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Abstract: Processing-induced variations play a crucial role in defining the mechanical
anisotropy and structural efficiency of fiber-reinforced polymer (FRP) composites. This study
investigates the multiaxial mechanical behavior and anisotropy of unidirectional carbon
(CFRP), glass (GFRP), and basalt (BFRP) epoxy composites fabricated using two controlled
processing techniques: hand layup (HLU) and vacuum-assisted resin transfer molding
(VARTM). Process-based density, fiber volume fraction, and void content are quantitatively
correlated with tensile, compression, in-plane shear, flexural, and interlaminar shear properties.
Across all fiber types, VARTM produces higher fiber volume fraction and lower void content,
enhancing stiffness-dominated behaviors and interlaminar load transfer, while HLU shows
improvements in longitudinal compression strength for selected laminate systems. The
stiffness- and strength-based anisotropy indices indicate that the processing technique governs
the directional contrast in the longitudinal, transverse, bending, and shear responses. VARTM
increases tensile and compressive anisotropies in CFRP and BFRP, demonstrating fiber-
dominant load transfer, while reducing compression and flexural anisotropies in GFRP due to
its transverse fiber-knitting architecture. Interlaminar shear indices indicate that VARTM
improves shear-transfer efficiency in CFRP and BFRP. Analysis of variance (ANOVA)

confirms significant statistical effects of fiber type, manufacturing process, and their
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interaction. These findings establish a clear process-structure-anisotropy relationship for
understanding the effect of manufacturing process on the directional mechanical behavior of
FRP laminates, guiding the design and optimization of lightweight automotive composite

structures.

Highlights:
e VARTM improves microstructural quality: higher V; and lower void content (< 2%)
e VARTM increases tensile and compression anisotropy in CFRP and BFRP
e VARTM-GFRP exhibits low compression & flexural anisotropy due to fiber
architecture
e ILSS translation index decreases for VARTM—CFRP and BFRP: better delamination
resistance

e ANOVA shows manufacturing affects all properties, except long. compression strength

Keywords: Fiber-reinforced composites, Manufacturing process, Multiaxial mechanical

characterization, Mechanical anisotropy, Automotive composites.

1. Introduction

In modern automotive design, a lightweight design approach is a key strategy for improving
fuel economy, extending electric vehicle driving range, and reducing emissions [1]. Fiber-
reinforced polymer (FRP) composites have emerged as alternatives to conventional materials
in many automotive components, such as door panels [2], bumper beams [3], and floor and
rocker panels [4], owing to their high strength-to-weight ratio, fatigue durability, and corrosion
resistance [5]. However, unlike metals, FRPs exhibit strong directional dependence
(anisotropy) that is highly sensitive to the manufacturing methods. Variations in manufacturing
processes result in differences in fiber compaction, fiber volume fraction, resin infiltration, and
void content, which significantly influence the mechanical behavior of the composites [6].
Their suitability for automotive structures depends not only on longitudinal tensile properties
but also on transverse, compressive, shear, flexural, and interlaminar responses, as these
properties govern composite behavior under complex loading conditions. This is particularly
important because automotive components are subjected to multiaxial loading during bending,
vibration, crash, compression, torsion, and impact events [4]. Thus, for a reliable design of
automotive components, it is essential to understand the process-induced mechanical behavior

and the evolution of anisotropy in unidirectional FRP composites.
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Traditional composite laminate manufacturing processes include hand layup (HLU), spray-up,
injection molding, compression molding, resin transfer molding (RTM), and autoclave curing
[7]. Among these, HLU and vacuum-assisted resin transfer molding (VARTM)), a closed-mold
RTM variant, represent two contrasting processing routes that inherently generate different
compositional states, and thus different anisotropic mechanical responses. The HLU process,
although labor-intensive, remains widely used for prototyping marine structures, laboratory-
scale research, and small-scale applications due to its simplicity and low cost [8]. In contrast,
VARTM offers superior control over fiber compaction and matrix infiltration, resulting in

stronger fiber-resin interfacial bonding and reduced porosity [9].

Comparative studies consistently demonstrate the effect of manufacturing process on the
absolute mechanical properties of FRP composites. VARTM-processed CFRP often achieved
higher tensile, compressive, and flexural properties than HLU, primarily due to improved fiber-
resin bonding and reduced void content [10-12]. Although the improvements in longitudinal
properties are noted, the studies did not measure or analyze corresponding transverse properties
to quantify anisotropy. Similarly, GFRP also demonstrated improvements in longitudinal
tensile, compression, flexural, and interlaminar shear properties with VARTM, emphasizing
the roles of reduced void content, higher fiber volume, and improved fiber wetting [13-16].
Similarly, BFRP, despite its high tensile strength, good thermal resistance, cost-effectiveness,
and eco-friendly production method, remains comparatively unexplored [17]. Several studies
reported improvements in the tensile, flexural, and interlaminar shear properties of BFRP under
VARTM [18,19]. In contrast, contradictory evidence exists where bulky fabric architectures
and vacuum-induced dry spots resulted in poor fiber wetting and localized void content [18],
which improved the transverse tensile strength and interlaminar shear strength compared to
VARTM [19]. These contradictory trends directly affect the longitudinal-transverse contrast,

yet the anisotropy was not evaluated.

Although reported improvements are often expressed as absolute gains, the structural
performance of unidirectional composites is governed not only by the magnitudes of the
individual properties but also by the directional relationships among them. Despite extensive
research on the manufacturing-induced variations in mechanical properties, the effect of the
manufacturing process on the anisotropic mechanical response remains poorly understood. It
is well understood that the manufacturing process alters fiber volume fraction, resin uniformity,
fiber alignment, and void content. But this, in turn, modifies the relative balance among

longitudinal, transverse, bending, and shear load-carrying mechanisms. Two laminates that
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exhibit similar improvements in absolute properties may exhibit different directional

mechanical behavior and structural efficiency.

The critical knowledge gap is that, while prior work reports absolute changes in isolated
constitutive parameters, it rarely interprets these process-driven variations in terms of their
influence on anisotropic mechanical response under multiaxial loading conditions.
Furthermore, existing studies rarely quantify directional dependency using anisotropy metrics.
While a few studies explored the directional dependency across alternative structural mediums
such as aramid/nylon knitted composites [20] and polyurethane foams [21], Hamanaka et al.
[22] evaluated the flexural anisotropy of glass fibers using longitudinal-to-transverse flexural
modulus and found that the anisotropy increases linearly with glass fiber content up to 50%.
However, these studies focus on material architecture rather than on the evolution of

manufacturing-induced anisotropy.

Accordingly, the primary objective of this study is to investigate the evolution of process-
induced anisotropy in unidirectional CFRP, GFRP, and BFRP laminates manufactured using
HLU and VARTM. Unlike previous studies that focus predominantly on individual mechanical
properties, the present work systematically quantifies the degrees of anisotropy derived from
tensile and compressive responses, as well as the flexural and interlaminar shear translational
indices. By correlating experimentally determined fiber volume fraction and void content with
multiaxial mechanical properties, the study establishes a process-structure-anisotropy
relationship that links manufacturing-induced microstructural variations to directional
mechanical performance. As automotive composite structures are subjected to combined
tensile, compression, bending, and shear loading, understanding the effect of the manufacturing
process on anisotropy evolution is vital for translating constitutive-level improvements into

reliable structural performance.

