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Highlights

What are the main findings?

• Selective placement of thermoplastic veils within AFP tow-gaps reduces ply sinking,
surface waviness, and fiber misalignment.

• Veils transform resin-rich regions into reinforced networks, improving laminate me-
chanical and morphological uniformity.

• Tensile testing and progressive failure simulations demonstrate that veil placement
restores stiffness and induces changes in failure behavior.

What is the implication of the main findings?

• Controlling morphology through targeted veil placement enhances composite reliabil-
ity without weight increase.

• The method offers an approach for mitigating AFP tow gap induced defects.

Abstract

Fiber tow-gaps and overlaps formed during the Automated Fiber Placement (AFP) process
pose a significant challenge by introducing non-uniform composite morphologies, often
characterized by resin-rich regions and fiber waviness. These defects occur as deposited
fibers sink into the gap regions during consolidation, with gap geometry determined during
path planning. Such morphological inconsistencies can compromise structural reliability
by initiating premature failure, particularly through localized out-of-plane waviness and
resin accumulation. This study investigates the integration of high melting temperature
thermoplastic veils, specifically polyetherimide (PEI), into fiber tow-gaps as a method
to prevent ply sinking and reduce fiber waviness on both internal and external surfaces
of the laminate. The PEI veils also serve to reinforce resin-rich regions by forming an
interpenetrated network of high fracture toughness material within the brittle epoxy matrix.
Tensile tests conducted on cross-ply laminates containing staggered gaps demonstrated that
the inclusion of PEI veils modified the failure mode. The results suggest that the selective
placement of thermoplastic veils within tow-gaps during AFP offers a viable strategy to
mitigate manufacturing-induced non-uniform morphologies.

Keywords: automated fiber placement; fiber tow-gaps; out-of-plane fiber waviness; resin-rich
regions; thermoplastic veils
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1. Introduction
Automated Fiber Placement (AFP) is an advanced manufacturing process for primary

composite structures, particularly in aerospace [1–3]. AFP offers an industrial advantage
of full automation: computer-controlled heads can lay multiple tows in each course with
repeatable accuracy, drastically reducing labor, cycle times, and human error. This automa-
tion enables the fabrication of large, contoured structures such as wing skins, fuselage
barrels, and cryogenic tanks that would be impractical or cost-prohibitive with hand lay-up
or conventional tape-lay methods, while still accommodating complex variable-stiffness
layups and in situ quality monitoring [4]. AFP introduces features like fiber tow-gaps
and overlaps during the fabrication, governed by processing parameters and fiber layup
trajectories [5,6]. These features have a propensity to become defects in the cured composite
and can be seen as morphological inconsistencies in the laminate, including fiber waviness,
resin-rich regions, and ply thickness variations, which compromise mechanical perfor-
mance [7–10]. Resin flow during compaction, influenced by anisotropic viscosity, leads
to resin-rich zones that act as stress concentrators [11–13]. In multidirectional composite
laminates, resin pockets reduce stiffness minimally but can lower failure strain by up to
20% [14]. Key contributors to resin-rich regions include stacking sequences and manufac-
turing parameters, which influence resin flow dynamics. Resin-rich regions complicate
the mechanical behavior of composites making it less predictable and can be linked to
other morphological irregularities [15,16]. Furthermore, unevenness in composite surfaces
due to the presence of the fiber tow-gaps can affect dimensional tolerance in the primary
structures needed for aerodynamic and assembly considerations.

Defects in cured AFP composites can originate from misaligned tows, as well as
steering, which create gaps and overlaps that significantly affect composite mechanical
behavior. Static tension, compression, and fatigue tests reveal that compressive strength
reductions can be up to 25%, compared to 10% for tensile strength. Defect configurations,
like wider defects in 45◦ orientations, may increase compressive strength but reduce tensile
performance [17]. The defect impact on open-hole compression (OHC) strength depends
on location, with effects ranging from positive to negative. For instance, 90◦ centered gaps
reduce OHC strength by 7.1%, and additional shifted gaps exacerbate reductions to 13% [18].
Fiber waviness further impacts properties, initiating premature failure under static and
cyclic loads [10,19–21]. Increased fiber waviness angles decrease failure stress beyond
20% [22]. Fatigue performance is also affected, with fiber waviness contributing to stiffness
reduction and load redistribution [23]. As seen from this discussion, while tow-gaps may
not be avoidable, strategies on how to minimize their effects on the behavior of composite
laminates need to be explored. One possible solution can be the selective placement of
low areal density non-woven thermoplastic veils, which can suppress ply sinking without
contributing significant parasitic weight within carbon-fiber-reinforced polymer (CFRP)
epoxy matrices. These veils have demonstrated the ability to improve damage tolerance by
enhancing interlaminar fracture toughness through bridging of delamination cracks [24–27].
While the implementation of veil placement during AFP is beyond the scope of this study,
the observed benefits in controlling morphology around tow-gaps highlight a promising
direction for future research on AFP-integrated veil placement. The delivery of such veils
can be potentially automated using one of the available spools in the AFP head [28].

