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Features of obtaining TiNi alloy samples
from commercial powders with high oxygen content
using the SLM technique
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Abstract. Additive technologies, in particular selective laser melting (SLM), enable to manufacture the products with complex
geometries. The SLM technique can help to effectively expand the titanium nickelide scope of application. However, SLM is
a complex process — numerous factors significantly affect the characteristics of the resulting alloy. When the SLM technique is used,
as the material is subject to laser processing, the content of nickel in the alloy drops due to evaporation, which can lead to changes
in the temperatures of martensitic transformations. This impact on the resulting alloy characteristics can be regulated by changing
the parameters of the SLM process. The objective of our research was to develop the processing methods for manufacturing samples
from two commercial TiNi alloy powders using the SLM technique and to analyze the factors causing defects in the obtained samples.
At the same time, processing methods with low values of volumetric energy density were used to reduce possible evaporation of nickel
during printing. The initial powders were examined for the presence of impurities or other factors affecting the quality of the manu-
factured samples. The processing method A4 that we have developed for powder / enables to obtain a defect-free sample with
the density of 6.45 g/cm?. It was found that none of the processing methods used enabled to obtain a defect-free sample from powder 2
due to presence of a large amount of oxygen impurities, including in particular Ti,Ni,O_secondary phase, which leads to embrittle-
ment and destruction of the samples. Therefore, high content of oxygen in the initial powders has a negative impact on the quality
of the samples manufactured using the SLM technique.
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OcobeHHOCTU nonyyeHus obpasuyos cnnasa TiNi
mMeToaoM CJ1C ns KoMMepuyeCcKnx NopoLLKOB
C NMOBbILEHHbIM COAEpXaHNeM Kucnopoaa
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AHHOTayMs. AIMTHBHBIE TEXHOIOTHHU, B Y4CTHOCTH METOJI CelleKTUBHOTO Jazepuoro miasierns (CJIC, wiu SLM), m0o3BOISIIOT H3r0-
TaBJIMBATh U3/AENuUs co cnoxHoi reomerpueit. C momombio CJIC MoxHO 3()(HEKTHBHO PaCIIMPUTE 00IACTH MPUMEHEHUS HAKEINIa
tutana. Ogaako npouecc CJIC sBIseTCS KOMIUIEKCHBIM — MHOKECTBO (DaKTOPOB OKA3BIBAIOT CEPHE3HOE BIHMSHUEC HA XapaKTEepH-
CTHKH TIOJTy4aeMoro cIutaBa. B mporecce nazepHoii 00padotku Marepuana B TexHonoruu CJIC mpoucxoauT CHUKEHIE COepKaHUS
HHKEJIsI B COCTABE CIUIABA 3a CYET MCIAPEHMS, YTO MOXKET MPUBOAUTH K U3MCHEHHUIO TEMIIEPATyp MAPTCHCHUTHBIX MPEBPAILCHHI.
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PerynupoBaHue NaHHOTO BIUSHHS Ha PE3YJIbTUPYIONINE XapaKTEPUCTHKH CIUIaBA BO3MOXKHO 33 CYET M3MEHCHUS IapameTpoB
nporecca CJIC. Llenp paboThI cocTosuia B pa3pabOTKe TEXHOIOTHYESCKIX PEKUMOB U3TOTOBIICHHUS 00PA3IOB U3 IBYX KOMMEPYECKHX
noporikoB cruiaa TiNi mertogom CJIC u aHanu3e GpakTopoB, BIMSIONINX HAa HaH4YKE 1e(DEKTOB B TOIyYeHHBIX o0pasuax. [Ipu stom
JUTSI CHUDKEHHSI BO3MOXKHOTO UCTIAPEHHSI HUKEJIS B TIPOLIECCE TTEYATH IPUMEHSIIICH TEXHOJIOTHIECKUE PEKUMBI C HEBBICOKHMH 3HAYC-
HUSIMHA O0BEMHOU IIOTHOCTH dHEPTrUu. VICX0MHbIe TOPOIIKY HCCIICIOBAHBI HA HAJTMYHE IIPHUMECEH WIIN UHBIX (PaKTOPOB, BIHSFOLIHX
Ha KaueCTBO HM3TOTABIHMBAaCMBIX 00pa3loB. B pesyibrare MpOBEICHHOTO HCCIENOBAaHUS IS MCIOJB3yeMOro MOpoIiKa / pa3pa-
0OTaH TEXHOJIOTUYECKUN pexkuM A4, ¢ IOMOIIHIO KOTOPOTO U3rOTOBJICH Oe3ne(eKTHBINA 00pa3el, INIOTHOCTh KOTOPOro COCTaBHIIA
6,45 r/cM®. YCTaHOBIIEHO, YTO HU OJIMH U3 NPMMEHSAEMBIX PEKUMOB HE TI03BOJIMII TTOJTYYUTh Oe31e(pEKTHBIN 00paser u3 nopomika 2
BBU/Ty HAJINYHS B HEM OOJIBIIOTO KOJIMYECTBA MPUMECEH KUCIOPO/Ia, B 9aCTHOCTH BTOpuuHOH haset Ti,Ni,O , mpuBOAsIIEH K 0XpyT-
YHBAaHUIO U pa3pylIcHUIO 00pa3moB. CieqoBaTelIbHO, BBICOKOE COJICPIKAaHHE KUCIOPOIa B MCXOMHBIX IOPOIIKaX OTPHUIATCIHHO
BIIMSIET HA Pe3yNbTaThl U3roToBIeH!s 00pa3noB Merogom CJIC.