2. Materials and manufacturing
2.1. Materials

High-performance unidirectional fibers, including carbon, E-glass, and basalt, are used as the
primary reinforcements in this study. The matrix system consists of a commercial-grade
thermosetting bisphenol A diglycidyl ether (DGEBA) epoxy resin (Araldite® LY 556) paired
with an aliphatic amine hardener (HY 951), both procured from Herenba Pvt. Ltd., Chennai,

India. A strict stoichiometric resin-to-hardener weight ratio of 100:10 is maintained across all
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fabrications, as recommended by the manufacturer. The physical and mechanical properties of

the fibers and resin are listed in Table 1 [25,26].

Table 1. Physical and mechanical properties of fibers and resin

Property Carbon E-glass Basalt Epoxy LY556
Density (g/cm?) 1.76 2.54 2.67 1.2
Areal weight (GSM) 400 400 380 -

Ply thickness (mm) 0.4 0.4 0.38 -
Tensile strength (MPa) 4900 2450 2850 52
Tensile modulus (GPa) 230 80 90 3.2
Elongation at break (%) 1.5 2.5 3.15 6

2.2. Manufacturing Methods

Composite laminates measuring 400 x 400 mm are manufactured for each fiber type using two
distinct manufacturing methods: HLU and VARTM. For tensile, in-plane shear, compressive,
and flexural characterization, the laminates are manufactured to yield a thickness of 1-2 mm.
For the interlaminar shear testing, the ply count is increased for the final laminate thickness of
4 mm. All laminates are reinforced with a principal fiber orientation (0°) and designed for a
nominal fiber volume fraction of approximately 50%, which is experimentally verified in

subsequent sections.

2.2.1. Hand Layup Process

A schematic representation of the open-mold hand layup process is shown in Fig. 1. The resin-
hardener system is thoroughly mixed under ambient conditions, followed by vacuum degassing
to minimize air entrapment. To facilitate demolding, the mold surface is coated with a thin film
of hydraulic oil, and a thin plastic sheet is placed over it. A thin resin layer is coated before the
first fiber layer is placed, and the fibers are gently hand-pressed to promote impregnation. Air
bubbles are removed using manual rolling and gentle pressing. This process is repeated until
all the plies are impregnated with resin. Upon completion, a mild steel plate is secured on the
mold to apply uniform compaction pressure, promoting consistent fiber compaction and
laminate consolidation. The assembly is left to cure for 24 h at 36 °C, followed by a post-curing

for 5 h at 100 °C in an air oven.
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Fig. 1. Schematic representation of the hand layup process

2.2.2. Vacuum-Assisted Resin Transfer Molding Process

The experimental setup for the VARTM process is schematically shown in Fig. 2. A 12 mm-
thick acrylic plate serves as the mold surface, which is cleaned with acetone to remove
contaminants and coated with mold-release wax to facilitate demolding and achieve a smooth
finish. Dry fibers are stacked on the mold surface and sequentially covered with a peel ply,
infusion mesh, and vacuum bagging film. The perimeter is sealed using sealant tape. A vacuum
pump is engaged to apply a continuous negative pressure of -97 kPa (relative) to remove the
residual air and apply a uniform consolidation pressure. Resin is introduced under vacuum,
ensuring full wet-out through the fiber layers and promoting complete impregnation. After
infusion, the laminate remains under vacuum during curing (24 h at 36 °C), followed by post-

curing at 100 °C for 5 h in an air oven.

Resin

— Resin infusion
clamps

Resin inlet
hose

Vacuum
Resin outlet pump
Vacuum bag hose

/»———————— Infusion mesh
. Peel ply
Fiber layup
Acrylic mold

Fig. 2. Schematic representation of the VARTM process
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3. Experimental Methods

This section provides a brief description of the experimental configurations and analytical
formulations utilized to determine the bulk physical properties (density, fiber volume fraction,
and void content) and the multiaxial mechanical properties of the composite laminates. All tests
are conducted in accordance with ASTM standards. Furthermore, the procedures for evaluating

anisotropy indices and for statistical analysis are also explained in detail.

3.1. Density, Fiber Volume, and Void Fraction Analysis

Experimental bulk density is determined using ASTM D792 [25]. Each specimen is weighed
first in ambient air and subsequently in fully immersed distilled water. The reduction in
apparent weight corresponds to the volume of displaced liquid. The composite density is
calculated using Eqn. 1.
Wair ]
= X 1
pC I:Wair _ Wwater pWateT ( )

where, p. and p,,.:er represent the densities of the composite and water (g/cm?), respectively,

Wi and W, 4¢er represent the specimen weight in air and in water (g).

The experimental density is benchmarked against the theoretical composite density, calculated

using the rule-of—mixtures formulation in Eqn. 2:

Prc = Vepr + (1 = Ve)pm (2)

where py is the theoretical density (g/cm?), Vr is the nominal fiber volume fraction (0.50), pf
and p,, are the constituent densities (g/cm?) of the fiber and resin, respectively. The percentage
deviation (Ap) from the theoretical density is computed using Eqn. 3,

Pc — Ptc

Ptc

Ap = ( ) x 100 3)

The matrix acid digestion method (ASTM D3171 Procedure A: matrix digestion using nitric
acid) i1s used to determine the fiber volume fractions and void content [26]. Specimens
measuring 50 X 10 mm are cut from three regions of the laminate, weighed, and subsequently
immersed in concentrated nitric acid (69%—72%) at 80 °C, inside a laboratory fume hood for 5
h. The solution is filtered, and digestion is repeated until the matrix is completely degraded.
Following full matrix degradation, the fibers are filtered, rinsed twice with water and acetone,
dried, and weighed. The final fiber volume fraction (Vr) and volumetric void fraction (Vy,)

are calculated based on Eqns. 4 and 5,
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3 (W /pr) + (We = Wr)/pm)
v, = I1 - TS ] x 100 (5)

where W, and Wy are the weights of the composite and fibers (g), respectively.

3.2. Mechanical Testing

The composite laminates are characterized for their mechanical properties, including tensile,
compression, in-plane shear, flexural, and interlaminar shear tests. The corresponding
specimen designations are summarized in Table 2. Three samples are tested for each specimen,

and the average values with standard deviations are mentioned.

3.2.1.Tensile Characterization

Uniaxial tensile tests are performed according to ASTM D3039 [27] along both the longitudinal
(0°) and transverse (90°) fiber direction to determine the respective moduli (Er; and E7p,),
ultimate tensile strengths (X1 and Y7), and failure strains (€, and €,7). Tests are conducted on
a 100 kN universal testing machine (UTM), at a displacement rate of 2 mm/min. The gauge
length of the specimens for longitudinal and transverse tensile tests is 150 mm and 75 mm,
respectively, with a grip zone length of 50 mm. Aluminum end-tabs (3 mm thick) are bonded

to prevent slippage and breakage.

To benchmark the experimental longitudinal and transverse tensile moduli, analytical modeling

is carried out on two distinct models:

o [dealized baseline model: Assumes laminates with a fiber volume fraction of 50%
(Vr=0.50) and no voids. The baseline longitudinal and transverse properties are

calculated using the classical rule-of-mixtures (ROM) equations (Eqns 6 and 7):
(Er1)pase = VpEp + (1 = Vp)Ef (6)

EfEn
ViEm + (1= Vi)E;

(Er2)base = (7

where (E71)pase and (E72)pase are the baseline longitudinal and transverse tensile moduli

(GPa), respectively, Er and E,, are the tensile moduli of fiber and resin (GPa), respectively.

e Composition-corrected model: Introduces the experimentally determined fiber, resin,

and void fractions. The corrected properties are calculated using Eqns. 8-11,
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Vi corr = =
f_corr 100 — VV (8)
100 - VF - VV
Vm_corr = 100 — v, )
ETl_corr = Vf_corrEf + Vm_corrEm (10)
E:E
ETZ_corr = o (11)

Vf_corrEf + Vm_corrEm

where Vi corrand Vi, corr are the composition-corrected fiber volume and resin fractions,
respectively, Erq corr and E7; cor are the composition-corrected longitudinal and transverse

tensile moduli (GPa), respectively.

