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ABSTRACT
Conventional vacuum- assisted resin transfer molding (C- VARTM) is recognized as a cost- effective resin infusion technique for 

manufacturing large- scale composite structures. However, C- VARTM suffers from inherent limitations, notably non- uniform 

resin flow, uncontrolled vacuum levels that generate unstable pressure gradients, and variability in fiber compaction. These 

factors collectively reduce process repeatability and dimensional precision, posing a major constraint to qualifying C- VARTM 

laminates for aerospace applications. Therefore, identifying, understanding, and justifying the dominant sources of process vari-

ability is essential to enable reliable production of aerospace- grade composite structures at quality levels comparable to autoclave 

processing. In this study, C- VARTM, employing flow distribution media, vacuum bagging, and passive impregnation without 

auxiliary compaction, was used as the baseline. Several vacuum infusion variants, including pressure- driven vacuum infusion 

(PD- VARTM), vibration- assisted vacuum infusion (VAVI), controlled atmospheric pressure resin infusion (CAPRI), and the 

membrane- assisted vacuum infusion process (MAVIP), were evaluated in terms of laminate density, fiber volume fraction (FVF), 

void content, and thickness uniformity, quantified at the resin inlet and vacuum outlet. Flexural testing was conducted on all 

laminates to evaluate their structural performance against panels produced by the aerospace- qualified, Bombardier- patented 

resin transfer infusion (RTI) process, whose first successful laboratory scale implementation based on soft- stiff compaction con-

cept is reported here, thereby addressing a key gap in the literature.

1   |   Introduction

The use of stiff and damage- tolerant composite components is of 
critical importance in the aerospace industry. In this sector, car-
bon fiber–reinforced epoxy prepregs cured in autoclaves remain 
the dominant manufacturing route, as the combined application of 
elevated temperature and external pressure ensures effective lam-
inate consolidation, low void content, and highly reproducible 

structural quality [1–9]. In addition, two critical aspects should be 
highlighted, particularly for primary load- bearing aerospace 
structures. First, prepreg systems typically enable straighter fiber 
alignment with minimal crimp compared to woven fabric rein-
forcements, leading to improved load transfer efficiency and 
higher strength properties. Second, the use of toughened resin sys-
tems in prepregs significantly enhances damage tolerance, espe-
cially under impact loading conditions. These factors contribute to 
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the superior mechanical performance and lightweight potential of 
prepreg- based composites and should be considered when bench-
marking alternative manufacturing routes [4]. However, despite 
these advantages, autoclave processing is inherently constrained 
by part size and tooling limitations, while also requiring substan-
tial capital investment, energy consumption, and operational costs 
[10–13]. These limitations have driven sustained research efforts 
toward alternative manufacturing strategies, most prominently 
out- of- autoclave (OoA) processing routes, which aim to achieve 
void contents below the critical 1%–2% threshold while offering re-
duced cost, simplified infrastructure, and improved scalability, 
thereby approaching autoclave- grade laminate quality [9–15]. 
These drawbacks have motivated sustained research efforts to-
ward alternative manufacturing strategies, most prominently out- 
of- autoclave (OoA) processing routes that seek to achieve void 
contents below the critical 1%–2% threshold while offering reduced 
cost, simplified infrastructure, and improved scalability, with the 
aim of approaching autoclave- grade laminate quality [9–15]. 
Among the various OoA processes investigated over the past de-
cades, vacuum- assisted resin transfer molding (VARTM) has sur-
faced one of the most promising candidates for manufacturing 
large- scale, high- performance composite structures for this pur-
pose, whose utilization has already been proved and adopted in 
sectors such as military, civil infrastructure, wind energy, and ma-
rine applications [1–3]. In VARTM, vacuum pressure draws liquid 
resin into a dry fibrous preform while simultaneously evacuating 
entrapped air, thereby limiting surface porosity and internal void 
formation. However, VARTM is intrinsically prone to non- uniform 
consolidation [4, 5]. A thickness gradient frequently develops 
during infusion due to pressure loss along the flow path from the 
resin inlet to the vacuum outlet. This effect is primarily attributed 
to progressive relaxation of the vacuum bag as the resin front ad-
vances, particularly over long flow distances. Consequently, spa-
tial variations in fiber volume fraction (FVF) arise, resulting in 
locally heterogeneous mechanical properties across the laminate 
[3–6]. Additionally, time- dependent changes in compaction pres-
sure during infusion alter the local permeability of the fibrous pre-
form, further amplifying thickness non- uniformity. Collectively, 
these characteristics lead to limited dimensional control, poor  
process repeatability, and inconsistent laminate consolidation 
[4, 5]. All these factors significantly hinder the qualification of  
VARTM for aerospace- grade applications, where strict tolerances 
and structural uniformity are mandatory. In contrast to autoclave- 
cured laminates, which benefit from uniform external pressure 
and precisely controlled thermal environments, VARTM- based 

composites are inherently more susceptible to void formation, 
resin- rich regions, and fiber misalignment. These defects compro-
mise not only static mechanical performance but also long- term 
structural reliability and damage tolerance [1, 11, 14]. To lessen 
these shortcomings, a range of process modifications and auxil-
iary consolidation strategies has been proposed in the literature, 
targeting enhanced compaction uniformity, increased FVF, and 
reduced void content [14, 16–18]. Of all, one most widely discussed 
approach is resin bleeding, a post- impregnation flow- control tech-
nique in which excess resin is intentionally allowed to move for-
ward after initial saturation, aiming at the promotion of prolonged 
evacuation period, benefiting from additional compaction under 
vacuum, potentially yielding denser and more uniform laminates. 
Nevertheless, resin bleeding often requires extra processing  
times that may exceed the initial mold- filling stage, introducing a 
critical trade- off between laminate quality and manufacturing ef-
ficiency, which is particularly problematic for large- scale or high- 
throughput production scenarios [14, 17]. The second other most 
considered approach as an alternative strategy involves connect-
ing the resin reservoir to the vacuum line once full impregnation is 
achieved, aimed at effectively equalizing pressure between the 
inlet and outlet [18]. This configuration arrests further resin flow 
and stabilizes laminate thickness, leading to a more uniform FVF 
distribution. Despite its effectiveness for the sake of laminate ge-
ometry at the end of infusion, this approach inherently eliminates 
the pressure gradient immediately after resin breakthrough. As a 
result, the driving force for additional resin redistribution or fur-
ther compaction vanishes, limiting the ability to correct for pre- 
existing thickness gradients. Further improvements in laminate 
quality have been attempted to be pursued through the application 
of external compaction pressure using active systems such as in-
flatable bladders, magnetically actuated clamps, or pressurized 
chambers [14–22]. These systems aim to supplement vacuum pres-
sure during or after infusion, thereby enhancing fiber packing 
density and interlaminar contact. While conceptually attractive, 
their practical implementation is often restricted by component 
geometry, mold complexity, and scalability challenges, as achiev-
ing uniform pressure distribution over large or complex structures 
remains non- trivial. On the other hand, beyond thickness non- 
uniformity, void formation remains one of the most critical and 
persistent defect mechanisms in vacuum- infused composite lami-
nates, particularly in mold systems lacking mechanical clamping 
[2, 3, 9, 10]. Even negligible increases in void content have been 
shown to cause disproportionate reductions in tensile, flexural, 
and interlaminar shear properties due to stress concentration ef-
fects and disruption of efficient fiber–matrix load transfer [6–9]. 
Voids may originate from incomplete air evacuation, resin mixing 
turbulence, vacuum leaks, or capillary resistance within densely 
packed fiber tows. In thick or geometrically complex laminates, 
stagnation of the resin front near the vacuum outlet further in-
creases the likelihood of air entrapment and incomplete wet- out. If 
not adequately controlled, these micro- scale defects accumulate 
into severe structural weaknesses, rendering conventionally in-
fused laminates unsuitable for safety- critical or high- performance 
applications. Given together, these limitations reveal a persistent 
gap between quality and performance in traditional vacuum- 
based composite manufacturing routes [14, 18, 19]. Addressing 
this gap has driven a shift toward next- generation infusion tech-
nologies that move beyond passive vacuum compaction. Emerging 
approaches increasingly rely on pressure modulation, active flow 
control, and integrated compaction strategies to achieve more 

Highlights

• C- VARTM has FVF Δ = 6.7% and flexural strength 
varied by 13% across the part.

