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Abstract

Autoclave cure interruptions represent a critical manufacturing risk for aerospace com-
posite structures. This thesis investigates the impact of an unplanned cure interruption
on the thermochemical state and mechanical performance of an aerospace-grade Carbon
Fibre Reinforced Polymer (CFRP) woven prepreg (Toray TC250/M46J 2 2 twill).

Two laminate batches were examined: a Baseline Cure (BC) and a Deviated Cure (DC).
BC followed the manufacturer’s recommended cure cycle; DC was subjected to an in-
terruption during the 130 C hold followed by a restart of the recommended cure cycle
several days later. The study assesses these cure states by comparing their performance
with the aerospace service temperature range ( 50 C to +150 C) and the minimum

material allowables set by the material Technical Process Specification (TPS).

The study combined thermochemical and thermomechanical indicators (DSC, TMA, DMA)

with mechanical tests (compression, impact, Compression After Impact (CAI)).

The results showed that DC suffered substantial undercure (DoC  86%) compared to
BC (DoC  98%). Consequently, DC exhibited a depressed Ty (140 C) compared to BC
(180 C), failing the TPS minimum requirement of 175 C. The TMA for DC revealed
a high through-thickness coefficient of thermal expansion (up to 204:4 10 © C ') and
increased scatter, indicating chemical and structural heterogeneity. The determination of

the constituent content excluded major differences in fibre/resin fraction between batches.

Mechanically, room temperature compression properties remained stable for both batches,
meeting TPS minimums despite increased scatter in DC. At 120 C, the DC batch showed
marked reductions in compressive strength and failure modes consistent with matrix soft-
ening. Impact testing revealed a typical residual strength decay. Although CAI perfor-
mance was similar at 9.5 J, DC performance dropped by 13% at 18 J. Furthermore, the

high temperature CAI for DC was 10-20% lower than the room temperature values.

Keywords: CFRP; autoclave cure interruption; differential scanning calorimetry; thermo
mechanical analysis; dynamic mechanical analysis; CFRP compression testing; low-velocity

impact; compression after impact.
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Abstract in lingua italiana

Le interruzioni del ciclo di cura in autoclave rappresentano un rischio produttivo critico
per le strutture aerospaziali in materiale composito. Questa tesi analizza l'impatto di
un'interruzione non piani cata nel ciclo di cura sullo stato termochimico e sulle prestazioni
meccaniche di un prepreg tessuto in CFRP di grado aerospaziale (Toray TC250/M46J 2 2
twill).

Sono stati confrontati due lotti: un Baseline Cure (BC), prodotto secondo il ciclo rac-
comandato, e un Deviated Cure (DC), interrotto durante il mantenimento a 130C e
riavviato secondo il ciclo raccomandato dopo alcuni giorni. Lo studio valuta tali stati
rispetto ai requisiti operativi aerospaziali (da 50 C a +150 C) e ai valori minimi
ammissibili de niti dalla Speci ca Tecnica di Processo (TPS) del materiale.

L'indagine ha combinato indicatori termochimici e termomeccanici (DSC, TMA, DMA)
con prove meccaniche (compressione, impatto e compressione dopo impatto (CAl)).

| risultati indicano per il lotto DC una marcata sottopolimerizzazione (DoC 86%)
rispetto a BC (DoC 98%). Di conseguenza, DC ha mostrato una { ridotta (140 C)
rispetto a BC (180 C), fallendo il requisito minimo TPS di 175 C. La TMA ha rivelato
per DC un elevato coe ciente di espansione termica in direzione trasversale ( no a 204:4
10 C?') e maggiore dispersione, segnali di eterogeneita chimica e strutturale.

Meccanicamente, le proprieta di compressione a temperatura ambiente sono rimaste stabili
per entrambi i lotti, soddisfacendo i requisiti minimi delle TPS nonostante la maggiore
dispersione in DC. Tuttavia, a 120 C, il lotto DC ha mostrato riduzioni signi cative della
resistenza e modalita di frattura coerenti con I'ammorbidimento della matrice. Le prove a
CAI hanno evidenziato prestazioni simili a E=9:5 J, ma una riduzione del 13% per DC

a E; = 18 J. Inoltre, la resistenza CAl ad alta temperatura per DC é risultata inferiore
del 10 20% rispetto ai valori a temperatura ambiente.

Parole chiave: CFRP; interruzione della cura in autoclave; calorimetria a scansione
di erenziale; analisi termo meccanica; analisi dinamico meccanica; compressione di CFRP;
impatto a bassa velocita; compressione dopo impatto.
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1 ‘ State of the Art and
Background

Composite materials, especially Carbon Fibre Reinforced Polymers (CFRPs), are widely
used in aerospace structures because they o er high speci ¢ sti ness and strength, good
fatigue and corrosion resistance, and excellent dimensional stability. Their performance
depends strongly on manufacturing conditions, particularly the curing cycle applied to
the matrix. This thesis investigates the thermochemical and mechanical consequences of
manufacturing induced cure deviations in an aerospace-grade woven CFRP laminate.

To interpret the experimental work in this thesis, it is therefore necessary to connect the
roles of bre and matrix, the kinetics of epoxy cure, and the resulting network structure,
with laminate-level performance.

This chapter summarises the key background on aerospace CFRPs and explains why epoxy
matrices are sensitive to cure cycle variations before introducing the industrial context of
this study.

1.1. CFRP in Aerospace

CFRPs consist of high-strength carbon bres embedded in a thermoset or thermoplastic
polymer matrix.

The bres are the primary load-bearing constituents and typically carry most of the axial
load. Their sti ness, strength, low density, and thermal stability largely determine in-
plane mechanical behaviour.

The matrix binds the bres, provides rigidity and shape, transfers the load to the bres,
and in uences toughness, damage tolerance, and failure mode. Consequently, the choice
of matrix and its processing history signi cantly a ect the properties of the composite
material [1, 2].

In the aerospace industry, CFRPs are widely used in aircraft secondary structures and con-
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trol surfaces (trim tabs, spoilers, rudders, doors), and increasingly in larger load-carrying
assemblies such as vertical and horizontal stabilisers, wings, and fuselage structures. Ad-
ditional applications include radomes, fairings, and landing-gear doors. Beyond aircratft,
CFRPs are also used in space systems where low mass and dimensional stability are
critical [2, 3].

1.1.1. Carbon Fibres: Characteristics and Properties

Carbon bres are the reinforcing phase in CFRPs. They are composed of small crystallites
of turbostratic graphite. As shown in Figure 1.1, graphite consists of hexagonal planar
carbon layers. Strong covalent bonding within each layer and weaker Van der Waals
interlayer forces lead to pronounced anisotropy: properties parallel to the basal planes
are much higher than those normal to them [3].

Figure 1.1: Crystalline structure of graphite.

Carbon and graphite bres are commonly produced from polyacrylonitrile (PAN) bre
precursors. After wet-spinning, the precursor is stabilised (oxidised) at elevated temper-
ature (typically 200 400 C) and then carbonised. Carbonisation is a high-temperature
treatment (approximately 1000 3000 C) that removes non-carbon elements and pro-
motes alignment of the carbon-rich structure. High-strength bres are produced at lower
treatment temperatures (below about 1500C), while high-modulus bres require higher
temperatures (graphitisation) [2, 4].



1| State of the Art and Background 3

To promote adhesion to the polymer matrix, bres are surface treated (oxidation/etching)
and coated with a sizing compatible with the target resin system. Although laminate
sti ness and strength are largely governed by bre properties, matrix support and out-
of-plane performance can be equally critical for structural integrity.

At the macroscopic scale, carbon bres are supplied as tows: bundles of laments wound
onto packages, often with kilometre-scale lengths. Tows may be woven into fabrics such as
plain weave, twill, and satin, as shown in Figure 1.2. Woven fabrics can drape over curved
surfaces with reduced wrinkling, which is advantageous for complex aerospace geometries

[3].

Figure 1.2: Dierent types of woven fabrics.

Typical aerospace carbon bre properties are summarised in Table 1.1, depending on
precursor type and heat treatment conditions [2].

Table 1.1: Properties of carbon bres and steel.

ey C.arbon Fibre C.arbon Fibre Steel
(High Modulus) (High Strength)
Diameter [ m] 6-8 6-8
Density [g/cm?] 1.8-2 1.7-1.9 7.7-7.9
Tensile Modulus [GPa] 350-450 200-300 190-210
Tensile Strength [GPa] 1.5-25 2.5-5 0.342.1
Speci ¢ Modulus [GPa=(g/cn)] 175-250 110-170 24-30
Speci ¢ Strength [GPa:(g/cmg)] 0.75-1.4 1.5-3 0.04 0.27
Melting Point [ C] > 3500 > 3500 1480
Elongation at Break [%)] 1-2 0.6-1 525
Relative Cost High High High Medium
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1.1.2. Epoxy Resins: Characteristics and Properties

Epoxy resins are the most widely used matrix systems in structural CFRPs because they
combine good mechanical performance, chemical resistance, dimensional stability, and
practical processing behaviour. In fact, they can be processed at low viscosity before
crosslinking, which facilitates bre impregnation and lay-up.

Typical un lled epoxy thermoset properties are given in Table 1.2 [2].

Table 1.2: Typical un lled thermosetting resin properties.

Density | Tensile Modulus | Tensile Strength
[g/cm 3] [GPa] [MPa]

Epoxy 1.21.4 2.55.0 40 70

Resin Material

Epoxy resin formulations are generally prepared in two stages: a prepolymer contain-
ing epoxide groups is produced, and then the prepolymer is mixed with a curing agent
(hardener) to initiate crosslinking.

A common prepolymer is Diglycidyl Ether of Bisphenol A (DGEBA), which contains two
epoxide groups per molecule (Figure 1.3). Each epoxide group is a three-membered ring
consisting of two carbon atoms and one oxygen atom. The curing agent may be an amine,
anhydride, or other reactive species.

Figure 1.3: DGEBA molecule.

During curing, covalent bonds form between epoxy and hardener molecules, progressively
building a three-dimensional network under controlled temperature and pressure. As
crosslink density increases, chain mobility decreases and, as a result, the resin cannot be
remelted. A higher crosslink density increases sti ness, glass transition temperature),T
and thermal stability, but can reduce ductility [5, 6]. Post-curing at higher temperature is
often used to increase the Degree of Cure (DoC) and increasg $ince crosslink density
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depends on cure temperature and time, signi cant deviations from the speci ed thermal
pro le can change the nal network structure and, therefore, laminate performance. This
sensitivity is discussed further in Section 1.2.

Because matrix-dominated properties are strongly dependent on network structure, the
nal composite response is sensitive to DoC, crosslink density, and void content.

Additives (catalysts, inhibitors, and ame retardants) are included in practical formu-
lations to meet processing and performance requirements. Since epoxies are inherently
brittle, aerospace-grade systems are often toughened using thermoplastic additives, rub-
bers, or particulate llers to improve damage tolerance and impact resistance [2].

Matrix-dominated properties degrade as the temperature approaches or exceeglsahich
limits standard epoxy CFRPs to service temperatures below about 12C. Moisture ab-
sorption reduces §, further restricting the allowable service temperature. Higher temper-
ature systems can reach service temperatures of around 2@) at increased cost [2, 3].

1.1.3. Prepregs: Lamination Process and Cure Cycles

Prepregs are resin-impregnated bres or fabrics supplied in sheet form with a controlled
bre-to-resin ratio. They are delivered in rolls, stored under refrigeration to limit prema-
ture cure, and used in manual or automated layup.

Prepregs provide consistent properties because the volume fraction of the bre and the
resin content are tightly controlled. They also remove on-site resin mixing, reducing
variability and common processing errors.

Typical properties of a fabric prepreg are listed in Table 1.3 [2].

Table 1.3: Typical properties of fabric (plain weave) thermoset prepreg materials.

Property Carbon (AS4) + Epoxy
Fibre Volume Fraction [%0] 57 63
Processing Temperature ] 120

Tensile Modulus [GPa] 5562
Tensile Strength [MPa] 517 885
Compressive Modulus [GPa] 48 65
Compressive Strength [MPa] 450 655

Shelf Life [months] 6
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As a result of this control, prepreg laminates can achieve reliable mechanical performance
compared to less-controlled manufacturing routes. The main drawbacks are the higher
material and processing costs, the lack of high-volume lamination methods, the longer
lamination times, and the limited recyclability for thermoset systems.

Prepregs are manufactured by solvent impregnation or hot-melt technology. Solvent im-
pregnation uses a resin solution to reduce viscosity for wetting; however, solvent removal
introduces environmental and handling concerns. Hot-melt technology avoids solvents by
applying the resin in a molten or highly viscous state, improving environmental compat-
ibility but making the complete wetting of the bre more challenging [2].

In aerospace manufacturing, the process chain includes ply cutting and layup (with strict
control of bre orientation), intermediate debulking to reduce voids and improve inter-
ply contact, vacuum bagging to evacuate air and volatiles, and autoclave curing. During
autoclave curing, vacuum and external pressure are applied with a prescribed temperature
cycle to consolidate the laminate and complete curing. More details are provided in
Section 2.2.

Thermoset prepregs typically require cure cycles of 1 to 8 h due to relatively slow reaction
kinetics. To increase production rates, rapid-curing prepregs are under development.

