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Abstract

Pultrusion remains one of the most efficient continuous manufacturing pro-
cesses for producing high-strength, fiber-reinforced polymer composites. This
review examines the pultrusion of graphite/Bismaleimide (BMI) systems by
integrating three decades of research—from early experimental characteriza-
tion to modern advances in process modeling, automation, and material sus-
tainability. The analysis compares pultrusion with alternative composite man-
ufacturing routes and consolidates best practices for achieving thermal and
mechanical stability. Experimental foundations from Leong (1990) and the
subsequent NASA-supported work by Vaughan and collaborators (1991-
2013) are revisited alongside recent developments in digital-twin simulation,
adaptive die control, and recyclable resin chemistries (2015-2025). Persistent
challenges in resin-flow uniformity, die-heating optimization, and void con-
trol are identified, and their mitigation through intelligent process design is
discussed. The synthesis highlights how automation, Al-assisted monitoring,
and sustainable BMI analogues are transforming pultrusion from a semi-em-
pirical process into a predictive, energy-efficient, and environmentally re-
sponsible manufacturing platform. Recommendations for future research em-
phasize deeper integration of data-driven control, advanced resin systems, and
multi-physics modeling to enhance reliability, performance, and sustainability
in next-generation composite structures.
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1. Introduction

Pultrusion is a continuous manufacturing process used to produce constant-
cross-section composite profiles by pulling fiber reinforcements, pre-impregnated
with thermosetting resin, through a heated forming die. Its capability for precise
fiber alignment, dimensional repeatability, and high throughput has made it a cor-
nerstone technology in structural, transportation, and aerospace composite fabri-
cation.

Bismaleimide (BMI) resins, known for their excellent thermal stability, me-
chanical retention, and oxidative resistance above 200 °C, are well suited for high-
temperature components [1]. However, their relatively high viscosity and narrow
processing window pose challenges in achieving uniform fiber wet-out, void-free
consolidation, and complete cure.

This review traces the characterization and optimization of graphite/BMI pul-
trusion from its experimental origins to current industrial practice. It revisits
early factorial studies, connects them to modern analytical and numerical mod-
eling, and compares pultrusion with other composite fabrication methods such
as resin transfer molding (RTM), autoclave curing, and filament winding [2].
The objective is to consolidate historical insights and recent technological ad-
vances into a unified framework of best practices, highlighting both persistent
challenges and emerging opportunities for intelligent, sustainable pultrusion

manufacturing.

2. Fundamentals of the Pultrusion Process

The pultrusion process begins with continuous fiber tows unwound from creels
and guided through a resin bath or injection chamber. Critical process variables
include fiber volume fraction, preform temperature, die temperature, pulling
speed, and filler loading. Successful pultrusion depends on balancing these pa-
rameters to minimize thermal gradients and avoid resin-rich or fiber-starved
zones. The continuous nature of pultrusion offers dimensional consistency but
demands precise control of resin rheology and die heating. Pultrusion’s primary
advantage lies in the ability to produce constant-cross-section profiles with mini-

mal labor once parameters are stabilized.

3. Comparison with Other Composite Manufacturing
Processes

Pultrusion competes with several established composite fabrication methods. A
comparative evaluation in Table 1 highlights its advantages and limitations rel-
ative to other techniques [2]. Pultrusion’s key strength lies in its continuous
throughput and high fiber-volume fraction. The principal trade-off is design
flexibility—complex geometries require RTM or autoclave techniques. For
structural beams, rods, and stiffeners, pultrusion remains the most economical

solution.
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Table 1. Comparison of pultrusion with other composite manufacturing processes.

Attribute

Production
Mode

Geometric
Limitation

Fiber Volume
Fraction
Dimensional
Accuracy

Surface Finish

Labor Intensity
Typical Resin
Systems
Capital Cost

Suitable
Applications

Advantages

Limitations

Pultrusion

Continuous,
automated
Constant cross-
section (linear or
curved)

60 - 70% (high,
controlled)

Excellent

Excellent
(tool-controlled)
Low
BM]I, epoxy,
vinyl ester
Moderate
Structural
profiles, rods,
rebar, panels,
high-temp
aerospace parts
Continuous,
repeatable, high
fiber alignment,
minimal waste
Constant cross-
section, initial
die cost

Resin Transfer

Hand Lay- Compression
Filament Winding Molding . /Zutoczve °Mf1 ;S: ©
(RTM) P 8
Semi-continuous Batch Batch Discrete
Complex 3-D
Cylindrical/axisymmetric omprex Flexible Moderate
shapes
55-65% 45 - 60% 40 - 55% 40 - 60%
Good Good Moderate Good
Good Good Excellent (V\Tlth Fair-Good
post-processing)
Medium High Very high Medium
E Ivest Epoxy, vinyl E Ivest Phenolic, vinyl
oxy, polyester oxy, polyester
POXY> PO ester POXY> PO ester
Moderate-High High Low High
Automotive Prototyping,

Pressure vessels, pipes Panels, housings

panels, shells aerospace skins

Complex o

) Flexibility, low .

High hoop strength shapes, good . Fast cycle time
tooling
surface
L High mold cost, . . Limited fiber
Limited geometry Labor-intensive .
slower cure alignment

Pultrusion provides the highest productivity and consistency for linear composite components, with superior thermal and mechan-

ical uniformity compared to most batch processes.

