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Comparison of miCrostruCture, ageing effeCt and shape memory properties of additively  
manufaCtured niti alloy using lens and eBam methods 

samples prepared using various additive manufacturing methods were compared in terms of structure, texture, transforma-
tion temperature and superelastic properties. samples manufactured using laser engineered net shaping (leNs) method showed 
texture several degrees deviated from the <001> build direction, however with composition near to the initial powder composition, 
enabling superelastic effect. The electron beam additive manufacturing (eBaM) samples showed martensitic structure at room 
temperature due to a shift of transformation temperatures to the higher range. This shift occurs due to a lower Ni content resulting 
from different processing conditions. However, eBaM method produced sharper <001> texture in the build direction and made 
it possible to obtain a good superelastic effect above room temperature. intermetallic particles of size 0.5-2 mm were identified 
as Ti2Ni phase using eDs and electron diffraction analyses. This phase was often formed at the grain boundaries. Contrary to the 
leNs method, the eBaM prepared samples showed Ni-rich primary particles resulted from different processing conditions that 
reduce the Ni content in the solid solution thus increase the martensitic transformation temperature. ageing at 500°C allowed for 
shifting the martensitic transformation temperatures to the higher range in both, leNs and eBaM, samples. it resulted from the 
formation of Ni rich coherent precipitates. in samples prepared by both methods and aged at 500°C, the presence of martensite 
B19’ twins was observed mainly on {011} B19’ planes. 
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1. introduction

additive manufacturing (aM) is gaining more attention 
in the recent years due to the possibility of fabricating metallic 
parts of complex shapes, difficult to produce by conventional 
techniques, [1,2]. During the aM process, elements are manu-
factured using an additive material in the form of powder or wire 
which is melted using a highly focused laser or electron beam. 
Based on the type of the additive material, aM techniques can 
be divided into powder bed-like selective laser melting (slM), 
powder-feed laser engineered net shaping (leNs) and wire-feed, 
in the case of electron beam additive manufacturing (eBaM) [2]. 
in the case of powder-based techniques, spherical, pre-alloyed 
powders are used [3], although the use of a mixture of elemen-
tal powders is also possible [4]. The alloys that are difficult to 
cast and plastically form are shape memory (sM) NiTi alloys. 
Therefore, several works were published recently concerning 

aM [3-17] of these alloys. additive manufacturing enables 
tailoring the sM response by controlling the microstructure 
at resolutions difficult through conventional NiTi processing 
methods [6,7]. in ref. [7] in-situ X-ray diffraction was used 
to determine the local transformation temperature along the 
thermally affected regions in a laser processed NiTi thin sheet. 
The resulting transformation temperatures gradient, related to 
a local chemical compositional changes through Ni depletion, 
as well as residual stress, explain the changes in microstructure 
and mechanical properties in additive manufactured NiTi parts. 
it was shown that using different sets of process parameters, 
the phase transformation temperatures of slM built NiTi enti-
ties can be directly tailored [9]. The reason behind it attributed 
to the Ni loss by evaporation, that increases with applied energy 
density. it has been concluded in Ref. [9-11] that aging is an 
effective method to tailor the shape memory properties and 
to obtain superelasticity of slM fabricated Ni-rich NiTi alloys. 
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in the case of NiTi/TiC composites [10] three different lenticular 
Ni4Ti3 variants were found depending on precipitate diameters, 
causing the formation of a higher interface lattice strain energy 
between the smaller Ni4Ti3 variant and the matrix. furthermore, 
as reported in Ref. [11] the heat treatment decreased the forward 
and reverse transformation temperatures of NiTi alloy, presum-
ably due to the annihilation of thermally induced defects. The 
samples annealed at 500°C showed a measurable increase of 
the shape memory recovery, as compared to the as-processed 
NiTi alloy. additionally, the pseudoelastic recoverability of this 
material is also markedly influenced by the laser energy density. 
There are some discrepancies in the literature concerning the 
effect of the aM method on texture, shape memory properties 
and ageing effect induced by various processing methods, like 
leNs or eBaM [3-19]. Therefore in the present paper the ef-
fects of the aM methods on structure, shape memory properties 
and ageing are compared and discussed.

