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Abstract

ASTM A216 WCB material is a cast carbon steel commonly used in valve
components operating at high temperatures, where one of the main problems is surface
wear. This study aims to analyze the effect of variations in the number of Stellite 12
hardfacing layers and the type of buffer layer (ER308 and ER309) on the hardness,
wear resistance, and microstructure of ASTM A216 WCB material. Four variations
of specimens were tested using the Gas Tungsten Arc Welding (GTAW) welding
process. The hardness test results showed that increasing the number of layers
consistently increased the material hardness due to reduced dilution and

Keywords: microstructural refinement. The highest hardness value of 477.89 HV was recorded
Buffer layer ; Hardfacing ; in the specimen with the ER309 buffer layer and four layers of hardfacing. In contrast,
Hardness ; Wear Resistance; the lowest wear rate, which indicates the highest wear resistance, was 0.00318
Microstructure mm?/Nm and was observed in the specimen with the ER308 buffer layer and two

layers of hardfacing, which had a lower surface hardness (396.13 HV). These results
indicate a non-linear relationship between maximum hardness and optimal wear
performance. Microstructural observations indicate that the base metal has a ferrite
and pearlite structure. In the buffer layer, austenite and vermicular ferrite structures
are formed. Meanwhile, in the hardfacing layer, a-dendritic phases and complex
carbide precipitation were found, which were presumptively identified as M23C6.
This study concludes that optimizing hardfacing performance on WCB steel requires
a balance between the hardness achieved through the number of layers and the
microstructural toughness influenced by the interaction with the buffer layer.

1. INTRODUCTION

The rapid development of the industrial sector has led to an increase in the use of pipes as a means of
transporting water, oil, gas, and various other types of fluids. In a piping system, there is an element known as
a valve. A valve is a mechanical component specifically designed to control, regulate, and guide the speed of
fluid flow by opening, closing, or partially opening the flow pressure rate (Maulana et al., 2020). In addition
to opening or closing the flow, the valve also functions to regulate flow speed, direct flow, prevent backflow,
control pressure, or reduce pressure (Yusim et al., 2020). Valves have an important part, one of which is the
disc component. The valve disc is a component that functions to control the flow of fluid through the valve.
The disc is the part that experiences direct friction with the fluid, so increasing its hardness is very important,
as it can improve resistance to damage caused by friction. The carbon steel material that is usually used is the
ASTM A216 WCB type. This material is widely used in the valve body manufacturing process because of its
balance of mechanical properties, toughness, and ease of fabrication process up to temperatures of 425°C (JC
Casting, 2025).
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ASTM A216 WCB material is resistant to wear, but when used in the field, wear will decrease, causing a
short service life and high maintenance costs. Therefore, it is necessary to coat the surface of the material to
improve the performance and durability of the material using hardfacing. Hardfacing is used on parts that
experience extreme wear, impact, and corrosion (Tandon et al., 2023). This method can also increase surface
resistance in low-carbon steel (Chotéborsky et al., 2008) in (Susetyo et al., 2021). Hardfacing overlay is a
process of hardening a metal surface by adding a filler metal that has high wear resistance and hardness to the
base metal surface (Jong et al., 2021). Hardfacing can be applied to new components during their manufacture
or to restore worn surfaces (Garbade et al., 2021). Among various hardfacing alloys, cobalt-based alloys such
as Stellite are known to have superior wear resistance, corrosion resistance, and high-temperature hardness
retention, mainly due to their microstructure consisting of a cobalt-chromium (Co-Cr) matrix strengthened by
hard carbide precipitation (Gongalves Junior et al., 2024).

Welding is an inseparable part of industrial development because of its role in the engineering process and
product repair of metal materials (Herizal et al., 2020). Gas Tungsten Arc Welding (GTAW) is carried out by
heating the metal until it melts using an electric arc formed from tungsten and a metal electrode. The electrode
functions as a support for the creation of an electric arc; this classifies GTAW electrodes as non-consumable
electrodes. (Abdullah et al., 2021). Gas Tungsten Arc Welding (GTAW) is a welding process that has good
visual quality and is a precision welding process (Badheka et al., 2016). Welding parameters such as welding
current, arc voltage, welding speed, torch angle, welding wire length, nozzle distance, welding position and
direction, and welding flow rate (Karadeniz et al., 2007) in (Azwinur et al., 2020). Heat input in welding
greatly affects the phase structure, cooling rate, and distortion (Fauzi et al., 2024). Optimal buffer layer
selection is an important technique to reduce the propagation of defects from the substrate to the coating and
prevent the occurrence of defects due to stress after the welding process (Rana et al., 2023).

