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ABSTRACT
As the plastics industry continues to grow, the amount of plastic waste increases. The European Union is trying to reduce the 
amount of plastic waste through various actions. Recycling is perhaps the best way to achieve this. The importance of polymer 
composites has increased dramatically, and thanks to the spread of thermoplastic resin transfer molding (T-RTM), composites 
can be produced very efficiently. This is because ɛ-caprolactam, the monomer of polyamide 6 (PA6), can be processed at low pres-
sures like epoxy or any other thermoset resin due to its low viscosity. PA6 is produced from ɛ-caprolactam, activator, and catalyst 
by in situ ring-opening polymerization in a temperature-controlled mold with sufficiently short cycle times. We produced carbon 
fiber–reinforced composite sheets with PA6 as the matrix material by T-RTM. A special vertical injection molding machine and 
the corresponding in situ unit were used for the experiments. We investigated the mechanical, thermal, and morphological prop-
erties of continuous carbon fiber–reinforced composites—we performed mechanical and thermal tests on the samples and com-
pared the results with the properties of reference sheets produced from the matrix material. Our goal was to produce high-quality 
and properly impregnated composite products suitable for engineering applications. Exploring these relationships is essential 
for creating components with high aesthetic value, which can be used in visible locations in addition to their load-bearing role.

1   |   Introduction

Global plastics production was around 413.3 million tons 
in 2023, 8% of which was used by the automotive industry. 
Polyamides are widely used engineering polymers today. In the 
European Union, the demand for polyamides (PA) in 2022 was 

approximately 1 million tons due to their excellent engineering 
and mechanical properties [1].

The keys to mass production are a fast production cycle and 
consistently high product quality. In the 21st century, recy-
clability and energy use have also become factors of paramount 

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2025 The Author(s). Polymer Composites published by Wiley Periodicals LLC on behalf of Society of Plastics Engineers.

https://doi.org/10.1002/pc.70258
https://doi.org/10.1002/pc.70258
mailto:
https://orcid.org/0000-0002-0304-7491
mailto:suplicz@pt.bme.hu
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpc.70258&domain=pdf&date_stamp=2025-08-13


2 Polymer Composites, 2025

importance, which justify the use of thermoplastic composites. 
The greatest drawback of these materials is the high viscosity of 
the matrix (10–100 Pa·s) because the impregnation of continuous 
fibers is problematic [2, 3].

Using ɛ-caprolactam and in situ polymerization addresses this 
problem. In the anionic ring-opening polymerization (AROP) 
of caprolactam (CL), initiation begins with the deprotonation of 
CL monomers by the initiator, forming negatively charged, acti-
vated monomers. These anionic monomers attack neutral mono-
mers, opening their rings and forming new reactive species. A 
rapid charge rearrangement follows, generating nitrogen-acyl-
lactam growth centers. This initiation phase is followed by 
propagation, where activated monomers successively react with 
the growing chain ends, elongating the polymer. The concen-
tration of the activated monomer remains nearly constant, and 
propagation continues until thermodynamic equilibrium is 
reached between monomer and polymer [4]. Initiator and acti-
vator systems are also added to the formula to promote polym-
erization [5–7]. For this process, anionic initiators are typically 
used, most commonly sodium caprolactam (C10) or magnesium 
bromide caprolactam (C1). The activator can be direct or indi-
rect, with isocyanates commonly used as indirect activators. 
Activator solutions are prepared like initiator solutions, but 
hexamethylene-1,6-carbamoyl caprolactam (C20P) or N-acetyl-
caprolactam (Activator0) are used in the literature, mixed with 
dry caprolactam. The most common initiator-activator pair is 
C10–C20P [8].

The continuous reinforcing material can be impregnated 
properly due to the low melt viscosity of the ɛ-caprolactam 
(3–5 mPa·s) [9–11]. Also, because of the low melt viscosity, this 
technology offers short cycle time at low pressures. It allows 
the production of load-bearing composite parts with different 
layer orders, which helps customize the loads. Furthermore, 
one of the most important features of this technology is that 
the products have a thermoplastic matrix; therefore, they are 
recyclable [12–15].

