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Abstract

The premature failure (service life ~ 4 months) of AISI 321 steel plungers due to galling in
critical dosing pumps at a thermoelectric power plant significantly compromises system
reliability. This study identifies the root cause of this recurring failure and develops a
robust engineering solution. Finite element analysis (FEA) was employed to diagnose
the original component and numerically validate a redesign using 17-4 PH H900 steel.
Additionally, economic viability was assessed through a Life-Cycle Cost (LCC) analysis.
The FEA revealed a severe stress concentration where the original design operated at
97.3% of its yield strength, with a critical safety factor of 1.03. This finding suggested that
the structural deficiency may have indirectly contributed to the observed galling dam-
age by compromising the contact conditions in the guiding elements. This coupling is
proposed as a mechanistic hypothesis, not as an experimentally validated tribological
mechanism. The redesigned plunger achieved a safety factor of 5.74, representing a 457%
increase in the structural safety margin. Furthermore, the LCC analysis demonstrated
the economic superiority of locally manufacturing the improved component rather than
importing the original spare part. Ultimately, the proposed solution eliminates the fail-
ure’s root cause, proving to be structurally robust and economically viable. The method-
ology presented offers a transferable framework for diagnosing and redesigning critical
industrial components.

Keywords: dosing pump plunger; finite element analysis (FEA); galling; tribo-mechanical
failure; component redesign

1. Introduction

The operational reliability of thermoelectric power plants is a fundamental pillar for
the stability of global energy grids. Within these complex systems, the integrity of the
water-steam cycle is of utmost importance, as failures in chemical treatment can induce
corrosion and scaling phenomena that compromise boiler efficiency and safety [1,2]. The
precise dosing of chemical additives, such as phosphates, is a critical protection strategy
to maintain boiler water pH and mitigate the effects of hardness, particularly in coastal
plants susceptible to condensate contamination by seawater. The failure of these dosing
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systems can nullify an essential chemical protection barrier, leading to unscheduled plant
shutdowns with significant economic and operational repercussions [3-5].

AISI 321 is a titanium-stabilized austenitic stainless steel widely used in industrial
components requiring good corrosion resistance, oxidation resistance, and mechanical
stability at elevated temperatures. These characteristics make it an attractive material for
equipment operating in chemically aggressive environments. However, despite its favorable
corrosion performance, AISI 321 exhibits comparatively limited surface hardness and wear
resistance under severe sliding-contact conditions [6-8]. Previous tribological studies have
reported adhesive wear, plastic deformation, and material removal in untreated AISI 321,
demonstrating that adequate corrosion resistance does not necessarily imply satisfactory
tribological performance [5,9-11].

Among the degradation mechanisms affecting austenitic stainless steels, adhesive
wear and galling are particularly important in components subjected to reciprocating or
sliding contact. Galling involves localized adhesion between interacting metallic surfaces
followed by severe plastic deformation, material transfer, and progressive material removal.
Its initiation and severity are strongly affected by contact pressure, sliding distance, surface
hardness, roughness, lubrication conditions, and the mechanical characteristics of the in-
teracting materials [12-15]. Disruption of the passive surface layer under highly localized
contact conditions may facilitate direct metal-to-metal interaction, promoting adhesion
and subsequent material tear-out. In precision components, progressive galling can there-
fore degrade dimensional tolerances and ultimately compromise sealing and functional
performance [4,16,17].

Different strategies have been investigated to mitigate the tribological limitations of
austenitic stainless steels, including thermochemical treatments, surface coatings, laser
texturing, lubrication optimization, and modifications intended to increase surface hard-
ness [18-20]. In AISI 321, for example, surface modification through aluminizing has been
shown to substantially improve hardness and wear resistance [11]. Although these ap-
proaches can enhance local tribological performance, most primarily focus on the material
or contact surface [21]. Comparatively less attention has been devoted to the possible
interaction between the global structural response of a component and the local contact
conditions that govern adhesive wear and galling.

The present study originates from a recurring failure observed in the trisodium phos-
phate dosing pumps of the “Carlos Manuel de Céspedes” Thermoelectric Power Plant in
Cienfuegos, Cuba. The original AISI 321 stainless steel plungers exhibited an operational
life of only approximately four months. Rather than macroscopic fracture, the components
developed severe surface degradation consistent with galling, progressively compromising
dimensional tolerances and producing internal leakage and loss of dosing capacity. The
conventional maintenance strategy consisted of periodically replacing the failed plunger
with an identical imported component, thereby perpetuating the failure cycle without
addressing its underlying cause and increasing both maintenance costs and vulnerability of
the boiler-protection system.

