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GENERAL OVERVIEW OF THE THESIS

The Doctoral Thesis unites six thematically connected publications. The main objective of
the doctoral thesis is to study the micro-damage evolution in polymer composite materials with
i) high crack density, ii) novel hybrid textile meso-structure, and iii) novel manufacturing
method of electromagnetic induction heating.

Paper I and Paper Il address the micro-damage in the form of transverse (intralaminar)
cracks and interlaminar delamination cracks in [0,90]s cross-ply laminates. Under uniaxial
quasi-static tensile loading, the propagation of transverse cracks and delaminations has been
numerically studied using FEM by analyzing changes in the strain energy release rate available
for crack growth. The novelty of this study lies in i) analyzing growth of a new transverse crack
growing in the regions of high crack density with prominent transverse stress gradients along
the 90-ply thickness direction, and ii) conducting a detailed analysis of parameters (including
geometrical parameters, material constants and transverse crack density) responsible for the
symmetrical or non-symmetrical growth of local delaminations initiated at the tips of transverse
cracks.

Papers 111, 1V, and V address the initiation and propagation of micro-damage in hybrid
carbon/steel fiber textile composites. The hybrid composites are manufactured with plain
woven or plain weft knitted fabric reinforcement and an epoxy matrix. Under uniaxial quasi-
static tensile loading along the warp yarn direction, these composite laminates exhibit micro-
damage in the form of weft yarn/matrix-interface delaminations and fiber breaks in the warp
yarns. The numerical study of the mechanical behavior of hybrid carbon/steel fiber textile
composites using FEM shows that the fiber breaks in the carbon fiber warp yarns strongly affect
the composite’s macro-mechanical behavior. The novelty of this study lies in the manufacturing
of hybrid carbon/steel fiber textile composites and the application of the elastoplastic damage
model developed by Cézar et al. [1], [2] to simulate the mechanical behavior of the hybrid
textile composite materials.

Paper VI addresses micro-damage evolution in carbon fiber (CF)-reinforced thermoset
composites manufactured using an electromagnetic induction heating system with a moving-
coil design. Induction heating of a CF-reinforced thermoset composite with a stationary coil
results in the formation of a cold spot. Although a moving-coil design mitigates the formation
of a single cold spot, it creates a time-varying temperature gradient in the composite, leading to
the entrapment of air bubbles formed during curing. Thus, large void content can be observed
in the induction-cured composites that affects the initiation of micro-damage under mechanical
loading. The novelty of this study lies in the manufacturing of induction-cured CF-reinforced
thermoset composites and the comparison of the mechanical behavior of induction-cured and
oven-cured reference composites under uniaxial quasi-static tensile loading.



Objective and tasks

The main objective of the Thesis is to study the evolution of micro-damage mechanisms
such as transverse cracks and delaminations in composite materials with:

i)
i)
i)

a damage state not studied in the literature, i.e., high crack density;
a novel meso-structure, i.e., hybrid carbon/steel fiber textile meso-structure;
a novel electromagnetic induction heating manufacturing process.

Scientific novelty and main results

The scientific novelty of the Thesis lies in the study of micro-damage mechanisms in
i) polymer composites with high crack density; ii) hybrid carbon/steel fiber composites with
textile meso-structure; and iii) polymer composites manufactured by means of electromagnetic
induction heating. The main results obtained in the Thesis are as follows.

1

In the high crack density regions in 90-layers in cross-ply laminates under uniaxial
tensile loading, high gradients in transverse stress are generated along the thickness
direction. Such gradients in stress strongly affect the strain energy release rate
available for the growth of a new transverse crack.

Due to high stress concentrations at the transverse crack tips, local delaminations
are generated in cross-ply laminates under uniaxial tensile loading. The
delaminations grow symmetrically or non-symmetrically with respect to the existing
transverse crack and the laminate midplane, forming I-shaped, T-shaped, C-shaped,
or S-shaped cracks. The growth of these delaminations depends on the transverse
crack density, 0/90-layer thickness ratio, and 0/90-layer stiffness ratios. A non-
symmetrical I-shaped delamination tends to grow into a symmetrical I-shaped
delamination before growing further.

