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ABSTRACT

Thermoforming of composite materials is a key process in automated manufacturing, val-
ued for its ability to rapidly produce net-shape and contoured components. Despite these
advantages, effective management of defects remains a critical challenge. Knowledge re-
garding these defects is often fragmented, existing in discipline-specific silos that hinder
a holistic understanding across the design-to-inspection lifecycle. This research addresses
this need by developing defect identity cards to consolidate multi-disciplinary knowledge
into a unified and accessible format. To achieve this, a viewpoint modeling methodol-
ogy was employed to systematically capture and structure information from the distinct
perspectives of manufacturing engineers, process planners, design analysts, inspection
professionals, and maintenance technicians. The knowledge base was synthesized from
a comprehensive literature review, supplemented by practical laboratory experience and
consultation with industry experts. The primary result is a foundational set of defect iden-
tity cards for common composite thermoforming defects. Each card serves as a single
source of truth, detailing a defect’s (1) fundamental causes, (2) strategies for its preven-
tion, (3) key indicators for its detection, (4) engineering significance, and (5) potential
for progression in service. This research establishes a practical methodology for clas-
sifying and communicating critical defect information by creating the first comprehen-
sive set of defect identity cards for composite thermoforming, providing the structured
understanding necessary to bridge communication gaps, enhance training, and advance
right-first-time manufacturing strategies.

1. INTRODUCTION

Composites forming encompasses a range of manufacturing processes that deform a fiber-
reinforced preform, or blank, into the shape of the final component. This can be achieved
through manual drape, or by rigid and flexible tooling applying external pressure, includ-
ing vacuum. The preform may consist of a dry fabric, a ply of preimpregnated fibers, or a
fully laminated stack, with fiber architectures ranging from random discontinuous to con-
tinuous unidirectional (UD), woven, braided, or stitched non-crimp fabric (NCF) configu-
rations [1]. Within this broader family, thermoforming – encompassing matched-die press
forming, press curing, stamp forming, hot drape forming, single and double diaphragm
forming, and hydroforming – has emerged as a high-rate manufacturing route for struc-
tural components, capable of producing net-shape and contoured parts within cycle times
substantially shorter than hand layup and autoclave-based methods [2], [3]. This work
focuses specifically on prepreg thermoforming, in which a blank of preimpregnated fiber
reinforcement is consolidated over or into a tool under applied heat and pressure. Both
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thermoset and thermoplastic prepreg systems are amenable to this process, though the
governing physics differ substantially between the two: thermoset systems are formed at
modest temperatures using the pre-gelation compliance of the resin, while thermoplastic
systems require heating above the matrix melting or softening temperature and are consol-
idated upon cooling [4], [5]. As industry increasingly adopts automated thermoforming
processes, the defects inherent to these methods have emerged as a central constraint on
part quality, manufacturing yield, and the realization of right-first-time manufacturing [6].

Knowledge pertaining to these defects is presently fragmented across disciplinary bound-
aries. Manufacturing engineers, process planners, design analysts, inspection profession-
als, and maintenance technicians each engage with defect information from distinct per-
spectives and through domain-specific literature. No unified reference exists from which
a practitioner can understand a given defect comprehensively across its full lifecycle,
from the process conditions that produce it to its structural consequences in service. This
fragmentation drives up cost, impedes training, and limits the feedback between inspec-
tion findings and upstream process improvement. The present work addresses this gap by
developing a set of defect identity cards for common prepreg thermoforming defects, con-
solidating multi-disciplinary knowledge into a structured, accessible format. The identity
card methodology employed here was established by Harik et al. for Automated Fiber
Placement defects, demonstrating the utility of a structured, viewpoint-driven format for
communicating defect knowledge across disciplinary audiences [7]. The present work
extends that methodology to the prepreg thermoforming domain. The cards cover defects
encountered across thermoset and thermoplastic prepreg systems and across UD, wo-
ven, and NCF reinforcement architectures; where defect formation mechanisms, severity,
or detectability differ between resin systems or fiber architectures, these distinctions are
noted within the relevant card fields. A total of fourteen defects are catalogued, of which
seven are presented as full identity cards and the remaining are summarized in the Defect
Identity Table in Appendix A. The selection of defects for full card treatment was made
on the basis of prevalence in the thermoforming literature, industrial relevance, and the
depth of available knowledge across all card fields.

2. VIEWPOINT MODELING

A complete understanding of any manufacturing defect requires more than a single defini-
tion. The same defect is encountered differently depending on a practitioner’s role in the
product lifecycle, and knowledge that is actionable for one discipline is often inaccessible
or irrelevant to another. Viewpoint modeling is the structured investigation of a subject
from multiple, distinct perspectives, each capturing information the others omit [7]. Ap-
plied to composite thermoforming defects, this approach organizes knowledge in a way
that is directly usable across the design-to-inspection lifecycle.

The framework employed in this work characterizes each defect from five perspectives,
illustrated in Figure 1. The Cause field addresses the manufacturing engineer’s view-
point, identifying the root process conditions, material states, and mechanical drivers
responsible for defect formation. For the process planner, Prevention identifies param-
eter choices, tooling strategies, and material considerations that reduce the probability
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of defect formation. The physical signatures of the defect and the applicable identifi-
cation methods are characterized in the Detection field, oriented toward the inspection
professional. Significance serves the design analyst, describing the mechanical conse-
quences of the defect on laminate performance. The in-service behavior of the defect
under sustained or cyclic loading is captured in Progression, addressing the maintenance
technician’s viewpoint. Two supplementary metadata fields, Fiber Architecture and
Resin System, document architecture-specific or resin-system-specific behavior where
the defect’s formation mechanism, severity, or detectability differs materially between
reinforcement forms or matrix types.

