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Abstract Coarse columnar grains are less desired feature
of the components manufactured via wire and arc additive
manufacturing (WAAM). This can be mitigated by introduc-
ing inoculants into melt pool which leads to microstructure
grain refinement. In this work, titanium carbide (TiC) nano-
particles of 50 nm average size were added to the molten
pool during WAAM of 316LSi stainless steel using cold
metal transfer (CMT). The microstructural evolution was
studied by optical microscope, scanning electron micro-
scope and X-ray diffraction. The results showed more refined
grains for TiC-inoculated specimen due to heterogeneous
nucleation promoted by TiC-nanoparticles in the molten
pool. Additionally, mechanical tensile testing and hardness
profiles were also obtained for the TiC-inoculated and non-
inoculated samples. An improvement in the tensile strength
and hardness of the TiC-inoculated specimen along with
reduction in anisotropy of tensile strength was observed,
which could be attributed to the refined grain structure.

Keywords WAAM - CMT - SS316LSi - TiC-inoculants -
Grain refinement

1 Introduction

Wire and arc additive manufacturing (WAAM) is classified
under direct energy deposition (DED) category of Additive
manufacturing (AM) as per ASTM F3187-16 [1]. A high
deposition rate of 9.5 kg/h [2] is achieved with WAAM as
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compared to laser-based wire AM, where the deposition rate
is only 0.7 kg/h [3]. Three thermal energy sources were used
for WAAM: Tungsten inert gas (TIG), plasma arc, and metal
inert gas (MIG). In comparison with the other two, MIG has
the advantage of a coaxial wire feeding system which makes
it easier and simpler to deposit layers [4]. However, conven-
tional MIG’s limitations include minimum achievable wall
thickness and very rough sidewall surface [5]. A modified
MIG invention called cold metal transfer (CMT) can help
to improve the process-related constraints. The innovative
wire retraction mechanism and optimized waveforms in the
power source system of CMT allow the droplet transfer in
weld pool with minimum heat input [6]. The WAAM pro-
cess is characterized by high-temperature gradients, high
cooling rates and reheating of previously deposited layers
which results in non-equilibrium microstructures with coarse
columnar grains along build direction in the component.
These columnar grains result in hot tearing, solute segrega-
tion and anisotropic mechanical properties [7, 8].

AISI 316/316L is common standard grade of austenitic
stainless steels. Queguineur et al. [9] demonstrated the pos-
sibility to create SS316L filler metal deposition components
using WAAM without any significant defects like cracks and
internal oxides. Several studies have investigated the effect
of various process parameters on the microstructure evolu-
tion and their subsequent effect on the mechanical properties
of SS316L thin walls [9-12] and blocks [13, 14] fabricated
by MIG-WAAM. The methods used to improve the strength
of WAAM-deposited components include interlayer ham-
mering [15] and rolling [16]. However, these enhancements
are not often available or practical in manufacturing large
and complex shapes using the WAAM process. There-
fore, an alternate method, such as adding inoculants to the
weld pool, can be employed to increase its strength. The
use of inoculants to strengthen metal casting components
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is common. Inoculants for strengthening components dur-
ing AM by selective laser melting (SLM) are also reported
[17, 18]. Equiaxed grains are challenging to generate in AM
processes because of high thermal gradient and fast cool-
ing rates which limit the formation of solutes at the solid/
liquid (S/L) interface and consequently restrict heterogene-
ous nucleation [18]. Therefore, introducing foreign solutes
can promote heterogeneous nucleation and the transition of
columnar grains to equiaxed grains [7].

Limited studies have investigated the effect of inoculants
in the WA AM-deposited steel components. Tiago et al. [19]
reported an improvement in strength due to grain refine-
ment by SiC micro-particles (1-2 pm) addition to the molten
pool during MIG-WAAM of HSLA steel. Inoculation by
micro-particles results in a trade-off between strength and
ductility due to large size of the particles and their clusters.
This stress concentration increases as the number of parti-
cles increases; hence, the addition of appropriate content
of nanoparticles will overcome this issue [20]. Zhang et al.
[7] reviewed the grain refinement of alloys (Ti, Al, stainless
steel, and Ni-based) with inoculants in fusion-based AM
and suggested that the role of solute is less important than
the role of thermal undercooling and the number density of
nucleant particles. Hence, the nanoparticles can be consid-
ered as effective nucleants during AM [7]. Researchers [21,
22] have investigated the effect of TiC-inoculants on micro-
structure and mechanical properties of SS316L. manufac-
tured by SLM-AM. It has been reported that TiC-nanopar-
ticles have good wettability because of small contact angle
between TiC-nanoparticles and austenitic stainless steel melt
during the SLM-AM [18]. To the best of our knowledge, the
effect of TiC-nanoparticles on microstructure evolution and
mechanical properties of SS316LSi fabricated by WAAM

using CMT has not been reported. In this study, the effects of
the trace addition of TiC-nanoparticles during CMT-WAAM
of SS316LSi on its microstructure evolution and mechanical
properties are examined.