Industries Benefiting from Pultrusion

Pultrusion technology finds its greatest industrial advantage in sectors requiring
long, high-stiffness components with constant cross-sections and precise dimen-
sional control. In the aerospace and defense sectors, graphite/BMI pultrusions are
used for lightweight load-bearing elements, access panels, and high-temperature
ducts. The civil and infrastructure industries apply glass- and carbon-fiber pultru-
sions in bridge decks, cable trays, gratings, and rebar replacements, where corro-
sion resistance and low maintenance are essential. In electrical and renewable-
energy systems, pultruded composites serve as ladder rails, wind-turbine spars,
and insulating profiles, valued for their dielectric strength and dimensional stabil-
ity. Transportation and marine manufacturers use pultruded sections in railcars,
vessels, and offshore platforms, where continuous fiber alignment enhances fa-
tigue resistance and longevity. These applications demonstrate how the ad-

vantages summarized in Table 1—continuous throughput, automation, and high
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fiber alignment—translate directly into scalable, cost-efficient production of high-
performance composite structures.

While the preceding comparison highlights the relative advantages of pultru-
sion over other composite fabrication processes, a detailed understanding of its
performance potential requires quantitative experimental characterization. Early
empirical data were scarce, particularly for high-temperature graphite/BMI sys-
tems, where resin viscosity and cure control posed significant challenges. To ad-
dress this gap, the author conducted a systematic factorial study at the University
of Mississippi in 1990 [1]—one of the first to statistically evaluate the combined
effects of thermal, mechanical, and compositional parameters on pultrusion qual-

ity and mechanical performance.

4. Historical Basis—Leong (1990) Experimental
Characterization

As part of Prof. James G. Vaughan’s pultrusion research program, the author’s
1990 thesis provided one of the program’s earliest statistically designed investiga-
tions of graphite/BMI composites. Vaughan’s group subsequently expanded this
work through a series of NASA-supported studies (1991-2013), refining and vali-
dating the foundational results.

The author’s 1990 thesis [1] at the University of Mississippi established one of
the earliest statistically designed investigations of the pultrusion process for
graphite/BMI composites. A 2% Resolution IV fractional factorial design and one-
way ANOV A were employed to study the effects of fiber volume fraction, preform
temperature, die temperature, pulling speed, and filler content on both process
behavior and mechanical performance. Mechanical testing included flexural
strength, tensile strength, tensile modulus, compressive strength, and short-beam
shear, evaluated at room temperature and at 450°F.

Among all parameters, fiber volume fraction emerged as the dominant varia-
ble, with a lower fiber content of approximately 60% consistently producing su-
perior mechanical properties across test categories. Preform temperature and
filler content also demonstrated notable influence, improving resin wet-out,
surface quality, and ease of pultrusion. At that time, Shell had developed a new
BMI resin system that enabled high-temperature high-performance attributes
of BMI resins with a shorter gelation time. Although post-curing remained nec-
essary to achieve full polymerization, this advancement removed the primary
processing barrier that had previously made BMI resins non-pultrudable. It was
this breakthrough that formed the basis of the author’s 1990 study—to experi-
mentally characterize the pultrusion process for high-temperature BMI/graph-
ite composites.

These experiments demonstrated that precise thermal management during pre-
heating and die entry is essential for void-free consolidation and consistent cure.
The findings gave the first quantitative basis for continual process optimization

and later served as the experimental benchmark for the NASA-supported pultru-
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sion studies led by Prof. James G. Vaughan (1990-2013). The correlations estab-
lished between thermal variables and mechanical response continue to inform

current process-modelling and best-practice guidelines presented in this review

(Table 2).

Table 2. Chronological summary of key process variables and research milestones in graphite/BMI pultrusion (1990-2025).

Key Process

. Principal . Representative Reference
Period o Focus Area Variables L
Researchers/Institution . Findings/Outcomes Range
Investigated
) Identified fiber volume,
Fiber volume,
. preform temp., and filler as
Experimental preform . .
. ) . . dominant variables;
K. T. Leong, Univ. of factorial design temperature, die .
1990 o established 60 % fiber [1]
Mississippi and process temperature, ) )
o ; optimum; emphasized
characterization pulling speed,
thermal control and post-
filler content
cure needs.
. Developed first finite-
Die-zone . .
J. G. Vaughan et al, Heat-transfer and il difference/finite-element
rofiles, cure
1991-1996 NASA/Univ. of cure-kinetics P dients. fib pultrusion models [3]-[9]
radients, fiber- T
Mississippi modeling & . . predicting temperature and
resin interaction .
cure evolution.
Established coupled
Resin-flow flow-pressure-cure
Vaughan, Valliappan, Process coupling behaviour, models and valid.at.ed
1996-2006 and sensor pressure thermal/cure predictions [10]-[12]
and collaborators . . )
validation evolution, cure using embedded
degree thermocouple and
dielectric sensors.
Pull- d
" .SI,) e ] Extended model to
. effects, injection- | )
Process scaling and hamb industrial scale; confirmed
chamber
2000-2013 Vaughan group parameter parameter sensitivity [11]-[13]
o geometry, |
optimization o trends and surface-finish
fabrication .
o correlations.
variability
Period of limited
published research
specific to graphite/BMI
pultrusion. Industrial
and academic work
focused on automation,
real-time monitoring,
and general pultrusion
2013-2020 [13]

process scaling rather
than BMI-specific

systems. Established
thermal-cure and flow-
pressure models from
1991-2011 continued to

guide industrial
practice.
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Continued

IKV (Germany), ORNL Digital-twin and predictive

2020-2025 (USA), industrial R&D
groups

Advanced real-time
monitoring, digital-twin

. concepts and data-driven
Sensor fusion,
control have been proposed

. and, in some cases,
Al-based process maintenance, [14]-[21]
o o demonstrated for
optimization sustainability . .
. continuous composite
metrics . . .
processing, with increasing

application to pultrusion
lines.

