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The influence of key process parameters on the production quality of glass fibre-reinforced polymers
manufactured by high-pressure resin transfer moulding (HP-RTM) was systematically investigated.
Uniform *30° braided preforms were infiltrated under controlled variations of vacuum level, resin dis-
charge rate, and preform fixation. Non-destructive characterisation using air-coupled ultrasonic testing,
computed tomography, microscopy but also visual inspection revealed process-induced defects such as
in-plane fibre displacements, out-of-plane waviness, voids, and dry spots. Subsequent quasi-static com-
pression testing showed that while Young’s modulus remained largely unaffected, compressive strength
decreased by up to 26 % under suboptimal processing conditions and was accompanied by a transition
from shear-dominated to diffuse, matrix-dominated failure behaviour. Optimal laminate quality was
achieved by evacuating the mould cavity to below 1.5 mbar, applying a reduced resin mass flow rate
of approximately 10 g/s, and stabilising the preform by dual-sided fixation, resulting in an in-plane fibre
orientation of +30° *+ 1.7°. The results establish clear process—structure-property relationships and pro-

vide quantitative guidance for robust and reproducible HP-RTM processing.
© 2026 The Authors. Published by Elsevier Ltd on behalf of Society of Manufacturing Engineers (SME).
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Fibre-reinforced polymers are widely used in lightweight struc-
tures, especially in automotive, aerospace, and wind energy sectors
[1-3]. Conventional techniques such as hand lay-up, filament
winding, autoclave curing, and resin transfer moulding (RTM) have
cycle-time limitations [4,5]. High-pressure RTM (HP-RTM) enables
shorter cycles through high-pressure impingement mixing of fast-
curing resin systems [6-9] and high automation [10-12,9,13,14].
HP-RTM achieves void contents comparable to autoclave process-
ing while being suitable for mass production [13,11]. However,
high flow rates may introduce voids [12,15] and fibre misalign-
ment [16-19]. Misorientation can occur in-plane [20-24] or out-
of-plane [25,26], affecting mechanical behaviour. Non-destructive
testing is essential to characterise such defects. Air-coupled
ultrasonic testing (ACUT) provides volumetric inspection without
couplants and detects delaminations, voids, and misalignments
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[27-29]. Complementary computed tomography (CT) and micro-
scopy further reveal voids and fibre orientation, while mechanical
testing quantifies their impact on performance. Previous RTM
studies identified fibre content [30,31], injection flow rate [32-
34], intra- and inter-fibre flow front [35,36], pressure
[37,34,38,39], and vacuum level [40,39] as key quality factors.
Recent HP-RTM studies have addressed data- and physics-driven
process modelling, resin selection, flow-induced fibre deformation,
and void formation, demonstrating that process parameters such
as injection velocity, pressure, and mould design strongly govern
impregnation quality and defect evolution [41,42,9,24,15]. In HP-
RTM, injection pressure and preform compaction affect in-plane
fibre displacement [24,17], while the combined influence of vac-
uum level, resin discharge rate, and mechanical preform fixation
on fibre misalignment, void formation, and mechanical perfor-
mance has not yet been systematically quantified. This work sys-
tematically varies HP-RTM parameters (vacuum, resin flow rate,
preform fixation) using +30° braided glass fibre preforms infil-
trated with polyurethane resin. By maintaining identical fibre vol-
ume and structure, process-structure-property relationships are

2213-8463/© 2026 The Authors. Published by Elsevier Ltd on behalf of Society of Manufacturing Engineers (SME).
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Fig. 1. HP-RTM plate mould with camera for preform insertion monitoring (a), adjustable fibre clamping in the upper mould (b), inserted + 30°-preform in the bottom mould

(c) and tabular overview of the parameters of the process studies.

derived to understand misorientation mechanisms and minimise
defects.

2. Materials and methods
2.1. Materials and manufacturing process

Test plates were produced by braiding and infiltrated via HP-
RTM. The reinforcement was SE 1200 Type 30°® glass fibre roving
(2,400 tex, 16 pm filament diameter). +30° twill braids were fabri-
cated using a Herzog RF 1/288-100 radial braiding machine and
stacked into 10-layer preforms (350 mm x 350 mm X 4 mm,
Fig. 1). Preform quality and in-plane displacement were evaluated
with Fiji Image]. Preforms were infiltrated with Loctite Max2 poly-
urethane and isocyanate hardener (100:132 ratio) at 120 bar

mixhead pressure. Prior to infiltration, the mould was evacuated
to a defined vacuum level. The infiltration itself was performed
via a linear gate, while the vacuum level was not actively regulated
during resin injection. Curing' occurred at 80 °C for 30 min and
post-curing at 150 °C for 1 h. Pressure, temperature, resin dosing,
and flow mass were recorded.

