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Abstract

Superelastic behavior of laser welded NiTi is significantly different from the original base 

material due to microstructural changes introduced during welding. These are responsible for a 

higher accumulated irrecoverable strain during mechanical cycling. In order to clarify the 

mechanisms responsible for the evolution of the accumulated irrecoverable strain on superelastic 

laser welded NiTi, detailed synchrotron X-ray diffraction analysis was performed. Welded 

samples were analyzed as-welded, after 4 cycles at 10% strain and after 600 cycles at 10% strain. 

As-welded sample had thermally stabilized martensite in the heat affected and fusion zones due 

to the welding procedure. It was observed that after 4 cycles, stabilization of the stress induced 

martensite occurred in a massive way in the thermal affected regions, due to the introduction of 

defects which prevented the reverse transformation upon unloading. After 600 cycles no 

significant changes were observed in the thermal affected regions. However, evidence of 

martensite stabilization in the base material, which was fully austenitic, near the heat affected 

zone was observed. 
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1. Introduction 

Laser welding has proven to be a suitable joining technique for NiTi shape memory alloys [1–5]. 

The functional behavior, either by superelasticity or shape memory effect, of the laser welded 

NiTi joints is dependent on the laser welding procedure. 

Both superelasticy and shape memory effect are affected by structural characteristics of the 

material, such as the martensite stabilization. Martensite stabilization can arise from either the 

thermal martensite [6] or from the stress-induced martensite [7]. This stabilization is usually 
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studied separately, that is, studies are based on the stabilization of thermal martensite or in the 

stabilization of stress-induced martensite. In the former case, this stabilization occurs by 

reorientation of martensite variants [8]. In the latter case, introduction of dislocations during or 

after the superelastic plateau, makes the reverse transformation require an increased driving force 

[9]. In either case, the higher the applied stress/strain the higher should be the stabilization effect. 

As a consequence of this stabilization, the strain recovery after the stress-induced transformation 

decreases.  

Recently, the present authors analyzed the functional fatigue by superelasticity in laser welded 

NiTi plates [10], by performing cycling tests up to 10% for a total of 600 cycles. The evolution 

of the accumulated irrecoverable strain was found to increase significantly at the early stages of 

cyclic deformation, followed by a tendency to stabilize at a fixed value. The presence, at room 

temperature, of both austenite and martensite in the thermal affected regions, while the base 

material was fully austenitic, may justify this sharp increase of the accumulated irrecoverable 

strain. In particular, the existing martensite in the as-welded material should have undergone 

detwinning during solicitation up to 10%, contributing to the irrecoverable strain of the welded 

joint. As for the austenite, it is expected that, aside from the introduction of dislocations which 

are known to occur during cyclic solicitation of NiTi [11,12], some retained martensite is found 

to occur due the blockage of the reverse martensitic transformation upon unloading [13,14]. In 

either case, the same phenomenon occurs: martensite stabilization. 

In order to understand which phenomena were taking place during cyclic solicitation of these 

NiTi laser welds, detailed structural characterization by X-ray diffraction using synchrotron 

radiation was performed in three different welded NiTi joints. These samples were welded with 

the same parameters to keep consistency between the observed results. The use of a high energy 

synchrotron radiation is extremely suitable for such laser welds for two main reasons:  (i) it 

allows a finer discretization of the analyzed regions due to the reduced beam spot used; (ii) it is a 

non-destructive technique which gives information on the microstructure of the material. In this 

work, stabilization of martensite (either thermal and stress-induced) is discussed based on the 

superelastic behavior presented by laser welded NiTi sheets complemented with synchrotron 

analysis performed in the welded samples after a pre-defined number of superelastic cycles 

NiTi plates, with a nominal composition of 50.8 at. % Ni - 49.2 at. % Ti, supplied in the flat 

annealed condition, 1 mm thick, were used. Laser welding was performed using a DY033 

Nd:YAG laser power source from Rofin-Sinar, operating in a continuous wave mode, with a gas 

protection of Argon injected in both face and root of the weld. The laser welding parameters for 

the analyzed sample in this work are as follows: power of 990 W; welding speed of 20 mm/s; 

heat input of 495 J/cm.  
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All samples were removed from the same welded plate and subjected to different mechanical 

solicitations: one sample as-welded (sample reference W0, where W = weld, 0 = number of 

mechanical cycles); one sample with a total of 4 load/unload cycles up to 10% strain (sample 

reference W4); one sample with a total of 600 load/unload cycles up to 10% as reported in [10] 

(sample reference W600).  

