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Summary
The novel method of ’Variable Stiffness’ laminates offers the ultimate exploitation of the mechanical
performance of fiber-reinforced composites. It does so by aligning the admirable axial strength and
stiffness of composite tapes with the optimal orientations over the laminate field. This process, also
called ’Fiber Steering’, uses the Automated Fiber Placement method for manufacturing. The method
features a robotic arm with a deploying head, which starts, feeds, compacts, and terminates the used
material. The material in this case comes in the form of a ’tow’, a narrow tape if you will. These tows
are deformed to the desired curvatures upon the lamination process. However, there are limits to the
material’s ability to deform - which is the source of the research problem. Over the whole product
geometry, there are points where the tows cannot be aligned with each other because the material
cannot be deformed to the needed level. At this point, the choice arises - one could either leave
a gap between the material strips or add more material to the troubling zone. This is the origin of
manufacturing-induced defects, gaps, and overlaps. Since the thesis has limited time, gaps were
chosen as the defect to investigate.

Many researchers worked on the problem over the years but mostly with lower-level experimental
methods, and some numerical tools. Some shortcomings were pointed out about the methods, mostly
connected to the used coupon specimens. A few publications also emphasized the need for enhanced
characterization of the problem with advanced specimens. This became the topic of this master’s
thesis.

Using a testing method one step higher than coupon samples, element-level testing was chosen for
the analysis. Against a favorable specimen, requirements were set based on the idea of representing
an important structural zone. With the requirements, the main hypothesis about the failure of laminates
with gaps was also stated. In detail, it was that ’gaps negatively affect the off-axis tows, thus introducing
failure/strength knockdown’. In other words, gaps are imposing a matrix failure on local material.

A promising design was created in an iterative process based on the stated requirements. The
development tool was a Finite Element Model, with simplifications and neglections. The major sim-
plification was the omission of post-curing deformations, reducing the complex geometries to straight
plies. Above this, delamination was not accounted for, mainly because of the lack of input data. These
were done because the lack of input data, and to speed up the design work in order to have time for
testing in real life. The initial concepts revolved around the usage of steering of tows, which met several
shortcomings. The improved concept focused on the homogeneous characterization of the research
problem, where the specimen failure could be directly correlated to the manufacturing defects. Load in-
troduction of the testing samples received increased focus, by means of common engineering practices
and a dedicated simulation.

The designed specimens were manufactured with the help of Sam XL. The procedure featured a
combination of hand lamination and an AFP robot. Upon testing, despite the extra efforts, some spec-
imens failed at the load introduction area. The problem was found to be a result of the simulation
model’s applied boundary conditions. Fortunately, the load level was enough to start microcracks in
the samples. The cracks were not solely and evidently initiated at locations anticipated by the simu-
lation, therefore not proving the main hypothesis. However, several other observations were proved
to be valuable. Microscopical images displayed a strong tendency for void formation at gap locations
and presented ply deformations caused by the curing process. Digital Image Correlation was used
through the experimental work, which showed valuable insights into the deformations and behavior of
the laminate. The equipment proved an affection of gaps in the response of the laminates, in the form
of deformation peaks. These peaks, depending on which strain component, were either at gap loca-
tions, or inside zones bordered by gaps. The simulation outcome proved a poor correlation with the
experimental counterparts. The comparison of the simulation method and the Digital Image Correlation
observations pointed to the origin of the inaccurate predictions. This was thought to be coming from
the major geometrical neglection of post-curing laminate deformations. Using realistic cross-sectional
parameters, a numerical tool was suggested for further work on the complete characterization of the
problem. The envisioned research should feature preceding studies for a more comprehensive under-
standing of post-curing properties and also imperfect laminate responses.
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1
Introduction

Background
Current composite materials offer outstanding performances in several fields, owing to a synergistic
pairing of its constituents. The joining of such materials results in an unique combination of properties,
which can not be surpassed nor even equaled for traditional monolithic metals, ceramics, or polymer
materials [1].

The common polymer composites usually feature two distinct components - a matrix phase and a
reinforcement phase. The matrix phase surrounds and protects the reinforcement phase, gives a solid
shape to the product, but most important of all, conveys the loads to it. These are polymer materials of
either thermoplastic or thermoset origin. Thermoset matrices are more common in the industry because
of their earlier appearance, although they are envisioned to be overtaken in the future, because of
sustainability aspects. Reinforcement phases are usually in fiber form and generally are from carbon,
aramid, or glass materials. The stiff and strong reinforcement takes up the loads in the system. With
their fiber form, these reinforcements can be oriented such that the fibers lie in the load path of the
structure, resulting in an optimal use of the component. This tailoring of the material further enhances
the potential of the composites [1].

Polymer composites stand out even from composites, with their prime stiffness and strength, all
while offering it at a low density to name a few advantageous features. Thus, these are the top con-
tenders for structural applications, especially where weight plays a role. One such industry is the
aerospace field, where the usage of composites has grown. This tendency is illustrated on Figure 1.1
[2].

Figure 1.1: Quantity of composite materials in aircraft structures [2]

The superb performance of polymer composite materials comes with a cost, namely complexity.
To aid manufacturing, the fibers are ordered in reinforcement plies (or ’lamina’), which are eventually
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stacked together in the final part (’laminate’). The stacking process is called ’lamination’. The reinforce-
ment form results in high anisotropy, meaning that the physical properties are dependent on directions.
The anisotropic behaviour makes it much harder to predict the structural responses and decide on an
optimum design, especially in hyper-static structures that offer multiple load paths.

The challenges to design anisotropic structures enabled by polymer composites have been suc-
cessfully addressed in academia and industry, given the increasing adoption of these materials in novel
designs. The stiffness (or ’constitutive’) behavior of polymer composites can be quite accurately char-
acterized and predicted based on current methodologies. However, the load-bearing capability of these
systems is much harder to forecast, even for materials evaluated under their pristine condition. This
being said, structural engineering still requires both aspects to be accounted for, in order to have high
performance and sufficient safety. Especially in the aerospace sector, where certification in airworthi-
ness is a major hurdle for novel designs to reach operation. For this thesis research, the mechanical
performance prediction of materials was chosen for its great challenge.

Variable stiffness laminates
For decades the only form of reinforcement was the plies pre-processed (e.g. trimmed for shape) for
lamination, which were of either unidirectional (only parallel fibers) or woven nature. Still to this day,
these fabrics build up the vast majority of composite structures. These fabrics or tapes have constant
orientation angles throughout the layer, which means the stiffness properties are also constant in the
zone they are laid to. This limits the ultimate tailoring of the fibers to the load paths, as there is an
ever-changing optimal direction over the field. However, there is one method that offers even greater
tailoring of the base material - Fiber Steering (FS). In this process, an automated robotic arm deploys a
narrow tape (the step known as ’Automated Fiber Placement’ - AFP), but in any trajectory it is desired.
This results in a variable stiffness (’VS’) laminate, fully exploiting the material’s capabilities [3]. One
such fiber laying machine is presented on Figure 1.2.

Figure 1.2: Tape lying machine in action [4]

The process uses narrower tapes of materials, called ’tows’. These tows suffer a deformation during
the lamination process because the originally straight strip of material is forced to curve in intricate
patterns. As one can imagine, there is a limit to these materials’ deformability too - they cannot take
too sharp corners. This is the primary source of the problem. There can be situations in a product
surface, where tows cannot be stacked nicely next to each other because the material doesn’t allow so.
Thus, engineers have two choices, to leave gaps between the tows, or add overlapping material as a
’band-aid’ to the problem. Thus, the primal problem of the research was born. These manufacturing
defects, gaps and overlaps, are known to the scientific community, but the understanding of the imposed
effects on mechanical performance is close to minimal. This topic was chosen to be the focus of this
research.



2
Literature study

The literature study chapter summarizes the scientific background, upon which the research ques-
tions are founded, and which guides to subsequent solution. The chapter starts with a brief introduc-
tion to fracture mechanics and delamination in composite laminates. Subsequently, ply failure and
manufacturing-induced defects are presented. Thus, the major failure modes are put into context,
which influenced the tools and methodology used. The chapter ends with state-of-the-art characteriza-
tion research on gap defects and a brief summary.

2.1. Fundamentals of Fracture Mechanics
Fracture mechanics in the context of composite delaminations have two distinct ways of dealing with
crack propagation. One is the ’Strain Energy Release Approach’ and the other is the ’Strength of
Materials Approach’. These are discussed in detail in the next sections.

2.1.1. Strain Energy Release Approach
Aeronautical engineering structures have been dominated by metallic materials until recently. The
revolution peaked around the 2010s when even the major airliner companies (Boeing, Airbus) released
their new flagships with composite fuselage and wings, resulting in the Boeing 787 Dreamliner and the
Airbus A350. Both feature more than 50% composite materials with respect to structural weight [2]. As
the new materials evolved and surpassed common monolithic (e.g. metallic alloys) materials, scientific
knowledge of the new field was built using the existing isotropic knowledge. Thus, an introduction to
composite fracture mechanics should start from the basics, the simple isotropic media with a sharp
crack. Such a case is represented on Figure 2.1.

Figure 2.1: Axonometric representation of a crack in an isotropic media [5]

A crack tip, or in a more precise term, the crack front is under a complex 3D stress state, which
varies along the crack and also in the close vicinity of the tip [5]. It is well-known that any complex
loading, and therefore the resulting deformation can be described using the three major cases, the

3



2.1. Fundamentals of Fracture Mechanics 4

so-called ”fracture modes”. These are the opening (Mode I), the sliding (Mode II), and tearing (Mode
III) modes, which are represented on Figure 2.2.

Figure 2.2: The three fracture modes of crack propagation [5]

The function which describes the stress field in the Y direction (following the notation of Figure 2.1)
and the corresponding displacement (v) are detailed in Equation 2.1 and Equation 2.2 [5].
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In the equations, θ and r represent the polar coordinates with respect to the crack tip, µ is the shear
modulus, in case of plane stress condition κ = (3 − ν)/(1 + ν), where ν is the Poisson ratio. KI , KII

(and the not presentedKIII ) are called stress intensity factors for the respective modes. These factors
are commonly used for fatigue in isotropic cases. Upon closer inspection, the stress function shows a
singularity at the crack tip, with stresses tending to infinity. This, of course, is not realistic, as the finite
strength of the material leads to failure along the points with exceeding loading. In other words, the
crack steps further.

Irwin [6] introduced the term strain energy release rate (’SERR’) upon the described functions. His
hypothesis relies on the idea that the loss of elastic energy (enforced externally to the system) upon
crack propagation is used up for the creation of new surfaces. This hypothesis holds well for brittle
materials, where there is no significant yielding of the material during failure. Thus, extending a crack -
through failure - of length a by ∆a takes up the same amount of energy as if one simply closes a crack
from a+∆a to a. This crack-closing energy is expressed in Equation 2.3.

W =
1

2

∫ ∆a

0

σy(∆a− r) · v(r)dr (2.3)

The known work function was used to introduce the strain energy release rate definition, which
mathematically means (Equation 2.4):

G = lim
∆a→0

W

∆a
= lim

∆a→0

1

2∆a

∫ ∆a

0

σy(∆a− r) · v(r)dr (2.4)

The final expression for isotropic materials thus becomes:

G = GI +GII +GIII =
K2

I

E′ +
K2

II

E′ + (1 + v)
K2

III

E
(2.5)

where GI , GII and GIII are the strain energy release rates for their respective modes, G is the total
strain energy release rate. In plane-stress condition, E′ equals to E, where E denotes Young’s mod-
ulus of the material. Note that, the expression only holds for isotropic materials in this form. With a
known quantity for crack propagation, the damage onset and the process itself can be characterized.
A homogeneous material has three critical SERR values, GIc, GIIc, and GIIIc, for the three modes.



2.1. Fundamentals of Fracture Mechanics 5

In a simple case of pure mode loading, crack propagation will occur if the applied SERR equals the
corresponding critical value. Mathematically:

Gi ≥ Gic, i = 1, 2, 3 (2.6)

here, Gi denotes the applied SERR, while the right side represents the critical value. Pure mode
loadings are seldom found in real-life applications, thus there is a need for mixed-mode criteria. One of
the initial solutions for this was the power-law criterion by Wu and Reuter [7], presented in Equation 2.7.
The exponents m,n, and p are empirically determined coefficients. Interestingly, this criterion was
developed already on composite materials, in 1965.(

GI

GIc

)m

+

(
GII

GIIc

)n

+

(
GIII

GIIIc

)p

≥ 1, i = I, II, III (2.7)

Recently, the criterion of Benzeggagh and Kenane [8] became more widely used (”BK criterion”).
Their original work (Equation 2.8) holds for 2D problems only, without Mode III loading, although Reeder
[9] extended it for complex 3D case (Equation 2.9). The latter is commonly referred to as the BKmethod
too since it is a direct extension of the original one.

GI +GII

GIc + (GIIc −GIc)
[

GII

GI+GII

]m ≥ 1 (2.8)

GI +GII +GIII

GIc +
(

GII(GIIc−GIc)+GIII(GIII−GIc)
GI+GII+GIII

) [
GII+GIII

GI+GII+GIII

]m−1 ≥ 1 (2.9)

2.1.2. SERR approach for delamination
As discussed before, delamination is the failure of the integrity of plies [5]. The SERR approach with the
presented criteria are the primary method to model delaminations in composites. Williams [10] studied
the issue of a fracture at the boundary (interface) of two different isotropic materials and found that the
stresses in the close proximities of crack tips show oscillatory character. The relation mathematically
is detailed in Equation 2.10.

