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“The fact that the polynomial is an approximation
does not necessarily detract from its usefulness

because all models are approximations.

Essentially, all models are wrong, but some are useful.”

George E. P. Box, 1987



Kurzfassung

Kohlenstofffaserverstarkte Kunststoffe (CFK) weisen stark anisotrope thermis-
che und elektrische Eigenschaften in der Laminatebene auf. Die Bestimmung
entsprechender Kennwerte ist anspruchsvoll, da die Messgroflien sowohl von
der Materialarchitektur als auch von den experimentellen Randbedingungen
abhéngig sind. Diese Arbeit entwickelt zerstérungsfreie, modellgestiitzte Ver-
fahren zur Identifikation orthotroper thermischer und elektrischer Transporteigen-
schaften von CFK-Laminaten an Einzelproben und verkniipft diese mit einer
ebenfalls zerstorungsfreien Charakterisierung des Laminataufbaus. Ein Puls-
Echo-Ultraschallverfahren wertet C-Scans im Fourierraum aus und rekonstru-
iert daraus den tiefenabhédngigen Verlauf der Lagenorientierung. Eine zuver-
lassige Orientierungsbestimmung wird fiir unidirektionale, quasi-isotrope und
Bouligand-Laminate unterschiedlicher Dicken und Lagenzahlen nachgewiesen.
Oberflachennahe Bereiche, Porositiat und ausgepragte geometrische Merkmale
definieren dabei die Grenzen, innerhalb derer die Methode zuverldssig angewendet
und interpretiert werden kann. Der anisotrope Wéarmetransport wird mittels
Wiérmepunkt-Infrarot-Thermografie in Kombination mit einem analytischen or-
thotropen Diffusionsmodell beschrieben. Die richtungsabhingige Messgrofie
folgt dem inversen Widerstand gegen Wéarmediffusion, auf den Hauptachsen
ergeben sich die longitudinale und transversale Temperaturleitfahigkeit. Diese
Beziehung erméglicht die Bestimmung der Temperaturleitfahigkeit durch gau8sche
Temperaturprofilverbreiterung und Isothermenentwicklungsanalysen. Ergidnzend
verkniipft ein mischungsregelbasierter Ansatz das Laminatverhalten mit den
Diffusivitdten der Konstituenten und dem Faservolumengehalt. Der anisotrope
elektrische Transport wird anhand regelméafliger n-eckiger prismatischer Proben
charakterisiert. Umfangsseitige Widerstandsmessungen an Vollfldchenelektroden
werden tiber den effektiven Elektrodenabstand und die effektive Messbreite aus-
gewertet, um die spezifischen elektrischen Hauptwiderstdnde entlang und quer zur
Faserrichtung zu bestimmen. Zusétzliche, von Kontakt- und Kurzschlusseffekten
dominierte Konfigurationen definieren die Bedingungen, die fiir eine verléssliche

Bestimmung der Materialwiderstdnde notig sind.






Abstract

Carbon fiber-reinforced polymers (CFRPs) exhibit strongly anisotropic in-plane
thermal and electrical properties, yet efficient identification of laminate-scale
transport parameters remains challenging, since the measured response reflects
both material architecture and experimental boundary conditions. This thesis
establishes non-destructive, model-based methods for single-specimen identifica-
tion of orthotropic in-plane thermal and electrical transport properties in CFRP

laminates and combines them with a non-destructive characterization of laminate

lay-up.

A pulse-echo ultrasonic workflow evaluates C-scan slices in the Fourier domain
and reconstructs the depth-dependent ply-orientation profile. Reliable orientation
detection is demonstrated for unidirectional, quasi-isotropic, and Bouligand lami-
nates across varying thicknesses and ply counts. Near-surface regions, porosity,
and pronounced geometric features define the methodological boundaries within

which the method can be applied and interpreted reliably.

Anisotropic thermal transport is quantified by heat-spot infrared thermography
combined with an analytical orthotropic diffusion model. Under prescribed heat-
flux boundary conditions, the directional response follows the inverse resistivity
to diffusion, whose principal-axis values correspond to the longitudinal and trans-
verse thermal diffusivities. This relation enables identification of the directional
diffusivities from a single unidirectional specimen through Gaussian-profile broad-
ening and isotherm-evolution analyzes. In addition, a rule-of-mixture approach

relates laminate behavior to constituent diffusivities and fiber volume content.

Anisotropic electrical transport is characterized using regular n-gonal prismatic
specimens, where perimeter-based resistance measurements under full-face elec-
trodes are evaluated by means of effective electrode distance and effective width
to identify the principal longitudinal and transverse resistivities. Additional
contact- and shunting-dominated configurations clarify the conditions for reliable

resistivity measurement.
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1 Introduction

Carbon fiber reinforced polymers (CFRPs) have become a key material class for
lightweight structures that must combine high specific stiffness and strength with
long-term durability in demanding service conditions. By embedding continu-
ous carbon fibers into a polymer matrix, CFRPs enable tailored performance
through deliberate design freedom, including fiber type, fiber volume fraction,
ply thickness, and laminate stacking sequence. This design freedom has driven
their widespread use in high-performance structures, where components are in-
creasingly expected to provide not only mechanical load-bearing capacity but

also additional functional capabilities.

A defining characteristic of CFRPs is their pronounced anisotropy. At the
microscale, carbon fibers exhibit intrinsically direction-dependent properties
originating from their graphitic microstructure [1, 2], while at the mesoscale
and laminate scale, preferential alignment of fibers introduces a strong contrast
between the fiber-parallel and transverse directions [3]. As a consequence, the
macroscopic behavior of CFRPs is governed by fiber fraction, fiber alignment,
and its deviations from the nominal design (e.g., fiber waviness, local misalign-
ment, resin-rich zones, porosity, and inter-laminar interfaces) [4-7]. Although
mechanical anisotropy is widely recognized and routinely considered in design [3],
transport anisotropy is often treated as secondary despite its direct relevance to
multifunctional structures and coupled thermo- and electromechanical phenomena
[8-14].

Thermal transport anisotropy is particularly critical because thermal conductivity
and diffusivity govern the spatial and temporal evolution of temperature fields
in a laminate [15, 16]. In orthotropic CFRPs, the pronounced contrast between
fiber-parallel and transverse transport leads to direction-dependent heat spread-
ing, which directly affects temperature gradients, local hot-spot formation, and
characteristic timescales of thermal loading [17-19]. In practical terms, this influ-
ences the thermal management of enclosed or integrated electronics [20], localized

heating concepts (e.g., electrothermal de-icing and resistance-based heating for
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processing or repair) [11, 12], and the development of thermally induced stresses
that can interact with fatigue and damage evolution [8, 9]. Reliable simulation
and design therefore require orientation-specific effective properties and a clear
understanding of how fiber architecture and interfacial effects shape the effective

in-plane transport tensor under suitable boundary conditions [21-25].

Electrical transport anisotropy is equally important and originates from the
heterogeneous conductor—insulator topology of CFRPs: electrically conductive
carbon fibers are embedded in an electrically insulating polymer matrix [26,
27]. Along the fiber direction, conduction is governed primarily by the intrinsic
conductivity of the fibers and the continuity of the fiber network [28-30]. In
contrast, transverse and through-thickness conduction are typically controlled
by a sparse network of fiber—fiber transfer events across resin-rich separations
and ply interfaces, where junction/contact resistance and near-contact (tunnel-
ing) mechanisms become decisive [31-34]. Consequently, the effective electrical
response can differ by orders of magnitude between the principal directions, with
a strong sensitivity to fiber volume fraction, contact density, and inter-laminar
connectivity [27, 29, 35]. This anisotropy underlies multifunctional applications of
CFRPs, including electromagnetic interference shielding [36, 37], electrothermal
heating concepts [13, 14], and self-sensing approaches based on resistance changes

along preferential conduction pathways [38-40].

Despite this relevance, a persistent challenge is that anisotropic transport proper-
ties are difficult to quantify in a way that is both orientation-resolved and robust
against experimental artifacts [41, 42]. First, fiber orientation is the dominant
structural descriptor that governs both mechanical response and effective trans-
port, but the effective orientation state inside a laminate is not always known in
advance and can deviate from the nominal stacking sequence due to manufactur-
ing and handling-induced effects [4, 5, 26]. Without reliable and non-destructive
access to ply-level orientation information, transport measurements cannot be
interpreted unambiguously and model validation remains limited [43—45]. Sec-
ond, thermal characterization of in-plane anisotropy must address the fact that
many established methods require multiple specimens and orientations or depend
sensitively on heat losses, emissivity uncertainties, and finite-geometry effects [41,
46-49]; field-based thermography methods offer rich information but demand a
rigorous link between the measured transient temperature field and the principal
in-plane diffusivities [24, 25, 50-52]. Third, electrical anisotropy measurements
are strongly affected by boundary conditions and electrode topology: conventional

coupon-based measurements are well suited for longitudinal conduction, whereas

2



1.1 Aims and Scope

transverse characterization is often dominated by current spreading, contact
effects, and the coupling of through-thickness pathways, which can obscure the
targeted material parameters unless geometry and modeling are aligned [31, 34,
42, 53-56].

1.1 Aims and Scope

This thesis addresses the need for a coherent and experimentally grounded
framework to characterize anisotropic transport in CFRP laminates. The central
objective is to link non-destructive characterization of the laminate to orientation-
resolved transport characterization, so that experimentally obtained thermal and
electrical properties can be interpreted consistently and used for quantitative
analysis. To this end, the thesis integrates (i) non-destructive determination of
ply-level fiber orientation lay-up at relevant laminate depths, (ii) experimental
identification of anisotropic in-plane thermal transport and its interpretation by
an analytical model, and (iii) experimental identification of anisotropic in-plane

electrical transport and its interpretation by an analytical representation.

The work builds upon three research questions that correspond to the three main
chapters:

1. Fiber Orientation Detection: How can the ply-level fiber orientation
lay-up in CFRP laminates be determined non-destructively to enable a

quantitative interpretation of anisotropic in-plane transport behavior?

2. Anisotropic Thermal Properties: How can anisotropic in-plane thermal
transport in CFRP laminates be determined efficiently by non-destructive

testing and interpreted using an appropriate analytical model?

3. Anisotropic Electrical Properties: How can anisotropic in-plane electri-
cal transport in CFRP laminates be determined efficiently by non-destructive

testing and interpreted using an appropriate analytical model?

The scope of this thesis is limited to continuous-fiber laminates and the charac-
terization of anisotropy at the laminate scale, with the ply-level lay-up serving as
the primary architectural descriptor for the observed in-plane transport behavior.
The focus is placed on orientation-resolved, experimentally accessible effective
transport properties in the principal material directions, i.e., fiber-parallel (0°; ||)

and transverse (90°; L), and on evaluation strategies that enable quantitative
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interpretation within analytical models and closed-form descriptions. Numerical

field simulations (e.g., FEM-based approaches) are not pursued in this work.

Through-thickness transport properties are not treated as the primary target
quantities; however, they are an integral part of the overall material response
and are therefore discussed where relevant. In addition, selected aspects of the
through-thickness contribution are addressed indirectly by investigating laminates
with systematically varied ply thickness, spanning approximately 300 gsm (thick-
ply) down to 30 gsm (thin-ply) architectures.

Mechanical anisotropy is treated as an essential background, while the principal
contributions of this thesis concern the experimental methodology and data-
reduction for thermal and electrical transport anisotropy, including measurement
concepts, calibration procedures, and uncertainty-relevant boundary-condition
considerations. All experimental models, evaluation routines, and control systems
are implemented in Python to ensure reproducible workflows and to enable
consistent integration of acquisition, processing, and analysis. The thesis provides
a fundamental mathematical and physical formulation of the employed models
and evaluation procedures. However, a comprehensive software and code review

of Python implementations is outside the scope of this work.

1.2 Thesis Outline

Figure 1.1 provides an overview of the thesis workflow and the interdependencies
of the three main contributions. Starting from the investigated CFRP material
system, the ply-level fiber orientation O(zr) is determined non-destructively
by ultrasonic testing and subsequently serves as the enabling basis for the
characterization of anisotropic in-plane transport. Thermal transport is assessed
by non-destructive heat-spot thermography and interpreted using an analytical
orthotropic heat-diffusion model, whereas electrical transport is assessed by non-
destructive resistance measurements and interpreted using a geometry-aware

analytical resistance model.

This dissertation is organized into seven chapters. Chapter 1 establishes CFRP
laminates as intrinsically anisotropic engineering materials and formulates the
central premise of this work: in-plane thermal and electrical transport can
only be interpreted and quantified reliably when the underlying ply-resolved

fiber orientation state is known. It defines the aims and scope, summarizes



1.2 Thesis Outline

CFRP Material
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Figure 1.1: Conceptual workflow of the thesis, highlighting the three main
contributions and their interdependencies.

the scientific contributions, and positions the three research questions that
structure the thesis. Chapter 2 provides the unifying theoretical backbone by
linking structural anisotropy, understood as the architectural origin of direction-
dependent response, to mechanical anisotropy as a foundational reference, and
by formalizing transport anisotropy as the consistent framework for thermal
and electrical conduction in CFRP laminates. With the conceptual basis fixed,
Chapter 3 specifies the investigated laminate systems and specimen configurations
and consolidates the experimental methodology and preparation procedures that

are applied consistently across the three main experimental chapters.

Chapter 4 constitutes the first experimental pillar and addresses Fiber Orienta-
tion Detection. After assessing candidate methods and motivating the selected
strategy, it establishes the ultrasonic testing concept, the experimental setup, and
the evaluation workflow for non-destructive, ply-level identification of the fiber
orientation lay-up. Results are presented and discussed for unidirectional, quasi-

isotropic, and Bouligand laminates, complemented by an analysis of characteristic
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features and damage signatures; the chapter closes by translating the orienta-
tion results into the essential input for subsequent transport analyses. Building
on this orientation-resolved basis, Chapter 5 investigates the Anisotropic Ther-
mal Properties. It introduces the physical origin of thermal anisotropy, reviews
measurement concepts, and motivates thermography in the form of heat-spot
thermography. The chapter derives an analytical description for two-dimensional
orthotropic heat conduction, details the test setup and evaluation methodology,
and reports results spanning matrix and CFRP reference measurements, model
behavior, temperature-dependent aspects, and the final contextualization of the
extracted in-plane thermal transport properties, including consolidated findings
and limitations. In direct analogy, Chapter 6 investigates the Anisotropic Elec-
trical Properties. It introduces electrical anisotropy in CFRPs and summarizes
relevant conduction mechanisms and equivalent-circuit concepts, then presents
the experimental setup and a geometry-based analytical evaluation framework,
including model extensions required for practical electrode configurations. The
results and discussion quantify and interpret the influence of electrode prepara-
tion, ply thickness across thick-ply and thin-ply architectures, and polygon-based
resistance measurement concepts, concluding in a consolidated description of the
in-plane electrical transport behavior within the analytical framework. Finally,
Chapter 7 synthesizes the findings across fiber orientation detection, anisotropic
thermal transport, and anisotropic electrical transport, and formulates overarch-

ing conclusions and perspectives for further methodological development.

Additional material is provided in Chapters A to C, including supplementary
methodological details, extended derivations where appropriate, additional mea-
surement results, and software-related information associated with the experi-
mental and evaluation workflows. The backmatter documents supervised student

theses, related research projects, scientific publications, and a curriculum vitae.



2 General Theoretical Background

Carbon fiber reinforced composites represent a unique class of structural materials
that combine the low density, chemical resistivity and processability of polymer
matrices with the outstanding mechanical performance of carbon fibers. A
defining characteristic of CFRPs is their pronounced anisotropy, which arises
from the directional nature of the reinforcement. In contrast to isotropic bulk
materials, the properties of CFRPs are strongly dependent on fiber orientation,
fiber volume fraction, and the intrinsic anisotropy of the carbon fibers themselves.
These factors govern the degree to which mechanical, thermal, and electrical
properties differ along and transverse to the reinforcement direction, making
anisotropy both a challenge and an opportunity for engineering applications. The
subsequent subsections present a summary of the primary aspects of anisotropy
observed in CFRPs.

2.1 Structural Anisotropy

The internal architecture of CFRPs is inherently directional. Continuous fibers
embedded in a polymer matrix produce long-range alignment that defines a clear
material anisotropy between the fiber axis and the transverse directions. Even
in woven or randomly oriented configurations. Structural anisotropy therefore

persists at the ply, roving, and single-fiber level.

The anisotropic mechanical and transport properties of carbon fibers originate
from the orientation distribution of their graphite crystallites and the arrangement
of amorphous carbon regions. Depending on the precursor system and processing
route, substantial differences in crystallite alignment are observed, which directly

affect the degree of anisotropy in the resulting fibers.

Figure 2.1 reproduces the orientation distribution of graphite planes (002) in
five representative types of carbon fibers based on PAN (polyacrylonitrile), as

reported by Tane et al. [1]. For crystalline graphite, the (002)-plane occurs at
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a diffraction angle 20 ~ 26.4° in X-ray diffraction (XRD) measurements. The
results demonstrate that in all fibers, the in-plane directions of the graphitic layers
are preferentially aligned along the fiber axis, but the extent of this alignment
varies markedly with fiber type. In particular, CF40 and CF50 (HM: high
modulus fibers) exhibit highly oriented graphite layers, while fibers such as CF10,
T800S, and M30S (HS: standard modulus, high strength fibers) reveal broader
distributions, indicating less pronounced alignment. These differences translate
into significant variations in the anisotropy of the elastic properties, with the
tensile modulus increasing and the transverse modulus decreasing for fibers with

a higher orientation of the graphitic planes; see Figure 2.4.

250
Carbon fiber type
—_— 10
— T800S
M30S
200 — CF40
— CF50
% .
& Graphitic
Z 150 sheet
& 100
9 !
50 A Cross-section of //
i carbon fiber filament
1
05 2 5 30 3
Diffraction angle 26 (°)
(a) X-ray diffraction patterns for (002) (b) Schematic across scales represen-
planes of graphite crystallites in PAN- tation of the aligned graphitic
based carbon fibers. Adapted from microstructure of a carbon fiber.

Tane et al. [1]. Adapted from Behr et al. [2].

Figure 2.1: Schematic structural anisotropy of carbon fibers. [1, 2]

The systematic structure of carbon fibers has been widely reviewed in the litera-
ture [1, 2, 57-59]. PAN-based precursors dominate industrial production and,
through stabilization, carbonization, and optional graphitization, yield a tur-
bostratically stacked, graphite-like microstructure with a high degree of preferred
axial orientation [1]. Here, turbostratic describes the graphite-like structure in
which the graphene layers are parallel but randomly rotated or laterally shifted,
so that there is no long-range three-dimensional stacking order. Pitch-derived
fibers, particularly those from mesophase pitch (mixture of polycyclic aromatic

hydrocarbons), can achieve even higher levels of crystalline orientation, leading
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to high moduli, but often reduced tensile strength due to processing-induced
flaws [2]. In contrast, polyethylene-derived carbon fibers show a reduced density
of interlayer crosslinks, which facilitates easier orientation during heat treatment
and thus allows for the formation of highly ordered graphitic domains [57]. Across
all precursor systems, the balance between crystalline alignment, crystallite size,
and defect density determines the attainable stiffness and strength [58, 59], while

simultaneously governing thermal and electrical anisotropy [60, 61].

The effect of carbonization temperature T, is a critical factor in determining
the final anisotropy of carbon fibers. As the carbonization and graphitization
temperature increases, both the degree of crystalline alignment and the size of
the crystallite improve, leading to a higher elastic modulus [57, 58], see Figure 2.2.
PAN-based fibers typically reach their maximum tensile strength around 1500 °C,
while their tensile modulus continues to increase with further heat treatment,
although at the expense of strength due to crystallite coarsening and defect
formation [57]. In contrast, fibers derived from mesophase pitch require higher
graphitization temperatures, above 2000 °C, to achieve very high moduli in highly
graphitized variants [58]. The structural evolution during heat treatment is
associated with the growth and orientation of the graphitic (002)-planes, whereas
turbostratic disorder is progressively reduced. As summarized by Park [59], the
balance between strength and stiffness is therefore highly sensitive to the final
heat treatment schedule. Lower treatment temperatures yield higher strength
fibers with moderate anisotropy, whereas higher temperatures produce stiffer,

more anisotropic fibers but with reduced tensile strength.

Overall, the comparative analysis of different precursor systems illustrates that
the orientation of graphite crystallites is not a fixed characteristic but a tunable
microstructural parameter. As emphasized by Newcomb [58] and Park [59],
the precursor chemistry and the processing path define the degree of crystalline
orientation, crystallite connectivity, and residual amorphous content, thus shaping

the anisotropic behavior of the final fiber.
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Figure 2.2: Influence of carbonization temperature 7, on structural and me-
chanical properties and schematic for the development of carbon
layer structures. [57, 58]

2.2 Mechanical Anisotropy

The mechanical properties of carbon fibers represent their relevance in classical
engineering and remain the main driver of their widespread industrial adoption.
High tensile strength, low density, and high stiffness have established carbon
fibers as critical reinforcement materials in aerospace, automotive, and civil

engineering applications. [3]

A broad comparison of the mechanical properties of industrially available carbon
fibers is given in Figures 2.3 and 2.4. Figure 2.3 summarizes tensile strength o
and the tensile modulus E based on manufacturer data and systematic reviews
by Newcomb [58] and Park [59]. The plot illustrates the wide spectrum of
commercially available PAN- and pitch-based fibers, ranging from high-strength
PAN fibers (HS) with moderate modulus to high-modulus PAN fibers (HM) and
ultrahigh-modulus pitch fibers (UHM) with comparatively reduced strength. Such
trade-offs directly reflect processing conditions and precursor type, particularly
the degree of graphitization.
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Figure 2.3: Carbon fibers - Overview of mechanical properties: tensile
strength o and tensile modulus E. Data according to manufac-
turer’s data sheets. [58, 59]

Although longitudinal stiffness is often emphasized, the anisotropic nature of
carbon fibers becomes evident when considering the transverse elastic modulus G.
As shown in Figure 2.4, which reproduces the relationship between E and G from
Shirasu et al. [62], fibers with a higher axial orientation exhibit strong anisotropy,
characterized by increasing anisotropy ratios Ag = Ej/E1. PAN-based fibers
typically display lower anisotropy in comparison to mesophase pitch-derived

fibers, consistent with their more turbostratic microstructure.

It is important to note that the evaluation of anisotropy in terms of Ar depends
not only on the type of fiber but also on the experimental methodology. As
emphasized by Shirasu et al. [62], the transverse modulus values | vary signifi-
cantly depending on whether they are obtained from direct mechanical testing of
a single fiber [63], nanoindentation [62, 64, 65], or micromechanical calculation
by resonant ultrasound spectroscopy [1]. This implies that discrepancies in re-
ported Ag ratios often arise from methodological differences rather than intrinsic
material variability, as can be seen in Figure 2.4 for T300, T700SC and K13D
fibers. This highlights the need for careful consideration of the testing protocol
when comparing anisotropy data across different sources.

The anisotropy of carbon fibers alone does not define the mechanical performance

of a composite. Once embedded in a polymer matrix, the effective response

11
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Figure 2.4: Carbon fibers - Overview of anisotropic mechanical properties:
transverse modulus £, and tensile modulus E. [1, 58, 62-65]

results from the interaction between the fibers and the matrix, and the degree
of anisotropy in the composite is governed not only by the intrinsic fiber char-
acteristics, but also by their orientation 6, fiber volume content ¢, and other
micromechanical properties. To capture this transition from single-fiber behavior
to effective composite properties, simple analytical approaches such as the rule

of mixtures are commonly employed [3].

For the longitudinal elastic modulus E| of a unidirectional lamina, the rule of
mixtures (RoM) by Voigt [66] yields a linear dependence on the fiber volume
fraction ¢;:

Ey=¢iEp+ (1= ¢f)Em, (2.1)

where Ey and E,, denote the elastic moduli of the fiber in longitudinal direction
and the matrix, respectively. This relationship illustrates that stiffness along
the fiber axis increases almost proportionally with fiber content and is primarily
dictated by the high modulus of carbon fibers.

In contrast, the transverse modulus F, follows an inverse rule of mixtures with
respect to [67], representing the serial arrangement of compliance contributions

of fiber and matrix:

1 L—wr o5
=" 7 2.2
Br Bw | Erl (2:2)
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where I, again is the matrix modulus and Ey, the corresponding transverse
fiber modulus. Consequently, E/; remains much lower than Fj, even at high fiber
volume fractions, and is dominated by the mechanical properties of the polymer

matrix.

Although the classical rule of mixtures provides a simple first approximation
for the longitudinal and transverse elastic moduli of unidirectional composites,
it often fails to capture the complex interactions between fibers and matrix.
Therefore, more advanced micromechanical models have been developed that

improve the predictive accuracy [68-73].

Current available analytical models include the Halpin—Tsai [70, 71] equations
and their modifications offer semi-empirical corrections for both longitudinal and

transverse stiffness by accounting for fiber geometry and load transfer efficiency.

The Mori-Tanaka (MT) method [72] provides a rigorous mean-field homogeniza-
tion framework that explicitly accounts for the average stress and elastic energy

in a matrix containing misfit inclusions (e.g. voids, resin rich regions).

The Method of Cells (MOC) homogenizes a periodically reinforced composite by
analyzing a repeating unit cell and enforcing equilibrium and compatibility across
subcell interfaces to obtain effective properties [69]. In unidirectional laminas,
MOC commonly applies a rotational averaging to enforce transverse isotropy,
whereas the unaveraged variant (MOCu) omits this step and tends to predict

higher transverse properties [73].

Kim et al. [73] compare micromechanical model predictions for unidirectional
IM7/5320-1 CFRP across fiber volume fraction: E) varies nearly linearly within
the Voigt description, while E; is more model-sensitive; Mori—Tanaka and
(averaged) MOC agree closely, while Voigt and MOCu overpredict and Reuss
underpredicts E , see Figures 2.5a and 2.5b. Similar comparisons are reported

for other properties (e.g., shear moduli and Poisson’s ratios) [73].
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2.3 Transport Anisotropy

Unified Transport Formulation

The structural anisotropy introduced in the mechanical context likewise governs
the general transport phenomena in CFRP because these same microstructural
descriptors control the directional connectivity and restriction of the heat- and
charge-carrying pathways. On the continuum scale, many quasi-static transport

problems can be expressed in the common conductivity-type form [74]

J(x) = L(x) E(x), (2.3)
V-J(x) = s(x), (2.4)
VxE(x)=0. (2.5)

Here, J denotes the flux density and E denotes the driving field that sets the
direction and magnitude of the flux. The irrotational condition Equation (2.5)
implies that E derives from a scalar potential u through E = —Vu. Spatial
differences in u therefore act as the cause of transport and can be interpreted
as a potential drop. The tensor L quantifies how efficient a given driving field

is converted into flux. In an anisotropic material, this conversion depends on
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2.3 Transport Anisotropy

direction. Therefore, the same potential gradient can produce different flux levels
along the fiber-parallel direction ||, the transverse in-plane direction L, and the
thickness direction of a CFRP laminate. The divergence Equation (2.4) expresses
local conservation. When distributed sources and sinks are absent so that s = 0,
the flux entering any material volume must leave it. Nonzero s # 0 represents

volumetric generation or extraction [74].

In Chapter 5, Anisotropic Thermal Properties, the general quantities specialize
to J = q as the heat flux density, u = T as the temperature, and L = K
as the thermal conductivity tensor. Together with energy conservation, this
specialization yields the anisotropic transient heat equation (5.11), which is

evaluated in Section 5.3.

In Chapter 6, Anisotropic Electrical Properties, they specialize to J as the
current density, u = V as the electric potential, and L. = o as the electrical
conductivity tensor. This leads to the anisotropic Laplace equation (6.9). Because
the experimental boundary conditions are governed by the electrode topology and
current-spreading effects [55], Chapter 6 does not identify o by directly solving
Equation (6.9) for the test geometries. Instead, it employs a geometry-specific
resistance formulation that explicitly accounts for electrode boundary effects, as
detailed in Section 6.3.

Beyond closed-form solutions and approximations, effective transport tensors can
be obtained by homogenization on representative microstructure using numerical
solvers for Equation (2.3), e.g., FEM schemes [75, 76], resistor-network analogies
[77, 78], and related approaches [79], as reviewed in Milton [74]. These methods
provide a general computational route from microstructure to effective transport
anisotropy and serve here as a broader theoretical context for the approaches
adopted in Chapters 5 and 6.

Scalar Anisotropy Values

For compact comparison of transport anisotropy across different mechanisms
and material systems, it is useful to reduce the tensorial effective transport
behavior into scalar key figures. Let L* denote the homogenized transport tensor
in Equation (2.3) and let Li, La, L3 > 0 be its principal values (eigenvalues),
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associated with the orthonormal principal directions of transport. The maximum

anisotropy value is defined as

Lmax _ maX{LhLz,Lg}

Amax = = 5
Liin min{Li, Lo, L3} —

(2.6)

where Amax = 1 corresponds to isotropic transport and larger Amax > 1 indicates

a stronger direction dependence.

To distinguish in-plane and through-thickness anisotropy in laminate settings,
two additional ratios are introduced. Denoting by the principal in-plane values
fiber-parallel L and transverse in-plane L, and by L. the through-thickness
value, the planar anisotropy Aj. and the through-thickness anisotropy A). are
defined as

Ly
Ay, = =L 2.
L=z, (2.7)
L
Aj. = f“ (2.8)

For thermal conduction, L = A, so that anisotropy can be expressed through ratios
such as A1 = Aj/AL and A, = Aj/A;. For electrical conduction, L = o. The
same anisotropy may also be reported in resistivity form using the corresponding

inverse ratios, for example A | = p1/p) and A, = p./p).
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3.1 Materials

General Materials

For experimental investigations, CFRP specimens with varying fiber areal weights
(FAW) and fiber architectures were manufactured. The investigated material
systems cover a broad range from conventional aviation-grade laminates with
higher FAW down to more specialized thin-ply configurations. In total, FAW
2

ranging from 30-300g/m* were considered. An overview of all investigated
materials, including laminate identifier, FAW, stacking sequence (layup), total
number of plies np1y, nominal laminate thickness tnom, fiber volume fraction ¢y,

and fiber—matrix constituents, is provided in Table 3.1.

Different fiber-orientation configurations were realized, including unidirectional
(UD) laminates, quasi-isotropic (QI) layups, and Bouligand (BL) helicoidal layups.
This selection enables the investigation of fiber-orientation for both simple and
more complex fiber architectures, which are relevant for industrial applications
and advanced composite design. UD laminates are utilized for the direction-

dependent characterization of anisotropic thermal and electrical properties.

All specimens were manufactured using a hand layup procedure followed by
vacuum-bagged prepreg autoclave processing. During layup, intermediate debulk-
ing steps were applied to compress the laminate stack and to minimize porosity
and trapped air between adjacent plies. The final curing was carried out in
an autoclave according to the standard cure cycles specified in the respective
manufacturer datasheets [80, 81], including prescribed temperature ramps, dwell
times, and consolidation pressures. This manufacturing approach ensured high

laminate quality and reproducibility in all different material systems.
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3.2 Methods

3.2 Methods

Established preparation and characterization methods were used to ensure consis-
tent specimen manufacturing and to assess material quality and thermophysical
properties. These methods and the relevant standards are summarized in the
following subsections, whereas the ultrasonic investigations and the dedicated
thermal and electrical measurement setups are described in their respective

chapters.

3.2.1 Scientific Methods
Light Microscopy and Micro-Section Preparation

A digital light microscope (VHX-6500, Keyence Deutschland GmbH) was used
for the qualitative assessment of laminate quality, including ply thickness, fiber
distribution, and potential manufacturing defects such as voids or resin-rich
regions. For this purpose, representative micro-sections were extracted from
selected specimens, embedded in a cold curing epoxy resin (KEM 15 Plus,
ATM Qness GmbH), mechanically ground and subsequently polished using an
automatic polishing system (Saphir 550, ATM Qness GmbH) with progressively
finer abrasive media, including diamond suspension particles up to 1 pm, to obtain
a flat and nominally damage-free cross-sectional surface. Optical micrographs

were acquired under reflected-light conditions.

Differential Scanning Calorimetry

Differential scanning calimetry (DSC) was employed for quality assurance and
thermoanalytical characterization of the composite system, including the determi-
nation of the glass transition temperature and the temperature-dependent specific
heat capacity. Measurements were carried out using a DSC 204 F1 Phoenix
(Netzsch GmbH) according to ISO 11357 [82].

In the DSC setup, a sample crucible and an empty reference crucible were sub-
jected to identical controlled heat flow inside the furnace. The temperature
difference between both crucibles, which is derived from endothermic or exother-
mic processes in the sample, was detected by integrated sensors and converted

into the corresponding heat flow signal. Prior to material testing, the system
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was calibrated using a sapphire standard with known specific heat capacity. The
calibration comprised measurements of the empty crucible and the sapphire
reference under identical conditions.

Based on the measured heat flow signals, the specific heat capacity of the specimen

was determined according to

QS — QO MSap
eps(T) = ——F— —— - ¢psap(T), 3.1
() = G2 T ey sap(T) (31)
where Qsg, Qs.dp, and Qo denote the measured heat flow of the specimen, sapphire
reference, and empty crucible, respectively, ms and msgap are the corresponding

masses, and cp sap is the tabulated specific heat capacity of the sapphire.

The DSC data obtained were used to verify the adequate curing state of the
material and to support the interpretation of temperature-dependent experimental
results by enabling the conversion of thermal diffusivity « to thermal conductivity
A

Fiber Volume Fraction Analysis

The fiber volume fraction was determined by a wet-chemical gravimetric method
according to ISO 14127 [83]. In brief, the polymer matrix was selectively dissolved
in a nitric-acid-based solution, and the remaining fiber fraction was recovered,
rinsed, dried, and quantified by precision weighing. All measurements were
performed by the central laboratory of TUHH.

Based on the measured mass fractions and the known constituent densities, the

fiber volume fraction was calculated as

my/py
(mys/py) + (M /pm)’

of = (3.2)

where my and m,, denote the masses of the fiber and matrix constituents,

respectively, and py and p,, are their corresponding densities.
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Density Measurement

The bulk density of the specimens was determined using the Archimedes method
according to ISO 1183 [84]. Specimens were weighed in air and then reweighed
while immersed in a reference fluid of known density. The density was derived
from the corresponding immersion-induced reduction in apparent weight (i.e.,

the buoyant force) as

Mair

P = Pref (33)

bl
Mair — Mref
where m.i; denotes the mass of the specimen measured in air, m..r the apparent
mass measured in the reference fluid, and pyer the density of the reference fluid
at the measurement temperature. Measurements were conducted at ambient

temperature using water as the reference fluid.

3.2.2 Sample Preparation
Cutting and Milling

Specimen cutting and final dimensioning were performed in multiple stages to
ensure high dimensional accuracy and reproducibility. The initial trimming of
the laminate plates was carried out using a diamond-coated cutting disk mounted
on a circular table saw (F45, Altendorf GmbH).

Rectangular specimen geometries were produced using aluminum-oxide cutting
blades on water-cooled precision saws (Brilliant 265 and Brilliant 220 CNC, ATM
Quness GmbH). This cutting approach minimized thermal and mechanical damage

to the edges of the specimen and ensured consistent quality.

Standard specimen dimensions were selected according to the respective experi-
mental requirements. Rectangular specimens of 150 mm x 100 mm were prepared
for ultrasonic investigations, while specimens of 40 mm X 40 mm were used for

thermal characterization.

Specimens with a regular 24-sided polygonal geometry with D,y = 125 mm, used
for the characterization of electrical anisotropy, were manufactured by CNC

milling on an isel EuroMod 35 machining center (Isel Germany AG), employing
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the same machining setup as described for the preparation of the sample features
in Section 3.2.2.

Feature Preparation by Impact

The QI laminate specimen, designated QI-268-Impact, was subjected to a low-
velocity impact according to ASTM D7136M [85]. The impact was carried out
using a drop-weight impact tower (Instron 9450) with an applied impact energy
of 18J and a hemispherical impactor tip of diameter 16 mm. The sample was

used for the detection of ultrasonic fiber-orientation in Section 4.4.4.

Feature Preparation by Milling

The QI laminate specimen, designated QI-268-Feature, was subjected to feature
preparation by CNC milling using an isel EuroMod 35 machining center (Isel
Germany AG). Machining was performed with a solid carbide high-speed cutting
end mill (VHM-HSC shank cutter, diamond-toothed, 1.8 mm diameter; Sorotec
GmbH) under air cooling conditions. The manufactured features comprised
stepwise milling grooves and bore holes with defined geometries. The specimen
serves as a standardized reference sample for ultrasonic testing in lecture courses
and was used for the detection of ultrasonic fiber-orientation, as discussed in
Section 4.4.4.
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4 Fiber Orientation Detection

The direction-dependent transport response of endless fiber reinforced CFRP
laminates is governed first and foremost by the internal fiber orientation. Al-
though laminate designs prescribe a nominal stacking sequence, the effective
ply-level orientation within a manufactured component can deviate due to global
and local deviations, e.g., caused by ply waviness, handling-induced misalign-
ment, impact damage, or machining-related edge effects. Consequently, the first
guiding research question of this thesis is addressed here in a qualitative sense: a
robust, non-destructive route is required to access the through-thickness fiber
orientation lay-up with sufficient depth resolution and interpretability to serve
as a reliable structural basis for subsequent directional thermal and electrical

transport characterization.

Chapter 4 develops this route using depth-resolved ultrasonic testing. The
methodological scope is deliberately positioned between classical defect inspection
and microstructural reference methods: rather than imaging individual fibers,
the approach infers layer-wise orientation trends from orientation-dependent
ultrasonic-wave—material interactions encoded in high-resolution pulse—echo scan
data. The theoretical context and motivation are established in Section 4.1,
including a structured overview of fiber-orientation-distribution (FOD) mea-
surement techniques and the rationale for selecting ultrasound as the primary
non-destructive method. The ultrasonic inspection concept is then experimentally
implemented in Section 4.2, defining the acquisition strategy and the boundary

conditions required for reproducible volumetric scans.

A dedicated evaluation workflow is introduced in Section 4.3. It combines
metadata-driven reconstruction, signal conditioning, robust data cleaning, and
Fourier-domain texture analysis with automated peak detection and scoring
to obtain a depth-resolved orientation estimate across the laminate thickness.
The performance and practical limits of the overall methodology are assessed in

Section 4.4, where the results are discussed for unidirectional reference laminates
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(Section 4.4.1), quasi-isotropic lay-ups (Section 4.4.2), and Bouligand architec-
tures (Section 4.4.3), complemented by an explicit examination of disturbance
cases such as impact damage and machining-related features (Section 4.4.4).
The consolidated implications for later transport chapters are summarized in
Section 4.5.

4.1 Theoretical Background

4.1.1 State-of-the-Art Measurement Techniques
Destructive Testing Techniques

Destructive methods remain the benchmark for fiber-orientation analysis because
of their direct access to the composite microstructure and their ability to re-
solve individual fibers or fiber bundles with high spatial resolution. Although
incompatible with in-service inspection, these techniques are indispensable for

fundamental studies and validation of non-destructive approaches.

