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A B S T R A C T

In recent years, there has been a significant research effort in the laser powder bed fusion (LPBF) processing of 
Nitinol aiming potentially for stenting applications. To achieve superelasticity that Nitinol stents require, Ni 
content needs to be within ±0.1at% of the optimal Ni content of 50.8at%, but the high thermal intensity of the 
laser in LPBF results in a Ni-loss. How to achieve the targeted Ni content in LPBF processed Nitinol alloys, whilst 
producing defect-free parts is not certain, requiring further evaluation. In the LPBF processing of a Nitinol 
powder with 51.2at% Ni herein, we exhibit defect-free processing obtaining the idealised Ni content with the use 
of a constant scan velocity and narrow power and thus energy (E) window. An exponential decay in Ni content 
with increasing E was observed and is correlated to the aspect ratio of the melt pool shape. Under optimum, 
defect free conditions, a primarily austenite structure with a tiny amount of twinned martensite is reported by 
room temperature. Sequential transmission electron micrographs taken between − 80 ◦C to 0 ◦C on a defect-free 
sample have illustrated the transformation of twinned martensite to austenite with the major portion of the 
transformation taking place well below 0 ◦C.

1. Introduction

Laser powder bed fusion (LPBF) has matured to become an important 
manufacturing technology and is more widely adopted by industry after 
intensive research in process optimisation and microstructure control of 
parts since the early-mid 2000s [1,2]. The most distinctive advantage of 
LPBF is its capability of producing parts with minimal geometrical re
strictions and with a feature thickness as small as ~0.1 mm [3], and is 
ideal for customised and low-volume production [4]. These capabilities 
have also driven the study in the processability of Nitinol (an equiatomic 
or near equiatomic NiTi alloy) during the 2010s, with the alloy widely 
applied in the manufacture of biomedical devices, complex to make 
using traditional manufacturing processes [5–13]. In these seminal 
studies, the focus was on establishing a processing window of the alloy 
to create parts free of lack-of-fusion defects and keyhole pores.

The dominant use of Nitinol in biomedical applications is in the 
manufacture of stents. The functional property that a Nitinol stenting 

alloy can provide is the excellent superelasticity at temperatures be
tween room (~22 ◦C) and body temperature (37 ◦C). In Nitinol’s 
austenitic state, under loading at a determined critical stress (σc) level, 
the transformation of austenite→martensite (A → M or B2 → B19) occurs 
with a subsequent ~6 % strain increase. Relieving the applied stress 
results in M → A thus, releasing this strain. This transformation induced 
strain is referred to as pseudoelasticity (or superelasticity). Nitinol can 
also be in a twinned martensitic (B19’) state at low temperatures. Taking 
this into consideration, in the stenting application, the temperature (Af) 
at which (twinned) M → A transformation is fulfilled should be close to 
22 ◦C. However, Af should also be close to 37 ◦C, as the critical stress for 
A → M is lower at higher Af temperatures [14].

To meet the requirements of Af and σc in the application of stents, the 
industry standard Nitinol alloy consists of 50.8at% Ni [15], determined 
from the extensive tests conducted during 1990s–2000s [16–19]. In an 
extensive series of experiments using Ni contents between 44.0 and 
51.2at.%, Frenzel et al. [20] reported that Af is basically unchanged at 
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~108 ◦C for Ni ≤ 50at.%. At Ni > 50.0at%, the Af decreases sharply as at 
%Ni increases following the relationship: d(Af)/d(Ni) ≈ − 8.5 ◦C/0.1at 
%. Thus, for Af = 37 ◦C, the Ni concentration is 50.8at%, explaining the 
Ni content value widely used for Nitinol stenting purposes. For the same 
reason, this is the widely reported composition in the processing of 
Nitinol by LPBF [21–28]. However, the high energy beam in LPBF can 
results in composition variance with Ni loss occurring as the vapor
isation temperature of Ni (2730 ◦C) is significantly lower than that of Ti 
(3287 ◦C). In the numerous reviews on Nitinol processed by LPBF 
[5–13], the loss in Ni content is well reported [7–9,11]. It has also been 
suggested that tuning of LPBF parameters may enable an optimum Af to 
be achieved [11]. However, the compositional difference after LPBF and 
custom compositions tailoring Ni content to achieve 50.8at% after LPBF 
processing have not been realised.

