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This research evaluates preheating effects on the microstructure and strength aspects in
gray cast iron shielded metal arc welded using ENi-ClI electrodes. The research evaluated
the joint integrity without and 150°C and 300°C preheat temperatures. Preheating treatment
has profound effect on graphite retention amount, produces both carbides, and alters the
stress field in welding joint. When there is no preheating the weld zone develops a damaged
graphite structures and excessive martensitic structures together with high carbide
formation which produces brittle zones prone to cracking. Hardness in the heat-affected
zone reached unacceptable levels exceeding 50 HRC together with inadequate mechanical
properties. 150°C temperature preheating resulted in limited graphite preservation resulting
in decreased carbide content and decreased martensite formation which produced a
hardness area between 48.5-49 HRC throughout HAZ. 300°C preheating temperature
delivered well-refined microstructure along with complete graphite preservation and
minimal carbide formation and ferritic-pearlitic matrix that together produced the lowest
HAZ hardness variations that approached 48 HRC. Embrittling precipitation phases within
the fusion line and HAZ regions decreased from 50.5 HRC to 49.5 HRC following
preheating at 150°C and to 49.3 HRC at 300°C. Both tensile tests demonstrated that weld
samples preheated to 300°C demonstrated better mechanical stability because they showed
ductile structural failure but initial samples without preheating displayed brittle fractures
due to high residual stresses. The analysis validates that welding cast iron at 300°C
preheating results in the best results since this temperature regulates thermal gradients and
maintains graphite stability while stopping brittle martensitic phases formation to achieve
improved weld quality.

1. INTRODUCTION

studies always emphasize that pre heathers set a restricted
thermal condition hence reducing the brittle fracture dangers

Welding of cast iron, particularly attractive due to its ability
to create complex shapes and good fatigue limit, has been
researched in order to optimize the method for increasing
weldability and the mechanical characteristics of the welded
joint. Thus, this review concentrates on the effects of pre-
heating and the assessment of fusion welding without pre-
heating, welding pre-heating has been found to extend the life
of the welds by minimizing thermal stresses and cracking
liability. For instance, other past papers such as Kumar et al.
[1] established that pre-heating assist in the enhancement of
microstructure and hardness of grey cast iron, so as to check
sharp rates of cooling. In the same way, Dametew [2]
considered the use of pre-heating for the process of decreasing
the thermal gradients and increasing the rate of fusion and
decreasing the number of defects on metal products. These

that result from fusion welding. Conversely, failure to preheat
can cause severe mechanical property loss, as elaborated by
Gouveia et al. [3]. Inadequate preheat is associated with
development of hard fusion zones, higher residual stress, and
possibility of weld metal cracking. White [4] also indicated
that cast iron welding processed without preheating entail high
cooling rates that are unfavorable to the tough weldment joints.
Some new developments that have been deemed helpful in
solving some of these challenges include laser based
preheating, post heating. Saffer et al. [5] proved that the
described methods allow maintaining the necessary thermal
gradients and increasing weld joint reliability. Furthermore,
Yuan et al. [6] offered a comprehensive discussion of the
influence of pre-heating on residual stress and deformation as
well as profiles of butt-welded casts iron confirming the
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importance of thermal control in cast iron welding. Pre-heating
which is among the most important preparation methods
assures proper distribution of heat to the base material and to
overcome brittleness in cast iron welds. For instance, Gouveia
et al. [7] underwent experiments with high strength ductile cast
iron and discovered that the 3 cycles of preheating of 300°C
helped improve tensile functions and reduce thermal crack.
Srivastava et al. [8] affirmed these outcomes by revealing that
pre-heating can reduce thermal gradients and increase weld
ductility. Moreover, Akinribide et al. [9] examined heat
treatment practice for cast iron and found out higher
mechanical properties of cast iron samples when have been
preheated at 450°C. Casting process was systematized, which
led to the decrease of carbide formation at the line of fusion,
which is a guideline in enhancing the joint strength. The main
problems that can be encountered when welding without pre-
heating is that the residual stress sense and the microstructure
can be quite heterogeneous. Direct welding as noted by
Bhatnagar and Gupta [10] organize a sharp arc owned to rapid
cooling, engulfs brittle fracture zone and in order to regain
mechanical strength post weld heat treatment is required.
Likewise, Rada [11] observed that in the absence of pre-
heating, there were steep variations of the temperature field in
the welded joints as well as the accumulated residual stress and
deformation. Laser-assisted pre-heating is another form that
has brought modernity in order to address these difficulties.
Liu et al. [12] found out that low laser power controlled
portion can significantly reduce the fusion zone defects and
enhance the joint’s toughness. This method is progress from
the previous methods, and it affords good control over thermal
inputs. In fusion welding, pre-heating is important to minimize
the thermal stress, and optimize the mechanical characteristics
of the joint. Gucwa et al. [13] explored the effects of pre-
heating in welding wear-resistance high chromium cast iron
primarily: increased material thickness toughness and reduced
micro crack formation. The use of induction based pre-heating
as outlined by Dhara and Biswas [14] also revealed enhanced
joint quality and mechanical properties in the enhanced alloys.
Similarly, Charkhi and Akbari [15] investigated the repair
welding processes with conclusion that pre-heating could
successfully minimize the residual stress problems that are
well known in fusion welding. These studies highlight the
value of pre-heating in order to prevent cracking of welded
joints under thermal stresses. In the same regard, Chamim et
al. [16] pointed out that pre-heating notwithstanding, filler-
metal and post-weld thermal-treatment turn into important
considerations. These approaches tend to tackle weld defects
that result from an aggressive cooling rate during the weld
procedure.

Research studies preheating methods effects on gray cast
iron weldments by evaluating how these methods influence
graphite features stability and the carbides development. The
research on welding demonstrates preheating represents vital
process requirement because it reduces thermal stress and
leads to better welding junction quality and lessens cracking
problems. Research investigates experimental procedures
using the setup design complete examinations together with
experimental outcomes and their analytical assessment.
Experimental Procedure section lists materials like gray cast
iron and ENi-CI welding electrodes alongside welding process
descriptions conducted at no preheating, 150°C and 300°C
preheating temperatures. Results and discussion section shows
how preheating temperatures influence the microstructure
features including graphite maintenance and carbide evolution
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and the HAZ hardness results. Final results in conclusions
section show that using 300°C preheating enhances weld
integrity through its ability to decrease brittleness while
reducing carbide development and maintaining graphite
structures.

2. EXPERIMENTAL PROCEDURE
2.1 Investigation materials

For the base material, gray cast iron FC 300 JIS G5501 is
chosen in this study. The chemicals in the water sample are
described in Table 1. Three types of fusing were done, using
an electrode ENi-Cl (AWS A5.15, 3.2 mm). The first was done
without preheating, the second at 150°C preheat and the third
at 300°C preheat. The makeup of welding electrodes is listed
in Table 2. Welding used a single V-shape, whose angle was
60° as it was described in the standard AWS A2. When
welding begins, each end is shielded to avoid the specimen
changing shape because of the heat and during welding it is
treated as a massive or solid material.

