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Abstract: This study addresses shrinkage marks in pultruded continuous glass fiber-reinforced polypropylene I-beams
by modifying the cooling mold with compensation segments, adding nano-SiO, as a nucleating agent, and incorporating
glass fiber mesh. Under optimized conditions (80 mm/min, 235°C, 65-85-105°C), a compensation segment of 85 mm
length and 0.5 mm depth effectively reduced surface shrinkage. Adding 2 wt% nano-SiO, lowered vertical shrinkage
from 3.07% to 1.15% and horizontal shrinkage from 1.57% to 0.23%. An 8-mesh glass fiber grid further improved
dimensional stability while maintaining a bending failure load of 5132.26 N and yield load of 3090 N. These strategies
collectively enhance dimensional accuracy and mechanical performance in thermoplastic composite I-beams.
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1. INTRODUCTION

The pultrusion process of composite materials is
primarily divided into two categories: thermosetting
composite pultrusion and thermoplastic composite
pultrusion. Thermosetting composites, having emerged
earlier, have developed more mature molding
processes. Extensive research has been conducted on
the pultrusion process for thermosetting composites,
including investigations into the molds, fiber content,
fiber diameter, and filler amounts [1, 2]. Simultaneously,
modeling and simulation studies of the curing process
during the molding of thermosetting composites have
been ongoing [3, 4].

Despite extensive studies on the pultrusion and
curing processes of thermosetting composites,
thermosetting resins are inherently limited by their
physical properties, which prevent recycling and reuse.
This limitation makes thermosetting resins unsuitable
for sustainable development, leading to a market shift
toward thermoplastic composites. Thermoplastic
composites are increasingly favored due to their
superior mechanical properties, good heat resistance,
corrosion resistance, electrical properties, high
production efficiency, and ease of recycling. These
advantages have made thermoplastic composites one
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of the most widely applied materials. Compared to
other composite molding processes, the thermoplastic
pultrusion process offers low cost, high efficiency, and
high utilization rates.

However, a key challenge in thermoplastic
pultrusion is the effective impregnation of fiber
reinforcements due to the high melt viscosity of the
resin matrix. Consequently, pre-impregnation is
typically required, and the quality of impregnation
critically influences the final product's properties [5-7].

Significant research efforts have therefore focused
on modeling impregnation [6, 8], optimizing
impregnation parameters [5, 7, 9], and understanding
the mechanical behavior of thermoplastic composites
[10, 11]. Process parameter studies, such as the role of
pultrusion speed and temperature!'?, and the
development of novel reactive pultrusion systems [13],

have also been conducted.

While many scholars focus on the performance of
thermoplastic composites and the impregnation of
fibers by resins, there has been limited research on the
thermoplastic composite pultrusion process itself.
Moreover, pultrusion of thermoplastic composites
generally produces rod-shaped products, leading to a
lack of reference for pultruding non-rod shapes, making
it difficult to determine reasonable feed rates and
process parameters. This gap is particularly evident in
the manufacturing of I-beams.
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In the case of I-beams, research has mostly been
limited to the use of steel or wooden I-beams in various
applications [14-17], with substantial room for
exploration regarding the materials used. Li [18]
developed thermosetting composite |-beams with
different performance levels to meet the requirements
of varying voltage levels and established product
standards for composite |-beams used in ultra-high
voltage converter valves. Zhang [19] conducted finite
element simulations of GFRP |-beams, focusing on the
effect of fiber placement angle in the web on shear
stress. Yi [20] investigated the bending performance of
three-dimensional five-directional woven composite
I-beams, finding that the weaving angle and fiber
volume fraction were key performance factors. Lacki
[21] studied the impact of glass fiber-reinforced
polyurethane foam on the bending performance of
three types of I-beams. Hai [22] researched the
structural performance of hybrid fiber-reinforced
polymer beams, optimizing the use of carbon and glass
fibers and reducing overall costs while maximizing
structural performance. They also found that the
flange-to-web width ratio of the I-beam plays a crucial
role in its structural behavior.