In order to understand how the LPBF process changes the Ni content 
in Nitinol through vaporisation, a summary of difference in Ni content 
for Nitinol alloys before and after LPBF from various studies is presented 
in Table 1. In these studies, various laser energy (E), in J/mm3, values 
were used as defined by: 

E =
P

v × h × t
(n. 1) 

where P (J) is the laser power, v is the scanning rate (mm/s) h is the 
hatch spacing (mm) and t layer thickness (mm) [4]. A wide range in Ni 
loss was reported by Obeidi et al. [29] up to ~4at%, as detected using 
scanning electron microscope coupled with energy-dispersive X-ray 
spectroscopy (SEM-EDS) capability. In this study, the loss has not been 
found to depend on E. Applying inductively coupled plasma (ICP) 
spectroscopy analysis, Chen et al. [30] showed little loss of Ni over a 
wide range of E values, whilst Safdel et al. [31] determined the loss up to 
0.81at%, being linearly dependent on the E value although error is high. 
Both Zhu et al. [33] and Obeidi [34], through the use of SEM/EDS, re
ported a slight Ni loss (≤0.2at%) at low E to 0.3at% at high E. Yet Guo 
et al. [35] reported Ni loss from 0.2 to 0.6at% with increasing E values. 
The use of repetitive laser scanning was reported by Zhan et al. [37,38] 
to result in a high Ni loss, contributing to their low σc values (122-169 
MPa), expected as with Ni < <50.8at%, a high portion of the structure 
should be martensitic. There is an overarching trend in the loss of Ni 
when processed by LPBF, however, Maffia et al. [32] and Shen et al. 

reported a gain in Ni content after LPBF by both SEM-EDS and ICP 
chemical analysis methods [36].

As evident from the literature data, there is a lack of clarity on the Ni 
loss during LPBF of Nitinol, particularly in the amount of Ni loss and, 
how the composition fluctuates with laser energy (E). Furthermore, the 
relationship between laser energy, Ni loss and the formation of lack of 
fusion (LOF) or keyhole pores has not been evaluated. Thus, herein this 
study aims to systematically evaluate how E influences the Ni content of 
the alloy. This is achieved by varying P while keeping v (also the pulsing 
parameters) the same. X-ray diffraction (XRD) analysis has been con
ducted to reveal the phases present in the as-built samples that have 
experienced the different amount of Ni loss. The present investigation 
has also aimed at identifying the window of conditions that, while LPBF 
may result in suitable Ni content in the as-print samples using the 
suitable LPBF conditions, the conditions can also be for defect-free 
printing. Finally, using a selected sample, observation on phase trans
formation has been made using transmission electron microscopy (TEM) 
to illustrate how M → A over a temperature range for a better under
standing on the transformation behaviour.

2. Experimental procedures

The as-received powder (15-53 μm in size, from Hermus & OEM) was 
first chemically analysed for its Ni content. Powder particles were dis
solved in an aqua regia-hydrofluoric acid mixture and then the analysis 
was carried out using a Thermo Fisher Scientific iCAP 7400 inductively 
coupled plasma optical emission spectroscope (ICP-OES). The analysis 
has shown a Ni content of 51.2at.%. A Renishaw AM400 LPBF system 
was used to make samples, equipped with a 400 W ytterbium fibre laser 
operating in a pulsed laser mode with a wavelength of 1.070 μm. In this 
work, a reduced-size attachment was used so that LPBF experiments 
could be conducted with a reduced amount of powder. For all the LPBF 
experiments, hatch spacing (h) and layer thickness (t) were constant at 
64 and 40 μm respectively. The pulse laser conditions consisted of a 
point distance (dp) of 50 μm and, a laser on and off time within a pulse 
cycle of 60 and 10 μs respectively. The laser power (P) was varied as 
presented in Table 2, resulting in the corresponding laser energy (E) 
values: 

E =
P ×

(
ton + toff

)

dp × h × t
(n. 2) 

After LPBF processing, samples were cut off the build platform and 
sectioned parallel to the build direction (BD), followed by conventional 
metallographic preparation techniques; mounting, grinding and pol
ishing. These samples were then used for defect analysis, microstructure 
observation, XRD and TEM observation. To observe microstructures, 
polished samples were etched with Kroll’s reagent: 87.7 % H2O, 14.1 % 
HNO3, and 3.2 %HF for 30 s. Microstructures were examined by optical 
microscopy and by a Hitachi SU-70 scanning electron microscope (SEM) 
with energy-dispersive X-ray spectroscopy (EDS) capability. The frac
tion of LOF (fLOF) and keyhole porosity (fPores) were measured form 
images taken of the polished surface prior to etching. For each sample, 
12 images were taken and ImageJ imaging software was used to deter
mine the fLOF and fPores. For measuring LOF in each image using the 
software, the spherical (and partially spherical) keyhole pores were 
manually removed. For measuring keyhole pores, the non-spherical LOF 
pores were manually removed. Electron backscatter diffraction (EBSD) 
mapping was conducted on the sample produced with the most prom
ising parameters (E = 55 J/mm3). For this, a JEOL JSM-7000F SEM 

