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The Ni-Ti alloys with approximately equiatomic chemical composition are one of the most important materials
from the shape memory alloys. Excellent properties such as shape memory effect and superelasticity are based on
the phase transformation between austenite and martensite structure of the NiTi phase. In the past the investiga-
tion of the preparation methods was focused on melting metallurgy — vacuum induction melting and arc re-melting
and powder metallurgy routes like self-propagating high-temperature synthesis, hot isostatic pressing and spark
plasma sintering. In the last several years importance of the additive manufacturing has increased significantly.
This paper deals with formation of the Ni-Ti intermetallic phases between the nickel and titanium layers deposited
on each other by direct energy deposition energy method. The varied mixture of the Ti2Ni, NiTi and NisTi phases
was formed in agreement with the binary Ni-Ti phase diagram. Some problems like cracking and nickel loss have

to be solved by preheating of platform or adjustment of laser parameters.
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1 Introduction

The Ni-Ti shape memory alloys belong to a group of
materials with extraordinary properties such as shape
memory effect and superelasticity. Apart from the shape
memory effect and superelasticity, these alloys are distin-
guished by good mechanical properties and high corro-
sion resistence. The shape memory effect occur in the Ni-
Ti alloys due to the difusionless, solid state, reversible
phase transformation between austenite — high-tempera-
ture (cubic) and martensite — low-temperature (mon-
iclinic) structure. The shape memory effect and tempera-
tures of the phase transformation depend on chemical
composition and impurities in the Ni-Ti alloys exten-
sively [1]. The carbon and oxygen belong to the main im-
purities. Especially carbon can get into the alloy during
production by conventional melting process such as vac-
uum induction melting (VIM), which is the most often
used way of industrially production. Carbon reacts with
titanium and creates carbide inclusions during solidifica-
tion [2]. Titanium brings high affinity to oxygen in the
Ni-Ti alloys. The solubility of oxygen in the NiTi phase
is low in contrary to the Ti,Ni phase. The Ti,Ni phase is
saturated by oxygen acording to the equation (1) until the
the oxide phase TisNi»O is formed [3, 4].

2Ti,Ni + § 0, - Ti,Ni,0 (1)

Moreover, all changes in nickel — titanium ratio (in-
cluding formation Ni- and Ti-rich phases or carbides and
oxide particles) significantly influence the temperatures
of the phase transformation. It is stated in [5] that an in-
crease in the content of nickel by 0.1 at. % may cause the
decreace of the transformation temperature up to 10 °C.
In case of the use of additive manufacturing as production
method for the Ni-Ti alloys, the contamination of carbon
from melting crucible like in VIM is excluded and the
content of oxygen is limited using the protective ath-
mosphere (vacuum, argon) in the chamber.

Additive manufacturing methods are very attractive
because they can fabricate samples directly with the var-
ied or near-net shaped component with minimal or with-
out machining operations and it is very useful in case of
alloys with poor machinabilty. Additive manufacturing
techniques enable to prepare wide spectrum of metallic
material (for example stainless, maraging and tool steels,
titanium, magnesium, aluminium and nickel based alloys
[6-10]. Thus the widespread usage of additive manufac-
turing is expected in aerospace and automotive industry,
biomaterials and implants with various sizes and shapes
of pores. This porosity is desired to good cells addhesion
and in-grow of bone cell or to approach mechanical prop-
erties of the bone and the implant. The porous structure
can be obtained by various powder metalurgy methods as
conventional sintering (CS), hot isostatic pressure (HIP)
or self-propagating high-temperature synthesis (SHS)
[11-14]. The main advantage of additive technology
against these methods represent a possibility of adjust-
ment of porosity approximately at the range 0-90 % and
to design pore parameters as shape, connectivity and dis-
tribution. The architecture and geometrical information of
the samples are created according the desired CAD model
[11].