According to the Schaeffler diagram, which predicts the microstructural phases in stainless steel welds
based on chromium and nickel equivalents, ER309 has a higher alloy content than ER308 (Australian Stainless
Steel Development Association, 2012). Darmo and Prihadianto performed hardfacing with AWS AS5.13
electrodes (JIS Z 3251) on steel with varying manganese content of 10.4, 11.6, 12.7, 13.6, and 14.6 wt.%,
resulting in hardness between 230 and 250 HV (Darmo et al., 2023). Susetyo et al. performed a hardfacing
process using three layers of AWS A5.13 EFe2 electrodes interspersed with E7018 electrodes as buffer layers
and current variations of 90, 110, and 130 A, resulting in the highest hardness in samples welded with a current
of 130 A (Susetyo et al., 2021). The high alloy content of ER309 provides resistance to Fe dilution from carbon
steel, thereby preventing the formation of a brittle martensite phase and producing a more ductile joint. In
contrast, the performance of ER308, which has a lower alloy content, is more sensitive to process parameters
and the level of dilution. In addition to buffer layer selection, the number of hardfacing layers is also a critical
parameter for controlling dilution. Multi-layer deposition ensures the surface layer has the purest chemical
composition for optimal wear resistance. Furthermore, the repeated thermal cycles of this process serve as an
in-situ heat treatment that refines the dendritic structure, distributes carbides homogeneously, and ultimately
increases hardness (Luijan et al., 2023).

Although the principle of hardfacing is well understood, systematic comparative studies on the interactive
effects between the type of buffer layer (ER308 vs. ER309) and the number of Stellite 12 hardfacing layers on
ASTM A216 WCB substrates are still very limited, as existing studies tend to focus on a single variable.
Therefore, the research gap in this study is the lack of understanding of how the specific combination of these
two factors simultaneously affects the evolution of the resulting hardness, wear, and microstructure values.
The novelty of this study lies in the systematic investigation of these interactions, with the aim of identifying
the relationships between process parameters, structure, and properties, and revealing the potential for an
optimal balance between maximum hardness and highest wear resistance for industrial applications.
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2. METHOD

The basic material used in this study is ASTM A216 WCB cast carbon steel with dimensions of 150 mm
x 150 mm x 10 mm. The filler metals used are ER308 and ER309 as buffer layer s and Stellite 12 as
hardfacing layer material. The chemical composition of ASTM A216 WCB material is presented in Table 1.
This study uses a factorial design that produces four variations of specimens by varying the type of buffer
layer (ER308 and ER309) and the number of hardfacing layers (two and four layers). The welding process
used is Gas Tungsten Arc Welding (GTAW) with a downhand welding position (1G). The welding
parameters used for each specimen are detailed in Table 2.

Table 1. Chemical Composition of ASTM A216 WCB
Grade C MN Si S P CR This Mo Cu V

ASTM A216 WCB 03 1 0.6 0.035 0.035 05 05 02 03 0.003

Table 2. Welding Parameters

) Ampere Voltage Layer of Travel Speed Heat Input
Marking  Electrode (A) ) Weld (mm/min) (KJ/mm)
ER308 135 13 Layer 1 61.73 1.81764
Specimen Layer?2 64.38 1.95696
1 . Layer3 64.38 1.95692
tellite 12 145 14
Stellite Layer 4 63.56 1.91632
ER308 135 1 Layer 1 59.29 1.98936
Layer?2 59.06 1,79388
Specimen 13 Layer 3 64.38 1.78698
2 . Layer 4 64.66 1.95692
tellite 12 14
Stellite > 14 Layer 5 63.03 1.98940
Layer 6 62.73 1.96504
ER309 135 b Layer 1 60.24 1.63944
Specimen Layer 2 63.03 1,62000
3 . Layer 3 63.03 2.02188
tellite 12 145 14
Stellite Layer 4 62.76 1.96504
ER309 135 1 Layer 1 61.98 1.69884
Layer 2 61.73 1,70586
Specimen 13 Layer 3 64.10 1.94068
4 . Layer 4 63.56 1.96504
tellite 12 145
Stellite 14 Layer 5 63.83 2,00564
Layer 6 64.38 1.94880