Table 2. Specimen designations for different fiber types, orientations, and manufacturing

processes
HLU VARTM
Test
CFRP GFRP BFRP CFRP GFRP BFRP
Tensile-0° H-C-TO H-G-TO H-B-TO V-C-TO V-G-TO V-B-TO

Tensile-90° H-C-T90 H-G-T90 H-B-T90 V-C-T90 V-G-T90 V-B-T90
Tensile-45° H-C-T45 H-G-T45 H-B-T45 V-C-T45 V-G-T45 V-B-T45
Compression-0° H-C-CO H-G-CO H-B-CO V-C-CO V-G-CO V-B-CO

Compression-90°  H-C-C90 H-G-C90 H-B-C90 V-C-C90 V-G-C90 V-B-C90

Flexural H-CCF  HGF HBF VCF  V-GF  VBF
H-C- H-G- H-B- V-C- V-G- V-B-

ILSS
ILSS ILSS ILSS ILSS ILSS ILSS

Abbreviations: H=Hand lay-up;, V=VARTM, C=Carbon;, G=Glass, B=Basalt; T=Tensile,
C=Compression, F=Flexural; ILSS=Short beam

3.2.1.1. In-Plane Shear Characterization

The in-plane shear modulus (G;,) is evaluated using an off-axis tensile test of balanced
[£45°],s symmetric laminates in compliance with ASTM D3518 [28]. The specimen
maintained an active gauge length of 175 mm and a 50 mm grip length on each side. The in-
plane shear modulus is directly obtained from the slope of the linear-elastic chord region of the

stress-strain response using Eqn. 12 in accordance with the standard:

(12)
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where Aty is the difference in applied shear stress between two shear points (MPa), and Ay;,
is the difference between the two shear strain points. The maximum shear stress S;, is

calculated using Eqn. 13:

Pm
_ 13
S12 = 3% (13)

where P™ is the maximum shear stress (N), and A is the cross-sectional area (mm?) in

accordance with ASTM D3039.

3.2.2. Compression Characterization

Uniaxial compression tests are performed according to ASTM D3410 [29] to determine the
longitudinal and transverse compression moduli (E¢; and E,), ultimate tensile strengths (X,
and Y), and failure strains (€. and €,.). While the combined loading framework of ASTM
D6641 [30] is generally recommended, ASTM D3410 was adopted due to resource limitations.
Both longitudinal and transverse testing utilized gauge and grip lengths of 40 mm. The UTM
is operated at a continuous crosshead displacement rate of 1.5 mm/min, with a hydraulic

gripping pressure of 3.5 MPa to prevent slipping.

3.2.3. Flexural Characterization

Flexural properties are evaluated using a three-point bending test in accordance with ASTM
D7264 [31], with a displacement rate of 1 mm/min. The support span length (L) is set to 100
mm with an overhanging length of 30 mm, and a support-to-thickness ratio of 40:1. The
flexural modulus (Er), flexural strength (or), and failure strain (€) are calculated using Eqns.

13-15:

mL3

_ 13

Er = 2pm3 (13)
3PL

F = Jbnz (14)
65d

&= - (15)

where m is the initial slope of the linear region in the load-displacement curve (N/mm), P is
the peak load (N), and 6 is the mid-span deflection (mm), h and b are the specimen thickness

and width (mm), respectively.

10
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3.2.4. Interlaminar Shear Strength (ILSS) Characterization

Interlaminar shear strength (7;.55) is calculated using the short beam test conducted in
accordance with ASTM D2344 [32] under a three-point bending fixture at a crosshead
displacement rate of 1 mm/min. The specimen length-to-thickness and width-to-thickness
ratios are taken as 6.0 and 2.0, respectively, to preserve shear-dominant failure. The loading
roller diameter is set to 6 mm, and the twin support roller diameter is 3 mm. The test is
terminated once the loading roller travels exceeds the overall specimen thickness or upon a
significant drop in the applied load. The ultimate interlaminar shear capacity is computed using

Eqgn. 16:

0.75P,
TiLss = —b hmax (16)

where P, 1s the peak force sustained before delamination failure (N).

3.3. Anisotropy Analysis

The macroscopic directional dependency of the processed unidirectional plates is
systematically evaluated by introducing normalized mechanical modulus and strength ratios
derived from the experimental datasets. The calculated anisotropy indices isolate how process-

induced architectural deviations affect mechanical performance under multiaxial loading.

3.3.1. Tensile Degree of Anisotropy

The classical tensile degrees of anisotropy represent the directional disparity between the
principal longitudinal and transverse properties (longitudinal-to-transverse stiftness (DAgr)
and strength (DA,r) ratios) and between longitudinal and in-plane shear stiffness (DAg12)-

The metrics are calculated using Eqns. 17-19, following Daniel et al. [33]:

ETl
DApr = — 1

G (17)
Erq

DAg:, = G (18)
Xr

DAgr = 3~ (19)
T

Higher DA values indicate a highly directionally sensitive, fiber-dominant material response,
whereas DA demonstrates improved isotropy due to better fiber-resin interfacial bonding and

load transfer.

11
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3.3.2. Compression Anisotropy Indices
The concept of anisotropy is extended to compression loading through compression anisotropy
indices (AI) (compression modulus (Algc) and strength (Al,c) ratios), and are calculated

using Eqns. 20 and 21:

Alp. = —= 20

= g (20)
Xc

Al = Yo (21)

3.3.3. Flexural and Interlaminar Shear Translational Indices

The DA is further generalized to out-of-plane responses, flexural (modulus (Algr) and strength
(Al,r)) and interlaminar shear translational indices (Al ss), and are calculated based on Eqns.

22-24:

Algp = E_T: (22)
Algp = Xr (23)
g
Xr
Aljpss = TiLss (24)

The flexural indices represent the efficiency of modulus and strength translation from tensile

to bending, while the interlaminar shear index determines the tensile—shear efficiency.

3.4. Statistical Evaluation

A two-way ANOVA is used to statistically evaluate the influence of manufacturing method
(Factor A: HLU vs VARTM), and fiber type (Factor B: Carbon vs E-glass vs Basalt). The
degrees of freedom are set to (1,12) for Factor A and (2,12) for both Factor B and the coupled
interaction term (A x B), with critical F-values of 4.75 and 3.89, respectively. The Kolmogorov-
Smirnov and Brown-Forsythe tests confirm normality and homogeneity of variance, validating

the analysis at a p-value of 0.05 for comparing the influence of manufacturing and fiber.

4. Results and Discussion

This section presents the effects of the manufacturing process on the bulk physical
characteristics (density, fiber volume fraction, and void content), the mechanical properties,

and the anisotropy behavior of the composite laminates. Furthermore, a brief statistical

12
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evaluation using a two-way ANOVA is provided, highlighting the statistical significance of the

effects of fiber type, manufacturing method, and the coupled process-fiber interactions.

4.1. Density, Fiber Volume, and Void Fraction Analysis

The experimentally determined densities, fiber volume fractions, and void volume contents for
are summarized in the supplementary file (Tables S1 and S2). A comparative overview shows
that VARTM laminates exhibit slightly higher densities than HLU laminates, with higher fiber
volume fractions and lower void contents. Specifically, the measured densities (g/cm?) for
VARTM are 1.47 (CFRP), 1.80 (GFRP), and 1.92 (BFRP) compared to 1.41, 1.61, and 1.69,
respectively, for HLU. Since fiber density exceeds resin density, higher fiber volume fractions

result in an overall increase in laminate density [12].

