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Abstract

In this work, SiC particles were added to the molten pool during WAAM of a high strength low
alloy steel. The introduction of these high melting point particles promoted grain refinement,
and the precipitation of FesC due to SiC dissociation. The microstructural evolution was studied
by optical and electron microscopy techniques and high energy synchrotron X-ray diffraction.
Additionally, mechanical testing and hardness profiles were obtained for the SiC-containing
and SiC-free parts. An improvement in the mechanical strength of the SiC-added WAAM parts

was observed, which was attributed to the refined grain structure and finely dispersed FesC.

Keywords: Wire and Arc Additive Manufacturing; Inoculants; Synchrotron X-ray diffraction;

mechanical testing; SiC; HSLA steel.
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Highlights

- SiC particles were added in-situ during WAAM of an high strength low alloy steel.

- Cementite formed in the SiC-containing parts due to SiC dissociation in the melt pool.

- Non-melted SiC particles acted as nucleating agents promoting grain refinement

- Improved mechanical properties were obtained upon the use of SiC.




1. Introduction

Directed energy deposition techniques, in which focused thermal energy is used to melt the
feedstock material, have enabled the production of large metallic components with medium
complexity [1]. Among them, Wire and Arc Additive Manufacturing (WAAM) is being
increasingly investigated, owing to several key characteristics, such as: large similarity with arc
welding processes, where an extensive knowledge of the process parameters on different
materials effects already exist; high deposition rates and material usage efficiency; and, finally,

its ability to produce near-net-shape parts [2—-4].

High strength low alloy (HSLA) steels are widely used for naval and automotive applications, as
well as in the tools and die industries. WAAM of HSLA steels is reported in the literature [5,6].
It was inferred that the thermal cycles experienced during WAAM can influence the
microstructure, thus influencing the local mechanical properties at different heights of the
produced parts. One of the effects of extended periods at high temperatures during WAAM of
HSLA steels is grain growth, resulting in a reduction in hardness. A potential solution to avoid
material softening could involve increasing the time between consecutive deposited layers,
which would reduce the amount of time spent at temperatures where grain growth occurs.
However, the increase of dwell time between layers can be detrimental to the implementation

of WAAM in a competitive industrial context.

One key strategy to counteract a decrease in hardness is to create HSLA WAAM parts with
smaller grain sizes. This can be accomplished by reducing the heat input used to deposit the
material or by using inoculants to change the nucleation and growth sequence during
solidification. Inoculants can promote grain refinement, precipitation hardening, solid solution
strengthening and even adjust the material composition [7]. Even though inoculation is a
common practice in the metal casting industry, its use and effectiveness are yet to be explored

in WAAM.

One potential inoculant is silicon carbide (SiC). Due to its high hardness (around 2500 HV),
excellent corrosion resistance and high melting point, these ceramic particles have been
proposed to be used during WAAM. For example, Meredy et al. [8] used SiC during the WAAM
of a Titanium alloy. Its use was seen to refine the as-deposited prior-B grains. Yet, some
columnar grains, typical of the WAAM process were still observed. Interestingly, the width of

the columnar grains was reduced when SiC was used during deposition. This behavior was



attributed to the lateral rejection of Si-rich solute, which decreases the growth rate in the

perpendicular direction to the heat flow extraction, resulting in narrower grains.

While the use of SiC or other inoculant particles is yet very limited in WAAM.SIC has already
been used during selective laser melting to create a metal matrix composite. Song et al. [9]
used sub-micron SiC powder (2.2 wt. %) with Fe to create Fe/SiC composites by selective laser
melting. Partial dissolution of the particles occurred, which aided in the formation of
martensite and pearlite. Some SiC particles were not fully melted and were found dispersed in
the matrix. Additionally, mechanical testing showed that the yield strength increased with the
use of SiC. In another study [10], laser surface alloying of SiC onto a mild steel substrate was
performed. Even though multiple phases have been reported to form, it is believed that the
increase in hardness and wear-resistance of the laser processed material can be attributed to
the presence of cementite, formed as a consequence of the increased carbon content in solid

solution due to the partial dissolution of SiC.

