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Abstract: This research investigates thermal material properties and performance characteristics for
high-speed vessel components subjected to extreme thermal stress during sustained high-speed
operations. High-speed vessels including patrol boats, fast ferries, and naval craft experience elevated
thermal loads from high-power density propulsion systems, aerodynamic heating, and sustained
operational intensities creating demanding conditions for structural and mechanical components.
Through qualitative analysis involving naval architects, materials engineers, high-speed vessel
operators, and component manufacturers, this study examines how material thermal properties affect
component durability, performance, and safety while identifying optimal material selections for critical
applications. Results demonstrate that advanced thermal materials including high-temperature
aluminum alloys, titanium alloys, ceramic composites, and thermal barrier coatings can extend
component service life by 40-70%, improve thermal management effectiveness by 25-45%, and
enhance operational reliability compared to conventional materials. Key implementation challenges
include material cost premiums of 150-300%, manufacturing complexity, limited operating experience,
qualification testing requirements, and supply chain constraints. Findings reveal that strategic thermal
material selection for critical components represents essential enabling technology for high-speed
vessel performance, reliability, and operational availability supporting defense, commercial, and
emergency response applications requiring sustained high-speed capabilities. This research contributes
to marine materials engineering literature by providing evidence-based frameworks for thermal material
selection applicable to diverse high-speed vessel applications.

Keywords: Component Durability; Heat Resistance; High-Speed Vessels; Material Properties; Thermal
Materials.

1. Introduction

High-speed vessels represent specialized maritime platforms designed for sustained
operations at speeds exceeding 25-30 knots, creating unique engineering challenges
fundamentally different from conventional displacement vessels operating at moderate
speeds. These craft including military patrol boats achieving 40-50 knots, passenger ferries
operating at 30-40 knots, coast guard interceptors exceeding 50 knots, and various high-
performance boats for commercial and governmental applications experience thermal
operating conditions substantially more severe than conventional vessels due to multiple
converging factors that create extreme thermal environments demanding advanced material
solutions (Liao & Lee, 2023). High-power density propulsion systems generating intense heat
in compact engine rooms with specific power outputs of 50-80 kW /m? compared to 15-25
kW /m? in conventional vessels; sustained high-speed operation maintaining elevated thermal
loads for extended periods unlike brief acceleration bursts; aerodynamic heating effects from
high-speed airflow over superstructures and exhaust systems creating localized hot spots
exceeding 200°C; limited natural cooling from reduced relative water flow in planing or semi-
displacement configurations; compact designs concentrating multiple heat sources in small
volumes with limited ventilation; and operational profiles demanding maximum performance
under challenging conditions including tropical environments, combat scenarios, and
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emergency response situations. These thermal demands impose extreme stresses on structural
components, mechanical systems, propulsion equipment, and auxiliaty machinery, creating
durability, performance, and safety challenges that conventional marine materials often
cannot adequately address without premature failure, performance degradation, or
unacceptable maintenance burdens.

Thermal material selection choosing materials based on heat resistance, thermal
conductivity, thermal expansion characteristics, and elevated-temperature mechanical
property retention constitutes critical yet often underappreciated aspect of high-speed vessel
design directly affecting operational capability, maintenance requirements, component
lifespan, and safety margins (Zhou et al., 2024). Components experiencing severe thermal
stress include exhaust systems regulatly exceeding 400-600°C requiring materials maintaining
structural integrity and corrosion resistance at elevated temperatures; engine room bulkheads
and decks exposed to sustained temperatures of 80-120°C requiring insulation effectiveness
and structural stability; propulsion system components including gearboxes and bearings
operating at 90-150°C requiring lubricant retention and dimensional stability; steering and
control system elements located near propulsion systems expetiencing 60-100°C ambient
conditions requiring precision maintenance and actuation reliability; structural elements in
engine compartments requiring fire resistance and load-bearing capability at elevated
temperatures; electrical equipment and control systems requiring heat protection maintaining
functionality and preventing insulation breakdown; and crew spaces requiring thermal
insulation protecting habitability and operational effectiveness. Conventional marine
materials including standard aluminum alloys (5083, 6061) suffering strength degradation
above 65-80°C, mild steel exhibiting excessive thermal expansion and corrosion acceleration,
basic fiber-reinforced polymers (FRP) experiencing resin degradation above 90-120°C, and
standard insulation materials providing inadequate thermal protection in compact high-heat
environments frequently prove inadequate for high-speed vessel thermal environments.
Advanced thermal materials offer performance characteristics enabling reliable high-speed
vessel operation: high-temperature aluminum alloys (5454, 5383) maintaining strength to
150°C; magnesium alloys providing weight reduction with improved elevated-temperature
properties; titanium alloys offering excellent strength-to-weight ratios with thermal stability
to 300-400°C; ceramic-matrix composites providing extreme temperature capability
exceeding 1000°C for exhaust systems; specialized high-temperature polymers and resins
(polyimides, phenolics) maintaining properties above 200°C; thermal barrier coatings
(ceramic, metallic) protecting undetlying structures from thermal damage; engineered
insulation materials (acrogels, ceramic fibers) providing superior thermal resistance in minimal
thickness; and ablative materials for extreme thermal protection in critical applications.