The cure cycle (heating/cooling rates, dwell temperatures and times, and applied pressure)
controls the viscosity, crosslinking, and network development. Manufacturer Technical
Process Speci cations (TPS) cure cycles are designed to achieve complete cure, minimise
void content (typically < 1%), and deliver properties consistent with the quali cation
data [3, 5].

1.2. Matrix-Dependent Properties

The polymer matrix plays a central role in laminate behaviour. Although bres carry
most of the axial load, the matrix governs other properties such as compression strength,
toughness, impact damage resistance, and failure mode.

In a laminate, matrix loads must be transferred to the bres through the bre-matrix
interface. E ective wetting and adhesion, therefore, enable stress transfer between plies
and reduce the risk of delamination under service loads.

Fracture behaviour also depends on the strength of the interface: a weak interface typi-
cally reduces sti ness and strength, but can increase fracture resistance through energy
dissipation mechanisms, whereas a strong interface promotes sti ness and strength, but
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can lead to more brittle fracture [3].

1.2.1. Inuence of the Cure Cycle on Composite Behaviour

Matrix-dominated properties, such as compressive strength and impact damage resistance,
are highly sensitive to the network structure of the cured resin. This sensitivity is often
ampli ed in woven laminates, where the waviness of the bre and the resin-rich regions
create local stress concentrations and increase the dependence on the thermal history.

Several studies indicate that cure cycles can be accelerated within an appropriate process
window. For example, Dong et al. investigated a rapidly out-of-autoclave cured epoxy
prepreg reinforced with T800 carbon bres. They reported that a higher heating rate
reduced the cure time by approximately 35% without preventing full cure, and extending
post-cure from 2 to 3 h did not produce a signi cant improvement in short beam shear
strength [7].

Cure temperature has a clearer e ect when it leads to undercure. Alavi-Soltani et al.
studied a commercial carbon bre/epoxy unidirectional prepreg processed in an autoclave
using isothermal cure temperatures between 149 °C and 182 °C for 180 min (heating and
cooling rates of 2.8 °C/min). Combined Loading Compression (CLC) and Short Beam
Shear (SBS) tests showed that mechanical properties did not vary signi cantly over 160
182 °C. On the other hand, specimens cured at 149 °C exhibited an approximately 10%
reduction in SBS strength and a change in the SBS failure mode towards interlaminar
shear, consistent with insu cient inter-ply bonding under severe undercure [8].

Gernaat et al. reported that for another similar prepreg system (Cycom 5215 PW), the
mechanical properties were essentially unchanged over an isothermal dwell temperature
range of 93 127 C. In contrast, curing at 82 C led to marked reductions in the SBS
and the CLC strengths and a shift in the failure mode towards delamination, indicat-
ing inadequate interlaminar integrity under severe undercure [9, 10]. Trends of reduced
compressive strength at lower crosslink density have also been reported for other epoxy
networks, while elastic modulus below glcan remain comparatively insensitive [11].

Cure advancement also a ects bre matrix bonding and resin sti ness. The longitudinal
and transverse properties of similar prepreg systems increased with cure progression,
consistent with strengthening of the interface and matrix [12]. Post-curing can further
improve properties by increasing the degree of cure ang [1.3].

In summary, moderate variations in dwell temperature and limited reductions in cycle time
(increased heating rate or reduced post-curing time) can be tolerated without signi cant
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property changes, provided the laminate reaches an adequate nal degree of cure [7, 14].
In contrast, severe undercure reduces interlaminar integrity, leading to lower strength and
delamination-dominated failure [8 11].

Interruptions, unexpected cooldowns, or prolonged dwells at intermediate temperatures
can slow or arrest polymerisation, lower the achievableg,Tand degrade resin-dominated
performance. Whether properties are recoverable depends mainly on when the interrup-
tion occurs in relation to gelation/vitri cation and whether a subsequent cure provides
su cient time and temperature to complete network formation.

1.2.2. Impact Damage and Residual Compressive Strength

In aerospace structures, polymer matrix composites are frequently exposed to low-velocity
impact events during manufacturing, handling, maintenance, and service (e.g., dropped
tools, ground equipment contact, runway debris). Although such impacts may leave
only limited surface evidence, they can produce internal damage that degrades structural
integrity, particularly under compressive loading. For this reason, understanding the main
impact damage mechanisms and their link to residual Compression After Impact (CAl)
strength is essential for a damage-tolerant design.

The low-velocity impact on laminated polymer matrix composites typically produces a
combination of interacting damage mechanisms. A widely adopted classi cation identi es
four major damage modes: (i) matrix-dominated, where cracking develops mainly within
the resin and often parallel to the bres under tension, compression, or shear; (ii) delami-
nation, driven by interlaminar stresses at the interfaces of the plies; (iii) bre-dominated,
including bre fracture in tension and bre microbuckling/kinking in compression; and
(iv) penetration and perforation, in which damage progresses to full thickness break-
through of the laminate [1517]. These mechanisms are not mutually exclusive: early
matrix cracking frequently precedes and promotes delamination, while extensive bre
failure is generally associated with the transition towards penetration and perforation
[15, 16].

In woven fabric composites, the yarns are inevitably crimped along their length due to
the interlaced architecture. This crimp reduces bre straightness and can lead to lower
tensile and compressive properties, as well as poorer in-plane shear resistance, compared
to unidirectional laminates [18]. Nevertheless, woven fabric laminates have also been
reported to exhibit a lower maximum impact load but a smaller damage area, a higher
ductility index, and higher residual (CAl) strength than unidirectional laminates. This
highlights a potentially favourable response to damage of woven fabrics, despite reduced
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in-plane e ciency [18].

At the damage initiation level, the rst observable mechanisms are often matrix cracking
and local bre matrix debonding. Cracks may initiate beneath and around the impactor
contact region, particularly near the contact edges, where transverse shear stresses are
high. These cracks are frequently inclined at approximately 45consistent with shear-
driven cracking through the thickness [15, 16]. In addition to shear cracks, a distinct
class of cracks can develop on the back face of the laminate: the so-called bending cracks,
induced by tensile bending stresses, oriented vertically through the thickness [15]. For rel-
atively long and thin plates, larger transverse de ection increases bending and membrane
e ects, making bending cracks in the lower plies more likely [15].

Figure 1.4: Schematic representation of early damage in an impacted composite plate.
Left: transverse view. Right: longitudinal view.

A key consequence of matrix cracking is that it can trigger delamination. A delamina-
tion is a crack that propagates along the resin-rich interlaminar region between the plies
(typically between plies of di erent bre orientations), rather than within a single lamina
[15]. Under transverse impact, delaminations are commonly oblong or peanut-shaped ,
with their major axis often aligned with the bre direction of the ply beneath the de-
laminating interface [15]. Delamination is strongly related to interlaminar stresses driven
by bending and is ampli ed when there is a strong bending sti ness mismatch across
the interface; therefore, interfaces such as €90 are frequently associated with larger
delaminated areas [15, 19]. Importantly, low-velocity impact delamination is generally
observed only after a threshold severity and is often reported to occur in conjunction with
matrix cracking: when an inclined shear crack reaches an interface, it can be arrested by
the change in orientation of the ply and subsequently de ect along the interface, evolv-
ing into a delamination [15, 16]. Furthermore, delamination growth can exhibit di erent
stability depending on its origin: delaminations associated with shear cracking can grow
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in a more unstable manner, while those associated with bending cracks can grow more
steadily with increasing load [15].

As the severity of the impact increases, bre failure becomes more prominent. Fibre
breakage can occur locally under the impactor due to high contact stresses and indentation
e ects (often dominated by transverse shear). Additional bre failure may develop on the
non-impacted face due to bending-induced tensile stresses [15, 16].

When bre failure reaches a critical extent and can no longer sustain load transfer, the
damage state transitions towards penetration and perforation, allowing the impactor to
break through the laminate thickness [15, 17].

From a structural perspective, the main concern is that even Barely Visible Impact Dam-
age (BVID) on the surface can cause a substantial reduction in residual properties (up
to 50%), especially in compression [15, 17]. Post-impact compression is particularly crit-
ical because delamination divides the laminate into thinner sublaminates with reduced
bending sti ness, promoting instability. Under compressive loading, delaminated regions
can trigger (i) global buckling of the entire laminate, (ii) local buckling of a sublaminate,
or (iii) mixed-mode instability; the governing mode often shifts from global towards lo-
cal/mixed behaviour as the delamination size increases [15]. From a material perspective,
toughened resin systems and thermoplastic modi cations can mitigate matrix-dominated
damage and delay delamination growth, thus improving damage tolerance [16, 17].

1.3. Industrial Context

The experimental work presented in this thesis was carried out during an internship at
Persico Marine (Persico Group), in an industrial environment focused on the design and
manufacture of high-performance composite structures for aerospace applications.

The internship activities were carried out in support of an industrial development pro-
gram in the space sector. Due to con dentiality constraints, detailed information on the
customer, vehicle architecture, and component geometry cannot be reported in this thesis.
The discussion is therefore limited to the materials and process aspects that are necessary
to motivate and interpret the experimental campaign.

Within this framework, mission-driven constraints (mass e ciency, manufacturing feasi-
bility, and environmental compatibility) were translated into engineering design inputs.
In particular, minimum material allowables and selection criteria were de ned to account
for manufacturing variability and damage tolerance, and to ensure compatibility with the
expected operating environment (see Section 2.1).
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2.1. Materials

Table 2.1 presents the Carbon Fibre Reinforced Polymer selected for the construction of
the target structure. Material selection was guided by challenges of the space environ-
ment. Key constraints included compliance with restricted substance requirements, low
outgassing to avoid contamination of sensitive surfaces, and compatibility with vacuum
exposure. Additional drivers were mechanical performance, resistance to thermal cycling
and radiation, bonding compatibility, and manufacturability with the selected processing
route. This material was chosen based on its well-documented mechanical properties and
quali cation in previous aerospace missions.

The minimum material properties at room temperature of the selected CFRP are sum-
marised in Table 2.2. Additionally, the target structure must maintain mechanical and
thermal integrity across an operational temperature range of -50 °C to +150 °C, as de ned
by preliminary thermal analyses.

Table 2.1: Selected CFRP material speci cations.

Speci cation Details

Commercial Name | TC250-00 HM0122 40% M46J CAR200 22 1.25 m
Maker Toray Advanced Composites

Fibre Torayca M46J 200 gsm Fabric Twill 2 2

Resin Toray TC250-00 HM0122 40%
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Table 2.2: TPS material requirements at room temperature for the selected CFRP.

Property Test Standard | Requirements
Resin Content ASTM D3171 37 43 wt%
Glass Transition Temperature (T 4) | ASTM D7028 175 C
Compression Strength 0 ASTM D6641 290 MPa
Compression Modulus 0 ASTM D6641 80 GPa
Tensile Strength O ASTM D3039 655 MPa
Tensile Modulus 0 ASTM D3039 90 GPa

This material is supplied as a 2 2 twill fabric prepreg with an areal weight of 200 g/m
(roll width 1.25 m). Since each 2 2 twill ply is balanced, the reinforcement within a ply is
distributed between warp (0) and weft (90 ) tows (see Figure 2.1). The reinforcement is
Torayca M46J, an MJ-type high-modulus carbon bre (tensile modulus 436 GPa; tensile
strength 4.2 GPa; bre density 1.84 g/cn¥; nominal lament diameter 5 m) [20]. The
bre is supplied with an epoxy-compatible sizing (50B, 1.0%) [20].

Figure 2.1: Schematic of a sheet of 202 twill carbon bre fabric. Warp direction in Green,
weft direction in grey.

The matrix is the Toray TC250 toughened epoxy system (neat resin density 1.21 g/én
[21]. According to the datasheet, TC250 is a 13@C cure system; after cure, it can reach
adry Ty of about 140 C (wet Ty 125 C). The recommended cure cycle includes a ramp
of 1-3 °C/min, a dwell at 88 5 °C for 30-60 min, followed by a hold at 130 3 °C for
at least 2 h under vacuum [21]. This resin can be free-standing post-cured to 177to
increase the high temperature performance (dry,T180 C) [21].
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Although the same material system is used throughout this study, laminate properties
can be in uenced by the curing history (Section 1.2.1). In this study, two batches that
followed two distinct curing histories are considered.

" Baseline Cure (BC): curing performed according to the Technical Process Speci -
cations (TPS) and consistent with the recommended cure cycle.

" Deviated Cure (DC): curing a ected by an unintentional deviation from the speci ed
thermal pro le, resulting in a di erent thermal history compared to BC.

The curing cycles for both batches are described in detail in Section 2.2.1.

All samples directly tested in this thesis were extracted from the DC batch. The me-
chanical properties of the BC batch are taken from a certi ed material characterisation
campaign commissioned by Persico Marine and performed by a certi ed laboratory. These
results are used as a reference benchmark to quantify the e ect of the non-conforming
cure history.

Table 2.3 shows a summary of the two batches considered in this study.

Table 2.3: Investigated batch codes and summary.

