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Abstract

Hardfacing is widely used to restore worn gate-valve surfaces, but the choice of process
parameters must account for residual stress, distortion, plastic strain, and the heat-af-
fected zone (HAZ). This study investigated the hardfacing of 09G2S steel numerically in
Simufact Welding using a Taguchi L9 design for three filler materials, Np-65G, Stoodite
6M, and PrNI-3V14K, giving 27 simulated conditions. The Goldak heat source was cali-
brated against a theoretical penetration depth of 1.2-1.5 mm. Conditions resulting in metal
boiling, an unmelted bead center, or a penetration depth outside 1.0-2.0 mm were ex-
cluded. Lower residual stresses were obtained only together with insufficient penetration
or overheating. Run 6 was selected for Np-65G (285 MPa; HAZ depth, 4.7 mm) and
Stoodite 6M (373 MPa; 4.6 mm), and Run 2 for PrNI-3V14K (289 MPa; 3.5 mm). On a model
of a 90-mm-thick gate plate, the selected Np-65G condition gave a penetration depth of
only about 0.5 mm; an adjusted condition within the investigated levels (160 A, 12V, 3
m/h, 200 °C) gave 1.45-1.80 mm with a fully melted bead for both Np-65G and Stoodite
6M. Conditions selected on specimens must therefore be reassessed for the actual compo-
nent. Specimens hardfaced under industrial conditions were characterized by microscopy
and microhardness testing: 386466 HV0.05 for the Stoodite 6M deposit and 345-440
HVO0.05 for Np-65G.

Keywords: hardfacing; gate valve restoration; thermomechanical simulation; Simufact
Welding; Taguchi L9 design; heat-affected zone; residual stress; microhardness

1. Introduction

Gate valves are widely used in pipeline systems, where the condition of the sealing
surfaces directly affects reliable operation. During service, gate and sealing components
are exposed to contact loading, friction, abrasive particles, corrosion, and gradual wear.
As the working surfaces deteriorate, sealing performance may decrease and the compo-
nent may eventually require replacement. For large valve components, replacement can
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involve considerable cost and equipment downtime. Restoration of worn working sur-
faces is therefore of practical interest, particularly for valves operating under demanding
conditions.

Hardfacing is commonly used to restore worn surfaces and, at the same time, modify
their surface properties. The quality of the deposited layer depends on both the filler ma-
terial and the conditions under which the layer is formed. Welding current, arc voltage,
travel speed, preheating temperature, and the resulting heat input affect penetration, di-
lution, temperature distribution, cooling conditions, residual stresses, deformation, and
microstructural development. These effects make the selection of hardfacing parameters
an important part of the restoration procedure.

A number of studies have examined hardfacing and related surface-deposition meth-
ods for valve components. Klimpel et al. [1] studied laser and plasma surfacing of engine-
valve faces using cobalt-based powders. Their results showed that the heat source and
processing parameters influence the geometry of the deposited layer and its interaction
with the substrate. Dilution was identified as an important factor because excessive incor-
poration of the base metal into the deposited layer alters the composition and properties
of the deposited metal. Yu et al. [2] compared different hardfacing processes using cobalt-
based alloys and demonstrated differences in microstructure and corrosion behavior. Fu
et al. [3] investigated an iron-based coating for the sealing surface of a nuclear power plant
valve and achieved improved wear and corrosion resistance. Ding et al. [4] applied laser
hardfacing with a mixture of Stellite alloys directly to the sealing surfaces of control valve
seats, while Que et al. [5] investigated cracking and the microstructure of cobalt-free hard-
facing on valve seats.

Research specifically related to wedge gate valves has also shown the potential of
hardfacing. Mussina et al. [6] investigated components hardfaced with Sv-10Kh17T weld-
ing wire under dry friction and in water- and oil-based media. The hardfaced samples
showed higher wear resistance and microhardness and lower friction compared with the
untreated material. Such experimental studies provide useful information about the final
surface condition, including hardness, wear, corrosion behavior, microstructure, and
tribological characteristics. However, they provide less information about the thermal and
stress—strain processes that occur while the deposited layer is being formed. In the au-
thors” previous study [7], the effects of TIG hardfacing parameters on the microstructure
and dilution ratio of the deposited layer on low-alloy steel shut-off valve seats were in-
vestigated experimentally. The present study differs in that the process parameters are
selected numerically according to physical feasibility criteria and subsequently applied to
a model of the gate plate.

Numerical modeling can provide additional information about these processes. Sa-
chajdak et al. [8] developed a thermal model of gas metal arc hardfacing and used it to
predict temperature distributions and thermal cycles. The model was compared with ther-
mographic measurements, illustrating the importance of experimental verification when
numerical results are used to describe the thermal history of a hardfacing process. This is
relevant to gate-valve restoration because thermal conditions in an actual valve compo-
nent may differ from those obtained using a simple flat specimen.

Numerical welding studies have also moved beyond thermal analysis alone. Guo et
al. [9] used Simufact Welding to model a layered bimetallic TIG-MIG welding process
and analyzed temperature, residual stresses, and deformation. Wei et al. [10] applied the
same software together with a moving double-ellipsoidal heat source for simulation of
thick-plate welding. Their study linked the calculated temperature field with the resulting
residual stress distribution. Although these works did not investigate gate-valve hardfac-
ing, they demonstrate that Simufact Welding can be used to analyze the coupled thermal
and mechanical response produced by a moving welding heat source.
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The definition and calibration of the heat source remain important for this type of
modeling. Da Silva et al. [11] combined numerical modeling with welding experiments
and physical simulation in a study of the heat-affected zone in superduplex stainless steel.
The calculated thermal cycles and fusion-zone geometry were compared with experi-
mental data before further numerical analysis was performed. Li et al. [12] used a three-
dimensional multiphysics model for submerged-arc surfacing and considered tempera-
ture, stress, phase transformation, and material flow. Their results showed that peak tem-
perature alone is not sufficient to describe the response of a surfaced component, since
cooling conditions, thermal gradients, phase transformation, and stress development are
interconnected.

Other studies have used similar numerical-experimental approaches for surface en-
gineering processes. Bararpour et al. [13] combined finite-element modeling with experi-
mental investigation of friction surfacing and used the calculated thermomechanical re-
sponse to interpret the properties of the deposited material. Aminzadeh et al. [14] inves-
tigated the relationship between process parameters and residual stress distribution using
numerical and statistical methods during the deep drawing of laser-welded blanks—that
is, in a metal-forming process rather than a welding process. These studies were con-
ducted for different materials and processes, but they illustrate how numerical simulation
can be used to reduce the experimental search space and to examine relationships that are
difficult to obtain from physical trials alone. Numerical simulation has also been applied
directly to hardfacing: to restore a worn grinding roller [15], to determine hardfacing pro-
cess parameters [16], and to calculate temperature, stress, and deformation distributions
during the hardfacing of splined shafts [17].

Despite the amount of work devoted to hardfacing and welding simulation, the two
directions are still not fully integrated for the restoration of gate-valve working surfaces.
Experimental studies of valve components have focused mainly on the properties of hard-
faced layers [1-7], whereas numerical studies have predominantly examined other
welded and hardfaced structures [8-13,15-17] or other metal-forming processes [14]. In
particular, there is still limited information on how hardfacing parameters affect the ther-
momechanical response of a 09G2S steel gate component and how numerically selected
conditions can be transferred to an industrial hardfacing process.

This issue is relevant because several responses have to be considered at the same
time. A suitable hardfacing condition should provide adequate deposition and bonding,
but excessive heat input may enlarge the heat-affected zone, increase deformation and
residual stresses, and affect the structure of the substrate. A parameter combination that
is favorable with respect to one response may therefore be less favorable with respect to
another.

In the present study, hardfacing process parameters for gate-valve restoration were
investigated numerically, and specimens hardfaced under industrial conditions were
characterized experimentally. Simulations were performed in Simufact Welding for
09G2S steel using three hardfacing materials: Np-65G, Stoodite 6M, and PrN1-3V14K. The
designations Np-65G and PrNI-3V14K are Latin transliterations of the corresponding
GOST material grades and are used throughout this paper for consistency. Welding cur-
rent, arc voltage, travel speed, and preheating temperature were varied according to a
Taguchi L9 design. Equivalent stresses, displacements, plastic strain, temperature re-
sponse, penetration depth, and heat-affected zone (HAZ) depth were compared for the
investigated parameter combinations.

The present study differs from previous welding and hardfacing simulation studies
[8-13,15-17] in three respects. First, the heat source was calibrated to a specified penetra-
tion depth in the base metal, and the same calibrated heat source was used in all 27 simu-
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lations. Second, before ranking, the simulations were screened for physical feasibility: con-
ditions resulting in metal boiling, an unmelted central region of the deposited bead, or a
penetration depth outside the process window were excluded. Third, the relative sensi-
tivity of the responses to each process parameter was assessed descriptively from the fac-
tor sums of squares, and the selected condition was applied to a gate-plate model to assess
its transferability to the actual component.