After the welding process, a series of tests were conducted for characterization. Vickers hardness testing was
performed using a load of 10 kgf with a holding time of 12 seconds. Indentations were performed on the base
metal, HAZ, both buffer layers, and each hardfacing layer. This study was exploratory in nature to identify
metallurgical trends and phenomena. Each condition variation was represented by one specimen (n=1).
Therefore, inferential statistical analysis such as two-factor ANOVA cannot be applied to claim statistical
significance. Claims in this manuscript are based on the analysis of trends observed from the data and supported
by metallurgical principles. Hardness testing was performed with three indentations per location to provide a
measure of local variability. Wear performance was evaluated using the pin-on-disc method in accordance
with ASTM G99-17, Standard Test Method for Wear Testing with a Pin-on-Disk Apparatus. The pin-shaped
test specimens were cut from the layer of hardfacing on top of every variation. Testing is done by pressing the
pin on the disc coated with rotating abrasive SiC paper with 60 grit. The test parameters used are a normal load
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of 1086 g (10.65 N), a trail radius of 100.58 mm, a spin speed of 1326.2 RPM, and a duration of 1 minute. For

microstructure analysis, the specimen was cut transversely, polished, and etched in a chemical way. Two types

of reagent etching were used: Nital solution (3% HNO:s in ethanol) for the base metal and HAZ areas, as well

as Aqua Regia solution (1 part HNOs and 3 parts HCI) for the buffer layer and hardfacing layer areas.
Observation of the microstructure is done using microscope optics

3. RESULT AND DISCUSSION

3.1 Hardness Testing

Hardness testing was carried out to determine the hardness value of each specimen from various variations
in this study, including the base metal, HAZ, buffer layer, and each layer of the hardfacing layer.

Table 3. Hardness Test Results

Hardness Test Value (HV)
Variation Location Average (HV)
To 1 2nd  The 3rd

Base metal 157.13 16335 155.95 158.81
HAZ 164.61 171.55 231.98 189.38
Specimen 1

Buffer layer 1 261.35 274.05 265.93 267.11

(Buffer layer ER308,
Buffer layer 2 32924 2795 26191 290.22

2 Layer Hardfacing)
Hardfacing Layer 1 315.66 361.07  352.00 34291
Hardfacing Layer 2 379.94 41290 395.54 396.13
Base metal 160.48 157.86  160.38 159.57
HAZ 167.50 155.54 160.33 161.12
Buffer layer 1 307.49 319.08 317.49 314.69

Specimen 2

Buffer layer 2 361.71 389.23  386.39 379.11

(Buffer layer ER308,
Hardfacing Layer 1  403.52 440.31 423.83 422.55

4 Layer Hardfacing)
Hardfacing Layer 2 411.74 44485 470.77 442.45
Hardfacing Layer 3 44333 502.14 502.41 482.63
Hardfacing Layer 4 442.68 489.25  455.04 465.32
Base metal 157.77 162.86  158.78 159.81
Specimen 3 HAZ 17424 170.87 168.25 171.12
(Buffer layer ER309, Buffer layer 1 181.85 212.11  206.14 200.03
2 Layer Hardfacing) Buffer layer 2 373.66 206.55 210.96 263.72
Hardfacing Layer 1 436.47 408.46 418.02 420.98
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Hardness Test Value (HV)
Variation Location Average (HV)
To 1 2nd  The 3rd

Hardfacing Layer 2 474.11 462.34 437.74 458.06
Base metal 15322 167.8 159.3 160.11
HAZ 168.86 173.65 167.60 170.04
Buffer layer 1 262.63 283.34 232.72 259.36
Specimen 4
Buffer layer 2 267.63 408.65 2484 308.23
(Buffer layer ER309,
Hardfacing Layer 1 343.71 351.24  352.77 349.24
4 Layer Hardfacing)
Hardfacing Layer 2 345.65 483.10 490.34 439.70
Hardfacing Layer 3 459.59 486.41  465.36 464.45
Hardfacing Layer 4 495.67 469.35 468.64 477.89
HARDNESS TEST
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Figure 1: Hardness Test Results Graph

