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A B S T R A C T

Wire arc additive manufacturing (WAAM) is a significant area of interest within the field of additive
manufacturing (AM). In the present research, WAAM technology was employed to deposit a Ni-based alloy on a
ductile cast iron substrate to fabricate a bimetallic structure of Ni-45 %Fe alloy and ductile cast iron. Scanning
electron microscopy (SEM), energy dispersive spectroscopy (EDS), electron back scattered diffraction (EBSD) and
X-ray diffraction (XRD) were used to study phase transformations, microstructure and crystallographic texture
development in interfacial regions as well as deposited material. The mechanical properties were also studied
using micro-hardness and profilometry-based indentation plastometry (PIP) measurements. The results showed
that a wide variety of phases are generated within the heat-affected zone (HAZ) and partially melted zone (PMZ).
These phases form complex microstructures with single and double shell morphology. The deposited alloy has a
face-centred cubic (FCC) structure, with some carbides and graphite that are formed during the solidification of
the first deposited layer. The compositional changes were also observed across the interface. The texture of the
deposited alloy showed around 30◦ deviation from 〈100〉 II building direction due to the shape and overlap of the
melt pools. The present results provide a better understanding of interface development mechanisms during
WAAM of bimetallic structures. The peak of the hardness across the interface was observed in PMZ because of the
formation of a martensitic matrix. The PIP measurements showed that the σy and the UTS of deposited alloy are
lower than the cast iron base metal.

1. Introduction

Cast irons are a group of ferrous alloys containing carbon (more than
2 %) and silicon (1 to 3%) as main alloying elements together with small
amounts of elements that are usually present in Fe-based alloys, like Mn,
S and P. Considering the wide range of alloying elements and processing
routes, different groups of cast irons with a wide variety of properties
can be produced, including: grey cast iron, white cast iron, malleable
cast iron and ductile cast iron [1]. Ductile cast irons, also known as
nodular or spheroidal graphite (SG) irons, are among the most used ones
in recent years. The presence of discrete nodular or spheroidal graphite
produces unique properties such as high strength, reasonable toughness
and excellent fatigue strength [2]. Hybrid metal parts containing ductile

cast iron as the substrate could be a suitable candidate for some appli-
cations like the die and mold manufacturing industry. In this regards,
additive manufacturing is considered a promising method to produce
hybrid parts. Wire arc additive manufacturing, among different AM
techniques, is considered one of the most cost-effective manufacturing
methods, especially for small series. Additionally, the high deposition
rate during WAAM has made this technique suitable for producing
medium to large parts [3]. Accordingly, WAAM has been implemented
for a wide variety of metals and alloys, such as steels [4] [5], Al alloys
[6], superalloys [7], and Ti alloys [8]. One of the important capabilities
of WAAM is the potential to produce large bimetallic structures, espe-
cially when the high production rate is one of the main requirements.
These bimetallic parts can be produced in two main scenarios: i) the
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entire bimetallic part is additively produced using WAAM, and ii) one
part is additively printed on a substrate from a different metal, which
has been fabricated using conventional methods. Different bimetallic
components such as NiTi/316 L [9], 316 L/low carbon steel [10], nickel
aluminium bronze/ 316 L [11], and Inconel 718/Steel S275 [12] have
been produced using WAAM. So far, no attempt has been made to pro-
duce ductile cast irons using AM techniques. It might be because i)
creating the complex microstructure of a ductile cast iron using avail-
able AM techniques is challenging, and ii) as the casting of ductile cast
irons is a cost-competitive method, there is virtually no demand for the
production of this alloy using AM techniques. Accordingly, printing the
desired part on a conventionally manufactured ductile cast iron would
be the only possible scenario for producing hybrid metal parts con-
taining ductile cast iron. In this regard, Park et al. [13] have recently
used the direct laser energy deposition method to repair a ductile cast
iron part using powders of a high manganese steel. Sebastian et al. [13]
have printed a part of Inconel 625 alloy, with a thickness of 200 mm, on
a grey cast iron substrate using the Selective Laser Melting (SLM)
technique. They studied the microstructural and compositional changes
across the interface between the substrate and deposited material.
Ni–Fe alloys can be used to coat ductile cast irons, creating Ni-Fe/
ductile cast iron hybrid components. This hybrid component has po-
tential applications in various areas, including the following. Consid-
ering the good corrosion resistance of Ni–Fe alloys and the low cost of
the ductile cast irons, this structure can be considered to manufacture a
cost-effective corrosion-resistant structure. This strategy has also been
used by Samantaray et al. [14], who deposited a corrosion resistance
layer of supper alloy on top of steel. In the present study, the hybrid
structure under investigation will serve as the initial configuration for
producing a plastic injection mold. The surface layer of the injection
mold should be highly wear and heat-resistant. The resistant layers
cannot be directly deposited on the cast iron due to physical and
chemical incompatibilities. In this case, the deposited Ni–Fe alloy acts
as an appropriate intermediate layer between the resistant layer and the
cast iron because of its low thermal expansion to accommodate thermal
stresses and favourable metallurgical compatibility with cast irons. It
should be noted that Ni-based fillers or electrodes are amply used for the
welding of cast irons as the molten Ni rejects the absorbed carbon from
the cast iron as graphite. The formation of graphite increases the volume
of the deposited weld and reduces the shrinkage stresses, and, in turn,
decreases the likelihood of cracking. There are studies on the usage of
WAAM for producing Ni–Fe alloys. For example, Veiga et al. [15]
produced FeNi36 alloy using plasma arc welding and gas tungsten arc
welding and then compared mechanical properties. Recently, Sood et al.
[16] utilised WAAM technology to manufacture walls of Invar 36 alloy
with varying heat inputs. They also examined the thermal and me-
chanical properties of the produced walls in different directions. How-
ever, previous studies have only focused on producing mono-materials
of Ni–Fe alloys without any interface in the final product. To the au-
thors’ best knowledge, no study has been reported on using WAAM to
fabricate Ni–Fe alloy/ductile cast iron hybrid components. Considering
previous works on AM of bimetallic components, fabrication of such
components is usually accompanied by the formation of microstructural
gradients, especially across the interface. Studying this microstructural
gradient is crucial as it determines the final properties and performance
of the manufactured hybrid part. The complex physical and chemical
interactions in the interface region result in the formation of a complex
microstructure across the interface, which is challenging to study. This
microstructure tends to be more complicated where the substrate or
deposited material exhibits an intricately complex microstructure such
as is the case for ductile cast irons. This complexity may originate from
subsequent phase transformations, in both liquid and solid-state,
occurring during cooling. Accordingly, our goal in this project is to
examine the process of depositing a Ni-45 %Fe alloy on a ductile cast
iron substrate to create a bimetallic component using WAAM. The study
provides a better understanding of microstructure and texture