The numerical stage was used to identify comparatively favorable process conditions
rather than to determine a global mathematical optimum. Specimens hardfaced under in-
dustrial conditions were examined by optical and scanning electron microscopy and mi-
crohardness testing; these measurements characterize the hardfaced layers but do not con-
stitute a quantitative validation of the model.

2. Materials and Methods

2.1. Research Framework and Materials

The study combined numerical simulation with the examination of specimens hard-
faced under industrial conditions. The numerical part was used to investigate the effects
of the main process parameters on the thermomechanical response of the substrate and to
identify favorable parameter combinations. The hardfaced specimens were examined to
characterize the resulting layers. The overall workflow of the study is shown in Figure 1.

Numerical study of gate-valve hardfacing (Simufact Welding 2024.2)

<

>

‘ \ Gate val
ate valve
Taguchi L9 Filter, : simulation
- - Optimal
Mociel ‘allld Heﬁ) sott.lrce W Ap— ranking, p ;$a
materials calibration (27 runs) ANOVA condition Experimental
/ verification

<

>< )4 p

Model and calibration Design of experiments Optimum and its use
T-dependent material cards; T0, I, U, v at 3 levels; runs with Optimum — gate-valve simulation;
Goldak source fitted to the boiling, unmelted bead or experimental verification on
theoretical penetration penetration outside 1.0-2.0 mm factory specimens
(1.2-1.5 mm) excluded; ranking by o p99 and HAZ (OM/SEM, HV0.05)

Figure 1. Study workflow: model development and heat-source calibration; Taguchi L9 design for
three hardfacing materials; screening of physically feasible process conditions; ranking and
ANOVA-based descriptive factor-sensitivity analysis for the saturated L9 design; selection of com-
paratively favorable conditions; assessment and adjustment of the selected conditions using the

gate-plate model; and experimental characterization of industrially hardfaced specimens.

The gate-valve components considered in this study are intended for oil and gas ap-
plications. During operation, the gate is subjected to repeated mechanical loading, friction
against the valve seats, and abrasive action of particles carried by the working medium.
These conditions gradually damage the working surface. Hardfacing can therefore be con-
sidered as a restoration method that may reduce the need for complete replacement of
worn components.

The substrate material was low-alloy structural steel 09G2S. Specimens measuring 20
x 20 x 70 mm were used both in the numerical simulations and in the experimental hard-
facing trials. Using the same specimen dimensions in both stages made it possible to main-
tain comparable geometrical conditions.
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Torch direction

Weld path

(trajectory points)

Three hardfacing materials were considered: Np-65G hardfacing wire, the cobalt-
based alloy Stoodite 6M, and the hardfacing alloy PrN1-3V14K. All three hardfacing ma-
terials were manufactured by Beijing Hugetall Sciences & Technology Co., Ltd. (Beijing,
China) and supplied by Individual Entrepreneur NB Market (Almaty, Kazakhstan). Np-
65G and PrNI-3V14K were specified in accordance with GOST 10543-98 and GOST 21449-
75, respectively, whereas Stoodite 6M was specified in accordance with AWS A5.21.
These materials differ in composition and intended application and were selected to com-
pare their influence on the thermomechanical response of the 09G2S substrate. In the nu-
merical model, temperature-dependent thermophysical and mechanical properties were
assigned to both the substrate and deposited materials. The properties included density,
specific heat capacity, thermal conductivity, and the mechanical characteristics available
in the simulation database. The sources of the material property data are provided in Sec-
tion 2.2.

2.2. Numerical Model of the Hardfacing Process

Numerical simulations were performed in Simufact Welding 2024.2.0 (Hexagon
Manufacturing Intelligence GmbH, Hamburg, Germany) using the MSC Marc solver. A
three-dimensional rectangular specimen corresponding to the geometry of the experi-
mental specimens was used as the computational domain. A deposited bead was modeled
on the upper surface of the substrate to reproduce the localized thermal effect of the hard-
facing process (width: 10 mm; height: 1.36 mm; length: 49 mm; Figure 2).

Weld bead (Np-65G)

09G2S specimen
70 x 20 x 20 mm

Clamps (2)

Figure 2. Numerical model of the specimen used for hardfacing simulation in Simufact Welding:
09G2S steel substrate (gray), deposited bead (blue), and two clamps (red); the red dots indicate the
welding path, the black arrows indicate the torch travel direction, and the yellow ellipse represents
the Goldak heat source.

The welding arc was modeled using the Goldak double-ellipsoidal heat source [18].
This model describes the heat distribution in the front and rear parts of the moving source
and is widely used in welding simulations. Numerical models have also been used in
hardfacing studies to examine temperature and residual stress development during heat-
ing and cooling [19,20]. Previous studies have also shown that the selected heat-source
parameters can affect the calculated temperature field and HAZ dimensions [21,22].

The heat-flux density gi in the front (i = f) and rear (i = r) regions of the heat source
was defined by the following expression:
2f;Qk3/? ( kx? ky? kz?

q:(x,y,z) = abd 3 &
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where as, ar—are the front and rear semi-axis lengths, respectively, b—is the half-width,
d—is the depth, fi + fr = 2, k—is the distribution concentration parameter (k = 3 in the orig-
inal formulation [18]), 1—is the arc efficiency. The product P = Ul is referred to below as
the arc power. In this study, k = 2 was adopted: during calibration, k =2 and k = 3 were
tested together with the source dimensions, and the adopted parameter set satisfied all
three calibration conditions described below.

Four process parameters were varied in the simulations:

e  welding current, [;

° arc voltage, U;

° travel speed, v;

e  substrate preheating temperature, T.

These parameters influence the amount of heat introduced into the substrate and, as
a result, affect the temperature field, heat-affected zone, residual stresses, and defor-
mation.

The parameter ranges were defined separately for each hardfacing material based on
the technological ranges considered in this study. The current, voltage, and preheating-
temperature levels cover the process window for hardfacing with the respective material,
whereas the travel-speed levels were defined theoretically as +25% of the speed at which
the calibrated heat source produced the target penetration depth (4 m/h for Np-65G and
Stoodite 6M, and 10 m/h for PrN1-3V14K). The resulting process-parameter levels are
listed in Table 1.

Table 1. Process parameter levels used in the numerical investigation.

Hardfacing Material Level Current, A Voltage, V  Travel Speed, m/h Preheating Temperature, °C
PrN1-3V14K L1 160 11 8 200
PrNI1-3V14K L2 180 12.5 10 225
PrNI1-3V14K L3 200 14 12 250
Stoodite 6M L1 120 10 3 150
Stoodite 6M L2 140 12 4 175
Stoodite 6M L3 160 14 5 200

Np-65G L1 120 10 3 180
Np-65G L2 140 12 4 190
Np-65G L3 160 14 5 200

The thermal and mechanical analyses were coupled so that the temperature history
and the resulting stress—strain response of the specimen could be evaluated during heat-
ing and cooling. Temperature-dependent material properties were included to represent
changes in material behavior over the thermal cycle. Similar numerical-experimental
welding studies have used thermal-structural analysis to examine temperature, defor-
mation, and residual stresses and to compare the calculated response with experimental
measurements [23,24].

Material properties were specified using standards and technical data sheets. For
09G2S steel, the elastic modulus and yield strength were taken from GOST 34233.1-2017
[25]; the thermophysical properties and coefficient of thermal expansion at elevated tem-
peratures were taken from EN 1993-1-2 [26]; and the solidus and liquidus temperatures
were obtained from the model presented in [27]. For Np-65G, the properties of the corre-
sponding steel grade 65G were used: the elastic modulus, thermal expansion, thermal
conductivity, specific heat, and density were taken from reference data for this grade; the
room-temperature yield strength (690 MPa) corresponds to the quenched-and-tempered
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condition and was chosen to match the hardness specified for Np-65G deposits; the soli-
dus and liquidus temperatures (1370 and 1474 °C) were obtained from [27]; and the de-
crease in yield strength with temperature followed the Simufact library data for S355 steel.
The adopted Np-65G material card combined reference data for grade 65G, the solidus
and liquidus temperatures obtained from [27], and the temperature dependence of yield
strength from the Simufact S355 library. Because these inputs do not constitute a single
experimentally verified temperature-dependent dataset for Np-65G, the resulting thermo-
mechanical predictions should be interpreted comparatively rather than as exact material-
specific values. Because temperature-dependent data for the actual Stoodite 6M and PrNI-
3V14K hardfacing materials were unavailable, the properties of analogous alloys—Stellite
6 [28] and Stellite 1 [29], respectively —were used in the simulations. This represents a
modeling assumption rather than measured properties of the hardfacing materials. The
coefficient of thermal expansion was specified as a true (instantaneous) value and set to
zero above the solidus temperature. All model settings are listed in Table 2.