A comparative analysis of the measured density with the rule-of-mixtures-predicted densities
is presented in Table S3 of the supplementary file. The VARTM laminates closely match
theoretical values, with minimal percentage deviations (4p = -0.47% to -3.64%), indicating
effective laminate compaction, higher fiber packing efficiency, and minimal void content. In
contrast, HLU laminates exhibit greater deviations (A = -4.53% to -13.85%), reflecting lower
fiber volume fraction and increased void entrapment due to manual layup variability. The
measured densities across all fibers remain within physically consistent limits, validating their
suitability for mechanical characterization. To achieve uniform mechanical performance, these
deviations must be minimized, as severe physical non-uniformity can introduce local stiffness

variations and premature failure initiation under multiaxial loading conditions.

As illustrated in Fig. 3, the fiber, resin, and void fractions distinctly differentiate the
consolidation efficiency and constituent distribution achieved by the two manufacturing
processes. The vacuum-driven pressure gradient in VARTM applies a continuous, uniform
atmospheric consolidation force that maximizes dry preform compaction before and during
resin infiltration. This systematic extraction of residual air pockets results in achieving a final
volumetric void fraction below 2% cross all VARTM configurations. In contrast, HLU relies
on manual resin application and static top-plate weighting, resulting in higher resin content and

greater void entrapment than the corresponding VARTM laminates.

13
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Fig. 3. Fiber, matrix, and void fractions in laminates produced by HLU and VARTM

Among the distinctive fiber types, the HLU-based GFRP exhibits the lowest absolute fiber
volume fraction, attributing to the high initial bulk thickness and unique compliance of woven
E-glass fabric, which absorbs an excessive volume of liquid matrix while resisting uniform
fabric compaction under manual pressure, which closely aligns with the findings of Dorigato
et al. [34]. Interestingly, BFRP exhibits a slightly higher fiber volume fraction and lower void
volume than the GFRP counterparts under identical processing conditions. This trend is
consistent with the findings of Rafat et al. [36], suggesting that the higher bulk density and
improved resin permeability of basalt fibers accelerate resin impregnation compared to glass

fibers, even under manual processing.

The target composition of ~50% fiber and ~50% resin volume represents an optimized laminate
with minimal voids. The HLU laminates deviate significantly from this optimized target,
particularly for GFRP and BFRP configurations, highlighting the difficulty of achieving
uniform resin control and fiber compaction in manual layup. Conversely, the closed-loop
VARTM laminates closely approach or slightly exceed the target, particularly with CFRP and
BFRP, achieving fiber-rich laminates with void fractions below 2%. These process-driven
physical and microstructural characteristics provide a fundamental explanation for the distinct
changes in multiaxial mechanical behavior, stiffness, strength, and statistical reproducibility.
Overall, these results confirm that VARTM produces structurally efficient laminates with
superior consolidation and minimal defects, providing a more reliable foundation for multiaxial

mechanical performance.
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4.2. Mechanical Characterization

The samples manufactured using VARTM and HLU are tested under multiaxial loading
conditions, including longitudinal and transverse tension, in-plane shear, longitudinal and
transverse compression, flexural, and interlaminar shear. The corresponding stress-strain
curves are presented, along with embedded fracture images, to directly correlate the mechanical

response with the observed failure mechanisms.

4.2.1. Tensile and In-Plane Shear Performance

This subsection compares the tensile performance of unidirectional composites, including
longitudinal and transverse tensile and in-plane shear constitutive behavior, using the stress-
strain responses in Fig. 4-6. Table 3 summarizes the average tensile and in-plane shear
properties, highlighting the effect of fiber volume fraction and void content on mechanical

behavior.

4.2.1.1. Longitudinal and Transverse Tensile Responses

Under longitudinal tensile loading (Fig. 4a-c), all composite laminates exhibit an initial linear-
elastic response followed by catastrophic brittle failure without significant plastic deformation.
The VARTM laminates exhibit a steeper elastic slope and higher tensile modulus and strength
than their HLU counterparts. At failure, the VARTM laminates predominantly exhibit
longitudinal splitting within the gauge section (classified as SGM failure). Conversely, HLU
showed a more gradual post-peak stress degradation, suggesting a more progressive failure

process than the abrupt failure observed in VARTM laminates.

Quantitatively, VARTM processing increases longitudinal modulus and strength 36.1% and
85.3% for CFRP, 58.6% and 167.9% for GFRP, and 35.2% and 27.7% for BFRP, respectively.
Elongation at break also improves with increases of 25.7% (CFRP), 106.7% (GFRP), and
11.1% (BFRP). This increase in mechanical efficiency is consistent with the superior fiber
volume fractions and lower void content, achieved through continuous vacuum compaction
[11]. The magnitude of improvement, however, varies among the reinforcement systems, with
GFRP exhibiting the strongest sensitivity to the manufacturing route, followed by CFRP and
BFRP. In contrast, improvements in GFRP and BFRP indicate that the effect of the
manufacturing process varies substantially among the reinforcement systems. The high tensile
stifftness and predictable fiber-dominant failure modes demonstrate the effectiveness of
VARTM in improving the overall longitudinal tensile response across all three composite

systems.
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Fig. 4. Stress-strain relationship of (a) CFRP, (b) GFRP, and (c) BFRP tested under
longitudinal tensile loading
Under transverse tensile loading (Fig. 5a-c), the mechanical response transitions to matrix-
dominant and interface-sensitive. VARTM laminates exhibit smoother, more continuous stress-
strain responses, reaching higher stresses and strains before failure. Conversely, HLU laminates
display earlier deviation from linearity and reduced failure strains relative to the corresponding
VARTM laminates. Both laminates display brittle failure, typically by lateral gauge-mid
splitting (LGM). Quantitatively, VARTM enhances the transverse modulus and strength by
19.6% and 29.4% for CFRP, 27.4% and 79.5% for GFRP, and 64.3% and 18.7% for BFRP,
respectively. The substantially larger improvements observed in GFRP and BFRP suggest that
transverse, matrix-dominant responses are more strongly influenced by manufacturing process

than longitudinal fiber-dominant responses. VARTM process-induced enhancements differ
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from those reported by Scalici et al. [19], who found that vacuum infusion of basalt fibers often

leads to localized dry spots, underscoring the need for process optimization.

Elongation at break also increases by 13.3% for CFRP, 86.6% for GFRP, and 2.6% for BFRP.
The relatively minor improvement in BFRP failure strain suggests that the transverse
deformation of basalt laminates is governed by inherently strong fiber-resin interfacial bonding
rather than process-induced variations as observed in CFRP and GFRP laminates [35]. Overall,
the findings confirm that VARTM processing consistently enhances stiffness, strength, and
ductility across all laminate systems, with higher fiber volume fraction, reduced voids, and

strong interfacial bonding [36].
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4.2.1.2. In-Plane Shear Responses

The off-axis in-plane shear stress-strain relationship and corresponding failure morphologies
are presented in Fig. 6a-c. All laminates exhibit brittle failure through angled splitting along
the primary fiber axes at the gauge section (AGM). HLU laminates exhibit premature load
drops and greater fluctuations in the stress-strain response before failure. In contrast, the
VARTM laminates exhibit a well-defined linear elastic region, gradual load transfer, and fewer
premature or catastrophic load drops, resulting in a more consistent shear response during
loading. VARTM consistently enhances the in-plane shear properties of CFRP and GFRP. For
CFRP, the shear modulus and strength increase by 35.9% and 30.3%, while GFRP shows
improvements by 44.5% and 29.7%, respectively. Interestingly, BFRP displays a slightly
deviated trend: VARTM increases shear modulus by 17.9%, while HLU exhibits a marginal
increase of 6.7% in shear strength, highlighting fiber-specific interactions with resin and
process defects. The contrasting behavior between different fiber types underscores that
increases in stiffness do not necessarily translate into proportional increases in ultimate shear

strength, particularly in basalt-fiber laminates.