2 Experimental Procedure

Figure 1 shows the experimental setup used for deposit-
ing the thin walls. 316LSi filler wire of 1.2 mm diam-
eter was used to deposit the wall on 316L substrate
(250 mm x 50 mm X 10 mm).

Table 1 displays the chemical composition of the filler
wire and substrate. When fabricating the thin wall, two-way
depositing strategy was used as recommended by Ortega
et al. [23] to minimize geometrical defects. The schematic
of the deposition strategy is shown in Fig. 2. Two walls
(with and without TiC-inoculants), each of 50 layers with
150 mm length are fabricated using Fronius TPS-400i weld-
ing source. In the present study, CMT mode of operation was
selected in the welding power source, where it adjusts the
current and voltage based on the selected wire feed speed
(WES) via a synergic line.

The process parameters (Table 2) were selected based
on the single-layer depositions by varying the WFS and
travel speed (TS). In between each deposition layer, TiC-
nanoparticles (average size: 50 nm) were added by similar
method used by Tiago et al. [19]. Firstly, TiC-nanoparticles
were mixed uniformly in ethanol to make TiC alcohol-based
suspensions of 3 wt.% concentration and applied with sur-
gical syringe for uniform distribution on deposited layer
when the temperature ranged between 150 and 200 °C. At
this temperature, the ethanol gets evaporated leaving behind

Fig. 1 Experimentation setup
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Table 1 Chemical composition

N Element C Mn
of filler wire and substrate

Si Cr Ni Mo S P

Filler wire (316LSi) 0.03

Substrate (316L) 0.02 122

1.0-2.5 0.65-1.00

18.0-20.0
16.82

11.0-14.0 2.0-3.0 0.03max 0.03 max

0.39 9.97 2.13 0.09 0.02
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Fig. 2 Schematic showing deposition strategy with TiC addition

Table 2 Process parameters for deposition

Current  Voltage(V) WEFES (m/ TS Gas flow Shielding
(A) min) (mm/s) rate (L/ gas

min)
150 12.8 5.5 6 15 99.9% Argon
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Fig. 3 CMT-WAAM-deposited wall with locations of extracted spec-
imens

|
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the nanoparticles sticked to the layer and these particles are
incorporated into the molten pool when the subsequent layer
is deposited.

Tensile, microhardness, and metallographic samples are
extracted using wire-cut EDM. Figure 3 shows the loca-
tions of extracted tensile, microhardness and microstruc-
ture specimens from the deposited wall. To observe the

microstructure, transverse section of mid-zone layers sam-
ple is taken and polished as per standard metallographic
procedures. The microstructure of the cross-sectional sur-
face was explored by optical microscope (Radical make),
X-Ray diffraction (XRD) and scanning electron microscope
(SEM) (JOEL 6380-A), equipped with energy-dispersive
X-ray spectral (EDS) analyzer. Vicker’s microhardness was
measured by Mitutoyo (HM-12) along the cross section of
wall at three zones (bottom, mid and top) with a load of
500 g and dwell time of 15 s. To obtain an average value
of the microhardness, the measurement was repeated three
times at each zone. Uniaxial tensile tests were performed as
per ASTM ES8 at the extension rate of 2 mm/s using a UTM
(Walter + Bai LFV-250).

