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Laser powder bed fusion (LPBF) additive manufacturing is capable of producing Nitinol stents of complex
shapes, but a slight change of Ni content during LPBF can result in the stents not being suitable. Thus,
there is a need to predict how laser power (P) and thus energy (E) affects the two important outcomes
of Nitinol LPBF: defect level and Ni content. In this study, how Ni content may change during LPBF has
been studied under two conditions: a sufficiently low P (thus E) but close to fully dense condition and
a sufficiently high P that has caused keyhole pore formation. The loss of Ni has been found to be
0.36at% and 0.56at% for the sufficiently low and sufficiently high P conditions. Thus, 0.4-0.5at%Ni loss
is expected for defect-free Nitinol LPBF. The morphological features of the melt pool affecting defect for-
mation and relating to how P affects Ni loss will be discussed. With the significant loss of Ni due to LPBF,
for the starting powder, which contains 50.5at%Ni and is fully austenitic, the LPBF as-built structure has
remained mainly austenitic, but the samples also contain a small amount of martensite.
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1. Introduction

A major biomedical application of Nitinol (an equiatomic or
near equiatomic NiTi alloy) is for stenting, which relies on the ex-
cellent superelasticity that the alloy can offer at body temperature
(37 °C). Superelasticity results from austenite — martensite
(A - M or B2 —» B19') when the applied stress reaches a critical
value, and the superelastic strain is released due to M — A when
the applied stress is relieved. The temperature at which M — A
in stress-free state Nitinol is complete is called austenite transfor-
mation temperature (Ay). Ideally, for stenting, A¢ should be less
than 37 °C. However, the critical stress for A —» M is lower for a
higher Ag, thus selecting Af is essential for designers of Nitinol
stents, and in general, A¢ should be close to 37 °C [1]. Frenzel
et al. [2] conducted an extensive series of measurements using cast
samples with at%Ni ranged from 44.0 to 51.2 and with the samples
annealed at 950 °C for 24 h. Their study shows that, for at%Ni < 50,
Ag is stable at ~ 108 °C and Af decreases sharply as Ni content in-
creases slightly from 50at%Ni. For at%Ni = 50.7, A¢ < 37 °C.
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Laser powder bed fusion (LPBF) is now a mature additive man-
ufacturing technology after a period of intensive research on the
process and on the structure and properties of LPBF parts [3], par-
ticularly after 2015 [4]. There is little restriction on the geometry of
the parts and a thickness limit of LPBF has been demonstrated to be
down to ~ 0.1 mm [5]. Thus, LPBF is potentially suited for making
Nitinol devices. However, as the vaporization temperature of Ni
(2730 °C) is significantly lower than that of Ti (3287 °C), Ni loss
more than Ti loss can occur during LPBF. Thus, LPBF of Nitinol for
stenting application is challenging as a slight variation from the de-
sirable Ni content can cause an undesirable A¢. Reviewing the stud-
ies of Nitinol LPBF, Mohamed et al. [6] have shown that A¢increases
as laser volumetric energy density (E) increases and linked this to,
as commonly understood, more loss of Ni using higher E due to va-
porization. The more detailed demonstration of how laser power
(P) affects both Ni loss on one hand and affects the quality and
structure of LPBF parts have, however, not been detailed.

It is well known that the formation of lack of fusion (LOF) and
keyhole pore defects occurs during LPBF when operating condi-
tions are outside the suitable conditions. Below the lower bound
of the suitable E range, the lower the E, the higher the amount of
LOF and above the upper bound of the suitable E range, the higher
the E, the more keyhole pores form during LPBF. Thus, the knowl-
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edge of how much Ni loss may occur during Nitinol LPBF with the
minimum level of defects is essential. In this present study, how
LPBF in conditions close to the lower and upper bound E conditions
may affect Ni loss have been studied. Evaluation of the morpholog-
ical features of tracks to identify the modes of melting for the two
conditions has been conducted and how the track features may af-
fect the amount of Ni loss has been considered. Furthermore, struc-
ture analysis of samples has also been made to detect how Ni
content change may affect the structure of the alloy after LPBF.