σ ∼ r
1
2±iγ (2.10)

The expression contains the imaginary unit i, and γ, which is a complex term involving the shear
moduli and poison ratios of the two adjacent layers. This expression indicates well how much the
anisotropy complicates the mechanics of materials. To complicate matters further, the real plies are
built up of separate phases with separate material properties and load-bearing capabilities. Under pure
opening, shearing, or furthermore, undermixedmode interlaminar stresses, the pristine interplymedia’s
microcracks were proven to develop at an inclined angle compared to the laminate plane (Greenhalgh
[11]). The reason is simple, the interply stress state can be transformed into a ’resolved’ principal stress
state by rotation, which has only a normal (opening) stress. The microcracks are driven to grow to the
edges of the interply region, where they coalesce into one larger crack surface. Thus, the spread of
damage will happen along the ply boundaries (Figure 2.3).

Based on the idea of the matrix phase conveying the loads to the fibres, it feels evident that the
matrix around the fibers is bearing a concentrated higher load. Knowing the crack propagates where
a stress state is most prominent, engineering intuition can rightfully say the failure can choose the ply
over the interface. This occurrence is well represented visually in the micromechanical FEA simulations
of Varandas et al. [12] (Figure 2.4). If the initial microcrack angle points directly between fibers (for
instance, into a 90◦ ply, see Figure 2.4), the phenomenon has a high chance of occurring.

In the event that the crack switches from its original interface to an adjacent interface by destroying
the ply along the way, the phenomenon is called ”crack jumping” or ”crack migration” [13]. Numerous
studies present the frequent occurrence of crack migration, which happens even in cases where the
crack is forced to grow along one interface by premade cracks and controlled loading condition [14–
20]. The occurrence or even further, the point of crack migration should be influenced by numerous
stochastic effects, such as the presence of voids, debris, manufacturing defects, or the random distri-
bution of fibers to name a few. Thus it is founded to conclude that, modeling delamination propagation
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Figure 2.3: Failure development of interply media [11]

only between plies could well overlook the real case, where the initiation and area of influence can be
at vastly different points. Nevertheless, a good prediction of the initiation and early life of the crack is
still a valuable tool for the industry.

Figure 2.4: Micromechanical simulation of crack propagation in fiber reinforced composites [12]

Apart from crack jumping, the R-curve effect has been known for a while (Irwin, 1958 [21]), im-
pacting even isotropic systems under plane stress conditions [22]. The curve describes how during
damage growth, the material’s crack growth resistance increases with crack extension. This curve for
composites is usually very pronounced. Presenting steady-state resistance to be twice the initial resis-
tance is not uncommon. Especially in opening mode loading, one can observe fibers connecting the
fracture surfaces in interaction. These fibers, in the wake of the cracked front, alleviate the opening at
the tip, imposing an increased apparent resistance. This is the so-called ”fiber bridging” phenomenon
(Figure 2.5 left) [22]. Other noteworthy parameters of the R-curve effect include friction between mating
surfaces or crack closure [23]. A typical R-curve is presented on Figure 2.5 (right).

Figure 2.5: Fiber bridging of a specimen (left, [23]) and typical R-curve plot (right, [24])
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The previously mentioned prediction of delamination initiation using the SERR approach still bears
some concerns. Although there are working initiation criteria, the critical SERR values (or sometimes
”fracture toughness”) to use are not straightforward. The article of Anderson and König gathered ex-
perimental Gc variations of all modes with respect to two parameters [25]. The first is the difference in
fiber orientation of neighbouring plies of crack surfaces, and the other is the crack propagation direc-
tion with respect to ply orientations. To effectively merge the large literature data set, they introduced
a notation for the two parameters as it is presented on Figure 2.6. The dashed lines represent the
ply orientations, and the ψ fiber orientation (mismatch) angle is measured from the bisection axis of
the adjacent orientations. Crack propagation angle α is measured between the bisection axis and the
vector of the crack propagation direction. With both angles varying from 0◦ to 90◦, all possible cases
could be defined. Their work processed more than 60 research articles from the related field.

Figure 2.6: Notation to the parameter study. ψ as the ply orientation difference, α as the crack propagation direction. [25]

Obtaining fracture toughness values
The Gc values in the discussion are exclusively from standard measurements, solely from standards of
the American Society for Testing and Materials (ASTM). For Mode I values, the corresponding standard
is ASTM D5528/D5528M [26], the common Double Cantilever Beam (DCB). For Mode II, the standard
is the ASTM D7905/D7905M, known as the End Notched Flexure (ENF) test [27]. Mode III testing
involves the Split Cantilever Beam (SCB) test, which has been reported to impose significant Mode
II effects onto the crack, questioning the validity of data [25]. In addition to this method, Edge Crack
Torsion (ECT) tests are getting increasingly popular, though it is not a standard as of today.

Mode I variation with crack propagation direction
The discussion of Mode I fracture toughness variation starts with crack propagation direction depen-
dence in unidirectional laminates (ψ = 0◦). For α = 0◦ and α = 90◦, about identical (around maximum
10% deviation) values were found by Russell and Street [28] and Trakas and Kortschot [29]. This has
been supported by Jordan’s work [30] also. For glass fiber reinforced polymers (GFRP), Laksimi et al.
[31] found no pronounced dependence between α = 0◦...60◦. Hwang et al.’s research [32] confirms no
clear variation as well between α = 0◦...45◦ due to large scatter.

Opposite to these observations, Mode I fracture toughness has been reported to increase with an
increasing α in numerous other publications. Robinson and Song [17] found 35% larger values for 45◦
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compared to axial loading. Lakshimi et al. [33] reported a 26% increase in GIc at 90◦, contrary to their
previous work [31]. Schön [15] initially found 50% higher toughness for α = 90◦ compared to the classic
unidirectional sample (α = 0◦), although the measurement is questionable since cracks migrated to
adjacent 0◦/90◦ interfaces through plies. The same phenomena occurred with Fish and Malaznik [18]
and Chou et al. [19] [20] at α = 90◦. This is a good representation of the crack’s tendency to penetrate
adjacent lateral fiber plies. Probably the most convincing data obtained is by Lucas [34]. He reported
a clean increase across the whole spectrum. This being said the magnitudes of the increase do not
fully align with the previously mentioned outcomes, and a clear tendency is hard to find.

There is a third group of results, which reported decreasing values. Chou et al. [20] found smaller
values for a ±45◦ than axial loading. Polaha et al. [14] measured α = 0◦, 15◦, 30◦ and found a decreas-
ing tendency. This measurement was discussed to be questionable by the authors since fibers from
the adjacent plies probably migrated to each other, resulting in corrugated fracture surface and fiber
bridging.

Mode I variation with interface orientation mismatch
For the GIc variation with respect to interface orientation mismatch, the agreement is even less than it
was with the crack propagation direction. Russell and Street [28] observed somewhat lower toughness
for ψ = 45◦ when compared to UD specimens. Polaha et al. [14] found decreasing values through
ψ = 0◦...30◦, although the data scatter is large enough to question the tendency. Tohgo et al. [35]
measured carbon fiber embedded in thermoplastic (TP) polyamide matrix, and at ψ = 0◦, 30◦, 60◦

interface mismatches. Their measurements also observed a decrease in the values, although there are
some concerns stated by the authors. Namely, the standard measurement requires an insert (an inert
release film between the layers of interest to initiate the crack at the desired location), which creates
a resin-rich pocket at the edge. Therefore, the first crack initiation could indicate more favourable
properties, inclining to a non-conservative side. This is a concern for all measurements presented,
although some publications used pre-cracked specimens (first crack propagation is discarded, and
measurement starts at the second increment). This phenomenon is also known for the standards,
which allow for both methods. Ozdil and Carlsson [36] found a decrease to an angle of ψ = 45◦, but in
their other work [37], they investigated larger angles for a different material (e.g. ψ = 30◦ and 55◦) and
found an increasing tendency.

Robinson and Song [17] made the same comparison as Russell and Street [28], and found the exact
opposite tendency (24% increase for ψ = 45◦). Lachaud et al. [38] sampled ψ = 0◦, 22.5◦, 45◦, not just
for the common thermoset (TS) carbon fiber reinforced polymers (CFRP), but also for thermoplastic
matrix (polyether-etherketone, PEEK). The article presents a clear and monotonic increasing tendency,
which becomes also very significant for the larger mismatch (more than 50% for both matrices). Allix
et al. [39] published only the steady state values (the plateau value of R-curves). The results show a
70% increase for larger orientation mismatch.

A stronger difference was observed by Nicholls and Gallagher [40] between UD and angle ply spec-
imens (75% larger value for angle ply stackups), although the variation between angles is negligible.
Chou et al. [19] [20] found a negligible increase (maximum of 12%) for larger angles, but the difference
is not comparable to the large scatter bands. Hwu et al [41] measured GFRP specimens for a wide
range of values (up to ψ = 60◦ in 15◦ increments), and found no systematic trend. Small or negligible
variation was found by Davies and Rannou [42], Jordan [30], and Trakas and Kortschot’s [29] data
bears too large scatter to bear any consequences.

Mode II variation with crack propagation direction
Decreasing Mode II values were found mostly with respect to increased crack propagation direction.
Trakas and Kortschot [29] obtained 40% lower GIIc values for α = 90◦ compared to α = 0◦ case.
Hwang et al. [32] corroborated the latter and found a decreasing tendency in the α = 0◦...45◦ interval.
Monotonic reduction with angle difference was the outcome of Laksimi et al. [43].

Polaha et al. [14] did not find significant difference between α = 0◦, 15◦, 30◦. Schön et al. [16]
experienced troubles with severe crack migration in obtaining founded results.

Mode II variation with interface orientation mismatch
A more broad study field in Mode II values is considering the orientation mismatch for the sensitivity
study. Allix et al. [39] measured ψ = 0◦, 22.5◦, 45◦, with steady-state toughness values being larger



2.1. Fundamentals of Fracture Mechanics 9

for the latter case by a huge margin (90% increase, no initial toughness values reported). The same
interval was measured by Lachaud et al. [38] for both TS and TP matrices. The brittle TS matrix
proved a substantial increasing tendency, while the tough TP matrix did not show any strong sensitivity
(although, contrary to TS, a 12% decrease). Shi et al. [44] measured a wide range of angle mismatches
for both tougher GFRP and brittle CFRP systems. While the former showed a somewhat constant
nature, an increasing trend was the latter’s outcome. Ascending averaged values are presented by
Rubbrecht and Verpoest [45] but upon a closer look, one could completely deny the validity of the
trend based on the immense scatter bands. Chai [46] studied TS and TP systems, while TP systems
remained constant, larger mismatch TS interfaces were shown to be stronger than UD counterparts.
For ψ = 45◦, initiation toughness was found to be 45% higher than a pure 0◦ stackup for Choi et al.
[47]. Ozdil et al. [37] [48] came to the same conclusion.

In contrast to the previously mentioned publications, UD interface was reported to be 30% stronger
by Chou et al. [19] compared to UD specimens. The decreasing tendency was found especially in
cases where one of the plies was parallel to the crack propagation direction, mathematically referring
to ψ = α. Trakas and Kortschot [29] experienced a 20% smaller value for angle plies, which is in
good agreement with the results of Russell and Street [28]. Tao and Sun [49], and Yang and Sun
[50] investigated the same material, in quite fine mismatch increments. While the previous reported a
monotonic decrease, the latter found about constant values, contrarily, UD being the lowest value for
the latter. Hwang [32] agrees with the ’lower toughness for angle plies’ line of publications, obtaining
25% and 30% lower values accordingly. His work also bears non-negligible scatter.

Polaha et al. [14] reported no dependency in the interval of 0◦ to 30◦. The same nature was
experienced by Hwu et al. [41] between ψ = 0◦ and ψ = 60◦ in 15◦ increments.

Mode III variation
Significantly fewer studies focused on Mode III delamination. As it is much harder to impose onto a
specimen in a pure form, all measurements bear extra (mostly Mode II) loading modes. Donaldson
[51] found no general tendency for Mode III fracture toughness since ψ = 15◦ and ψ = 75◦ interfaces
were stronger than UD counterparts, however, ψ = 45◦ fall short of even the latter specimens. Chai
[46] measured 60% higher initiation values for angle ply interfaces in the case of TS, and 15% higher
for TP matrix systems. Liao and Sun [52] tested on torsional specimens, and obtained 20% higher
values for cross-ply specimens. Liao and Donaldson tested the same material with different methods
and found them to deviate by a factor of 2. Solely the measurement setup change caused a significant
deviation, which shows how not only does the material cause scatter of random nature, but quantifying
pure mode values is also immensely hard. Trakas and Kortschot [29] had a contradictory result, having
the highest values for UD specimens.

Discussion of critical value variations
To summarize the presented review of a large batch of measurements on fracture toughness values,
it is safe to say there is no agreement in any mode loading tendency with respect to interface angle
mismatch or crack propagation direction. Moreover, measurements most of the time are not com-
prehensive on the entire angle range. The data scatter often is so considerable, that drawing any
conclusion becomes unfounded. Figure 2.7 presents the results of two discussed papers. On the left,
the significant increase in fracture toughness is represented through a Mode I R-curve. One can see,
take the 0◦/90◦ interface, for instance, the measured values are almost homogeneous over a domain.
Because of this, crack propagation predictions in progressive damage analysis must be taken as a
rough estimation of reality, especially in more developed phases of the process.