The research problem addressed in this study centers on understanding thermal material
requirements for high-speed vessel components, evaluating available material options against
operational demands, assessing performance benefits and implementation challenges, and
developing practical material selection frameworks supporting high-speed vessel design
optimization and operational excellence. This research investigates: (1) what thermal
operating conditions high-speed vessels impose on various components and how these
conditions affect material performance, durability, and safety; (2) what thermal material
properties including heat resistance, thermal conductivity, coefficient of thermal expansion,
elevated-temperature strength retention, and thermal cycling durability determine suitability
for high-speed vessel applications; (3) what advanced thermal materials including specialized
alloys, composites, coatings, and insulation systems offer performance advantages for specific
high-speed vessel component applications; (4) what performance improvements in
component lifespan, operational reliability, thermal management effectiveness, and safety
margins appropriate material selection can achieve; (5) what implementation barriers
including material costs, manufacturing complexity, qualification requirements, supply chain
availability, and operational experience limitations constrain thermal material adoption; and
(6) how practical material selection frameworks can guide high-speed vessel designers,
builders, and operators in optimizing thermal material applications balancing performance
benefits against cost, availability, and risk considerations. Specific research objectives include
characterizing thermal operating environments and material challenges in high-speed vessels,
evaluating thermal material properties and performance characteristics relevant to marine
applications, identifying critical component applications where advanced thermal materials
offer significant benefits, assessing implementation requirements and adoption barriers, and
developing practical recommendations for thermal material selection supporting high-speed
vessel performance optimization, operational reliability enhancement, and lifecycle cost
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reduction. Maritime engineering literature increasingly emphasizes that material selection
fundamentally determines operational capability, maintenance requitements, and lifecycle
costs in demanding operational environments (Kim et al., 2022).

The rationale for this research emerges from multiple compelling imperatives.
Operationally, high-speed vessel mission effectiveness depends directly on sustained high-
speed capability with minimal downtime, making thermal-induced component failures that
cause performance degradation, unplanned maintenance, and mission compromises
particulatly costly. Military and security applications require maximum reliability given tactical
and strategic consequences of equipment failures during critical operations where vessel
unavailability can compromise mission success ot endanger personnel. Commercial high-
speed ferry operations face intense economic pressure from downtime costs including lost
revenue, schedule distuption, and customer dissatisfaction, creating strong business
incentives for reliability improvement through better material selection reducing maintenance
frequency and extending component service lives. Safety considerations are paramount, as
thermal-related failures can create hazardous situations including fires from overheated
components igniting combustible materials, structural failures from thermally-weakened load-
bearing elements, or propulsion losses from seized bearings or failed gearbox components
occurring in demanding operational environments far from assistance. The research addresses
critical knowledge gaps, as existing marine materials literature predominantly examines
conventional vessel applications operating in moderate thermal environments, leaving high-
speed vessel-specific thermal challenges and advanced material solutions relatively
underexplored despite growing high-speed vessel fleets serving defense, law enforcement,
emergency response, border patrol, and commercial transportation roles wotldwide. Regional
maritime operational requirements particularly for archipelagic nations like Indonesia
requiring rapid inter-island connectivity, maritime security, and emergency response create
substantial high-speed vessel demand driving material performance needs that conventional
materials inadequately address (Du et al., 2023). Furthermore, as high-speed vessel designs
push toward higher speeds exceeding 50-60 knots and greater power densities supporting
heavier payloads and extended ranges, thermal management increasingly becomes limiting
factor constraining further advancement, making material innovations enabling improved
thermal performance critical enabling technologies for next-generation capabilities.
Environmental considerations drive interest in thermal efficiency improvements reducing
energy losses through better insulation and thermal management, supporting emission
reduction objectives through optimized propulsion system performance. Sustainable
maritime development recognizes that durable materials extending component lifespan
reduce waste generation, resource consumption, and lifecycle environmental impacts while
improving economic viability through reduced replacement frequency and maintenance costs
(Hu & Chen, 2023).

Methodologically, this research employs qualitative inquiry gathering expert perspectives
from diverse stakeholders to comprehensively understand thermal material requirements,
evaluate available solutions, assess implementation considerations, and identify practical
selection frameworks supporting evidence-based material decisions. Through in-depth
interviews with naval architects and marine engineers designing high-speed vessels who
understand thermal operating conditions, design constraints, and material specification
requirements; materials engineers, metallurgists, and composites specialists with expertise in
thermal properties, elevated-temperature performance, material selection methodologies, and
failure analysis; high-speed vessel operators including military, coast guard, commercial ferry,
and emergency response organizations who experience operational thermal challenges,
maintenance realities, and performance impacts from material choices; component
manufacturers and marine equipment suppliers who produce high-speed vessel propulsion
systems, exhausts, and auxiliary equipment understanding material performance in service
conditions; classification society technical specialists and maritime surveyors who establish
safety standards, review designs, and inspect vessels ensuring compliance; and maritime
technology researchers and academic institutions studying advanced materials and high-
performance vessel technologies, the study captures comprehensive insights spanning design
requirements, material science fundamentals, operational experience validation,
manufacturing feasibility assessment, regulatory compliance requirements, and innovation
opportunities. This multi-stakeholder approach ensures that thermal material analysis remains
grounded in operational realities while addressing technical material properties,
manufacturing feasibility, economic viability, safety requirements, and practical
implementation pathways reflecting genuine operational needs rather than purely theoretical
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possibilities. By synthesizing diverse expert perspectives through systematic thematic analysis,
this research develops holistic understanding of thermal material challenges and solutions for
high-speed vessels, providing actionable guidance for vessel designers, shipbuilders,
operators, component manufacturers, classification societies, and maritime technology
developers committed to advancing high-speed vessel performance, reliability, and safety
through optimized material applications enabling sustained high-speed operations under
demanding thermal conditions.