KnroueBbie cioBa: celeKTUBHOE Jla3epHOE CIUIaBieHune, ciaB TiNi, HUKeIH/] THTaHa, pUMecH, Ae(eKTsl, Oe3aeeKTHbIe 00pasLIbl

Ana yntnposanmsa: Gapoep O.M., bopucos E.B., ITonosuy A.A. OcobenHocTn nonydeHus obpasuos cruiaBa TiNi merogom CJIC

13 KOMMEPUYECKHX ITOPOIIKOB C ITOBBILICHHBIM COIEpKaHUEM KHciopona. Msgecmus 8y306. Ilopouikosas memaniypeus u yHKyuo-

HanvHole nokpoimus. 2024;18(3):62—70. https://doi.org/10.17073/1997-308X-2024-3-62-70

Introduction

Titanium nickelide (TiNi) is one of the most well-
known smart materials famous for superelasticity and
its ability to exhibit shape memory effect. It is widely
used in the aerospace and automotive industries, medi-
cine, microelectronics and other fields of science and
technology [1-5]. Additive technologies, in particu-
lar the selective laser melting (SLM) method, enable
to create highly complex geometries [6] and can dra-
matically increase applications of titanium nickelide.
However, SLM is a complex process — numerous fac-
tors significantly affect the characteristics of the resul-
ting alloy.

It is known that when the SLM technique is used for
laser processing of the material, the nickel content in
the alloy drops due to evaporation as the boiling points
of nickel and titanium differ: nickel boils at 2913 °C,
while titanium has a boiling point of 3287 °C [7-12].
Additionally, nickel has a higher partial pressure
than titanium, and therefore nickel is more volatile
at elevated temperatures [7]. It has been established
that changes in the nickel content in the alloy can result
in changing temperatures of martensitic transforma-
tions — the main parameters indicating that the func-
tional properties of the alloy can manifest themselves
at certain temperatures [13-15].

This impact on the resulting alloy characteris-
tics can be regulated by changing the parameters
of the SLM process — volumetric energy density (£)
and its determining factors — scanning speed, distance
between laser passes, laser power and layer thickness.
It was found that as the E value increases, so does
nickel evaporation during the SLM process [16—18].
Some researchers point out that an average volumet-
ric energy density of more than 100 J/mm? is required
to obtain dense products from nitinol using the SLM
technique [3; 18-20]. At the same time, in some stu-

dies, defect-free samples were obtained with lower
E values [11;21;22]. Such a spread in the values
of volumetric energy density may indicate that the qua-
lity of the initial powder (presence of impurities or
secondary phases in it) affects the characteristics
of the resulting products.