In hybrid carbon/steel fiber woven composites under uniaxial quasi-static tensile
loading along the warp yarn direction, micro-damage initiates in the form of weft
yarn/matrix-interface delaminations. Upon further loading, fiber breaks are
observed in the warp yarns that strongly affect the composite’s macro-mechanical
behavior. A cluster of fiber breaks results in warp yarn failure and is accompanied
by the ultimate failure of the hybrid composite.

During the manufacturing of carbon fiber-reinforced epoxy composites using
electromagnetic induction heating, a moving-coil design mitigates the problem of
the formation of a cold spot. But it allows the entrapment of air bubbles generated
during curing due to a time-varying temperature gradient in the composite material.
This results in a large void content in the induction-cured composite specimens.
Under uniaxial tensile loading, the voids help in the micro-damage initiation in
induction-cured composites at a lower applied strain level than the oven-cured
reference composites.

10



Structure of the Thesis

The summary of the Doctoral Thesis contains the introduction to the Thesis topic and the
main results of the Thesis. The chapter on the main results has three sections: Micro-damage
evolution in cross-ply laminates with high crack density, Micro-damage evolution in hybrid
carbon/steel fiber textile composites, and Micro-damage evolution in induction-cured
thermoset composites. It also contains six appended publications, which are listed in the Section
“Publications and approbation of the Thesis”.

The Doctoral Thesis has been written in English. It consists of a summary of 40 pages,
including 20 figures, two tables, and 54 titles in the bibliography. The summary contains an
introduction to the thesis topic, the main results of the Thesis, and six appended publications.
The publications are written in English, and their total length is 90 pages.
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1. INTRODUCTION

Polymer composite materials consist of a thermosetting or thermoplastic polymer matrix
combined with reinforcements such as short discontinuous or long continuous fibers. The fibers
can be randomly dispersed in the matrix or aligned in a specific meso-structure. In a fiber-
reinforced composite material, fibers act as the primary load-bearing component. Thus, the
alignment of fibers with respect to the loading direction is critical in governing the mechanical
performance of a composite material. In addition to their lower density compared to metallic
materials, polymer composites are well known for providing exceptional stiffness and strength,
making them highly suitable for lightweight applications. Today, the use of polymer composite
materials has widened in various engineering sectors such as transport (aircraft fuselages and
wings, aero-turbine blades, helicopter wings, high-speed trains, military vehicles), energy (wind
turbines, hydrogen storage tanks, solar power systems), and infrastructure (pipes, bridges,
roofs), as shown in Fig. 1.1.

In the case of composite materials with long fiber reinforcement, the fibers can be
i) randomly distributed; ii) aligned parallel to each other, i.e., unidirectional (UD)
reinforcement; or iii) in the form of a textile fabric, with warp and weft yarns. Note that in a
woven fabric, the warp yarns are placed lengthwise, whereas the weft or fill yarns are later run
through the warp yarns widthwise (see Fig. 1.2). According to the service requirements, the
individual composite plies can be aligned in different orientations and stacked in a laminate
with a specific layup. For example, in Papers I, 11 and VI, a composite laminate with a cross-
ply layup is considered, where UD plies are either stacked along the loading direction (0° ply,
or 0-ply) or perpendicular to it (90° ply, or 90-ply). Upon uniaxial tensile loading, damage
initiates in the 90-plies in cross-ply laminates in the form of transversal debonds at the
fiber/matrix-interface [3].

In the composite plies with fibers oriented perpendicular to the loading direction, the
damage initiation takes place due to stress concentration at the fiber/matrix interface [4]. The
stress concentration arises from the difference in transverse stiffness between the fiber and the
matrix. A localized fiber-matrix debond is created, and upon increase in loading, the adjacent
debonds coalesce to form a matrix crack (see Fig. 1.3). With a further increase in loading, in
the case of a cross-ply laminate, the matrix crack in the 90-layer grows along the ply thickness
direction as a “transverse crack” until it reaches the stiffer O-layer [5], [6]. In the commonly
used analytical models studying the stress state in damaged 90-plies, it is assumed that a
transverse crack grows instantaneously along the fiber direction (i.e., along the laminate width
direction) until a free surface is reached, creating a tunnelling crack [7]-[11]. This assumption
may not be valid for laminates with thin plies, where transverse cracking gets partially or totally
suppressed [5].