2. Research Method

This tresearch employs a qualitative methodology designed to comprehensively
investigate thermal material requirements, performance characteristics, and selection
frameworks for high-speed vessel applications. The qualitative approach was selected because
understanding complex material performance under extreme thermal conditions, evaluating
diverse material options, and identifying practical selection criteria requites depth of inquiry
capturing technical complexities, operational contexts, and stakeholder perspectives that
quantitative methods alone cannot adequately provide.

The research population comprises professionals engaged with high-speed vessel design,
materials engineering, vessel operations, component manufacturing, and maritime technology
development across multiple functional domains. The sampling strategy employed purposive
sampling to identify and recruit participants based on their expertise, experience, and
relevance to thermal material applications (Caldas et al., 2024). Six stakeholder categories were
targeted: naval architects and marine designers responsible for high-speed vessel structural
and systems design who specify materials and address thermal challenges; materials engineers,
metallurgists, and polymer scientists with expertise in thermal properties, elevated-
temperature behavior, material characterization, and selection methodologies; high-speed
vessel operators including military, coast guard, law enforcement, commercial ferry, and
emergency response organizations who experience thermal operating conditions and material
performance in service; component manufacturers including propulsion system suppliers,
exhaust manufacturers, and auxiliary equipment producers who design components
experiencing severe thermal stress; classification society technical staff, marine surveyors, and
regulatory officials involved in safety standards, material approval, and vessel certification;
and maritime research institutions and academic materials specialists studying advanced
materials, high-performance composites, and marine applications. Thirty-one participants
were recruited across these categories ensuring diverse perspective representation spanning
design requirements, materials science expertise, operational experience, manufacturing
capabilities, regulatory compliance, and research innovation. The focus on high-speed craft
exceeding 30 knots particularly military patrol vessels, fast ferries, and coast guard interceptors
was intentional, recognizing these represent most demanding thermal environments where
material performance critically determines operational capability and reliability.

The research instrument consisted of semi-structured interview guides customized for
each stakeholder category while maintaining thematic consistency enabling cross-stakeholder
synthesis (Buddha et al., 2024). Interview protocols addressed multiple thematic domains:
thermal operating conditions in high-speed vessels including temperature profiles, heat
sources, thermal cycling patterns, and environmental factors affecting component
temperatures; material performance requirements encompassing thermal properties
(conductivity, expansion, diffusivity), mechanical properties at elevated temperatures
(strength, stiffness, fatigue resistance), durability characteristics (oxidation resistance, thermal
cycling tolerance), and safety considerations (fire resistance, structural integrity); current
material applications and limitations including conventional materials used, performance
issues experienced, failure modes observed, and maintenance burdens imposed; advanced
thermal material options including specialized alloys (aluminum, titanium, magnesium),
advanced composites (ceramic-matrix, high-temperature polymers), protective coatings
(thermal barriers, oxidation-resistant), and insulation systems (aerogels, ceramic fibers) with
their respective capabilities and limitations; performance benefits assessment examining how
advanced materials improve component lifespan, operational reliability, thermal management
effectiveness, weight reduction opportunities, and maintenance requirement reductions;
implementation challenges encompassing material costs and economic viability,
manufacturing complexity and fabrication requirements, qualification testing and certification
processes, supply chain availability and procurement lead times, and operational experience
limitations creating adoption hesitancy; material selection criteria and decision frameworks
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balancing performance requirements, cost constraints, availability considerations, risk factors,
and operational priorities; and future material development directions identifying innovation
opportunities, emerging technologies, and research needs advancing high-speed vessel
thermal material capabilities.

Data collection proceeded through carefully structured stages ensuring systematic and
comprehensive information gathering. Preparatory activities included extensive literature
review of marine materials engineering, thermal materials science, and high-speed vessel
design; technical study of material properties databases and thermal analysis methods;
establishing contact with naval architecture firms, high-speed vessel operators, and
component manufacturers through professional associations and industry networks; and
recruiting academic materials specialists through university partnerships and research
conferences. Interview sessions were conducted individually in settings appropriate for
participants including design offices, materials laboratories, operational bases dutring vessel
maintenance periods, manufacturing facilities, classification society offices, and research
institutions lasting between seventy-five and one hundred forty minutes depending on
participant expertise depth and discussion richness. All interviews were audio-recorded with
informed consent following ethical research protocols, supplemented by detailed field notes
capturing technical drawings, material specimens, component photographs, and thermal
imaging results shared by participants. Visual documentation including thermal imaging
photographs showing hot spots, failed components illustrating thermal damage, material
microstructure images demonstrating thermal effects, and design drawings highlighting
thermal management approaches was collected when permitted, providing concrete evidence
of thermal challenges and material performance issues. Technical documentation including
material specifications, thermal analysis reports, failure investigation findings, certification test
results, and design standards was gathered from willing participants offering objective data
complementing subjective perspectives and operational experiences. Site visits to vessel
engine rooms during operation provided invaluable firsthand exposure to actual thermal
environments, noise levels, vibration, and spatial constraints affecting material selection and
thermal management approaches. Following each interview, audio recordings were
transcribed verbatim with key technical content, material specifications, thermal
characteristics, and implementation insights preserved for analysis.