As it can be perceived, the inoculation of SiC particles during WAAM of steel could effectively
improve the mechanical properties of the fabricated parts. In this study, the effect of the
addition of SiC as inoculant particles during WAAM of an HSLA steel was assessed. Optical and
scanning electron microscopy techniques were used to understand the microstructural
modifications. High energy synchrotron X-ray diffraction was used to detail the secondary
precipitation phenomena. Microhardness, mechanical and electrical conductivity testing were

conducted to study the integrity of the deposited parts.

2. Experimental procedure

2.1 WAAM deposition

In this study, a customized WAAM machine was used. Previous work conducted by the authors,
addressed the impact of different heat inputs on the thermal behavior, microstructural
evolution and mechanical properties of a HSLA steel part produced by WAAM [5]. Those results
will be used as a benchmark to evaluate the effect of SiC inoculation during WAAM. The wire
feedstock material was a commercial HSLA steel wire electrode (ER110S-G) with a diameter of

1 mm, provided by DRATEC. The chemical composition of the wire is presented in Table 1.

Table 1 - Chemical composition of the ER110S-G wire electrode (wt.%).



C Mn Si Ni Cr Mo \) Cu Fe

0.08 1.70 0.44 1.35 0.23 0.30 0.08 0.25 Balance

The HSLA steel was deposited onto a mild steel substrate using gas metal arc welding technique.
A total of 50 layers were deposited, each one with a length of 180 mm. In between deposited
layers SiC particles purchased from GetNanoMaterials-GNM, with a grain size ranging from 1 to
2 um, were added. The particles were previously mixed in an ethanol gel solution and added via
a customized feeding device depicted in Figure 1. The feeding device was placed 50 mm behind
the molten pool, where the layer was at a temperature ranging between 200 and 300 °C. This
gel was selected due to its easy evaporation when in contact with the (still hot) already
deposited layer. After the gel was evaporated, the SiC adhered to the deposited material and
was incorporated into the molten pool when a subsequent layer was deposited. A concentration
of 0.66 wt.% of SiC was used and its effect was compared to a non-modified (SiC-free) sample

after WAAM.
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Figure 1 — Customized feeding device for in-situ inoculation during WAAM: a) schematic
representation; b) actual device.

During deposition, the wire feed speed used was 3 m/min, while the travel speed was 5 mm/s.
The welding equipment was set to a continuous wave mode with a voltage of 19 V, resulting in

a heat input of 380 J/mm. The molten pool was protected with a flow rate of 16 L/min of



Alphagaz 1 (99.999% Ar). The deposition of a subsequent layer started after the temperature

of the previous reached = 100 °C.
2.2 Microstructural characterization

The microstructure of the produced samples was examined using a Leica DMI 5000 M inverted
optical microscope. All samples were wire cut, polished, and etched with Nital (3%). Detailed
microstructure analysis was performed using a Merlin scanning electron microscope (SEM)
from Zeiss, while a Quanta 650 FEG SEM was used for electron backscattered diffraction

(EBSD).

High energy synchrotron X-ray diffraction analysis was performed at the PO7 7 High Energy
Materials Science (HEMS) beamline at PETRA Ill, with a beam energy of 87.1 keV,
corresponding to a wavelength of 0.1423 A. Working in transmission mode, a 2D Perkin Elmer
fast detector was used to capture the Debye-Scherrer diffraction rings. The obtained data was
post processed using Fit2D software, as described in literature [11,12]. Analysis of the
diffraction patterns, obtained from complete integration along the azimuthal angle, was
conducted to evaluate fine microstructural details. For reference, the azimuthal angle,®, is

defined in Figure 2.
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Figure 2 — Representation of the setup for the synchrotron X-ray diffraction experiments.