development in the interface and deposited material, which can help in
the development of bimetallic components containing ductile cast irons.
It should be noted that the Ni-45 %Fe alloy is a Ni-based alloy with
characteristics like high strength, good ductility and low thermal
expansion [17]. This alloy can be used for cladding, repairing, and
welding ductile cast irons [18].

2. Experimental procedure

2.1. Materials and WAAM process

A block of EN-GJS-500-7 cast iron, with 200mm× 200mm× 30mm
dimensions and a wire of Ni- 45 %Fe alloy, having a diameter of 1.2 mm,
were used as substrate and feed stock material, respectively.

Table 1 summarizes the nominal chemical compositions.
The deposition process was carried out using a cold metal transfer

(CMT) welding system via a Fronius CMT TPS4000 machine under the
welding conditions summarized in Table 2. A mixture of Ar-35 %He-2 %
CO2 was used as the shielding gas during the deposition process to
protect the melt and the electrode. The preheat temperature of 170 ◦C
was set for the cast iron substrate.

A 20 mm-thick block with dimensions 100 mm × 100 mm was
deposited through a bidirectional scanning strategy. Fig. 1 depicts more
details about the dimensions of the fabricated hybrid part, the scan
strategy used for the deposition process, and the top-view image of the
processed part.

2.2. Microstructural characterization

The manufactured part was sectioned parallel to plane of Transverse
Direction - Building Direction (TD-BD) and Welding/deposition
Direction-Building Direction (WD-BD) to analyze the macro and
microstructure. A standard metallographic procedure, including
grinding and polishing, was followed to prepare samples for optical and
scanning electron microscopy observations. The etchants of Nital4% and
Aqua Regia (10 ml HNO3 + 40 mL HCl) were used to reveal the
microstructure of cast iron and deposited layers, respectively.

For EBSD measurements, the OPU solution was used as the final
polishing step to prepare the surface of the samples. The EBSD mea-
surements were carried out using a scanning electron microscope
equipped with a Field Emmission Gun (Quanta 450 FEG-SEM). The
orientation data were acquired with OIM DC v.7.31 in a hexagonal scan
grit scanning mode. The EBSD scans were recorded with an acceleration
voltage of 20 kV and a probe current of ~2.3 nA. The collected data were
processed with the OIM 8.6 software. Additionally, phase analysis was
carried out using the conventional X-ray diffraction (XRD) method with
a copper Kα tube and the scan step size of 0.02 degrees over the 2θ range
from 30 to 110◦. The XRD diffractometer was operated at a current of 40
mA and 40 kV.

2.3. Mechanical properties

To measure the hardness profile for the bimetallic structure, a
Vickers microhardness tester was used with a 200 g load. Three mea-
surements were taken and then averaged for each height build. The
stress-strain relationship of different regions of the resultant bimetallic
structure was investigated using profilometry-based indentation

Table 1
Chemical composition of substrate and wire used in the present study.