Based on the above, the objective of our research
was to develop the processing methods for manufac-
turing samples from two commercial TiNi alloy pow-
ders with enhanced oxygen content using the SLM
technique and to analyze the factors causing defects
in the obtained samples. At the same time, processing
methods with low values of volumetric energy density
were used to reduce the possible evaporation of nickel
during printing [ 17]. The initial powders were examined
for the presence of impurities or other factors affecting
the quality of the manufactured samples. The results
obtained will, in the future, enable to improve the qua-
lity of the resulting products and to simplify the selec-
tion of TiNi alloy powders, as well as the development
of processing methods for manufacturing products
from these powders.

Materials and methods

In this study, we used two commercially produced
spherical powders (/ and 2, respectively) of TiNi alloy
with similar chemical composition Ti,Nig, (at. %).
The chemical composition of these powders is pre-
sented in Table 1.

The cylindrical samples with a diameter of 10 mm
and a height of 60 mm were fabricated for the study.
Table 2 shows 4 methods of their production using
the SLM technique. The processing methods with low
values of volumetric energy density — £ < 100 J/mm3 —
were selected to minimize nickel evaporation during
the SLM process. The E values are changed by gra-
dually reducing the scanning speed in increments
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Table 1. Chemical composition (at. %)
of the powders under study

Tabnuya 1. Xumuueckuii coctas (at. %)
HcesIeyeMbIX OPOLIKOB

Powder Ti Ni (0) N C
1 48.63 | 51.03 | 0.14 | 0.01 | 0.19
2 48.56 | 50.96 | 0.29 | 0.01 | 0.18

of 175 mm/s. The laser power, distance between
passes, and layer thickness remained the same for all
processing methods. For convenience, the samples
manufactured using a certain processing method from
powder / will hereinafter be marked as Al/1, A2/1,
A3/1 and A4/1, and those from powder 2 — A1/2, A2/2,
A3/2 and A4/2.

The SLM process was conducted on the SLM280HL
printer (SLM Solutions GmbH, Germany), which
uses an ytterbium fiber laser with a maximum power
of 400 W, has a wavelength of 1070 nm, the minimum
laser beam diameter of 80 um and the maximum scan-
ning speed of 15 m/s. The process was implemented in
an inert gas atmosphere (argon). The chemical compo-
sition of the initial powders and the resulting samples
was visually analyzed and determined using Tescan
Mira 3 LMU scanning electron microscope (SEM)
(Tescan, Brno, Czech Republic) with an energy-dis-
persive X-ray spectroscopy module “EDX X-max 80”
(Oxford Instruments, Abingdon, United Kingdom).
The microstructure of the obtained samples was eva-
luated on a Leica DMI 5000 light optical microscope
(Leica Microsystems, Germany). The granulometric
composition of the powders was assessed using an
Analysette 22 NanoTec particle size analyzer (Fritsch,
Germany). The phase composition of the initial pow-
der and the resulting samples was determined on a
Bruker D8 Advance X-ray diffractometer (Bruker,
Bremen, Germany).

Results and discussion

Fig. 1 shows the granulometric composition of the
powders under study. Volume distribution frac-

tions for powder / — d,,=28.7 um, d,,=48.1 pm,
dy, = 76.5 um, for powder 2 —d, ;= 15.1 um, d;, = 29 um,
and dy, = 52.6 pm.

Fig. 2 demonstrates SEM images of the powders
under study.

Fig. 3 shows the samples made from powder I
using various processing methods; Fig. 4 demonst-
rates the samples from powder 2. In Fig. 3, we see
that the samples manufactured at a lower volumetric
energy density (Al/1, A2/1) have multiple defects
in the form of cracks. As E was increased by reduc-
ing the scanning speed, first, the number of visually
detectable cracks (sample A3/1) decreased, and as
E reached 90 J/mm?® (sample A4/1), no cracks were
detected by visual inspection. The density of the result-
ing sample A4/1 was 6.45 g/cm?. The nickel content
in the defect-free sample A4/1 (50.85 at. %) dropped
by 0.18 at. % against the original powder /. The results
of our study are generally consistent with those pre-
viously obtained in [17].