In textile composites loaded along the warp yarn direction, micro-damage initiates as a
fiber/matrix-interface debond at the weft yarn/matrix boundary. The coalescence of debonds
takes place either to form a transverse crack inside the weft yarn or a delamination at the weft
yarn/matrix-interface [12]. Figure 1.4 shows examples of i) a transverse crack in [0,90]s cross-
ply laminate, ii) a weft yarn/matrix-delamination, and iii) a transverse crack inside a weft yarn
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in a textile composite laminate with plain woven meso-structure. The damage evolution in the
textile composites takes place in the form of coalescence of yarn/matrix-interface delaminations
and transverse cracks as shown in Fig. 1.5 [13], [14].
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Fig. 1.1. Applications of polymeric composite materials. Reproduced with permission from
the publisher and the corresponding author of [15].
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Fig. 1.2. A plain woven textile fabric with warp and weft yarns.

Fig. 1.3. Coalescence of transversal fiber-matrix debonds to form a matrix crack in glass-
fiber/epoxy composite laminate [16].
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Fig. 1.4. Examples of matrix cracks in carbon-fiber/epoxy composite laminates under uniaxial
tensile loading: (a) transverse crack in [0,90]s cross-ply laminate, (b) weft-yarn/matrix
delamination, and (c) transverse crack inside a weft yarn in plane woven composite laminate.

Fig. 1.5. Coalescence of yarn/matrix-interface delaminations and transverse cracks in carbon-
fiber/epoxy plane woven composite laminates under uniaxial tensile loading.
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In a cross-ply laminate with a transverse crack in the 90-layer, the damaged 90-layer does
not carry any load at the location of the transverse crack. At some distance away from the
transverse crack, load is transferred back to the 90-layer with the help of out-of-plane shear
[11]. Upon further loading, multiple transverse cracking takes place in the 90-layer, increasing
the transverse crack density [17]. As the crack density exceeds a threshold, adjacent transverse
cracks begin to interact, creating stress perturbations. This reduces the available strain energy
release rate (ERR) for the growth of a new transverse crack [18]. Eventually, the transverse
crack density reaches saturation [17], [19].

At the transverse crack tip, the generation of very high stresses along the transverse and out-
of-plane shear directions causes the formation of a new damage mode, i.e., a local delamination
at the tip of an existing transverse crack [6], [20]-[22]. The initiated delamination propagates
along the 0/90-layer interface, and it also reduces the available ERR for the growth of a new
transverse crack in its vicinity [18]. The growth of a local delamination depends on various
parameters, such as 0/90-layer thickness ratio, 0/90-layer stiffness ratios, and transverse crack
density [23]. Based on the local stress state, local delaminations can grow into various shapes,
such as I-shaped, T-shaped, S-shaped, and C-shaped cracks. Figure 1.6 shows examples of I-
shaped and S-shaped delamination cracks in [0,90]s cross-ply laminates.

P
YA -+

Fig. 1.6. Examples of (a) I-shaped and (b) S-shaped delamination cracks (shown using red
rectangles) in carbon-fiber/epoxy [0,90]s cross-ply laminates under uniaxial tensile loading.
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The ultimate failure of a thermoset composite laminate often occurs in the form of fiber
breakage in the loading direction, catastrophically and in a brittle manner [24]. But some
composites can exhibit considerable plasticity before final failure, depending on the specific
damage evolution behavior. Epoxy-based composites with ductile steel fiber UD reinforcement
exhibit significant plastic behavior under uniaxial tensile loading. They can reach failure strains
up to 7 %, which can be further increased using a matrix with higher ductility [25], [26]. UD
glass-fiber/epoxy composites hybridized with thin carbon-fiber/epoxy plies can also exhibit
“pseudo-ductility” through distributed thin-ply cracking and controlled delamination
propagation [27].

In addition to improving ductility and toughness, fiber hybridization can enhance the
sustainability of thermoset composites. There are numerous examples of successful industrial
applications where glass-fiber/epoxy or carbon-fiber/epoxy composite parts have been
hybridized with natural fibers such as flax fibers without a significant loss of the necessary
mechanical performance [28]. Recently, there has been an increased interest in some more
‘green’ initiatives in the field of thermoset composites, such as i) improving the stiffness and
strength of recycled carbon fibers by optimizing the pyrolysis treatment [29], and ii) reducing
the energy consumption in the process of curing. This could be achieved, for example, by using
the recently emerged volumetric curing processes such as induction heating, microwave
heating, or direct electric heating over oven curing [30]. It has been shown that the induction-
cured thermoset composites exhibit mechanical properties such as elastic modulus, ultimate
tensile strength, and strain-to-failure on par with the oven-cured composites, although the
amount of porosity in the induction-cured composites was much higher than in the oven-cured
composites [31].
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2. MAIN RESULTS OF THE THESIS
2.1. Micro-damage evolution in cross-ply laminates with high crack density

