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Abstract 

 

The mechanism of grain refinement in Cu-doped Ni-Ti thin films have been investigated by 

transmission electron microscopy (TEM). Sputter deposited (Ni,Cu)-rich Ni-Ti-Cu thin films 

exhibited a columnar structure consisting of grains with a decreasing lateral size with 

increasing Cu content. Cu-rich grain boundary segregations were found to become prominent 

in films containing higher Cu contents. These segregations were attributed to a non-

polymorphic crystallisation process which lowered the grain growth rate in relation to the Cu 

content in the films. 
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Sputter-deposited Ni-Ti thin films represent a suitable candidate for the fabrication of micro-

electro-mechanical systems (MEMS) thanks to their ability to recover a large transformation 

strain. Moreover, they possess a high actuation rate and work output-to-volume ratio 

compared to other types of actuators [1]. Ni-Ti coatings are also investigated as self-healing 

surfaces [2, 3] and bonding layers for tribological applications [4, 5]. 

The functional and mechanical properties of sputter deposited Ni-Ti thin films can be 

modulated by co-sputtering Ni and Ti with a third element. Among the possible element 

candidates, Cu seems to be one of the most promising. In fact, Cu addition decreases the 

sensitivity of the transformation temperatures on chemical composition, decreases the 

temperature hysteresis, and increases the strength again plastic deformation [6].  

The properties referred to above are strictly dependent on the grain size and on the formation 

and microstructural evolution of different types of metastable phases, which shape and size 

depend on the Cu content and on the post-deposition heat treatment [7]. The microstructural 

changes of these metastable phases for Ti-rich [8, 9] and (Ni,Cu)-rich [10] Ni-Ti-Cu thin 

films were reported for a wide range of Cu content and annealing temperatures. Moreover, it 

was also reported that Cu addition causes a grain refinement in Ni-Ti thin films regardless of 

the Ni/Ti content ratio and of the annealing temperature in the range 500-700°C [9-11]. 

Despite vital importance of the grain size when considering mechanical properties, no studies 

have been aimed at understanding the grain refinement mechanism in Ni-Ti-Cu thin films.  

In this study, a microstructural investigation was performed to provide insight about the 

mechanism of grain refinement induced when Ni-Ti compositions are doped by Cu. 

Especially, a TEM investigation was aimed at understanding the role of Cu on the grain 

growth by analysing the grain boundary structure. 
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Amorphous Ni-Ti-(Cu) thin films were deposited on (100) Si wafers by a Plasma-Assisted 

Magnetron Sputtering system, and subsequently annealed in high vacuum for 1 hour at 500°C. 

A detailed description of the fabrication process can be found elsewhere [12].  

The microstructure was characterised by transmission electron microscopy (TEM) using a 

FEI Tecnai F20ST/STEM scanning transmission electron microscope (STEM) at an 

accelerating voltage of 200 kV. Cross-sectional thin foils for TEM and STEM observations 

were prepared by mechanical grinding and polished down to a thickness of ~10 µm, followed 

by further thinning to an electron transparent thickness by a dual ion miller (Gatan PIPS, 

model 691). 

Three (Ni,Cu)-rich Ni-Ti-Cu thin films (1.4 µm thick) were deposited with an approximately 

constant Ni/Ti ratio and different Cu contents with the resulting following chemical 

compositions: 𝑁𝑖43.4𝑇𝑖49.6𝐶𝑢7 , 𝑁𝑖42.2𝑇𝑖47.9𝐶𝑢9.9  and 𝑁𝑖38.1𝑇𝑖44.4𝐶𝑢17.5 . The reference 

binary composition used as a base system to be doped by Cu was a Ti-rich composition 

(𝑁𝑖48.1𝑇𝑖51.9), which is partially austenitic at ambient temperature [12]. The as-deposited 

films showed a fully amorphous and homogeneous structure. After annealing,  𝑁𝑖48.1𝑇𝑖51.9 

film exhibited an average lateral grain size almost three times larger than the film thickness. 