Material Wt% of alloying elements

C Si Mn P S Ni Fe

Cast Iron
substrate

3.4–3.85 2.3–3.1 0.1–0.3 <

0.1
<0.02 – Bal

Ni-Fe Wire 0.05 0.14 0.83 – – 55 Bal
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plastometry (PIP) methodology. The PIP procedure consists of different
steps, including (i) pushing an indent to the surface of the sample, (ii)
profilometry of the indent, and (iii) running iterative finite element
method (FEM) based simulation to find a best-fit set of (Voce) plasticity
parameter values [19]. Then, the true stress – true strain relationship is
converted to a nominal stress - nominal strain relationship for tensile
testing. In the current research, a spherical indenter of radius 0.503 mm,
made of Si3N4, was employed to indent the different regions of the
sample in the TD-BD plane.

3. Results

3.1. Macrostructural observations

Fig. 2 depicts low magnification optical microscopy images of the
built part, etched by Aqua Regia, revealing the interface between the
cast iron substrate and deposited Fe–Ni alloy in the TD-BD and WD-BD
planes.

It is observed from the TD-BD micrograph that each layer is
composed of successively deposited tracks next to each other. The melt
pool boundaries are also visible as the bright-etched boundaries in the
TD-BD plane. The different chemical composition of these lines is
probably responsible for different etching behaviours [20]. The melt
pools overlap with each other and they have similar shape in the
different layers. The mean distance between the adjacent melt pools is
about 3.2 mm. Some cracks are observed in the deposited layers. It

Table 2
The WAAM process parameters.

Arc
current
(A)

Arc
voltage
(V)

Welding speed
(mm/min)

Shield gas
flow rate
(L/min)

Layer
thickness
(mm)

Hatching
distance (mm)

Diameter of the
wire (mm)

Wire feeding
speed (m/min)

Deposition
rate
(gr/h)

Contact tip to
workpiece distance

(mm)

220 20.1 1000 14–16 2.5 3.25 1.2 7 3900 17

Fig. 1. (a) Geometry of the fabricated part, (b) scan strategy of the deposition process and (c) topview image of the final part, WD is the welding direction, TD is the
transverse direction and BD is the building direction.

Fig. 2. Low magnification optical images of the deposited layers in
different sections.
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seems that more cracks have been formed in the first deposited layer
than in the subsequent layers. Fig. 3 shows optical microscopy images of
the formed cracks. In addition, spherical pores are observed mainly in
the first and second deposited layers (c.f Fig. 3a). The size distribution of
these porosities is illustrated in Fig. 3d. It is seen that the diameter of
most porosities falls within the range of 100 to 400 μm, with a peak of
around 250 μm. The formation of these pores can be ascribed to trapped
gas, mainly hydrogen, in the weld/deposited metal after solidification
[21]. Hydrogen can be generated from various sources, such as mois-
ture, grease, and hydrocarbon impurities on the wire and base plate
surfaces. The electric arc vaporises impurities, generating atomic
hydrogen that gets absorbed into the molten pool and ultimately trapped
during solidification [22]. It should be noted that most of these pores
have been formed near the fusion boundaries. This is likely due to the
higher concentration of hydrogen sources on the surface of the cast iron.
It is observed that from the second deposited layer upwards, most of the
cracks are formed underneath the melt pool boundaries (cf Fig. 3b and
c), i.e. in the heat affected zone in the prior deposited bead. It is seen that
most cracks have the same orientation with regard to BD. This direc-
tionality of the cracks is related to the heat extract direction.

3.2. Microstructural development

3.2.1. Base material
Fig. 4 shows the microstructure of the cast iron substrate, which

consists of a pearlitic matrix with graphite nodules and some large
cementite particles (red arrows). The presence of some cementite

particles is related to high undercooling during solidification, resulting
in a high growth rate of the cementite which is comparable to that of the
graphite [23].

3.2.2. Interfacial regions
Fig. 5 presents the microstructure, revealed by 5 % Nital, at the

interfacial area between the substrate and the deposited alloy. The re-
gion between the ductile cast iron substrate and the deposited alloy
contains two specific zones (i) a heat-affected zone (HAZ) and (ii) a
partially melted zone (PMZ). The microstructure of each zone will be
described later.

Fig. 6 shows the microstructure of the HAZ that is composed of
preexisting graphite nodules (Gr) and preexisting cementite particles
embedded into a pearlitic-like matrix.

Further analysis of images across the HAZ/substrate interface at high
magnification, cf. Fig. 7a and b, reveal that the microstructure of the
matrix in the HAZ is somewhat different from the pearlite matrix of the
cast iron base metal. Fig. 7c and d depict different microstructures,
including ferrite (F), retained austenite (RA), martensite (M), in com-
bination with a fine pearlitic structure that have been formed between
the cementite lamellas in the matrix of the HAZ. Additionally, Fig. 7e
shows that in some regions of the HAZ, the pearlitic cementite is
spheroidized.