Based on the observed failure and the known tribological limitations of austenitic
stainless steels, this study hypothesizes that the premature degradation of the plunger
cannot be attributed exclusively to surface wear. Instead, an unfavorable structural stress
state may act as an indirect contributor to galling by progressively degrading the contact
conditions between the plunger and its guiding elements. Accordingly, the novelty of this
work lies in treating the failure as a coupled tribo-mechanical problem and integrating
structural diagnosis, material selection, manufacturing feasibility, and economic assessment
within a single engineering framework.
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Therefore, the objectives of this study are (1) to perform a diagnostic finite element
analysis (FEA) of the original AISI 321 plunger to assess its structural integrity under
maximum operating conditions; (2) to redesign and numerically validate the component
using precipitation-hardening 17-4 PH stainless steel in the H900 condition; (3) to define
a feasible manufacturing route for local production of the redesigned component; and
(4) to evaluate the economic viability of the proposed solution through a Life-Cycle Cost
(LCC) analysis. Finite element analysis has been widely used in forensic engineering and
redesign of industrial components, including shafts, valve stems, pump elements, and
reciprocating parts, to identify stress concentrations, evaluate safety margins, and support
material or geometric changes [22,23]. In this context, the present work combines FEA with
a materials-based redesign and a Life-Cycle Cost analysis for a critical dosing pump plunger.
The objective of this study is to diagnose the premature failure of an AISI 321 dosing pump
plunger, redesign it using 17-4 PH H900 stainless steel, validate the redesign by comparative
FEA under identical operating conditions, define a feasible local manufacturing route, and
evaluate its economic viability through LCC analysis.

2. Materials and Methods

To further contextualize the present study within the current research landscape, a bib-
liometric keyword co-occurrence analysis was performed using scientific records retrieved
from the Scopus database and visualized with VOSviewer 1.6.21 (Figure 1). The resulting
network reveals finite element method as one of the most prominent and highly intercon-
nected concepts, establishing strong relationships with terms associated with deformation,
friction, wear, wear resistance, mechanical failure, failure mechanisms, residual stresses,
and different metallic alloys. Several additional research domains, including high-strength
steels, plastic deformation, fatigue crack propagation, coatings, and numerical simulation,
are also closely connected within the network. This structure highlights the inherently mul-
tidisciplinary character of contemporary failure analysis, where computational mechanics,
materials engineering, and tribology increasingly converge to explain the degradation and
reliability of engineering components. In this context, the present work is positioned at the
intersection of these research areas by combining finite element analysis with tribological
failure interpretation and material-based redesign of a critical dosing pump plunger.
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Figure 1. Bibliometric network of keyword co-occurrence in research related to finite element analysis,
mechanical failure, tribology, and metallic materials.
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The present research was systematically structured into three sequential phases to
guarantee an exhaustive analysis: (1) a diagnostic analysis of the original component to
identify the root cause of the premature failure, (2) the redesign and numerical validation
of an improved component, and (3) the definition of a robust and repeatable manufacturing
technology for the proposed solution. This integrated approach connects theoretical analysis
with practical implementation, ensuring the viability of the final design.

2.1. Analysis of the Failed Component and Problem Definition

The starting point of this investigation was the analysis of an AISI 321 stainless steel
plunger, removed from service in a dosing pump at the “Carlos Manuel de Céspedes”
Thermoelectric Power Plant after approximately four months of operation. Figure 2 shows
both the pump assembly and a detail of the failed component. Severe surface wear is
observed on the working diameter of the plunger, characteristic of the galling phenomenon.
This recurring failure defined the problem to be solved: determining the root cause of the

accelerated degradation and proposing a robust engineering solution.

(a) (b)

Figure 2. Dosing pump configuration. (a) 3D isometric view with a semi-transparent body to show
the assembly context. (b) Cross-section detailing the internal components. The part legend is as
follows: (1) Pump Body, (2) Plug, (3) Bushing, (4) Check Valve Body, (5) Plunger (Object of Study),
(6) Packing Gland, (7) Packing Support, (8) Check Valve Support. The galling failure occurs at the
tribological interface between the Plunger (5) and the guiding and sealing components (3, 6, and 7).

The main technical specifications and operating conditions of the dosing pump are
summarized in Table 1.
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Table 1. Pump specifications and operating conditions.
Parameter Value
Pump manufacturer/model LEWA GmbH, LEWA ecodos LDC1-M21S-K10/SST-E1
Application Phosphate dosing in a 158 MW thermoelectric unit
Pump type Positive displacement plunger pump
Nominal discharge pressure 200 bar (g)
Maximum discharge pressure 250 bar (g) (25 MPa)
Suction pressure 0.2 bar (g), minimum NPSH,
Nominal flow 8L/h
Maximum flow ~11.3L/h
Plunger diameter 10 mm
Stroke max. 20 mm
Strokes per minute 120-150 SPM
Operation regime Continuous 24/7, 100% redundancy
Fluid 8% w/v NazPO, in demineralized water
pH 12.0-12.8
Fluid temperature 2045 °C
Density ~1.07 kg/L at 25 °C
Viscosity ~1.2cPat25°C
Head material AISI 316L
Plunger material X18H10T/AISI 321
Sealing/packing/guide counterface Austenitic stainless steel (plant records report AISI 316L packing/guide components)

Motor

0.25 kW, 440 VAC/60 Hz, three-phase, TEFC, IP55, insulation class F

The pump operates continuously at ambient temperature (approximately 30 °C) in
a coastal environment. The dosing flow is adjusted according to boiler water chemistry
requirements, and the plunger is subjected to cyclic loading at 120-150 strokes per minute.
Pressure transients up to the maximum discharge pressure of 25 MPa may occur during
startup and shutdown sequences. The pumped fluid is a trisodium phosphate solution at
ambient temperature. Figure 3 shows the failed plunger and the observed galling damage
on the working diameter.