The additive manufacturing techniques of the Ni-Ti
alloys can be divided in two groups — powder bed fusion
based technologies and flow based deposition techniques
termed as direct energy deposition (DED) too. The pow-
der bed technique deal with the deposition of the powder
through a roller, blade or knife, powder is compacted and
dispersed across a deposition platform and powder is se-
lectively melted or sintered in a prescribed path at each
hiegh by energy source (laser, electron beam) [15, 16].
Selective laser melting (SLM), selective laser sintering
(SLS), direct metal laser sintering (DMLS) or electron
beam melting (EBM) belong to powder bed methods. The
prealloyed Ni-Ti powders are usually used in powder bed
as input raw material. Whereas the flow based deposition
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method used rather elemental nickel and titanium pow-
ders, which are deposited through one or more nozzles in
the desired chemical composition. The injected stream of
powder is scanned by laser simultaneously. There are two
ways of the process — in the first way, the focusing lens
and nozzles are staying in one position while the XY table
moves according to the CAD information. On the con-
trary, in the second way — the platform is stationary while
the focusing lens and nozzle shift based on CAD data. In
both methods, the focused lens and nozzle move up after
completion of the previous layer. The flow based methods
involve techniques named Laser Engineering Net Shap-
ping (LENS), Direct Light Fabrication (DLF) [15]. The
schematic illustration and differences between flow based
and powder bed techniques are shown and described at
work [17].

This paper brings results of preparation of the Ni-Ti
alloys by additive manufacturing particularly direct en-
ergy method (DED). Individual nickel and titanium layers
deposited each other and three various chemical compo-
sitions (approx. equiatomic, titanium- and nickel-rich)
were fabricated to observed and compared microstruc-
tures, porosity and phase compositions with other prepa-
ration routes and binary phase diagram.

2 Materials and methods

A gas-atomized nickel powder (Sandvik Osprey LTD)
and plasma-atomized titanium powder (AP&C) with
mean particle size 45 — 150 um were used for purpose of
additive manufacturing by direct energy deposition.
Spherical particles of powders are shown at Fig. 1. DED
builds (cubes with size 10x10x10 mm) were performed in
argon protective atmosphere using InssTek MX-600 ma-
chine with 2 kW Ytterbium fiber laser.

Fig. 1 Input powders prepared by atomization: a) nic-
kel, b) titanium

Firstly, the separate nickel and titanium layers were
built to observe a formation of the individual intermetal-
lics phases at interface. Then the nickel and titanium lay-
ers with the width of 1 mm were deposited and finally the
Ti and Ni powder feed rates were set in ranges to achieve
the chemical compositions near the Ni3Ti phase — Ni-Ti26
wt. % to study the possibility of loss of nickel form the
alloy due to evaporation during laser heating. The param-
eters used during direct energy deposition are following.

e Laser power400 — 500 W

e Laser scanning speed14 mm/s

e Layer thickness0.25 mm

e Laser beam spot size0.8§ mm

e Nipowder feed rate1.8 g/min

e Tipowder feed rate0.6 g/min

e  Hatch spacing(0.5 mm

e Ni carrier gas (flow rate)2.5 I/min
e Ti carrier gas (flow rate)3.0 1/min
e Shielding gas (flow rate)10.0 I/min

The metallographic samples were prepared on the cut
parallel with the direction of built. The microstructure of
the samples was revealed by etching in Kroll's reagent
(10 ml HF, 5 ml HNOj3 and 85 ml H,0). The microstruc-
ture was observed by light microscope Nikon ECLIPSE
MAZ200 and scanning electron microscope JEOL IT 500
HR equipped with the EDS analyser Octane Elite Super
for identification of chemical composition of individual
phases. The phase composition of alloys was identified
on ground surfaces of the samples using X-ray diffraction
(XRD) PANalytical X'Pert Pro diffractometer with a cop-
per anode. The area fraction of the NisTi phase was eval-
uated by NIS Elements 5.2 image analysis software.

3 Results and discussion

The titanium layer was built on nickel layer by direct
energy deposition method in order to observe a formation
of the Ni-Ti intermetallics phases. As it is visible at Fig.
2 the large crack was formed between both layers. The
distance between both parts is approximately 90 pm. The
reason for the crack between nickel and titanium parts is
probably high cooling rate, difference in thermal expan-
sion and conductivity of nickel and titanium, which lead
to the occurence of the internal stress. The more detailed
observation by scanning electron microscope found out
the layers of the intermetallics phases on the edges of both
parts and it was found out that the crack is going mainly
across the TixNi phase or along the interface between the
Ti,Ni and NiTi phases (Fig. 3). The chemical composi-
tion of individual areas is summarized in Tab. 1. In the
direction to nickel layer, the TioNi phase passes to NiTi
phase, the titanium content decreases little by little. On
the edge of the NiTi phase, the NisTi phase was formed
which is changed to the nickel layer. In direction to nickel
there are two noticeable boundaries between phases the
Ti,Ni/NiTi phases and NiTi/Ni3;Ti/Ni phase. On the con-
trary, the nickel content decreases and the amount of tita-
nium increases in the phase mixture with the Ti,Ni phase
until the microstructure is created only by titanium, see at
Fig. 3.

