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A 3D frame-bridge sample was produced by wire arc additive manufacturing (WAAM) on a low carbon steel substrate using
the Ni_ ,Ti,, , shape memory wire with a diameter of 1.2 mm. The sample consisted of a rectangular frame and three bridges.
The structure and chemical composition were studied in different zones: the frame, the bridge or joint of the frame and
the bridge using light and scanning electron microscopy with energy dispersive X-ray spectroscopy. It was shown that the
structure of the frame and the bridge located far from the joint was close to the “walls” produced by WAAM: a columnar grain
grew across the layers and the equiaxed grains appeared on the top of the layer. The structure of the joint between frame and
bridge significantly differed from the “walls”: from the frame side, columnar grains were found across and alone the layers,
whereas, from the bridge side the columnar gains were observed in the first layer only. The study of the chemical composition
showed that the Fe and C elements diffused to the sample from the low carbon steel substrate. As a result, TiC precipitates
appeared in all layers that led to the alloy hardening. Fe atoms penetrated to the NiTi phase that suppressed the martensitic
transformation.
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Crpykrypa 3D o6pasma Tuna «pamka-moct» crasa NiTi,
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3D obpaser; TmMHa «paMKa-MOCT» ObUI IOJNY4eH METOHOM 9/IeKTPOIYTOBOJ IIOC/IONHON HAIUIaBKY IIPOBOJIOKM CIIIaBa
¢ mamaTpio popmbr Ni, Ti,, Anamerpom 1.2 MM Ha HMOANOXKY M3 HU3KOyTrmepogucToii cramu. Tpexcrolinblii obpaserr
COCTOAJI ¥ IPAMOYTONBHONM paMKMI ¥ TP€X MOCTUKOB. MeTofjaMy ONITMYECKON U CKAaHUPYIOIEN 91eKTPOHHONM MUKPOCKOTINN
C VICTIOJIb30BaHMEM METO/a SHEPTOAVICIIEPCYOHHON PEHTTEHOBCKOI CIEKTPOCKOINY MICCIEI0BaNIN CTPYKTYPY Y XUMUYIECKUIA
COCTaB B CTOAX TPeX PasAMYHBIX 30H: paMKM, MOCTMKA U CTbIKa paMKM C MOCTMKOM. IIoka3aHO, 4YTO CTPYKTypa paMKmu
Y MOCTYVIKA BJIQ/IV OT CTBIKA O/IM3Ka K CTPYKTYpe «CTEHOK», II0JTy4aeMBbIX METOJOM 3JIEKTPOJYTOBOJI ITOC/IOVHOI HAaIlJIaBKIL:
cTonbJaThle 3epHa PAacTyT MOIEpPeK CI0eB, a Ha CBOOOTHOI ITIOBEPXHOCTI BEPXHETO C/10s 06pasyITCsA PaBHOOCHBIE 3€pHa.
CTpyKTypa CTBIKa MeX/y PaMKO} ¥ MOCTUMKOM CYIIECTBEHHO OTIMYAETCS OT CTPYKTYPbI «CTEHOK»: CO CTOPOHBI PaMKU
cTonbJaThle 3epHA PAacTyT KaK IIONepeK C/1odA, TaK U BAomb Hero. Co CTOPOHBI MOCTMKA CTO/MOYATBIe 3epHA OOHAPY KEHBI
TOJIBKO B ITepBOM cr1oe. ViccmenoBanme XMMIIECKOTO COCTaBa CTI0EB ITOKA3aJI0, YTO JKe/Ie30 U YITIEPOJ] HOMA[AI0T U3 IIOJIOKKIA
B pacmtaB TiNi. 9To npuBopuT Kk 06pasoBaHUI0 KapOuia TUTaHA BO BCEX C/IOAX, YTO YIPOYHAET CIUIaB. BHegpeHne aToMOB
xernesa B gasy NiTi momHoCTbIO ToaBIsAeT MAPTEHCUTHBIE TTEPEXOIBL.

KiroueBble c10Ba: agINTUBHbIE TEXHOTOTHUM, CIIAaB € MaMATHI0 Gopmbl NiTi, MUKPOCTPYKTYpa, 97IeKTPOAYroBas MOC/IOHAs HAIIIABKa,
3D crpykrypa.
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1. Introduction

The production of complex shaped alloy components by
additive manufacturing (AM) technologies becomes more
intensive [1-3]. This allows one to fabricate samples which
can not be obtained by traditional methods or makes such
production simpler. The AM technologies include bed
deposition or direct deposition technologies, which differ by
the feedstock or heating source types [1-2].

The main attraction of AM is the fabrication of products
(components, structures) from materials which are hardly
subjected to mechanical treatment, for instance NiTi-
based shape memory alloys. NiTi-based products are very
promising for industrial and biomedical applications due to
the demonstration of the shape memory effect (strain recovery
on heating of a pre-deformed sample), superelasticity (strain
recovery on unloading), recovery stress (on heating of pre-
deformed samples under fixed strain), reveal good corrosion
resistance and biocompatibility [4 - 5].