In the case of onset predictions, the use of measured values can also mislead an analysis. The
diagram on the right of Figure 2.7 presents a measurement from the work of Hwang et al. [32]. The
substantial variation in the measured values of initiation fracture toughness values also conveys some
uncertainty. Therefore, based on the presented literature, the usage of the strain energy release rate
approach to model delamination should be rather focused on the onset stage, with values correspond-
ing to actual interface parameters and crack propagation directions. If one uses constant SERR values,
the results should be treated with caution, as it could only capture major tendencies during failures.



2.1. Fundamentals of Fracture Mechanics 10

Figure 2.7: Mode I R-curves for different interfaces (left, [19]), and Mode II measurements with usual size scatter (right,[25]
based on the values of [32])

2.1.3. Strength of materials approach
If only the onset of delamination is of interest, the ”strength of materials” approach can also be sufficient,
without the need to analyze damage progression. Even though one can think the process would simplify,
other issues arise with the second method. Composite laminates are generally simplified to in-plane
properties, as the usual form of products fall into the category of thin shells. However, in this case,
out-of-plane interlaminar stresses must be known as the input to the analysis of onset, which is a
strong demand even with FEA tools. The nature of stress singularity at crack tips has been previously
presented, therefore it seems to be a dead end to create propagation criterion based on stresses. This
is exacerbated by at free edges, anisotropy produces singularities too, as was presented by Wang
and Choi [53] during the early days of composites. To counter this, Kim and Soni introduced the idea
of utilizing an ’average’ stress. The average stress criteria predict failure when the average value of
stress, σ over a set distance xavg meets interlaminar tensile strength ahead of the free edge. As an
expression for an arbitrary stress component, this is:

σ =
1

xavg

∫ xavg

0

σ(x)dx (2.11)

These stress components are a function of the averaging distance, often referred to as characteris-
tic length. Thus, this represents a major limitation of the approach, as it has to be determined through
testing, moreover, it is only ”hypothesized to be material system properties” [54], little is known about
other factors influencing this. Previously the variation of SERR values with respect to interface orienta-
tion was discussed. Considering the SERR and strength of materials approaches describe the same
phenomena, variations can be expected for the interlaminar stress limits for different interfaces as well.
This field, probably because of the limited nature of onset, is less researched. One outstanding work
is the one of Zhang et al. [55], the result of which is presented on Figure 2.8.

The data was obtained through an impressive batch of 665 double-notched specimens (ASTM Stan-
dard D 3846). The data deviation bands are significant, as it was in the case of SERR values. The
authors experienced crack jumping, in-ply cracking, fiber bridging, and supporting ply fiber breakages
too throughout the measurements. The publication contains the probability density functions for each
orientation dataset (Figure 2.9). The diagram on the left, corresponding to 0◦ orientation, presents
the values for a UD specimen, which should be a relatively stable measurement. However, 24 of the
35 specimens exhibited some crack migration, which resulted in a large uncertainty in the measured
strength, as shown on the graph. The same applies to other interfaces, for example, the 40◦ case
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Figure 2.8: S13 (left), and S23 (right) strength value dependence on orientation mismatch [55]

(Figure 2.9 right). The probability density function is almost a plateau between 45 and 75 MPa values,
meaning that using a simple average value could lead to an unconservative solution with about 20-25%
error.

Figure 2.9: Probability density functions of S13 for angles 0◦ (left) and 40◦ (right) [55]

To summarize, the strength of the materials approach has an inherent limitation to onset only, needs
out-of-plane stresses that are hard to obtain, depends on values that are only hypothesized to be mate-
rial constants, and moreover shows a very large uncertainty in measured values. Thus, this approach
can be an inferior method to the SERR approach and bears immense uncertainties upon usage.

2.2. Ply failure
While interply failure has been discussed as being difficult to capture, the case is better with intraply
failure. The general approach to analyze a laminate for failure is based on the homogenous treatment
of plies, without treating matrix and fiber separately for calculations. This means a homogeneous ply is
considered to be loaded with stresses/strains in the 3D space (orthogonal stresses/strains). Altogether,
this translates into 3 normal and 3 shear stresses, commonly used in solid mechanics. Note that,
the failure modes for the respective constituents are individually recognized though. For UD ply (and
therefore for AFP tows as well), these are namely [2] [56]:
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• Fiber failure

– In tension
The desired failure mode of a composite laminate, since the reinforcing material is fully
exploited for strength. Upon axial overloading of a ply, the reinforcing fibers cannot bear
any more load and suffer a simultaneous transverse fracture. This failure mode offers
outstanding performance, but sudden and catastrophic failure, and is governed by the
axial tensile strength of the material, Xt.

– In compression
In the case of dominant axial compression, usually fibers suffer from so-called ”kinking”
or ”micro-buckling”. During micro-buckling, a larger bundle of fibers buckles under the
compressive load, resulting in a transverse discontinuity. Fiber kinking happens on a
smaller scale when some local areas suffer under transversal loads, which exceed the
matrix material’s strength. A localized band forms (essentially through fiber rupture)
with a different orientation, while on both sides of the band, the orientation remains the
same. The phenomenon looks similar to twinning in crystalline structures. This failure
mode happens at significantly lower loads than in tension and is governed by the axial
compressive strength Xc of a ply.

• Matrix failure

– In tension
Although fiber fracture is the desired mode, most of the time the failure originates from
matrix cracks along fibers, and plies. In transverse loading, the response of a lamina is
governed by the matrix phase, rather than the reinforcement. If this transverse load is
tensile, the environment is set for microcrack initiation, which eventually leads to total
cross-sectional rupture or initiates delamination on the ply interface. A major failure
mode, governed by transverse tensile strength Y t.

– In compression
Compressive loads do not initiate perfectly perpendicular crack surfaces as in a tensile
case but have an inclined fracture angle, common with brittle materials like cast iron too.
Compressive fracture has a stronger interaction with in-plane shear loads, as Puck’s
work [56] presents in detail. The compressive transverse load is somewhat more fa-
vorable, as the transverse compressive strength Y c is commonly larger than its tensile
counterpart.

• Pure shear failure

During dominant shear failure, the resultant fracture surface has perpendicular matrix failure
along the fibers, similar to the transverse tension instance. Strength is usually denoted with
a simple S.

The mentioned load limits or strength values are obtained for materials through testing and are
considered material constants. Using Classical Laminated Plate Theory (CLPT) or the computationally
expensive 3D mechanics of anisotropic materials, the stress and strain values of plies can be calcu-
lated (or simulated through Finite Element Method) individually. In continuum mechanics, the scientific
expression or theory that describes the failure of a material is called a failure criterion. For isotropic
media, the well-known von Mises criterion has proven to be a useful and accurate method for analyz-
ing material yielding since the early 1900’s. For composite materials, the scientific area is more recent,
and there are many more criteria in use - as Figure 2.10 represents the main development. The main
task for these criteria is to accurately capture the interaction of loads through anisotropy. For example,
transverse stress could be worsened by additional in-plane shear load, leading to failure even if the in-
dividual load components remain below the respective strengths. The opposite of this, when the stress
state is better than the individual load components, is for example a biaxial compression state as the
fiber buckling phenomenon is damped. Figure 2.10 represents the level of scientific foundation on the
vertical axis for each criterion and time on the horizontal axis. Throughout time, the approaches got
more founded on scientific background, and less on statistical data, as a general tendency.
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Figure 2.10: Failure criteria going through development over time

The simplest criteria are the ”Max stress” and ”Max strain” theories, which simply compare individual
loads or strains to the corresponding strength or critical strains. Obviously, these are not interaction
criteria and are far from accurate. A large step in material strength characterization came around 1970
with the Tsai-Hill and the improved version, the Tsai-Wu criterion. The former augmented the von Mises
yield criterion to the anisotropic strength, but just until a given level. Namely, in pure axial, transverse,
or shear loading, the equation reduces to a simple max stress criterion, otherwise it has a polynomial
mathematical form. Tsai-Wu was a step towards a 3D state. In essence, it was a curve fit of the former
criteria in 3D using tensors in vector space. Tsai-Wu is the industrial standard for woven fabric analysis
up to this day. Until this point, no criterion considers fiber or matrix failure. This leap happened with
the Hashin criterion, and subsequently with the Puck criterion, which calculates fracture planes from
transverse and shear loads. Cuntze introduced numerous empirical parameters for his invariant-based
criterion, which is rather a step toward statistical approaches. The recent family of LaRC criteria (named
after NASA’s Langley Research Centre), made by NASA, diverged to the fracture mechanics way with
SERR considerations. The criterion gradually improved on modeling of featuring phenomena like fiber
kinking and advanced further in computational efficiency [2] [56] [57].

These works were developed for straight fiber laminates. Research makes extensive use of these
criteria for variable angle laminates to account for ply failures too, although fewer articles are available
that compare it to experimental data. Lopes et al. [58] made Finite Element Method (FEM) simulations
with progressive damage analysis for post-buckling cases, where the damage analysis was based on
LaRC04 failure criteria. The research tool was tested for an experimental setup, where specimens
with open holes were loaded until failure in the post-buckling regime. Specimen versions included
straight fiber laminate, and variable orientation ones with tow-drops and tow-overlaps also. In the case
of the straight fiber version, the failure load was 1.7% off from the simulated case, for the tow-drop
case it was 1.4%, and for overlaps it was 8.2%. Important to note that the simulation utilized shell
models without edge effects around gaps and overlaps. Even with these neglections, the accuracy is
remarkable. Through FEM discretization, variable tows are approximated with small elements, in which
fibers are assumed straight. The use of straight fiber failure criteria could be justified if one investigates
the variation of fiber angle in one element. For a curve radius of 400 millimeters, which is barely a
lower limit value even for narrower tows (e.g. 1/8 inch), the fiber orientation variation is plotted against
element size on Figure 2.11.

Considering even a coarse mesh of 5 mm element size, the orientation mismatch stays under one
degree. This amount of error between reality and simulation could happen in straight fiber laminates
too, if they were manufactured by manual lamination. Thus, the error for usage of such failure criteria
does not hold considerable error for variable angle layups. The foundation of such usage lies in the
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Figure 2.11: Angular mismatch in one element as a function of element size (radius = 400 mm)

manufacturing constraint of minimal radius, which rarely could go under 300 millimeters, reducing the
orientation error in meshes.

2.3. Manufacturing induced defects of AFP
Automated fiber placement offers several advantages, such as fiber steering in a tailored path, good
repeatability, fast lamination, and controlled quality to name a few. However, there are some manufac-
turing induced defects. Apart from the air pockets, foreign bodies, in-plane fiber waviness, and tow/ply
defects, which also appear in other manufacturing cases, there are some that are typical for this type
of method. These are summarized by the work of Heinecke and Willberg [59], notable ones include:

• Tow Gaps: Terminating of a tow placement is done automatically by an AFP head mounted onto
a gantry or a robotic arm. The head, however, can only cut the tow perpendicular to the fiber
direction, leaving a clean cut. Though this may be faster for manufacturing, it leads to gaps in
certain smaller areas. Such an area appears where there is an orientation shift between zones
(Figure 2.12 right) or when curves are shifted by a translational value, while the orientations
remain the same in the translating direction (Figure 2.12 left). Henceforth, the former will be
referred to as triangular gaps, the latter as translational gaps. Multilayered laminates exhibit
waviness in the out-of-plane direction as a result of these gaps and overlaps. Overall, the defect
induces stress concentrations and lowers strength.

Figure 2.12: Translational gaps and triangular gaps occurring with AFP manufacturing technologies
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• Tow Overlaps: The fundamental reason for overlaps is the same as with gaps, the tow can not
be cut in angles, but this time the tow has overrun the edges, thus covering all of the areas. This
method induces out-of-plane waviness, just like the gap version, and under the overarching tow,
a resin-rich pocket, essentially a wedge is formed. This also results in stress concentrations,
lowering strength. Typical overlaps are presented on Figure 2.13.

Figure 2.13: Translational overlaps and triangular overlaps occurring with AFP manufacturing technologies

• Twisted tows: As the laminating head moves around, the tow can be twisted throughout the
motion path if it is not accounted for. More typical for fiber steering parts. The manufacturing
error leaves gaps and waviness at the defect location.

These defects lower the load-bearing capabilities of VS structures, which in the strict field of the
aerospace industry, must be accounted for. More accurate strength characterization of such defects
improves safety and/or reduces the over-conservatism in future structures, making it more efficient.
Therefore the goal of this thesis is to characterize manufacturing-induced defects in AFPmanufacturing
methods. To quote the prominent researchers in the field, Lopes et al. [60] stated:

”The knowledge about the fiber-steered configurations that lead to the highest first-ply failure loads
is still rather limited. Furthermore, the full details about the mechanisms that lead to failure of variable-
stiffness panels are not known yet, particularly the influence of local effects resulting from the manu-
facturing of these composites.” (p.1761)

Since this quote (2010), there has been newer research in the area, which will be covered and
discussed in the next section. Since not all problems can be fixed in a single work, it is chosen to
first focus on gaps, for two reasons. On one hand, because the tow overlap case bears much more
complexity in 3D space, suggesting it should be a second step after a well-founded first step. On the
other hand, gaps are reported to have a more severe effect, opposite to the overlap case where the
value can even be increased with the additional material [61, 62] for both strength and stiffness.

2.4. Strength characterization of gaps
The remainder of the literature study focuses on the AFP induced gap characterization with respect to
the strength of the structure. This includes the summaries and discussions of significant publications
in literature until this point, in chronological order.