• VAVI has FVF Δ = 10.3% and peak flexural strength 
803 MPa at the vacuum outlet.

• MAVIP has FVF Δ = 0.44% and flexural strength 671–
631 MPa as inlet and outlet

• PD- VARTM has FVF Δ = 1% and flexural strength 
714–747 MPa as inlet and outlet.

• RTI has FVF > 55% and Δ = 0.2% flexural strength, 
768 MPa and modulus > 54 GPa.
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uniform impregnation, enhanced volatile removal, and consistent 
fiber consolidation [20–23]. By justifying voids, resin- rich zones, 
and interfacial defects while avoiding the high costs associated 
with autoclave processing and shelf life limited prepregs, these ad-
vanced methods preserve the scalability and flexibility of VARTM- 
type processes aimed at approaching prepreg- based, autoclave- level 
mechanical performance [24–27].

Within this context, the present study provides a systematic 
and comprehensive evaluation of advanced resin infusion 
techniques, namely CAPRI, MAVIP, PD- VARTM, and VAVI, 
benchmarking them against conventional C- VARTM, which 
involves using flow distribution media, vacuum bagging, and 
passive impregnation without auxiliary compaction. The prin-
cipal objective herein is to assess their potential to approach 
the structural quality and consistency traditionally achieved 
through resin transfer infusion (RTI), a process patented by 
Bombardier and widely regarded as a reference standard for its 
prepreg- based, autoclave- processed attainable performance. 
To this end, six distinct infusion variants were experimen-
tally implemented under controlled laboratory conditions, and 
key quality metrics, including laminate thickness uniformity, 
FVF, and void content, were rigorously quantified as indica-
tors of consolidation efficiency and structural homogeneity. 
Complementary flexural testing was conducted to evaluate 
the influence of each processing variant on stiffness and load- 
bearing capability, properties of central relevance for structural 
composite applications. While previous studies have examined 
individual infusion techniques such as C- VARTM, CAPRI, or 
MAVIP in isolation or limited comparative frameworks, the 
present work represents, to the best of the authors' knowledge, 
the first direct, side- by- side comparison of emerging strategies 
such as PD- VARTM and VAVI within a unified experimental 
platform and against an RTI reference. This integrated method-
ology enables robust performance comparison across multiple 
infusion variants under identical material systems and testing 
protocols. Furthermore, the study makes a distinct methodolog-
ical contribution by reporting the first documented fabrication 
of flat composite panels using RTI, thereby addressing a notable 
gap in the existing literature.

2   |   Materials and Methods

2.1   |   Materials

An aerospace- grade epoxy resin system consisting of EPIKOTE 
MGS LR285 and EPIKURE MGS LH287 (Momentive, Germany) 
was used as the matrix phase in all laminates. It exhibits a vis-
cosity of approximately 700 mPa·s at the infusion temperature 
(20°C), with a pot life of about 80 min, providing a sufficiently 
wide processing window for complete impregnation. The com-
ponents were mixed at the manufacturer- specified weight ratio 
of 100:30 (resin: hardener, w/w) using a mechanical stirrer at 
300 rpm for 15 min to ensure homogeneity. The mixture was 
then degassed under vacuum for 15 min to remove entrapped 
air prior to infusion. Note that this resin system was selected 
due to its low viscosity and stable processing behavior, enabling 
consistent impregnation and minimizing variability across 
the different infusion routes, thus allowing a clearer assess-
ment of process- induced effects such as FVF, void content, 

and thickness uniformity. In other words, despite not being 
representative of high- Tg aerospace- grade resins, it provides 
a controlled baseline for comparative process evaluation. The 
reinforcement was a 2 × 2 twill woven T300 carbon fiber fabric 
(200 g/m2) supplied by TELATEKS Corp. (Türkiye). This fab-
ric was selected for its balance of drapability and in- plane me-
chanical performance, making it well- suited to resin infusion. 
Composite panels were manufactured using four fabric plies 
stacked in a symmetric lay- up, yielding flat laminates and min-
imizing residual stresses.

2.2   |   Production of Composite Laminates 
Supplemented by an Experimental Overview

2.2.1   |   Conventional Vacuum- Assisted Resin Transfer 
Molding (C- VARTM)

C- VARTM is among the most widely adopted liquid composite 
molding routes, largely due to its low tooling cost, operational 
simplicity, and suitability for manufacturing large and/or geo-
metrically complex structures. In a typical implementation, dry 
fiber preforms are placed on a single- sided tool and subsequently 
covered with a peel ply, a flow distribution medium, commonly 
applied over the full lay- up area, and a vacuum bag. After seal-
ing, vacuum is applied to evacuate the cavity and to drive resin 
infiltration from a feed reservoir [2, 5, 12]. Figure 1 presents a 
schematic of the C- VARTM set- up together with an in- process 
photograph acquired during laminate manufacture in the pres-
ent study. Resin transport is governed solely by vacuum pres-
sure, while the distribution medium promotes rapid in- plane 
flow and facilitates uniform wet- out across the lay- up. Despite 
its practicality and established industrial relevance, C- VARTM 
is highly sensitive to flow non- uniformities, inlet/outlet posi-
tioning, and vacuum integrity. Following the transition of resin 
from the reservoir (initially at atmospheric pressure) into the po-
rous preform, the advancing resin exerts hydrostatic pressure on 
the vacuum bag, thereby locally reducing the effective compac-
tion pressure. Consequently, the pressure differential within the 
already impregnated region is partially neutralized, promoting 
relaxation of the previously consolidated fibrous bed through 
elastic, plastic, and hysteretic contributions. As the flow front 
progresses, resin pressure decreases along the flow path and the 
pressure differential gradually recovers toward the vent end, ap-
proaching the initial vacuum- driven gradient. In this work, after 
completion of infusion, a controlled bleeding step was applied for 
15 min. The term, controlled bleeding step refers to a regulated 
resin outflow at the outlet to prevent excessive resin accumula-
tion and to maintain a stable flow front during infusion. It does 
not imply intentional additional resin inflow to address dual- 
scale impregnation. Instead, the approach balances inlet supply 
and outlet evacuation, thereby promoting uniform in- plane flow 
while allowing sufficient time for through- thickness impregna-
tion at the tow scale. This is particularly relevant for carbon fiber 
preforms, where dual- scale flow effects may lead to preferential 
macro- flow and delayed micro- impregnation within fiber tows. 
In the present study, this strategy was applied specifically in 
the C- VARTM process, where flow instabilities are more pro-
nounced, to promote uniform impregnation while minimizing 
resin- rich regions and flow- induced defects. The laminates were 
then cured under vacuum at −0.9 kPa by heating from ambient 
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to 60°C at 2°C min−1, followed by a post- cure at 60°C for 15 h. 
All curing stages were conducted in a programmable convection 
oven and monitored using embedded thermocouples to verify 
spatially uniform temperature distribution.