It indicated that the grain growth was obstructed by both the film/substrate interface and the 

film free surface, while lateral growth took place till neighbour grains impinged each other, 

as also found by A. Ishida et al. [13]. Much narrower columnar grains were clearly observed 

in Cu-doped Ni-Ti films. In particular, the average lateral grain size (L) scaled with Cu 

content according to an exponential model (𝐿 = 𝐴 ∙ 𝑒−
𝑋

𝑡 + 𝐵, with constants A = 3400, t = 

3.4 and B = 200; X is the copper content in at.%). Thus, a significant grain size refinement 

compared to the binary system was induced in films with high Cu content (i.e., 17.5 at.% Cu 

→ L = 220 nm). 
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In all the Ni-Ti-Cu films many small and randomly distributed grains (10-40 nm) were 

observed close to the film free surface (Fig. 1), since the free surface was the most energetic 

location for crystal nucleation [14]. Such a heterogeneous crystallisation process was reported 

also for a near-equiatomic Ni-Ti film [15], although not as pronounced as for the Ni-Ti-Cu 

reported here. These nano-grains close to surface were denser and better distributed in films 

with higher Cu content. Larger columnar grains, whose lateral size (L) was strongly affected 

by Cu content, grew normal to the free surface just below nano-grains referred to above.  

The grain boundaries with a thickness of 10-30 nm are clearly visible in Fig. 1. Several 

particles were distributed along the grain boundary and the higher contrast suggested an 

enrichment of heavier atoms within the particles. In fact, EDS measurements (inset in Fig. 1) 

performed across the grain boundary revealed a Cu enrichment, while no significant changes 

in Ni and Ti content were observed. It indicated that during the crystallisation process Cu 

atoms were preferentially segregated at the grain boundary.  

Fig. 2 shows a representative case of the grain boundary for the 𝑁𝑖43.4𝑇𝑖49.6𝐶𝑢7  film. In 

order to characterise the grain boundary microstructure, Fast Fourier Transform (FFT) was 

performed in different areas across the grain boundary and within the adjacent grains. The 

grain interior (Fig. 2 I) as well as the grain boundary particles (Fig. 2 II) exhibited a fully 

crystalline structure  (see related FFTs). These particles were embedded in a composite 

structure consisting of randomly oriented nano-crystalline domains surrounded by an 

amorphous matrix (Fig. 2 III, IV). Although a partial coherency was observed at the interface 

between the particle and the adjacent grain (larger particle in Fig. 2), the formation of these 

crystalline particles was not correlated to the crystallisation of the B2 structure within the 

grains. This might suggests that a secondary crystallisation took place along the grain 

boundary once they were formed, although a partially amorphous boundary structure was 

always observed. Y. Xu et al. [16] reported that a small Cu addition (1.3 at.%) in Ni-Ti-Cu 



5 
 

films did not produce any significant change in the crystallisation temperature and in the 

overall activation energy compared to pure Ni-Ti films. However, an in-situ TEM 

observations revealed that Cu addition decreased the activation energy for crystal growth and 

increased it for nucleation [16]. Therefore, the Cu enrichment observed along the grain 

boundary (inset in Fig. 1) can alter the kinetic of crystallisation of the amorphous structure 

observed in Fig. 2, although its effect is not completely understood.  

Plate-like precipitates were found in the grain interior of the Ni-Ti-(Cu) after the heat 

treatment [12]. Therefore, the annealing was not sufficient to promote long range diffusion 

and metastable precipitates were formed in the grains interior as also reported in other studies 

[9-11]. These precipitates were found to be Ti(Ni,Cu)2 for (Ni,Cu)-rich Ni-Ti-Cu 

compositions [12]. According to the Ostwald’s step rule [14] and to the precipitation process 

occurring in Ni-Ti-Cu thin films (for annealing temperature in the range 500-700°C) [8-10], 

it was deducted that the formation of prominent grain boundary precipitates represents one of 

the last steps of the precipitation process, occurring when Ni-Ti-(Cu) compositions are 

annealed at a temperature well above that of crystallisation. The Ni-Ti-(Cu) films studied 

here were annealed at a temperature very close to the narrow range of crystallisation 

temperatures reported for Ni-Ti-(Cu) compositions in independent studies [17-19]. Therefore 

we can conclude here that the co-existence of the Ti(Ni,Cu)2 plate precipitates in the grain 

interior and the segregation at the grain boundaries was not a consequence of the precipitation 

process.  

H. Ni et al. performed an in-situ TEM investigation to study the crystallisation behaviour of 

amorphous Ni-Ti thin films [20]. They reported that stoichiometric binary Ni-Ti films 

underwent a polymorphic crystallisation, while a more complex behaviour took place in off-

stoichiometric compositions owing to the formation of precipitates, which made the 

crystallisation process sluggish. In our Ni-Ti-Cu films, the presence of a relatively large 
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number of Cu-rich particles at the grain boundaries lead us to conclude that, in contrast to 

near-equiatomic Ni-Ti films [20], the crystallisation process in Cu-doped Ni-Ti film was not 

polymorphic.  