Table 1. FC 200 gray cast iron chemical composition (% by

weight)
Elemant Wt%.
C 32
Si 1.79
Mn 0.46
S 0.12
P 0.2
Ni 0.06
Cr 0.12
Cu 0.08

Table 2. ENi-Cl nickel base electrode chemical composition

(% by weight)
Elemant Wt%.
C 1.1
Si 0.32
Mn 0.01
S 0.001
P 0.01
Ni Bal.

2.2 Preheating temperature and welding method selection

Preheating temperature selection determines how welding-
generated thermal gradients will progress. Previous study
along with practical welding standards determined these three
no preheating and 150°C and 300°C preheating temperatures.
Experimental temperatures arranged to research thermal
assistance effects that transitioned from baseline conditions up
to moderate and high preheating conditions. Authors picked
ENi-CI welding electrodes due to it excellence in joining cast
iron materials. Experimental welding procedures exclusively
used manual metal arc welding as their technique. All welding
parameters maintained 120 A current while using 24 V voltage
and 2 mm/s welding speed during all experimental phases.
Experiments employed constant values set. The experimental
results needed reliable replication thus laboratory
investigations took place under controlled humidity and
ambient temperature conditions. An identical gray cast iron
batch served to prepare all specimens in order to maintain



consistent material properties. systematic approach monitored
space, heat-affected zones (HAZ) width, and cooling speeds
for welds throughout all examinations. A precise experimental
setup effort focused on fixture alignment together with high
cleaning level was performed for every sample.

2.3 Instruments

To analyze the joints' microscopic surface features, a Zeiss
Imager M2m optical microscope was used and the finer
features were studied using a FEI Quanta 250 SEM. A SEM
was linked to an energy dispersive spectroscopy (EDS) to look
into the chemical composition of the weld zones. A cross-
section from the welding joint was hardness-tested with a
Vickers Hardness Machine HVD-1500AT under ASTM
E384-11el rules. Testing for tensile mechanical properties of
welded joints followed ASTM E8/E8m-15a using a servo
hydraulic universal system with a load cell of 600 kN to 1500
kN. Figure 1 shows the dimensions for the tensile test samples
used in the experiment.
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Figure 1. Tensile test specimen dimension
2.4 Measuring procedure

Samples of the welding joints cross-sections were
mechanically prepared for metallography by removal of the
surface layer, followed by polishing and etching. 5 grams
FeCl3, 10 ml HCI, and 150 ml distilled water used for
chemical etching reagents. Rockwell hardness test was done at
1 mm intervals across welding joint. Test was done vertically
through the weld zones and across the welds to generate
hardness map. Joints tensile properties determined by
measuring tensile under load using Servo Hydraulic Universal
Testing System According to ASTM E8/E8m-15a.

3. RESULTS AND DISCUSSIONS
3.1 Base metal microstructure analysis

The optical micrograph microstructure test picture in Figure
2(A) shows the initial microstructure of gray cast iron in as
received conditions before metallurgical modification. The
microstructure illustrated graphite flakes in a ferrite-pearlite
matrix, the graphite flakes disperse throughout the matrix
space with a dark and irregular shape. Due to their two-
dimensional nature the metallographic samples display
graphite flakes that adopt various orientations. Lighter and
intermediate colors in the image represent the ferrite-pearlite
matrix while the background structure consists of both phases.
The graphite flakes show random interconnected elongated
appearance that characterizes gray cast iron. Varied
dimensions of graphite flakes in the material determine its
mechanical properties. The mechanical strength suffers as well
as the material toughness diminishes when graphite flakes
grow in size but smaller flakes enhance wear resilience. The
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graphite flakes in the image have dark surrounding areas
representing pearlite made from a ferrite and cementite (FesC)
layers. The arrangement of material components makes
possible both high wear resistance and increased hardness for
gray cast iron [17]. The image shows the presence of ferrite as
light areas in its structures. Slow cooling of the material
promotes carbon diffusion from austenite due to its presence
of ferrite. The analyzed regions also show distinct phase
patterns that may be eutectic cementite or carbide networks
based on the elements present in the cast iron.
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Figure 2. FC 200 gray cast iron as received base metal and
weld metal microstructures: (A) gray cast iron base metal,
(B) weld metal without preheating, (C) weld metal with
150°C preheating, and (D) weld metal with 300°C preheating

The mechanical strength suffers as well as the material
toughness diminishes when graphite flakes grow in size but
smaller flakes enhance wear resilience. The graphite flakes in
the image have dark surrounding areas representing pearlite
made from a ferrite and cementite (FesC) layers. The
arrangement of material components makes possible both high
wear resistance and increased hardness for gray cast iron. The
image shows the presence of ferrite as light areas in its
structures [18]. Slow cooling of the material promotes carbon
diffusion from austenite due to its presence of ferrite. The
analyzed regions also show distinct phase patterns that may be
eutectic cementite or carbide networks based on the elements
present in the cast iron [19].

3.2 Welding zone microstructure analysis

When weld pools rapidly cool down after welding cast iron
often create unwanted hard metal phases such as martensite
along with carbides inside the fusion zone together with the
HAZ [20]. The different phases that develop after welding
cause increased material brittleness resulting in structure
failure through the formation of cracks. The preheating
process helps decrease cooling speed which gives adequate
carbon diffusion time along with sufficient graphite retention
to prevent brittle microstructure development. Research
explores the structural changes which occur within shielded
metal arc welded (SMAW) gray cast iron weld zones
following different preheating protocols [21]. Nickel-based
ENi-CI electrode stands out because it makes both graphite
development and ductility improvement possible.



3.2.1 Without preheating welding zone microstructure
analysis

The microstructure originates from gray cast iron welded
through SMAW with ENi-CI electrodes under unspecified
preheating conditions weld zone illustrated in Figure 2(B). The
evaluation reveals the details of solidification processes
alongside phase segmentation along with possible welding
defect formations [22]. Figure 2(B) display nickel abundance
with an austenitic structure that exhibits dendritic and cellular
microstructural patterns. The weld metal obtains enhanced
ductility as well as crack resistance from nickel-stabilized
austenitic phase formation supported by ENi-CI electrode
nickel content. The black irregular networks along with
isolated areas in the image represent graphite flakes and
carbon segregation areas. Partial graphite dissolution happens
in areas of rapid solidification because the metal did not
receive preheating treatment but other areas transformed
carbon into carbide networks and interdimeric graphite. The
localized carbon migration occurs because of the intense
thermal gradient within the weld metal. Areas with various
carbide distributions resembling Fe3;C (iron carbide or
cementite) present combined high hardness and inferior
toughness. The rapid cooling rate without preheating creates
conditions that stop carbon diffusion into graphite until it
results in carbide formation. The presence of nickel in steel
stabilizes austenite until some zones maintain this phase (y-
phase). Nevertheless, thermal stresses induced by rapid
cooling can transform austenite into martensite at grain
boundaries. The transformation process causes material
brittleness and enhances the likelihood of HAZ cracking [23].
The observed microstructure depends on the welding thermal
cycle along with the lack of preheating due to its effects on
carbon displacement mechanisms as well as cooling rates and
solid-state phase changes. ENi-CI electrode containing nickel
operates as a graphitization promoter during gray cast iron
welding because it stabilizes austenite and blocks carbide
development [24]. The welding process develops graphite
reprecipitation at grain boundaries along with carbide network
formation when preheating is omitted. The carbon atoms stay
trapped as they cannot pass through to the austenite matrix that
leads to their formation into brittle Fe;C carbides. The process
of graphite flakes dissolving releases excess carbon that may
act as another factor in the development of carbides in the
material [25]. High levels of nickel within the electrode
prevent pearlite and ferrite from forming so the weld metal
obtains a stable austenitic microstructure. Part of the
remaining austenite can transform into martensite during
cooldown that raises the potential for microcrack formation
and material fragility [26].