This timeline highlights the progressive expansion from empirical parameter identification to predictive, Al-assisted industrial im-

plementation.

Although few new publications appeared between 2015 and 2020, this period
marked an important transition in which the earlier NASA and University of Mis-
sissippi research [13] [14] continued to inform industrial pultrusion practice, par-
ticularly in automated control and data-driven process monitoring that set the

stage for post-2020 digital and Al-assisted developments.

5. Key Findings and Discussion

The factorial analysis demonstrated strong interactions between thermal and
mechanical variables. Higher preform temperature improved resin wetting but
excessive heating caused premature gelation. Filler additions improved heat
conduction, while pull speed affected surface finish and void formation. These
observations remain consistent with modern CFD-based pultrusion models,
confirming that resin viscosity and temperature distribution dominate product
quality.

5.1. Foundational Works by Vaughan and Collaborators

Foundational studies by Vaughan and collaborators at the University of Missis-
sippi [1] [3]-[7] [10]-[13] established the framework for pultrusion process char-
acterization. Vaughan & Hackett (NASA CR-184275) documented die heating
and pull-force behavior. Lackey & Vaughan linked pull load to resin cure, while
Chachad, Roux & Vaughan developed 3D models later validated by Valliappan &
Vaughan. These contributions underpin predictive modeling and process-control
strategies still used today.

5.2. Review of Vaughan’s Publication Contributions (1990-2013)

The pultrusion research program led by Prof. James G. Vaughan at the University
of Mississippi started as early as 1988 with the thesis by Leong in 1990 [1], follow-
ing which, this research program formed a coherent sequence of experimental,
analytical, and industrially relevant studies spanning over two decades. The fol-
lowing key publications summarize that progression and their collective impact

on composite process science.
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[3] Vaughan & Hackett (1991, NASA CR-184275): Reported experimental and
analytical pultrusion process characterization for high-performance compo-
sites and developed predictive modelling capability to calculate temperature
and degree-of-cure profiles for parametric study of key processing variables
(e.g., die temperature settings, pull speed, and fibre volume fraction). It in-
cluded a validated 1-D and 2-D finite element formulation capable of predict-
ing temperature profile and degree of cure.

[4] Gorthala, Roux, Vaughan and Hassouneh (1992) examined how DSC cure-
kinetic parameters influence heat-transfer predictions in pultrusion, demon-
strating prediction of parameters and their interaction between material, pull
speed, fiber volume and die temperatures. This work compares model predic-
tion against experimental result.

[5] Lackey & Vaughan (1994): Showed that pull-load behavior is strongly in-
fluenced by degree of cure, demonstrating that thermal conditions directly af-
fect pultrusion mechanical stability together with other factor’s interactions.
The study also highlighted the need for further work on cure-dependent pull-
force behaviour and fibre/matrix interactions under varying processing con-
ditions.

Early 2D heat-transfer and cure modelling was established by Gorthala et al.
[6], providing validated predictions of temperature and degree of cure in
graphite/epoxy and fiberglass/epoxy pultrusion. This work was later extended
into full 3D simulation capability enabling prediction of thermal and cure dis-
tributions in irregular, non-uniform cross-sections.

[7] Chachad, Roux & Vaughan (1996) developed a 3D thermo-chemical pul-
trusion model for graphite/epoxy composites, predicting transient tempera-
ture and degree of cure distributions using Patankar’s finite-difference method.
Their results demonstrated how exothermic reaction kinetics and cross-sec-
tional geometry influence cure behavior, providing a practical tool for opti-
mizing pultrusion heating and processing conditions.

[10] Valliappan, Roux, Vaughan & Arafat (1996): provided a coupled numer-
ical model for die and post-die temperature and cure, showing that cure can
continue after die exit and supporting the need to manage post-die thermal
history and line speed, and fiber-volume optimization in high-performance
composites.

[11] [12] Post 1996 process characterization and scaling extensions: Following
the core 3-D thermal-cure model developments in the mid-1990s, subsequent
work shifted toward process characterization, fabrication variability and pres-
sure driven flow effects relevant to industrial scale up. Lackey et al (2008)
quantified statistical variability in pultruded composite fabrication, linking
processing conditions to surface finish and geometric consistency in fibre re-
inforced profiles. In parallel, Gadam et al (2000) developed a pressure-rise
model for tapered pultrusion dies, demonstrating the strong influence of pull

speed, resin viscosity and die-inlet geometry on resin consolidation and void
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suppression. Together, these studies bridged the transition from laboratory
scale thermal cure modelling to manufacturing-relevant optimization and
quality control.

e [13] Ranga et al (2011) Resin-injection pultrusion (RIP) process optimiza-
tion.: Building on earlier thermal cure and flow pressure models, Ranga et al.
(2011) investigated the influence of tapered injection-chamber length and pull
speed on resin wet-out and injection pressure stability in RIP. The study
demonstrated that chamber geometry and line speed jointly control impreg-
nation quality and pressure requirements, providing a direct link between ear-
lier numerical modelling and industrial-scale process optimization.

Collectively, these investigations by Vaughan and his collaborators transformed
pultrusion from an empirical manufacturing method into a science-based process
with predictive modelling capability and sustainable process engineering. Their
integration of cure kinetics, resin flow, and temperature control laid the theoreti-
cal groundwork for today’s digital simulations and adaptive control systems. The
next phase of progress—emerging after 2015—extended these foundational prin-
ciples into industrial automation, sustainability, and artificial-intelligence-driven

process optimization, as summarized in the following section.