The 90-layers in cross-ply laminates undergo transverse cracking under uniaxial tensile
loading. The transverse cracks generate stress perturbations around them, which can be
characterized using analytical models available in the literature [7]-[10], [17]. Regarding the
distribution of transverse stress in the damaged 90-layers, these models either assume a uniform
stress state along the ply thickness direction, or they use simple shape functions to model the
stress distribution.

In regions with high crack density, the stress perturbations from transverse cracks begin to
interact. Thus, a non-uniform stress state is generated along the ply thickness direction, which
can only be characterized using semi-analytical models [32]-[35] or using FEM. The FEM
numerical analysis in Paper | shows significant gradients in the transverse stress along the 90-
ply thickness direction for glass-fiber epoxy (GF/EP) and carbon-fiber/epoxy (CF/EP) cross-
ply laminates with different values of normalized crack densities (p,,), see Fig. 2.1. Note that
the transverse crack density, p, is normalized with respect to the 90-layer thickness, 2 x d, such
that p, = p X 2 x d. It can be seen that the stress gradients increase with transverse crack
density. These gradients in transverse stress strongly affect the available ERR for the growth of
a new transverse crack, see Fig.2.2. At very high crack density (p,, = 2.0), compressive
stresses are generated near the laminate midplane (see Fig. 2.1), which reduce to zero the ERR
available for the growth of a new transverse crack (see Fig. 2.2), completely stopping transverse
crack growth.

The ERR for the growth of a new transverse crack is also reduced due to the local
delaminations initiated at the tips of the existing transverse cracks. Such local delaminations
are caused by high normal and shear stresses at the transverse crack tips. The growth of local
delaminations can be studied using compliance-based analytical models, which assume self-
similar growth characteristics independent of the delamination length [20], [36]. But FEM
numerical analysis in Paper Il shows that the ERR available for the growth of local
delaminations in cross-ply laminates strongly depends on delamination length and transverse
crack density, as shown in Fig. 2.3.

A detailed parametric analysis given in Paper Il concludes that, along with delamination
length and transverse crack density, the ERR available for the growth of a local delamination
in [0,90]s cross-ply laminates depends on the layer thickness ratio, t,/tqo, and some specific
ratios of elastic constants: EX/E2° and G2 /EZ°. For small delaminations, an increase in these
ratios reduces the ERR available for delamination growth, whereas for long delaminations, the
effect is opposite.

Depending on the local stress state and local variations in fracture toughness, local
delaminations can grow into various shapes such as I-shape, T-shape, S-shape, and C-shape.
The ERR available for delamination growth also depends on the delamination shape, as shown

19



in Fig.2.4. The ERR analysis in Paper Il also shows that non-symmetrical I-shaped
delaminations tend to grow into symmetrical delaminations before growing further.
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Fig. 2.1. Distribution of normalized transverse stress (or,,) in the damaged 90-layer in GF/EP
and CF/EP [0,90]s cross-ply laminates along the ply thickness (z-axis) direction. Stress values
are normalized with respect to the transverse stress in the undamaged 90-layer. d is half-
thickness of the 90-layer. Transverse crack density (p) is normalized with respect to 2 X d.
(Reprinted from Paper 1).
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Fig. 2.2. Trends in available energy release rate for the growth of a new transverse crack in
the 90-layer in GF/EP and CF/EP [0,90]s cross-ply laminates with normalized crack density:
() 0.1, (b) 0.5, () 1.0, and (d) 2.0. ay is the transverse crack length. (Reprinted from
Paper I).
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Fig. 2.3. Trends in total available energy release rate for the growth of a local delamination in
(a) CF/EP and (b) GF/EP [0,90]s cross-ply laminates for normalized crack densities 1.00,
0.25, 0.05, and 0.01 calculated using FEM. The FEM ERR trends are compared with the

constant ERR value given by the compliance-based analytical model by O’Brien [20].
(Reprinted from Paper I1).
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Fig. 2.4. Trends in total available energy release rate for the growth of a local delamination
with I-shape, T-shape, S-shape, and C-shape for normalized crack densities: (a) 0.01, (b) 0.05,
(c) 0.25, and (d) 1.00. (Reprinted from Paper I1).
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2.2. Micro-damage evolution in hybrid carbon/steel fiber textile composites