Microsectioning and Optical Microscopy Microsectioning combined with
optical microscopy is the most established destructive technique for fiber-orientation
analysis in polymer-matrix composites. Specimens are cut at defined locations,
embedded, ground, and polished to obtain a planar cross-section with minimal
preparation damage. Depending on the cut plane, fibers appear as circular
or elliptical cross-sections or as line segments, enabling the extraction of local
orientation angles by image analysis. Classical evaluation uses ellipse fitting with
stereological relations [86-90], whereas more advanced approaches rely on struc-
ture tensors [91, 92], multi-field image analysis [93], or Fourier-based orientation
analysis [94]. Optical microscopy provides sub-micrometer spatial resolution,
allowing orientation gradients to be quantified across plies and resin-rich zones
and enabling the identification of defects such as waviness or misalignment; with
sufficient sections, statistical orientation distributions can be reconstructed. In
well-controlled preparation, the achievable accuracy makes the method a common
laboratory reference for validation. Its main limitations are high effort and
preparation sensitivity, including artifacts such as fiber pull-out, matrix smearing

(particularly in thermoplastics), and the inherently two-dimensional sampling
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with limited spatial coverage; in addition, the destructive workflow prevents

large-area or in-line inspection.

High-Resolution X-ray Micro-Computed Tomography Although X-ray
computed tomography is commonly categorized as a non-destructive technique,
high-resolution micro-computed tomography (uCT) that resolves individual fibers
typically requires extracting small specimens from a component and is therefore
destructive at the structural scale. In this regime, voxel sizes on the order of 1 pm
or below allow for a direct three-dimensional reconstruction of fiber trajectories
and the determination of fiber-orientation distributions or orientation tensors
without relying on stereological assumptions [95, 96]. The key advantage of
high-resolution pCT is its intrinsically three-dimensional nature, which avoids
the geometric bias of planar sectioning and supports orientation analysis either
by explicit segmentation and tracking of fibers or bundles, or by tensor-based
descriptions derived from local image features. Reported evaluation strategies
include fiber tracking and skeletonization [95, 97], mean-intercept-length and
fabric-tensor concepts [98], as well as local X-ray transform approaches that can

avoid explicit segmentation [92].

However, practical limitations restrict the broader use of high-resolution pCT: the
acquisition time and signal-to-noise demands increase strongly with resolution,
while the achievable field of view is typically limited to volumes of only a few cubic
centimeters, and reconstruction plus orientation analysis can be computationally
intensive. In addition, material contrast can be a decisive bottleneck; while glass
fibers are often resolvable with conventional laboratory systems, carbon fibers
exhibit relatively weak X-ray attenuation compared to polymer matrices, which
can require advanced concepts such as synchrotron radiation, phase-contrast
imaging, or tracer-based strategies to enable reliable fiber detection [99, 100].
As a result, high-resolution pCT remains primarily a laboratory-scale tool for
fundamental investigations and reference measurements rather than a routine

method for industrial characterization.

Non-Destructive Testing Techniques
Non-destructive techniques aim to infer fiber orientation without impairing

component integrity, enabling inspection of finished parts and, in some cases,

in-line process monitoring. While typically offering lower spatial resolution
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than destructive methods, non-destructive approaches are essential for industrial

application and large-scale statistical assessment.

Ultrasonic Testing Ultrasonic testing (US) constitutes the most established
and industrially relevant non-destructive testing technique for fiber-reinforced
polymer composites and is routinely employed as the standard inspection method,
e.g. in the aerospace sector. Its widespread adoption is driven by a favorable
combination of penetration depth, scalability to large and complex components,
compatibility with automated scanning systems, and sensitivity to a wide range
of types of defects. Beyond conventional defect detection, extensive research has
demonstrated that ultrasonic measurements contain detailed information on fiber
orientation, ply stacking sequence, and fiber waviness, positioning US as one of
the most promising techniques for acquisition of non-destructive fiber orientation
distribution at the component scale [43, 101, 102].

The sensitivity of ultrasonic measurements to the orientation of the fiber originates
from the pronounced elastic anisotropy of fiber-reinforced composites. Local
variations in fiber direction and ply geometry affect ultrasonic wave velocity,
attenuation, beam steering, and phase behavior, leading to orientation-dependent
texture patterns in ultrasonic images. By performing raster scans in pulse-echo
mode, three-dimensional ultrasonic datasets can be acquired that encode the
internal laminate architecture over the thickness of the entire component [44, 102].
In contrast to surface-based optical or electromagnetic techniques, US enables
access to subsurface plies and internal orientation deviations in thick CFRP

laminates, which are characteristic of safety-critical aerospace structures.

A wide spectrum of signal and image-processing approaches has been developed
to extract quantitative fiber orientation information from ultrasonic data. Early
work demonstrated that in-plane ply orientations and stacking sequences can
be inferred from gated C-scans using frequency-domain analysis and directional
filtering [101]. Subsequent studies introduced Radon-transform-based techniques
and structure-tensor analysis applied to volumetric ultrasonic datasets, enabling
spatially resolved mapping of dominant fiber directions within individual layers [43,
44]. These methods were shown to provide stable and repeatable orientation

estimates even when individual fiber tows are not directly resolvable.

More advanced tomographic reconstruction approaches have significantly ex-

tended the capabilities of ultrasonic FOD analysis. Yang et al. [103] systematically
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investigated the influence of ultrasonic frequency, bandwidth, and signal process-
ing on ply-resolved orientation reconstruction, demonstrating that analytic-signal
analysis combined with phase-based processing enables robust extraction of ply
interfaces and orientation features at industrially relevant frequencies [103, 104].
Building on this framework, Gabor-filter-based information diagram methods
were introduced to reconstruct local in-plane fiber orientations in a multi-scale
manner, yielding high noise robustness and improved sensitivity to local orienta-
tion variations [104]. Planar ultrasound computed tomography further enabled
three-dimensional ply-by-ply reconstruction of fiber architecture, including out-
of-plane ply distortion and impact-induced changes, for laminate dimensions

beyond the practical limits of X-ray computed tomography [105].

Recent research has demonstrated that ultrasonic methods are also capable of
detecting and quantifying subtle fiber-orientation-related defects that exhibit
weak acoustic impedance contrast. Using phased-array systems, full-matrix
capture and advanced beamforming techniques, US has been shown to resolve
fiber waviness in-plane and out-of-plane, ply wrinkling, and non-uniform yarn
orientations in both cured laminates and preformed CFRP parts [106-109]. These
studies highlight the ability of US to characterize orientation deviations that
critically influence mechanical performance, but may remain undetected by

conventional defect-focused inspections.

In addition to qualitative mapping, ultrasonic FOD data have increasingly been
integrated into physics-based modeling and structural assessment workflows.
Fiber orientation and waviness fields extracted from ultrasonic measurements
have been used to parameterize finite element models, allowing the prediction
of residual strain fields, stiffness degradation, and strength reduction factors
associated with manufacturing-induced defects [110]. This direct link between
non-destructive measurement and structural performance evaluation represents a
decisive advantage of ultrasonic methods over purely statistical or surface-sensitive

techniques.

Electromagnetic and Eddy-Current Techniques For electrically conduc-
tive reinforcements, in particular carbon fibers, electromagnetic methods provide
a non-destructive approach for assessing fiber orientation based on the anisotropic
electrical and dielectric properties of the material. Eddy-current testing exploits
the pronounced directional dependence of electrical conductivity in carbon-fiber

reinforced polymers, which arises from preferential current paths along the fiber
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direction and depends on the fiber orientation, the fiber volume fraction, and
the stacking sequence [111, 112]. By analyzing spatial variations in complex
impedance or conductivity maps, dominant fiber or roving orientations can be

inferred from the directional response of the induced eddy currents.

Eddy-current techniques are inherently contactless and can be implemented
at high scanning speeds, making them attractive for quality assurance and
process monitoring applications. Due to the skin effect, the measurement is
predominantly sensitive to regions near the surface; however, by employing high
excitation frequencies and suitable sensor designs, information from multiple
layers can be accessed in dry textiles and thin laminates [112, 113]. Numerous
studies have demonstrated the capability of eddy-current methods to detect fiber
orientation deviations, misalignment, waviness, gaps, and other manufacturing
defects in carbon-fiber textiles and preforms [111, 114, 115].

Diffractometry and Optical Reflection Techniques Optical diffractometry
constitutes an early approach for fiber-orientation assessment and is based on
the Fourier relationship between a two-dimensional fiber arrangement and its
far-field diffraction pattern. In this method, optical micrographs of composite
sections are treated as aperture masks and the angular intensity distribution
of the resulting Fraunhofer diffraction pattern is used to infer dominant fiber
orientations without explicit fiber segmentation [116]. Because of its robustness
against local image noise and its ability to provide area-averaged orientation
measures, optical diffractometry has mainly been applied as a laboratory technique

for rapid orientation characterization from planar sections.

More recent optical approaches exploit the anisotropic reflection behavior of
CFRP surfaces. By analyzing orientation-dependent specular reflection under
controlled illumination, local fiber directions can be determined directly from
surface images using photometric and reflection-based methods [117]. These
techniques enable fast, contactless surface inspection and are well suited for
quality control of dry fabrics and composite surfaces. However, their applicability
is restricted to near-surface regions and is strongly dependent on material-specific

optical properties and illumination conditions.

Thermal Imaging Techniques Thermal imaging techniques exploit the strong
anisotropy of heat generation and heat transport in carbon-fiber-reinforced poly-

mers to determine fiber orientation in a non-destructive manner. Because of
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the high axial thermal diffusivity and electrical conductivity of carbon fibers,
both externally induced heat flow and internally generated heat patterns ex-
hibit pronounced orientation dependence, which can be captured using infrared

thermography.

Fujita and Nagano [118] proposed a thermal imaging approach based on lock-in
infrared thermography combined with periodic laser heating to measure the
in-plane angular distribution of thermal diffusivity. The measured anisotropic
thermal diffusivity was shown to correlate directly with the fiber orientation dis-
tribution, enabling orientation angles to be determined with sub-degree accuracy
for unidirectional laminates and to be mapped spatially in discontinuous fiber
plates. The method provides area-based orientation information without explicit

fiber segmentation and is particularly suitable for sheet-like components.

More recently,Unnikrishnakurup et al. [119] introduced an induction heating-based
active thermography technique, in which fiber-orientation-dependent current
paths generate characteristic thermal patterns that can be analyzed using image-
transform methods such as the Radon transform. This approach enables the
identification of dominant ply orientations and, under suitable conditions, their
stacking sequence in multi-layer CFRP laminates. In addition, the method has
demonstrated sensitivity to fiber waviness and misalignment, highlighting its

potential for quality assurance applications.

4.1.2 Selection of Measurement Technique

Ultrasonic testing is the industrial standard [120] for non-destructive inspection
of CFRP and therefore offers high practical relevance, broad applicability, and
immediate transferability. Crucially, for the present work, it can examine contin-
uous fiber laminates through thickness and provides depth-resolved information

without damaging the specimen.

To further structure the choice of a fiber-orientation detection route, three
descriptor levels are distinguished. S-FOD denotes a surface fiber-orientation
distribution, P-FOD denotes a ply-level distribution, and T-FOD denotes a
through-thickness descriptor of the laminate lay-up. Table 4.1 maps established
methods to these three levels and serves as a guide to select a technique based
on whether surface screening, ply-resolved detail, or a depth-resolved lay-up

description is required. For the continuous-fiber laminates considered, the key
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requirement is T-FOD, and ultrasonic testing is thus chosen as the primary

method.

Table 4.1: Qualitative comparison of destructive and nondestructive methods
for fiber-orientation characterization.

Method NDT S-FOD P-FOD T-FOD
Microscopy No Yes Yes Yes
Micro-CT No Yes Yes Yes
Standard X-ray Yes Limited Limited Limited
Optical reflection Yes Yes Limited No
Eddy-current Yes Limited Limited No
Infrared thermography Yes Yes Limited No
Ultrasonic testing Yes Limited Limited Yes

S-FOD: Surface fiber-orientation distribution.
P-FOD: Ply-level fiber-orientation distribution.
T-FOD: Through-thickness fiber-orientation distribution.

4.1.3 Ultrasonic Testing

The theoretical background on ultrasonic testing in this chapter is based mainly
on the terminology standards of DIN EN ISO 557 [121] and the classic textbooks
of Krautkramer et al. [122], Blitz et al. [123] and Ensminger et al. [124].

Waves describe oscillatory phenomena in space and time. The number of oscilla-
tions completed per second is defined as the frequency f, while the magnitude
of the oscillation is referred to as the amplitude A. The instantaneous state of
an oscillation is characterized by its phase ¢; consequently, the wavelength A
corresponds to the spatial distance between two successive points that share the
same phase. These fundamental descriptors form the basis for understanding
wave propagation in general and acoustic waves in particular. For a propagating

wave, wavelength, frequency, and phase velocity ¢ are linked by [122],
c=fA (4.1)

A convenient representation for a harmonic plane wave (e.g., pressure field) is [125,

126]
2

77
which highlights how the temporal oscillation w and the spatial oscillation k

p(x,t) = po cos(wt — k-x + @), w=2nf, k| = (4.2)

jointly determine propagation.
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Acoustic Wave Types

In solid media, acoustic waves can propagate as longitudinal (compressional) or
transverse (shear) waves; see Figure 4.1a. For longitudinal waves, the particle
displacement occurs parallel to the direction of wave propagation, whereas for
transverse waves, the particle motion is perpendicular to the propagation direction.
Both types of waves can coexist in solids, and their relative presence depends on
the elastic properties of the material as well as the boundary conditions imposed
on the wave field. For conventional ultrasonic acquisition, the dominant wave
mode intentionally generated is the longitudinal wave. This is mainly because
standard piezoelectric transducers, when normally coupled to a surface (e.g.
by water or gel), preferentially excite longitudinal waves. In anisotropic solids,
such as fiber-reinforced polymer composites, the directional character of bulk
waves depends on the propagation direction and can involve coupled longitudinal
and shear components (quasi-longitudinal and quasi-transverse modes) [127].
Nevertheless, in typical ultrasonic inspection of CFRP laminates, the measured
signals are still dominated by longitudinal or quasi-longitudinal modes, while
shear-related modes contribute mainly through reflections, mode conversion, or
guided-wave effects. [123, 124]

Longitudinal wave; compression wave

2 Sound spectrum

A
\/

Infrasound Human hearing Utrasound
20 Hz 20 kHz
Utrasound
2 -« >
Power US US Testing
20 kHz 40 Hz 1 MHz 25 MHz
US Testing
< >
< >
High penetration| Conventional |Low penetration
Low resolution CFRP High resolution
1: Direction of oscillation testing
2: Direction of propagation | \ryy, ~5 MHz ~10 MHz 25 MHz
A: Wavelength
(a) Acoustic wave types [122]. (b) Ultrasonic sound spectrum.

Figure 4.1: General wave types and ultrasonic sound spectrum with focus on
CFRP laminate testing [122].
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Sound Spectrum

Ultrasound refers to acoustic waves with frequencies that exceed the upper limit
of human hearing, approximately 20kHz; consequently, acoustic frequencies
above this threshold are classified as ultrasonic. As summarized in Figure 4.1b,
this range is commonly subdivided into the so-called power ultrasound, which
typically spans roughly 20-40 kHz and ultrasound for testing applications. Power-
ultrasound applications emphasize high acoustic intensities for actuation and
energy input (e.g., cleaning, welding, sonochemistry) rather than high spatial
resolution. In contrast, ultrasonic nondestructive testing (US) predominantly
operates in the megahertz regime, where shorter wavelengths enable the detection
of small reflectors and interlaminar features. In industrial US, typical inspection
frequencies range from approximately 1 MHz to 25 MHz, where lower frequencies
provide higher penetration depth but limited spatial resolution, while higher
frequencies improve resolution at the expense of increased attenuation and reduced
penetration. For CFRP laminate inspection, this trade-off generally results in
the use of mid-range transducers, commonly in the range of about 5-10 MHz,
although the optimum frequency depends on laminate thickness, layup, expected
defect size, and the required inspection depth. [121, 123, 124]

Unlike electromagnetic waves such as light, acoustic waves rely on direct inter-
actions between adjacent particles and therefore require a material medium for
propagation. This fundamental difference explains why the sound velocities vary
strongly between gasses, liquids, and solids because they are governed primarily

by the density and elastic moduli of the respective medium. [124]

Acoustic Impedance, Reflection, Transmission, and Phase

Many concepts known from optics have direct analogs in acoustics, including
reflection and transmission at material interfaces. The governing quantity for
interface behavior at normal incidence is the acoustic impedance Z, defined as
the ratio of sound pressure p to particle velocity v in a medium and commonly
written as [121, 122] »

z7=P_ 4,
L= PO (4.3)

where p denotes the density and c the sound velocity. Representative longitudinal
acoustic properties of polymer matrices and unidirectional FRP systems, including

acoustic impedance Z are summarized in Table 4.2.
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For a plane traveling wave at normal incidence, the time-averaged acoustic
intensity is [122, 126]
2 2
T Drms Po
1= = 4.4
7 = 57 (4.4)
where pg is the peak amplitude acoustic pressure of a harmonic wave, and prms

is the corresponding root-mean-square (rms) acoustic pressure. The rms pressure
is defined by time averaging the squared pressure over one oscillation period
T =1/, [126]

1 T
= — 2
Prms T /0 p2(t) dt, (4.5)

and evaluates to prms = po/\/i for a sinusoidal pressure signal p(t) =po cos(wt).

At a planar interface between two media with specific acoustic impedances Z;
(incident side) and Z> (transmission side), the pressure-amplitude reflection and
transmission coefficients at normal incidence are defined as the ratios of reflected
and transmitted pressure amplitudes to the incident pressure amplitude, i.e.,

r = pr/p; and t = p;/p;. For plane waves, they evaluate to [122]

 Za— 7 27,

=221, t= .
Ttz 7o+ 71

(4.6)

The corresponding intensity fractions are defined by the ratios of time-averaged in-
tensities, R = I,./T; and T = I,/I;. Using the plane-wave relation Equation (4.4),
one obtains [125]

77‘ 2 ZQ - Zl 2
R=—= =),
.- " %z
r-L_Zip A7 (4.7)
I; Zy (Z1 + Zz)
R+T=1 (lossless interface).

In contrast to R, which reduces to 7* because both incident and reflected waves
propagate in medium 1, the transmitted fraction T includes the factor Z/Z
because the transmitted intensity is carried in medium 2. These mechanisms are

schematically summarized in Figure 4.2a.

Beyond amplitude changes, impedance contrast also governs phase behavior. If
a wave propagates from a lower-impedance medium into a higher-impedance
medium (Z1 < Z2), the reflected wave undergoes a phase inversion (A¢r =

), whereas for Z; > Z> the reflected wave retains its phase; in both cases
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the transmitted wave preserves its phase [124]. In CFRP-relevant immersion

configurations, this implies the impedance hierarchy

¢

A =7
Zwater L><< Zmatrix < Zﬁbem (48)

so that reflections at the water—matrix interface and at matrix—fiber interfaces

are associated with phase inversion.

Table 4.2: Indicative longitudinal ultrasonic properties for selected polymer
and FRP materials (room temperature) [128].

Medium Sound Attenuation Reflection Transm. Acoustic
speed, ¢ o (1 MHz) R}, Th impedance Z
(m/s) (Np/m) (kg/(m?s))
Epoxy 2750 31.5 0.195 0.805 3.82.106
UD-GFRP| 4950 26.6 0.515 0.485 9.01-106
UD-GFRP, . 2990 27.0 0.328 0.672 5.44 - 106
UD-CFRP| 9320 10.5 0.659 0.341 1.43 - 107
UD-CFRP} , 3150 22.6 0.281 0.719 4.82 106

=
Reference materials and characteristic properties used in this thesis.
*
Reflection and transmission index ws: water-solid interface.

Reflection and Transmission Refraction Medium 2
01 <6 less dense
- 1 < Ocrit
Incident T Medium 1
R Wave | Transmitted more dense
Reflected | Wave
wave Critical angle )
Medium 1 | Medium 2 Medium 2
(VAVIL N V5)) less dense
01 = Ocrit
Medium 1
Diffuse reflection Absorption more dense
(Scattering)
\ Total reflection Medium 2
1 —‘\> [ —— 0120 i less dense
1~ Yerit /.\
Rs‘,// Medium 1
<017 62 more dense

(a) Acoustic wave interaction phenomena, (b) Acoustic wave interaction phenomena,

normal incidence [122].

oblique incidence [124].

Figure 4.2: Acoustic wave interaction phenomena with normal and oblique
incidence.

34



4.1 Theoretical Background

Refraction, Critical Angles, and Mode Conversion

At oblique incidence (61 # 0), interface behavior is governed by refraction. For
an incident wave traversing an interface between two media with phase velocities

c1 and ¢z, Snell’s law reads [122]

sin 61 sin 0>
= 4.9
nh (19)

where 01 and 62 are measured relative to the surface normal and refer to the
propagation directions of the incident and refracted waves, respectively. The
resulting phenomena are schematically summarized in Figure 4.2b. In immersion
testing (e.g., water—solid), the coupling medium (medium 1) supports only
longitudinal waves, whereas the solid (medium 2) supports both longitudinal (L)
and shear (S) waves. As a result, an obliquely incident longitudinal wave in the
liquid can excite multiple refracted wave modes in the solid (mode conversion),
typically a refracted longitudinal and a refracted shear component, each with
its own refraction angle determined by Equation (4.9) using the corresponding

phase velocity cr,2 or cg,2. [123]

Critical angles arise when a particular refracted mode in the solid becomes
grazing, i.e., when its refraction angle reaches 62 = 90° and the associated wave
propagates parallel to the interface rather than into the bulk. For a liquid
(medium 1) incident on a solid (medium 2), the critical incidence angles for the
refracted longitudinal and shear modes in the solid are commonly expressed
as [125]

sin(ferier) = ——,  sin(Berin.s) = ——, (4.10)

CL,2 Cs,2

provided that the right-hand side is < 1. For incidence angles above a given critical
angle, the corresponding refracted mode no longer propagates into the solid as a
traveling bulk wave; instead, it becomes evanescent and decays away from the
interface. Although this work emphasizes normal-incidence pulse-echo inspection,
these concepts remain important for CFRP because laminate microstructure,
anisotropy, and local curvature can introduce effective obliquity and thereby

mode-conversion artifacts. [124, 127]
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Attenuation, Scattering, and Absorption

As ultrasonic waves propagate through a material, their amplitude decreases
due to absorption, which irreversibly converts acoustic energy into heat, and
due to scattering, which redistributes wave energy through interactions with
microstructural heterogeneities. These mechanisms are commonly represented by

an exponential attenuation law [122].
A(z) = Ag exp(—ax), (4.11)

where « is the attenuation coefficient and x is the propagation distance. Since
attenuation is frequently reported in decibels, the conversion between nepers and
decibels is [122, 125]

agp = 8.686 anp. (4.12)

In many engineering materials, attenuation increases with frequency and is often
empirically approximated by a power law. A convenient unit-invariant form

introduces a reference frequency frer [125],

f

a(f) = aret <fref

n
) , Oret = O fref) s (4.13)
where n is a material-dependent exponent and ar.s denotes the attenuation
coefficient evaluated at fref. This representation avoids the ambiguity of the
prefactor with respect to the chosen frequency unit. The frequency dependence
is of particular relevance in CFRP, where fiber-scale scattering and laminate
interfaces can strongly increase the effective attenuation, limiting penetration

depth at high inspection frequencies [124].

Ultrasonic Transducers

The generation and detection of ultrasonic waves require suitable transducers that
convert electrical energy into mechanical wave motion and vise versa. In modern
ultrasonic testing, piezoelectric transducers are predominantly used. They are
suitable for high-frequency measurements in the megahertz range, which are
required for CFRP laminate inspection. A piezoelectric transducer consists of
a piezoelectric element that undergoes mechanical deformation when subjected
to an electric field, thus emitting an acoustic wave into the adjacent medium.

In contrast, when the element experiences mechanical stress due to an incident
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ultrasonic wave, it generates an electrical signal that can be recorded and analyzed.
A schematic overview of a typical piezoelectric transducer construction is shown
in Figure 4.3a.

In pulsed ultrasonic systems, a practical limitation arises from the intrinsic
mechanical after-vibrations of the piezoelectric element following excitation,
commonly referred to as ringing. This effect can mask early echo signals and
thus reduce temporal resolution, which is particularly critical in high-resolution
scanning applications. Various damping strategies and transducer designs are
therefore employed to minimize ringing and improve signal fidelity. The excita-
tion waveform also governs the transmitted pulse bandwidth: shorter pulses in
time correspond to broader spectra in frequency, which improves the temporal

localization of reflectors and thus the axial resolution. [123, 124]

03 Protection layer
04 Near-field A-Scan B-Scan

[l 7
01 Transducer A—"
2 1 02 Transducer backing _'
1 3 ;

L]
4 I 5 05 Focal distance
06 Angle of divergence
07 Beam boundary
6 7 08 Far-field

3 09 Beam axis
10 Connector
11 Test object V-Scan

—9
(a) Schematic of a piezoelectric pulse- (b) Schematic of ultrasonic scan types
echo transducer [121]. [129].

Figure 4.3: Schematic of a typical piezoelectric pulse-echo transducer and
ultrasonic scan types.

Coupling Media

In practical testing scenarios, transducers are mounted in probe housings that
ensure mechanical stability and reproducible coupling to the specimen. Efficient
transmission of ultrasonic energy requires either direct contact between the probe

and the test object or the use of a coupling medium. Common coupling media
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include liquids such as water, glycerin, or oils, as well as gasses such as air.
Although air coupling offers the advantage of avoiding direct contact with the
specimen, it is associated with substantially higher acoustic losses because of the
low acoustic impedance of air. As a result, liquid coupling, particularly water
coupling, is widely used in ultrasonic inspection systems. Typical implementa-
tions include immersion tanks, water-filled wheel probes, and water-jet coupling
systems, all of which aim to provide stable and reproducible acoustic transmission
conditions while accommodating different specimen geometries and inspection
requirements.Representative longitudinal acoustic properties of common coupling
media are summarized in Table 4.3. [123, 124, 130]

Table 4.3: Coupling media and indicative longitudinal ultrasonic properties
(room temperature) [124, 130].

Medium Sound Attenuation Acoustic
speed, ¢ « (1 MHz) impedance Z
(m/s) (Np/m) (kg/(m?s))

Water* 1483 1.65 1.48 - 106

Gel - 1.62 1.47 - 106

Mineral oil 1380-1740 2.15 1.26 - 106

Petrolatum — 2.70 1.17 - 106

Air 343 - 4.14 - 102

" Reference coupling media and characteristic properties used

in this thesis.

Sensitivity, Depth Mapping, and Resolution

The sensitivity of an ultrasonic transducer describes the electrical voltage gener-
ated for a given incident acoustic signal, characterizing the efficiency with which
the acoustic energy is converted into an electrical signal. The resolution, by
contrast, refers to the ability of the ultrasonic system to distinguish between two
spatially adjacent features or reflectors. In pulse-echo inspection, the depth z
associated with a measured time-of-flight ¢ is commonly approximated by

= — 4.14
=<, (4.14)

where ¢ denotes the relevant wave speed in the medium, and the factor 2 reflects

the two-way propagation path in pulse-echo measurements.
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The axial resolution (z-direction) is governed primarily by the effective pulse
length and is therefore closely related to the usable bandwidth of the transmitted

pulse. A common estimate is [125]

C

2% SEwW

(4.15)

where BW denotes the effective bandwidth. Increasing frequency and bandwidth
improves axial resolution but typically reduces penetration depth because atten-
uation increases with frequency; see Equation (4.13), which constitutes a central
trade-off in CFRP ultrasonic testing. [124, 125]

Lateral resolution (x and y-directions) is primarily governed by the beam footprint
at the inspection depth and is influenced by the transducer aperture, wavelength,
and focusing. For an unfocused circular aperture of diameter D, a widely used

estimate of far-field divergence is [122]

, A
sin faiv & 1.22 7, (4.16)

emphasizing that shorter wavelengths and larger apertures reduce beam spread.

In scanning systems, the lateral discretization is additionally constrained by the
positioning and sampling capability of the motion stage. The achievable scan
increment is set by the stage mechanics and drive electronics, including the pitch
of the lead screw or belt, motor step angle, and the microstepping configuration.
Consequently, the effective lateral detail is jointly limited by the footprint of the
acoustic beam and the spatial sampling density. If the scan increment is chosen
too coarsely, the beam can be undersampled and fine features may be blurred or

missed, even when the acoustic field itself would allow finer resolution.

Near- and Far-Field Effects

In addition to frequency-dependent attenuation, near-field effects play an impor-
tant role in ultrasonic acquisition. In the region close to the transducer surface,
commonly referred to as the near field or Fresnel zone, the acoustic pressure
distribution is strongly influenced by diffraction and interference effects. As a
result, the sound field exhibits pronounced spatial variations with multiple local

maxima and minima, which can significantly affect the reflection behavior of
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features located within this region. For a circular aperture, the near-field length
N is commonly approximated as [122]
D2
N~ —. 4.17
75\ (4.17)
In the far field, interference effects diminish and the sound field becomes more
uniform; however, the acoustic amplitude decreases with increasing propagation

distance due to attenuation in the medium. [121, 122]

Scan Types and Gating

There exist various approaches to constructing and analyzing ultrasonic scans,
which differ in complexity and information content. All of these approaches
are fundamentally based on the acquisition and combination of individual A-
scans. An A-scan represents the time-dependent signal recorded by the receiving
transducer after the emission of a single ultrasonic pulse; thus it constitutes
a one-dimensional representation of acoustic amplitude as a function of time
or, equivalently, propagation depth, at a fixed spatial position [121, 129]. A

schematic overview of the common scan types is provided in Figure 4.3b.

A B-scan is obtained by concatenating multiple A-scans acquired along a contin-
uous line on the specimen surface. The resulting representation corresponds to a
two-dimensional cross-sectional view of the material along the scanning direction,
where one axis represents the scan position and the other the propagation depth.
In contrast, a C-scan represents a two-dimensional planar map of ultrasonic
information extracted from a selected time-of-flight (ToF') interval (time gate).
To generate a C-scan, the transducer scans the entire surface area of interest; the
resulting image can be interpreted as a horizontal slice through the specimen and
is particularly well suited to identify lateral variations, such as damage, voids, or
inhomogeneities, at a given depth. A V-scan extends this concept to volumetric
reconstructions obtained from dense three-dimensional grids of A-scans. [121,
129]
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4.2 Test Setup

Pulse-Echo Method

The focus of this work is on the pulse-echo method, which represents one of the
most widely used ultrasonic inspection techniques. In this approach, a short
electrical excitation pulse is applied to a piezoelectric transducer to generate an
ultrasonic wave packet. To suppress post-excitation oscillations of the transducer
(ringing), a strongly damping backing material is placed behind the piezoelectric
element [121, 123]. A schematic representation of the immersion-based pulse-echo
arrangement considered in this thesis, comprising a CFRP specimen submerged
in a coupling medium (water) and the principal scan directions (scan: z, index:

y), is shown in Figure 4.4a.

As the same transducer is used for both transmission and reception, meaningful
echo signals can only be recorded after the ringing has sufficiently decayed.
Consequently, a minimum stand-off distance between the probe and the specimen
surface is required to allow temporal separation of the excitation artifact from
the first relevant reflections. This requirement imposes a lower limit on resolvable
near-surface features and must be considered when designing the immersion tank

setup and the selected water path. [123]

Evaluation of pulse-echo measurements is based on the magnitude and the time-of-
flight (ToF) of echoes generated by a single excitation pulse [124]. An individual
A-scan may, in principle, be recorded over an arbitrary time window. However,
in practice, the ToF range relevant for the analysis is defined a priori. This range
can be estimated if the sound velocities in the coupling medium ¢,, and in the
specimen c;, as well as the corresponding thicknesses of the coupling layer d,,
and the specimen ds, are known. Assuming ¢,, < ¢, the relevant minimum and

maximum times can be approximated by

tmin S 2d7m7 tmax Z 2d7'm + % (418)
Cm Cm Cs

A representative A-scan with the principal signal components and their physical
origins is depicted in Figure 4.4b. At the beginning of the trace, the electrical
excitation pulse and the associated transducer ringing may be present; this
interval is typically excluded from further analysis. The first prominent reflection

corresponds to the water—CFRP interface and is referred to as the frontwall
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(surface) echo. Subsequent signal components within the interval between the
frontwall and the backwall echo are denoted as internal echoes and arise from
scattering and reflections at material-internal features, including ply interfaces,
fiber-rowing architecture, and defects. In the present work, these internal echoes
constitute the primary information carrier for fiber orientation detection, whereas
the frontwall and backwall echoes are used mainly for temporal referencing and

gating.

The next major reflection originates from the CFRP—water interface on the oppo-
site side and is called the backwall echo [121, 123]. A pronounced intermediate
echo between the frontwall and backwall echoes is a strong indicator of a discrete
internal reflector, such as a void, crack, or delamination. Conversely, a markedly
reduced or absent backwall echo, in combination with enhanced intermediate
responses, can indicate strong scattering or a planar defect (e.g., delamination)
that attenuates or redirects the energy before it reaches the backwall. In im-
mersion arrangements, an additional late-arriving transmission-type contribution
can be observed if the acoustic energy is transmitted through the specimen and
reflected at an external reflector located behind the specimen (e.g., the bottom
of the water tank, an acoustic mirror), allowing attenuation-based assessments
[123, 131].

Following the first sequence of echoes, further sequences of similar temporal
extent are often observed. These multiple echoes (multiples) arise from repeated
reflections between strong interfaces, leading to higher-order frontwall and back-
wall returns (not shown in detail). If the pulse repetition rate is sufficiently low,
these multiples decay before the next excitation pulse is emitted [123, 124].

Due to the short excitation pulses employed in the pulse-echo method, the
transmitted ultrasonic signal exhibits a relatively broad bandwidth. Because
higher frequency components are more strongly affected by attenuation, not only
the signal amplitude but also the effective center frequency of the reflected echoes
may change with propagation distance [124]. Under suitable conditions, this
frequency-dependent attenuation can provide additional information for analysis
[123].

If the sound velocity within the specimen c¢; is not known accurately, it can be
determined from the time difference between the frontwall echo and the backwall
echo at a location of known thickness. For materials that are not perfectly
homogeneous, it is often advantageous to average the sound velocity over multiple

measurement positions to obtain a representative effective value. [124]
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(a) Schematic of the pulse-echo setup. (b) Schematic of the pulse-echo signal.

Figure 4.4: Schematic of the immersion pulse-echo setup and the pulse-echo
signal.

Specific Setup

Ultrasonic measurements were performed using an immersion-based pulse—echo
testing system supplied by Hillger NDT GmbH [132]. The experimental setup
consisted of a computer-controlled ultrasonic scanning system equipped with a
focused immersion transducer (type STS 6 PB 6-12 P15, Karl Deutsch GmbH).
The transducer features a nominal center frequency of 9 MHz, an active element
diameter of 6 mm, and a focal length of 15mm in water. It was selected to
provide broadband frequency content in the 6-12 MHz range, allowing sufficient
resolution and sensitivity for through-thickness characterization of carbon fiber

reinforced polymer laminates, as demonstrated in multiple studies [102, 103].

The transducer was operated in pulse—echo mode and immersed in a water tank
to ensure stable acoustic coupling and reproducible boundary conditions at the
fluid—solid interface. The specimen was positioned beneath the probe. The
transducer movement was performed using a motorized Cartesian CNC scanning
system manufactured by isel Germany GmbH. For all measurements, a constant
lateral step size of 0.05 mm was applied in both the z- and y-directions, ensuring

uniform spatial sampling across the scan area.

The generation and acquisition of ultrasonic signals were carried out using a
USPC 3040 DAC unit. The system is equipped with a 14-bit analog-to-digital
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converter (ADC) operating at a maximum sampling rate of 100 MS/s. For all
scans, the maximum available sampling rate was used to preserve the optimal
resolution of the recorded A-scan signals. The recorded time window was adjusted
individually for each scan to account for specimen thickness and probe stand-off
distance, ensuring complete capture of the front-wall, internal, and back-wall

echos.

During acquisition, no additional hardware-based filtering or signal conditioning
was applied beyond the system-internal default settings. All ultrasonic data were
recorded in raw form and exported directly from Hillgus acquisition software
(version 3.13) without further processing. This ensured that subsequent signal
processing and analysis were performed exclusively on unmodified measurement
data.

4.3 Analysis Methodology

Building upon the physical principles of pulse-echo ultrasonic testing described in
the preceding sections, this subsection summarizes the step-by-step procedure used
to extract through-thickness fiber orientation information from high-resolution
ultrasonic C-scan measurements. The objective is not the direct imaging of
individual fibers, but the inference of local fiber orientation from orientation-
dependent wave—material interactions encoded in the recorded ultrasonic signals.
To this end, raw A-scan data acquired over a two-dimensional spatial grid are
transformed into a depth-resolved fiber-orientation profile of multi-ply compos-
ite laminates by combining metadata-driven reconstruction, ultrasonic signal
processing, robust data cleaning, and two-dimensional Fourier-domain texture

analysis with automated peak detection.

The fiber-orientation measurement and processing workflow proceeds as shown

in Figure A.1.
The final output of the workflow is a depth-resolved orientation estimate,
e(zk)y 2k € [Zminyzmax]y (419)

together with corresponding image-based representations. Here, ©(z;) denotes
the dominant fiber-orientation angle associated with the depth coordinate z,

which is obtained from the time-of-flight index .
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4.3.1 Pre-Processing
Data Import

The pre-processing workflow begins with the import of the raw ultrasonic machine
data. The measurements are stored in proprietary Hillgus acquisition software
ultrasonic evaluation files (.hgv), which contain both the recorded A-scan signals
and the associated acquisition metadata. During import, metadata are parsed
to extract spatial scan coordinates, sampling rates, time-of-flight information,
excitation parameters, and coupling conditions. Based on this information,
the measurement data is reconstructed into a three-dimensional data tensor
representation, which forms the fundamental data structure for all subsequent

processing steps.

The reconstructed ultrasonic dataset is denoted as
Ulzi,yy,ty) € RYe*Nux N (4.20)

where z; and y; denote the discrete in-plane scan coordinates, with indices
it=1,...,Ny and j = 1,..., N, referring to the spatial scan indices along the
two orthogonal scan directions. The index tx denotes the discrete time-of-flight
sampling associated with each A-scan, with &k =1,..., N;y. Accordingly, N, and
N, correspond to the number of scan positions in the two in-plane directions, while
Ny denotes the number of temporal sampling points per A-scan. In ultrasonic
scanning terminology, the z-direction corresponds to the fast continuous Scan
direction, while the y-direction represents the slower step-wise Index direction

between successive scan lines; see Figure 4.4a.

Therefore, each tensor element U (x;,y;,tr) represents the recorded amplitude
of the ultrasound signal at the scan position (x;,y;) and the time ¢;. Fixing
the spatial scan indices (7,j) yields an individual A-scan at a specific scan
position, as shown in Figure 4.5a. In contrast, fixing the time index ¢, defines
a two-dimensional depth-resolved image throughout the scanned area, which
is commonly referred to as a C-scan, as shown in Figure 4.5b. This tensor
formulation provides a compact and mathematically consistent representation
that enables systematic depth-resolved processing, spatial-frequency analysis,

and slice-wise fiber orientation estimation.
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Figure 4.5: Representative raw A-scan and raw C-scan of a 300 gsm quasi-
isotropic CFRP laminate (QI-300).