2.2.2   |   The Membrane- Assisted Vacuum Infusion 
Process (MAVIP)

MAVIP is an advanced VARTM variant developed by Airbus 
to address key shortcomings of conventional infusion, known 
as VAP, in the literature in some sources as well. Its defining 
feature is a semi- permeable membrane placed between the dry 
preform and the vacuum bag [25–27] This membrane permits 
evacuation of air and volatiles while blocking resin transport, 
thereby limiting resin bleed, improving degassing, and promot-
ing more uniform consolidation. Vacuum is applied via a port 

located between the membrane and the vacuum bag, enabling 
homogeneous suction over the entire lay- up using a single outlet 
and eliminating the need for complex vacuum channel layouts. 
Figure  2 presents the MAVIP configuration together with an 
in- process photograph recorded during infusion. In the present 
study, a TPU- based VAP membrane supplied by Trans GmbH 
(Germany) was employed. MAVIP has been implemented in 
aerospace structures, including Airbus A400M cargo doors, 
A380 fuselage elements, and Eurofighter wing flap tracks, 
highlighting its industrial maturity and structural robustness 
[25]. Literature reports further indicate that E- glass/epoxy lam-
inates manufactured by MAVIP can achieve void contents com-
parable to autoclave- cured counterparts, together with a 77% 
reduction in thickness gradient [27]. In addition, low- frequency 
mechanical vibration has been proposed as a process aid, with 
reported effects on filling time, flow velocity, and void forma-
tion. Operationally, MAVIP requires careful control because 

FIGURE 1    |    Conventional schematic VARTM set- up and a photo taken during the production of the laminate.
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the vacuum field beneath the membrane remains stable and 
may sustain resin flow even after full saturation unless the 
inlet is closed. If infusion continues unchecked, resin- rich re-
gions can develop, leading to increased laminate thickness and 
reduced FVF. To avoid this, temperature and resin- arrival sen-
sors were used in combination in the present work. After flow 
termination, the same curing procedure as in C- VARTM was 
applied.

2.2.3   |   Controlled Atmospheric Pressure Resin Infusion 
(CAPRI)

CAPRI is an advanced VARTM- derived process developed by 
Boeing to enhance fiber- bed consolidation and reduce laminate 
thickness variability. In contrast to conventional C- VARTM, 
CAPRI incorporates a pre- infusion debulking stage based on 
repeated compaction–relaxation cycles. Full vacuum is first ap-
plied to compact the dry preform and is then partially released 
to allow controlled elastic recovery of the bag. This sequence 
improves nesting and fiber alignment and reduces preform 

spring- back, thereby helping to minimize thickness differences 
between regions experiencing different local compaction states. 
A second distinguishing feature of CAPRI is the use of two 
vacuum levels. Full vacuum is applied at the vacuum outlet, 
while a partial vacuum is imposed at the resin inlet. This ar-
rangement establishes a controlled pressure field in which the 
vacuum bag remains partially supported by atmospheric pres-
sure during infusion, while resin is delivered under reduced 
pressure [20, 21]. As a result, debulking decreases interstitial 
void volume and facilitates subsequent impregnation, whereas 
controlled resin pressure impedes race- tracking, flow instabil-
ities, and resin- rich regions, promoting a smoother flow front 
and more predictable saturation. Figure 3 illustrates the CAPRI 
set- up together with an in- process photograph acquired during 
manufacture in a programmable composite oven. Overall, com-
pared with C- VARTM, CAPRI pressure management increases 
consolidation within the resin- impregnated region, which typ-
ically translates into higher FVF and a reduced thickness gra-
dient. In the present study, debulking was performed using 80 
compaction–relaxation cycles, with pressure ramped to 70 kPa 
within 30 s and subsequently reduced to approximately 10 kPa 

FIGURE 2    |    MAVIP process schematic set up and a photo taken during the production of the laminate.
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over 10 s to enhance ply relaxation and inter- ply conformity 
with a total infusion time of 28 min. The number of cycles was 
determined based on preliminary trials to achieve a stable and 
well- consolidated preform state, allowing sufficient preform 
stress relaxation between compaction stages while avoiding ex-
cessive fiber nesting. It is recognized that repeated debulking 
may reduce preform thickness and permeability due to nesting 
effects. However, within the selected cycle range, a balanced 
condition was achieved in which improved consolidation did 
not lead to a detrimental increase in infusion time. Moreover, 
to reduce through- thickness compaction gradients during infu-
sion, a half- vacuum strategy was employed such that a partial 
vacuum of 35 kPa was applied to the infusion bucket while the 
outlet vacuum was maintained at 70 kPa, with the preform re-
maining partially compacted throughout resin delivery. Note 
that resin infusion was initiated immediately after the final 
debulking cycle to minimize preform relaxation and preserve 
the achieved compaction state. The laminates were then cured 
following the same procedure applied to the C- VARTM-  and 
MAVIP- produced laminates.

2.2.4   |   The Vibration- Assisted Vacuum Infusion 
(VAVI) Method

VAVI is an emerging liquid composite molding approach aimed 
at mitigating void formation in vacuum infusion. It applies 
low- frequency vibration, typically in the 30–100 Hz range, 
most effectively after infusion once the cavity is filled but 
prior to gelation. In the present study, VAVI was implemented 
as a vibration- assisted variant of C- VARTM. All processing pa-
rameters, including vacuum level, lay- up configuration, and 
infusion strategy, were kept identical to those of C- VARTM, 
with vibration being the only additional parameter introduced 
during the infusion stage. Literature reports indicate that 50 Hz 
vibration can reduce void content by more than 50% and de-
crease void count by 59%, accompanied by a slight increase in 
mean void size and a modest density increase attributed to im-
proved fiber packing [26]. Mechanistically, vibration increases 
resin mobility, promotes degassing, and enhances fiber–resin 
contact in regions susceptible to air entrapment. The imposed 
oscillation introduces local pressure and shear fluctuations, 

FIGURE 3    |    CAPRI schematic setup, along with a photo taken underneath during the production of the sample part in a conventional composite 

oven. Red arrows show the pipeline for resin from outside to inside through the oven wall.
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7Polymer Composites, 2026

which can reduce effective viscosity via mechanical thinning 
and mobilize microbubbles toward vacuum escape pathways. 
VAVI performance depends strongly on vibration frequency, 
amplitude, and timing relative to gelation. Early application 
may disturb the flow front and promote air injection or prefer-
ential flow channels, whereas late application can be ineffec-
tive due to elevated resin viscosity. Excessive excitation can 
also induce fiber washout, resin pooling, or local inter- ply sep-
aration. In the present study, a vibration motor was mounted 
near the steel tool, with its rotational axis aligned parallel to 
the flow- front direction. Figure 4 illustrates the experimental 
set- up together with an in- process photograph. The assem-
bly was supported on four coil springs to minimize damping 
and ensure a stable oscillatory response, while the vibration 

frequency was controlled via the power supply. A frequency of 
60 Hz was applied starting 25 min after flow onset and main-
tained until the end of the infusion stage. This parameter was 
selected based on prior experimental results reported in our 
previous study [25], which indicated improved resin infiltra-
tion and void reduction under this condition. The laminate 
was subsequently cured following the same procedure as the 
other variants.