Peak fitting was performed to determine the influence of SiC addition on the material

microstructure. The post processed 2D patterns were transformed, by full azimuthal



integration, into one dimensional intensity versus diffraction angle plots, and subjected to a
peak fitting routine in order to extract information such as peak position, area and full width
half maximum of the diffracted peaks. The quantification of retained austenite was performed

following reference [13].
2.3 Microhardness and mechanical testing

Microhardness profiles along the height of the parts were performed using a Mitutoyo HM-112
Hardness Testing Machine, under a load of 1 kgf, with a holding time of 10 s. The distance
between consecutive indentations was 250 um. Uniaxial tensile tests were performed on a
MTS hydraulic press with a capacity of 100 kN. The geometry of the samples used for uniaxial
tensile testing is depicted in Figure 3. Five specimens were removed from both deposition (Y-
axis), and build-up directions (Z-axis). The fracture surfaces were observed by SEM. A
schematical representation of the extraction location of the samples used for each test is

presented in Figure 4.
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Figure 3 — Geometry and dimensions of the uniaxial tensile specimens.
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Figure 4 — Representation of the extraction location of the tested samples.
2.4 Electrical conductivity
To measure the changes in electrical conductivity between samples, a four-point potential

drop technique was used. Measurements were made across the full height, starting in the

substrate. The probe has a needle spacing of 635 um, and a current of 80 mA was imposed



between the external needles. Electrical conductivity profiles can be used in
thermomechanically processed materials to evaluate changes in composition, grain size, phase

fraction and the existence of defects, as comprehensively evidenced in [14].

3. Results and discussion
3.1 Microscopic characterization
Figure 5 depicts optical macrographs of the produced samples. A significant difference in grain

orientation and size is observed when comparing the samples with and without SiC. The non-

inoculated sample exhibits coarse columnar grains aligned with the buildup direction (Figure 5

a). Whereas the SiC-containing sample has no discernible columnar grains (Figure 5 b).

Figure 5 — Light optical macrographs of: a) HSLA with no SiC; b) HSLA with inoculation of 0.66
wt.% SiC.

Micrographs taken from the three orthogonal planes from both samples after WAAM are
depicted in Figure 6. Columnar grains are visible in both YZ and XZ planes of the non-
inoculated (as-built sample) sample, refer to Figure 6 a). In the XY plane, an equiaxed
morphology is found, as this is a section view of the columnar grains. As for SiC-inoculated
sample, a smaller grain structure, with diverse growth directions in the three orthogonal

planes is observed (Figure 6 b).

According to Song, et al., the nucleation of ferrite on the previous austenite grain boundaries
hinders the formation of massive columnar grains by growth restriction [9]. Additionally, the
presence of unmelted particles can decrease the activation energy required for ferrite

nucleation [15].



Through optical microscopy, only ferritic constituents can be observed in the matrix. The
acicular morphology indicates the possible formation of bainite due to the accelerated cooling
rate experienced during WAAM. The formation of bainite is expected to occur due to the fast
cooling rate involved during solidification. The absence of pearlite and polygonal ferrite
microstructures indicate that the cooling rate was faster than typical air cooling rates. On the
other hand, the hardness values (discussed later in section 3.3) for the non-inoculated sample
are lower than the expected martensitic hardness of around 350 HV for a carbon steel with
around 0.1 wt% C [16]. Additionally, since the carbon content of the wire feedstock material is
smaller than 0.2 wt.%, the impingement of allotriomorphs across austenite grains minimizes
the possible growth of Widmanstatten ferrite. Hence, acicular ferrite is formed from the
retained austenite with further cooling [7,15]. If there are no potent inclusions, bainitic ferrite

might form instead of acicular ferrite, from the remaining austenite.

The bainitic microstructure is more notorious in the SiC inoculated sample. This is expected
due to several competing phenomena, such as the increased carbon content from the
dissociated SiC particles and the inoculation effect due to eased heterogeneous nucleation
from small SiC inclusions and consequent grain grow in different directions [15]. However,
from the authors previous work [5], it is known that martensite-austenite (M-A) islands and
granular bainite constituents may appear. Though, its conclusive morphological identification
is only possible via electron microscopy techniques using electron diffraction. These M-A
constituents are produced from an incomplete transformation from austenite to martensite
upon cooling, or after reheating to intercritical temperatures [19], with subsequent fast

cooling rates, which occurs repetitively during WAAM.