(b)

Figure 3. Failed AISI 321 plunger. (a) Pump head during maintenance. (b) Galling damage on the
working diameter.

https://doi.org/10.3390/s0lids7060057


https://doi.org/10.3390/solids7060057

Solids 2026, 7, 57

6 of 20

2.2. Diagnostic Analysis of the Original Plunger (AISI 321)

The primary objective of this phase was to computationally investigate the hypoth-
esis that the observed surface degradation (galling) was accelerated by an underlying
structural deficiency, rather than being a purely tribological phenomenon. Finite element
analysis (FEA) was employed to simulate the mechanical response of the plunger under
maximum operational loads. The object of this study is the plunger of a high-pressure
dosing pump, whose assembly and key components are shown in Figure 2. A high-fidelity
three-dimensional CAD model of the original plunger was generated using Autodesk In-
ventor Professional 2025 [24]. The technical drawing of the original plunger, including
its principal dimensions, tolerances, fits, and surface finish requirements, is presented in
Figure 4. To accurately apply the boundary conditions that replicate physical constraints,
the main cylindrical surface (working surface) was logically divided using the Split tool
to isolate the contact areas with the guides. This procedure isolated discrete surface areas
corresponding to the contact zones with the pump’s guiding elements, allowing for a more
precise simulation of the support conditions. The material assigned to the model was AISI
321 stainless steel in its annealed condition, reflecting the state of the original component.
The key mechanical proper-ties used for the simulation were a yield strength (Sy) of 205
MPa, a Young’s modulus (E) of 193 GPa, and a Poisson’s ratio (v) of 0.29 [25]. The chemical
composition and applicable standards for the original and proposed materials are given in
Table 2. The plunger is geometrically axisymmetric, but the loading and support conditions
are not perfectly symmetric because the guiding surfaces act only on discrete contact zones.
Therefore, a full 3D model was used instead of a 2D axisymmetric simplification. The
same geometry, mesh, and constitutive model (linear-elastic and isotropic) were used for
both the original AISI 321 plunger and the redesigned 17-4 PH H900 plunger. Only the
material properties were changed: yield strength, Young’s modulus, and Poisson’s ratio.
Manufacturing-induced effects such as residual stresses, dimensional tolerances, and sur-
face roughness were not explicitly included in the finite element model. These factors were
considered outside the scope of the structural diagnosis, which focused on the nominal
stress state under maximum operating pressure. Their potential influence on the contact
conditions is acknowledged as a limitation of the present analysis. These properties were
obtained from the consolidated literature in materials science [26]. A Static Structural
Analysis was configured to evaluate the stress, displacement, and safety factor distributions
in the plunger. This type of analysis was selected since the pump operates cyclically but at a
low frequency, allowing the stress state at maximum pressure to be modeled as a worst-case
quasi-static scenario. This approach is sufficient to determine if the component operates
near its plastic deformation threshold.

Table 2. Chemical composition and applicable standards (wt.%).

Material Standard C Si Mn P S Cr Ni Ti Cu Nb+Ta
AISI GOST 5632; AISI <0.08 <1.00 <2.00 <0.045 <0.030 17.0-19.0 9.0-12.0 >5(C + N); <0.70 - -
321/X18H10T 321; UNS S32100;

EN 1.4541
17-4 PH ASTM A564; UNS  <0.07 <1.00 <1.00 <0.040 <0.030 15.0-17.5 3.0-5.0 - 3.0-5.0 0.15-0.45

517400; AMS 5643

Boundary Conditions: To simulate in-service constraints, the following boundary
conditions were applied. A Fixed constraint was assigned to the threaded section, which
connects the plunger to the pump actuator, restricting all six degrees of freedom (three
translational and three rotational) to model a rigid connection. A frictionless support was
assigned to the previously defined guiding surfaces. This condition prevents translation
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normal to the surface but allows free tangential movement, effectively simulating the
behavior of a well-lubricated guide bushing and isolating the structural response to the
main axial load. Loading: A pressure load of 25 MPa was applied uniformly over the
front working face of the plunger [27]. This value corresponds to the maximum specified
operating pressure for the dosing pump system, according to the manufacturer’s technical
data. Meshing Strategy: The solid model was discretized using second-order (10-node)
tetrahedral elements, which are suitable for capturing stress gradients in complex geometries.
Mesh quality was verified to ensure result convergence, with localized refinement in high-
stress concentration regions, such as the fillet radius at the base of the working diameter.
The final mesh, identical for both analyses, was generated with an average element size
of 0.28 mm, resulting in a total of 768,127 elements and 1,093,261 nodes. The theoretical
foundation of the finite element method employed in this study is well-established in the
computational mechanics literature [28]. Manufacturing-induced effects such as residual
stresses, dimensional tolerances, and surface roughness were not explicitly included in the
finite element model. These factors were considered outside the scope of the structural
diagnosis, which focused on the nominal stress state under maximum operating pressure.
Their potential influence on the contact conditions is acknowledged as a limitation of the
present analysis.
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Figure 4. Technical drawing of original plunger. Dimensions are in millimeters.

