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Abstract

The thermal response of Carbon Fiber Reinforced Thermoplastic (CFRTP) tapes under
short-term localized heating is critical for automated manufacturing processes. Con-
ventional homogenized models often overlook microstructural heterogeneities that can
promote non-uniform heating and affect the quality of the consolidated part. In this
work, we combine insights from infrared thermography with finite element simulations
at the fiber scale built on micrographs extracted from real tapes to quantify the effect of
individual heterogeneities—including surface roughness, thickness variation, fiber ag-
glomeration, and porosity—on thermal propagation. Three modeling configurations were
compared under identical conditions: a full microstructure model; a simplified geometry-
aware model (where the real geometry is taken into the account, including the surface
roughness and thickness variability, but the properties of the domain are considered as
a homogeneous-equivalent material); and a homogeneous-equivalent baseline with flat
borders and uniform thickness. Results show that porosity effects depend strongly on
location and orientation: large, horizontally aligned pores near the heated surface produce
the highest gradients. Surface roughness, on the other hand, exerts dominant effects on
surface temperature non-uniformity with respect to thickness variation and fiber distribu-
tion. These findings demonstrate that accounting for microscale heterogeneities is essential
to achieve more accurate, optimized, and application-tailored analyses of CFRTP tapes in
advanced manufacturing.

Keywords: fiber-reinforced thermoplastic composites; unidirectional composites;
microstructure; thermal response; fiber distribution; surface roughness; porosity

1. Introduction
In high-performance sectors such as aerospace, automotive, construction, and energy,

CFRTP composites are highly valued for their advantageous balance of mechanical strength,
lightweight nature, long-term durability, and resistance to fatigue, creep, impact, and
corrosion [1–6]. These attributes, combined with their recyclability, have contributed to a
constant increase in the global consumption of carbon-fiber-reinforced composites in recent
decades [7], leading to numerous research groups to study their particular behavior.

However, despite their anisotropic and heterogeneous nature, composite studies fre-
quently employ homogenization techniques that assume idealized and rather uniform
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microstructures [8–11]. This approach often overlooks inherent microstructural hetero-
geneities, such as pores, fiber agglomerates, matrix-rich regions, surface roughness, and
thickness variations, that can affect their macroscopic performance [12–14]. While the
influence of these features on mechanical properties can be found in the literature, their
role in the thermal response remains less explored.

Understanding thermal behavior is particularly critical for unidirectional (UD) CFRTP
tapes, where thermally conductive carbon fibers are embedded in a low-conductivity ther-
moplastic matrix. During automated manufacturing processes such as filament winding
(FW) and automated tape placement (ATP), brief and localized heating—typically via in-
frared (IR) lamps or lasers—is applied to pre-impregnated tapes before consolidation. This
requires the surface temperature of the tapes to be kept within a carefully defined processing
window that secures proper interlaminar bonding without degrading the matrix [15–17].

Microstructural heterogeneities directly impact the stability of this thermal window.
For instance, pores or matrix-rich regions may act as local insulators, while fiber agglom-
erations can accelerate heat conduction. Consequently, monitoring surface temperature
considering realistic microstructural features is crucial to achieve high-performance struc-
tures such as aerospace laminates or hydrogen storage vessels. By explicitly accounting for
these inherent heterogeneities, this study moves beyond models that embrace idealized
material architectures and aims to characterize their impact on thermal fields during pro-
cessing, treating these features as intrinsic characteristics that can be potentially tolerated
as long as their effects are well understood. This approach seeks to propose robust and
cost-effective manufacturing solutions.

Previous research on the role of composite microstructure has predominantly fo-
cused on the influence of constituent volume fractions on thermal and mechanical
properties [18,19]. For example, it is well documented that thermal conductivity decreases
systematically with increasing pore volume fraction [20], and that fiber content often raises
the thermal conductivity [21,22], the glass-transition temperature, and storage modulus [18].
Even so, pore studies traditionally remain limited to treating pores as a volume fraction
parameter with an impact on mechanical properties [23–25], neglecting the potential impact
of their size, shape, and spatial distribution on thermal behavior. Similarly, although some
studies have considered fiber distribution, they predominantly focus on the impact on
mechanical properties [26–29]. In addition, the thickness variation and surface roughness
effects on thermal response remain largely unexplored.