5.3. Industrial and Academic Progress Since 2015

Following the conclusion of Prof. James G. Vaughan’s active involvement in the
pultrusion research program, the field entered a period of rapid expansion and
modernization. The foundational principles established through the 1990-2013
University of Mississippi studies—encompassing heat-transfer analysis, resin-
flow coupling, and in-die cure kinetics—remain foundational to contemporary
modeling and process optimization. Since 2015, research and industry have
broadened the scope to incorporate automation, sustainability, and complex ge-
ometries. The most significant developments can be grouped as follows:

A. Curved and variable-geometry pultrusion [15]

Recent reviews such as such as Talabi e a/ (2024), demonstrate the feasibility
of producing curved and variable-section pultruded profiles through adaptive die
alignment and controlled pulling trajectories. Finite-element models now com-
pensate for bending stresses and non-uniform cooling, extending the process
beyond constant-cross-section parts. These innovations respond directly to
Vaughan’s early observation that real components often deviate from idealized
geometry.

B. Sustainable resin systems [17] [18]

Between 2018 and 2025, researchers introduced recyclable thermoset systems
and vitrimer-based pultrusion (Kumar et al, 2025, Journal of Composites Science
9(10):559). These resins enable reversible cross-linking and closed-loop recycling
without significant mechanical degradation, aligning with global moves toward
low-VOC, sustainable manufacturing. This direction represents the chemical evo-

lution of the BMI-based systems first explored at the University of Mississippi.
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C. Hierarchical and hybrid composites [16]

Work at the University of Bristol (Pickard et al, 2024) applied pultrusion to
fabricate hierarchical rods containing nano- and micro-reinforcements. Im-
proved wet-out and void fractions below 1 % were achieved through vacuum-as-
sisted resin injection and tailored preform compaction. These outcomes extend
Vaughan’s objectives of void elimination and thermal uniformity using twenty-
first-century materials and instrumentation.

D. Real-time monitoring and digital twins [18]-[20]

Industrial R&D, including work at IKV (Germany) on residence-time visuali-
zation in pultrusion profiles [18], and broader automation studies [19], points to-
ward integration of sensor data with data-driven control and digital-twin con-
cepts. This work essentially realizes the “coupled flow-pressure-cure modelling”
advocated in Vaughan’s NASA reports. Digital-twin architectures now couple fi-
nite-element solvers with live sensor feedback to predict curing and residual stress
in real time.

E. Automation and process scaling [19]-[21]

Modern production lines increasingly use robotic pullers, multi-zone tempera-
ture mapping, and adaptive control algorithms that have demonstrated measura-
ble reductions in energy use and improved dimensional stability in continuous
composite processes [19]-[21]. These systems transform pultrusion from a semi-
empirical process into a high-precision, data-driven manufacturing platform.

Collectively, these developments confirm that Vaughan’s foundational frame-
work remains valid while the technological focus has evolved. The current era in-
tegrates his principles with artificial-intelligence control, sustainable materials,
and industrial automation. This continuity supports the relevance of the recom-
mended parameters presented in Section 8 and the research roadmap outlined in
Section 9 are directly relevant to contemporary pultrusion challenges and oppor-
tunities.

The convergence of these post-2015 academic and technological developments
has now matured into industrial-scale implementation, where automation, digital
control, and sustainable processing are redefining pultrusion as a precision man-
ufacturing discipline.

Although pultrusion has evolved from laboratory experimentation into a pre-
cision manufacturing discipline, several long-standing technical challenges re-
main central to its optimization. Resin-flow uniformity continues to influence
complete fiber wet-out and void prevention, especially at high fiber-volume
fractions where pressure gradients and preform compaction interact. Die-heat-
ing control demands carefully balanced temperature zoning to ensure uniform
cure without inducing residual stresses or thermal overshoot. Void formation
and control persist as dominant contributors to mechanical variability, affected
by filler content, resin rheology, and pulling speed. These interrelated factors
define the enduring technical frontier of BMI pultrusion and provide the direct

motivation for the automation, sensing, and adaptive-control strategies exam-
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ined in Section 6.

6. Industrial Practices and Modern Developments

Recent pultrusion advances include resin-injection systems, multi-zone die heat-
ing, and automated pulling and cutting mechanisms that improve productivity
and dimensional consistency [16] [15] [20] [21].

Digital-twin implementations now enable predictive control of heater-zone
temperatures and pulling speed using real-time sensor feedback [14] [15] [20].

Finite-element and CFD tools reproduce coupled heat transfer, cure kinetics,
and residual-stress formation with high fidelity [6]-[10] [12] [13].

Machine-learning algorithms are increasingly applied to forecast cure comple-
tion and optimize die-temperature profiles dynamically [19] [20].

Modern industrial processes have also adopted cleaner resin formulations and
closed injection systems to reduce VOC emissions [18] [20].

BMI pultrusion, once confined to research, is now being commercialized for
aerospace secondary structures and high-temperature conduits [21].

Integration with robotic handling and in-line NDT inspection ensures tracea-

ble, defect-free profiles meeting aerospace and energy-sector standards [20] [21].

7. Economic and Industrial Relevance

The economic attractiveness of pultrusion lies in its ability to combine continuous
throughput, dimensional consistency, and low labor intensity, making it one of
the most cost-effective processes for producing advanced composite structures
[20] [21]. Compared with autoclave curing or filament winding, pultrusion typi-
cally reduces labor and energy costs by 30 - 50%, while achieving superior fiber
alignment and repeatability.