2. Materials and methods

LPBF experiments using Nitinol powder (15-53 pm in size, from
Hermus & OEM) were conducted using a Renishaw AM400 system,
which is equipped with a 400 W ytterbium fibre laser operating in
a pulsed laser mode with a wavelength of 1.070 pum and a spot size
of 70 pum. A reduced-size attachment was used to conduct the ex-
periment with a reduced amount of powder. During LPBF, a contin-
uous flow of Ar was used. Two P values, 81 and 156 W, were used.
Hatch distance and layer thickness were 64 and 40 pm, respective-
ly. Point distance was 50 um. The duration of the laser on time and
off time within a laser pulse cycle were 50 and 10 ps, respectively.
Thus, corresponding to the two P values, the two E values were 44
and 85 J/mm?>. Biffi et al. [7] have shown that by increasing E from
25 to ~ 50 J/mm? of Nitinol LPBF using Renishaw AM400, the rel-
ative density of samples increases rapidly to close to being fully
dense. At 85 J/mm?, their data also suggest that LPBF samples have
remained close to being fully dense. Thus, E = 44 and 85 J/mm? are
suitable conditions to evaluate how much Ni loss may occur.

Built samples were sectioned parallel to build direction (BD) for
metallography following the normal grinding and polishing proce-
dure and for X-ray diffraction (XRD). Polished samples were etched
using the Kroll’s reagent: 87.7% H,0, 14.1% HNOs, and 3.2% HF for
30 s. Samples were examined using a Hitachi SU-70 scanning elec-
tron microscope (SEM) with energy-dispersive X-ray spectroscopy
(EDS) capability. Ni contents of LPBF samples were determined us-
ing EDS, and, in order to more constantly estimate the change of Ni
content after LPBF, Ni content of the as-received powder was also
determined using EDS. Thus, the powder was also mounted and
polished. For measuring the fraction of LOF (f of) and the fraction
of keyhole pores (fpores) On the metallography samples, 12 images
were taken in each polished sample without etching and Image]
software was used to estimate fior and fpores. Diffraction experi-
ments were performed using an X-ray diffractometer with
monochromatized CuK,; radiation (A = 0.1.54 nm). The scanning
range (20) was from 20 to 80°. Data from the Joint Committee on
Powder Diffraction Standards (JCPDS) [8] were used to identify
the phases.

3. Results and discussion
3.1. Laser power/energy, defects and track morphological features

Fig. 1 shows the track features of LPBF samples made using the
two E values. The two low magnification micrographs on the left
have included the surface scan layer, and three track boundaries
(TBs) have been traced and outlined. In the two higher mgnifica-
tion micrographs on the right, TBs can be seen more clearly. As
pointed to in Fig. 1a (left micrograph), LOF defect can readily be
seen in the 44 J/mm° sample. LOF results from the lack of tracks
overlapping. Using Image], fior has been determined to be 0.5%,
which is close to but not fully dense. This agrees with Biffi et al.’s
data [7] that at E values of ~ 44 J/mm? LPBF samples are not yet
fully dense but close to the maximum relative density condition.
An increase in E value from 44 to 85 J/mm? in the present work

Materials Today: Proceedings xxx (XXxx) XXX

has resulted in fior = 0. But, in the 85 J/mm?>-sample micrograph,
keyhole pores can be seen, as shown in Fig. 1b (right micrograph).
Using Image], fpores have been detected to be 0.47%. It can thus be
suggested that the E values of 55-65 J/mm?> can be used for basical-
ly LOF and pore defect-free LPBF.