Figure 6 — Isometric micrographs of sample: a) HSLA as-built; b) HSLA with 0.66 wt.% SiC.

A more detailed analysis of the microstructure of the inoculated WAAM part is presented in
the SEM image depicted in Figure 7. The existence of multiple phases including bainitic ferrite,
M-A and cementite (FesC) are observed. Also, some dispersed SiC particles are identified. The
main difference in terms of existing phases compared to the non-inocullated sample (refer to

[5]) is the existence of finely dispersed cementite and sparse SiC particles.

& Bainitic ferrite

Figure 7 — Scanning electron microscopy image of the HSLA sample produced with SiC particles.

Figure 8 a) depicts a SEM micrograph of the non-inoculated WAAM part, revealing the

presence of elongated columnar grains. Whereas, a refined grain structure is observed when

10



SiC particles are added during WAAM (Figure 8 b). These results are in good agreement with

the previous light optical micrographs.

Buildup direction

Felal2

Figure 8 — Scanning electron microscopy images of samples: a) HSLA as-built; b) HSLA with 0.66
wt.% SiC; c) and d), energy dispersive spectra and chemical composition of the SiC-free and SiC-
added WAAM parts, respectively. The dashed rectangles in a) and b) show the area that was
used to determine the overall composition of the produced parts.

Energy-dispersive X-ray spectroscopy (EDS) was performed to evaluate the effect of
introducing SiC particles during WAAM on part composition. The dashed boxes in Figure 8 a)
and b) indicate the regions where compositional measurements were conducted. The semi-
guantitative Si content in the non-inoculated sample (Figure 8 c) was found to match that of
the electrode used (= 0.6 wt. %). For the SiC-containing sample, the Si content increased up to
1.0 wt. % (Figure 8 d). This increase indicates that the introduction of SiC into the melt pool
was successful. However, during both optical and electron microscopy characterizations, the
identification of the SiC particles was difficult, suggesting that strong or complete dissolution
should have occurred during WAAM. Nevertheless, some dispersed SiC particles were found in
the WAAM part matrix. Figure 9 depicts an example of one of those non-dissociated particles
with an EDS line scan performed over it. The length of the particle (= 1.5 um) is in good
agreement with the original dimensions of the SiC particles used (ranging from 1 to 2 um). As

such, it can be inferred that the heat input was not enough to fully melt all the SiC particles.
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Owing to the relatively low-value fraction of SiC particles determined by electron microscopy
(< 1%), it can be stated that most of the inoculated particles were dissolved during the process.
Note that some of the black dots observed in Figure 8 a) and b) are caused by local pitting

during etching of the samples and not to residual SiC particles.
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Figure 9 - Energy-dispersive X-ray spectroscopy line scan over a SiC particle in a WAAM sample
inoculated with 0.66 wt.% of SiC.

The partial dissociation of the SiC particles in the melt pool can be attributed to their very high
melting point (around 2800 °C), granulometric size, but also to their relative location to the
heat source. If the particles are right below or near the heat source, the experienced peak
temperature during the process will be higher and therefore melting of the SiC particles is
more likely to occur. In opposition, if the particles are located towards the edges of the molten

pool, the temperatures reached will be lower and complete dissolution can be hindered.

Electron backscattered diffraction (EBSD) analysis was performed for the non-inoculated and
inoculated samples, and the results are shown in Figure 10 a) and b), respectively. When no SiC

particles were used, columnar grains with a width of about 10 um were observed. Contrasting,

12



the inoculated sample evidenceded refined grains with an average width size of 2.5 um in the
SiC-containing part. The EBSD results indicate the existence of an acicular microstructure with

mostly bainite. However, the bainite packets are larger in the inoculated sample.

Buildup direction

i i ’ 4 :
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Figure 10 — Electron backscattered diffraction (EBSD) orientation maps of sample: a) HSLA as-
built; b) HSLA with 0.66 wt.% SiC.

