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ABSTRACT  

Laser-induced forward transfer (LIFT) is a 3D micro-fabrication tool wherein laser pulses are used to sequentially print 
thin sub-voxels of metal onto a substrate. We are developing a LIFT-based process to fabricate micron-scale parts with 
shape memory alloy (SMA) properties exploiting its high degree of spatial and temporal control. SMAs exhibit shape 
memory effect; during which they generate a substantial amount of strain or force, and hence can be used as the basis of 
actuators such as micro-grippers and fibre-optic manipulators, for surgical and other in-vivo medical applications. 

We are particularly interested in nickel-titanium (NiTi) SMAs given their biocompatibility and a transition temperature 
(the temperature at which the material returns to its initial state) close to body temperature. Small variations in chemical 
composition can be used to tune their transition temperature. However, compositional, and spatial control of these SMAs 
is limited to macroscopic manufacturing techniques. 

In this paper, we explore a novel approach to locally control the composition of NiTi alloy using LIFT. The donor is a 
multilayer comprising nickel and titanium thin films. During the transfer, the laser pulse melts and diffuses the metals 
forming a composite droplet. We demonstrate the possibility of obtaining NiTi deposits with equiatomic composition (50-
50 atomic %). Conventional SMAs have a narrow range of control parameters which makes it difficult for actuator design. 
However, by locally altering the composition, it would be feasible to locally tune the transformation window, providing a 
more complex response to temperature and hence a wide range of SMA based micro-actuator applications. 

Keywords: Laser induced forward transfer, shape memory alloys, functional grading, 3D micro-fabrication. 

1. INTRODUCTION
Laser induced forward transfer (LIFT) is a direct-write technique that is used for the fabrication of complex structures 
comprising of pure metals1, oxides2 and biomaterials3. Various research groups have demonstrated the use of these 
structures in functional devices such as lithium based micro-batteries4, dye-sensitized solar cells5 and micro-ultra-
capacitors6. This 3D micro-fabrication tool offers unique advantages over traditional lithography-based techniques such as 
compatibility to print a wide range of materials, ability to obtain high-aspect ratio structures7 and non-contact process 
performed under ambient conditions. LIFT uses laser pulses to sequentially print micron-sized deposits from a so-called 
donor layer onto a target substrate in a controlled way providing high spatial resolution. This precision provided by the 
LIFT technique can be exploited for the fabrication of micron-sized actuators.  

Shape memory alloys (SMAs) belong to a class of active materials that can be deformed at low temperatures and return to 
their original state under appropriate thermomechanical treatments. This is called the shape memory effect (SME). During 
this process, these materials generate a substantial amount of strain or force, making them suitable candidates for the 
fabrication of actuators8. Nickel-Titanium (NiTi) SMAs are particularly interesting for biomedical applications as they 
exhibit excellent biocompatibility9, resistance to corrosion10 and fatigue11 and can have a transition temperature (the 
temperature at which the material returns to its initial state) close to body temperature12. A small increase in the from the 
standard equiatomic composition (i.e., 50 atomic % of Ni and Ti) can lead to significant changes in their transition 
temperatures. However, compositional and spatial control of these alloys are limited to macroscopic wires and sheets 
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manufactured either in bulk by casting13 or powder metallurgy techniques or in thin films by vapour deposition 
techniques14, thus limiting their usefulness.  

Most often LIFT is used for the printing of single elements such as copper15, gold16,  aluminium17, etc.  However, recently 
other studies have shown that LIFT can be used to deposit multi-compositional structures18–20. The basic idea being the 
use of a donor structure comprising of 2 or more layers of different metals. This was first demonstrated by Zenou et al. in 
2015, by printing 3D structures using copper and silver composite droplets obtained by LIFT21. They found that the printed 
composites have higher resistance to chemical etching than LIFT printed pure copper when immersed in a copper-based 
etchant. More recently, the material properties of the deposited copper-silver droplets and their dependence on process 
parameters were studied by Gorodesky et al20. It was concluded that longer laser pulses (10 ns) provide better mixing of 
different metals and better stability to chemical etching than shorter pulses (1 ns).  

Conventional SMAs have a limited range of control parameters such as stress and temperature to induce SME. This makes 
it difficult to control their SMA properties. One way to improve their controllability is to spatially pattern the SMA 
composition and hence the shape memory alloy properties throughout the SMA component. This provides a range of 
transition temperatures and associated control of actuation forces, across a wider transformation window22. Functional 
grading of SMA properties can be achieved by changing the composition by traditional manufacturing methods23 and/or 
by changing the micro-structure of the component by heat treatment methods24.  