The average hardness of the ASTM A216 WCB base metal was consistent across the four specimens,
ranging from 158.81 HV to 160.11 HV, consistent with the characteristics of cast carbon steel in its initial
state. In the HAZ, a slight increase in hardness was observed, caused by the thermal cycle of welding that
produces grain refinement, thus increasing the resistance to dislocation movement. The buffer layer showed a
significant increase in hardness. There was a clear difference in performance between the ER308 (Specimens
1 and 2) and ER309 (Specimens 3 and 4) buffer layers. The specimens using ER308 consistently produced
harder buffer layers. This difference is most likely due to the chemical composition. ER309 has higher Cr and
Ni contents, which stabilize the softer and more ductile austenite phase and are more resistant to carbon dilution
from the base metal. In contrast, ER308 with a lower alloy content may experience greater carbon pickup from
the base metal, which may induce precipitation hardening or partial phase transformation. The Stellite 12
hardfacing layer exhibited the highest hardness increase, which is attributed to its microstructure consisting of
a cobalt matrix reinforced by the precipitation of very hard complex carbides (Senthilkumar et al., 2023).
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Data analysis revealed two main trends. First, increasing the number of layers from two to four
consistently increased the hardness of the surface layer. The highest hardness value in the two-layer specimen
(Specimen 3) was 458.06 HV, while in the four-layer specimen (Specimen 4) it reached 477.89 HV.
Consequently, the top layer has a chemical composition closest to that of pure Stellite 12, allowing for the
formation of a higher carbide volume fraction. Second, the hardness gradually increased with each additional
layer (HF L1 to HF L4) in Specimens 2 and 4. For example, in Specimen 2, the hardness increased from 422.55
HV (HF L1) to 465.32 HV (HF L4). This phenomenon is due to the repeated thermal cycles of subsequent
layer deposition acting as an in-situ heat treatment of the underlying layer, promoting grain refinement and
homogenization of the structure. This confirms that to achieve optimal surface properties of Stellite alloys,
multi-layer deposition is necessary to overcome the dilution effect. Overall, the measured hardness profiles
provide strong evidence that the combination of buffer layer type and number of hardfacing layers interactively
determines the hardness distribution across the weld deposit. The highest hardness value achieved by Specimen
4 (ER3009, 4 layers) indicates that the use of a metallurgically stable buffer layer combined with a sufficient
number of layers is an effective strategy for maximizing surface hardness.

3.2 Wear Testing

The wear performance was evaluated based on the specific wear rate (mm?*Nm), where lower values
indicate higher wear resistance. The test results showed that all hardfacing configurations drastically improved
the wear resistance compared to the ASTM A216 WCB base material. The wear rate of the base material was
0.01338 mm?/Nm, while all coated specimens had wear rates below 0.006 mm?*Nm. The most prominent
finding is the existence of a non-linear relationship between surface hardness and wear resistance, which is
often referred to as the hardness-wear paradox.
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Figure 2: Wear Test Results

This phenomenon can be explained by the complex microstructural mechanisms in cobalt-based alloys.
The wear resistance of Stellite alloys is determined not only by the volume fraction of hard carbides but also
by the ability of the more ductile a-Co matrix to support these carbides and resist plastic deformation under
shear stress from abrasive particles (Crook, 2022). In Specimen 4, the very high hardness is most likely due to
the very high carbide density, which can cause matrix embrittlement. Under abrasive loading, this brittle matrix
may not be able to effectively support the carbide particles, leading to the release of hard particles (carbide
pull-out). These released particles then act as a third-party abrasive particle (third-body abrasive), which
precisely speeds up the wear rate. In contrast, Specimen 1, although softer, possibly has its own optimal balance
between hardness and toughness. Its matrix is more tenacious, capable of supporting the phase carbide in an
effective way, absorbing part of the energy from the abrasion process, and preventing premature particle
release. With that said, although its own violence is absolutely lower, microstructure Specimen 1 gives superior
tribology performance in this test condition. It is necessary to note that without analysis of surface wear using
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Scanning Electron Microscopy (SEM), the mechanism This proposed wear is of an inferential nature and
requires more validation to carry on.

3.3 Microstructure Testing
3.3.1 Base Metal
The microstructure of the ASTM A216 WCB base metal can be seen in Figure 3.

Figure: 3 Microstructure of Base Metal

Microstructural observations of the ASTM A216 WCB base metal show a typical medium carbon steel
structure, consisting of ferrite (bright areas) and pearlite (dark, lamellar areas). This structure is consistent
with the initial state of the material and does not show significant changes, indicating that this zone has not
experienced high enough thermal cycling to trigger phase transformation.

3.3.2 Bufter layer

The microstructure of the buffer layer looks like Figure 4.