Table 1 
Analytical methods of powder (AnalyP), Ni content of powder (at.%NiP), 
analytical methods of samples (AnalyS), Ni content of samples (at.%NiS), change 
of Ni content (Δat.%Ni) in various studies.

AnalyP At% 
NiP

AnalyS E and at%NiS Δat%Ni Ref.

SEM- 
EDS

50.01 SEM- 
EDS

22-100 J/mm3, 49.98 to 
45.93, not related to E

− 0.03 to 
− 4.08

[29]

ICP-AES 50.32 ICP-AES 40-260 J/mm3, one 50.32 
& other six 50.22

0 to − 0.1 [30]

ICP-AES 50.63 ICP-AES 45-125 J/mm3, 50.58 to 
49.82 linear, high scatters

− 0.05 to 
− 0.81

[31]

SEM- 
EDS

50.1 ±
0.9

SEM- 
EDS

86 & 118 W, 50.2 ± 0.6 & 
50.2 ± 0.5, respectively

+0.1 [32]

EDS & 
ICP?

49.96 EDS & 
ICP?

47-99 J/mm3, 49.80 to 
49.68

− 0.16 to 
− 0.28

[33]

SEM- 
EDS

50.01 SEM- 
EDS

12 E values, between 
50.21 and 49.75, trend no 
clear

0.20 to 
− 0.26

[34]

SEM- 
EDS

50.9 SEM- 
EDS

1.2–0.4 m/s, 50.7 to 50.3 − 0.2 to 
− 0.6

[35]

ICP? 50.02 ICP 6 E values, 50.40, 50.46, 
50.51, 50.93, 50.75, 
51.09

1.07 to 
0.39

[36]

ICP-AES 50.91 SEM- 
EDS

41-67 J/mm3, 50.58 − 0.23 [37]

ICP-AES 50.91 SEM- 
EDS

Six E conditions, from 
50.28 to 49.70, large 
scatters

− 0.62 to 
− 1.21

[38]

Table 2 
Laser power and energy values used in the LPBF experiments.

P (W) 63 81 100 119 138 156 175 194

E, (J/mm3) 34 44 55 65 75 85 96 106
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equipped with EBSD (Oxford CMOS) capability was used.
The composition and Ni concentration of virgin powder and LPBF 

samples was measured by EDS. As this is not a fully quantitative analysis 
technique, EDS measurements of Ni content were corrected against the 
virgin Nitinol powder through the use ICP-OES. The difference in Ni 
content between ICP-OES and SEM/EDS methods was used in the 
correction of Ni content of LPBF built samples detected by SEM/EDS. 
XRD patterns were collected by a PHILIPS X’PERT PRO automatic 
diffractometer operating at 40 kV and 40 mA, in θ-θ configuration with a 
secondary monochromator with Cu-Kα radiation (λ = 1.5418 Å) and a 
PIXcel solid state detector (active length in 2θ 3.347◦). A 2θ range of 
10–80◦ was evaluated, at a step size of 0.026◦ and a scan speed of 
0.011◦/s. Diffraction experiments were conducted at room temperature 
with a 1◦ fixed soller and divergence slits giving a constant volume of 
sample illumination.

To observe M → A transformation a TEM specimen (50-60 nm thick 
lamella) was taken from the sample produced at a E of 55 J/mm3. A 
standard lift out protocol was employed using an Omniprobe micro
manipulator mounted on a focused ion beam Helios NanoLab 650 dual 
beam system. TEM room temperature imaging was conducted on an 
image-corrected Thermo Fisher Titan Cube 60–300 microscope and low 
temperature imaging (<0 ◦C) was carried out on a Tecnai F30 micro
scope (FEI Company). TEM images were obtained with a coupled CCD 
camera (Gatan). Low temperature was achieved using a cryoholder, 
with the ability to cool the sample to − 170 ◦C using liquid N2. Once the 
temperature stabilised and the sample was able to be fully transformed 
into martensite, the sample was heated to − 40 ◦C at a rate of 10 ◦C/min, 
followed by heating to 0 ◦C at a rate of 3 ◦C/min. A series of Images were 
recorded during the heating period and were subsequently processed 
with the software TIA from FEI.