Analysis of the misorientation angles of the ferritic grains was performed (Figure 11). Both
conditions exhibited a high content of low angle grain boundaries (< 15°). The frequency for
misorientation angles between 15 and 50° is low, while it increases again for misorientation
angles above 50°. The existence of boundaries with misorientation angles between 50 and 60°

are related to upper and lower bainite [17] and fine bainite [20].
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Figure 11 — Distribution of the misorientation angles of the ferritic grains in the as-built (HSLA)
and inoculated (HSLA + SiC) WAAM parts: a) boundary distribution and b) frequency of low (<
15°) and high angle (> 15° and < 50°, and > 50°) boundaries.

3.2 Synchrotron X-ray diffraction results

Figure 12 depicts the high energy X-ray diffraction patterns of the two WAAM parts. Both

exhibit retained austenite (y) and ferrite (a) as the main volumetric phases.
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The multi-peak fitting for the austenitic {111}, {200}, {220}, {311}; and ferritic {110}, {200} and
{211} peaks evidenced the presence of retained austenite volume percentages of 12 and 18 %
for the non-inoculated and inoculated samples, respectively. The increased presence of
retained austenite (M-A) can be attributed to the increased carbon content incorporated to
the welding pool and also to the retardant effect of Si for the precipitation of FesC, favoring

the formation of carbon-rich austenite [21].

Besides retained austenite, the most obvious difference between the two samples is the clear
existence of cementite in the SiC-containing sample, indicated as blue arrows in Figure 12. The
non-inoculated sample shows the presence of retained austenite with little or no presence of
cementite. This indicates that the cooling rate was enough to prioritize the formation of a
bainitic microstructure with no presence of cemenite, with a residual presence of retained
austenite. On the other hand, a more complex microstructure developed in the inoculated
sample. Besides bainite and retained austenite, cementite was also present. The formation of
FesC is favored when the parent phase is supersaturated in carbon [22]. This indicates that the
nominal carbon content of the sample increased. Since the only variable changing during
deposition was the addition of the SiC particles, it can be assumed that the bainite formation

in the inoculated sample is accompanied by precipitation of cemenite.

No evidence of SiC diffraction peaks are found in X-ray diffraction patterns. This is related to
the very low volume fraction of solid SiC particles found by scanning electron microscopy.
Though synchrotron X-ray diffraction is able to detect small volume fraction phases [23-25],

such was not possible in this case.

14
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Figure 12 -Diffractogram of the sample: black) HSLA as-built; red) HSLA with 0.66 wt.% SiC. y —
austenite; o — ferrite.

Siis an alloying element known to suppress the precipitation of FesC from austenite during the
bainitic transformation. The addition of Si reduces the driving force for the formation of Fe;C
when this phase is forced to inherit the Si present in the parent phase [26—28]. Additionally,
cementite growth is governed by Si partitioning. The rejected Si is piled up at the carbide-
matrix interface, which decreases the flux of carbon from the matrix. This reduced carbon flux

slows down the FesC precipitation [29-31], causing the residual austenite to become carbon-

enriched [31,32].

Research by Kozeschnik and Bhadeshia [22] indicates, that under equilibrium conditions, FesC
formation is hardly influenced by the Si content. In paraequilibrium conditions [33], i.e., the
Fe/Si atom ratios are the same in the parent and growth phase, FesC precipitation is retarded
as the Siis trapped in the cementite. However, when the material is held at = 300 °C, the

partitioning of Si occurs, and FesC precipitates. Previous work on WAAM of this HSLA steel [5]

15



showed that this temperature occurs multiple times in the already deposited layers due to the

consecutive cycles of reheating experienced during sample build-up.

The effect of the SiC particles during the production of the HSLA steel parts was not solely
observed on the solid-state transformation experienced by the material upon successive
reheating cycles. It also impacted the grain morphology of the as-solidified material (refer to
Figure 6). When SiC particles dissociated, Si-rich solute promotes constitutional supercooling,
which has a refinement effect in HSLA steels [8]. It is recognized that constitutional
supercooling plays an important role in promoting nucleation and grain formation [34]. During
an alloy solidification, the driving force for nucleation is governed by the formation of
constitutional supercooling, where segregation between the solid and liquid interface lowers

the freezing range, which, in turn, reduced the growth rate of columnar grain structures [35].