To explore this idea, this study investigates the mechanics of compaction and the
resulting influence on the mechanical behavior of benchmark composite laminates with
rectangular tow-gaps. The selective incorporation of polyetherimide (PEI) veils within
the benchmark configuration was used to explore the effect on composite morphology
around fiber tow-gaps by preventing ply sinking, which helps mitigate formation of out-
of-plane fiber waviness. The presented approach was used as a testbed to explore the
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effects of the potential placement of thermoplastic veils into the region of severe staggered
tow-gaps with simplified geometry. The paper is organized as follows. Section 2 details
the experimental methods including sample fabrication with controlled gap staggering
and incorporation of veils. Characterization techniques, including optical microscopy,
surface profilometry, micro-computed tomography (micro-CT), and tensile testing with
full-field Digital Image Correlation (DIC), are described in Section 2. Section 3 presents the
modeling approach used to simulate the compaction process and evaluate the structural
response using progressive failure analysis. Section 4 presents the key findings, while
Section 5 summarizes conclusions and outlines future work. The incorporation of PEI
veils allowed for reductions in fiber waviness, which led to a moderate reduction in the
stress knockdown seen due to ply sinking. DIC analysis revealed that the presence of veils
had an influence on the damage process and, therefore, had an implication on the overall
composite behavior. In conclusion, the present work indicates a potential for adopting
thermoplastic veils to ensure greater control over the resulting AFP composite morphology.
Furthermore, it introduces a benchmark problem for analyzing AFP-induced waviness and
resin-rich regions in relation to selective veil placement, which has not been addressed in
previous studies on veil-toughening or AFP defect studies [25,26].

2. Experimentation
2.1. Materials and Sample Fabrication

This study employed the HexPly® IM7/8552 carbon-fiber composite prepreg from
Hexcel Corporation (Stamford, CT, USA), designed for AFP due to its minimal tack proper-
ties [29]. To investigate the influence of staggered-gap configurations on fiber morphology,
composite laminates were fabricated using a [0◦, 90◦, 0◦, 90◦, 0◦, 90◦, 0◦] stacking sequence.
This anisotropic stacking sequence was chosen to test the effect of 90◦ gaps (meaning orien-
tation in y-direction) on the strength knockdown in the x- and y-direction. It is important
to note that during tensile testing in the x-direction, the 0◦ plies are the main load-carrying
plies. In contrast, during y-direction testing, the 90◦ plies carry most of the load, and the
gaps do not have the same effect. Samples were fabricated manually by placing 6.25 mm
(0.25′′) wide carbon-fiber tows and gaps following the configuration in Figure 1. A hand
roller was employed to provide uniform compaction pressure across each ply. Panels were
fabricated as a benchmark problem to study the compaction response of laminates with
tow-gap features. The manual layup with roller compaction followed by an autoclave cure
was adequate to reproduce the compaction and resin-flow mechanisms of AFP compos-
ites. This approach provided flexibility to define gap configurations, enabling systematic
evaluation of veil effects within a reproducible benchmark framework. PEI veils were incor-
porated within and around the regions of tow-gaps to investigate the effect on preventing
ply sinking. Figure 2 illustrates the stacking configuration and integration of thermoplastic
veils within a staggered-gap composite laminate. The red layers represented thermoplastic
veils positioned inside of the gap regions and interlaminar regions around the tow-gap,
extending 12.7 mm past the gap. The PEI veil used in the VEIL samples had a nominal areal
weight of 10 g/m2, corresponding to a thickness of approximately 0.10 mm or about 75%
as thick as a single ply of the IM7/8552 carbon-fiber composite (≈0.135 mm). To maximize
veil effectiveness, two strips of thermoplastic veil were inserted into each tow-gap region,
ensuring the gap volume remained fully occupied during consolidation. This configuration
aimed at preventing the upper plies from sinking into the gap. Additionally, a single strip
of veil was placed at interlaminar locations adjacent to the gaps to toughen the interlaminar
region and improve load transfer around tow-gap. Therefore, the veil provided a porous
scaffold that supported overlying fibers and resisted ply sinking, while supporting a more
uniform compaction.
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Figure 1. Composite laminate with staggered tow-gaps and layup cross-section schematics for
sections A-A and B-B. The yellow dashed line indicates the axis of symmetry, while the yellow dotted
lines outline the region containing tow gaps. The red boxes (1–10) mark the tow gap regions sides,
and the red color represents the veil layer in the laminate.

 

Figure 2. Schematic and photos showing the placement of thermoplastic veils within fiber tow-gaps
and interlaminar regions in a cross-ply composite laminate with staggered-gap configuration.

The curing process for HexPly® 8552 composite laminates followed the manufac-
turer’s cure cycle (Hexcel Corporation, Stamford, CT, USA) [30]. From the cured panels,
various samples were extracted using a water jet, including pristine samples (without
gaps), samples with gaps, and samples with PEI veils inserted into the gaps. The samples
were categorized based on their loading directions. Pristine samples were tested along
the x- and y-axes, labeled as PRx and PRy, respectively. Similarly, samples with gaps and
veils were tested in two orientations, labeled GAPx, GAPy, VEILx, and VEILy. GAPx and
VEILx samples were loaded perpendicular to the gap direction, while GAPy and VEILy
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samples were loaded parallel to the gap direction. Some samples were designated for
microstructural analysis, to evaluate non-uniform morphology around the gap region.
Figure 3 illustrates the extracted samples and their loading orientations. The specimen
loaded in the x-direction was designed with dimensions of 177.8 mm in length and 25.4 mm
in width, with 25.4 mm tabs at both ends to facilitate tensile testing. The specimen loaded
in the y-direction had a length of 177.8 mm and a width of 44.5 mm, with the tabbing width
adjusted to accommodate the increased specimen width.

Figure 3. Schematic of different extracted samples from composite panel.

2.2. Micro-Computed Tomography

Internal morphology features and void distributions were examined with micro-CT.
Scans were carried out on a laboratory system under multiple resolutions and scan modes
(see Figure 4). Scans were performed using the Rigaku CT Lab HX130, a high-resolution
benchtop X-ray CT scanner designed for non-destructive 3D imaging of materials. Voxel
sizes ranged from 10.1 µm to 25.2 µm, and total scan times varied from 17 min to more
than 4 h, depending on the chosen projection settings and field of view.