Elongation at break further emphasizes the influence of the manufacturing process. For CFRP,
elongation is nearly identical under both methods, with HLU showing a marginal 5% increase.
GFRP shows a 55.8% increase with VARTM, while BFRP exhibits slightly higher ductility in
HLU (12.6%). Elnekhaily et al. [37] explained that the higher elongation at break observed in
HLU GFRP and BFRP is likely due to the non-uniform void distribution in the HLU process,
which causes localized stress concentration. As voids coalesce, stress is redistributed

nonlinearly, allowing additional energy dissipation before final failure.
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412 Table 3. Average tensile and in-plane shear properties of unidirectional composite laminates
413 manufactured by HLU and VARTM
Properties Symbol HLU VARTM
P (unit) CFRP GFRP BFRP CFRP GFRP BFRP
Longitudinal
Oieg;;ima Erq 5841+ 1921+ 2225+ 795+ 3047+  30.08+
modulus (G (031%)  (3.70%)  (3.11%)  (4.34%) (4.05%) (4.92%)
T
r::;le;se Ery 3.68+ 6.86+ 4.79+ 4.40+ 8.74+ 7.87+
modulus (G (12.27%)  (5.32%)  (5.98%) (10.91%) (1.86%) (7.23%)
IIlsfelZ?e G1z 5.87+ 6.16= 5.65+ 7.98+ 8 .90+ 6.66+
rodulus QPO (1.09%) - (12.02%)  (3.49%)  (8.94%) (8.79%) (16.00%)
Longitudinal
Or:eg;;l;na X 797.22+  198.79+ 51948+ 1476.88+ 532.72+ 663.64+
srength (VP2 (443%) - (275%)  (3.92%) - (6.08%)  (6.00%) (3.68%)
T
r?el:sviise Yr 15994  39.67+  21.04+  20.69+ 7120+ 24.97+
strength (MPa) (4.48%) (7.67%) (11.44%) (2.53%) (6.11%) (2.17%)
In-pl
ns}lfe:e S12 2236+ 4039+ 2692+  29.12+ 5239+ 2522+
strength (MPa) (10.56%) (14.61%) (6.23%) (12.28%) (1.44%) (15.85%)

Note: values represent mean + standard deviation (%)
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4.2.1.3. Analytical Modeling and Rule-of-Mixtures benchmarking

The detailed calculations comparing the experimental longitudinal and transverse tensile
moduli against both the idealized baseline ROM and composition-corrected models are
compiled in Tables S4 and S5 in the supplementary file. The longitudinal tensile modulus (E74)
generally follows the ROM predictions, as it is primarily governed by fiber stiffness and fiber
volume fraction. VARTM laminates exhibit higher gains in composite-corrected moduli
compared to HLU, reflecting improved fiber packing, higher fiber volume fraction, and lower
void content. However, across all fiber types, the observed 20-50% reduction in experimental
Er4 relative to the composition-corrected formulation cannot be fully described by constituent
fractions alone, and that additional manufacturing-related effects, such as fiber misalignment
or fiber waviness, as well as imperfect fiber-resin load transfer, also influence the measured

mechanical behavior.

In contrast, the transverse tensile modulus (E7;) is matrix-dominated, governed primarily by
matrix stiffness and void distribution. While composition-corrected moduli show only marginal
deviations (-21% to +3%) relative to the baseline model, the experimental values exhibit a
broader spread (-42% to +42%), underscoring the sensitivity of transverse performance to local
manufacturing defects. The significant positive deviations in GFRP may be attributed to the
presence of transverse glass fiber knitting threads within the woven architecture, which
contribute to the transverse load-carrying response of the laminate. In contrast, the negative
deviations in CFRP (-32% for VARTM and -38% for HLU) indicate high sensitivity to
transverse properties and manufacturing-related effects that the analytical models do not
explicitly capture. The improved transverse properties observed in VARTM BFRP demonstrate
that the manufacturing route exerts a measurable influence on the lateral capacity of the
laminate. Conversely, the lower transverse properties of the HLU laminates make them more

sensitive to processing variability.

Overall, these findings underscore that the longitudinal modulus is relatively insensitive to
composite-corrected analytical formulations compared with the transverse modulus, which
exhibits substantially larger deviations from theoretical predictions [38], [39]. This behavior
indicates the matrix-dominated transverse properties are more sensitive to manufacturing-
related effects than fiber-dominated longitudinal properties, highlighting the limitations of
simplified analytical models in predicting transverse mechanical response. VARTM process

suppresses these vulnerabilities by evenly distributing meso- to micro-void content into the
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resin, reducing local stress concentrations and delaying premature failure. Conversely, the hand
layup process often introduces larger voids and dry spots due to incomplete fiber wetting,

significantly lowering the mechanical properties [12].

4.2.2. Compressive Responses

The compressive constitutive behaviors of the composite laminates along the longitudinal (Fig.
7a-c) and transverse (Fig. 8a-c) material axes reveal distinct process- and fiber-dependent
trends. Table 4 summarizes the average compressive mechanical properties of laminates
manufactured using HLU and VARTM. All laminates exhibit an initial elastic region, followed
by brittle brooming failure in the gauge mid (BGM). Under longitudinal compression, the
VARTM laminates exhibit a steeper initial elastic region and higher stiffness than HLU.
Quantitatively, longitudinal compression modulus increases under VARTM by 45.5% for
CFRP, 33.1% for GFRP, and a substantial 431.9% for BFRP, confirming that the fiber—
dominated stiffness is strongly influenced by the manufacturing route, with VARTM

consistently producing higher longitudinal compressive moduli than HLU.

However, compression strength reveals fiber-dependent trends. While BFRP shows remarkable
improvement (240.9%) with VARTM, HLU shows higher strength in CFRP (19.0%) and GFRP
(9.3%). Sun et al. [40] noted that the longitudinal compressive failure in CFRP is strongly
influenced by fiber micro-buckling and kink-band formation. Although VARTM increased the
longitudinal compression stiffness, the CFRP laminates failed at lower compression strain than
the corresponding HLU laminates. The lower resin content in VARTM CFRP compared to HLU
may have reduced matrix support, leading to premature compression failure at lower
compression strength. The relatively smaller difference in longitudinal compression strength
of GFRP indicates that the presence of transverse fiber knitting contributed to its compressive
stability, thereby reducing the sensitivity to manufacturing method. The contrasting trends in
longitudinal compression modulus and strength also suggest that the influence of

manufacturing techniques depends strongly on the fiber type.
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longitudinal compression loading

Under transverse compression, VARTM laminates exhibit a steeper linear-elastic response
followed by abrupt brittle failure. In contrast, the HLU laminates exhibit a shallower elastic
region and extended plastic deformation. VARTM substantially enhances both the transverse
compression modulus and strength by 292.7% and 371.7% for GFRP and 150.8% and 143.2%
for BFRP. While VARTM improves the modulus by 14.4% for CFRP, the HLU process resulted
in a 111.7% increase in strength. The contrasting behavior suggests that the relatively resin-
rich composition of HLU CFRP may provide additional lateral support against fiber micro-
buckling or kink-band formation, which are the primary compressive failure modes in CFRP
and GFRP [40]. Elongation at break follows a similar trend: HLU laminates show higher
ductility in CFRP (164.4%) and GFRP (114.8%); VARTM improves ductility modestly in
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BFRP, indicating a modest improvement in failure strain relative to the HLU counterpart.