3. Results and discussion

3.1. Defect levels and laser powder/energy

Representative cross-sectional optical micrographs of LPBF samples 
made using E = 44, 65, 85 and 106 J/mm3 are shown in Fig. 1. The 
formation of LOF defects was observed in the samples produced at the 
lowest E of 44 J/mm3 (Fig. 1a). This type of defect disappears in higher E 
value samples, simply as a result of the higher E and thus larger molten 
and solidified tracks fully overlapping to prevent LOF. The relationship 
between laser powder (and thus E while other parameters are kept un
changed) and the amount of LOF has long been well studied and been 

Fig. 1. Optical micrographs of LPBF samples made using laser energy density (E): (a) 44 J/mm3 displaying a LOF defect, (b) 65 J/mm3 and (c) 85 J/mm3 displaying a 
keyhole pore, and (d) 106 J/mm3 displaying two keyhole pores.

Fig. 2. Area fractions (mean and standard error values) of LOF and keyhole 
pores in LPBF samples made using laser energy density (E) of 44, 65, 85 and 
106 J/mm3.
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well reviewed [1]. The studies to understand how process parameters 
affecting the size and shape of the melt pool which affect the degree of 
overlapping and in turn the amount of LOF during LPBF has continued 
[4,39].

However, at elevated E values, keyhole pores are present, as seen in 
Fig. 1b to Fig. 1d, attributed to the formation of deep keyhole melt pools 
by virtue of the narrow-focussed energy source in which vapour is 
trapped in the melt pool leading to their formation. This phenomenon 
has also been well studied [1,4]. At intermediate E values, (Fig. 1b), LOF 
is mitigated and keyhole formation can occur. Area fractions of LOF 
(fLOF) and keyhole pores (fPores) were taken from optical images of the 
four samples (E = 44, 65, 85 and 106 J/mm3) and the calculated values 
are plotted against E in Fig. 2. As is evident in Fig. 1b, keyhole pores are 
present in the sample produced at E = 65 J/mm3 suggesting an onset of 
keyhole melt mode at this E. Although no data are plotted for sample 55 
J/mm3 in the figure, both LOF and porosity defects are not present in the 
sample. Thus, as suggested in Fig. 2, defects-free LPBF can be achieved 
using E = (55–60)J/mm3.

3.2. Composition change with laser energy

Both the powder and built samples were analysed using SEM/EDS 
and examples of such measurements are shown in Fig. 3. Multiple 
measurements were recorded to obtain statistical accuracy and all Ni 
contents, corrected and non-corrected are listed in Table 3. The standard 
error values are determined to be <0.1at.% and thus there is a high 
certainty in the mean values reported. Overall, it is evident that the 
thermally intensive LPBF process resulted in a loss of Ni content, with 
this loss E dependant. At the lowest E, 34 J/mm3, the loss (ΔNi) is 
minimal (0.14at.%). However, as E increases within the low-medium 
range (44-65 J/mm3), ΔNi increases but the rate (ΔΔNi/ΔE) de
creases. At the high E range (85-106 J/mm3) the values of ΔΔNi/ΔE are 
very low. The measurements taken from SEM-EDS analysis, without the 
use of a standard sample is semi-quantitative, but the difference (ΔNi) 
between each sample can be viewed to be reliable, as is ΔNi as a function 
of E presented in Table 3.

Quantitative composition analysis was established via ICP-MS, with 

the powder Ni content measured to be 51.2at%, yielding a difference of 
0.52at.% when compared to SEM-EDS (Ni = 50.68at.%). Knowing this, 
by adding this difference (0.52at.%) to those measured via SEM-EDS, the 
Ni content can be viewed as corrected, without affecting ΔNi and ΔΔNi/ 
ΔE. These corrected Ni content values are plotted against E in Fig. 4, 
together with a fitted curve with an exponential decay function. As 
observed in the curve of Fig. 4, at the low E range (from E = 34 J/mm3), 
ΔNi is low but ΔΔNi/ΔE is high, indicative of a rapid decay in Ni content 
with increasing E. Further increase in E results in the decrease in ΔΔNi/ 
ΔE. This trend in the data and fitted curve of decay is reasonable if the 
LPBF melt pool volume as a function of E is considered. Given a constant 
laser beam size (~70 μm) for all E values and given that E was adjusted 
by changing P whilst keeping all other parameters constant, the increase 
in melt volume should be dominantly the result of increasing the depth 
of the melt pool rather than the width. Ni loss by vaperisation shoud 

Fig. 3. SEM images of Nitinol (a) powder and (b) LPBF produced sample, with blue squares representing SEM-EDS measurement locations.