3.2.2. 150°C preheating welding zone microstructure analysis

The optical microscope image in Figure 2(C) demonstrates
the gray cast iron Shielded Metal Arc Welding joint area
microstructure produced using an ENi-CI electrode under
preheating conditions at 150°C. The micrograph shows the
graphite flakes existing as dark regions that define gray cast
iron material. The characteristics of graphite flake distribution
and dimension depend on both manufacturing patterns of the
original casting material and the heating process from welding.
Heat generated from welding could cause minor graphite flake
dissipation and displacements. Ferrite predominates as the
light-colored material throughout the metal structure yet the
brownish areas demonstrate pearlite presence [27]. The nickel-
based ENi-CI electrode enables the formation of a
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microstructure with a soft matrix where ferrite and pearlite are
present because it maintains graphite retention while reducing
carbide development. Nickel acts as an austenite stabilizer to
prevent carbide development and protect graphite flakes from
breaking which decreases the chance of brittle white iron
appearance. Areas containing nickel-rich phase could control
stabilizing austenite or create retained austenite when cooling
occurred slowly because of preheating conditions [28]. Nickel
absorption by the cast iron during welding operation leads to
phase composition changes thus producing a weld zone with
improved ductility. 150°C preheating helps decrease thermal
shock effects which lowers the formation of martensite and
carbides in the HAZ.

The cooling speed becomes slower as preheating
temperatures rise that allows graphite to maintain stability
while stopping brittle hard carbide networks from forming.
Welding at a temperature of 150°C before application creates
an even heat distribution through minimizing the temperature
difference between arc and base material. The reduced cooling
speed triggers the retention of graphite flakes instead of
producing hard martensite structures. The controlled cooling
rate protected graphite flakes while maintaining their stability
thus blocking the formation of hard carbide ledeburite
microstructures. Some nickel-rich austenite together with
retained austenite remains present in the microstructure
because nickel functions as an austenite-stabilizing element.

3.2.3 300°C preheating welding zone microstructure analysis

The optical image in Figure 2(D) displays a characteristic
microstructure of welded gray cast iron with 300°C pre heating
temperature, The white-colored irregularities in the image
show similar appearances to the graphite flakes which define
gray cast iron. Using ENi-CI electrodes in cast iron weld zones
leads the solidifying weld metal to hold onto graphite
payments causing the necessary white iron structure to fail to
form. The light sections in the material show either ferrite or
pearlite based on cooling speed along with carbon movement
rates. The addition of Nickel (Ni) to stainless steel helps
sustains austenitic structures at high temperatures and
promotes the development of graphite thus limiting carbide
formation [29]. On certain areas graphite plates line up to
create  Widmanstitten structures which means localized
cooling allowed partial carbide development. When the HAZs
undergo rapid cooling the material may form iron-rich
carbides and cementite (Fe;C). Nickel shows excellent
solubility in iron because it facilitates the creation of a ductile
weld area. The welding zone stays ductile because nickel stops
carbide formation thereby reducing the chance of brittle
martensitic transformation [30]. A structure of retained
graphite acts as a protective element to stop weld cracks that
commonly occur during cast iron joining. The procedure of
preheating at 300°C eliminates thermal gradient differences,
which stops the formation of severe residual stresses and
cracking. The process enhances graphitization that decreases
the formation of carbides in the HAZ. It creates a refined area
where base metal connects with weld metal so there is a better
mechanical bond and transition.

3.2.4 The comparison between the three-welding zone
microstructure

The study reveals that preheating influences the weld
microstructure by controlling cooling rates, graphite retention,
carbide formation, and thermal stress distribution. Key
differences observed include graphite network discontinuity



and fragmentation, rapid cooling generating localized carbide
areas near Widmanstitten-like structures, and a bulky
dendritic pattern with weak bonding between base and new
material [31]. The material contains brittle weld features due
to hard Martensitic and Carbide-rich sections, increasing the
chances of cracking from fast cooling combined with stress
distributions. Nickel does not achieve complete graphite
stabilization, resulting in carbide formation at specific
locations, which reduces ductility and material toughness.
Higher residual stress from the material poses an increased
threat to post-weld cracking, affecting welding quality and
joint longevity [32].

For a welding joint with 150°C, a better connected graphite
network exists, with fewer carbide precipitates and isolated
martensitic regions within specific areas. A refined dendritic
structure shows improved fusion leading to better uniform
cooling during this process. The weld metal shows lower
internal stress levels, reducing the risk of cracking but
maintaining moderate risk. For a weld joint with 300°C,
wrapping graphite as flakes or nodules helps maintain stable
retention, developing a flat uniform graphite matrix. Few
carbide crystals develop in the weld area, making the material
less brittle. The complete effects of nickel on graphitization
materialize through preventing carbide precipitation, reducing
hardness variations and stress levels, improving weld
durability and joint longevity. High weld quality allows
products to perform optimally under operation conditions [33].

Table 3 below compares the characteristics between the
above three cases.

Table 3. Weld joint microstructures characterize according to
preheating temperature

O
Preheat 300°C 150°C Preheat  No Preheat
Temperature Preheat
. Fqlly Moderately Fragmented,
Graphite retained, . . .
. retained, partial partially
Structure uniform S .
. graphitization dissolved
graphite
.. High
Carbide M”“Tnal Moderatg (Martensitic
. carbide (Some carbide :
Formation . . & Carbide-
formation regions) .
rich zones)
Hardness/ Low . . .
Brittleness (Ductile) Medium High (Brittle)
. Low .
Residual S.tress (Minimal Moderat.e (Still High (Risk of
& Cracking . some risk of .
. cracking . cracking)
Risk . cracking)
risk)
Overall Weld Excellent Moderate Poor
Integrity

3.3 HAZ microstructure analysis

The optical microscope micrograph in Figure 3 shows the
HAZ microstructure of gray cast iron welded by SMAW with
ENi-CI electrode and without and with preheating. Thermal
cycling affects the HAZ region most strongly since it exists
between the weld zone and base metal area of the substrate.
This study includes an in-depth examination of the figure and
describes  expected defects while explaining the
microstructural changes.