Process Planners
(Prevention)

Maintenance Technicians
(Progression)

Inspection Professionals
(Detection)

Design Analysts
(Significance)

Manufacturing Engineers
(Cause)

Figure 1: The five defect characterization viewpoints.

3. DEFECT IDENTITY CARDS

3.1. Bridging (Bridge Effect)

Bridging refers to concave regions where the material exhibits incomplete compliance
with the tool geometry, producing out-of-plane separation from the tool surface. This phe-
nomenon is distinct from fiber bridging studied in composite delamination behavior. The
defect arises when excessive blank holder force sustains boundary tension that prevents
material feed into the concave region [8], when diaphragm-induced frictional resistance
constrains material movement in double-diaphragm forming [9], when local consolida-
tion pressure is insufficient to drive conformance, or when the stacking sequence limits
inter-ply slip compliance [10]. In thermoplastic systems, insufficient forming temperature
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elevates blank bending stiffness, and elevated tool surface adhesion further resists confor-
mance. Prevention strategies include pre-feeding material into concave regions, managing
tensioning force, using thinner diaphragms at slower clamping rates [8], introducing slits
or darts, and maintaining sufficient forming temperature throughout the stroke.

Bridging can be detected visually by identifying lifted material at concave regions, and
structured white light scanning (SWLS) has been applied to quantify the defect [11].
Thermography, ultrasonic testing, and destructive micrography are plausibly applicable,
though differentiating bridging from other out-of-plane defects such as wrinkling remains
a primary challenge, typically addressed by embedding geometric knowledge into the
inspection analysis [11]. The mechanical significance of bridging has received limited
academic attention, though it can produce thickness deviations causing geometrical mis-
match with mating structures. In service, the boundary of the bridged region constitutes
a geometric discontinuity with elevated through-thickness and interlaminar shear stresses
that act as delamination initiation sites under compressive or fatigue loading, with the
unsupported region susceptible to progressive interlaminar crack growth governed by the
fracture toughness of the material system.

Figure 2: Bridging Defect Identity Card.

3.2. Fiber Angle Deviation (Fiber Wash)

Fiber angle deviation, commonly referred to as fiber wash, is a defect in which reinforcing
fibers are displaced from their nominal design orientation during forming. It is character-
ized by a measurable angular offset from the intended fiber direction and may be local or
distributed across a ply. Susceptibility increases with insufficient or non-uniform consol-
idation pressure, excessive forming speed, low inter-ply friction, and geometric complex-
ity of the tool surface [12]. The mechanism through which fiber angle deviation arises
differs substantially between reinforcement architectures. In UD formats, the absence of
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an interlocking yarn network provides no geometric resistance to in-plane fiber rotation,
making UD plies the most susceptible format; NCF materials occupy an intermediate
position, as stitching provides partial constraint against rotation but does not eliminate
it [6]. In woven reinforcements, fiber angle deviation manifests through two architecture-
specific mechanisms. The first is shear angle, in which the warp and weft yarns rotate
relative to one another during forming, causing the initially orthogonal yarn sets to devi-
ate from their nominal orientations. Shear deformation of this type is primarily induced
by draping over doubly curved surfaces and tight radii, and when the local shear angle
exceeds a critical threshold (the locking angle), the fabric transitions from in-plane defor-
mation to out-of-plane wrinkling. The second mechanism is yarn slippage, an in-plane
displacement in which a set of yarns translates transversely or longitudinally relative to
the intersecting yarn network when external forces exceed the intra-ply frictional forces
maintaining fabric cohesion. Yarn slippage is promoted by high tensile or shearing loads,
frictional interaction with the tool surface or blank-holding equipment, doubly curved
geometries, and intrinsic material characteristics including fabric bending stiffness and
weave architecture (plain, twill, satin) [12]. Both mechanisms produce a local departure
from the designed fiber orientation, though the kinematic pathways are distinct: shear
angle involves coupled yarn rotation within the unit cell, whereas yarn slippage involves
relative translation that disrupts the periodicity of the weave. Thermoset systems with
high flow indices or extended gel times are particularly prone to fiber angle deviation re-
gardless of reinforcement format [13]. Prevention strategies include optimizing the resin
viscosity-temperature processing window, maintaining appropriate blank holder force to
resist in-plane deformation, calibrating binder or tackifier systems, and using forming
simulation to identify susceptible regions prior to manufacture.

Surface-ply deviation is detectable visually or via optical measurement, while subsur-
face deviation can be inferred through ultrasonic scanning based on acoustic anisotropy
changes, though resolution for small angular offsets is limited; cross-sectional microg-
raphy remains the definitive destructive method, and quantitative NDE for subsurface
fiber angle deviation is a recognized limitation [6]. Even modest deviations of 5-10 de-
grees from nominal produce substantial knockdowns in axial stiffness and fiber-direction
strength as predicted by classical lamination theory, particularly in UD-dominated lam-
inates [14]. The misalignment activates interlaminar shear stresses not accounted for in
the original design, and laminates under compression are especially sensitive due to the
effect on fiber-dominated buckling resistance. In woven laminates, the consequences of
shear angle development and yarn slippage compound with one another: regions that
have undergone excessive shear exhibit altered local fiber volume fractions and modified
load paths, while yarn slippage disrupts the periodic interlacement that provides through-
thickness integrity, both of which degrade the mechanical response relative to design in-
tent. The defect is fixed at forming, but under cyclic loading, regions of misalignment act
as initiation sites for matrix cracking and delamination, and in compression-dominated
structures the local buckling load may be reduced sufficiently to initiate fiber kinking
below the design limit [13].
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Figure 3: Fiber Angle Deviation Defect Identity Card.