Table 3 
Ni content of powder and LPBF samples with respect to laser energy density, loss in Ni content (ΔNi) after LPBF and change in Ni content loss over change in laser 
energy density represented as ΔΔNi/ΔE. Notes: Non-corrected measurements were determined by SEM-EDS (including standard error values based on n = 10) and 
corrected values were based on using the ICP analysis of powder.

Powder 34 J/mm3 44 J/mm3 55 J/mm3 65 J/mm3 75 J/mm3 85 J/mm3 96 J/mm3 106 J/mm3

Non-corrected (at.%) 50.68 50.54 50.37 50.26 50.19 50.12 50.07 50.09 50.06
±0.06 ±0.02 ±0.03 ±0.04 ±0.04 ±0.05 ±0.05 ±0.04 ±0.02

Corrected (at%) 51.20 51.06 50.89 50.78 50.71 50.64 50.59 50.61 50.58
ΔNi(at%) − 0.14 − 0.31 − 0.42 − 0.49 − 0.56 − 0.61 − 0.59 − 0.62
ΔΔNi/ΔE (at%/Jmm− 3) − 0.017 − 0.010 − 0.007 − 0.007 − 0.003 0.002 − 0.003

Fig. 4. Corrected Ni content (mean and standard error) of LPBF samples plotted 
as a function of laser energy density, together with the initial Ni content in 
powder and a fitted exponential decay curve.
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depends on the area of the melt surface. Thus, the restricted increase in 
the witdh of the melt as E increases should also prevent ΔΔNi/ΔE to be 
high.

As we have explained (in Introduction), the amount of Ni loss and 
how the Ni content changes with the change of laser energy (E) have not 
been clear. Our aim is to identify the amount of Ni loss (decrease in at.% 
Ni) as a function of laser power (thus laser energy) while keeping other 
parameters the same and, as shown in Fig. 4, the loss has been identified 
to follow an exponential decay trend. Therefore, adjusting laser power 
level and thus energy to reach 50.8at.%Ni after LPBF is possible. It is also 
important and thus our aim to know the energy level for the minimum 
level of LOF and keyhole pores, keeping in mind the requirement of Ni 
content in the as-built samples/parts. This has also been demonstrated in 
Fig. 2. The further important requirement is the structure after LPBF and 
the analysis of the as-built samples is presented below.

3.3. Structure change with increasing Ni loss

The response of phase constituent formation induced by the loss of Ni 
after LPBF processing can be understood through the analysis of XRD 
patterns as shown in Fig. 5. For each sample, a full scan XRD pattern (2θ 
= 25–80◦) is plotted covering the major diffraction peaks for the phases 
present in the samples. In addition, for each pattern, an inset high
lighting the 2θ from 25 to 50◦ with the intensity scaled up many times 
but keeping the background noise similar for all inset patterns. Thus, the 
small diffraction peaks are clearer and these small peaks in one inset 
pattern graph can be compared to other inset pattern graphs. As will be 
shown and explained, this is necessary as the diffraction peaks from 
B19’s are small.

In the powder sample (top-left in Fig. 5), there are three major 
diffraction peaks, at 2θ ≈ 42.5◦, 61.6◦ and 77.7◦. In accordance to JCPDS 
18–899 [40], for the B2 NiTi (a = 0.2998 nm) and using λ = 0.154 nm, 
the first three diffractions; 110, 200 and 211 correspond to diffraction 

Fig. 5. X-ray diffraction patterns (relative intensity vs. 2θ) of powder and LPBF samples made using E from 34 to 106 J/mm3 showing pure B2 phase in the powder 
sample and generally weak but stronger peaks of diffractions from B19’ in LPBF samples as E increases.
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peaks at 42.59◦, 61.81◦ and 77.96◦, respectively. The measured 2θ 
values are very close to the reference JCPDS card (42.5◦ compared to 
42.59◦, 61.6◦ to 61.81◦, and 77.7◦ to 77.96◦) for the peaks of the powder 
sample, confirming the 110, 200 and 211 diffractions. Thus, the powder 
consists solely of the B2 structure, irrespective of difference in the nor
malised intensity (I/Io) values compared to the JCPDS card.