2.2. Process studies
Three process parameters were varied:

1. Vacuum level - influences air removal and infiltration.

! Matrix dispensed without accelerator to enable RTM reference tests [22]
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2. Matrix discharge rate — determines resin velocity and fibre
displacement.

3. Preform fixation -
movement.

restricts in-plane and out-of-plane

Each configuration represented a distinct infiltration strategy,
with five plates per variant (Fig. 1).

2.3. Process analysis and evaluation

During infiltration, cavity pressure, temperature, and flow rate
were monitored. Post-processing included defect and fibre archi-
tecture analysis. ACUT (inoson, 200 kHz) produced 1 mm-
resolution C-scans over 320 mm x 320 mm. Fibre volume fraction
was determined according to ISO 1172 [43] on defined locations
(Fig. 2). Selected regions were examined by CT (V|tome|x-L 450,
GE Phoenix) at 110 kV and 100 pA yielding 11 pm voxel size. Pol-
ished cross-sections were analysed microscopically (Zeiss AX10
microscope). Fibre angles were quantified using Image] and
MATLAB®. Compression tests (DIN ISO 14126 [44]) were performed
on a Zwick/Roell Z200 test rig with shear-compression fixtures
[45,46]. Tests were run at 1 mm/min with strain gauges on both
surfaces. Five samples per variant were tested.
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3. Results and discussion

Aiming at a target braiding angle of +30°, pre-infiltration analy-
sis of photographic documentation on the dry preforms showed an
average in-plane fibre orientation of +29 + 1.7° across all plates
(Fig. 2a). The acute braiding angle provided few crossing points
and low structural stability. The 10-layer preforms exhibited a
weight of 850 + 8 g and a coverage rate of 89 %.

3.1. Visual inspection and ACUT measurement

The systematic variation of HP-RTM infiltration parameters
resulted in test plates with clearly distinguishable laminate qual-
ity, which is consistently reflected in both visual inspection and
ACUT measurements (Fig. 2b,c).

In process 1, pronounced amplitude variations indicate severe
fibre misalignment, resin-rich regions, and locally insufficient
impregnation. The high resin discharge rate combined with
single-sided preform fixation caused fibre displacement in the
direction of the flow front, leading to fibre-depleted zones near
the inlet and fibre accumulation towards the opposite side. This
locally impeded resin flow and promoted dry spot formation, an
effect further intensified by the low evacuation level.

Fibre volume fraction
CT and Microscopy

Compression-

ACUT testing

9¥

signal amplitude in a.u.

250

150 200
X position in mm

300

100 150 200
x position in mm

100 150 200
X position in mm
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d

(e)

Fig. 2. Analysis of fibre deposition prior to infiltration and presentation of process study parameters (a) and post-infiltration analysis: visual (b), ACUT (c), fibre volume
fraction, CT and microscopy (d), exemplary depiction of the different failure modes in the compression test specimens (e).
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In process 2, increased vacuum quality, reduced discharge rate,
and lateral preform fixation significantly stabilised the infiltration
process. This resulted in straighter amplitude patterns and
improved laminate homogeneity, although isolated voides
remained detectable.

Process 3 exhibited the lowest amplitude variation, confirming
homogeneous infiltration, straight +30° fibre orientation, and min-
imal void content. This quality improvement is attributed to the
combination of high vacuum quality, reduced flow-front velocity,
and dual-sided as well as gate-side preform fixation.

3.2. Fibre volume fraction

Since all test plates are based on the same preform design, glo-
bal fibre volume fraction is 49 + 1 %, with the distribution across
the test plate varying greatly depending on the process study
(Fig. 2d). Process 1 showed the greatest variation. Fibre washout
leads to locally accumulated fibres, resulting in high local fibre vol-
ume fractions of up to 63.4 %. In contrast, processes 2 and 3 pro-
duced a more uniform fibre distribution across the entire test
panel, with deviations of 1.9 % in process 2 and 1 % in process 3.

3.3. CT and microscopy analysis

CT and microscopy corroborated these process-dependent qual-
ity differences. In process 1, severe in-plane and out-of-plane fibre
displacements hindered quantitative CT evaluation (Fig. 3a). By
contrast, processes 2 and 3 displayed straighter fibre orientation
and reduced waviness (Fig. 3b).

Micrographs confirmed these findings and showed pronounced
waviness, mesovoids, and microvoids in process 1 (Fig. 4a), whereas
process 2 exhibited uniform compaction with only isolated micro-
voids (Fig. 4b). Quantitative microscopy analysis revealed broad in-
plane orientation distributions in process 1, with many fibres
around +20° and +67° (Fig. 4d). Processes 2 and 3 aligned more clo-
sely with the +30° target. Out-of-plane orientations were similar
across processes due to strong compaction, but process 1 displayed
a larger fraction of fibres approaching 90° (Fig. 4e). The table in
Fig. 4f) summarises the orientation statistics, highlighting large
post-infiltration deviations in process 1 (18.7 %), compared with
smaller shifts in processes 2 (4.6 %) and 3 (2 %).