2.3. Redesign and Numerical Validation of the Proposed Plunger (17-4 PH H900)

Following the diagnostic phase, a new plunger was designed using a high-er-
performance material. Subsequently, a comparative FEA was conducted to quantitatively
validate the performance improvement of the proposed solution under identical operat-
ing conditions. The material selected for the redesigned plunger was the precipitation-
hardening stainless steel 17-4 PH. This alloy was chosen for its exceptional combination
of high tensile strength, high hardness, and corrosion resistance—characteristics that di-
rectly address the identified failure mechanisms. The component was specified in the
H900 heat-treatment condition, which optimizes strength and hardness. The mechan-
ical properties assigned for the simulation were a yield strength (Sy) of 1170 MPa, a
Young’s modulus (E) of 196 GPa, and a Poisson’s ratio (v) of 0.25. 17-4 PH is a martensitic
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precipitation-hardening stainless steel. The H900 designation refers to an aging treatment at
482 °C (900 °F) for 1 h followed by air cooling, applied after solution annealing (Condi-
tion A). This treatment produces a fine dispersion of copper-rich precipitates in a martensitic
matrix, increasing yield strength to approximately 1170 MPa and hardness to approximately
40-47 HRC while maintaining useful corrosion resistance. Compared with annealed AISI
321, 17-4 PH H900 offers substantially higher hardness and fatigue strength, which is ex-
pected to reduce the susceptibility to adhesive wear/galling and to increase the structural
safety margin. The properties of 17-4 PH H900 are included in Table 3. To guarantee a
rigorous and unbiased comparison, the validation simulation was executed using exactly
the same geometric model, boundary conditions, load magnitude, and meshing strategy
as in the diagnostic analysis of the AISI 321 plunger. The only altered variable was the
material definition, allowing for a direct and unambiguous comparison of structural perfor-
mance. This comparative methodology isolates the effect of material substitution on the
component’s mechanical integrity.

Table 3. Mechanical and physical properties.

Property AISI 321 (Annealed) 17-4 PH H900
Yield strength, S, 205 MPa 1170 MPa
Ultimate tensile strength, S, 515 MPa 1310 MPa
Young’s modulus, E 193 GPa 196 GPa
Poisson’s ratio, v 0.29 0.25

Hardness <187 HB (typically 160-180 HB) ~40-47 HRC (~44 HRC)
Density ~7.93 g/cm® ~7.80 g/cm?
Thermal conductivity at 20 °C ~16.0 W/(m-K) ~18 W/(m-K)
Specific heat at 20 °C ~500 ]/ (kg-K) ~460 ]/ (kg-K)

2.4. Manufacturing Technology

The manufacturing protocol for the proposed 17-4 PH plunger was designed to be
technologically robust and adapted to the resources available at the thermoelectric plant,
including a conventional 16K20 model lathe. The central strategy consisted of performing all
chip-removal machining operations on the material in its solution-annealed state (Condition
A), which presents optimal machinability. Subsequently, the part undergoes heat treatment
to achieve the final hardness and strength, concluding with a precision finishing operation.
The turning operations sequence was defined to ensure the part’s dimensional accuracy and
concentricity. The general process flow is summarized in the diagram in Figure 5. Starting
from a calibrated J14 mm bar, sequential operations included facing, center drilling for
between-centers mounting, rough turning for the various diameters, and finally, threading
and chamfering. To ensure process efficiency, cutting regimes were calculated for each
operation. As a representative example, for the main rough turning operation (from 14 to
10.5 mm), a CNMG 120,408 MM (Grade GC 2025) cemented carbide insert was selected.
The cutting parameters calculated for this operation were a depth of cut (t) of 1.75 mm, a
feed rate (f) of 0.25 mm/rev, and a spindle speed (n) of 1600 rpm, resulting in an effective
cutting speed (Vc) of 70.4 m/min [29].

Following the primary machining stages, the component is subjected to a precipitation
hardening (aging) heat treatment to transform it from Condition A to the target H900
condition. This thermal cycle, represented in Figure 6, consists of heating the component
to 482 °C (900 °F) and holding it at this temperature for 60 min, followed by air cooling.
This process generates a fine dispersion of copper-rich precipitates within the martensitic
matrix, which is responsible for the significant increase in hardness and yield strength.
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Material Reception
(@14 mm Bar, Condition A)

v

Facing and Center Drilling

Rough Cylindering
(@10.5 mm and @8 mm)

Threading (M8x1.25)
and Chamfering

Machined Part
(Ready for Heat Treatment)

Figure 5. A simplified flowchart of the turning operations sequence for the manufacture of the
proposed plunger.

0 15 30 45 60 75 90 105 120

Time (min)

Figure 6. Aging heat treatment cycle to achieve the H900 condition in 17-4 PH stainless steel, specifying
temperature and time parameters.

The final manufacturing step is a cylindrical grinding operation performed on the
main working surface of the plunger (the @10 mm diameter). This precision finishing
process is critical to achieving the final dimensional tolerances and the required surface
finish (Ra < 0.8 pm). Low surface roughness is essential to minimize friction and prevent
the initiation of wear mechanisms, thereby ensuring the long-term tribological performance
of the component.

3. Results

This section presents the quantitative findings derived from the finite element analyses
(FEAs). The results are presented sequentially: first, the diagnosis of the original plunger
to establish a baseline of the problem; second, the validation of the redesigned plunger to
demonstrate its structural superiority; and finally, a comparative synthesis summarizing
the key improvements.
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3.1. Structural Analysis of the Original Plunger (AISI 321)

At the maximum operating pressure of 25 MPa, the original AISI 321 plunger reaches
a maximum von Mises stress of 199.4 MPa, corresponding to approximately 97.3% of the
nominal yield strength and a safety factor of only 1.03. This result should be interpreted
as evidence of an extremely limited structural reserve rather than direct proof of plastic
deformation. Under the linear-elastic assumptions of the present model, the estimated
pressure corresponding to the onset of yielding would be approximately 25.8 MPa, only
about 3% above the nominal maximum operating pressure. Consequently, relatively small
pressure transients, dimensional tolerances, residual stresses, or variations in material
strength could promote localized yielding during service. Such permanent deformation
may subsequently modify alignment and contact-pressure distribution at the plunger-guide
interface, providing a plausible indirect mechanism for accelerating galling. Nevertheless,
this coupling remains a mechanistic hypothesis that should be further validated through
cyclic elastoplastic and explicit contact analyses. Figure 7 presents a composite visualization
of these critical results. It shows how the area of maximum stress coincides directly with the
zone of minimum safety factor, confirming that the original design is structurally deficient.