In recent years, the introduction of adaptive heating, closed injection systems,
and automated pullers has further reduced operating costs and material waste [15]
[21]. Energy-optimized dies and intelligent temperature control now allow pro-
duction lines to run continuously for weeks with minimal operator intervention,
improving yield and reducing downtime [15] [19]. When implemented within the
optimized process window summarized in Section 8, these best-practice parame-
ters directly translate into measurable industrial gains—typically reducing scrap
rates by 10 - 15%, lowering energy consumption through improved thermal effi-
ciency, and enhancing component reliability through consistent cure quality. The
economic return of these improvements is particularly evident in sectors where
reliability and material utilization dominate total cost of ownership—such as aer-
ospace, energy, infrastructure, and transportation.

The global pultrusion market, estimated at over USD 3.8 billion in 2024, con-
tinues to grow steadily at approximately 5% annually, driven by demand for light-
weight, corrosion-resistant, and electrically insulating materials [21]. BMI- and
carbon-fiber-based pultrusions occupy the high-performance segment, serving

thermal-stable and high-temperature applications that cannot be met by conven-
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tional polyester or vinyl ester systems. Emerging vitrimer and hybrid thermoset
systems promise further economic advantages by enabling recyclability and com-
pliance with evolving environmental regulations [18].

From an industrial standpoint, the increasing adoption of digital-twin moni-
toring and AlI-based process control has introduced a new paradigm of predictive
manufacturing economics—reducing waste through real-time corrective feedback
and optimizing cure energy consumption [19]-[21]. These advancements extend
the legacy of early experimental studies by translating their process insights into
tangible cost and performance gains.

As the next section outlines, the best-practice parameters derived from decades
of experimental and industrial data now form a validated operational window that
balances technical performance and economic viability, establishing pultrusion as

a cornerstone technology for sustainable composite manufacturing.

8. Best Practices and Recommendations

The characterization of the pultrusion process for graphite/BMI composites—
spanning more than three decades, beginning with the author’s 1990 thesis under
Prof. Vaughan and continuing through the NASA-supported program and pre-
sent industrial practice—has converged on a consistent and validated set of pro-
cess parameters. These conditions reflect the cumulative evolution of experi-
mental research, analytical modelling, and full-scale industrial application.

Building upon the factorial design established in Leong (1990) thesis and its
subsequent validation by Vaughan and collaborators (1991-2013), the present
synthesis incorporates more recent developments in automation, adaptive die
heating, digital-twin monitoring, and sustainable resin technology (2015-2025).
Each recommendation therefore represents an experimentally confirmed and eco-
nomically viable balance between process efficiency, mechanical performance,
and product reliability.

Table 3 consolidates these best-practice parameters for graphite/BMI pultru-
sion, while Table 4 cross-references them with their supporting literature from
both historical and modern studies. Together, they define a robust operational
window for maintaining consistent cure quality, minimizing voids, and ensuring

thermal uniformity across a wide range of industrial applications.

Table 3. Recommended best practices for BMI/graphite pultrusion (Validated 1990-2025).

Supportin
Category Recommended Practice Rationale/Purpose bP &
References
Maintain 100 - 130°C preform entry Promotes resin wet-out without
Preform temperature; use infrared or induction =~ premature gelation; modern IR/induction [1] [7] [16]
Heating pre-heating for uniform temperature systems improve heating efficiency and [21]
distribution. consistency.
Di Multi-zone heating 160 - 220°C Ensures progressive cure and uniform
ie
(entrance - exit); employ dynamic conversion; adaptive control reduces [1] [10] [12]
Temperature . . .
Profil zone control or adaptive heating thermal spikes and energy use by 15 - [14] [15]
rofile
algorithms. 25%.
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Continued

. Optimizes stiffness and tensile strength
Fiber Volume

. 60 - 70% while maintaining sufficient resin flow for [1] [11]
Fraction
wet-out.
I s heat transfer th h th
. . Add 5 - 10 wt % thermally conductive mp.rove @ .ran e rf)ug . €
Filler Addition all composite, enhancing cure uniformity and [1][17]
illers.
dimensional stability.
Balances productivity and cure
0.15 - 0.25 m min™}, with adaptive p ,Y [1][11] [18]
Pull Speed completeness; adaptive feedback
feedback control. o ) [21]
minimizes voids and surface defects.
Quality Integrate embedded thermocouples, Provides real-time assurance of cure and (14] [16]
Monitoring dielectric or fiber-optic sensors linked ~ temperature; enables predictive correction (19] [21]
and Control to digital-twin monitoring. of process drift.

Notes: Parameter ranges derive from author’s 1990 thesis under Vaughan and the subsequent NASA/University of Missis-
sippi studies (1991-2013), validated by modern digital-twin and industrial-scale results (2015-2025).

Each recommendation in Table 3 is directly supported by prior experimental
or analytical findings.

Foundational evidence originates from the author’s 1990 thesis [1], with refine-
ments stem from Vaughan’s group and later numerical and industrial studies [3]-
(7] [10]-[13] [16]-[19].

To provide full traceability, Table 4 expands these relationships, mapping every

process recommendation to its corresponding sources.

Table 4. Cross-reference summary of recommended practices and supporting literature.