Since in situ AROP is used to produce the matrix material, op-
timizing this process also significantly improves the quality of 
the product. Choi et  al. [16] investigated how polymerization 
conditions impact mechanical properties. They concluded that 
the mixing ratio of the activator and the catalyst is the main fac-
tor influencing tensile strength. Their results indicated that the 

amount of the C10 activator should be above 1.89 wt%, and the 
amount of the C20 catalyst should be between 1.89 and 3.5 wt% 
for the best mechanical properties. Kim et al. [17] also optimized 
the catalyst and activator content, but they also investigated 
the ideal processing temperature and its effect in the range of 
130°C to 150°C. They found that the ideal temperature was be-
tween 140°C and 150°C. At lower temperatures, the reaction 
did not proceed properly despite the high activator ratio, and at 
higher temperatures it proceeded too fast, leading to impaired 
mechanical properties. In addition, when nanomaterials (NMs) 
and plasma treatment were used simultaneously in the T-RTM 
process, cycle time was reduced, and mechanical properties sig-
nificantly improved. The effect of processing temperature was 
investigated by Li et al. [18]. They prepared carbon fiber–rein-
forced composites with a polyamide 6 matrix by in situ polym-
erization with vacuum-assisted casting (VARTM). They found 
that the optimal temperature range for polymerization was 
between 140°C and 160°C. The reason was that the conversion 
rate was the highest in this temperature range, giving the best 
mechanical properties.

Moisture content is critically important in T-RTM production, as 
moisture significantly influences product quality. Several meth-
ods have recently been developed to overcome the problem of 
moisture. Wilhelm et  al. [19] found that the negative effect of 
moisture in the air can be easily eliminated by increasing the 
concentration of activator and catalyst in the formula. Lee et al. 
[20] tried a different approach; they improved the properties of 
the mixture by adding zeolite. By exploiting the selective water 
absorption effect of zeolite, they reduced drying time and the 
quality variation caused by the change in moisture content in 
the composite. They performed mechanical tests on the carbon 
fiber–reinforced composites they produced with and without 
zeolite and concluded that zeolite does not impair mechanical 
properties.

Dencheva et al. [21] investigated the production of PA6-based 
thermoplastic laminate composites reinforced with glass 
fiber or PA66 fabric via in-mold AROP of ε-caprolactam. The 
method produced high monomer conversion and enhanced 
the mechanical properties of the composites. Structural anal-
yses confirmed good fiber–matrix adhesion and crystallinity 
variations. The study demonstrates the feasibility and indus-
trial potential of producing high-performance PA6 composites 
through efficient in situ polymerization. Dencheva et al. [22] 
investigated the structure–property relationships in single 
polymer composites (SPCs) based on polyamide-6 (PA6), pre-
pared via the in-mold AROP of ε-caprolactam in the presence 
of PA6 textile fibers. They examined how fiber content, surface 
treatment, and polymerization temperature affect the crystal-
line structure and mechanical properties. The formation and 
morphology of a transcrystalline layer (TCL) at the fiber/ma-
trix interface were analyzed by SEM, PLM, and synchrotron 
WAXS. The study demonstrates that desizing the fibers leads 
to stronger fiber–matrix adhesion, thinner TCLs, and im-
proved mechanical performance. These findings highlight the 
potential of AROP for producing recyclable, high-performance 
thermoplastic composites.

It is interesting to compare the properties of thermoplastic com-
posite materials with those of composites with classical epoxy 

Summary

•	 PA6/CF composites were produced via anionic ring-
opening polymerization.

•	 We achieved high-quality impregnation of 
reinforcements.

•	 Tensile strength was seven times higher than the 
matrix.

•	 HDT was over 300% higher than that of the reference 
sample.

•	 We developed a short-cycle, scalable process for indus-
trial use.
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and other thermosetting matrix materials. Murray et  al. [23] 
compared the impact behavior of carbon fiber (CF)/anionic 
polyamide 6 (APA-6) and CF/epoxy using the same fabric, 
layer order, and tool cavity. The results showed that CF/APA-6 
absorbed ~21% more energy before fracture, induced ~7% less 
force, and the damaged area was one-third less. In all aspects, 
the APA-6 matrix outperformed the epoxy matrix. In another 
study, Murray et al. [24] produced high-quality glass fiber PA-6 
composite laminates. Mechanical and chemical studies showed 
that the material properties of the laminates were highly compa-
rable to commercially available glass fiber products, and the cost 
of the production equipment is low. They demonstrated the mas-
sive potential of using APA-6 as a matrix, and their results can 
significantly contribute to the broader use of APA-6 composites 
in various industries.

In addition to the low viscosity of the matrix material, it is of 
paramount importance that the permeability of the reinforcing 
fabric is also adequate for good impregnability. Such research 
for T-RTM technology has not been carried out yet; although 
Gomez et al. [25] investigated the effect of the permeability of 
the reinforcing fabric on mechanical properties. They found the 
optimal parameters by gradually increasing the applied pressure 
from 3.6 bar to 15 bar during the impregnation phase to ensure 
complete impregnation without causing significant fiber move-
ment. Flexural strength increased at higher impregnation pres-
sures, with a 51.8% increase at 10 bar.