indexed on: hitp://www.scopus.com

675



August 2019, Vol. 19, No. 4

MANUFACTURING TECHNOLOGY

ISSN 1213-2489

c
o
=
O
[0
=
@

in direction to Ni, c) microstructure in direction to Ti

Tab. 1 Chemical compositions of individual areas

Wt. % Ni Ti

Area 1 34.2 65.8
Area 2 50.8 49.2
Area 3 53.3 46.7
Area 4 100.0 0.0
Area 5 4.5 95.5
Area 6 10.1 89.9
Area 7 16.5 83.5
Area 8 21.2 78.8
Area 9 34.1 65.9

When the titanium and nickel layers were deposited
on each other with thickness of 1 mm, the larger crack
between layer did not create and the diffusion process oc-
curred in a wide range and the intermetallic phases are
formed. Fig. 4 with the EDS map of chemical composi-
tion represents the transition Ni/Ti/Ni rich areas. In the
nickel rich side there is predominantly the NisTi phase

with some amount of the NiTi phase and a low amount of
the Ti,Ni phase (area a). This mixture transforms into the
NisTi-NiTi phase rich layer, the fraction of the NisTi
phase decreases whereas the Ti,Ni increases with increas-
ing content of titanium — closer to the titanium rich layer
(area b). The microstructure of the original titanium area
is composed of Ti,Ni matrix with islets of the NiTi phase
(area c). The changeover to nickel rich area is equal again
— the Ti2Ni and NiTi phases are converted to the NiTi-
NisTi phase mixture with the increasing fraction on the
nickel rich phase. Moreover some areas with the fine par-
ticles of the NisTi3 phase (area d) with similar morphol-
ogy like in previous studies [18] were observed fre-
quently at the Ti/Ni interface than at Ni/Ti interface. De-
tail of these particles and microstructures of other labelled
areas you can see at Fig. 5. The Ni-rich area is prone to
cracking in the parallel direction to the building direction.
The crack looks like in the Ni-Ti30 sample at Fig. 7. The
reason for cracking is probably in high cooling rate,
which leads to the induction of the internal stress.
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d) NiTid6 (wt. %)

The growth of the Ni-Ti intermetallics was investi-
gated previous during heating and reactive sintering of
the powder mixture (nickel and titanium elemental pow-
ders) and by heating of titanium bulk covered by nickel.
The reaction mechanism between nickel and titanium and
the ignition temperature of reaction were researched in
the Ni-Ti45.4 (wt. %) powder mixture at the temperatures
of 850 and 950 °C for various duration. At both tempera-
tures, the growth of the Ti,Ni, NiTi and Ni3Ti phases oc-
curred at the contact points of pure Ni and Ti powders.
The higher sintering temperature and longer sintering
time provided the microstructures with a high content of
the intermetallic phases whereas nickel and titatanium re-
gions wane. Two types of experiments were carried out
[19, 20]. At the same time the porosity develops at the
temperatures of 850 °C and 950 °C and it is increasing
with longer sintering time. In the microstructure, there are
two types of pores. The circular or ring pores close to the
nickel particles are developed at 850 °C. These pores cor-
responding to the layer of the NisTi phase. At 850 °C
solid-state sintering occurs and an unbalanced mass flux
and different diffusion rates of Ni and Ti lead to Kirken-
dall porosity [21]. The Kirkendall porosity development
in the NisTi phase regions was observed by sintering at
lower temperature of 650 °C and long duration too. This
investigation was carried out at the Ni-Ti diffusion couple
consisting of titanium bulk sample coated by nickel [22].
Another porosity in the Ti-rich areas was formed at
950 °C commonly with Kirkendall porosity. It is caused
probably due to melting of Ti rich areas according to the
eutectic melting reaction (Eq. 2) at 942 °C [20]. By this
way porosity could be formed in the titanium rich areas at
Fig. 3 or at Fig. 4 where porosity is aligned in the row

along the titanium layer (perpendicular to the building di-
rection).