3.3.1 HAZ without preheating microstructure analysis
The HAZ microstructure without preheating reveals several
significant characteristics in gray cast iron subjected to high
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heat input without preheating. Visible bright needle-like
structures represent cementite or iron carbides formed due to
fast cooling. No preheating leads to an extreme temperature
gradient, reducing the duration for carbon diffusion and
graphitization. The hard regions in steel are highly brittle
carbides, while the regions between carbide structures exhibit
darker appearances due to martensite [34]. The hardness of
martensite and its brittleness causes a reduction in ductility
within the HAZ. During the HAZ heating and fast cooling
process, graphic material in cast iron shows evidence of partial
dissolution and breakage of its existing structure. Nickel
promotes graphitization in the weld zone, but the heated
affected zone receives only partial benefits due to the base
metal structures mainly changed by welding thermal cycles
[35]. Widmanstitten carbide structures appear in gray cast iron
when non-equilibrium cooling occurs. Sharp temperature
drops in HAZ occur when preheating is not used, as they face
an abrupt temperature disparity between the weld zone and
base metal. Rapid cooling during the transformation process
does not enable sufficient carbon diffusion for graphite
formation, leading to carbide precipitation [36]. The ENi-CI
electrode facilitates graphitization inside the weld area, but
this transformation process stops before reaching most of the
HAZ, making the original base metal more prone to Martensite
formation.
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Figure 3. FC 200 gray cast iron HAZ microstructures: (A)
without preheating, (B) HAZ with 150°C preheating, and (C)
HAZ with 300°C preheating

Because of martensite and cementite creation, the area
around the HAZ becomes exceptionally tough yet fragile. The
phases do not possess mechanical stress absorption capacity
that puts the joint at high risk of structural failure. The rapid-
cooling-induced high residual stresses coupled with a brittle
microstructure enables the HAZ to easily develop both cold
cracks and HAZ cracks [37]. Most material fractures occur
between grains or through carbide networks. Thermal fatigue
cracks develop within carbide-rich areas because the HAZ
undergoes dissimilar expansion and contraction patterns while
cooling down from welding temperatures. The partial graphite
dissolution process in HAZ regions decreases material
ductility along with toughness properties that results in
embrittlement. A substantial mechanical properties mismatch
occurs between weld area and base material because of the



very hard nature of martensite and cementite found within the
HAZ. The mechanical property mismatch functions as a stress
collector that raises failure risks.

3.3.2 HAZ with 150°C preheating microstructure analysis

The microstructure of HAZ with 150°C preheating appears
partially refined, but traces of carbide formations and graphite
networks remain visible. The preheating process at 150°C led
to more connected graphite networks but retained some areas
of dissolution. The ferritic-pearlitic matrix of lighter areas
represents improved material structure than the martensitic
structure observed without preheating. Some carbide
precipitate remains noticeable at grain boundaries, potentially
causing hardness fluctuations in specific areas. The preheating
process at 150°C results in reduced martensitic formation, but
some isolated martensite regions persist in rapidly cooled
zones. The uneven darkness and patterning structures in the
micrograph show carbon segregation, resulting in localized
areas of varying hardness. Preheating at elevated temperatures
prolongs carbon diffusion and limits graphite dissolution,
resulting in a partly refined microstructure with visible
heterogeneities [38]. The graphitization effect of ENi-CI
(nickel-based electrode) extends to the weld metal region,
while remaining restricted from the HAZ. The 150°C preheat
temperature achieves partial graphite stabilization but also
permits some nickel atoms to spread, reducing carbides.
Preheating minimizes thermal shock and decreases the
probability of cold cracking but does not eliminate residual
stresses from hard zones in specific areas. HAZ develops high
susceptibility to embrittlement due to carbide retention,
creating locations with different localized hardness levels.
Load-induced brittleness occurs in HAZ grain boundaries due
to carbon and impurities segregating, creating microcracks and
stress concentration points. Cracking risks persist despite
reduced thermal stresses, mainly affecting areas containing
formed carbides [39].

3.3.3 HAZ with 300°C preheating microstructure analysis

The micrograph in Figure 3(C) demonstrates an optimal
300°C preheating of HAZ microstructure, exhibiting better
graphite maintenance, reduced carbide development, and
stronger mechanical properties. The cooling process at 300°C
prevents carbide formation, allowing carbon to remain as
graphite. The ferritic-pearlitic matrix area shows lighter
sections due to minimal carbide appearance. The material
cools down at a slower pace, minimizing hard brittle carbide
structures. Pearlitic structures alongside ferrite regions enable
average material strength with additional toughness, while
ferrite regions enhance ductility. The rate of cooling is too
slow for martensite formation, as no needle-like martensitic
structures form in the material. HAZ exhibits higher ductility
and better resistance to cracking when preheating at 300°C
compared to temperatures below 200°C. The higher preheating
temperature produces a homogenous HAZ with minimal
micro segregation and stress concentration areas, preventing
non-uniform phase distribution and promoting microstructural
balance [40].

The microstructural examination of the HAZ arose due to
the elevated preheating temperature, which reduced cooling
rates and allowed carbon atom diffusion, resulting in graphite
stabilization. The Ni content from the ENi-CI electrode
improves carbon mobility, protecting graphite flakes from
breakdown. Preheating at 300°C with nickel use decreases
thermal expansion discrepancies, enhances mechanical
coupling between weld and base metal, and promotes a
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uniform phase transformation, resulting in refined grains and
lesser microstructural flaws.
3.3.4 The comparison between the three
microstructures

Cast iron welding requires preheating to control thermal
gradients, carbon diffusion, phase transformations, and
residual stress distribution in High-Altitude Graphite (HAZ).
The HAZ microstructure exhibits extensive martensitic
transformation, creating materials with high hardness and
brittleness. Rapid cooling stops carbon diffusion, leading to
iron carbide formations (Fe;C) at carbide networks. The initial
graphite flakes of gray cast iron undergo severe fragmentation
and dissolution during localized melting at the HAZ, resulting
in Widmanstitten Structures formation and poor mechanical
properties. This results in extreme hardness and brittleness,
and HAZ cracking risk. Weld joints develop cold cracking and
delayed cracking due to excessive residual stress, and weld
quality suffers from defects that make the joint weak during
loading events. No-preheating conditions leave behind more
graphite flakes but exhibit chemical reactions to some extent.
The FesC concentration decreases but several carbides
continue appearing on grain boundaries. The presence of
martensite in HAZ structures diminishes, but some hardened
areas still exist. These conditions offer better resistance to
crack formation compared to un-preheated HAZ zones, but
still contain stress concentrations and carbide areas. The
presence of graphite increases ductility, but segregation
remains a phenomenon in specific zones. For 300°C
preheating, graphite maintains structural integrity, avoiding
embrittlement, and minimal Fes;C precipitation. The structure
becomes more ductile and crack-resistant when martensite
does not form. The complete homogenization of the grain
structure removes stress-concentrating areas, producing
outstanding weld quality in HAZs.

(HAZ)

Table 4. HAZ microstructures comparative at different
preheating temperatures

. 150°C 5 .
Feature = No Preheating Preheating 300°C Preheating
. Poor (Significant ~ Moderate Excellent (Well-
Graphite . . retained,
. graphite (Partially .
Retention . . . continuous
dissolution) retained) .
graphite network)
Carbide  High (Extensive Moderate Negligible
. . (Localized  (Minimal carbide
Formation  Fe3;C carbides) . .
carbides) formation)
. . Low to ..
Martensitic High (Br{ttle Moderate Negllglbl.e.
martensite (Ductile ferritic-
Presence regions) (Some hard earlitic matrix)
& spots) p
Moderate Verv Low
Stress & High (Severe (Reduced Yy Low
. : .., (Minimal residual
Cracking  residual stress, stress, but still
. S . stress, near-zero
Risk cracking likely) some cracking S
. cracking risk)
risk)
Coarse grains
Grain with Moderate Fine, well-
Refinement Widmanstétten refinement  distributed grains
features
Moderate Excellent
Poor (Brittle (Balanced (Optimized
Weld . o
Inteeri HAZ, prone to  microstructure ductility,
grity failure) but not fully  toughness, and
optimized) stability)




The results in above and in Table 4 analysis revealed that
no preheat rapid cooling results in hard carbide formation and
martensite material phases because carbon becomes trapped
within them. The preheating at 150°C enables some carbon to
transform into graphite yet carbide phases continue to exist.
300°C preheat temperature allows the cooling process to
function efficiently to achieve both optimal graphite content
alongside minimized carbide development. The application of
nickel from ENi-CI electrodes helps graphite formation yet it
reaches limited success when thermal management is
inadequate in the welding HAZ. Enhancing preheating
temperature from 300°C enables nickel to maintain carbon
stability thereby preventing the formation of carbides and
martensite. The phase transformation control gets better and
stress relaxes effectively because higher preheating reduces
thermal stresses and decreases the probability of cold cracks
and HAZ cracking. Table 5 summarized the relation between
the HAZ analysis findings and its implications in HAZ
integrity.