TPS
Batch : Source of data | Purpose in study
compliance
Certi ed lab _
BC Yes _ _ Benchmark dataset for comparison
(Persico Marine)
Direct ) _ _ o
. Experimental batch investigated in this
DC No experimental ,
_ thesis
testing

2.2. Specimen Production

The plies were cut using a computer-controlled plotter and hand stacked according to the
prescribed bre orientation stacking sequence (later reported for each type of sample).
Prepreg layup was performed in a controlled clean-room environment to minimise con-
tamination and foreign object debris, on an open mould (table) covered with a release
Im to facilitate demoulding and a peel ply to obtain the required surface texture.

To improve consolidation and reduce trapped air, a debulking step was performed every
three plies by vacuum bagging the layup and applying vacuum for at least 15 minutes.
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After the layup was completed, the panel was prepared for autoclave curing using a
standard vacuum bagging to provide compaction and evacuate trapped air and volatiles
[22]. A perimeter dam was applied to limit the ow of lateral resin. A second peel
ply and a high-temperature release Im were placed on top of the laminate, followed by
an aluminium caul plate to improve thickness uniformity. A breather/bleeder layer was
applied to maintain vacuum continuity and absorb excess resin, and two vacuum ports
were installed on the breather. The assembly was sealed with tacky tape and enclosed in
a high-temperature vacuum bag (Figure 2.2).

Figure 2.2: Peel-ply and dam disposition (left); release Im disposition (right).

Vacuum was applied, and a vacuum drop test was performed to check for leaks. Ther-
mocouples were attached to record the temperature during the cure. The panel was then
cured in an autoclave under combined temperature, pressure, and vacuum. The details
of the cure cycle are reported in Section 2.2.1.



2| Experimental Details 15

Figure 2.3 summarises the bagging stack.

Figure 2.3: Summary of dressing and bagging.

During the curing phase, the laminate rst consolidates as the resin starts to ow. Excess
matrix material is removed via the breather/bleeder system, resulting in a reduction in
laminate thickness. As the temperature increases, the viscosity of the resin increases as a
result of the crosslinking reaction, ultimately forming a rigid, glassy matrix.

2.2.1. Curing Pro les of the Two Batches

Figure 2.4 shows the temperature time pro le of the Baseline Cure batch (BC). The cycle
followed Persico Marine TPS and is consistent with the recommended cure schedule of
TC250 (see Section 2.1). Speci cally, the thermal cycle consisted of: heating rate of 1
C/min, dwell at 885 C for 60 min, followed by a hold at 130 3 C for 2 h, followed

by post-cure at 1775 C for 2 h [21].
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Figure 2.4: Curing cycle of BC batch.

In contrast, Figure 2.5 shows the Deviated Cure batch (DC). During the rst dwell stage
at 130 °C, an unexpected interruption of the autoclave occurred, resulting in an unplanned
stop of the cycle. The curing was resumed several days later as an attempt to complete
the process by applying the recommended temperature pro le from the beginning.
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Figure 2.5: Curing cycle of DC batch.

2.2.2. Expected E ects of Cure Interruptions

For thermoset epoxies, the e ect of a cure interruption depends mainly on when it occurs
relative to gelation/vitri cation and on whether the subsequent thermal cycle provides

su cient time and temperature to complete network formation [5, 6]. If the interruption
occurs early and the resumed cycle supplies adequate thermal energy, the degree of cure
and Ty may remain close to the nominal values [6]. In contrast, prolonged time at inter-
mediate temperature and/or interruptions after gelation can reduce the achievable degree
of cure and T, and may degrade matrix-dominated properties and interlaminar integrity

[8 10].

TC250 is a toughened epoxy system formulated to handle a variety of industrial processing
conditions [21]. It is therefore plausible that the Deviated Cure batch may still yield
acceptable mechanical properties; however, this can only be con rmed by experimental
characterisation. The following sections present the experimental analysis and quantify
the e ect of the DC thermal history on the thermochemical and mechanical response of
the CFRP material by comparison against the Baseline Cure reference.
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2.3. Test Procedures and Instrumentation

As described in Section 2.1, all samples experimentally tested in this thesis were extracted
from the Deviated Cure batch (DC). Baseline Cure (BC) test results are taken from Persico
Marine's Material Characterisation Campaign and used as the reference benchmark.

Thermochemical characterisation was performed to quantify the cure state and laminate
quality. This included the glass transition temperature (), the Coe cient of Thermal
Expansion (CTE), the residual reaction enthalpy, and the constituent contents. Me-
chanical tests were selected for their sensitivity to matrix-dominated behaviour and are
therefore suitable for detecting the e ects of cure cycle deviations. The following sections
provide a detailed description of each test method.

2.3.1. Dierential Scanning Calorimetry (DSC)

Di erential Scanning Calorimetry (DSC) was performed on (i) as-received prepreg mate-
rial (uncured reference condition) and (ii) cured laminates from both batches (BC and
DC). This was performed to quantify the total cure enthalpy (H) of the uncured reference,
the residual cure enthalpy (H) of both batches of cured laminate, and the corresponding
degree of cure (DoC). For each condition, three specimens were tested (n = 3).

For DC specimens, measurements were performed using a Mettler DSC-30 connected to
a Mettler Toledo TC15 TA controller. The masses of the specimens were recorded with a
Mettler AE163 balance (£0.01 mg) and placed in 40 pL aluminium crucibles (ME-27331).
The tests were carried out with a single heating ramp from 0C to 300 C at 10 C/min

[23].

A preliminary two-ramp test was performed on one DC specimen to evaluate whether a
second heating scan provided additional information. No additional reaction was detected
on the second scan, andglcould not be resolved. Subsequent measurements were therefore
made using a single heating ramp.

The total cure enthalpy H; (uncured reference) and the residual enthalpy H(cured
laminates) were obtained by integrating the heat- ow curve (baseline-corrected) and nor-
malising by the mass of the specimen. The degree of cure (DoC) was calculated as:

He H

t

DoC =

100 (2.1)
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2.3.2. Thermo Mechanical Analysis (TMA)

Thermo Mechanical Analysis (TMA) was used to measure the linear coe cient of thermal
expansion (CTE) of the laminate only for the DC batch. In addition, TMA was used
to estimate the Ty for the DC batch, while for the BC batch, the T, was determined
through Dynamic Mechanical Analysis by the certi ed lab (see Section 2.3.3). For the
DC batch, direct determination of Ty through DMA measurements was not possible due
to instrument limitations.

The methodology follows ASTM E831 for linear thermal expansion and ASTM E1545 for
the determination of Ty by TMA [24, 25].

The tests for the DC sample were performed using a TA Instruments TMA450 in a
nitrogen atmosphere to minimise oxidative e ects during heating. A constant probe force
of 0.05 N was applied to maintain contact without mechanical loading of the laminate.
The thermal program consisted of a single linear heating ramp from @ to 200 C at

5 C/min, consistent with the recommended practice in the referenced standards [24, 25].
The experimental setup is shown in Figure 2.6. All specimens tested were extracted from
laminates with stacking sequence [45/@] where O denotes the warp direction. Warp and
weft directions are de ned as shown in Figure 2.1. The specimen geometry consisted of a
length and width of 13 1 mm and a thickness of 3:5 0:5 mm.

Figure 2.6: Specimen under TMA probe.

For one specimen, the measurement was repeated with a second identical heating ramp
to verify the absence of transient e ects between the rst and second runs (e.g., settling,
relaxation of residual stresses, or minor morphology changes during the rst heating)
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[25, 26]. Since no signi cant di erences were observed between the two ramps, only a
single ramp was used for the remaining specimens.

CTE was measured in the through-thickness direction (n = 4 specimens) and along one
in-plane direction (n = 4 specimens). Only one in-plane direction was selected because
the laminate (i.e., each specimen) is symmetric and balanced, so the in-plane expan-
sion response is expected to be equivalent in the transverse and longitudinal directions
(Figure 2.7) [27].

Figure 2.7: Directions of a woven fabric laminate.

From the measured dimensional change (dL/dT), the instantaneous linear thermal ex-
pansion coe cient 1 is calculated as:

T = - (2.2)

where Ly is the length of the specimen at the beginning of the scan. Two apparent CTE
values were extracted by linear tting of the dimension change temperature (L T) curve
in the glassy region ( 4) and in the post-transition region ( ), as illustrated in Figure 2.8.

The glass transition, on the other hand, appears in TMA as a distinct change in thermal
expansion behaviour. Below ¢, the matrix is glassy and exhibits a lower expansion rate,
whereas above {; increased chain mobility produces a higher expansion rate. Following
standard practice, T, was determined as the intersection of the tangents tted to the two
linear regimes of the L T curve (Figure 2.8) [25, 28 30].
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Figure 2.8: Determination of T Through TMA.

Finally, the T4 obtained for the DC batch by TMA was compared with the | measured
for the BC batch by Dynamic Mechanical Analysis (DMA). DMA measurements were not
available for the DC batch due to laboratory instrument limitations.

2.3.3. Dynamic Mechanical Analysis (DMA)

Dynamic Mechanical Analysis was performed by the certi ed lab on the Baseline Cure
(BC) batch to determine its glass transition temperature. The test methodology followed
ASTM D7028 [31]. Three specimens (n = 3) were tested. All specimens tested were
extracted from laminates with stacking sequence [45/Q]where O denotes the warp di-
rection. The specimen geometry consisted of a length of 55 1 mm, a width of 10 1
mm, and a thickness of 2 0:5 mm.

Measurements were carried out using a Mettler Toledo DMA1 (StarSystem) in a three-
point bending con guration, with a support span of 15 mm. Becauseyimeasured by DMA
depends on frequency and heating rate, standard test conditions were adopted [31]. The
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oscillatory loading frequency was set to 1 Hz. A constant displacement amplitude of 7 m
was imposed to keep the response within the linear viscoelastic regime. The temperature
program consisted of a single heating ramp from 2% to 300 C at 5 C/min, according

to ASTM D7028 [31]. During scanning, the storage modulus @ the loss modulus (B,

and the damping factor (tan = E °¢E% were measured as functions of temperature.

Following ASTM D7028, Ty was determined from the storage modulus temperature curve
using the tangent intersection method on a semi-log plot of &s. temperature [31]. This
approach is based on the marked reduction in storage modulus that occurs through the
glass transition. Outside the transition region (before and after), the storage modulus
is relatively constant. In this method, the DMA Ty is de ned as the intersection of two
tangents constructed on the storage modulus temperature curve. A rst tangent (Line A)

is tted to the pre-transition (glassy) region of log(E%. A second tangent (Line B) is
constructed at the in ection point to approximately the midpoint of the drop in the
storage modulus. The intersection between Line A and Line B is taken as the storage
modulus glass transition temperature, {.

Figure 2.9 shows an ideal DMA thermogram and the graphical construction of the glass
transition temperature discussed.

Figure 2.9 Method of detecting § based on the E and tan plot as a function of
temperature.
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2.3.4. Constituent Content Determination

Both test methods described in ASTM D3171 for the determination of the constituent
content were adopted [32].

Test Method | (Matrix Digestion)

Matrix digestion with nitric acid was used to determine the resin mass fraction of each
batch (BC and DC). Three specimens were extracted from each laminate (n = 3 per
batch) and weighed in air to obtain the initial mass M.

The samples were then immersed in 70% concentrated nitric acid and heated on a hot plate
at 70 C until complete dissolution of the matrix, leaving the carbon bre reinforcement
una ected [32]. The remaining bres were lItered, thoroughly rinsed with distilled water
and acetone, then dried in an oven at 100C and cooled in a desiccator to minimise
moisture absorption before nal weighing. The dried bre mass M was measured, and
the resin mass fraction (resin content) was calculated from the mass loss during digestion

as.
_ M M ¢

W,
m M.,

100: (2.3)

Test method Il (Thickness Based Calculation)

This calculation was performed to determine the resin mass fraction of one panel reference,
and, more importantly, the cured ply thickness (cured thickness of one ply of the prepreg
system) [32].

The density of the panel . (g/cm?) was calculated from the mass of the specimen;Nb),
its area A (n?), and its thickness h (mm) as follows

_ M
¢~ Ah1000 (2.4)
the resin mass fraction was then calculated as
A, NO:1
W,, = 100 —h (2.5)
C

where A is the bre areal weight (i.e., mass of one sheet of bre per unit area, in g/f)
and N is the number of sheets (plies) in the panel.
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Finally, the cured ply thickness was calculated as

t= M. (2.6)

C

where m), is the prepreg areal weight (g=r).

2.3.5. Compression Test

Compression testing was used to determine the compressive strength, elastic modulus,
and strain at failure of the two batches. Specimens were tested along the two principal
in-plane directions (0 and 90), with n = 10 specimens per orientation. All specimens
tested were extracted from laminates with the stacking sequence;[Ovhere O denotes
the warp direction.

The Deviated Cure (DC) specimens were tested according to ASTM D695, while the
Baseline Cure (BC) reference data set was generated according to ASTM D6641.

ASTM D695 was selected due to equipment constraints, as the xtures required for ASTM
D6641 were not available in the laboratory. The validity of ASTM D695 for CFRP com-
pression tests has been discussed in previous studies [33 35] and, as shown in Section 3.5,
the results obtained in this work are consistent with the expected trends.

Compression tests were performed only at room temperature for the BC batch, while the
DC batch was tested at both room temperature and high temperature (T = 120C).
Table 2.4 summarises the compression test matrix.

Table 2.4: Summary of compression tests performed in this study.