3.3. Folds

A fold is a severe out-of-plane deformation in which one or more plies buckle and double
back upon themselves, creating a discrete planar overlap within the laminate; folds repre-
sent the terminal stage of progressive out-of-plane wrinkling [6]. The defect arises from
compressive instability when insufficient blank holder tension, complex tool geometry,
or material surplus at geometric transitions prevents the laminate from accommodating
in-plane compressive strain [15]. In NCF and UD materials, the absence of interlocking
tows provides no geometrical barrier between wrinkling onset and progression to a full
fold [16], whereas woven systems accommodate curvature through trellising shear up to
the locking angle, beyond which compressive stress drives fold formation [17]. Prevention
centers on blank holder force management, tailored blank geometries with darts or slits,
forming sequence optimization initiating contact at the highest-curvature region, and pre-
manufacture forming simulation [6]. For woven prepregs, reducing forming speed lowers
viscoplastic resistance to in-plane shear [15].

Surface folds may be identified visually or by profilometry as discrete step changes in
surface geometry, and SWLS provides quantitative characterization where the defect is
surface-accessible. Embedded folds require volumetric methods: ultrasonic C-scan and
phased array testing detect ply overlap through signal anomalies and multiple reflections,
while cross-sectional micrography serves as the definitive destructive method, revealing
ply reversal, overlap extent, and associated fiber damage. Folds are geometrically fixed
at forming; however, in service, the fold apex concentrates interlaminar peel and shear
stresses under bending or in-plane loading, acting as a delamination initiation site. Under
compressive loading, the disrupted fiber architecture reduces buckling resistance below
the nominal laminate allowable, and under fatigue loading, delamination propagates pro-
gressively from the fold boundary, governed by interlaminar fracture toughness and cyclic
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amplitude.

Figure 4: Fold Defect Identity Card.

3.4. Resin-Rich Area

Resin-rich areas form when fibers are locally displaced or separated during forming, pro-
ducing regions whose fiber volume fraction falls below the nominal design value. The de-
fect arises from non-uniform fiber redistribution at high-curvature tool geometry or tran-
sitions that reduce local fiber packing density [18], and frequently appears as a secondary
consequence of wrinkling, ply slippage, or void formation, all of which displace fibers
and permit matrix accumulation in the vacated space [19]. In thermoset systems, resin
flow during the cure cycle can further redistribute matrix material toward low-pressure
or geometrically constrained regions [18], making thermosets more susceptible to signif-
icant resin accumulation than thermoplastic systems, where resin-rich areas arise more
directly from fiber displacement during forming. Incoming prepreg with non-uniform
resin distribution may also introduce the condition prior to forming. Prevention relies on
maintaining uniform consolidation pressure, designing tooling to avoid sharp transitions
and tight radii that induce differential fiber tension, verifying mold alignment to eliminate
pinch points, and inspecting incoming prepreg resin content [18], [20].

On exposed surfaces, resin-rich areas appear as glossy or resin-dominant regions with re-
duced fiber texture relative to the surrounding laminate. Ultrasonic C-scan detects affected
zones through characteristic changes in attenuation and back-wall echo amplitude, cross-
sectional micrography provides characterization of local fiber volume fraction and spatial
extent, and acid digestion resolves fiber, resin, and void volume fractions from extracted
specimens [19], [20]. The reduced fiber content directly lowers local stiffness and ten-
sile strength relative to design intent, and the resulting compliance mismatch redistributes
applied stresses into adjacent regions in a manner inconsistent with the original laminate
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design. Under fatigue loading, accumulated matrix damage in the resin-rich zone further
degrades local load-carrying capacity, accelerating damage growth in surrounding plies.

Figure 5: Resin-Rich Area Defect Identity Card.

3.5. Resin-Starving Area

When consolidation pressure is non-uniform or excessive resin bleed depletes matrix ma-
terial from regions adjacent to bleed paths, the resulting condition is a resin-starving area:
a localized insufficiency of resin in which the fiber volume fraction exceeds the level at
which fibers remain fully encapsulated by the matrix. In thermoplastic systems, insuffi-
cient forming temperature or dwell time can prevent complete matrix redistribution, while
incoming prepreg with non-uniform resin content represents an upstream material-level
source of the defect [21]. The dominant formation mechanisms differ between resin sys-
tems: pressure-driven bleed during cure predominates in thermosets, whereas incomplete
matrix redistribution due to insufficient temperature or pressure characterizes thermo-
plastics, and prepreg systems with low nominal resin content exhibit inherently reduced
margin against starvation. Prevention centers on consolidation pressure uniformity, resin
bleed control, uniform blank temperature throughout forming, and verification of incom-
ing prepreg resin content and areal weight.

Resin-starved regions present visually on exposed surfaces as dry, matte areas lacking
the normal finish of a well-consolidated laminate. Ultrasonic C-scan identifies affected
zones through increased attenuation and signal scatter associated with elevated void con-
tent, while cross-sectional micrography provides definitive characterization by reveal-
ing poorly encapsulated fiber bundles; density measurement and acid digestion can fur-
ther resolve local fiber, resin, and void volume fractions from extracted specimens [20],
[22]. The degraded fiber-matrix interface reduces load transfer efficiency, producing
knockdowns in interlaminar shear strength, transverse tensile strength, and in-plane shear
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strength. Resin starvation is established during forming and does not evolve intrinsi-
cally after cure; under service loading, however, the degraded interface and elevated void
content act as preferential initiation sites for matrix cracking and delamination, with fa-
tigue loading accelerating damage accumulation until crack coalescence and delamination
growth occur.

Figure 6: Resin-Starving Area Defect Identity Card.