Table 5. HAZ analysis findings and its implications in HAZ

integrity
Preheat 300°C Preheat 150°C Preheat  No Preheat
Temperature
Moderate
Graphite Excellen.t (Fully (Partial Poor (Graphite
. Retained . . h
Stability Graphite) Graphite Dissolution)
p Retention)
Carbide Neg_h_glble Moderate High (Carbides
Formation (Minimal (Some & Martensite)
Carbides) Carbides)
Very Low Moderate .
Residual Stress ~ (Near-Zero  (Some Residual nglg(}; icﬂ(z:]i )
Cracking Risk) Stress) y
Hardness Low (Uniform Medium (Some  Very High
Variability Hardness) Hard Zones) (Brittle)
Overall Weld Excellent Fair Poor
Integrity

4. SCANNING ELECTRON MICROSCOPE (SEM)
ANALYSIS

4.1 No preheating (SEM) analysis

The study examines a gray cast iron weld joint using
Shielded Metal Arc Welding (SMAW) and an ENi-CI
electrode microstructure study. The weld zone (WZ) is a
distinct section, with dendrite structures forming due to lacked
equilibrium conditions in the cooling process. Nickel, along
with graphite flakes and nodules, promotes graphitization. The
ductile weld metal contains excessive nickel, minimizing
excessive hardness. Excellent bond criteria between base and
target metal are crucial, as defects at joint lines can trigger
cracks to spread. Porosity and shrinkage cavities can result
from gas entrapment or improper heat input. The fusion line is
the vital contact area between weld metal and base metal.
Structural weakness in the weld area can lead to delamination
and cracking. Three likely defects are present: inadequate heat
input, incomplete fusion, and hot and liquation cracking due
to graphite or carbide segregation at grain boundaries.

The HAZ material exhibits maximum brittleness due to its
dark coarse-grained microstructure. Rapid cooling produces
martensitic and carbide-rich areas due to the absence of
preheating steps. The graphite structure experienced a local
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melting stage before solidifying, increasing the risk of
cracking. High stress-induced cracking tendencies result from
the combination of martensite and FesC carbides in the
material. Defects include cracking due to high residual stress
during rapid cooling and cold cracking due to hydrogen
embrittlement or stress concentration. The ENi-CI electrode
supports graphite development exclusively within the weld
area, resulting in brittle carbide networks. High thermal
stresses in the steel base material increase the risk factors for
hot cracking, incomplete fusion, and grain boundary
embrittlement. When no preheating occurs the HAZ
experiences sudden cooling that causes carbon to transform
into hard cementite FesC and martensite phases instead of
forming stable graphite [41]. As illustrated in Figure 4(A), the
hard and brittle HAZ formed through this process easily
fractures when subject to any stress. The massive temperature
gap between WZ and the surrounding base metal precipitated
harmful residual stresses throughout the fusion zone. Pressure
from these stresses leads to three damaging effects that include
hot cracking as well as incomplete fusion and grain boundary
embrittlement. The ENi-CI electrode drives graphitization but
this effect remains restricted to the welded area. The HAZ area
underwent localized graphite dissolution that produced fragile
carbide networks.

Figure 4. WZ, fusion line, and HAZ SEM: (A) without
preheating, (B) HAZ with 150°C preheating, and (C) HAZ
with 300°C preheating

4.2 150°C preheating (SEM) analysis

The SEM image of gray cast iron weld joints, made through
SMAW using an ENi-CI electrode at 150°C preheating
temperature in Figure 4(B), reveals dendritic structures with
nickel as the dominant component. The distribution of graphite
nodules shows good dispersion, suggesting that nickel
partially acts as a graphitizing agent. Dendritic boundaries
within the weld metal display little micro segregation of
alloying elements, but this weakening pattern may create local
hardness variations. Nickel's ability to inhibit carbide
formation makes the WZ ductile, and mild variations in
hardness may emerge due to segregation effects. The fusion
line or transition zone shows partial melting occurrences,
unfinished graphitization, and a sharp interface between weld
metal and base metal. This combination results in moderate
hardness, a transition mismatch, potential weak points due to
incomplete bonding, residual stress zones, hot cracking risk,



brittle regions, and unmelted graphite inclusions from the base
metal graphite flakes. The Pearlitic-ferritic matrix displays

carbide precipitates through HAZ  microstructural
observations. Carbide formation exists with reduced
occurrence compared to untreated HAZs, promoting

mechanical properties that exceed those of untreated HAZs by
limiting carbide development. The microstructure shows
delicate distribution and improved stress distribution and
hardness variations, pointing to predicted defects. Carbide
precipitation throughout the metal causes localized hardness
variations and minor hardness inconsistencies. Stress levels
remain moderate yet lower than without preheating, but some
persisting cracking risks remain. Intergranular segregation in
some areas exhibits carbon redistribution across grain
boundaries, making these sections slightly harder compared to
other parts of the material. The above three zones'
microstructure analysis is summarized in Tables 6 and 7 for no
preheating and 150°C preheating cases.

Table 6. Three zones microstructural analysis

Zone Expected Phase Microstructural
Defects Composition Characteristics
Moderate
dl(l)i;lligi ?SI: Austenite +  Bright region with fine
wz POl Graphite + dendritic structures,
porosity and . . . oy ;
. Ferrite nickel-rich solidification
shrinkage
cavities
High residual . Sharp transition with
. Nickel- . .
. stress, risk of . unmixed regions,
Fusion . stabilized "
. hot cracking ! dendritic growth, and
Line . austenite + . .
and incomplete . . possible grain boundary
. Partial carbides .
fusion carbides
Very high . Darker coarse grains,
hardness, Martensite + .
. fractured graphite flakes,
HAZ extreme Pearlite + . .
. . . martensite/carbide
brittleness, high Carbides
s structures
crack sensitivity
Table 7. Three zones microstructural analysis
Expected
Zone Defects & Phase Microstructural
Mechanical Composition Characteristics
Properties
Moderate . Nickel-stabilized
ductility, Austenite + o :
. . . austenitic dendrites,
WZ  possible micro Graphite + .
. . graphite nodules
segregation and Ferrite . . .
X dispersed in the matrix
porosity
. ngkel— Fine dendritic structure,
. Residual stress stabilized . .
Fusion . ! partial grain boundary
. zones, possible austenite + .
Line . . melting, sharp
hot cracking Pearlite + ",
. transition to base metal
Carbides
hﬁ;gii?: Refined pearlitic-
variation Pearlite + Ferrite ferritic matrix,
HAZ > + Isolated fragmented graphite
reduced but . .
. Carbides flakes, some carbide
present cracking .
risk precipitates

The predetermined heating step slows down the process of
cooling to inhibit the formation of extensive martensite. The
formation of a ferritic-pearlitic matrix takes place instead of
forming martensite. Nickel strengthening together with
managed preheating temperatures allowed some graphite to
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persist in the HAZ thus minimizing brittleness. A complete
elimination of carbides during transformation was not possible
which resulted in some hard zones forming inside the HAZ.
When steel fails to undergo preheating at no preheating strong
thermal gradients create severe material stress that results in
cracking. The gradient minimization at 150°C reduces the
number of cracks yet some stress persists at the fusion area.