The work of Blom et al. [63] from 2009 presents a shell FEM simulation for a variable stiffness
panel under compression, which panel contains gaps due to translational method for simultaneous
and parallel tow lamination. After deriving a function to determine the location of triangular gaps in
space, panels were loaded in compression, with buckling prevented artificially with constraints. The
authors themselves reflect on this choice, saying in reality, buckling can not be suppressed for such
thin laminates. Thus, future studies should focus on tensile loading or it should include buckling phe-
nomenon. The simulation featured a self-developed material model for progressive damage modeling.
Failure criteria in use was LaRC04, delamination was not dealt with. The gradual failure was simulated
with a Continuum Damage Model (CDM). Staggering the defects in space (preventing the pile-up of
defects on top of each other by shifting tow drop areas on the plane of the laminate) was investigated,
and proven to be beneficial in terms of strength, even for this lower fidelity model. Gradual failure
propagated from the defects, proving the importance of the subject. Increased tow drop percentage
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resulted in increased strength reduction, which was between 5%-15% for various VS layups. The FEM
tool doesn’t calculate with edge effects or resin-rich pockets, which raises questions about the accu-
racy of the outcomes. The large size of the analyzed panel makes it possible to have large orientation
differences and provides a realistic case with gaps and lower-level gap interaction.

Croft et al. [62] did a comprehensive test on the gap, overlap, half gap/overlap, and twisted tow
effects on both lamina and laminate scale. Testing was carried out according to ASTM standards on
tension, compression, and in-plane shear, with the addition of open-hole tension and compression
specimens. This means all specimens were developed for straight fiber laminates. The defects were
one tow wide (around 3 millimeters - which is a really thin tow width) and two tows thick. Their justifica-
tion for this choice is to capture the variability between defects, since, quote, ”it is assumed that one tow
defect generates a small effect on a structure because usually, the material used in the AFP process is
thin and tough” (p.485). Following the statement, the author of the thesis questions the validity of any
drawn consequences for real-life applications. Further deviating from VS laminates, the defects were
enclosed in a straight fiber, symmetric, and balanced laminate. The tensile test showed little differ-
ence when compared to the baseline (pristine condition laminate) tests. Compression tests presented
a larger scatter, and no difference between defects, except for the overlap case, which, through the
increased thickness, stood out from the rest. In-plane shear tests exhibited a larger scatter, showing
stronger variation with defects. The defects ran to the edges of all coupons, meaning free-edge effect
probably influenced the measurements. The overall conclusion from the authors was that defects show
negligible effect on strength. Considering the following publications, it is a controversial statement.

Falcó et al. [64] carried out tensile tests for un-notched and open-hole specimens containing tri-
angular gaps or overlaps. The specimens were simple rectangular coupon types, with lengths of 310
millimeters and a width of 32 millimeters (see Figure 2.14). Upon investigating the maximum tow-angle
mismatch between zones in VS panels, the critical angle was found to be 13◦. The specimens had
straight fibers, with the reasoning that in this small specimen size, the orientation variance is negligi-
ble. In the middle of the specimen, the triangular gaps or overlaps were placed between 51◦ and 39◦
zones, backed up by quasi-isotropic (QI) plies on each side of the laminate. The zone orientation dif-
ference is the derived critical/maximum angle difference. In one batch of specimens, the defects were
placed on top of each other, while a third batch featured staggering of the gaps. The testing featured
microscopic investigation and uniaxial tensile test with Digital Image Correlation (DIC). The DIC images
showed good insight into the main tendencies of the damage mechanics and showed the anticipated
high concentration of strains in the defect vicinity. Strength reduction was 10.7% and 20.1% for over-
laps and gaps respectively, though staggering reduced this effect to 8.6%. Delamination was observed
in most cases, fiber pullout was also common. Interlaminar damage always occurred in the same pat-
tern, which was explained to be the result of the layup configuration. Although the work presents an
outstanding insight into the problem, the specimens’ representative nature to fiber-steered laminates
was somewhat limited since gaps were placed to the edge of the coupons. DIC data also shows the
large concentration of loads at the edges, rather than the inner points. Moreover, excessive delamina-
tion was proven by the edge photographs. This possibly led to an influence on the results, as in reality,
these gaps are usually not facing any free edges on the laminate level.

Lan et al. [65] studied the influence of a caul plate on the mechanical performance of laminates
with defects through experimental work. Caul plates are used to squeeze the laminate opposite to the
tooling side. Instead of a vacuum bag, which exerts more local forces and worse surface roughness,
a caul plate presses the laminate to have a uniform thickness over the whole product. One batch of
specimens had 5 transversal defects stacked on top of each other, while the other batch had defects
in only one ply. The defect types were the same for one specimen, including gaps with different sizes,
and one overlap. Notable, the authors admit the five defects stacked together are highly unlikely in real
life. As one anticipates, the gaps stacked onto each other result in a much thinner local cross-section,
mainly consisting of the adjacent 0◦ plies and some resin pockets. In the case of one defect, the thick-
ness reduction is less pronounced. Upon tensile loading of the multi-defect specimens, thanks to the
mainly zero local layups, the apparent strength and stiffness increase in the defect area, but overall,
the total specimen load-bearing capability is significantly reduced (by around 30% in most cases). This
phenomenon is greatly alleviated by the use of a caul plate, thanks to the enforced global uniform thick-
ness, and no fiber waviness. For one-layer defects, the deviations from the pristine condition specimen
are negligible. The specimens were pretty small coupon types with larger defects, and cross-ply layups,
which might not represent the fiber-steered structures well. A similar study was performed by the same
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Figure 2.14: Specimen of Falcó et al. [64], with defect and layup visualized

group one year later [66], which presents more nice, realistic (one-layer defects in multidirectional lam-
inates) cross-sectional images. Those images represent more common views of the problem and are
represented on Figure 2.15.

The mentioned follow-up [66] of the authors includes in-plane shear loading (tensile loading on 45◦
rotated laminates), and compression loading (on cross-ply specimens). Two defects were stacked
upon each other in the middle of the layups, reasoned to have a more articulated effect. Noteworthy,
for the ±45◦ laminates, is the mentioned stacking of the defects results in a cross-shape, as opposed
to the double transversal gaps with rectangular shapes. The occurrence of gaps in this configuration
can be observed in real fiber steered laminates. For the mentioned laminates, extensive delamination
was observed for all cases. Local stiffness reduction was 5-10%, while for strength the magnitude
was 15% without the caul plate. In the case of the compression test, the defects were placed on both
sides of the laminate, and in all four plies respectively. This is again, a massive difference from real-life
laminates. The exaggerated nature is adressed by the authors, claiming that extreme cases result
in more pronounced effects. In the middle of the specimens, 0◦ plies were placed (27% of the total
number of plies), which could govern the whole response, based on the large modulus and strength
difference. For overlaps, local modulus and strength were reduced significantly (for strength, it was
55%). Small gaps performed the same way as the reference specimen, thanks to the healing through
curing - under pressure, these gaps are eliminated even without the use of a caul plate. Larger gaps
induced a 12% drop in local strength values. Overall, shear tests presented a representative, smaller
impact on performance, while compression test results are rather questionable. If thickness increases
with doubling the local number of 90◦ plies resulting in half of the apparent strength, the response
might be governed by the inner 0◦ plies after all. Caul plates damped the effects for both compression
and shear tests, an effect also observed in the authors’ previous work for tensile cases. To further
discuss the work, local stresses are heavily impacted by thickness variations, and they do not give a
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Figure 2.15: Usual cross-section of gaps (left) and overlaps (right) without (top) and with (bottom) caul plates [66]

clear conclusion about the whole system. In other words, the total specimen load-bearing capability,
included in the previous tensile work, conveys more information for structural-level application than the
mentioned local stresses.

Heinecke et al. [67] took a similar approach to Croft et al. [62], namely, with the use of coupon
specimens containing transversal gaps or longitudinal gaps. One major difference is Heinecke et al.
used numerical modeling instead of measurements. The other difference is in connection with the gaps,
in detail, they used small longitudinal line defects in combination with small transversal gaps, resulting
in a grid-like pattern. This type of specimen was simulated next to simple transversal wide-gap ones.
Their ”virtual test” simulation features a progressive damage model and a cohesive zone approach to
account for both ply and interply failure. Gaps are divided into two groups, a long wide gap (larger than
10% of a tow width) and a long narrow gap (smaller gaps than 10% tow width). A debatable aspect
in this instance is the usage of resin-filled gaps as a rectangular cross-section. In real tow gaps, the
plies are squeezed under several bars of pressure, pressing the plies adjacent to the gaps together.
Such a real gap is represented on Figure 2.15 (top left). If a caul plate is used, the approach could
be seen as a good approximation (Figure 2.15 bottom left). However, in AFP parts, using a second
tool to sandwich the laminate under curing is rare. The smaller gaps (less than 1 mm) in the case
of the grid pattern also could be argued to be nonexistent in laminates after the curing process. The
material damage model and cohesive zone model used is a similar approach to Blom et al. [63]. The
long narrow gaps introduced larger knockdown (10-20%), than the long wide gaps (10%), however, the
authors mention their uncertainty of the former outcome inherited by questionable input values (such as
the interface stiffness for cohesive zones). Overlaps were also reported to introduce a 20% knockdown.
Altogether, the weaker points of the article are the gap modeling, lack of out-of-plane ply waviness, and
gap locations.

The experimental work of Falcó et al. [64] was discussed to be a great insight into the triangular
gap problem. Their subsequent work [68] created a meso-scale, high-fidelity FEM simulation, which
was validated by their previous experimental work. Their X-ray computer tomography (XCT) scans
exceptionally present the triangular gaps with resin-rich pockets (wedges) and fiber waviness, in real
form (Figure 2.16). Their model does not account for out-of-plane waviness nor tow thickness variations,
which eventually proved to be acceptable assumptions based on the outcomes. The finite element
model featured a continuum damage model for the plies, and a cohesive zone model to account for
delamination between layers. The triangular gaps were treated as ”resin wedges”, homogeneous,
isotropic solid material with plasticity and damage model. The magnitude of complexity is reflected by
the five-hour computing time, on a cutting-edge workstation.

The results are impressive, to say the least. The un-notched simulation was observed to deviate
8% from the experimental baseline value and is well within the experimental scatter. The same applies
to the more important case of specimen with gap configuration, where 6% was the deviation. For
open-hole specimens, the respective values were 2.8% and 7.2%. Moreover, the tool captured minor
tendencies, like matrix cracks and their locations, even the delamination from the mentioned damage.
Just as with the experiments, the failure was initiated at free edges, hypothesized by the author of the
thesis to be an influence of the specimen design to a certain degree. The final failure for the whole cross-
section was observed to happen at the defect boundary. In the simulation case, the strength knockdown
was in the order of 20% for un-notched specimens, agreeing with the experimental outcome. Since the
out-of-plane waviness was neglected, the resin-filled gap area was 60% larger, however, the accuracy
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Figure 2.16: XCT imaging of triangular gaps [68]

suggests this approach is acceptable, especially considering the efforts spared in modeling. The au-
thors also reflect on the mentioned argument on specimen design, quote [68]: ”the physical/virtual
coupon testing approach show limitations in the analysis of the influence of the tow-drops on laminate
response, despite the fact that the coupons are representative of a sub-domain of a large variable-
stiffness plate. This is because the specimens free edges also influence the damage mechanisms,
mainly delamination, and the influence of the defects is not isolated completely. Hence, future analy-
ses on VSP should take into account the occurrence of delamination without the influence of outside
conditions.” (p.70.).

Lucas et al. [69] took a different approach when they developed a novel method to determine the
strength and stiffness of VS panels based on a density functional. A base nonlinear FEA was enriched
to incorporate a density functional to account for manufacturing defects, all based on the local densities
being a mixture/function of tows and tow gaps. Their work needs more validation, preferably through
tests to draw any major consequence about the accuracy. This is noted by the authors too.

Woigk et al. [70] carried out extensive experimental work for symmetric, QI layups with embedded
defects. Load cases for small coupon specimens were tension and compression. Defect sizes were
2 mm wide, meaning the outcomes are more suitable to characterize misalignment during AFP man-
ufacturing than the gaps associated with fiber steering laminates. Every layer was doubled/blocked
together, to have a more pronounced effect, as done by others. Defects were placed in adjacent lay-
ers (through 3 orientations, altogether 6 nominal plies), though the QI layup oriented these defects in
a cross or star shape. Baseline (pristine) specimens showed the lowest tensile modulus, attributed
to manufacturing mistakes. Gaps had the highest modulus, which is not straightforward either. The
largest strength knockdown was observed for ”gaps and overlaps” specimens, namely 7.4%. Over-
laps were reported to be 3% stronger, while simple gaps and staggered gaps had negligible reductions.
Free edge delaminations were noted for all specimens, further reinforcing the hypothesized tendency of
small coupon tests influencing failure mode. For compressive specimens, the baseline batch exhibited
the lowest average strength, although displayed the highest compressive modulus also. Overlaps were
once again proven to be advantageous in compression, however, all defects proved to be somewhat
better than ”perfect” specimens. Therefore, drawing any conclusions is limited between defect types.
”Gaps and overlaps” had large variance, and had significantly lower values than any other batches.
Final failures were exclusively fiber breakages in the 0◦ plies.
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Guin et al. [71], based on their experience, found a 0.05” (1.27 mm) gap to be a conservative upper
value to represent tow to tow gaps in AFP laminates. Their work, as the previously discussed paper,
investigates periodically occurring gaps in the laminates, which for example, could come from incorrect
manufacturing setup. This gap size was reasoned to be the smallest gap that could be noticed by visual
inspection after lamination. The measurements featured usual tension, compression, and open-hole
compression, the former two were done according to the respective ASTM standards, and the latter
one was augmented to the standard un-notched ASTM compression test. Thus, the specimens were
standard coupon specimens, again with QI specimens. In tension tests, compared to baseline values,
gaps in 90◦ plies resulted in a roughly 4% increase in strength, while gaps in all plies showed a severe
23% loss. The compression test showed a similar tendency, but the 90◦ ply gap configuration this time
did not alter from the pristine condition, though the ones with gaps in all plies were weaker by 14%. In
all testing cases, stiffness values were affected less than strength values. The effects of gaps were
concluded to be inherited from the occurring fiber waviness at gap locations. The authors stated this
amount of gaps is unlikely to happen in an ordered fashion, rather these gaps should be incidental
mistakes in manufacturing. Therefore, in real applications, where the machine is set to correct values,
these occasional defects do not affect mechanical performance.