Figure 4. Micro-CT scanning setup (left) and prepared composite specimen mounted in a sample
holder (right) for internal structural analysis and high-resolution imaging.
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2.3. Mechanical Testing and Digital Image Correlation

Quasi-static tensile tests were performed on an MTS™ (Material Testing Systems, MTS
Systems Corporation, Eden Prairie, MI, USA) universal testing machine at a constant crosshead
speed of 3 mm · min−1. Load–displacement data were recorded in real time using MTS
TestSuite™ v4.10 software. Full-field strain was captured with a two-camera DIC system.
Images were acquired with GOM®Snap v2.0.1 and processed in GOM®Correlate v2.0.1.

2.4. Microscopy Analysis

High-resolution optical micrographs were obtained with a Leica DM6 M microscope
(Leica Microsystems GmbH, Wetzlar, Germany), while low-magnification overview images
were taken on a Leica S9 stereomicroscope. Specimens were wet-ground sequentially with
120, 320, and 600 grit silicon-carbide papers, then polished with 6 µm and 1 µm diamond
suspensions followed by a final 0.04 µm colloidal-silica polish to achieve a mirror-like finish.
All samples were vacuum-mounted in low-shrinkage resin as a part of sample preparation.

2.5. Surface Profilometry

All profilometry data were acquired using a Leica DCM8 optical profiler (Leica Microsys-
tems GmbH, Wetzlar, Germany), with a lateral resolution of approximately 2 µm (resulting
in over 5000 measurement points along the 10 mm scan), and processed using Leica LAS X
(office widefield) and Leica Map360 software. The system was calibrated using National Insti-
tute of Standards and Technology (NIST)-traceable step-height standards of 50 µm, 100 µm,
and 200 µm; this procedure verified vertical accuracy within ± 0.5 µm (≤0.25% error) and
demonstrated reproducibility below 0.2 µm across the full measurement range.

3. Modeling
3.1. Process Modeling Approach

A 3D model with explicit staggered tow-gap geometry was generated and meshed
with 1800 8-node thermally coupled brick elements (C3D8Ts) (Figure 5). Mesh density was
refined in the gap region and coarsened elsewhere. Orthotropic, cure-dependent behavior
was implemented through user subroutines (VUMAT/VUMATHT) with state variables
that included degree of cure, resin viscosity, effective ply stiffness, thermal properties, and
fiber orientation [11]. The simulation was performed in Abaqus/Explicit with a 5400 s
dynamic temperature–displacement step, stabilized with mass scaling and bulk viscosity.
Autoclave processing was modeled on the top side of the laminate by ramping up to
the uniform pressure of 0.7 MPa, while temperature was applied through the convection
boundary condition following the cure profile. The details on the model can be found
in [11]. The bottom tool side restricted the displacement in the vertical direction uz = 0
(in-plane free) with thermal contact conductance to the tool. The sides had traction-free
and adiabatic conditions. The cure followed the manufacturer’s recommended cure cycle
for HexPly IM7/8552 (Hexcel Corporation, Stamford, CT, USA) [30].

A previously developed fully coupled thermo-chemo-mechanical framework was
implemented to simulate the compaction of uncured AFP laminates [11]. This enabled
simulation of tow-gap deformation during manufacturing and use of the predicted mor-
phology for subsequent Progressive Failure Analysis (PFA). The prepreg was modeled as
a transversely isotropic, hyper-viscoelastic medium whose resin viscosity evolved with
temperature and degree of cure, using a modified autocatalytic kinetics law to capture resin
stiffening during the early, highly deformable stage [11]. More details on this approach
can be found in the previously published work [11]. The purpose of this analysis in this
study was to use the simulated compacted geometry for structural analysis. Once com-
paction simulation was completed, the fully deformed mesh (including ply waviness, local
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thickness variations, and filled tow-gaps) was extracted directly from the Abaqus database
and exported for PFA input (Figure 6). In the follow-on analysis, this process-driven
morphology underpinned the high-fidelity PFA modeling.

Figure 5. Mesh of staggered tow-gap cube with 1800 C3D8T elements and symmetry plane.

 

Figure 6. Compaction model geometry extracted from compaction simulation (bottom) alongside
corresponding optical micrographs (top), demonstrating close agreement between predicted ply
deformation and resin-rich pocket formation and actual coupon cross-sections. The numbers indicate
the resin-reach regions corresponding to the gap-closure side numbers shown in Figure 1.

By integrating a fully coupled thermo-chemo-mechanical compaction simulation with
PFA, this work enabled evaluation of the role of fiber waviness developed due to gap
placement in the resulting failure propagation.

3.2. PFA Modeling Approach

For the failure analysis of the compaction-deformed morphology, NASA’s CompDam
framework was adopted due to its comprehensive representation of ply-level damage
mechanisms [31,32]. CompDam uses deformation-gradient decomposition (DGD) to embed
cohesive planes within each ply, enabling explicit modeling of intralaminar matrix cracks
without refining the mesh around every crack tip [33]. Delamination was modeled through
cohesive-zone elements between plies, and fiber tensile failure was predicted by local stress
criteria. By applying DGD directly to the deformed mesh from the compaction simulation,
manufacturing-induced features, such as ply waviness, thickness variation, and resin-rich
pockets, were integrated within the PFA modeling. This integrated approach provided
high-fidelity predictions of strength reductions and damage progression. The properties
used for PFA modeling are presented in Tables A1 and A2 (in the Appendix A).
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Extraction of the deformed mesh from Abaqus allowed direct visualization of
manufacturing-driven defects, bridging the gap between AFP process parameters and
resulting laminate morphology. Applying PFA via the DGD framework on these process-
driven meshes captured the evolution of intralaminar cracking, cohesive-zone damage,
and delamination, as discussed in the following sections.