4.3 300°C preheating (SEM) analysis

The SEM was used to examine gray cast iron weldment
produced by SMAW wusing ENi-CI electrodes, as
demonstrated in Figure 4(C). The study evaluated phase
transformations, microstructural variations, anticipated
defects, and microstructural controlling factors. The WZ
showed a weld metal with mostly austenite stabilized with
nickel, which resists carbide formation. The uniform dendritic
structure demonstrates good temperature control during
heating and cooling processes. The mechanical qualities of the
WZ were found to be excellent, with ductility and toughness
characteristics, reducing potential weld failures due to
mechanical strains.

Table 8. Three zones microstructural analysis

Zone Expected Phase Microstructural
Defects Composition Characteristics
High ductility, Vchlll(erfiI;id
minimal Austenite + austenitic
i ite + . .
wz porosity, Graph;te dendrites, uniform
excellent Ferrite .
fusion graphite
distribution
Very low stress Nickel- Smooth transition
. concentration, - with slight
Fusion stabilized pr -
) strong . diffusion zones,
Line . austenite + .. .
metallurgical Pearlite minimal carbide
bonding formation
Minimal Highly refined
hardness Pearlite + piilgltlrtif_fizllt_lc
HAZ  variations, very Ferrite + retaine d’ caphite
low cracking Graphite grap

flakes, negligible

risk .
carbides

The anticipated defects include minimal porosity and
negligible micro segregation due to proper solidification
methods and nickel-promoting carbon diffusion patterns. The
specimen displayed a clear fusion line between base metal and
weld metal, with microstructural examinations showing an
uninterrupted bond. The WZ released nickel to stabilize the
fusion line, reducing the chance of forming brittle carbide
precipitates. The HAZ showed a refined ferritic-pearlitic
matrix structure, maintaining balanced mechanical properties.
The formation of carbides was negligible, preventing hard
spots inside the affected area. Ductility and toughness
improved significantly when preheat temperature reached
300°C, ensuring prolonged mechanical stability. The
anticipated defect level was minimal cracking due to the
elimination of thermal expansion mismatches. High toughness
and fatigue resistance were achieved due to the absence of
martensitic formation. Table 8 above summarizes the essential
microstructure characteristics of this case.

At 300°C preheating temperatures, carbon diffusion stops
carbide formation, while controlled cooling speed maintains
elasticity in the microstructure. Preserving graphite flakes



within the HAZ prevents cementite phase formation into
brittle products. This improves mechanical characteristics and
cracking resistance. Nickel addition through ENi-CI
electrodes stabilizes austenite, achieving uniform graphite
distribution throughout the weld area. Nickel diffusion within
the fusion line eliminates hardness differences. The thermal
expansion gradient is adjusted to prevent cold cracking and
residual stress formation, resulting in superior mechanical
durability and exceptional fatigue resistance. Table 9 below
compares the microstructure characteristics between these
three cases.

Table 9. Microstructural comparison across preheating

temperatures
300°C 150°C .
Z No Preheat
one Preheating Preheating 0 Freheating
Highly
refined . Nickel-
.. More uniform -
austenitic- .. stabilized
. dendritic . .
ferritic . . austenite with
WZ solidification, ..
structure, coarse dendritic
finer
well- microstructure growth,
distributed porosity present
graphite
Well-diffused Sharp
.. Smoother transition,
. transition, .. .
Fusion transition, carbide and
. excellent . .
Line . reduced carbide martensite
metallurgical . .
bonding formation accumulatlgn,
weak bonding
Highly
refined
ferritic- Partially High carbide
pearlitic refined ferritic- content,
HAZ matrix, pearlitic martensitic
excellent structure, some  transformation,
graphite carbide severe hardness
retention, no remnants variations
carbide
presence
. Moderate
Cracking Very low (reduced stress, High (due to
& (optimal ; .
. but some rapid cooling
Residual stress . .
L carbide and brittle
Stress distribution formation HAZ)
Risk and ductility) .
persists)
Excellent Moderate
Overall (optimized (balanced Poor (brittle
Weld ductility, microstructure, HAZ, prone to
Integrity toughness, but not fully failure)
and stability) optimized)

4.4 Comparative SEM microstructural analysis of gray

cast iron weld joint at different preheating temperatures

The WZ examinations reveal nickel-stabilized austenite
dendritic matrix structures with microscopic pores and
segregations. A rapid transition exists in the fusion line due to
strong thermal gradients and deficient material diffusion.
Carbides and martensite in high quantity within the HAZ area
generate extreme brittleness and high hardness, increasing the
risk of cold-crack failures. High hardness in the HAZ zone
weakens weld resistance to thermal and mechanical loading
stresses, increasing the risk of brittle fracture and early failure
under service conditions. At 150°C, the WZ analysis shows an
improved structure due to nickel controlling dendrites to
smaller sizes and decreasing material segregation. WZ thermal
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gradients are reduced, and the widened fusion line spreads out
carbide formation areas. The HAZ includes refined ferritic-
pearlitic microstructures and remaining carbide precipitates. A
slower cooling process decreases carbide development within
the HAZ, preventing material deterioration. The retention of
graphite materials increases while ductility levels rise,
eliminating the chance of material failure through cracking.
The fusion line strength surpasses the no preheating condition
but contains detectable zones that concentrate stresses. The
weld quality level is moderate and provides minimal cracking
hazard but retains some material hardness areas. The preheated
condition produced better results than non-preheating, but
maximum optimization was not achieved. SEM observations
at 300°C show a well-refined WZ containing evenly
distributed  austenitic-ferritic ~ dendrites, an excellent
metallurgical bond, and an ideal combination of ferritic-
pearlitic matrix and fully preserved graphite flakes. The
welding process achieves precise zero stress levels and
enduring mechanical system stability. A fully refined
microstructure represents the best preheating temperature for
welds in cast iron.