In biomedical applications, NiTi-based shape memory
alloys are used as dense or porous implants, as part of
some medical instruments etc. [6-7]. For this purpose,
NiTi-based elements are successfully produced by selective
laser melting [8]. In this method, NiTi powder is used as a
feedstock, however, strict requirements to powder should
be provided to obtain samples with good properties [8-10].
This increases the cost of the product, and this technology is
more applicable for the production of small elements, which
is typical for biomedical applications.

For some industrial applications, for instance in dampers,
large components of NiTi shape memory alloys are used, but
in this case selective laser melting is not effective. At the same
time, wire arc additive manufacturing (WAAM), which is
one of the direct deposition technologies, can be used [11].
In this technique, the NiTi wire is used as a feedstock that
significantly decreases the products cost. Moreover, WAAM
allows producing large elements with a high productivity
rate. This method is successtully applied for the production
of massive samples from Ti-based, steels, Cu-based and other
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materials [11] and some attempts have been carried out to
produce NiTi elements within the last two years [12-13].

As WAAM method is new for the deposition of the NiTi
alloy, all produced samples were simple “walls” where the NiTi
wire was deposited layer by layer in one line [12-13]. The
study of the NiTi “walls” structure showed that the formation
of grains in the NiTi sample was the same as in the “walls”
deposited from other materials [11-13]. The structure of the
first layer significantly differed from the feedstock material for
two reasons: changing the chemical composition due to the
partial remelting of the substrate and the formation of specific
grain structure because a massive substrate provided high heat
absorption that increases the solidification rate. The second
and further layers consisted of large columnar grains that grew
across the layers due to the epitaxial grain growth [10]. On the
top of the last layer the equiaxed grain zone was formed [11].

At the same time, the sample with a complex shape can
not be always produced by the deposition of the “wall”. In
this case, some junctions or connections of the deposited
layers can exist and the conditions of heat dissipation for
these volumes would differ from the conditions for the
layers during the “wall” production. This may significantly
affect the grain formation and influence the properties of
the sample. Therefore, the aim of the present paper is the
deposition of a 3D frame-bridge sample which consists of the
frame and three bridges by WAAM using the Ni, ,Ti,, , shape
memory wire and a low carbon steel substrate and to study
the structure of the sample in different parts.

2. Methodology

A 3D frame-bridge sample of NiTi alloys was deposited on
a low carbon iron substrate (10 mm thick) by the gas metal
arc welding technology (voltage of 17.3 V, wire feed rate of
4.3 m/min, shielding Argon gas rate of 15 litre/min) which
was one of the WAAM modifications. The Ni_ ,Ti ,, wire
with a diameter of 1.2 mm was used as a a feedstock. Fig. 1
presents the scheme of the NiTi wire deposition during

the production of 3D frame-bridge sample. A rectangular
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Fig. 1. (Color online) Scheme of the deposition of a 3D frame-bridge sample and elements of the sample where the structure was studied.
Within one layer, the frame was deposited first (red arrows) and then the bridges were deposited (blue arrows). The sample was cut along
the green line and the structure of the sample was studied from the sides that are colored by green. All sizes are in mm.
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frame was deposited first (red arrows) and then bridges were
produced (blue arrows) and this was repeated three times.
The sample was cut to two parts along one bridge (a green
line in Fig. 1) using an ARTA 153-Pro electro-discharge
machine. The surface (shown in Fig. 1 by a light green color)
of three elements: frame (Sample F), bridge (Sample B) and
frame + bridge (Sample FB) were grinded and polished
according to the standard procedure and etched in a
solution of HF +4HNO,+5H,0 (for 60 seconds at room
temperature). Two surfaces were prepared in “Sample FB”
that allowed studying the structure of the joint area from the
frame and bridge sides as shown in Fig. 1.

The structure of the sample was investigated by light and
scanning electron microscopy and by energy dispersive X-ray
spectroscopy. The light microscopy (LM) study was carried
out usinga LOMO METAM 31-LV microscope equipped with
a video camera. The scanning electron microscopy (SEM)
study was carried out using a Zeiss “Merlin™” equipped with
an energy dispersive X-ray (EDX) “Oxfords Instruments
INCAx-act”. The LM and SEM images was analysed by Image
Expert Pro software.

2. Experimental results

Fig. 2 shows an optical image of Sample F (frame) located
far from the joint between the bridge and the frame. It is
found that the structure is typical for the samples produced
by WAAM [11]. The bottom layer L1 (marked by A) has a
complex structure due to the elements of the substrate that

Sample F

SEM images

penetrate to the melt and affect the structure of the first
layer. The second and third layers consist of columnar grains
(marked by B) which grow across the layers and have a length
of several millimeters and a width of up to 0.1-0.2 mm. On
the top of the last layer an equiaxed grain zone (marked
by D) is observed. SEM analysis shows that the first layer
consists of grains of the NiTi phase (grey areas) with an
average grain size of 100 um. The black precipitates inside
the NiTi grains were TiC particles. The wide light grey areas
on the NiTi grain boundaries consisted of Ni, Ti, precipitates.
TiC particles are only found in the second and third layers,
and the far the layer from the substrate, the less the volume
fraction of the precipitates. Fe atoms were found in the NiTi
phase and its concentration decreased from 171 at.% in the
first layer to 2.5+ 0.5 at.% in the third layer.