The left traced tracks in left micrographs of Fig. 1 have been
indicated in full by using the traced portion on the right side to
add to the other side, and this added portion is indicated by the
dotted line. The track width (Wr;) can be estimated based on all
the five tracks (two not outlined). The track penetration depth
(dp) can be measured. The values of Wry, d,, and Wr,/d,, are listed
in Table 1. The cross-sectional area (Ar;) of a track can also be es-
timated using Image], and values are also listed in Table 1, where
Wi, and Ar; have been corrected for the track cross sections being
not normal (~10°) to the scan direction. Increasing P (thus E as v
did not change) has increased both Wy, and dp, but the increase
in dp is more profound; thus Wr/dp has decreased from 2.5 to
2.0. A further feature is the angle (o) shown in Fig. 1a (left micro-
graph) between the tangent at the end of a TB and BD. For the 44 ]/
mm>-sample, oa~22°. For the 85 J/mm>3-sample, as can be suggest-
ed by observing the TBs outlined in Fig. 1b (left micrograph), a~0°.
This may be the result that, given the same laser spot size, increas-
ing P increases the energy for melting more vertically than lateral-
ly, thus decreasing both o and Wry/dp. The increase in E by 93%
(from 44 to 85 J/mm?) has resulted in an increase of Ar; (from
4446 to 7444 pm?) and thus melt volume by 67%.

The surface appearance of the two samples is shown in Fig. 2,
where “ripples” and surface TBs can be seen. A “ripple” is the melt
pool boundary on the surface at a time during LPBF. Each arrow in
Fig. 2 points to the scan direction of the track, and the arrow has
been drawn along the TB, although for the 44 J/mm?>-sample, TBs
are slightly wavy. A complete melt pool cannot be traced, as a large
part of a solidified pool boundary (“ripple”) has been melted in the
following track scan, but a part of the melt pool “ripple” can be
traced. In Fig. 2, a dotted line represents the trace of a “ripple”.
The area bound by an arrowed line and a dotted line represents a
part of the melt pool behind the laser spot at a time during LPBF.
Comparing the two images, it can generally be suggested that, on
average, the angle (B), as one labelled in Fig. 2a, between the “rip-
ple” trace tail and TB appears to be higher in the 44 J/mm3-sample
than in the 85 J/mm3-sample. This may suggest that the melt pool
is more elongated in the 85 J/mm>-sample than in the 44 J/mm?>-
sample. A longer melt track with the higher E condition should
suggest a higher melt temperature.

3.2. Laser power/energy, Ni content and crystal structure

Estimation of Ni content of the Nitinol powder using EDS is il-
lustrated in Fig. 3. Area EDS of 21 particles (Fig. 3a) were analyzed.
A typical EDS spectrum in Fig. 3b shows the Ni and Ti peaks based
on which Ni content was determined. The Ni peaks are far apart
away from Ti peaks, and the intensities of the peaks are strong,
providing a sound base for the analysis and calculation of the com-
position. Based on the analysis of 21 particles, at%Ni = 50.47, with
standard deviation being (SD = ) + 0.17at% and standard error being
(SE =) + 0.04at%. With the low SE value, it may be suggested that
the value of Ni content one digit after the decimal point is highly
certain. In the following, when values of Ni content are presented,
the second digit after the decimal point is kept.

For LPBF samples, analysis was first conducted to detect if Ni
content may be location dependent within a track. An example is
illustrated in Fig. 4 with the data listed in Table 2 using the 44 ]/
mm?>-sample. There are 7 locations next to and along TB and an-
other 7 locations inside and away from TB where Ni contents have
been determined. The mean, SD, and SE values have been calculat-
ed and included in Table 2. Clearly, Ni content of location next to
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b 15.0kV 14.9mm x300 SE(M)

Fig. 1. SEM micrographs (left - low magnification, including the surface scan layer with three tracks outlined and right - higher magnification displaying track boundaries
clearer): (a) 44 JJ/mm? and (b) 85 J/mm®. Note: a number of LOFs are pointed to in the left micrograph of (a) and a keyhole pore is present in the right micrograph of (b).