In the pultrusion process of continuous glass
fiber-reinforced polypropylene thermoplastic composite
I-beams, shrinkage occurs when the |-beam exits the
cooling mold due to the crystallization, orientation, and
cooling of the resin. This shrinkage is most noticeable
in the web, where a prominent shrinkage mark forms at
the center of the web (as shown in Figure 1),
significantly affecting the appearance of the pultruded
I-beam. Additionally, the shrinkage marks induce stress
concentration, making the I-beam more prone to failure
under load.

Therefore, this study aims to address this research
gap by systematically investigating the formation
mechanism of shrinkage marks in pultruded GF/PP
I-beams and developing practical solutions. The results

(a)

are analyzed, and the feasibility and practicality of the
proposed solutions are discussed. The novelty of this
work lies in the integrated approach addressing
shrinkage in pultruded thermoplastic I-beams, which
includes: (1) the design of a compensated cooling mold
channel to offset volumetric shrinkage geometrically;
(2) the inter-layer application of nano-SiO, as a
nucleating agent between prepregs to modify
crystallization behavior; and (3) the use of glass fiber
mesh as a supporting reinforcement to mitigate
shrinkage  stress and enhance  mechanical
performance simultaneously.

2. THEORETICAL ANALYSIS AND EXPERIMENTAL

2.1. Mechanism of Shrinkage Mark Formation

The formation of shrinkage marks on the I-beam
can be attributed to the relatively thick and wide web.
During cooling and crystallization, the polypropylene
resin contracts. Because the inner edges of the flanges
are constrained by the cooling mold (preventing inward
displacement), the resultant tensile stresses within the
resin become concentrated at the geometric center of
the web's top and bottom surfaces. Consequently, the
force concentrates at the central point of the top and
bottom surfaces of the I-beam, as illustrated in Figure 2,
leading to the formation of shrinkage marks.

The primary drivers of resin shrinkage are (1)
thermal contraction upon cooling, (2) volumetric
reduction due to crystallization, and (3) relaxation of
molecular orientation. These effects are
interdependent but can be analyzed separately to
understand their contributions.

Cooling shrinkage occurs because the resin matrix
expands upon heating. The extent of shrinkage is
directly related to the thermal expansion coefficient.
The shrinkage of the resin product is the difference
between

the expansion of the resin at high

Figure 1: I-beam web contraction pattern (a) front view (b) top view.
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temperatures and that of the mold material. During
processing, the molding temperature of the product is
close to the mold temperature; however, the coefficient
of linear thermal expansion of the mold material is
significantly lower than that of the resin material.
Therefore, as the temperature increases, the
expansion of the resin material greatly exceeds that of
the mold material, resulting in an increase in product
shrinkage.

Figure 2: Shrinkage stress of I-beam.

The specific degree of shrinkage can be calculated
using Equation 1.
AH =H e (T -T))-a,(T,-T))] (1)
Herein, AH represents the shrinkage of the resin
product, H, refers to the dimensions of the resin
product at room temperature, ar is the coefficient of
linear thermal expansion of the resin, T is the molding
temperature of the resin, T, is the room temperature
(20°C), ap, is the coefficient of linear thermal expansion
of the mold material, and TU is the mold temperature.
Critically, because o >> ap, the resin contracts
significantly more than the mold upon cooling from T to
T, resulting in the net shrinkage AH. A higher molding
temperature (7r) directly leads to greater thermal
shrinkage. The equation indicates that the higher the
molding temperature, the greater the shrinkage of the
resin product.

Orientation refers to the phenomenon where
polymer molecular chains and crystallites preferentially
align in the direction of an applied external force. This
phenomenon occurs only under the influence of an
external force. Both orientation and crystallization are
products of the ordered arrangement of polymer
molecular chains; however, they differ in that
crystallization involves three-dimensional order, while
orientation  involves one-dimensional or two-
dimensional order. The pultrusion process is one that

involves stretching along a single direction. During this
process, the resin molecular chains inevitably align
parallel to the direction of the applied force, leading to
uniaxial orientation. The strength of this orientation is
influenced by both temperature and stretching. As the
resin temperature decreases, the resin undergoes
cooling, and the exterior of the product is shaped.
During this process, the internal stretching forces
weaken, and the molecular chains inside the product
tend to revert to their original state, leading to the
de-orientation process. This results in shrinkage in the
orientation direction of the I|-beam. The degree of
polymer orientation can be expressed using Equation
2.