Despite their intrinsic toughness, BFRP remains less ductile than GFRP under transverse

compression, underscoring the dominant role of resin in transverse mechanical performance.

The finding that HLU processing can significantly increase the transverse compressive strength

of CFRP demonstrates that maximum fiber compaction achieved in VARTM is not universally

beneficial for all loading conditions.
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Table 4. Average compression properties of unidirectional composite laminates manufactured

by HLU and VARTM

Properties Symbol HLU VARTM

b (unity ~ CFRP ~ GFRP ~ BFRP  CFRP  GFRP  BFRP
I;;);glrtzj;;a; B, 37.02¢ 159+  441= 538+ 2123+ 2346+
m(I))dulus (GPa)  (1.33%) (10.00%) (5.00%) (6.02%) (6.14%) (17.74%)
T
Cofzn::srf:n Ec, 3.54+ 248+ 3.23+ 405+ 974+  8.10+
b (GPa)  (5.64%) (1868%) (691%) (13.80%) (3.48%) (12.85%)
Longitudinal
Cg;glrzssii X, 31606+ 10879+ 10.64+ 25591+ 0872+ 3628+
Strz:ngth (MPa)  (8.10%) (3.68%) (12.69%) (13.94%) (4.68%) (5.68%)
T
co:zn::sr::n Yo o 3286+ 844 296+ 1552& 3791+ 7.20+
stri path | (MPO) (858%) (1096%) (220%) (12.15%) (534%) (6.76%)

Note: values represent mean + standard deviation (%)

4.2.3. Flexural Responses

The flexural response profiles and primary failure behavior of the unidirectional laminates
under three-point bending loads are as shown in Fig. 9a-c, with the average flexural properties
summarized in Table 5. The VARTM laminates exhibit steeper initial slopes, followed by
abrupt brittle failure at peak load for CFRP and GFRP. This higher flexural stiffness is reflected
by the steeper initial load-displacement response exhibited by the VARTM laminates. In
contrast, the corresponding HLU laminates exhibit irregular slopes with broader, less-defined
peaks and a gradual post-peak load reduction, reflecting a progressive reduction in load-

carrying capacity following the peak load.

Quantitatively, VARTM improves flexural modulus and strength of the synthetic fibers
compared to HLU. CFRP exhibits 59.4% and 59.6% increases in modulus and strength,
respectively, while GFRP shows 60.3% and 6.9% increases. However, BFRP breaks this trend:
VARTM increases flexural modulus by 34.6% but reduces flexural strength by 18.4%. Because
the three-point bending test induces tensile stress at the bottom layer and compressive stress at
the top layer, the lower transverse compressive strength of BFRP significantly reduces its
flexural strength, consistent with observations by Scalici et al. [19]. The BFRP results
demonstrate that the response to the manufacturing route is highly loading mode-dependent, as
the same process that increases stiffness does not necessarily maximize flexural strength.

Elongation at break further highlights the stiffness-ductility trade-off: VARTM enhances CFRP
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by 8.5%, while HLU laminates show higher values for GFRP (41.81%) and BFRP (81.60%),
due to progressive micro-cracking that delays catastrophic failure. Overall, VARTM improves
load-carrying capacity across all laminates, whereas HLU induces higher failure strain in GFRP

and BFRP, reaffirming the process-dependent balance among stiffness, strength, and ductility.
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loading
4.2.4. Interlaminar Shear Responses
The load-displacement responses and failure modes of the unidirectional composites evaluated
under the short beam shear test are illustrated in Fig. 10a-c¢, with average interlaminar
properties summarised in Table 5. The VARTM laminates exhibit steeper initial slopes and
significantly higher peak loads within shorter displacement ranges, indicating higher

interlaminar shear stiffness and load-carrying capacity. Meanwhile, the HLU laminates show
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broader curves with moderate slopes, lower peak loads, and extended displacement before
failure. This behavior reflects a more compliant shear response with lower peak loads and larger
displacement before failure. All laminates fail through fiber-layer delamination along the

neutral mid-plane, consistent with matrix-dominated interlaminar shear failure.
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Fig. 10. Load-displacement relationship of (a) CFRP, (b) GFRP, and (c¢) BFRP tested under
short beam test

Quantitatively, the VARTM process significantly improves interlaminar shear strength across
all material categories, confirming the process-driven enhancement in the through-thickness
mechanical response. The interlaminar shear strength of CFRP increases by an exceptional
320.1%, while GFRP and BFRP show increases by 103.8% and 92.1%, respectively. The

massive strength deficiency observed in the HLU carbon variant demonstrates the strong

sensitivity of CFRP interlaminar performance to the manufacturing route. The present findings
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contradict the processing trends reported by Scalici et al. [19], where higher HLU shear
strength is due to poorly impregnated zones in VARTM, but align closely with the established
process-structure-property relationship observed by Varley et al. [41]. Interestingly, the
VARTM process nearly doubles the interlaminar shear capacity of BFRP while reducing its
flexural strength due to limitations on top-face compression. Carmisciano et al. [35] also
reported a similar behavior, explaining that premature failure in BFRP occurs in the
compression half-section, characterized by fiber microbuckling and kink bands. This
contrasting behavior demonstrates that the influence of the manufacturing route depends
strongly on the loading mode, with the flexural and interlaminar responses showing varying

sensitivities.

Table 5. Average flexural and interlaminar properties of unidirectional composite laminates

manufactured by HLU and VARTM

. Symbol HLU VARTM
Properties .
(unit) CFRP GFRP BFRP CFRP GFRP  BFRP
Flexural Er 55.97+ 16.91+ 17.88+ 89.19+  28.09+ 24.06+
modulus (GPa)  (12.18%) (2.11%) (12.46%) (3.96%) (5.09%) (2.80%)
Flexural OF 304.96+ 446.05+ 506.56+ 486.68+ 477.01+ 413.58+

strength (MPa)  (15.16%) (7.95%) (10.13%) (7.22%) (2.14%) (6.56%)
Interlaminar
shear
strength

TiLss 9.81+ 1535+ 2347+ 4121+ 3128+ 4510+
(MPa)  (0.58%) (1.62%) (2.47%) (2.11%) (4.56%) (3.80%)

Note: values represent mean + standard deviation (%)
4.3. Effect of processing method on the anisotropy behavior

This section briefly discusses the influence of the manufacturing process on the anisotropy
behavior of unidirectional composite laminates, using stiffness and strength ratios derived from
experimental results of tensile, compression, flexural, and interlaminar shear tests. The
discussion highlights how manufacturing processes govern the directional stiffness and
strength contrast, as well as the efficiency with which tensile-derived properties are translated
into out-of-plane bending and shear responses. Fig. 11 displays the anisotropy behavior of the

composite laminates using various anisotropy indices.

4.3.1. Tensile Degrees of Anisotropy

Fig. 11a displays the tensile DA of various composite laminates. The stiffness anisotropy ratios
(DAgr and DA;4,) indicates that the influence of manufacturing methods on tensile anisotropy

is strongly fiber-dependent. Both HLU and VARTM exhibit substantially higher stiffness- and
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strength-based anisotropy, particularly in CFRP and GFRP laminates. The relative increase in
tensile anisotropy of VARTM over HLU is more pronounced in GFRP (24.64% for DAgr and
9.52% for DAgq,) whereas the increase is 13.21% for DAg and 0.40% for DAg4, in CFRP,
indicating a strong sensitivity to manufacturing-induced anisotropy evolution. Conversely,
under VARTM, BFRP exhibits a different anisotropy evolution, where the longitudinal tensile
stiffness anisotropy decreases (17.60%) slightly, despite a simultaneous increase in the shear-
stiffness ratio (15.99%). The rough surface morphology of basalt fibers may promote superior
resin infiltration and inter-tow resin bridging under vacuum, resulting in a significant increase
in transverse tensile stiffness relative to longitudinal stiffness. This suggests that the
manufacturing process redistributes the stiffness improvements differently in BFRP compared
to CFRP and GFRP, resulting in a more balanced bidirectional stiffness response while

maintaining a strong directional dependence in shear.