Regions of Interest Definition

Following the import of raw data, the dataset is manually confined to the
physically relevant spatial region and depth interval, also called the region of
interest (ROI). This cropping step excludes areas outside the boundaries of the
sample, as well as regions affected by defects such as voids or delaminations, which
could otherwise bias subsequent analyzes. In addition, enforcing a consistent
ratio between the image dimensions and the characteristic fiber diameters across
all measurements ensures the comparability of the dataset and improves the
robustness and reproducibility. In this study, a default area of 50 x 50 mm?
was employed for the detailed analyzes presented in the results section, while a
reduced area of 20 x 20 mm? was used for rapid preliminary evaluation of unknown

laminae and the optimization of parameters, as illustrated in Figure 4.6b.

In the depth direction, a time-of-flight window is selected that encompasses the
specimen between the detected front-wall (surface) and back-wall echoes, as shown
in Figure 4.6a. At this stage, the window represents a purely temporal region of
interest, while the precise front-wall and back-wall echo positions are identified
and refined in subsequent analysis steps. To support a manual pre-selection
process, the normalized mean ultrasonic signal and the global signal range are
displayed. This visualization facilitates the identification of potential sample
misalignments or unexpected signal features and ensures that a sufficiently broad

and robust time-of-flight window is selected.
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Figure 4.6: Normalized ultrasonic A-scan and C-scan data extracted from a
representative ROI of a 300 gsm quasi-isotropic CFRP laminate
(QI-300).

Envelope Computation

To obtain a robust and physically meaningful amplitude representation of the
ultrasonic A-scan signals, the analytic signal is computed using the Hilbert
transform. Following the formulation introduced by Gabor [133] and applied to
ultrasonic detection by Gammell [134], the measured real-valued ultrasonic signal

s(t) is replaced by its complex analytic representation
a(t) = s(t) + i H{s(t)}, (4.21)

where H{-} denotes the Hilbert transform, generating a quadrature component
that is phase-shifted by 90° with respect to the original waveform. In the frequency
domain, this operation suppresses negative frequency components, yielding a
one-sided spectrum that preserves the complete instantaneous amplitude and

phase information of the signal.

The analytic signal may be expressed in polar form as
a(t) = Ja(t)] e 50, (4.22)

where the real part ®{a(t)} = s(t) corresponds to the recorded ultrasonic signal,

S{a(t)} represents the imaginary quadrature component, |a(t)| denotes the
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magnitude of the analytic signal and arg(a(t)) is the instantaneous phase. A

visualization of these quantities is provided in Figure 4.7a.

As shown by Gammell [134], the magnitude of the analytic signal provides an
amplitude measure that is directly related to the instantaneous rate of arrival of
acoustic energy at the transducer. The analytic signal magnitude is insensitive
to carrier phase and oscillatory interference effects and therefore yields a more
accurate and temporally stable estimate of echo location. In particular, the

envelope peak occurs at the true energy maximum of the reflected wave packet.

This property is especially advantageous for ultrasonic inspection of heteroge-
neous composite materials, where scattering, attenuation, and mode conversion
lead to phase instabilities that limit the reliability of rectified or smoothed
signals. Although the real part ®{a(¢)} retains the oscillatory waveform re-
quired for frequency-domain and spectral analyzes, and the instantaneous phase
arg(a(t)) may be exploited in phase-sensitive applications (e.g., detection of layer

changes).

In this work, the magnitude of the analytic signal |a(¢)|, is therefore used as the
primary amplitude representation in the subsequent processing step. Specifically,
it enables the automated and robust identification of front-wall and back-wall
echo positions based on amplitude criteria, forming the basis for depth window

definition and further signal evaluation.

Depth Boundary Detection

Based on the envelope representation, the front and back-wall echoes are de-
tected automatically for each spatial position. These echoes correspond to the
acoustic impedance transitions at the coupling-medium-specimen interface and
the specimen—coupling-medium interface, respectively. To enable robust and
consistent echo detection throughout the entire dataset, global amplitude thresh-
olds are manually defined on the mean envelope signal |a(t)|, as illustrated in
Figure 4.7b. The thresholds are selected such that they are sufficiently high to
suppress false detections caused by noise and low-amplitude scattering, while
remaining low enough to reliably capture the corresponding front-wall and back-
wall echo peaks at all spatial locations. The resulting echo positions serve as
stable reference points for defining the specimen boundaries in the time-of-flight
domain, compensating for local thickness variations, and establishing depth gates

for subsequent signal processing and depth-axis alignment.
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Figure 4.7: Hilbert-based analytic signal quantities and thresholding used
for ultrasonic A-scan processing within a representative ROI of a
300 gsm quasi-isotropic CFRP laminate (QI-300).

Depth Mapping

Once the sample boundaries have been identified, the discrete time-of-flight
samples t; are converted to a physical depth coordinate z;. This mapping
requires an effective sound velocity cesr, which represents a mean propagation
velocity within the specimen. In fiber-reinforced polymer composites, the local
acoustic velocity generally differs between the fiber and matrix components and
may also depend on the orientation and layup of the fiber; for reference values, see
Table 4.2. Consequently, a single spatially constant velocity should be understood

as an effective mean value rather than a true local material property.

To determine cer, a reference specimen thickness ds is required. Using the
detected echo positions for the front-wall and back-wall at times tr, and tpw,

respectively, the effective sound velocity is calculated as

2ds

e 4.2
thw — tfw’ ( 3)

Ceff =

where the factor of two accounts for the two-way pulse—echo propagation path.
The depth coordinate corresponding to a given time-of-flight sample ¢ is then

obtained as
Ceff

Zr =

(te — tew) - (4.24)
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This depth calibration step maps the ultrasonic data from the temporal domain
tr to a spatial domain zj, enabling direct comparison of depth-resolved results
throughout the scan area. For layered composite materials, accurate depth
calibration is essential to ensure that the corresponding layers and interfaces are
analyzed consistently at different spatial positions, despite local variations in

acoustic properties.

Front-Wall Normalization

The detected front-wall echo amplitudes are normalized to a common reference
level for all spatial positions [135, 136]. This operation compensates primarily
for coupling-related variability, including minor probe lift-off, local surface un-
evenness, and small changes in incidence conditions. By enforcing a consistent
front-wall amplitude baseline, subsequent depth-resolved analyzes become less
sensitive to acquisition-induced gain fluctuations and more comparable in the scan
area. This assumption is justified only for plate-like specimens with nearly ideal
surface planarity and strictly parallel laminate boundaries. However, pronounced
geometric or process-induced deviations, such as post-machining features (e.g.,
milling steps, chamfers) or asymmetric compaction during manufacturing, can
violate this assumption and may therefore bias the front-wall normalization and

fiber orientation detection.
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Figure 4.8: Comparison of C-scan data before and after front-wall normal-
ization and data cleaning of a 300 gsm quasi-isotropic CFRP
laminate (QI-300).
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Data Cleaning

Subsequently, invalid or corrupted depth slices are identified based on devia-
tions from the expected spatial and depth-wise signal continuity. Such slices
typically originate from acquisition artifacts, locally distorted echo signatures,
or at C-Scans near the maximum back-wall echo zp,q.. Where feasible, up to
50 % of missing or unreliable data values are reconstructed using information
from neighboring spatial locations or adjacent depth slices. Remaining slices that
cannot be reliably corrected are removed to prevent numerical instabilities in
subsequent spatial-frequency analysis. The effect of the preprocessing procedure
is demonstrated by comparing an unprocessed C-scan with artificially intro-
duced corrupted regions, representing a worst-case scenario, to the corresponding

reconstructed and normalized C-scan (Figures 4.8a and 4.8b). [137]

To further assess echo localization quality, the median height differences of
the detected front-wall and thickness across the scan area are evaluated and
visualized, as shown in Figures 4.9a and 4.9b. The front-wall echo exhibits
a high degree of spatial consistency, reflecting the well-defined and sharply
localized coupling-medium—specimen interface. In contrast, thickness shows
increased spatial variability and localized artifacts, which can be attributed to
material inhomogeneity, through-thickness attenuation, scattering at fiber—matrix

interfaces, and cumulative damping effects along the propagation path.
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Figure 4.9: Comparison of the spatial variability of front-wall and thickness
C-scans based on the median height difference of a 300 gsm quasi-
isotropic CFRP laminate (QI-300).
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As a final pre-processing step, each C-scan depth slice is subjected to isolated
outlier suppression [138] followed by planar detrending [139, 140] to reduce arti-
facts that would otherwise bias the Fourier-domain representation and destabilize
subsequent polar re-sampling and angular spectrum peak detection. Isolated
outliers are detected by comparison with a local 3 x 3 pixel median reference and
replaced by that median, which effectively removes impulsive spatially sparse
corruptions while largely preserving genuine texture [141]. Subsequently, a least-
squares best-fit plane is estimated from valid pixels and subtracted, reducing
signal strength offsets and global spatial gradients and thus limiting low-frequency
dominance and spectral leakage in the 2D-FFT. The combined effect is illustrated
in Figure 4.10.
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Figure 4.10: Effect of isolated outlier removal and planar detrending on C-
scans of a 300 gsm quasi-isotropic CFRP laminate (QI-300).

4.3.2 Main Processing

2D Discrete Fourier Transform

Following detrending, a two-dimensional Fourier transform (2D FFT) is applied
to each depth-resolved C-scan slice to obtain a spatial-frequency representation
of the ultrasonic image. The transformation maps the spatial intensity field onto

the Cartesian wavenumber domain defined by the spatial frequencies k;, and ky,

corresponding to the scan directions of the C-scan. Periodic and quasi-periodic

52



4.3 Analysis Methodology

features introduced by the underlying fiber architecture are thus represented as

localized concentrations of spectral magnitude in the (ks, ky) plane.

Pronounced fiber alignments manifest as elongated, symmetric lobes in the Fourier
magnitude spectrum centered about the origin (ksz,ky) = (0,0). These lobes
represent dominant spatial frequencies and are oriented perpendicular to the
corresponding fiber directions in the spatial domain. In laminates with multiple
preferred fiber orientations, several such lobes coexist, forming a star-like spectral
pattern whose angular positions encode the principal fiber orientations. The 2D
FFT therefore provides a compact and physically interpretable representation in
which directional information can be isolated from spatial amplitude variations.
A formal definition and illustrative examples of the 2D-FFT are provided in
Section A.3, and the resulting spectrum for a representative slice is shown in

Figure 4.11a.

Windowing

For high depth C-Scans characterized by very low signal amplitudes and nearly
homogeneous spatial intensity distributions, the 2D Fourier magnitude spectrum
tends to exhibit an artificial dominance of frequency components aligned with
the principal Cartesian axes, in particular at orientations close to +90°. This
behavior arises from the finite spatial extent of the C-scan window and the implicit
rectangular truncation of the signal, which introduces sharp discontinuities
at the image boundaries. In the absence of pronounced directional features,
these discontinuities can dominate the spectral content and lead to an over-

representation of axis-aligned spatial frequencies in the Fourier domain.

The application of spatial windowing functions, such as Hann or Hamming
windows, can reduce this effect by smoothly tapering the signal toward the
boundaries and thereby suppressing boundary-induced spectral leakage [142].
However, while windowing mitigates the artificial amplification of Cartesian
frequency components, it simultaneously redistributes spectral magnitude and
introduces secondary lobes at other orientations, which would require additional
interpretation and may obscure weak but physically relevant directional features.
For the purposes of the present work, no windowing functions are therefore applied.
As a consequence, fiber-orientation estimates derived from low-amplitude signals,
particularly at higher depths with a reduced signal-to-noise ratio, may exhibit an

apparent 90° shift. This limitation is taken into account in the interpretation
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of the results and does not affect the analysis of depth regions with sufficiently
pronounced directional spatial features. A more detailed graphical illustration of

the effects of different windowing functions is provided in Appendix A.4.
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Figure 4.11: 2D-FFT frequency-domain representations used for fiber-
orientation analysis of a 300 gsm quasi-isotropic CFRP laminate
(QI-300).

Polar Mapping

To facilitate direct extraction of directional information, the Cartesian Fourier
magnitude spectrum is transformed into polar coordinates with the zero-frequency
component placed at the center of the representation. The polar mapping
expresses the spectral content as a function of radial spatial frequency and
orientation angle, where the radial coordinate corresponds to characteristic spatial
scales of the microstructure. The angular coordinate 6 is defined with § = 0°
along the positive horizontal frequency axis (4+k;); the direction of increasing 6
follows the convention imposed by the image-based polar transform. Importantly,
the dominant peaks in the Fourier magnitude indicate the direction of the wave
vector and are therefore rotated by 90° with respect to the prevailing direction
of the fiber in the spatial domain. Consequently, the fiber-orientation estimate
is obtained by applying a +£90° rotation (modulo 180°) between the spectral
peak angle and the corresponding spatial fiber direction, the resulting angular

dependencies and polar mapping are illustrated in Figure 4.11.
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Radial Band Selection

Only a limited band of spatial frequencies contributes meaningfully to fiber-
orientation estimation. In the centered spectrum, small radii correspond to large-
scale (slowly varying) intensity components, whereas large radii represent fine-
scale variations. In high-depth slices with weak texture, the signal contribution
at large radii often falls below the noise and sampling-related floor. The polar
Fourier spectrum Sy, (r, 0), with radial wavenumber r = /k2 + k2, is therefore

evaluated only within the bounded interval
Tmin S r S Tmax

chosen to capture spatial frequencies representative of the characteristic texture
scale of the fiber architecture. This radial restriction attenuates non-directional
background contributions and suppresses high-frequency artifacts, thereby sta-
bilizing the subsequent angular peak analysis. In the present work, a static
upper limit rmax is applied uniformly across all depth slices to ensure a consistent
and reproducible wavenumber band for orientation extraction, as illustrated in
Figure 4.12.
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Figure 4.12: Band-limited frequency-domain representations used for fiber-
orientation analysis of a 300 gsm quasi-isotropic CFRP laminate
(QI-300).
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Angular Spectrum

After selection of the radial frequency band, the band-limited polar Fourier
magnitude spectrum Sy (7, 0) is reduced to a one-dimensional angular spectrum
by integration along the radial direction. In practice, this is achieved by summing
the spectral magnitude over the selected radial wavenumber range for each angular

position, yielding

SO) = Y Sp(r,0), (4.25)
where Tmin and rmax denote the lower and upper bounds of the selected radial
frequency band. This operation corresponds to a projection of the two-dimensional
spectral information onto the angular axis and is implemented numerically as a

summation over the radial dimension of the polar spectrum.

The resulting angular spectrum S(0), see Figure 4.13a, represents the orientation-
dependent distribution of the aggregated spectral magnitude and serves as the
primary observable for fiber-orientation estimation. The dominant directions of
the fiber manifest themselves as pronounced peaks in S(6), while the reduction
from a two-dimensional to a one-dimensional representation significantly decreases
the complexity of the data without removing relevant directional information.
Due to the angular-spectrum symmetry § = +180°, the analysis can be restricted
to a 180° range without loss of information. To facilitate visual identification
of standard orientations [0°,+45°,90°] in subsequent figures, a selected relevant
data window 0 € [Omin, Omax] = [75°,105°] is used.

To further emphasize dominant orientations relative to the background, the
angular spectrum can optionally be squared, thus increasing the contrast between
peak and non-peak regions and producing a quantity that is proportional to a
spectral energy density in the sense of Parseval’s theorem [143]. Here, Parseval’s
theorem relates the sum of squared magnitudes of Fourier coefficients to the
total signal energy in the spatial domain. Subsequent normalization of the
squared spectrum facilitates comparability between depth slices and specimens

by removing absolute scaling effects, see Figure 4.13b.

Peak Analysis

In the final main-processing step, dominant peaks in the angular spectrum are

detected and characterized automatically. Peak detection is performed using
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Figure 4.13: Raw against squared and normalized angular spectrum with
peak detection of a 300 gsm quasi-isotropic CFRP laminate (QI-
300). The green shaded area highlights the symmetry-reduced
angular range.

robust criteria based on peak prominence, peak sharpness, and spectral energy
in order to ensure reliable identification of physically meaningful orientation
directions. Depending on the material system and analysis objective, one or
multiple peaks can be extracted per depth slice. The resulting peak positions
define the local fiber-orientation angle(s); see Figure 4.13b, while associated peak
metrics provide confidence measures for the orientation estimates. Repeating
this procedure for all depth slices yields a depth-resolved fiber-orientation profile

across the laminate thickness.

Candidate peak positions are identified using a prominence-based peak detection
scheme applied directly to the discrete angular spectrum S(6). For each detected
peak, a set of quantitative peak metrics is derived from the local spectral char-
acteristics and used to rank and select dominant orientation candidates via a

weighted scoring scheme.

The prominence Py of the k-th peak quantifies how strongly the peak rises above
its surrounding baseline. It is defined as the vertical distance between the peak
height and the higher of the two local minima (bases) on either side of the peak.
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In practice, Py is obtained from a standard prominence-based peak analysis

routine and is expressed in the same normalized units as the angular spectrum:
Pk = S(ek) — maX(S(ek,basc,L)u S(ek,baSC,R))7 (426)

where S(0) denotes the angular spectrum and 6, the peak position.

Peak sharpness is introduced to favor narrow, well-localized orientation responses
over broad spectral maxima. It combines information on peak prominence with
a measure of peak width and is therefore sensitive to both detectability and
angular localization. The peak width is quantified by the full width at half
maximum (FWHM), which is determined directly from the angular spectrum
using a relative-height criterion. The FWHM Wj, represents the angular extent
over which the peak amplitude exceeds half of its maximum value. Using the
measured FWHM W) and the angular sampling step A, the sharpness Sk of
the k-th peak is defined as

Py

S = WAGT e

(4.27)
where Py, denotes the prominence of the peak and a small constant ¢ > 0 is
introduced to avoid division by zero and to stabilize the metric for extremely
narrow peaks. This formulation assigns higher sharpness values to peaks that
are both prominent and narrowly confined in angle, indicating a well-defined

orientation response.

The peak energy FE) characterizes the total spectral contribution associated with
a given orientation response. It is defined as the integral of the angular spectrum

over the extent of the peak between its left and right bases,
0k base,R
E, = / S(6)deé. (4.28)
Ok base,L

This quantity represents an aggregated spectral measure rather than a physical
energy and accounts for both peak height and peak width. The energy metric is
particularly relevant for broad but physically meaningful peaks, for example, in
regions with local fiber-orientation dispersion or gradual orientation transitions,
where peak height alone would underestimate the relevance of the orientation

component.
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Weighted Peak Scores

To combine heterogeneous metrics into a single ranking criterion, each metric is
normalized by the maximum value across the candidate peaks within the same
depth slice. For a generic metric my € {Px, Sk, Fx}, the corresponding score M
is defined as

P = 7ma7:;’“mj , (4.29)
where the index j runs over all detected peaks within the same depth slice. Such

that 7y € [0,1] for all peaks in the current slice.

Finally, a weighted score is used to rank peaks and select the dominant direction
of fiber orientation. With user-defined weights wp, wg, and wg (with wp +ws +

wg = 1), the weighted score Qy, is defined as
Qk = wp pk + wsg S'k + wg Ek (430)

The peak(s) with the highest Qj are selected as the most reliable orientation
candidates for the corresponding depth slice. This formulation balances peak
detectability (prominence), angular localization (sharpness), and total attributed
spectral energy, thereby improving robustness against noise, peak splitting, and
local spectral artifacts. Unless explicitly specified, the weighting factors wp, ws,
and wg are assigned equal values of 1/3 in the following sections. The exemplary
result of the fiber-orientation analysis for the 300 gsm quasi-isotropic CFRP

laminate is shown in Figure 4.14.
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Figure 4.14: Fiber-orientation analysis and peak metrics for a 300 gsm quasi-
isotropic CFRP laminate (QI-300).

4.4 Results and Discussion

This chapter presents the experimental results and discussion of ultrasonic fiber-
orientation and anisotropy detection in CFRP laminates. The primary objective
is to assess the capability of the newly developed and applied ultrasonic method-
ology, presented in Section 4.3, to qualitatively and quantitatively resolve fiber-
orientation information across different laminate architectures, ply thicknesses,

and disturbance conditions.

As a first step, the ultrasonic results are qualitatively validated against known lam-
inate layups. This validation approach follows established practice in ultrasonic
fiber-orientation detection studies, where reference laminates with well-defined
stacking sequences are used to assess detectability, depth resolution, and orienta-
tion fidelity. For each investigated specimen, a consistent set of visualizations
is provided, comprising the following figures: (a) A through-thickness fiber-
orientation analysis based on angular spectral evaluation combined with the
weighted orientation score Qy, as developed in Equation (4.30). (b) A C-scan
of the top surface derived from the front-wall echo. (c) A C-scan of the lami-
nate thickness obtained from the time-of-flight difference between the front- and

back-wall echoes.
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The C-scans for the front-wall and thickness, together with representative op-
tical micrographs, provide an overview of the overall quality of the laminate
and enable the identification of potentially disturbing features such as voids,
delaminations, impact-induced damage, or machining-related features. These
complementary representations establish the structural context required for a

reliable interpretation of the ultrasonic fiber-orientation results.

The through-thickness analysis of the angular spectra, in combination with
the weighted score Qg, allows a qualitative evaluation of the accuracy of the
fiber-orientation detection with respect to the nominal ply layup, individual
ply thicknesses, and achievable depth resolution. This approach facilitates the
identification of depth ranges with reliable orientation information, as well as

regions where attenuation, scattering, or interface effects limit interpretability.

The discussion of results begins with UD and QI laminates, which serve as
standard reference configurations to assess the influence of ply thickness and
stacking sequence on ultrasonic orientation detectability. Building upon these
reference cases, more complex laminate architectures are subsequently analyzed
in the form of Bouligand fiber composites, representing non-standard and highly
spatially varying fiber-orientation states. Finally, the influence of structural
disturbances, including impact damage and machining-induced features, on

ultrasonic fiber-orientation and anisotropy detection is systematically evaluated.

4.4.1 Unidirectional Laminates

The investigation of UD laminates constitutes the fundamental reference case
for ultrasonic fiber-orientation detection, as no variation of fiber orientation is
expected through the thickness of the laminate. Consequently, potential secondary
influences arising from pronounced front- and back-wall echoes, signal attenuation,
noise, or manufacturing-related imperfections can be identified particularly well.
In addition to the 120 gsm UD laminate shown in Figure 4.15, further results
for UD laminates with fiber areal weights of 30 and 60 gsm are provided in
Appendix A.5.1.

The optical micrographs reveal some small isolated pores, while the fibers aligned
in the nominal 0° direction do not show pronounced irregularities. The thickness
C-scan likewise provides a clear visualization of the unidirectional laminate
structure and indicates a largely homogeneous thickness distribution. Based on

the weighted orientation metric Q, the nominal 0° fiber orientation is consistently
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detected throughout the thickness of the laminate, confirming the expected
uniformity of the UD configuration.

Additional insight is obtained from the angular spectra, which reveal localized
deviations from an idealized single-orientation response. In the vicinity of the
specimen surfaces, i.e. in the uppermost and lowermost regions of the through-
thickness representation, a noticeable broadening of the dominant 0° peak towards
neighboring angular directions is observed. This behavior is attributed to the
strong front- and back-wall reflections, which locally dominate the ultrasonic
response and reduce the effective signal-to-noise ratio of fiber-related backscatter.
As a result, spectral leakage effects occur, leading to a smearing of the angular

distribution despite an unchanged underlying fiber orientation.

A largely thickness-independent angular broadening is observed for the 30 gsm
UD specimen in Figure A.8. The optical micrographs and the thickness C-scan
show pronounced porosity, indicating reduced manufacturing quality. These pores
add distributed scattering that blurs the fiber-driven response and weakens the

directional selectivity of the angular spectrum.

The same effect can also be promoted by other reflective surfaces, as they increase
scattering and broaden the angular peaks without changing the underlying
fiber direction. Peak broadening therefore makes orientation detection less
predictive, even if the nominal direction is still recovered by Q. At the same
time, peak broadening is informative. It can indicate porosity, fiber misalignment,
or insufficient consolidation. As shown later, it can also reveal designed laminate

features, and strong fiber angle variation through thickness.
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Figure 4.15: Trough-thickness fiber-orientation analysis of a 120 gsm unidirec-
tional CFRP laminate (UD-120).
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4.4.2 Quasi-Isotropic Laminates

The investigation of QI laminates represents the next step in the ultrasonic
fiber-orientation analysis, as it enables the detection of multiple, distinct fiber-
orientation angles through the laminate thickness. In contrast to UD laminates,
QI configurations provide a suitable benchmark for assessing depth resolution

and the capability to resolve individual plies with different orientations.

In addition to the 120 gsm QI laminate shown in Fig. 4.16, further results for
QI laminates with fiber areal weights between 30 and 60 gsm are provided in
Appendix A.5.2. The optical micrographs reveal again isolated pores, while
the characteristic stacking sequence [0°, £45°,90°],s can be clearly identified.
The thickness C-scan further supports this observation and allows a qualitative
visualization of individual layers, most notably the +45° layers, due to their

pronounced contrast.

Taking into account the fiber-orientation results obtained from the weighted
metric Qx, the nominal ply orientations are consistently detected throughout
the laminate thickness for the 120 gsm specimen. Isolated misclassifications of
individual measurement points can be observed; however, these can be interpreted

in the context of achievable depth resolution.

Based on a sampling rate of fs = 100 MS/s and an assumed longitudinal wave
velocity of ccfrp & 3050 m/s in CFRP, the depth increment per sampling point

in pulse—echo operation is given by

Cefr
AZpes = # (4.31)
which results in a depth resolution zy.s of 15.25 um for the current ultrasonic
test setup. The number of sampling points resolving a single ply in the thickness

direction can therefore be estimated as

tpl 2fstpl
Ny = —2 = 248 Py 4.32
pes Azres Cefrp ( )

For the 120 gsm laminate, an individual ply thickness of approximately 0.12 mm
is resolved by 7.9 pts/ply in the thickness direction, potentially allowing a trained
operator or algorithm to distinguish isolated misclassifications from systematic

orientation changes.
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For thinner plies, such as those present in the 60 gsm (depth resolution: 3.9
pts/ply) and especially the 30 gsm laminates (depth resolution: 2.0 pts/ply), this
distinction becomes increasingly ambiguous. The reduced number of measurement
points per ply limits the ability to reliably separate true orientation transitions
from local misclassifications, thereby constraining the unambiguous detection
of individual layers. Measurement systems with higher sampling rate could
mitigate this limitation, albeit at the expense of increased data volumes and

longer computational processing times.

In addition, the same effects previously observed for UD laminates, namely
peak broadening and increased scattering in the angular spectrum, are also
present in the QI configurations. They result from the superposition of fiber-
related scattering with strong signal transitions at material interfaces, such as
the front and back surfaces, and from additional scattering at pores. This effect
is clearly visible in the 30 gsm laminate. Here, the higher void content makes
these contributions sufficiently strong that reliable ply-level orientation detection

is no longer possible beyond a depth of approximately 0.4 mm.
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Figure 4.16: Trough-thickness fiber-orientation analysis of a 120 gsm quasi-
isotropic CFRP laminate (QI-120).
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4.4.3 Bouligand Laminates

Bouligand helicoidal layups (BL) [144] represent a distinct laminate architecture,
as they do not exhibit discrete jumps in fiber orientation as observed in quasi-
isotropic laminates. Instead, the fiber angle varies continuously through the
laminate thickness, resulting in a quasi-spiral rotation of the fiber direction.
This characteristic makes BL laminates particularly well suited for assessing the
ability of ultrasonic methods to resolve smoothly varying orientation states and

to capture gradual anisotropy transitions.

In addition to the 40 gsm BL laminate with a continuous angular increment of
0; = 3.6° per ply (depth resolution: 2.6 pts/ply), shown in Fig. 4.17, further
results for laminates with angular increments of 7.2° and 14.4° are provided in
Appendix A.5.3. Optical micrographs reveal no detectable porosity, indicating a
very high quality laminate. For the 6; = 3.6° configuration, the laminate layup

[10:72] ., 0; =i-3.6°, nply = 102, (4.33)

can be clearly identified in the micrographs. The thickness C-scan, on the contrary,
does not allow a direct visual distinction of individual plies; apart from a slight

global tilt of the laminate, the specimen appears optically homogeneous.

Taking into account the fiber orientation results derived from the weighted
metric Q, the continuously varying fiber orientation of the 6; = 3.6° laminate
is adequately detected throughout the laminate thickness, up to the nominal
maximum thickness of approximately 4mm. A moderate broadening of the
angular spectrum leads to a small angular scatter around the expected local
fiber orientation of individual plies, but still yields a reliable qualitative fiber-

orientation detection.

For laminates with a larger angular increment of §; = 7.2°, the general trend of

the rotating fiber orientation remains clearly identifiable.

However, isolated artifacts begin to appear in the form of an overrepresenta-
tion of 0° and, more prominently, 90° orientations, which are not present in
the nominal BL architecture. These artifacts are not related to physical fiber
alignments, but could arise from method- and instrument-inherent effects that
become dominant when the directional contrast of the ultrasonic data diminishes

due to the continuously rotating fiber orientation.
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The pronounced exaggeration of the 90° response is a systematic consequence of
the 2D FFT applied to quasi-homogeneous spatial input data. As demonstrated
in Fig. A.4, a purely homogeneous signal, devoid of any directional texture,
produces a dominant 90° peak as a result of the FFT implementation and its

associated axis ordering.

In contrast, the occurrence of an additional 0° peak may be related to instrument-
or scanning-induced effects rather than to the intrinsic fiber architecture of
the laminate. Experimental observations indicate that this response remains
aligned with the machine scan axis and does not rotate with the specimen,
suggesting a non-material origin. One plausible explanation is that weak, scan-
related structures cause one of the principal axes of the raw measurement grid
to become overrepresented. Such effects may arise from motion-dependent or
synchronization-related influences during data acquisition and can be interpreted
by the 2D FFT-based angular analysis as an apparent fiber orientation aligned

with the scan direction.

This behavior becomes more pronounced for the 6; = 14.4° laminate. The
stronger rotation of the fiber-orientation spiral results in increased ultrasonic
attenuation and incoherent scattering, which progressively reduces the directional
contrast of the fiber-related signal. Although local fiber orientation can still be
qualitatively inferred in near-surface regions, spectral peak-based orientation
analysis becomes increasingly ambiguous and ultimately fails at greater laminate
depths. This observation highlights a fundamental limitation of the applied
ultrasonic approach when addressing laminates with rapidly varying in-plane

fiber orientations, particularly in combination with increased inspection depth.
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Figure 4.17: Trough-thickness fiber-orientation analysis of a 40 gsm, 3.6°
Bouligand CFRP laminate (BL-3.6°).
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4.4.4 Design Features and Damage

Typical influence factors such as damage and deliberately introduced features
are examined with respect to their impact on the fiber-orientation detection
capability. The negative influence of porosity on orientation detection has already

been demonstrated and discussed for the QI-30 gsm laminates (Section 4.4.2).

An example of FOD analysis applied to a representative impact damage in a
268 gsm quasi-isotropic laminate is shown in Fig. 4.18. The impact damage is
visible as a localized indentation in the surface C-scan and as pronounced delam-
ination features in the C-scan of the nominal specimen thickness. The maximum
delaminated area extends over approximately 15x 15 mm?, corresponding to about
10 % of the total scan area. Evaluation of the fiber orientation using the weighted
metric @k shows that the nominal stacking sequence [45°, 90°, —45°, 0°]2; is
still reliably detected across the specimen thickness. The implemented FOD
approach therefore appears to be largely insensitive to localized impact-induced
delaminations of the investigated extent. This behavior can be attributed, on
the one hand, to the fact that a simple low-velocity impact primarily affects
interlaminar integrity while only marginally altering the global fiber orientation.
On the other hand, the applied data-cleaning procedure (Section 4.3.1) enables
the reconstruction of locally missing depth information without introducing a

distorting influence on the angular orientation analysis.

Figure 4.19 shows a representative composite design feature configuration in
the form of deep milling grooves and through-holes, which together affect up to
approximately one third of the total specimen area. At the surface, the specimen
is initially disturbed only by the through-holes, whereas the milling features
begin at a depth of about 1 mm and progressively increase in extent, as clearly
visible in the thickness C-scan. These results illustrate the practical limits of
the fiber-orientation detection approach. While the initially undisturbed surface
region of the specimen is still reliably identified using the weighted metric Q, the
directional resolution gradually degrades with increasing influence of the milling
features. In this case, the data-cleaning algorithms are unable to reconstruct the
missing information in a physically meaningful manner. Furthermore, the milling
operations introduce additional early-occurring internal interfaces, which act as
strong acoustic reflectors. These interfaces lead to a pronounced broadening
of the angular spectrum, analogous to the effects previously discussed for the

front-wall and back-wall reflections. As a consequence, the angular spectral
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Figure 4.18: Trough-thickness fiber-orientation analysis of a 268 gsm, quasi-
isotropic CFRP laminate with impact damage (QI-268-Impact).
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analysis loses its ability to resolve fiber orientations unambiguously in regions

dominated by such geometric features.
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Figure 4.19: Trough-thickness fiber-orientation analysis of a 268 gsm, quasi-
isotropic CFRP laminate with milling features (QI-268-Feature).

73



4 Fiber Orientation Detection

4.5 Conclusions

This chapter presents a non-destructive ultrasonic methodology to quantify
through-thickness, ply-level fiber-orientation in CFRP laminates, providing a key

input for orientation-aware interpretation of anisotropic transport.

The complete workflow is implemented within the open-source Python framework
CompoSE, providing a pipeline from ultrasonic raw-data import to depth-resolved
processing and analysis, including fiber-orientation detection, 2D/3D damage

visualization, and standardized evaluation.

The proposed analysis is positioned between conventional defect inspection and
microstructural methods. It does not resolve individual fibers; instead, depth-
resolved C-scan slices are analyzed in the Fourier domain to extract layer-wise
orientation patterns from laminate-scale texture signatures. The dominant fiber
directions emerge as angular peaks and are quantified by the peak-based metric
Q. to reconstruct the laminate stacking sequence. By combining complementary
descriptors, including geometric peak characteristics and energy-based measures,
Q. exhibits increased robustness against peak broadening and reduced signal-to-

noise ratios.

Reliable orientation detection was demonstrated across a range of industrially
relevant lay-up configurations, covering unidirectional, quasi-isotropic, and Bouli-
gand architectures with varying ply thicknesses, fiber areal weights, and up to
> 100 plies. The approach further proved largely insensitive to certain localized
distortions, such as impact damage and delamination, and enabled orientation

evaluation in laminates with total thicknesses in the multi-millimeter range.

The remaining limitations are based on physics and define the operational bound-
aries of the ultrasonic method. Surface-near regions exhibit reduced directional
selectivity due to dominant front- and back-wall reflections, which diminish the
relative contribution of fiber-related backscatter. Increased porosity, internal
defects, and pronounced geometric features (e.g., milling) introduce additional
scattering and strong local reflectors, thus broadening spectral peaks and degrad-
ing directional resolvability and effective depth resolution. Further optimization
potential lies in tuning the ultrasonic transducer frequency and the signal sam-
pling rate to trade depth resolution against penetration depth depending on the

application. Future work can focus on extending the methodology to geometri-
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cally complex curved structures and on resolving locally varying fiber orientations,

as encountered, for example, in tailored fiber placement processes.
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5 Anisotropic Thermal Properties

Directional heat transport in CFRP laminates is intrinsically anisotropic, as the
reinforcing fibers provide very high axial heat conduction, while the polymer
matrix exhibits much lower, isotropic transport. This chapter therefore develops
a non-destructive methodology to quantify in-plane thermal transport and to
interpret the identified transport parameters in direct correspondence with the

fiber-orientation information established in the preceding chapters.

Chapter 5 develops this route by combining localized thermal excitation with
infrared thermography and an orientation-sensitive evaluation strategy. Method-
ologically, the approach is positioned between classical steady-state or contact-
based thermal analysis, which often enforces a fixed heat-flow direction and
provides averaged responses, and microstructural reference techniques that are
not applicable at the structural scale. Instead of prescribing a one-dimensional
heat flux, the method exploits the anisotropic spreading of a transient temperature
field after spot-like heating and links the identified principal transport directions
explicitly to the fiber-parallel reference defined by © from Chapter 4. The theoret-
ical context is established in Section 5.1, complemented by a structured overview
of established thermal measurement techniques and the rationale for selecting
a thermography-based concept for directional characterization (Sections 5.1.2
and 5.1.3).

The experimental implementation is introduced in Section 5.2, defining the
heat-spot thermography test setup, calibration steps, and acquisition boundary
conditions required for reproducible measurements. Then a dedicated evaluation
framework is presented in Section 5.3 and implemented in the tcam processing
environment. The performance and limitations of the methodology are assessed
in Section 5.4, and the consolidated implications for the thermal characterization

strategy of this thesis are summarized in Section 5.5.
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5.1 Theoretical Background

Thermal conductivity and thermal diffusivity are fundamental material properties
governing heat transport in solids. Thermal diffusivity « is the parameter that
controls the rate at which heat perturbations spread through a medium, while
thermal conductivity A represents the capacity of the material to conduct heat
once a gradient is established [145]. Together, these properties determine both
the spatial distribution and the temporal evolution of temperature fields and

therefore form the physical basis for all thermographic measurement techniques.

Figure 5.1 provides a comparative overview of thermal conductivity and diffusivity
for major classes of engineering materials. Metals generally exhibit high thermal
conductivity and diffusivity, enabling rapid heat spreading, whereas polymers
and polymer matrices are characterized by comparatively low values of both
properties. Fiber-reinforced polymer composites span a particularly wide range,
as their effective thermal transport behavior depends strongly on fiber type, fiber
volume fraction, and orientation, resulting in pronounced anisotropy between

in-plane and through-thickness directions.

This wide variability and directional dependence of thermal properties in carbon
fiber—reinforced polymers presents a significant challenge for experimental charac-
terization. In particular, conventional thermal measurement techniques are often
limited to isotropic assumptions, predefined heat-flow directions, or averaged
material responses. As a result, careful selection of a suitable measurement
approach is essential to enable a non-destructive, directionally resolved evaluation

of in-plane thermal transport behavior.

The following section therefore introduces established thermal measurement
techniques and discusses their respective capabilities and limitations with respect
to anisotropic materials. Based on this comparison, an appropriate experimental
method is selected for the investigation of in-plane thermal anisotropy in CFRP

within the framework of this thesis.

5.1.1 Thermal Anisotropy
The thermal transport behavior of carbon fiber-reinforced composites is governed

by the intrinsic anisotropy of the highly conductive reinforcing fiber and its

orientation, while the polymer matrix itself is isotropic with lower thermal
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Figure 5.1: Representative thermal conductivity and diffusivity ranges for
different material types.

conductivity. In general, the effective thermal conductivity and the thermal
diffusivity are tensorial properties that differ substantially between the fiber axis

and the transverse directions.

Carbon Fibers

The intrinsic thermal conductivity of carbon fibers has been investigated in
detail by Hatta et al. [60] and Zhang et al. [146]. These studies highlight
how the processing (Pitch- / PAN-based carbon fibers), microstructure, and
temperature govern the wide variation in thermal transport properties observed

among commercial carbon fibers.