Del Rossi’s Master’s thesis [72] focuses on the so-called ”side-to-side gaps/overlaps”. This type
of defect occurs if one tow is locally misaligned, similar to a ”bus stop” shape. The defect leaves a
gap on one side, and an overlap on the opposite side of the placed tow. The author expresses the
inaccuracies of specimens in existing publications and proceeds to manufacture specimens with better
representation. The work features a discussion on free edge effects, and considering it for specimen
design - defect edges are a minimum of 6.4 mm away from free edges. The specimens feature a
QI layup, and it is a coupon-like geometry, though wider than usual. It is interesting to note that, the
specimens feature a woven fabric at laminate surfaces, and defects are placed in several configurations
for different specimen types. The offset of a defect (therefore a gap and overlap width) is 1.27 or 2.54
mm. Tensile test results show no significant effect, if defects are aligned with the load, otherwise, a
knockdown between 0 and 5% is observed on most specimens. Usual observations were excessive
delamination between the innermost plies. A FEM model was created with a progressive damage
model and geometric simplification, which could not capture tendencies accurately, relative differences
are around 5% for most cases. This would be a good accuracy in most cases, but since the testing
showed small knockdowns, the simulated knockdown could be twice the experimental one. The author
also mentions a refinement could be in order, to have a correlation between tendencies. From the same
university, Cadran’s Master’s thesis [73] features almost the same setup, but also has compression
tests. Here, the knockdowns go between 15-30%, which is significantly more than in the tensile case.
However, these were observed for specimens with numerous defects stacked upon each other.

Zenker et al. [74] did testing on carbon fiber composite, with thermoplastic matrix. The defect sizes
were 7.35 mm and 2.5 mm for gaps, and 7.35 mm and 1 mm for overlaps, which values were based on
aerospace requirements. The specimens had a 16-ply QI layup, where defects were introduced in two
plies, in several configurations. The publication follows the trend, it had a standard, narrow coupon
specimen, for both tensile and compression tests. The experimental work compared variothermal
pressing, autoclave, and isothermal stamping curing processes, which happened after an AFP lami-
nation. Here, only the autoclave results will be discussed, for the sake of uniformity with the previous
articles. Only long gaps were observed in the 90◦ layers and showed 16% and 25% strength reduction
for distributed and agglomerated defects respectively. The negative effect is more pronounced in com-
pression loading, with values reaching 33% and 23%. DIC images indicated a strain concentration in
the vicinity of the defects, as anticipated.

The work of Nguyen et al. [75] investigated the problem from the experimental side, with a similar
setup. Gaps were introduced in 0◦ and 90◦ plies in a QI stack-up, in different sizes from 0.8 mm (1/32”)
to 12.7 mm (1/2”). Therefore, this configuration also rather represents AFPmanufacturing inaccuracies,
rather than typical gaps from fiber-steered designs. Again, overlaps, gaps, and combinations were
tested for tension and compression. The stiffness and strength reductions were found to correlate with
gap sizes, as increasing the defect resulted in a larger reduction of mechanical performance. 0◦ gaps
were found to be the most severe case, as the load-bearing layer amount is smaller than in pristine
condition. Smaller gaps showed strength reductions between 0-20%, while extreme cases exhibited a
55% knockdown. For compression, the usual values were rather in the 30-40% range. As observed by
others, staggering defects were proven to be effective. Generally, for overlaps, an increase in strength
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due to additional material was noted.

Figure 2.17: High fidelity model to simulate tow gaps by Nguyen et al. [76]

A follow-up on this work by the authors [76] focused on developing a high-fidelity FEM model and
comparing it to the experimental data (see Figure 2.17). The material model was based on a multiscale
continuum damage and failure model (MCDM). The model is capable of capturing pre-peak nonlinear-
ity, failure initiation (through failure criteria), and post-peak degradation response. The implemented
failure criteria was a simple max stress, with the 3 principal directions in consideration. After failure
initiation, the crack band method (CBM) gradually degrades the stiffness properties of the anisotropic
element. Delamination was covered with cohesive contacts between plies. To accurately model gap
and overlap areas, microscopic cross-section images were processed manually, and through curve
fit interpolation, realistic layers were created in FEM software. Using 72 CPUs, the simulations were
reported to run for 2.5 hours, with 200 000 elements. The virtual tensile tests showed good agreement
with the experimental results. Several macroscopic failure processes, like splitting and delaminations
were captured. The loading curves showed correct initial stiffness, though, before the ultimate loads,
slight deviations were observed. In more detail, the experimental data had a mostly linear nature, while
the FEM results displayed a softening tendency at the latter stages of the test. For 1

2 ” gap size, the
model overpredicted the final load, while for 1

4 ” defect size, the tool calculated a slightly lower strength.
The error values for the steps from 1

16 ” to
1
2 ” for gap specimens were 0.2%, -3.4%, -5.5%, and 13%.

The same for overlap configuration was 3.1%, -11%, 0%, and -2.1%. Tendencies with defect sizes
were quite similar, considering the significant scatter for experimental data.

Böckl et al. [77] investigated tensile, flexural, and shear strength of AFP laminates containing gaps
and overlaps. A novelty in their work lies in the connection between strength results and measured
laminate quality by optical means. Again, standard QI (or ±45◦ for shear) specimens were used in
testing. which as discussed, is somewhat unrealistic for real-life applications. In order to capture
more pronounced effects, the plies are doubled in all directions, essentially forming layers with double
thickness. The reasoning for this is, quote: ”This stacking sequence was chosen in order to achieve
delamination dominated failure since the ply thickness has a substantial influence on the failure mode
of the material.” (Böckl et al. [77], p.5). Then, again, a step from the real-life scenario ends up in the
characterization of a quite extreme case. The mentioned aspects are further worsened when the gaps
are introduced by either removing or adding a complete tape, moreover, these are aggregated in some
instances in four neighboring plies. This raises questions about the practicality of outcomes on the
industrial side. This was noted by the authors as well. A novel 3D scanner unit processed the laminate
topography through the AFP manufacturing process. Overall, the defects that affect one or two plies
were said to not lead to significant differences compared to the idealistic case, otherwise, aggregated
gaps introduced 12% and 20% strength decrease in tension. In bending, these values changed to 11%
and 29%, while overlaps enhanced the performance. The same tendency, although on a smaller case,
was experienced in shear testing, where gaps presented a 5% reduction, contrary to the increase of 6%
with overlaps. Defect volume, obtained from the laminate scanning showed correlation with strength
reductions.

To end the scientific work in the field of gap strength characterization, the recent (2023) work of
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Figure 2.18: Representation of distributed loads acting on free edge to create homogeneous stress field in gap area[78]

Suemasu et al. [78] is considered. His work joins the line of coupon specimen publications consisting of
QI laminates. This work differs in that the gap locations are introduced in the +45◦ and -45◦ plies. The
gaps had different configurations for specimens, depending on where the defects lay in the specimen
plane. In case a specimen had defects that did not have an overlapping zone, or in other words, were
further apart, mechanical performance was close to a pristine condition specimen. If the linear defects
met at the free edge, or in the case where gaps were running parallel, the strength reduction was the
largest, namely 16.6%. In other words, the interaction of defects is detected. The authors discuss
the loading case and its relation with a gap under a homogeneous stress field. It is noted, under an
application environment, gaps do not face free edges, and are under a complex stress state, assumed
to be homogeneous along the area (see Figure 2.18). Following this thought, the authors derive the
expression for a stress field for the gap’s free edges, which satisfies the mentioned homogeneous field
across the whole of the defect. Using a FEM simulation with solid elements, it has been proven that
defects along free edges suffer under substantial stress peaks. This naturally starts failure sooner
than enclosed defects in general. The simulated stress increments are plotted on a graph, presented
on Figure 2.19 (left). The notation (right side of same figure) is as follows: a - half gap length, x
- axial direction of the specimen, b - tapering of one layer in the out-of-plane direction, ∆σx stress
increase, σ0 applied far-field stress. The authors mention a conclusion regarding the specimen size,
quote [78]: ”...the effect of the size of the specimens must be determined carefully so that the defects
are represented suitably in the measurement of properties.”.

Figure 2.19: Normalized stress increase along normalized gap position, and notation system diagram [78]
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2.5. Summary of Literature Study
The chapter introduced the twomain fracture mechanics approaches suitable to model delaminations in
composite laminates. These were the Strain Energy Release Approach and the Strength of Materials
Approach. Both were discussed to be dependent on layer orientation mismatch, crack propagation
direction, loading mode, and material parameters amongst others. Dependencies between variables
are unclear as there is no agreement between scientific results. The case is worsened as measuring a
pure mode value is virtually impossible. The last, and probably the largest hurdle in solving this problem
is the frequent crack-jumping between interfaces, through plies. This means, in reality, the failure
process could happen at a completely different spatial location with a different environment, compared
to the initially predicted scenario. Thus, the remainder of the research excludes delamination concerns
for strength characterization. The existing ply failure criterion, however, seems to be a well-established
way suitable for analyzing fiber-steered laminates too. The chapter also presents the most common
defects of the automated fiber placement manufacturing method. Since the Master’s thesis is limited
in time, the research is focused on the tow gap defects, as this seems to have a larger negative impact
on laminate performance. This thought is confirmed by the state-of-the-art research done in the field
of gap and overlap characterization, making up the last part of the literature study. The publications
and the author of the thesis discussed a way to enhance the characterization of the mentioned defects.
Based on these observations, the next chapters present an improved methodology to solve the main
research problem.

Research questions
The following research questions are wished to be answered during the thesis work.

Main question: Assuming that gaps are manufacturing features that drive the properties being
characterized, how can the effects of gaps be generally characterized?

Subquestions:

1. What are the requirements for a specimen to realistically represent fiber-steered structures?
2. What is an optimal design for an AFP specimen, based on the requirements discussed?
3. How can a specimen like this be modeled?
4. What are the observations in real-life tests? How does the model correlate with test data?



3
Specimen requirements

In the literature study chapter, some debatable aspects were discussed regarding the specimens used
in the state-of-the-art research. To name a few, these were specimen size, gaps at free edges, and
unrealistic defects. This section elaborates further on the requirements for a specimen that could offer
enhanced characterization with respect to gaps in fiber-steered laminates. The main points of these
requirements are:

• Sample size and layout
• Loading condition and stress state
• Specimen lay-up
• Manufacturing method
• Realistic defects
• Failure mode
• Test output

3.1. Sample size and layout
The ’testing pyramid’ (Figure 3.1) is a well-known concept amongst developers and researchers in
the areas of structures and airworthiness [79]. It represents the levels of testing ordered according to
complexity and gained structural information. The lowest level in is the coupon level. These kinds of
simple specimens are commonly used in both academic research and industrial work and serve as the
founding stone of material characterization. The research on fiber steering and/or AFP defects is still at
an early stage. This should be the reason why we only find simple coupon specimens in the research
topic - it always serves as a first and easy step. The main advantages of these tests are the ease of
use, lower costs, higher number of samples, and good repeatability. It is mainly used at the macro level
and for the measurement of material properties and material models.

The second level of the pyramid is the element level. On the element level, smaller components or
assemblies are tested, like a bolted joint or a stringer in itself. Thus, after the material characterization
step, element-specific features can be added as a matter of influence on the results. An example of
this can be the effects of bolts or element manufacturing specific features, like composite draping in a
part. Draping is the distortion process of composite fabric architecture over curves. E.g., the phonemon
happens when a plain weave cloth, with an original 90◦ angle between fibers, distorts to sharper angles
to take up a complex geometry. This example nicely presents the difference between the mentioned
levels of testing - the draping phenomenon is element-specific, and simple rectangular coupons cannot
predict the performance knockdown caused by the jump in complexity.

Probably the main questionable point about the state of the art is the usage of coupon-level speci-
mens [62, 64–67, 70–74, 77, 78, 80]. Even some of the authors discussed themselves that an element
level testing should be in order [68, 78]. The author of this thesis believes that gaps are not material, but
structural features. One can see it as a joining method of the base material in some way. This means,
there is a need to step forward from a small coupon specimen, as it restricts the scientific exploitation of

24
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gap effects. This is the major conclusion from the literature study and the most important requirement
out of all.

Above element testing, there are detail and sub-component level testings. An example of these tests
could be a stiffened panel buckling test. These samples consist of several individual parts that are joined
representative of the final structure, and the testing usually carries out a larger number of information,
and even more useful ones in the context of the final structure. Component and full structure testing
lies at the top of the testing pyramid. These tests are usually certification tests, which are presented to
aviation authorities like the FAA (Federal Aviation Administration, the governing authority of the U.S.) or
EASA (European Union Aviation Safety Agency, the European counterpart). The costs of these tests
are immense, and usually, all the lower-level tests are needed to efficiently and successfully design a
feasible structure passing the top-tier test.