The microstructure of the PMZ is shown in Fig. 8. It is observed that
the microstructure in the lower parts of the PMZ, close to the HAZ, is
different from the upper parts of the PMZ (cf. Fig. 8a). In the lower part,
the microstructure is composed of a martensitic (or tempered

Fig. 3. Formation of some defects during fabrication of a bimetallic structure in the (a) first and second deposited layers, (b) and (c) following layers, (d) diameter
distribution of porosities observed in deposited layers.
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martensite) matrix within which some graphite nodules and cementite
particles are still present.

As shown in Fig. 8a, in the upper PMZ, the microstructure around the
graphite nodules differs from the martensitic matrix, where different
shells surround the graphite particles. Fig. 9 reveals further details of
these different microstructures. Furthermore, some cracks are also
observed in the upper region of the PMZ, cf. Fig. 8a.

Regarding Fig. 9b and e, the first shell around the graphite nodule
has a martensitic (Fig. 9b) or bainitic (Fig. 9e) microstructure, while the
outer shell consists of transformed ledeburite, cf. Fig. 9f and g. It should
be noted that the ledeburite is composed of cementite and austenite
phases formed during the eutectic reaction [17]. However, the austenite
might transform into other products during cooling to room tempera-
ture. In some regions of the upper PMZ, it is observed that only a
transformed ledeburite shell surrounds graphite nodules, cf Fig. 10a.
Moreover, in some areas the graphite nodules are completely trans-
formed into the ledeburite (L), cf. Fig. 10b and c.

Fig. 11 shows SEM images of the microstructural changes across the
boundary between the PMZ and deposited layer. A narrow layer, indi-
cated by the red arrows in Fig. 11b, has a thickness of around 12 μm, is
just adjacent to the PMZ. In regions above this layer, different phases
arranged in various structural constituents can be observed (yellow and
blue arrows in Fig. 11b). The yellow arrows indicate cementite

Fig. 4. The microstructure of the ductile cast iron substrate: (a) the optical micrograph and (b) the secondary electron (SE) -SEM image. The red arrows indicate the
eutecticum containing cementite particles and pearlite.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. The optical micrograph of the interfacial region between the substrate
and deposited alloy.

Fig. 6. SEM images of the microstructure of the HAZ on the ductile cast iron side showing: (a) graphite embedded in pearlitic matrix, and (b) cementite and graphite
in pearlitic matrix.
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networks, while the black dots, marked with blue arrows, are graphite
particles. To obtain additional information, the EBSD scan was con-
ducted on the area indicated by the yellow square in Fig. 11b and the
results are shown in Fig. 12. The phase map, cf. Fig. 12c, shows that the
thin layer in the deposited material next to the PMZ is an FCC phase
followed by a layer of cementite as a result of eutectic decomposition
[24].

The distribution of the main alloying elements across the interface is
shown in Fig. 12, d, e and f. The Ni concentration is gradually increased
from PMZ to the deposited layer, while the Fe and Si distribution shows
an inverse trend. These changes are observed first in the thin layer
corresponding to the zone marked with red arrows in Fig. 11b. The C
map also confirms that some graphite particles have been solidified from
the liquid during solidification. Within the sensitivity limits of the EDX

technique (~0.1 wt%), no significant changes in Mn distribution were
observed across the interface. Furthermore, the BD-inverse pole figure
(IPF) and phase maps, Fig. 12b and c, show that the microstructure of
the matrix in the PMZ consists of plate martensite (green coloured) as
well as retained austenite (red coloured).

The XRD results, shown in Fig. 13, additionally confirmed that the
deposited layer has a single phase austenitic structure.

Fig. 14 illustrates the microstructure of different deposited layers. In
the first deposited layer, cf. Fig. 14a and b, some equiaxed grains have
been formed on top of the interface, indicating the narrow layer
observed in Fig. 12. Afterwards, the columnar morphology of the grains
is apparent, revealing the preferential growth whereby the grains are
elongated perpendicular to the interface within the first deposited layer.
The melt pool boundaries (yellow dashed lines) are marked by a

Fig. 7. (a) and (b) the microstructural changes across the base metal/HAZ boundary, (c) and (d) the microstructure of the matrix of HAZ having different phases (M:
Martensite, F: Ferrite, P: Pearlite and RA: Retained austenite) and (e): cementite spheroidization in the HAZ.
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discontinuous change in solidification direction. Apparently, the grains
are elongated perpendicular to the interface of the melt pool boundary.
For the following deposited layers, it is seen that the coarse and elon-
gated grains dominate the microstructure, cf. Fig. 14d and f. Addition-
ally, the SEM images reveal a cellular type of microstructure. The melt
pool boundaries have been marked with yellow dashed lines in SEM
images (cf. Fig. 14c and e). As can be seen, the melt pool boundaries are
not visible in IPF maps for the 4th and last deposited layers, indicating
that the crystals keep their orientations across the melt pool boundaries.
It is worth noting that grains have been elongated with a deviation of
around 20◦ to the building direction.