Batch | Orientations | n per orientation Temperature | ASTM
BC 0,90 10 Troom D6641
DC 0,90 10 Troom; 120 C D695

The detailed description provided in the remainder of this section refers exclusively to the
tests performed directly on the DC sample (ASTM D695).

The geometry of the specimen, the corresponding support jig, and the arrangement of the
xture are illustrated in Figure 2.10, Figure 2.11, and Figure 2.12.



2| Experimental Details 25

Figure 2.10: Specimen geometry of compression test ASTM D695 (mm).

Figure 2.11: Support jig of compression test ASTM D695.

Figure 2.12: Fixture arrangement of compression test ASTM D695.
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An electromechanical dynamometer (Instron 1185) equipped with a 100 kN load cell was
used. The tests were carried out under displacement control at a crosshead speed of
1.3 mm/min as speci ed in ASTM D695 [33]. All tests were performed under standard
laboratory atmospheric conditions. The load and crosshead displacement were recorded
using Instron Bluehill software.

Compressive strength values were calculated based on the maximum recorded loag(P
and the cross-sectional area of the specimen (A), as detailed in Equation 2.7:

P
Fou = e (2.7)

No contact extensometer or strain gauges were used; therefore, strain values and elastic
modulus were extracted from the corrected load vs. displacement response. In fact,
raw crosshead displacement includes two unwanted contributions that can lead to an
overestimation of strain if not corrected [36 38]. The rst contribution arises from the
elastic deformation of the load frame/ xtures (machine compliance), the second from
seating/alignment e ects of the specimen during the rst stages of loading. To reduce
these systematic errors, the procedure described by Gruber [37] was adopted. This double
correction removes the portion of displacement that does not correspond to the specimen
deformation and is essential to obtain accurate strains, particularly in sti composite
laminates.

Machine Compliance Correction

The machine compliance correction §(P) was modelled using a non-linear compliance
function [37, 38], as shown in equation 2.8.

dn(P)=KP +d s(1 exp(kP P); (2.8)

where P is the applied load, K is the linear compliance coe cient, g is the non-seating
displacement term, and k and b are empirical parameters obtained from calibration (de-
pending on the speci ¢ test frame and boundary conditions [37]). The trend of the latter
curve is shown in Figure 2.13.
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Figure 2.13: Machine displacement vs. load.

The true specimen deformation gP) was then obtained as shown in Equation 2.9

ds(P)=daw(P) d n(P) (2.9)
where d,, is the measured raw crosshead displacement.

Correction for the Toe Region

The initial portion of the specimen deformation vs. load often exhibits a toe region due
to seating, xture alignment, and specimen imperfections (Figure 2.14). To remove this
e ect, a straight line was tted to the genuine linear portion of the corrected curve (CD
segment in Figure 2.14) and extrapolated to intersect the zero-stress axis. The intersection
point (B) was taken as the corrected zero-strain reference, and the data preceding this
point were discarded. The elastic modulus and strain-to-failure were then evaluated from
the corrected curve using this shifted origin [33, 37].
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Figure 2.14: Toe region correction of the stress vs. strain curve.

Together, machine compliance correction and toe region removal improve the physical
validity of the derived strain and modulus for sti composite laminates tested without
direct strain measurement. This double correction allows for the determination of the
strain at failure ", and the elastic modulus E.

2.3.6. Impact and Compression After Impact (CAl)

The e ect of impact damage on the residual compressive strength of the laminates was in-
vestigated by means of low-velocity impact followed by Compression After Impact (CAl),
according to ASTM D7136 (impact) and ASTM D7137 (CAl) [39, 40]. These methods
provide comparative guidance on the damage tolerance of composite laminates of similar
material systems, thickness, and stacking sequence; however, damage tolerance remains
strongly dependent on boundary conditions, impact parameters, and the speci c laminate
con guration.

All specimens were manufactured with the geometry reported in Figure 2.15, with a
stacking sequence [45=0= 45=90=45z0]
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Figure 2.15: Specimen geometry of impact and CAI tests (mm).

For the DC batch 13 nominal impact energy levels were investigated, with four repetitions
per energy level (n = 4). After impact, two specimens per energy level were tested in
CAI at room temperature and two at elevated temperature (120C).

For the BC batch, the campaign was characterised by two representative impact energies
with n = 10 repetitions each: BVID condition (Barely Visible Impact Damage) and a
perforation condition. After impact, BC batch specimens were tested in CAl only at room
temperature.

BVI and perforation conditions were also included within the 13 energy levels selected
for the DC batch, allowing a direct comparison of post-impact compressive behaviour
between BC and DC under matched damage severities. Speci ¢ energy values, damage
metrics, and residual-strength results are reported in Section 3.6.

Table 2.5 summarises the impact test matrix.
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Table 2.5: Test matrix for impact and CAI tests.

Impact Energy | BC Batch DC batch
E; [Joule] Troom Troom | 120 C
0.0 0 3 3
4.8 0 2 2
6.7 0 2 2
9.5 10 2 2
10.5 0 2 2
14.0 0 2 2
14.7 0 2 2
155 0 2 2
16.3 0 2 2
17.1 0 2 2
18.0 10 2 2
20.2 0 2 2
23.5 0 2 2
26.7 0 2 2

The detailed impact and CAIl procedures described below were performed directly on the

DC batch specimens.

Drop-Weight Impact (ASTM D7136)

Impacts for the DC batch were conducted using an Instron Fractovis 6789 drop weight
tower connected to DAS4000 data acquisition system by Ceast. Impacts for the BC batch
were conducted using Steplab DW750 drop weight tower connected to Tesa Microhite 600
data acquisition system. The impact base consists of a rectangular plate with a rectangular
opening (see Figure 2.16). The specimen was positioned centrally on the opening and
restrained to prevent rebound and unintended changes in boundary conditions. A rebound
catcher was used to capture the impactor after the rst strike, ensuring a single impact

event for each specimen.
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Figure 2.16: Representative rigid impact base and impactor of ASTM D7136 impact test.

Two hemispherical striker tips with diameters of 16 and 20 mm were adopted for the
BC and DC batch, respectively (see Figure 2.16). The impact energy was increased
by progressively increasing the impactor mass. In selected cases, the drop height (and
therefore impact velocity) was also modi ed to reach the desired energy level. All tests
were maintained in the low-velocity regime (v < 3m=s).

As polymer matrix composites can exhibit rate-dependent behaviour, the potential in u-
ence of impact velocity on the viscoelastic response of the epoxy matrix is acknowledged
when comparing conditions obtained via di erent mass/velocity combinations.

According to the standard de nition, the drop height of the impactor was computed from
the nominal impact energy as follows:

E.
H= —: (2.10)
mg
where E is the nominal impact energy (i.e., the potential energy prior to release/kinetic
energy of the impactor immediately before contact), m is the mass of the impactor, and
g is gravitational acceleration.

Each impact event was characterised by recording the histories of contact force displacement
(F d), energy time (E 4 t), and displacement time (d t). From the contact force displacement
response, the absorbed energy, kvas calculated as the area under the curve (Figure 2.17),
de ned as the total energy dissipated by the composite specimen during impact through
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elastic deformation, damage formation, and frictional e ects.

To evaluate the progression of damage in the composite specimens, an Energy Pro le
Diagram (E, vs. E;) was constructed using the 13 characteristic impact levels. The shape
of the energy pro le is governed by several factors, including the constituent materials, the
architecture of the bre and the stacking sequence, the thickness of the specimen, and the
geometry of the impactor [41]. Consequently, damage mechanisms can be reconstructed
by correlating the contact force displacement response, the energy pro le, and the post-
impact visual inspection of the specimens [41].

Figure 2.17: Calculation of the absorbed energy from F d curves for a non-perforated
specimen (left) and a perforated specimen (right).

As illustrated in Figure 2.17, the F d curves can be classi ed as closed or open. Closed
curves correspond to non-perforating impacts: after reaching a peak load, the descending
branch corresponds to the elastic rebound of the impactor [41]. In contrast, open curves
are associated with penetration and perforation and exhibit a characteristic horizontal
tail at the end of the record, which is attributed to post-perforation friction as the
impactor continues to move through the damaged laminate [41].

To accurately quantify the energy absorbed only by damage formation in the specimen,
frictional contributions were isolated and removed when present. This correction was
performed by extending the slope of the unloading (descending) branch of the F d curve
until it intersected the displacement axis, as indicated by the dashed line in Figure 2.17.
The absorbed energy associated with the damage was then taken as the area under the
curve up to this corrected terminal point, excluding the post-perforation frictional tail.

In addition to absorbed energy, the F d curve was used to identify the delamination
threshold force (i.e., the critical threshold force for the onset of damage,)P In a typical
impact force history, the contact force increases until a sudden drop occurs (Point A in
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Figure 2.18). This drop is associated with a rapid reduction in transverse sti ness due to
the initiation of damage [42]. The force at point A can be identi ed as P[42]. The drop
is then followed by partial recovery (Point B) and, in some cases, reloading (Point C)
if su cient residual kinetic energy remains in the impactor. Additional load drops may
occur at higher forces as damage accumulates.

Sharp drops in the contact force response were interpreted as indicators of damage events
associated with sudden reductions in local sti ness. According to ASTM D7136, oscilla-
tions in the force signal were not arti cially smoothed when extracting absorbed energies
and critical loads, since in composite impacts these oscillations are physically meaningful
[39].

Figure 2.18: Typical impact force history showing the rst load drop associated with
damage initiation.

Compression After Impact (ASTM D7137)

CAl tests were performed on impacted specimens using an antibuckling stabilisation x-
ture designed to suppress global buckling and minimise parasitic bending during end-
loading (see Figure 2.19). Specimens were installed with the machined ends ush with
the ends of the xture, thereby centering the impact-damaged region within the xture.
Alignment was performed to ensure that the specimen was held perpendicular to the
xture base and uniformly supported by the xture components.
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Figure 2.19: Support xture of CAl test with specimen in place ASTM D7137.

Compression testing was carried out using an electromechanical dynamometer (Instron

1185) equipped with a 100 kN load cell. The tests were carried out under displacement

control at a crosshead speed of 1.3 mm/min. The load and crosshead displacement were
recorded using Instron Bluehill software.

The failure mode and the failure location were documented for each specimen according
to the standard's criteria for acceptable and unacceptable CAI failures.

The ultimate compressive residual strength was calculated as

P,
Fon = M. (2.11)

where Rnax IS the maximum force carried prior to failure and A is specimen's cross sectional
area.
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3.1. Dierential Scanning Calorimetry (DSC)

The DSC thermograms for the DC batch are shown in Figure 3.1. For the uncured refer-
ence and the BC batch, the corresponding graphical pro les were unavailable; therefore,
only their numerical results are presented in this section.

Tables 3.1 3.3 summarise the DSC results for all conditions.

Figure 3.1: DSC thermograms for the DC batch.
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Table 3.1: DSC results for uncured reference.

Specimen | H [J/g] | Tpeak [ Cl | Tonset [ Cl
1 381.5 154.0 144.8
2 358.8 153.8 144.4
3 373.4 154.1 144.7
Mean 371.2 153.9 144.6

Table 3.2: DSC results for the Baseline Cure (BC) batch.

Specimen | H, [J/g] | Degree of cure [%]
1 9.92 97
2 9.14 98
3 8.25 98
Mean 9.10 98

Table 3.3: DSC results for the Deviated Cure (DC) batch.

Specimen | H, [J/g] | Degree of cure [%)]
1 55.50 85
2 40.70 89
3 57.04 85
Mean 51.08 86

Because the reference condition is as-received prepreg répresents an internal reference
enthalpy for this material system rather than an absolute enthalpy of a fully unreacted
formulation; nevertheless, it is suitable for comparing BC and DC consistently.

The uncured reference sample exhibited consistent onset and peak temperatures with a
mean total reaction enthalpy of H = 371:2 J/g, which was adopted as the reference value
for subsequent calculations (Table 3.1).

The BC batch showed a small residual exotherm, with a mean residual enthalpy;
9:10 J/g, corresponding to DoC 98% (Table 3.2). This indicates that the baseline cure
cycle achieved a near-complete cure, leaving only a limited residual reaction potential.
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In contrast, the DC batch exhibited a substantially higher residual enthalpy, H =
51:08 J/g, corresponding to DoC 86% (Table 3.3). This indicates that the deviated
cure cycle did not achieve a complete cure, leaving a signi cant residual reaction potential.

The residual enthalpy in DC is approximately 5 6 times higher than in BC (51.08 vs.
9.10 J/g), resulting in an approximately 12% reduction in the degree of cure (DoC).

3.2. Thermo Mechanical Analysis (TMA)

The thermal expansion behaviour and dimensional change of the specimens under TMA
testing are illustrated in the following gures. They report the dimension change as a
function of temperature for both the in-plane direction (Figures 3.3) and the through-
thickness direction (Figures 3.2), highlighting the anisotropic response of the material
and the characteristic slope change at the glass transition temperatureg)T

The numerical results extracted from the TMA curves are summarised in Table 3.4,
providing a quantitative comparison of the expansion coe cients in both glassy state
( ¢) and rubbery state ( ).
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(a) Specimen 1 - Through-thickness.

(b) Specimen 2 - Through-thickness.