This work addresses that gap by quantifying, at the ply scale, how individual het-
erogeneities affect the thermal field during brief localized heating of UD CFRTP tapes,
and by evaluating when a homogenized model can be safely used. Because composite
microstructures comprise a complex combination of features, analyzing their impact col-
lectively can mask the severity of each contribution. Therefore, this study isolates the
impact of individual heterogeneities such as pores, fiber distribution, surface roughness,
and thickness variations to better understand their specific effects on the thermal response.

We use IR thermography to qualitatively document non-uniform surface temperature
distribution in actual tapes and to identify possible trends. We then quantify the impact
of these heterogeneities on the thermal field through transient simulations performed on
real microstructures obtained from segmented micrographs. For comparability, we focus
on surface temperature profiles across the tape width and analyze the maximum gradient
within these profiles as a metric of non-uniform heat propagation.

For a more detailed characterization of microstructural features, micrograph-derived
subdomains that isolate the contribution of (i) surface roughness, (ii) thickness variation,
(iii) fiber distribution, and (iv) porosity are employed. A homogeneous-equivalent (HE)
model is presented as a baseline for comparison with the microstructure-aware model,
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and a simplified model to capture the most important contributions driven by the tape
structures is proposed. The results show that, under short, localized heating, characteristic
of AFP and FW, the impact of porosities is governed primarily by their position along
the tape thickness as well as their orientation (when considered as single ellipsoid-like
entities). Meanwhile, surface roughness has a dominant effect on surface temperature
non-uniformity over thickness variation and fiber distribution, which have a secondary
effect. Remarkably, in microstructures rich in heterogeneities, the surface thermal gradient
can become sufficiently high to push local temperatures beyond processing limits—even
when mean values remain nominally safe—emphasizing the necessity of incorporating
these heterogeneities in thermal models to optimize processing parameters and ensure
product quality.

2. Materials and Methods
2.1. Materials

Unidirectional (UD) CFRTP composites with a polyamide-based matrix supplied as
pre-impregnated tapes were selected for this study. Material properties, including density,
thermal conductivity, and specific heat capacity at room temperature (23 ◦C) for both matrix
and fiber phases, are summarized in Table 1. Material properties are assumed to be constant
and isotropic for the sake of simplicity without loss of generality.

Table 1. Thermal properties.

Matrix 1 Fiber Air

Density [kg m−3] 1030 1960 [30] 1.29 [31]
Specific Heat [J kg−1 K−1] 1260 1296 [32] 1004 [31]

Thermal conductivity [W m−1 K−1] 0.27 1.05 (Transverse) [33] 0.025 [31]
1 Values provided by the manufacturer.

Transverse section micrographs were taken from a set of 13 tapes with a high-resolution
digital microscope (KEYENCE VHX-7000, Keyence Corporation, Osaka, Japan) to obtain
detailed visual information about the microstructural heterogeneities and enable the in-
corporation of real-life microstructures into composite analysis through images. The tapes
exhibited an average thickness of 240 µm and an average width of 25.4 mm (1 inch). Each
sample was subsampled by acquiring micrographs of 1200 µm in width (≈5 times the
thickness) to increase statistical representativeness. Additionally, surface topography was
acquired with the same microscope to quantify surface roughness. These samples were
intentionally selected to encompass a wide range of features resulting from different manu-
facturing conditions, instead of limiting the study to highly optimized tapes with targeted
uniform fiber distribution, low pore content, and consistent thickness. Thus, the obtained
micrographs reflect high variations in fiber distribution with matrix-rich areas and fiber
agglomerates, higher void content, thickness variation, and different grades of surface
roughness. Figure 1 illustrates the contrast between real-life microstructures (Figure 1a)
and the idealized material architecture typically adopted for homogeneous-equivalent
material modeling (Figure 1b). Table 2 reports the microstructural parameter variability
across samples.
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(a) (b) 

Figure 1. Transverse section microstructures of UD composite tapes: (a) Micrograph of a real sample
showing pores (1), surface roughness (2), uneven thickness (3), matrix-rich regions (4), and fiber
agglomerates (5); (b) Idealized structure with uniformly distributed fibers within a matrix with
consistent thickness.