The technique of hybridization with ductile steel fibers has been explored in UD composite
laminates to improve mechanical properties (ductility, in particular) and multifunctionality of
the composites [37]-[41]. Rehra et al. [38], [39], in their studies on the hybridization of UD
carbon-fiber/epoxy laminates with ductile steel fibers, concluded that the relative volume
fraction of carbon and steel fibers, and steel fiber/matrix adhesion were important factors that
determined the increase in ductility due to hybridization. McBride and O’Brien [40], [41]
reported a significant improvement in toughness of hybrid glass/steel fiber UD composites
under quasi-static tensile and cyclic loading. Nevertheless, hybridization with ductile steel
fibers in composites with a textile meso-structure has not been explored in the literature to date.
Thus, Papers 111, 1V, and V present the techniques of manufacturing, mechanical testing, and
micro-damage analysis of composites with hybrid carbon/steel fiber textile reinforcement.

Table 2.1
Hybrid and Non-Hybrid Textile Composite Configurations
Type Notation Lay-up
C1 [(T300)s]*
an;fehr;E;Z M1 [(SY 1U/D)e]*
Knitted M2 [(SY 11/1 3filaments)s]
Hybrid H1 [(Hybrid SY11/1+T300)s]
H2 [(T300/SY11/1)]2s
Reference C4 [T300 1x]4
non-hybrid M4 [SY 11/1 2X]s
H5 [T300 1x + SY 11/1 2x]4*
Woven
Hybrid H6 [SY 11/1 2x + T300 1x]a
H8 [(SY 11/1 2x + T300 1x)(T300 1x + SY 11/1 2X)]25
H9 [T300 1x/SY 11/1 2X]25

*T300 — carbon-fiber yarn, SY 11/1 is steel-fiber yarn.
#Warp yarn + weft yarn.

Hybrid carbon/steel fiber composites with plain woven and plain weft knitted meso-
structures were manufactured using the vacuum infusion method [42]. Composite specimens
with hybrid and non-hybrid configurations (as shown in Table 2.1) were tested under uniaxial
quasi-static tensile loading along the warp-yarn direction at a 2 mm/min, i.e., 1 %/min
displacement rate. A comparison of initial elastic modulus values of the composite specimens
is given in Fig. 2.5. It was found that the yarn-level hybridization (refer to configuration H1)
yielded composites with higher longitudinal stiffness than the layer-level hybridization (refer
to configuration H2) in the case of knitted meso-structure. For woven composites, the
longitudinal stiffness values were mainly governed by the yarns along the warp direction.
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Fig. 2.5. Comparison of initial longitudinal elastic modulus (E,,) values in knitted and
woven composite configurations. The cross-marks indicate FEM numerical results. The
modulus values for H8 and H9 are calculated using the rule of mixtures (ROM) based on the
numerical results for H5, H6, C4 and M4. (Adapted from Papers 111 and V).

Fig. 2.6. Damage initiation in knitted and woven composites under uniaxial quasi-static
tensile loading along the warp yarn direction: (a) yarn/matrix-interface delaminations in C1 at
0.6 % applied strain; (b) carbon-fiber weft-yarn/matrix delamination in H8 at 0.8 % applied
strain; (c) transverse crack through carbon-fiber weft-yarn in H8 at 0.8 % applied strain; and
(d) shear matrix crack through steel-fiber weft-yarn in H9 at 0.8 % applied strain.
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At the applied strain value of 0.6 %, micro-damage initiation was observed in knitted
composites along the yarn/matrix interfaces (see Fig. 2.6 (a)). In knitted hybrid composites, the
interface delaminations were present only along the carbon fiber yarn/matrix boundaries, and
not along the steel fiber yarn/matrix boundaries. In the case of woven composites, micro-
damage initiated around the applied strain values of 0.6-0.8 % in the form of carbon fiber weft
yarn/matrix delaminations and transverse cracks through carbon fiber weft yarns
(see Fig. 2.6 (b), (c)). Shear matrix cracks through steel fiber weft yarns were also observed
(see Fig. 2.6 (d)). The damage evolution took place in the form of interconnection of
yarn/matrix-interface delaminations in knitted composites and coalescence of transverse cracks
and yarn/matrix-interface delaminations in woven composites (see Fig. 2.7).