Type: Von Mises Stress

Unit: MPa

12/10/2025, 3:05:36
199.4 Max

0.1 Min

(a)

Type: Safety Factor
Unit: ul

12/10/2025, 3:16:43
15 Max

(b)

Figure 7. Structural analysis of the original AISI 321 plunger. (a) Von Mises Stress distribution,
showing a maximum value of 199.4 MPa concentrated at the cross-section change. (b) Safety factor
distribution, revealing a critical zone with a minimum value of 1.03. The color scale in (b) is adjusted
to highlight areas with SF < 1.5 in red.

https://doi.org/10.3390/s0lids7060057


https://doi.org/10.3390/solids7060057

Solids 2026, 7, 57

11 of 20

Deformation Analysis: The maximum total resultant displacement was 0.02644 mm,
located at the center of the front face of the plunger, where the pressure is applied. This
deformation, being of an extremely small magnitude relative to the overall dimensions of
the plunger (length and diameter), allows us to rule out macroscopic buckling or significant
lateral bending (”deflection”) as the primary failure mode. The component exhibits high
axial stiffness, but its design is inadequate from a material strength perspective.

3.2. Structural Validation of the Redesigned Plunger (17-4 PH H900)

The comparative analysis of the redesigned plunger, using the 17-4 PH material in the
H900 condition and under the same boundary and loading conditions, demonstrated a
substantial improvement in structural integrity.

Stress State and Safety Factor: The maximum von Mises stress in the new design was
203.7 MPa, a value similar to that of the original design and located in the same geometric
region. However, when contrasting this stress with the high yield strength of 17-4 PH
HO900 (Sy= 1170 MPa), the working stress represents only 17.4% of the material’s capacity.
This wide margin translates into a minimum safety factor of 5.74, as clearly illustrated in
Figure 8. This result confirms that the new design operates safely within the elastic regime,
eliminating the risk of micro-plastic deformations that accelerate galling wear.

Type: Safety Factor

Unit: ul

12/10,2025, 3:37:02
15 Max

! 124
R
L |72

[ | 5.74 Min
4.6

.

Figure 8. The safety factor distribution for the redesigned 17-4 PH H900 plunger. The minimum value
is 5.74, indicating a structurally robust design. For direct visual comparison, the same color scale as
in Figure 4b has been maintained, showing no low safety-factor zones.

Deformation and Principal Stress Analysis: The proposed plunger exhibited a maxi-
mum total displacement of 0.02683 mm, as shown in Figure 9a. This value is practically
identical to that of the original plunger, indicating comparable stiffness under the evaluated
loading and boundary conditions. Figure 9b presents the third principal stress distribution,
with values ranging from —223.1 to 0.7 MPa. The minimum value identifies the region
subjected to the greatest compressive principal stress. Together, these results characterize
the deformation and compressive stress response of the proposed design.

3.3. Comparative Synthesis of Results

To facilitate a direct performance evaluation, Table 4 summarizes the key mechanical
performance indicators for both designs. The analysis evidences that, while the stress
and deformation profiles are comparable due to the identical geometry and similar elastic
moduli, the improvement in the safety factor is the critical differentiator. The proposed
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solution offers a 457% increase in the structural safety margin, transforming a deficient
design into a robust and reliable one.

Type: Displacernent

Urit: rm

12/10/2025, 3:35:.09
0.02683 Max

0.02146

0.0161
0.01073 Y e
0.00537

0 Min

(a)

Type: rd Principal Stress
Unit; MPa
12/10/2025, 3:39:11

0.7 Max

-178.3

-223.1 Min

(b)

Figure 9. The finite element results for the proposed 17-4 PH H900 plunger: (a) total displacement
distribution, with a maximum value of 0.02683 mm at the front face, and (b) third principal stress
distribution, ranging from —223.1 to 0.7 MPa.

Table 4. Performance comparison between original and proposed plungers.

Performance Parameter Original Plunger Proposed Plunger (17-4  Improvement

(AISI 321) PH H900) (%)
Maximum von Mises "
Stress (MPa) 199.4 203.7 N/A
Maximum Displacement 0.02644 0.02683 N/A *
(mm)
Minimum Safety Factor 1.03 5.74 +457%

* The improvement is not applicable (N/A) as the values are of similar magnitude; the key performance indicator
is the increase in the safety factor.