3 Results and Discussions
3.1 Microstructure

The content of TiC was estimated using EDS on TiC-inocu-
lated and non-inoculated polished sample. The EDS was per-
formed three times at different locations of each sample, and
the identified average chemical compositions of the samples
are summarized in Fig. 4d, h. This reveals 0.28 wt.% of Ti,
indicating that the introduction of TiC into the molten pool
is successful, and Fig. 5 illustrates the Ti elemental mapping.
Chemical composition of non-inoculated sample obtained
by EDS almost matches with the original wire composition.
Figure 6a and b shows the optical micrographs along the
transverse section of the non-inoculated and TiC-inoculated
fabricated thin wall, respectively, with no porosity or lack of
fusion defects. In Fig. 6a-(i) and b-(i), layer fusion boundary
above the red dashed-line is visible in a semi-elliptical mor-
phology and it is observed that the dark-colored ferrite (J)
is distributed within the light in color austenite (y) matrix.
In non-inoculated samples, dendritic columnar grains with
cellular morphology (Fig. 6a-(ii) and (iv)) without any sec-
ondary arms are observed at bottom of the layer just above
the fusion boundary and are grown vertically upwards along
build direction into coarse columnar grains (Fig. 6a-(iii)
and (v)) as observed below the fusion boundary. Similar
observations are also found in SEM images in Fig. 4a and
¢, respectively. These columnar grains are attributed to the
large thermal gradient and fast cooling rate which limits the
formation of solutes at S/L interface required for heteroge-
neous nucleation [18]. Whereas, in TiC-inoculated samples
(Fig. 6b-(ii) and (iv)) the bottom of the layer, i.e., just above
the layer fusion boundary, refined equiaxed cellular grains
are observed and in Fig. 6b-(iii) and (v) the top of the layer,
i.e., just below the fusion boundary refined dendritic grain
structure is observed in which the growth is not in the build
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Fig. 4 SEM micrograph with
EDS a, b, ¢, d non-inoculated
and e, f, g, h TiC-inoculated
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direction but in random directions. These observations are
also found in the SEM images from Fig. 4e to g, respectively.

The reason for a refined dendritic grain structure is due
to added TiC-inoculants in molten pool where they acts as
a heterogeneous nucleation core, facilitating heterogene-
ous nucleation during the solidification process and for the
similar reason the grains have become random [7]. Grain
refinement is achieved when constitutional supercooling
surpasses the critical undercooling for nucleation, and the
effective heterogeneous nucleation is dependent on sufficient
undercooling in conjunction with homogeneous distribution

@ Springer

of potent nucleants particles [24]. A potent inoculant has a
little mismatch with the matrix [25]. TiC particles have a
small lattice mismatch (14.8%) with the SS316L matrix [18].
The added TiC-nanoparticles reduce the critical nucleation
undercooling and will act as potent nucleants for activating
the heterogeneous nucleation events during the initial tran-
sient stage of solidification [24]. Therefore, a grain refine-
ment effect is observed in TiC-inoculated sample.

Figure 7 shows the XRD results for the non-inoculated
and TiC-inoculated sample SS316LSi deposited wall.
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Fig. 6 Optical macrographs a non-inoculated b TiC-inoculated

Diffraction peaks of austenite (y) and ferrite (§) phases
are observed from the SS316LSi, and no TiC peaks are
observed may be because of its very low content in the
component. The austenite (y) (200) indicates that grain
growth is oriented along the build direction, and its peak
intensity decreases significantly in the TiC-inoculated
sample, indicating that the grain growth orientation along
the build direction has decreased to that of the non-inoc-
ulated sample.

3.2 Mechanical Properties
3.2.1 Microhardness

Figure 8 shows the microhardness distribution of TiC-inoc-
ulated and non-inoculated samples. In non-inoculated sam-
ples, the average hardness values are about 169 +5.8 HV. A
similar trend in the variation of hardness is observed during
the deposition of SS316L [26]. While for the TiC-inoculated
samples, the average hardness values are about 186+ 3.6
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HV. The increase in hardness may be attributed to the refined
* y-Austenite grains obtained by the addition of TiC-nanoparticles. This
" &-Ferrite grain refinement will help in hindering the plastic deforma-
tion under load, contributing to increase in microhardness
i [21]. The added TiC-nanoparticles will uniformly distribute

«(200)

g: along the grain boundaries which might also contribute to
> the grain boundary strengthening [27] thereby increasing
% - the microhardness.
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A A . 316LSi+TiC Figure 9 illustrates the tensile strength properties of TiC-
inoculated and non-inoculated samples along the vertical
T T y T T and horizontal orientations. In both TiC-inoculated and
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non-inoculated samples, the tensile strength along verti-
cal direction is higher than that of horizontal direction. Wu
et al. [28] obtained similar trend in his investigation during

26(degree)

Fig. 7 XRD analysis of non-inoculated and TiC-inoculated sample
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Fig. 8 Microhardness distribution of TiC-inoculated and non-inoculated samples
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the deposition of SS316L thin wall, where the author ana-
lyzed the grain morphology at the fracture and reported
that in horizontal tensile stretching, fracture occurred after
widening of deformed columnar grains. Whereas, in verti-
cal stretch fracture no grain deformation occurred, and the
columnar grain boundaries were the weak link of tensile
fatigue. Consequently, tensile strength of horizontal sam-
ple with more grain boundaries is low compared to vertical
sample.