3.6. Voids (Porosity)

Voids and porosity are cavities within the consolidated laminate matrix, conventionally
distinguished by scale: voids denote discrete, relatively large cavities, while porosity
describes a distributed population of smaller cavities throughout the matrix or at ply in-
terfaces [23]. Formation originates from entrapped air during blank fabrication, volatiles
released during heating including absorbed moisture and residual solvents [24], and from
insufficient consolidation pressure that fails to suppress entrapped gas [25]. Adequate
consolidation pressure applied uniformly before resin gelation is the primary preventive
measure, with the timing of application relative to resin minimum viscosity being crit-
ical [24]. Proper prepreg storage, adherence to out-time limits, and moisture exposure
controls reduce volatile content prior to processing [22], while debulking during blank
fabrication removes interlaminar air before forming.

Ultrasonic C-scan is the principal screening method, where distributed porosity produces
characteristic attenuation increases and back-wall echo reductions correlating with void
volume fraction [26]; computed tomography provides three-dimensional spatial charac-
terization, and cross-sectional micrography serves as the primary destructive reference,
with acid digestion per ASTM D3171-15 yielding bulk void volume fraction from ex-
tracted samples [27]. Matrix-dominated properties, particularly interlaminar shear strength,
are strongly sensitive to void presence, with reductions of approximately 9% per 1% in-
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crease in void content in the 0-4% range, while fiber-dominated properties remain com-
paratively insensitive [28] and compressive strength is moderately affected through re-
duced matrix stabilization against fiber buckling [24]. Voids do not grow under static
conditions, but under fatigue loading they accelerate matrix crack initiation, with fatigue
properties generally more degraded than static properties at equivalent void content [26].
In moisture-rich environments, voids serve as preferential sites for water ingress, acceler-
ating hygrothermal aging.

Figure 7: Voids Defect Identity Card.

3.7. Wrinkling (Buckling/Marcelling)

During thermoforming, in-plane compressive stresses that develop as the blank conforms
to double-curvature or re-entrant geometry can exceed the local buckling resistance of the
laminate, producing wrinkling in two morphologically distinct forms: out-of-plane wrin-
kling, where plies deflect from the laminate plane as periodic undulations, and in-plane
wrinkling (marcelling), where fibers buckle within the ply plane without macroscopic sur-
face relief [6]. Onset is governed by the coupled interaction of shear, bending, and tensile
stiffness, with insufficient blank holder tension, excessive forming speed, inter-ply fric-
tion constraints in multi-directional laminates, and non-uniform blank temperature as key
process drivers [9], [29], [30]. In woven fabrics, trellising shear accommodates curvature
up to the locking angle before buckling initiates [31], whereas UD and NCF architec-
tures lack this geometric resistance and wrinkle at smaller forming angles, with quasi-
isotropic laminates exhibiting substantially greater susceptibility than equivalent woven
laminates [1], [32].

Prevention relies on blank holder force management to raise the compressive instability
threshold, supplemented by female mold configurations, tailored blank geometries with
darts or slits, uniform blank temperature, and forming simulation [9]. Out-of-plane wrin-
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kling is detectable visually, by profilometry, or by SWLS, with cross-sectional microg-
raphy providing definitive characterization; in-plane wrinkling is considerably harder to
identify, as ply boundaries remain nominally planar and detection relies on spatial tran-
sitions from circular to elliptical fiber cross-sections within individual plies, a method
whose quantitative NDE application for subsurface in-plane wrinkling remains a recog-
nized limitation [32]. Mechanically, wrinkling reduces laminate stiffness and strength
through fiber misorientation, with compressive and interlaminar shear properties most af-
fected due to stress concentrations at wrinkle crests and troughs that promote kinking [1].
The defect geometry is fixed at forming; under service loading, these concentrations ini-
tiate matrix cracking and delamination that propagate progressively under fatigue.

Figure 8: Wrinkling Defect Identity Card.

4. CONCLUSION

This work has presented a set of defect identity cards for composite thermoforming, con-
solidating knowledge that has historically been distributed across discipline-specific liter-
ature into a structured, multi-viewpoint format. Fourteen defects encountered in prepreg
thermoforming were catalogued, spanning thermoset and thermoplastic matrix systems
and UD, woven, and NCF reinforcement architectures. Of these, seven were developed
as full identity cards in Section 3, selected on the basis of prevalence in the thermo-
forming literature, industrial relevance, and depth of available knowledge across all card
fields. The complete set of fourteen defects is presented in the Defect Identity Table in
Appendix A. For each defect, the identity card captures the root process conditions and
material states driving formation, parameter and tooling strategies for prevention, physi-
cal signatures and applicable evaluation methods for detection, mechanical consequences
for structural performance, and behavior under sustained or cyclic service loading. The
viewpoint modeling methodology, extended from prior work on Automated Fiber Place-
ment defects [7], provides a systematic means of organizing this information such that
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it is directly actionable for manufacturing engineers, process planners, design analysts,
inspection professionals, and maintenance technicians within their respective roles.

Several observations emerged from the synthesis of the knowledge base. First, the defect
formation mechanisms in thermoforming are frequently coupled: wrinkling, fiber angle
deviation, resin redistribution, and void formation share common process drivers (consol-
idation pressure non-uniformity, forming temperature gradients, blank holder force, and
geometric complexity), and the occurrence of one defect often promotes or accompanies
others. This coupling reinforces the value of a unified reference that allows practition-
ers to trace interactions across defect types. Second, the depth of available knowledge is
unevenly distributed across the five viewpoints. Cause and prevention are generally well
characterized in the forming mechanics literature, while quantitative data on structural
significance and in service progression remain limited for several defects, with bridging,
lifting, and shredding receiving particularly sparse treatment. Third, subsurface detection
capabilities remain a recognized limitation across multiple defect types; quantitative NDE
for subsurface fiber angle deviation and in-plane wrinkling, in particular, lacks validated
methods with sufficient angular or spatial resolution for production-rate inspection.