_3cos’f-1
2 (2)

F

Here, F represents the degree of orientation, and 0 is
the angle between the main axis of the molecular chain
and the orientation direction. During cooling, as the
tensile force exerted by the process diminishes, these
oriented chains tend to relax toward a more random
coil state (de-orientation). This recovery process
manifests as additional shrinkage along the pultrusion
axis and can cause slight compensatory expansion in
the transverse directions.

In summary, the total shrinkage observed in the
I-beam web is the combined result of these three
mechanisms. The stress concentration arising from this
constrained volumetric change, particularly in the thick
web, is the direct cause of the visible surface shrinkage
mark.

2.2. Experimental
Improvement

Study on Shrinkage Mark

Cooling shrinkage is an inherent property of
materials, and it is challenging to alter its magnitude
without modifications at the microscopic level.
Therefore, this work focus on addressing the issue
from a processing perspective. By modifying the
channel in the original cooling mold, compensation for
the shrinkage is provided to alleviate the formation of
shrinkage marks. The mold channel corresponding to
the shrinkage marks on the I-beam is polished using
abrasive tools to create a tapered shape. Additionally,
a flat region is left at the exit of the cooling mold to
ensure the final product's surface remains smooth. The
shrinkage of the resin is calculated using Equation 1,
where the thermal expansion coefficient of continuous
glass fiber-reinforced polypropylene is taken as 9.05 x
10° K, and that of the mold material is 12.9 x 10° K™.
Based on these values, the shrinkage amount is
calculated, and the cooling mold channels are modified
accordingly. The effect of compensation segment
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length on the shrinkage marks of the I-beam is then
studied. Since the cooling and shaping of the I-beam
are also influenced by the pultrusion speed and the
temperature gradient of the cooling mold, the study of
the compensation segment requires first determining
the processing conditions for the pultrusion process.
The optimal conditions for the I-beam performance are
adopted, with the pultrusion speed set to 80 mm/min,
the mold temperature set to 235°C, and the cooling
mold temperature gradient set to 65-85-105°C.

2.3. Experimental
Improvement

Study on Shrinkage Rate

To address the shrinkage marks on the I-beam
surface caused by crystallization, this experiment aims
to reduce the crystallinity of the polypropylene resin,
resulting in a more disordered crystalline arrangement.
Since continuous glass fiber-reinforced polypropylene
prepreg has been pre-prepared and is used as the raw
material for the pultrusion process, it is not possible to
modify the crystallization process through grafting
polypropylene or adding nucleating agents. However,
the crystallization structure between the prepreg layers
can be altered to reduce shrinkage. Polypropylene,
being a non-polar substance, does not dissolve in
anhydrous ethanol. Furthermore, as polypropylene
consists of saturated carbon chains, it does not react
with alcohols or acids, and anhydrous ethanol can
spread on the surface of polypropylene. In this
experiment, a homogenizer is used to disperse
nano-SiO, evenly in anhydrous ethanol, which is then
applied to the surface of the prepreg. The prepreg is
then directly fed into the pultrusion mold. The ethanol
on the surface of the prepreg rapidly vaporizes at the
high temperature inside the mold, and under the
pressure from the mold, the ethanol is expelled from
the composite material. The nano-SiO, particles,
however, are trapped by the molten resin matrix and
uniformly arranged between the prepreg layers. During
cooling and crystallization, the nano-SiO, acts as a
nucleating agent, promoting the formation of additional
crystalline grains. This results in a reduction of the
molecular chain regularity and a decrease in the
shrinkage rate.

3. RESULTS AND DISCUSSION

3.1. Analysis of Shrinkage Phenomenon in I-Beams

The vertical and horizontal dimensions of the
I-beam are shown in Figure 3, with corresponding
labels for each part's dimensions. Here, a represents
the height of the I-beam, b represents the thickness of
the web, and c represents the flange width. The actual
shrinkage rate of the composite material I-beam can be
calculated using Equation 3.