2. experimental methods

The leNs method was used to prepare aM samples us-
ing the initial material in the form of spherical powder. During 
deposition, the powder was injected through the nozzles into the 
melt pool formed on the deposit surface by a highly focused laser 
beam. The deposition process was performed using the leNs 
MR-7 system (optomec, usa) equipped with a 500 W fiber 
laser. spherical, gas atomized powder, with particle size in the 
range of 45-115 μm and the chemical composition: 50.08 at.% 
Ni, 0.01 at.% C, 0.10 at.% o, Ti balance was used. in order to 
obtain cylindrical samples with 20 mm diameter and the height of 
10 mm, the following parameters were used: laser power 400 W, 
laser spot diameter 1.2 mm, working table feed rate 10 mm/min, 
powder flow rate 14.98 g/min, single layer thickness 0.3 mm. 
Moreover, the process was performed in a chamber under a puri-
fied argon atmosphere (o2 and H2o < 10 ppm). aging at 500°C 
was performed for times varied from 15 min to 8 h, as for typical 
heat treatment of Ni-rich Ni-Ti alloys [25], employed for the 
additive manufactured samples. The materials were analysed 
in the as-deposited and aged states.

The microstructural observations and electron Backscatter 
Diffraction (eBsD) measurements were carried out on a fei 
versa 3D feg scanning electron microscope (seM) equipped 
with an eDaX Hikari CCD camera. The detailed microstructural 
studies were performed using a transmission electron microscope 
(TeM) Tecnai feg g2 f20 super Twin. The thin foils for TeM 
observations were prepared by electropolishing of 100 μm thick 
discs in an electrolyte containing 10 mol.% HClo4 in methanol 
(voltage 20 v, temperature –20°C). 

The tensile tests were performed at a shimadzu autograph 
ag-X plus testing machine at strain rate 10–3 s–1. The strain was 
measured using a video-extensometer TRviewX system. Tests 
were conducted at RT and at temperature 10°C above austen-
ite finish (Af ) of the materials. The samples for the tests were 
prepared in the same form as for in-situ deformation studies. 

The phase transformation temperatures were investigated by 
differential scanning calorimetry (DsC) using a Mettler DsC 
823 instrument, with cooling/heating rate of 10°C/min. 

3. results and discussion

fig. 1 shows a photograph of samples manufactured using 
various methods, i.e. leNs (a) and eBaM (b). it can be clearly 
seen that the leNs method allows for producing precise thin 
wall elements from a fine powder prepared by laser beam heat-
ing, while the eBaM method due to electron beam melting of 
1 mm thickness wire shows effects of secondary melting and the 
walls of produced rectangular sample and are not as well shaped 
as those of the leNs sample.

fig. 1. (a) NiTi element deposited using leNs method; (b) NiTi ele-
ment deposited from a wire on NiTi substrate using eBaM method

fig. 2 shows DsC curves taken from leNs and eBaM 
prepared samples aged at 500°C. The as deposited samples show 
slightly different Ms temperatures, i.e. 4°C and –10°C respec-
tively. after ageing these temperatures are shifted to a higher 
temperature range i.e. 16°C and 51°C. Correspondingly ageing at 
500°C Af temperatures are shifted after from 32°C (as deposited) 
to 48°C (8 h/500°C) for the leNs method and for the eBaM 
method from 20°C to 51°C. it was found that particularly for 
the medium time of ageing, the leNs samples show higher 
differences between appearance of the R phase that the eBaM 
samples. for both aM processing routes the ageing results in 
closer positions of martensite and R phase peaks. The ageing 
effects observed in the present work are in agreement with the 
previous works on aged NiTi alloys [20,21] and in our earlier 
studies of aM NiTi alloys [18,19].

fig. 3 shows optical micrographs comparing microstruc-
tures of cross sections of (a) eBaM deposited sample from 
a NiTi wire and leNs deposited from the NiTi powder. fig. 3a 
shows columnar grains of width similar to the width of the sub-
strate and several hundred mm long. This may indicate oriented 
growth as observed earlier in Ref. [12,15,18,19,22] in the eBaM 
deposited layers. The microstructure of leNs deposited sample 
exhibits slightly different character; there exist a transition layer 
of fine grains that were likely remelted and subsequently fast 
cooled. The deposited layer shows elongated grains, however, 
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shorter than in the case of eBaM method. it is in agreement 
with results of Hamilton et al. [6] where deposited layer showed 
random B2 austenitic grain orientations for the as built and solu-

tion treated alloys. The laser- based directed energy deposition 
lDeD aM fabrication technique produces a characteristic grain 
morpho logy without texture. in other cases, weak texture was 
observed. 