4. Results
4.1. Surface Profilometry

Profilometry scans started 10.58 mm from the outer gap centerline and spanned inward
to the gap centerline. The height map of the region over the staggered gaps (Figure 7a,b,
labeled Staggered gaps: no veil and Staggered gaps: with veil) revealed surface waviness,
evidenced by transitioning from a low to high depth across a 10.58 mm profile scan taken
over the central portion of the gap region. The change in depth in the GAP sample was
about 0.47 mm, whereas samples with the PEI veils had a significantly reduced change
in depth of about 0.23 mm (Figure 7c). These variations in the local depth of composite
were attributable to gaps in the fiber tows. Compaction of the AFP composite during
manufacturing created a non-uniform, uneven surface in primary structures, which is
undesirable for design. In the GAP sample, the depth profile was more irregular (showing
changes of up to 0.43 mm before gradually decreasing), pointing to significant surface
unevenness and ply waviness arising from ply sinking, which was typically associated
with other defects in the cured morphology, such as triangular-shaped resin-rich regions
and fiber out-of-plane waviness. The height map of the VEIL sample exhibited a smoother
and more confined range of height variations.

 

 

Figure 7. Surface height maps of a tow-gap region (a) without and (b) with PEI veils, and (c) corre-
sponding line profiles showing reduced peak-to-valley height.
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4.2. Microstructural Observations

As seen from the micrographs, the veils acted as a scaffold inside of the gap, while
providing sufficient permeability for the resin to fill the voids inside of the porous veil.
Figure 8 presents high-resolution optical micrographs of composite laminates fabricated
without thermoplastic veils, revealing significant resin-rich regions. These resin-rich re-
gions, formed from the original tow-gaps, introduced out-of-plane ply waviness (most
notably in the 0◦ layers) that also resulted in ply and laminate thickness variation across
the cross-section. At the corner of each original tow-gap (left and right) placed in the lami-
nate, the resin-rich region was formed approximately 250–400 µm in length. Since there
were five tow-gaps, this produced a total of ten resin-rich regions (see Figure 1), arranged
symmetrically with respect to the axis of symmetry for the initial gap configuration. As a
result, the fiber out-of-plane waviness in the neighboring plies, directly above and below
the gap region, was formed. Figure 8 shows the overall view on the cross-section, while
the zoomed-in view provides the details of the resin-rich regions to the left of the axis of
symmetry. These resin pockets appeared as translucent or light-colored bands between
displaced fibers that were pushed into the gap region and adjacent plies. Some 90◦ fiber
tows were “squeezed” into the gaps (indicating an imbalance in compaction pressure) but
failed to fully bridge the void, leaving large resin-rich zones unreinforced.

 

Figure 8. Micrographs illustrating the cross-sectional morphology of the gap region without veils.

Figure 9 depicts micrographs of samples in which thermoplastic veils had been placed
inside the tow-gaps and within the interlaminar region. Here, the same region representing
the initial staggered-gap pattern exhibited a more uniform thickness profile: resin-rich
packets were reduced to below 50 µm (often barely detectable in a cross-section), and
the ply alignment remained consistent through the entire thickness. The veil material
supported the 0◦ tows above it, preventing their sinking inside of the gap. As a result,
the cured laminate did not show as pronounced out-of-plane fiber waviness that was
observed in GAP sample, thus promoting a more uniform ply morphology and a reduced
resin-rich region. Since veils are known for their toughening effect, this can also provide the
potential benefit of reinforcing the resin-rich region. However, some of the veil appeared
to be located under the 90◦ ply (Figure 9), even though the initial placement of the veil
was side-by-side with the 90◦ ply. This, along with the shifted locations of the resin-rich
triangular regions (Figure 7), indicates the shifting of the 90◦ ply, driven by the squeeze flow,
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which contributes to some waviness in the 0◦ plies. To quantify the apparent out-of-plane
waviness in the un-veiled (GAP) and veiled samples, micro-CT analysis was performed.

 

Figure 9. Micrographs illustrating the cross-sectional morphology of the gap region with a thermo-
plastic veil.

4.3. Internal Morphology Characterization via Micro-CT

Three tow-gap samples were inspected using micro-CT data. Two samples, one with
and one without a PEI veil, were both scanned at 10 and 25 µm resolutions. The lower
resolution scans captured a larger field of view, comprising a higher number of gap regions,
while the higher resolution scans enabled a more detailed evaluation of morphology and
fiber waviness. A third sample without a PEI veil was also scanned at a 3 µm resolution to
quantitatively analyze fiber orientations and resin-rich regions. Figure 10 presents high-
resolution micro-CT cross-sections of composite laminates, comparing regions “without
veil” (left column) to “with veil” (right column) in both the gap zone (top row) and the
interlaminar zone (bottom row). In the gap region without veil, the grayscale contrast
was quite uniform, with a broad midtone band stretching across most of the field. This
uniformity corresponded to a gap where very few high-attenuation (i.e., carbon fiber)
structures are visible. In other words, the tow-gap had collapsed into a resin-dominated
channel, and the lack of bright, fibrous features indicated that the 90◦ fibers had not bridged
the void. By contrast, the region of gap with veil revealed a network of fine, interwoven veil
that was infused with resin. Resin had percolated through the veil (dark resin-filled areas
are interspersed, rather than monolithic, with bright PEI fibers) indicating that the fiber
and resin phases formed an interpenetrated network. This fiber–veil scaffold effectively
preserved some of the original through-thickness integrity, preventing a large resin channel
from forming.

Looking at the interlaminar region with no veil, the matrix-dominated zone was seen,
while with the addition of a veil, the interpenetrated PEI–resin network with minimal poros-
ity could be observed. Across both gap and interlaminar locations, the micro-CT images
made it clear that the thermoplastic veil altered the structure of the interlaminar region; the
veil similarly prevented the formation of a homogeneous resin layer, instead introducing a
finely interwoven veil structure that enhanced through-thickness fiber connectivity.