In the past, several studies have been written on the fabrication 
and testing of continuous carbon fiber–reinforced composite 
structures with a PA6 matrix. However, the authors have mostly 
investigated only one property of the specimens; comprehensive 
mechanical, thermal, and dynamic tests were not performed. 
We provide a comprehensive picture of the properties of these 
composites through a complex, full-scale study. We produced 
PA6-CF composite samples on industrial equipment with con-
trolled parameters, as opposed to previous production methods 
in the literature typically based on vacuum infusion molding or 
prototype equipment. This method produces a product of the 
same quality as large-scale production. Its properties can be an-
alyzed and more accurately tested, and the results are also more 
reproducible. Proper impregnation of the carbon fabric is essen-
tial for good properties of the composite. Therefore, we carried 
out a detailed analysis of permeability, where we investigated 
the relationship between the permeability and impregnability of 
the reinforcement for different layer numbers. In addition, the 
prepared samples were subjected to comprehensive tests, includ-
ing quasi-static, dynamic, and thermal tests, fiber content analy-
sis, and microscopic examination.

2   |   Materials and Methods

2.1   |   Materials

The matrix was prepared from a system of ε-caprolactam, 
C10 (sodium caprolactamate) and C20P (hexamethylene-1,6-
dicarbamoyl caprolactam). The mixing ratio was 90:6:4 m% 
(93.6:5.2:1.2 mol%). The ratio was based on our previous studies 
and the manufacturer's recommendation. This was optimized 
for producing the PA6 with AROP with a short cycle time below 

its melting point (between 130°C and 170°C). The melting point 
of the AP-Nylon ε-caprolactam (CL, L. Brüggemann GmbH & 
Co. KG, Heilbronn, Germany) was 69°C, with a density of 1.02 g/
cm3 in the molten state and a viscosity very similar to that of 
water (3–5 mPa·s). The initiator in the formula was sodium 
caprolactamate (Brüggolen C10, L. Brüggemann GmbH & Co 
KG, Heilbronn, Germany) with a melting point of 62.2°C and 
a density of 1.02 g/cm3 in the molten state. The activator was 
hexamethylene-1,6-dicarbamoyl caprolactam (Brüggolen C20P, 
L. Brüggemann GmbH & Co. KG, Heilbronn, Germany). Its 
melting point is 70°C, and its density is 1.02 g/cm3 in the mol-
ten state.

The reinforcing structure was from PX35 carbon fibers (fila-
ment count: 50 k) manufactured by Zoltek Zrt. (Hungary). In 
the X-C-305 fabric (prepared by SAERTEX GmbH & Co.KG, 
Germany), these carbon fibers were in a +45°/−45° non-crimp, 
biaxial arrangement. The areal density of the fabric was 305 g/
m2. The diameter of the elementary fibers was 7.2 μm. The siz-
ing was optimized for PA6-based thermoplastic composites. The 
fabrics were cut to mold size with electric shears.

2.2   |   Preparation of Samples

The flat specimens (200 mm × 375 mm × 2 mm) were prepared 
with a T-RTM machine by in  situ AROP. We used a vertical 
Engel Insert 200 V/200H/80 injection molding machine and 
the corresponding D60 in  situ unit (ENGEL Austria GmbH, 
Schwertberg, Austria). The structural design of the machine is 
shown in Figure 1. Its unique feature is that the activator and 
initiator components are only mixed in the mold, in a dynamic 
mixing head.

