally, NiTi tubes were fabricated using the metal additive manufacturing (AM) 
method of Laser Powder Bed Fusion (PBF-LB), starting with NiTi powder containing 
52% Nickel and 48% Titanium. The composition of the pre-alloyed NiTi powder used 
in this process was confirmed through Energy Dispersive X-ray (EDX) analysis. 
Furthermore, the particle size distribution and powder morphology are illustrated in 
Fig. 1 (a) and (b).  

 
  

(a)                                                                  (b) 
Fig. 1. Powder morphology analysis: (a) The size distribution of the sieved powder material 
prior to the additive manufacturing process, and (b) Scanning electron microscopy (SEM) 

images of the powder before undergoing additive manufacturing.  
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The relative density of the as-received (JM), as-manufactured (PBF-LB), and heat-
treated samples was measured using the Archimedes method in accordance with ASTM 
B962-17 standards. These measurements, performed in both ethanol and air, utilized 
the Sartorius Entris II Essential BCE124I-1S device, offering a repeatability and 
accuracy of ±0.0001g. A reference density of 6450 kg/m³ was applied for NiTi in the 
calculations [25]. Heat flow analysis was conducted through differential scanning 
calorimetry (DSC) to assess the phase transformation temperatures before and after heat 
treatment, using a TA Instruments DSC 2500, following ASTM F2004 standards. The 
samples were heated and cooled at a rate of 10°C/min. The thermal expansion 
coefficients (CTEs) were measured via dilatometry, using a Netzsch DIL 402PC, on 
both untreated and heat-treated NiTi tubes. Calibration and sample preparation 
followed ASTM E228-17 guidelines [26]. The tubes were heated slowly under a 
continuous Argon gas flow to prevent oxidation. Furnace heat treatment was carried out 
at a constant temperature of 500°C, ensuring a steady Argon flow to avoid oxidation. 
Table 1 outlines the durations of heat treatment at this fixed temperature.  

Table 1. The heat treatment parameters for metal AM NiTi tube  
AM samples heat treated  Time (min)  

Metal AM as Printed  -  
Sample 1 (S1)  10 min  
Sample 2 (S2)  30 min  
Sample 3 (S3)  60 min  

  

2.1  Results and Discussion  

DSC for PBF-LB NiTi tubes  
The differential scanning calorimetry (DSC) curves and phase transformation 
temperatures for metal AM samples, both in their as-printed and heat-treated states, are 
presented in Figure 2. Table 2 summarizes the thermal and phase transformation 
properties of these samples. After heat treatment, the samples were quenched in water 
at room temperature. Heating the material at 500°C for 10 minutes successfully 
eliminated the unstable R* phase, thereby stabilizing the phase transformation and 
increasing the transition enthalpy by 69% to 9.52 J/g, as depicted in Fig. 2(b). This 
stabilization expanded the transformation range, resulting in an austenite start 
temperature (As) of 10.05°C and an austenite finish temperature (Af) of 22.54°C. With 
a 30-minute heat treatment, the transition enthalpy rose to 17.48 J/g, and the Af 
increased to 23.86°C, marking a 45% improvement over sample S1 (enthalpy = 9.52 
J/g). A 60-minute heat treatment achieved an Af of 25.4°C and a transformation 
enthalpy of 17.14 J/g, closely matching sample S3. During the cooling phase of the 
heat-treated samples, the martensitic R* phase reappeared in the NiTi tubes, 
corroborating the findings of Khan et al. [4], [27].  
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Table 2. Summary of thermal and physical properties for as-printed and heat-treated NiTi 
samples produced via Laser Powder Bed Fusion 

 
  
Samples 

As 
(ºC) 

Af 
(ºC) 

∆HA 

(J/g) 
|∆TA| 
(ºC) 

Ms (ºC) 
Mf  

(ºC) 
∆HM 

(J/g) 
|∆TM| 
(ºC) 

As-
printed 

9.67 31.24 2.89 21.57 30.89 2.16 3.67 28.73 

S1 10.05 22.54 9.52 12.49 -21.24 -46.68 3.59 25.44 

S2 11.93 23.86 17.48 11.93 -20.44 -43.13 7.25 22.69 

S3 14.7 25.4 17.14 10.7 -13.51 -35.8 8.33 22.29 

 
 
  

  

 
(a)                                   (b) 

Fig. 2. The differential scanning calorimetry (DSC) curves and phase transformation 
temperatures for metal AM samples, both in their as-printed and heat-treated states, 
are shown.  

2.2  Thermal expansion coefficients   
Fig. 3 (a) illustrates the changes in the thermal expansion coefficient (CTE) of the metal 
AM tube as a function of temperature without post-processing. Initially, the tube is in 
the martensitic phase, with a CTE of 8x10⁻⁶/°C up to 60°C, which then increases to 
10x10⁻⁶/°C by 110°C. Beyond this point, there is a sharp decrease, stabilizing at a CTE 
of approximately 11.4x10⁻⁶/°C, indicating the onset of the austenitic phase [28]. The 
irregular expansion is likely due to residual stresses introduced during the PBF-LB 
manufacturing process [29]. To address these stresses, various post-processing methods 
are typically applied after additive manufacturing. Fig. 3 (b) shows the thermal 
expansion behavior of the tube after 30 minutes of heat treatment. Notably, there are no 
traces of the CTE values characteristic of the martensitic phase (8x10⁻⁶/°C), with a 
consistent average CTE of around 11.4x10⁻⁶/°C. Fig. 3 (c) presents the CTE results for 
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the tube heat-treated for 60 minutes, which also exhibits a stable CTE evolution, 
confirming the presence of the austenitic phase.  

  

(a)  

   

 (b)  (c)  

Fig. 3. Thermal expansion coefficients for metal AM tubes (a) as printed, (b) heat 
treated for 30 min at a temperature of 500 °C (c) heat treated for 60 min at a 

temperature of 500 °C.  

3  Conclusion  
This study investigated the impact of furnace heat treatment on NiTi tubes produced 
through metal additive manufacturing (PBF-LB). Thermal analysis was conducted on 
both the as-manufactured and heat-treated NiTi samples using differential scanning 
calorimetry (DSC) and dilatometry. The heat flow analysis, which measured phase 
transformation temperatures, showed an increase in the austenite finish temperature of 
the NiTi tubes following heat treatment, reaching 25.4°C. Additionally, a thermal 
expansion coefficient of 11.4x10⁻⁶/°C was observed, aligning well with results reported 
in the literature.  
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