Table 1

Values of track width, penetration depth, width/penetration ratio, track cross sectional area and width/area ratio for the two LPBF samples. Note: Errors are standard deviations.
Sample Wiy, tm dp, pm Wi/ dp Ar, um? Wr/Arr
44 J/mm? 1228 49+6 2.5 4446 + 490 0.027
85 J/mm?> 141 £5 65+5 2.0 7444 + 538 0.019

{ B O N

15.0kV 15.6mm ) S 100ur SE(V 100um

a

Fig. 2. SEM images of sample surfaces: (a) 44 J/mm?> and (b) 85 J/mm> samples. Arrows point to scan direction along the track boundaries. For each arrow the shape of the
area bounded by the arrow and dotted line indicates the partial melt pool at a time.

3



E.M. Sequeda Leon, S. Singamneni, T. Guraya et al.

25K
20K
15K
10K

5K

Materials Today: Proceedings xXx (XXXx) XXX

0
o
kim - 35 - Br

a b

Fig. 3. EDS analysis of powder: (a) SEM image of powder showing area EDS in each powder and (b) a typical spectrum showing the Ti and Ni peaks.
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Fig. 4. EDS analysis of the 44 [/mm?> sample: (a) SEM image illustrating the EDS areas in various locations in a track, 7 next to and along the track boundary (TB) and 7 inside

the track, and (b) a typical spectrum showing the Ti and Ni peaks.

Table 2

Ni content in at% (mean SD and SE) in various EDS locations shown in Fig. 4a, next to TB (1st row) and inside the track (2nd row).
Next to TB 50.23 50.00 50.11 50.05 50.10 50.21 50.16 Mean = 50.12 SD = 0.08 SE = 0.03
Inside track 50.03 50.08 50.11 50.04 50.22 50.21 50.06 Mean = 50.11 SD = 0.08 SE = 0.03

and along TB is the same as Ni content inside and away from TB.
The temperature of TB (liquidus 1310 °C and solidus 1240 °C for
Nitinol) is lower than the temperatures inside the track and partic-
ularly lower than the temperature of the mid-surface location of
the track, which could be up to the boiling point (2730 °C for Ni).
The lack of difference in Ni content between that near TB and that
inside the track is likely the result of the melt being highly convec-
tional within the melt pool during its melt time.

Data in Table 3 show that the Ni content of the 44 ]/mm>-
sample is (50.47at%-50.11at%=) 0.36at% lower than the Ni content
of the powder. EDS analysis data points are 21 for the powder sam-
ple and 14 for the 44 J/mm?>-sample. That SD values are not high
and SE values are low has provided a high confidence for the mean
values. Further to the EDS analysis of powder and the low E (44 ]/
mm?) sample, analysis was conducted in the 85 J/mm>3-sample,

Table 3

similarly to that for the low E sample. Table 3 lists the values of
mean, SD, and SE for the powder and the two LPBF samples for
comparison and shows the Ni loss (Aat%Ni) due to LPBF. An in-
crease in E from 44 to 85 J/mm? has resulted in a significantly high-
er Ni loss at 0.56at% (=50.47at%-49.85at%).

During LPBF, heating is regarded as conduction mode if E and
the vaporisation rate are not high. At a sufficiently high E value,
a narrowly focussed energy source induced keyhole forms, which
relies on the material’s evaporation and results in a deep penetra-
tion pool. Conduction mode is suggested to be dominant when
Wor/dp is 2 or higher [9,10]. Otherwise, keyhole mode is dominant.
For the 44 J/mm3-sample, Wr,/dp = 2.5; thus, melting is in conduc-
tion mode. For the 85 J/mm>-sample, Wr,/dp = 2.0, a small degree
of keyhole melting may be the case, and thus a small amount of
keyhole pores has been detected. As presented and explained, in

Ni contents (mean, standard deviation, and standard error)
values in at% of powder and samples made using the two

LPBF conditions.