2.2.5   |   The Pressure- Driven VARTM (PD- VARTM)

PD- VARTM is a refined VARTM variant developed to address 
two recurring shortcomings of C- VARTM, namely non- uniform 

FIGURE 4    |    VAVI schematic process set up and a photo taken during the production of the sample laminate.
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8 Polymer Composites, 2026

laminate thickness and limited process repeatability. In C- 
VARTM, resin transport relies solely on vacuum pressure, which 
can lead to fluctuating flow rates and unstable pressure gradi-
ents, particularly near the inlet, thereby promoting resin- rich 
regions, increasing local thickness, and increasing susceptibility 
to void entrapment [27]. PD- VARTM mitigates these effects by 
integrating a peristaltic pump to regulate resin delivery, reduc-
ing operator dependence, and improving process stability and 
reproducibility. Peristaltic pumps generate flow by sequentially 
compressing flexible tubing, enabling controlled, yet inherently 
pulsatile resin delivery. In this approach, the pump meters a 
prescribed volume of liquid resin into the mold within a defined 
dwell time window, assisting in promoting both in- plane impreg-
nation and through- thickness wet- out of the fabric preform. The 
delivered resin quantity is primarily governed by pump speed, 
which is selected based on the specific fabric–resin system and 
the targeted panel thickness [28]. This configuration provides 

a stable, programmable flow rate and can accommodate even 
higher viscosity resins that are challenging to infuse using vac-
uum pressure alone. Figure 5 illustrates the PD- VARTM set- up 
together with an in- process photograph acquired during man-
ufacture. In the present study, a variable- speed Masterflex L/S 
Easy- Load II peristaltic pump was installed in the feed line to 
implement a peristaltic- driven infusion configuration and to en-
able real- time control of inlet flow rate and pressure. The pump 
provides flow rates from 0.06 to 2300 mL min−1 over 1–600 rpm 
and was operated in cyclic mode using a programmable timer. A 
series of systematic preliminary trials were conducted by varying 
pump speed and on/off cycle durations to identify a stable oper-
ating window. These trials were qualitatively evaluated in terms 
of flow- front stability, absence of excessive resin accumulation 
near the inlet, and completion of mold filling without disturbing 
the preform architecture. After preliminary trials with different 
operating conditions, a setting of 500 rpm with on/off cycles of 

FIGURE 5    |    PD- VARTM schematic illustration and a below photo taken during the process.
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9Polymer Composites, 2026

15 s and 60 s, respectively, was selected as a suitable operating 
condition. This approach enabled controlled inlet delivery and 
stabilized mold pressure while maintaining the resin in a low- 
viscosity state during filling. The intermittent application of 
pressure was not maintained throughout the entire process but 
was reduced toward the final stages of filling, allowing partial 
vacuum bag relaxation under the prevailing vacuum conditions. 
Considering the restraining effect of the vacuum bagging system, 
this behavior prevented significant bag inflation. Accordingly, 
no decisive thickness variation was observed within the resolu-
tion of the measurements. The laminates were cured using the 
same procedure as for the other variants.

2.2.6   |   Resin Transfer Infusion (RTI)

RTI is a patented, aerospace- qualified composite manufactur-
ing route developed by Bombardier Aerospace for primary air-
craft structures, including the C Series (now the Airbus A220) 
wing box. It provides a practical alternative to conventional 
resin transfer molding (RTM). While RTM is well known for 
producing medium- sized parts with high dimensional fidelity, 
its application to large aerospace structures is often constrained 
by the requirement for heavy matched tooling and high clamp-
ing capacity [29, 30]. RTI addresses this limitation by per-
forming resin infusion under full vacuum in an unpressurised 
autoclave, followed by pressure- assisted consolidation within 
the same vessel. In the present study, the RTI route should be 
regarded as a laboratory- scale implementation inspired by the 
stiff–soft compaction concept reported in the literature, rather 
than as an exact duplication of Bombardier's proprietary in-
dustrial process. In RTI, the vacuum blanket refers to the 
multilayer, compliant bag- side assembly, including breather, 
distribution media, and locally stiff inserts, which governs vac-
uum distribution, resin- flow guidance, and pressure- assisted 
consolidation during autoclave processing [14, 16, 17, 28–32]. 
Figure 6 shows the RTI schematic together with a photo below 
showing the experimental configuration completed prior to the 
process with the cure cycle applied included. Unlike prepreg/
autoclave processing, where refrigerated storage and strict out- 
life constraints can limit practical laminate thickness, RTI ac-
commodates substantially thicker dry fiber stacks in a single 
cycle, reducing lay- up time, material waste, and handling com-
plexity. Reported FVFs exceed 55% for laminates up to 1.25 in. 
thick, together with weight savings of 10% relative to metal-
lic counterparts [29–31]. Thin aluminium was used to locally 
modify stiffness distribution and control resin flow behavior 
within the laminate.

In this study, the stiff–soft concept intrinsic to RTI was im-
plemented using thin aluminium inserts (approximately 
0.8–1.0 mm in thickness and 30 × 30 mm in planar dimensions) 
as locally stiff regions and conventional breather/bleeder ma-
terials with distribution media as compliant soft zones within 
the vacuum bag. This architecture was deliberately designed 
not only to enhance consolidation during the pressure stage 
but also to actively control local permeability and cavity com-
pliance during the vacuum- assisted infusion phase. During 
vacuum- only infusion, the lay- up comprising fiber preforms, 
peel ply, and distribution media was enclosed within a tailored 
bagging assembly incorporating aluminium edge strips, central 

stiff patches, and corner inserts. The stiff elements were em-
bedded within compliant, breather- based regions which, under 
vacuum, underwent slight deformation to form preferential 
high- permeability corridors. This facilitated stable flow- front 
progression, guided in- plane resin transport, and suppressed 
premature channel closure. Simultaneously, the corner inserts 
preserved local cavity height, ensuring a stable flow geometry 
until complete impregnation. As a result, the imposed perme-
ability contrast and spatial variation in compliance enabled 
uniform in- plane flow while promoting through- thickness im-
pregnation at the tow scale prior to gelation. Following complete 
impregnation under full vacuum, autoclave pressure was ap-
plied in a controlled manner once macroscopic flow had ceased 
and the resin had entered a pre- gel state, typically within the 
viscoelastic transition window near the G′–G″ crossover. At 
this stage, the resin retains sufficient mobility to respond to 
pressure, while bulk flow is effectively suppressed, thereby pre-
venting fiber washout and preform distortion. Accordingly, the 
pressure stage does not contribute to primary filling, but instead 
governs consolidation and resin redistribution. The delayed 
pressure application ensures that consolidation occurs within 
the viscoelastic transition window, thus avoiding pressure- 
driven flow while enabling effective resin redistribution. Under 
autoclave loading, the stiffness contrast between stiff and com-
pliant regions generates localized pressure gradients that drive 
controlled resin redistribution. The compliant zones compress 
more significantly, reducing resin- rich regions and directing 
excess resin toward adjacent low- pressure regions and compli-
ant bleed pathways within the vacuum blanket architecture. 
At this stage, the resin exhibits a pressure- responsive visco-
elastic behavior, enabling viscosity- governed squeeze flow and 
controlled redistribution. Meanwhile, the aluminium inserts 
undergo negligible deformation, reinforcing local pressure 
gradients and promoting fiber bed compaction. This coupled 
mechanism results in increased local FVF, improved thick-
ness uniformity, and reduced structural heterogeneity across 
the laminate. RTI laminates were subsequently cured in an 
autoclave by heating from 20°C to 60°C at a rate of 2°C min−1, 
consistent with the other process variants. During heating, the 
autoclave pressure was increased stepwise from 100 to 600 kPa 
at a rate of 50 kPa min−1, with intermediate dwell periods of 
5 min at 200 kPa and 10 min at 400 kPa to ensure pressure equil-
ibration and controlled consolidation. A constant vacuum level 
of −90 kPa was maintained throughout both the infusion stage 
and the autoclave pressure cycle to preserve laminate compac-
tion and facilitate the removal of entrapped air and volatiles. 
An isothermal dwell was then applied at 60°C and 600 kPa 
for 50 min under continuous vacuum, followed by controlled 
depressurization at 15 kPa min−1 and simultaneous cooling to 
ambient temperature. Finally, all laminates were post- cured at 
60°C for 13 h in a convection oven to ensure consistent post- 
curing conditions and to equalize the thermal history across all 
process variants.