The identity cards presented here are intended as a foundational reference to be extended
and refined as the thermoforming knowledge base matures. Future work should prioritize
experimental characterization of defect significance and progression, particularly for de-
fects whose mechanical consequences have been inferred by analogy with related defect
morphologies rather than measured directly. Integration of process simulation outputs
with the identity card framework would enable predictive defect mapping for specific
part geometries and layup configurations prior to manufacture. The structured format is
also amenable to digitization within manufacturing execution and quality management
systems, supporting the closed-loop feedback between inspection findings and upstream
process parameters that is essential to achieving right-first-time manufacturing at produc-
tion rates.
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A. DEFECT IDENTITY TABLE

Defect Definition Cause Prevention Detection Significance Progression Fiber Arch. Resin Sys.

Bridging
(Bridge Ef-
fect)

Incomplete ply
conformance to
concave tool ge-
ometry producing
out-of-plane sep-
aration from the
tool surface.

Excessive blank
holder force limit-
ing material feed;
diaphragm fric-
tion; insufficient
pressure; stacking
sequence restrict-
ing inter-ply slip.
Thermoplastic:
elevated blank
bending stiffness at
low temperature.

Pre-feed mate-
rial into concave
regions; manage
blank holder ten-
sion; use thinner
diaphragms at re-
duced clamping
rates; introduce
slits/darts; maintain
forming tempera-
ture.

Visual identifica-
tion of lifted ma-
terial at concave
regions; SWLS
for quantification.
UT and thermog-
raphy applicable;
differentiation
from wrinkling
requires geometric
knowledge.

Limited academic
characterization.
May cause thick-
ness deviations
producing geomet-
ric mismatch with
mating structures.

Geometry set at
mold closure.
Bridged bound-
ary constitutes a
geometric discon-
tinuity with ele-
vated ILS stresses;
progressive de-
lamination under
compressive or
fatigue loading.

— —

Delamination Separation of
adjacent plies at
the interlaminar
interface; discrete
crack parallel
to the laminate
plane.

Interlaminar ten-
sile/shear stresses
exceeding fracture
toughness during
forming. Drivers:
excessive forming
speed, non-uniform
consolidation,
abrupt thickness
transitions, tight
radii, thermoplas-
tic snap-through
instability.

Controlled forming
speed and tem-
perature; uniform
consolidation pres-
sure; tooling avoid-
ing tight radii and
abrupt transitions;
adequate dwell
time (thermoplas-
tics).

UT C-scan (pri-
mary); PAUT
(improved reso-
lution and depth
localization);
thermography
(active/passive);
cross-sectional mi-
crography (defini-
tive).

Reduces bending
stiffness and ILSS;
substantially re-
duces compressive
buckling resis-
tance. Severity
dependent on de-
lamination size,
through-thickness
location, and load
orientation.

Inherently pro-
gressive. Fatigue:
crack growth
governed by
GIc/GIIc/mixed-
mode condi-
tions. Static
compression:
delamination-
driven local buck-
ling.

— —

Continued on next page
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Table 1 continued from previous page

Defect Definition Cause Prevention Detection Significance Progression Fiber Arch. Resin Sys.

Fiber Angle
Deviation
(Fiber Wash)

Reinforcing fibers
displaced from
nominal design
orientation during
forming; measur-
able angular offset
from intended
fiber direction, lo-
cal or distributed.

Resin shear flow
exerts drag forces
rotating fibers.
Insufficient/non-
uniform pressure
amplifies, exces-
sive forming speed,
low inter-ply fric-
tion/binder content,
and tool complex-
ity. Thermosets
with high flow in-
dex or extended gel
times most suscep-
tible.

Optimize resin
viscosity–
temperature pro-
cessing window;
blank holder force
to resist in-plane
fiber rotation;
forming simula-
tion to identify
susceptible re-
gions; calibrate
binder/tackifier sys-
tems; verify tooling
alignment.

Surface ply: vi-
sual or optical
measurement.
Subsurface: ul-
trasonic (acoustic
anisotropy); lim-
ited resolution for
small angular off-
sets. Micrography:
definitive. Quan-
titative subsurface
NDE: recognized
limitation.

CLT-predictable
stiffness/strength
reduction. 5-10◦

deviations cause
substantial knock-
downs in axial
stiffness and fiber-
direction strength,
particularly in
UD laminates.
Off-design ILS
stresses activated;
compression sen-
sitivity via fiber-
dominated buck-
ling resistance.

Fixed at forming.
Misaligned regions
initiate matrix
cracking and de-
lamination under
cyclic loading.
Compression-
dominated struc-
tures: local buck-
ling load may re-
duce below design
limit, initiating
fiber kinking.

UD primar-
ily affected
(no geomet-
ric resistance
to rotation).
NCF sus-
ceptible;
stitching pro-
vides partial
restraint.

—

Continued on next page
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Table 1 continued from previous page

Defect Definition Cause Prevention Detection Significance Progression Fiber Arch. Resin Sys.

Fiber Break-
age (Fiber
Fracture)

Transverse frac-
ture of reinforcing
fibers, localized
or distributed.
Distinct from
fiber splitting
(longitudinal
crack propagation
along the fiber
axis).

Bending fracture
over tight con-
vex geometry or
sharp radii; mold
profile mismatch
generating bound-
ary closing forces;
excessive blank
holder tension at
part edges.

Pre-shape pre-
forms closer to
tool geometry;
pre-feed material
into high-curvature
regions; control
blank holder ten-
sion; maintain
adequate form-
ing temperature
to improve matrix
compliance.

Surface: dark
transverse line
perpendicular to
fibers; splayed
fiber ends at frac-
ture site. Sub-
surface: UT C-
scan/PAUT ap-
plicable; not reli-
ably detectable by
surface methods
alone.