Mean
Powder 50.47
E=44]mm>  50.11
E=85]/mm> 4991

SD SE ANi
+0.17 +0.04

+0.08 +0.02 0.36
+0.14 +0.02 0.56
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Table 1, the increase of 93% in E has increased the volume of melt
by 67%. However, the increase in Ni loss was 56%, =(0.56-
0.36)/0.36. In other words, a 67% increase in melt volume has re-
sulted in a 55% increase in Ni loss. As shown in Table 1, increasing
E has increased Wy, but has reduced Wr/Ar,; from 0.027 to 0.019. A
relatively less melt surface (per unit volume of melt) may have
contributed to a less amount of Ni in the melt to vaporize through
the melt surface, despite of the melt temperature being higher
with a small degree of keyhole mode melting for the higher E LPBF.

How Ni loss may have affected the structure at room tempera-
ture has been studied using XRD analysis. XRD patterns for the
powder and the two LPBF samples are shown in Fig. 5. In the pow-
der pattern, there are three diffraction peaks, at 206 = 42.4°, 61.5°
and 77.6°. According to JCPDS file 18-899 [8] for B2 NiTj,
a = 0.2998 nm and the first three main diffraction peaks are from
110, 200 and 211. As . = 0.154 nm, these diffraction peaks should
be at 42.59°, 61.81° and 77.96°, very close to the 20 values of the
peaks detected in the powder pattern in Fig. 5. Thus, the powder
is fully B2 structure, although normalised intensity (I/I,) value is
100 for 110, 9 for 200 and 13 for 211, while in the JCPDS file I/I,
is 100, 40 and 60, respectively [8]. In the powder XRD patterns us-
ing A = 0.154 nm and having the same three peaks and no other
diffraction peaks for 20 up to 80° from a number of Nitinol LPBF
studies [11-13], with Ni content from 50.3 to 50.8at%, similar I/I,
values to the values in the powder pattern in Fig. 5 are shown.

In the 44 J/mm3-sample pattern, the three main diffraction
peaks (110, 200, and 211) of the B2 phase have clearly appeared
(red in Fig. 5). Compared to the powder pattern, peak intensities
for the LPBF (44 JJjmm?®) sample are considerably lower. This is
due mainly to the small size of the LPBF sample used for XRD,
but also, the structure is not fully B2. A small diffraction peak at
(26 =) 39.6° can be detected, corresponding to d = 0.227 nm. The
peak can be attributed to the diffraction from (020) of B19’, which
is the second most intensive diffraction peak for B19’ (at 39.2°) in
powder diffraction, according to JCPDS file 35-1281 [8]. The JCPDS
file also lists an equal second most intensive peak, which is 002 at
43.9°, The more intensive diffraction (powder diffraction) peak for

B19’ should be 111 at 44.9° and also 11 1 at 41.4° for B19'.

In the powder XRD pattern, as shown in Fig. 5b, the intensity
value for 110p; reduces to about the background (noise) level
meaning that I = 0 for 20 being *+ 0.6° outside of the 20 (=42.5°)
of the 1103, peak and that there is little 1105, for 26 less than 41.9°

3500
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and 26 > 43.1°. But for the 44 |/mm>-sample, on the left side of the
110p, peak, the intensity has not dropped to zero (background
level) between 39.6° (the 020g,9 peak) and 41.6°. On the right side,
the intensity has not dropped to zero after 42.8° until after 45.5°.
This is despite of the considerably smaller diffraction peaks for
B2 in the 44 J/mm3-sample, due to the small XRD sample size, than

the peaks of the powder sample. 11 1 g;g, at 41.4° for B19’ on the
left side of the 110p, peak and 111g;9 at 44.9° on the right side of
110p, peak have thus contributed to the higher than zero intensity
values for 20 ranged at 39.6°-41.6° and at 42.8°-45.5°. Thus, a small
amount of B19’ phase is present in the 44 J/jmm3-sample.