X-ray diffraction analysis, using synchrotron radiation, was performed at P07 beamline at 

PETRA III/DESY, with a wavelength of 0.1426 Å (87 keV). The distance between the sample 

and the detector was kept at 1090 mm. The beam spot dimension was of 200 x 100 µm. A 

distance of about 6 mm was probed starting in the base material going through the thermal 

affected regions and finishing on the other side of the base material. The distance between shots 

was of 200 µm. Fit2D [15] was used to analyze the raw diffraction images. X-ray diffraction was 

performed at room temperature as well as the cycling tests. 

2. Results and Discussion 

The diffratograms for samples W0, W4 and W600 are depicted in Figure 1 a), b) and c), 

respectively. For the as-welded sample W0, a clear microstructural distinction between the base 

material and the thermal affected regions is observed. While the base material is fully austenitic, 

with no evidence of martensite, the thermal affected regions present martensite with a 

corresponding decrease in the austenite peak intensity. The formation of this martensite is related 

to two distinct phenomena which occur during welding: (i) precipitation of Ni4Ti3 in the heat 

affected zone [16] and (ii) preferential Ni volatilization in the fusion zone [17].  

Analyzing the superimposition of the diffractograms after 4 cycles at 10% strain (Figure 1 b), 

which had an accumulated irrecoverable strain of 2.85%, a notorious microstructural evolution is 

observed: the intensity of the martensite peaks, in the thermal affected regions, greatly increases 

when compared to the as-welded sample. As a result of the augmented intensity of the martensite 

peaks in these regions, the austenite peak intensity decreases. Additionally, the base material 

starts to present some evidence of martensite peaks. 

After 600 mechanical cycles (Figure 1 c), there are no significant differences in the 

microstructure of the heat affected and fusion zones when compared to the sample cycled 4 

times. Only a slight increase in the martensite peaks intensity was observed. The most significant 

change occurs in the base material near the heat affected zone, where martensite is clearly visible 

in this region. This evidence is more clear analyzing the evolution of the net height of the 

austenite and martensite peaks (the latter located at d = 2.17 Å) along the welded material, as 

depicted in Figure 2. 



4 

 

Figure 1 – Superimposition of the X-ray diffractograms for laser welded NiTi samples: a) as-welded; b) after 
4 cycles at 10% strain; c) after 600 cycles up to 10 %. Intensity in log scale. 
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Figure 2 – Evolution of the net height from the austenite peak (top) and for the martensite peak located at d = 
2.17 Å (bottom) along the NiTi laser welds. 

From the analysis of the aforementioned Figures, it is seen that prior to any mechanical 

solicitation, the welded material presents a mixture of both martensite and austenite in the heat 

affected zone and in the fusion zone. This martensite is thermally stabilized at room temperature 

as a consequence of the weld thermal cycle. While austenite can undergo a reversible stress-

induced transformation up to 10% strain [18], the same does not occur with martensite. When in 

the martensitic state, any applied stress/strain after the onset of the detwinning plateau will 

generate a given irrecoverable strain [6]. However, it must be noticed that this deformation can 

be recovered by heating the material up to its Af temperature in order to trigger the shape 

memory effect [19]. Cycling solicitation of these laser welds was performed up to 10% at room 

temperature, so, as far as thermal martensite is concerned, no recovery upon unloading would be 

expected.  
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Aside from the stabilization of thermal martensite during mechanical cycling, another martensite 

stabilization phenomenon occurs: stabilization of stress-induced martensite [6,20]. Delville et al.