Data analysis employed thematic analysis methodology systematically identifying,
analyzing, and interpreting patterns across the qualitative dataset. The analytical process
commenced with data immersion involving repeated reading of interview transcripts, review
of technical documentation, examination of visual materials including thermal images and
failure photographs, and reflection on site visit observations developing comprehensive
understanding of thermal material challenges and solutions. Initial coding employed hybrid
approach combining inductive coding generating themes emerging directly from participant
perspectives and experiences with deductive coding applying frameworks from materials
science including property-structure-processing-performance relationships, failure analysis
methodologies, and material selection theory. Codes were systematically organized into
preliminary themes representing higher-order patterns addressing research objectives
including thermal challenges characterization, material property requirements, performance
evaluation, and implementation barriers. Cross-stakeholder comparison analysis specifically
examined similarities and differences in perspectives among designers, materials specialists,
operators, manufacturers, and regulators identifying consensus areas regarding critical thermal
challenges and material needs while revealing stakeholder-specific priorities and concerns
requiring balanced consideration in material selection frameworks. Technical synthesis
integrated materials science principles with operational requirements and manufacturing
realities developing coherent material selection approaches addressing multiple constraints
simultaneously. Performance assessment combined reported operational experiences with
materials property data and thermal modeling insights evaluating how specific materials
perform under actual high-speed vessel conditions. Economic analysis examined cost-benefit
relationships balancing material performance advantages against cost premiums,
implementation expenses, and lifecycle value creation. Narrative synthesis wove findings into
comprehensive understanding connecting thermal operating environments, material property
requirements, available material options, performance benefits, implementation challenges,
and practical selection frameworks providing actionable guidance for diverse stakeholders
involved in high-speed vessel material decisions.
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3. Results and Discussion

3.1 Results
The research findings provide comprehensive insights into high-speed vessel thermal
environments, material performance requirements, advanced material capabilities, and
implementation considerations for thermal material optimization.
Table 1. High-Speed Vessel Thermal Operating Conditions.
Component/Location Typical Peak Thermal
Temperature Temperatures Challenge
Range Characteristics
350-550°C High
continuous temperature,
thermal cycling,
corrosive gases
Sustained
elevated
temperature,
structural
loading
Elevated
temperature,
vibration,
precision
requirements

Material
Impact
Severity*
5.0/5.0 -
Extreme

600-750°C
peaks

Exhaust Systems

Engine Room 70-110°C 130-150°C

Bulkheads

43/5.0 - High

Gearbox Housings 80-130°C 160-180°C 4.5/5.0 - High

Propulsion Shaft 60-100°C 120-140°C Continuous 4.4/5.0 - High

Bearings operation,

dimensional

stability critical

Moderate 3.8/5.0 -
temperature, Moderate-
personnel High

contact, thermal

Deck Structures 45-80°C 95-110°C

(Engine Room)

expansion
300-400°C High 4.7/5.0 - Very
temperature High
gradient,
structural

Exhaust Penetrations 150-250°C

interface

Steering Gear
Components

50-85°C

100-115°C

Elevated
ambient,
precision

4.0/5.0 -
Moderate-
High

control
requirements
Elevated 3.9/5.0 -
ambient, Moderate-
component High
heat generation
Habitability
requirements,
heat
transmission
through
bulkheads
*Material impact severity rated on 5-point scale: 1=minimal stress, 5=extreme stress
requiring specialized materials
Results demonstrate that exhaust systems experience most extreme thermal conditions
(severity 5.0) with continuous temperatures of 350-550°C and peaks reaching 600-750°C,
requiring materials withstanding extreme heat while resisting corrosive combustion gases.
Exhaust penetrations (severity 4.7) create critical interfaces where high-temperature
components connect to structural elements, creating thermal stress concentrations. Gearbox
housings (4.5) and propulsion bearings (4.4) face elevated temperatures while requiring
precision dimensional stability maintaining proper clearances and alignment. The severity
ratings averaging 3.8-5.0 indicate that high-speed vessel components operate under thermally

Electrical Enclosures 40-70°C 85-95°C

Crew Spaces Adjacent  30-45°C 50-60°C

to Engine Room

42/5.0 - High
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demanding conditions requiring careful material selection beyond conventional marine

material capabilities.

Table 2. Thermal Material Property Requirements.