Table 2. Numerical model settings.

Parameter

Value

Software and solver

Simufact Welding 2024.2.0 (MSC Marc solver); non-stationary thermomechanical
problem; parallel calculation on 6 cores

09G2S steel bar 70 x 20 x 20 mm; one deposited bead 10 x 1.36 mm long 49 mm (x =

Specimen 10-59 mm)

Mesh Eight-node hexahedra with an edge of 1 mm: 27,314 elements, 33,096 nodes (base
22,400 elements, deposited bead 4914 elements)

Base metal 09G2S: temperature-dependent thermophysical and elasto-plastic properties [25-27];

solidus 1460 °C

Surfacing materials

Np-65G (solidus 1370 °C); Stoodite 6M —properties of Stellite 6 alloy (solidus 1285
°C) [28]; PrN1-3V14K —analog of Stellite 1 (solidus 1248 °C) [29]

Phase transformations Not modeled
Goldak double ellipsoid: 11 =0.77 [30]; b= 4.5 mm; d =3.5 mm; af =2.7 mm; ar=9.9
Heat source mm: k=2

Source calibration

The target (theoretical) penetration is 1.2-1.5 mm; at least 95% of the nodes in the
central 60% of the bead width are melted; Tmax is below the boiling point of iron
(2861 °C). Result: penetration depth 1.42/1.36/1.41 mm, Tmax 2450/2377/2673 °C
(Np-65G/Stoodite 6M/PrNI-3V14K)

Thermal boundary conditions

Convection h =20 W/(m*K), ambient temperature 20 °C; radiation, emissivity 0.6;
heat exchange with clamps 1000 W/(m2K)

Mechanical boundary conditions

Two clamps from 0 to 900 s; after their removal, a statically determinate 3-2-1 con-
straint scheme at the three corners of the lower face

Deposition time set by the travel speed of each run; cooling with a maximum time

Time step step of 120 s; end of the calculation at 1200 s (maximum specimen temperature 22-32
OC)
99th percentile of von Mises equivalent stress in the middle part of the deposited
bead (x = 20-50 mm); HAZ depth beyond the fusion boundary (peak temperature
Responses isotherms of 1460 and 725 °C); melting; residual distortion after removal of rigid-

body motion and uniform shrinkage; equivalent plastic strain (99th percentile in the
middle part of the deposited bead)

The heat-source parameters cannot be measured directly and were therefore cali-
brated. The initial calibration target was a theoretical base-metal penetration depth of 1.2—-
1.5 mm, which ensures fusion without excessive dilution of the hardfaced layer. The arc
efficiency was set to 0.77, corresponding to the average value reported for gas tungsten
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arc welding (GTAW/TIG welding) in the review [30]. The heat-source half-width was se-
lected to be close to the weld-pool half-width, as recommended by Goldak and Akhlaghi
[31]. The heat source was considered calibrated when all three conditions listed in Table
2 were satisfied simultaneously. One set of heat-source parameters satisfied these condi-
tions for all three materials and remained unchanged throughout the entire L9 series; only
the process parameters were varied.

The mechanical boundary conditions were selected so as not to introduce additional
stresses into the specimen. During hardfacing and subsequent cooling up to 900 s, the
specimen was held by two clamps. After the clamps were removed, a statically determi-
nate 3-2-1 constraint scheme was applied [32]: three, two, and one translational degrees of
freedom were constrained at three respective corners of the bottom surface. This con-
straint scheme eliminates the six rigid-body degrees of freedom without restricting free
shrinkage or bending; therefore, the support reactions do not contribute to the residual
stresses.

2.3. Design of the Numerical Investigation

A Taguchi L9 orthogonal array [33,34] was used to examine four process parameters
at three levels. This design reduced the number of required simulations while still allow-
ing the different parameter combinations to be compared. Nine simulations were carried
out for each hardfacing material, giving a total of 27 simulations for the three materials.

The L9 design is presented in Table 3. The numerical values assigned to levels L1-L3
for each material are given in Table 1.

Table 3. Taguchi L9 arrangement used for the numerical investigation.

Run Preheating Temperature Current Voltage Travel speed
1 L1 L1 L1 L1
2 L1 L2 L2 L2
3 L1 L3 L3 L3
4 L2 L1 L2 L3
5 L2 L2 L3 L1
6 L2 L3 L1 L2
7 L3 L1 L3 L2
8 L3 L2 L1 L3
9 L3 L3 L2 L1

This design allowed the three hardfacing materials to be studied using comparable
combinations of low, intermediate, and high parameter levels without performing a full-
factorial set of simulations.

In this study, the Taguchi design was used mainly for parameter screening and com-
parison, rather than for determination of a global mathematical optimum. The parameter
combinations were compared using their calculated thermomechanical responses, and the
most favorable conditions within the investigated ranges were selected for further assess-
ment.

2.4. Simulation Output and Data Processing

After each simulation, the results were exported from Simufact Welding for further
analysis. The calculations were automated through the embedded Python API in Simufact
Welding 2024.2.0, based on Python 3.10.8. The simulation results were processed and vis-
ualized using custom Python scripts with NumPy, pandas, Matplotlib, and PyVista. A
simulation was included in the analysis only if the solver terminated normally and the
time of the final step coincided with the specified end time of the simulation (1200 s).

https://doi.org/10.3390/applmech7040098
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The following response variables were evaluated:

e  Peak temperature throughout the entire model, including the substrate and depos-
ited bead;

e  penetration depth—the maximum depth below the original substrate surface
reached by the 1460 °C peak-temperature isotherm, corresponding to the solidus
temperature of 09G2S steel; the depth was obtained by linear interpolation of the
nodal peak temperature along each vertical line of nodes;

e fraction of the bead center melted —the fraction of nodes within the central 60% of
the bead width at which the peak temperature exceeded the solidus temperature of
the filler material. This fraction was computed during post-processing rather than in
Simufact: the nodal peak temperatures exported in UNV format were read with a
Python script, and the bead nodes within the central 60% of the bead width in the
region x = 20-50 mm were counted;

e HAZ depth beyond the fusion line—the vertical distance between the 1460 °C and
725 °C isotherms, the latter corresponding to the Acl temperature of 09G2S steel.
Critical temperatures of low-alloy steels can also be estimated from the chemical
composition using empirical equations [35]. The HAZ depth was determined along
each vertical line in the transverse cross-section, and the maximum value is reported
in the tables;

e residual von Mises equivalent stress—the 99th percentile of the nodal values in the
central region of the bead (x = 20-50 mm) at the end of the simulation;

e  distortion —the maximum residual displacement after removing the rigid-body mo-
tion of the specimen [36,37] and its uniform shrinkage [38];

e  equivalent plastic strain—the 99th percentile of the values in the central region of the
bead (x = 20-50 mm). The maximum value at an individual node was not used be-
cause it is sensitive to local mesh characteristics.

These variables describe different aspects of the thermal and mechanical response of
the specimen during hardfacing. Equivalent stress and equivalent plastic strain were used
to evaluate the mechanical response, whereas distortion was used to characterize changes
in the specimen geometry during heating and cooling. The central region of the bead was
selected to exclude arc ignition and extinction effects at its ends. The 99th percentile was
used instead of the maximum because the maximum value at an individual node is sen-
sitive to the mesh. The stress tensor and temperature data were matched to the nodes
using their node numbers, and the tensor components were read in the order specified by
the UNV format.

The HAZ was determined from the calculated peak-temperature field. It was defined
as the region of the substrate between the fusion boundary (1460 °C) and the 725 °C iso-
therm, corresponding to the critical Acl temperature of 09G2S steel. Its depth was meas-
ured from the fusion line along each vertical line in the transverse cross-section.

The process conditions were compared in terms of penetration depth, residual stress,
distortion, equivalent plastic strain, peak temperature, and HAZ depth. Physically infea-
sible conditions were excluded first. These included conditions with a peak temperature
above the boiling point of iron (2861 °C), an unmelted central region of the bead (fewer
than 95% of the nodes above the solidus temperature of the filler material), or a penetra-
tion depth outside the 1.0-2.0 mm process window. A penetration depth of less than 1
mm creates a risk of lack of fusion, whereas a depth greater than 2 mm results in excessive
dilution of the hardfaced layer by the base metal.

The feasible conditions were then ranked using the sum of two normalized re-
sponses—residual stress (99th percentile) and HAZ depth—with equal weighting. For
each material, each response was normalized to a range of 0-1 over the feasible conditions,
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and the condition with the lowest sum was selected. Because these responses did not al-
ways vary in the same direction, the condition selected for each material represented a
balance among several numerical indicators rather than the minimum of a single param-
eter.