2.3   |   Measurements of Composite Density, Fiber 
Volume Fraction, and Void Content

The density of each composite specimen was determined in 
accordance with ASTM D792- 13 using the water- buoyancy 
method based on Archimedes' principle. Density measurements 
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were performed prior to mechanical testing to ensure consis-
tency. Subsequently, three- point bending tests, ASTM D- 790, 
were conducted to determine the flexural strength and flex-
ural modulus of the composites. Fiber content was quantified 
using a thermogravimetric analysis (TGA)- based methodology. 
Composite specimens previously tested in flexure were sec-
tioned into small cylindrical samples suitable for TGA pans. To 
systematically assess potential variations in resin distribution 
across the part, independent of the testing method, a minimum 

of five specimens were extracted from selected locations near 
the resin inlet and the vacuum outlet. This sampling protocol 
was designed to ensure statistical robustness and to capture 
spatial variability within the laminate. Consequently, it enables 
a representative evaluation of fiber to resin distribution and its 
direct influence on the resulting mechanical and thermal per-
formance. Moreover, it should be noted that only a single panel 
was manufactured for each process in the present study, and 
that a comprehensive statistical assessment among multiple 

FIGURE 6    |    Schematic representation of the RTI processing cycle, showing temperature, pressure, and vacuum profiles. Autoclave pressure is 

applied in a delayed, stepwise manner following complete impregnation.
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panels was beyond the scope of this work, putting aside part- to- 
part variability that may have influenced the observed results to 
some extent, but not decisively. Nevertheless, the adopted sam-
pling approach, involving specimens taken from distinct regions 
of each panel, provides a reasonable basis for capturing in- panel 
variability. All samples were cut by waterjet machining to main-
tain dimensional accuracy and minimize thermal or mechani-
cal damage. For TGA- based FVF measurements, approximately 
20 mg single- piece cylindrical specimens were sectioned due 
to the limited laminate thickness and to promote efficient heat 
transfer. Each specimen was carefully selected to ensure that 
it contained multiple tow interlacements of the twill architec-
ture for ensuring mesostructural representativeness, which is a 
crucial aspect in such measurements. Thermal decomposition 
was analyzed using a TA Instruments Q- 500 TGA. Neat epoxy, 
carbon fiber, and composite specimens were heated at 20°C 
min−1 under nitrogen at a constant flow rate of 100 mL min−1. To 
eliminate residual oxygen that could promote carbon- fiber oxi-
dation and lead to underestimation of fiber content, the furnace 
chamber was purged with nitrogen for 10 min at ambient tem-
perature prior to testing. A reference temperature was selected 
at which matrix decomposition had stabilized and the residual 
mass remained essentially constant. By linking the mass- loss 
behavior of the composite with neat carbon- fiber specimens, 
the resin (matrix) weight fraction and the fiber weight fraction 
were determined using Equation (1). In this context, Wresin(%) de-
notes the proportion of resin in the composite, while Mass loss-

composite(%) and Mass losscarbonfiber(%) correspond to the measured 
mass losses of the composite and carbon fiber, respectively, up 
to the temperature at which the mass- loss rate becomes negli-
gible and the residual mass stabilizes. The FVF for each speci-
men was subsequently calculated from the TGA- derived weight 
fractions using the known densities of the constituents, namely 
1.17 g/cm3 for the epoxy matrix and 1.77 g/cm3 for the carbon 
fibers. Finally, the void content was evaluated for all specimens 
subjected to TGA- based resin burn- out testing. In this equation, 
ρ composite represents the experimentally measured composite 
density obtained from Archimedes' method, whereas Wmatrix 
and Wfiber denote the matrix and fiber weight fractions, respec-
tively [25, 26].

Figure 7 shows representative mass- loss rate curves as a func-
tion of temperature for the epoxy resin, carbon fiber, and the 
composite specimen, presented separately. More detailed infor-
mation on the thermal degradation behavior of the individual 
constituents and composite samples can be found elsewhere 
[26]. Moreover, to complement density-  and TGA- based void- 
content estimates and to visualize porosity morphology, rep-
resentative coupons of approximately 10 × 10 mm2 were cut 

from the central regions of selected laminates and examined 
using a micro- focus X- ray computed tomography (micro- CT) 
system (SkyScan 1172 Desktop, Bruker micro- CT, Kontich, 
Belgium). Scanning parameters were adapted from the liter-
ature to maximize contrast between carbon fibers [6–8]., the 
epoxy matrix, and voids, using no filter, a tube voltage of 62 kV, 
a current of 161 μA, a pixel size of 1.75–3 μm, and an image 
size of 4000 × 2096 pixels. Each specimen was scanned over 
a full 360° rotation, with a typical scan duration of approxi-
mately 2 h. Projection images were reconstructed in NRecon 

(1)

Wresin(%) =
Mass losscomposite(%) −Mass losscarbonfiber(%)

Mass lossepoxymatrix(%) −Mass losscarbonfiber(%)
× 100

(2)Vf (%) =

(

Wfiber ∕�fiber

Wfiber ∕�fiber +Wmatrix ∕�matrix

)

× 100

(3)Vv(%) =

[

1 − �composite

(

Wmatrix

�matrix

+
Wfiber

�fiber

)]

× 100

FIGURE 7    |    Typical thermal degradation behavior of the compos-

ite specimen and its constituents, experimentally determined by TGA 

measurements.
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with specimen- specific corrections, including misalignment 
compensation, ring- artifact reduction, and beam- hardening 
correction. Porosity was then segmented and quantified as 
the three- dimensional void volume fraction using CTAn 
(SkyScan). It should be noted that micro- CT was used pri-
marily to corroborate inlet–outlet trends and to differentiate 
macro- voids from inter- tow porosity, rather than as the sole 
basis for reporting void content. The images are discussed in 
Section 3.

2.4   |   Flexural Mechanical Properties

A three- point bending test was performed using an Instron 
Universal Testing Machine (Model 8810) equipped with a cal-
ibrated 10 kN load cell to evaluate the influence of processing 
methods on the flexural strength and modulus of the composite 
laminates. Tests were conducted on waterjet- cut specimens in 
accordance with ASTM D790- 10, using a span- to- depth ratio of 
(32:1) and specimen dimensions of 25 mm in width and 80 mm 
in length. Care was taken during specimen preparation and po-
sitioning to ensure that the support and loading points did not 
coincide with critical local features of the woven architecture, 
such as tow crossover regions, to avoid biasing the measured 
response. Furthermore, the sectioned coupons were selected to 
contain multiple repeat units of the woven structure, thereby 
ensuring that the measured behavior reflects laminate- scale re-
sponse rather than local variations associated with tow crimp 
and fiber waviness. Nevertheless, it is acknowledged that tex-
tile composites inherently exhibit mesostructural heterogeneity, 
which may contribute to some degree of scatter in the measured 
mechanical properties. Force vs. deflection at the center of the 
beam was recorded. The flexural strength, S, and the modulus 
values Eb were calculated using the equations as follows: [26].

where P is the applied load at the deflection point, L is the span 
length, d and b are the thickness and width of the specimen, re-
spectively, and D is the deflection. The flexural modulus values, 
Eb, were calculated from Equation (4),

where m is the slope of the tangent to the initial straight- line por-
tion of the load- deflection curve. Please be advised that, regard-
less of the process variants, the failure behavior of the laminates 
was systematically examined, and representative failure modes 
are presented in Figure 10a at the top. In all cases, failure pre-
dominantly initiated on the tensile side of the specimens, char-
acterized by fiber fracture and matrix cracking at the bottom 
surface in the region of maximum bending moment, consistent 
with the classical bending response of fiber- reinforced compos-
ites. No evidence of compressive buckling or shear- dominated 
failure was observed for any sample within the selected test con-
figuration. Note that flexural strength from three- point bending 
is inherently sensitive to thickness and surface conditions. The 
observed thickness differences are process- induced and there-
fore the results reflect the combined effect of material quality 
and consolidation rather than intrinsic properties alone.