Principal
Process . S 1. 211
Supporting Validation Highlights/Notes
Category
References
Preform temperature identified as a dominant variable in Leong (1990) [1]; 3D
Preform [1] [7] [16] modelling by Chachad et al. (1996) [7] showed sensitivity of cure to inlet
Heating [21] temperature; industrial relevance supported by hierarchical composite studies
(Pickard et al. 2024) [16] and trend data from EPTA (2024) [21].
Die Accurate die-wall temperature control essential for uniform cure, as demonstrated
[1] [10] [12] by 2D and 3D thermal-cure models (Gorthala et al. 1994 [10]; Gadam et al. 2000
Temperature . . e .
Profil [14] [12]). Real time adjustments and automated data acquisition in Gardiner, G. (2020)
rofile [14].

Fiber Optimum 60 - 70% volume fraction maintains structural stiffness and is consistent
Volume [1]7[11] with Leong (1990) [1] and fabrication-variability observations by Lackey et al
Fraction (2008) [11].

Thermal-conductivity and heat-stability effects of additives first discussed in Leong

Filler (1] [17] (1990) [1]; vitrimer-based pultrusion studies (Kumar et al. 2025) [17] outline
Addition modern opportunities for tailored thermal response; specific filler wt%

recommendations derive from Leong (1990) [1].
Strong correlation between pull speed, cure state, and surface finish documented by
(1] [11] [14] Leong (1990) [1] and Lackey et al. (2008) [11];
Pull Speed Gardiner, G. (2020) [14] reinforces the need for speed-linked thermal control;

18] [21
(18] [21] residence-time visualization (IKV 2025) [18] and industry trends (EPTA 2024) [21]

highlight the operational significance of pull-speed optimization.
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Continued
Embedded sensors validated temperature and cure monitoring in Valliappan &
Quality (14] [16] [19] Vaughan (1996) [8]; modern automation and sustainability analyses. Rahman, M.
Monitoring 1] R. (Ed.). (2020) [19] and Gardiner, G. (2020) [14] support real-time optimization;

and Control

industry reports (EPTA 2024) [21] reinforce adoption trends. ML-based
approaches discussed by Malashin et al. (2025) [20].

The synthesis of best-practice parameters in Table 3 and Table 4 represents the
culmination of more than three decades of pultrusion research, establishing the
present benchmark for graphite/BMI process optimization. These validated pro-
cess ranges form a reliable operational baseline that unites experimental design,
industrial implementation, and economic efficiency. The remaining challenge—
and opportunity—lies in extending these principles through advanced multi-
physics modelling, intelligent sensing, and sustainable material systems, as out-

lined in the subsequent section on Future Research Directions.

9. Future Research Directions

Building upon more than three decades of pultrusion characterization, recent in-
dustrial progress shows that several of the research goals articulated by Vaughan’s
program have now been partially achieved. However, further integration of mate-
rial innovation, digital control, and sustainability is required to fully realize the
predictive, adaptive pultrusion platform envisioned in the early NASA reports [3]
[4].

In Vaughan & Hackett (1991, NASA CR-184275), the authors observed that
“the pultrusion process presently lacks a comprehensive scientific model capable
of predicting temperature, pressure, and cure gradients,” recommending “further
coupling of resin flow, pressure, and cure kinetics.” Vaughan (1991) likewise
noted that “extension of the model to three-dimensional geometries and inclusion
of transient resin-flow effects will be required to apply these results to production
tooling.” These public-domain NASA statements remain technically relevant but
must now be reframed in light of the industry’s transition toward data-driven
manufacturing.

Current research gaps and opportunities include:

1) Dynamic, Full-Scale 3-D Modelling. Extend validated laboratory-scale mod-
els to high-speed, multi-die production lines, including transient pull-speed vari-
ation and moving-die thermal profiles.

Unresolved question: How can 3-D coupled flow-cure-stress models be exper-
imentally validated at industrial scale without disrupting continuous operation?

2) Real-Time AlI-Assisted Control. Combine embedded thermocouples, dielec-
tric sensors, and machine-vision data within unified digital-twin frameworks ca-
pable of self-correcting process drift. Supported by automated data acquisition,
and simulation-based digital twins [14], recent reviews on real time adjustments
to speed [19], Rahman, M. R. (Ed.). (2020) [19], and ML-based optimization strat-
egies [20].
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Unresolved question: What level of data granularity and sensor latency can Al
algorithms tolerate before predictive accuracy in cure and void detection begins
to degrade?

3) Energy-Efficient Adaptive Heating. Apply predictive algorithms for die-zone
power optimization, minimizing energy use while maintaining cure uniformity.
Supported by highlights predictive framework for real time adjustments for en-
ergy efficiency [14]; industry-trend reports [21] note increasing emphasis on en-
ergy efficiency.

Unresolved question: How can real-time feedback be coupled to thermokinetic
models to prevent thermal overshoot while achieving full cross-link conversion?

4) Advanced Resin Chemistries and Sustainability. Develop low-VOC, vitri-
mer-based, and bio-derived analogues to BMI systems to improve recyclability
and regulatory compliance. Supported by modern vitrimer pultrusion pathways
[17] and Al-enabled materials-design insights [20].

Unresolved question: How can vitrimer formulations balance the recyclability
of dynamic covalent networks with the high thermal stability (Tg > 250°C) de-
manded by BMI-type aerospace systems?

5) Predictive Maintenance and Lifecycle Modelling. Use data-driven correla-
tions between pull-force history, die wear, thermal cycles, and composite property
evolution to forecast maintenance intervals and reliability. Automation and sus-
tainability literature supports this direction [19], while industry-trend analyses
highlight the growing adoption of digital quality monitoring [21].

Unresolved question: Can machine-learning models trained on production-line
data reliably quantify die degradation and predict property drift over long contin-
uous runs?