The relative sensitivity of each response to the investigated factors was estimated
descriptively from the factor sums of squares calculated using the complete set of nine
simulations for each material. The L9 design with four three-level factors is saturated, the
simulations are deterministic and have no replicates, and factor interactions cannot be
separated from the main effects. Therefore, the calculated percentage contributions are
used only as screening indicators of relative sensitivity within the investigated factor
ranges. They are not interpreted as estimates of statistical significance, and no significance
tests or confidence intervals are reported.

2.5. Experimental Assessment of the Selected Hardfacing Conditions

Experimental hardfacing trials were carried out at Ust-Kamenogorsk Valve Plant
JSC. The experiments used 09G2S steel specimens measuring 20 x 20 x 70 mm, the same
dimensions as those used in the numerical model.

The hardfacing conditions were selected by an experienced welding specialist based
on arc stability, weld-pool behavior, and the quality of the deposited bead. The welding
current, arc voltage, and preheating temperature were within the ranges considered in the
numerical study, whereas the travel speeds were higher than the simulated levels; conse-
quently, the heat input in the industrial trials was lower than in the selected simulated
conditions. The experiments therefore did not reproduce the simulated conditions and
were used to characterize the hardfaced layers rather than to validate the model. The
travel speeds of manual TIG hardfacing were not measured; the values given below are
estimates.

For Np-65G, hardfacing was performed at a current of approximately 140 A, an arc
voltage of 10-14 V, a travel speed of 2025 m/h, and a preheating temperature of 180 °C.
The hardfaced layer was approximately 1.5-2 mm thick. For Stoodite 6M, the correspond-
ing process conditions were approximately 140 A, 11 V, 8-12 m/h, and 150 °C, with a
hardfaced layer thickness of approximately 1.5-2 mm.

Experiments with PrNI-3V14K were more limited. The available hardfacing material
had a diameter of 5 mm, which was inconvenient for the equipment used during the in-
dustrial trials. As a result, only a small number of specimens were produced using this
material, and they were not included in the microhardness measurements. In addition,
the plant laboratory produced supplementary specimens by applying two hardfaced lay-
ers using Sv-08Cr20Ni9Mn7Ti wire. This material was not included in the numerical sim-
ulations and was used only as an additional series in the microhardness measurements,
serving as a stainless-steel hardfacing reference.

After hardfacing, the selected specimens were sectioned, ground, polished, and pre-
pared for metallographic examination. One transverse metallographic section was cut
from each specimen using a water-cooled PBQ-5000Z metallographic cutting machine
(Guangzhou Weiyi Metallographic Testing Instrument Co., Ltd.,, Guangzhou, China).
Grinding and polishing were performed using a GP-2A grinding and polishing machine
(Sinowon Innovation Metrology Manufacture Ltd., Dongguan, China). Grinding was per-
formed sequentially using P400, P800, P1200, and P2500 abrasive papers. Polishing was
carried out on a cloth wheel using PD-WT polycrystalline diamond suspensions with par-
ticle sizes of 1 and 0.25 um (Trojan Material Technology Co., Suzhou, China). The micro-
structures of the substrate and HAZ were revealed using a 10% solution of nitric acid in
alcohol, whereas the hardfaced-layer microstructure was revealed using Kroll's reagent
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after repolishing. The hardfaced layer, the HAZ, and the 09G2S steel substrate were ex-
amined, with particular attention paid to the transition between the deposited metal and
the base metal. Optical microscopy was performed using an OLYMPUS BX53M micro-
scope (Olympus, Tokyo, Japan) equipped with MPlanFL N 50%/0.80 and 100x/0.90 objec-
tives. Scanning electron microscopy was also employed for a more detailed examination
of the microstructure and transition regions using a TESCAN VEGA 4 scanning electron
microscope (TESCAN GROUP, a.s., Brno, Czech Republic) in secondary-electron (SE) and
backscattered-electron (BSE) modes.

Microhardness was measured as an additional experimental indicator of changes in
material properties in the hardfaced specimens. Vickers microhardness (ISO 6507-1 [39])
was measured using an HVS-IMD-AXY semiautomatic microhardness tester (HUATEC
Group Corporation, Beijing, China) under a load of 0.05 kgf (0.49 N) and a dwell time of
10 s. Six indentations were made on each metallographic section, with two indentations
in each of three visually identified regions: the base metal, the fusion boundary visible
under the microscope, and the hardfaced layer. Two metallographic sections (n = 2) were
examined for each of the Np-65G, Stoodite 6M, and Sv-08Cr20Ni9Mn7Ti materials, result-
ing in four indentations per region. The four indentations reported for each region were
nested within two metallographic sections and therefore were not treated as four inde-
pendent experimental replicates. The microhardness results are reported descriptively to
characterize the examined sections; no inferential statistical comparison among the hard-
facing materials was performed. The microhardness results are reported descriptively as
mean values, standard deviations, medians, and ranges. The individual indentation val-
ues form part of the dataset available from the corresponding author upon reasonable
request, as stated in the Data Availability Statement. A detailed analysis of the microstruc-
ture and chemical composition is beyond the scope of the present study and may be re-
ported separately.

The experimental results characterize the microstructure and microhardness of hard-
faced layers produced under industrial conditions. They do not provide a quantitative
validation of the calculated thermal and mechanical fields, because thermal cycles, pene-
tration depth, HAZ depth, residual stresses, and distortion were not measured.

Dilution, porosity, cracking, and fusion quality were not quantified in the experi-
mental specimens. The presented micrographs are representative observations of the ex-
amined sections and cannot establish the absence, frequency, or spatial distribution of
such defects. Consequently, the experimental results should be interpreted as a limited
characterization of microstructure and microhardness rather than as a complete assess-
ment of hardfacing quality.

3. Results
3.1. Numerical Response of the Hardfacing Process

The numerical results showed that the thermomechanical response of the 09G2S steel
substrate changed with hardfacing current, arc voltage, travel speed, and preheating tem-
perature. Nine simulations were carried out for each of the three hardfacing materials
using the Taguchi L9 design.

All 27 simulations terminated normally. At the end of the simulation (1200 s), the
maximum specimen temperatures ranged from 22 to 32 °C. The results of all simulations
are presented in Table 4.

For each material, three of the nine conditions—Runs 2, 6, and 7—were found to be
physically feasible. The conditions with the highest arc power P (Runs 3, 5, and 9) resulted
in either a peak temperature above the boiling point of iron or a penetration depth exceed-
ing 2 mm. The conditions with the lowest arc power (Runs 1, 4, and 8) resulted in either
an unmelted central region of the bead or a penetration depth of less than 1 mm.
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Table 4. Results of the 27 simulations: heat input q = 3.6nUl/v, peak temperature Tmax, penetration
depth hp, HAZ depth beyond the fusion line hraz, residual von Mises equivalent stress oeq (99th
percentile), distortion d, and equivalent plastic strain ep (99th percentile in the central region of the
bead). Reasons for exclusion: B—boiling (Tmax > 2861 °C); U—unmelted central region of the bead;
P—penetration depth outside the range of 1.0-2.0 mm.

Material Run g¢q,J/mm Tma,°C hp,mm  hoaz, mm  Oeqp99, MPa O, mm & p99 Status

Np-65G 1 1109 2037 0.74 3.86 279 0.101 0.032 U,r
Np-65G 2 1164 2587 1.76 471 300 0.149 0.039 feasible
Np-65G 3 1242 3148 2.34 4.76 303 0.171 0.041 B, P
Np-65G 4 798 2270 0.86 3.66 267 0.111 0.036 U, P
Np-65G 5 1811 2949 2.64 6.93 319 0.176 0.050 B, P
Np-65G 6 1109 2497 1.60 4.68 285 0.141 0.038  selected
Np-65G 7 1164 2593 1.80 4.77 302 0.148 0.039 feasible
Np-65G 8 776 2222 0.77 3.30 264 0.107 0.035 U,r
Np-65G 9 1774 2913 2.57 6.93 316 0.175 0.047 B, P
Stoodite 6M 1 1109 1973 0.68 3.76 324 0.175 0.059 U, P
Stoodite 6M 2 1164 2509 1.70 4.61 378 0.234 0.061 feasible
Stoodite 6M 3 1242 3058 BQ_ZOOOZ 4.64 387 0.261 0.059 B, P
Stoodite 6M 4 798 2195 0.85 3.61 329 0.185 0.065 P
Stoodite 6M 5 1811 2891 2.61 6.86 393 0.286 0.066 B, P
Stoodite 6M 6 1109 2426 1.58 4.63 373 0.231 0.060  selected
Stoodite 6M 7 1164 2529 1.78 4.78 385 0.243 0.062 feasible
Stoodite 6M 8 776 2161 0.76 3.32 312 0.178 0.063 p
Stoodite 6M 9 1774 2848 2.55 6.91 391 0.280 0.064 p
PrNI1-3V14K 1 610 2533 0.95 3.37 293 0.201 0.064 p
PrNI1-3V14K 2 624 2676 1.43 3.48 289 0.209 0.062  selected
PrN1-3V14K 3 647 3092 1.78 3.86 277 0.203 0.057 B
PrNI1-3V14K 4 462 2380 0.81 3.06 309 0.168 0.069 p
PrNI1-3V14K 5 873 3298 2.10 4.11 311 0.223 0.056 B, P
PrNI1-3V14K 6 610 2638 1.41 3.58 290 0.207 0.062 feasible
PrN1-3V14K 7 621 2688 1.52 3.72 291 0.201 0.058 feasible
PrNI1-3V14K 8 457 2377 0.83 3.17 309 0.169 0.067 p
PrNI1-3V14K 9 866 3286 2.12 4.20 315 0.220 0.053 B, P