(Spesimen 3) (Spesimen 4)

Figure 4: Microstructure Buffer layer

The microstructure of both types of buffer layers is dominated by a light austenite matrix with a vermicular
ferrite phase (worm-shaped, dark) dispersed within it 4. The formation of this ferrite is important to prevent
hot cracking during solidification. There are differences in morphology between specimens using ER308 and
ER309. Specimens with the ER309 buffer layer (Specimens 3 and 4) tend to show a finer structure. This is due
to the higher Cr and Ni contents in ER309, which produce a more stable austenite matrix and promote the
formation of finer and more evenly distributed ferrite. This higher austenite stability provides better resistance
to dilution and thermal stress, which are the main functions of the buffer layer (Kalyankar et al., 2020). An
even distribution of ferrite tends to increase toughness while maintaining corrosion resistance (Hassel et al.,
2025). Specimen 2 shows a more dominant and longer ferrite structure in the crystal orientation direction. This
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increase in ferrite volume indicates a faster cooling rate or local composition differences due to variations in
the welding process. Although ferrite can increase strength and heat resistance, excess ferrite can reduce
corrosion resistance if it exceeds the optimum limit (Hassel et al., 2025). Specimen 3 shows a finer structure
than 1 and 2. Ferrite is in the form of small and short ribbons, scattered among the austenite phase, which
appears more dominant. This indicates that ER309, which has a higher Cr and Ni content, produces a more
stable structure with austenite phase dominance. Meanwhile, in specimen 4, the ferrite structure appears to be
more elongated, but not as much as in specimen 2. This structure indicates that although austenite is still
dominant, there is an influence of the cooling rate and the addition of Cr elements in ER309, which triggers
the formation of vermicular ferrite in larger quantities than in specimen 3.

3.3.3Hardfacing Layer

The microstructure of the hardfacing layer is shown in Figure 5.

(Spesimen 3) (Spesimen 4)

Figure 5: Microstructure of Hardfacing Layer

The microstructure of the Stellite 12 hardfacing layer (Figure 5) shows a classic hypoeutectic structure
consisting of a dendritic cobalt-rich matrix (a-Co phase) with a eutectic network of hard precipitates in the
interdendritic regions. Based on the known morphology and chemical composition of the Stellite 12 alloy,
these precipitates are presumptively identified as complex carbides, most likely of the M23C6 and/or M7C3
type, where ‘M’ represents carbide-forming elements such as Cr, W, and Co. Definitive identification of these
carbide phases requires advanced characterization techniques such as X-ray Diffraction (XRD) or Energy-
Dispersive X-ray Spectroscopy (EDS) analysis in SEM, which is a limitation of this study but an important
direction for future investigations. The number of hardfacing layers shows a clear influence on the
microstructural fineness. The four-layer specimens (specimens 2 and 4) exhibit a finer dendritic structure and
more evenly distributed carbide precipitates in the top layer than the two-layer specimens (specimens 1 and
3). This phenomenon occurs because the repeated thermal cycles of subsequent layer deposition act as in-situ
heat treatments on the underlying layers, promoting grain refinement and structural homogenization. The finer
and more homogeneous microstructure of Specimen 4 correlates well with its highest hardness value.
Conversely, the slightly coarser structure of Specimen 1 likely provides higher matrix toughness, contributing
to its superior wear performance.
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4. CONCLUSION

This study systematically analyzes the effect of variations in buffer layer s (ER308 and ER309) and the
number of Stellite 12 hardfacing layers (two and four layers) on ASTM A216 WCB material. Based on the
results and discussion, several conclusions can be drawn, namely, increasing the number of hardfacing layers
from two to four layers consistently increases the surface hardness. The highest hardness (477.89 HV) was
achieved by specimens with ER309 buffer layer s and four layers of hardfacing. This increase is due to the
reduced dilution effect of Fe from the substrate and the refinement of the microstructure due to repeated
thermal cycles. A non-linear relationship between hardness and wear resistance was found. The highest
abrasive wear resistance performance, characterized by the lowest wear rate (0.00318 mm?*/N-m), was achieved
by the specimen with an ER308 buffer layer and two layers of hardfacing, despite having a lower surface
hardness (396.13 HV). The main contribution from this research is the demonstration of the empirical existence
of the paradox of wear-hardness in this hardfacing system. This underlines that for application wear-out
abrasives, optimization performance does not always mean maximizing violence, but rather reaching a balance
of optimal microstructure between phase volume fraction and hard and tough carbide matrix for his supporters
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