Figure 3.2: Dimension change vs. temperature pro les in the through-thickness direction
(part 1).
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(c) Specimen 3 - Through-thickness.

(d) Specimen 4 - Through-thickness.

Figure 3.2: Dimension change vs. temperature pro les in the through-thickness direction
(part 11).
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(e) Specimen 5 - In-plane.

(f) Specimen 6 - In-plane.

Figure 3.3: Dimension change vs. temperature pro les in the in-plane direction (part 1).
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(g) Specimen 7 - In-plane.

(h) Specimen 8 - In-plane.

Figure 3.3: Dimension change vs. temperature pro les in the in-plane direction (part II).
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Table 3.4: Coe cients of Thermal Expansion (CTE) for through-thickness and in-plane

directions.
Direction Specimen g (T<Tg[O® Ct] (T>T,[0° Ct]
1 72.84 198.4
_ 2 68.24 185.7
Through-thickness
3 70.96 145.6
4 70.6 204.4
5 1.53 11.08
6 0.5635 41.61
In-plane
7 1.043 14.79
8 -1.017 21.49

In the through-thickness direction (specimens 1 4), the material exhibits high expansion
coe cients, with g around 70 10° C*? . In contrast, the in-plane CTE below T is
close to zero or even slightly negative (specimens 5 8).

This trend is consistent with the anisotropic behaviour of the CFRP analysed. In fact, the
through-thickness response is matrix-dominated: there are no continuous bres oriented
in the thickness direction to restrain the natural expansion of the epoxy resin. In contrast,
the in-plane response re ects the constraining e ect of the reinforcement. In fact, carbon
bres have low negative CTE in the axial direction and large positive CTE in the radial
direction [27]; consequently, they suppress the thermal expansion of the matrix in the
in-plane direction.

Above T, a clear increase in CTE is observed in both directions, consistent with the
transition of the polymer matrix from the glassy to the rubbery state. In the through-
thickness direction , reaches values up to 204:4 16 C?!, while in the in-plane
direction , reaches values up to 41:61 16 C*!. Specically, once T, is exceeded,
the epoxy gains mobility (higher free volume) and the thermal expansion rate increases
accordingly. A similar increase, though less pronounced, is observed in in-plane direction,
where bre constraint remains dominant even above gI

Moreover, the CTE values in both the in-plane and through-thickness directions exhibit
considerable scatter. These results demonstrate excellent agreement with the literature,
with values within the same order of magnitude as those reported by other studies [27, 43].
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The glass transition temperatures (§) of the DC batch measured by TMA are reported
in Table 3.5.

Table 3.5: Ty by TMA for DC batch.

Specimen Ty [ C]
1 146.7
2 132.5
3 1354
4 134.6
5 129.7
6 150
7 142.2
8 140.8
Mean 139
Standard Deviation 7.1

The DC batch exhibits a low Ty, with signi cant scatter (T, =139 7:1 C).

Absolute Ty values are consistent with the TC250 datasheet: a dryyTof about 140 C is
expected after standard 130C cure [21].
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3.3. Dynamic Mechanical Analysis (DMA)

The glass transition temperatures () of the BC batch measured by DMA are reported
in Table 3.6.

Table 3.6: Ty by DMA for BC batch.

Specimen Ty [ C]

1 181.0

2 181.9

3 180.7

4 177.9

5 179.0

6 184.7

Mean 180.9

Standard Deviation 2.2

The BC batch shows a high J with limited scatter (T4 = 180:9 2:2 C).

Absolute T, values are consistent with the TC250 datasheet: a dryyTof about 180 C is
associated with an elevated temperature post-cure (i.e., 1747) [21].

3.4. Constituent Content Determination

Tables 3.7, 3.8 and 3.9 show the results of the two methods. The resin content is expressed
in weight percentage.

Table 3.7: Results of ASTM D3171 Test Method | for the BC batch.

Specimen | Resin Content [wt%]

1 38.5
2 38.9
3 38.7

Mean 38.7
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Table 3.8: Results of ASTM D3171 Test Method | for the DC batch.

Specimen | Resin Content [wt%)]
1 35
2 39.8
3 39.7
Mean 38.2

Table 3.9: Results of ASTM D3171 Test Method Il for the panel reference.

A: [g/m ?] | my [g/m 2] | Resin Content [wt%]
Panel Reference 197.3 3315 40.4

For the BC batch, the resin content values are grouped between 38.5 and 38.9 wt%, with
a mean of 38.7 wt% (Table 3.7). The Deviated Cure batch shows a similar mean value of
38.2 wt% (Table 3.8), with high scatter driven by one low result (35 wt%). The di erence
between the two batch means is small (0.5 wt%), and they both fall within the nominal
resin content range reported for the prepreg system (40 £ 3 wt%) [21].

As reported in Table 3.8, one low result drives the high scatter of the results of ASTM
D3171 Test Method I. In fact, for this test, incomplete digestion and/or incomplete drying
increase the measured bre mass Mand therefore bias the calculated resin content to
lower values. Fibre loss during ltration and rinsing reduces M and biases the resin
content upward. In this case, the low resin content result for DC specimen 1 is attributed
to incomplete digestion, which can also be seen by visual inspection of the recovered bres
(Figure 3.4).
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Figure 3.4: Dry bres obtained from the matrix digestion test.

Test Method Il applied to the panel reference yields a resin content of 40.4 wt% (Table 3.9),
close to the nominal resin content of the prepreg system.

Additionally, with Test Method Il, the nominal cured ply thickness can be obtained from
the ratio of the prepreg weight to the density of the panel (see Section 2.3.4), which is

calculated as:
my _ 331:5 g=m

¢ 1500 kg=rd
This parameter is useful for design purposes, as it provides a rst estimate of the number
of plies required to achieve a target laminate thickness.

t=

=0:22 mm: (3.1)

3.5. Compression Test

Room Temperature Tests Results

Tables 3.10 3.13 show the room temperature compression results for the Baseline Cure
and Deviated Cure batches. Direct comparison of absolute values between BC and DC
must be interpreted with care because the batches were tested using di erent standards
(BC: ASTM D6641; DC: ASTM D695). Figures 3.5 and 3.6 display the stress vs. strain
curves for both orientations of the DC batch.
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Figure 3.5: Room temperature stress vs. strain curves for 0° orientation DC batch (ASTM
D695).
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Figure 3.6: Room temperature stress vs.
(ASTM D695).

3| Experimental Results

strain curves for 90° orientation DC batch
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Table 3.10: BC batch results, 0 orientation (ASTM D6641), T,oom -

Specimen Fo [MPa] | "o [%0] | E [GPa]

1 348 0.33 108

2 340 0.29 113

3 338 0.32 107

4 350 0.34 107

5 337 0.27 116

6 344 0.29 117

7 348 0.29 114

8 348 0.33 112

9 342 0.30 108

10 376 0.29 121
Mean 347 0.31 112
Standard Deviation 11.14 0.02 4.81

Table 3.11: BC batch results, 90 orientation (ASTM D6641), Tioom -

Specimen Fo [MPa] | "o [%] | E [GPa]
1 318 0.34 99
2 337 0.37 90.6
3 375 0.39 100
4 327 0.36 97
5 342 0.35 101
6 359 0.40 94
7 348 0.34 105
8 334 0.41 88
9 334 0.39 89
10 343 0.34 106
Mean 342 0.37 97
Standard Deviation 16.22 0.03 6.36
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Table 3.12: DC batch results, 0 orientation (ASTM D695), T,oom -

Specimen Fo [MPa] | "o [%] | E [GPa]

1 375 0.37 123

2 326 0.32 108

3 319 0.31 109

4 343 0.33 115

5 320 0.31 111

6 310 0.29 112

7 333 0.32 110

8 324 0.31 110

9 371 0.37 108

10 363 0.34 119
Mean 338 0.33 112
Standard Deviation 23.35 0.03 5.08

Table 3.13: DC batch results, 90orientation (ASTM D695), T,oom -

Specimen Fo [MPa] | "o [%] | E [GPa]

1 374 0.35 128

2 341 0.31 125

3 317 0.30 110

4 297 0.28 108

5 344 0.32 122

6 356 0.33 128

7 348 0.33 124

8 326 0.30 124

9 339 0.34 104

10 301 0.27 120
Mean 334 0.31 119
Standard Deviation 24.14 0.02 8.73




3| Experimental Results 51

The BC batch exhibits a stable response in Oorientation, with a mean compressive
strength (F,) of 347 11:14 MPa and an elastic modulus (E) of 112 4:81 GPa. In
the 90 orientation, the BC sample shows a slight reduction in the mean strength to
342 16:22 MPa and a more pronounced decrease in sti ness, with a mean modulus
of 97 6:36 GPa. Although scatter remains limited for most parameters, the strength
distribution in 90 orientation is in uenced by specimen 3 (375 MPa), contributing to a
higher standard deviation compared to the longitudinal direction.

For the DC batch, the mean compressive strengths are comparable in magnitude to the BC
batch, calculated at 338 23:35 MPa and 334 24:14 MPa for the 0 and 90 orientations,
respectively. However, a signi cant increase in data scatter is observed, with standard
deviations for the strength nearly doubling relative to the BC batch.

The DC elastic modulus does not show a systematic reduction relative to BC.

Although a 2 2 twill fabric is expected to have a comparable in-plane response in the two
principal directions, small di erences can arise from weave-induced warp/weft asymmetry
(e.g., crimp), and from systematic di erences between sample sets.

T =120 C Tests Results

Tables 3.14 and 3.15 show the results of the compression strength at high temperature (T
= 120 °C) for the DC batch.
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Table 3.14: DC batch results, 0 orientation (ASTM D695), T =120 C.

Specimen Fo [MPa]

1 266

2 285

3 279

4 244

5 263

6 255

7 254

8 281

9 297

10 280
Mean 270
Standard Deviation 16.56

Table 3.15: DC batch results, 90 orientation (ASTM D695), T =120 C.

Specimen Fo [MPa]

1 249

2 311

3 308

4 324

5 335

6 305

7 284

8 282

9 320

10 319
Mean 304
Standard Deviation 25.48
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In both orientations, the compressive strengths measured at 120 are lower than the cor-
responding room temperature values, consistent with earlier studies on CFRP mechanical
degradation at elevated temperature [44 47].

In the O direction, the mean compressive strength was found to be 270 16:56 MPa. This
data set exhibits moderate statistical dispersion, with individual values ranging from a
minimum of 244 MPa (specimen 4) to a maximum of 297 MPa (specimen 9). In contrast,
the transverse (90) orientation yielded a higher mean strength of 304 25:48 MPa.
Despite the higher average performance in the 96et, the results show a more pronounced
scatter, characterised by a standard deviation of 25:48 MPa. This increased dispersion is
in uenced by the lower bound result of specimen 1 (249 MPa).

The mean strength in the 90 direction is higher than in the O direction (304 vs. 270 MPa).

As explained earlier, for a balanced 2 2 twill fabric, comparable in-plane behaviour would

be expected in the absence of systematic e ects. The di erence is therefore attributed
to the variability between samples, and to the sensitivity of the ASTM D695 end-loaded
test to alignment, seating, and end e ects, which can become more critical at elevated
temperature.

Only compressive strength is discussed here, as the literature indicates that elevated-
temperature degradation is typically more pronounced in strength than in elastic modulus
for CFRP laminates [46, 47].

Fracture Analysis

Figure 3.7 displays the compression fracture surfaces for representative specimens at room
temperature and high temperature.

Fracture surface observations indicate that the compressive failure morphology of the
laminates changes with the thermal environment. The observed trends are consistent with
the mechanisms and morphologies reported in the literature for bre reinforced polymer
composites [46, 47].

At both room temperature and 120C, the compression sample exhibited a brittle macro-
scopic fracture. At room temperature, the fracture surfaces showed clear evidence of
matrix damage and bre shear fracture; in addition, signi cant delamination was visible
across plies. The fracture surface was approximately an oblique line (45°).

In the high-temperature condition, failure was triggered by resin softening due to the
glass transition process, which caused a kinking-type fracture. These failure mechanisms
are caused by the softening of the resin that no longer con nes the bres, and eventually,
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such a lack of lateral stability leads to bres buckling. The fracture line became more
irregular and uneven compared to the room-temperature case, and several bres showed
visible inclination and local buckling. Delamination was still present but appeared less
pronounced than in the room-temperature coupons.

Figure 3.7: Fracture morphology of representative compression specimens (ASTM D695)
at room temperature (top) and high temperature (bottom).

3.6. Impact and Compression After Impact (CAl)

Energy Pro le Diagram (EPD)

As previously described in Section 2.3.6, two key parameters are used to characterise the
impact response of composite laminates: impact energy &d absorbed energy E Their
relationship is represented through an Energy Pro le Diagram (EPD), which supports the
identi cation of critical transitions such as penetration and perforation.

For each discrete impact energy level, the absorbed energy was determined as the arith-
metic mean of the four experimental replicates.
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Figure 3.8 reports the EPD for the twill fabric laminate investigated in this work. For
reference, the so-called equal energy line {E E ;) is represented.

Figure 3.8: Energy Pro le diagram (EPD) for the investigated twill fabric composite.

The data points can be divided into ve regions (A E) indicated by dashed lines. Each
region corresponds to a distinct stage of damage evolution. By combining post-impact
visual inspection, contact force displacement responses, and EPD, the damage process
with increasing impact energy can be detailed as described below.