3.4. Techno-Economic Feasibility via Life-Cycle Cost (LCC) Analysis

A techno-economic feasibility analysis was conducted to compare the current strategy,
based on importing the original plunger (AISI 321), with the proposed strategy of locally
manufacturing a redesigned and optimized plunger (17-4 PH H900). For this purpose, the
Life-Cycle Cost (LCC) analysis methodology was applied, a standardized approach that
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evaluates the total cost of ownership of an asset, rather than focusing solely on its initial
acquisition cost. This method is particularly suitable for quantifying the long-term benefits
of investments in components with higher reliability and durability [30,31]. The analysis

compares two scenarios:

e  Scenario A (Baseline): Importation of the original spare part. This strategy is charac-
terized by an acquisition cost that includes not only the component’s price but also
significant logistics costs, tariffs, and, critically, long and uncertain lead times.

e  Scenario B (Proposal): Local manufacturing of the redesigned plunger. This strategy
implies a potentially higher initial manufacturing cost but offers immediate spare part
availability and a drastically extended service life.

For the comparison, costs were normalized by taking the acquisition cost of the im-
ported spare part as the base cost unit (1.0). The key parameters of the analysis are summa-
rized in Table 5. The estimation of a 30% higher acquisition cost (Cadq = 1.3) for the locally
manufactured plunger is a conservative projection that considers the higher value of the 17-4
PH steel and the heat treatment process. Similarly, a relative service life of 10.0 (V,, = 10.0)
was considered as a favorable long-term performance scenario for the proposed component.
This value should not be interpreted as a direct prediction of service life, since experimental
field validation of the redesigned plunger has not yet been performed. Instead, it represents
an upper-bound scenario used to explore the potential economic benefits associated with
the improved structural margin and higher hardness of 17-4 PH H900. Finally, the zero lead
time of local manufacturing drastically reduces the economic impact of plant downtime
(C,arada), a factor exacerbated by the long waiting times associated with importation [32].

Table 5. Comparative parameters for the LCC analysis of maintenance strategies.

Scenario B: Local Manufacturing (17-4

Parameter Scenario A: Importation (AISI 321) PH)

Normalized Acquisition Cost (Cadq) 1.0 (Baseline) 1.3

Relative Service Life (Vu) 1.0 10.0

Lead Time High (Weeks/Months) Zero

Downtime Cost (Cparada) Cparada (magnified by lead time) Cparada (minimized to replacement time)

The normalized total cost of wwnership for an operating cycle equivalent to the pro-

posed plunger’s service life (10 life units) is calculated as follows:
Total Cost (Scenario A) =10x (Cadq imported + Cextended downtime) =10.0+10 Cextended downtime (1)
Total Cost (Scenario B) =1x (Cadq local T Cminimal downtime) =13+1 Cminimal downtime (2)

To reduce the dependence of the economic assessment on the assumed tenfold service-
life scenario, the normalized replacement cost per unit of service life was additionally
expressed as

Clocal
Crel = i):a ’ (3)
where Cy,.,; = 1.3 is the normalized acquisition cost of the locally manufactured component
and L, is its service life relative to that of the original plunger. The break-even condition is

obtained when C,; = 1:

1.3
which gives
L, =13. (5)
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Considering the four-month service life observed for the original AISI 321 plunger, the
minimum service life required for the proposed component to reach the break-even point is

Lyreak—even = 4(1.3) = 5.2 months. (6)

The relative service life of 10.0 used in the LCC analysis is a design assumption based on
the material property improvements of 17-4 PH H900 relative to the original annealed AISI
321. It is not a break-even value and should not be interpreted as a prediction or as a minimum
economic threshold. The original plunger failed after approximately four months of service. The
redesigned component is expected to operate for multiple years, as supported by the following
quantitative improvements: yield strength increases from 205 MPa to 1170 MPa (5.7x), hardness
increases from approximately 85 HRB to 4047 HRC (>2.5x on an equivalent scale), corrected
fatigue limit increases from approximately 128.5 MPa to approximately 316 MPa (2.5x under
the same correction factors), and minimum safety factor increases from 1.03 to 5.74 (a 457%
improvement). These improvements directly address the two identified failure mechanisms:
localized yielding due to insufficient structural reserve and adhesive wear/galling due to low
surface hardness. Therefore, a tenfold increase in service life (approximately 40 months, or more
than three years) is a conservative lower-bound estimate of the expected multi-year performance,
not an optimistic upper-bound scenario. The actual service life must be confirmed through
controlled field trials.

To reduce the uncertainty associated with the assumed service-life extension of the re-
designed plunger, the economic assessment was complemented by a sensitivity analysis based
on relative durability. As shown in Figure 10, the normalized cost per unit of service life decreases
progressively as the operational life of the locally manufactured 17-4 PH H900 plunger increases
relative to that of the original AISI 321 component. The reference condition C,; = 1 defines
the break-even threshold, thereby providing a direct criterion for determining the minimum
durability improvement required to offset the higher initial manufacturing cost. This repre-
sentation demonstrates that the economic feasibility of the proposed strategy can be assessed
independently of the assumed tenfold life-extension scenario.

Normalized Cost per Unit of Service Life vs Relative Durability

1.24

o =
[oe] o
L L

o
o
!

Normalized cost/service

0.4

0.21

2 4 6 8 10
Relative life
Figure 10. Normalized cost per unit of service life as a function of the relative durability of the locally

manufactured 17-4 PH H900 plunger. The horizontal dashed line at C,; = 1 represents the economic
break-even condition relative to the imported AISI 321 component.
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4. Discussion

The results obtained in this study provide a mechanistic interpretation of the premature
degradation observed in the AISI 321 dosing pump plunger and support the evaluation of
the structural advantages associated with the proposed 17-4 PH H900 replacement. The
numerical analysis indicates that the original component operates with a critically limited
structural safety margin while simultaneously being exposed to unfavorable tribological
conditions that promote galling. However, since the present finite element model is based
on a linear-elastic formulation and does not explicitly account for cyclic plasticity, frictional
contact, or wear evolution, the interaction between the structural response and the observed
galling should be interpreted as a mechanically plausible tribo-mechanical coupling rather
than as a directly demonstrated causal sequence. Accordingly, the discussion focuses on
the extent to which the structural deficiency may contribute to the degradation of the
contact conditions and on the capacity of the proposed material substitution to increase the
mechanical robustness of the component.