As shown in the pattern for the powder (and also other samples) in 
the insets of Fig. 5, there is an additional small peak at 2θ ≈ 29.7◦, 
corresponding to 100 diffraction. In the diffraction in a single element 
BCC structure, h + k + l should be even. But as Nitinol is a near- 
equiatomic Ni–Ti alloy, simulations have suggested 100 diffraction 
occurs with a peak of a small to medium intensity [41]. Examining all 
patterns in Fig. 5, 100 diffraction is present in each LPBF sample, except 
at 75 J/mm3 for which the 100 peak is inconclusive. Additionally, the 
200 peak in the 75 J/mm3 is comparatively the weakest, as summarised 
in Table 4. This is expected as (200) and (100} are parallel and thus a 
stronger 200 peak should generally result in a stronger 100 peak. It may 
be noted that the intensity of 110B2 in the 75 J/mm3 sample is not weak. 
Grain growth during LPBF normally results in the {100} preferred 
orientation along the build direction in cubic alloys. As the LPBF sample 
surface for XRD is parallel to the build direction, there is not a preferred 
orientation and strong 100 and 200 diffractions are not observed. 
However, it is uncertain as to why 200 and thus 100 diffractions become 
relatively stronger in high E (85-106 J/mm3) value samples, after having 
relatively the weakest 200 peak for at 75 J/mm3, as seen in Table 4.

In the XRD patterns for the LPBF samples, shown in Fig. 5, small 
diffraction peaks are evident near the 110B2 peak, as observed in the 
inset graphs. Take for example the pattern for the 55 J/mm3 sample, the 
peak to the left and right side of the 110B2 peak are at 2θ values of 39.5◦

and 45.1◦ respectively. According to JCPDS file 35–1281 [40], these 
peaks can be identified as diffractions from (020) and/or (111) of B19’s 
for the first and (111) of B19’ for the second. The 020 diffraction at 
39.22◦ is the third most intensive diffraction, 111 at 41.36◦ the stron
gest, 111 at 44.93◦ the second strongest according to the file. Thus, the 
presence of B19’ in the 55 J/mm3 sample is validated. The amount of 
B19’ is however not certain as comparing I values is not reliable due to 

the sample not being in a powder form. It may be suggested that the 
amount of B19’ is very small, with the relative intensity of the strongest 
peak from 111B19’ being only slightly over 1 % of that for 110B2.

At the lower E (34 and 44 J/mm3) values, the presence of B19’ may 
still be certain, identified in the XRD zoom-in (inset) patterns in Fig. 5, 
although the B19’ diffraction peaks are significantly weaker than those 
seen in the pattern of 55 J/mm3 sample. Numerically, I111B19’/I110B2 for 
samples 34 and 44 J/mm3 are both estimated to be less than 1 %, 
compared to slightly over 1 % for sample 55 J/mm3. On the left side of 
the 110B2 peak in the pattern of sample 44 J/mm3, there is not a sharp 
peak but a small flat top. As has already been explained, 020 at 39.22◦

and 111 at 2θ = 41.36◦ are strong peaks for B19’ according the JCPDS 
file and there could be contributions from both. Furthermore, the small 
peaks are very close to the strong peak from 110B2. Thus, a small flat top 
rather than a sharp peak is not viewed of as unusual.

For the sample built using the next higher E level (> 55 J/mm3) at 65 
J/mm3, the peaks near the 110B2 peak shown in Fig. 5 are clearly 
evident. It appears that the peak on the left may be contributed more 
from 020B19’ diffraction as 2θ is at ~39.1◦. For the less ambiguous B19’s 
diffraction 111B19’, I111B19’/I110B2 ≈ 1 %, slightly lower than that the 
pattern for sample 55 J/mm3. However, the amount of B19’s in a sample 
cannot purely be based on the I111B19’/I110B2 as the samples for XRD are 
not in powder form. For sample 75 J/mm3, diffractions from B19’ are 
clear and I111B19’/I110B2 has increased to ~4 %. This increase, however, 
does not apply to the next higher E sample with I111B19’/I110B2 having 
decreased to ~0.5 % although the 111B19’ peak can be certain. Patterns 
of higher E (96 and 106 J/mm3) samples in Fig. 5 show that I111B19’/ 
I110B2 is ~4 % for the 96 J/mm3 samples and ~ 3 % for the 106 J/mm3 

samples, respectively. In the pattern for the 106 J/mm3 sample, 111B19’ 
deflection at is 2θ = 41.5◦ is clear.