In Region A, the damage is limited to very small indentation and matrix cracking on
the impacted face (Barely Visible Impact Damage (BVID)). In this regime, the di erence
E; E . is signi cant because the excess energy is retained in the impactor and used to
rebound at the end of the contact event [41, 48].
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As the impact energy increases to the intersection point between Region A and Region
B, bending-driven bre breakage begins to appear on the non-impacted face, and the
dierence Ei E , reduces. This intersection point is de ned as the critical damage
threshold E. = 8:1 J for the transition between Region A and Region B. In Region

B, indentation and matrix cracking continue to grow, but bending fracture of bres is
recognised as the dominant damage mode. This region is characterised by increased
damage compared to Region A, but still without penetration, with the delamination
becoming progressively more evident towards the upper end of the region.

Region C begins at E =14 J and is dominated by increased delamination as the impact
energy increases. Region C is de ned as the region where the trend remains parallel to the
equal energy line [41, 48, 49]. This indicates that the di erence,EE , is approximately
constant and that the additional impact energy introduced in this region is absorbed
by the laminate as the impactor enters deeper into the structure [41, 48]. Although
matrix cracking continues to develop, delamination governs the response in this region.
Penetration becomes possible once the delamination has extended to the full thickness of
the laminate [41].

The onset of penetration is identi ed in data point 9 (Region D). The penetration thresh-
old can be de ned as R = 17:1 J. In the EPD, this corresponds to the rst point on the
equal energy line, indicating that there is no excess energy left and the entire impact en-
ergy is absorbed by the laminate [41, 48, 49]. As penetration progresses, additional energy
is required for further advancement of the impactor into the material. The penetration
range is proportional to the thickness of the laminate [48]. Perforation occurs when bre
failure reaches a critical extent and can no longer sustain load transfer.

Finally, Region E represents perforation, with data point 11 de ning the perforation
threshold B = 20:2 J. The perforation threshold corresponds to the last data point on
the equal energy line [41, 48, 49]. Once perforation occurs, any impact energy in excess
of this threshold is expended in friction in driving the impactor through the damaged
laminate rather than being returned as rebound. Therefore, after perforation, absorbed
energy remains practically constant. P can be treated as a material constant for the
given laminate [48].

Contact Force-Displacement (F d) Curves

Contact force displacement (F d) curves under various impact energies are the signature
of the composite material response to impact loading. The contact force is de ned as
the compressive load exerted by the specimen on the impactor during the contact dura-
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tion. The F d curves give signi cant information in relation to the impact behaviour of
composite laminates, such as rebounding, penetration, and perforation.

As anticipated in section 2.3.6, F d curves are classi ed into two categories: closed-type
and open-type. A closed-type curve indicates a rebound event, where the curve returns
to the origin, signifying that the impactor has bounced o the specimen. Conversely, an
open-type curve is characteristic of perforation: the displacement continues to increase as
the impactor passes through the material, preventing a return to the zero displacement
state.

Figure 3.9 summarises the F d responses for the DC batch across the energy range con-
sidered. For the sake of clarity, a single representative curve has been selected for each
impact energy level.

Figure 3.9: Contact force-displacement curves for DC batch.
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The curves presented in Figure 3.9 have been arti cially smoothed to enhance the visual
clarity of the primary trends. However, raw, unsmoothed data were strictly used for
the calculation of quantitative parameters (i.e., E and P;), to ensure that no relevant
physical information was lost during signal processing (see Section 2.3.6).

The morphology of the F d curves can be divided into three distinct stages. First, the
ascending stage: this initial slope represents the apparent bending sti ness of the lam-
inate. In this phase, the material resists the movement of the impactor through elastic
deformation (bending) and initial micro damage.

The second and intermediate stage of the F d curve is characterised by a force plateau
and oscillations in the contact force. In particular, these two features were interpreted
as indicators of damage events associated with sudden reductions in bending sti ness.
They serve as a primary indicator of the accumulation of internal damage, and highlight
the material's capacity for energy dissipation [49]. In fact, the laminate expends the im-
pactor's kinetic energy through the creation of new fracture surfaces (i.e., matrix cracking,
bending fracture of bres and delamination) [49]. The length of the plateau increases as
the damage accumulates. Moreover, the oscillations observed along the load path re ect
the dynamic and vibratory nature of the impact event. They represent a momentary loss
of contact between the impactor and the specimen surface (some high-frequency uctu-
ations are also related to the inevitable vibrations of the specimen and the test xture)
[41]. This dynamic phenomenon follows a "contact damage loss of contact” sequence.
It is triggered by a sudden internal failure, such as large delamination or bre rupture.
This failure then causes a rapid localised deformation that eventually exceeds the instan-
taneous velocity of the impactor. This results in a transient drop in the recorded force
followed by a subsequent "re-load” once contact is re-established, creating the pulsated
appearance characteristic of impact F d curves.

Lastly, the descending stage. In rebound events, characterised by closed curves, the de-
scending slope represents the return of the impactor towards the initial zero-displacement
position. In perforation events resulting in open curves, the unloading region is charac-
terised by a frictional tail. This residual force originates from the friction between the
impactor and the damaged laminate as the impactor passes through the specimen.

As in the EPD, the F-d curves can also be divided into the ve characteristic damage
stages (A E), each corresponding to a change in the morphology of the F-d curves (see
Figure 3.10).
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(a) Region A: BVID. (b) Region B: Bending fracture of bres (at non-
impacted face).

(c) Region C: Delamination growth.

Figure 3.10: Representative contact force displacement curves for the DC batch across
impact energy regions (Part I: Regions A, B, and C).
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(d) Region D: Penetration. (e) Region E: Perforation.

Figure 3.10: Representative contact force displacement curves for the DC batch across
impact energy regions (Part II: Regions D and E).

Region A corresponds to Barely Visible Impact Damage, where minor surface indentation
and matrix cracking dominate. The F d curves are closed, and descend as soon as the
peak force is reached, indicating rebound and a largely elastic response. In this low
damage regime, the maximum contact force i, increases with increasing impact energy
E;, consistent with the laminate retaining most of its structural integrity.

With an additional increase in E, Region B marks the onset of tensile bre fracture due

to bending on the non-impacted face. These mechanisms reduce local bending sti ness
and are re ected in the F d response by developing a force plateau and oscillations near
the maximum force. The length of the plateau increases as the damage accumulates.
Delamination becomes more signi cant towards the end of the region. In this regime,
Fmax becomes independent of further increases in.E

Region C is governed by delamination growth: this produces a signi cant reduction in
structural integrity, which appears as a steep drop in contact force after zx. This
distinguishes Region C from the more gradual plateau-type behaviour observed in Region
B, indicating a transition towards more critical damage.

Once the penetration threshold is reached (Region D), the depth of penetration increases
proportionally with impact energy, and the F d curves become progressively open. The
failure of the curve to return to the origin re ects incomplete rebound.

Finally, Region E corresponds to perforation, where the F d curves are fully open, and the
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impactor traverses the laminate. Beyond this threshold, additional energy is dissipated
through friction associated with the impactor moving through the specimen.

Critical Treshold Force for the Onset of Delamination (P c)

Regarding R, the impact failure process in these woven fabric laminates can be divided
into two distinct stages. Firstly, the initiation of damage, and secondly, the subsequent
propagation of damage throughout the structure. Damage initiation occurs only when
the contact force reaches a speci c threshold (P If the incident energy is insu cient

to overcome this force, no detectable or visible damage is produced, and the response
remains essentially elastic.

The relationship between R and the incident impact energy is illustrated in Figure 3.11.
For each discrete impact energy level (& the threshold force (R) was determined as the
arithmetic mean of the four experimental replicates.

Figure 3.11: R for varied impact energies for the DC batch.

For the laminates studied, the experimental data indicate that Pis independent of the
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impact energy throughout the majority of the testing range. This observation is consistent
with established literature [42]. This suggests that the threshold force is a characteristic of
the material, rather than a function of the speci ¢ impact event. Similarly, the magnitude
of the initial load drop and the frequency of subsequent load oscillations were found to be
intrinsic characteristics of the composite material and independent of impact energy [42].

A deviation from the average value is observed at the three highest impact energy levels.
This variation in P is likely an artifact of distorted F d pro les associated with the onset

of perforation. In these high-energy regimes, rapid penetration of the impactor makes the
identi cation of the rst critical load drop less distinct, appearing to shift the threshold
force to anomalous values.

Displacement vs. Time (d t) curves

Figure 3.12 presents the displacement time (d t) curves for the investigated specimens.
For the sake of clarity, a single representative curve has been selected for each impact
energy level.

For non-perforated specimens, the rebound event is captured in the d t curves as a return
to the baseline (initial contact position). Furthermore, the time required for the impactor

to return to its initial contact position increases as E increases. This extended return
duration is a direct consequence of increasing damage: as more energy is expended in
creating new fracture surfaces, the rebound velocity is attenuated.

In contrast, perforated specimens are characterised by a continuous increase in displace-
ment that never returns to the baseline, indicating that the impactor has completely
traversed the material.

A comparison between the experimental F t and the d t curves reveals a distinct temporal
shift: the maximum displacement (¢hax) is reached later than the maximum contact force
(Fmax)- Physically, dnax corresponds to the point at which the impactor's velocity reaches
zero, representing the full conversion of kinetic energy. In contrast, g identi es the
moment of maximum structural resistance that precedes the onset of signi cant material
failure.

This time delay is listed in Table 3.16 for non-perforated specimens, as perforated sam-
ples exhibit a continuous increase in displacement that does not return to zero. The delay
between F,ax and dya is attributed to the impactor's inertia, which causes it to continue

to move downward even after the laminate has reached its maximum load-carrying ca-
pacity [41]. This temporal shift becomes more pronounced with increasing impact energy,
re ecting progressive damage.
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As shown in the data, the time to reach the peak force (t at F.x) remains constant,
oscillating around 0.9 ms independently of the impact energy. Once again, this behaviour
suggests that the damage threshold is an intrinsic characteristic of the material system.

Table 3.16: Time to reach gax and Fax for increasing impact energy.

Ei[J] |tatd ma [Ms] | tatF ma [Ms] | t [ms]
4.8 2.115 1.206 0.909
6.7 2.757 0.912 1.845
9.5 3.636 0.918 2.718
10.5 4.140 0.915 3.225
14.0 6.080 0.925 5.155
14.7 5.950 1.205 4.745
15.5 6.340 0.910 5.430
16.3 6.330 0.900 5.430
17.1 8.240 0.944 7.296
18.0 8.104 1.032 7.072
20.2 6.424 0.704 5.720
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Figure 3.12: Variation of displacement vs. time at varying impact energies for the DC
batch.

Absorbed Energy vs. Time (E  ,-t) Curves

The temporal evolution of the energy transferred to the composite specimens is presented
in Figure 3.13. For the sake of clarity, a single representative curve has been selected for
each impact energy level.
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Figure 3.13: Variation of absorbed energy vs. time at varying impact energies for the DC
batch.

The total energy absorbed by the specimen increases proportionally with the impact
energy (E). This trend is attributed to the increased severity of internal damage, which
dissipates a larger fraction of the kinetic energy of the impactor.

Each curve initially increases during the loading phase until it reaches a maximum value
(Emax)- In non-perforated cases, the curve then decreases during the unloading phase
before stabilising at a constant horizontal plateau. This nal plateau represents the
total absorbed energy (E). The di erence between the peak value (kax) and the nal
plateau (E,) represents the excessive energy; this di erence of energy is retained and used
to rebound the impactor from the non-perforated specimens.

For specimens where perforation occurs, the energy recorded after the initial failure in-
cludes the work done by friction as the impactor traverses the laminate. To isolate the
energy associated strictly with material damage, post-perforation friction was neglected.
Consequently, the Bt history was corrected as indicated by the dashed line in Figure

3.13 (exempli ed for specimen 12), representing the actual energy dissipated during the
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impact event.

Velocity vs. Time Trend

The kinematic behaviour of the impactor, speci cally the velocity time relationship, pro-
vides another interpretation of the damage process.

At the onset of impact (t = 0), the velocity is at its maximum value, corresponding to
the initial impact velocity v;. As the contact event progresses, the velocity decreases as
the kinetic energy is dissipated through material damage.

For non-perforated specimens, the velocity continues to decrease until it reaches zero, at
the moment of maximum displacement (gax). Following this point, the velocity becomes
negative, indicating the start of the rebound phase. The absolute value of this negative
velocity increases with time, eventually stabilising at a constant rebound velocity (¥

In contrast, the velocity time pro les of the perforated specimens never cross into the
negative regime. In these cases, the velocity decreases as the impactor traverses the
laminate but remains positive throughout the entire event. The absence of a negative
velocity component implies that there is no rebound.

Another parameter in describing impact is the ratio of rebound velocity to initial impact
velocity (jv,j=vi). This ratio serves as a direct measure of the elasticity of the contact event
and the extent of energy dissipation within the laminate. The ratio jyj=v, decreases as the
impact energy increases [41]. This decline is a physical manifestation of the increasing
damage within the specimen. In fact, as more energy is consumed by bre breakage,
matrix cracking, and delamination, less energy remains available to be returned to the
impactor. This trend is clearly visible in Table 3.17, which shows the ratio jy=v; for each
Impact energy. For each discrete impact energy level {Ethe ratio jv,j=v; was determined

as the arithmetic mean of the four experimental replicates.