Table 2. Microstructural parameters variability.

Minimum Maximum

Fiber volume fraction Vf 0.32 0.36
Pore volume fraction Va 0.01 0.08

Surface roughness Ra [µm] ISO 4287 [34] 0.97 7.92
Surface roughness Rt [µm] ISO 4287 7.67 57.41

Thickness variation ∆e [µm] 10 30

In this study, the thermal response of the CFRTP tapes described above was examined
within the framework of continuous manufacturing applications such as ATP and FW,
where direct and localized heating is applied to the material over a short period of time.
The region of interest in this analysis is the transversal section of the tapes at the end of
the heating phase and immediately before the nip point. In this region, the front face of
the incoming tape is exposed to the heating beam, and the back face is in contact with
the consolidation roller; whereas for the substrate, the front face is receiving the heating
beam and the back face is in contact with the underlying laminate, as illustrated in Figure 2.
This region is critical because the tape temperature must be kept within the processing
window recommended by the manufacturer for the thermoplastic matrix (230 ◦C minimum,
and 270 ◦C maximum). Lower temperature values may lead to poor consolidation, while
temperatures above this range at any point in the tape can cause degradation of the polymer
chains in the matrix.

Figure 2. Schematic of the ATP Process. In red are the regions of interest at the end of the heating
phase, where the tape surfaces are exposed to direct heating on one side and are in contact with the
roller or the underlying laminate on the opposite side.
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2.2. Experimental Setup for Infrared Thermography

An experimental setup was designed to replicate in a laboratory environment the brief
and localized heating of ATP/FW. A single tape was used in this configuration in order to
isolate the effects of the tape structure at the ply scale, avoiding the influence of potential
processing defects such as wrinkling, tape misalignment, or gaps between layers that might
be present in a laminate.

The setup, schematized in Figure 3, consists of placing samples 25 mm in length and
tightly fixing both ends on supports. An infrared (IR) lamp of 1000 W is placed with
perpendicular incidence onto one of the sample faces, which is defined as “front face”,
while the opposite face, referred to as “back face,” is exposed to air and loses heat through
air convection. The IR lamp is operated through a power regulator to achieve the desired
temperature on the surface of the tapes. A thermal camera (FLIR A700, Teledyne FLIR,
Wilsonville, OR, USA) is employed to record the surface temperature of the tapes. Mea-
surements of the front face as well as of the back face of the samples were taken separately
while heated for 5 to 30 s. Temperature data was processed using FLIR Research Studio
Software (version 3.0 Teledyne FLIR, Wilsonville, OR, USA), taking into account ambient
condition parameters. Additionally, for proper emissivity calibration, the emissivity of
each sample was determined experimentally using the FLIR software calculator (version
3.0 Teledyne FLIR, Wilsonville, OR, USA).

  

(a) (b) 

Figure 3. Experimental surface temperature measurements setup: (a) front face schema, (b) back
face schema.

Surface temperature profiles along the sample’s width were extracted from the ob-
tained thermograms (edges were excluded to minimize boundary effects), and the maxi-
mum gradient along each profile was taken as an indicator of non-uniform surface tem-
perature distribution driven by the structural heterogeneity. The temperature evolution in
time was also tracked during both heating and cooling of the samples. Examples of the
obtained temperature profiles are presented in Section 3.1, where we discuss the differences
between samples.

Since thermal imaging only allows for obtaining surface temperature data, through-
thickness temperature distributions were studied using numerical simulations. Given the
small tape thickness, direct contact measurement using thermocouples was avoided to
prevent perturbation to the system due to additional thermal resistance, imperfect contact,
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and slower response times relative to non-contact methods. Therefore, the quantitative
impact of individual heterogeneity types is carried out using the numerical model described
in Section 2.3.