The average yield strength (YS) and tensile strength (TS)
for non-inoculated vertical samples were 355.2 +7.7 MPa
and 638 +16.02 MPa, respectively, while for non-inocu-
lated horizontal samples, they were 325.6 +9.1 MPa and
579.6 +17.7 MPa, respectively. From Fig. 9a, it can be
observed that a significant improvement in YS and TS with
the addition of TiC-nanoparticles is achieved. The YS of the
TiC-inoculated samples increases to 389.2 + 16.2 MPa and
376.7+10.4 MPa along vertical and horizontal directions,
respectively, when compared to the non-inoculated samples.
Similarly, TS of TiC-inoculated is also seen to increase by
about 68 MPa and 100 MPa for vertical and horizontal,
respectively, in comparison with non-inoculated specimens.
According to the Hall-Petch relation, finer microstructure
indicates a higher TS [29]. Finer microstructure due to TiC
addition increases the count of grain boundaries thus retard-
ing the movement of dislocations under loading.

Table 3 illustrates the comparison of mechanical prop-
erties for SS316L manufactured by different methods, and
it can be observed that TS of TiC-inoculated SS316LSi
of the current study suppresses the other WAAM studies.
Increasing wt.% concentration of inoculants in the matrix
might improve the strength further [31]. Thus, more study
needs to be conducted by increasing the wt.% of nanoparti-
cles and their effect on the mechanical properties. Figure 9b
illustrates the elongation to fracture and the percentage of
anisotropy of the TiC-inoculated and non-inoculated sam-
ples. It can be observed that elongation to fracture of TiC-
inoculated samples has decreased to that of non-inoculated
samples. The addition of nanoparticles as inoculants in the

molten pool can induce localized embrittlement that results
in cracking due to stress concentration when bearing load
[32]. Anisotropy of tensile strength is calculated by Eq. 1
[33].

) P, —-P,
Anisotropy = ——— x 100% (1)
PV

where P, and P, represent the average tensile strengths of
the horizontal and vertical tensile samples, respectively. It
is found that in non-inoculated sample, the anisotropy is
about 9% which is reduced to 3.8% after the addition of
TiC-nanoparticles. These findings are consistent with micro-
structure analysis, indicating that anisotropy reduces with
the addition of TiC-inoculants. Further research is needed to
determine the effect of increasing the wt% of nanoparticles
on the microstructure and mechanical characteristics. It is
also critical to investigate the influence of TiC-inoculants on
corrosion and oxidation resistance of SS316LSi produced
by CMT-WAAM. This will be taken into account for future
research.

4 Conclusions

In this study, trace addition of TiC-inoculants to the weld
pool during CMT-WAAM of SS316LSi and the response on
the microstructure evolution and mechanical properties were
examined in comparison with non-inoculated CMT-WAAM
sample. The key findings were

1. In non-inoculated sample, microstructure evolutions
grew from fine dendritic columnar grains to coarse
columnar grains along build direction in each layer.
After the addition of TiC-inoculants, more refined
grains in the sample were observed. XRD analysis also
revealed that austenite (y) (200) peak intensity decreased
in TiC-inoculated sample, indicating that grain growth

Table 3 Mechanical properties

Manufacturing method = Material

TS (MPa)

Elongation (%)

Anisotropy (%)

comparison of SS316L

manufactured by different CMT-WAAM SS316LSi 638.0+16.0(V) 395+0.1(V)  9.09

methods (current study) 579.6+17.7 (H) 43.8+0.9 (H)
CMT-WAAM SS316LSi 706.4+470 (V) 344+0.6(V) 38
(current study) (TiC- inoculated) 679.7+143 (H) 41.0+1.0(H)
CMT-WAAM [28] SS316L 550 (V) - 10

500 (H)
GMA-WAAM [30] SS316L 533 (V) 48 -
SLM [18] SS316L 722 62+3.1 -
SLM [18] SS316L 888 47+0.6 -
(1 wt.% TiC-inoculated)

Wrought (ASTM) SS316L 505-578 40 -
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orientation along the build direction decreased com-
pared to non-inoculated sample.

In non-inoculated sample, hardness distribution was
varied along the build direction, and after the addition
of the TiC-inoculants, the variation in hardness was
reduced. The average hardness increased from 169 +5.8
HV upto 186 +3.6 HV.

Tensile strength of the TiC-inoculated samples was
higher compared to the non-inoculated samples, but
at the expense of small reduction in ductility. Tensile
strength of TiC-inoculated sample increased by about
68 MPa and 100 MPa along the vertical and horizontal,
respectively, in comparison with non-inoculated.

The anisotropy percentage of tensile strength decreased
from 9 to 3.8%. These improvements in hardness,
strength and anisotropy in TiC-inoculated samples can
be attributed to refined grains.
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