Reduces fiber-
dominated
properties (ten-
sile/compressive
strength, axial
stiffness) propor-
tional to broken
fiber cross-section.
Broken ends act as
stress concentra-
tors; load redistri-
bution to adjacent
fibers through the
matrix.

Fracture geometry
fixed at forming.
Broken fiber ends
concentrate stress
under all load-
ing modes; load
redistribution el-
evates adjacent
fiber stress. Pro-
gressive failure
possible under
fatigue loading.

More dra-
pable ar-
chitectures
accommo-
date in-plane
shear with
lower fiber
bending
strain, reduc-
ing breakage
risk. Among
wovens,
drapability:
satin > twill
> plain.

—

Continued on next page
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Table 1 continued from previous page

Defect Definition Cause Prevention Detection Significance Progression Fiber Arch. Resin Sys.

Folds Severe out-of-
plane deformation
in which one or
more plies buckle
and double back
upon themselves,
creating a dis-
crete ply overlap.
Terminal stage
of progressive
out-of-plane wrin-
kling.

Compressive insta-
bility from insuffi-
cient blank holder
tension, complex
geometry, or ma-
terial surplus at
corners, re-entrant
radii, or flange-
to-web transitions
prevents in-plane
compressive strain
accommodation.

Blank holder force
management; tai-
lored blank ge-
ometries with
darts/slits; forming
sequence initiat-
ing tool contact at
highest-curvature
region first; pre-
manufacture form-
ing simulation.

Surface: vi-
sual/profilometry
(discrete step
changes or
creases). Em-
bedded: UT C-
scan/PAUT (signal
anomalies, mul-
tiple reflections
from ply over-
lap). Micrography:
definitive.

Inverted ply con-
tributes no load-
carrying capacity
in nominal fiber
direction; acts as
stress concentrator
and delamination
initiator. Compres-
sive strength and
buckling resistance
reduced below
nominal laminate
allowable.

Fixed at forming.
Fold apex concen-
trates interlaminar
peel/shear stresses
initiating delami-
nation. Co-located
fiber breakage pro-
vides immediate
crack initiation
sites. Progres-
sive delamination
under fatigue.

Both woven
and UD/NCF
susceptible.
UD/NCF:
no geomet-
ric barrier
between
wrinkling
onset and
fold forma-
tion. Woven:
trellising
shear ac-
commodates
to locking
angle; folds
form beyond.

—

Foreign Ob-
ject Debris
(FOD)

Extraneous mate-
rial incorporated
into the lami-
nate during blank
fabrication or
forming, disrupt-
ing local fiber
architecture and
interlaminar in-
tegrity.

Inadequate clean-
liness and process
control. Common
sources: back-
ing paper/release
film fragments not
fully removed from
prepreg, tooling
debris, general
production environ-
ment contamina-
tion.

Ply-by-ply in-
spection during
blank fabrication;
regular tooling
surface cleaning;
controlled clean-
room environment;
traceability of con-
sumable materials.

Visual inspection
(primary; effec-
tive for surface-
exposed FOD).
UT C-scan for
embedded inclu-
sions. Destructive
cross-sectional
micrography for
characterization.

Highly variable;
dependent on na-
ture, size, and
location. Disrupts
fiber architec-
ture; introduces
stress concentra-
tions and potential
delamination ini-
tiation sites in
load-bearing re-
gions.

Governed by em-
bedded object
properties and host
laminate inter-
action. Rigid or
sharp debris con-
centrates stress,
initiating matrix
cracking and de-
lamination under
static or fatigue
loading.

— —

Continued on next page
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Table 1 continued from previous page

Defect Definition Cause Prevention Detection Significance Progression Fiber Arch. Resin Sys.

Lifting Localized out-of-
plane separation
of surface plies
from the laminate
bulk driven by
adhesion between
the laminate sur-
face and tooling.
Distinct from
bridging (geomet-
ric origin).

Adhesive bonding
between lami-
nate and tool due
to inadequate or
failed mold release;
improper tooling
surface heat treat-
ment or sealing;
release agent re-
application failure;
surface contamina-
tion.

Correct tooling sur-
face quality (root-
cause dependent);
proper application
and re-application
of appropriate mold
release agent; tool-
ing surface sealing.

No literature
identified. Vi-
sual inspection
(primary): local-
ized out-of-plane
surface ply dis-
placement; dis-
tinguished from
bridging by pres-
ence of shredded
or partially dis-
connected surface
fibers.

No literature iden-
tified. By analogy
with comparable
out-of-plane de-
fects: expected
reductions in com-
pressive strength,
ILSS, and dimen-
sional confor-
mance in affected
regions.

Adhesive/thermal
mechanisms active
during forming;
defect manifests
at mold separa-
tion. Partial elastic
relaxation may
occur; residual
out-of-plane dis-
placement pro-
duces permanent
geometric distor-
tion.

All contin-
uous fiber
architectures
susceptible.
UD most
susceptible
(no inter-
locking tows
to resist lat-
eral propaga-
tion). Woven
fabrics re-
sist lateral
propagation
through tow
interlocking.

—

Resin Bleed
Out

Expulsion of
resin beyond the
intended part
boundary during
forming or cure.
May be inten-
tional (V f control)
or a defect when
resin volume lost
exceeds design
intent.

Consolidation pres-
sure acting on a
fluid resin system.
Most prevalent in
thermoset prepregs
with higher ini-
tial resin content;
elevated temper-
ature, excessive
pressure, and pro-
longed dwell am-
plify bleed volume.

Controlled pres-
sure/temperature
profiles; edge dams
or flow barriers at
tooling boundaries;
prepreg resin con-
tent matched to
target V f .