The samples from powder 2, which were manufac-
tured using processing methods with low volumetric
energy density, are severely deformed and partially
destroyed (see Fig.4). The increase in E resulted
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Fig. 1. Granulometric composition of the powders under study

Table 2. Processing methods for manufacturing samples

Tabnmya 2. Texnonoruyeckue pesKMMbI H3rOTOBJIEHHST 00Pa3I0B

e | power | Seemingr | Dl v | Lo | Vlmericno
Al 200 1450 0.08 0.03 57
A2 200 1275 0.08 0.03 65
A3 200 1100 0.08 0.03 75
A4 200 925 0.08 0.03 90
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a b c d

Fig. 3. Samples made from powder /
a—Al/1,b—-A2/1,c—A3/1,d - A4/1

Puc. 3. OGpasiibl, H3rOTOBJIEHHBIE U3 TIOPOIIKa [
a—Al/l,b—A2/1,c—A3/1,d - Ad/1

in a decreased level of deformation; however, even
at £ =90 J/mm? (sample A4/2), multiple cracks were
observed along the entire length of the sample.

The large number of cracks in the samples is asso-
ciated primarily with the features of the SLM process,
namely with residual stresses caused by a high tem-
perature gradient during the samples manufacture due

Fig. 2. SEM images of the powders used to rapid heating, melting and, subsequently, rapid cool-
a—powder 1, b —powder 2 ing and solidification of the material, as well as possible

Puc. 2. COM-1300pakeHHs! HCIIONB3YEMBIX TOPOIIKOB presence of defects in the form of micropores [23-25].
a - nopomok /, b — mopormox 2 An increase in the scanning speed during the samples

a b c d

Fig. 4. Samples made from powder 2
a—A1/2,b-A2/2,c—A3/2,d—A4/2

Puc. 4. O6pa3iibl, H3rOTOBJICHHBIC U3 MTOPOILIKA 2
a—Al/2,b—A2/2,c—A3/2,d— A4/2
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manufacture causes an expected drop in volumetric
energy density. When the energy density is insufficient,
micropores and discontinuities emerge in the sample
structure due to the small size of the molten bath and
presence of unmelted powder particles [3]. These
defects are stress concentrators that contribute to active
propagation of cracks in the samples. This phenome-
non was observed in the samples made from powder /.
When the processing method A1 was used with a scan-
ning speed of 1450 mm/s, a large number of cracks was
registered over the entire area of the sample; and when
the scanning speed was reduced to 925 mm/s, cracks
were not visually detected.

Fig. 5 shows the microstructure of samples from
powder 2 with various defects. We can see multiple
cracks at the edges of the sample (Fig. 5, a and b)
and also the ones running through the entire sample
(Fig. 5, ¢), up to 200 um thick. In addition, spheri-
cal and non-spherical pores of various sizes (some
larger than 100 um) are visible. Some cracks penetrate
through pores and propagate in them (Fig. 5, a and b).

The samples made from powder 2 underwent rather
severe deformations, which is indicative of additional

factors contributing to crack formation, along with
the scanning speed. One of the hypothetic causes may
be the presence of a large amount of oxygen in the ini-
tial powder 2 (more than in powder /), which may also
be present in the form of Ti,Ni,O_secondary phase. In
powder 2 under study, the oxygen content was initially
2 times higher than in powder /. The Ti,Ni,O _secon-
dary phase is a Ti,Ni phase with oxygen in the solid
solution. The presence of this phase has a negative
impact on the alloy and can lead to embrittlement
and destruction of samples [26; 27]. It was noted [28]
that initially cracks emerge in this very Ti,Ni,O  sec-
ondary phase. Therefore, a large amount of this phase
in the composition of the initial powder can lead
to increased cracking when the samples are manu-
factured. Another assumption is that a large amount
of oxygen contributes to the formation of these secon-
dary phases during the sample preparation process.

To determine the reasons more clearly, a cross-
section of powder 2 was prepared. Fig. 6 shows SEM
images of particles of powder 2 at high magnification.
It is clearly visible that the particles contain dark inclu-
sions, which may be Ti,Ni,0_secondary phases.