Hatta et al. [60] measured the thermal diffusivity « of single filaments with
diameters of approximately 7 pm using a light-irradiation type alternating current
(AC) calorimetry system, performed in vacuum to suppress convective losses.
Specific heat ¢, was obtained by differential scanning calorimetry (DSC), and
density p from bulk characterization, allowing conductivity to be determined
via 5.38. The results were validated against unidirectional CFRPs measured
by laser flash analysis, showing good agreement with the values estimated from
additive mixture rules. In contrast, Zhang et al. [146] applied a steady-state

short-hot-wire technique, where a single carbon fiber is attached as a pin fin
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to a thin platinum hot wire operated under direct current (DC) heating. From
the measured temperature rise of the hot wire and analytical solutions of one-
dimensional heat conduction, A of the single fiber could be deduced directly
with respect to a standard resistance reference. In the same setup, electrical
conductivity was obtained via a four-point method, enabling direct correlation of

thermal and electrical transport.

Hatta et al. [60] studied a broad range of PAN-based fibers from Toray Indus-
tries, including high-strength T-series (T300, T800H), high-modulus MJ-series
(M35J-M60J), and standard modulus M-series. Conductivities at room tem-
perature ranged from ~ 6 W/(mK) (T300) up to > 120 W/(mK) (M50), with
higher values consistently linked to an increased degree of preferred crystalline
orientation and higher electrical conductivity. Zhang et al. [146] examined fibers
produced under different manufacturing conditions (e.g. methylnaphthalene
pitch fibers, PAN-based fibers of varying modulus), reporting conductivities in
the range ~ 120-600 W/(m K), again strongly correlated with microstructural

properties.

Hatta et al. [60] found that for most PAN-based fibers (T300, T800H, M40J),
thermal conductivity increased approximately linearly with temperature between
25-500°C. In contrast, very high-modulus fibers (M50, M60J) showed a turnover,
as can be seen in Figure 5.2a. Conductivity values increased up to about
250-350 °C but decreased at higher temperatures, attributed to phonon-phonon
scattering dominating the crystallite alignment effects. Hatta et al. [60] confirmed
that the temperature effects depend on the fiber type, well-graphitized fibers with
high electrical conductivity exhibited a relatively weak temperature dependence,

while lower quality fibers were more sensitive to defect scattering.

Both experimental and modeling studies consistently confirm that heat conduction
in carbon fibers is dominated by phonons, with electrons contributing only
marginally compared to metals [60, 146]. The large variability of X across
different grades of fiber arises from microstructural factors such as crystallite size,
preferred orientation, and defect density, which are determined by precursor type
and processing history. Fibers derived from mesophase pitch exhibit the highest
conductivities due to their large, well-aligned graphitic domains [147], while PAN-
fibers generally contain turbostratic disorder and smaller crystallites, resulting
in much lower values [148]. The processing temperature is particularly critical.
PAN fibers carbonized at higher temperatures develop larger crystallites and

improved alignment of the (002) graphite planes, leading to higher conductivity
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[149]. At elevated temperatures, well-graphitized high-modulus fibers enter the
regime where intrinsic phonon—phonon Umklapp scattering dominates, causing
conductivity to decrease beyond 250-350 °C, as observed by Hatta et al. [60].

Polymer Matrix

Although carbon fibers typically dominate the highly anisotropic heat conduction
in a CFRP, the polymeric matrix still plays a non-trivial role in overall thermal
behavior, both in setting a baseline thermal conductivity and in mediating heat
flow through the fiber-matrix interface and through the transversal direction.
Unlike carbon fibers, most polymer matrices, thermosets or thermoplastics, are
intrinsically low in thermal conductivity, and in their unmodified bulk form they
tend to be approximately isotropic because their molecular structure is disordered

and lacks long-range orientation.

In typical amorphous polymers, the measured thermal conductivities lie in a
narrow window of about 0.1-0.5 W/(m K) [150, 151]. A useful conceptual model
is a thermal resistance network, where entanglement and random orientation

of chains dominate phonon scattering and limit propagation paths, producing
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quasi-isotropic heat conduction at the macroscopic scale [150]. However, this quasi-
isotropy is not absolute; under certain conditions, polymers can also show thermal
anisotropy, particularly if they develop chain alignment, partial crystallinity, or
if they contain anisotropic fillers. For example, in stretched or mechanically
oriented amorphous polymers, thermal conductivity along the stretch or chain

orientation direction can increase relative to the transverse direction [152, 153].

In semi-crystalline polymers, the crystalline domains or ordered chain segments
tend to conduct heat better than the amorphous regions. Thus, the degree
of crystallinity, crystal orientation, and the connectivity of crystalline domains
influence the effective thermal conductivity. Studies on polyethylene have shown
that increasing crystallinity increases thermal conductivity [154]. At the same
time, the interface between the crystalline and amorphous phases introduces
thermal boundary resistance, which limits the benefit of perfect crystallinity.
Some empirical models suggest that stretched molecular chains under tensile
load, even within the amorphous region, can sometimes outperform crystalline

clusters in phonon conduction [155].

Overall improvement of matrix conductivity, for example through thermally
conductive fillers, is common practice for more thermally balanced composites
[151]. If the fillers are isotropically dispersed and randomly oriented, they may
enhance the bulk thermal conductivity of the matrix without introducing a strong
anisotropy. However, if the fillers are anisotropic (e.g. graphene sheets, carbon
nanotubes) and align preferentially because of processing, flow, electric/magnetic
fields, or shear, then the matrix-filler-subsystem can itself become anisotropic.
In such cases, heat conduction along the direction of filler alignment may be

significantly enhanced compared to the perpendicular directions [151, 156].

In terms of composites, although the matrix is a relatively poor conductor, its
isotropic or weakly anisotropic nature is important. It provides a bridge to
transfer heat between fibers in the transverse directions and helps fill gaps and

mitigate interfacial thermal resistance.

Carbon Fiber Reinforced Composites

The fiber volume fraction ¢ plays an essential role in determining the effective
thermal conductivity of CFRPs, since it essentially weights the contributions
of the high-conductivity fibers and the low-conductivity matrix in parallel or

series heat conduction routes. As fiber content increases, more conductive fiber
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pathways are available in the composite, enhancing longitudinal conductivity and
changing the proportion in transverse transport where the matrix and interfaces

dominate.

Bard et al. [18] measured the thermal conductivities of unidirectional HTS40,
Epikote 496 CFRP laminates over a range of fiber volume fractions and compared
them with classical mixture models. The experimental data for A in the fiber

direction closely match the Voigt [66] rule of mixtures:

Al =@rAp) + (1= @)Am (5.1)

In this formulation, A denotes the effective thermal conductivity of the composite
in the fiber direction, ¢y is the volume fraction of the fiber, Ay represents
the intrinsic longitudinal thermal conductivity of the carbon fibers and A,
corresponds to the thermal conductivity of the polymer matrix. This suggests
that thermal conductivity can be effectively considered as an additive in the fiber
direction, enabling the extraction of the inherent longitudinal conductivity of the
fiber.

In contrast, the A data are systematically higher than the Reuss [67] prediction,
even when optimistic fiber transverse conductivity values are assumed, indicating

that the simple series bound is too pessimistic.

11—
=¥ P (5.2)

AL dm AL

To improve the fit, Bard et al. [18] evaluated more advanced micromechanical
models (self-consistent model [18], Rayleigh model [22, 157], and Lewis—Nielsen
model [21, 158]). Among these, the Lewis-Nielsen model, with parameters
accounting for fiber packing and morphology, provided the most accurate fit, at

higher fiber volume fractions, although deviations remained at low fiber content.

Within Section 5.3, a modified rule of mixtures model has been introduced
with Equation (5.58), replacing Reuss model for the calculation of A;. The
adjustment factor r is introduced in this model. It is also applicable to Bard’s

findings; comprehensive results are displayed in Figure 5.3b.
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of the general thermal metric X,om and conductivity A of UD-
CFRP.

The thermal conductivity of CFRPs is strongly temperature dependent, with
particularly pronounced effects in the cryogenic regime. Chen et al. [159] mea-
sured unidirectional T300 and T700 epoxy composites between approximately
—230°C and ambient temperature and reported a steep increase of A from about
0.15W/(mK) at —230°C up to nearly 5W/(mK) at 25°C, with the strongest
variation occurring below —125°C. This behavior was attributed to phonon-
dominated transport in the carbon fibers, where increased phonon mean free paths
at low temperatures lead to strong changes in effective composite conductivity.
Shim et al. [160] confirmed that the temperature effect is not only significant in
magnitude but also in its influence on anisotropy: composites reinforced with
pitch-based fibers of varying cross-section (round, C-, hollow type) exhibited a
clear rise of longitudinal conductivity with temperature, while transverse con-
ductivity showed a smaller increase, leading to a decreasing anisotropy factor
with rising temperature. Complementary results summarized by Schiirmann
[3] underline the steep rise of conductivity at extremely low temperatures for
unidirectional T300 and M40A composites with epoxy (CY221/HY979), where
the parallel conductivity exceeds the perpendicular by more than an order of

magnitude at cryogenic temperatures, while the slope flattens close to ambient
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conditions, see Figure 5.2b. Collectively, these findings highlight that CFRPs are
particularly sensitive to temperature in the cryogenic domain, where conductivity
may change by orders of magnitude, whereas at ambient temperature variations

become less critical.

The direction-dependent thermal transport in unidirectional carbon-fiber-reinforced
polymers has been analyzed using a variety of experimental methods. Fang et al.
[17] investigated the in-plane anisotropy of pitch-based UD-CFRP (XN-90-60S
fibers / AG80 epoxy) by laser flash analysis. Their study revealed a strong
dependence of apparent thermal conductivity on the fiber orientation angle, with
A continuously decreasing from the fiber direction (0°) to the transverse direction
(90°). Finite element simulations reproduced this trend and demonstrated that
geometric constraints, especially the radius-to-thickness ratio, significantly affect
the accuracy of measured in-plane conductivities. For near-transverse directions,
a drop in thermal conductivity was observed. This phenomenon was assumed to
correlate with a change in the heat transfer process from a continuous to a zigzag
path. Similar measurements by Touni [161] for UD-CFRP (T300 fibers / generic
epoxy) with a lower overall conductivity did show a much narrower drop for near
transverse thermal conductivities; see Figure 5.4a. The results underscore that
both the anisotropic nature of the heat flow and the geometry of the sample must

be considered.

In contrast, Ishizaki and Nagano [19] employed a lock-in thermography approach
to map the in-plane thermal diffusivity of a pitch-based UD-CFRP (K13C2U
fibers / generic epoxy). Their non-contact periodic heating setup enabled spa-
tially resolved measurement of thermal diffusivities o, a1, and intermediate
angular components at high directional resolution without machining oriented

specimens.

Compared to the laser flash measurements by Fang et al. [17] and Touni [161], the
directional dependence of thermal diffusivity obtained by Ishizaki and Nagano
[19] using lock-in thermography exhibits a much steeper decrease, with « already
dropping significantly at fiber orientation angles of about 10°. This discrepancy
arises from fundamental differences in both the measurement technique and the
microstructural configuration of the investigated specimens. Lock-in thermogra-
phy probes near-surface, frequency-dependent heat diffusion with high spatial
resolution, making it particularly sensitive to local variations in fiber orientation
and interfacial resistance. In contrast, laser flash and steady-state techniques

yield volumetric averages of the bulk material response. Such methodological and
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structural differences must be carefully considered when interpreting experimen-
tal data or developing simulation and homogenization models, as they directly

influence the apparent degree of anisotropy extracted from measurement.

5.1.2 State-of-the-Art Measurement Techniques

The reliable determination of thermal transport parameters, namely thermal
conductivity A and thermal diffusivity «, is fundamental in both research and
industrial practice. With reference to Equation (5.38), not all techniques provide
direct access to both quantities. Some measure « and require auxiliary measure-
ments of p and ¢, [46, 47], while others directly determine A under steady-state
conditions [162, 163].

Measurement techniques can be classified according to various criteria:

o Steady-state | transient methods: Steady-state techniques establish a stable
temperature gradient under constant heat flux and are normally used for
the measurement of thermal conductivity, while transient methods monitor
the time-dependent thermal response to a pulse or modulated excitation,

often used for the measurement of thermal diffusivity [15, 164].
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o Contact | non-contact methods: Contact techniques (e.g. guarded hot
plate (GHP), heat flow meter (HFM)) require direct thermal contact with
sensors, whereas optical methods (e.g. laser flash analysis (LFA), lock-in
thermography (LIT), Heat-Spot Thermography (HST)) employ remote
heating and infrared detection [165, 166].

e Material suitability: If the method is suitable for a variety of measurement
ranges, encompassing thermal insulators and conductors, as well as diverse
types of material, including dense solids, porous materials, thin films, liquids,
and gases. [23, 167].

o Temperature range: Some industrial methods (e.g. LFA, GHP) can operate
from cryogenic to above 2000°C [46, 47|, while others are restricted to

near-ambient temperature conditions.

o Atmosphere: Measurements may require vacuum, inert gases, or controlled
humidity to minimize convection and oxidation, particularly in LFA or hot
wire setups [49, 167].

e Sample geometry: Certain techniques require specific sample shapes. Thin
discs or plates for LFA [47] or GHP [162], thin films for Nano-Thermoreflectance
(NTR) [168], while others are more flexible (HST [50, 52], LIT [24, 25]).

e Non-destructive vs. destructive: Optical methods such as LIT and HST
can be designed to allow completely non-destructive testing [166, 169],
while LFA and other methods may require machining samples to standard

geometries [162].

o Speed and throughput: Transient methods (LFA, NTR, LIT, HST) allow
rapid measurements in nanoseconds to minutes [24, 46, 168], while steady-
state methods often require minutes to hours to reach equilibrium [162,
163].

In the following sections, the most widely established thermal measurement
techniques applied in the field of fiber-reinforced composites are briefly introduced.
The methods are categorized into steady-state and transient approaches. Based
on this overview, an appropriate technique is subsequently selected and improved
to enable an precise determination of the anisotropic in-plane thermal properties
of CFRP materials.
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Steady-State Methods

Guarded Hot Plate (GHP) The guarded hot plate method is regarded as
the primary steady-state technique for determining the thermal conductivity
of insulating materials. It is standardized in ASTM C177 [163] and ISO 8302
[162]. The apparatus consists of a central electrically heated metering section
surrounded by a guard heater to minimize lateral heat flow. The specimen is
placed between the hot plate and the cold plate, establishing a unidirectional
temperature gradient. The heat flux through the sample is determined from the
electrical power supplied to the metering section, while the temperature difference
across the sample is measured with embedded sensors. From Fourier’s law, the

thermal conductivity is obtained as:

QL

where @ is the measured heat flow, L is the thickness of the specimen, A is the
measuring area and AT is the mean temperature difference. Due to the guarded
design and power-based flux determination, the GHP method achieves high
accuracy, typically within 1-3% under carefully controlled conditions. However,
measurements require large, machined specimens and long equilibration times,
often extending to several hours. The GHP is therefore best suited for reference
measurements, certification, and laboratory studies demanding high precision.
[163, 170]

Heat Flow Meter (HFM) The heat flow meter method is a derivative of
the guarded hot plate, employing calibrated heat flux transducers to measure
heat flow directly. It is standardized in ASTM C518 [171]. In this setup, a
sample is placed between two parallel plates maintained at different temperatures,
similar to the GHP configuration. However, instead of determining the heat
flux from electrical power input, thin-film heat flux sensors at the specimen
interfaces provide a direct measurement of the transmitted heat. The apparatus
is calibrated against reference materials of known thermal conductivity in the
same conductivity range as the sample. The HFM method provides a faster and
simpler operation than the GHP, with typical test durations of minutes rather
than hours. Its accuracy is lower (around 3-5%), limited by the precision of
the flux sensor calibration and long-term drift. Consequently, HFM is widely

employed in quality control and routine testing of materials such as polymer

88



5.1 Theoretical Background

foams, insulation boards, and building panels, where high throughput is favored

over ultimate accuracy. [171, 172]

Transient Methods

Transient thermal measurement techniques are governed by the finite time required
for a thermal disturbance to propagate over a characteristic length scale of the
specimen. For a representative length [, such as the sample thickness or the
radius of a localized heat input, the diffusion time can be estimated as

l2

e~ A
e = (5.4)

This relation shows that the temporal response observed in a transient experiment
is jointly determined by the material diffusivity and the imposed heat-flow geom-
etry. Consequently, the applicability of a given transient method is constrained
by whether the resulting diffusion time falls within the measurable time window
of the infrared detector and data acquisition system. Materials with high thermal
diffusivity or small characteristic length scales produce very short transients that
may exceed the temporal resolution of the detector, whereas low-diffusivity mate-
rials or large length scales lead to long transients with reduced signal amplitude

and increased sensitivity to noise and heat losses.

Laser Flash Analysis (LFA) The laser flash method, introduced by Parker
et al. [46] in 1961, remains the most established transient technique for bulk
solids. A thin specimen is irradiated on one side by a short laser or xenon flash
pulse, and the rear-face temperature rise is recorded by an infrared detector.
The thermal diffusivity « is calculated from the half-rise time of the transient

response according to the following equation:

12
a=0.1388 —, (5.5)

t1/2
where L is the thickness of the specimen and ¢, is the time required to reach

half of the maximum increase in the temperature of the rear face.

Subsequent refinements by Cowan [173], Cape and Lehman [48], and Clark
and Taylor [49] addressed finite pulse duration, radiative and convective heat

losses, and multilayer corrections. These improvements are codified in the
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international standard ASTM E1461 [47], which prescribes evaluation procedures
and experimental requirements to ensure reproducibility. Modern commercial
instruments also employ numerical fitting of the full transient curve to extend

accuracy across a wider range of materials and conditions. [174]

The operational range of the LFA method is inherently constrained by the
thickness of the sample, as defined by the transient diffusion time according to
Equation (5.4). For a given thermal diffusivity a, the characteristic diffusion
time must be within the dynamic range of the detector system. At short diffusion
times (i.e., for thin or highly conductive samples), the measurable signal is limited
by the temporal resolution of the infrared detector and data acquisition system,
which typically lies in the millisecond regime. Conversely, at long diffusion times
(i.e., for thick or poorly conducting samples), the signal amplitude decreases,
and the measurement accuracy becomes restricted by the temperature resolution
and baseline stability of the detection optics. As a result, for materials with
low diffusivity such as polymers and fiber reinforced composites, the thickness
of the specimen must generally remain below approximately 2mm to ensure a
suitable signal-to-noise ratio and a reliable determination of the half-rise time in
accordance with ASTM E1461 [47].
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Figure 5.5: Laser flash analysis of composites: measurement setup and thick-
ness range.

Nano thermoreflectance techniques (NTR) extend the half-rise time approach of

the LFA to thin films by exploiting the temperature dependence of the optical
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reflectivity. In a typical setup, a fast pump laser delivers a short heat pulse to the
specimen surface, while a probe laser monitors the resulting reflectivity change at
the same surface. The transient reflectivity signal is directly proportional to the
surface temperature evolution, enabling evaluation of the thermal diffusivity using
the same characteristic half-rise time concept as in LFA. Because the probed
signal originates from the heated surface rather than the rear face of the specimen,
thermoreflectance is particularly well suited for polymer films with thicknesses
ranging from a few nanometers to several micrometers and low thermal diffusivity,

where conventional LFA is inapplicable. [168]

Lock-in Thermography (LIT) Lock-in thermography is a non-destructive,
phase-sensitive technique that derives thermal transport properties from the
amplitude and phase of periodic temperature oscillations induced by modulated
heating. A specimen is excited by a laser, halogen lamp, or electrical source
with sinusoidal modulation, and the surface temperature response is captured
by an infrared camera. Through Fourier analysis of the lock-in signal, the
thermal diffusivity a and, when combined with specific heat and density, the
thermal conductivity A can be extracted. The key advantage of LIT lies in its
ability to suppress noise and increase sensitivity while offering spatially resolved
measurements. The theoretical basis and instrumentation are extensively covered
in Breitenstein et al. [166], while Fabbri and Fenici [175] and Salazar et al. [176]

introduced the early concepts of three-dimensional photothermal radiometry.

Applications to polymers and insulating solids have confirmed the utility of
the method for low-conductivity materials. Bedoya et al. [177] demonstrated
front-detection laser-spot thermography for thermal characterization of insulating
solids, achieving a reliable determination of both « and derived A. In follow-up
work, Bedoya et al. [178] showed that LIT can be implemented with non-research-
grade infrared cameras without significant loss of accuracy if acquisition and
modulation are optimized, opening the method to wider industrial use. Wolf et al.
[179] highlighted the applicability to thin films and coatings, where conventional
transient methods such as LFA fail due to constraints of the sample geometry.

A major strength of LIT is its ability to characterize anisotropic transport in fiber-
reinforced composites. Salazar et al. [176] were among the first to demonstrate
that photothermal and lock-in techniques can resolve directional diffusivities in
anisotropic solids, using angular-dependent heating and detection. Fujita and

Nagano [118] further extended the approach by using in-plane diffusivity maps
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to estimate fiber orientation distributions in CFRP laminates, allowing non-
destructive microstructural characterization. Building on this concept, Ishizaki
and Nagano [19] developed a validated three-dimensional anisotropic model
on CFRPs, showing that in-plane and through-thickness components can be
determined from a single experiment. Miyachi et al. [180] applied line-heating
LIT to discontinuous CFRPs, revealing a direct correlation between the density
distributions of the thickness, the void content, and the quality of the resin
impregnation. More recently, Bedoya et al. [25] compared laser-spot and laser-
line lock-in thermography, providing a systematic framework for measuring

in-plane anisotropy and quantifying uncertainty.

Several methodological advances have improved the scope and robustness of
LIT. Gaverina et al. [169] introduced the constant-velocity flying-spot method,
in which the moving heat source creates an anisotropic footprint that encodes
o) and oy with high precision. Salazar et al. [181] presented a step-heating
laser-spot thermography variant, simplifying the setup, by combining a low-end
laser and an entry-level IR camera, while maintaining sensitivity to anisotropic
transport. Bedoya et al. [182] explored laser-spot thermography to visualize heat
convection phenomena in fluids, emphasizing the interplay between conduction
and convective fields in open systems. These developments demonstrate the
flexibility of LIT-based approaches beyond classical modulated heating.

In conclusion, lock-in thermography has evolved from a defect-detection technique
into a quantitative tool for determining thermal diffusivity and, in combination
with density and heat capacity, thermal conductivity [166]. Its main strengths
lie in the non-contact and non-destructive nature of the method, the noise
suppression achieved through phase-sensitive detection, and the possibility of
investigating anisotropic heat transport by varying the excitation geometry [19,
25, 118, 169, 176]. These capabilities make LIT highly attractive for polymers,
thin films, and fiber-reinforced composites [177, 179, 180]. However, LIT requires
calibration and a complex model-based evaluation, and the achievable accuracy
is generally lower than that of absolute techniques such as laser flash analysis [46,
183]. In addition, the influence of convection, radiation, and boundary conditions
can complicate data models [178, 181, 182]. Alternative approaches, such as
heat-spot thermography, have therefore been developed to achieve anisotropy
sensitivity similar to that obtained with even simpler setups and analytical models
(25, 181].
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Heat-Spot Thermography (HST) Heat-spot thermography refers to a family
of transient, non-contact techniques in which a localized, typically Gaussian-
shaped heat pulse is applied to a specimen surface and the subsequent thermal
spreading is recorded by an infrared camera. The radial evolution of the tempera-
ture distribution follows the diffusion law. By fitting the temporal broadening of
the thermal profile, a can be extracted directly [24, 51, 184]. With this method,
unlike laser flash analysis, both heating and detection can take place on the
identical surface or opposite surfaces, allowing for more flexible sample geometry

requirements, especially regarding sample thickness.

A variety of methodological developments have expanded the scope of HST. Welch
et al. [50] demonstrated as early as 1987 that the angular spreading of a localized
heat spot allows the determination of in-plane anisotropic diffusivity components
in plates. Dong et al. [185] presented an infrared sequence transformation
technique for robust in situ evaluation under tilted optical conditions. Gfroerer
et al. [186] and Basheer et al. [187] adapted HST for the use of a low-cost hot
rod heating element. Genna and Ucciardello [188] applied the HST approach to

electroplated coatings, quantifying in-plane diffusivity.

The method has also been applied to polymers and composites. Pech-May et al.
[62] proposed determination of in-plane diffusivities of using focused laser-spot
illumination, giving insight into appropriate heating times, and proposing that the
measurement technique is not influenced by heat losses by convection or radiation.
Kalyanavalli et al. [189] demonstrated the determination of diffusivity in basalt
fiber-reinforced epoxy composites, highlighting sensitivity to fiber reinforcement
and interfacial coupling. Applications to insulating materials include the work
of Cernuschi et al. [51] and Bison et al. [190], who adapted thermographic spot
methods to thermal barrier coatings, allowing the simultaneous estimation of
in-plane and depthwise diffusivities. Bedoya and colleagues [177, 178, 182] further
refined laser-spot thermography to visualize convection effects in front-detection
configurations and to demonstrate that low-cost infrared cameras can deliver
reliable diffusivity values when combined with robust data processing. In addition
to static standard HST methods, Gaverina et al. [169] presented the constant
velocity flying-spot approach, in which a moving heat source creates an anisotropic
thermal footprint allowing calculation of in-plane tensorial properties with high

precision [169].

HST is a flexible non-contact technique for assessing thermal diffusivity in

a wide range of materials. Its strengths include simple experimental setups,
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flexible sample geometry requirements, and a unique sensitivity to in-plane
anisotropy, which makes it particularly attractive for polymers, coatings, and
fiber-reinforced composites. Compared with lock-in thermography, HST offers

faster implementation and lower hardware demands.

5.1.3 Selection of Measurement Technique

The selection of an appropriate thermal property characterization technique is a
prerequisite for the investigation of anisotropic heat transport in fiber-reinforced
polymer composites. The objective of this thesis is the non-destructive and
directionally resolved evaluation of in-plane thermal transport behavior over a
continuous angular domain. Conventional single point-based, mean value-based,
or directionally constrained methods are therefore insufficient, as they provide
only limited directional information and are typically restricted to predefined

heat-flow geometries.

Table 5.1: Overview of thermal conductivity and diffusivity measurement
techniques. [19, 24, 25, 50-52, 118, 166, 168-170, 172, 174-194]

Method* Type Property Range Material
a (mm?/s)
A (W/(mK))
LFA (NTR)  Transient ay 0.01-2000 Solids
LIT Transient |, L, o ~ 0.1-100 Solids
HST Transient QLo ~ 0.1-100 Solids
GHP Steady-state A 0.003-2 Solids
HFM Steady-state At 0.002-2 Solids

*Methods: LFA: Laser/Xenon Flash Analysis; NTR: Nano-Thermoreflectance; LIT: Lock-in
Thermography; HST: Heat-Spot Thermography; GHP: Guarded Hot Plate; HFM: Heat Flow
Meter.

HST was selected as the primary experimental technique because it enables
spatially resolved analysis of in-plane thermal diffusion following localized optical
excitation. By applying a Gaussian-shaped laser heat source and recording the
resulting spatiotemporal surface temperature field, the method allows the indi-
rect evaluation of thermal diffusion behavior along arbitrary in-plane directions

without requiring prior knowledge of material symmetry or fiber orientation.

The technique is inherently non-destructive and contact-free, relying solely on
optical excitation and infrared thermographic detection. Sample preparation
is minimal, and the measurable lateral dimensions are not constrained by the

method itself but by the optical field of view and excitation positioning, enabling
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application to specimens ranging from laboratory-scale coupons to large structural

components.

A overview of the presented techniques is provided in Table 5.1, covering the
properties measured, the measurement range, the appropriate material classes,

and the potential ability to resolve anisotropy.

5.1.4 Thermography

Infrared thermography is based on the measurement of thermal radiation emitted
by matter as a consequence of its temperature. As emphasized by Maldague
[41], an infrared camera is fundamentally not a thermometer but a radiometer, it
measures radiance within a given spectral band, from which a temperature can

only be inferred under additional assumptions.

Any body at a temperature above absolute zero emits electromagnetic radiation
with a spectral distribution governed by Planck’s law. For an ideal blackbody,
the spectral radiance is given by [41]

2hc? 1
A5 hc ’
exp(AkBT> -1

where h is Planck’s constant, ¢ the speed of light, kg the Boltzmann constant, A

Nop(A,T) = (5.6)

the wavelength and T" the absolute temperature.

Real materials deviate from blackbody behavior and are therefore characterized
by an emissivity ¢, defined as the ratio of the emitted radiance to that of a
blackbody at the same temperature. More generally, emissivity is not a constant
but depends on wavelength, temperature, surface condition, and viewing direction.

This leads to a specific object radiance [41]
Nobj(A, T,0) =eNpp, with € =¢e(X\T,0), (5.7)

where 6 denotes the observation angle.

Infrared thermography exploits the temperature dependence of thermal radiation
by measuring radiance within a finite spectral band and converting it into an
apparent surface temperature. In the present work, long-wave infrared (LWIR)
thermography is used, with a spectral sensitivity of approximately 7.5-14 pm,

which is well suited for near-ambient temperatures.
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For real surfaces, the camera detected radiance results from a superposition
of emitted, reflected, and transmitted contributions, governed by the surface
emissivity ¢, the reflectance p = (1—¢), and the transmittance 7 of the intervening

medium.

Consequently, the radiance received by the camera can be schematically expressed
as [41]
Necam = Tatm [ENbb + (1 - €)Nenv] + (1 - Tatm)Natma (58)

where Nop; denotes the radiance of the object, Nenv represents the radiance
originating from the surrounding environment and reflected by the surface of the
object, and Natm accounts for atmospheric self-emission along the optical path.
The factor 7Tatm describes the atmospheric transmittance between the object and

the camera.

As a consequence, the temperature reported by an infrared camera represents an
apparent temperature that coincides with the true surface temperature only if
the emissivity, environmental reflections, and atmospheric effects are accurately
known and controlled. These dependencies impose a fundamental limitation on
absolute temperature measurements by infrared thermography. In experimental
practice, uncertainties due to spatially varying emissivity are commonly reduced
by applying thin, high-emissivity surface coatings (e.g. graphite), which establish
a uniform radiative boundary condition with low influence on in-plane heat
diffusion [99, 195].

For transient thermographic experiments, additional uncertainty arises from
detector noise and temporal drift. In Heat-Spot Thermography, this limitation is
addressed by focusing on relative temperature fields and their spatiotemporal
evolution rather than on absolute temperature values. This approach substan-
tially relaxes calibration requirements while retaining full sensitivity to thermal

diffusivity and anisotropy.

5.1.5 HST: Governing Equations and General Form

Although HST, as described in Section 5.1.2, has long been used to character-
ize thermal diffusivity [51, 52, 118], ambiguities have persisted, especially for
anisotropic media, regarding what directional quantity is actually measured and
how it should be reconstructed from transient temperature fields [176, 196]. The

following chapters therefore aim to provide a clear and systematic interpretation
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of the underlying physical quantities and their extraction from experimental
data.

HST can be formulated as a transient, anisotropic heat-conduction problem
in which a localized optical excitation deposits energy in the specimen and
the ensuing spatiotemporal temperature field is recorded at the surface. In its
most general theoretical form, the method rests on a constitutive relation for
anisotropic conduction, local energy conservation, and the resulting transient
heat equation. For pulsed or short-time excitation, the temperature field can
be expressed compactly using the Green’s function of the anisotropic diffusion
operator, which provides a direct link between the excitation and the observed

temperature evolution.

Fourier’s law

In anisotropic media, the conductive heat flux q is related to the temperature
gradient by Fourier’s law [197] with a second-order thermal conductivity tensor
K [15, 198]:

q(x,t) = — K VT(x,1). (5.9)

The tensor K is symmetric and positive definite for physically admissible materials,

ensuring non-negative dissipation and well-posed diffusion.

First Law of Thermodynamics

Local conservation of energy yields the balance between the rate of change of
internal energy, the divergence of the heat flux, and volumetric heat sources.
Introducing the volumetric heat capacity C' = pc, and a volumetric source term
s(x,t) gives [15]
T (x,t

c% = — V- q(x,t) + s(x, 1). (5.10)
In HST, s(x,t) represents the effective energy deposition associated with laser
absorption (often modeled as a temporally short input for pulsed excitation or as

a prescribed temporal profile for continuous excitation).
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Transient Heat Equation

Combining Equations (5.9) and (5.10) yields the anisotropic transient heat
equation [15]

oT(x,t
C% = V- (K VT(x,t)) + s(x,1). (5.11)
It is convenient to introduce the thermal diffusivity tensor
K
D=— 5.12
C ? ( )

so that the governing operator is expressed in terms of D when C' is spatially
uniform. In the idealized infinite-medium limit and in the absence of boundaries,
the evolution of T is then determined by the anisotropic diffusion operator

associated with D.

Green’s Function — Solution of the Heat Equation

For an instantaneous point-like energy input @) deposited at x = 0 and ¢t = 0

(i-e., s(x,t) = Qd(x) d(t)), the temperature field in an unbounded n-dimensional

anisotropic medium admits a closed-form Green’s-function representation. The

resulting fundamental solution is [199]
Q 1

T(x,t) = % ———————— exp|—
() C (47t)n/2y/det D Xp{

Ty-1

x D 'x

_— t>0. 5.13
al BIRE (5.13)

Equation (5.13) shows explicitly that material anisotropy affects both the spatial

decay and the amplitude of the temperature field: the directional spreading of

heat is governed by the quadratic form x ' D~ !x in the exponential term, while

the normalization factor v/ det D controls the overall amplitude of the response.

Principal directions and isotropic limit

Let D be diagonalizable with orthonormal eigenvectors and eigenvalues a; > 0,
such that D = Rdiag(ai,...,a,)RT. In the principal coordinate system
x’ = R7x, the exponent in Equation (5.13) separates into a sum of directional

contributions,
n 2

Tr-1 Ty
x D 'x= E O
Qg

=1
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so that diffusion proceeds with direction-dependent characteristic lengths ~ v/a;t
along the principal axes. In the isotropic limit, D = a I, Equation (5.13) reduces
to the standard isotropic Green’s function [15, 199],

_Q__ 1 _xP
T(x,t) = C (rat) 2 exp( 1ol | t > 0. (5.14)

5.1.6 HST: Specialized 2D Orthotropic Formulation

This subsection specializes the general HST formulation in Section 5.1.5 to the
most relevant case of in-plane heat diffusion in a two-dimensional orthotropic
medium, representative for unidirectional fiber-reinforced composites. The prin-
cipal material axes are assumed to be aligned with the Cartesian coordinates
(z,y). The in-plane thermal diffusivity and conductivity tensors are therefore

diagonal and given by
D = diag(aw, o), K = diag(Az, Ay), K=CD, (5.15)

with volumetric heat capacity C' = pcp.

Transient Heat Equation and Green’s-Function Solution

Starting from Fourier’s law (5.9) and the local energy balance (5.10), the general
transient heat equation (5.11) reduces, for spatially uniform D and an unbounded

in-plane domain, to the orthotropic diffusion equation [199]

9T 9T

T (z,y,1) o v e

R? )
91 (z,y) eR*, t>0

(5.16)
This form highlights that the spreading rates along x and y are governed by the

= V-(DVT(m,yﬂf)) =,

principal in-plane diffusivities a; and a,,.

For an instantaneous point-like energy input @ at (z,y) = (0,0) and ¢ = 0, the
fundamental solution of Equation (5.16) follows directly as the n = 2 specialization

of the general anisotropic Green’s function (5.13) [199]:

Q 1 22 y?
T t)=—= ————— — — t . 17
(@9,1) C Art \[az 0y °xp dagt Aoyt |’ >0 (5.17)
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The temperature field remains Gaussian in space, while its widths evolve anisotrop-

ically according to the principal diffusivities.

Isotherms

Isotherms of Equation (5.17) are obtained by fixing a temperature fraction
f € (0,1) relative to the peak value, i.e. T = f7(0,0,t). This yields

2 2

z Yy
= =—Inf. 1
dagt + 4oyt © ¢ nf (5.18)

Contours are therefore ellipses with time-dependent semi-axes
a(t) = Vicast, b(t) = \/4cayt. (5.19)

A schematic illustration for an orthotropic material with anisotropy factor

oz /oy = 10 is provided in Figure 5.6a.

Heat Flux and Temperature Gradients

Fourier’s law (5.9) implies that ¢ = —KVT. For orthotropic media, q and VT
are generally not collinear, except when the gradient is aligned with a principal
axis. Consequently, off-axis diffusion exhibits direction-dependent skew between
heat-flux and temperature-gradient vectors. A schematic visualization of q and
VT for az/cy = 10 is shown in Figure 5.6b. [176]

Principal Thermal Diffusivities

Two evaluation routes are considered to estimate the principal in-plane diffusivi-

ties.

(i) From Gaussian profile widening (Variant 1) Along the principal axes,

Equation (5.17) reduces to one-dimensional Gaussian profiles [16],

) , T(0,y,t) x exp (— v’ ) . (5.20)

4oyt

2

T(x,0,t) x exp (_4a ;
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(a) Isotherms after laser-spot heating of an (b) Heat flux gradients and tempera-
orthotropic material. ture gradients.

Figure 5.6: Schematic in-plane representation of isotherms, heat flux, and
temperature gradients after laser-spot heating of an orthotropic
material.

Defining the corresponding squared width parameters yields

ba(t) = dast,  bi(t) = dayt, (5.21)
and therefore ) )
1 dbz 1 dby,

(ii) From isotherm growth over time (Variant 2) Selecting a fixed fraction
f €(0,1), and thus a fixed ¢ = —In f in Equation (5.18), the squared semi-axes

follow linear growth laws,
2 2 2 2
a”(t) =4cazt+ ag, b7(t) = dcay t + by, (5.23)

where a2 and b3 are offset parameters, capturing the combined influence of non-
ideal excitation and measurement effects (e.g., finite source size and duration).

The principal diffusivities are then obtained from the slopes,

1 da? 1 db?
S , _ @ .24
@ 4c dt %y 4c dt (5.24)
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Directional Properties

Let n(d) = (cosf,sinf) " denote a unit direction at angle § with respect to the

T-axis.

(i) Directional resistivity to diffusion In practical photothermal measure-
ments with prescribed surface heat flux, the experimentally accessible directional
metric is naturally associated with the inverse diffusivity tensor D!, motivating
the definition of the directional resistivity to diffusion r¢ [176, 200]:
2 . 2
cos“ 0  sin“ 6 1
= (5.25)

Az Qay Qg

Ty-1
ro=n D n=

Equivalently, one may write the inverse representation

1 Qg Oly
— = : . 5.26
Te  Qmsin? 0+ ay cos? 0 (5:26)

Here r, = 1/a, and r, = 1/a, are the principal resistivities. The inequality in
Equation (5.25) emphasizes that equal-resistivity and equal-diffusivity contours

coincide only along the principal axes.

(ii) Directional thermal diffusivity The directional thermal diffusivity is
given by [176, 200]

1
ap =n' Dn = a, cos® 0 + a, sin® 0 # e (5.27)
0

(iii) Directional thermal conductivity With A, = Ca; (i = z,y), the
directional conductivity follows as

Ao = A cos® 0+ Ay sin® 0 = C ag = C (o cos” 0 + a sin® 6). (5.28)

Equations (5.25)—(5.28) extend the principal values to arbitrary in-plane direc-

tions.
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Figure 5.7: Schematic directional dependence of g and 1/rg.
5.1.7 HST: Specialized 2D Isotropic Formulation

This subsection considers the isotropic limit of the general HST formulation

presented in Section 5.1.5. For isotropic materials, such as polymer matrices, the
thermal diffusivity is identical in all spatial directions,

Qp = Qy = Q,

(5.29)

and the diffusivity tensor reduces to

D =al, (5.30)

where I denotes the identity matrix.