4.5 Preheating temperature influence on residual stress
distribution

Comprehensive evaluation examined residual stress
changes regarding preheating temperature within WZ.
Experimental outcomes show that preheating temperature
directly affects tensile residual stress decrease. Preheating
temperatures below 200°C leads to high residual stress
retention since weld cooling rates from metal to base material
create excessive shrinkage stress. More elevated preheating
temperatures between 300 and 400°C lead to decreased
residual stress levels because thermal gradients normalize
while stress relieving mechanisms enhance. The research
group conducted systematic statistical investigations to create
mathematical estimates between preheating temperature levels
and residual stress results. Different preheating temperatures
resulted in residual stresses measurement. This regression
model describes the analyzed data as:

or =ae FTP + ¢ (1)
where, or is the residual stress (MPa), 7p is the preheating
temperature (°C), a and f§ are material-dependent coefficients,
C is an asymptotic stress limit. The proposed model showed
strong reliability because of high correlation coefficient (R? >
0.95) that regression analysis produced. Analysis shows minor
additional residual stress relief only occurs beyond 350°C
specific preheating temperature.

5. THE HARDNESS TEST PROFILE

The provided data in Figure 5 below demonstrates Rockwell
hardness (HRC) distribution measurement results from a gray
cast iron weldment processed through SMAW with ENi-CI
electrode without preheating, 150°C and 300°C preheating
temperature. Hardness changes analysis needs to focus on
Base Metal (BM), HAZ, Fusion Line (FL), and WZ. The non-
preheated welding joint exhibited a base metal hardness of 46-
47 HRC, with graphite flakes serving as stress concentration
points. The hardness of the HAZ attained 44-46 HRC, as the
welding heat cycles induced a decrease in hardness attributed



to the formation of ferrite and coarsened pearlite. This
diminishes the mechanical performance of welding and
influences its chemical makeup. The Fusion Line (FL) region
of cast iron has a hardness value of 53 HRC due to
microstructural changes and rapid cooling processes. This area
is prone to hydrogen-induced cracking and brittleness, and the
WZ has hardness values between 50-51 HRC. Rapid cooling
generates white iron (Fe;C), making the material highly brittle
and increasing its sensitivity to mechanical cracking.

HR(

Figure 5. Rockwell hardness profile (A) without preheating
(B) 150°C preheating (C) 300°C preheating

The 150°C hardness profile chart shows gray cast iron base
initial hardness of 47 HRC, attributed to its graphitic
microstructure. The HAZ increases from 47 HRC to 48.5 HRC
due to welding thermal cycles. The Fusion Line (FL) has the
hardest microstructure with an approximately 49.5 HRC
hardness level. The nickel-based ENi-CI electrode leads to
increased hardness in this area due to nickel diffusion within
the metal mass and solidification shrinkage. The hardness in
the WZ area varies slightly but remains at 49 HRC. Weld
components made from ENi-CI electrode material contain a
nickel-enriched weld metal structure, enhancing material
ductility without a significant reduction in hardness levels. The
WZ contains nickel-stabilized austenitic formations and
carbide precipitates, leading to intermediate hardness levels.
Preheating at 150°C achieves minor hardness reduction,
preventing major material cracking issues. The 300°C
hardness profile of gray cast iron showed a base metal with a
47 HRC hardness value, which remains unaffected by welding
processes. The HAZ shows toughness ranges from 47 to 48.8
HRC, with 150°C preheat exhibiting increasing hardness. The
sluggish cooling pattern from 300°C preheating impedes hard
martensitic and carbide-rich structure evolution, making the
structure less susceptible to cracking. The nickel diffused from
the ENi-CI electrode helps decrease embrittlement in this
zone. Fusion line (FL) showed 49.3 HRC hardness, below
150°C welded hardness. The increased preheat temperature
created a small degree of fusion line softening, reducing the
chances of cold cracking. The nickel-based electrode (ENi-CI)
still results in increased hardness in this area due to
solidification shrinkage and carbide precipitation. WZ
hardness values range from 48.8 to 49.5 HRC, with mild
variations between 48.8-49.5 HRC.
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5.1 Gray cast iron weldments hardness

comparison

profiles

SMAW produces different hardness patterns in gray cast
iron weldments through the use of an ENi-CI electrode
depending on the welding temperature at which preheating
takes place. The studied cases include: Without Preheating,
150°C, Preheating, and 300°C Preheating. This study provides
a comprehensive scientific breakdown of how preheating
methods affect weld hardness levels together with
microstructural changes and weld structural integrity. The
base metal hardness remains steady at around 47 HRC due to
welding heat, while the HAZ section achieves hardness levels
above 50 HRC. Fast cooling weakens the HAZ, causing
martensitic transformation. Preheating at 150°C reduces
martensite formation, while 300°C preheating results in the
lowest HAZ hardness at 48 HRC. This results in pearlite with
excellent ductility and toughness.

Table 10. Three cases hardness profile comparison

Feature 300°C 150°C Without
Preheating Preheating Preheating
Base Metal
(BM) Hardness ~47 HRC ~47 HRC ~47 HRC
(HAZ) ~48 HRC  ~48.5-49 HRC 50+ HRC
Hardness (Lowest Stress,  (Moderate (Brittle, High
Best Ductility) Stress) Stress)
Fusion Line N4?I;3eallii{C ~49.5 HRC ~30.5 HRC
. (Less Carbides, (High Carbides,
(FL) Hardness Carbides, Best Still Hard) Most Brittle)
Toughness)
~49 HRC 49 HRC ~50 HRC
(Most . (Fluctuates,
WZ Hardness . (More Uniform, .
Uniform, Less Stress) High Internal
Lowest Stress) Stress)
Slowest Fastest
. (Minimal ~ Moderate (Less o
Cooling Rate Martensite, Martensite) (IIT\iI) iﬁi?iség)c
More Pearlite)
Residual Lowest (Best N([ng;:;e Very High (Cold
Stresses Weld Integrity) Cracking Risk) Cracking Risk)
High (Best
Ductility Ductility and Moderate Very. Low
(Brittle)
Toughness)
Carbide Low (More Moderate High
Formation Uniform, Less (Some Carbide (Embrittlement
Cracking) Precipitation) at FL and HAZ)
‘ Best (Stable, Impro.ved (Less Poor (High Risk
Microstructural Low Hardness Cracking, Some of Cracking &
Stability Variation, Less Hard Zones Failure)g
Cracking) Exist)
Best (Most
Suitability for Machinable, Moderate (Still Poor (Too Hard
th/lachimyn Lowest Hard in Some & Brittle for
& Hardness Zones) Machining)
Variations)

The hardness level at the fusion line reaches its peak due to
carbide precipitation and rapid cooling at 50.5 HRC when
preheating does not occur. The extreme embrittlement
behavior in this area creates dangers regarding possible
material fracture. The reduction of carbide precipitation
through 150°C preheating leads to less brittle material while
decreasing the hardness to ~49.5 HRC. The hardness level at
300 degrees Celsius preheating amounts to ~49.3 HRC which
provides better material ductility compared to non-preheated



conditions. The material shows a smoother structure
comprising reduced carbide formations. This present scenario
demonstrates the best outcome for cracking prevention among
all cases tested. The WZ's hardness measures around 50 HRC
along with slight variations when preheating is absent. The
material experiences significant internal stresses at this
temperature range that may lead to cracking occurrence. This
weldment displays the lowest internal stress and best ductility
due to which it remains the most stable option. Table 10
summarized this comparison parameters.