Figure 11 presents two complementary views of the out-of-plane fiber orientation in
the un-veiled laminate. In Figure 11a, a grayscale CT scan is shown at Section A-A, with
four tow-gaps labeled 1, 5, 7, and 8 (see Figure 1). At each gap edge, a green wedge and
red reference lines marked the local fiber axis, and the out-of-plane angles were measured
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as φ1 = 6.65◦, φ7 = 5.20◦, φ5 = 8.90◦, and φ8 = 7.14◦. The presence of ply waviness in
the un-veiled sample could be inferred from the CT scan results. Discrete measurements
of fiber orientation adjacent to each tow-gap revealed out-of-plane angles ranging from
5.20◦ to 8.90◦, indicating that the fibers deviated from the intended planar alignment. This
pattern was further supported by the heatmap (Figure 11b), where narrow bands of high
misalignment (up to 10◦) were observed. These bands were sharply localized, with the
fiber angle rapidly returning to near zero just a few hundred microns away from each gap.
The combination of periodic fiber tilting at the gap edges and the recurring high-angle
regions in the heatmap confirmed the presence of ply waviness.

Figure 10. Micro-CT images comparing microstructures of samples without (left) and with (right)
thermoplastic veils in the gap (top) and interlaminar (bottom) regions. Red dashed boxes highlight
the gap zones. The red boxes indicate the locations of visible surface dents, which stem from the
presence of the gap that transforms into an indentation after the compaction process.

Figure 11. (a) CT scan showing out-of-plane fiber angles adjacent to tow-gaps; (b) heatmap of φ(x,z)
reveals localized ply waviness up to 8.9◦ at gap edges.



Fibers 2025, 13, 145 12 of 23

In Figure 12, out-of-plane fiber misalignment angles (φ) at the corners of resin-rich
regions were compared for samples with and without the PEI thermoplastic veil. In the
un-veiled sample, measured φ angles at Gaps 2, 3, 4, 5, 6, 8, and 9 ranged from 4.1◦ to 9.1◦,
with an average value of 6.1◦. The highest values were observed at Gaps 3 (8.2◦), 4 (7.7◦),
and 6 (9.1◦), indicating localized ply waviness at these regions. In contrast, the veiled
sample showed much smaller and more uniform φ values ranging from 3.54◦ to 5.86◦, with
an average of 4.5◦. Notably, the highest angle in the veiled sample (5.86◦ at Gap 4) was still
significantly lower than the maximum in the un-veiled sample. The addition of the PEI veil
led to a 54% reduction in the maximum out-of-plane angle (from 9.1◦ to 5.86◦) and a 36%
reduction in the average misalignment (from 6.1◦ to 4.5◦). While only section-cut views
were shown, the angle was found to be consistent throughout the scanned region, further
confirmed that the observed improvements were representative of the entire laminate.

Figure 12. (a) CT scan of sample without PEI veil; (b) CT scan of veiled sample.

4.4. Tensile Testing

The present cross-ply laminate contained four 0◦ plies (aligned in the x-axis) and three
90◦ plies (aligned in the y-axis). Therefore, the 0◦ layers were the primary load-carrying
plies in x-direction tests, whereas the 90◦ layers dominated in y-direction. As a result of
the selected stacking sequence, which had four 0◦ and three 90◦ plies, pristine composite
laminate demonstrated higher average strength in the x-direction (1480 MPa) compared to
the y-direction (1180 MPa). Under tensile loading, pristine laminates (PRsx) exhibited a peak
stress at a failure strain of 0.015 mm/mm and an initial stiffness of ~81 GPa (Figure 13a,
black curve). As seen previously, the introduction of a tow-gap (GAPx, red curve) created
a 250–400 µm resin-rich pocket that functioned as a localized stress concentrator, reducing
peak strength to ~1300 MPa and decreasing failure strain to 0.013 mm/mm. When the gap
was filled with a thermoplastic veil (VEILx, green curve), the strength recovered to 1476 MPa,
stiffness increased to 100 GPa, and failure strain was marginally reduced to 0.0122 mm/mm.

Figure 13b shows pristine specimen (PRy) tensile behavior with strength of 1190 MPa
at 0.016 mm/mm with a stiffness of ~75 GPa. Since the gap was oriented aligned with the
load (GAPy) for this loading case, the sinking was still prevented in 0◦ plies, which were not
load bearing for the y-direction. More importantly, the omission of five 90◦ tows reduced
the strength to ~700 MPa and caused the stiffness to fall to ~60 GPa. Therefore, the effect
of veils could not compensate for the missing fiber tow, and thus no noticeable difference
between GAPy and VEILy was found. Because the veil is a low-stiffness thermoplastic that
reduces waviness in non-load bearing 0◦ plies in the y-direction, it offered little strength
recovery. The effect of the veil was, however, seen in the resulting variation in strength,
and the damage propagation, which is discussed in the following section.
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Figure 14 presents box-and-whisker plots of maximum stress across all specimens, cor-
roborating these trends quantitatively. Under x-loading, the median strength decreased from
1480 MPa (PRx) to 1430 MPa (GAPx) before rising to 1500 MPa (VEILx), with reduced variabil-
ity (COVs of 0.01, 0.101, and 0.087 for PRx, GAPx, and VEILx, respectively). A two-sample
t-test showed that although the veil restored median strength to near-pristine levels and low-
ered scatter by roughly 14%, the difference in mean strength between GAPx and VEILx was
not statistically significant (p ≈ 0.23, α = 0.05). Under y-loading, medians fell from 1150 MPa
(PRy) to 730 MPa (GAPy) and to 700 MPa (VEILy), with notable scatter in GAPy (COV = 0.114)
compared to PRy (COV = 0.04) and VEILy (COV = 0.075). Similarly, no significant difference in
mean strength was found between GAPy and VEILy (p ≈ 0.16), indicating that the veil mainly
reduces variability rather than increasing strength when the 90◦ plies carry the load. These
data affirmed that thermoplastic veils could compensate for some of the strength knockdown
by reducing waviness in the load-bearing plies. While the increase in mean strength was not
statistically significant at the 5% level, the veil clearly lowered scatter, and as a result the COV
for y-strength was reduced once veils were incorporated. This in itself has an important effect
for the A-basis design of primary structures: tighter distributions of the mechanical properties
allow for greater control of the design allowable [34].