Transient Heat Equation and Green’s-Function Solution

With D = al, the general transient heat equation (5.11) simplifies to the isotropic
diffusion equation in two dimensions,

W =aVT(x,t), x€eR? t>0. (5.31)
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For an instantaneous point-like energy input ) applied at the origin, the cor-
responding Green’s-function solution follows directly as the n = 2 isotropic
specialization of Equation (5.13) [199]:

_Q 1 r? — S22 L2
T(r,t) = ¢ 1ot P\ ~1az | r=+/x2+y2 t>0. (5.32)

Isotherms

The temperature field is radially symmetric, and all isotherms are circular. Fixing
a relative temperature level T/T(0,0,¢) = f € (0,1) yields

r(t) = datc, c=—Inf, (5.33)

demonstrating that isotherm radii grow diffusively with time. A schematic

representation of the resulting isotherms is shown in Figure 5.8a.

g =
77| Anisotropy a,/a: 1.0
— VT
— Isotherms

=

2

e}
8 Ty
12 2 3
3 £ 3
> 2. >
] E =
= [ =
& | &0

Z

= —0.50

=0.75 [
75 EEEERES 3
: — ,10‘4 4 AR === Sts o w e P pal
0.0 . R ‘*01.00 —0.75 —0.50 —-0.25 0.00 025 050 0.75 1.00
Radial x distance Radial x distance

(a) Isotherms after laser-spot heating of an (b) Heat flux gradients and tempera-
isotropic material ture gradients.

Figure 5.8: Schematic in-plane representation of isotherms, heat flux, and

temperature gradients after laser-spot heating of an isotropic
material.

Heat Flux and Temperature Gradients

For an isotropic material, the thermal conductivity tensor reduces to a scalar
multiple of the identity, K = AI, such that Fourier’s law q = —KVT implies
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strict collinearity between the heat-flux vector q and the temperature gradient
VT for all directions. Consequently, heat propagation and temperature decay are
directionally invariant, and no angular dependence or skew between q and VT
arises. This behavior contrasts fundamentally with the orthotropic case, where
anisotropy leads to a directional misalignment between heat flux and temperature
gradient except along principal material axes, as discussed in Section 5.1.6. A

schematic visualization of q and VT for a;/ay = 1 is shown in Figure 5.8b.

Determination of Thermal Diffusivity

The scalar thermal diffusivity can be extracted from the spatiotemporal tempera-

ture field using two equivalent evaluation strategies.

(i) From Gaussian profile widening (Variant 1) Along any radial direction,
for example the z-axis, Equation (5.32) reduces to a one-dimensional Gaussian
profile [16],

2
T(x,0,t) xx exp <_43;t) . (5.34)

Defining the squared width parameter b2(t) = 4at yields the equivalent relation

a=-2 (5.35)

(ii) From isotherm growth over time (Variant 2) Selecting a fixed isother-
mal fraction f € (0, 1), and thus a fixed ¢ = — In f in Equation (5.33), the squared

radius of the corresponding isotherm follows a linear growth law,
2 2
r7(t) =4dcat + g, (5.36)

where r2 is an offset parameter accounting for deviations from the ideal point-
source and imaging assumptions, such as finite excitation size and duration. The

thermal diffusivity is then obtained from the slope of the linear relation,

o=——. (5.37)
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Directional Properties

For an isotropic material with D = al, all directional thermal properties are

invariant with respect to the orientation angle 6:

ap = a, rg = é, Xo =Ca. (5.38)

5.2 Test Setup

A schematic and CAD-based overview of the experimental setup is shown in
Figure 5.9a. The complete measurement system, including the optical layout,
thermal excitation concept, temperature control, data acquisition, and evaluation
software, was designed and implemented in-house to specifically meet the require-
ments of spatially resolved thermal anisotropy measurements. Thermal excitation
was provided by a diode-pumped solid-state laser operating in continuous-wave
mode (Cobolt 06-DPL, HUBNER. Photonics) with a maximum output power
of 400 mW, a wavelength of 532 nm, and a beam diameter of 700 pm. The laser
exhibits a near-Gaussian intensity distribution with a fundamental transverse
mode (T EMoo) and a beam quality factor of M? < 1.1. All measurements were
conducted with an effective heating power of 200 mW with a heating duration
of 3s. Because of the near-ideal Gaussian beam profile, no additional optical
components were required to focus the laser onto the sample surface. The beam
redirection was achieved using a transmissive NBK-7 glass element in combination

with a reflective GE window.

The specimens were placed directly onto a highly conductive copper plate without
the use of an additional thermal coupling medium. Homogeneous heating condi-
tions at the sample surface were verified prior to laser excitation by acquiring
infrared images. The temperature control of the copper plate was performed
using a Peltier element (TEC1-12706), allowing regulation within a temperature
range of 10°C to 80°C. The resulting transient surface temperature field was
recorded using a Teledyne FLIR A645 infrared camera, maximum resolution
640 x 480 pixels (50 Hz), maximum frame rate 200 Hz) (160 x 480 pixels). All
measurements were performed with a reduced spatial resolution of 101 x 101

pixels at an approximate frame rate of 100 Hz.

To minimize heat losses due to conduction and convection, all experiments were

conducted under vacuum conditions at pressures below 10 Pa. Under these con-
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ditions, radiative heat transfer remains unaffected and constitutes the dominant
heat loss mechanism. Image acquisition and data analysis were performed using
a custom Python 3.10 [201] application that incorporates Matplotlib [202] and
SciPy [203], with a graphical user interface implemented using NiceGUI [204]. All
temperature fields are presented as relative temperature changes AT, obtained
by subtracting a reference image acquired under ambient conditions prior to laser
heating from each subsequent thermogram. Since the analysis relies exclusively on
relative temperature variations, this procedure does not affect the interpretation
of the results. For statistical robustness, five independent measurements were
performed for each experimental configuration, defined by the combination of

sample and reference temperature.

M

Element

(a) Schematic overview of the heat-spot- (b) CAD-based overview of the heat-
thermography setup. spot-thermography setup.

Figure 5.9: Schematic and CAD illustrations of the experimental setup for
anisotropic thermal measurements.

5.3 Analysis Methodology

In the present evaluation framework, the theoretical foundation of HST for
orthotropic materials, as developed in Section 5.1.6, is adopted as the basis for the
interpretation of the data. Building on this formulation, the evaluation routine is
optimized by directly determining the directional resistance to diffusion, rg, from
the measured temperature fields. This is achieved through two complementary
and robust approaches: (i) Gaussian fitting and (ii) isothermal fitting of the

temperature profiles. The resulting principal values of 7y provide a stable quantity
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from which the directional thermal diffusivity g of the composite is subsequently
calculated. Finally, an analytical model based on an adapted rule of mixtures is
introduced to relate the measured composite diffusivities to the effective thermal

diffusivities of the individual constituents, namely fiber ay and matrix am,.

The thermal measurement and processing workflow proceeds as shown in Fig-
ure B.4.

For illustrative purposes, the figures presented in this section are based on
experimental data obtained from a representative 120 gsm UD-CFRP specimen
(UD-120). Figures 5.10a and 5.10c show the infrared images at the start and
the end of the cooling process after laser spot excitation in Cartesian coordinate
representation, defining the relevant time frame for evaluation. For a more
convenient representation of the direction-dependent evaluation, the infrared

data are first transformed into a dedicated polar-coordinate representation.

Polar Thermogram Representation

The full-length symmetric polar coordinate representation, as seen in Figures 5.10b
and 5.10d, is a coordinate transformation that maps the temperature distribution
of the two-dimensional IR image I(z,y) from Cartesian to polar coordinates.
This transformation is centered on a reference point po = (zo, y0) and evaluates
the temperature values as a function of the radial distance r and the polar angle
0 which corresponds to the direction of the sample relative to the direction of
the fiber (0° : fiber), 90° : fiber,). First, a standard polar warp W(0,r) is
calculated with 6 uniformly sampled between 0° — 360° and r € [0,71], with 1
as the outer radius of the sample. The warp evaluates the Cartesian image at

polar locations by interpolation.

W(0,r) = I(xo +1rcosb, yo + rsinb), 0 €[0,2m), r € [0,r1]. (5.39)

Then a full-length radial extension is constructed by pairing opposite directions
and assigning them to negative radii. Concretely, the directions 6 € [r, 27) are
mapped to § — 7 € [0, ) with the radius sign flipped; this yields a representation
on r € [—r1,r1] while keeping only 6 € [0, 7]:
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Figure 5.10: IR images at the start (top row) and end (bottom row) of the
cooling process after laser spot heating of a 120 gsm unidirec-
tional CFRP laminate (UD-120).
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P@O,r) = (5.40)
W(@+mn,—r), r<0,60¢cl0,n]

Axial symmetry, which implies an orthothrope material, is imposed with respect
to the § = 7 axis by averaging each ray with its mirror 7 — 6. Because this makes

the two halves redundant, we retain only the first quadrant.

S@,r) = %[P(Q, r)+ P(m — G,T)], 6el0,%], 7€ [—r,m] (5.41)

This procedure yields a compact, symmetry-aware polar representation that is
well suited for analyzing direction-dependent temperature profiles line-by-line,
while avoiding redundant data at opposite directions and substantially reducing

computational effort.

Directional Diffusivity and Resistivity

A central point for HST of anisotropic material is that the boundary condition
is heat-flux prescribed, as shown in Figure 5.6b. As a consequence, the angular
dependence probed by a circular spot follows the inverse-diffusivity form rg =
n" D™ 'n, and the measured directional quantity is its reciprocal 1/r rather than
the arithmetic projection ag = n' D n, except on the principal axes where both
coincide. Previous works [200, 205] precisely highlight this distinction and its

practical impact on data interpretation in anisotropic materials.

In this section, the formulation relevant for determining in-plane directional
thermal transport properties from laser-spot heating experiments on orthotropic
materials is summarized. The description is expressed in terms of the thermal
resistivity tensor R, which provides a natural framework to represent anisotropic
heat diffusion and to link experimental observables with the parameters of the

underlying material.

(i) Anisotropic heat equation in principal axes For an orthotropic material
with in-plane principal axes x = (z, y)T and principal diffusivities o = o and

ay = a, the tensors
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a, 0 1 agl 0
D= , R=D " = , (5.42)
0 ay 0 a;l

govern transient heat conduction as described by the anisotropic heat diffusion

equation (5.16). The corresponding Green’s function for an instantaneous point
energy input in an unbounded medium with respect to R can be derived from
Equation (5.13) as

exp {— — xTRx} , t>0, (5.43)

(ii) Directional resistivity in polar form Introducing polar coordinates

x = (z,y)" =7(cosh,sinh) " and the corresponding unit direction vector

n(f) = (COS 9) ; (5.44)

sin 6

the quadratic form appearing in the Green’s function (5.43) can be written as

x Rx=7"n"Rn=rry, (5.45)

with the directional resistivity to diffusion rg as defined in Equation (5.25). The

final temperature field in polar coordinates with respect to R thus becomes

T(r,0,t) = % (5.46)

1 ox _r27“9
Art, Qg0 P 4 |

(iii-1) Radial Gaussian broadening (Variant 1) For any fixed direction
0, the polar Green’s function in Equation (5.46) represents a one-dimensional
Gaussian in the radial coordinate r. Up to an amplitude factor depending on t,

its radial dependence can be written as

2
r

b2(t, 0)

} L e =2 (5.47)

T(r,0,t) x exp |:— .
0
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Experimentally, the radial temperature distribution T'(r, 0, t) is evaluated as a
function of time and fitted to the Gaussian form in Equation (5.47), yielding
the temporal evolution of the squared Gaussian width b%(¢, ). The progressive
broadening of the temperature profile during the cooling phase is illustrated in
Figure 5.11. Panel (a) shows the full-length symmetric polar representation of
the infrared data at the representative direction § = 0°, while panel (b) depicts

the corresponding Gaussian representation in accordance with Equation (5.47).
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Figure 5.11: Evolution of the temperature profile over time in fiber-direction
(0° : fiber)) during cooling process of a 120 gsm unidirectional
CFRP laminate (UD-120).

Equation (5.47) predicts a strictly linear evolution. Thus, the experimentally mea-
sured diffusive broadening slope provides direct access to the inverse directional
resistivity to diffusion

1 1db?

. = EE(Q). (5.48)
For anisotropic materials, the evaluation is performed independently for each
in-plane direction 6, so that the inverse directional resistivity to diffusion is
obtained as a directional quantity. This directional dependence is illustrated in
Figure 5.12a. Owing to the in-plane orthotropic symmetry of UD-CFRP, the
resulting directional properties are fully represented within a single quadrant and

are therefore reported as quarter-plane plots, as shown in Figure 5.12b.
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Figure 5.12: Directional diffusive broadening, inverse thermal resistivity and
diffusivity of the Gaussian analytical model of a 120 gsm unidi-
rectional CFRP laminate (UD-120).

(iii-2) Polar isotherm evolution (Variant 2) As an alternative to the
Gaussian-profile analysis, the directional inverse resistivity 1/ may alternatively
be obtained from the temporal growth of fixed-fraction isotherms, as detailed
in Section B.3. Both approaches exploit the same underlying Green’s function
solution and yield similar angular dependences. In practice, Gaussian fitting is
preferred due to its improved robustness against noise and its use of the full radial
temperature profile, whereas isotherm-based methods rely on a single contour

level.

(iv) Principal diffusivities and «ay reconstruction Following the definition
of the directional resistivity to diffusion in Equation (5.25), its inverse is given
analytically by Equation (5.26). The experimentally accessible quantity 1/rg,
obtained from the Gaussian broadening slope via Equation (5.48) (Variant 1), or
Polar isotherm evolution via Equation (B.6) (Variant 2), is therefore fitted to
Equation (5.26) to determine the principal in-plane thermal diffusivities a, and

oy
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5 Anisotropic Thermal Properties

In the special cases where the evaluation direction coincides with a principal

material axis, the principal diffusivities follow directly from Equation (5.25) as

1 1

Tz Ty

Once the principal values are known, the conventional directional thermal dif-
fusivity is uniquely reconstructed using the tensorial definition Equation (5.27),
as shown in Figure 5.12b. From these results, derived quantities such as the
directional thermal conductivity can subsequently be calculated, as already shown
in Equation (5.28).

Analytical Models

Analytical modeling of the anisotropic thermal diffusivity of unidirectional fiber-
reinforced composites is based on established approaches that were originally
developed for thermal conductivity in heterogeneous materials. Pietrak and
Wisniewski [22] provide a comprehensive overview of these models, including
their applicability and limitations for composite materials. In long fiber reinforced
composites, effective thermal conductivity is primarily determined by intrinsic
conductivities of the fibers and the matrix, the volume fraction of the fiber, and the
degree of anisotropy introduced by the fiber orientation, while interfacial thermal
resistance at the fiber-matrix boundary and microstructural characteristics (e.g.
spatial heterogeneity, fiber waviness, misalignment, porosity, voids) remain critical

factors controlling heat transfer.

To model the anisotropic in-plane thermal metric

a, (diffusivity domain)
‘= (5.50)
1/r, (inverse resistivity domain)

for unidirectional fiber reinforced composites, the following approach is proposed:
The rule of mixtures (RoM) allows an estimation of material properties by
weighting the contributions of matrix (m) and fibers (f) according to the fiber
volume fraction ¢y. RoM-approaches have been used successfully to model the
stiffness, heat capacity, mass density, and thermal conductivity of composite
materials [206]. To capture directional and microstructural effects, a generalized

power mean approach with a single shape parameter —1 < n <1 is used [207].
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5.3 Analysis Methodology

1

Xrom = (1= f) - xm + @5 XF)" (5.51)

This leads to the longitudinal thermal metric being represented by the arithmetic
RoM, which corresponds to the fiber-parallel model by Voigt [66]. The transversal
thermal metric is represented by the inverse RoM, which corresponds to the
fiber-perpendicular model by Reuss [67]. The irregularity at n — 0 is represented
by a logarithmic mixture model by Simpkin and Lichtenecker [208, 209].

(I =¢f) xm+@s-x, n=+1 (Voigt [66]) (5.52)
xm 5T XE n—0 (Simpkin [208]) (5.53)
Xrom = 1
(uw) + W) , n=-1 (Reuss[67)) (5.54)
Xm Xf

Building on the RoM introduced above, we express the orientation dependence
of the effective thermal metric xs,rom by the general directional laws according
to Equations (5.26) and (5.27) with respect to the principal material directions
of the unidirectional laminate. The Voigt model [66] is generally accurate for
fiber-parallel properties, whereas the Reuss model [67] tends to underestimate
transverse properties [210]. To consistently combine both principal values, the

following formulation is proposed:

1 XH romXL,rom 1

-~ : == 5.55

T0,rom XL,rom C052 0 + XH,TOm Sil’l2 0 (X 7") ( )

@0, rom = X||,rom C032 0+ XL, rom Sin2 0 (X = a) (556)

and
Xl;rom = Xrom(n = 1) =1 =¢r)xm + ¢rxs (5.57)
1
XL,rom = X'rom(n = nL) = ((1 - Sof) X'f”rLLL + Lf X;LL) L (558)

Here, xm and x; denote the thermal metrics of the matrix and fiber, ¢y is

the volume fraction of the fiber and n, defines the shape parameter for the
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5 Anisotropic Thermal Properties

transverse direction. This compact formulation links the rules of mixture with

general directional laws and allows a direct fit with the experimental data.

5.4 Results and Discussion

5.4.1 Thermal Measurements: Matrix and CFRP

The following section provides a detailed analysis and discussion of the results
obtained from Gaussian distribution widening for the 120 gsm UD-CFRP (UD-
120) and ThinPreg 402 neat matrix samples.

Figure 5.13a shows the thermal diffusivity of the ThinPreg 402 matrix at Trer =
20+ 1°C. As expected for an isotropic polymer, the diffusivity remains effectively
constant regardless of the measurement direction. The nearly circular elliptical
fit reproduces the experimental data with good accuracy, demonstrating the
effectively homogeneous thermal transport behavior of the neat matrix in the
absence of fiber reinforcement. The resulting anisotropy ratio o /ovr = 1.00£0.04,

confirms the isotropic in-plane diffusivity within experimental uncertainty.
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Figure 5.13: Direction and temperature-dependent thermal diffusivity of neat
matrix ThinPreg 402.

Figure 5.14a shows the mean thermal diffusivity and corresponding standard
deviation of the 120 gsm UD-CFRP at Tyer = 20 & 1,° C. The material exhibits
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5.4 Results and Discussion

the expected strong in-plane anisotropy, with maximal diffusivity along the fiber
direction (6 = 0°) and minimal values transversely (§ = 90°). This directional
contrast reflects the dominant heat-transport contribution of the carbon fibers.
The resulting composite in-plane anisotropy ratio o /a1 = 7.00 & 0.50 confirms
pronounced anisotropic thermal behavior.
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Figure 5.14: Direction and temperature-dependent thermal diffusivity of a
120 gsm unidirectional CFRP laminate (UD-120).

5.4.2 Analytical Model

By applying the rule-of-mixtures formulation in Equation (5.56), the directional
thermal diffusivity profile of the UD-CFRP can be reproduced under the given
material assumptions, as shown in Figure 5.15a. To avoid parameter degeneracy,
the diffusivity of the matrix ay, = 0.21 mm?/s and the fiber volume fraction p; =
60.3 vol.% were fixed using independent measurements, as described in Section 3.2.
The additional RoM parameter n; compensates for the underestimation of

transverse transport inherent to the classical formulation of Reuss [67].

The analytical predictions show good agreement with the experimental data,
yielding an ideal coefficient of determination. In the fiber-parallel direction,
the analytical approximation matches the measurements within their statistical
uncertainty and results in a fiber diffusivity of ay = 8.64 mm?/s, reflecting

the dominant role of carbon fibers in longitudinal heat transport. In contrast,
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5 Anisotropic Thermal Properties

transverse heat transfer remains significantly lower due to interfacial and mi-
crostructural constraints. The resulting anisotropy ratio of the constituents

ay/am = 40.5 quantifies the strong intrinsic anisotropy.

A direct comparison of the two RoM formulations, one in thermal diffusivity
space Figure 5.15a and one in inverse resistivity space Figure 5.15b, shows that
both yield practically identical fiber properties. This confirms that the parameter
n, provides the flexibility necessary to achieve consistent model performance in

both thermal domains.
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Figure 5.15: Analytical RoM-models to predict fiber metric x for 1/ry and
ap of a 120 gsm unidirectional CFRP laminate (UD-120).

5.4.3 Temperature Dependency

Figures 5.13b and 5.14b depict the temperature dependence of the thermal
diffusivity between 10 °C and 80 °C for the neat ThinPreg 402 matrix and
the corresponding 120 gsm T700SC UD-CFRP composite (UD-120) at various
orientations. Across this range, a slight decrease in thermal diffusivity is observed.
Given that the glass transition temperature of the ThinPreg 402 matrix is
170 °C, no structural or phase-related changes in the matrix are expected in
this temperature interval. Instead, the moderate decline in «(7') is consistent

with the intrinsic thermophysical behavior of polymer-based systems: the specific
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5.4 Results and Discussion

heat capacity ¢, of the epoxy matrix increases markedly with temperature, while
the thermal conductivity A remains approximately constant or decreases slightly
due to enhanced phonon—phonon scattering, and the density p changes only
marginally. Because o = \/(pcp), these combined trends naturally result in a

gradual reduction of the effective thermal diffusivity.

Table 5.2: Overview of the material properties and investigated thermal con-
ductivities at Tyer = 20 £ 1°C.

Sample Cp P agau,” Agau, L }‘gau,H )‘gau,J_
(J/gK) (g/em®) (mm?/s) (mm?/s) (W/mK) (W/mK)
HexPly M21 1.42 1.28 0.22 0.22 0.40 0.40
Thinpreg 402 1.54 1.21 0.21 0.21 0.39 0.39
UD-268 0.79 1.58 3.24 0.44 4.04 0.55
UD-120 0.90 1.55 5.20 0.74 7.25 1.03

5.4.4 Contextualization of the Measurement Results

To ensure comparability with data from the literature, the measured thermal
diffusivities were converted to thermal conductivities using the density of the
material p and the specific heat capacity c¢,. These properties were determined
independently, with the density measured via Archimedes’ principle and the
specific heat capacity obtained from differential scanning calorimetry (DSC). The
corresponding thermal conductivity at the reference temperature Tr.r was then

calculated using Equation (5.38).

An overview of the material parameters and the resulting thermal conductivities
is provided in Table 5.2. The material properties were experimentally determined
or extracted from the manufacturer’s datasheets [211, 212]. The literature values
for the thermal diffusivity of CFRPs typically range from 2.4-3.4 mm?/s in the
fiber direction and 0.38-0.6 mm? /s in the transverse direction [52, 178], while
the thermal conductivity of neat epoxy matrices generally lies between 0.17 and
0.24 W/mK [213, 214].

The thermal transport values obtained are slightly higher than the values typically
reported in the literature for neat epoxy resins and unidirectional CFRPs. This
deviation is not unexpected, as the investigated matrix systems (ThinPreg 402
and HexPly M21) are high-quality aerospace-grade materials whose purity, low

void content and optimized cure state can inherently lead to slightly increased
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thermal transport. Moreover, the experimental configuration may contribute to
elevated apparent diffusivities: early-time in-plane heat spreading is measured
under minimal loss conditions, whereas residual through-thickness heat flow
and thermal coupling to the copper base plate can further increase the effective
in-plane response. Although the results remain physically consistent, additional
comparative studies using complementary measurement techniques are required

to establish a definitive quantitative alignment with the broader literature.

Table 5.3: Overview of RoM model results at Tyof = 20 & 1 °C and literature
values Ag rer [215, 216].

Sample Pf ny af/am am,r;m af,roé-n Af,rom Af,r‘ef

) O O (mm?*/s) (mm=/s) (W/mK) (W/mK)
UD-268 56.6 —1.00 26.3 0.22 5.54 7.83 11.3
UD-120 60.3 —0.77 40.5 0.21 8.64 11.71 9.37-12.70

The fitted RoM parameters derived from the directional thermal diffusivity
measurements are summarized in Table 5.3. The predicted fiber diffusivities
show a clear material dependence, with af om = 5.54 mm2/s for the T800S
system (UD-268) and s om = 8.64mm?/s for the T700SC system (UD-120),
reflecting the differences in intrinsic thermal transport associated with fiber grade
and processing. When converted to thermal conductivity, the resulting values
Afrom = 7.83W/mK and A rom = 11.71 W/mK fall within or close to the ranges
reported by the manufacturer [215] and the recent work by Jang et al. [216],
indicating general consistency between the predictions of the model and the

established reference data.

The fitted transverse-shape parameter n, assumes values of —1 and —0.77,
indicating that the transverse transport in the two laminates spans from the Reuss
lower bound to a moderately enhanced conduction regime. The case n; = —1
(ThickPly, UD-268) corresponds to the classical series-limit, yielding the lowest
effective transverse conductivity and reflecting strong interfacial control along
with a predominantly serial heat-flow pathway through fiber—matrix interfaces.
In contrast, n; = —0.77 (ThinPly, UD-120) increases the effective transverse
conductivity above the Reuss limit, suggesting a reduced interfacial dominance,
potentially arising from differences in fiber packing density, local alignment
quality or resin-rich regions. Minor deviations from reference fiber conductivities
are expected, as the model does not explicitly capture intra-fiber anisotropy

or mesoscale heterogeneities. Nevertheless, the overall agreement demonstrates
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that the extended RoM formulation reliably captures the essential features of
directional heat transport in UD-CFRPs.

5.5 Conclusions

This chapter established a labor- and material-efficient Heat-Spot Thermogra-
phy (HST) approach for direction-resolved in-plane thermal transport in CFRP
laminates. In contrast to conventional one-directional techniques, HST infers
anisotropy from a single localized excitation in a non-destructive, contact-free

manner with minimal sample preparation.

To achieve reproducible analysis under controlled conditions, a dedicated mea-
surement setup was developed and integrated into the software framework TCAM.
The resulting workflow couples laser excitation, temperature control, synchro-
nized infrared acquisition, automated evaluation, and standardized reporting.
Controlled boundary conditions over Tief € [10,80} °C and vacuum operation
at p < 10Pa suppress convective and gas-conduction losses, leaving radiative
exchange as the dominant heat loss mechanism. These controlled conditions im-
prove comparability, while automated replicate measurements increase statistical

robustness.

A key outcome is the physically consistent interpretation of HST under a pre-
scribed heat-flux boundary condition: the circular heat spot probes the inverse-
diffusivity projection so that the direction-resolved observable is 1/r¢ rather
than g except on the principal material axes. Two consistent extraction routes
for 1/re were established, based on Gaussian-profile broadening and isotherm
evolution, allowing a choice between robustness and computational efficiency

without changing the inferred angular dependence.

Measurements on neat polymers and unidirectional CFRP confirmed full recon-
struction of the orthotropic in-plane diffusivity tensor (oz”,oz J_) from a single
specimen, with principal values and anisotropy ratios consistent with data from
the literature. Furthermore, the generalized rule-of-mixtures formulation allows

constituent properties to be derived from the measured thermal diffusivity.

Future work can reduce the laser heating duration toward an impulsive excitation
to even better match analytical assumptions. In addition, the methodology could
be extended to identify through-thickness diffusivity by implementing excitation
and observation on opposite sides of the specimen.
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Electrical charge transport in CFRP laminates is inherently direction dependent:
electrically conductive carbon fibers provide preferential pathways along their
axial direction, whereas the polymer matrix is insulating. At the laminate
scale, the resulting macroscopic response is therefore governed not only by
constituent conductivities and fiber volume fraction, but also by the realized fiber
orientation state and the continuity of the conductive network, including fiber—
fiber and ply—ply contacts. These features produce strong electrical anisotropy,
i.e., a pronounced directional dependence of conductivity that can span several
orders of magnitude between the fiber direction and transverse/through-thickness
directions [29, 30, 35, 217, 218]. A sound theoretical description of this anisotropy
is essential for applications including lightning strike current paths [219, 220],
electromagnetic shielding [27, 36, 37], induction processes [221-223], and electrical
self-sensing/structural health monitoring [224, 225].

For the electrical characterization strategy pursued in this thesis, resistance-
based measurements provide a complementary, non-destructive route to quantify
direction-dependent charge transport at the structural scale and to extract physi-
cally interpretable in-plane transport parameters that are suitable for comparison

across specimens and processing states.

Chapter 6 develops a geometry-aware route to identify orthotropic in-plane
electrical properties from angle-resolved resistance measurements on regular n-
gonal prismatic specimens. The central idea is that the measured resistance
between opposite faces, R(6;), varies systematically with the angle 6; between
the imposed current path and the fiber-parallel reference direction. By defining
this reference using the fiber orientation information © established in Chapter 4,
the angular resistance dataset can be interpreted in a physically meaningful
coordinate system and reduced to principal in-plane resistivities that are directly
comparable across lay-ups and manufacturing conditions. The chapter further
accounts for measurement-specific contributions, most importantly contact- and

electrode-related effects, within the analytical identification framework.
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The theoretical foundations required for this evaluation, including anisotropic
conduction concepts and the measurement formulations used in this work, are
summarized in Section 6.1. The experimental implementation is then introduced
in Section 6.2, followed by the analytical evaluation methodology in Section 6.3.
The resulting parameter identification and model performance are assessed in Sec-
tion 6.4, and the consolidated implications for electrical transport characterization

within the broader thesis context are summarized in Section 6.5.

6.1 Theoretical Background

6.1.1 Electrical Anisotropy
Carbon Fibers

The axial electrical transport of carbon fibers is commonly quantified by the
filament resistivity p and its inverse, the electrical conductivity o, and it is
strongly influenced by precursor and processing state. In practical measurements
on fibers and tows, the electrical response is typically assessed along the fiber
axis, because this direction governs charge transport in most composite-relevant
applications and enables comparatively robust measurement when the gauge
length, filament count (for tows), and contact conditions are controlled. In the
study by Safarova and Gregr [61], several commercial PAN-based and pitch-based
fiber tows were characterized, and the resulting data provide a clear separation
between the two fiber families: PAN-based tows exhibit substantially higher
resistivities than pitch-based tows, corresponding to lower conductivities in the

fiber direction.

Beyond precursor type, the reported data highlights that resistivity correlates
with material density and, by implication, with the degree of graphitization and
structural perfection attained during high-temperature treatment. Specifically,
the pitch-based fibers in Safarova and Gregr [61] show higher densities (on
the order of ~ 2.12-2.17 g/cm?®) and markedly lower axial resistivities (about
pfpiteh = (3.5-4.5) x 1075 Qm) than the PAN-based fibers (densities around
~ 1.78-1.81 g/cm® and resistivities roughly pspan = (1.0-1.8) x 107> Qm).
This systematic offset is consistent with the well-established observation that
pitch-derived fibers can be processed to a more highly graphitized state than
typical PAN-derived fibers, yielding higher axial conductivities. Importantly, for
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engineering use, this means that literature conductivity values are not transferable
across carbon fibers as a generic class; rather, they must be interpreted at the level
of fiber family and, ideally, specific fiber type. The density—resistivity relationship
and the distinct clustering of PAN- and pitch-based fibers are illustrated in
Figure 6.1a.

le=5

Fiber precursor Carbon fiber type

® PAN IMS60 E13 24K

Pitch UTS50 F13 12K

Celion 3000
Celion 6000
Dialed K63712
Granoc CN-80
Panex 35 S0k
T700S

20

)

W
mK

°
L]
a
i
v
®
]
*

60 - ’ T

Electrical resistivity p, (Qm)
°
Thermal conductivity A (;

40 o/ B

0.5 B .

0.0 L L L L L OF L L L L J
) 1.8 19 2.0 2.1 22 0.6 0.8 1.0 1.2 1.4
les

Density p (g/cmx) Electrical conductivity ¢ (,;j\)

(a) Electrical resistivity of PAN based (b) Relationship between electrical and
and pitch based carbon fibers [61]. thermal conductivity [60].

Figure 6.1: Electrical resistivity of PAN based and pitch based carbon fibers
and the relationship between electrical and thermal conductivity
of carbon fibers [60, 61].

Thermal conductivity A and electrical conductivity ¢ are not independent in
carbon fibers and, by extension, in CFRP, because both are governed by the
underlying fiber microstructure (e.g., degree of graphitic alignment, crystallite
size, and defect density) and therefore tend to vary between fiber types and
processing conditions. As a conceptual reference, the ratio of thermal to electrical
conductivity in conductors, where heat and charge transport is dominated by

electrons (e.g. metals), is linked by the Wiedemann—Franz relationship [226]

p_2_m (E)Qﬂ 6.1)

o 3 \e

where k is the Boltzmann constant, e is the electron charge and T is the tem-
perature. The ratio on the right hand side is called the Lorenz number L [227].
However, carbon fibers exhibit pronounced anisotropy and a substantial contribu-

tion of phonon transport to A, so universal Wiedemann—Franz scaling is generally
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not expected. Nevertheless, direct single-fiber measurements show a clear corre-
lation between A and o across different carbon fiber types and manufacturing
conditions [60], as illustrated in Figure 6.1b.

At the composite scale, the coupling becomes indirect and depends on the fiber-
network topology and interfacial contact state: both effective A and o increase
with fiber volume fraction and fiber alignment along the transport direction, yet
they respond differently to interfacial phenomena because electrical transfer is
highly sensitive to fiber—fiber and electrode contact resistances, whereas thermal
transport is additionally governed by thermal boundary resistances and the
matrix contribution [224]. Finally, A and o are coupled in the governing equations
through resistive heating, since the electrical current generates a volumetric heat
source that can elevate the local temperature and thereby alter the apparent o,
which must be considered whenever electrical characterization is performed at

non-negligible power levels [217].

Fiber Composites: Principal Electrical Properties

As we have seen, carbon fibers are electrical conductors, while polymer matrices
are considered excellent electrical insulators. For an UD CFRP with a nearly
insulating polymer matrix, longitudinal conductivity is well approximated by a
rule-of-mixtures (Voigt or upper Wiener bound [30, 66]) relation [217]:

a| S(pfO'f—F(l—ng)a'm%(pfO'f, with om ~ 0 (62)
1_ —1
P> (W + W) ~ p—f, with Pm — 0O (6.3)
P Pm P

where @ is the fiber volume fraction, and oy and o,, are the fiber and matrix
conductivities, respectively. Deviations below the upper Wiener bound can arise
from electrically ineffective (e.g., broken) fibers introduced during processing.
Ponomarenko et al. [30] report such reductions in pultruded CFRP, while at
higher ¢ 2 0.6 interfiber contacts allow current to bypass broken fibers so that

o) again approaches the upper bound.

Recent work has also emphasized that confirming Equation (6.2) experimentally
is highly sensitive to enforcing appropriate boundary conditions (e.g. uniform
current injection) and to excluding contact contributions [217]. A visual repre-

sentation of literature-reported measurement data for the longitudinal electrical
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conductivity and the corresponding resistivity of PAN-based UD CFRP lam-
inates is provided in Figure 6.2. A representative range of longitudinal fiber
conductivity of o5 = (5.9-6.7) x 10* S/m, used here for the Voigt and Wiener
estimate band, is based on Toray TC1200 data reported by Buser et al. [217], who
employed a state-of-the-art six-probe measurement methodology as discussed in
Section 6.1.1.
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Figure 6.2: Longitudinal electrical conductivity and resistivity of PAN based
UD CFRP as found in the literature [29, 34, 38, 146, 217].

In contrast to Equation (6.2), no comparably predictive and generally applica-
ble rule-of-mixtures exists for the transverse conductivities o1 (in-plane) and
o (through-thickness) of UD CFRP. In an idealized two-phase model with a
perfectly insulating matrix, the transverse Reuss or lower Wiener bound [67]
is dominated by the matrix and therefore approaches o, — 0 and o, — 0,
which is not representative of real laminates. Finite transverse transport arises
because current can traverse the matrix primarily through a stochastic network of
fiber—fiber contacts and near-contacts: adjacent fibers may touch directly (giving
rise to constriction/contact resistance) or be separated by thin resin layers across
which charge transport can occur via tunneling or field-assisted conduction, so
that the effective transverse response is governed by contact topology rather than
phase averaging [29, 31, 32]. Consequently, o, and o. depend sensitively on
microstructural details such as fiber packing and misalignment, local waviness,

fiber volume fraction, porosity, and processing pressure/surface condition that
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modifies the inter-fiber contact resistance [29, 77]. From a measurement perspec-
tive, this topology-controlled transverse transport also amplifies the influence of
boundary conditions (current spreading, electrode size, and effective conduct-
ing thickness), such that inverse identification of o, and o typically requires
multi-terminal measurements and/or field modeling rather than direct coupon

resistance conversion [34, 54].

In this work, electrical anisotropy is treated using a resistivity-based formulation;
accordingly, representative literature values of principal resistivities were collected
to provide physically plausible reference ranges, as can be seen in Table 6.1.
The listed anisotropy ratio is defined as stated in Equation (6.10). Across
the dataset, longitudinal resistivities are consistently on the order of 107° Qm,
while transverse in-plane resistivities range from 10! to 10° Qm when explicitly
reported, implying a typical in-plane anisotropy of Ay, ~ 10*-10°. When through-
thickness values are available, the contrast could be even stronger, with A, ~ 10°
[34], reflecting the fact that thickness-direction current relies predominantly on

inter-ply and contact-limited pathways.

Because the numerical values are already given in the table, the following sum-
mary focuses exclusively on the respective measurement approach. (a) Acosta
et al. [55] determine the orthotropic in-plane resistivities of a UD-CFRP ply
using a two-probe resistance measurement, i.e., the voltage drop is recorded
between the current-injection electrodes, so that the extracted resistivities in-
herently include contact and lead contributions. (b) Hart and Zhupanska [34]
identify the laminate’s principal-direction resistivities by combining four-probe
measurements for in-plane characterization with a six-probe configuration to
resolve the remaining principal component, thereby separating current injection
from voltage sensing and improving robustness against contact resistances while
enabling directional decoupling. (c¢) Scholle and Sinapius [40, 54] do not perform
a dedicated resistivity identification campaign; instead, they assume represen-
tative orthotropic UD-CFRP resistivity ranges (longitudinal estimated via a
rule-of-mixtures-type parallel-path argument, transverse taken from literature
ranges) and use these as fixed inputs to interpret measured potential fields. (d)
Park et al. [29] report fiber-level resistivity and infer composite-level longitudinal
behavior by invoking a parallel-path / rule-of-mixtures argument at an assumed
fiber volume fraction; the work emphasizes the resulting in-plane anisotropy level
rather than providing a consistently reusable transverse identification based on
a specific composite-scale probe configuration. (e¢) Buser et al. [217] compile
longitudinal transport data for multiple UD-CFRP systems and obtain the re-
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ported longitudinal conductivities using a six-probe measurement scheme, while

transverse principal components are not targeted and therefore not extracted.

Table 6.1: UD CFRP principal resistivities and derived in-plane anisotropy

ratios.