The first step (1) of the production cycle (Figure 1b) is to cut 
the appropriate reinforcing fabrics, assemble the reinforcing 
structure, preform it if necessary, and then insert the pre-
formed reinforcing material into the mold. In the second step 
(2), the mold is closed to the vacuuming position, and a vac-
uum is built up in the cavity (~900 mbar). In this position, the 
cavity is hermetically sealed from the environment. The vac-
uum helps to remove air and moisture from the cavity, which 
inhibit polymerization. The vacuum also ensures the best pos-
sible filling of the mold. After that, the mold is closed com-
pletely to seal the vacuum holes. Next, the infiltration of the 
reinforcing fabric begins. The injection unit starts the injec-
tion cycle of the monomer or oligomer and the corresponding 
catalyst or activator (3). The individual components are melted 
in separate containers so that polymerization is not initiated 
prematurely. When the components are in the melt state, 
they are transferred to the heated mold (155°C) via heated 
tubes. The melt is metered and fed into the mold by pistons. 
The components are mixed by a dynamic mixing head. In the 
mixing head, the melted material streams from the two tanks 
meet through the simultaneously open needle valves, and the 
flow results in dynamic mixing. A mixing head transfers and 
mixes the material streams; then, the materials are injected 
into the tempered mold. Once injection is complete, polym-
erization starts while the clamping force is maintained. The 
pressure in the mold cavity decreases as the product shrinks 
due to polymerization and crystallization (4).
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In contrast to the time-consuming cross-linking process of 
cross-linked resins, the in situ polymerization and solidifica-
tion of thermoplastic composites occurs within a few minutes. 
It takes less than 5 min to reach above 99% conversion; that 
is, polymerization time is 5 min. This time value was based 
on our previous research and literature data  [26, 27], where 
the process took less time, but we added a safety margin, so 
we used 5 min. The machine also melts and doses the material 
required for the next injection during this time. After polym-
erization time has elapsed, the mold opens (5), and the product 
can be removed manually or robotically. The T-RTM technol-
ogy is highly automatable, making it suitable for mass pro-
duction with good quality for the automotive industry. High 
reinforcement content is possible, and no post-processing of 
the finished product is required [2, 28–31].

The nominal thickness of the mold cavity is 2 mm, which can vary 
slightly due to the flexible silicone seals in the parting line. The 
parameters of the production cycle are summarized in Table 1.

First, the reinforcement structure was cut to the shape and size 
(205 × 375 mm) of the cavity. In the fabrication process, 2 (CF2), 
4 (CF4), and 6 (CF6) layers of the biaxial fabric were used. The 
average thickness of one layer was 0.4 mm. The layout was sym-
metrical to eliminate warpage as much as possible. Still, samples 
with two layers often produced significant warpage. The warp-
age in the CF2 specimen may be caused by its asymmetric struc-
ture. On one side of the sample (typically the top), there was a 
thicker matrix layer due to the geometry of the mold. The matrix 
and the reinforcement have different thermal expansion and the 
matrix shrinks during polymerization and crystallization. Thus, 
due to the greater dimensional change of the matrix, the product 
warped toward the matrix-rich side.

The quality of the 2-, 4-, and 6-layer samples differed greatly. 
Figure  2 clearly shows that in the case of the 2-layer samples, 
there is a thicker matrix layer on top of the reinforcement struc-
ture. Also, in the 6-layer samples, the six layers of fabric were 
too dense because of the high clamping force, and the matrix 
material did not impregnate the center of the plate. Instead, it 
flowed around the fabric and entered it from the sides. The poor 
fill could also have been caused by the matrix material starting 
to flow around the edge of the mold in the direction of lower re-
sistance, thus flowing around the fabric and trapping air. For this 

reason, the samples from the 6-layer sheets were cut out from the 
gating zone. Hence, the mechanical and thermal properties were 
tested mainly on the 4-layer samples, which had the best quality.

2.3   |   Characterization of the Samples

2.3.1   |   Fiber Content

The fiber content (Xfc) of the samples was determined; the pieces 
were placed in ceramic cups for each type of composite mate-
rial. The weight of both the empty (mc) and filled cups (ms) was 
measured, and the cups were placed in an annealing furnace 
(Denkal 6B, Kalória Hőtechnikai Ltd.), where the matrix ma-
terial was burnt out at 550°C for 4 h. After that, the mass of the 
cups was measured with the remaining fiber (msb). Fiber content 
was calculated with Equation (1), where the results were com-
pensated for with the ash content of the matrix.

(1)Xfc[%] =

(
(

msb −mc

)

(

ms −mc

)

)

⋅ 100 − XPAmx

TABLE 1    |    Parameters of the T-RTM cycle.

Parameters Values

In situ melting tank temperature 120°C

Mixing head temperature 155°C

Mold temperature 155°C

Sprue temperature 155°C

Dosage volume 130 cm3/component

Injection volume without fiber 90 cm3/component

Injection volume with fiber 73 cm3/component

Injection pressure limit 80 bar

Injection speed 7 cm3/s/component

Clamping force 80 t

Polymerization time 300 s

Mold vacuum 900 mbar

FIGURE 1    |    Engel insert 200V/200H/80 injection molding machine and the corresponding in situ unit D60 (a) and the T-RTM technology flow-
chart (b).
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2.3.2   |   Permeability Tests

200-mm diameter pure fabric specimens were cut out for the 
test and inserted between discs in the tensile testing machine 
(Figure  3). In this in-plane permeability test, air first enters 
through the upper disc and exits at the edge of the reinforce-
ment through its structure. The instrument displays the rel-
ative pressure difference between the internal and ambient 
air pressure at the set flow rate. From these pressure differ-
ences, we calculated the permeability (K) of the material with 
Equation (2) [32]:

where Q is the average flow rate of the medium, ∆P is the 
pressure difference (∆P = (P0 − Pr)), d is the depth of the cav-
ity, r is the radius of the disk, and r0 is the radius of the in-
flow hole. μ is the viscosity of air, which can be written with 
Equation (3) [33].

where μ is the viscosity of the air at temperature T, μref, and Tref 
are reference values (e.g., μref = 1.81 × 105 Pas at T1 = 293 K) and 
C = 117 K is the so-called Sutherland constant.