2.3. Numerical Model
2.3.1. Governing Equation and Boundary Conditions

A two-dimensional numerical model was developed to simulate the temperature
evolution across the transversal section of the tapes. The transient heat equation, expressed
in its general form by Equation (1), was solved with a finite element method (FEM) using
the ABAQUS software (version 6.14 Dassault Systèmes Simulia Corp., Johnston, RI, USA):

ρcp
∂T
∂t

= ∇·(K ∇T) (1)

where ρ is the material density, cp is the specific heat capacity, T is the temperature, t is the
time, and K is the thermal conductivity tensor. Here, perfect thermal contact at fiber-matrix
interfaces was assumed.

The initial condition was set as a homogeneous temperature across the whole domain,
with T0 = 23 ◦C, corresponding to the ambient temperature.

A uniform heat flux, q′′ , was applied on the top boundary of the transversal section as
a Neumann boundary condition:

−n·(K ∇T) = q′′ (2)

where n is the unit normal vector to the boundary. The heat flux was applied for a duration
of ∆t = 0.4 s, with a magnitude of q′′ = 50 × 10−3 Wm−2. These values were chosen so that
∆t represents the time during which a segment of the tape is actively receiving the heating
beams, based on an assumed placement speed of 100 mm/s and an effectively illuminated
length of approximately 40 mm (values consistent with Zaami et al. [35]). Under this
scheme, the total incident energy received by the top boundary ( q′′ ∆t) seeks to match
the energy delivered by the infrared lamp in the experimental setup during 5 s, allowing
shorter simulations and reducing the computational cost.

The bottom boundary was modeled as a Robin (convective) boundary condition:

−n·(K ∇T) = h( T − T∞) (3)

with T∞ = 23 ◦C as the ambient temperature. The heat transfer coefficient, h, was initially
set to 10 Wm−2 K−1 to represent air convection [36]. Additionally, higher values of h were
considered to simulate contact with a compacting roller (h = 100 Wm−2 K−1) and with a
substrate (h = 400 Wm−2 K−1) [36].

The lateral boundaries were considered adiabatic to reflect symmetry:

−n·(K ∇T) = 0 (4)

A schema with the boundary conditions applied to a section of width w, and thickness
e, is presented in Figure 4 for illustration.
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Figure 4. Boundary conditions schema.

2.3.2. Model Configurations: Full Microstructure, Isolated Heterogeneities, and
Homogeneous Equivalent

A set of model configurations, presented in Figure 5, was defined to analyze the influ-
ence of microstructural features on the thermal behavior of CFRTP tapes. First, micrograph-
derived subdomains were generated directly from segmented micrographs, including the
full microstructure comprising fibers, matrix, and pores. Afterwards, isolated heterogeneity
models were constructed to individually analyze the effects of different types of microstruc-
tural heterogeneities (surface roughness, thickness variation, fiber distribution, and pores).
Finally, a HE model with effective thermal properties and uniform thickness was used as a
baseline for comparison.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 5. Model configurations. (a) Full microstructure: Segmented directly from micrographs into
fibers, matrix, and pores. (b) Surface roughness: Top surface profile extracted from micrographs,
thickness set constant, and effective properties on the whole section. (c) Thickness variation: Top
surface profile extracted from micrographs, flat bottom surface to obtain non-uniform thickness, and
effective properties considered for the whole section. (d) Fiber distribution: Fiber positions extracted
from micrographs, pores filled with matrix, and cross-section modeled with uniform thickness and
flat borders. (e) Pores: Positions obtained from segmented micrographs and inserted into a uniform-
thickness cross-section with effective properties. (f) Homogeneous Equivalent: Uniform thickness,
flat borders, and effective thermal properties.
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All subdomains were defined to have the height from the actual tape thickness, ensur-
ing that the top and bottom boundaries in the model correspond to the physical surfaces in
the experiment and thus apply the same boundary conditions. In the width direction, each
subdomain represents only a fraction of the total tape width rather than the entire transver-
sal section to reduce computational costs. Surface roughness and thickness variation were
included explicitly by reconstructing the non-planar top boundary and local thickness
from the transversal sections (Figure 5b–c). We ran roughness-only, thickness-only, and
combined configurations to isolate their effects.