B —Ti+Ti,Ni > L 2)

The chemical composition of the Ni-Ti26 (wt. %) al-
loy was determined by the EDS analysis with the follow-
ing result — Ni70-Ti30 (wt. %). It means that there is a
difference in the chemical composition about approxi-
mately 4 wt. %. The relatively low temperature of nickel
evaporation (2732 °C) compared to titanium (3287 °C)
can cause this change of chemical composition during la-
ser processing. It is necessary to consider this effect by
reach of the desired transformation temperatures of laser
fabricated product [23]. The microstructure of Ni-Ti30
wt. % sample consists mainly of the NiTi and NisTi
phases and very small amount of the Ti,Ni phase. This
phase composition was confirmed by XRD analysis
which result is shown at Fig. 6. The melt pool after laser
deposition and the crack parallel with the building direc-
tion are visible at Fig. 7 taken by the light microscope
whereas small particles of the Ti,Ni phase were observed
by the scanning electron microscope. Results of the EDS
analysis for phases are placed in Tab. 2. The NisTi phase
extends 68 = 2.9 % of area fraction. The phase composi-
tion and the shape of phases are in a good agreement with
a similar alloy prepared by reactive sintering [24]. The
cracks in the Ni-Ti30 sample can be caused by high cool-
ing rate, which has various values in the middle and in the
side of specimen which leads to appearance of internal
stress again.

The results of our first experiments show the possibil-
ity of preparation intermetallics from the Ni-Ti system by
additive manufacturing — direct energy deposition (DED).
There are two points to solve them. Firstly, it is necessary
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to prevent the formation of cracks. The solution and re-
duction of cracks can be supported for example by pre-
heating of the platform. The second difficulty can be

evaporation of nickel. It is necessary to work with it and
to adjust the Ni:Ti ratio in the powder mixture.

= 1 NisTi

: 2 NiTi (cubic)
e 40000 - 3 NiTi (monoclinic)
— 1
£ [T .
2 10000-
@
ey
£

0 LI IR R, OF BT ABEAZIZEL So B RS I SO ! | T A RSN, [ EEL 2 S IR, | | e I G20 D05 L T, S 4 B ¥ A RaBaRn o F S g3 TNy
40 50 60 70 80

Position [°2Theta]

Fig. 6 XRD pattern of the Ni-Ti30 wt. % alloy

Tab. 2 Chemical composition of phases in Ni-Ti30 alloy

Phase Ni (wt. %) Ti (wt. %)
NisTi 74.8 25.2
NiTi 55.4 44.6
TixNi 39.4 60.6

4 Conclusions

The study provided an investigation of formation of
the Ni-Ti intermetallic phases during additive manufac-
turing — direct energy deposition. The research was con-
ducted by preparation of two model samples. The first one
contained the titatanium layer deposited on the nickel
layer. The sample cracked between both layers across the
whole sample mainly along the Ti,Ni phase and the
TixNi/NiTi interface. Nevertheless at both sides of crack
there were formed intermetallic phases — the titanium rich
side is composed by the TioNi phase in which the fraction
of titanium increases gradually. The nickel rich side starts
with the Ti,Ni phase or NiTi phase with inclusions of the
Ti,Ni phase. The NisTi phase was formed in the NiTi
phase with inceasing content of nickel. Pure nickel and
titanium are at the edges of the sample. In case of the dep-
osition Ni/Ti/Ni/Ti... layers with thickness of 1 mm, the

Fig. 7 Microstrostructure of Ni-Ti30 wt. % a) melt pools and crack - light microscope, b) individual phases by SEM

areas of pure titanium and nickel disappeared. The micro-
structure consisted of the NisTi, NisTis, NiTi and Ti,Ni
phases and contained the porosity in the Ti,Ni phase area.
The preparation of the nickel rich sample (Ni-Ti26 wt. %)
showed the decrease of nickel content in the alloy about
4 wt. %.
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