The VARTM process also exhibits more pronounced strength-based anisotropy (DA,r) over
HLU, with 42.90% for CFRP, 48.91% for GFRP, and 6.41% for BFRP, where the increase in
longitudinal tensile strength exceeds the corresponding improvement in transverse strength.
The failure mechanisms observed during the experiment support this trend, with VARTM
exhibiting fiber-dominant failure. Conversely, the relative increase in resin content and void
fraction under the HLU process allows for limited plastic deformation before failure. The
relatively marginal increase in the strength anisotropy of BFRP suggests that manufacturing
methods improve the longitudinal and transverse tensile strengths by almost equal amounts.
Overall, the contrasting trends demonstrate that anisotropy evolution is influenced not only by

absolute mechanical properties but also by the manufacturing process and fiber type.

4.3.2. Compressive Anisotropy Indices

A similar fiber-dependent anisotropy evolution is observed under compression loading (Fig.
11b). VARTM exhibits higher compression anisotropy indices over HLU for CFRP (28.88%
for Alg; and 71.38% for Al,;) and for BFRP (111.68% for Alg. and 40.28% for Al,.),
indicating that the E; and X, improves substantially more than the E, and Y. This behavior
suggests that the VARTM process enhances the load-carrying capacity in longitudinal
compression relative to transverse compression, mirroring tensile anisotropy. Interestingly,
VARTM produces noticeable reductions in both Alg. (67.07%) and Al (81.45%) for GFRP
over HLU. Despite improvements in absolute compression properties, the transition from HLU
to VARTM results in a more balanced bidirectional compressive behavior. The presence of

glass fiber knitting in the transverse direction contributes to the observed behavior, enhancing
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the load-carrying capacity of the composite relative to CFRP and BFRP, thereby reducing
anisotropy. These contrasting trends demonstrate that the same manufacturing route results in
fiber-type anisotropy evolution. While VARTM displays higher directional compressive
response in CFRP and BFRP, the same manufacturing method reduces anisotropy in GFRP,
confirming that fiber architecture strongly influences anisotropy evolution more than

enhancements in absolute compression properties.

4.3.3. Flexural and Interlaminar Shear Indices

The anisotropy indices are further extended to flexural and interlaminar shear properties to
evaluate the relationship between tensile, flexural, and interlaminar shear response. Unlike the
tensile and compression anisotropy indices, the flexural and interlaminar shear indices
determine the translation efficiency of tensile-derived properties into corresponding flexural
and interlaminar behavior. Fig. 11c and d present the flexural and interlaminar shear

translational indices of the composite laminates.

The flexural stiffness anisotropy (Algr) remains close to unity for all laminates, indicating that
laminates manufactured using HLU and VARTM, which exhibit relatively proportional tensile-
to-bending stiffness irrespective of fiber type. The transition from HLU and VARTM shows a
17.99% reduction in Algr for CFRP, and very marginal to no measurable difference in GFRP
and BFRP. Consequently, the overall tensile-to-bending stiffness translation relationship
remains largely insensitive to the two manufacturing processes. In contrast, the flexural
strength anisotropy (Al,r) exhibit strong dependence on fiber type and the manufacturing
process. While CFRP exhibits higher anisotropy values under both manufacturing processes,
with a large disparity between tensile and flexural strengths, the values are much closer to unity
for GFRP and BFRP, demonstrating stronger tensile-to-bending strength translation efficiency.
Collectively, the results indicate that the tensile-to-bending translational efficiency is largely
preserved despite the manufacturing-induced variations, demonstrating that the relationship
between tensile and flexural properties is comparatively insensitive to the manufacturing

process.

The interlaminar shear anisotropy (Al ss) reveals a different fiber-dependent response
compared with the flexural translational indices. For CFRP and BFRP, VARTM significantly
reduces Al s over HLU by 55.88% and 33.48% respectively, demonstrating that the
interlaminar shear strength improves proportionately more than the longitudinal tensile

strength. Conversely, GFRP exhibits a 31.64% increase in Al;; ¢ under VARTM,
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demonstrating that the improvement in longitudinal tensile strength exceeds that of the
interlaminar shear strength. The presence of transverse glass fiber knitting introduces localized
inter-yarn resin-rich channels that undergo shear deformation, limiting interlaminar shear stress
transfer. The Al;; g5 exhibits greater sensitivity to both fiber type and manufacturing process

than flexural indices, demonstrating the combined influence on the tensile-to-shear

relationship.
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Fig. 11. Anisotropy behavior of composite laminates based on the anisotropy indices for (a)

tensile, (b) compression, (c) flexural, and (d) interlaminar shear responses

The flexural and interlaminar indices demonstrate that the manufacturing process not only
influences the magnitude of the mechanical properties but also the efficiency with which those

properties are translated across different loading modes. While the flexural translation indices
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remain relatively insensitive to the manufacturing process, the interlaminar shear translation
index exhibits a combined influence of fiber type and manufacturing process. These findings
underscore that the effectiveness of a manufacturing process extends beyond the conventional
directional stiffness and strength and also influences the coupling between tensile, bending,

and interlaminar behavior.

4.4. Statistical evaluation of mechanical properties using ANOVA

Detailed statistical calculations and verifications of ANOVA assumptions are presented in
Tables S6-S9 in the supplementary file. According to the statistical analysis, fiber type (Factor
B: Carbon vs E-glass vs Basalt) has a statistically significant effect on all properties,
highlighting its dominant effect on the mechanical performance. The calculated F-values of
fiber type are one to two orders of magnitude higher than those of the manufacturing method
(Factor A: HLU vs VARTM)), reinforcing the primary role of fiber selection in determining the
multiaxial response. Simultaneously, the manufacturing method significantly affects nearly all
properties, except for longitudinal compression strength (p = 0.10747). This is consistent with
the experimental results (Section 4.2.2), which show that HLU CFRP and GFRP display
slightly higher longitudinal compression strengths. Stiffness-related properties remain
consistently sensitive to the manufacturing process, confirming that it exerts a measurable

influence on the multiaxial mechanical responses across different reinforcement systems.