In the 85 J/mm?3-sample pattern (blue in Fig. 5), a small amount
of B19’ phase being present can also be suggested. This is based on
the low intensity peaks of 020g;9 and 111g,9, as well as the non-
zero intensity at (20 = ) 41.4° for 111 and at 43.9° for 002 in the
pattern, similar to those present in the 44 J/mm?>-sample pattern,
which have already been explained. However, diffraction peaks
for B2 in the 85 JJmm3-sample differ in intensities from those in
the 44 J/mm?>-sample. For 1105, in the 85 J/mm3-sample pattern,
the intensity is about twice as strong as that in the 44 J/mm?>-
sample pattern. After normalising, 1/I, for 2005, in the 85 J/mm?>-
sample pattern is ~ 80% higher than I/I, for 2005, in the 44 ]/
mm?>-sample pattern. On the other hand, no 2115, is detected in
the 85 J/mm>-sample pattern. In the pattern with XRD conducted
on the surface parallel to BD of Nitinol LPBF sample [14], 2115,
peak intensity is close to zero. On the other hand, in the pattern
with XRD conducted on the sample surface normal to BD of Nitinol
LPBF sample produced using electron beam PBF [15], 211p; is ab-
sent. The absence of the 211y, peak in the pattern of 85 J/mm?>
sample may have resulted from the possible double textures of
110 and 200 in the plane parallel BD.

The above structure analysis has suggested that, using E values
ranged from 44 to 85 J/mm?, LPBF of Nitinol with the current start-
ing composition of 50.5at%Ni has only affected the structure slight-
ly. This is in spite of the loss of Ni being 0.56at% at the high E value
of the E range. The structure of the samples remaining largely aus-
tenitic suggests that defect-free LPBF of Nitinol with a suitable
starting Ni content is suitable for manufacturing of stents. This is
because that, as has been explained in Introduction, the structure
of Nitinol stents at room temperature needs to be austenitic for
the A — M induced superelasticity required for stenting to be
realised.

1800

6500 1 1082 —— Powder
— 44J/mm” 1600 4
3000 { o 550 —— 85J/mm’ -
S 4500 T \
3 1400 - ! !
2500 4 ~ 0 211 —— Powder
2500 200 B2 1200 + —— 44J/mm
B2
(2] i 1500 [2]
c 2000 4 42 43 4 © 1000
> =
8 26, degrees J l 3
R VIR AT VI re— \num " S 800
600
1000
P
wt v 400 -
500
_ 200
0 T T 0 T T T T T T T T
20 30 70 80 38 39 40 41 42 43 44 45 46 47
26, degrees 26, degrees
a b

Fig. 5. X-ray diffraction patterns of powder, 44 J/mm? and 85 J/mm?> samples: (a) pattern for 26 from 20 to 80° with main diffraction peaks from B2 and weak diffraction peaks
from B19’ indicated, and (b) 26 from 38 to 47° with background base lines indicated.
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4. Conclusions

Using a low laser power but close to fully dense LPBF condition
(E = 44 JJmm?>), 0.36at%Ni loss has been found. Using a sufficiently
high E (85 ]/mm?) condition so that keyhole pores have formed, the
loss of Ni has been detected to be 0.56at%. Thus, for defect-free
LPBF, 0.4-0.5at%Ni loss is expected. The higher (93%) E condition
has resulted in a 67% increase in the amount of melting, but due
to laser spot size being constant, the depth of the melt has in-
creased more than the increase in width. This is consistent with
the determined ratio of the surface area over the volume of the
melt having reduced from 2.7 to 1.9 with the increase in E from
44 to 85 J/mm>. Thus, Ni loss is 55% higher rather than 67% higher
when E has increased 93% to result in the increase in melt volume
by 67%, despite of the increase in E having caused the start of va-
porization induced keyhole melting mode. With the powder con-
taining 50.5at%Ni detected by SEM/EDS and being fully
austenitic, the LPBF as-built structure has remained largely auste-
nitic, although the presence of martensite phase has been detected.
The XRD data have suggested double preferred growth orientations
(200) and (110) during the sufficiently high E LPBF.
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