Figure 13. Stress versus strain response for the samples under tension: (a) along the x-direction
(b) y-direction.

Figure 14. Strength distribution of composite samples: pristine (PR), with gaps (GAP), and with veils
(VEIL) in x- and y-directions.
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4.5. Strain Distribution Analysis Using DIC

The DIC strain maps in Figures 15 and 16 illustrate how morphological changes (GAP
vs. VEIL samples) translated into distinct strain signatures under loading in both x- and
y-direction. Under x-direction (Figure 15), the pristine sample (PRx) displayed a nearly
uniform εxx field on the surface, with strain values predominantly in the 1.2–1.6% range,
with some spatially distributed regions of 2% strain. When a tow-gap was introduced
(GAPx), instead of uniform strain field, significant strain concentration was observed in
the locations of fiber waviness, with peak εxx values reaching 1.8–2.0%. The high-strain
band spanned across the sample with a spacing of 8 mm, which indicates the impression
in the top surface because of staggered gaps and resulting ply sinking (Figure 15). The
unreinforced resin pockets at the corner of the original gaps and resulting ply waviness
introduced geometric nonlinearity and acted as a local stress concentrator—this behavior
is later illustrated with the result of PFA using FE simulation of the gap sample. The veil-
reinforced sample (VEILx) showed a smoother εxx distribution compared with GAPx: most
of the strain field remained within 0.8–1.2% (green to light yellow). Like the GAPx sample,
two strain streaks were observed; however, in the VEILx sample, the spacing between the
strain bands was markedly reduced from 12 mm in GAPx to 4 mm in VEILx.

Figure 15. Strain distribution maps from DIC analysis for samples loaded in x-direction at failure.

Figure 16. Strain distribution maps from DIC analysis for samples loaded in y-direction at failure.
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Figure 16 shows εyy maps under y-direction loading for PRy, GAPy, and VEILy. In PRy,
εyy strain distribution exhibited relatively uniform spacing for horizontal strain streaks.
This behavior is attributed to transverse matrix cracking, which is likely to initiate near
the free edge and propagate across the sample width. This behavior is driven by shear-lag
effects, where load transfer among transverse plies governs continued matrix cracking until
saturation with the transverse cracks, after which the efficiency of the primary load-bearing
plies diminishes, and ultimate failure occurred.

The characteristic strain distribution in the center of GAPy represents the removed
90◦ tow, which is now oriented in the direction of the applied loading. Ply waviness
represents the original 0◦ layers, which are, however, not load bearing in the y-direction.
The GAPy sample exhibited sharp alternating bands of high ~2.0 % strain (represented
by red color) and relief down to ~0.0–0.1 % (blue color) in between those streaks. The
average spacing in the x-direction between narrow streaks was measured to be 3.2 mm
(using center-to-center lines), while the width of the band in the x-direction measured
19.05 mm and it indicated the interaction of the missing tow with the progression of the
transverse matrix cracking observed in the PRy sample. The observed strain distribution
behavior in pristine and GAPy samples is further investigated in the following section
using PFA results.

VEILy preserved the alternating red/blue banding with significantly increased in-
tensity in the contrast and reduced average spacing between the strain streaks in the
y-direction, which measured 2.4 mm. The dark blue color in both VEILy and GAPy repre-
sents delamination zones. Veiled samples showed an average delamination size of 20 mm2

versus 10 mm2 in GAPy. The fundamental failure modes remain unchanged and reduced
out-of-plane waviness in the non-primary plies leads to a denser network of transverse
cracks and more extensive, yet stable, delamination. These differences confirm that incorpo-
rating a veil alters damage propagation by promoting greater levels of damage saturation
prior to failure, both in terms of the delamination and transverse cracking.

4.6. Analysis of Damage Modes from PFA Results

To gain further insight into the damage progression, especially around the resin-rich
regions, progressive failure analysis of pristine and GAP samples was performed. To
represent the complex non-uniform cure morphology of the GAP samples, the structural
simulations used the geometry from compaction simulations as discussed in Section 3.

Figure 17a presents the longitudinal strain distribution (εxx) at failure for the PRx

sample, comparing experimental measurements with FEA predictions. The experimental
strain map shows a relatively uniform field with localized peaks exceeding 2%, likely due
to material heterogeneities or experimental noise. The FEA results exhibit a similar uniform
strain distribution, with values centered around 0.0141 ± 0.00037, capturing the overall
deformation trend observed in the experiment (Figure 17a). The matrix damage profile
along section A-A indicates that failure initiates in the tensile-loaded region, with early
failure of the 90◦ plies transferring the load to the adjacent 0◦ plies. Notably, no cohesive
damage was observed in the pristine samples under x-direction loading, highlighting the
dominant role of matrix cracking in the failure mechanism (Figure 17b).