For more explanation about the hardness profile and
summarized these results in best way, the authors represented
these results in the following graphic chart in Figure 6 below.
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Figure 6. Rockwell hardness profile graphical bars chart

6. TENSILE TEST RESULTS ANALYSIS

The SEM images showing tensile test gray cast iron
weldments samples fracture the likely defects at preheating
temperatures of no preheat, 150°C and 300°C. This section
provides an overview of all microstructural features together
with their related cracking and defect characteristics. Figure 7
below illustrated the tensile test fracture SEM. Non preheated
tensile test fracture SEM sample analysis in Figure 7(A)
exhibits brittle fractures due to non-preheating effects. Areas
containing coarse microstructures along with their low
ductility feature among these observations. Corrosion tracks
across the area of grey cast iron primarily through grain
boundaries in a transgranular type. Thermal stresses should not
have developed during welding thanks to inadequate preheat
operations particularly where the fusion zone is located. The
presence of such stresses leads to crack starts occurring either
at the surface or at inclusions. The rapid cooling of gray cast
iron tends to produce shrinkage cracks because of its inherent
sensitivity. The cooling processes without preheating
treatment was likely accelerated through the absence of
preheating treatment thus leading to crack formation. The
absence of preheating would increase the susceptibility to
brittle fractures in gray cast iron thus decreasing energy
absorption during the tensile test.

In Figure 7(B), The thermal gradient decreased when
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preheating at 150°C due to the slower cooling dynamics. The
microstructure becomes more uniform due to this process
which might reduce the brittle phases. The crack pattern shows
enhanced ductility characteristics than the first sample despite
the presence of fracture across both grain boundaries and large
carbide regions. The preheating process reduces thermal stress
which contributes to cracking formation. Welded parts
affected by carbides remain at risk for developing cracks that
run parallel to the grain boundaries. The carbide formation in
gray cast iron weldments in specific areas developed cracking
initiation sites and creates local hardness fluctuations. The
preheating applied before welding enhances the toughness of
the weld area by minimizing brittleness but the developed
ductility remains below specific application needs.

300°C temperature preheating leads to microstructure with
an extended cooling process resulting in a refined
microstructure that lowers the occurrence of brittle cementite
or other hard phases that lead to material fractures. 150°C
preheated specimen failure surface exhibited better ductile
tearing than the 300°C preheating sample. The slow cooling
results in decreased shrinkage cracking by developing lower
thermal gradients across the weld. The improved uniformity of
weld microstructure contributes to a better material ductility.
The material exhibits signs of dimples and ductile fracture
features that indicate better tensile stress absorption until
failure occurred. Preheating the weldment to 300°C diminishes
the formation of residual stresses because every part reaches a
uniform higher temperature that lowers the possibility of
cracks from differential cooling effects.

W s S0 by £

Figure 7. Tensile test fracture SEM: (A) without preheating,
(B) 150°C preheating, and (C) 300°C preheating

7. OPTIMAL PREHEATING TEMPERATURE
ECONOMIC FEASIBILITY ANALYSIS

Assessing best preheating temperature cost-effectiveness
for welded cast iron materials plays vital role in deciding its
financial practicability in production facilities. Preheating
temperature optimization for welded cast iron materials will
require financial analysis to demonstrate its value. Financial
analysis reviews both energy expenses and material savings
together with labour productivity and total operational
consequences. The preheating system needs energy input
which usually comes from electric or gas-powered heating



systems. Energy analysis depends heavily on price per
kilowatt-hour (kWh) and fuel litter unit. energy assessment
related  expenses through  preheating  temperature
combinations at 100°C, 200°C and 300°C enables increased
understanding. Weld quality improves through preheating
because it reduces cracking occurrence together with porosity
and residual stress. Expenses decrease when organizations
eliminate need for rework and reject parts. Analysis examines
both discarded materials expenses as well as welding
consumable expenses between various preheating practices.
Welding speed together with cooling rate receive direct
influence from preheating procedure which affects production
output. Analysis incorporates hourly labour expenses while
examining how extended preheating times benefit from
reduced weld repairs after finishing work. Having elevated
preheating temperatures leads to extended handling
requirements which influence both cycle operation duration
and manufacturing output rates. Better weld strength extends
the lifespan of components which decreases both maintenance
expenses and replacement costs especially benefiting
industries that weld cast iron parts like automotive and heavy
machinery sectors because of increased reliability. Weld
failures number decreases which decrease time production
lines total amount remain idle. Return on Investment (ROI)
Calculation, preheating expenses assessed against long-term
financial savings to determine cost-benefit relationship. using
optimal preheating temperatures economic feasibility depends
on NPV and payback period analysis.

8. CONCLUSIONS

This research study demonstrates that preheating serves as
a fundamental parameter for achieving superior
microstructural and mechanical properties of welded gray cast
iron. The research demonstrated through controlled analysis
that preheat temperature elevation impacts the retention of
graphite as well as carbide formation degree and stress residual
patterns. Preheating to 300°C leads to best weld quality by
enhancing mechanical stability while preventing brittle phase
development. Desirable weldments with minimal defects
require strict thermal control according to these research
findings. This study yields essential findings which serve as
the following summary.
1. The microstructure, mechanical properties together with
overall integrity of welded cast iron substantially improve
when preheat temperatures rise. The retention of graphite
along with lower carbide formation and reduced residual
stress occurs when preheating temperatures increase.
The best outcomes from testing scenarios occur when
preheating materials to 300°C, which yields optimal weld
properties, combined with excellent ductility and minimal
carbides, narrowed hardness ranges, and enhanced
material durability. The preheating process before welding
improves mechanical stability as well as durability and
operational functioning of welded components.
Preheating a weld to 150°C produces better quality than
non-heated samples but fails to eliminate the formation of
carbides and residual stress. The weld shows diverse
hardness patterns and contains some susceptibility to
cracking.
Without preheating during welding operations, the
resultant material develops brittle qualities through the
formation of hard martensitic zones that create more cracks
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because of fast cooling. Poor mechanical performance
occurs because the microstructure does not possess
uniform characteristics that leads to weak bonding.
Nickel-based electrodes with ENi-CI composition help
stabilize austenite and allow graphitization that minimizes
carbide development. The complete advantages of nickel
stabilization appear when combined with suitable thermal
management techniques (preheating).

Preheating helps control cooling rates that prevents
thermal stress from creating defects during the process. A
300°C preheating process reduces residual stress thus
creating stable weldments that show strong resistance to
fatigue.

The optimal temperature for SMAW welding of gray cast
iron with ENi-ClI electrodes using 300°C preheat results in
maximum mechanical properties alongside minimal weld
defects and long-lasting weld structure. However, when
only moderate weld quality is required 150°C can be
effective and no preheating should be employed due to
enhanced cracking potential from brittleness changes.

The obtained research data indicates that preheating
temperatures between 150°C and 300°C represent most
suitable range. Heat treatment at 150°C lowers carbide
formation and reduces martensite phases that leads to
minor improvement in HAZ hardness to approximately 49
HRC. 300°C preheating temperature strikes best
equilibrium by maintaining graphite while reducing
carbide formation to produce an overall Dbetter
microstructure for ductile weld joints. HAZ hardness
variations reach 48 HRC as lowest possible level under this
condition thus minimizing brittle fracture chances.
Welded joints effectiveness depends on how much
preheating temperature selected by operators. Engineering
applications requiring structural durability together with
moderate mechanical properties should use 150°C
preheating temperature. Temperature range provides
advantages to industries that prioritize both operations
speed and affordable production costs.
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