4.1. Elucidation of a Systemic Failure: Indirect Interaction Between Structural and
Tribological Deficiencies

The primary finding of this research is that the plunger’s premature failure cannot
be attributed to a single cause but rather to a systemically deficient design with critical
structural and tribological vulnerabilities.

The finite element analysis (Figure 7) identified a severe stress concentration at the
cross-section change near the thread, where the von Mises stress reached 199.4 MPa, equiv-
alent to 97.3% of the AISI 321’s yield strength. This finding is irrefutable evidence of a
structural design deficiency that pushed the component to the brink of localized plastic
yielding, with a critical safety factor of 1.03.

Although this maximum stress point does not spatially coincide with the working
surface (J10 mm) where galling occurs, both problems are intrinsically linked. The struc-
tural deficiency and the tribological failure are concurrent manifestations of inadequate
material selection and design philosophy for the application. However, an indirect coupling
mechanism that accelerates failure is postulated:

1. Initiation of Micro-Plastic Deformation: The cyclic stress at the stress concentrator,
being so close to the yield point, induces cumulative micro-plastic deformations. Over
time, this ratcheting phenomenon can compromise the nanometric straightness of
the plunger.

2. Degradation of Guide Contact: A minimal deviation in straightness fundamentally
alters the contact pressure distribution between the plunger and the guides. Instead of
uniform contact, edge loading is generated, with localized pressure peaks far exceeding
nominal values.

3. Acceleration of Galling: These localized pressure peaks are a known catalyst for adhe-
sive wear, as they effectively break the protective passive layer of the stainless steel,
initiating the destructive cycle of adhesion and material tear-out that defines galling.

Therefore, it is concluded that the failure is of a tribo-mechanical nature, but the
interaction is indirect. The structural deficiency not only represents an independent fail-
ure mode but also acts as an accelerator of wear by degrading the contact conditions
at the tribological interface. The successful redesign, therefore, had to address both
deficiencies simultaneously.
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4.2. Rationalization of the Redesign: Toward Robust Engineering

The effectiveness of the proposed solution lies in its comprehensive approach to mitigating
both the mechanical cause and the tribological effect. The selection of 17-4 PH stainless steel in
the H900 condition is justified through a multi-factorial analysis, as illustrated in the material
performance map in Figure 11.

== 17-4 PH (H900)

emme A|S| 321 (Annealed) ==

Hardness / Resistance to
10 2N

Y \\
/ / A
AN

Machinability / / ’ //A \\\\\\ Fatigue Resistance
< - 7. N )
\ ¥
\

Cost of N

0

= \ — o
General Corrosion \ /Surface Damage
Resistance Tolerance

Figure 11. Comparative material performance map. The chart represents a semi-quantitative evalu-
ation based on established material properties from the technical literature and engineering hand-
books. The 17-4 PH (H900) shows an overwhelming superiority in critical properties for this ap-
plication—hardness/wear resistance and fatigue strength—while maintaining excellent corrosion
resistance. The only trade-off is lower machinability, which translates into a moderately higher
manufacturing cost.

The map in Figure 11 evidences a clear design trade-off. The use of 17-4 PH steel for
applications demanding high wear and fatigue resistance is well documented in engineering
handbooks and is common in valve and pump components for the chemical industry;
however, this study validates its suitability for this specific application [33,34]. While
AISI 321 presents better machinability, 17-4 PH H900 drastically outperforms it in the
two properties that directly attack the failure mechanism: hardness, which intrinsically
inhibits adhesion and wear, and fatigue strength (closely tied to yield strength), which
is the property that resolves the structural deficiency. The FEA validates this selection
quantitatively. By raising the safety factor to 5.74, the new design not only prevents failure
from overload but also shifts the component’s operating point to a low-stress regime (only
17.4% of its yield strength). This enormous safety margin should not be interpreted as
over-engineering but as a pillar of robust design, necessary to absorb unforeseen pressure
peaks, material imperfections, and the natural degradation of properties over time, thereby
guaranteeing reliability in a demanding industrial environment.

To critically assess the suitability of the proposed material substitution, Table 6 com-
pares the principal mechanical, tribological, and manufacturing characteristics of AISI
321 and 17-4 PH H900 stainless steels. The comparison highlights that the main advan-
tage of 17-4 PH H900 is not associated with a significant change in elastic stiffness, but
with its substantially higher yield strength and hardness, which increase the structural
reserve and may reduce susceptibility to localized plastic deformation and adhesive wear.
At the same time, the selection introduces additional considerations related to heat treat-
ment, machining, and environment-dependent corrosion performance. Therefore, the
material substitution represents a balance between improved mechanical robustness and
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increased manufacturing requirements rather than an unequivocal improvement in all
material attributes.

Table 6. Comparison of material-selection criteria for the original AISI 321 plunger and the proposed
17-4 PH H900 configuration.