In this work, we use femtosecond laser pulses to transfer NiTi deposits from a multi-donor structure comprising of nickel 
and titanium layers. The influence of the laser fluence and distance between the substrates on the morphology and quality 
of the deposits is discussed. We also use a CW laser to perform heat treatment of the deposited structure. The morphology, 
composition and phase of the deposits is investigated using an optical microscopy, EDX-SEM and XRD respectively. 

2. MULTI-LAYER DONORS
LIFT transfer of pure metals is done using a single donor thin film on a transparent carrier. A pulsed laser beam is focused 
on the glass-thin film interface which melts the thin film and ejects it forming a droplet that propagates towards the receiver 
substrate and deposits as a ‘voxel’. The size and shape of the deposit depends entirely on the process parameters such as 
laser fluence, pulse width, thickness of the donor film and the distance between the substrates25. The best conditions for 
high quality deposits are obtained by optimizing these process parameters. At fluences slightly above the melting threshold, 
the so-called low-fluence processing gives highly controllable material removal and transfer making it suitable for the 
fabrication of 3D structures16. 

Figure 1. Schematic of the LIFT printing process. (a). Traditional LIFT using a single donor film. (b). LIFT using a multi-donor 
structure comprising of 2 or more donor films. 

NiTi SMAs are most often used for biomedical applications since their transformation temperatures are close to body 
temperature when they have equal amounts of nickel and titanium (50-50 atomic %). In our approach, we have a multi-
donor structure composed of alternate layers of nickel and titanium of equal thicknesses on a standard glass slide. Although 
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LIFT of nickel thin films is well established26–28, titanium is generally used as a DRL (dynamic release layer) in blister-
actuated LIFT facilitating the transfer of inks and sensitive materials by absorbing most of the laser intensity and providing 
the necessary thrust for transfer29. This is due to the unique thermal properties of titanium such as high coefficient of 
thermal expansion, low thermal conductivity, and high melting point. In order to obtain a composite deposit, we use a 
nickel film as the first layer on the carrier substrate to prevent partial alloying of nickel (Ni) and titanium (Ti) to form 
Nickel-Titanium (NiTi) deposits. When the laser pulse reaches the surface of the donor, the first thin film melts propagating 
towards the second film melting and mixing with it. The mixed deposit is ejected towards the receiver substrate wherein it 
is deposited as solid by cooling down rapidly. In order to ensure complete alloying of Ni and Ti in the femtosecond regime, 
we vary the distance between the donor and receiver to increase the diffusion time of the metals20. Varying the number of 
alternate layers for a given pulse width leads to the formation of different phases and composition in the formed droplet 
which provides spatial control to functionally grade SMA components.  

3. EXPERIMENTAL SETUP
The multi donor structure composed of two layers of metal on 1 mm thick standard glass microscope slide (Menzel Gläser, 
Thermo Scientific). Ni and Ti layers of thickness (100 ± 10) nm are coated on glass by thermal evaporation. Glass or 
silicon wafers are used as receiver substrates. Prior to use, the substrates are ultrasonically cleaned in isopropanol for 15 
minutes. 

LIFT experiments are performed using an Amplitude Systemes diode-pumped ultrafast laser with a wavelength of 1030 
nm, pulse duration of 260 fs and a gaussian beam intensity profile (M2 < 1.3). The output beam is expanded 3× using a 
beam expander and then directed onto a 2-axis galvanometer scan head (Lasea LS-Scan). The F-theta lens (167 mm focal 
length) further focusses the laser beam at the interface in between the back surface of the transparent carrier and front-
surface of the nickel thin film. The beam diameter at focus is calculated to be 27 µm (1/e2).  

Figure 2. Schematic representation of the LIFT setup. 

Experiments are performed in contact (D=0) and non-contact mode (D=10 µm, 100 µm) using single laser pulses. The 
distance between the donor and the receiver substrate is varied using metal spacers of known thicknesses. The fluence is 
varied from 1.18 – 2.96 J/cm2 in all the different configurations. The energy of single laser pulses is controlled using a 
combination of a l/2 waveplate and a polarizing beam-splitter. All the LIFT experiments are performed in ambient 
atmospheric conditions. 