Ref. Appr. ¢y o) pL Agy
-) - (©2m) (2m) )

Acosta [55] a 0.40 4.25 x 107° 3.56 x 1071 8.37 x 103
Hart [34] b 0.60 3.40 x 1075 6.23 x 1071 1.83 x 104
Scholle [40, 54] c 0.60 (2.0-2.8) x 107  0.55-2.2 (0.9-5.9) x 10°
Park [29] d 0.60 (1.25-1.67) x 107° — 103-104
Buser [217] e 0.48-0.65 (2.5-3.5) x 107> - -

1D Resistance Measurement: 2-, 4-, and 6-Probe Methods

A large fraction of electrical characterization strategies for CFRP coupons aims
to approximate a predominantly 1D axial current state in the gauge section, such
that the measured resistance can be related to an effective axial resistivity by a
geometry factor plus a contact/lead contribution. Under this idealization, the

measured resistance is commonly expressed as [29, 56, 217]

R = p% + R, (6.4)
where L is the electrode spacing, A the cross-sectional area, and R. summarizes
the contributions of the electrode, lead, and electrode—specimen interface. The
simplest implementation is the two-probe method, in which the same electrodes
inject current and sense voltage; consequently, the measurement inherently
includes Rc, and the conversion in Equation (6.4) becomes reliable only if the
electrode coupling is stable and sufficiently low relative to the bulk contribution,
or if additional procedures are used to separate bulk and contact terms [56, 217].
For this reason, four-probe methods are generally preferred for the determination
of DC properties in CFRP. By separating current electrodes from voltage probes,
the measured potential drop is taken within the gauge section, strongly reducing
the influence of electrode/contact voltage drops on the inferred bulk response [56,
217]. However, even in four-probe form, the validity of a 1D back-calculation rests
on the assumption that the current density in the gauge section is sufficiently
uniform and that the voltage probes sample an essentially 1D potential gradient;

in highly anisotropic CFRP this assumption can fail because anisotropy promotes
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preferential current channeling and nonuniform current spreading, so that the
apparent resistance may represent a boundary-condition-dependent mixture of
longitudinal and transverse contributions rather than a single axial material
parameter [29]. To explicitly assess whether the sought 1D condition is achieved,
Van Den Berg et al. [56] extend the classical four-probe concept to a six-probe
configuration by measuring the voltage drop on both specimen surfaces over the
same gauge length (e.g., V; top-surface and V; bottom-surface), which provides an
experimental diagnostic for through-thickness nonuniformity that is particularly
relevant in UD laminates with large o /0. ratios [56, 217]. In the uniform-
gauge limit, where V; ~ V;, within measurement uncertainty, the longitudinal
conductivity can be reduced using the conventional relation Van Den Berg et al.
[56]
0

VaV,xV 6.5
wt ) t b ( )

<I~

g9 =

with injected current I, specimen width w, thickness t, and gauge length 0.
Conversely, a systematic deviation V; # V4 indicates that the gauge section
does not satisfy the intended 1D condition and that reliable property extraction
requires either improved electrode design/specimen aspect ratios or an explicit
field-based evaluation of the measurement configuration rather than direct use of
Equation (6.4). [29, 56, 217]

6.1.2 Microstructural Mechanisms

Along the fibers, carbon filaments provide quasi-continuous conducting channels.
Consequently, o is predominantly governed by the intrinsic fiber conductivity,
the fiber volume fraction, fiber length and fiber breakage with comparatively
limited sensitivity to the details of transverse contacts. In contrast, conduction in
transverse in-plane o or thickness direction o, requires current transfer between
adjacent fibers and/or across ply interfaces. These transfers occur through a
combination of direct fiber—fiber contacts, contact resistance at touching sites,
and tunneling or near-contact transport across thin resin layers. Because these
transverse pathways form convoluted, stochastic networks, o, and o, are strongly
topology-dominated and can change significantly with processing (e.g. compaction
pressure, curing, surface treatments, and additives) and defects (e.g. cross-ply
cracks and delamination) that alter contact incidence and interphase properties.
A schematic of the conductive network within a UD CFRP is shown in Figure 6.3.
[30, 35, 39, 224]
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Figure 6.3: Schematic of the conductive network within a UD CFRP based
on Wen et al. [39] and Wang et al. [224].

Surface Treatment and Contact Resistance

Electrical resistance measurements on CFRP are strongly influenced by the
electrical contact between the electrode and the composite surface. In addition
to the intrinsic bulk resistance of the laminate, the measured resistance includes
a contact contribution that originates from a limited number of microscopic
current transfer spots and from interfacial layers such as resin rich surface
regions. For resistance based sensing and for parameter identification, the contact
contribution must be treated as a systematic component since it can dominate the
measurement at short gauge lengths and can introduce apparent nonlinearities if
it changes during loading. Scholle [79] emphasizes three practical requirements for
usable contacts. The contact resistance should be as small as possible, spatially

homogeneous over the electrode area, and as strain invariant as possible.

Scholle [79] investigates three surface conditions prior to electrode application,
as can be seen in Figure 6.4. The untreated condition keeps the surface as
manufactured. Surface grinding is implemented by sanding with a medium 600
grit paper to locally remove the polymer rich surface layer and to expose fibers
for improved electrical coupling. Chemical surface activation is implemented by
sulfuric acid etching. It is noted that aggressive polishing can damage the fibers
and, therefore, can alter the electrical behavior, which motivates the comparison

of chemical etching versus mechanical removal methods.

Table 6.2 summarizes contact resistances reported by Scholle [79] for different

electrode technologies and surface preparations. The reported R? values indicate
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Figure 6.4: Schematic of the contact surface depending on sample prepara-
tion within a UD CFRP based on Scholle [79].

the repeatability of the resistance versus spacing regression for each contact
preparation. Two robust observations follow from these data. First, electro-
deposition based contacts in combination with soldering yield the lowest and
most repeatable contact resistances, typically below 1 Q and in several cases close
t0 0.2 Q with values R? close to unity, indicating good repeatability. Second, paint
based or epoxy based contacts depend strongly on the surface condition. Silver
paint on a sanded surface can reach approximately 1 €2 with high repeatability,
while the same paint on an etched surface shows a substantially higher resistance
and poor repeatability. Carbon paint and silver filled epoxy lead to markedly
larger resistances and inferior repeatability, up to kilohms for carbon paint on a

sanded surface.

Scholle [79] supports these findings with qualitative microstructural evidence.
Silver paint is reported to wet the complex CFRP surface topography and to
penetrate scratches from sanding, which plausibly increases the number of parallel
current transfer sites and reduces the constriction dominated contact resistance.
Silver filled epoxy is described as too viscous to achieve comparable wetting and
infiltration, which is consistent with the systematically larger contact resistances.
For electroplated electrodes, it is highlighted that surface cleaning and the removal
of boundary layers is essential for uniform deposition and durable bonding. Etched
surfaces improve the electroplating conditions, but handling induced delamination

can still occur if the deposited layer is mechanically weakened.
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Table 6.2: Contact resistances reported by Scholle [79]

Electrode material Surface condition R. R?
@
Silver-filled epoxy® Untreated 13.9 0.52
Silver-filled epoxy? Etched 11.4 0.50
Silver-filled epoxy® Sanded 7.4 054
Silver paintP Etched 4.2 0.04
Silver paintP Sanded 1.2 0.95
Silver paint RS ProP Sanded 1.0  0.995
Ni electroplating + solder® Untreated 0.9 0.94
Ni electroplating + solder® Etched 0.8 0.99
Ni electroplating + solder® Sanded 0.2 0.997
Ni electroplating + solder® Sanded and etched 0.7 0.95
Ag electroplating + solder® Etched 0.9 0.92
Ag electroplating + solder® Sanded 0.2 0.998
Ni electroplating + silver epoxyd Etched 0.6 0.98

# Adhesive contact using a silver-filled epoxy.
b Paint contact applied directly on the prepared CFRP surface.
¢ Electrodeposition contact with subsequent soldering.
Hybrid contact consisting of Ni electrodeposition with a silver-epoxy
bonding layer.

Interfiber Spacing and Electron Tunneling

Along the fiber direction, electron transport is dominated by continuous filaments;
at the nano-scale, the near-graphitic bonding structure of carbon fibers provides
electronic states that enable comparatively free electron motion along the fiber
axis [228]. In contrast, transverse transport within a single carbon fiber is
substantially poorer and has been associated with cross-sectional defects and
an apparent skin-core structure [228]. At the composite scale, any non-fiber
direction conduction therefore cannot be explained by intrinsic fiber transport
alone; rather, it emerges from fiber—fiber transfer events that become possible
through real contacts and near-contacts between adjacent filaments, as well as

through imperfect interlaminar consolidation [27, 195].

In this contact-controlled regime, the decisive microstructural quantity is not a
macroscopic ply spacing, but the distribution of local inter-fiber separations and
contact states. A useful abstraction is to parameterize the packing by the fiber
diameter dy and an effective (matrix) inter-fiber spacing ds, which can be used to
represent an effective layer thickness via h = dy +ds and thereby relate packing to
the number of conductive layers and the density of potential transfer sites across
the laminate thickness [195]. Increasing fiber volume fraction generally reduces

characteristic separations and increases the probability of contacts/near-contacts,
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which can raise transverse conductivity in a strongly nonlinear manner, consistent
with a rapidly densifying conductive network [27, 195, 228]. Conversely, resin-rich
interlaminar regions and limited interlayer connectivity increase effective separa-
tion and suppress through-thickness transport [27, 195]. These considerations
motivate the interpretation of measured transverse and through-thickness resis-
tivities as microstructure-sensitive quantities that encode both spacing statistics

and the quality of fiber transfer events.

Electron tunneling provides a physically grounded mechanism for charge transfer
at fiber—fiber near-contacts when the carbon surfaces are separated by an ex-
tremely thin polymer film. Liu et al. [195] define the insulating film thickness
s in angstroms (A) and, using a Holm—Kirschstein tunneling model, compute a
critical thickness of so = 7.6 A (i.e., 0.76 nm). Tunneling is a quantum-mechanical
process in which electrons traverse an insulating barrier despite having insufficient
classical energy to overcome it; the transmission probability depends strongly on
barrier thickness and therefore yields a highly nonlinear, typically exponential,
distance dependence [33, 195]. This mechanism is fundamentally different from
approximately Ohmic transport along a continuous carbon filament [195, 228]. As
a consequence, tunneling may materially affect transverse or through-thickness
conductivity while leaving the longitudinal conductivity largely unchanged, be-
cause fiber—fiber transfer plays a negligible role for the primary axial current
path [195].

Consequently, because tunneling-assisted transfer is only viable at sub-nanometer
gaps, appreciable transverse and through-thickness conduction at the laminate
scale can only arise where the microstructure provides a sufficiently dense pop-
ulation of effective fiber contacts, i.e., regions that appear visually in contact
at the micrograph scale and, in reality, are separated at most by an ultrathin

residual matrix film.

Percolation Effect

Luo et al. [229] show that, in a CFRP reinforced with short fibers, conductivity
can display percolation-like behavior in the sense of Kirkpatrick [32], because
the formation of a connected conductive pathway is controlled by the density of
effective inter-fiber contacts, the local arrangement of fibers, microstructural fea-
tures, and tunneling gaps. By fitting principal-directional conductivity data, they
obtained percolation thresholds that were approximately direction-independent,
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reported to fluctuate in a narrow band of about ¢ perc = 0.10-0.15. A common
geometric reference for short-fiber networks is the continuum-percolation scal-
ing for randomly oriented conducting cylinders, which relates the percolation
threshold to the fiber aspect ratio Ar via [230]

C
(pf,perc ~ A7R7 AR = E (66)

The factor C is a dimensionless proportionality factor that depends on the
idealized percolation model and on the adopted connectivity criterion, so it is not
universal even for cylinder networks. Using the processed short-fiber geometry
reported by Luo et al. [229], Ly ~ 64 ym and dy ~ 7 pm, gives Ag ~ 9.1.
Combining this with the fitted threshold band ¢ perc = 0.10-0.15 of Luo et al.
[229] yields an effective proportionality factor Ceg = @fpercAr =~ 0.91-1.37,
which is higher than the values often quoted for ideal, isotropically random
cylinder systems (C' = 0.7 [230]). This deviation is consistent with the fact that
real short-fiber composites depart from the ideal assumptions. The preferred
orientation lowers the probability of three-dimensional inter-fiber connectivity
and thus increases ¢y perc. Agglomeration, or incomplete dispersion reduce the
density of effective conductive contacts and can shift the apparent threshold
upward, as emphasized by Luo et al. [229] and reviewed by Bauhofer and Kovacs
[230]. For endless fiber reinforced laminates, the aspect-ratio percolation picture
is not the appropriate framework for the fiber direction, because longitudinal
connectivity is already present through quasi-continuous fibers over structural
length scales. In this case, longitudinal transport is governed by fiber-dominated
pathways and contact injection effects rather than by the emergence of a spanning
cylinder network, while percolation-type arguments remain primarily relevant for
transverse and through-thickness transport where connectivity depends on inter-
fiber contacts. Also, in the context of structural UD CFRP, where engineering-
relevant fiber volume fractions are typically on the order of ¢ ~ 0.50-0.65, such
values lie well above the thresholds identified by Luo et al. [229].

6.1.3 Electrical Conduction Models

For an UD CFRP lamina, the macroscopic electrical behavior is described in a
local material coordinate system (z,y, z), where = denotes the fiber direction (||),
y the transverse in-plane direction (L), and z the through-thickness direction.

The proportionality between electric field E and current density J is characterized
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by the electrical conductivity o via Ohm’s law, while the electrical resistivity p

1

is defined as its inverse, p = o~ ~. Assuming orthotropic symmetry of the UD

lamina, o and p are commonly taken as diagonal in the local basis [217]:

J=0E, E=-VV, (6.7)
o, O 0

oco=(0 o, 0], p=oc"! (6.8)
0 0 o,

Under steady-state conditions without internal sources, charge conservation
V-J = 0 yields the anisotropic Laplace equation for the electric potential V,
o’V O’V o’V

Ox ez T v gy g = O (6.9)

V. J=V-(eVV)=0 =

for homogeneous o within the domain.

Electrical anisotropy is conveniently quantified by conductivity (or resistivity)
ratios, e.g.,

Agy=22 =Py g, =% P2 (6.10)
Ty Px Oz Pz

Directional Properties and Limitations

A common simplification in anisotropic transport is to treat a measurement
at an in-plane angle as probing a single directional material property, i.e., an
effective axial resistivity /conductivity that depends only on orientation. Such
reductions are mathematically meaningful only if the experiment enforces a
quasi-one-dimensional transport state with nearly parallel current streamlines
and a well-defined, spatially uniform relationship between the electric field and
the current density along the chosen axis. Achieving this requires boundary
conditions that actively prevent lateral current spreading, for example, by using
full-face electrodes, and injection/collection configurations that minimize contact
constriction. If these conditions are not met, the measured response reflects a
coupled, multi-dimensional field solution, and it cannot be treated as a simple

projection of the constitutive tensor. [42, 53]

For UD CFRP, these prerequisites are frequently violated by the electrode ar-

rangements that are most relevant for structural health monitoring and laboratory
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characterization, including finite surface pads, partial-width electrodes, and ar-
bitrarily placed electrode arrays. As emphasized by Acosta et al. [55], once
the uniform current assumption is not met, such as for surface injection with
non-uniform current diffusion, the measured resistance is influenced by current-
spreading effects and specimen/electrode geometry, even in otherwise simple
conductive plates. This geometric sensitivity is amplified in UD CFRP because
the polymer matrix is essentially insulating, and the conduction mechanisms
differ fundamentally by direction. Consequently, a single geometry-independent
“directional conductivity” is generally not identifiable from surface-electrode mea-
surements, because the experiment does not constrain the current to remain

collinear with the nominal measurement direction [26, 55, 77].

The practical implication is that the surface-electrode resistance in UD CFRP
should be interpreted as an apparent configuration-specific response that reflects
a coupled dependence on (i) electrode footprint and placement, (ii) specimen
dimensions (including width and thickness), and (iii) local quality and statistics

of inter-fiber contacts and electrode—composite coupling [40, 54, 55].

Geometry-Aware Models

A central conclusion of Acosta et al. [55] is that electrical resistance measurements
with surface electrodes on UD CFRP are inherently geometry dependent: the
measured resistance is not solely a material property, but is systematically
shaped by specimen dimensions, electrode footprint, and electrode placement
through direction-dependent current spreading and bridging effects. Because
their framework provides an explicit and physically interpretable mapping from
electrode/specimen geometry to an effective conducting cross-section and path
length, it is adopted in this thesis as the methodological baseline for developing

and extending geometry-aware resistance models. [55]

From the configurations summarized in Figures 6.5a and 6.5b, Acosta et al. [55]
conclude that the governing conducting cross-section (i.e., an “effective width”)
is direction-dependent because the dominant current path aligns with the fiber
direction in UD CFRP. When electrodes probe the longitudinal (0°) direction, the
measured resistance is essentially insensitive to the sample width but decreases
strongly with increasing electrode width, indicating that the current remains
confined to the electrode footprint and that the electrode width defines the
effective width. Conversely, for the transverse (90°) direction, the resistance
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decreases with increasing sample width but is nearly insensitive to electrode
width, consistent with current spreading across the full specimen width via
inter-fiber contacts, so that the sample width governs the effective width. The
electrode misalignment study on longitudinal (0°) direction in Figure 6.6a further
supports a regime change controlled by the electrode overlap: for width-offset
ratios below unity, fibers directly bridge the electrodes and the response remains
fiber-dominated with an effective width given by the remaining overlap; as the
offset approaches unity, the overlap vanishes and the resistance rises sharply,
reflecting the transition to an inter-fiber-contact-controlled path. For offsets
beyond unity (no direct fiber bridging), the resistance follows an approximately
linear increase with offset because the effective width saturates at the sample
width while the effective distance between electrodes increases. Finally, the inner-
electrode results in Figure 6.6b show a systematic “bridge effect”: introducing a
highly conductive intermediate copper electrode provides a partial shunt that
reduces the effective electrode separation, producing an approximately linear
reduction in resistance with increasing inner-electrode length fraction in both
longitudinal and transverse cases; therefore, electrode arrays can influence (and
potentially bias) the intended two-electrode measurement unless such bridging is

explicitly accounted for in the model. [55]
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Figure 6.5: Influence of sample width and electrode width on electrical resis-
tance measured in 2-probe configuration [55].
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Figure 6.6: Influence of electrode width offset ratio and inner electrodes on
electrical resistance [55].

6.1.4 Electrical Equivalent Circuit Models

Electrical equivalent circuit (EEC) models represent CFRP as an interconnected
assembly of resistive elements that approximate the dominant current paths in the
composite. The central motivation is practical: real CFRP coupons exhibit strong
microstructural heterogeneity (fiber waviness, bundle architecture, stochastic
fiber—fiber contacts, and ply interfaces), such that macroscopic resistance changes
under load or damage are more naturally interpreted as changes in an evolving
conductive network than as changes in a single bulk resistivity. In this sense, EEC
models form a bridge between (i) continuum descriptions and (ii) the discrete,

contact-mediated nature of conduction in fiber composites. [224]

At the basic level, the EEC representations decompose the composite into (a)
intrinsic fiber-segment resistances along the filament direction Rj, (b) inter-
fiber contact resistances R’ , and (c) optional interlaminar (through-thickness)
resistances R, if the laminate architecture requires current transfer across plies.
This decomposition is consistent with the microstructure-based resistor-network
formulation of Yu et al. [77], where each fiber end and each fiber—fiber contact is
treated as a network node, fiber segments are modeled as resistors, and contact
resistances are explicitly introduced at contact nodes. Because contact quality

and contact area can vary widely (e.g. due to sizing, compaction state, or local
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normal pressure), the contact resistance R; may dominate conduction and cannot,
in general, be eliminated. A schematic of such an EEC is given in Figure 6.7a.
[77, 224]

Transverse /
Trough-Thickness Direction

CFRPR| CFRPR'; M CFRPRY,

Carbon Fiber

Matrix
(a) 3D-multi-layer schematic EEC of (b) Detour of conductive path in trans-
CFRP in principal directions [77]. verse or thickness direction [77].

Figure 6.7: Schematic detour of conductive path along carbon fiber and 3D-
multi-layer schematic EEC of CFRP in principal directions [77].

A particularly influential EEC abstraction for unidirectional CFRP under tensile
loading and material failure is the serial array of discrete parallel cells introduced
by Park et al. [231]. In that framework, the laminate is represented as a chain
of cells whose characteristic length scale corresponds to an electrical ineffective
length d.., interpreted as an average spacing of electrically relevant contact points
along the fibers. Fiber fragmentation under load progressively removes the con-
ducting segments; however, conduction can be sustained locally until all segments
between adjacent contact points become ineffective. This concept rationalizes why
resistance evolution may show an initially modest change followed by a nonlinear
increase at higher strain, and it also provides a compact parameterization of the
internal conductive network state via d... Importantly, Park et al. emphasized
that measured resistance evolution can depend on the measurement configuration
(e.g., DC two-probe versus four-probe) because electrode/contact effects and cur-
rent injection geometry alter the effective participation of near-surface conductive
paths, motivating an explicit modeling of the measurement circuit rather than

assuming that a unique material resistivity is directly observed. [231]
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While serial-parallel cell models are attractive for their analytic tractability, they
embed strong assumptions about how contacts are distributed. Xia et al. [232]
addressed this limitation by formulating a random resistor-network model for
UD CFRP in which fiber—fiber contacts are sparsely and randomly distributed,
and network voltages are solved using Kirchhoff’s laws. Their analysis shows that
the resistance increment caused by the failure/removal of a single conducting
element depends not only on an assumed resistor length but also on the actual
local contact density. A key outcome is that an electrically ineffective length
dec can systematically deviate from the true mean contact spacing at higher
contact densities. Therefore, fitting-based parameters can reproduce network-level
behavior for a specific set of boundary conditions, yet they should not be treated
as direct microstructural descriptors unless the assumed contact-distribution

statistics have been independently verified. [232]

To reduce reliance on phenomenological fitting, Yu et al. [77] proposed a 3D
microstructure-based resistor-network model that generates a representative UD
microstructure while introducing a waviness parameter that creates multiple
contact opportunities, as can be seen schematically in Figure 6.7b. In their for-
mulation, contact point locations are randomized to reflect the stochastic nature
of contacts, and contact resistances are incorporated at nodes. In particular, they
discussed that contact resistance can vary by orders of magnitude depending on
surface treatments and therefore developed a simplified analytical estimate for
unsized fibers based on Hertzian contact mechanics and Holm constriction resis-
tance [31]. Their sensitivity study identifies fiber waviness as a controlling factor
for transverse resistivity in UD CFRP, underscoring that transverse conduction
is governed by rare geometry-mediated contact pathways rather than by intrinsic
fiber resistivity alone. [77, 224]

For structural health monitoring (SHM) and non-destructive evaluation (NDE),
EEC models are often constructed at the coupon or laminate scale to connect
measured resistance changes to damage size and location. Roh et al. [233]
developed an electrically equivalent resistor-grid model for UD laminates in which
orthotropic conduction is embedded by assigning substantially different resistor
values along and transverse to the fiber direction. They fitted grid dimensions
and effective network width by matching the measured baseline resistance, then
represented impact damage by modifying/removing elements in the grid; the
resulting model reproduced measured impact-induced resistance changes with
small discrepancy for the investigated configuration. For cross-ply laminates,

Roh et al. further proposed a route model that distinguishes in-plane and
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through-thickness routes and expresses the measured resistance change as a
combination of in-plane and thickness-direction contributions along the preferred
low-resistance paths. These laminate-scale models are particularly useful when the
experimental observable is a multi-electrode resistance map, because they provide
a computationally light inverse relationship between resistance perturbations and

damage geometry. [224, 233]

6.2 Test Setup

All electrical measurements were performed with an LCR-/ESR meter P 2170
from PeakTech GmbH [234]. The instrument was operated in AC mode at a fixed
frequency of f = 100 Hz, and the resistance was taken as the real part of the
measured impedance using the serial equivalent-circuit evaluation Rser, as this
is automatically selected for low AC resistivity measurements with |Z]| < 10kQ
[234).

The excitation frequency was selected to ensure quasi-static measurement con-
ditions. This choice is adequate in light of the wide-band results of Kim and
See [28], who report that the apparent longitudinal conductivity decreases with
increasing frequency due to progressively stronger reactive/inductive contribu-
tions (e.g., magnetic flux coupling between neighboring fibers); thus, operating
far below their impedance-spectroscopy range (10 kHz—100 MHz) minimizes
frequency-induced dispersion and yields a close approximation of the DC-relevant
resistance. In addition, AC excitation is preferable to purely DC measurements
because it enables phase-sensitive evaluation of the resistive component while
suppressing DC offsets (e.g., thermoelectric and contact-potential drifts [235, 236])
and reducing time-dependent polarization effects [237] at the electrode-CFRP

interface, thereby improving measurement stability and signal-to-noise ratio.

The specimens were contacted with two physical electrodes, so that current
injection and voltage pickup occurred at the same electrode pair. The measure-
ment was nevertheless implemented as a four-wire Kelvin connection [238] to
these two electrodes. In a Kelvin connection, the excitation current is forced
through a pair of force leads, while the voltage is measured with a separate pair
of high-impedance sense leads connected at the device under test. Because the
sense inputs draw negligible current, the voltage drop along the leads is negligible
and the contribution of lead and cable resistance is largely removed from the

measured resistance. The measured value still includes the electrode—specimen
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interfacial contribution of the two contacts because no separate internal voltage
electrodes were used and the sensing points remain on the electrodes rather than

within the specimen.

Electrical contacts were realized with silver conductive lacquer Acheson Silver
DAG 1415 supplied by Plano GmbH. The lacquer was applied on the specimen
side surfaces using masking tape templates to control electrode dimensions and
to obtain well-defined edges. After application, the lacquer was allowed to dry
and stabilize before measurement. The electrical leads were attached to the
lacquered areas in a mechanically stable manner to minimize motion-induced

fluctuations.

6.3 Analysis Methodology

This section establishes the analytical framework used to evaluate angle-dependent
electrode-to-electrode resistance measurements on regular n-sided polygon speci-
mens of UD CFRP. Building on the effective cross-section formulation of Acosta
et al. [55], the method links the measured resistance R(6;) to the orthotropic in-
plane resistivities p and p through geometry-derived path lengths and effective
electrode widths. Subsequent subsections introduce (i) the baseline “full-face”
model, (ii) extensions for finite electrode size and for perimeter-bridging in-
ner electrodes, and (iii) concise dimensionless relations for comparing model

variants.

The electrical measurement and processing workflow proceeds as shown in Fig-
ure C.1.

6.3.1 Base Model

The base model approach builds on the analytical framework proposed by Acosta
et al. [55], who predicted electrode-to-electrode resistance in UD CFRP rectan-
gular coupon specimens using two geometry-dependent descriptors: the effective
electrode distance D, and the effective width W.. To retain a computationally ef-
ficient one-dimensional formulation while still accounting for electrode placement
and overlap effects, these descriptors are generalized here to a regular n-sided

polygon specimen and evaluated as explicit functions of the discrete measurement
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orientation #;. The general electrode-to-electrode resistance formulation of Acosta

[65] can be expressed as
D

_ e
= Peft Wetv

where por € {p|, pL} is the effective resistivity associated with the dominating

R (6.11)

conduction direction and ¢ the laminate thickness.

The regular n-sided polygon specimen is characterized by the distance across
flats Das. The apothem, defined as the perpendicular distance from the polygon
center to the midpoint of any face, is a = Dat/2. The face length then follows

as

s = Zatan(z) = Daftan<E)A (6.12)
n n

An angular resistance dataset is acquired by measuring between two electrodes
on opposite polygon faces while varying the in-plane orientation 6 between the
electrode-pair axis and the UD fiber direction. For a regular n-sided polygon, the

admissible orientations are discrete and determined by the constant face offset

angle
2m
= —. 6.13
g =2 (6.13)
Accordingly, the measurement angles can be indexed as
0; == i, 1€ L. (6.14)

Because the resistance is evaluated between electrodes placed on opposite faces,
the geometry must admit pairs of opposite faces, which requires an even number
of faces,

n = 2m, m € N. (6.15)

For an orthotropic lamina it is sufficient to cover the symmetry-relevant interval
0° < 6 < 90°. To include both bounding directions 0° and 90° exactly within the

discrete set {0;} under ideal conditions, the step angle must divide 7/2, i.e.,
=qBf <= n = 4q, g €N. (6.16)
Accordingly, the distinct orientations spanning 0° to 90° (inclusive) are

+ 1. (6.17)

~ S
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Following Acosta et al. [55] and Equation (6.11), the surface-electrode resistance

R with respect to 6; is written as

De(oi)

R(ez) = Peff We(ei)t7

(6.18)
The key modeling decision is that different conduction mechanisms dominate at
small and large 6, motivating a two-regime formulation governed by a threshold

angle a. The full analytical prediction becomes the piecewise function

R(base) 91 5 01 < a, eff — )
R(base)(e_) _ { 1 ( ) (0% Peft Pl (619)

Rébase) (97«)7 0; > «, Peff = PL.-

This construction will preserve the interpretability of p| and p, as direction-
specific resistivities while allowing the regular polygon angular response to be

modeled with minimal additional parameters.

The transition angle «, which defines the threshold between the longitudinal
and transverse resistance regime, is defined using a geometric overlap criterion
for the electrodes. For sufficiently small 8, a finite overlap exists between the
electrode footprint and the fiber-aligned conduction path in 0° direction. The

angular threshold for a round specimen would be computed as
a = arctan(lil) (6.20)
= o) .

where lq is an electrode-length along the outer surface and D is the diameter.
As straight stripe electrodes are enforced, Equation (6.20) for a regular n-sided
polygon uses D = Dgy as the specimen length scale and lei = s as the charac-

teristic electrode length for one face. The transition angle therefore becomes a

S
Daf) -t=I (6.21)

A comparison of the schematic evolution of the transition angle oo and the offset

function of n:

a(n) = arctan (

angle 8 for a regular n-sided polygon in Figure 6.8 shows that S exceeds « for
all n > 3. Consequently, only the measurement aligned with the fiber direction
(0°) is assigned to Case 1, the longitudinal-dominant regime. All remaining
measurement orientations are assigned to Case 2, the transverse-dominant regime.

In the following, both cases are described in detail.
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(a) Transition angle a. (b) Schematic of a hexagon (n = 6).

Figure 6.8: Transition angle a which defines the threshold between the longi-
tudinal and transverse resistance regime in an n-sided specimen

in UD CFRP.

Case 1: Longitudinal-Dominant Regime

For 6 < «a, conduction is dominated by the high conductivity along fibers, and
the effective width is governed by the geometric overlap between the electrode

footprint and the fiber-bridging corridor. The resistance is modeled as

(base) rn\ __ De,l(ei) < 29
Ry 0:) = py 7We,1(9i)t7 0; < a, (6.22)

where
D¢ 1(8;) = De;y = Doy (6.23)

denotes the inner distance between the electrodes. The electrode overlap width

We,1(6;) equals the complete length of the electrodes lei = s, therefore
We1(6:) =Wei1 =s (6.24)

For a n-sided regular polygon, the longitudinal-dominant regime is only physically
accessible and meaningful for the 6,—o = 0° configuration, as 6;—1 = 8 > a.

Consequently, Equation (6.22) reduces to the polygon-specific Case 1 expression

ase o Daf P ™
RP*9(0; = 0°) = p — = 7” cot<ﬁ>. (6.25)

146



6.3 Analysis Methodology

This relation provides direct access to 2l from a resistance Rgo measured at 6; =
0°. Rearranging of Equation (6.25) yields the longitudinal electrical resistivity

as

st ™
= o = o —_ . .2
pH Ro Daf Ro t tan(n) (6 6)

Case 2: Transverse-Dominant Regime

For 6; > «, the dominant conduction path relies mainly on inter-fiber contacts
and transverse transport. The corresponding Case 2 resistance is written as

ase De 61
RE9(0,) = Rua(0) + Rya(0) = 20 Ria0), bz

pL We,2(6;)
(6.27)

with transversal contribution to resistance R, 2(6;), longitudinal contribution to
resistance R 2(6;), effective electrode distance D, 2(6;), effective electrode width

We,2, and laminate thickness ¢. It is assumed that

Ry 2(0:) < R12(6:). (6.28)

Following the reasoning of Acosta et al. [55], the high longitudinal conductivity
causes a rapid redistribution of charge along the fibers. As a result, the transverse
electric field is not confined to the local electrode footprint but broadens across
the entire specimen width. In the transverse dominant regime, this motivates
the approximation

We2(0i) = We,2 = Dar. (6.29)

The longitudinal conductivity is sufficiently higher compared with the transverse
conductivity such that the potential is approximately constant along the fiber
direction. Under this assumption, any translation of an electrode parallel to
the 0° fiber axis is treated as equipotential, and resistance is governed by an
effective transverse distance between the electrodes. Therefore, to obtain De 2(6;)
geometrically, an electrode is translated parallel to the 0° fiber direction until it
lies on the same specimen half as the opposing electrode. After this equipotential
translation, the remaining separation is represented by an equivalent arc length

lare along the polygon perimeter between the translated electrode location and
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the fixed electrode, see Figure 6.9a. For discrete orientations; Equation (6.14),

the perimeter segment spans 2¢ — 1, which yields

De2(0:) = lare(6:) = s(2i—1) = s(ﬂei—l), 0: > a. (6.30)
™

Hexagon Electrode

n=6

Electrode Hexagon
n=6

Fiber direction 0°

Fiber direction 0°

,’/“/
//“Fiber—parallel
projection

Fiber-parallel

s, lel Lo
projection

(a) Schematic of the full electrode length (b) Schematic of the small electrode size
basic model (base). model (el).

Figure 6.9: Schematic of the full-length electrode configuration (base) and
reduced electrode length configuration (el).

Even in the transverse-dominant regime, a small longitudinal contribution can
persist. This is expected for two complementary reasons. First, the electrodes
remain separated by a finite geometric projection onto the 0° fiber axis, so a direct
fiber-parallel segment is always available in principle. Second, transverse transport
in UD CFRP is strongly constrained by inter-fiber contacts and near-neighbor
junctions; consequently, the energetically favorable conduction network tends to
follow shortest-path segments that repeatedly re-enter the high-conductivity fiber
direction to bypass locally resistive transverse connections. In other words, even
when the macroscopic electrode pairing is mainly transverse, the microscopic
current topology generally includes fiber-parallel detours enforced by limited

transverse connectivity.

For a regular n-sided polygon with opposite faces contacted at their midpoints,
the electrode center-to-center distance is Da¢ (across flats) and the longitudinal
projection is

L (6:) = Dascos(6:), 0; > a, (6.31)
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which yields the conservative projected lower bound

. Ly (0:) D,
Ri(0:) > py ”St = pu?tfcos(ei) = Roocos(6;) 6:>a. (6.32)

However, the magnitude of the longitudinal contribution in Case 2 cannot be
attributed to the geometric projection alone, because the aforementioned fiber-
parallel detours add an additional, effectively angle-independent component that
is superimposed on the projected term. In an ideal setting, one could attempt to
anchor this additional contribution by evaluating the longitudinal branch at the
transition angle « using the formulation of Acosta et al. [55]; yet for a regular
polygon the region 0° < § < « is not experimentally accessible, and the limiting
electrode overlap at & — « drives the overlap-based estimate toward a singular,
formally infinite resistance [55]. Therefore, Rj osset at @ cannot be identified
directly from the current measurement geometry, and importing it from a theory

based on electrode overlap [55] would be ill-conditioned.

We therefore represent the longitudinal contribution in Case 2 by a minimal
decomposition into (i) the projected geometric term Rj(¢;) and (ii) an additive
correction R ogset that captures any residual longitudinal influence not explained
by projection:
base * *
RY™(0:) = Rjome + Rj(0:),  Rj(0:) > Roocos(0:),  0: > a. (6.33)

Substituting Equations (6.29) and (6.30) into Equation (6.27) gives the polygon

specific Case 2 expression

ase larc (91 ) base
Rbase) gy = PL larclli) | pibase)
2 (0= "5 2 (03)
T n ase
= ta“(g) (;"i - 1) +RUSV6:),  6>a. (6.34)

Rearranging Equation (6.34) and solving for p, yields

t |:R9i - Rg\)\asc)(&)}
pPL = tan(%) (%01 _ 1) ) 91 2 Q. (635)

To assess the sensitivity of the base model with respect to geometric and specimen

parameters, a parametric variation is considered in C.3.
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6.3.2 Model Extension: Small Electrode Size

The baseline formulation implicitly assumes that each electrode fully covers the
corresponding polygon face, such that the available injection/collection width is
face-length limited. In practical implementations, however, the electrode footprint
along a face may be smaller than the face length, while remaining centered on
that face. We denote the electrode length by le and consider the special case

la < s. (6.36)
For convenience, we introduce the electrode coverage factor
Tel = %7 0< Tlel < 17 (637)

which quantifies the fractional face coverage.

Case 1: Longitudinal-Dominant Regime

In Case 1, the center-to-center electrode separation remains unchanged by re-
ducing le1, because the electrodes remain centered on their faces. The dominant
modification is therefore the effective width in the conducting cross section. Ac-
cordingly, the Case 1 resistance expression (6.22) is generalized by replacing the

effective width term by an electrode-length—limited width,
w'P(0) = min{ Lo, Wc,l(e)}, 0; < . (6.38)

Because the available overlap collapses sooner for smaller footprints, the transition
angle becomes electrode-size dependent. The corresponding boundary & is defined

implicitly by the vanishing-overlap condition
4% (61)(07) =0 (6.39)
el =u :

and satisfies @ < a for le] < s, as can be seen in Figure 6.10b.

tan & = fer = Nel tan « (6.40)
Daf

At 0; = 0°, the overlap does not limit the effective width and the Case 1

expression reduces to a one-dimensional form with an electrode-footprint—limited
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(a) Schematic of the inner electrode (b) Electrode length reduced transition
model (in). angle &.

Figure 6.10: Schematic of the inner electrode configuration (in) and electrode
length reduced transition angle &.

cross section. Under the conservative assumption that the current-carrying width

cannot exceed the electrode footprint, the 0° resistance becomes

el ° D Pl s T Pl T

Consequently, the identification of p| from the measured 0° resistance Rgo is
modified to

lat st
= Ropo e
Daf 0° Tel Daf

P = Rogo = Rgo Nel T tan(%) R (642)

which recovers the full-face result in the limiting case 7 — 1.

Case 2: Transverse-Dominant Regime

For Case 2, the finite electrode footprint primarily affects the effective arc-length
separation that enters De 2(6;). If, each electrode is centered on its face but has a
smaller length le1 < s, then an additional uncovered segment of length (s — lel)/2
remains on each side of the contacted face before the nearest vertex is reached.

Consequently, the arc-length contribution increases by the uncovered lengths on
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the two contacted faces, i.e. by (s — le1) in total. The adapted Case 2 separation

becomes
DI (0:) = 150(0:) = s(2i—1) + (s —la) = 5(2i —ne)
(6.43)
S (ﬁgz - 77e1) > 0; > &,
T

where 6; is understood in radians in the last representation. The full-face result

Equation (6.30) is recovered for ner — 1.