The different responses did not change uniformly with variations in the process pa-
rameters. The conditions producing the lowest residual stresses—for example, Runs 4 and
8 for Np-65G, with values of 264-267 MPa—were physically infeasible because of insuffi-
cient penetration, whereas those producing the greatest penetration were excluded be-
cause of overheating. Therefore, the process conditions were compared using several re-
sponses rather than a single criterion.

The descriptive sum-of-squares analysis indicated that, within the investigated factor
ranges, penetration depth was most sensitive to arc voltage (40-50%) and welding current
(34-36%), followed by travel speed (14-25%). The estimated contribution of preheating
temperature did not exceed 1%. For Np-65G and Stoodite 6M, HAZ depth was most sen-
sitive to travel speed (44-45%), whereas residual stress was most sensitive to arc voltage
(48-49%). These percentages are screening indicators and do not represent statistically
tested effects.

Higher heat input generally produced higher peak temperatures and a wider ther-
mally affected region. Thermal gradients and contraction during cooling also affected
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stress and permanent deformation. These results indicate that the selection of a hardfacing
condition should consider several thermomechanical responses together.

3.2. Hardfacing with Np-65G

The Np-65G simulations showed considerable variation between the investigated
conditions. The peak temperature ranged from 2037 to 3148 °C, the penetration depth
from 0.74 to 2.64 mm, the residual von Mises equivalent stress (99th percentile) from 264
to 319 MPa, the distortion from 0.10 to 0.18 mm, and the equivalent plastic strain (99th
percentile) from 0.032 to 0.050.

Runs 1, 4, and 8, which had the lowest arc power, did not ensure complete melting
of the central region of the bead: only 81-89% of the nodes exceeded the solidus tempera-
ture of the filler material. These runs also produced penetration depths of 0.74-0.86 mm.
Although they exhibited the lowest residual stresses (264-279 MPa), fusion between the
hardfaced layer and the substrate could not be ensured at such penetration depths. Runs
3,5, and 9 produced peak temperatures of 2913-3148 °C and penetration depths of 2.3-2.6
mm. In Runs 5 and 9, performed at a travel speed of 3 m/h, the HAZ depth increased to
6.9 mm. Therefore, these runs were not considered the most favorable.

Run 6 provided the best combination of the evaluated parameters: a residual equiv-
alent stress of 285 MPa, a HAZ depth of 4.68 mm, a penetration depth of 1.60 mm, a dis-
tortion of 0.14 mm, and an equivalent plastic strain of 0.038. The feasible Runs 2 and 7
produced residual stresses of 300-302 MPa at nearly the same HAZ depths of 4.71-4.77
mm. Run 6 was therefore selected as the most favorable Np-65G condition within the in-
vestigated parameter range. The distributions of residual von Mises equivalent stress,
peak temperature, total displacement, and equivalent plastic strain obtained for the
selected Run 6 condition are shown in Figure 3.

(b)

[ [
200 400 600 800 20 500 1000 1500 2000 2500
Equivalent (von Mises) stress, MPa Peak temperature, °C

0.05 0.1 0.15 0.2 0.25 0 0.01 0.02 003 004 0.05 0.06
Total displacement, mm Equivalent plastic strain
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Figure 3. Results for the selected Np-65G condition (Run 6): (a) residual von Mises equivalent stress;

(b) peak temperature; (c) total displacement; and (d) equivalent plastic strain.

The parameters for Run 6 were a preheating temperature of 190 °C, a current of 160
A, an arc voltage of 10 V, and a travel speed of 4 m/h.

The Np-65G results show that the lowest value of a single response does not neces-
sarily correspond to the most suitable processing condition. In this case, the selected run
provided a reasonable balance among penetration depth, equivalent stress, distortion, and
HAZ depth.

3.3. Hardfacing with Stoodite 6M

The results for Stoodite 6M differed from those obtained for Np-65G. The residual
von Mises equivalent stresses (99th percentile) ranged from 312 to 393 MPa and were
therefore higher than those obtained for Np-65G, while the HAZ depth covered the same
range of 3.3-6.9 mm. The distortion (0.18-0.29 mm) and equivalent plastic strain (0.059-
0.066) were also greater than those obtained for Np-65G.

Run 6 provided the most favorable combination of the evaluated responses: a resid-
ual equivalent stress of 373 MPa, a HAZ depth of 4.63 mm, a penetration depth of 1.58
mm, a distortion of 0.23 mm, and an equivalent plastic strain of 0.060. Run 2 produced
similar values (378 MPa and 4.61 mm, respectively), whereas Run 7 produced slightly
higher values (385 MPa and 4.78 mm, respectively). Under the ranking criterion (Section
2.4), Run 6 had a lower residual stress than Run 2 at practically the same HAZ depth (4.63
versus 4.61 mm); its distortion (0.231 versus 0.234 mm) and equivalent plastic strain (0.060
versus 0.061) were also marginally lower, although these responses were not used in the
ranking. Because the differences between the feasible runs did not exceed about 3%, Runs
2 and 6 can be regarded as practically equivalent.

Higher heat input generally resulted in a larger heat-affected region. Runs 5 and 9,
performed at a travel speed of 3 m/h, produced a HAZ depth of approximately 6.9 mm, a
penetration depth of approximately 2.6 mm, and the greatest distortion (0.28-0.29 mm).
This indicates that increasing the heat input was not beneficial when the objective was to
limit the thermal and mechanical effects on the 09G2S steel substrate.

Therefore, Run 6 was selected as the most favorable Stoodite 6M condition within the
investigated range. Its parameters were a preheating temperature of 175 °C, a welding
current of 160 A, an arc voltage of 10 V, and a travel speed of 4 m/h.

Compared with Np-65G at the same heat input, Stoodite 6M produced higher resid-
ual stresses (373 versus 285 MPa) and greater distortion (0.23 versus 0.14 mm), while the
HAZ depths were nearly identical. Because the thermal conditions in the substrate were
similar in both cases, the difference was primarily attributed to the properties of the de-
posited metal.

This does not mean that Stoodite 6M is necessarily the best hardfacing material for
all applications. The numerical comparison considered mainly the thermomechanical re-
sponse during deposition. The final material selection should also take into account the
properties of the deposited layer, practical deposition conditions, wear resistance, cost,
and compatibility with the available equipment.

3.4. Hardfacing with PrNI-3V14K

For PrNI-3V14K, the residual von Mises equivalent stresses (99th percentile) varied
within a narrow range of 277-315 MPa. Greater variations were observed in penetration
depth (0.81-2.12 mm) and peak temperature (2377-3298 °C), while the equivalent plastic
strain (99th percentile) ranged from 0.053 to 0.069.
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Runs 3, 5, and 9, which had the highest arc power, produced peak temperatures of
3092-3298 °C, exceeding the boiling point of iron. Run 3 nevertheless exhibited the lowest
residual stress (277 MPa). Thus, the lower stress was accompanied by physically infeasible
overheating. Runs 1, 4, and 8 produced penetration depths below 1 mm (0.81-0.95 mm).

Run 2 provided the most favorable combination of the evaluated responses: a resid-
ual equivalent stress of 289 MPa, a HAZ depth of 3.48 mm, a penetration depth of 1.43
mm, a distortion of 0.21 mm, and an equivalent plastic strain of 0.062. The feasible Runs 6
and 7 produced similar residual stresses (290-291 MPa) and slightly greater HAZ depths
(3.58-3.72 mm). Run 2 therefore ranked first under the criterion described in Section 2.4,
having both the lowest residual stress and the smallest HAZ depth among the feasible
runs. Run 7 showed slightly lower distortion (0.201 versus 0.209 mm) and equivalent plas-
tic strain (0.058 versus 0.062), but these responses were not part of the ranking criterion.
The residual stresses of the three feasible runs differed by less than 1%, so they can be
regarded as practically equivalent in this respect.