Comparing the final failure behavior of different composite configurations, the trend in
tensile strength values was similar to the longitudinal stiffness values. The knitted composites
with yarn-level hybridization exhibited higher longitudinal tensile strength than those with
layer-level hybridization. In the case of woven composites, the longitudinal tensile strength was
mainly governed by the yarns along the warp direction. The SEM analysis of fracture surfaces
of the woven composite specimens showed large longitudinal debonds along the carbon fiber
warp yarn/matrix-interface. In woven composite specimens with steel fiber warp yarns, small
debonds were observed at the warp yarn/matrix interface, with microscale necking in the steel
fibers prior to failure.

(b)
Fig. 2.7. Damage evolution in knitted and woven composites under uniaxial quasi-static
tensile loading along the warp yarn direction: (a) interconnection of yarn/matrix-
delaminations in H1 at 1.2 % applied strain; and (b) coalescence of delaminations and
transverse cracks in C4 at 0.8 % applied strain. (Adapted from Paper I11).

The mechanical behavior of hybrid and non-hybrid textile composites was studied
numerically using FEM in Papers IV and V. 3D representative volume elements (RVES) were
generated for the composite configurations H5, H6, C4, and M4. The resin-impregnated fiber
yarns were treated as homogeneous composite materials, and their orthotropic material
properties were calculated using a micromechanics-based concentric cylinder assembly model.

25



The yarns had an elliptical cross-section. The warp yarns had sinewave curvature, whereas the
weft yarns were assumed straight. The yarns were embedded in a cuboidal matrix block with
isotropic material properties. The geometrical specifications of the yarns and the matrix block
were determined from optical microscopy images of the composite specimens. The RVESs were
further calibrated by comparing their elastic behavior with the experimental data. The assembly
of yarns and matrix block was meshed with 3D solid elements in ABAQUS software. To study
their behavior under quasi-static tensile loading, the elastoplastic damage model for fiber-
reinforced composite materials developed by Cozar et al. [1], [2] was applied to the textile
yarns, and the concrete damaged plasticity model [43] available in ABAQUS software was
applied to the matrix block.
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Fig. 2.8. Comparison of the full stress-strain behavior under uniaxial quasi-static tensile
loading along the warp yarn direction calculated using experimental and numerical techniques
for the composite configurations (a) H5, (b) H6, (c) C4, and (d) M4. (Adapted from
Paper V).

A comparison of the full stress-strain behavior of the composite configurations calculated

using experimental and numerical techniques is given in Fig. 2.8. The experimental stress-strain
curves match closely with the numerical curves in the linear elastic stage. As shown in Fig. 2.8,
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the numerical curves provide further insight into the non-linear plastic and damage evolution
behavior of the composite configurations. In the hybrid configuration H5, the numerical stress-
strain curve shows linear elastic behavior until micro-damage initiates in the form of matrix
cracking at the weft yarn/matrix interface at 1.2 % applied strain. This damage event at the steel
fiber weft yarns does not change the slope of the stress-strain curve, as the macro-mechanical
behavior of H5 is mainly governed by the carbon fiber warp yarns. As can be seen in Fig. 2.9,
a knee point is observed in the stress-strain curve at 1.37 % applied strain, which is caused by
the initiation of fiber failure (denoted by damage parameter D;) in the warp yarn. Along the
plateau region seen in the stress-strain curve, the fiber damage distributes across the warp yarn,
creating multiple clusters of fiber damage shown in red color in the damage contour plots.
Finally, at an applied strain of 2.3 %, the warp yarn fails at one of the fiber damage clusters,
and the composite undergoes ultimate failure.