This modification propagates into Case 2 by replacing D 2(6;) with D,(:;)(Hi)

pu 152(0:)

Ry (0) = B2 25+ By (0:)
_ PL TN (T, (D (g, >4
=5 tan(n) (ﬂ_@l ne1) —|—R2” (6:), 0; > a. (6.44)

Rearranging Equation (6.44) and solving for p, yields

R - AP0
pL = 0; > a. (6.45)

tan(%) (%91 — 77e1) ’

A direct comparison of the model parameters between the extended model with

a small electrode size and the base model is provided in Section C.4.

6.3.3 Model Extension: Inner Electrodes

To capture the bridge effect reported by Acosta et al. [55], we consider a configu-
ration in which, in addition to the two active electrodes used for a given resistance
measurement, inner electrodes are placed on every face of the regular n-sided
polygon. All electrodes (active and passive/inner) share the same footprint lei,

centered on their respective faces, with
lel = MNel S, (646)

where 7.1 denotes the electrode coverage factor introduced in Equation (6.37).
Following Acosta [55], each additional electrode acts as a local low-resistance
bridge along the otherwise resistive perimeter route. In the present analytical
framework, this is captured by reducing the effective electrode separation D. by

the cumulative bridged length along the active conduction path.
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Case 1: Longitudinal-Dominant Regime

In the longitudinal-dominant regime, the dominant conduction path is the direct
fiber-parallel connection between the two active electrodes, not a perimeter route.
Therefore, for 6; = 0° the inner electrodes do not lie on the conduction path
and do not contribute to bridging. Consequently, the Case 1 separation remains
unchanged,

DV(0;) = Dea(0:), 0 <a (6.47)

s

Case 2: Transverse-Dominant Regime

In the transverse-dominant regime, the shortest-path interpretation is governed
by the perimeter arc-length between the two active faces. With inner electrodes
placed on every face, each traversed face segment provides a low-resistance bridge
of length le1 = ne1 5. Since the selected arc comprises (2¢ — 1) face segments, the

total bridged length along the Case 2 conduction route is defined as
Li(6;) = (20 —1)la = (20 — 1) ner s, (6.48)
and the effective Case 2 separation is reduced accordingly,
DI(0;) = DY) — Li(:),  6:>a. (6.49)

Using the finite-electrode arc-length representation, one obtains

D) = 5 (20— na) — nas(2i-1)
=s (ﬁﬂi - nel) — s (26— 1) (6.50)
s s
= Sﬁei(l—nd), 0; > a.
v

Accordingly, the Case 2 expression is adapted to

. D@y
(in) pPL e,2 ? (in)
Ry (0;) = — ———— + R, (6
3 (0:) 7 Dt 2 (6:)
_ pPL 7 n, (in) 1 p. ) ~
= tan(fn) (*91 (1- Wel)) + R, (6:), 0; > a. (6.51)
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Rearranging Equation (6.51) and solving for p, yields

t |:R9j - Rgll‘])(ei)}
pL = 0; > a. (6.52)

tan(%) (%91 1- 7751)) ’

A direct comparison of the model parameters between the extended model with

inner electrodes and the model with small electrodes is provided in Section C.4.

6.3.4 Resistivity and Microstructural Spacing

The polygon-based electrical resistance model used in this work is formulated
at the specimen scale and relies on homogenized principal resistivities as effec-
tive parameters. While this enables a tractable interpretation of macroscopic
measurements, the model does not explicitly represent microscopic transport
mechanisms such as fiber—fiber contacts, tunneling across resin gaps, or local
current constriction effects, nor can it unambiguously separate contributions from
in-plane transverse pathways and through-thickness connectivity within the fitted
transverse response. Micrograph-derived nearest-neighbor (NN) metrics of the
fibers, therefore, serve as a complementary microstructure-resolving descriptor
that supports the interpretation of resistivity trends and helps assess whether
observed differences are consistent with changes in inter-fiber spacing, resin-rich
regions, and directional packing heterogeneity. Since ply thickness or fiber areal
weight (FAW), and the associated manufacturing process, can systematically
influence fiber packing density, alignment stability, and the probability of contacts
or near-contacts, these NN metrics provide a direct geometric proxy for tunneling
potential and shortest-path limitations. In particular, thin-ply laminates are
commonly associated with improved manufacturing quality because reduced
ply thickness promotes more uniform consolidation and suppresses ply-scale
microstructural heterogeneity [239, 240]. Typical consequences include fewer
resin-rich regions, reduced thickness variations, a more homogeneous fiber distri-
bution, and a lower likelihood of locally under-compacted areas that interrupt
efficient electrical transfer paths. Accordingly, differences in NN spacing dis-
tributions and directional NN measures are expected to be most pronounced
when the thin-ply material is compared to the standard- or thick-ply material,
providing mechanistic context for the macroscopic resistivity differences in terms

of inter-fiber transfer probability and pathway tortuosity.
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However, a simple global NN distance does not distinguish between geometrically
favorable paths for current flow in different directions. In UD laminates, the
relevant inter-fiber transfer events occur predominantly in the laminate plane, yet
their directional character can still be separated into contributions aligned with
the local thickness axis versus the in-plane transverse direction. To capture this
anisotropic potential, the neighborhood of each fiber is divided into directional
sectors, and the nearest-neighbor distances are evaluated within each sector. The
resulting directional statistics provide proxies for (i) tunneling potential, via short
matrix gaps, and (ii) the presence of matrix rich regions that may force current to
detour, via the largest among directionally constrained nearest-neighbor distances,

the so called farthest of the nearest directional neighbors.

vog®
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« Fiber center position
Fiber diameter
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—— FNN per sector
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(a) Global NN and resin gap. (b) Directional NN and FNN.

Matrix

Fiber center position
---------- NN per sector

Figure 6.11: Schematic of global and directional nearest neighbors metrics.

Micrograph Segmentation

Polished cross-section micrographs are processed in Fiji (ImageJ) [241] to obtain
a robust fiber segmentation suitable for geometric analysis. First, each grayscale
micrograph is binarized by applying Otsu’s method [242], which selects a global
threshold by maximizing the between-class variance of foreground (fiber) and
background (matrix). The binary mask is then refined using a Watershed [243]
transformation to separate touching fibers and to mitigate merged regions caused

by insufficient contrast or polishing artifacts.
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Subsequently, Fiji’s particle analysis is applied to each segmented fiber region.
For each region, the area-weighted centroid is extracted and used as the fiber
center position

xi = (zi,y:), (6.53)

and the corresponding fiber diameter is estimated from the equivalent circular

diameter associated with the measured area A;,

A
dyi =24 = 54
7, - (6.54)

The exported fiber table contains, at minimum, (z;,y:), 4;, and derived dy,; for
all fibers ¢ = 1,..., N within the field of view.

The Fiji fiber analysis output is imported into Python for nearest-neighbor
analysis. Let x; denote the center of fiber ¢ and dy; its equivalent diameter. For
each fiber, Euclidean center-to-center distances to all other fibers are computed
as

Aij =% = xill,,  i#J (6.55)

From these pairwise distances, four metrics are derived, as can be seen in
Figure 6.11.

Global Nearest-Neighbor Center Distance

For each fiber i, the global NN center distance is defined as

AN = min A (6.56)

J#i

Global Nearest-Neighbor Resin Gap
To approximate the minimum matrix separation between two neighboring fibers,

the nearest-neighbor resin gap is computed by subtracting the average of the two

diameters from the NN center distance,

dpi+ds e
g™ —max((), ANN DL TSR0 +2“ “), (6.57)
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where 7% (i) = argminj»; A;; denotes the index of the nearest neighbor. The
truncation at zero avoids negative gaps that may arise from segmentation uncer-

tainty.

Directional Nearest Neighbors

To distinguish preferential spacing in thickness and transverse directions, the
neighborhood around each fiber is divided into four 90° angular sectors, defined
with respect to a fixed coordinate system (z,y). For a candidate neighbor j, the

relative displacement vector and its angle are
ri; = Xj — X, pij = atan2(r¢j,y, Tz‘j,z). (658)

Two opposite sectors are associated with the thickness direction, and two opposite
sectors with the transverse direction. For each fiber ¢ and each sector s, the

sector-constrained nearest-neighbor distance is

AYY = min Ay, (6.59)
JESs (i)

where S;(i) denotes the set of neighbors whose angle ¢;; lies within sector s.

The farthest of the nearest neighbors (FNN) is then defined as the maximum
of these sector-wise nearest distances within a given sector. In the thickness

direction this yields

FNN.; = max(AfLp, Aldown) (6.60)
and for the transverse in-plane direction

FNN_ ; = max(Afjes, Adghe) - (6.61)

Intuitively, FNN, ; and FNN ; quantify the largest local matrix rich region
among the nearest available neighbors in the respective opposing directions.
Large FNN values indicate that, in at least one of the two opposing sectors, the
closest potential transfer partner is comparatively far away, implying a reduced
probability of fiber contacts and short tunneling gaps and an increased likelihood

that the shortest conductive path must detour around these matrix regions.
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6.4 Results and Discussion

6.4.1 Silver Conductive Laquer

To quantify the characteristic resistance level of the applied silver conductive
lacquer (SCL), reference measurements were performed on a lacquer stripe
deposited on an electrically insulating polymer substrate. The stripe had a
nominal width of w = 1 mm and was measured over probe distances of L =
10mm—-300mm. The dry-film thickness was estimated as ¢ =~ 10pum—60 pm.
Resistance was measured by direct two-point probing with multimeter contacts,
using replicate measurements at each spacing to assess repeatability. Figure 6.12a
summarizes the resulting mean resistance values as a function of the probe

distance L.
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(a) Electrical line resistance R'. (b) Influence of drying time.

Figure 6.12: Electrical resistance measurements on a conductive SCL stripe
with different measurement distances and drying times.

For a first-order parameterization, the data were interpreted using the line-
resistance model

R(L)=Ro+R'L, (6.62)

where Ro aggregates contact and local constriction contributions and R’ represents
the apparent line resistance of the SCL stripe. The linear regression was restricted
to the short-distance regime L = 10 mm—50 mm, yielding R’ =~ 0.08 2/mm. This

restriction is motivated by the manual application procedure. Because the
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SCL was applied by hand using a brush, only short distances can be deposited
within a single brush stroke. Larger stripe lengths are therefore formed by
multiple strokes with partial overlaps, such that locally increased thickness
and altered microstructure (e.g., local binder accumulation with reduced silver
volume fraction, agglomeration-induced packing heterogeneity, and drying-related
microcracks) occur at overlap zones. Therefore, the thickness of the SCL is not
uniform along the stripe, which implies spatial variations of the cross-sectional area
A and consequently, of the local line resistance. Under these conditions, a global
linear approximation is generally not well suited because both the effective cross-
section and the local application quality can dominate the measured resistance
response, particularly at longer distances where overlap-related inhomogeneities
accumulate. In the constrained linear regression, the intercept was driven to Ry =
0€2, indicating that any contact and constriction contributions were negligible
within the repeatability of the measurement or could not be resolved separately

from the line term in the current two-point measurement configuration.

The effective resistivity was estimated under a one-dimensional current-flow

approximation with cross-sectional area A = tw as

At
pr =RT =R Tw (6.63)

and the corresponding effective conductivity as

L __ L
pet  RA ™ Rtw’

(6.64)

Oeff =

The geometric parameters and the resulting reference quantities are reported in
Table 6.3.

Table 6.3: Effective electrical estimates for SCL reference measurements.

Sample R’ Peft Oeff
(§2/mm) (2m) (S/m)
SCL ~008 80x10"—48x10"% 2.08 x 10°-1.25 x 10°

SCL = silver conductive lacquer.

To assess the influence of curing on the electrical performance of the SCL, two
resistance series were recorded at different drying times. Following the manufac-
turer’s technical guidance, the coating is typically touch-dry after approximately
10 min, whereas the final coating properties continue to develop with ongoing

solvent evaporation and film consolidation during further air drying and/or
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accelerated drying. Consequently, resistance was measured after 10 min and
after 45 min of ambient drying, as summarized in Figure 6.12b. While both
datasets exhibit the same principal behavior of increasing resistance with increas-
ing probe spacing, the absolute resistance level is systematically lower for the
more completely dried SCL. Compared to 10 min, the 45 min values are reduced
to approximately 55-60%. A supplementary reference measurement after 24 h
yielded resistance values comparable to the 45 min condition, indicating that the

SCL electrical performance had largely stabilized within this drying time.

6.4.2 Influence of Ply Thickness

Segmented binary micrographs in Figure 6.13 were evaluated according to Sec-
tion 6.3.4 to quantify microstructural spacing metrics that may govern contact-
controlled electrical transport. Since all FAW configurations in this study have
the same laminate thickness, a comparable fiber volume fraction ¢, and were
processed under identical manufacturing conditions, systematic differences in
the results can be attributed primarily to FAW-related differences in local fiber
packing and resin distribution rather than to global specimen geometry. Qualita-
tively, the micrographs indicate a subtle but consistent trend: the higher-FAW
configuration (UD-120) exhibits more pronounced matrix-rich, river-like resin
features with a preferential orientation in transverse fiber direction, while the
lower-FAW configuration (UD-30) appears more homogeneously distributed with
comparatively smaller, lake-like or cofferdam-like [239] resin-rich regions. This
observation is in line with reports in the literature that local resin channeling
and matrix-rich regions can be more pronounced for higher areal-weight plies and
thus increase mesoscale heterogeneity [239, 240]. From an electrical perspective,
such resin-rich features are relevant because they locally suppress the probability
of fiber—fiber transfer events and, therefore, may increase the effective resistivity

of the components in contact-controlled directions.

Quantitatively, the global nearest-neighbor (NN) center-to-center distances ANV

are essentially identical for both materials (6.75 pm for UD-120 and 6.74 pm for
UD-30, Table 6.4), which is remarkably close to the nominal fiber diameter of
7pm. The normalized histograms in Figure 6.14a also do not show a significant
shift. This indicates that, on average, the microstructure provides frequent
opportunities for fiber—fiber transfer via contacts and near-contacts in both
configurations; hence, a global difference in mean fiber spacing alone is not

expected to dominate differences in off-axis electrical behavior. The gap metric
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Figure 6.13: UD-120 and UD-30 binary micrographs after application of
Otsu’s method and Watershed transformation, nominal fiber
diameter 7 pm.

¢V interpreted as the resin separation between neighboring fibers, yields

mean values of 0.24 pm for UD-120 and 0.16 pm for UD-30 (Table 6.4), with the
corresponding distributions shown in Figure 6.14b. These absolute values must be
treated with care, because the estimated gaps are affected by pixel discretization
and segmentation artifacts: at 500 X magnification, one pixel corresponds to
0.385 pm, and the Watershed transformation introduces an artificial one-pixel
separation between adjacent fibers even when they visually touch. Consequently,
¢V is not a direct proxy for the sub-nanometer separations relevant to electron
tunneling, but rather a comparative indicator of how frequently resin-separated
near-neighbor pairs occur in the segmented microstructure. In this comparative
sense, the larger mean ¢V and the shifted distribution for UD-120 suggest a
higher prevalence of resin separations between nearest neighbors, and implying a
reduced probability of low-resistance transfers and potentially higher effective

resistivity in contact-controlled directions.

The farthest-nearest-neighbor (FNN) directional metrics further support this
interpretation. Normalized histograms in Figure 6.15b show that UD-120 tends
to slightly larger FNN, and FNN, values than UD-30, which is consistent
with more frequent local interruptions of the fiber neighborhood by matrix-rich
regions. Moreover, F'N N, is systematically larger than F'N N by approximately
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Table 6.4: Mean nearest-neighbor spacing metrics from micrograph evalua-
tion for UD CFRP.

Sample ANN NN pPNN, FNN,
(pm)  (wm) (wm) (um)

UD-120 6.75 024 9.35 9.41

UD-30 6.74 0.16 8.80 8.91

~1% for both materials (UD-120: 9.41pm vs. 9.35pm; UD-30: 8.91pm vs.
8.80 pm, Table 6.4). While small, this asymmetry is physically consistent with a
slightly reduced probability of forming short fiber—fiber transfer paths in thickness
direction and, therefore, with similar or marginally better conductivity in the
transverse direction compared to the through-thickness direction. Overall, the
micrograph metrics indicate that both materials are densely packed (as reflected
by ANY ~ d), but that UD-120 exhibits a higher statistical presence of resin
separations and slightly increased directional neighborhood distances. Since
tunneling-assisted transfer requires sub-nanometer film thicknesses, these results
are best interpreted as changes in the probability and spatial distribution of
effective contacts and near-contacts rather than as direct measures of tunneling
distances; accordingly, the observed FAW-dependent resin-rich morphology and
the gap-related statistics support the hypothesis of a potentially increased contact-
controlled transverse and through-thickness resistivity for UD-120 relative to
UD-30.
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Figure 6.14: Global normalized histograms from micrograph-based fiber seg-
mentation for UD-120 and UD-30 CFRP.
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Figure 6.15: Directional normalized histograms from micrograph-based fiber
segmentation for UD-120 and UD-30 CFRP.
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6.4.3 Polygon Based Resistance Measurements

To evaluate the validity of the n-sided polygon model and to assess whether
the modeled principal resistivities p; and p1 can be predicted accurately and
remain consistent with literature data, the present work employs a 24-sided
(lat. icositetragon) prismatic specimen and acquires a circumferential resistance
dataset in discrete increments of 8 = 15°. For each angular position 6;, the
resistance is measured between two opposite facets whose across-flats separation
is Doy = 125 mm. Within the polygon-model framework, the electrode config-
uration primarily defines the electrical boundary conditions at the perimeter
(effective electrode footprint, presence of passive inner electrode segments, and
the associated degree of shunting) and thus determines which analytical model
variant applies. The four configurations shown in Figure 6.16 are therefore
treated as systematic boundary-condition variants rather than practical alter-
natives, enabling a controlled comparison between the measured R(6;) and the
corresponding model predictions for different probe and electrode representations

(see the corresponding model derivations in Section 6.3.1 ff.).

Configuration (a), SCL-0 (Figure 6.16a), represents the lowest preparation effort
because no silver conductive lacquer is applied and the specimen is directly
contacted by the multimeter measurement probes. In model interpretation, this
case can be assigned to the extended model for small electrode size (el) (see
Section 6.3.2) if the probe width (~ 1 mm) is interpreted as the effective electrode
footprint and if contact resistances are neglected. Operationally, SCL-0 carries
the highest risk of variable contact quality and probe misplacement, because the
probes must be positioned repeatably near the facet center; small offsets can
change the local current injection pattern along the polygon boundary and thereby
increase scatter in R(6;). Additionally, resistance values will increase exponentially
with electrode misplacement [55]. Consequently, SCL-0 is preparation-efficient
but metrologically sensitive, and deviations from the prediction (el) should be
interpreted primarily as contact- and placement-related effects rather than as

intrinsic material response.

Configuration (b), SCL-2F (Figure 6.16b), applies full-face SCL electrodes only to
the two facets addressed for a given 6;, while all remaining facets remain uncoated.
This setup comes closest to a two-probe coupon-like boundary condition with
well-defined electrodes, because current is injected over the full facet area and
no passive metallization is present that could shunt current along the perimeter.
Consequently, SCL-2F is described by the (base) model (see Section 6.3.1) and

164



6.4 Results and Discussion

(b) SCL-2F: Face-striped SCL electrodes,
no SCL. measurement faces only.

(¢) SCL-24F: Face-striped SCL elec- (d) SCL-CC: Continuous SCL coating of
trodes, all faces. outer surface.

Figure 6.16: Schematics of electrode configurations for the 24-sided specimen
for resistance measurements.
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is used as the reference configuration for comparisons across FAW, orientations,
and model variants. Although the resulting current field is not strictly one-
dimensional due to anisotropy and the prismatic boundary, SCL-2F minimizes
avoidable boundary short-circuiting and provides the most direct link between
the measured R(¢;) dataset and the intended (base) interpretation.

Configuration (c), SCL-24F (Figure 6.16c¢), is designed for efficiency during a
full circumferential sweep: all facets are partially metallized (Io; = 10mm < s =
16.46 mm) in a single application step, and the measurement can be performed
for all §; without intermediate cleaning, recoating, or drying. The trade-off is that
passive inner electrodes on unaddressed facets modify the boundary conditions and
introduce additional shunting paths that alter current spreading and the effective
resistance. This configuration is captured by the (in) model (see Section 6.3.3),
which explicitly accounts for the presence of passive metallized segments or inner
electrodes and the resulting topology-dependent current redistribution. SCL-24F
thus represents a practical compromise: it improves repeatability of electrode
placement and reduces preparation time substantially, at the cost of requiring

the (in) interpretation rather than the (base) reference model.

Configuration (d), SCL-CC (Figure 6.16d), represents the apparent topological
limit of the (in) model concept: as the metallized electrode length approaches
the the total face length s, the perimeter becomes a nearly closed SCL ring.
In the ideal limiting case psci, < pcrrp, the measured resistance would be
expected to be dominated by the SCL coating, so that the CFRP contribution
becomes progressively masked by perimeter short-circuiting. However, literature
and previous measurements indicate pscr ~ 8.0 x 1077-4.8 x 107% Qm, while
typical longitudinal CFRP resistivities are p; ~ (1.14-5.29) x 107° Qm [217],
i.e., the contrast is on the order of one magnitude rather than multiple decades.
Under these conditions, SCL-CC cannot be treated as an ideal short-circuit
boundary; instead, the measured response remains a coupled SCL/CFRP system.
As such, SCL-CC provides an informative upper-bound modification of the
boundary conditions and a benchmark for the robustness range of the (in)

topology interpretation when approaching the closed-ring limit.

To investigate whether the extracted principal resistivities are robust with re-
spect to microstructure-driven changes in electrical path formation, all electrode
configurations in Figure 6.16 were applied consistently to UD CFRP laminates
manufactured from plies with different areal weights (FAW = 30, 60, and 120 gsm).
Although the global laminate thickness and ¢y are comparable, varying FAW
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changes the effective ply thickness and the number of ply interfaces for a fixed
laminate build, and it can promote subtle differences in local fiber packing,
resin-rich features, and interlayer connectivity. These effects directly influence
the density and quality of fiber—fiber transfer sites (contacts and near-contacts)
that govern transverse and through-thickness current transport as already seen
and discussed in Section 6.4.2. In addition, QI CFRP was characterized with the
same measurement configurations as an external benchmark for the experimental
procedure and for qualitative comparison; however, because no dedicated analyti-
cal polygon model is formulated for QI layups in the present work, the QI results
are interpreted descriptively rather than through parameter identification of p;

and p .

24 Sided Specimen: UD CFRP

Reference SCL-2F, Config (b). The reference configuration SCL-2F, shown
in Figure 6.17b, provides the most direct experimental realization of the base-
model boundary conditions, since only the two addressed faces are metallized
while all other facets remain electrically inactive. Across all UD configurations,
the measured directional response exhibits a near-linear increase in Rmeas(6;) over
the sampled transverse regime from 15° to 90°. This behavior is consistent with
the base-model interpretation that, once 0; exceeds the transition regime, the
effective resistance is governed predominantly by contact-controlled transverse
transport and its geometric projection. Notably, the transition itself cannot be
resolved experimentally: for the 24-sided geometry the predicted transition angle
a lies below the first measurable increment at 15°, such that any non-monotonic
or unsteady behavior between 0° and 15° would remain undetected. While the
0° measurement appears broadly consistent with the overall modulation, it must
be interpreted separately because different conduction mechanisms dominate at
6 = 0° (fiber-dominated longitudinal transport) compared to 6 > 15° (mixed
transverse and through-thickness transfer governed by fiber—fiber contacts and
near-contacts), and no model-based evidence exists that the response must remain

strictly monotonic in the unmeasured range.

A comparison of the 0° measurements across FAW (Figure 6.18a) shows essentially
identical resistances for UD-30, UD-60, and UD-120. This is expected within the
polygon model framework: for 0° the response is dominated by longitudinal fiber
conduction, and since laminate thickness and ¢; are comparable, the effective

conducting cross section and thus Rmeas(0°) should not change appreciably with
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Figure 6.17: Electrical resistance measurements for the 24-sided probe of
UD CFRP with different fiber areal weights. Note: The y-axis
limits differ between panels.
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FAW. In contrast, for larger angles the resistance increases systematically with
FAW, following RU5:12°(0;) > RID:5°(0;) > RUD:3%(8;) (see also the 90° compar-
ison in Figure 6.18b). This trend is physically plausible because the transverse
response is controlled by electrical path formation through a sparse network of
fiber transfer sites. For otherwise comparable laminates, varying FAW changes
the effective ply thickness and the number of inter-ply interfaces, which can
modify interlayer connectivity, resin-rich features, and the probability of short
transfer paths; the associated microstructure trends and their implications for
path formation are discussed in Section 6.4.2. In this context, the notably lower
transverse-direction resistances observed for the thin-ply configurations are consis-
tent with an increased likelihood of conductive pathways, including contributions
in thickness direction that are intrinsically coupled into the measured p; because
the electrodes span the full laminate thickness.

The base-model parameter identification for SCL-2F (Table 6.5) reflects these
observations: p remains nearly constant across FAW, whereas p, decreases
markedly for thinner plies. The UD-120 values fall within typical literature ranges
for standard/medium-ply UD CFRP [55, 217], while the thin ply configurations
yield substantially reduced effective p , supporting the interpretation that FAW-
driven microstructural changes predominantly affect contact-controlled transport
rather than longitudinal fiber-dominated conduction.
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Figure 6.18: 0° and 90° comparison of the electrical resistance measurements
for the 24-sided probe of UD CFRP.
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SCL-24F, Config (c). The SCL-24F configuration (Figure 6.17c) exhibits
an overall directional resistance modulation that is qualitatively similar to the
SCL-2F reference, i.e., a largely monotonic and approximately linear increase
of Rmeas(;) over the transverse regime 15° < 6; < 90°. Although, UD-120
shows an uncertain 90° measurement point at 71.37Q that deviates from the
otherwise smooth angular progression observed across the remaining angles.
Compared to SCL-2F, the absolute resistance level is reduced across the transverse
angles, consistent with additional perimeter shunting introduced by the passive

metallization or inner electrodes on non-addressed faces.

At 0°, SCL-24F yields sub-ohmic resistances that remain in the same order of
magnitude as SCL-2F, as expected for a predominantly fiber-dominated longitu-
dinal response. However, in contrast to SCL-2F, where Rmeas(0°) is essentially
FAW-independent, SCL-24F exhibits a systematic FAW-dependent drift already
at 0°, with RD:20(0°) ~ 0.63Q, RUD:S°(0°) ~ 0.56 2, and RD:2°(0°) ~ 0.44 Q,
ie., RID220(0:) > RI%S(6;) > RUD:3°(0:) even in the nominally longitudi-
nal case. A plausible electrotechnical interpretation is that the passive inner
electrodes adjacent to the active measurement faces modify the local current
injection boundary condition: the nearby metallized facets act as low-resistance
equipotential regions, which promotes circumferential current redistribution near
the electrode edges and increases the degree of local transverse current transfer
required to satisfy the altered boundary constraints. As a result, a small mixed-
mode contribution is superimposed onto the otherwise longitudinal response, and
this contribution can inherit microstructure sensitivity that would otherwise man-
ifest primarily at larger 6;. This coupling mechanism is not explicitly represented
in the current (in) formulation and could, in principle, be parameterized by an
additional near-field coupling term that depends on the distance between the

active electrodes and the nearest passive metallized surfaces.

In the transverse regime 15° < 6; < 90°, the FAW ranking remains consistent
with the SCL-2F trends, and the identified transverse resistivity p, obtained
from SCL-24F remains close to the SCL-2F reference, with deviations within
approximately —7% to +14% across the investigated UD variants while main-
taining high fit qualities (R* =~ 0.96-1.00; Table 6.5). The sign of the deviation
changes between samples and therefore does not indicate a systematic bias; rather,
the observed scatter is consistent with secondary experimental influences such
as small variations in manual SCL application (electrode footprint and edge
definition), local coating thickness variations, and specimen-to-specimen contact

condition variability. In contrast, p; shows a systematic reduction relative to
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SCL-2F (approximately —28% to —53% across FAW), consistent with the inter-
pretation that passive metallization primarily perturbs the near-electrode current
density distribution and thus the effective longitudinal contribution captured by
the parameter identification; such near-field coupling effects are not explicitly
represented in the current (in) model formulation and therefore constitute a clear

avenue for future model refinement.

Table 6.5: Fit quality and principal resistivities for SCL-2F and SCL-24F.
Values in parentheses denote the relative deviation with respect to
SCL-2F within the same sample.

Sample Config Model p pL R?
(&2m) (@m) -

UD-120 SCL-2F base  6.87 x 1075 (0.0%) 1.15 x 10~ (0.0%) 1.00

(
UD-120 SCL-24F in 4.92 x 107° (—28.3%) 1.17 x 101 (+1.8%) 0.98
UD-60 SCL-2F  base 7.09 x 1075 (0.0%) 3.50 x 102 (0.0%) 1.00
UD-60  SCL-24F in 4.39 x 107° (—38.1%) 3.25 x 1072 (-7.1%) 1.00
UD-30  SCL-2F  base 6.99 x 1075 (0.0%) 1.58 x 10~2 (0.0%) 0.99
UD-30  SCL-24F in 3.28 x 1075 (—53.0%) 1.80 x 1072 (+13.9%) 0.96

SCL-CC, Config (d). The SCL-CC configuration (Figure 6.17d) yields the
lowest absolute resistance levels among all investigated setups, consistent with
the intended boundary condition: a continuous circumferential SCL coating acts
as a low-resistance shunt along the specimen perimeter and thereby bypasses a
substantial fraction of the otherwise contact-controlled CFRP transport, particu-
larly as the measurement direction approaches the transverse regime. In contrast
to interpretations based on an increasingly long perimeter path of SCL, the
measured angular response remains nearly linear even at elevated angles. This
indicates that the finite line resistance of the SCL circumference does not become
the only contribution over the explored range; instead, the SCL primarily enforces
a quasi-equipotential boundary and reduces sensitivity to angle-dependent cur-
rent spreading. Any residual increase toward 90° is therefore more consistently
attributed to the growing contribution of transverse-dominated CFRP transport
and current-transfer effects at the electrode—laminate interface, rather than to a

pure “long-path” conductive path along the SCL, as discussed in Section 6.4.1.

The FAW dependence is still visible but markedly reduced compared to SCL-2F
and SCL-24F, with a trend of Rymma2?(6:) > RImS%(0:) ~ RI=2°(6;), which

is consistent with the expectation that, once the perimeter shunt dominates,

171



6 Anisotropic Electrical Properties

microstructure-driven variations in CFRP transfer-site connectivity only weakly

influence the overall response.

At 0°, the resistance is in the same order of magnitude as for SCL-2F and appears
slightly lower. A plausible interpretation is that, for # = 0°, the longitudinal
CFRP path between opposite faces represents an exceptionally low-resistance
route due to fiber-dominated conduction and the shortest effective through-
material connection, such that the total response is governed by the parallel
competition between (i) the direct CFRP path and (ii) the longer circumferential
SCL path; in this regime, the longitudinal CFRP contribution can remain
comparable to or even dominate the coupled system response. For increasing 6;,
the CFRP contribution becomes progressively more resistive, and the current
preferentially redistributes into the SCL circumference, leading to the overall

suppressed resistance magnitude and the reduced FAW sensitivity.

Because SCL-CC represents the topological limit of the perimeter-metallization
concept and the measured response is strongly governed by the coupled SCL/CFRP
boundary condition, the inverse identification of intrinsic CFRP p|| and p_ is not
meaningful within the scope of the current analytical formulations. Accordingly,
SCL-CC is used here primarily as a qualitative boundary-condition benchmark

rather than as a configuration for quantitative resistivity extraction.

SCL-0, Config (a). The SCL-0 configuration (Figure 6.17a) differs fundamen-
tally from the SCL-based electrode setups because current injection is realized by
direct multimeter probe contact without a defined metallized electrode footprint.
As a result, the measured angular response between 15° and 90° is no longer
strictly linear in the same manner as observed for SCL-2F. In particular, the
high-angle measurements exhibit an apparent upward shift relative to a linear
continuation from intermediate angles, most pronounced at 90°, indicating that
the effective boundary condition at the contact is not stable across ;. In absolute
terms, Rmeas is substantially higher than for SCL-2F over the full angular range,
which is consistent with (i) the strongly reduced effective electrode area (probe
tip instead of full-facet electrodes), leading to increased current constriction and
a more localized current density field, and (ii) additional contact resistances at
the probe—surface interface that are not controlled by a reproducible SCL coating

and can vary with contact force, surface roughness, and local fiber exposure.

Despite these limitations, the FAW ordering remains preserved across angles and

is visible even at 0°, i.e., Ruone?%(0;) > RIUEa20(0;) > RUS2°(6;). The presence
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of this ordering in the nominally longitudinal case is physically plausible under
probe contact because the injected current couples into only a limited number
of surface fibers and local fiber bundles; since it is unlikely that the probes
repeatedly contact the same set of fibers and micro-contacts, the measurement
becomes sensitive to local connectivity and mixed-mode transfer near the contact,
thereby allowing FAW-driven differences in transverse/through-thickness path
formation to bias Rmeas(0°). In other words, SCL-0 does not isolate a purely
fiber-dominated longitudinal response but rather superimposes local transfer and

contact effects onto the nominal 0° measurement.

Consistent with this interpretation, the (el) model fit quality is poor compared to
the SCL-2F reference, and the identified principal resistivities become physically
implausible for quantitative material characterization (Table 6.6). In particular,
p|| is strongly overestimated for UD-120 (+235.5% relative to SCL-2F) and still
elevated for UD-60 (+67.5%), while UD-30 happens to agree closely (+2.3%).
Simultaneously, pi increases for all FAW levels (+19.2% to +63.6%). These
trends can be rationalized by the fact that SCL-0 violates key assumptions of
the analytical boundary condition: the current injection is not uniform over a
facet, the effective electrode footprint is not well defined, and contact resistances
introduce an additional (largely angle-independent) resistance contribution that
is not represented in the present (el) model. Together with the strong sensitivity
to probe placement (and the established exponential resistance increase with
electrode misplacement [55]), the configuration is therefore ill-conditioned for
extracting reliable p| and p, values. Consequently, SCL-0 is suitable primarily for
qualitative trend checks, whereas quantitative resistivity identification between
two probes should rely on configurations with defined and repeatable boundary
electrodes (SCL-2F).

Table 6.6: Fit quality and principal resistivities for SCL-0 Values in paren-
theses denote the relative deviation with respect to SCL-2F within
the same sample.

Sample Config Model p pL R?
(2m) (@m) ©)
UD-120 SCL-0 el 2.30 x 10~% (4+235.5%) 1.37 x 107! (+19.2%) 0.89
UD-60  SCL-0 el 1.19 x 1074 (+67.5%) 4.63 x 1072 (+32.1%) 0.68
UD-30 SCL-0 el 7.15 x 1075 (4-2.3%) 2.58 x 102 (+63.6%) 0.99
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(a) SCL-0: Direct probe point contact,

Electrical resistance R ()
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Figure 6.19: Analytical electrical resistance modulation for the 24-sided
probe of UD CFRP with different fiber areal weights. Note:
The y-axis limits differ between panels.
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6.4 Results and Discussion

24 Sided Specimen: QI CFRP

Quasi-isotropic CFRP measurements are used to evaluate the measurement
method and the associated contact configurations. Accordingly, the results are
interpreted in terms of measurement robustness and contact-induced effects. The
directional datasets in Figure 6.21 and the mean resistance per configuration
in Figure 6.20 indicate that the SCL configurations (SCL-2F, SCL-24F, and
SCL-CC) yield sub-ohm resistance levels, comparable in magnitude to those
typically measured for UD CFRP at 0°.

This outcome may appear surprising at first glance, but it follows naturally
from the QI stacking sequence. Because 0°, £45°, and 90° plies are present, at
least one ply orientation is usually close to the measurement axis, i.e., the line
connecting the electrodes. Therefore, multiple low-resistance in-plane pathways
contribute in parallel. As a consequence, resistivity becomes very low and there

is no significant directional difference.

L QI Mean + SD
16 = Q120 []07
QL6
b Q130

o
w

Electrical resistance R (), SCL-0
=4
IS
Electrical resistance R (Q)

=
[S)

0.1

< SCL-0 SCL-2F»  SCL-24F»  SCL-CC»
24 sided probe configuration

Figure 6.20: Mean values of electrical resistance measurements for the 24-
sided probe of QI CFRP.

From a purely geometric expectation, intermediate directions such as 15°, 30°, 60°,
and 75° could be expected to yield marginally higher resistances. However, the
measured QI datasets do not exhibit a distinct and quantifiable minimum at these
angles (Figure 6.21), suggesting that the effective contact probability and current
redistribution in the QI architecture are sufficiently high that differences between

these intermediate angles and the principal directions cannot be reliably resolved
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6 Anisotropic Electrical Properties

within the resolution of the present measurement. A plausible interpretation is
that inter-ply fiber crossings and the associated density of contact points provide
additional transfer opportunities compared to UD laminates, thereby reducing
the contrast between directly fiber aligned and misaligned measurement angles

and masking any small-angle benefit.

The following QI results align with the expected behavior based on the preceding
interpretations. The configuration without SCL (SCL-0) exhibits qualitatively
different behavior. As shown in Figure 6.20, the QI mean resistances in SCL-0
are substantially higher than the SCL-based configurations (multi-ohm instead
of sub-ohm), reflecting the reduced and ill-defined probe contact area and the
presence of contact resistances; nevertheless, the QI SCL-0 means are lower than
the corresponding UD 0° SCL-0 values discussed previously, which is consistent
with the notion that fiber crossings and a higher density of transfer sites can
reduce the sensitivity to probe placement and local contact variability. Across
all QI configurations, the FAW trend 120 > 60 > 30 gsm is retained in the
mean values, most clearly for SCL-0 and still discernible for SCL-2F /24F /CC
(Figure 6.20). This indicates that, in addition to interlaminar cross-fiber contacts,
intralaminar packing and the FAW-dependent microstructure effects discussed
for UD CFRP continue to influence the effective resistance of QI laminates, even
though the QI architecture provides multiple fiber orientations and therefore
reduces the directional contrast. Overall, the QI results support the experimental
consistency of the electrode configurations and reinforce the interpretation that
FAW-driven changes in connectivity can persist as a secondary influence even in

layups with an inherently higher contact density.
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Figure 6.21: Electrical resistance measurements for the 24-sided probe of
QI CFRP with different fiber areal weights. Note: The y-axis
limits differ between panels.
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6.5 Conclusions

This chapter established a methodology to identify in-plane electrical anisotropy
in CFRP from angle-dependent two-terminal resistance measurements on n-gonal
prismatic specimens. The key outcome is a geometry-consistent transfer of
coupon-based effective path length and effective cross section concepts [55] to
regular polygons. This approach enables the acquisition of a complete set of
angle-dependent resistance measurements on a single specimen, which is then

mapped to the orthotropic principal resistivities p; and p, .

The identification strategy was formalized as an analytical model in which
the electrode topology is treated as a first-order boundary condition. The
base formulation assumes full-face electrodes on the addressed facets. Under
this reference configuration, UD CFRP measurements yielded resistivities in
literature-consistent magnitudes. The identified longitudinal resistivity p; re-
mained essentially invariant across FAW for comparable laminate thickness. In
contrast, the transverse-effective resistivity p, showed a strong FAW dependence,
with thinner plies exhibiting lower resistance and reduced effective anisotropy.
Micrograph-derived nearest-neighbor spacing metrics confirmed a higher density
of fiber—fiber transfer opportunities at lower FAW, indicating that p, repre-
sents an effective mixed-mode quantity governed by coupled transverse and

through-thickness transfer.