2.3.3   |   Tensile Tests

Five 0/90° (CF2_90, CF4_90, CF6_90) and five ±45° test spec-
imens (CF2_45, CF4_45, CF6_45) were cut for each sample 
type on a Mutronic circular saw cutting table (2 × 25 × 250 mm) 
according to ISO 527-1:2019. During the test, the specimens 
were gripped at both ends and loaded at a constant speed under 
measurement conditions specified in the standard (tempera-
ture, moisture content). The tensile force as a function of length 
change was measured and recorded. The test was continued 
until the specimen ruptured.

A Zwick Z250 tensile testing machine was used with a 250 kN 
load cell and a 100 kN tensile head. Test speed was 2 mm/min 
and 5 mm/min for 0/90° and ±45° specimens, respectively. 
The initial spacing between the tensile heads was 110 mm. The 
tensile force was recorded until rupture. The elongation of the 
specimens was determined with a Mercury Monet (Sobriety, 
Kurim, Czech Republic) optical strain measuring system based 
on digital image correlation (DIC). The equipment had a 5 
MPixel IDS U3-3080CP-P-GL (Imaging Development Systems 
Inc., Obersulm, Germany) camera and two LED lights.

2.3.4   |   Interlaminar Shear Test

In the interlaminar shear test, the 12 × 120 mm specimens 
were notched on opposite sides in 2 places, 6.8 mm apart, 
and 3.4 mm from the middle of the sample (Figure  4). Both 
notches were half the thickness of the specimen. With this de-
sign, when the sample was pulled, the layers slid over each 
other, allowing the properties of the matrix between the lay-
ers to be investigated. The interlaminar shear tests were also 
carried out with the Zwick Z250 universal tensile testing 

(2)K =
�Q

ΔP2�d
ln

(

r

ro

)

(3)� = �ref

(

Tref + C

T + C

)(

T

Tref

)3∕2

FIGURE 2    |    2- (a), 4- (b), and 6-layer (c) samples.

FIGURE 3    |    The measurement setup for permeability measurement.

FIGURE 4    |    Inter-laminar shear test samples in top and side view.

 15480569, 0, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.70258 by B

udapest U
niversity of T

echnology and E
conom

ics, W
iley O

nline L
ibrary on [24/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



6 Polymer Composites, 2025

machine and the associated Sobriety Mercury Monet DIC op-
tical strain gauge.

2.3.5   |   Falling Weight Impact Test

The falling weight impact test provided information about the be-
havior of the polyamide composites under dynamic loading. In the 
test, a tup of a given diameter was dropped from a preset height 
onto a flat test piece placed on a circular support surface, gripped 
with a clamping ring. The weight of the tup varied depending on 
the equipment and the required load. The conceptual arrange-
ment of the falling weight impact test is described in ISO 6603.

Total energy (Etotal), maximum energy (EFmax), and the 50% reduc-
tion (1/2 Fmax) of the maximum force (Fmax) were determined from 
the curve recorded by the data acquisition unit. Perforation energy 
is obtained as the ratio of Etotal to the thickness of the tested sheet-
like product, corresponding to a 50% reduction in the maximum 
force (1/2 smax). The ductility index (DI), a dimensionless indicator 
of the toughness of failure, was determined with Equation (4).

With the thickness of the test specimens, the perforation energy 
can be determined with Equation (5):

where Eperf is the perforation energy (J/mm), v is specimen thick-
ness (mm), Etotal is the energy up to the first zero transition (J).

We used an Instron/Ceast Fractovis 9350 impactor for the im-
pact test with a dart with a hemispherical tip and a diameter of 
20 mm. Drop height was 1 m.

2.3.6   |   Charpy Tests

Charpy impact tests were carried out according to ISO 179-
1:2023 with a Ceast Resil Impactor Junior impactor with a 15 J 
hammer. The tests showed the effect of fiber reinforcement on 
dynamic properties. The dimensions of the unnotched speci-
mens were 10 × 80 mm (thickness differs from the standard due 
to manufacturing technology), and support length was 62 mm. 
In this test, we only measured specific impact work. It was cal-
culated with Equation (6):

where KCV is specific impact work [J/cm2], K is fracture energy 
[J], K0 is idle energy [J], A0 is the cross-section [cm2].