The size and shape of the developed grains were also analyzed using
the EBSD results, see Fig. 15.

The EBSD post-processing software allows to calculate for each grain
the grain aspect ration (ɸ), by approximating each grain by an ellips
with minor axis L1 andmajor axis L2, whereby ɸ = L1/L2 [25]. The grains

having ɸ < 0.33 are considered columnar, while those with ɸ ≥ 0.33 are
considered equiaxed grains [26]. Analyzing the distributions of grain
aspect ratio revealed that 77 % of the grains in the first layer have so-
lidified with a columnar morphology, and the rest developed with an
equiaxed morphology. The columnar morphology for the 4th and last
deposited layers reaches 33 % and 97 %, respectively. The decreasing
area fraction of the grains with columnar morphology in the 4th layer is
attributed to the limited number of scanned grains during EBSD mea-
surement because of the large grain size. For the first layer, the length of
minor axes varies to less than ~220 μm, while for the 4th and last
deposited layer it reaches ~800 μm and ~550 μm, respectively. The size
distribution of the major axes reveals that there are no grains with L2 >
~1100 μm in the first layer, while the distribution range extends to L2 >

~1600 and~1900 μm for the 4th and final deposited layer, respectively.
The grain area was also calculated to analyze the grain size, as shown in
Fig. 15d. The grain areas of 0.12 × 106, 2.6 × 106 and 1.3 × 106 μm2

were measured for the first, 4th and last deposited layers, respectively,
indicating the coarsening of the microstructure after deposition of the
first layer. The decrease of the grain area in the last deposited layer is
because of the formation of smaller grains in the highest region of the
layer which remelt when a subsequent bead is deposited. This smaller
grains re marked by black arrows in Fig. 14b.

Fig. 16 illustrates the micro-texture results for different deposited
layers. The pole figures (PFs) were calculated with series rank (L) = 16,
Gaussian half-width of 7◦ and triclinic sample symmetry. As the PFs
show, the maximum intensity increases by increasing the number of
solidified layers, indicating texture strengthening as the deposition
process advances from the interface to the final solidified layer. It should
be noted that the observed texture sharpening is related to the increased
grain size. In view of the limited field width of the scanning, the pre-
sented PFs do not reveal any sample symmetry, which may be the result
of poor scanning statistics. To observe the sample symmetry induced by
the WAAM process, a higher number of melt pools should be scanned;
considering the large area of the melt pool in WAAM, scanning such area
with sufficient field width would be challenging. It is seen from Fig. 16,
that in all different layers, the maximum intensity belongs to the (100)
and (111) pole figures. It is evident that<100> II BD is the predominant
texture in all analyzed layers. However, a deviation of about 30◦ from
the BD can be seen in (100) PFs.

3.3. Mechanical properties

Fig. 17 shows the hardness profile of the bimetallic structure across

Fig. 8. (a) The microstructure of PMZ, (b) and (c) the matrix of PMZ.
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the interface where the hardness distinction between both sides of the
interface is obvious. On the cast iron side, hardness increases by 26 %
from 250 to 317 HV by moving from the substrate toward the HAZ.
Then, It reaches the maximum value of 437 HV in the PMZ. On the
Ni–Fe alloy side, there is a significant decrease of 60 % to 178 HV upon
entering the deposited region. After that, the hardness experiences a
further 11% reduction and then remains constant along the height of the

build.
Fig. 18 shows the nominal stress-strain curves obtained from PIP

measurements corresponding to different regions of the BD-TD section.
The calculated properties are also summarized in Table 3.

About the PIP measurements, it is noticeable that to simulate the
deformation process using iterative finite element simulation; first, the
true stress-strain relationship is characterized using the Voce law in the

Fig. 9. SEM images of the microstructure around the graphite nodules in the upper region of PMZ, (a) to (c): martensite and ledeburite, (d) and (e): bainite and
ledeburite, (f) and (g) The microstructure of ledeburite around graphite nodules.

Fig. 10. The microstructure of PMZ (a): surrounding graphite with only ledeborite (L), (b) and (c): the complete transformation of graphite to ledeburite during
solidification.
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following form:

σ = σs − (σs − σY)exp
(
− ε
ε0

)

(1)

where σ, ε, σY , σs and ε0 are true stress, true strain, yield stress, satu-
ration stress and characteristic strain, respectively. After evaluating the
Voce constitutive law parameters, the stress-strain curve can be plotted
both as a true stress-strain curve or as a nominal stress-strain curve. The
nominal stress (σN) and strain (εN) are calculated as:

σN =
σT

(1+ εN)
(2)

εN = exp(εT) − 1 (3)

where the σT and εT are true stress and true strain, respectively. It is
noticeable that the nominal stress-strain curve obtained in this way is
only valid while the stress and strain fields within the gauge length of the
sample are uniform. Compared to the properties of the as-welded Ni–Fe
alloy reported by the supplier data sheet, the regions of the deposited
alloy revealed lower σy and higherUTS. It is seen that σy of the deposited
alloy is nearly the same at points 1 and 2. Although, the deposited
material at point 1 (the build height of 6.2 mm) showed a 7.8 % higher
UTS than the materials at point 2 (the build height of 16.4 mm). The
uniform elongation of the deposited material was lower than what was
reported by the supplier datasheet.