Figure 3.1: Testing pyramid - ordered representation of structural tests [79]

As Figure 3.1 shows, the lower one or two levels are usually generic specimens, while all higher-
level tests, which contain structural features, are augmented to the ultimate design objective. Next to
this observation, we can also state the complexity and value of output increases towards the top of
the pyramid. Complexity here is a general term with several aspects. The first aspect discussed here
shall be size. The coupon size problem has already been discussed. On the other end of the scale,
with increasing size, the complexity in general increases. Larger structures require special or stronger
testing equipment. The Delft Aerospace Structures and Materials Laboratory (DASML) has universal
testing machines with maximum force loads of 10, 20, 60, 250, and 3500 kN. While the former three
have large limitations in terms of element specimen size - as specimen size is in direct correlation with
ultimate load - the latter machine is exponentially more expensive and time-consuming to test on. The
250 kN was chosen to be a limit for this research, but it must be noted that subsequent research in
the area could exploit some higher-quality feedback on structural performance if larger machines were
used. The 250 kN limit also tends to be a guideline to stay on element-level testing, and not go further
into details or sub-components level.

The reactions of materials to gaps should be different, just as strength values also differ between
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one material to the other. This should also be one reason for different knockdowns experienced in
literature. Thus, knockdowns should be characterized for every material in use preferably. This way,
just using one figure from literature could lead either to over-conservativism or to a sacrifice of safety
in order to cut down costs. A complete characterization of a material has a significant cost, which
could be reduced through smaller specimens. Therefore, size is also important in the economics of the
research.

Closely connected to this is the manufacturing and handling of the element. Larger specimens
impose troubles with manufacturing, as in general, preprocessing a large specimen could require larger
machines, such as a larger autoclave or a large gantry CNC machine for trimming. Testing methods,
similarly, might inherit problems, take a load introduction as an example. Introducing loads to a coupon
specimen is already somewhat challenging since failure at the clamping region is a known and common
phenomenon. Through the installation procedure, just one small hit is enough for a panel to initiate a
delamination. Using this thought, a more complex part is more vulnerable to external effects.

Sample layout is also a topic to cover. This concept is more connected to the real-life usage of
fiber steering for structures. Suemasu et al. [78] already raised awareness towards the influence
of free edges in gap characterization. Free edges for composite laminates bear the so-called ’edge
effect’, inherited from the anisotropic nature. For a short distance near edges, interlaminar stresses
develop to significant magnitudes. This means, that at edges, failure (especially delamination) can be
initiated even when far-field stresses are under failure limits. For smaller coupon specimens, this zone,
though usually under the millimeter scale, is believed to be too large on a relative scale. The results
are believed to be influenced over the acceptable limit, as Falcó et al. [68] summarized in their already
discussed work (see chapter 2). Overall structures should also bear this type of phenomenon, however,
the sheer size of structures could dampen the effects. Nevertheless, the inclusion or omission of the
dampened edge effects on the element level is not entirely intuitive. This shall be put into context using
tailored laminates already published.

3.1.1. Case study - business jet fuselage section
Samuel IJsselmuiden [81] elaborated on the optimization of variable stiffness composite structures in
his PhD research. His work also featured a case study on a business jet window-belt section (Figure 3.2,
left). Windows in aircraft represent a common cutout in fuselage sections, although there are larger
(passenger exits or service doors) and smaller (general holes for part attachments) instances as well.
All discontinuities force structural problems onto the engineers, as these act as weak points and must
be dealt with with more care. The optimization was carried out on a representative specimen geometry.
The specimen’s overall dimensions were developed by Dassault Aviation, which included a central
hole representing the window, and a waisted shape (Figure 3.2, right). This waist shape was tailored
in such a way as to mimic the effect of neighboring windows, thus obtaining a representative stress
field. The panel should be loaded in tension, as the fuselages experience tensile membrane stresses
due to pressurization. The specimen geometry is a great representation of the sub-component level
specimens, as it has a simplification from the overall structure, but is designed to have enhanced
representation.

Through the optimization for strength and some other constraints (like manufacturability), the pre-
sented (Figure 3.2, right) fiber path was obtained. Compared to a QI layup, the load-bearing capability
was increased by more than 50%. The algorithm optimized a softer zone above and below the cutout
while increasing stiffness in the ligaments next to it. This aligns with the ’engineering common sense’
of load paths. The stiffer bands not only featured more axial fibers but also larger thicknesses/more
layers. Thus, we can say agglomeration of tows is more likely to happen away from cutouts. Gaps
develop where adjacent tows deviate from each other. This could be at sharper orientation changes.
The idea of gaps occurring more where there is a large variation in orientation - more gaps might be
observed in the soft zone, judging by the results. These two ideas are contradictory, where to inspect
gaps. Wherever they might be, a no-free edge specimen could characterize both stiff and soft zones,
solving the problem. Still, another question arises - is it more important to characterize at cutouts or
in the (edge-less) structure area? For the whole structure, researching gap effects without free edges
might be of slightly higher importance, as out of the two, that zone conveys the loads. Hence, it might
be more likely to initiate damage, but definitely impacts load carrying overall in a more critical way. This
is the reason why it is chosen as an emphasized requirement. Gaps at free edges are not an unjustified
area to research, if not encouraged, but at element-level testing or higher order, and recommended as
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Figure 3.2: Drawing of a Jet fuselage window section (left, from Dassault Aviation) and representative specimen with
optimized fiber paths visualized [81]

a further research topic. To summarize, extrapolating knockdowns for both free edge and edge-less
areas with the small coupon specimens should fall short of satisfactory accuracy. On element-level
testing, edge-less specimens are thought to be of higher importance and, therefore chosen for the
thesis research. Nevertheless, subsequent work is encouraged to open up for edge effect, mimicking
cutout areas.

3.2. Loading condition and stress state
Loading the tows and tow gaps is also an important aspect. To go deeper into this, the basics of
Classical/Composite Laminate Theory (CLT) must be mentioned briefly (following [2]). For referencing
the calculations, we distinguish local and global coordinate systems, noted with 1, 2, 3 and with x, y, z
respectively. The global coordinate system can be arbitrarily chosen, the local coordinate system,
however, varies for every ply. The local system for a ply aligns axis ’1’ with the fiber direction and axis
’2’ aligns with the transverse direction. Note, that axes ’z’ and ’3’ coincide, as both mark the ’thickness’
or ’out-of-plane’ direction. The angle mismatch between axis ’x’ and ’1’ is the ply orientation angle,
denoted by θ. The coordinate system convention is represented on Figure 3.3 (left).

Figure 3.3: Composite Laminate theory coordinate systems convention (left), and CLT loads acting on an arbitrary plate (right)

A composite ply and a laminate built up by these plies are both isotropic, as discussed previously,
meaning that in every direction, the responses are different. These responses are characterized by
the respective engineering constants, like Ei modulus, Gi shear modulus, or νij Poisson ratio. The
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responses can be described by stresses or strains, these are:

[σx, σy, σz, τxy, τxz, τyz]

[ϵx, ϵy, ϵz, γxy, γxz, γyz]

Amongst composite laminates, thin shells are dominant, which means usually the thickness of the
laminates is much smaller than the other two dimensions. This implies that the out-of-plane stresses
are neglectable compared to the in-plane stresses:

σz ≈ τxz ≈ τyz ≈ 0

Leaving the dominant stresses and strains to be the respective three:

[σx, σy, τxy]

[ϵx, ϵy, γxy]

The expressions are defined in global coordinates, but the same values and neglections are appli-
cable to the local systems, for each ply respectively. Therefore, one ply in an arbitrarily loaded laminate
suffers under the following stresses:

[σ1, σ2, τ12]

These stresses not only depend on the loading condition but also on the ply orientation and ply
position in the laminate amongst other parameters. A question may arise about what stress state a gap
’sees’, or what stress should it be described with in characterization. The answer is up to interpretation.
In this research, the gap state is referred to as the stress state of the adjacent tows, or in other words,
the stress state of defining tows. This can also be put into perspective through the relevant work of
Fayazbakhsh et al. [82], namely the ’defect layer method’. Their work is based on modified stiffness
and thickness properties of a FEM element, which modification is applied through a knockdown. The
knockdown is based on the gap area within one element area. This way, the mesh does not need to be
refined to capture a complete gap or overlap, it could remain relatively coarse. The element knockdown
process proved to be accurate in a subsequent work (Ghayour et al. [83]) when it was compared to the
experimental work of Nguyen et al. [75]. Consequently, the layer nature of the gaps is also an aspect
to look at the problem.

A gap/tow, therefore, has 3 main ’variables’ for an arbitrary stress state (based on the commonly
used CLT). As one can imagine, these three variables exponentially increase the required amount of
testing, as most of the combinations of loads should be inspected for gap response. This amount of
testing and design work requires an extensive amount of resources, which forced the scope of the
present thesis to pre-define one fixed direction. Gaps running parallel to the load mean the gaps are in
a fiber-loaded state. In this state, gaps reduce the amount of fiber participating in the structure, leaving
a large impact, when normalized to a full layer (see Nguyen et al. [75]). However, when one normalizes
to amount of material added - which might be a ’more aerospace’ conception - it is hypothesized to have
less impact, than in off-axis cases. Some might even go with no impact at all, considering two cases -
one nominal ply with gaps and one no-gap layer with the same amount of fibers as the first case, just
with a smaller thickness. A fiber-dominated failure must fracture the same amount of fibers in both
cases, implying sensitivity concerning weight normalization, and insensitivity concerning cross-section
normalization. Thus, the axial knockdown is hypothesized to be easily predictable using the thought of
reduced amount of fibers or density.

Contrarily to the mentioned, for all other load cases, the matrix plays a significant role, even though it
is not the major load-bearing element in the system. As seen in the Literature Study chapter (chapter 2),
translation or triangular gaps often become resin-rich pockets after the curing step of the manufacturing
process. These gaps, to put it differently, are discontinuities in reinforcing fibers, which impose the
great task of transferring high loads onto the weaker matrix. As a conclusion, it is hypothesized, that
the gap effect in laminates is matrix-dominated. As a result of the discussion, gap knockdowns should
be dependent on both added fiber weight and also cross-section or distribution of fibers. All in all, an
axial case should only contain a significant σ1 component. The problem with a 90◦ gap is analogous,
only having a significant σ2 state. Considering all of the mentioned thoughts, arbitrarily a 45◦ gap
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Figure 3.4: Modified Arcan fixture developed by Laux [84]

angle is chosen as a first step in a future full-sweep study. This state is well-representative of matrix
sub-component participation, as it has significant σ1, σ2 and τ12 as well.

To give an outline to further research, multidirectional loading can be achieved through a so-called
Arcan fixture. Figure 3.4 presents a modified version of it, designed by Laux [84]. By changing the load-
ing holes of the fixture, a universal tensile tester machine could introduce pure tension, compression,
tension-shear, or compression-shear load state. The presented figure explains the different load cases
with their corresponding loading holes. With this device, a deeper understanding could be achieved in
the topic.

Next to the stress state, its distribution is also a key aspect. Homogeneous loading is strongly
desired across the specimen, giving all tows equal environments and states. However, this is only
restricted to the gauge section. For example, ideally, the grip section should be less loaded, see the
subsequent chapter on failure mode. If the area of characterization suffers under inhomogeneous
loading, the characterization could lead to biased results and misleading consequences.

An arbitrary laminate could be loaded in multiple ways, as represented on Figure 3.3 (right). For the
thesis research, in our case, a simple tensile test will be presented. This load case is representative
of fuselage skins, or lower skins of aircraft wings to name a few. The reason behind it is simplicity,
as in compression, buckling is predominant for thin composite shells. The well-known structural phe-
nomenon complicates matters further, as post-buckling failure is still a developing area of research.

3.3. Specimen Lay-up
The specimen layup was observed to be a detail of conception - different researchers used different
layups, which does not help in finding a clear tendency. Hence, a discussion of representative laminate
is in order. The variables are total thickness and ply orientations, which shall be discussed in the
subsequent paragraphs.

Total thickness can be approached by two sides - one is the representative structural number and
the other is the handling minimum for the specimen. Structurally, a fuselage section was mentioned,
as the tensile loading can be representative of that. Following this concept, a representative thickness
of a fuselage should be sampled. Manufacturers try to hide the parameters of their products to counter
industrial espionage. The (non-scientific) article of Werfelman [85] on a Boeing 757 rapid decompres-
sion accident contains a value for its aluminium skin thickness, namely 0.99 millimeters. This type of
aircraft can be a good baseline, as with a passenger capacity of around 250, it sits in the mid-range of
airliners. An important parameter is the mentioned workhorse of the aerospace industry - aluminium.
For composites, an equivalent thickness is somewhat larger, as a laminate should contain several di-
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rections so as not to be vulnerable to premature matrix failures in secondary loading. This reduces the
overall advantage of large stiffness in the axial direction (usually around 135 GPa) compared to the
isotropic counterpart (70 GPa). The consequence here is that the laminate should have at least 1-1.25
millimeters of overall thickness, in order to be representative of common structural laminates.