As per the discussion above, XRD patterns (Fig. 5) highlight the 
presence of B19’ phase in all LPBF samples at room temperature. The 
ratio of I111B19’/I110B2 from XRD of LPBF samples as a function of E 
cannot be clearly established and intensity comparisons on non-powder 
samples XRD is not the base for estimating the relatively amount of the 
phases in the sample. However, the patterns for high E samples may 
have generally but not consistently shown that these samples contain a 
slightly higher amount of B19’. The analysis may also have suggested 
that for the condition of defect-free LPBF at 55-60 J/mm3, with the 
starting 51.2at.%Ni in the powder, LPBF samples are primary B2 with a 
tiny amount of B19’.

3.4. B2↔B19’ phase transformation

Phase transformation was analysed via TEM observations over a 
range of temperatures to achieve a better understanding of the phases in 
the alloy. For this, the 55 J/mm3 sample has been chosen, as it has a Ni 
Content of ~50.8at.%, a favourable composition in the use of stenting. A 
SEM image of the polished sample for taking the lamella and prior to 

Table 4 
Normalised (to 100) intensity of 110, 200, and 211 diffractions of B2 in various 
samples.

Sample I100 I110 I200 I211

Powder 1.1 100 8 13
34 J/mm3 0.8 100 8 10
44 J/mm3 1.2 100 10 6
55 J/mm3 0.8 100 12 2
65 J/mm3 1.2 100 12 1
75 J/mm3 Uncertain & <0.3 100 6 4
85 J/mm3 1.8 100 23 1
96 J/mm3 3.5 100 32 7
106 J/mm3 5.4 100 40 2

Fig. 6. Cross-sectional images (with build direction ↑) taken from the 55 J/mm3 sample showing melt tracks and grains in (a) SEM micrograph and (b) EBSD texture 
orientation map.
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etching is presented in Fig. 6a, showing that the grains are not very clear 
but track boundaries can be traced. For reference, these boundaries have 
then been superimposed in the EBSD map in Fig. 6b. Grains are seen to 
grown either in the same direction or bend sharply crossing the track 
boundary. The grains within a track do not bend and are straight 
following the combination of the direction of heat flow and the grain 

growth preferred orientation during LPBF, as is commonly understood 
[1]. This grain feature is different to that of the alloy for stenting 
application using the traditional manufacturing route in which there are 
various forms of hot and then cold working and heat treating [42,43]. 
Thus, grain structures of traditional stents may be elongated grains with 
texture formed or equiaxed grains. Evident in Fig. 6b is the large vari
ance in grain size, with grain widths from a few μm’s to >10 μm. Thus, 
there could be several grains in the lamella of up to 10 μm wide and 
deep.

Examination and analysis via TEM began with an attempt to find 
martensite in the lamella at room temperature. A TEM image of the 
lamella is presented in Fig. 7. From a careful search of the entire lamella, 
no twinned martensite B19’ was observed in the sample, suggesting that 
the sample entirely consists of the B2 austenite phase. However, the 
lamella sample is ~10 μm × 10 μm containing a few grains and as such 
the absence of B19’ in this lamella does not mean an absence of B19’ in 
the entire built sample, as corroborated by XRD which detected the 
presence of martensite.

The lamella was then examined for its phase transformation by 
cooling the sample below 0◦. A TEM image at room temperature is 
presented in Fig. 8a, with a completely austenitic microstructure as 
comparably seen in Fig. 7. After decreasing and holding the temperature 
at − 170 ◦C (Fig. 8b), the sample becomes fully martensitic, with an 
appearance similarly observed in the same alloy in a recent study [27]. 
From the minima of − 170◦ the lamella was gradually heated up to 

Fig. 7. Titan BF-TEM image taken at room temperature.

Fig. 8. Tecnai TEM images of the lamella (a) at room temperature, (b) after cooling and holding at − 170 ◦C.
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− 80 ◦C, whilst under observation. During this heating stage no M → A 
transformation was observed.