4. Discussion

The microstructural characterization reveals the formation of a
complicated microstructure across the interface during WAAM deposi-
tion of Ni-45 %Fe alloy on a ductile cast iron substrate. These com-
plexities mainly arise from (i) the formation of various phases due to
different phase transformations occurring during (rapid) heating and
cooling of ductile cast iron, (ii) local reponse to complex thermal cycles
associated with WAAM, and (iii) compositional changes due to melting
of the cast iron substrate and mixing with the deposited material in the
first deposited layer. This complexity predominantly appears within
three distinct regions of HAZ, PMZ and the first deposited layer. The
HAZ is the first region where changes in the substrate’s microstructure
are observed. In this region, the initial microstructure only experiences
heating and cooling cycles, and the temperature does not exceed Ac3.
The main observable effect is that cementite lamellas of the pearlitic
matrix begin to dissolve and release carbon to the surrounding regions.
The partitioning of carbon into the matrix is necessary to dissolve pre-

existing cementite. Because of the high heating and cooling rates in
the HAZ, there is not enough time for cementite to be completely dis-
solved. The partially dissolved cementite can be observed as thinned
layers of cementite or spheroidized carbides, cf. Fig. 7. It was also shown
that the graphite nodules and initial large distributed cementite have
remained unchanged in HAZ, suggesting that the thermal condition for
releasing carbon from graphite is not suitable. This also can be
confirmed as the microstructure around the graphite nodules was
similar to the other regions of the HAZ.

The substrate layer that is close to the interface is the PMZ in which
the material is heated far above the finish austenitization temperature
Af. In the austenitic range austenite and graphite coexist and the
graphite nodules release the carbon to the surrounding austenite. As a
consequence, the austenite region around the graphite nodules is
heavily enriched in carbon, which reduces its melting point as compared
to the austenitic matrix. Accordingly, the material around the graphite
nodules melts while the remaining austenite keeps its austenitic struc-
ture. During cooling, the austenite matrix is transformed to martensite
which explains the martensitic matrix of the PMZ (cf. Fig. 8). Notably,
the high carbon level in austenite promotes the formation of a plate-like
morphology of martensite and a higher fraction of retained austenite
during cooling [27]. During solidification of the melt around the
graphite nodules, the carbon is absorbed from the melt to the undis-
solved graphite, whereby the regions close to the undissolved graphite
enrich the carbon content. This gives rise to the formation of martensite
during cooling forming the first shell around the graphite nodules,
Fig. 9c.

The melt at a distance away from the nodule contains more carbon
level than the zone close to the nodule, resulting in the formation of
ledeburite during the eutectic reaction. The product of this reaction
forms the second shell around the nodule [28], cf. Fig. 9f and g. The
austenite component of ledeburite is not stable at room temperature
and, depending on the cooling rate, is transformed into a combination of
martensite, bainite and retained austenite. So, these products are
observed between the cementite lamellas of the transformed ledeburite.
When the entire graphite nodule dissolves in the liquid melts, see
Fig. 10, the graphite nodule completely transforms to modified lede-
burite during solidification.

In the first deposited layer, the melt pool is formed when the arc fuses
the wire and a fraction of cast iron substrate. The intermixing of wire
and substrate results in significant changes in the chemical composition
and microstructure of both substrate and deposited layer. The observed
narrow layer (cf. Fig. 11b indicated with red arrows) is the first region in
which microstructure and chemical composition variations are

Fig. 11. (a) SEM image of microstructural changes across the interfacial region between PMZ and deposited material and (b) enlargement of the yellow dashed zone
in Fig. 11a. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. (a) SEM image (b) IPF-BD map (c) phase map (d), (e), (f), (g) and (h) EDS maps taken from the PMZ/deposited alloy interface.
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Fig. 13. The XRD results for deposited Ni-45 % Fe layers.