A NiTi grid with area 5×5 mm2 and 4 µm height is printed on a silicon wafer for laser heat treatment. Heat treatments are 
carried out using a SPI redPOWER SP-100C fiber laser with a wavelength of 1090 nm. The laser spot is defocused to 
obtain a 400 µm (1/e2) diameter spot on the sample surface. The energy densities are varied from 0.8 to 1.6 kJ/cm2. The 
sample is placed on a Z-axis stage inside a gas chamber with constant argon flow to prevent the formation of oxides on the 
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NiTi surface. The laser beam is scanned across the grid following the raster scan strategy at a scan speed of 3.1 mm/s using 
a 2-axis galvanometer scan head (Raylase® MS-14 [Y] D1).  

The deposited structures are imaged using optical microscopy (Leica microscope DM6000M) and scanning-electron 
microscopy (SEM). The composition, structure and phase of the deposits is investigated through energy-dispersive X-ray 
spectroscopy (EDX) and X-ray diffraction (XRD) analysis. The SEM is a Quanta FEG 650 equipped with a X-max 150 
(Oxford Systems) EDX detector operated at 15 kV in low vacuum mode. The XRD apparatus is an Empyrean Powder X-
ray diffractometer (PANalytical) with a Cu Ka radiation at 45 kV and 40 mA. 

4. RESULTS AND DISCUSSION
The characteristics of NiTi deposits obtained using fs pulses are studied by observing the morphology of the resulting 
deposits on the receiver.  The fluence threshold for transfer is 1.2 J/cm2 in all the different configurations. Fig. 3 shows the 
obtained deposits when the donor and receiver are in contact (D=0). It is interesting to note that these deposits have a 
spherical shaped protrusion or ‘bump’ at the center surrounded by a flat layer of material. Generally, LIFT transfer of pure 
metals (single layer) in low fluence regime forms a single droplet following droplet mode ejection15.  The phenomenon 
following the formation of a bump and the surrounding material is assumed to be due to the use of multi-donor structure. 
To completely understand the mechanism of droplet formation, spacers are introduced in between the donor and receiver. 

Figure 3.  Optical microscopy images of NiTi deposits as a function of fluence in contact mode. 

Fig. 4a shows the deposits obtained using a 10 µm spacer. At 1.2 J/cm2, an evenly flat deposit is obtained without any 
bumps. Similar results are also observed for the deposits obtained using a 100 µm spacer (Fig. 4b). 

Overall, the size of the deposits increases with increasing fluence and distance between the substrates. However, the quality 
of the deposits degrades significantly at higher pulse energies due to the increase in velocity during ejection. A trend of an 
increased number of satellite droplets and debris is found particularly at higher fluences. 

Figure 4.  Optical microscopy images of NiTi deposits as a function of fluence in non-contact mode. (a). 10 µm spacer and 
(b). 100 µm spacer. 
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To investigate if the two donor layers have intermixed, we performed EDX analysis to determine the composition of the 
obtained deposits with and without spacers. This confirmed the presence of both Ni and Ti in all the deposits. In the case 
of contact mode LIFT, at 1.2 J/cm2 (Fig. 5a) shows that the bump at the center contains slightly more titanium than nickel 
(55 vs. 45 atomic %). At 1.5 J/cm2, the amount of Ti and Ni are almost equal (50.2 vs. 49.8 atomic %, Fig. 5b) and at 1.9 
J/cm2 there is less titanium than nickel (39.6 vs. 60.4 atomic %, Fig. 4c). Although there is some variability in the nickel-
titanium composition at the center, the outer flat region surrounding the bump consistently contains more titanium than 
nickel.  

The deposits obtained using a 10 µm spacer are shown in Fig. 5d, e and f. It can be observed that the composition of nickel 
and titanium is almost 50 atomic % even at increasing fluences. Similar results are also observed for deposits obtained 
using a 100 µm spacer (Fig. 5g, h and i).  

Figure 5. SEM-EDX images of NiTi deposits at (a). 1.2 J/cm2, (b). 1.5 J/cm2 and (c). 1.9 J/cm2 in contact mode and at (d). 
1.5 J/cm2, (e). 1.9 J/cm2 and (f). 2.4 J/cm2 using a 10 µm spacer (g). 1.2 J/cm2, (h). 1.5 J/cm2 and (i). 2.4 J/cm2 using a 

100 µm spacer in between the donor and receiver substrates. 