6) Cyber-Physical Integration and Data Integrity. As pultrusion becomes cloud-
linked and digitally networked, data-management standards and security frame-
works will be required to preserve reproducibility and intellectual-property pro-
tection across distributed manufacturing environments. Industry reports [21] and
automation studies [19] emphasize the need for secure digital infrastructure.

Unresolved question: What digital-security framework can preserve proprie-
tary process data while enabling multi-site predictive analytics across global man-
ufacturing facilities?

Collectively, these directions merge the historical objectives of the University
of Mississippi’s pultrusion research with the technological imperatives of Industry
4.0. Achieving them will convert the process from an empirically optimized oper-
ation into a fully predictive, intelligent, and sustainable manufacturing platform—
completing the trajectory first initiated with the author’s 1990 thesis under Prof.
James G. Vaughan and carried forward through the 1990-2013 Vaughan pultru-
sion program.

The evolution of graphite/BMI pultrusion research—from the early factorial
experiments of 1990 through Vaughan’s comprehensive process-modelling pro-

gram and into today’s data-driven automation—illustrates a continuous refine-

DOI: 10.4236/wjet.2026.141008

147 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2026.141008

K. T. Leong

ment of scientific understanding and industrial practice. The forward-looking
strategies outlined above ensure that this foundation will remain relevant as pul-
trusion enters the era of intelligent, energy-efficient, and sustainable composite

manufacturing.

10. Conclusions

This review has traced the evolution of graphite/BMI pultrusion research from its
experimental origins in 1990 through the NASA-supported studies at the Univer-
sity of Mississippi and into the modern, digitally integrated era of composite man-
ufacturing. The Vaughan pultrusion research program (1990-2013), initiated with
the author’s 1990 thesis [1], identified the governing variables of preform heating,
die-zone temperature, filler content, and pulling speed; these findings were sub-
sequently validated and refined in later NASA-supported studies. Together, these
studies established the scientific foundation for understanding the thermal, rheo-
logical, and mechanical behavior of BMI-based pultrusion systems.

Contemporary work confirms the enduring validity of those principles while
expanding the process envelope through adaptive die heating, infrared pre-treat-
ment, real-time sensing, and recyclable/vitrimer resin systems. The comparative
evaluation of experimental, analytical, and industrial evidence presented here
demonstrates that pultrusion remains the most efficient route for producing con-
tinuous high-performance composites when optimized for heat transfer and resin
flow. The best-practice parameters summarized in Table 3 and Table 4 provide a
validated operational window for achieving consistent quality, reduced waste, and
improved energy efficiency across both laboratory and industrial scales.

Looking forward, the integration of artificial-intelligence-assisted control, digital-
twin monitoring, and sustainable resin chemistries will define the next stage of pul-
trusion development. These advancements will transform a once semi-empirical
process into a predictive, adaptive, and self-regulating manufacturing platform. The
continuum from the 1990 thesis to today’s Industry 4.0 technologies therefore rep-
resents not a conclusion but an ongoing trajectory of innovation—one that honors
the University of Mississippi’s pioneering work while extending its relevance to the

composite manufacturing challenges of the twenty-first century.

Acknowledgements

The author gratefully acknowledges Prof. James G. Vaughan of the University of
Mississippi for his supervision and guidance during the 1990 thesis work that in-
itiated the 1990-2013 Vaughan pultrusion research program. That program estab-
lished the experimental and analytical foundations for graphite/BMI composite
processing and continues to inform contemporary industrial and academic devel-

opments.

Conflicts of Interest

The author declares no conflicts of interest regarding the publication of this paper.

DOI: 10.4236/wjet.2026.141008

148 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2026.141008

K. T. Leong

References

(1]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

Leong, K.T. (1990) Experimental Characterization of the Pultrusion Process for
Graphite/BMI Composites Using Statistically Design Experimentation Methods.
Ph.D. Thesis, University of Mississippi.

Keller, H.G. and Fish, J.E. (1989) Overview of High-Temperature Composite Fabri-
cation Processes. Composites Manufacturing, 2, 41-49.

Vaughan, J.G. and Hackett, R.E. (1991) Development of a Predictive Model for the
Pultrusion of Graphite/BMI Composites. NASA Contract Report CR-184275.
Gorthala, R., Roux, J.A., Vaughan, J.G. and Hassouneh, A. (1992) Impact of Kinetic
Parameters on Heat-Transfer Modeling for a Pultrusion Process. University of Mis-
sissippi.

Lackey, E. and Vaughan, J.G. (1994) An Analysis of Factors Affecting Pull Force for

the Pultrusion of Graphite/Epoxy Composites. Journal of Reinforced Plastics and
Composites, 13, 188-198. https://doi.org/10.1177/073168449401300301

Gorthala, R., Roux, J.A., Vaughan, J.G. and Donti, R.P. (1994) Comparison of Pro-
cessing Parameters for Pultruded Graphite/Epoxy and Fiberglass/Epoxy: A Heat
Transfer and Curing Model. Journal of Reinforced Plastics and Composites, 13, 288-
300. https://doi.org/10.1177/073168449401300401

Chachad, Y.R,, Roux, J.A., Vaughan, J.G. and Arafat, E.S. (1996) Manufacturing
Model for Three-Dimensional Irregular Pultruded Graphite/Epoxy Composites.
Composites Part A: Applied Science and Manufacturing, 27, 201-210.
https://doi.org/10.1016/1359-835x(96)89273-6