Fig. 14. Microstructure of different deposited layers (a), (c), (e) SE-SEM images (b), (d), (f) BD - IPF images.
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observed. Most chemical composition variations occur within a transi-
tion zone from the interface up to 100 μm thick, where the alloying
elements from both wire and substrate materials coexist. The elemental
mappings reveal that the concentration profile of Ni on the one hand and
of Fe and Si on the other hand, exhibit an opposite tendency; i.e. by
moving away from the interface in the direction of the WAAM deposited
side the Fe and Si concentration decreases, while the Ni concentration
increases. These concentrational changes result from the dilution of the
wire and the mixing of the wire with the substrate. The wire is composed
of Ni and Fe, while Fe, Si and C are the main chemical elements of the
cast iron substrate. The intermixing of wire and substrate decreases Fe
and Si and increases Ni content through the transition zone. The EDS
map of C reveals some concentrated regions in the transition zone that
can be associated with the graphite particles that have precipitated from
the melt pool during the solidification. Melting of the substrate, espe-
cially in the regions that are in contact with graphite nodules, increases
the concentration of C in the melt pool. Due to the high Ni concentration
in the melt pool, the solubility of carbon is very limited, whereby the
extra carbon is rejected as graphite particles. This phenomenon also has
been reported during the cladding of ductile cast irons with Ni rich al-
loys [28,29]. One of the advantages of Ni-based filler metals for welding
or cladding cast irons is their ability to crystalize the absorbed carbon
from the substrate in the form of graphite, increasing the crack resis-
tance of the weld or cladded layer [17]. The elemental map of the Mn

shows almost the same concentration across the interface of the bimetal
sample because the initial level of Mn in both wire and substrate is
almost the same.

Considering Fig. 12 and Fig. 14, the solidification of the first
deposited layer starts with the formation of a narrow layer at the fusion
boundary. The development of this layer is related to the dominance of
planer growth of FCC phase with the onset of the solidification of the
melt pool. The presence of a high temperature gradient (G) and low
growth rate (R) at the fusion boundary dominates the planar growth
mode [30]. By moving away from the fusion boundary, the ratio of G/R
decreases, whereby the planar solidification is replaced by the cellular
solidification mode, see Fig. 19.

The development of such cellular structure during WAAM has also
been reported by other researchers [31] [32].

It was observed that <100> II BD is the predominant texture for
different heights of the deposited material. However, a rotation from the
BD was observed in the pole figures. The crystal growth from the liquid
phase usually occurs in the directions perpendicular to the liquidus
isotherms, as these directions have the steepest temperature gradients. It
is important to consider that crystal growth is not isotropic; some di-
rections are preferred over others for crystal growth [33]. For example,
the <100> directions are the preferred crystallographic growth di-
rections in metals with FCC and BCC crystal structures. Because the
crystallization occurs from the liquid atoms having a random

Fig. 15. The grain analysis results for different deposited layers; distribution of (a) grain aspect ratio, (b) grain minor axis, (c) grain major axis and (d) grain area.
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arrangement, the deposition of atoms in the least closed packed direc-
tion, e.g. <100> direction, provides a higher growth rate than the other
denser directions. So, considering both heat transfer and crystallo-
graphic features, the crystal growth occurs in <100> directions closest
to the largest temperature gradients [34]. It must be stressed, though,

that temperature conductivity q is not an anisotropic property in cubic
metals and therefore, in itself is not the reason for the anisotropic crystal
growth. The temperature gradients are determined by the shape and
geometry of the melt pool. Using the tracing of fusion boundaries in the
DB-TD cross section, Fig. 2a, a mean shape of the melt pool could be

Fig. 16. Pole figures related to different deposited layers of Ni-45 %Fe alloy.

Fig. 17. Hardness profile of the bimetallic structure.
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obtained, cf. Fig. 20.
It is seen that the dimensions of the melt pool closely match the

spaces between parallel beads (3.25 mm) and between vertical layers
(2.5 mm) during the deposition process. It should be noted that the
shape of the fusion zone is determined by the manufacturing conditions.
It was observed that large columnar grains have formed with a deviation
from the building direction, see Fig. 14. This deviation is consistent with
a rotation of the <100> fibre in the (100) PFs from the building direc-
tion. This rotation in crystallographic texture corresponds to the angular
deviation of the maximum temperature gradient from the building di-
rection. A large portion of heat during WAAM is transferred using
conductive heat flow through the materials surrounding the melt pool. A
solidifying melt pool is in contact with the underneath solidified layer
and the previously deposited track next to it, meaning that conductive
heat flow takes place with an angular deviation to the building direction.

The variation of the micro-hardness across the interface is related to
the microstructural gradient. It was observed that the base metal has a
pearlitic matrix, while the development of HAZ and PMZ regions results
in the formation of microstructures with different matrix. Increasing the
hardness in the matrix of HAZ, compared with base metal, is mainly due
to the formation of fine pearlitic structure as well the presence of
martensite between the cementite lamellas (see Fig. 7). The refinement
of the pearlitic structure results in lowering cementite interlamellar
spacing, which decreases the mean free path for dislocation motions
and, in turn, increases hardness [35]. Refining the pearlitic structure
also generates a higher density of cementite/ferrite boundaries, acting
as an obstacle against dislocation movement and increasing strength or
hardness [36]. Formation of the hard phase of martensite between the
cementite lamellas also reduces the mean free path for dislocation mo-
tion, thereby increasing the hardness of the HAZ. Peak hardness was
observed in PMZ mainly due to the formation of a high carbon plate
martensitic structure in this region. The high hardness of martensite
plates in highly alloyed martensitic steels with reduced Stacking- Fault
Energy results from thier unique sub-sractural features, including the
formation of ultrafine twins within a high-density dislocation matrix.
[37].