Figure 18 illustrates the strain and matrix damage distributions at failure for the GAPx

sample, where the presence of staggered fiber tow-gaps significantly alters the failure
behavior. The experimental εxx map reveals strong localization of tensile and strain relief,
forming alternating horizontal bands that align with the position of the gap. This non-
uniform deformation is captured by the FEA, which predicts concentrated strain fields near
the gap boundaries, with values reaching up to ~0.0114. Compared to the pristine sample,
the GAPx laminate exhibits greater anisotropy in the strain field, reflecting the influence of
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the tow-gaps on stress redistribution and load transfer. The corresponding matrix damage
plot shows that damage initiates and propagates near the tow-gap region, both in-plane and
through-thickness. The section A-A profile confirms this behavior, showing localized matrix
failure zones that penetrate the laminate and shift load paths into adjacent plies. These
damage zones appear near the edges of the gap, where strain concentrations are highest.

Figure 19 provides insight into how different tow-gap ply configurations (Figure 19a–e)
influence cohesive-zone damage and delamination behavior at failure for the GAPx sample.
The simulations reveal that the location and stacking sequence of the gap significantly affect
both the initiation and propagation of interlaminar damage. Figure 19a,b, which shows
Gap 1 at the interface between the top plies, exhibits early and extensive delamination
propagating from the resin-rich region toward the free edge. The localized fully damaged
cohesive elements confirm that this region acted as delamination initiation sites. As the
tow-gap shifts toward midplane plies, as in Gap 5 in Figure 19c, the cohesive damage
becomes confined and less severe. Furthermore, Gaps 7 and 8, shown in Figure 19d,e, show
multiple delamination fronts forming near the resin-rich region, specifically, around the free
edge near the bottom laminate surface. This indicates complex interactions between fiber
orientation, local stiffness mismatch, and stress redistribution near the gap. Overall, these
cohesive damage maps demonstrate that delamination is the most pronounced when the
tow-gap induced resin-rich pocket appears closer to the laminate outer surface. This trend
highlights the strong correlation between the depth of the resin-rich regions and its impact
on through-thickness damage evolution. These combined PFA and DIC results indicate
that the presence of the veil is primarily seen in the reduced fiber waviness that plays a role
in preventing extensive delamination from forming, particularly in the GAPx samples.

 
(a) 

(b) 

Figure 17. (a) Strain distributions at failure from experiment and simulation; (b) corresponding
matrix damage along section A-A for PRx sample.
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Figure 20 contrasts the transverse response of the PRy laminate, showing that strain
localized in the 90◦ plies and that matrix cracking initiated at the free edges of those plies,
progressively causing transverse cracking until only the 0◦ layers carried the load [35,36].
The agreement between the experimental strain field and the FEA predictions confirmed
that failure is dominated by edge-driven cracking of the transverse plies. By comparison,
the GAPy specimen (Figure 21) revealed a different failure scenario: the tow-gaps created
resin-rich regions that acted as stress risers, shifting the onset of matrix cracking from the
free edges to the interior of the laminate. Transverse cracks nucleated at these resin-rich
sites and then propagated outward through the ply interfaces, leading to a more localized
delamination process. While delamination was evident in GAPy, its extent was notably
less severe than that observed in the GAPx configuration, indicating that the orientation of
the gap relative to the loading direction played a significant role in damage evolution.

It should be noted that the PFA modeling in this study was intended for a failure-
mode analysis to reveal the mechanisms of gap-induced behavior. The PFA results for
pristine configurations were within a 5–7% error of the experimental results for the modulus
and the strength in x- and y-direction. For the pristine x-direction specimen (PRx), the
PFA predicted a maximum strength of about 1390 MPa compared to the experimental
1480 MPa, giving an error of roughly 6%. For the pristine y-direction specimen (PRy),
the PFA predicted about 1080 MPa versus the experimental 1150 MPa, an error of about
6%. For the longitudinal gap configuration (GAPx), the experimental strength was about
1300 MPa while the PFA predicted 1100 MPa, corresponding to an error of roughly 15%.
For the transverse gap (GAPy), the experimental strength was about 730 MPa while the
PFA predicted 500 MPa, yielding an error of roughly 32%. The higher error in the latter case
is likely due to the greater sensitivity of the morphology and resin-rich pocket geometry
in the tow-gap direction. Furthermore, since explicit modeling of veils in the interlaminar
and inside-gap regions was not attempted, the PFA simulations were primarily used for
understanding the effects of waviness on the failure modes in the samples with gaps.
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Therefore, the objective for PFA was to capture how compaction-driven morphology, ply
waviness, resin-rich regions, and local strain concentrations affect damage initiation and
progression. Since the presence of veils was shown to reduce the detriment of the ply
waviness and resin-rich regions on the apparent strength, the simulation results offer an
insight into the driving mechanisms of the failure and the corresponding failure modes
that develop as a result of the non-uniform morphology around the gap region.
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Figure 21. Strain distributions at failure from experiment and simulation and corresponding matrix
damage for GAPy sample.

5. Conclusions
Introducing thin PEI veils into tow-gaps during AFP yielded marked improvements in

both composite morphology and mechanical performance. The case of a cross-ply laminate
with rectangular staggered tow-gaps was chosen as a benchmark configuration to provide
insight into the formation of non-uniform morphology around the gap regions and to
study the effect of veil placement on fundamental compaction and resin-flow mechanisms.
The cross-ply laminates have a well-understood failure behavior that is sensitive to the
density of transverse matrix cracking [5,6]. Therefore, this stacking sequence presented
an appropriate laminate system to study how the changes in fiber waviness around the
tow-gap region can affect both (i) changes in failure mode with tow gaps and (ii) changes
in the failure signature with veils.