From the handling side, a sub 1 mm laminate also bears some difficulty. Those laminates are so
thin, that during handling, the probability of pre-testing damage is thought to be significantly higher. On
the other side of the scale, above 2 millimeters, the loads are linearly increasing. This limits a specimen
width through the maximum capacity of the tensile testing machine to be used. Maximizing width should
be a design objective, as the information gained is increased with specimen width (see. subsequent
sections). A solid feedback on the thoughts comes from the ISO standard for the determination of
tensile properties of unidirectional FRP composites (ISO 527-5:1997 [86]). The standard determines
two types of specimens, one with 1 millimeters of thickness, and one with 2 millimeters.

Orientation-wise, quasi-isotropic layups were used on a larger scale in the state-of-the-art research.
The author of the thesis discusses this to be un-representative of real-life fiber steering applications.
A well-designed fiber steered/variable stiffness structure has all kinds of layups but a QI one. The
workflow of a variable stiffness design starts with a numerical optimization, which outputs intricate
spline trajectories for every layer. One such case is presented on Figure 3.5.

Figure 3.5: Original plate dimension and optimized trajectories for the layer from the work of Khani et al. [87]

The shown work of Khani et al. [87] conveyed a solution for a panel with a central hole under
uniaxial tension. The total laminate consisted of 16 plies, assembled from 4 types of layer paths. As
a whole, the laminate was governed to be balanced and symmetric over the domain. Judging by the
output paths, we can state that an optimal design features pronounced anisotropy in all areas, a feature
inherited from the complete exploitation of axial stiffnesses. To rephrase it, quasi-isotropic laminates
oppose an optimal layup. Therefore, a representative variable stiffness specimen should feature strong
anisotropy, which aligns with the previously discussed idea of investigating at primary load path (3.1).

Some additional thought shall be added to the overall layup. Figure 3.3 (right) has presented the
CLT loads of an arbitrary laminate. The well-known ABD matrix connects these loads to the laminate
response of membrane strains and curvatures (latter marked with κ).
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The load for the tests, Nx, has already been determined. The Nx in-plane load is connected to the
deformations through elements of the A and B (sub-) matrices. The previous connects the in-plane
loads and responses, while the latter matrix connects in-plane and out-of-plane parameters. Out-of-
plane deformations are of no use for the characterizations, even contributing to uneven loading of the
specimen. Symmetric laminates have all zero B matrices, therefore this kind of stack-up is desired.
Furthermore, A16 (and A26) term connects the axial loading to an in-plane shear response. This is also
a coupling to be avoided, as it takes another step away from a homogeneous state. This is achievable
with balanced laminates, meaning for every (θ) orientation angle, there is a (−θ) ply in the laminate.
Altogether, ideally, the specimen therefore should feature a symmetric and balanced laminate.
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3.3.1. Failure mode hypothesis of variable stiffness laminates containing gaps
Here the main hypothesis of the present thesis is formulated, regarding the failure process of variable
stiffness laminates containing gaps. The failure process of a QI laminate is used as a reference case,
as it features several distinctly different orientations. The known damage onset and gradual failure of
such laminates provide an insightful thought between orientations and failure events for any arbitrary
laminate. The work of Sánchez-Heres provides a nice insight into the problem [88], and Figure 3.6
aids the understanding. A QI specimen’s fracture surface might lead some to think that the damage is
due to initial fiber breakages, followed by matrix failure. This faulty idea could come from the fact that
matrix materials could take up significant strains through deformations, and global strains are uniform
in the laminate. In reality, the poor matrix strength is the weaker chain, even though it is not the main
load-bearing component of the system.

Upon a tensile loading, the 90 ◦ plies develop transverse cracks, which process gets initiated at
higher loads for the 45 ◦ layers. The density of transverse failures increases and saturates during the
damage process. Thementioned fractures propagate and start to form delaminations between adjacent
layers. The final failure is fiber fracture but without the admirable support of other plies. Therefore, the
last ply failure is at the 0 ◦ plies. The main load-bearing plies’ failure is enhanced by the other off-axis
ply failures.

Following this concept, the failure progress of variable stiffness laminates is speculated to be ini-
tiated by the off-axis plies, with respect to principal load direction. This follows the previously stated
matrix-dominant nature of the gap strength knockdowns. The number of the off-axis plies in VSL is
assumed to be less than in a QI case; however, it is thought to initiate analogous events - transverse
cracks, saturation, coalescing of fractures into delamination, and then fiber failure. Merging this idea
with the question of the effect of gaps yields the hypothesis that gaps negatively affect the off-axis tows,
thus introducing a strength knockdown. Hence, the axial fiber dominant specimen should feature some
off-axis tows with gaps, where failure is expected from the effects of the defects.

Figure 3.6: Progressive failure process of QI layup [88]
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3.4. Manufacturing
Some of the state-of-the-art research featured specimens with a hand-lay-up method like the one of
Suemasu et al. [78]. The solution mitigates the need for a costly AFP machine, however, bears some
problems. The major one is the fact that tow positioning, and thus gap sizes and orientations are much
more controlled and accurate using a robotic arm than using manual labor.

Between tows, there might be some smaller gaps from the positioning of the robot, in the sub 1
millimeter range. These gaps are resin-filled, matrix-dominated areas, and significantly larger than
interfiber distances. These long and narrow slits could serve as a gateway to cracks between plies.
This could be investigated for a subsequent research study.

The importance of orientation was already presented. Therefore, it can be concluded that the usage
of actual AFP robots is desired for accuracy reasons. Since the matters to be characterized are, in real
life, manufactured in the mentioned way, it only makes sense to also use the same exact method, with
all of its features.

Exploitation of fiber steering has some limitations from the manufacturing side. The tows during
lamination are forced to deform to a given radius. An originally straight tow is essentially bent into a
radius. Using engineering sense, we can also feel that the inner side of a tow is under compression,
and the outer side is under tension. The problem is visualized on Figure 3.7. An inherited limitation is
the minimum feasible radius. Under small radii, tows can either develop wrinkles on the compressed
side or can flip off starting from the tensioned side.

Figure 3.7: Tow placing with forced deformation for steering [81]

Residual stresses are inherent features of composite laminates [89]. During curing, the anisotropy
and coefficients of thermal expansions (CTE) cause the phenomena. If not dealt with properly, the
final parts can develop warping and other troubling features. In a macro state, the compression and
tension of tows might influence performance, probably in the crack propagation direction of the interply
media. This could be either compressive or tensile states, as a result, it can both help or mitigate
delamination respectively. A specimen with fiber steering could incorporate this phenomenon. This
could be an additional variable of influence, but at the same time, could be a pronounced feature in real-
life applications. Usually, a minimum radius is the range of 0.4...1 meter for thermoset applications [90],
as a consequence, steered fibers will have less deviation in element-level coupons when compared
to straight fiber applications. This research will not focus on this macromechanical concept, but the
steering of fibers is not excluded if significant advancements are offered by the concept.

3.5. Realistic defects
Strong comments were made on research works [65, 67, 70, 77] conglomerating several defects to
have more pronounced effects. In a realistic case, two or more gaps are staggered to alleviate strength
knockdowns and large thickness differences. This is especially true for gaps that run parallel. If two
gaps are not aligned, a single point will feature a doubled amount of defects. However, with more
nonparallel gaps, further agglomeration can be avoided through offsets. Although this being said, ap-
plications should vary in all kinds of defect configurations, choosing a representative one is not easy.
To counter this, a different approach is used, following a ’best case scenario’. In this research, one, or
two layers with gaps will be introduced, with no severe defect agglomeration. The latter is allowed if
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needed for the symmetric and balanced layup configuration.
The output results, are considered to be conservative in raising awareness to the minimum amount

of knockdowns or magnitude of effects. Conservative, as if even one layer of defects enforce issues, the
outcomes strongly and surely emphasize the importance of the studied defects. With agglomerated
defects, one cannot accurately judge the severity of problems in more usual cases. Another strong
reason for the lower number of defects is to observe the purest nature of gaps and their effects. Multiple
defects could lead to interactions, which could mislead the research from capturing fundamental effects.

The gap width is another variable of effect. To quantify gaps irrespective of tow width, gap sizes will
be referred to by the percentage of tow width in some cases. For example, for a tow with a width of 10
millimeters, a gap size of 3 millimeters represents 30% relative gap size. At 100% relative gap size, a
new tow can be laid between the adjacent ones. Choosing an absolute value for a defect would not be
fully helpful, as e.g., a 3-millimeter gap should be a different case for a 6 and a 25 millimeter wide tow.
Thus, as a looser requirement, the gap should remain under 100% relative gap size and a minimum
of 1-2 millimeter absolute gap size. The latter is stated to have a distinct cross-section, without partial
healing through curing or to avoid strong resin pockets. This way, the failure process might be better
detected through testing.

3.6. Failure mode
The ASTM standard for ”Compressive Properties of Polymer Matrix Composite Materials” [91] dis-
cusses failure modes (12.5. paragraph) for the tests carried out according to it. For fiber-reinforced
composites, the strength values are admirably high, which carries some difficulties, especially for load
introduction. The standard association determined common failure modes and chose acceptable from
the list. Figure 3.8 (left) shows visual representations of some failure modes, grouped according to
acceptable and non-acceptable ways respectively. The failure modes have common codes to mark
failure mode, area, and location (presented on Figure 3.8 right). If the failure mode is unacceptable,
the document orders the tester to investigate the force introduction into the specimen. Tab adhesive
and inside grip failure locations must be avoided, as these do not exhibit correct data.

This philosophy is required for the tensile tests of the research, meaning failure location is only
accepted at the gauge section, where it presents useful information. From another aspect, this means
the same as for the mentioned standard - no failure at grips, but taking it further. Acceptable failure
locations should be gap or gap-related points. The standard society cares to mention the key factors
in undesirable failure, namely:

• Tab alignment
• Tab material
• Tab adhesive
• Grip type
• Grip pressure
• Grip alignment

Figure 3.8: ASTM failure mode naming convention for compression tests [91]
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3.7. Test output
The testing pyramid has been introduced in section 3.1. It must be noted, that as the test is chosen
to be a level higher than before, scientific output and value must also be higher than the simple basic-
level coupons. Thus, the greater efforts pay off. Low-level coupons usually output only a single value
of interest, like ultimate strength, modulus, or similar. For the element-level specimen, the most desired
information are location of failure and failure process. The failure load here is already assumed to be
a requirement inherited from lower-class testing.

To be able to extract more data from the specimen, after the onset and potential early damage propa-
gation the specimen itself must remain intact for further testing, otherwise, the research output remains
on the coupon level. This opens up a lot of ways to investigate the mentioned desired outcomes, both
in- and ex-situ. The various methods which can be implemented shall be discussed here.

The first major desired information, failure location can be detected as Falcó et al. [64] did in their
work previouslymentioned. Their experimental work featured the digital image correlation (DIC)method
on the small coupon tests. The DIC method is a digital tracking method, based on camera images, and
a comparison of these images through time [92]. The part under scrutiny must feature a distinct optical
pattern on its surface. The unique points of the pattern are tracked by a software algorithm, therefore
original and deformed points are known in space. The difference between the two is the displacement,
which can be turned into strains using mathematical expressions. One camera is enough to detect
such information, although there are difficulties in some cases. If the displacements stay in 2D space,
one camera is sufficient. If, however, there are out-of-plane displacements, one camera works with
significant error. Such displacements are detected to be strains, when in fact, they can be even only
rigid body motions. To counter this, an additional camera is needed at a different spatial point. This
way, non-planar specimens can also be tested. Common features of DIC specimens are the black
and white speckles. Upon a white base coat, black dots are painted on the checked surface, which
results in a very high contrast and accurately distinguishable spatial field. Such a pattern is presented
on Figure 3.9 with a post-processed image featuring a strain plot [64].

Figure 3.9: DIC specimen (left) and stress plots from the post-processed data, transversal and axial stresses respectively
(right) [64]

Heavily loaded points and cracks usually appear as strain-intense areas in DIC tests. These are
wished to be captured with the testing to be done. Apart from this, other post-situ tests could help in
the full exploitation of testing efforts. Such tests can be simple images using microscopes, similarly
to Figure 2.15. In an ideal case, cracks and their paths are recovered. However, even the geometric
changes through curing offer valuable insight into the topic. Using these basic inputs, research tools
can be refined further. More advanced is the X-ray imaging, already presented on Figure 2.16.

DIC only captures surface events accurately, as naturally, light cannot transfer information from
within. However, elastic waves run through the bulk material and, therefore are able to give feedback
behind the surface. These waves act as the information carriers in ultrasonic scans, a common NDT
testing method in the industry [93]. Ultrasonic waves have high frequency (for composites, usually in
the range of 1-10 MHz) and low wavelengths. Any defect, void, or crack serves as a hurdle to such
waves, therefore some interaction happens in such areas, which can be even a simple reflection. These
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interactions can be detected and processed, therefore damage can be assessed in size, location, and
severity.

Figure 3.10: A, B, and C scans presented in axonometric view [94]

There are three types of ultrasonic scans in common use, these are:

• A-scan: Waves are sent through a ligament of material at only one spatial point. The output is
a function, showing the distribution of detected wave amplitude in time. Two peaks of amplitude
across the range usually represent the front and back walls of thin-walled structures. If there is a
void between the two, the back wall peak shifts in time, caused by the echo of the damage. As
the damage is closer to the instrument, less distance has to be traveled, resulting in shorter flight
time of the wave.

• B-scan: Technically an A-scan along a line. A resulting output is a 2D image, showing events
through a section.

• C-scan: An A scan over the surface of an object. The output is also a 2D image but projected to
the out-of-plane direction.