Directly observ-
able as resin flow
at part boundary
during processing;
post-cure resin
flash at perimeter.
Internal conse-
quences (resin
starvation) identi-
fied by UT C-scan
or density mea-
surement.

Intentional bleed:
not inherently
detrimental. Ex-
cessive or uneven
bleed raises local
V f beyond nom-
inal, producing
resin starvation,
elevated void con-
tent, and fiber-
dominated prop-
erty knockdowns.

Process-stage phe-
nomenon; does
not progress after
cure. Downstream
consequences
(resin starvation,
elevated voids)
fixed in cured lam-
inate and progress
under service load-
ing.

— Predominantly
thermoset;
driven
by resin
fluidity
during the
cure cycle.

Continued on next page21
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Table 1 continued from previous page

Defect Definition Cause Prevention Detection Significance Progression Fiber Arch. Resin Sys.

Resin-Rich
Area

Localized excess
of resin in the
laminate; local
fiber volume
fraction below
nominal design
value.

Non-uniform fiber
redistribution at
high curvature or
tooling transitions
reduces local
fiber packing
density. Secondary
consequence
of wrinkling,
ply slippage, or
void formation.
In thermosets:
cure-cycle resin
flow accumulates
matrix in low-
pressure/constrained
regions. Incom-
ing prepreg
non-uniformity.

Uniform consol-
idation pressure;
tooling design
avoiding sharp
transitions and tight
radii; mold align-
ment verification
to eliminate pinch
points; incoming
prepreg inspection.

Visual:
glossy/resin-
dominant regions
with reduced fiber
texture. UT C-
scan: attenuation
and echo ampli-
tude changes.
Micrography:
definitive. Acid
digestion/density
measurement for
local volume frac-
tions.

Local V f below
nominal; directly
lowers stiff-
ness and tensile
strength relative to
design intent.

Local compliance
mismatch redis-
tributes applied
stresses incon-
sistently with the
original laminate
design, elevating
stress in adjacent
regions. Fatigue:
matrix damage in
resin-rich zones
accelerates dam-
age growth in
surrounding plies.

— Thermosets
more sus-
ceptible
due to cure-
cycle resin
flow. Ther-
moplastics:
resin-rich
areas arise
from fiber
displace-
ment dur-
ing form-
ing rather
than post-
forming
matrix
redistribu-
tion.

Continued on next page
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Table 1 continued from previous page

Defect Definition Cause Prevention Detection Significance Progression Fiber Arch. Resin Sys.

Resin-
Starving
Area

Localized in-
sufficiency of
resin; insufficient
matrix to main-
tain nominal V f

and interlaminar
integrity in the
affected region.

Excessive resin
bleed depletes
matrix adja-
cent to bleed
paths/boundaries;
non-uniform con-
solidation pres-
sure drives resin
from high-pressure
zones. Thermo-
plastic: insufficient
temperature/dwell
prevents complete
matrix redistri-
bution. Incoming
prepreg with in-
sufficient or non-
uniform resin con-
tent.

Uniform consolida-
tion pressure; con-
trolled resin bleed
volume; uniform
blank temperature
throughout forming
(thermoplastic);
incoming prepreg
resin content and
areal weight in-
spection.

Visual: dry, matte,
fiber-dominant
surface lacking
normal consoli-
dated finish. UT
C-scan: increased
attenuation/signal
scatter from ele-
vated void content.
Micrography:
definitive. Den-
sity/acid digestion
for local volume
fractions.

Local V f exceeds
fiber encapsula-
tion threshold;
incomplete fiber
wet-out and ele-
vated void content.
Degraded fiber–
matrix interface
produces knock-
downs in ILSS,
transverse tensile,
and in-plane shear
strength.

Established
during form-
ing/consolidation;
fixed after cure.
Degraded inter-
face and elevated
void content act as
initiation sites for
matrix cracking
and delamination;
fatigue accelerates
damage accumu-
lation until de-
lamination growth
occurs.

— Thermoset:
pressure-
driven
bleed dur-
ing cure.
Thermo-
plastic:
insufficient
temperature
or pressure
prevents
matrix
redistri-
bution.
Low nom-
inal resin
content
increases
susceptibil-
ity.

Continued on next page
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Table 1 continued from previous page

Defect Definition Cause Prevention Detection Significance Progression Fiber Arch. Resin Sys.

Shredding
(Fiber Split-
ting)

Partial or com-
plete transverse
disconnection of
fibers from the
laminate pro-
ducing frayed or
displaced fiber re-
gions. Two forms:
edge shredding
(at part boundary)
and mid-surface
shredding.

Excessive blank
holder tension
exceeding inter-
laminar/transverse
tensile strength
at the edge; mold
closure mismatch
generating local-
ized shear at the
boundary; tool–
laminate adhesion
causing surface
ply tearing at mold
separation.

Minimize blank
holder tension to
process-required
minimum; pre-
cise blank-to-tool
alignment; adjust
preform geometry
to reduce mis-
match; adequate
mold release.

Visual inspection
(primary). Edge:
frayed/disconnected
bundles at part
boundary.
Mid-surface:
displaced or
fractured fiber
bundles disrupting
surface finish
continuity.

Reduces load-
bearing cross-
section at affected
region. Edge:
stress concen-
trations reduce
net-section tensile
and shear strength
below nominal
allowable. Mid-
surface: disrupts
fiber architecture
and introduces
stress concentra-
tors.

Established at
forming/mold
separation; does
not propagate af-
ter consolidation.
In service: fiber
separation bound-
aries act as crack
initiation sites;
net-section reduc-
tion elevates local
fiber stress under
tensile and fatigue
loading.

UD most
susceptible
(no inter-
locking tows;
damage
propagates
diffusely).
Woven/NCF:
damage
more con-
fined due to
tow inter-
locking.