As the amount of constitutional supercooling exceeds the supercooling necessary for
nucleation, additional nucleation events occur in constitutionally supercooled zones.
Constitutional supercooling can also protect the already formed-grains to be remelted when
temperature fluctuations occur due to convection in front of growing grains. It must be noted
that some factors can reduce the likelihood of constitutional supercooling to promote
nucleation. These include the formation of a nucleation free zone [34] around each growing
grain and solute accumulation between already growing grains. In this study, the increase of Si
content in the molten pool was found to reduce the grain growth speed, and to promote more

nucleation events, which ultimately resulted in smaller and more uniform grain size.

3.3 Mechanical properties

Tensile testing of the SiC and non-SiC WAAM parts was performed. The tensile curves of
produced samples tested along different orientations (refer to Figure 4), is depicted in Figure
13. The elongation to fracture, yield and ultimate tensile strength of both parts, obtained along

the vertical and horizontal directions are summarized in Table 2.
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Figure 13 — Tensile curves of SiC and non-SiC WAAM parts tested along the horizontal and
vertical directions.

Table 2 — Summary of mechanical properties of the SiC-free and SiC-containing HSLA steel parts
obtained from uniaxial tensile testing

Sample Yield Strength Ultimate Tensile Strength Elongation to Fracture
Reference [MPa] [MPa] [%]

Horizontal Vertical Horizontal Vertical Horizontal Vertical

As-built HSLA 681+25 707+33 870437 889+16 39+2,1 30+2,8

HSLA/SiC 876122 886126 1070+25 1035431 23+1,2 2410,8

The introduction of the SiC particles and their massive dissociation during the WAAM process
resulted in an increase of the yield strength by 195 and 179 MPa, in the horizontal and vertical
directions, respectively. The ultimate tensile strength of the SiC containing samples increased
by 200 MPa (23 %) and 146 MPa (16 %) in the horizontal and vertical directions when
compared to the SiC-free specimens. Finally, the elongation to fracture of the inoculated

samples was seen to decrease by 16 % and 6 %, with the addition of SiC.

Overall, there was a significant increase in the mechanical strength of the SiC-inoculated
samples. However, this improvement came at the expense of reduced ductility. This effect can
be attributed to the microstructural differences between both samples. The strengthening
mechanisms that justifies the higher mechanical strength of the SiC-added parts include
dislocation pinning due to the existence of more grain boundaries, and the fine dispersion of

FesC particles. Following the Hall-Petch relation [36,37], it is known that grain boundaries act

17



as pinning points, hindering dislocation movement under service conditions. A decrease in the
grain size will increase the amount of required stress necessary for dislocations to move, thus,
strengthening the material. Grain refinement of ferrite is one of the most common
strengthening methods of steels [7]. Even though the volume fraction of austenite in the SiC
containing sample was higher, the effect of ferrite grain size and FesC precipitates prevails as
another important factor (in combination with FesC precipitation) regarding the improvement

of the parts' mechanical strength.

Another strengthening mechanism for the inoculated samples is related to the differences in
the thermal properties between FesC and the sourrounding material matrix. The mismatch of
the coefficient of thermal expansion between cementite and the surrounding matrix is high
(4.1 x 10°vs 12 x 10° K). As such, the multiple heating and cooling steps due to consecutive
depositions lead to the generation of dislocations [38]. This increased dislocation density also
contributes to the increase in the mechanical strength of the parts. It should be noted that the
elongation to fracture in both horizontal and vertical directions of the inoculated samples is
similar, which is in good agreement with the microstructure characterization, suggesting a

significant decrease of the anisotropy upon the introduction of SiC particles.

Fracture analysis of the tested samples (Figure 14) revealed the presence of dimples, in

excellent agreement with the high plasticity of both the inoculated and non-inoculated parts.

Figure 14 - Scanning electron microscopy image of a surface fracture of sample: a) HSLA as-
built; b) HSLA with 0.66 wt.% SiC.