[21] showed that, during superelastic cycling of NiTi, significant accumulated irrecoverable 

strain could occur due to the introduction of defects along cycling. Later, Sedmak et al. [14] 

performed in-situ X-ray analysis using synchrotron radiation on the same material as in 

Delville’s work. It was observed that, although the accumulated irrecoverable strain increased at 

each load/unload cycle, only after the 4th cycle, a clear evidence of retained martensite was 

found. In an ideal superelastic behavior, upon unloading, stress-induced martensite would return 

to austenite, with no irrecoverable strain. As such, the irrecoverable strain in the early cycles was 

due to increasing dislocation density in the material. As residual martensite starts to accumulate 

(or being stabilized), build-up of the residual stress and generation of dislocations during 

mechanical cycling starts to decrease. In the laser welds studied in this work the same must 

occur: if after 4 load/unload solicitations the limit of the martensite stabilization is reached, then, 

after 600 cycles, no significant differences should be encountered. In fact, this can be observed 

comparing Figures 1 b) and c). The only difference between these two Figures is that some 

martensite was found to be stabilized in the base material as a consequence of the cycling tests 

performed. However, this martensite stabilization occurs in the base material closer to the heat 

affected zone. As we move into the base material, far away from the fusion zone, no evidence of 

martensite stabilization is observed. 

It must be noticed that the length of about 6 mm probed by X-ray diffraction analysis is only part 

of the gauge length used for the mechanical tests, which was kept at 30 mm. Nonetheless, it is

evident that, within this 6 mm length, it is possible to obtain detailed information of the 

microstructural evolution of the welded joints as a result of the cycling tests performed. This 

structural information made it possible to highlight the two different mechanisms of stabilization 

of the martensite, which are relevant to understand the cycling behavior of the welded joints. 

It is important to note that the stabilization effect can be reversed by heating the sample up to a 

temperature that enables the martensite to austenite transformation. After this, it is expected that 

the transformation temperatures decrease significantly, when compared to the stabilized material 

[20]. Further studies are planned to analyze the effect of an intermediate reheating on the 

transformation temperatures of the different regions of the laser welded NiTi plates. 

3. Conclusions 

Laser welding of NiTi shape memory alloys promotes the formation of martensite in the thermal 

affected regions, at room temperature, when the base material is fully austenitic. The reason for 

the occurrence of martensite is related to Ni depletion in those regions leading to an increase of 

the transformation temperatures. As such, the martensite of the as-welded samples is thermally 

stabilized. After 4 cycles at 4%, the martensite peaks intensity in the thermal affected regions 
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increase significantly with a correspondent decrease in the superelastic recovery. The reason for 

the increase of the martensite peaks intensity is the stabilization of stress-induced martensite 

which cannot return to austenite upon unloading due to the introduction of dislocations during 

mechanical cycling.  

After 600 mechanical cycles up to 10% strain, no significant change in the martensite peak 

intensity is observed in the thermal affected regions, in comparison to the sample subjected to 4 

cycles. However, evidence of martensite stabilization is clearly observed in the base material 

closer to the heat affected zone. This change is attributed to the introduction of dislocations 

during the loading path, preventing full recovery by superelasticity. These results are in line with 

a recent publication of Sedmak et al. [14] and are of great importance, when envisaging the use 

of NiTi in structural or functional applications based on the superelastic effect. 

Although martensite stabilization, either thermal or stress-induced, has been studied separately, 

to the authors’ knowledge, this is the first study which evidences both types of martensite 

stabilization occurring within the same material during mechanical solicitation of a specific 

industrial application, that is, laser welding. 
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Highlights

· Thermal and stress-induced martensite stabilization in laser welded NiTi plates is 

evidenced using synchrotron X-ray diffraction. 

· Thermal stabilization of martensite occurs in the heat affected and fusion zones due to the 

welding procedure. 

· Martensite stabilization during superelastic cycling occurs more significantly in the early 

stages of the cyclic deformation. 

· After 600 mechanical cycles at 10% strain the base material, which was originally fully 

austenitic, starts to present martensite. 
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