2.3.7   |   HDT Tests

In the heat deflection temperature (HDT) test, the specimen was 
immersed in silicone oil and subjected to three-point bending 

while the temperature of the silicone oil was raised. The test was 
carried out according to ISO 75-3 with a Ceast HV3 6911.000 
machine and a load of 2.5 MPa, which applies to continuous 
fiber–reinforced plastic and high-strength thermoset compos-
ites. The same specimen geometry was used for the test as in the 
Charpy tests, with a support spacing of 64 mm. The maximum 
allowable deflection was 0.54 mm. The initial temperature of 
the silicone oil was 30°C, the heating rate was 120°C/h, and the 
maximum temperature was 300°C. The loaded specimen creeps 
most during the first 5 min. Therefore, a waiting time of 300 s is 
required before the heating phase.

2.3.8   |   Scanning Electron Microscopy (SEM)

A fracture surface of the specimens was examined by SEM. 
The specimens were fixed with electrically conductive adhe-
sive and were gold-plated before the analysis for better test 
results. Images were recorded at a magnification of 50×, 
500×, 1000×, and 2000× with a JEOL JSM-6380LA (Jeol Ltd.) 
microscope.

3   |   Results and Discussion

3.1   |   Fiber Content

Table 2 summarizes fiber content measurement. Fiber contents 
can be considered realistic since the 4-layer sample is double the 
size of the 2-layer sample, and the 6-layer sample is not much 
larger. This minor difference was because mold size (cavity 
thickness) was the same, so in the CF2 sample, the matrix mate-
rial filled the remaining space, but infiltration was not adequate 
when 6 layers were used.

3.2   |   Permeability

Permeability was measured for 2, 4, and 6 layers of carbon fiber 
fabric. Different flow rates were used for every sample, from 2 L/
min to 50 L/min. From these, permeability was calculated with 
the procedure described previously. We repeated this process 
with a compression force of 300, 1000, 1800, 2800, and 3700 N 
in order to change the apparent fiber content. After that, average 
permeability was calculated for every number of layers at differ-
ent force values (Figure 5). In Figure 5, we plotted the calculated 
permeability of the different structures based on the equations 
of the trend lines and the actual fiber contents of the different 

(4)DI =
Etotal − EFmax

Etotal
[−]

(5)Eperf. =
Etotal
v

(6)KCV =
K − K0
A0

TABLE 2    |    Fiber content measurement results.

Name Sample type

Ash content Fiber content

[m%] [m%]

PA_mx Pure matrix 0.6 0.0

CF2 2-layer sample 19.8 19.2

CF4 4-layer sample 44.2 43.6

CF6 6-layer sample 50.4 49.8
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7

structures (CF2_calc, CF4_calc, and CF6_calc) calculated in the 
previous chapter.

The figure shows that permeability decreases as fiber content 
and the number of layers increase. Permeability ranged be-
tween 10−7 and 10−8 m2, which is consistent with literature 
data measured in similar configurations [33]. Due to the high 
clamping force, uneven filling can occur in the case of 6 lay-
ers due to the low porosity, as shown in Figure 2c. From the 

results, we can assume that the 2- and 4-layer samples will 
have good impregnation, but the 6-layer sample could have 
some problems because of the low permeability at higher com-
pression forces.

3.3   |   SEM

We examined fabric saturation, and the nature of the behavior of 
the samples during fracture. Figure 6a shows the fracture sur-
face of specimen CF2. The images show that the impregnation 
of the fabrics is good, as the carbon fibers within the rovings 
are surrounded by the matrix material, even in the innermost 
parts of the sample. The adhesion of the reinforcement structure 
is adequate, as in an ideal case, the mode of destruction of the 
composites is the rupture of the fibers, which are found in many 
places in the sample. This was an expected result based on the 
tensile test, which was carried out on the samples before the 
SEM examination.

Figure 6b shows that in the case of the 4-layer samples, the fabric 
was also impregnated well, with the matrix material surrounding 
the PA6 entirely. The typical failure in this case was also fiber 
breakage. We only observed fiber pullout in some instances. This 
explains the tensile test results, where we measured excellent ten-
sile strength and modulus for the 4-layer samples.

In the case of the 6-layer samples (Figure  6c), adhesion is 
not good. Most of the fibers are almost completely dry, and 

FIGURE 5    |    Permeability of pure carbon fabric as a function of fiber 
content.