Temperature of the sample was then increased from − 80 ◦C to 
− 40 ◦C whilst being recorded under observation. An example of the M 
→ A transformation can be observed in Fig. 9. At the onset (− 80 ◦C), the 
dark grain on the top of Fig. 9a displays a martensitic grain morphology. 
The adjacent grain below also displays martensitic appearance although 
its brightness is high so the structure is less clear. At − 64 ◦C, Fig. 9b, 
transformation began in the dark grain. In the later stage of this tem
perature increasing period, as shown in Fig. 9c, a large part of the darker 
grain is no longer martensitic and is instead largely austenitic. The grain 
below is however likely still fully martensitic. This suggests that after the 
nucleation of B2 in a grain, B19’ → B2 may readily spread within that 
grain but not easily spread to next grain. It should be noted that the 
images in Fig. 9 are “screenshots” from the video. During the stage of 
increasing the sample temperature, the image gradually became defo
cused, with focus adjustments needed and made during the heating 
stage.

While B19’ → B2 started at ~ − 64 ◦C, the transformation in other 
grains started at higher temperatures. The brighter grain in the lower 
part of Fig. 9 has illustrated that the transformation may not have started 
at the end of that heating period (40 ◦C). Fig. 10 illustrates the trans
formation in a grain that was still martensitic at − 20◦ and almost 
completes the B19’ → B2 transformation during the next increase in 
temperature to 0 ◦C. At − 19 ◦C (Fig. 10a), B19’ → B2 may have just 
started in the grain. When the temperature decreased to − 12 ◦C, as 
shown in Fig. 10b, a significant portion in the mid-area of that locality in 
the image had transformed to B2. With an increase in temperature to 

− 10 ◦C (Fig. 10c), B19’ had transformed to B2 across the whole mid- 
area. As temperature continued to increase to − 7 ◦C (Fig. 10d), − 3 ◦C 
(Fig. 10e) and then to 0 ◦C, the whole portion of that grain in the images 
had become almost fully B2. A range of temperature over which B19’ → 
B2 takes place directly observed here is consistent with the commonly 
indirectly observed transformation detected using differential scanning 
calorimetry (DSC) method, as has been well reviewed [5,10].

The observations of Fig. 10f suggest B19’ → B2 transformation being 
almost complete at 0 ◦C may be seen to be inconsistent with the XRD 
result in Fig. 5 which notes at room temperature there is a tiny amount of 
B19’. However, XRD analysis over an area of few millimetres in width 
and in length, a few hundred thousand times larger than the area of a 
TEM lamella. The X-ray penetration and thus analytical depth is also a 
few hundred times larger than the thickness of a lamella. This difference 
in analytical volume must be taken into consideration. B19’ → B2 takes 
place over a temperature range and this transformation is a gradual 
process meaning that the transformation takes place earlier in some 
grains and later in others. Observing the TEM sample in Fig. 9 the As ≈

− 64 ◦C and in Fig. 10 a Af ≈ 0 ◦C, in the small volume of TEM sample. 
Considering a volume of the same material more than a hundred- 
thousand times larger than the TEM lamella sample with B19’ → B2 to 
occur, there could be locations where Af > 0 ◦C. Thus, a tiny amount of 
B19’ detected by XRD at room temperature would be viewed to be 
reasonable.

4. Conclusions

Using a pulse laser powder bed fusion (LPBF) machine for printing 

Fig. 9. Tecnai TEM images taken with the lamella temperature at (a) -80 ◦C displaying martensitic structure, (b) -64 ◦C displaying the dark grain having started 
transferring to austenite, and (c) -48 ◦C displaying the dark grain more transferred to austenite.

Fig. 10. Tecnai TEM images showing locally B19’ to B2 transformation at temperatures of: (a) -19 ◦C, (b) -12 ◦C, (c) -10 ◦C, (d) -7 ◦C, (e) -3◦, and (f) 0 ◦C.
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Nitinol, defect free samples are achieved at laser energies (E) between 
50 and 60 J/mm3, with lack of fusion defect formation below and 
keyhole porosity above this E range. The rate of loss of Ni content with E 
is found to follow an exponential decay trend. Starting with the powder 
of Ni = 51.2at%, in the built sample using the minimum defect-level 
LPBF condition of 55 J/mm3, Ni ≈ 50.8at% (the desirable Ni content). 
X-ray diffraction at room temperature shows that the structure is pri
marily austenite (B2) with a tiny amount of twinned martensite (B19’) 
and that generally the amount of B19’ increases with increasing E 
following the trend in increasing Ni loss with E. Sequential transmission 
electron micrographs of a lamella taken from the defect-free and Ni ≈
50.8at% sample have shown that B19’ → B2 took place over the tem
perature range of − 64- 0 ◦C. The B19’ → B2 transformation likely occurs 
grain-by-grain, with B19’ → B2 transformation starting in one grain 
within that temperature range and completing solely in that grain as 
temperature increases.
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