Property AISI 321 17-4 PH H900 Engineering Relevance

Yield strength [35] 205 MPa 1170 MPa Resistance to localized yielding and increased structural reserve
Young’s modulus [11] 193 GPa 196 GPa Elastic stiffness and dimensional response under load

Relative hardness [36] Lower Higher Resistance to localized plastic deformation and adhesive wear
Corrosion Generally high High, but dependent Compatibility with the service medium and preservation

resistance [37]

Heat-treatment
condition [38]
Manufacturing
considerations [39]

Structural safety
factor [40]

on aging condition of surface integrity

and environment *
Development of strength and hardness through

Annealed H900 aging precipitation hardening
Conventional Machining in Manufacturing complexity and preservation of dimensional accuracy
machining; Condition A followed
susceptible to work by H900 aging and
hardening final grinding
1.03 5.74 Structural reliability under the maximum operating pressure

* The corrosion performance of 17-4 PH stainless steel depends on the heat-treatment condition and environmental
exposure and should therefore be experimentally verified for the specific service medium.

4.3. Implications of the Study and Contribution

The implications of this work extend beyond solving a specific maintenance problem in
a thermoelectric plant. Industrial and Practical Implications: The main practical contribution
is the provision of a complete engineering solution—design, material, and manufacturing
technology—that allows the substitution of a failure-prone imported spare part with a local
component of superior reliability. This not only solves a chronic operational problem and
reduces costly unscheduled downtime but also sets a precedent for technological sovereignty
in critical asset management. Methodological Implications: This study presents a systematic
and transferable framework for forensic engineering and component redesign. The sequence
of (1) root cause diagnosis via realistic FEA, (2) materials science-based redesign, (3)
comparative numerical validation, and (4) feasibility analysis via LCC, constitutes a robust
“roadmap” that can be applied to solve a wide range of failures in industrial machinery.

4.4. Limitations and Future Research Directions

It is imperative to acknowledge the limitations of this study to maintain scientific rigor.
The research is based on numerical analysis, which, although performed with high fidelity,
involves certain idealizations. The main limitations are (1) the use of a static analysis, which
represents the worst loading case but does not model the cumulative effects of fatigue
over millions of cycles; (2) the idealization of boundary conditions, such as the frictionless
support; and (3) the absence of experimental validation of the final component. These
limitations clearly outline directions for future research. The logical and highest-priority
next step is the manufacturing of a prototype of the redesigned plunger and its installation
in the dosing pump for a long-term field test. This would allow experimental validation
of the predictions of this study and quantification of the actual extension of service life.
Additionally, future numerical work could include a fatigue analysis to predict the number
of cycles to failure and explore topological optimizations to reduce the weight and cost of
the component without compromising its structural robustness.

5. Conclusions

The finite element analysis of the original AISI 321 plunger under the maximum
operating pressure of 25 MPa revealed a maximum von Mises stress of 199.4 MPa and a
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minimum safety factor of 1.03. This indicates an extremely limited structural reserve, with
the estimated yield onset pressure only about 3% above the nominal operating pressure.
Such a condition makes the component susceptible to localized yielding under pressure
transients, dimensional tolerances, or material variability. The observed galling damage is
interpreted as a failure in which the structural deficiency may have indirectly contributed
to adhesive wear by altering the contact conditions at the plunger—guide interface. This
coupling remains a mechanistic hypothesis supported by visual evidence and the literature,
and it was not experimentally validated in the present study.

Under identical FEA conditions, the redesigned plunger manufactured from 17-4 PH
stainless steel in the H900 condition exhibited a maximum von Mises stress of 203.7 MPa,
which corresponds to only 17.4% of its yield strength. The minimum safety factor in-
creased to 5.74, representing a 457% improvement in the structural safety margin relative
to the original design. The maximum displacement remained practically unchanged at
0.02683 mm, confirming that the higher-strength material does not compromise the compo-
nent’s axial stiffness. The H900 condition, achieved by aging at 482 °C for 1 h followed by
air cooling, provides a hardness of approximately 40-47 HRC and a yield strength of about
1170 MPa, which directly addresses both the structural deficiency and the susceptibility to
adhesive wear.

A feasible local manufacturing route was defined, consisting of turning in the solution-
annealed Condition A, precipitation hardening to H900, and cylindrical grinding of the
working diameter to R, < 0.8 yum. The combination of higher hardness, higher fatigue
strength, and a substantially increased safety factor is expected to improve the durabil-
ity of the plunger relative to the four-month baseline observed for the original compo-
nent, although the actual service life must be confirmed through controlled field trials.
These improvements are based on the 5.7x increase in yield strength, the >2.5x increase
in hardness, and the 2.5x increase in corrected fatigue limit of 17-4 PH H900 relative
to annealed AISI 321. The Life-Cycle Cost analysis indicated the economic superiority
of local manufacturing over importing the original spare part. The break-even analysis
indicated that local manufacturing becomes economically advantageous even for service-
life improvements well below the values assumed in the present study. The actual eco-
nomic benefit will depend on the service life achieved in practice, which remains to be
experimentally verified.

The main limitations of this study are the use of a static linear-elastic FEA, idealized
boundary conditions, and the absence of experimental tribological and field validation.
Future work should include cyclic elastoplastic and explicit contact analyses, tribological
testing, and a controlled field trial to confirm the expected service life and to quantify the
actual reduction in galling susceptibility.
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