Run 2 was selected because it provided a more suitable balance than the runs with
lower residual stresses but physically unacceptable overheating or penetration depth. Its
parameters were a preheating temperature of 200 °C, a welding current of 180 A, an arc
voltage of 12.5 V, and a travel speed of 10 m/h.

The results for PrNI-3V14K again demonstrate that the lowest residual stress does
not always correspond to the most suitable hardfacing condition. In this case, reduced
residual stress could be accompanied by overheating. Therefore, the selected run repre-
sents the most favorable balance among the evaluated responses within the investigated
range.

3.5. Comparative Assessment and Selection of Processing Conditions

The results for the three materials showed that the thermomechanical response de-
pended on both the processing parameters and the hardfacing material. The selected con-
ditions are summarized in Table 5.

Table 5. Selected hardfacing process conditions based on the numerical assessment.

Material Preheating Temperature, °C  Current, A  Voltage, V. Travel Speed, m/h  Selected Run

Np-65G 190 160 10 4 6
Stoodite 6M 175 160 10 4 6
PrNI1-3V14K 200 180 12.5 10 2

The plots also enabled the HAZ depth and residual equivalent stress to be compared
across all runs (Figure 4). For Np-65G and Stoodite 6M, residual stress and HAZ depth
increased together, and the selected runs were located in the lower part of the feasible-run
cluster. However, the runs with the lowest residual stresses and smallest HAZ depths
were excluded because of insufficient penetration. For PrNI-3V14K, the residual stresses
of the feasible runs were nearly identical (289-291 MPa), and the selection was therefore
determined by HAZ depth. This demonstrates why both responses must be considered
together with the penetration-depth constraint when selecting the process conditions.
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Figure 4. Relationship between HAZ depth beyond the fusion line and residual von Mises equiva-
lent stress (99th percentile) for the investigated runs: (a) Np-65G; (b) Stoodite 6M; and (c) PrNI-
3V14K. Filled circles indicate feasible runs (no boiling, at least 95% of the bead center melted, and a
penetration depth of 1.0-2.0 mm); open circles indicate excluded runs; the star indicates the selected

run; and the numbers indicate the L9 run numbers.

Transverse cross-sections of the specimens under the selected conditions are shown
in Figure 5. For all three materials, the fusion line had a shallow bowl shape with a depth
of 1.4-1.6 mm, while the Aa =725 °C isotherm beneath the center of the bead was located
approximately 4-5 mm below the original substrate surface. The highest residual stresses
were concentrated in the deposited bead and a thin subsurface layer of the substrate. In
the remainder of the cross-section, they generally did not exceed 200 MPa and were ap-
proximately 100 MPa at its center. The highest stresses in the deposited bead were ob-
tained for Stoodite 6M.

(b) Stoodite 6M (c) PrNI-3V14K
-’ N’

2500
2000 ¥

1500

U1 RN
o o
o o
o
Peak temperature,

N
o

600

500

B
o
o

N
o o
o (=}
Residual oeq, MPa

X, mm X, mm

https://doi.org/10.3390/applmech7040098



Appl. Mech. 2026, 7, 98

17 of 27

Figure 5. Transverse cross-sections of the specimens under the selected conditions at the midpoint
of the bead length (35 mm from the specimen end): (a) Np-65G; (b) Stoodite 6M; and (c) PrNI-3V14K.
The upper row shows the peak temperature, and the lower row shows the residual von Mises equiv-
alent stress. The x-axis represents the specimen width, and the y-axis represents the height measured
from the bottom surface. The solid white line indicates 1460 °C (the solidus temperature of 09G2S
steel and the fusion boundary), and the dashed black line indicates 725 °C (A« and the HAZ bound-

ary).

The comparison shows that heat input had a strong influence on the thermomechan-
ical response of the specimen. Welding current, arc voltage, travel speed, and preheating
temperature acted jointly to determine the thermal conditions during hardfacing. Varia-
tions in these parameters affected residual stress, distortion, equivalent plastic strain, and
HAZ depth.

Numerical simulation can thus identify parameter combinations associated with ex-
cessive thermal exposure before physical trials are performed. In the present study, it was
used as a screening and parameter-selection tool.

3.6. Numerical Assessment of Gate Surface Restoration

After the simulations with rectangular specimens, the selected Np-65G condition was
applied to a numerical model of the gate-valve working surface. Run 6 was used (preheat-
ing temperature of 190 °C, welding current of 160 A, arc voltage of 10 V, and travel speed
of 4 m/h), with the same calibrated heat source and material cards as those used for the
specimens. Np-65G was chosen for this check because it produced the lowest residual
stresses among the three materials and is cobalt-free. Because a single gate-plate simula-
tion required approximately 2 h of computing time on six cores, the selected condition
was simulated only for Np-65G, whereas the adjusted condition described below was
evaluated for Np-65G and Stoodite 6M, the two materials used in the industrial hardfac-
ing trials. The component model was used to assess the transferability of the process con-
ditions rather than to rank the hardfacing materials.

The gate-plate model (Figure 6) represented a 90-mm-thick 09G2S steel plate with
overall dimensions of 1730 x 800 mm and a 700-mm-diameter through-hole. The region to
be restored was an annular groove on the sealing surface beneath the seat, with a groove
centerline radius of 300 mm. The groove cross-section was designed for a single bead, as
in the specimen model: a bottom width of 10 mm, a depth of 1.36 mm, and sidewalls in-
clined at 30°. The bead filled the groove flush with the surface, corresponding to the con-
dition after machining of the hardfaced layer; the machining operation itself was not mod-
eled. Hardfacing was performed in a single pass over a length of 1885 mm, lasting ap-
proximately 28 min. The component was then cooled for 3 h, until its maximum temper-
ature reached approximately 41 °C. The plate was constrained at the corners of its bottom
surface using the 3-2-1 scheme. The thermal boundary conditions were the same as those
used for the specimen model (Table 2). The plate was discretized into 103,000 tetrahedral
elements, and the bead into 22,600 hexahedral elements.
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7
under Run 6 conditions: (a) residual von Mises equivalent stress and (b) peak temperature in a radial

cross-section of the ring (the solid white line indicates 1460 °C, corresponding to the fusion bound-
ary; the dashed black line indicates 725 °C, corresponding to the HAZ boundary); (c) deviation of
the sealing surface from the best-fit plane after cooling (the circle indicates the centerline of the

hardfaced ring); and (d) equivalent plastic strain in the same cross-section.
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Table 6. Responses of the specimen and gate plate: selected Np-65G condition (Run 6) and adjusted
condition I=160 A, U=12V, v =3 m/h, TO = 200 °C) for Np-65G and Stoodite 6M. Stress values

represent the 99th percentile in the substrate within 15 mm of the surface and in the deposited bead.

) Specimen 20 x Gate, Np-65G, Run 6 Gate, Np-65G, Adjusted Gate, Stoodite 6M,
Indicator

20 x 70 mm (ring r = 300 mm) Condition Adjusted Condition
Peak substrate temperature, °C 2303 1724 2142 2118
Penetration, mm 1.60 =0.5 1.63 (1.45-1.80) 1.62 (1.45-1.80)
Bead core melted, % 100 71 100 100
HAZ depth beyond the fusion -, o 3.65 (max. 4.15) 4.35 (max. 5.00) 4.35 (max. 5.05)
line, mm
Oecq P99 in the substrate, MPa 301 346 346 358
Ocq P99 in the deposited bead, 1403 764 790 1182
MPa
Equivalent plastic strain & p99 0.038 0.060 0.061 0.069
Residual distortion o, mm 0.14 0.15 0.22 0.24
Flatness deviation of the sealing 0.19 (entire face); 0.03  0.28 (entire face); 0.06 0.31 (entire face); 0.07
surface, mm B (ring + 30 mm) (ring + 30 mm) (ring + 30 mm)

The same process conditions as those used for the specimen produced substantially
less heating in the gate plate. The peak substrate temperature decreased from 2303 to 1724
°C, the penetration depth decreased from 1.60 to approximately 0.5 mm, and only 71% of
the central region of the bead was melted. The HAZ depth beyond the fusion line also
decreased to 3.65 mm. According to the criteria defined in Section 2.4, these conditions are
physically infeasible for the gate plate because the massive 90-mm-thick plate and the
groove walls dissipate heat more effectively than the specimen with a 20 x 20 mm cross-
section. The component will require a higher heat input, for example, by increasing the
welding current or preheating temperature or by reducing the travel speed.

The residual stresses in the substrate near the ring were close to those obtained for
the specimen (346 versus 301 MPa), whereas the stresses in the deposited bead were al-
most twice as high (764 versus 403 MPa). The bead confined within the groove of the mas-
sive component cannot contract freely during cooling, whereas the specimen can partially
relieve the stresses through bending. The maximum stresses in the plate outside the de-
posited bead did not exceed 361 MPa.