Together, visual, ACUT, CT and microscopy confirm that high
vacuum is essential for complete infiltration and void reduction,
while excessive flow rates promote in-plane fibre displacement.
Dual-sided and gate-side preform fixation effectively mitigates
these effects, and no further improvement in laminate quality
was observed beyond evacuation levels below 1.5 mbar. Process
3 yielded test plates meeting the +30 * 1.7° in-plane orientation
target.

Process 1

(a) Process 1: strong in- and out-of-
plane fibre misalignments

Process 2

(b) Processes 2: straighter fibre orien-
tation and reduced waviness
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3.4. Compression testing

Compression tests confirmed the link between process quality
and mechanical behaviour. All specimens showed comparable
Young’s moduli (17-18 GPa), indicating that stiffness, under linear
elastic conditions, is rather insensitive to voids or waviness when
fibre-matrix bonding is maintained [47]. Strength, however,
strongly reflected process quality. Process 1 reached
179 £ 15 MPa, whereas process 2 and process 3 achieved 242
+ 9 MPa and 230 + 10 MPa, respectively. These differences align
with the observed defect levels: misalignments and voids in pro-
cess 1 reduced strength by 26 % compared with process 2, while
improved vacuum, reduced flow rate and enhanced fixation in pro-
cesses 2 and 3 delivered higher strength. The slightly lower value
for process 3 may be due to local fibre volume variations. Under
compressive loading, specimens from Process 1 exhibit diffuse,
matrix-dominated and irregular failure patterns due to pro-
nounced fibre misalignment, whereas the improved fibre orienta-
tion and compaction in Processes 2 and 3 lead to well-defined,
shear-dominated fracture paths aligned with the principal fibre
directions (Fig. 2e).

In summary, high vacuum, controlled resin flow, and robust
preform fixation were critical for minimising defects and ensuring
higher mechanical behaviour.

4. Recommendations for suitable process parameters for the
optimisation of the HP-RTM process

High laminate quality in the HP-RTM process relies on accurate
preform positioning and efficient evacuation of the mould cavity.
Evacuation below 1.5 mbar was critical for minimising void forma-
tion and achieving complete infiltration. Further reduction of the
vacuum level to the technical limit of a standard vacuum pump
(approx. 0.9 mbar), evaluated selectively, did not provide any addi-
tional benefit in laminate quality.

Reducing the resin mass flow rate to approximately 10 g/s low-
ered flow-front velocity, thereby limiting in-plane fibre displace-
ment and avoiding excessive local pressure gradients during
infiltration. Additional lateral and gate-side preform clamping fur-
ther stabilised fibre orientation, reduced race-tracking and void
content [15] and improved laminate uniformity.

The correlation with compression testing confirms that opti-
mised parameters—high vacuum, controlled resin discharge rate,
and robust fibre fixation—result in higher compressive strength
and more predictable failure behaviour. Effective process optimisa-
tion must therefore address both preform handling and infiltration
control to ensure consistent structural performance.

The study reveals the following influences of the process
parameters on composite quality:

Process 3

(c) Processes 3: straight fibre orienta-
tion and minimal void distribution

Fig. 3. CT scans showing process-dependent laminate quality.
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Fig. 4. Microscopy: inferior production quality in process 1 (a), improved quality in process 2 (b) and 3 (¢); Distribution of in-plane (d) and out-of-plane (e) fibre orientations
for each process; Process-related evolution of the mean in-plane fibre orientation as a result of HP-RTM infiltration and final out-of-plane fibre orientation (f).
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5. Conclusion

This study examined the influence of key HP-RTM process
parameters on the infiltration of + 30° braided preforms with poly-
urethane resin. Braids were processed under varying fixation
strategies, vacuum levels, and resin flow rates, and the resulting
plates were characterised by ultrasonic testing, CT, and compres-
sion loading. The results show that high vacuum is essential for
complete infiltration and minimal void content, with evacuation
below 1.5 mbar proving decisive. Elevated flow rates increased
flow-front velocity, causing fibre displacement, whereas reducing
flow to around 10 g/s improved infiltration uniformity. Dual-
sided fixation and gate-side clamping further stabilised fibre orien-
tation and reduced defects. Mechanical testing revealed that
Young's modulus is largely unaffected by process variations, while
compressive strength and failure mode are highly sensitive to fibre
misalignment and infiltration quality. Strength reductions of up to
26 % under suboptimal conditions were directly linked to process-
induced fibre misalignment and void formation, underscoring the
need for precise control of fibre positioning and infiltration dynam-
ics. Optimised parameters—vacuum below 1.5 mbar, resin flow of
10 g/s, and dual fixation—produced defect-minimised, mechani-
cally stable laminates. Future work will investigate contact phe-
nomena during tool closure and validate these parameters for
alternative composite architectures.
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