FIGURE 6    |    SEM images of the 2- (a), 4- (b), and 6-layer (c) samples at a magnification of 2000×.
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8 Polymer Composites, 2025

infiltration was inadequate. This resulted in poorer mechanical 
properties, as the tensile tests proved.

The 2- and 4-layer samples had the best fiber–matrix bonding, 
filling, and impregnation, as evidenced by their good mechani-
cal properties.

3.4   |   Tensile Tests

Figure 7a shows the typical failures of the specimens during 
the tensile tests. Two types of specimens with different fiber 
orientations were tested. In the first case, the fibers are per-
pendicular and parallel to the load direction and are labeled 

CF2_90, CF4_90 and CF6_90. For the second type, the fi-
bers are locked at ±45° to the load direction and are labeled 
CF2_45, CF4_45 and CF6_45. We performed five tests for 
each sample type to determine tensile strength, modulus of 
elasticity and elongation at break. The impregnation of the 6-
layer samples was not good enough to produce homogenous 
CF6_90 samples. Because of this, we left those samples out 
of this test series. Figure  7b shows the characteristic curves 
obtained from the tensile tests.

The most characteristic curves from the five tests were selected 
for comparison with each composite structure and the pure 
matrix. Compared to the matrix, the carbon fiber–reinforced 
composite specimens are more brittle, as elongation at break 

FIGURE 7    |    ±45° (left) and 0/90° (right) test specimen (a); characteristic curves of tensile tests (b).

FIGURE 8    |    Elastic modulus of PA/CF composites (a); tensile strength of the PA6CF composites (b); elongation values obtained from the tensile 
tests (c).
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decreases and modulus and strength increase. The slopes of the 
curves for the tensile tests illustrate this. The only exception is 
CF4_45, which has elongation at break close to that of the pure 
matrix material. The 4-layer specimens show an exceptionally 
high elongation at break and strength due to the excellent inter-
facial adhesion and impregnation compared to the other speci-
mens. The ±45° 2-layer samples had a tensile strength similar 
to that of the matrix material, and the tensile strength of the 2-
layer 0/90° sample test was well below that of the 4-layer 0/90° 
sample. The highest tensile strength of the CF4_90 specimen 
was ~480 MPa. Tensile modulus ranges from 4 to 34 GPa as a 
function of fiber orientation and layer number. Compared to the 
2-layer specimens, the 4-layer specimens had an almost 100% 
higher elastic modulus and elongation at break.

Large scatter in the case of composites is typical, as reproduc-
ibility depends on many factors. Furthermore, tests were carried 
out on samples taken from the beginning and the end of the flow 
path. This alone produces differences in mechanical properties. 
As we cut the 0/90° specimens from the sheets at an angle of 45°, 
specimen quality was poorer at the corners of the plates, which 
explains why some samples broke in or near the grip. Figure 8a–c 
shows the most important mechanical properties.

3.5   |   Interlaminar Shear Test

For this test, six test specimens were prepared. The test can 
only be performed on composite samples with an even num-
ber of layers. Figure 4 shows a test specimen. The PA reference 
sample has no specific shear strength, but its tensile strength 
was 73 MPa. The average interlayer shear test results gave an 
interlayer shear strength of 39.19 MPa for the 4-layer samples. 
We examined only the CF4 samples because the CF2 samples 
have an extra matrix layer on the top of the samples, so they are 
not symmetric. The force maximum measured in the tensile 
tests was around 3500 N for the matrix material, while forces 
between 2100 and 3200 N were measured in the interlayer 
shear test. This confirms the SEM results in Figure 9—that the 
matrix was indeed sheared.

3.6   |   Dynamic Impact Tests

The hammer characteristics were set on the instrument; the idle 
energy of the hammer was measured, and only then were the test 
pieces inserted. Idle energy must always be subtracted from the 
estimated energy. Impact energy can be read directly from the ma-
chine during the test. The results are summarized in Figure 10.

In the case of composites, the standard requires that the test 
specimens be struck flatwise. The CF2_90 and CF4_45 speci-
mens did not break when they were hit this way, so we could not 
test these samples. This shows that 45° fabrics are much tougher 
than 90° specimens. For the PA reference, specific impact en-
ergy was 5.3 J/cm2. The impact energy of the CF2_90 samples 
(5.2 J/cm2) was almost the same. The 4-layer sample had a sig-
nificantly higher impact energy of 7.5 J/cm2.