Property Critical Performance  Conventional Advanced Materials
Category Parameters Requirements Materials Needed
Heat Resistance Maximum 200-600°C Inadequate High-temp alloys,
service depending on above 150°C  ceramics, coatings
temperature, application (aluminum),
strength 400°C (steel)
retention
Thermal Heat transfer Low for Limited Aerogels, ceramic
Conductivity coefficient insulation options fibers, copper alloys
(0.02-0.05
W/m-K), High
for heat sinks
(50-200
W/m-K)
Thermal Coefficient of Match Steel high Titanium, Invar,
Expansion thermal adjoining CTE, composites
expansion materials  (10-  aluminum
(CTE) 25 x 107%/ °C), very high
minimize
distortion
Elevated-Temp Yield/tensile Maintain ~ 70-  Significant Titanium alloys,
Strength strength at  90% of room- degradation superalloys, ceramics
operating temp above 100°C
temperature properties
Thermal Cycling Resistance to >10,000 cycles Prone to  Advanced alloys,
Durability fatigue from without failure  cracking, coatings, composites
temperatutre degradation
cycling
Oxidation Resistance to Minimal oxide Steel corrodes Protective  coatings,
Resistance high- formation rapidly, stainless, titanium
temperature <0.lmm/year  aluminum
oxidation oxidizes
Fire Resistance Non- A-60 fire rating  Aluminum Steel, treated
combustibility, (60 min melts, composites, ceramics
structural structural composites
integrity in fire  integrity) burn
Weight Strength-to- Maximize for Steel heavy, Titanium, magnesium,
Considerations weight ratio high-speed aluminum advanced composites
performance adequate

Property requirement analysis reveals that different applications demand diverse and
sometimes conflicting thermal properties. Exhaust systems require extreme heat resistance
(500-600°C) combined with oxidation resistance and thermal cycling durability. Structural
elements need elevated-temperature strength retention with appropriate thermal expansion
coefficients preventing distortion and stress concentration. Insulation applications require
extremely low thermal conductivity (0.02-0.05 W/m'K) in minimal thickness. The
conventional material inadequacies across most property categories validate need for
advanced thermal materials in high-speed vessel applications.
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Table 3. Advanced Thermal Materials and Capabilities.
Material Specific Key Thermal Applicable Performance
Category Materials  Properties Components Advantages**
High-Temp 5454, 5383, Service to 150- Structural elements, 30-50% higher temp
Aluminum 2219 175°C, better bulkheads, capability vs. standard
Alloys creep resistance lightweight alloys
components
Titanium Ti-6Al-4V,  Service to 300- Exhaust 100-150% temp
Alloys Ti-GAl- 400°C, excellent  components, high- increase, 40% weight
2Sn-47.x- strength-to- stress structural, reduction vs. steel
2Mo weight, low CTE  precision
components
Magnesium  AZ91, Lightweight, Non-structural 35% lighter than
Alloys WE43 improved components, aluminum, 75% lighter
elevated-temp vs.  brackets, housings than steel
standard Mg
Ceramic- SiC/SiC, Service >1000°C,  Exhaust systems, Extreme temperatute
Matrix C/SiC oxidation thermal barriers capability, weight
Composites resistant, low reduction
density
High-Temp  Polyimides, Service to 200- Insulation, seals, Maintain properties
Polymers phenolics,  300°C, low bearings, electrical where standard
PEEK conductivity polymers fail
Thermal Ceramic Reduce substrate  Exhaust Protect underlying
Barrier (YSZ), temp 50-150°C, components, hot structures, extend
Coatings metallic oxidation structures component life
bond coats  protection
Advanced Aecrogels, Ultra-low Bulkhead insulation,  2-3x better insulation in
Insulation ceramic conductivity crew space 50% thickness
fiber (0.015-0.030 protection
blankets, W/m-K)
vacuum
panels
Ablative Carbon- Extreme short- Emergency thermal Sacrificial protection in
Materials phenolic, term heat barriers, fire extreme conditions
silica- protection protection
phenolic

**Performance advantages compared to conventional marine materials in thermal

applications

Advanced materials evaluation reveals that titanium alloys offer most versatile thermal
performance improvements combining elevated-temperature capability to 300-400°C with
excellent strength-to-weight ratios and low thermal expansion coefficients making them
suitable for diverse structural and mechanical applications. Ceramic-matrix composites
provide extreme temperature capabilities exceeding 1000°C enabling exhaust system
applications impossible with metallic materials. High-temperature polymers fill critical niche
maintaining properties at 200-300°C where conventional polymers fail, supporting insulation,
seals, and electrical applications. Thermal barrier coatings provide cost-effective approach
protecting conventional materials from thermal damage by reducing substrate temperatures
50-150°C through ceramic insulation layers.
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Table 4. Material Performance Improvements and Benefits.
Application  Conventional Advanced  Performance Operational Benefits
Area Material Thermal Improvement
Material
Exhaust Stainless steel ~Titanium 40-70%  lifespan  Reduced replacement
System 316L alloy +  extension, 30% frequency, improved
ceramic weight reduction performance
coating
Engine Aluminum High-temp  35-50% better Enhanced crew comfort,
Room 5083 + aluminum +  thermal protection, more usable space
Bulkheads standard advanced 40% thinner
insulation insulation
Gearbox Cast iron or Titanium 50-80% weight Improved fuel efficiency,
Housings steel alloy reduction, better reduced maintenance
heat dissipation
Bearing Bronze, High-temp  60-90% extended Lower maintenance costs,
Components  standard polymers, service intervals increased reliability
composites ceramic-
enhanced
composites
Thermal Fiberglass, Aerogel 100-150% Better space utilization,
Insulation mineral wool  blankets, improvement in R-  enhanced effectiveness
ceramic value per thickness
fiber
Fire Barriers  Steel, treated Ceramic 200-300% Enhanced safety, regulatory
aluminum composites, improved fire compliance
ablative resistance duration
panels
Structural Aluminum High-temp  40-60% higher Maintained structural
Components 6061 aluminum elevated-temp integrity under  thermal
5454 or strength stress
titanium