Fig. 2 shows the structure of Sample B cut from the bridge
far from the joint of the bridge and the frame. It is seen that
the structure is close to the structure of Sample F. However,
there are some specific features: the columnar grains area B
is divided by zone C which consists of equiaxed grains. The
length of columnar grains is smaller than in Sample F The
distribution of the TiC precipitates and Fe concentration in
the Sample B” were the same as in Sample E

Fig. 3 shows that the structure of the joint between the
bridge and frame (Sample FB) significantly differs from the
structure of Samples F and B. The first layer (L1) of Sample FB
contains columnar grains that grew across the layer in the
sides of both the frame and the bridge. The dark area in
the first layer has the same structure as marked by letter A

Sample B

Fig. 2. Optical and SEM images of Sample F and Sample B cut far from the joint between the frame and the bridge.
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in Fig. 2. In the second layer (L2), there are columnar like
grains that grew along the frame and are perpendicular to the
bridge. Such a structure is found only in the vicinity of the
joint. The last layer (L3) contains columnar grains that grew
from some point on the top of the layer like a brush.

The results of the study show that far from the joint of
the frame and bridges in the 3D frame-bridge sample, the
structure of the frame (Sample F) is the same as in the walls.
The structure of the bridge (Sample B) far from the joint is
close to the structure of the wall but an area of equiaxed grain
was found between the columnar grains in the second layer.
In the joint of the frame and the bridge (Sample FB), the grain
structure is not typical for walls produced by WAAM because
the columnar grains form across as well as along the frame.

The formation of grains during deposition of the sample
produced by WAAM is determined by the cooling rate and heat
absorption [11]. During the deposition of the frame, the heat
propagation on cooling occurs along the height of the layers
as the cold substrate absorbs heat. In this case, the columnar
grains grow across the layers and the structure of Sample F
(Fig. 2) is typical for the structure of the “walls” produced by
WAAM [11]. During the deposition of the bridge, which is
added to the frame, the ways for heat transfer depend on the
locations. Far from the joint, the heat is absorbed by the cold

substrate and the structure of sample B is close to the structure
of Sample F. At the same time, the equiaxed grain zone form
in the second and which may be caused by the top area of the
second layer was not remelted during the deposition of the
third layer. However, an additional study should be carried
out to clarify the process of the formation of zone C.

Heat can propagate near the joint to the substrate and
along the frame layer, the temperature of which is lower than
the temperature of the bridge. During the deposition of the
first bridge layer, the heat absorbed by the cold substrate
is more effective and the columnar grains form across the
bridge layer (Fig. 3). However, when the second bridge layer
was deposited, the heat absorption along the frame was
more preferable that provided the epitaxial grain growth in
this direction (Fig. 3). That is why the cross section of the
columnar grains is only visible on the bridge side of Sample FB
(Fig. 3). As the columnar grains were formed along the frame
and found only in the vicinity of the joint, hence during the
deposition of the bridge, some part of the frame was remelted
and these grains appeared during the re-solidification. In the
last layer, the maximum cooling rate was provided from the
free surface of the melt due to the frame and bridge were hot,
that was why the columnar grains grew as a brush from the
free surface (Fig. 3).

Fig. 3. Optical images of different layers in Sample FB (the joint between the frame and the bridge).
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The concentration of Fe atoms and the distribution of TiC
on the sides of both the frame and the bridge of Sample FB
were the same as in Samples F and B. Thus, the grain formation
in the frame, the bridge and in the joint was different due to
different cooling conditions, whereas the processes of Fe and
C diftfusion in the NiTi phase and the formation of precipitates
were similar. Despite the Fe concentration decreased along
the sample height, its value was higher than 1.5 at.% even in
the third layer, which completely suppressed the martensitic
transformation. This was confirmed by a calorimetric study,
which did not show any peaks during cooling to —110°C.
Moreover, the existence of TiC precipitates significantly
hardens the sample and depresses the plastic deformation
of the sample. During the compression of a frame sample
(2.5x2.5x5 mm) at room temperature on a Lloyd 30k
Plus testing machine using a reverse frame (strain rate of
0.02 mm/min, compression across the layers), the plastic
deformation starts at a stress more than 800 MPa.

4. Conclusions

Therefore, the results of the study show that the structure of a
3D frame-bridge NiTi sample produced by wire arc additive
manufacturing is more complex than the structure of simple
“walls”. The grain morphology in the frame, the bridges and
in the joint of the frame and bridges are different. In vicinity
of the joint, columnar grains form both across and along
the layers, while far from the joint, they grow across the
layers. The Fe and C elements diffuse from the low carbon
steel substrate during the deposition of the sample that
leads to the penetration of Fe atoms in the NiTi phase and
to the formation of TiC precipitates. As the grain structure
in different parts of the 3D frame-bridge sample is different,
this should significantly affect the mechanical behaviour of
the sample.
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