In such a non-polymorphic crystallisation process, diffusion followed by grain growth played 

an important role in the grain refinement observed in Cu-doped Ni-Ti films. In particular, a 

transition volume covering the growing crystal formed and hence separated the growing 

crystal itself from the surrounding amorphous structure as schematically showed in Fig. 4b. 

Within this transition volume a diffusion of Ni, Ti and Cu atoms is required to start 

crystallisation process. Such a two-step mechanism consisting of diffusion followed by the 

formation of new crystals decreased the grain growth rate and prevented grain coarsening. 

Based on this mechanism and on TEM observations (Fig. 1), the crystallisation occurring in 

Ni-Ti-Cu thin films was subdivided in three stages. In the first stage several nano-grains 

nucleated underneath the film free surface (Fig. 4a), surrounded by an amorphous-like 

structure. In the second stage plate-like grains grew laterally till their transition volumes 

impinged each other (i.e. soft impingement – for more details see Ref. [21]) as schematically 

reported in Fig. 4c. At this stage, the expected lower grain growth rate owing to the above 

reported two-step process, was the cause of the formation of several smaller grains rather 

than a few very large grains like those observed for the 𝑁𝑖48.1𝑇𝑖51.9Ni-Ti film.  

After the impingement, the third stage, i.e. grain growth normal to the film free surface (Fig. 

4d), became prominent promoting the formation of columnar grains. During this growth the 

transition volume surrounding the growing grains, particularly at the interface with neighbour 

grains, was likely to mitigate the competitive grain growth mechanism, which was observed 

in the early stage of columnar grain growth close to the film free surface (Fig. 3 a and c). This 

encouraged the formation of grains of similar size across the films thickness.  
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The grain boundary morphology and size depends on Cu content as demonstrated in Fig. 3, 

where the films containing 7 and 10 at. % Cu (referred as Cu-poor and Cu-rich respectively) 

were compared. The Cu-poor film exhibited a discontinuous distribution of spherical Cu-rich 

particles with an average diameter of ~25 nm (Fig. 3b) along the grain boundaries. On the 

contrary, the Cu-rich film showed continuous chains of Cu-rich particles, which exhibited a 

compressed shape across the grain boundary with an average size ~14 nm (see inset in Fig. 

3d). This suggested that diffusion of a higher amount of Cu atoms took place within the 

transition volume during the grain growth in Cu-richer films, which further limited the grain 

boundary movement and thus promoted observed grain refinement. 

In this study we addressed the grain refinement taking place during the crystallisation of 

amorphous Cu-doped Ni-Ti thin films. All the films exhibited a columnar grain structure 

regardless of the chemical composition, while a lateral grain refinement took place with 

increasing Cu content. The grain refinement of Cu-doped Ni-Ti films was attributed to a non-

polymorphic crystallisation. This crystallisation is a two-step process: diffusion across a 

transition volume surrounding the growing grains followed by crystallisation, which takes 

place at the interface between the transition volume and already crystallised structure. The 

smaller grain size observed in films containing higher Cu at.% is attributed to the higher 

amount of excess atoms that have to diffuse before the crystallisation can take place.  
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Fig. 1 –Bright Field TEM image of the Ni42.2Ti47.9Cu9.9 thin film; the inset shows the 

chemical composition across the grain boundary (GB).  

Fig. 2 – High resolution TEM image along grain boundary in the Ni43.4Ti49.6Cu7 thin film 

annealed for 1 hour at 500°C. The yellow line indicates the interface between the grain and 

the grain boundary. FFT was performed in different areas as follow: (I) grain interior, (II) Cu-

rich particle, (III)-(IV) grain boundary.  

Fig. 3 –Bright Field TEM images of the (a) Ni43.4Ti49.6Cu7 and (c) Ni42.2Ti47.9Cu9.9 thin film 

together with corresponding HAADF images of the films showing different grain boundary 

morphologies. The inset in (d) shows the continuous chain of Cu-rich particles.     

Fig. 4 – Schematic representation (arbitrary shapes) of the non-polymorphic crystallisation 

taking place in Ni-Ti-Cu thin films.  
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 

 

 

 

 

 