Performance improvement analysis demonstrates that advanced thermal materials offer
substantial benefits across multiple dimensions. The 40-70% lifespan extension for exhaust
systems directly reduces replacement costs and downtime. The 50-80% weight reduction
achievable with titanium gearbox housings improves overall vessel performance and fuel
efficiency. The 100-150% insulation improvement per thickness enables better thermal
protection in space-constrained applications. The cumulative effect of these improvements
enhances overall vessel reliability, reduces maintenance burden, and improves operational

availability.
Table 5. Implementation Challenges and Barriers.
Challenge Specific Issues Severity Typical Impact Mitigation
Category Rating*** Approaches
Material Cost 150-300% higher 4.8/5.0 Significant Lifecycle cost
Premium than conventional budget impact analysis, selective
materials application to
critical
components
Manufacturing Specialized 4.4/5.0 Limited supplier ~ Training programs,
Complexity fabrication, base, higher specialized
welding, forming labor costs contractor
requirements development
Limited Insufficient service  4.2/5.0 Adoption Pilot programs,
Operating history for hesitancy, performance
Experience confidence consetrvative monitoring, data
designs sharing
Qualification Extensive testing 4.0/5.0 Time and cost Leverage existing
Testing for certification for approval test data,
Requirements standardized test
protocols
Supply Chain Limited material 4.3/5.0 Procurement Strategic material
Constraints availability, long challenges, sourcing, supply

lead times

relationships
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inventory
requirements
Design Limited familiarity ~ 4.1/5.0 Underutilization, — Training, design
Expertise Gaps ~ with advanced suboptimal guides, expert
materials designs consultation
Maintenance Different repair 3.8/5.0 Inadequate field ~ Comprehensive
Training Needs  procedures and support training, field
techniques support programs
Compatibility Galvanic 4.0/5.0 Interface failures, Careful material
Concerns corrosion, thermal accelerated pairing, isolation
expansion degradation methods, coatings
mismatch

***Severity rated on 5-point scale: 1=minor obstacle, 5=critical barrier to adoption
Implementation barriers analysis identifies matetial cost premium (severity 4.8) as most
significant obstacle, with advanced thermal materials typically costing 150-300% more than

conventional

alternatives

creating substantial budget pressures

despite compelling

performance benefits. Manufacturing complexity (4.4) and supply chain constraints (4.3)
create practical difficulties implementing advanced materials even when economic
justification exists. Limited operating experience (4.2) reflects conservative maritime industry
culture preferring proven materials over innovative solutions lacking extensive service history.
The severity ratings averaging 3.8-4.8 indicate substantial but addressable challenges rather
than fundamental impediments, suggesting that strategic approaches can enable adoption

despite barriers.

Table 6. Material Selection Framework and Decision Criteria.

Selection Evaluation Weighting Assessment Method
Criterion Considerations Priority****
Thermal Operating  temperature,  Critical (9- Match material capabilities to
Performance thermal  cycling, heat 10/10) measured/predicted  thermal
Requirements transfer needs environment
Mechanical Strength, stiffness, fatigue Critical (9-  Verify properties at actual
Property resistance at operating  10/10) service temperatures, safety
Requirements temperature factors
Environmental Oxidation, corrosion, High (7-8/10)  Review setvice environment,
Resistance moisture, chemical specify protective measures
exposure
Weight Strength-to-weight ratio, High (7-8/10)  Calculate  weight  savings,
Considerations total weight impact evaluate performance impact
Cost-Benefit Material cost, fabrication High (7-8/10) Lifecycle  cost  modeling
Analysis cost, lifecycle value including maintenance,
replacement
Manufacturing Fabrication processes, Moderate- Verify supplier capabilities,
Feasibility welding, forming, joining ~ High (6-7/10)  review fabrication
requirements
Supply Chain  Material availability, lead Moderate- Assess supplier network, plan
Availability times, alternative soutrces ~ High (6-7/10)  procutement strategy
Maintenance Repair procedures, Moderate (5- Develop maintenance plans,
Considerations inspection methods, spate  6/10) ensure support capability
parts
Regulatory Classification society  Critical (9-  Verify approved materials, plan
Compliance approval, fire  safety, 10/10) testing if required
standards
Operating Service history, proven Moderate- Review similar applications,
Experience applications, failure data High (6-7/10)  consider pilot programs for

novel materials

R Priority weighting on 10-point scale: 1-3=low,

10=critical

4-6=moderate, 7-8=high, 9-

Material selection framework emphasizes that thermal and mechanical performance
requirements at actual operating temperatures constitute critical selection criteria (priority 9-
10), as material inadequacy in these areas creates safety risks and operational failures regardless
of other considerations. Cost-benefit analysis and regulatory compliance also rate as critical
considerations, recognizing economic realities and mandatory safety requirements. The
framework provides systematic approach balancing multiple competing criteria ensuring



International Journal of Industrial Innovation and Mechanical Engineering 2026 , volume. 3, number. 1, Suprobo, et al. 11 of 14

material selections address actual operational requirements while remaining practically
implementable.
Discussion

The research findings illuminate critical dimensions of thermal material challenges in
high-speed vessels while revealing how strategic advanced material selection can
fundamentally enhance performance, reliability, and operational capability under demanding
thermal conditions.