In a theoretical purely elastic impact, where no energy is dissipated through damage, the
ratio jv,j=v; would equal 1 [41]. For very low impact energies (below those corresponding
to E; = 4:8 J), the ratio remains near unity, re ecting a nearly perfect elastic recovery.
However, as the impact energy progresses into the penetration and perforation regimes,
the ratio drops towards zero. In the case of perforation, the impactor does not rebound
at all, which means that there is no negative velocity component; therefore,,j®v; is

e ectively zero [41].
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Table 3.17: jyj=v; ratios for the DC batch at di erent energy levels.

Specimen | E; [J] | jv,j=V; Ratio
1 4.8 0.52
2 6.7 0.45
3 9.5 0.37
4 10.5 0.36
5 14.0 0.28
6 14.7 0.29
7 15.5 0.27
8 16.3 0.26
9 17.1 0.24
10 18.0 0.23
11 20.2 0.19
12 23.5 0
13 26.7 0

Compression After Impact (CAl)

Table 3.18 summarises CAI results at room temperature for both batches, reporting the
mean residual compressive strengthdz, as a function of impact energy.
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Table 3.18: Room temperature Compression After Impact (CAl) results.

Impact Energy BC Batch DC Batch
Ei [J] Specimens [#] | Fca [MPa] | Specimens [#] | Fca [MPa]
0 N/A - 3 245.1 2:8
4.8 N/A - 2 164.1 2
6.7 N/A - 2 146.6 1:1
9.5 10 1419 7:4 2 142.8 8:3
10.5 N/A - 2 133.1 0:7
14 N/A - 2 131.5 0:3
14.7 N/A - 2 120.2 1:0
155 N/A - 2 123.8 3
16.3 N/A - 2 122.5 3:7
17.1 N/A - 2 126.6 2:2
18 10 137.5 6:1 2 119.8 1:8
20.2 N/A - 2 123.1 0:7
23.5 N/A - 2 1111 31
26.7 N/A - 2 117.2 3

A preliminary observation concerns the compressive strength of the undamaged sample
(Ei = 0 J): the compression strength values obtained with ASTM D7137 (CAl) are
signi cantly lower than those obtained with ASTM D695 (245 MPa with ASTM D7137
vs. 335 MPa with ASTM D695).

Considering the damaged conditions, the DC batch exhibits a reduction in compressive
strength with increasing impact energy. A signi cant drop of 33% is observed at the
lowest impact level (4:8 J), where the strength falls from 245:1 MPa to 164:1 MPa. As
E; progresses towards penetration and perforation,cly, approaches a lower limit in the
range of 111 120 MPa.

Figure 3.15 shows the relationship between impact energy and residual compressive strength

Fcai .

Direct comparison between BC and DC batches is possible at two speci c energy levels.
At 9:5 J the batches show high convergence, with the BC mean (141:9 MPa) and the DC
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mean (142:8 MPa) di ering less than 1%. At 18 J a divergence in performance emerges,
with the BC batch retaining a higher mean strength (137:5 MPa) compared to the DC
batch (119:8 MPa), representing a 13% discrepancy.

The BC batch results are derived from a larger population (n = 10), providing a more
robust statistical mean. In contrast, the DC batch provides a broader mapping of the
degradation curve across 13 energy levels, with a smaller sample size (n = 2) per incre-
ment.

CAl testing resulted in LDM failure in all impacted specimens: the fracture occurred
laterally, through the damage, and at the center of the specimen (see Figure 3.14). This
Is a commonly observed acceptable compressive residual strength failure mode according
to ASTM D7137 [40].

Figure 3.14: LDM (Lateral, through Damage, in Middle) failure mode in CAl tests. The
damaged area is shown by the dashed circle.
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Figure 3.15: Variation of Compression After Impact Strength (Ea ) with impact energy
at room temperature.

Table 3.19 summarises the CAI results at high temperature (T = 12QC) for the DC
batch, reporting the mean residual compressive strengthcly as a function of impact
energy. The same trend is illustrated in Figure 3.16.
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Table 3.19: High-temperature (T = 120C) Compression After Impact (CAl) results.

Impact Energy DC Batch

Ei [J] Specimens [#] | Fca [MPa]
0.0 3 193.5 7:8
4.8 2 139.2 4.1
6.7 2 125.6 3:8
9.5 2 118.2 7:5
10.5 2 121.5 5:7
14.0 2 1165 8:1
14.7 2 104.0 9:6
155 2 107.7 1:3
16.3 2 104.8 1:9
17.1 2 100.7 10:9
18.0 2 99.6 0:2
20.2 2 98.9 64
23.5 2 96.7 8:0
26.7 2 102.9 7:2

Compared to room-temperature results, 5 is systematically lower across all impact
energies (typically by 10 20%). This indicates a clear temperature sensitivity of the
post-impact compressive response.

Another preliminary observation concerns the compressive strength of the undamaged
sample (E = 0J). The results obtained with ASTM D7137 are signi cantly lower than
those obtained with ASTM D695, even when testing at high temperature.

The energy dependence remains qualitatively similar to that at room temperature (Fig-
ure 3.16). The undamaged reference condition {E 0 J) provides the upper bound
(Fcar = 193:5 MPa). Increasing the impact energy produces a progressive reduction in
residual strength as the severity of the damage increases.

The greatest reduction occurs at low to moderate impact energies (from 0 to about 9.5
J), where Fcp decreases from 193.5 MPa to roughly 118 MPa, indicating a rapid shift
towards damage-dominated behaviour. For higher energies;(B 14 J), the residual
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strength tends to level o at approximately 97 108 MPa.

Small non-monotonic variations should be interpreted cautiously because each condition
iIs based on only two repetitions (n = 2). At 120C, additional sources of variability,
such as temperature uniformity and increased sensitivity to alignment and xture as the
matrix softens, can further contribute to the scatter.

Figure 3.16: Variation of Compression After Impact Strength (Ea ) with impact energy
at T =120 C for the DC batch.
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4 ‘ Discussion

The experimental results presented in Chapter 3 provide a comprehensive overview of
the thermochemical and mechanical responses of the two batches investigated in this
work. This chapter moves beyond a descriptive presentation of the data and develops an
interpretation of the trends. By correlating the outcomes of the di erent test methods,
the discussion attempts to explain how the cure-dependent matrix in uences the observed
behaviour in each test.

Cure State and Thermal Indicators

The DSC provides the primary evidence that the deviated thermal history reduced the
achieved cure state. As shown in Tables 3.1 3.3, the DC laminates retain a larger frac-
tion of unreacted epoxy groups than the BC reference. The residual enthalpy in DC is
approximately 5 6 times higher than in BC (51.08 vs. 9.10 J/g), corresponding to a 12%
reduction in degree of cure (DoC 0:86 for DC vs. DoC 0:98 for BC).

The Ty measurements are consistent with this DSC based ranking. The BC batch ex-
hibits a high T, 180 C (Table 3.6), consistent with a nearly complete cure and a highly
crosslinked network. On the other hand, the DC batch shows a loweg T 140 C (Ta-

ble 3.5), consistent with a less densely crosslinked structure associated with the lower
DoC calculated with DSC.

Importantly, the magnitude of the Ty reduction (about 40 °C for only a 12% reduction in
degree of cure) is not surprising because thg DoC relationship is strongly non-linear

[50 53]. As cure approaches completion, small di erences in conversion can produce a
steep increase in ¢, as captured by DiBenedetto-type formulations [50 53]:

(Tgr T g0)DOC
1 (1 )boC

where Ty is the glass transition temperature at a given degree of curegglis the glass
transition temperature of the uncured monomer, §; is the glass transition temperature
of the fully cured network, DoC is the degree of cure (0<DoC<1), and is a structure
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dependent parameter (0 < < 1) that describes the progressive restriction of molecular
mobility as crosslinks form (i.e., ratio of mobility between the monomer and the fully cured
polymer). A typical trend predicted by the DiBenedetto equation is shown in Figure 4.1.

Figure 4.1: Typical trend of DiBenedetto equation.

The TMA results provide complementary indications of the matrix state, particularly

in the through-thickness direction, where thermal expansion is matrix-dominated. The
relatively high , recorded by TMA is consistent with the undercured condition of the DC
batch (DoC 0:86). In fact, a lower DoC implies a reduced crosslink density [50 53], and
therefore greater chain mobility and greater thermal expansion once the glass transition
temperature is exceeded. In conclusion, the lower DoC increases the material's change in
free volume with temperature.

This interpretation is reinforced by the large dispersion observed in the rubbery region in
the through-thickness direction (e.g., specimen 3 at 145.6 vs. specimen 4 at 204:4 510
C1). This dispersion suggests that the faulty cure cycle caused chemical heterogeneity
within the resulting laminate; consequently, di erent regions of the laminate may have
reached di erent local DoCs, producing a non-homogeneous expansion response.

Together, the trends of DSC, {, and TMA indicate that the BC cycle produced a fully
developed and uniform network. On the other hand, the DC cycle, despite the subsequent
cure attempt, did not fully restore conversion and yielded a lower and more variable
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thermal response. This last behaviour is consistent with incomplete network formation
after an interrupted cure history [8 10].

The thermochemical results support the interpretation that the interruption in the DC
cycle occurred late in the reaction, near or after gelation/vitri cation. As a result, the
cure resumption (4 days later) could not reproduce the same resin ow and consolidation
conditions available earlier in the cycle.

Considering the resin content, the numerical results in Tables 3.7 and 3.8 show that the
di erence between the means of the batches is small (0.5 wt%), indicating that the two
curing routes produced laminates with a comparable resin content. Both batch means fall
within the nominal prepreg range (40 3 wt%) [21]. Minor specimen-to-specimen di er-
ences can still occur even with unchanged vacuum bagging, because of (i) small variations
in local compaction and resin ow prior to gelation (e.g., local bag bridging/wrinkling

or small di erences in vacuum quality); (ii) thermal history e ects on resin viscosity and
mobility; (iii) sampling variability across the panel.

Consistently, Test Method Il applied to the panel reference yields a resin content close
to the nominal value (Table 3.9). Finally, the small discrepancy observed between Test
Method | and Test Method Il in Tables 3.7 3.9 is expected. In fact, thickness-based
calculations assume negligible void content, and depend on (i) thickness and density
measurement uncertainties and (ii) areal-weight tolerances. In contrast, Test Method | is
based on the recovered bre mass after matrix removal.

Compression Behaviour

The room-temperature compression results show that the most distinctive feature of the
DC batch is the larger scatter visible in Tables 3.12 and 3.13.

This dispersion is once again consistent with the faulty thermal history, which likely
introduced chemical heterogeneity and yielded a less uniform laminate. As a consequence,
the resin locally provides less consistent lateral support to the bres and less e ective
load transfer. This increases sensitivity to local laminate features and promotes greater
variability in matrix failure and interface-controlled failure. At the same time, part of the
scatter can be methodological: the ASTM D695 end-loaded con guration is known to be
more sensitive to alignment, seating, and end e ects than the ASTM D6641 CLC xture
[34, 54, 55].

Despite the reduced cure state of DC, the room-temperature compression data do not show
a clear decrease in the mean modulus, and the mean strengths remain of comparable mag-
nitude. The stability of the mean modulus is consistent with the general expectation that
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the sti ness measured well below {is relatively insensitive to the cure state [11]. In con-
trast, compressive strength (k,) is more dependent on matrix and interlaminar integrity,
as well as on the speci c test xture; therefore, its interpretation requires additional care,
especially since the two batches were tested using di erent standards (ASTM D6641 for
BC vs. ASTM D695 for DC).

As anticipated, compression properties in polymer composites are strongly method de-
pendent. Premature failure can be triggered by non-intrinsic e ects that are not solely
governed by the material state; for example, stress concentrations, parasitic bending, and
buckling [34, 54, 55]. Consistently, comparative studies report mixed trends. In some
cases, the D695-end-loading yields strengths comparable to or higher than those of other
methods. In contrast, other surveys report higher values for CLC/D6641 [34, 56 60]. For
this reason, the lack of a marked reduction in the mean DC compressive strength does
not, by itself, rule out a mechanically relevant undercure. If the speci c implementation
of ASTM D695 in this campaign tends to overestimate the strength relative to D6641,
apparent strength retention could be partially methodological. Under this interpretation,
the increased scatter in DC, together with the reduced cure state indicated by thermo-
chemical evidence, provides a more robust indication of compromised matrix/interlaminar
integrity rather than mean strength values alone.

Macroscopic fracture observations and the trends in Tables 3.10 3.13 suggest a room
temperature progression of failure consistent with established compressive damage mech-
anisms. Fibres are initially loaded in axial compression; with increasing load, local bre
microbuckling initiates in regions of misalignment and/or local weakness of the matrix;
microbuckling promotes matrix cracking, which then facilitates interlaminar crack growth
and delamination, consistent with the extensive delamination observed macroscopically
[46].