Prior to segmentation, image enhancement was performed to improve visual quality.
Fiber positions were extracted from the micrographs with the Circle Finder App from
MATLAB (version R2023a MathWorks, Natick, MA, USA) , and fibers were reproduced as
perfectly filled circles of 7 µm in diameter.

Special consideration was given to the pore models, as the irregular nature of real pore
shapes requires complex meshing. To reduce the associated computational cost, each pore
contour extracted from micrographs was replaced by an equivalent ellipse. The ellipses
preserve area, centroid, major axis orientation, and aspect ratio of the original pore. All
pores were considered to be filled with air and were assigned corresponding properties
in all calculations (Table 1). Simulations were run on representative cases to compare
temperature distribution on geometries with real pores and geometries with their ellipse
equivalent, showing a maximum error of less than 0.3% in the temperature field.

As the impact of porosity volume fraction on the thermal behavior of composites
has been commonly characterized by diverse studies, the present work focuses instead
on the influence of pore location and geometry at a constant pore content. To decouple
these effects, a single pore analysis was conducted varying: (a) pore centroid depth d, from
the heated surface; (b) aspect ratio AR = H/V, (major axis/minor axis); and (c) major-axis
orientation relative to the heated surface.

A sensitivity study was conducted to quantify the individual impact of models con-
sidering different types of heterogeneities. The objective is to identify which type of
heterogeneities have a higher impact on the temperature field and whether any of them
exhibit second-order effects or even negligible effects. The temperature field propagation re-
sulting from the different model configurations was subsequently analyzed and compared
to the temperature propagation on a homogeneous-equivalent model, and a simplified
model that considers the most critical heterogeneities is proposed.

2.3.3. Meshing

Triangular meshes were generated for each sample using a MATLAB-implemented
routine. Contour smoothing was applied to the borders of every segmented image to avoid
sharp edges and reduce mesh distortion. As the fibers’ transversal section is relatively
small compared to the tapes’ transversal section, a sufficiently fine mesh was necessary to
capture the microstructural features.

A mesh-convergence study was carried out by progressively refining the element size
and comparing the resulting temperature fields until successive refinements produced
negligible changes in the monitored temperature values. While local temperature variations
at the fiber scale were more sensitive to element size, the maximum temperature gradients
at the ply scale were significantly less affected. The chosen mesh size, therefore, represented
a compromise between geometric fidelity and computational cost. A coarser mesh was
chosen for the case studies where fiber presence was not considered; for these cases, mesh
convergence was re-evaluated to ensure that the monitored temperature metrics were
not affected.
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3. Results
3.1. Experimental Evaluation of Surface Temperature Response

Temperature profiles shown in Figure 6a illustrate the surface temperature evolution
over time across a reference line along the sample width. Initially, at room temperature,
the surface temperature is essentially uniform, displaying flat temperature profiles. Upon
exposure to the heat flux, the temperature profiles exhibit noticeable peaks and valleys,
revealing clear non-uniformities. As the heating time increased, the profiles maintained
their shape, suggesting a direct influence from the microstructural features of the tape.
The same pattern was observed during cooling, reinforcing the interpretation that thermal
gradients are not random, but structurally induced.

  
(a) (b) 

Figure 6. Temperature profiles recorded with the thermal camera across a reference line. (a) Time
evolution of the top surface of a rough sample, from the initial temperature (T0 = 23 ◦C) to heating
during 5 s and 30 s, and to cooling during 120 s. (b) Comparison of profiles for rough and smooth
surfaces. ∆Tmax is the maximum temperature gradient within the profile. Data from both edges are
excluded to minimize boundary effects.

For consistency in comparison between samples, the maximum temperature gradient
across the width, ∆Tmax, was normalized with respect to the mean temperature of each
profile according to:

∆T∗
max =

∆Tmax

Tmean
× 100% (5)

This approach is represented in Figure 6b for two representative samples: one with the
smoothest surface (Rt = 7.67 µm) and the other with the highest roughness (Rt = 57.41 µm).
After 5 s of heating under the same input conditions, the smooth sample exhibited a
thermal gradient across its width of less than 10 ◦C (∆T∗

max around 6%), whereas the rough
surface revealed higher temperature gradients that reached values up to 35 ◦C (∆T∗

max
around 36%). Even though these samples also differ in other microstructural features,
including fiber distribution and pore content, the pronounced difference in surface texture
and the consequent response of temperature profiles suggest that surface roughness plays
a dominant role in the temperature field response under direct heating.