Vertical

Lateral

Figure 3: I-beam direction and size symbol.

L,-L
S ="2""x100%

L (3)

Where S is the shrinkage rate, Lo is the theoretical
dimension of the I-beam, and L is the actual dimension
of the fabricated I-beam.
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Figure 4: The shrinkage rate of each part of the I-beam.

The shrinkage rates at various positions of the
actual I-beam are measured and shown in Figure 4.
The shrinkage rate at position a is 2.62%, at position b
it is 0.63%, and at position c it is 0.58%. It is evident
that the transverse shrinkage rate is relatively low in
the I-beam, which is primarily due to the thin flange.
The thinness results in less resin content at the flange,
while the larger contact area with the cooling mold (and
hence greater heat exchange area) allows the flange to
cool more quickly. This rapid cooling facilitates the
formation of more crystalline nuclei during resin cooling
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and crystallization, resulting in finer crystalline grains
and more disorder in their arrangement, which
mitigates crystallization shrinkage. On the other hand,
the transverse shrinkage at the web is smaller because,
during the pultrusion process, the molecular chains of
polypropylene resin undergo orientation. As cooling
and shaping take place, the resin in the web cools
more slowly, leading to a phenomenon of
de-orientation within the molecular chains. This causes
axial shrinkage in the pultrusion direction and some
radial expansion, partially offsetting the shrinkage
caused by crystallization and cooling. In the vertical
direction, however, due to the longer length, the impact
of cooling and crystallization shrinkage is much greater
than that of orientation shrinkage. The expansion
provided by de-orientation in the vertical direction
cannot counteract the effects of the other two factors,
resulting in a significantly higher vertical shrinkage rate
compared to the transverse shrinkage rate.

3.2. Effect of Mold Flow Channel Treatment on
Shrinkage Marks

Since the shrinkage of the I|-beam during the
pultrusion process is a continuous dynamic
phenomenon, the shrinkage increases as the I-beam
advances through the cooling mold. Upon entering the
cooling mold, the temperature change is significant and
exceeds the crystallization temperature, so cooling
shrinkage dominates, and its magnitude can be

calculated using Equation 1. As the temperature
gradually changes according to the mold temperature
gradient, the rate of temperature change decreases,
crystallization

and it eventually drops to the

temperature, at which point crystallization shrinkage
takes precedence. Therefore, the dimensions of the
compensation section in the cooling mold's flow
channel have a significant impact on the appearance of
the composite I-beam. Figure 5 shows the appearance
of |-beam samples under different compensation
section conditions. In Figure 5a, the middle portion
exhibits a protrusion, indicating sufficient compensation
at the center but insufficient compensation on the sides,
failing to completely offset the cooling shrinkage. In
Figure 5b, shrinkage marks are still present, which is
due to the insufficient length of the compensation
section, which only compensates for the cooling
shrinkage but does not adequately address the
crystallization  shrinkage.  Through continuous
improvement of the compensation section, the final
I-beam (shown in Figure 5d) is obtained, where the
compensation section has a length of 85 mm, a depth
of 0.5 mm, and a rounded cross-sectional shape.

3.3. Effect of Nano-SiO, on Shrinkage of I-Beams

First, the mass per unit length of the composite
I-beam is calculated using Equation 4:

I’I’l=pXS (4)

Where m is the mass per unit length of the composite
I-beam (g/cm), p is the density of the composite I-beam,
and S is the cross-sectional area of the composite
I-beam. This standard allows the determination of the
mass content of nano-SiO, in the I-beam products. In
this experiment, nano-SiO, is added to the prepreg
layers during the pultrusion process. It does not fully

Figure 5: Variation of shrinkage lines of I-beam under different compensation section lengths.
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mix with the polypropylene resin but is instead applied
as a coating between the layers of the prepreg, altering
the crystallization structure between the layers.

3.5

Vertical shrinkage percentage/%

0.0 ' ) . . .