The dynamic mechanical properties and the perforation energy 
of the composite specimens were also measured. The tests were 
carried out at room temperature. The impactor had a kinetic en-
ergy of 50 J when the reinforced samples were tested and 80 J 

FIGURE 9    |    SEM images of interlaminar shear test samples.

FIGURE 10    |    Charpy impact test results.
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10 Polymer Composites, 2025

when the matrix material was tested. Higher energy was chosen 
for the PA6 matrix because the tip did not penetrate the speci-
men at 50 J. From the composite sheets, ten pieces of 80 × 80 mm 
specimens were prepared.

Figure 11a shows the perforation energies, which are the energy 
values per unit thickness of the samples. For clarity, we plotted 
the DIs as a percentage.

The fiber-reinforced samples exhibited ductile behavior. At 
these energies, they fractured in a brittle way; but for compa-
rability, we wanted to include benchmarks. Figure  11b shows 
a typical curve from the falling weight tests. We examined the 
characteristic load forces as a function of tip displacement up to 
the first zero transition. The falling weight tests were performed 
at the center of the surface of the specimen. We cut out the sam-
ples from different parts of the manufactured sheets, which may 
have significantly influenced the results.

3.7   |   HDT

The 6-layer samples could not be tested for HDT due to the im-
pregnation problems. The two- and four-layer samples were cut 

from the sheet with a fiber orientation of 0/90°. Their HDT was 
more than ~300% higher compared to that of the reference sam-
ple. The HDT of the four-layer samples was 4°C higher than that 
of the 2-layer samples. Figure  12 shows the HDT curves and 
the HDTs. The negative values of the curve could be due to the 
warped carbon fibers caused by thermal expansion. In addition, 
the 2-layer sample has a thicker matrix layer on one side, so there 
is a thermal expansion difference between the two sides, ampli-
fying this effect.

4   |   Conclusion

We produced continuous carbon fiber–reinforced composite 
structures with various stacking sequences and fiber orienta-
tions by T-RTM to comprehensively investigate the mechanical, 
thermal, and morphological properties of the structures. Before 
manufacturing, we conducted permeability tests for 2-, 4-, and 
6-layer specimens to assess their feasibility for T-RTM process-
ing. Based on the results, the 2-layer and 4-layer samples were 
deemed manufacturable, while potential processing issues were 
identified with the 6-layer specimens.

During manufacturing, fabric layers were placed into the 
mold before each cycle, followed by the injection of capro-
lactam, activator, and catalyst. Polymerization subsequently 
occurred, resulting in carbon fiber–reinforced PA6 composite 
sheets. The 2-layer and 4-layer specimens exhibited excellent 
quality and impregnation, whereas in the 6-layer samples—
especially in the middle—there were dry fiber regions. The 2-
layer samples showed a higher degree of warpage compared to 
the 4-layer samples due to their asymmetry. This asymmetry 
was due to the fact that the mold cavity with a nominal thick-
ness of 2 mm was not completely filled by the 2 layers of fabric. 
Thus, the cross-section of the sample was richer in matrix ma-
terial on one side. After manufacturing, test specimens were 
cut in two different orientations for subsequent evaluation.

The first step involved fiber content analysis to verify the ac-
curacy of the permeability measurements and their consistency 
with actual processing conditions. The measured fiber contents 
were 19.2 m/m% for CF2, 43.6 m/m% for CF4, and 49.8 m/m% for 
CF6 samples.

FIGURE 11    |    Perforation energies and ductility indexes (a); force–displacement curves for falling weight impact testing (b).

FIGURE 12    |    HDT curves and temperatures of the 2- and 4-layer 
samples.
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Tensile and interlaminar shear tests were also performed. The 
tensile tests revealed a significant increase in tensile strength 
for CF4_90 specimens, reaching 480 MPa—nearly a sevenfold 
increase compared to the reference PA specimens (70 MPa). 
SEM analysis of fractured specimens confirmed the assumed 
excellent impregnation for CF2 and CF4 samples, while poor 
impregnation was evident in CF6 specimens. Interlaminar shear 
testing further proved the high quality of CF4 laminates, with a 
remarkably high interlaminar shear strength of 39.19 MPa.

HDT tests showed that the HDT of fiber-reinforced specimens 
was more than 150°C higher than that of the reference PA 
specimens.

Dynamic impact tests, including Charpy and falling weight 
impact tests, indicated that the manufactured specimens had 
high impact resistance and were suitable for load-bearing 
applications.

In conclusion, the mechanical and dynamic mechanical tests 
showed that the composite structures reinforced with continu-
ous carbon fibers we produced with short cycle times were high 
quality. The T-RTM technology enables continuous cyclic pro-
duction, making it a viable solution for industrial applications.
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