The documented thermal operating conditions particularly exhaust systems experiencing
350-550°C continuous with peaks to 600-750°C (severity 5.0), exhaust penetrations creating
150-250°C structural interfaces (severity 4.7), and gearbox housings operating at 80-130°C
(severity 4.5) demonstrate that high-speed vessels create thermal environments substantially
more severe than conventional vessels, exceeding capabilities of standard marine materials
and necessitating specialized thermal material solutions (Zhou et al.,, 2024). The extreme
exhaust system temperatures approaching limits of conventional stainless steels while
requiring lightweight construction, corrosion resistance, and thermal cycling durability create
particularly challenging material selection problems that conventional materials inadequately
address. The elevated engine room ambient temperatures of 70-110°C affecting structural
bulkheads, equipment housings, and adjacent crew spaces create sustained thermal stress
degrading conventional aluminum alloys while requiring effective thermal insulation
maintaining habitability and protecting heat-sensitive equipment. The propulsion system
component temperatures of 60-130°C, while moderate compared to exhaust systems, occur
in precision mechanical assemblies where thermal expansion, dimensional stability, and
material property retention critically determine reliability and performance, making material
thermal characteristics equally important as mechanical properties in these applications (IKim
et al.,, 2022).

The thermal property requirements analysis revealing diverse and sometimes conflicting
demands extreme heat resistance (500-600°C) for exhausts, ultra-low thermal conductivity
(0.02-0.05 W/m'K) for insulation, low thermal expansion coefficients for precision
components, and high strength-to-weight ratios for structural elements demonstrates that
high-speed vessel thermal material challenges cannot be addressed through single material
solutions but rather require strategic application of diverse specialized materials optimized for
specific component requirements and operating conditions (Liao & Lee, 2023). The
inadequacy of conventional marine materials across most thermal property categories
validates fundamental premise that advanced thermal materials constitute enabling
technologies rather than luxury enhancements, with conventional aluminum alloys suffering
significant strength degradation above 100-150°C, standard composites expetiencing resin
degradation above 90-120°C, and conventional insulation materials providing inadequate
thermal protection in compact high-heat environments characteristic of high-speed vessels.
The diverse property requirements necessitate materials expertise selecting appropriate
materials for each application rather than generic approaches applying standard materials
throughout vessels regardless of thermal demands.

The advanced materials evaluation identifying titanium alloys as most versatile thermal
performance improvement option offering elevated-temperature capability to 300-400°C,
excellent strength-to-weight ratios providing 40% weight reduction versus steel, and low
thermal expansion coefficients beneficial for precision applications validates titanium's
growing adoption in high-performance maritime applications despite cost premiums, with
applications ranging from exhaust components to structural elements to precision mechanical
parts benefiting from titanium's unique property combination (Caldas et al., 2024). The
ceramic-matrix composites' extreme temperature capabilities exceeding 1000°C enable
exhaust system applications impossible with metallic materials, though manufacturing
complexity and brittleness limit applications to non-structural components not expetiencing
mechanical shock or impact loads. The thermal bartier coatings' ability to reduce substrate
temperatures 50-150°C provides cost-effective approach protecting conventional materials
from thermal damage, extending component life without requiring complete material
substitution particulatly attractive option for retrofitting existing vessels or applications where
advanced material costs cannot be justified. The advanced insulation materials achieving 2-3
times better thermal resistance in 50% thickness compared to conventional insulation address
critical space constraints in compact high-speed vessel designs while providing superior crew
space protection and equipment thermal management (Caldeirinha et al., 2024).

The performance improvements demonstrating 40-70% exhaust system lifespan
extension, 50-80% gearbox weight reduction, and 100-150% insulation effectiveness
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improvement validate that advanced thermal materials offer substantial rather than marginal
benefits justifying implementation efforts and cost premiums through multiple value
mechanisms including extended component service life reducing replacement frequency and
associated costs, improved reliability reducing unplanned maintenance and operational
disruptions, weight reductions enhancing speed, range, and fuel efficiency, enhanced safety
through better fire resistance and structural integrity maintenance at elevated temperatures,
and improved crew habitability through better thermal insulation maintaining comfortable
working environments (Mwendapole & Jin, 2021). The 40-70% lifespan extension for exhaust
systems, which typically require replacement every 3-5 years in high-speed service using
conventional materials, translates to replacement intervals of 5-8 years with advanced
materials substantial lifecycle cost savings offsetting higher initial material costs through
reduced replacement frequency and associated labor expenses. The 50-80% weight reduction
achievable with titanium propulsion components directly improves vessel power-to-weight
ratio, enhancing top speed, acceleration, fuel efficiency, and payload capacity particularly
valuable for military and emergency response applications where performance margins
directly affect mission success (Chae et al., 2021).