Temperature measurements were also performed on the back face of each sample,
applying emissivity corrections for the non-irradiated surface as previously described.
These measurements revealed that the back faces exhibited a more uniform temperature
distribution, obtaining a value of ∆T∗

max of around 20% for the sample with the roughest
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surface. This behavior was expected due to the absence of direct radiation and the fact that
thermal diffusion across the transversal section helps to reduce thermal gradients.

Overall, the experimental observations put in evidence that assuming a uniform
surface temperature could result in important over- or under-estimations when dealing
with real tapes that differ from the idealized geometries. Samples with higher surface
roughness consistently exhibited larger temperature gradients across their width.

3.2. Numerical Modeling Results

Numerical simulations were performed on the configurations introduced in Section 2.3.
and the corresponding results are presented in three parts: sensitivity to isolated het-
erogeneities, specific effects of pore geometry and location, and model comparison of
microstructure-aware and HE models.

3.2.1. Sensitivity Analysis of Isolated Microstructural Heterogeneities

To categorize the contributions of the isolated heterogeneities, the top surface temper-
ature profiles resulting from the previously discussed model configurations, considering
fiber distribution, surface roughness, and thickness variation, are shown in Figure 7, and
have been previously normalized according to:

T∗ =
T

Tmean
(6)

for direct comparison. Among these features, surface roughness produces the largest
temperature gradient on the front face, achieving a ∆T∗

max of 8% for a Rt = 10.34 µm. A
thickness variation of 50 µm can produce a ∆T∗

max of 5%, while the fiber distribution has
second-order effects, showing a ∆T∗

max of 2% for a fiber volume content of 35%. Although
the results presented in this work were obtained considering a polyamide-based matrix,
they remain valid for other polymer matrices since the fiber-to-matrix thermal property
ratio is roughly the same.

Figure 7. Surface temperature profiles at the end of the heating phase for different model configura-
tions considering fiber distribution, surface roughness, thickness variation, and full microstructure.
Temperature values are normalized.

3.2.2. Pores Geometry and Location Effects

The results of the single pore analysis are summarized in Figure 8. In Figure 8a,
the effects of the pore centroid depth d, on the normalized surface gradient are shown,
exhibiting that shallow pores near the heated surface produce strong gradients, while
increasing the pore depth diminishes its effect. The same figure shows that back face
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temperature gradients are less sensitive to pore depth. These results were consistent for
pore contents of 2%, 5% and 8%.

  
(a) (b) 

Figure 8. Single pore analysis. (a) Pore depth effect on the normalized temperature gradient for fixed
pore contents (Va = 2%, 5%, 8%) for front and back surfaces. (b) Pore geometry effect (aspect ratio and
orientation of the major axis relative to the heated surface) on the normalized temperature gradient
for a fixed pore content (Va = 5%) and fixed centroid depth (25% of thickness).

Figure 8b illustrates the effects of pore geometry, defined for the elliptical pore model
by the aspect ratio (shape) and the orientation of the major axis relative to the heated
surface for a fixed pore content (Va = 5%) and a fixed centroid depth (25% of thickness).
The largest surface temperature gradients, and therefore the highest temperature non-
uniformity, were produced by pores with their major axis parallel to the heated surface
(horizontal pores), while pores with the major axis perpendicular to the front face had a
lower impact. Additionally, it can be seen that elongated horizontal pores with a higher
aspect ratio (H/V >> 1) produce higher gradients than circular ones with the same area
and centroid depth, and that vertical pores (H/V < 1) have less impact on the surface
temperature gradients.