fig. 4a shows the compressive stress-strain loading/unload-
ing curves for the samples deposited using leNs technique 
and aged at 500°C/2 h. all samples underwent only partial 
strain recovery. The material in the as-deposited state revealed 
a good strain recovery (about 3%), which is in agreement with 
DsC results showing the Af temperature below the deformation 
temperature (RT). The recoverable strain decreased to about 
1.5% in the case of aged material, as a result of shift of the Af 
toward higher temperature. Therefore, in order to determine the 
superelastic behavior above the Af temperature, the compres-

fig. 2. DsC cooling (a) and heating (b) curves of the eBaM deposited NiTi and after various time of aging at 500°C and of the leNs deposited 
sample (c) cooling and (d) heating also with indicated ageing time

(a) (b)

fig. 4. Compression stress-strain curves (a) from directly leNs deposited NiTi samples aged at 500°C/2 h, tested at RT and 50°C as marked in 
brackets; (b) from NiTi eBaM deposited sample with increasing loading and unloading

fig. 3. (a) optical microstructure of the cross section of deposited ring 
of eBaM deposited sample; (b) cross section of leNs deposited sample
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sion test was performed at 51°C (10°C above Af ). The result 
shows almost complete strain recovery near 4% indicating 
almost perfect superelastic effect as observed also in aM shape 
memory materials [6,9], however, after heat treatment. fig. 4b 
shows deformation/elongation curves taken from NiTi eBaM 
prepared samples with the increasing load in 8 steps from 100 to 
900 MPa; each step followed by unloading showing typical curve 
for deformation of martensite typical for shape memory effect 
and no superelastic effect at room temperature was observed as 
described in Ref. [20]. 

in order to compare the preferred orientation after both 
processing methods, i.e. leNs and eBaM, eBsD orientation 
mapping was performed from the interfaces of deposited samples 
and 001 and 111 pole figures are shown in figs. 5 and 6. in order 
to compare texture formation in both cases seM electron back 
scattered diffraction studies eBsD were performed for both 
differently processed specimens on the surface perpendicular to 
the growth direction as indicated by an arrow in fig. 6. it shows 
the inverse pole figure iPf map of the austenite grains in the 

as-deposited sample from a surface of a tensile sample with 
a marked square fragment where observation was performed 
with increasing strain. The image shows elongated grains, with 
majority in purple and orange colours indicating orientation not 
far from the [001] growth direction, as results from the austenite 
unit triangle where the [001] pole is in red color. The build direc-
tion is close to [001], the direction found in previous studies on 
aM manufactured NiTi alloys [13,14,16] where a cube texture 
was observed while an elongated grain curvature resulted from 
a nozzle movement during deposition. Pole figures were rotated 
to represent the deposition surface. one can see from iPf im-
ages that both samples show rather large grains in the deposited 
areas (in upper part of fig. 5), however, looking more closely 
fine elongated subgrains of slightly different colors may be dis-
tinguished within these grains. The grains and subgrains in the 
eBaM deposited sample are considerably larger what resulted 
from different cooling conditions in larger melted areas. The 
grains of the eBaM sample exhibit colors closer to red since 
this color represents the 001 pole, while in the case of leNs 
sample various colors prevail in the substrate, but also in the 
deposited part i.e. blue (111 pole) and green (110 pole). These 
observations are in agreement with pole figures shown for both 
processing routes. The leNs prepared sample shows the spread 
of peaks, representing texture deviated by several degrees from 
(001)[100] orientation. slightly different texture shows eBaM 
deposited sample where (001)[100] orientation is rotated a few 
degrees around [010] direction. The iPf map of the leNs 
prepared sample is similar to that reported in Ref. [12] where 
also [001] growth direction was reported and the deviation was 
explained by laser scan direction. Wang [14] reported that [001] 
texture is weakened by enhancing deposition current for dual-
wire arc additive manufactured Ni-rich NiTi alloy. in the case of 
eBaM prepared sample the movement of electron beam seems to 
induce similar structural effects. as reported by saedi [17], slM 
fabricated samples showing the sharp [001] texture (the building 
direction) improve their superelastic response substantially. This 
is in agreement with our results for the leNs deposited sample 
where a good superelastic properties were well documented. 