Fig. 5. Defects in the samples made from powder 2 using the SLM technique
a — cracks and pores at the edge of the sample; b — cracks penetrating through pores;
¢ — crack running through the entire thickness of the sample, d — spherical pores

Puc. 5. ledextsr B 00pasiax, M3roToBIeHHBIX U3 mopomuika 2 merogom CJIC

@ — TPCIIUHBI U TIOPBI € Kparo 00pasIa; b — TPEIIMHbL, TPOXOJISIIIE Yepes3 TOpPHI;
¢ — TPEIlMHA, IepeceKarolas BCIo TOMILy 00pasia, d — chepruyecKue mopsl
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5 um 5 um
— —

Fig. 6. SEM image at high magnification
of powder particles 2 in the BSE mode
with inclusions — secondary phases

Puc. 6. COM-n300paxeHus ¢ OOIbIINM yBETHICHUEM
B pexxume BSE uacTuir nopouika 2 ¢ HajnuueMm
BKJIFOYCHHUIT — BTOPHYHBIX (a3

Fig. 7 shows the results of X-ray phase analysis
of powder 2 and a sample made from it.

The X-ray diffraction pattern of the sample (Fig. 7, b)
shows that the lines of the B2 phase have widened
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Fig. 7. X-ray diffraction patterns
a—powder 2
b — sample made from powder 2 using the SLM technique
Puc. 7. PentrenoBckue AuQgpakTorpaMmMsl

a — 1opomIoK 2
b — obpasell, M3roToBJICHHBIH 13 opomka 2 merogom CJIC

Table 3. Oxygen content in the samples

Ta6nuya 3. Conepikanue KucJa0poaa B 06pa3nax

Sample Oxygen content, at. %
A4/1 0.26
A4/2 0.40

severalfold compared to the original powder. This
widening is attributed to increased dislocation density
and micro stresses. No secondary phases were detected
in the composition of either the powder or the sample.
This may suggest an extremely low content of the indi-
cated Ti,Ni,0O_ phases in the composition of both pow-
der 2 and the samples made from it — below the detec-
tion limit of the research method used. Moreover, as
the lines of the B2 phase have widened, the coordi-
nates of all the sought Ti,Ni,O_lines (39.0, 41.4 and
45.2) lie at the (110) B2 peak base. It can be assumed
that the sample contains the indicated Ti,Ni,0O_secon-
dary phase, but its detection is hampered.

In general, based on the results obtained, we can
confidently state that the increased oxygen content
in the initial powder negatively affects the quality
of the resulting samples, especially when they are
manufactured with low values of volumetric energy
density. To confirm this conclusion, we investigated
the chemical composition of samples A4/1 and A4/2
for oxygen content. The results are presented in
Table 3. It was found that the oxygen content in sample
A4/2 reached 0.4 at. %, which is 0.14 at. % more than
in sample A4/1. The oxygen level in the samples is
higher than in the powder due to the capture of oxy-
gen during the samples manufacture using the SLM
technique. It can be noted that as the same processing
method A4 was used, the oxygen content being high
both in the original powder and in the manufactured
sample, the sample from powder / had no defects,
while that from powder 2 had numerous cracks. It con-
firms the assumption that oxygen content affects for-
mation of defects in the samples manufactured using
the SLM technique.

Conclusions

1. Having tested the processing methods, we came
to conclusion that the defect-free sample from pow-
der / can be obtained using the processing method
A4. The density of the resulting sample A4/1 was
6.45 g/cm?. Defect-free samples from powder / cannot
be obtained using the processing methods with lower
volumetric energy density.

2. We failed to obtain a defect-free sample from
powder 2 using any of the processing methods. Probably

6/
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methods with higher values of volumetric energy den-
sity are required to obtain defect-free samples from this
powder.

3. The presence of a large amount of oxygen
impurities in powder 2 is one of the factors that ham-
pered us to obtain defect-free samples when using
the indicated processing methods. This is attributed
to Tiy,Ni,O_ secondary phase present in the powder
composition, which leads to embrittlement and destruc-
tion of the samples. That is, the increased oxygen con-
tent in the initial powders negatively affects the quality
of samples manufactured using the SLM technique.

4. The study of the microstructure of samples
obtained from powder 2 revealed the presence
of spherical and non-spherical pores and cracks of vari-
ous sizes. It was found that cracks propagate directly
through the detected pores.
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