Surface profilometry showed that veils halved the peak-to-valley height variation,
from approximately 0.47 mm in unreinforced gaps to 0.23 mm, while preventing ply
sinking and smoothing out surface waviness. Optical microscopy and micro-CT confirmed
that these veils reduced continuous resin channels, as well as resin-rich pockets from
250–400 µm to below 50 µm. This allowed the laminate to sustain straighter fiber paths
through an interpenetrated fiber–veil network. Mechanically, these morphological gains
translated into near-full recovery of tensile strength and stiffness under x-direction loading:
strength rose from ~1300 MPa (GAPx) to ~1476 MPa (VEILx), and stiffness increased from
~81 GPa to ~100 GPa, with DIC strain maps showing a one-third reduction in peak local
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strains. In contrast, y-direction tests highlighted the veils’ inability to substitute for the
missing load bearing 90◦ fibers. Although surface waviness in non-primary 0◦ plies was
still reduced, tensile strength remained below that of pristine laminates, underscoring the
need for defect- and load-oriented reinforcement strategies in multidirectional layups.

Transverse cracking in the PRy laminate initiated at the free edges of the 90◦ plies and
advanced inward as neighboring layers accumulated damage. In the GAP configuration,
the omission of a tow creates a material discontinuity that leads to stress concentration and
damage. These fractures initially appear as narrow strain bands: as local waviness around
the tow-gap amplifies, the matrix cracks evolve into broader, specimen-spanning streaks.
Combining DIC and tensile strength results reveals that thermoplastic veils placed in the
y-direction most effectively bolster strength by preventing ply sinking in the x-direction. In
contrast, when y-aligned veils are tested in the y-direction, they alter damage propagation
but do not produce a net strength increase. The PFA results indicated that damage inside
the GAP sample developed around the resin-rich regions near the laminate surface. The
PFA results revealed strong correlations between tow-gap depth, ply location, and failure
initiation sites. This highlights the critical influence of manufacturing-induced geometry
on load redistribution and ultimate damage progression.

The results indicate that morphology control and the scaffold effect of the thermo-
plastic veil are the primary drivers of strength recovery. In the x-direction, where 0◦ plies
experience suppressed waviness, nearly complete strength restoration is observed, whereas
in the y-direction, where the absence of 90◦ reinforcement governs the load path, no sig-
nificant strength gain occurs despite potential interlaminar toughening. DIC strain maps
further corroborate this interpretation, showing that the reduction in strain hot spots coin-
cides with the measured decrease in ply waviness, underscoring a geometry-dominated
strengthening mechanism. It is noted that the strength recovery was observed primarily
when the veil suppressed waviness in the load-bearing plies (x-direction). This load-path
dependence reflects the intended role of the veil as a morphology-conditioning scaffold
rather than a substitute for missing fibers. In multiaxial laminates, the same principle can
be applied by selectively placing veils in or adjacent to gaps that intersect critical load paths,
so the approach remains viable for complex AFP structures while also reducing variability
and stabilizing damage evolution even when net strength is not increased.

Taken together, these findings establish that selective placement of thermoplastic veils
in tow-gaps is an effective strategy for mitigating out-of-plane fiber waviness and resin-
rich defects, and associated strength knockdown, especially when preventing waviness
in the load-bearing plies. Embedding compaction and failure simulations into the design
workflow provides a powerful toolset for enabling weight-efficient, high-performance AFP
laminates with predictable mechanical behavior.

While this study provides insights into mitigating waviness and resin-rich regions
with thermoplastic veils, certain limitations should be acknowledged. The laminates were
produced using manual layup with roller compaction, which does not capture all aspects
of AFP deposition such as steering effects and thermal history. The numerical model
employed idealized gap geometries. As the presented veils were generally designed for
compatibility with the resin in terms of the wetting and bonding, future work will focus
on validating the benchmark framework by exploring a wider range of veil materials
and architectures, examining different gap geometries and processing conditions, and
quantifying potential trade-offs such as added mass and resin-flow modifications. Future
work will also extend this benchmark framework to include damage-tolerance evaluations
such as compression-after-impact, open-hole tension/compression, and fatigue testing,
which are particularly sensitive to fiber waviness and resin-rich regions. Variability is
illustrated with box-and-whisker plots, and more comprehensive statistical analyses such
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as ANOVA will be incorporated in future studies to further substantiate these comparisons.
Industrial scalability, including potential AFP–head integration and associated production
impacts, will also be assessed.
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Appendix A

Table A1. Properties of IM7/8552 [37].

Property Value Unit

Longitudinal Young’s modulus 147,000 (MPa)

Transverse Young’s modulus 8700 (MPa)

In-plane shear modulus 5200 (MPa)

Major Poisson ratio 0.32

Minor Poisson ratio 0.45

Transverse tensile strength 80 (MPa)

Shear strength 98 (MPa)

Mode I fracture toughness 0.24
(
kJ/m2 )

Mode II fracture toughness 0.74
(
kJ/m2 )

BK exponent for mode-mixity 2.1

Transverse compressive strength 288 (MPa)

Fracture plane angle for pure transverse compression 0.925 (rad)

3-direction Young’s modulus 8700 (MPa)

Shear modulus in 1–3 plane 5200 (MPa)

Shear modulus in 1–2 plane 3000 (MPa)

Poisson’s ratio in 2–3 plane 0.32

Longitudinal tensile strength 2600 (MPa)

Longitudinal tensile strength ratio 0.375

Longitudinal tensile fracture toughness 35.90
(
kJ/m2 )

Longitudinal tensile fracture toughness ratio 0.75
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Table A1. Cont.

Property Value Unit

Longitudinal compressive strength 1700 (MPa)

Longitudinal compressive strength ratio 0.375

Longitudinal compressive fracture toughness 10.68
(
kJ/m2 )

Longitudinal fracture toughness ratio 0.75

Table A2. Cohesive properties of IM7/8552 [37].

Property Value Unit

Mode I strength σI 80 (MPa)

Mode II strength σI I 98 (MPa)

Normal mode fracture energy GIc 0.24
(
kJ/m2 )

Shear mode fracture energy GII 0.74
(
kJ/m2 )

B-K exponent η 2.1
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