3.2.3. Microstructure-Aware vs. HE Model

Since the computational expense of full-microstructure simulations is very high, a
simplified model that can capture the dominant contributions of real microstructure features
was considered. Based on the previous sensitivity analysis results, surface roughness,
thickness variation, and pores preferentially oriented parallel to the tape surface and
located near the heated surface (within approximately the upper 50% of the thickness)
produce a higher impact on surface temperature gradients. Consequently, the proposed
model preserves the surface roughness profile, thickness variation, and includes pores
located in the top half of the tape. In contrast, fibers are not explicitly modeled, as their
second-order influence on thermal behavior does not justify the significant computational
cost associated with the fine meshing required for fiber resolution.

For illustration, Figure 9 displays the microstructure of a representative sample
(Vf = 35%, Va = 2.5%, Rt = 54.7 µm, and an average thickness of 240 +/−50 µm) and
the resulting through-thickness temperature fields under identical boundary conditions,
with a full-microscale model, the proposed simplified model, and a HE model.
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Figure 9. Comparison of through-thickness temperature fields obtained with the full-microstructure,
simplified, and homogenized (HE) models for a representative sample under identical heating
conditions. The upper panel illustrates the micrograph of the selected sample.

In the HE model, the composite was replaced by a homogeneous phase whose ef-
fective properties were computed from its constituents and phase fractions. Density and
specific heat were obtained using the rule of mixtures, while the through-thickness thermal
conductivity is evaluated with the inverse rule of mixtures. As a result, the HE model
exhibits a strictly linear through-thickness thermal gradient; this uniform temperature
evolution, characteristic of homogenized models, cannot capture local hot or cold spots.

In contrast, the full microstructure model, exhibits clear non-uniform thermal gradients
across the transverse section. Localized regions of higher temperatures are registered on the
top surface, directly linked to the microstructural heterogeneities, which are better captured
by the simplified model. Additionally, Figure 10 shows minimal deviation between the
simplified and full-microstructure surface temperature profiles, while the HE model pro-
duces a considerably high deviation for this material architecture. Improved estimations
of the effective transversal conductivity could be obtained with more elaborate microme-
chanical frameworks as those proposed by Rayleigh [21] or Lewis and Nielsen [21,37,38].
Nevertheless, although these frameworks can refine the estimation of effective properties,
they remain homogenized approaches; when implemented within a uniform-thickness
model, they fail to resolve the local temperature variations caused by thickness changes
and surface roughness.

Finally, the influence of the back face boundary condition was explored. Simulations
were repeated with bottom heat transfer coefficients of h = 10, 100, and 400 W m−2 K−1,
corresponding, respectively, to air, underlying substrate contact, and consolidation roller
contact. These exhibited that when h increases, the maximum surface gradient rises on
both faces (Figure 11), confirming that typical processing conditions can amplify thermal
gradients, increasing the risk of local deviations outside the processing window.
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Figure 10. Comparison of top surface temperature profiles for different model configurations (full
microstructure, simplified model, and HE model) after heating for 0.4 s.

Figure 11. Normalized temperature gradient evolution with heat transfer coefficients for both front
and back surfaces after heating for 0.4 s.

4. Discussion
4.1. On the Impact of Microstructural Heterogeneities

The combined experimental-numerical observations put in evidence that microstruc-
tural heterogeneities have an impact on thermal evolution at the ply scale, under short,
localized heating. Non-uniform gradients and local hot spots detected in IR thermograms
connect with the presence of microstructural heterogeneities, such as surface roughness,
matrix-rich regions, fiber clusters, and pores.

Across the investigated parameters, surface roughness shows the highest impact on
front face temperature non-uniformity; larger and more persistent surface temperature
gradients are detected on rougher samples. Thickness variation exhibited contributions
with less pronounced deviations. Fiber distribution has an impact on temperature distribu-
tion as well; however, in comparison, it can be considered as a second-order effect. Finally,
the impact of pores, which act as a local thermal barrier, for a constant volume fraction,
depends primarily on pore depth and orientation. Pores oriented preferentially parallel
to the tape surface, located near the heated surface, generated the larger gradients in the
surface temperature.