fig. 7 shows TeM microstructure of the leNs depos-
ited sample, where dark irregular particles of size between 
500 nm - 2 μm are clearly visible. The electron diffraction pattern 
allows for identification of Ti2Ni particles formed during cooling 
of the melt during preparation of the element. it is confirmed 
by the eDs analysis, where almost exactly it indicates atomic 
fraction of the Ti2Ni compound. such particles were previously 
reported as crystallizing from the liquid NiTi alloy [19,23].

fig. 8 shows a sTeM micrograph presenting elongated 
bright precipitates and a large dark particle. The eDs analysis 
from a dark particle (point 1) point to a Ti2Ni primary particle 
as observed in fig. 7, however elongated bright precipitates are 
most likely the Ni-rich precipitates visible also in the electron 
microstructure in fig. 8. The electron diffraction pattern from the 
central part of the microstructure shows, however, only diffrac-
tion spots from the ordered austenite and twinned B19’ martensite 
with 011 twinning plate as often observed in NiTi alloys [19,24]. 

fig. 5. eBsD orientation mapping above the interface from the leNs 
deposited sample and 001 and 111 pole figures rotated to represent the 
deposition surface

fig. 6. eBsD orientation mapping above the interface from the leNs 
deposited sample and 001 and 111 pole figures rotated to represent the 
deposition surface
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The Ni-rich precipitates are coherent with the matrix showing 
strong strain field contrast and do not show other diffraction spots 
than those from the matrix. fig. 9 shows TeM microstructure of 
eBaM manufactured sample. The microstructure is character-
ized by much higher density of martensitic plates due to a lower 
Ms temperature than that for the leNs deposited sample. The 
frequently observed martensitic twins show the similar orienta-
tion relationship with the matrix like that observed in fig. 8 and 

the same twinning plane {011}. small particles of the primary 
Ni-rich phase, are also visible in the microstructure. They are 
evidently different than the particles in the leNs sample, most 
likely due to different cooling conditions from the melt, resulting 
in a different crystal structure.

4. summary

1. samples prepared using the leNs method showed texture 
that is several degrees deviated from the <001> build 
direction, however, with composition close to the initial 
powder composition showing a superelastic effect. The 
eBaM manufactured sample showed martensitic structure 
at room temperature due to the larger shift of transformation 
temperatures to the higher range associated with a lower 
Ni content, resulted from processing conditions. However, 
eBaM method revealed the sharper <001> texture in the 
built direction and allowed for obtaining a good superelastic 
effect above the room temperature. 

2. intermetallic particles of size 0,5-2 μm, identified as Ti2Ni 
using eDs and electron diffraction analysis, were observed 
often at grain boundaries. on the other hand the eBaM 
prepared sample showed Ni-rich particles due to different 
processing conditions causing loss of Ni in the solid solu-
tion and increase the martensitic transformation tempe- 
ratures. 
ageing at 500°C shift the martensitic transformation tem-

peratures to higher range in both, leNs and eBaM prepared 
samples. it resulted from the formation of Ni-rich coherent 
precipitates identified by sTeM technique. in the as-prepared 
and aged samples the presence of martensite B19’ twins was 
observed mainly on {011} B19’ planes. 

fig. 8. TeM of leNs deposited sample aged 2h/500°C. (a) sTeM 
micrograph showing two kinds of precipitates and tables showing 
results of a quantitative eDs analysis from points 1-3; (b) TeM mi-
crostructure and (c) electron diffraction pattern from the central part 
of the microstructure

fig. 9. (a) TeM microstructure from deposited rectangular element from 
NiTi alloy by eBaM method and (b) saDP from the central martensitic 
needles of [001] B2 zone axis orientation; (c) sTeM micrograph show-
ing primary particles martensite with marked 1-3 points and results of 
eDs analysis in the Table on the right side

fig. 7. (a) TeM microstructure of leNs deposited sample showing 
primary intermetallic particles; (b) sTeM micrograph showing inter-
metallic particles and results of eDs analysis
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