—

Thickness
Deviation

Departure from
nominal design
thickness, either
locally (radii, ply
drops, transitions)
or globally. May
be excess or de-
ficient relative to
design intent.

Insufficient, ex-
cessive, or non-
uniform consol-
idation pressure;
non-uniform blank
holding generating
pressure gradi-
ents; material sur-
plus/deficit at tool
geometry features;
thermal gradients
producing differen-
tial compaction.

Uniform consol-
idation pressure
through correctly
aligned tooling;
flat-press calibra-
tion to eliminate
platen–mold tilt;
tailored blank
thickness; con-
trolled blank tem-
perature distribu-
tion.

Contact microm-
etry (primary);
CMM for com-
plex geometry;
UT pulse-echo for
spatial thickness
mapping; laser
profilometry for
surface-accessible
regions; microg-
raphy: definitive
local characteriza-
tion.

Alters local bend-
ing/axial stiffness;
reduces load-
carrying capacity
and buckling re-
sistance in thinned
regions. Excess
thickness produces
geometric interfer-
ence with mating
structures.

Geometric con-
dition fixed at
gelation. Under
service loading:
reduced-thickness
regions concen-
trate stress, accel-
erating fiber- or
matrix-dominated
failure modes rela-
tive to the nominal
laminate.

— —
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Table 1 continued from previous page

Defect Definition Cause Prevention Detection Significance Progression Fiber Arch. Resin Sys.

Voids (Poros-
ity)

Cavities within
the consolidated
laminate ma-
trix. Voids: dis-
crete, relatively
large. Poros-
ity: distributed
population of
smaller cavities.
Both share com-
mon formation
mechanisms and
structural conse-
quences.

Entrapped inter-
laminar air not
evacuated dur-
ing consolidation;
volatiles released
during heating (ab-
sorbed moisture,
residual solvents);
insufficient con-
solidation pressure
failing to suppress
gas before matrix
solidification; poor
inter-ply contact at
complex geometry
features.

Adequate consol-
idation pressure
applied before resin
gelation (primary);
pressure timing rel-
ative to minimum
resin viscosity is
critical; proper
prepreg storage
(out-time limits,
moisture controls);
debulking during
blank fabrication.

UT C-scan (pri-
mary): attenua-
tion increase and
back-wall echo
reduction corre-
lating with Vv.
CT: 3D spatial
characterization.
Micrography:
direct void area
fraction from pol-
ished specimens.
Acid digestion per
ASTM D3171:
bulk Vv.

ILSS strongly
sensitive: ∼9%
reduction per 1%
Vv (0–4% range).
Fiber-dominated
properties com-
paratively insensi-
tive. Compressive
strength moder-
ately affected.
Single critical-
location void can
be more detrimen-
tal than equivalent
distributed poros-
ity.

No intrinsic
growth under
static loading.
Fatigue: voids
concentrate stress,
accelerating ma-
trix crack ini-
tiation; fatigue
properties more
degraded than
static at equiva-
lent void content.
Inter-ply voids
promote delamina-
tion under cyclic
loading. Moisture-
rich environments:
preferential water
ingress, accelerat-
ing hygrothermal
aging.

— —
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Defect Definition Cause Prevention Detection Significance Progression Fiber Arch. Resin Sys.

Wrinkling
(Buckling/
Marcelling)

Geometric in-
stability of fiber
reinforcement
due to in-plane
compressive
stress exceed-
ing local buckling
resistance. Two
sub-types: out-of-
plane wrinkling
(periodic ply un-
dulations) and
in-plane wrin-
kling/marcelling
(fiber buckling
within the ply
plane without
macroscopic sur-
face relief).

In-plane com-
pressive stresses
during confor-
mance to double-
curvature/re-entrant
geometry; gov-
erned by coupled
shear, bending, and
tensile stiffness
interaction. Key
drivers: insuffi-
cient blank holder
tension, excessive
forming speed,
inter-ply friction in
multi-directional
laminates, non-
uniform blank
temperature.

Blank holder force
management (pri-
mary); female mold
configurations;
forming simula-
tion; tailored blank
geometries with
darts/slits; uniform
blank temperature.

Out-of-plane: vi-
sual, profilometry,
or SWLS; microg-
raphy (definitive).
In-plane: relies
on fiber cross-
section transitions
from circular to
elliptical within
individual plies;
quantitative sub-
surface NDE is a
recognized limita-
tion.

Reduces stiff-
ness/strength via
fiber misorien-
tation; knock-
down depends
on amplitude-to-
wavelength ratio,
through-thickness
location, and load
case. Compres-
sive and ILSS
most affected; ILS
stress concentra-
tions at wrinkle
crests/troughs pro-
mote fiber kinking.

Fixed at forming.
Stress concen-
trations initiate
matrix cracking
and delamination.
Compressive: mis-
aligned fibers sus-
ceptible to kinking
below nominal
allowable. Fatigue:
progressive delam-
ination governed
by GIc and cyclic
amplitude.

Woven: trel-
lising shear
accommo-
dates curva-
ture to lock-
ing angle,
which gov-
erns wrin-
kle onset.
UD/NCF: no
geometric
resistance;
wrinkle
at smaller
forming an-
gles. Quasi-
isotropic UD
significantly
more sus-
ceptible than
equivalent
woven.

—

Table 1: Composite thermoforming defect identity cards: cause, prevention, detection, significance, and progression. ILS= interlaminar shear;
ILSS= interlaminar shear strength; UT= ultrasonic testing; PAUT= phased array UT; SWLS= structured white light scanning; CMM= coordinate
measuring machine; DDF= double-diaphragm forming; CLT= classical lamination theory; V f = fiber volume fraction; Vv = void volume fraction.
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