Valliappan, M., Roux, J.A. and Vaughan, J.G. (1996) Temperature and Cure in Pul-
truded Composites Using Multi-Step Reaction Model for Resin. Journal of Rein-
forced Plastics and Composites, 15, 295-321.
https://doi.org/10.1177/073168449601500305

Gorthala, R., Roux, J.A. and Vaughan, J.G. (1994) Resin Flow, Cure and Heat Trans-
fer Analysis for Pultrusion Process. Journal of Composite Materials, 28, 486-506.
https://doi.org/10.1177/002199839402800601

Valliappan, M., Roux, J.A., Vaughan, J.G. and Arafat, E.S. (1996) Die and Post-Die

Temperature and Cure in Graphite/epoxy Composites. Composites Part B: Engineer-
ing, 27, 1-9. https://doi.org/10.1016/1359-8368(95)00001-1

Lackey, E., Vaughan, J.G., Inamdar, K. and Hancock, B. (2008) Statistical Character-
ization of Pultruded Composites with Natural Fiber Reinforcements—Part A: Fabri-
cation. Journal of Natural Fibers, 4, 73-87.
https://doi.org/10.1080/15440470801894057

Gadam, S.U.K,, Roux, J.A., McCarty, T.A. and Vaughan, J.G. (2000) The Impact of
Pultrusion Processing Parameters on Resin Pressure Rise Inside a Tapered Cylindri-

cal Die for Glass-Fibre/Epoxy Composites. Composites Science and Technology, 60,

945-958. https://doi.org/10.1016/s0266-3538(99)00181-5

Ranga, B.K.,, Roux, J.A., Vaughan, J.G. and Jeswani, A.L. (2011) Effect of Injection
Chamber Length and Pull Speed of Tapered Resin Injection Pultrusion. Journal of
Reinforced Plastics and Composites, 30, 1373-1387.

https://doi.org/10.1177/0731684411422415
Gardiner, G. (2020) Composites 4.0: Digital Transformation, Adaptive Production,
New Paradigms. CompositesWorld.

Talabi, S.I., Tobin, J., Strom, B., Brownstein, I., Kunc, V. and Hassen, A.A. (2024)
Recent and Future Developments in Pultrusion Technology with Consideration for

DOI: 10.4236/wjet.2026.141008

149 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2026.141008
https://doi.org/10.1177/073168449401300301
https://doi.org/10.1177/073168449401300401
https://doi.org/10.1016/1359-835x(96)89273-6
https://doi.org/10.1177/073168449601500305
https://doi.org/10.1177/002199839402800601
https://doi.org/10.1016/1359-8368(95)00001-1
https://doi.org/10.1080/15440470801894057
https://doi.org/10.1016/s0266-3538(99)00181-5
https://doi.org/10.1177/0731684411422415

K. T. Leong

(16]

(17]

(18]

(19]

(20]

(21]

Curved Geometries: A Review. Composites Part B. Engineering, 283, Article ID:
111678. https://doi.org/10.1016/j.compositesb.2024.111678

Pickard, L.R,, Crinson, J., Darras, N., Allegri, G. and Wisnom, M.R. (2024) Evaluation
of Manufacturing Methods for Pultruded Rod-Based Hierarchical Composite Struc-
tural Members with Minimal Porosity. Plastics, Rubber and Composites. Macromo-
lecular Engineering, 53, 25-35. https://doi.org/10.1177/14658011231212627

Kumar, V., Shahwan, K.W., Kuang, W., Simmons, K.L., Taynton, P. and Cieslinski,
E.R. (2025) Pultrusion and Vitrimer Composites: Emerging Pathways for Sustainable
Structural Materials. Journal of Composites Science, 9, Article 559.
https://doi.org/10.3390/jcs9100559

Institut fir Kunststoffverarbeitung (IKV) (2025) Resin Residence-Time Studies in
Pultrusion Profiles. Composites World (Industry News Report).

Rahman, M.R. (2020) Advances in Sustainable Polymer Composites. Woodhead Pub-
lishing/Elsevier.

Malashin, I., Martysyuk, D., Tynchenko, V., Gantimurov, A., Nelyub, V. and Boro-
dulin, A. (2025) Data-driven Optimization of Discontinuous and Continuous Fiber
Composite Processes Using Machine Learning: A Review. Polymers, 17, Article 2557.
https://doi.org/10.3390/polym17182557

World Pultrusion Conference Report (2024) Market Outlook and Trends in Pul-
truded Composites. European Pultrusion Technology Association (EPTA).

DOI: 10.4236/wjet.2026.141008

150 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2026.141008
https://doi.org/10.1016/j.compositesb.2024.111678
https://doi.org/10.1177/14658011231212627
https://doi.org/10.3390/jcs9100559
https://doi.org/10.3390/polym17182557

	Characterization of the Pultrusion Process for Graphite/BMI Composites: A Review of Experimental Methods, Industrial Practices, and Optimization Strategies
	Abstract
	Keywords
	1. Introduction
	2. Fundamentals of the Pultrusion Process
	3. Comparison with Other Composite Manufacturing Processes
	Industries Benefiting from Pultrusion

	4. Historical Basis—Leong (1990) Experimental Characterization
	5. Key Findings and Discussion
	5.1. Foundational Works by Vaughan and Collaborators
	5.2. Review of Vaughan’s Publication Contributions (1990-2013)
	5.3. Industrial and Academic Progress Since 2015

	6. Industrial Practices and Modern Developments
	7. Economic and Industrial Relevance
	8. Best Practices and Recommendations
	9. Future Research Directions
	10. Conclusions
	Acknowledgements
	Conflicts of Interest
	References