There is a sharp decrease in the hardness of deposited Ni–Fe alloy
compared to the PMZ in the cast iron side due to the changing micro-
structure from high carbon martensite into Ni–Fe austenitic structure
(see Fig. 13). This lower hardness/strength could be due to the lower
amount of carbon in the Ni–Fe austenitic structure. It has been shown
that carbon, as an interstitial alloying element, has a much larger effect
on the hardening of austenite than substitutional elements such as nickel
[38]. The first deposited layer’s initial region has a higher hardness (10

Fig. 18. Nominal stress-strain curves generated from the PIP studies.

Table 3
Tensile properties obtained from profilometry-based indentation plastometry
(PIP) measurements.

Location of the
indent

Yield
strength
(MPa)

Ultimate tensile
strength
(MPa)

Uniform
elongation

(%)

Cast Iron-base
metal

355 895 17.5

Point 1 on Ni–Fe
alloy

(height of 6.23
mm)

172 536 17.4

Point 2 on Ni–Fe
alloy

(height of 16.46
mm)

171 494 20.2

As welded Ni–Fe
alloy *

230 400 24

* Indicates the mechanical properties of the as-welded Ni–Fe alloy obtained
from the supplier datasheet.

Fig. 19. Formation of cellular solidification structure in deposited Ni-45 %Fe alloy.
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%) than the other deposited layers, which is due to the lower grain size
of austenite in the layer on top of the interface. It is worth mentioning
that the hardness of deposited Ni–Fe alloy is in the range of the value
(150 HV) reported by the wire supplier.

The PIP results also confirm the micro-hardness measurements
where the σy and theUTS of deposited alloy aremuch lower than the cast
iron base metal (see Fig. 18). Besides the investigation of stress-strain
behaviour, PIP testing can also provide some insights into the pres-
ence of plastic anisotropy. In the case of in-plane isotropy, the profile of
the indent is radially symmetric. Fig. 21 shows a micrograph of indent
corresponding to the build height of 6.3 mm in Ni–Fe alloy.

The measurement of the diameters reveals that the indent profile is
radially asymmetric meaning that there are in-plane directions which
are softer than other directions. This can be interpreted as an obvious in-
plane anisotropy which is in line with texture results showing highly
textured microstructure in deposited alloy.

5. Summary and conclusions

In the present research, a hybrid structure of Ni-45 %Fe alloy/ductile
cast iron was fabricated using the printing of Ni-45 %Fe alloy on a
ductile cast iron substrate. The interfacial region and deposited alloy
were characterized using SEM, EBSD, EDS and XRD techniques. The
following can be concluded:

1) The region within which the main compositional andmicrostructural
changes occur can be divided into heat affected zone, partially
melted zone and the first deposited layer;

i) The microstructure of heat affected zone consists of initial
graphite and cementite distributed in a partially decomposed
pearlitic structure with additionally, martensite, ferrite, and
retained austenite.

ii) The partially melted zone features a martensitic matrix, lede-
burite, and graphite particles surrounded by shells of martensitic,
bainitic and transformed ledeburitic microstructure.

iii) In the first deposited layer, the matrix has an austenitic structure.
Additionally, solidification of the cementite network and
graphite particles are observed in regions close to the interface.
The deposited Ni-45 %Fe alloy shows a fully austenitic structure.

2) The dilution effect was evident in the first deposited layer due to
intermixing of the wire and the substrate, whereby the migration of
Ni, Fe, C and Si alloying elements occurs.

3) The evolution of pole figures on different deposited layers showed
that the texture of the deposited alloy revealed some deviations from
the expected <100> parallelism to the building direction. It was
revealed that this deviation is related to the deviation of heat
extraction direction from the building direction due to the shape and
overlap of the melt pools.

4) Some cracks and pores have been formed within the interface and
deposited alloy. Further studies are required to understand their
origin and develop processing strategies aimed to avoid these
deficiencies.

5) The peak of the hardness across the interface was observed in PMZ
because of the formation of a martensitic matrix. The profilometry-
based indentation plastometry (PIP) measurements showed that

Fig. 20. (a) Mean shape of the melt pool extracted by tracing the fusion boundaries and (b) schematic representation of the melt pools converting to the deposited
solid material.

Fig. 21. Scanning electron microscopy (SEM) image of indent corresponding
indent profile at build height of 6.3 mm in Ni–Fe alloy.

M. Mahmoudiniya et al. Materials Characterization 220 (2025) 114650 

15 



the σy and the UTS of the deposited alloy are lower than those of the
cast iron base metal.
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