Effects on the back face are systematically diminished due to through-thickness diffu-
sion, which attenuates the temperature gradients, yet a correlation with microstructural
features is noticeable, confirming that the response retains a morphological dependence on
the local architecture.
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The combination of these effects can lead to either over- or underestimation of critical
processing temperatures if not properly accounted for. While homogeneous-equivalent (HE)
models provide a useful first-order reference suitable for tapes with scarce heterogeneities—
meaning smooth surfaces, nearly uniform thickness, and small pores located away from
the heated face—they lack enough accuracy under highly heterogeneous conditions. For
instance, with the 230–270 ◦C processing window recommended for the thermoplastic
matrix considered in this study, monitoring the mean front-surface temperature gradient
at the recommended mean value (250 ◦C) might not be enough to prevent exceeding the
upper limit if the involved microstructure produces thermal gradients of more than 8%, as
a ∆T∗

max > 8% implies a spread of 20 ◦C within this framework (∆Tmax = 0.08 × 250 ◦C).
This highlights the necessity of microstructure-aware models that capture heterogeneity-

induced hot spots during manufacturing. Similar recommendations are reported in studies
on the anisotropy of the optical properties in UD tapes [39].

4.2. Numerical Model-Experiment Consistency and Limitations

It can be established from the obtained thermograms that surface temperature is not
uniform; profiles maintain characteristic peaks and valleys over time in agreement with
microstructure-aware simulations. Consistently, the registered gradients on the thermo-
grams of samples with heterogeneous material architecture are incompatible with an HE
model with uniform thickness, supporting the need for explicit microstructure inclusion in
models for predictive fidelity.

Additionally, during the experimental measurements, more pronounced surface gradi-
ents were observed on rougher samples compared to smoother ones. The numerical models
reproduce these trends when consistent normalization was applied and evidence the im-
portant influence of surface roughness and thickness variation on temperature distribution.
IR measurements are sensitive to surface emissivity, ambient conditions, and camera cali-
bration. Corrections were applied before each experiment, yet absolute temperature values
may still carry some uncertainty.

These findings are valid under the heating and boundary conditions considered in
this study. The sensitivity analysis using longer heating times while maintaining constant
incident energy did not alter the relative trends and ranking of heterogeneities’ effects.
Nevertheless, extrapolation to different heat fluxes or different heating times should be
made with caution, and if needed, temperature-dependent material properties should
be employed.

Because a two-dimensional model was adopted for numerical simulations, limitations
could arise from three-dimensional effects that were not accounted for in this analysis.

Lastly, back-face boundary conditions corresponding to substrate/roller contact were
explored numerically but not measured experimentally.

4.3. Future Work and Industrial Implications

Further studies should address 3D modeling and more realistic boundary conditions,
such as partial roller-tape contact, as this could enhance the understanding and control
of the manufacturing process. From an industrial perspective, the results from this study
advise supervising the surface temperature along the tapes during manufacturing. As this
type of monitoring might not be practical for all industrial configurations, surrogate models
previously trained with tape microstructures could be used to make real-time decisions, as
they are able to predict temperature fields from a given morphological image at millisecond
timescales. A first demonstration along this path is presented by Ferrándiz et al. [40].
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5. Conclusions
This study quantifies how specific microstructural heterogeneities shape the transient

thermal behavior of UD CFRTP tapes under brief and localized heating at the ply scale.
Normalized metrics were used to compare isolated effects, showing that surface roughness
has an important effect on surface temperature non-uniformity.

For model selection, the following considerations are proposed: HE models can be
used for smooth uniform tapes, whereas roughness/thickness-aware simplified models are
preferable when surfaces are significantly heterogeneous. The influence of pores becomes
critical when they are located closer to the heated surface, are horizontally oriented, and
have a high aspect ratio. Although the influence of fiber distribution had a second-order
effect on the obtained results, its contribution is not negligible. Therefore, explicit fiber
modeling may be omitted on FEM models when computational cost becomes prohibitive
for the intended applications. However, it is advised to consider surrogate models, which
are able to retain their contribution without the meshing limitation, to increase thermal
prediction accuracy.

From a practical perspective, controlling the mean temperature of manufacturing
processes is insufficient; microstructures can easily produce thermal gradients of more
than 8% on the surface temperature, which can be translated, for example, to a 20 ◦C
underestimation on the maximum temperature for a processing window of 230 to 270 ◦C.
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