Paper V presents a parametric analysis of the full stress-strain behavior of the hybrid
composite configuration H5, calculated using FEM. As the behavior of a textile composite
under tensile loading along the warp yarn direction is mainly governed by the warp yarn
characteristics, the warp yarn strength properties X, (longitudinal tensile strength), Y;
(transverse tensile strength), and S;, (longitudinal shear strength) were chosen for the parametric
analysis. As shown in Fig. 2.10 (a), it was observed that X, affects the knee point in the stress-
strain curve, i.e., the initiation of fiber damage in the warp yarn. A lower value of Y7, as shown
in Fig. 2.10 (b), results in a reduction in the ultimate tensile strength due to changes in overall
damage evolution characteristics. Finally, the change in S, see Fig. 2.10 (c), causes a change
in the distribution of damage in the warp yarn after the initiation of fiber damage, slightly
altering the strain-to-failure.
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Fig. 2.9. Evolution of longitudinal damage (D,), i.e., fiber breakage, in the warp yarn of the
hybrid composite configuration H5 under quasi-static tensile loading along the warp yarn
direction. (Adapted from Paper V).
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Fig. 2.10. Parametric analysis of the full stress-strain behavior of the hybrid composite
configuration H5 under uniaxial tensile loading along the warp yarn direction, by varying
(a) warp yarn longitudinal strength X; (b) warp yarn transverse strength Y; and (c) warp

yarn longitudinal shear strength S, . (Reprinted from Paper V).
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2.3. Micro-damage evolution in induction-cured thermoset composites

Despite their excellent mechanical properties, the use of carbon-fiber-reinforced thermoset
composites is limited to high-value engineering sectors due to the high cost of raw materials
and manufacturing. The costs in manufacturing can be reduced by choosing a less energy-
intensive alternative to the conventional autoclave method for the curing of thermoset resin
[30]. Volumetric heating methods, such as microwave heating and electromagnetic induction
heating, can be such energy-efficient alternatives for thermoset curing, where heat is generated
from inside the composite part [44], [45].

Induction heating of carbon-fiber-reinforced thermoset composites requires a closed loop
of carbon fiber reinforcement, which can be achieved using multi-layered composite laminates
with meso-structures such as textile and cross-ply [46], [47]. An induction coil supplied with
an alternating current induces current inside the closed-loop of carbon fibers with the help of
an oscillating magnetic field, and the carbon fiber reinforcement gets heated due to different
mechanisms, such as Joule losses, dielectric hysteresis, and contact resistance heating [48]—
[50]. This, in turn, heats the thermoset matrix around the current-carrying carbon fibers, which
can ultimately lead to the curing of the thermoset resin.

Induction heating of CF-reinforced thermoset composites is very sensitive to the distance
between the induction coil and the workpiece (here, the composite part), as the maximum
temperature reached in the workpiece has an inverse-square relation with the distance from the
induction coil [51]. Also, it has been observed that the heating pattern on a textile or cross-ply
composite resembles the coil shape [52]. In the case of a commonly used circular induction
coil, it would make a near-circular heating pattern on the composite workpiece, creating a cold
spot in the middle [53]. The generation of cold spots in the composite workpiece prevents
uniform curing of the thermoset resin.

Using a novel moving-coil induction-heating setup described in Paper VI, a near-uniform
cure of the epoxy resin in CF-reinforced [0,90]s cross-ply composites was attempted.
According to the recommended curing cycles for the material system used in the present study,
i.e., XC130-C12UD-300(300) high-strength UD carbon fiber epoxy prepreg [54], the curing
cycle of 4 hours at 100 °C was chosen based on the capabilities of the induction heating system.
Uniformity of curing was assessed using a degree-of-cure analysis by differential scanning
calorimetry (DSC) during the pilot test. Figure 2.11 shows the glass transition temperature (T,)
values for induction-cured and oven-cured composite reference specimens that is directly
proportional to the degree of cure. A significant variation, up to 20 %, is observed in the T,
values of induction-cured composite specimens, with the average value of glass transition
temperature lower in the induction-cured than in the oven-cured composite specimens.
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Fig. 2.11. Glass transition temperature (T,) values in induction-cured (IP1-IP4) and oven-
cured (OP1-OP4) specimens indicating the degree of cure. (Adapted from Paper V1).

Following the pilot test, the predetermined path for the induction coil movement was
improved to manufacture a new 300 mm x 300 mm composite plate with a [0,90]s cross-ply
layup using induction heating. Rectangular specimens were cut from different locations on the
cured composite plate, and the variation in mechanical properties at these locations was studied
using quasi-static tensile testing. Analysis of the mechanical properties of the new induction-
cured composite specimens is currently ongoing.