3   |   Results and Discussion

This study provides a critical comparison of six vacuum- assisted 
resin infusion variants, including C- VARTM, MAVIP, CAPRI, 
VAVI, PD- VARTM, and RTI with particular emphasis on thick-
ness, density, FVF, void distribution, and mechanical perfor-
mance along the laminate. To establish a consistent basis for 
comparison, consolidation behavior and flexural properties 
were evaluated at two matched locations for each laminate, 
specifically near the resin inlet and near the vacuum outlet. 
The results were first analyzed on a process- by- process basis 
to quantify inlet–outlet non- uniformity and subsequently to 
correlate thickness, density, FVF, and void content with the ex-
perimentally determined flexural strength and modulus. The 
discussion then extends to a cross- process comparison, using 
RTI as a high- quality benchmark to elucidate how specific 
process- control features govern consolidation quality and final 
structural performance.

Among the investigated techniques, C- VARTM exhibited the 
most pronounced process- induced inconsistencies. As shown 
in Figure 8a, a clear thickness gradient was observed, with the 
laminate having a thickness of 1.42 mm near the resin inlet and 
of 1.34 mm near the vacuum outlet. This inlet–outlet asymmetry 
directly reflects the non- uniform compaction pressure field in-
herent to passive vacuum infusion. As the resin front advances, 
local bag compaction and preform permeability evolve spatially, 
resulting in regions that consolidate differently across the panel. 
Figure 8b indicates slightly higher density on the vacuum side 
compared with the resin side. This behavior reflects the com-
peting effects of increased consolidation toward the outlet and 
locally elevated void content, leading to density variations that 
remain smaller than the corresponding thickness differences. 
The combined thickness–density imbalance manifests more 
clearly in the FVF. Figure 9a reveals a substantial resin inlet–
vacuum outlet FVF disparity of Δ = 6.70%, confirming that the 
thinner region near the vacuum outlet corresponds to a more 
highly compacted, fiber- rich laminate. Despite this higher con-
solidation level, C- VARTM also exhibits markedly uneven void 
content. As shown in Figure  9b, void content increases from 
2.35% near the resin inlet to 4.55% near the vacuum outlet. 
These localized deficiencies promote entrapped voids and resin- 
rich zones that act as stress concentrators and compromise me-
chanical reliability. Consequently, although the vacuum- side 
region achieves a relatively high flexural strength of 700 MPa, 
the resin- side strength is limited to 620 MPa (Figure  10a,b). 
The agreement between these observations and prior studies 
underscores the need for improved flow- control and pressure- 
equalization strategies if C- VARTM is to approach aerospace- 
grade laminate quality.

MAVIP exhibited markedly improved laminate uniformity 
and structural integrity. Figure 9a shows an exceptionally low 
inlet–outlet FVF disparity of Δ = 0.44%, while Figure  8a indi-
cates nearly identical thickness values of 1.39 mm and 1.37 mm 
at the resin and vacuum sides, respectively. These results point 
to uniform fiber wetting and minimal formation of resin- rich 
or dry regions. Correspondingly consistent density behavior is 
observed in Figures  8b and 9b confirms effective suppression 
of void formation across the laminate. Collectively, these trends 
demonstrate that MAVIP alleviates the resin inlet–vacuum 
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outlet consolidation imbalance characteristic of passive infusion. 
The semi- permeable membrane plays a central role in stabiliz-
ing the pressure field throughout the infusion cycle and enables 
continuous evacuation of air and volatiles even after resin break-
through, thereby limiting late- stage void formation and race- 
tracking. The mechanical response mirrors this morphological 
uniformity, with flexural strengths of 671 and 631 MPa at the 
resin and vacuum sides, respectively (Figure 10a), and consis-
tent stiffness trends in Figure 10b. Overall, MAVIP with a void 
content slightly higher than 2% emerges as a technically bal-
anced and scalable infusion strategy that substantially narrows 
the gap between conventional vacuum infusion and autoclave- 
based processing.

CAPRI produced the most uniform laminates among the out- of- 
autoclave routes, with the lowest recorded thickness of approxi-
mately 1.09 mm (Figure 8a) and a correspondingly stable density 
response (Figure 8b), indicating a highly consolidated laminate 
with minimal inlet–outlet variability. The slightly lower density 
at the resin- port side of CAPRI may be attributed to localized 
differences in resin distribution and compaction during the ini-
tial impregnation stage. Transient pressure equilibration and 

local fiber bed relaxation near the inlet may lead to a marginally 
lower FVF, resulting in a reduced local density, despite the over-
all high consolidation quality of CAPRI. This geometric stabil-
ity coincides with a high and consistent FVF of approximately 
51% (Figure  9a) and suppressed void content in the range of 
0.95%–1.45% (Figure 9b), in strong agreement with the findings 
of Niggemann et al. and Bréard et al. Although the reduced resin 
pressure inherently extends filling time, this drawback is off-
set by significantly improved impregnation and degassing per-
formance. Mechanically, CAPRI laminates exhibited balanced 
flexural strengths of 698 MPa and 682 MPa at the resin and vac-
uum sides (Figure 10a), together with flexural moduli exceeding 
41 GPa (Figure  10b), confirming its suitability for lightweight, 
high- strength structures requiring dimensional stability and in-
ternal homogeneity.

VAVI exhibited the greatest inconsistency in laminate quality. 
While the method achieved the highest local flexural strength 
in the study, which is 803 MPa on the vacuum side (Figure 10a), 
this local enhancement was accompanied by severe global non- 
uniformity. VAVI showed the largest inlet–outlet FVF asym-
metry (Δ = 10.32%, Figure  9a) and a pronounced thickness 

FIGURE 8    |    (a) Part thickness of composite laminates manufactured by different processes, measured at regions near the resin port and vacuum 

port (b) Density of composite laminates manufactured by different processes, measured at regions near the resin port and vacuum port.
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variation from 1.51 mm at the resin side to 1.27 mm at the vac-
uum side (Figure  8a). These findings are consistent with pre-
vious reports indicating that poorly tuned vibration parameters 
can destabilize the resin front and exacerbate process variability 
[26]. In the present study, these effects manifested as reduced 
resin- side flexural strength (562 MPa, Figure 10a) and a lower 
modulus of 38.9 GPa (Figure  10b). The accompanying density 
and void- content trends further support the conclusion that 
vibration- induced pressure fluctuations can amplify inlet–outlet 
variability rather than suppress it. Without real- time feedback 
and closed- loop control, vibration acts as a double- edged tool, 
enhancing local consolidation while undermining global lam-
inate integrity.

PD- VARTM demonstrated a refined balance between perfor-
mance and process simplicity. Thickness variation was min-
imal, with values tightly clustered between 1.11 and 1.13 mm 
(Figure  8a), and void contents confined to the 1.28%–1.48% 
range (Figure  9b). Density and FVF distributions were simi-
larly uniform. Flexural strengths ranged from 714 to 747 MPa 
(Figure  10a), approaching CAPRI- level performance, while 
modulus trends confirmed a highly uniform consolidation state 

(Figure 10b). The key advantage of PD- VARTM lies in achieving 
near- CAPRI quality without the need for membranes or auto-
clave infrastructure, making it a scalable, low- barrier upgrade 
for conventional VARTM operations.

On the other hand, it should be distinctly emphasized that the 
flexural modulus exhibits a clear dependence on FVF across 
all processing routes. Laminates with lower FVFs, such as C- 
VARTM (around 42%) and MAVIP (around 45%), show compar-
atively lower modulus values varying from 36 to 40 GPa., while 
processes yielding higher FVFs, including CAPRI (around 
51%), PD- VARTM (around 52%), and RTI (approximately 55%), 
demonstrate a consistent increase in stiffness, with modulus val-
ues reaching approximately 42 GPa, 48 GPa, and up to 55 GPa, 
respectively. This trend is consistent with classical composite 
laminate theory, where the elastic modulus is primarily gov-
erned by FVF. According to the rule of mixtures, the modulus 
increases with increasing fiber content. A similar relationship 
is also observed at the local scale, as evidenced by the inlet–out-
let variations. For instance, in the VAVI process, the resin- port 
region with a lower FVF (around 40.5%) corresponds to a lower 
modulus of approximately 35 GPa, whereas the vacuum- port 

FIGURE 9    |    (a) Fiber volume fraction of composite laminates manufactured by different processes, measured at regions near the resin port and 

vacuum port. (b) Void content of composite laminates manufactured by different processes, measured at regions near the resin port and vacuum port.
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region, with a higher FVF (around 51%), exhibits a significantly 
higher modulus of approximately 57 GPa. This further confirms 
that FVF is the dominant parameter controlling flexural stiff-
ness, both globally across different processing routes and locally 
within the laminate.