Two practically relevant setup variations were evaluated within the same modeling
framework: finite probe-like contacts and passive metallization on non-addressed
faces. Both configurations introduce strong contact, constriction, or shunting
effects that can dominate the measured response. Therefore, they are not suitable
for quantitative identification of the resistivities of the material. However, they

can be described and interpreted qualitatively within the model.

The methodology was also applied to QI laminates, which—as expected—exhibited
nearly angle-invariant resistivity. The measured level was on the same order and
slightly below the UD longitudinal response, indicating that the increased density

of fiber intersections promotes electrical transport.

Future work could establish a measurement standard for anisotropic laminates
that enables reproducible identification of fiber-orientation-dependent resistivi-

ties.
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7 Summary

This thesis targets non-destructive, experimentally efficient quantification of
anisotropic in-plane transport in continuous-fiber CFRP laminates at the lam-
inate scale. Many existing approaches are labor-intensive, require multiple
specimens and fiber orientations, or do not consistently relate measured fields to
the underlying laminate architecture. To address this gap, the following research

questions are answered by three complementary model-based methodologies.

Research Question 1 (Fiber Orientation Detection): How can the ply-level fiber
orientation layup in CFRP laminates be determined non-destructively to enable
a quantitative interpretation of anisotropic in-plane transport behavior? This
question is answered by establishing a depth-resolved ultrasonic methodology
that delivers a structurally meaningful ply-level orientation description through
the laminate thickness. The approach bridges conventional defect inspection
and microstructural reference methods. It does not resolve individual fibers;
instead, it extracts layer-wise orientation trends from volumetric pulse—echo data
via Fourier-domain texture analysis of C-scan slices. Dominant fiber directions
appear as angular peaks and are reliably selected using the peak-scoring metric Q.
This yields a depth-resolved fiber orientation descriptor ©(zx) that serves as the
architectural reference for transport characterization. Reliability is demonstrated
for unidirectional, quasi-isotropic, and Bouligand architectures across industrially
relevant thicknesses and ply counts. Disturbance analyzes define practical limits:
near-surface regions are affected by strong front-/back-wall reflections, and
porosity or geometric features broaden spectral peaks and reduce directional

resolvability.

Research Question 2 (Anisotropic Thermal Properties): How can anisotropic
in-plane thermal transport in CFRP laminates be determined efficiently by non-
destructive testing and interpreted using an appropriate analytical model? This
question is answered by a Heat-Spot Thermography (HST) measurement-and-

evaluation route that reconstructs the in-plane orthotropic thermal diffusivity
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response of unidirectional CFRP from a single specimen under controlled bound-
ary conditions. Localized excitation and infrared field acquisition are combined
with a closed-form orthotropic diffusion model that enforces symmetry and princi-
pal directions. A key outcome is the interpretation of what HST measures under a
prescribed heat-flux boundary condition. The direction-dependent observable cor-
responds to an inverse-diffusivity projection (1/7¢) rather than g, except on the
principal axes. Two consistent extraction routes are provided, based on Gaussian-
profile broadening and isotherm evolution. They offer a robustness—efficiency
trade-off without changing the inferred angular dependence. Measurements on
neat polymers and unidirectional CFRP demonstrate single-specimen identifica-
tion of ) and a1 with anisotropy ratios in the expected range. A generalized
rule-of-mixtures formulation further enables constituent-level reconstruction from

the measured diffusivity response.

Research Question 8 (Anisotropic Electrical Properties): How can anisotropic
in-plane electrical transport in CFRP laminates be determined efficiently by non-
destructive testing and interpreted using an appropriate analytical model? This
question is answered by a geometry-aware resistance-characterization concept
using regular prismatic n-gonal specimens. The geometry enables symmetry-
complete acquisition of angle-dependent two-terminal resistances on a single
sample and their mapping to the orthotropic principal resistivities p; and p_.
The identification strategy is formulated as an analytical model in which elec-
trode topology is treated as a first-order boundary condition. Under well-defined
full-face electrode configurations, the method yields literature-consistent resis-
tivity magnitudes for unidirectional CFRP. The results show that p; remains
essentially invariant with fiber areal weight for comparable laminate thickness.
In contrast, the transverse-effective resistivity p. is strongly dependent on the
ply architecture, consistent with the microstructure-governed inter-fiber contact
network controlling off-axis conduction. Electrode variations clarify applicability:
probe-like finite contacts and passive metallization on non-addressed faces intro-
duce constriction or shunting effects that can dominate the response, and are
therefore unsuitable for quantitative identification without additional modeling.
Quasi-isotropic laminates exhibit an almost angle-invariant response in the same

order of magnitude as the unidirectional longitudinal values.

In synthesis, the thesis provides a unified characterization framework that connects
laminate architecture and transport in a model-consistent way. The ultrasonic
descriptor ©(z;) supplies the ply-resolved structural reference, enables thermal

and electrical measurements to be interpreted against the actual fiber orientation
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state. The transport chapters further show that principal in-plane properties can
be identified from single-specimen data when boundary conditions and electrode or
heat-input geometries are explicitly prescribed and incorporated into an analytical
evaluation that preserves orthotropic symmetry. A coherent central result is
that transverse-dominated conductivities are the most microstructure-sensitive
metrics. They reflect how effectively charge or heat transfers between fiber
bundles through the matrix and interfaces, which is governed by the connectivity
of conductive pathways. Accordingly, the thesis defines quantitative validity
criteria for each method and provides a basis for standardized, anisotropy-aware

reporting of laminate-scale transport properties.
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7 Summary

Usage of AI-Based Tools

Al-based tools were used selectively during the preparation of this thesis as
supportive aids in the research and writing process. In particular, tools such
as ChatGPT by OpenAl Ireland Ltd, Overleaf Al writing tools by Digital
Science UK Limited and Writeful by ThinqLab Ltd were employed for language
refinement, text restructuring, and improvement of clarity and readability. The
use of these tools was limited to auxiliary tasks and did not replace the author’s
own scientific reasoning, interpretation of the results, or critical evaluation of
sources. All scientific content, methodological developments, data analysis, and
conclusions presented in this thesis are the sole responsibility of the author and
were independently derived in accordance with the principles of good scientific

practice.
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A Appendix: Fiber Orientation Detection

A.1 Software Repository: CompoSE

e Developers: Julian Karsten, Louis Braun

CompoSE is a software tool for Composite Sonar Evaluation, developed to
standardize the ultrasonic data processing workflow from raw file import to
depth-resolved analysis and reporting for fiber-reinforced polymer composites.
Conceptually, CompoSE sits between a reusable framework and a project-specific
analysis implementation: core modules provide a consistent data model, config-
uration handling, logging, parsing, processing, and figure generation, while the
main entry point assembles these building blocks into the concrete processing
pipelines used throughout this thesis; detailed description in Section 4.3. In the
current implementation, raw Hillgus (.hgv) files are imported by a dedicated
parser that extracts acquisition metadata (e.g., scan increments, sampling rate,
sound-speed settings, and data offsets) and reconstructs the measurement into a
three-dimensional tensor U(z;, y;, tx) for subsequent depth-resolved evaluation.
Pre-processing utilities support spatial and depth ROI definition, amplitude
scaling, Hilbert-based envelope computation, automated front- and back-wall lo-
calization, specimen cropping, and robust handling of corrupted regions through
controlled inpainting and exclusion rules. Building on these steps, the fiber-
orientation module implements slice-wise texture analysis in the Fourier domain
(2D-FFT, polar re-sampling, radial-band selection, and peak-based angular eval-
uation), thereby producing the depth-resolved orientation outputs reported in

the results section (Section 4.4).

From a user-experience perspective, CompoSE is designed for pragmatic lab-
oratory operation: it can be executed as a script-driven workflow while still
offering lightweight interactive input where expert supervision is beneficial. When
launched without explicit arguments, the software prompts the user to select
an input dataset via a minimal file-selection dialog and automatically loads an

associated JSON configuration if present; otherwise, a default configuration is
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instantiated. During parsing and pre-processing, interactive Matplotlib [202] wid-
gets are used to support manual selection of key parameters such as depth ranges
and amplitude thresholds in a transparent and reproducible manner. All process-
ing decisions are persisted by exporting the active configuration to the output
directory together with a structured set of diagnostic plots (A-/B-/C-scan views,
interface maps, FFT and polar spectra, and angular spectra), while a unified
logging layer records parameter choices and runtime information for traceability.
This combination of modular components, reproducible configuration snapshots,
and minimal GUI interaction enables both rapid exploratory evaluation and

consistent batch-style processing of larger measurement campaigns.
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A.2 Methodology Flowchart

[

[

Fiber Orientation Detection
layer-based, non-destructive, ultrasonic testing, software: CompoSE
Input: Ultrasonic data
A-scan tensor / C-scan stack

l

/Pre-processing )
e« Data import and ROI definition
Parse acquisition (meta)data and reconstruct U(z;,y;, tk).
¢ ROI definition
Define spatial and time-of-flight regions of interest.
« Envelope computation
Compute the Hilbert-envelope |a(ty)| for amplitude-based thresholding.
¢ Depth boundary detection
Detect front- and back-wall echoes by amplitude thresholding.
¢ Depth mapping
Calibrate thickness and median sound velocity, then map t; > 2.
¢ Front-wall normalization
Normalize by the front-wall amplitude and realign the conditioned data.
« Data cleaning
Remove outliers, detrend and reconstruct faulty C-scans.
N J
1
(Main processing )
o 2D discrete fourier transform
Compute the spatial-frequency spectrum |S(kg, ky)| for depth layers zj.
¢ Windowing (optional)
Apply spatial windows to mitigate boundary-induced spectral leakage.
o Polar mapping
Transform |S(kz, ky)| to Sp(r,8) in polar coordinates.
« Radial band selection
Restrict the analysis to relevant frequency bands 7 € [Fmin, Tmax]-
e Angular spectrum
Integrate the band-limited spectrum, obtain the angular spectrum S(0).
« Peak detection & characterization
Detect dominant peaks and quantify prominence, width, and energy.
¢ Scoring & aggregation
Compute the peak-based quality metric Qj and estimate ©(zy).
N J
1
Output
O(zk)

Figure A.1: Layer-based ultrasonic fiber orientation detection: from ultra-

sonic data input to the depth-resolved orientation estimate
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A.3 2D Discrete Fourier Transform

The objective of the two-dimensional discrete Fourier transform (2D-FFT) is
to map a two-dimensional spatial signal into the frequency domain, thereby
decomposing it into its constituent spatial-frequency components. For a discrete
input array x(n1,n2) of size N1 X N2, the 2D-FFT is defined as [244]

N1—1No—1

P k1, ko) = Z Z z(n1,n2) W;\l,lklwmkz, (A1)

n1=0 no=0

where z(n1,n2) denotes the discrete spatial signal sampled at indices ni and no,
X¥(ky, k) is the corresponding complex-valued Fourier coefficient at frequency
indices k1 and k2, and N1 and N3 are the numbers of samples along the two spatial
directions (i.e., the image dimensions). The indices ni € {0,..., N1 —1} and na €
{0,..., N2 — 1} enumerate spatial sample positions, while k1 € {0,..., N1 — 1}
and k2 € {0,..., N2 — 1} enumerate discrete spatial-frequencies. The factors Wy,
and Wy, are the complex roots of unity that generate the orthogonal Fourier
basis functions along each dimension, i.e.,

2 2
W, = exp(—l E) W, = exp(—l E) (A.2)

In practice, FFT algorithms are used to efficiently compute Equation (A.1) [245].
While the formal definition is compact, it can be unintuitive at first glance. In the
present work, 2D-FFT is primarily used as an analysis tool through SciPy [203]
(Python) implementations, and its practical meaning is most easily conveyed by

inspecting what it does to simple controlled input patterns.

A key qualitative fact is that oriented quasi-periodic structures in the spatial
domain produce distinct spectral peaks at specific locations in the frequency
domain: a single oriented sinusoid (or stripe pattern) yields two symmetric
peaks at +k in the Fourier spectrum. The radial distance |k| from the origin
increases with spatial frequency (i.e., the spacing of the features decreases),
while the azimuthal direction of k encodes the dominant wave-vector orientation.
Consequently, changes in spacing primarily shift spectral magnitude radially,

while changes in orientation rotate the spectral pattern azimuthally [246].

To build intuition, Figures A.2 and A.3 contrasts four synthetic input images

with their corresponding 2D-FFT magnitude representations. Each spatial image
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is a single (or two superpositioned) oriented sinusoidal pattern. The Fourier plots

show the centered spectrum. In these examples, three effects are highlighted:

(i) Spacing / frequency effect: decreasing the spatial period increases the spatial
frequency, moving the peak pair further away from the origin; see Figures A.2c
and A.2d.

(ii) Directional / azimuth effect: rotating the spatial pattern rotates the peak
pair accordingly, thereby encoding the dominant direction in the spectrum; see
Figures A.3a and A.3b.

(iii) Superposition effect: adding multiple oriented components yields multiple
peak pairs, each associated with one contributing direction and spatial frequency;
see Figures A.3c and A.3d.

In ultrasonic testing, C-scan images often exhibit oriented texture-like signa-
tures. When such directional patterns are present, the 2D-FFT yields a compact
frequency-domain view in which preferred orientations appear as symmetric
peak pairs or elongated lobes. Orientation can then be inferred by locating the
dominant azimuthal directions of these spectral features. For CFRP, this provides
a physically consistent route to quantify in-plane tow/fiber direction from C-scan
texture: characteristic spacing shifts the peak radius (spatial frequency), whereas
changes in ply angle or lay-up direction primarily rotate the peak azimuth, which
supports automated orientation mapping and comparative interpretation across

laminate regions.
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A.4 2D Windowing Functions

This appendix provides a comparative visualization of commonly used two-
dimensional windowing functions and their influence on the resulting 2D-FFT
spectra. As a reference case, a homogeneous C-scan consisting of constant
intensity values equal to one is considered (Figure A.4a). The corresponding two-
dimensional Fourier transform of this unwindowed signal is shown in Figure A.4b.
For some windowing functions under consideration (Hann, Tukey, Blackman,
and Gaussian) [143, 247], the applied spatial window is illustrated in the left
subfigure (a), while the resulting two-dimensional Fourier magnitude spectrum is
shown in the corresponding right subfigure (b). This representation highlights
how different windowing functions suppress boundary-induced spectral leakage
at the expense of introducing characteristic artifacts in the frequency domain.
The comparison serves to illustrate the trade-offs inherent to windowing in 2D
FFT-based orientation analysis. [244]
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Figure A.4: Two-dimensional Fourier spectrum of a homogeneous reference
C-scan with unit amplitude without windowing.
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A.5 Supporting Results

A.5.1 Unidirectional Laminates
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Figure A.8: Trough-thickness fiber-orientation analysis of a 30 gsm unidirec-

tional CFRP laminate (UD-30).

223



A Appendix: Fiber Orientation Detection

A.5.2 Quasi-Isotropic Laminates
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A.5.3 Bouligand Laminates
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(a) Trough thickness fiber-orientation analysis, micrograph and weighted score Qg
(left); schematic of the lay-up, with the 0° plies highlighted in green (right).
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Figure A.11: Trough-thickness fiber-orientation analysis of a 40 gsm, 7.2°
Bouligand CFRP laminate (BL-7.2°).
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(a) Trough thickness fiber-orientation analysis, micrograph and weighted score Qy,
(left); schematic of the lay-up, with the 0° plies highlighted in green (right).
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Figure A.12: Trough-thickness fiber-orientation analysis of a 40 gsm, 14.4°

Bouligand CFRP laminate (BL-14.4°).
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B Appendix: Anisotropic Thermal Properties

B.1 Software Repository: TCAM

e Developers: Julian Karsten, Lisa Fahs

The software framework TCAM (Thermal Conductivity of Anisotropic Materials),
constitutes a modular and extensible tool-chain for the contactless characteri-
zation of thermal transport properties in anisotropic materials using infrared
thermography. The repository provides a unified environment that integrates
experimental control, data acquisition, signal evaluation, and visual representa-
tion of thermal diffusion processes. Its design follows the principle of scientific
reproducibility, ensuring that all measurement configurations, device states, and
evaluation parameters are stored together with the corresponding experimental
data.

The structure of the TCAM repository reflects the sequential workflow of a typical
thermophysical experiment. The main application serves as a measurement
interface, implemented as a graphical user interface using the NiceGUI [204]
framework; see Figure B.1. Within this environment, the operator can control
multiple hardware components in real time, including a FLIR infrared camera via
the Spinnaker SDK [248], a Korad programmable power supply for temperature
control via a Peletier element, an Arduino-based temperature sensor unit, and a
Cobolt laser spot heating source. All components are encapsulated by dedicated
worker classes that manage the communication threads and maintain synchronized
data flow between hardware and graphical front-end. During measurement, binary
thermal image data is streamed continuously from the infrared camera and stored
together with the corresponding metadata in a HDF5-based [249] data structure.
This approach ensures both high acquisition throughput and complete traceability

of the experimental configuration.

Subsequent data processing is performed within the second main module, which

provides an interactive graphical environment for the evaluation of recorded
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HOME  FLIRCONTROL  ARDUINO CONTROL  KORAD CONTROL ~ COBOLT CONTROL  SETTINGS

€ EMERGENCY STOP

Measurement Control

General Settings. Status

Figure B.1: TCAM GUI for hardware control and data acquisition; collage
representing general functions.

data sets; see Figure B.2. The evaluation pipeline converts the temporally
resolved infrared images into polar and radial coordinate systems, allowing the
investigation of heat propagation as a function of angular direction. By applying
one-dimensional Gaussian fits to the temperature profiles over time, the software
automatically extracts parameters such as amplitude, variance, and quality of fit.
From the temporal evolution of the squared Gaussian spread factor, the thermal
diffusivity is derived by linear regression, which can subsequently be converted
to the anisotropic thermal conductivity A using the density and specific heat
capacity of the investigated material. The results, including fitted parameters,
processed images, and derived quantities, are stored in a structured HDF5 file

that serves as the central data container for subsequent visualization.

An important addition to the software ecosystem is the integration of H5Web
[250], a browser-based visualization tool for HDF5 data [249]. H5Web provides
an interactive interface that allows users to explore multidimensional datasets,
heatmaps, and hierarchical metadata structures directly within a web browser
without the need for separate post-processing scripts. By linking the HDF5
result files generated by TCAM to an H5Web instance, it becomes possible to
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1] b (]

EVALUATION  SETTINGS  ABOUT

Evaluation

Figure B.2: TCAM GUI for initial data visualization and evaluation; collage
representing general functions.

interactively inspect heat maps, temperature profiles, and fit results, while simul-

taneously viewing the corresponding experimental metadata; see Figure B.3.

The third major component is dedicated to dynamic visualization of the ex-
perimental and evaluated data. It enables the generation of high-quality 2D
and 3D animations of the temperature evolution, supporting both fixed- and
adaptive-temperature scaling modes. This module is optimized for the creation of
presentation-ready media and facilitates an intuitive comparison of thermal diffu-
sion behavior under varying experimental conditions. The visualizations operate
directly on the HDF5 evaluation files, thus maintaining complete consistency

with the underlying measurement data.

From a software engineering perspective, the repository follows an object-oriented
design pattern, which promotes reusability, modularity, and maintainability
of code. Each subsystem—camera control, power management, signal evalua-
tion, and visualization—is implemented as an independent class hierarchy with
clearly defined interfaces. The graphical user interface and the computational
back-end are separated logically but operate concurrently through asynchronous

communication. Numerical processing is based on well-established scientific
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Figure B.3: TCAM HDF5 data structure and H5Web visualization tool.

Python libraries such as NumPy [251], SciPy [203], Pandas [252], and Matplotlib
[202], while device interaction is performed through serial communication and
vendor-provided SDKs. All configuration parameters are stored in the YAML
format, allowing human readability, fully reproducible experiment execution, and

batch-based data processing.

The TCAM repository is distributed together with a reproducible Python envi-
ronment, defined through Mamba/Conda [253] configuration files and optional
installation scripts that include the specific dependencies required for FLIR cam-
era control and visualization. Each experimental session generates comprehensive
logs containing timestamps, hardware states, and parameter values, ensuring the

transparency and verifiability of the measurement process.
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B.2 Methodology Flowchart

Thermal Properties
in-plane anisotropy, non-destructive, heat-spot thermography, software: TCAM

(Inputs )
« Fiber orientation reference
In-plane orientation ©(zy) to define the fiber-parallel direction.
¢ Thermography dataset
Calibrated IR image sequence I(z,y, t;) during the cooling phase after
laser spot excitation, including acquisition metadata.
« Geometric references
Spot center pg, outer radius r1, and evaluation domain.
e Auxiliary material inputs (optional)
Density p, heat capacity cp for converting diffusivity to conductivity; ¢y

for RoM-model analysis.
L J

l

( . .
Main processing

¢ Import, synchronization, and conditioning
Parse thermography and metadata, correct offsets/background, select the
cooling window, and normalize by a reference temperature AT

¢ Polar thermogram representation
Map I(z,y) — W(6,r) about po, build P(0,7) on r € [—r1,71], and apply
orthotropic symmetry (6 € [0°,90°]).

« Directional profile extraction
For each 0;, evaluate time-resolved radial profiles T'(r,0;, tx).

e Variant 1: Gaussian broadening
Fit T(r,0;,t3) by a 1D Gaussian in 7 to obtain b2(tg,6;); estimate the
broadening slope over the cooling window to derive 1/rg,.

e Variant 2: Isotherm evolution
Track fixed-fraction isotherm radii riso(tx, ;) and infer 1/rg, from the
temporal growth of the contour.

« Principal values and oy reconstruction
Fit the measured 1/rg, to the orthotropic directional law to identify Q)
and « ; reconstruct ap and compute anisotropy ratios.

¢ Model linkage and reporting
Convert to A, AL; optional RoM fit; export results and model-data
comparisons.

1

Outputs
Qag, CV||7 (AN

optional: Ay, >‘H’ A1 and constituent properties am, oy, Am, Ay
N J

Figure B.4: Thermal anisotropy evaluation workflow implemented in software
framework TCAM.
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B.3 Polar Isotherm Evolution

Isotherms of the anisotropic Green’s function in (5.46) are defined implicitly by
T(r,0,t) = f7(0,0,t), f€(0,1), (B.1)

corresponding to the same fixed fraction f used for Cartesian isotherms, as shown
in Section 5.1.6. The polar representation of the anisotropic Green’s function,
Equation (5.19) is reduced to

2

L= c=—Inf. (B.2)

Thus, each isotherm at time ¢ forms a polar curve risor(t, ) that satisfies

et

TiZSOT(ta 0) - o

(B.3)

Equation (B.3) is the polar analogue of the Cartesian ellipse relation in Equa-
tion (5.19). Tracking the temporal evolution of a polar isotherm provides a direct
method for extracting the directional inverse resistivity to diffusion 1/ry. For a

fixed contour level f € (0,1), define the isothermal radius as the solution of

Tisor (t,0) = r(; 0, f). (B.4)

Experimentally, risor(t,0) is obtained by identifying, for each time frame and
angle 0, the radial position at which the temperature equals f7(0,0,t), with
T(0,0,t) denoting the instantaneous temperature at the center of the heating
spot. An example of the resulting spatio-temporal map and extracted isothermal

radii is shown in Figure B.5.

Squaring the measured radii and fitting their temporal evolution yields the affine
relation A
c
TiQSOT (t7 6) = 7 t+ T§(0)7 (B5)
0

where 72 (0) accounts for finite initial spot size, instrument response, or point-

spread effects.

Differentiating Equation (B.5) and solving for the reciprocal resistivity projection

yields
1 1.d,
= — . B.
re  4c dtrlSOT(t’e) (B.6)
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Figure B.5: Evolution of isotherms during the cooling process of a 120 gsm
unidirectional CFRP laminate (UD-120).

A representative set of r?soT(t, 0) curves and their corresponding inverse resis-
tivities and extracted diffusivities is shown in Figure B.6. Because the scaling
constant ¢ = —In f is independent of 6, the angular dependence of 1/ry is
preserved. Thus, fitting r2 1 (t,0) over an appropriate time interval provides
the full directional inverse resistivity to diffusion, from which the principal in-
plane diffusivities o, oy as well as the general directional diffusivities g follow
Equations (5.25) and (5.27).

As for all in-plane orthotropic properties, the directional response is mw-periodic
and symmetric with respect to the material axes. Therefore, measurements on

the interval 6 € [0°,90°] are sufficient to reconstruct the complete anisotropic

diffusivity tensor.

In practice, only a narrow range of isotherm fractions f is experimentally usable.
Low fractions (f < 0.3) suffer from poor signal-to-noise ratio, while high fractions
(f = 0.7) are distorted by the laser spot shape, detector saturation, and non-
linearities near the peak. Each chosen f introduces a different scaling constant
c = —In f, making the extracted slopes sensitive to noise, local gradients, and

segmentation errors in contour detection.

Because of these limitations, Gaussian fitting, based on the full radial temperature

profile, is generally more robust. It uses all pixel information simultaneously,
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Figure B.6: Directional diffusive broadening, inverse thermal resistivity, and
diffusivity obtained from the isothermal-widening model. UD-
CFRP: 120 gsm T700SC, ThinPreg 402.

avoids selecting a specific isotherm level and suppresses spatial noise through
global regression.
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C.1 Software Repository: PolAR

e Developers: Julian Karsten

PolAR is a Python-based analysis tool for Polygon-based Analytical Resistivity.
The software implements the analytical evaluation workflow used in this thesis
to infer orthotropic in-plane resistivities of UD CFRP from angular resistance
measurements on regular n-sided polygon specimens with face electrodes. PolAR
combines a reusable modeling core with an application-oriented execution layer:
a structured data model captures geometry, electrode configuration, material
metadata, measurement vectors R(6;), and estimator settings; automatic valida-
tion and geometry derivations provide consistent parameter handling (e.g., face
length, apothem, and model-specific transition angles). The analytical model is
implemented in a piecewise formulation that separates the longitudinal-dominant
regime at @ = 0° from the transverse/mixed regime for > «, enabling a physi-
cally interpretable parameter identification. In the current implementation, p
is obtained directly from the measured Ryo, while p; and an optional additive
resistance offset are identified from the Case 2 data via configurable aggregation
strategies (least-squares, relative least-squares, mean, or median), with optional
regularization for numerically stable offset fitting. The resulting parameter set
is then used to predict R(f) over the admissible angular range, and fit quality
metrics (RMSE and R?) are computed to quantify model agreement.

From a user-experience perspective, PolAR is designed as a configuration-driven,
reproducible workflow rather than an interactive GUI application. Measurement
datasets are provided through JSON input files that contain specimen definitions
and measured angle-resistance pairs; the tool supports both single-run execution
and batch processing of multiple input files, which is particularly useful for
systematic thickness or geometry studies. For each run, PolAR writes a self-
contained output JSON that includes the full setup and the fitted results, ensuring

traceability of all model assumptions and numerical choices. In addition, the
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tool generates a combined overlay plot comparing measured resistances with the
analytical predictions and indicating the transition angle, thereby providing an
immediate visual quality check and a publication-ready figure output. Consistent
plotting style can be enforced through an optional centralized figure configuration

module.

C.2 Methodology Flowchart

Electrical Properties
in-plane anisotropy, non-destructive, resistance measurement, software: PolAR

fInputs )
¢ Laminate fiber lay-up
Depth-resolved in-plane orientation ©(zy) or a representative fiber direc-
tion (UD, QI).
¢ Specimen geometry
Regular n-sided polygon (n, Dys, t).
e« Model type & electrode geometry
Electrode layout: full-face (base-model), finite length (el-model), inner
electrodes (in-model).
* Resistance dataset
Discrete angular measurements R(6;) between opposite faces, with 6;

defined relative to the fiber direction.
L J

l

e . .
Main processing

« Two-case resistance model
Assign measurements to Case 1 (longitudinal-dominant) and Case 2
(transverse-dominant) based on transition angle a.
+ Case 1: Closed-form p|| from Rgo
Determine Rgo and evaluate p|| via the polygon geometry.
o Case-2 regression for p; and Ry~ o
Fit R(0;) using weighted least squares to identify p; .
¢ Prediction & quality metrics
Predict Rana(f) and compute model fit metrics on Case 2 data.
¢ Reporting & export
Export {p), p1, metrics} and generate comparison plots.

l

Outputs

P> PL
optional: o,01
L J

Figure C.1: Electrical anisotropy evaluation workflow implemented in the
software framework PolAR.
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C.3 Base Model - Parameter Variation

Material Thickness To assess the sensitivity of the base model with respect to
geometric and specimen parameters, a parametric variation is considered in which
the material resistivities p| and p1 are held constant, while the specimen thickness
t is varied. Since the base-model expressions are Ohmic and scale inversely with
the conducting cross section, thickness variations lead to predictable resistance

scaling. For compactness, a thickness scaling factor is introduced as

t
N 1= .t tret > 0, (C.1)
ref

where t.ef denotes a chosen reference thickness. The corresponding resistance

ratios are evaluated relative to the base-model reference at t,ef.

Because R{"***)(6;) o< 1/t for fixed pj and fixed geometric terms Débla *)(0;) and
Wéﬁase)(ﬁi), the thickness-scaled ratio becomes
R§base) (9“ t) tr7ef 1

S Wl o het L g <, (C.2)
Rgbase) (97,7 tref) t Tt

Analogously, the transverse contribution scales with 1/t for fixed p,. If the
longitudinal term is assumed to follow the same thickness scaling (i.e., it represents
an Ohmic contribution with identical 1/t dependence), then the total Case 2
resistance obeys the same ratio:
R (0,1 ¢ ty 1
(5“6)7“) ==t - _ 0; > a, (C.3)
R2 (97,3 tref) t Ui
i.e., for unchanged p; and p., halving the specimen thickness doubles the

predicted resistance at all admissible orientations.

Polygon Side Number A second parametric variation concerns the polygon
side number n, while p; and p, are again held constant. For opposite-face
measurements, n must be even, and for an ideal sampling of the full orthotropic
interval 0° < 6 < 90° including both bounds, n is typically chosen as a multiple
of four. Increasing n reduces the face offset angle 8 = 27 /n and therefore refines
the available angular resolution. In addition, changing n modifies the geometric
scaling through the n-dependence of the face length s and/or the across-flats di-

mension Das. Two limiting design scenarios are relevant: either (i) the across-flats
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dimension is held constant and the face length follows s(P)(n) = D¢ tan(w/n),
or (ii) the face length is held constant and the across-flats dimension follows
ij)(n) = s cot(n/n). These scalings affect Case 1 and Case 2 in fundamentally
different ways: in Case 1 the face length enters primarily as an effective electrode
width (and thus cross-sectional area st), whereas in Case 2 the relevant separa-
tion is governed by the arc-length [,,. along the polygon perimeter, which scales

linearly with s.

Index-consistent scaling. The relations derived below are index-consistent, i.e.
they compare measurements taken at the same electrode-step index ¢ across
different n. With 6; = i = ¢ 2w /n, the discrete angle set {6;} changes with n,
but each 6; corresponds to the same number of face-to-face steps and thus to
the same nominal path topology. Under this interpretation, the n-dependence of
the Case 2 geometric factor reduces to tan(w/n) (for constant Dag) or cot(w/n)
(for constant s), which motivates the following compact dimensionless n-scaling

factors relative to a reference polygon nyer € N:

(D) ._ tan(%) (s) . COt(%)

nn T 7 N\ nn T 7 N\
tan( "_) cot( s )
Nyef Mref

The corresponding resistance ratios are evaluated relative to the base-model

Nyef € N. (04)

reference at nyer.

At 0; = 0°, the base-model reference satisfies Ré‘?se) o D,t/(st). Hence, under
constant D,¢ the variation is driven by the effective face width s(D)(n) and
yields
(base) /.
ROO (n, Daf) 1
(base) = ")’ (C.5)
ROO (nref; Daf) Nn

whereas under constant s it is driven by the n-dependent separation D;?(n) and
yields
Régase) (n; s) _ . (s)
— = (C.6)
(base)
R (et s)

For Case 2, the transverse contribution follows Rgfse) X lare/Dag. Since lare X s,
the constant-D,s scenario inherits the scaling with s(2)(n), leading to
RébaSC) (0“ n, Daf) _ R;k‘)‘asc) (01)
R (055 1ixer, Dar) — Ry (05)

2|l

=0, 6i>a

n )

: (C.7)
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whereas under constant s the arc-length factor is fixed and the scaling is governed

by the inverse change of Di?)(n), yielding

Rébase) (97,, n, S) _ Ré\ﬁase) (92) 1
(base) (base) = W? 02 > a. (CS)
R2 (017 Nref, S) - R (02) Mn

2|l

As a practical example, increasing the number of sides from n,ef = 12 to n = 24
yields ni?) = tan(w/24)/ tan(w/12) = 0.5 and ' = cot(m/24)/ cot(m/12) = 2.0.
Accordingly, under constant Das the transverse Case 2 contribution is reduced to
~ 0.5 while the 0° reference resistance increases by the reciprocal factor ~ 2.0,
whereas under constant s the 0° reference resistance increases by ~ 2.0 while
the transverse Case 2 contribution decreases by the reciprocal factor ~ 0.5. In
practice, the observed scaling of the total resistance may deviate from these
idealized trends if a non-negligible longitudinal contribution R;Tf“)(ei) is present,
because such an additive term is not governed by larc/Das and therefore does not

necessarily follow the same n-dependence as the transverse component.

Transverse and Through-Thickness Resistivity Although the present
framework targets in-plane resistivities, the parameter p; must be interpreted
as an effective transverse resistivity. In a UD CFRP laminate, the laminate
thickness is orders of magnitude larger than the fiber diameter, and the electrodes
span the full thickness. As a result, transverse charge transport in Case 2 is
not purely in-plane, but generally involves mixed-mode pathways that include
both in-plane transverse segments and through-thickness excursions, governed
by the availability and probability of fiber—fiber contacts and junctions across
the thickness. Consequently, p; can change due to manufacturing-related effects
such as fiber waviness, resin-rich regions, coatings or sizing, and variations in
fiber areal weight that alter the density of inter-fiber contacts in the thickness

direction.

To assess the sensitivity of the base model with respect to such effective transverse

transport changes, a parametric variation is considered in which all geometric

parameters (including n, Dat, s, and t) and pj are held constant, while p, is

varied. For compactness, a transverse resistivity scaling factor is introduced as
pL

Mo, = 5 PL ref > O, (09)
PL ref
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where pi ref denotes a chosen reference value. Since the Case 2 transverse
contribution is Ohmic and scales linearly with p, for fixed geometry, the relative

change of the isolated transverse term is

Rébase) (0“ pl) _ R(Q‘t‘)lase) (92) oL
(base) (base) = = Tp1> 92 > Q, (C].O)
R2 (017 pl,ref) - R (91) PL ref

2|l

i.e., for unchanged geometry and p|, doubling the effective transverse resistivity
p1 doubles the predicted Case 2 resistance contribution associated with trans-

verse (mixed-mode) transport, whereas any additional longitudinal contribution
R(base)

2]|
remains comparatively small or insensitive to p_ .

(6;) may reduce the apparent scaling of the total measured resistance if it

C.4 Model Comparison

Assuming that p; and p, are intrinsic material constants, i.e., identical for
all cases and electrode variants, the different model variants modify primarily
the geometric factors in Ri1(6;) and R2(6;). To express these effects concisely,

dimensionless resistance ratios are introduced using the capital gamma notation,

R\ ()
/g, = Sk T ke {1,2}, (C.11)
R (6:)

where (a/b) denotes the compared model variants (e.g., (el/base) or (in/el)). For
improved readability of the Case 2 expressions, the following compact notations
are further employed:

K = PL tan(ﬁ), T = EQ,-. (C.12)
t n s

Base model vs. Small Electrodes Model For Case 1, the electrode-center

distance is unchanged, and the difference enters through the electrode footprint-

limited effective width. The relative change is
RV (6,) 1

e R S 0.
Rgbase) (92) el

IN
[o}}

(C.13)
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For Case 2, only the arc-length separation changes from s(%@l — 1) in the base

model to s(%&,- — ne1) for small electrodes. The exact ratio reads

G K (z; — na) + RS (6;
Ifﬁasf” = L - (C.14)
Ry™9(0:) K (2 — 1)+ Ry ™ (0:)

If, as a simplifying assumption, the longitudinal term is taken to be identical for
both variants, R;Tll)(ﬁi) = R;lﬁase>(0¢) =: Ry(0:), then Equation (C.14) reduces
to

REV(0:) i — e+ 8(6:)

R (9,) oz —146(0:)

K ’

0(0;) : 0; > a. (C.15)
In the additional limiting case that the longitudinal contribution in Case 2 is
negligible compared to the transverse term, i.e. §(6;) = 0, one obtains the purely
geometric approximation

1= 7 zi="0;, 6;,>a (C.16)
™

el
REO©) wi-ma _
R (6,) x;—1 i — 17

Small Electrodes Model vs. Inner Electrodes Model In Case 1, the
dominant conduction path is the direct fiber-parallel connection between the two
active electrodes; the inner electrodes do not lie on this path. Hence, within the
present model,
R(in) 91
ﬁ() =1, 6:<a (C.17)
Rl (91)
In Case 2, using the compact notation from Equation (C.12), the small-electrode

and inner-electrode variants are

REY(0:) = K (i — na) + RS (63), 15)
R{™V(0:) = Ko (1—na) + RV (0:), 0> @
The exact ratio therefore reads
in . _ (in) .
RV _ Keilzna) +Roy (6) ) (C.19)

REV(0:) K (@i —ma) + RS (6:)
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If, as a simplifying assumption, the longitudinal term is taken to be identical
for both variants, R{™ (6;) = RED(6;) =: Ry (6;), then Equation (C.19) reduces

2| 2
to
B(6) i (1= na) 4000 6(6;) := Rz (6:) 0; >a. (C.20)
RSV (60,) Ty — et +0(6:) VT TR o e

In the additional limiting case that the longitudinal contribution in Case 2 is
negligible, §(6;) =~ 0, one obtains the purely geometric approximation

BV (0) @i (1= 1a)
Récl) (61) Ti — Nel

. 6 >a (C.21)

Base model vs. Inner Electrodes. For a compact comparison, the base-to-
inner ratio is obtained by chaining the two intermediate ratios,
in in 1
R{(0)  _ R{V(0) RS0

- : . ke{1,2). C.22
Rl(cbase) (91) Réel) (91) Rl(cbase) (92) { } ( )

For Case 1, the inner electrodes do not lie on the dominant longitudinal conduction
path, the first factor equals unity, such that
R{™(0°) 1

i B PR (C.23)
Rgbdbe) (00) Tel

For Case 2, using Equation (C.12), and assuming identical longitudinal contribu-
tions for all variants, R\"*9(6;) = RV (6;) = RU™M(6;) = Ry (05;), this simplifies

2| 2|| 2]|
to
REV(0)  a (= na) +6(6) Ran(8:) :
R;base) (91) x; — 1+ 5(91) ’ (5(91) K ) % Z (C 24)

In the additional limiting case where the longitudinal contribution is negligible,
0(0;) = 0, one obtains

Ry™(0)  wi(1—na)
R(Qbase)(ai) z; — 1

. 0;>a. (C.25)
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