As HSLA steel can be used as structural parts, evaluation of the material hardness is also
essential. The effect of SiC addition on the material hardness is depicted in Figure 15. The
hardness of the SiC-free sample was of approximately 290 HV, whereas for the SiC-added part

a massive increase to = 425 HV was measured. This significant hardness increase is attributed

18



to the higher nominal carbon content, higher presence of retained austenite (M-A), more
refined grain structure and to the presence of finely dispersed Fe3C. The hardness at the top of
the non-inoculated sample was around 325 HV, which is higher than that at the bottom, due to
the sequence of depositions causing a tempering effect. This is consistent with literature
findings, since the softening of bainite has been reported to be moderated upon tempering

[39], while these hardness values are not typical for martensite [16].

On the other hand, the hardness of the inoculated sample was higher than the expected
martensite hardness (approximately 350 HV) for the nominal content of 0.1 wt.% C. Therefore,
carbon dissociation towards the matrix must have occurred. Some oscillations in the hardness
profile along the part height can be justified based on the subsequent interpass tempering
sequence and the irregular distribution of SiC which can influence the location where Fe3C
forms. Additionally, this increase in hardness is not expected to be due to the presence of the
SiC particles in the matrix. The irregularity dispersion of particles in the inoculated samples can
be attributed to the process itself, or by the fluid flow of the molten pool, which is governed by
the liquid viscosity, temperature and concentration gradients, surface tension, Marangoni

force and arc pressure [40].
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Figure 15 — Microhardness profiles of the non-inoculated (black) and 0.66 wt.% SiC inoculated
(red) samples.

3.4 Electrical conductivity measurements

Electrical conductivity measurements along the samples height were also performed (Figure

16). Although electrical conductivity is sensitive to the chemical composition of the material,
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the effect of grain size is predominant [41]. Variation in electrical conductivity, aside from
allowing the detection of defects or discontinuities, enables the detection of microstructural
features, such as grain refinement or coarsening, since more grain boundaries or precipitates

hinder the electron movement.
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Figure 16 — Electrical conductivity measurements with a four-point probe.

The electrical conductivity profiles depicted in Figure 16 are in good agreement with the
microstructure analysis. When the probe is moved from the substrate through the height of
the sample, there is a sharp decrease in the electrical conductivity indicating the interface
between the substrate and the first deposited layer. As the substrate used in this work is mild
steel, its carbon content is higher than the wire feedstock used for the WAAM depositions,
thus a higher conductivity is found in the substrate. Upon the introduction of the inoculants,
the electrical conductivity of the inoculated part reduced from 3.5 to 3 % IACS. The existence
of a refined grain structure of bainite and retained austenite with a high density of
dislocations, and dispersed FesC precipitates act as a barrier to the electron movement,
resulting in a decrease of electrical conductivity. Of special interest is the inverse relationship
between electrical conductivity and hardness: a lower electrical conductivity translates into a
higher material hardness, and vice-versa. This correlation is in good agreement with existent

literature on the topic [14].

4. Conclusions

In the present study, SiC particles were added in-situ during WAAM of a high strength low alloy

steel. The main findings include:
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e Microstructural observations revealed the presence of a more homogenous
microstructure in the sample inoculated with SiC particles. Near isotropic grains
formed upon the introduction of SiC into the molten pool.

e The dissociation of the SiC particles in the molten pool led to an increased carbon
content in austenite, which resulted in the coexistence of bainite, retained austenite
(M-A) and FesC. The hardness increased, on average, from 290 up to 426 HV.

e Some SiC particles remained in the solid state during the WAAM process adding more
nucleation sites upon solidification, resulting in a refined and more equiaxed
solidification structure.

e The tensile strength of the SiC-inoculated samples was significantly improved
compared to the non-inoculated ones. This increase is attributed to the refined grain
structure, higher carbon content, retained austenite, and FesC precipitation in the
inoculated samples.

e Electrical conductivity measurements exhibit an inverse relation with the hardness
profiles: an increase of hardness reflected the decrease in grain size and in electrical

conductivity.
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