Overall, among all routes, RTI consistently delivered the highest 
laminate quality. The integration of vacuum- assisted impreg-
nation with pressure- assisted consolidation resulted in near- 
perfect thickness uniformity (around 1.12 mm, Figure 8a), stable 
density response (Figure  8b), FVF exceeding 55% (Figure  9a), 

and ultra- low void contents of 0.28%–0.48% (Figure 9b). These 
consolidation advantages translated directly into superior me-
chanical performance, with flexural strengths up to 768 MPa 
and moduli above 54 GPa (Figure 10a,b). Although RTI requires 
specialized infrastructure and careful control of stiff–soft re-
gion design, its performance aligns closely with fully autoclaved 
aerospace composites while offering greater flexibility in lami-
nate thickness and processing window.

Figure  11 presents Micro- CT cross- sections that corrobo-
rate the bulk trends by revealing clear differences in porosity 

FIGURE 10    |    (a) Flexural strength of composite laminates manufactured by different processes, measured at regions near the resin port and vacu-

um port. (b) Flexural modulus of composite laminates manufactured by different processes, measured at regions near the resin port and vacuum port.
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morphology across the six infusion routes. Voids appear as low- 
attenuation dark regions. Discontinuities intersecting free sur-
faces were classified by CTAn as open pores; however, these 
features primarily stem from edge chipping and micro- cracking 
introduced during specimen sectioning. Accordingly, the CT 
images provide a microstructural rationale for the trends ob-
served in the TGA- based void analysis and the corresponding 
density response. A semi- quantitative 2D analysis based on 
grayscale threshold segmentation of representative regions 
further confirms that porosity decreases systematically from 
C- VARTM to RTI, following the trend C- VARTM around 1.5, 
MAVIP around 0.8, VAVI around 0.55%, CAPRI around 0.45%, 

PD- VARTM around 0.32%, and RTI around 0.21%, in strong 
agreement with the bulk void contents obtained from burn- off 
measurements. It should be noted, however, that a direct quan-
titative correlation between CT- derived volumetric porosity and 
void content estimated from the density/burn- off method was 
not established in the present study, as the quantitative accuracy 
of CT strongly depends on scan resolution, thresholding strat-
egy, segmentation quality, and the detectability of sub- resolution 
voids. Hence, the CT analysis was primarily employed for qual-
itative and semi- quantitative evaluation of internal defect dis-
tribution, whereas the density/burn- off approach was adopted 
as a cost- effective, practical, and well- established bulk method 

FIGURE 11    |    Representative micro- CT cross- sectional slices of laminates produced via the six infusion routes. Images were reconstructed from 

a representative VOI of approximately 8 × 8 × 3 mm3 at an isotropic voxel resolution of around 4 μm. Voids appear as low- attenuation dark regions.
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for comparative void content assessment across the investigated 
laminates. Figure  9b C- VARTM shows distinct macro- voids 
within the laminate interior, typically as isolated rounded pores, 
consistent with higher void sensitivity under passive vacuum 
infusion. MAVIP and CAPRI exhibit cleaner cross- sections 
with fewer voids and a more uniform through- thickness mor-
phology. VAVI displays a heterogeneous distribution, with voids 
concentrated in specific regions, consistent with localized con-
solidation gains alongside increased variability. This behavior 
suggests that vibration enhances local fiber bed compaction but 
does not ensure a globally uniform pressure field, leading to 
spatially heterogeneous void suppression. PD- VARTM and RTI 
show the most void- suppressed microstructures, with sparse, 
small, and isolated pores within the scanned volume of interest 
(VOIs), in line with superior consolidation quality. RTI remains 
the benchmark across both density and void- content datasets. 
Micro- CT mainly detects larger, resolvable voids within the se-
lected VOIs, whereas the bulk void content in Figure 9b (from 
density and fiber- content measurements) also accounts for finer 
micro- porosity and resin- rich regions below the CT resolution. 
Consequently, while CT- derived values may underestimate the 
absolute porosity due to resolution limitations and sub- voxel 
defect detectability, they provide a robust representation of rel-
ative differences and demonstrate strong consistency with the 
bulk measurements. Together, Figures  9b and 11 establish a 
direct link between bulk quantification and void morphology, 
enabling a clear distinction between infusion routes exhibiting 
pronounced macro- voids and spatial non- uniformity and those 
achieving consistently low defect levels.

Figure 12 presents a multi- metric comparison of the six infusion 
routes at the resin inlet and vacuum outlet using radar plots. The 
plots were generated in MATLAB using min–max normaliza-
tion, with each polygon representing a single process and inte-
grating six performance metrics into a unified visual signature. 
Because the metrics differ in units and numerical range, all 
values were normalized globally using the combined dataset of 
resin inlet and vacuum outlet mean values across all processes. 
As a result, both radar plots share an identical scale, and dif-
ferences in polygon size or shape between ports directly reflect 
true port- dependent behavior rather than independent rescal-
ing. Since lower thickness and lower void content correspond 
to improved consolidation, the respective axes were inverted so 
that higher radial values consistently indicate more favorable 
outcomes across all metrics. The radar analysis clearly outlines 
three performance tiers. RTI exhibits the most expanded and 
well- balanced envelope across all metrics, indicating simulta-
neous optimization of consolidation quality and flexural per-
formance. CAPRI closely follows, representing the strongest 
out- of- autoclave option with a consistently high envelope and 
minimal distortion between resin and vacuum ports. A defining 
characteristic of these routes is not isolated peak values, but the 
concurrent achievement of favorable consolidation indicators, 
strong mechanical performance, and reduced port sensitivity, 
supporting their role as reference- quality manufacturing routes 
when both structural performance and dimensional consistency 
are required. A second tier is formed by PD- VARTM and MAVIP, 
which display intermediate- to- high envelopes with more con-
servative extremes. Their principal advantage lies in the com-
bination of competitive overall performance and comparatively 
stable behavior between resin and vacuum ports. Although their 

footprints do not reach the same extent as the top tier across all 
metrics, they avoid the pronounced expansion–contraction pat-
terns observed in more variable processes, indicating a more 
predictable manufacturing outcome with lower infrastructure 
and process complexity. From a practical standpoint, these 
methods represent balanced candidates where manufacturabil-
ity and scalability must be considered alongside performance. In 
contrast, C- VARTM and VAVI show the greatest deviation from 
uniformly expanded and symmetric profiles. Their radar plots 
reveal either generally reduced envelopes across multiple met-
rics or pronounced mismatches between resin inlet and vacuum- 
port responses, indicating that improvements achieved locally 
are not consistently reproduced throughout the laminate. This 
behavior reflects lower process robustness and highlights that 
process suitability cannot be inferred from a single favorable 
metric, as local gains may coincide with losses in consolidation- 
related attributes and increased port dependence. Overall, the 
radar- based evaluation supports a tiered interpretation in which 
RTI and CAPRI deliver the most uniform and spatially consis-
tent multi- metric response, PD- VARTM and MAVIP provide 
robust, lower- complexity alternatives, and C- VARTM and VAVI 
exhibit the clearest signatures of process- induced variability, 
necessitating tighter control for use in high- reliability applica-
tions. VAVI exhibit the greatest variability and port dependence, 
highlighting the need for tighter control to meet high- reliability 
application requirements. Accordingly, the combined micro- CT 
validation and radar- based multi- metric benchmarking provide 
an integrated, defect- to- performance interpretation of process 
capability, linking porosity morphology and port sensitivity 
to the consolidation metrics and flexural responses discussed 
above. On this basis, RTI and CAPRI emerge as the most reli-
able routes when dimensional consistency and structural per-
formance are jointly required, whereas PD- VARTM and MAVIP 
offer robust, lower- complexity alternatives, and C- VARTM and 
VAVI clearly require tighter control to meet high- reliability ap-
plication demands.