Equivalent plastic strain remained concentrated primarily near the restored region
(ep, 99th percentile = 0.060). This indicates that plastic deformation was localized around
the region subjected to the thermal cycle.

After removing rigid-body motion and uniform shrinkage, the residual distortion of
the component was 0.15 mm. The deviation of the sealing surface from the best-fit plane
was 0.19 mm over the entire surface and 0.03 mm within the annular region extending +30
mm from the bead centerline (Figure 7c). The drawing specifies a maximum flatness de-
viation of 0.2 mm for the sealing surfaces. For the original Run 6 component simulation,
the calculated deviation of 0.19 mm over the entire face was slightly below the specified
0.2-mm value. This comparison does not apply to the adjusted higher-heat-input condi-
tions discussed below. The total displacement of up to 3.1 mm was primarily associated
with the uniform shrinkage of the plate as it cooled from the preheating temperature.

The gate-plate model demonstrated that the component geometry and boundary
conditions affect the predicted thermomechanical response. Therefore, the results ob-
tained using the simplified specimen should be interpreted with caution when transferred
to the actual gate-plate geometry. In this case, applying the process conditions without
modification resulted in insufficient penetration and higher residual stresses in the depos-
ited metal.

https://doi.org/10.3390/applmech7040098



Appl. Mech. 2026, 7, 98

20 of 27

To check whether a feasible condition exists for the gate plate within the investigated
parameter levels, two additional simulations with an increased heat input were per-
formed for Np-65G: =160 A, v=3 m/h, TO=200 °C, and U=14 or 12 V (q = 2070 and 1770
J/mm, respectively). At 14 V, the penetration depth reached 2.0-2.4 mm and exceeded the
upper limit of 2.0 mm. At 12 V (Table 6), the penetration depth was 1.45-1.80 mm (mean
1.63 mm), the bead core was fully melted, and the peak temperature (2283 °C in the bead)
remained below the boiling point; this condition is therefore feasible according to the cri-
teria of Section 2.4. With Stoodite 6M, the same condition gave practically the same pene-
tration and HAZ depths, whereas the residual stress in the deposited bead was higher
(1182 versus 790 MPa), consistent with the higher yield strength of the cobalt-based alloy.
The increased heat input raised the residual distortion from 0.15 to 0.22-0.24 mm and the
flatness deviation of the entire face from 0.19 to 0.28-0.31 mm, whereas the deviation
within the sealing ring (+30 mm) remained 0.06-0.07 mm. The same parameter combina-
tion corresponds to Run 9 of the Np-65G L9 design, which caused boiling in the specimen
(Table 4). A condition that is infeasible for a small specimen can therefore be feasible for
the massive component, and the feasible window must be determined for the component
itself.

Under the adjusted conditions, the calculated flatness deviation was 0.28-0.31 mm
over the entire face and 0.06-0.07 mm within the annular region extending +30 mm from
the bead centerline. The model did not simulate material removal, stress redistribution,
or final surface formation during machining. Therefore, compliance of the finished sealing
surface with the specified 0.2-mm flatness tolerance cannot be established from the pre-
sent simulation. The calculated values should be interpreted as indicators of the distortion
produced by a single hardfacing pass, while final dimensional compliance must be as-
sessed after the actual machining stage.

3.7. Experimental Characterization of Industrially Hardfaced Specimens

Specimens hardfaced under industrial conditions were examined to characterize the
deposited layers.

The industrial hardfacing conditions were selected by an experienced welding spe-
cialist based on arc stability, weld-pool behavior, and bead quality and therefore did not
exactly match the simulated conditions. The welding current, arc voltage, and preheating
temperature were within the investigated ranges, whereas the travel speed and therefore
the heat input differed (Section 2.5). For PrN1-3V14K, the industrial welding current (180
A) and preheating temperature (200 °C) matched those of the numerically selected Run 2,
while its arc voltage of 12.5 V fell within the industrial range of 11-14 V.

For this reason, the experimental results are used to characterize the hardfaced layers
and are not treated as a validation of the numerical model.

Metallographic examination showed three main regions in the hardfaced specimens:
the deposited layer, the heat-affected zone, and the 09G2S substrate. A transition region
between the deposited material and the substrate was visible in the prepared cross-sec-
tions.

Optical and scanning electron microscopy revealed distinct structural regions corre-
sponding to the deposited layer, HAZ, and base material, as illustrated in Figure 8.
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Figure 8. Representative microstructures of experimentally hardfaced 09G2S steel specimens: (a)
optical micrograph of the transition region in a specimen hardfaced with Stoodite 6M; (b) optical
micrograph of the transition region in a specimen hardfaced with Sv-08Cr20Ni9Mn7Ti; (c) second-
ary-electron (SE) SEM image of a specimen hardfaced with Stoodite 6M; and (d) secondary-electron
(SE) SEM image of the HAZ in a specimen hardfaced with Sv-08Cr20Ni9Mn7Ti. Optical micro-

graphs were obtained using a 100x objective.

The measured microhardness values are summarized in Figure 9 and Table 7. In the
examined sections, the median values increased from 214-257 HV0.05 in the base metal to
299-350 HVO0.05 at the fusion boundary and 384-481 HVO0.05 in the hardfaced layer. Be-
cause only two metallographic sections were examined for each material and the four in-
dentations per region were nested within these sections, the results are treated as descrip-
tive observations. They are not used for inferential statistical comparisons among the
hardfacing materials or for validation of the numerical model.
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550 1

500

Lo

S

S 450+ g

>

I\ 400 A

g

=

g

< 3001 %

S

3

g 2501 % =

200 -

median 257 214 249 299 350 340 384 444 481
Base metal Fusion Deposited
(09G2S) boundary metal

Figure 9. Distribution of microhardness across the regions of the hardfaced specimens: base metal

(09G2S), fusion boundary, and deposited metal. For each material, two metallographic sections were
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examined, with two indentations per region on each section (four values per box). The boxes repre-
sent the interquartile range, the white lines indicate the medians, and the whiskers indicate the min-
imum and maximum values; the numbers below the boxes are the median values. Sv-

08Cr20Ni9Mn7Ti represents an additional experimental series (Section 2.5).

Table 7. Descriptive microhardness values (HV0.05) for the examined regions, reported as mean +
standard deviation (median; minimum-maximum). For each material, four indentations per region

were nested within two metallographic sections.

Material Base Metal Fusion Boundary Hardfaced Layer
Np-65G 253 + 32 (257; 211-288) 301 + 25 (299; 273-333) 388 + 44 (384; 345-440)
Stoodite 6M 216 + 10 (214; 206-228) 352 + 54 (350; 298-408) 435 + 34 (444; 386—466)
Sv-08Cr20Ni9Mn7Ti 250 + 50 (249; 205-298) 344 + 24 (340; 320-376) 481 + 42 (481, 435-526)

In the examined sections, the Stoodite 6M hardfaced layer showed a median micro-
hardness of 444 HV0.05 and a range of 386-466 HV0.05, whereas the Np-65G hardfaced
layer showed a median of 384 HV0.05 and a range of 345-440 HV0.05. These observations
characterize the examined specimens but do not establish a statistically generalizable dif-
ference between the two hardfacing materials. The additional Sv-08Cr20Ni9Mn7Ti series
showed a median of 481 HV0.05 and a range of 435-526 HV0.05; this series was included
only as an experimental reference and was not modeled numerically.

A comparison of Stoodite 6M and Np-65G shows that the numerical and experi-
mental results provide different but complementary information. Under the selected con-
ditions, Stoodite 6M produced higher residual stresses and greater distortion than Np-
65G in the numerical model. In the examined sections, the observed median and range of
microhardness were higher for the Stoodite 6M hardfaced layer than for the Np-65G layer;
however, the limited number of sections does not support a statistically generalizable
comparison between the materials. However, the selection of a hardfacing material should
also consider its composition, wear resistance, hardfacing process stability, availability,
and cost. These factors were not investigated in detail in the present study.

The trials with PrN1-3V14K also revealed a practical limitation that was not apparent
from the numerical simulations. The available 5-mm-diameter rod was inconvenient for
use with the equipment employed in the industrial hardfacing trials. Consequently, only
a limited number of specimens could be produced. This example demonstrates why nu-
merical results must be considered together with practical manufacturing conditions.

3.8. Implications and Limitations of Numerical Screening and Experimental Characterization

The numerical screening and the experimental characterization provide complemen-
tary but not directly comparable information. The numerical model describes the relative
thermomechanical response of the investigated conditions, whereas the experiments char-
acterize the microstructure and microhardness of separately produced industrial speci-
mens.