Fig. 6 and Fig. 7 represent the average atomic % of Ti obtained with respect to the total atomic % of Ni and Ti in a deposit 
(average of 3 different deposits) for every fluence in contact mode and non-contact mode (10 µm and 100 µm spacers) as 
a function of fluence. Overall, the composition of Ti varies between 46.2 - 51.4 atomic % in the bump at the center of the 
deposits and between 50.1 - 57.7 atomic % at the flat region surrounding the bump. An increased amount of titanium is 
observed in the outer region as titanium being the second layer on the donor film is not entirely mixed during ejection, and 
some of the material is deposited as a splatter due to a smaller gap (air gap) in between the substrates. Introducing a spacer 
between the substrates enables more homogenous deposits without any protrusions. Furthermore, the 10 µm spacer results 
in a smaller standard deviation around the equiatomic composition of NiTi than the 100 µm spacer. As the gap between 
the substrates increase, the angular deviation of the ejected droplets increases leading to the formation of multiple droplets, 
splatters and debris30 which ultimately results in partial mixing of the deposits. 
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Figure 6. Average Ti atomic % with respect to the total atomic % of nickel and titanium at the bump (inner, blue) versus the 
surrounding flat region (outer, red) at 1.2 J/cm2, 1.5 J/cm2  , 1.9 J/cm2 , 2.4 J/cm2  and 3 J/cm2 . 

Figure 7. Average Ti atomic % in the deposit for 3 different deposits at 1.2 J/cm2, 1.5 J/cm2, 1.9 J/cm2 , 2.4 J/cm2 and 3 J/cm2 in 
contact mode (blue) and non-contact mode (10 µm (red) and 100 µm (green) spacers).

XRD analysis is performed on LIFT printed NiTi grids before and after laser heat treatment (Fig. 8). Untreated NiTi alloy 
appears to be amorphous due to the existence of broad diffraction peaks at 42˚ and 44˚. This results from the very high 
cooling rates associated with the LIFT micro-deposits which can be as high as 1010 K/s 31, Whereas a cooling rate of 108 
K/s 32 is sufficient to create a metallic glass from a melt. Subsequent laser heat treatment at 1 kJ/cm2 results in the first 
appearance of primary martensitic NiTi (monoclinic) phase and secondary Ni-rich metastable Ni4Ti3 (hexagonal) peak. 
Above that energy density, the peaks shift forming predominantly metastable Ni4Ti3. The post heat treated samples begin 
to form sharp high intensity peaks indicating grain growth and crystallization after 1.2 kJ/cm2. Along with the formation 
of NiTi and Ni-rich precipitate, at 1.4 kJ/cm2, an intermediate trigonal phase also called the R-phase (rhombohedral) is 
observed at 40˚. The R-phase is suppressed at 1.5 kJ/cm2 forming only NiTi and Ni4Ti3 diffraction peaks. At this point, the 
material is in metastable equilibrium where both NiTi and Ni4Ti3 precipitates coexist. Also, the presence of Ni4Ti3 is known 
to be used for tailoring the shape memory effect by adjusting the transformation temperatures33.  
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Figure 8. XRD spectra of untreated (blue) and laser heat treated NiTi deposits at 1 kJ/cm2 (red), 1.2 kJ/cm2 (green), 1.4 
kJ/cm2 (purple) and 1.5 kJ/cm2 (black). 

5. CONCLUSIONS
This work demonstrates the possibility of fabricating NiTi shape memory alloys for micro-actuator applications. Using a 
multi-donor structure comprising of nickel and titanium layers for LIFT, we obtain NiTi deposits on a glass substrate. The 
transfer mechanism of these composite deposits includes the alloying of individual layers to form a droplet and deposition 
of the same on a receiver substrate. We investigate the effect in morphology and composition of the deposits with respect 
to laser fluence and distance between the donor thin film and receiver substrate using optical microscopy and SEM-EDX. 
Laser heat treatment is performed on the deposited structures using a CW laser. The phase and structure of the deposits 
before and after heat treatment are studied using XRD.  

NiTi deposits with favorable equiatomic composition are obtained in both contact and non-contact mode at different 
fluences. Deposits obtained without a spacer are inhomogeneous in shape although the composition at the center of the 
deposits is close to 50-50 atomic %. Introducing a spacer enables more homogeneous deposits but a large gap leads to the 
formation of splatters and debris and hence uneven composition. In general, a low fluence regime with a 10 µm spacer 
produces the best quality deposits in terms of morphology and composition. Also, at a low fluence the ejection velocity 
and angular deviation of the ejected droplet is minimal, making it suitable for stacking deposits to fabricate complex 3D 
structures.  Prior to laser heat treatment, the transferred deposits are amorphous due to the high cooling rates during LIFT. 
However, recrystallization of the deposits via localized laser heating at increasing laser energy densities leads to the 
formation of martensitic NiTi phases along with metastable Ni4Ti3 precipitates.  
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