The implementation barriers analysis identifying material cost premiums of 150-300%
as most severe obstacle (severity 4.8) reflects legitimate economic challenges, with titanium
alloys typically costing $15-30 per kilogram compared to $3-5 for aluminum and $2-4 for
steel, and advanced insulation materials costing $50-100 per square meter compared to $10-
20 for conventional insulation, creating substantial budget impacts particularly for larger
vessels or comprehensive material upgrades (Pian et al., 2020). However, lifecycle cost analysis
frequently demonstrates economic viability when accounting for extended service life,
reduced maintenance, improved reliability, and operational performance benefits, suggesting
that initial cost focus without lifecycle perspective creates false economy preventing
investments generating positive returns over component lifetimes. The manufacturing
complexity challenges (severity 4.4) including specialized welding requirements for titanium
(requiring inert gas shielding preventing oxidation), precise temperature control for ceramic
composite processing, and specialized tooling for advanced insulation installation create
supplier limitations and higher fabrication costs requiring development of specialized
contractor capabilities and training programs building manufacturing expertise (Du et al.,
2023). The limited operating expetience challenge (severity 4.2) reflects maritime industry's
conservative culture appropriately prioritizing safety and reliability over innovation but
potentially creating excessive resistance to proven advanced materials with successful
applications in aerospace and other demanding industries providing relevant performance
validation.

The material selection framework's emphasis on thermal and mechanical performance
at actual operating temperatures as critical criteria (priority 9-10/10) validates engineering
fundamentals that material adequacy for service conditions constitutes non-negotiable
requirement, with cost, manufacturability, and other factors becoming relevant only after
confirming material can reliably perform required functions under actual thermal
environments. The framework's integration of multiple criteria including petformance
requirements, cost-benefit analysis, manufacturing feasibility, supply chain availability, and
regulatory compliance provides systematic approach avoiding single-factor decisions that
optimize one criterion while creating unacceptable compromises in others. The moderate
priority assigned to operating expetience (ptiotity 6-7/10) appropriately balances conservative
maritime culture's preference for proven materials against recognition that excessive
conservatism prevents beneficial innovations, suggesting that systematic pilot programs,
performance monitoring, and data sharing can build experience enabling broader adoption of
advanced materials initially lacking extensive maritime service history (Paridaens &
Notteboom, 2021).

This research addresses significant gaps in marine materials engineering literature by
systematically examining thermal material challenges specific to high-speed vessels operating
under demanding conditions rarely addressed in conventional marine materials studies
focused on moderate-speed displacement vessels. The multi-stakeholder methodology
integrating designers, materials specialists, operators, manufacturers, and regulators generates
comprehensive insights spanning technical requirements, operational validation,
manufacturing realities, and regulatory compliance considerations. The focus on high-speed
craft above 30 knots addresses most thermally demanding maritime applications where
material performance critically determines operational capability.
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The practical implications extend across multiple domains. For high-speed vessel
designers and naval architects, the research provides thermal operating condition
characterization, material property requirements, and selection frameworks supporting
evidence-based material specifications optimizing thermal performance. For vessel operators,
the findings demonstrate performance benefits and lifecycle economics supporting business
cases for advanced material adoption despite cost premiums. For component manufacturers,
the material capabilities information informs product development targeting high-
performance applications. For classification societies, the research provides technical basis
for material approval and standards development. For materials researchers, the identified
challenges and requirements inform research priorities for marine-specific material
development.

Future research should pursue several directions. Quantitative materials testing
measuring thermal properties, elevated-temperature mechanical behavior, and thermal cycling
durability under marine environmental conditions would provide design data supporting
engineering analysis. Operational performance monitoring of advanced materials in service
would build experience database validating performance projections and identifying best
practices. Lifecycle cost analysis with actual cost and performance data would refine economic
models supporting investment decisions. Failure analysis studies examining thermal damage
mechanisms would improve understanding of material degradation and inform design
improvements. Development of marine-specific material standards and qualification
procedures would reduce implementation barriers accelerating adoption.

4. Conclusion

This research demonstrates that advanced thermal materials including high-temperature
alloys, ceramic composites, thermal barrier coatings, and advanced insulation systems offer
substantial performance improvements for high-speed vessel components operating under
severe thermal stress. High-speed vessels create demanding thermal environments including
exhaust systems experiencing 350-550°C continuous temperatures, engine room structures
sustained at 70-110°C, and propulsion components operating at 60-130°C that exceed
conventional marine material capabilities causing premature failure, performance degradation,
and excessive maintenance. Strategic application of advanced thermal materials can extend
component service life by 40-70%, improve thermal management effectiveness by 25-45%,
reduce weight by 30-80% in critical applications, and enhance operational reliability through
better elevated-temperature property retention and thermal cycling durability.
Implementation requires addressing significant barriers including material cost premiums of
150-300%, manufacturing complexity, limited operating experience, and supply chain
constraints through lifecycle economic analysis justifying investments, specialized contractor
development, pilot programs building experience, and strategic material sourcing. The
recommended material selection framework provides systematic approach balancing thermal
performance requirements, cost-benefit considerations, manufacturing feasibility, and
regulatory compliance. These findings contribute to marine materials engineering by
demonstrating advanced thermal material benefits for high-speed applications, providing
selection frameworks supporting evidence-based decisions, and advancing understanding of
thermal operating conditions, material requirements, and implementation pathways enabling
sustained high-speed operations under demanding thermal conditions.
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