The numerical analysis enabled 27 process conditions to be compared in terms of
residual stress, distortion, equivalent plastic strain, peak temperature, and HAZ depth
and allowed physically infeasible conditions to be excluded. The experimental part of the
study was limited to the characterization of hardfaced layers.

Several limitations of the present study should be noted. First, the heat source was
calibrated against a theoretical penetration depth rather than measured thermal cycles or
weld-pool geometry. Second, the properties of the hardfacing materials were specified
using standards and technical data sheets for analogous alloy grades, and phase transfor-
mations were not modeled. Therefore, the model does not predict hardness or phase com-
position. To estimate the effect of this simplification, the industrial conditions (I =140 A,
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U =11V, v =4 m/h) were additionally simulated with the multiphase 5355]2G3 material
model from the Simufact database (phase transformations based on CCT/TTT data) for
the substrate. Compared with the single-phase 09G2S model, the 99th-percentile residual
stress increased from 275 to 377 MPa for Np-65G and from 366 to 436 MPa for Stoodite
6M; the penetration depth increased by about 0.16 mm, the HAZ depth changed by up to
0.55 mm, and the distortion changed by less than 0.01 mm. This comparison does not iso-
late the effect of phase transformations because the substrate material card was changed
from 09G2S to the available multiphase S355J2G3 model. It is therefore used only to illus-
trate the possible sensitivity of the predicted residual stresses to the substrate constitutive
description. It does not constitute validation of the phase-transformation behavior of
09G2S. Third, the L9 design is saturated, and factor interactions cannot be separated from
the main effects. Fourth, the industrial hardfacing conditions, in particular the travel
speed and therefore the heat input, differed from the simulated conditions; thermal cycles,
penetration depth, dilution, HAZ depth, residual stresses, distortion, porosity, cracking,
and fusion quality were not measured or quantitatively evaluated; and only a small num-
ber of metallographic sections were examined (n = 2 per material). Fifth, the gate-plate
model considered only a single pass, and machining of the hardfaced layer was not mod-
eled. Sixth, the substrate was discretized with 1 mm elements. To quantify the mesh effect,
the three selected conditions were recalculated with a refined substrate mesh (0.5 x 0.5
mm in plan and 0.5 mm in the upper 6 mm; 128,800 instead of 22,400 elements). The sec-
tion-averaged HAZ depth changed by less than 1.5%, the 90th-percentile penetration
depth by less than 2.5%, the residual stress by 2.5-6.5%, and the distortion by less than
3%, while the maximum penetration depth increased by 2-9% (0.04-0.14 mm) and the
bead core was fully melted with both meshes. The largest single-section HAZ depth was
sensitive to the node positions near the end of the evaluation window, with a change of
up to 36% for PrNI1-3V14K, whereas within x = 21-49 mm the change was less than 4.5%.
This sensitivity indicates that the exact maximum HAZ depth and the local position of the
calculated thermal boundaries should not be interpreted as mesh-independent predic-
tions. The mesh-refinement results nevertheless showed substantially smaller changes in
the section-averaged HAZ depth, penetration-depth percentile, residual stress, and dis-
tortion. Accordingly, the model is used for comparative screening of the investigated con-
ditions rather than for precise prediction of the local fusion-boundary or HAZ geometry.
Consequently, the experimental results characterize the hardfaced layers but do not vali-
date the predicted thermal and mechanical fields. In contrast, previous studies have di-
rectly compared numerical thermal and mechanical results with experimental measure-
ments [23,24]. Direct measurements of residual stresses in Stellite hardfaced layers have
also been reported [40—-42]; comparison of the predicted values with these measurements
may represent the next step in model validation.

Despite these limitations, the numerical model was used for preliminary screening
of the investigated process conditions. Parameter combinations associated with metal
boiling, insufficient penetration, high residual stress, large distortion, or a deep HAZ can
be identified before industrial trials. Experimental hardfacing can then be focused on a
narrower range of process conditions.

This is important for gate-valve restoration because excessive heat input may affect
both the hardfaced layer and the geometry of the component. Numerical screening and
industrial specimen characterization can be used as complementary stages when devel-
oping a hardfacing procedure. In the present study, however, the experimental observa-
tions were not used for quantitative validation of the predicted thermal or mechanical
fields.

4. Conclusions
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This study investigated numerically the hardfacing process parameters for the resto-
ration of gate-valve components made of 09G2S steel and characterized specimens hard-
faced under industrial conditions. Simulations were carried out in Simufact Welding us-
ing a Taguchi L9 design. Welding current, arc voltage, travel speed, and preheating tem-
perature were varied for three hardfacing materials: Np-65G, Stoodite 6M, and PrNI-
3V14K. A total of 27 simulated conditions were compared in terms of von Mises equiva-
lent stress, distortion, equivalent plastic strain, temperature response, penetration depth,
and HAZ depth.

The Goldak heat source was calibrated against a theoretical penetration depth of 1.2—
1.5 mm, and a single set of heat-source parameters was found to be suitable for all three
materials. After screening for physical feasibility —no metal boiling, a melted central re-
gion of the bead, and a penetration depth of 1.0-2.0 mm —three of the nine conditions
were found to be feasible for each material.

The results showed that a hardfacing condition could not be selected on the basis of
a single response. The lowest residual stresses were obtained under conditions associated
with either insufficient penetration or overheating. Therefore, the process conditions were
selected by considering several thermomechanical responses simultaneously.

Within the investigated parameter ranges, the following conditions gave the most
favorable overall results:

e Np-65G: Run 6 —preheating temperature 190 °C, current 160 A, arc voltage 10 V, and
travel speed 4 m/h;

e  Stoodite 6M: Run 6 —preheating temperature 175 °C, current 160 A, arc voltage 10 V,
and travel speed 4 m/h;

e PrNI-3V14K: Run 2—preheating temperature 200 °C, current 180 A, arc voltage 12.5
V, and travel speed 10 m/h.

The descriptive factor-sensitivity analysis indicated that, within the investigated
ranges, penetration depth was most responsive to arc voltage and welding current. Be-
cause the L9 design was saturated and contained no replicated simulations, these results
should be interpreted as screening indicators rather than statistically confirmed factor ef-
fects. At comparable heat inputs, Stoodite 6M produced higher residual stresses (373 ver-
sus 285 MPa) and greater distortion than Np-65G. In the examined metallographic sec-
tions, the observed microhardness values of the Stoodite 6M hardfaced layer ranged from
386 to 466 HV0.05, whereas those of the Np-65G layer ranged from 345 to 440 HV0.05.
Because only two sections were examined per material, these results provide a descriptive
characterization and should not be interpreted as a statistically established difference be-
tween the materials. However, the thermomechanical results and microhardness values
alone are insufficient for the final selection of a hardfacing material. Hardfacing stability,
material availability, equipment compatibility, wear resistance, and the required proper-
ties of the restored surface must also be considered.

The selected Np-65G condition was also applied to a numerical model of the gate
plate. Under the same conditions, the gate-plate model produced a penetration depth of
approximately 0.5 mm instead of 1.60 mm and incomplete melting of the bead, while the
residual stress in the deposited metal increased from 403 to 764 MPa. The residual stress
in the substrate changed only slightly (346 versus 301 MPa). The flatness deviation of the
sealing surface after a single pass was 0.19 mm. The difference from the rectangular spec-
imen demonstrates that component geometry and boundary conditions affect the pre-
dicted stress and deformation fields. Therefore, parameter combinations selected using
simplified specimens should be reassessed when transferred to the actual component ge-
ometry. The gate plate requires a higher heat input than the specimen: an adjusted condi-
tion within the investigated levels (160 A, 12 V, 3 m/h, 200 °C) gave a penetration depth
of 1.45-1.80 mm and a fully melted bead for both Np-65G and Stoodite 6M, at the cost of
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larger distortion (0.22-0.24 mm). The same condition caused boiling in the specimen, so
the feasible window must be determined for the component itself.

The specimens hardfaced under industrial conditions showed microhardness in-
creasing from the base metal to the deposited layer. Because the industrial travel speed
and heat input differed from the simulated conditions and the thermal and mechanical
responses were not measured, the experimental results characterize the hardfaced layers
but do not validate the numerical model.

Numerical simulation provided a means of preliminary screening of hardfacing con-
ditions and for identifying parameter combinations associated with high residual stress,
large distortion, or a deep HAZ before industrial trials. This approach may reduce the
number of physical trials required when developing a hardfacing procedure.

Further work should include direct measurements of thermal cycles, penetration
depth, dilution, HAZ dimensions, and distortion, together with quantitative evaluation
of fusion quality, porosity, and cracking. The heat-source model should also be refined
and calibrated using experimental data, and the numerical model should be extended to
include phase transformations. Wear testing of the hardfaced layers would provide addi-
tional information for assessing the long-term performance of restored gate-valve compo-
nents.
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