It is worth noting that the behavior of the investigated processes 
may differ when applied to curved or geometrically complex 
structures rather than flat panels. In such configurations, factors 
such as non- uniform flow front progression, local permeability 
variations, and race- tracking along edges or thickness transitions 
may lead to increased heterogeneity in fiber–resin distribution. 
Previous studies have shown that these effects become more pro-
nounced in non- planar geometries, potentially resulting in dry 
spots, void formation, and thickness- dependent resin accumula-
tion. Within the framework of this study, in C- VARTM, increased 
flow path complexity and edge- driven race- tracking may lead to 
non- uniform impregnation and dry spots, particularly in regions 
with thickness variations or sharp curvatures. In CAPRI, the 
presence of a controlled pressure or counter- pressure field may 
improve flow stability; however, local permeability variations and 
tooling constraints can still affect uniform filling in complex ge-
ometries. MAVIP can offer improved pressure distribution and 
reduced void content; nevertheless, membrane compliance and 
local bridging effects may influence resin flow in highly curved 
regions. PD- VARTM may provide better control in flow rate and 
resin delivery, although its sensitivity to flow resistance changes 
in complex geometries can affect filling uniformity. VAVI may 
enhance resin infiltration and reduce void formation; however, 
its effectiveness depends on local geometry and fiber architecture, 
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particularly in non- planar sections. In RTI processes performed 
under autoclave pressure, improved compaction and reduced void 
content can be achieved; however, the placement of injection and 
venting points (soft points) becomes more critical, as improper 
positioning in complex geometries may lead to non- uniform flow, 
delayed impregnation, or local dry regions. Among the investi-
gated processes, RTI and MAVIP are expected to provide more 

reliable performance in curved geometries due to improved pres-
sure control and compaction, whereas conventional VARTM- 
based approaches are more prone to flow- induced defects under 
such conditions. While the present study focuses on flat panels to 
enable a controlled comparison, these aspects should be consid-
ered when extending the processes to more complex structural 
components.

FIGURE 12    |    Radar- plot comparison of consolidation quality and flexural performance for composite laminates manufactured by six infusion 

routes at (a) the resin port and (b) the vacuum port.
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4   |   Conclusions

This study delivered a quantitative and spatially resolved com-
parison of six vacuum- assisted resin infusion variants, includ-
ing C- VARTM, MAVIP, CAPRI, VAVI, PD- VARTM, and RTI, 
by systematically assessing inlet–outlet variability in thickness, 
density, FVF, void content, and flexural performance. Flexural 
strength was considered as the primary performance indicator 
distinguishing the investigated process variants and reflects the 
combined influence of FVF, void content, and structural unifor-
mity. Significant differences were observed between processes 
based on resin inlet and vacuum outlet regions. C- VARTM ex-
hibited a nearly 13% variation in flexural strength across the 
panel, while VAVI achieved the highest local strength (803 MPa) 
but with pronounced spatial inconsistency. In contrast, MAVIP 
and PD- VARTM demonstrated more stable mechanical re-
sponses, with flexural strengths ranging between 631–671 MPa 
and 714–747 MPa, respectively. CAPRI and RTI consistently 
delivered high and spatially uniform strength values, with RTI 
reaching up to 768 MPa, highlighting the importance of process 
controllability over isolated peak performance.

These variations in mechanical performance are directly governed 
by FVF and its strong influence on flexural modulus. Laminates 
with lower FVF, such as C- VARTM (around 42%) and MAVIP 
(around 45%), exhibit comparatively lower stiffness, with modu-
lus values between 36 GPa and 40 GPa. In contrast, higher- FVF 
processes, including CAPRI (around 51%), PD- VARTM (around 
52%), and RTI (around 55%), show a systematic increase in stiff-
ness, reaching approximately 42 GPa, 48 GPa, and up to 55 GPa, 
respectively. This behavior is consistent with classical composite 
laminate theory, where stiffness scales with fiber content accord-
ing to the rule of mixtures. The same relationship is also evident 
locally in a manner that, in the VAVI process, a resin- port region 
with lower FVF (around 40.5%) corresponds to a modulus of ap-
proximately 35 GPa, whereas a vacuum- port region with higher 
FVF (around 51%) reaches values as high as 57 GPa. These find-
ings confirm that FVF is the dominant parameter controlling flex-
ural stiffness both globally and locally within the laminate.

The observed mechanical trends are further linked to process- 
induced thickness gradients and consolidation uniformity. 
C- VARTM and VAVI exhibited pronounced inlet–outlet asym-
metry, with FVF differences of 6.7% and 10.3%, respectively, 
accompanied by thickness variations up to 6% and exceeding 
15%. In contrast, MAVIP and PD- VARTM effectively minimized 
these gradients, maintaining FVF differences below 1% and 
near- uniform thickness distributions. CAPRI and RTI provided 
the highest level of dimensional stability, producing laminates 
with nearly constant thickness (1.09 and ~1.12 mm, respectively), 
reflecting superior process control and consolidation efficiency.

Void content was found to play a critical role in determining 
both the magnitude and consistency of flexural performance. 
C- VARTM exhibited the highest void sensitivity, with void 
content increasing from 2.35% at the resin inlet to 4.55% at the 
vacuum outlet. VAVI, despite achieving high local strength, 
showed increased heterogeneity in defect distribution. In 
contrast, MAVIP and PD- VARTM reduced void content to ap-
proximately 1.3% and 1.5%, while CAPRI and RTI achieved 
the lowest levels, with CAPRI below 1.5% and RTI reaching 

ultra- low values of 0.28%–0.48%. These reductions directly en-
hance load transfer efficiency and reduce mechanical scatter, 
contributing to improved laminate reliability.

Micro- CT observations further corroborate these findings by 
revealing clear differences in void morphology and spatial 
distribution. A semi- quantitative analysis based on grayscale 
threshold segmentation indicates a systematic decrease in po-
rosity from C- VARTM (1.5%) to MAVIP (0.8%), VAVI (0.55%), 
CAPRI (0.45%), PD- VARTM (0.32%), and RTI (0.21%), in 
strong agreement with bulk void content trends obtained from 
density/burn- off measurements.

Overall, RTI and CAPRI demonstrate the most balanced and 
high- performance processing routes, combining high FVF, low 
void content, minimal thickness variation, and consistently high 
mechanical performance. Among them, RTI emerges as the 
most effective method, achieving FVFs exceeding 55%, flexural 
strengths up to 768 MPa, and modulus values above 54 GPa, to-
gether with near- perfect thickness uniformity and ultra- low void 
content. PD- VARTM and MAVIP provide robust intermediate 
solutions with improved process stability and reduced variabil-
ity, while C- VARTM and VAVI exhibit significant sensitivity to 
process conditions and spatial non- uniformity. These findings 
confirm that minimizing inlet–outlet variability is a key require-
ment for achieving aerospace- grade laminate quality and provide 
a quantitative framework for selecting infusion strategies based 
on performance, robustness, and processing complexity.

By the way, it should be noted that the present study is based 
on relatively thin laminates, providing a controlled basis for 
comparing process- induced variability. While this enables 
consistent evaluation across different infusion routes, thicker 
aerospace- grade laminates may involve additional effects such 
as through- thickness flow limitations and evolving compac-
tion behavior. Therefore, direct extrapolation to large- scale 
structures should be made with caution, and future work will 
address process scalability in thicker configurations.
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