At elevated temperature, the reductions reported in Tables 3.14 and 3.15 are consistent
with the temperature-driven degradation of the interface and matrix performances [44].
The mismatch between the thermal expansion of the constituents can introduce internal
stresses, while resin softening promotes matrix cracking and reduces the e ciency of load
transfer [45]. The appearance of the fracture surface at high temperature supports this
interpretation: matrix softening reduces lateral con nement, favouring a failure process
controlled by buckling/kinking; delamination is still present, but appears less pronounced
than in room temperature specimens. Therefore, bre instability and local kinking dom-
inate the nal failure mode as the matrix approaches the glass transition region [46, 47].
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Impact and Compression After Impact Behaviour

The evolution of impact damage and the associated thresholds have been discussed in
Section 3.6; here it is important to recall that the shape of the Energy Pro le Diagram
depends on both impactor and target characteristics. This includes constituent mate-
rials, bre architecture and geometrical arrangement, laminate thickness, and impactor
geometry [41].

Recalling the CAI results, a preliminary observation refers to the undamaged condition
(Ei = 0J): the compressive strengths obtained using ASTM D7137 are substantially lower
than those obtained from ASTM D695, both at room temperature and T = 12@. This
discrepancy is attributed to the ASTM D7137 xture specimen con guration and the
associated unacceptable failure mode for; E 0 J. All undamaged specimens tested in
the CAI xture failed by end crushing at the bottom interface (i.e., premature failure in
the load-introduction region where local through-thickness stresses exceed the transverse
strength before the gauge section reaches its intrinsic compressive limit). This behaviour
is promoted by stress concentrations at the specimen xture contact, small edge gaps,
non-uniform lateral support at the specimen ends, and minor misalignment. Therefore,
the results of ASTM D7137 at E = 0 J should be interpreted as a conservative lower
bound governed by the xture/specimen interface rather than as the true compressive
strength of the laminate.

Atroom temperature, for impacted specimens, the DC batch shows the expected reduction
in residual strength with increasing impact energy. A pronounced drop is observed at
the lowest impact level (from 245.1 MPa at 0 J to 164.1 MPa at 4.8 J; i.e., 33%);
advancing towards penetration and perforation, the values ofdz approach a lower
bound in the range of approximately 111 120 MPa. This response is characteristic of
CFRP laminates, where the initial increase in impact energy creates critical damage that
severely compromises the residual stability. However, further increases in energy mainly
increase the damaged area without producing a proportional decrease in the residual
compressive strength [17, 61]. Once the damage has e ectively saturated the specimen,
more energy is expended in friction and penetration processes rather than further reducing
residual compressive stability [17].

Comparing BC and DC at the shared room temperature impact energies suggests two
regimes. Despite the lower cure state of DC, at moderate impact energy (9.5 J), the
residual strengths are essentially identical (142.8 MPa for DC vs. 141.9 MPa for BC).
This is consistent with both laminates operating well below their respectivey Values, so
that the matrix remains su ciently sti to support load transfer and constrain local in-
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stability. At higher impact energy (18 J), a clearer separation emerges, with BC retaining
higher residual strength (137.5 MPa) vs. DC (119.8 MPa), corresponding to a reduction
of 13%. One interpretation is that the lower degree of cure in DC ( 0:86) vs. BC

( 0:98) increases susceptibility to matrix and interface-controlled damage under more
severe impacts (e.g., greater delamination growth and more extensive cracking). Since
CAl is strongly governed by delamination-driven instability, small di erences in damage
morphology can translate into measurable di erences indn . However, this comparison
should be treated with caution because the 18 J impact con gurations were not strictly
matched: BC achieved 18 J using a higher velocity (2.56 m/s), while DC used a lower ve-
locity (1.8 m/s) with increased mass. At xed nominal energy, higher-mass/lower-velocity
impacts generally increase contact duration (i.e., extensive energy propagation), promot-
ing a more bending-dominated response that can favour wider delamination growth and
a larger damage footprint. In contrast, a lower-mass/higher-velocity impact tends to be
more indentation-dominated, with more localised damage and, in extreme cases, a greater
tendency towards perforation. This interpretation is consistent with the post-impact ob-
servations in this campaign (perforation and localised damage for the higher-velocity
condition, vs. non-perforating response with larger delamination/damaged area for the
lower-velocity/higher-mass condition).

Finally, the high-temperature CAI results for DC con rm the relevant temperature sen-
sitivity: F ca IS systematically lower at 120 °C ( 10 20% throughout the investigated
energies). As the temperature approaches the measuregl af DC, the softening of the
matrix reduces the interlaminar load transfer and the ability to restrain the instability
driven by delamination. At high temperature, the same overall energy dependence is pre-
served. In fact, the greatest reduction occurs from 0 to about 9.5 J (193.5 MPato 118
MPa), indicating a rapid transition towards damage dominated by delamination; while
for higher energies (E> 14 J) the residual strength levels o at approximately 97 108
MPa. Similarly to the room temperature case, once damage has e ectively saturated
the specimen, more energy is expended in friction and penetration processes rather than
producing a proportional additional reduction in F-p [17, 61].
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5 ‘ Conclusions and Future Work

This thesis investigated how an interruption of the autoclave during curing, resulting in a
faulty cure, a ects the thermochemical state and mechanical performance of an aerospace-
grade woven CFRP prepreg laminate (Toray TC250 epoxy reinforced with M46J 2 2
twill).

Two laminate batches were considered:

~ Baseline Cure (BC): manufactured according to the recommended cure cycle (heat-
ing rate of 1 °C/min, dwell at 88 5 °C for 60 min, followed by a hold at 130 3 °C
for 2 h, followed by post-cure at 1775 C for 2h)

" Deviated Cure (DC): a ected by an unplanned interruption during the rst hold
at 130 C, followed by the application of the recommended cure cycle several days
later.

The operating context requires mechanical and thermal integrity in a range of 50C to
+150 C.

The experimental campaign combined thermochemical and thermomechanical indicators:
DSC to quantify residual enthalpy and degree of cure; TMA to measure CTE andy T
for DC; DMA to measure Ty for BC; determination of the constituent content; compres-
sion testing; low-velocity impact and Compression After Impact testing. All tests were
performed following the relevant ASTM standard practices for each method.

DSC provides the clearest evidence that the deviated thermal history reduced cure com-
pletion: DC retained a much larger residual enthalpy than BC, with H = 51:08 J/g for
DC vs. 9:10 J/g for BC, corresponding to DoC 86% (DC) vs. DoC 98% (BC). The
glass transition results are consistent with this ranking: DC exhibits ' 140 C with
higher scatter, while BC exhibits ; 180 C with limited scatter. These absolute values
also align with the trend of the TC250 datasheet, whereyT 140 C is associated with
the standard cure at 130C, while Ty 180 C is associated with an elevated temperature
post-cure at 177 C. This means that the cure resumption (4 days after the interruption)
did not restore the intended laminate DoC and {.
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The BC batch meets the thermal requirement reported in the material TPS (i.e., T
175 C; see Table 2.2), while the DC batch does not. WithI' 140 C, DC falls below
the minimum threshold and therefore does not meet the required thermal margin for
aerospace applications (operating temperatures up to 150).

The CTE results reinforce the picture of a less uniform and undercured matrix state in DC.
In the through-thickness direction (matrix-dominated response), the post-transition CTE
reaches values up to 204:4 16 C! , with substantial scatter across specimens. The
high | is consistent with the undercure: a lower DoC implies a reduced crosslink density,
and therefore greater chain mobility and greater thermal expansion afteg.TIn conclusion,
this lower DoC increases the material's change in free volume with temperature.

Together, the higher dispersion in J and  supports the presence of chemical hetero-
geneity due to the defective cure cycle in DC: di erent regions of the same laminate may
have reached di erent local network states, producing a non-homogeneous response.

Measurements of the constituent content indicate that the two cure routes produced
laminates with comparable resin content: the batch means di er by only 0.5 wt%, and
both lie within the nominal prepreg range (see Table 2.2). This reduces the likelihood
that the observed thermal di erences arise from a gross change in bre/resin fraction.

Despite the clear reduction in cure state for DC, the compression dataset does not show
a clear decrease in the mean modulus, and the mean strengths remain of comparable
magnitude. This is consistent with the expectation that sti ness and strength measured
well below Ty are relatively insensitive to the cure state. The most diagnostic feature of
the DC compression results is instead the increased scatter, which is again consistent with
a less uniform matrix/interlaminar network. It is important to note that BC and DC were
tested using di erent standards (D6641 vs D695), which limit strict comparison of absolute
values. In fact, part of this scatter may also be methodological because ASTM D695 end-
loading is more sensitive to alignment/seating/end e ects than combined loading xtures.

At elevated temperature (120 C), DC shows the expected reduction in compressive strength
and a failure behaviour consistent with matrix softening. As the matrix approaches the
glass transition region, the load transfer e ciency decreases, promoting buckling/kinking
type instability (with less pronounced delamination). This temperature sensitivity is
particularly relevant given the application temperature of up to +150 C and the compar-
atively low Ty measured for DC.

According to the minimum compression requirement reported in the material TPS (min-
iImum compressive strength 290 MP a, and minimum compressive modulus 80 GP a),
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both BC and DC satisfy the minimum compression criteria (see Table 2.2). This indicates
that despite the undercured state of the DC batch, the measured compression properties
remain above the TPS minima under the investigated test conditions, includingat T = 120
°C.

Low-velocity impact and CAl tests con rmed the expected progressive reduction in resid-
ual compressive strength with increasing severity of the impact, and provided a broad
mapping of impact response for DC through the 13 energy level campaign. At room tem-
perature, the greater decrease inda, occurs at low to moderate impact energies, where
the impactor creates critical damage that strongly compromises residual stability; in this
regime, the critical force for the onset of damage is independent of the impact energy.
At higher energies (E > 14 J), the residual strength tends to level o around 111 120
MPa, consistent with damage saturation. Once delamination has e ectively saturated
the specimen, additional energy is increasingly expended in friction and penetration pro-
cesses rather than further reducing residual compressive stability.

A direct batch comparison at matched energies shows two regimes at room temperature:
at moderate impact energy (E = 9:5 J), BC and DC exhibit essentially identical residual
strengths (141.9 MPa vs 142.8 MPa). This is consistent with both laminates operating
well below their respective § and maintaining su cient matrix sti ness to sustain load
transfer and constrain instability. At higher severity impacts (E = 18 J), BC retains

a higher residual strength (137.5 MPa) than DC (119.8 MPa), corresponding to a 13%
reduction for the undercured batch. This separation highlights a greater susceptibility
of DC to matrix/interface-controlled damage under severe impacts. This comparison
must acknowledge that the 18 J conditions were not strictly matched in mass/velocity
combination (higher velocity for BC, higher mass/lower velocity for DC), which can change
contact duration, and thus damage footprint.

The high temperature CAI results for DC at 120 C show a systematic reduction relative
to room temperature ( 10 20% throughout all impact energies). This is consistent
with matrix softening, which reduces interlaminar load transfer and the ability to restrain
delamination-driven instability. The energy dependence remains similar: the largest de-
crease occurs between 0 and 9.5 J (from 193.5 MPa to 118 MPa), while at higher energies
(Ei > 14 J) the residual strength tends to level o around 97 108 MPa.

The combined evidence demonstrates that the interruption of cure produced a measurable
and structurally relevant undercure in DC. This is captured most clearly by (i) a higher
residual cure enthalpy and a lower degree of cure; (ii) a strongly depressed and more
variable Ty (DC 140 C vs BC 180 C); and (iii) a large through-thickness , with
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high scatter. Although the room temperature mechanical properties analysed remain
acceptable, the reduced thermal margin for DC is critical for aerospace operation at
elevated temperature, and the undercure becomes more evident as the matrix approaches
its transition region (compression and CAl at 120C).

To further consolidate and extend the present discoveries and to support full material
guali cation, the following research directions are proposed.

Matched testing is recommended to improve comparability and quantify the in uence of

the test methodology. This includes adopting a consistent technique for the determination
of Ty, performing compression tests using the same standard and xture for both BC and
DC, and conducting impact tests with matched mass/velocity combinations. These steps
would clarify how much of the observed di erences can be attributed to the material state

vs. the test con guration.

Considering that penetration and perforation thresholds depend on the size and geometry
of the impactor (with P, and P, reported to increase linearly with impactor size [48]),

a dedicated study is also suggested on the e ect of di erent impactor geometries. This
would help generalize the energy pro le results and threshold values beyond the single
striker con guration used in this work.

Future tests should also include high-temperature mechanical characterization of the BC
batch, specically compression and CAIl at 120C, to enable a direct batch-to-batch
comparison under elevated temperature conditions.

Regarding compression fracture analysis, one possible advance could be the microscopic
study of fracture surfaces at both room and high temperatures. This would more clearly
highlight the di erences explained in Section 3.5.

In addition, the relationship between the degree of cure and long-term environmental
resistance remains to be explored. Further studies should evaluate how cure variations
a ect ageing behaviour and moisture absorption.

The present work focused on strength and sti ness; however, structural reliability also
depends strongly on fracture resistance. For this reason, the in uence of the cure cycle
on interlaminar fracture toughness (Mode | and Mode Il) should be investigated.

Finally, future work could integrate Non Destructive Evaluation (NDE) with the ther-
mochemical and mechanical results, to correlate the cure state with the internal defect
morphology and the impact damage extent.
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