0% 1% 1.5% 2% 2.5%

The mass content of nano SiO,

Figure 6: The influence of nano-SiO, content on the vertical
shrinkage of I-beam.
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Figure 7: The influence of nano-SiO; content on the lateral
shrinkage of I-beam.

As shown in Figures 6 and 7, when a small amount
of nano-SiO, is added between the prepreg layers,
both the vertical and horizontal shrinkage of the I-beam
are significantly improved. At low concentrations (e.g.,
<2 wt%), the well-dispersed nano-SiO, particles act as
effective nucleating agents. This promotes the
formation of a larger number of smaller spherulites
during polypropylene crystallization. This refined
crystalline structure, with its reduced spherulite size
and increased inter-crystalline boundaries, creates a
more compliant microstructure that better
accommodates shrinkage stresses, thereby
diminishing overall volumetric contraction. Furthermore,
the particles at the interlayer may slightly hinder
polymer chain packing, contributing to a modest

reduction in overall crystallinity, which directly mitigates
crystallization shrinkage.

However, as the amount of nano-SiO; increases, its
impact on the shrinkage of the composite |-beam
begins to diminish. When the mass content reaches
2.5%, the shrinkage rate of the I-beam even increases.
This is attributed to two concurrent factors at high filler
loading: First, nanoparticle aggregation becomes
prevalent. These aggregates act as macroscopic
defects and stress concentrators, disrupting the
uniformity of the microstructure and creating pathways
for localized shrinkage. Second, despite the potential
for aggregation, the exceedingly high number of
nucleation sites can paradoxically lead to an overall
increase in the degree of crystallinity. Since the
crystallization process itself is densification, a higher
final crystallinity results in greater crystallization
shrinkage. At high nano-SiO, content, this strong
shrinkage-driving force, compounded by the defects
from aggregation, overcomes the shrinkage-reducing
benefit of crystal refinement, leading to a net increase
in shrinkage rate.
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Figure 8: The influence of nano-SiO, content on the bending
performance of I-beam.

The experiment also investigates the effect of
nano-SiO, on the mechanical properties of the
composite |-beam. As shown in Figure 8, when
nano-SiO, is first added, the mechanical properties of
the composite |-beam decrease significantly. This is
because a low, non-uniform distribution of nano-SiO,
can create localized stress fields and weak interfacial
regions between the prepreg layers, initiating
microcracks that facilitate premature failure under load.
However, as the nano-SiO, content increases to an
optimal level (around 2%), the mechanical properties
improve. At this optimal concentration, a more uniform
particle distribution is achieved. This uniformity ensures
a homogeneous refinement of the crystalline
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morphology throughout the interlayer regions. The
multitude of fine spherulites and the strong interfacial
adhesion, when nanoparticles are well-dispersed,
enhance load transfer and toughness. The refined
microstructure can more effectively deflect and arrest
growing  cracks, thereby improving bending
performance. Beyond this optimum, when the content

reaches 2.5%, the mechanical properties decline again.

This is due to severe nanoparticle aggregation. These
aggregates form large, weak interfaces and internal
voids, which become primary sites for crack initiation
and  propagation under stress,  significantly
compromising the structural integrity and leading to
reduced failure loads.
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Figure 9: The influence of SiO, content on the yield of
I-beam.

Figure 9 demonstrates the trend in the yield
capacity of the composite I-beam as the mass content
of nano-SiO, changes. Initially, the vyield load
decreases. This initial drop is consistent with the
introduction of stress-concentrating inhomogeneities at
very low filler content. As the nano-SiO, content
increases to the optimum, the yield load recovers and
improves. This recovery is driven by the
aforementioned benefits of a homogeneously refined
crystalline structure and enhanced interlayer bonding,
which strengthen the material against yielding. Finally,
at 2.5% content, the yield strength decreases again,
directly resulting from the catastrophic effect of particle
aggregates acting as large-scale defects that promote
yielding at lower stresses.