The two-factor interaction effects (A x B) are statistically significant for most properties, except
the off-axis in-plane shear modulus (p =0.13094). Fig. 12 shows the interaction plots for tensile
and in-plane shear properties. The longitudinal tensile properties exhibit substantial interaction
sensitivities (F = 25.61 for modulus and F = 58.34 for strength), indicating that the
improvements from VARTM are strongly fiber-dependent. As shown in Fig. 12a and b, CFRP
exhibits a large increase in both longitudinal modulus and strength, whereas GFRP and BFRP
configurations respond differently to the manufacturing process, resulting in the observed
interaction effect. In contrast, the transverse tensile properties show lower interaction effects
(F = 14.68 for modulus and F = 63.37 for strength). However, the interaction plots reveal that
the manufacturing process remains reinforcement-dependent, as shown in Fig. 12¢ and d.
BFRP shows a substantially larger improvement in transverse tensile stiffness, whereas GFRP
shows more enhanced transverse tensile strength than CFRP and BFRP. The oftf-axis in-plane
shear strength exhibited a significantly higher interaction effect (F = 5.94) than shear modulus
(F = 2.42), as displayed in Fig. 12e and f, indicating that ultimate shear strength is strongly

influenced by the combined process-fiber interfacial coupling rather than shear stiffness.
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Fig. 12. Interaction plots illustrating the combined effect of manufacturing method and
fiber type on (a) longitudinal tensile modulus, (b) longitudinal tensile strength, (c)
transverse tensile modulus, (d) transverse tensile strength, (e) in-plane shear modulus, and
(f) in-plane shear strength
Fig. 13 presents the two-way interaction plots for compression, flexural, and interlaminar shear
properties. The longitudinal compression modulus and strength parameters exhibit lower
interaction metrics (F = 15.18 and F = 8.49, respectively), indicating a comparatively smaller
interaction effect between fiber type and manufacturing process. As observed in Fig. 13a and
b, VARTM increases the longitudinal compression modulus across all reinforcement systems,
whereas the influence on longitudinal compression strength varies with fiber type, resulting in
higher strengths for CFRP and BFRP under HLU, but higher for VARTM BFRP. In contrast,
the transverse compression properties are highly sensitive to fiber type and manufacturing
process, as reflected in exceptionally high interaction values (F = 428.19 for the transverse
compression modulus and F = 1429.75 for strength). This behavior is clearly visible in Fig.
13¢ and d, where VARTM produces dramatically different responses among the three
reinforcement systems, particularly for GFRP, which exhibits a disproportionately large
increase in transverse compression properties. The magnitude of these interaction effects
demonstrates that transverse compression properties are considerably more sensitive to the

manufacturing process than their longitudinal counterparts. These results confirm that the
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response to the manufacturing process is highly dependent on the reinforcement type,

especially under transverse compression loading.

The flexural modulus and strength exhibit statistically significant effects from both factors,
with moderate interaction magnitudes (F = 11.01 and F = 21.02, respectively). As shown in
Fig. 13e, VARTM increases flexural stiffness across all reinforcement systems, though the
magnitude of improvement varies with fiber type and is more pronounced with CFRP. Fig. 13f
shows a more pronounced interaction effect for flexural strength, in which the manufacturing
process effect depends on fiber type. VARTM improves the flexural strength of CFRP, produces

a marginal improvement in GFRP, and results in lower strength for BFRP.

In contrast, the short-beam interlaminar shear strength exhibits significant interaction effects
(F = 89.97), demonstrating that interlaminar shear performance is highly fiber-dependent. As
shown in Fig. 13g, VARTM enhances interlaminar shear strength by 320.1% for CFRP, 103.8%
for GFRP, and 92.1% for BFRP, reflecting that the improvement is not consistent across all
fiber systems. The HLU laminates show notably lower shear strength for CFRP and BFRP,
whereas GFRP exhibits relatively minor differences across the two processing methods,
indicating that the effect of manufacturing method cannot be separated from that of fiber type.
The results confirm that the manufacturing process alters the interlaminar shear strength, but
the magnitude of the change is fiber-dependent, demonstrating the influence of the interaction

effect on the interlaminar shear response.
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fiber type on (a) longitudinal compression modulus, (b) longitudinal compression strength,
(c) transverse compression modulus, (d) transverse compression strength, (e) flexural
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Overall, the two-way ANOVA results confirm that fiber selection predominantly governs
longitudinal stiffness and strength, as well as in-plane responses. Conversely, matrix- and
interface-dominant properties, specifically transverse compression and interlaminar shear, are
highly sensitive to the combined interaction effect of fiber type and manufacturing process.
These statistical evaluations are consistent with the experimentally observed process-structure-
mechanics relationships. While fiber selection primarily controls the overall magnitude of
mechanical properties, the influence of the manufacturing process varies significantly across
different reinforcement systems and loading modes, particularly for transverse compression

and interlaminar shear responses.

4.5. Impact on Automotive Applications

The results presented in this study provide useful insights for the selection and processing of
lightweight automotive composite structures. Among the investigated laminates, VARTM-
processed CFRP exhibits the highest longitudinal tensile, flexural, and interlaminar shear

performance, which makes it suitable for stiffness-critical and load-bearing components.
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However, the high anisotropy observed in CFRP indicates the importance of considering
directional mechanical behavior during laminate design and structural optimization. GFRP
exhibits relatively lower longitudinal stiffness than CFRP but demonstrates comparatively
improved transverse and flexural behavior, especially under VARTM. This behavior indicates
a more balanced directional mechanical behavior, which suggests its suitability for cost-
effective automotive structures subjected to multiaxial loading conditions. BFRP exhibits
competitive flexural and interlaminar shear performance and greater sustainability potential
than CFRP, making it attractive for automotive components, offering a favorable balance

between stiffness and mechanical performance.

The comparison of HLU and VARTM further demonstrates that the manufacturing process
plays a vital role in determining the final mechanical performance of the composite laminates.
The density, fiber volume fraction, void content, and mechanical properties results consistently
show that VARTM produces more efficient composite laminates with superior stiffness,
strength, and interlaminar performance. These findings indicate that selecting the
manufacturing process is also vital, alongside fiber selection, for the design of composite-based

structures for automotive applications.

5. Conclusions

This study systematically investigated the effects of the manufacturing process on the
multiaxial mechanical behavior and the evolution of anisotropy in unidirectional CFRP, GFRP,
and BFRP composite laminates manufactured using HLU and VARTM. The results
demonstrate that the manufacturing process shows distinct density, fiber volume fraction, and
void fraction, which significantly influence the stiffness, strength, and anisotropic mechanical

responses of the laminates.

Across all fibers, VARTM produces higher density, fiber volume fraction, and lower void
content, resulting in enhanced stiffness-dominated responses, efficient load transfer, and
improved overall mechanical performance. Despite its lower fiber volume fraction and higher
void content, HLU exhibits comparatively higher longitudinal compression strength for CFRP
and GFRP. These microstructural variations result in apparent shifts in anisotropy, with
VARTM exhibiting higher tensile and compressive anisotropies in both CFRP and BFRP,
highlighting fiber-dominant load transfer. However, the knitted architecture and enhanced
transverse load of GFRP under VARTM reduce the compression and flexural anisotropy. For

CFRP and BFRP, flexural anisotropy indices remain largely unaffected by the manufacturing
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process, indicating the stable stiffness transfer from uniaxial tensile to bending. Interlaminar
shear indices confirm that VARTM improves shear transfer efficiency and delamination

resistance in CFRP and BFRP, while the transverse knitting may limit shear efficiency in GFRP.

Two-way ANOVA further demonstrates that fiber type has a dominant influence on all
constitutive behavior, while the manufacturing process significantly affects nearly all
parameters, except for longitudinal compression strength. Interaction effects are also
significant, except for the in-plane shear modulus. Fiber-dominated longitudinal responses
exhibit comparatively lower interaction effects, indicating lower sensitivity to the combined
influence of fiber type and manufacturing process. Conversely, matrix-dominant properties,
such as transverse compression and interlaminar shear strength, exhibit statistically strong

sensitivity to process-fiber coupling.

Overall, the results demonstrate that the fiber type governs the fundamental mechanical
response of the laminate. In contrast, the magnitude and directional balance of the resulting
properties are significantly influenced by the manufacturing process. The anisotropies and
translation indices developed in this study provide an additional framework for evaluating the
effect of manufacturing process on the mechanical response of composite laminates under
different loading modes, thereby supporting the design and optimization of lightweight
automotive composite structures.
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