In Fig. 2.12 and Table 2.2 it can be seen that although the mechanical properties varied
considerably, up to 9 %, across different locations on the induction-cured composite plate, the
average values of elastic modulus, ultimate tensile strength, and strain-to-failure of the
induction-cured specimens are still within 6 % difference as compared to the oven-cured
reference specimens.

Induction heating using a moving-coil setup generates a transient temperature gradient in
the workpiece. This forms soft and hard regions in a composite plate cured using the moving-
coil setup. The air trapped inside the laminate can escape easily through the soft regions, but
not through the hard regions. As the soft regions are always surrounded by the cold, hard
regions, air remains trapped during the moving-coil induction curing process. Thus, it was
observed that the induction-cured composite plates had a large number of voids. These voids
served as the micro-damage initiation sites in the composite specimens. Figure 2.13 shows a
transverse crack in an induction-cured composite specimen initiated near a large void. Due to
the high void content, all induction-cured composite specimens showed damage initiation and
evolution at lower applied strain levels than the oven-cured reference specimens, as shown in
Fig. 2.14.
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Fig. 2.12. Comparison of (a) longitudinal elastic modulus, (b) ultimate tensile strength, and
(c) strain-to-failure values in induction-cured and oven-cured [0,90]s cross-ply laminates

under uniaxial quasi-static tensile loading.
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Table 2.2

Comparison of Average Mechanical Properties of Induction-Cured and Oven-Cured
Composite Specimens

Induction-cured Oven-cured Difference in %
Elastic modulus (GPa) 62.14 + 2.40 64.04 +0.64 2.95
Tensile strength (MPa) 885.53 + 75.37 941.96 + 27.54 5.99
Strain-to-failure (%) 1.40 £ 0.08 1.43 £0.05 1.58

300 pm

Fig. 2.13. Transverse cracks generated in induction-cured [0,90]s cross-ply composite
specimens under uniaxial quasi-static tensile loading: (a) at a random location in the 90-layer,
and (b) near a large void.
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Fig. 2.14. (a) Evolution of transverse crack density in induction-cured and oven-cured [0,90]s
cross-ply laminates with increasing applied strain level, and (b) corresponding reduction in
the longitudinal stiffness value of the composite specimens.
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3. CONCLUSIONS

In the Thesis, micro-damage evolution was studied in (a) cross-ply laminates with high
crack density, (b) hybrid carbon/steel fiber textile composites, and (c) induction-cured
thermoset composites. The main conclusions of the study are as follows

1. High transverse stress gradients are created in the regions with high crack density in
90-layer in cross-ply laminates under uniaxial tensile loading. The stress gradients
strongly affect the strain energy release rate available for the growth of a new
transverse crack. In the regions with ultra-high crack density (crack density
multiplied by 90-layer thickness > 2.0), the compressive stresses generated near the
laminate midplane due to high stress gradients completely stop the growth of a new
transverse crack.

2. At the tips of the existing transverse cracks in cross-ply laminates under uniaxial
tensile loading, the generation of local delaminations takes place due to high stress
concentration. The local delamination growth is strongly affected by the transverse
crack density, 0/90-layer thickness ratio, and the specific ratios of elastic moduli of
0- and 90-layers, such as EP/E?° and G2 /E?°. The non-symmetrical I-shaped
delaminations tend to grow into symmetrical I-shaped delaminations before growing
further.

3. Damage initiation takes place in the form of weft yarn/matrix-interface
delaminations in hybrid carbon/steel fiber woven composites under uniaxial tensile
loading along the warp yarn direction. This damage event at the weft yarns does not
affect the slope of the stress-strain curve of a hybrid composite with carbon fiber
warp yarns, as in this case, the composite’s macro-mechanical behavior is mainly
governed by the warp yarn properties.

4. A knee point is observed in the stress-strain curve of a hybrid carbon/steel fiber
woven composite with carbon fiber warp yarns when fiber damage is initiated in the
warp yarns. Upon further loading, damage evolution takes place with the
distribution of fiber damage and the formation of multiple clusters of fiber breaks.
The failure of warp yarn takes place at a fiber-break cluster, which in turn results in
the ultimate failure of the hybrid composite.

5. In the composites manufactured using a moving-coil induction heating setup, large
void formation due to entrapment of air bubbles results in the initiation and
evolution of micro-damage at a lower applied strain level than in the oven-cured
composites.
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