3.4. Effect of Glass Fiber Mesh on Shrinkage of
I-Beam Products

As shown in Figure 10, the addition of mesh fabric
improves the vertical and horizontal shrinkage marks of
the I-beam. The mesh fabric functions through a dual
mechanism: first, as a heterogeneous nucleating agent,
it promotes the formation of finer polypropylene
spherulites, which reduces crystallization shrinkage;
second, its integrated fibrous structure provides direct

mechanical restraint against the tensile stresses
generated during cooling and crystallization, thereby
counteracting shrinkage deformation.
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Figure 10: The influence of grid cloth on the shrinkage rate of
I-beam.

A clear comparison of the three mesh types reveals
their distinct effectiveness. The 45° twill fabric yielded
the greatest shrinkage reduction (28.36% vertical,
34.43% horizontal), attributed to its off-axis filaments
which most effectively disrupt the anisotropic flow and
shrinkage patterns. The 8-mesh fabric also provided
substantial improvement (15.49% vertical, 33.33%
horizontal), offering a balanced combination of open
structure for resin penetration and sufficient
reinforcement. The 13-mesh fabric, while beneficial,
showed more modest gains (8.61% vertical, 10.07%
horizontal), likely due to its tighter weave which may
limit optimal resin permeation and interfacial bonding in
this process.

This mechanical reinforcement directly contributes
to the observed shrinkage reduction. This improvement
is due to the fact that the glass fiber mesh is added to
both the flange and the web of the I-beam, where it
acts as a heterogeneous nucleating agent for
polypropylene resin, facilitating the formation of smaller
crystals during crystallization. Additionally, the mesh
fabric provides support, counteracting the stresses
induced by crystallization and cooling shrinkage, thus
reducing the shrinkage rate. The best performance is
achieved with the 45° twill mesh fabric, as its
asymmetric weave geometry provides multi-axial
constraint and most effectively impedes the
propagation of shrinkage-related stress through the
composite cross-section.

4. CONCLUSION

This study presents several distinct contributions to
the pultrusion of thermoplastic composite profiles:
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firstly, a novel compensation-segment design within the
cooling mold effectively reduces surface shrinkage
marks; secondly, a method of applying nano-SiO,
between prepreg layers is introduced to control
crystallization shrinkage without full resin blending;
thirdly, glass fiber mesh is employed as an integrated
reinforcement, improving both dimensional stability and
load-bearing capacity.

(1) A novelly designed compensation segment
within the cooling mold was proven effective in
eliminating surface shrinkage marks. Under optimized
process conditions (pultrusion speed: 80 mm/min; mold
temperature: 235°C; cooling gradient: 65-85-105°C), a
segment with a length of 85 mm, a depth of 0.5 mm,
and a rounded profile provided optimal geometric
compensation for the combined thermal and
crystallization shrinkage.

(2) The inter-layer application of nano-SiO, as a
coating between prepregs significantly refined the
crystalline structure. At an optimal mass content of 2%,
it reduced the vertical shrinkage rate from 3.07% to
1.15% and the horizontal shrinkage rate from 1.57% to
0.23%. This method offers a practical route to control
crystallization-induced shrinkage without compromising
processability.

(3) Incorporating glass fiber mesh provided dual
benefits of mechanical reinforcement and shrinkage
restraint. While the 45° twill mesh yielded the greatest
shrinkage reduction (vertical: -28.26%; horizontal:
-34.43%), the 8-mesh fabric presented the best overall
compromise, delivering a bending failure load of
5132.26 N and a yield load of 3090 N, while still
reducing vertical and horizontal shrinkage rates by
15.49% and 33.33%, respectively.

Collectively, these strategies demonstrate a viable
pathway for manufacturing high-quality thermoplastic
composite |-beams with improved dimensional
accuracy (target shrinkage rates below 2.6% vertically
and 1.1% horizontally) and enhanced mechanical
performance, which is directly relevant to industrial
applications requiring lightweight, recyclable structural
profiles. A limitation of this work is the focus on a
specific polypropylene/glass fiber system and I-beam
geometry; future work will explore the transferability of
these methods to other thermoplastic matrices and
more complex profile shapes, as well as long-term
environmental durability assessments.
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