To help the understanding, Figure 3.10 visualizes the scans in axonometric view [94]. An ideal
contender for damage detection would be a B or C scan for the research. To summarize this section,
the research methodology needs to offer more than direct values, preferably serving information on
failure location and failure process. The process to be used is to be decided according to the available
resources.

3.8. Summary of Requirements
This last section summarizes the previous ones from the chapter. This is done in a structured way, by
presenting the requirements on Table 3.1.

Table 3.1: Table of requirements

Req. No. Requirement type Definition Value Unit
1 Testing level Element level testing - -
2 Max load Load corresponding to desired failure 250 kN
3 Representative structure area Primary loadpath - -
4 Representative structure area No cutouts at gaps
5 Stress state Significant axial,transversal and shear stresses for gaps
6 Stress state Homogeneous load state across gauge section
7 Testing case Uniaxial tension
8 Laminate thickness Minimum thickness 1 mm
9 Specimen layup Pronounced anisotropy of the layup
10 Specimen layup Few off axis plies to inspect hypothesis
11 Specimen layup Symmetric and balanced laminate
12 Manufacturing Usage of AFP robot
13 Gap layers Maximum gap layers, and with no defect agglomeration 2
14 Gap size Maximum gap size <100% % relative gap size
15 Gap size Minimum gap size 2 mm
16 Failure mode Failure at desired location, strictly not at grip locations
17 Failure mode No catastrophic failure, intact specimen after testing
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Design of specimen

Building upon the foundation of requirements, this chapter serves to introduce the development of
the specimen and its final form. Altogether, the chapter forms an answer to the second subquestion
of optimal design and partly answers the modeling subquestion. The latter will be completed with
a discussion/comparison of the used model and experiences with real-life testing. The mentioned
questions in detail are:

• What is an optimal design for an AFP specimen, based on the requirements discussed?
• How can a specimen like this be modeled?

4.1. Used failure criteria
Before discussing modeling, the used failure criteria must be presented. In the research, the state-of-
the-art LaRC05 failure criteria [95] are used, which is already implemented in the Abaqus FEM software.
This criterion performed outstanding in the SecondWorld-Wide Failure Exercise (WWFE-II), which was
an international activity in which several criteria were compared to a wide range of testing data [96].
Some may say it is state-of-the-art as of now. The criteria distinguish four types of failure modes,
namely:

• Matrix cracking
• Fiber kinking
• Fiber splitting
• Fiber tension

4.1.1. Matrix cracking
The main governing equation of the matrix cracking criteria is:

F crack
m =

(
τT

ST − ηTσN

)2

+

(
τL

SL − ηLσN

)2

+

( ⟨σN ⟩+
YT

)2

(4.1)

The equation indicates failure if the index is larger or equal to 1. τT , τL and σN are the transversal
shear, longitudinal shear, and normal tractions respectively. These are the traction (stress) compo-
nents in the potential (or possible) fracture plane. The potential fracture plane is a plane where the
highest possibility of fracture is indicated in 3D space. The McCauley brackets for the normal traction
component denote the positive mode choice. If the normal mode is tensile (positive), the value is used,
if compressive (negative), zero is used instead. The traction values are inherited from both the in-plane
and out-of-plane stresses, with a maximization problem with respect to the variable α. This term α is
a fracture angle that maximizes the failure criteria function. Therefore, the maximizing value of the α
variable presents the orientation of the potential fracture plane. The traction components are as follows:

σN =
σ22 + σ33

2
+
σ22 − σ33

2
cos(2α) + τ23 sin(2α) (4.2)

τT =
σ33 − σ22

2
sin(2α) + τ23 cos(2α) (4.3)

36
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τL = τ12 cosα+ τ31 sinα (4.4)

Figure 4.1 from the works of Pinho et al. [95] tries to help the understanding of the meaning of
the idea of the ’possible fracture plane’. For pure compression, the value can be obtained through
experimental work, which is denoted as α0. This is a common constant in equations, see Puck criteria
[56]. For the rest of the research, α0 = 53◦ will be used, as it is a well-representative value for carbon
composites, and it is also the default value in the software. Apart from these variables, the equation
features ST , SL transversal (out-of-plane) and longitudinal (in-plane) shear strengths, and ηL, ηT friction
coefficients. The friction coefficients are:

ηL =
SL cos (2α0)

YC cos2 α0
(4.5)

ηT = − 1

tan (2α0)
(4.6)

Note, Yc denotes the transverse (90◦) compression strength. Furthermore, the transverse shear
strength can be calculated using the following formula [97]:

ST = Yc cos(α0)
sin(α0) + cos(α0)

tan(2α0)
(4.7)

Figure 4.1: Possible fracture plane visualised by Pinho et al. [95]

4.1.2. Fiber kinking and fiber splitting
Both fiber kinking and fiber splitting are compressive failure modes, therefore less of interest in this
research. Hence, only the main equation is presented, which both share. Fiber kinking is the micro-
buckling (and fracture) of fibers, while fiber splitting is ’only’ the interfiber matrix failure under shear-
compression state. This being said, fiber kinking is usually preceded by fiber splitting, therefore the
justification of a common equation can be easily seen. The failure mode depends on the axial stress - in
larger compression values than Xc/2 (half of the axial compression strength) fiber kinking takes place.
In lower magnitudes, a matrix failure is indicated as fiber splitting. To put it differently, the distinction
lies in the relative dominance of axial compression. This comes from experimental observations, as the
fiber buckling is only observed at significant compression levels. The distinction is important for crack
propagation modeling only, for first-ply failure (FPF), no major difference can be found. The governing
equation is as follows:

F kink
f = F split

f =

(
τm23

ST − ηTσm
2

)2

+

(
τm12

SL − ηLσm
2

)2

+

( ⟨σm
2 ⟩+
YT

)2

(4.8)
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The m exponent notation refers to the ’misalignment frame’ stresses, obtained by tensor transfor-
mations. The misalignment frame stresses are further built up by the ’kink-band frame’ stresses, which
are the stresses rotated in the fiber-kinking plane. This shall not be discussed further.

4.1.3. Fiber tension
Fiber tension is the most straightforward one out of all is governed by the equation:

F tens
f =

σ11
XT

(4.9)

Which is a simple comparison of applied axial stress and axial (tensile) strength.

4.2. Material input
Next to the used failure criteria, the material input will also be presented here. For the material data
properties of initial simulations the industry leader, Toray Advanced Composites’ TC250 matrix system
is used in combination with high-strength fibers [98].

Table 4.1: Material stiffness inputs for the simulations [98] [99]

Unit TC250-HTS-40 12K MTC510-UD150-HS-37%RW
E1 MPa 140000 110000
E2 MPa 9800 8200
E3 MPa 9800 8200
ν12 - 0.3 0.34
ν13 - 0.3 0.34
ν23 - 0.4 0.4
G12 MPa 4500 3600
G13 MPa 3000 3000
G23 MPa 3000 3000
t mm 0.15 0.15

Due to the high costs of the tow materials, later this is changed to the available material of SHD
composites. The exact definition of the material is MTC510-UD150-HS-37%RW, meaning 150 gsm
material with an MTC510 epoxy matrix system and high-strength fibers. The cured resin content of the
material is 37% weight percentage. This exact material was used in the research of Ramji et al. [99].
The data input is collected from the cited publication. The thicknesses for the Toray product are given
to be 0.15 mm, which value is also kept for the other counterpart, based on the same areal weights. For
both materials, the stiffness and strength inputs are presented on Table 4.1 and Table 4.2 respectively.

Table 4.2: Strength values and additional inputs for the LaRC05 failure criteria [98] [99]

Unit TC250-HTS-40 12K MTC510-UD150-HS-37%RW
Xt MPa 2100 2100
Xc MPa 1730 988
Yt MPa 56.5 54
Yc MPa 200 200
ST MPa 92.5 99
α0

◦ 53 53
ϕ0

◦ 2.5 2.5
SL MPa 92.5 75.35
ηL - 0.082 0.376
ηT - 0.287 0.287

For both cases, the ϕ0 input, which represents a local misalignment angle of fibers (manufacturing
deviation, connected to fiber waviness in plane), is kept at 2.5 ◦, using the same value as Gouskos and
Iannucci [97].
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4.3. Applied simulation model
To give a clearer understanding of the modeling aspects, the general thought for the specimen shape
is briefly introduced. Observation of processes is very hard if it is deeply hidden within the specimen.
Thus, the general thought is to put the gaps (therefore some tows which mark the gap) onto the surface
of the specimen, allowing better insight. The deeper plies are decided to be gap-free, and designed
to give a shape to the testing panels. Gaps are created between tow strips, therefore the front and
back side are basically decided to feature an advantageous pattern of tows, which is the main feature
to develop with the tool. It must be mentioned again that the tow drops, and consequently the gaps
therein produced, had to be at the central region of the specimen to minimize or completely reduce
edge effects at the gaps’ location. The gap-free inner plies are referred to as ’supporting’ or ’backing’
plies from now on, and the surface tows are also named ’surface’ or ’additional’ tows, as these are the
major targets of the observation. A sketch of the concept is presented on Figure 4.2.

Figure 4.2: Initial thought for the specimen layout.

The simulation work is founded on the ’supporting’ plies, which give the specimen a form and allow
gaps to be loaded up. ’Founded’, as in these layers were not or barely changed through iterations,
thus being a reference to any additional detail. To the base supporting plies, ’surface’ tows, and similar
layers are contacted using a rigid, perfectly strong tie constraint. The design aspects of such parts
will be discussed in detail in the subsequent work. From the simulation side, this approach allowed
trying many tow patterns and geometries, since the majority of the model, the supporting plies and the
load introduction could remain the same as the design evolved to a final one. One design iteration
required only the new tow shape generation, which is substituted into the place of the old concept
with the mentioned tie constraint. This being said, the tows and the supporting plies could feature
different element types. For the tows, the usage of solid elements to capture out-of-plane effects,
spatial distributions and other aspects were thought to be priority, the choice was obvious. For the
supporting plies, shell elements should have been somewhat faster than solid counterparts, but the
additional information was thought to outweigh the computational time increase. The supporting plies
and ’surface’ tows are modeled as flat, rectangular cross-section items, not accounting for post-curing
deformed ply geometries. For this thesis research, solid ’brick’ elements (C3D8R) are used for both
additional tows and supporting plies. This type of elements are capable of indicating edge effects at
tow edges and at specimen edges, moreover, at clamping regions, the stress concentration effect can
also be investigated.

The mesh size is determined after a convergence study, which is presented in Appendix A. The
mesh size in the tows have a size of 0.25 mm, while the supporting plies have 1 mm of size. The initial
setup is visualized on Figure 4.3. The loading onto the specimen is through reference points. The top
and bottom reference points are rigidly coupled to the top and bottom specimen edges respectively. The
bottom point then is constrained in all degrees of freedom (’encastre’ boundary condition), simulating a
clamped case. The top point is constrained in all directions except the vertical displacement, which is
controlled during the loading. For final checks and for the grip zone inspections, a more detailed model
was created, as will be discussed in the corresponding section (4.6).
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In the creation of the model, research time was a major influencing factor. Since every design
process is an iterative process, the design tools have to give results in a rapid but effective manner.
The greatness of FEM lies in the capability of dealing with every concept, by solving smaller, simpler
parts (elements) of it. The usage of FEM as a tool was never a question, but the details of the modeling
were. The element choice for the supporting plies increased computational time for increased value,
however, some other simplifications had to be made elsewhere.

Figure 4.3: Initial simulation approach used for the thesis work.

First, delamination was ignored as a failure mechanism. One reason for this has been conveyed in
the literature study chapter (chapter 2), the variation of strength against this failure mode is not entirely
known in multidirectional laminates. This being said, using some averaged or estimated SERR values
could still convey an educated guess if one will, with a price of computational resources and time. This
aspect was rejected already in the early stages of the research because such amodel would only output
a questionable result, or might even mislead the design process.

Next to this, geometrically the post-curing cross-sectional features are also drastically simplified. In
the literature study phase, a cross-section of a cured laminate with gaps or overlaps has been presented
on Figure 2.15. Another cross-section, focusing on the ply deformations is shown on Figure 4.4 (from
the works of Guin et al. [71]). As can be seen, a gap enforces deformation onto the adjacent plies in
the laminate during curing, simply because the neighboring plies do not have support in a local zone;
thus, the layers have room to move under the curing pressure. In the applied model, ply waviness (and
therein resin pockets also) is neglected, also for two reasons. On one hand, the lack of information on
the final, realistic cross-section after curing. Many parameters influence this waviness, including gap
size, ply parameters, layup, and also others next to some stochastic processes. To put the problem
into a different perspective, with only transversal gaps in a specimen, the layer waviness can be simply
described by the side view/section. If however, the gaps are in multiple directions, the adjacent layers
are deformed into complex 3D shapes. Moreover, the thickness variation and fiber volume fraction
change significantly. A model featuring accurate ply waviness thus should be based on extensive
numerical data. On the other hand, complex 3D modeling of realistic laminates would also require a
significant amount of dedicated time, and for the worse, require individual remodeling of every single
concept. Retrieving representative geometry with corresponding parameters is a challenge in itself for
one instance, let alone iterating designs with it. Hence, the waviness has not been modelled to save
time also.
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Figure 4.4: Ply deformations around embedded manufacturing defects [71]

The simplification is similar to the works of Falcó et al. [68], already introduced as probably the most
prominent work in the research topic, together with their related experimental work [64]. Their FEM
modeling also neglected out-of-plane waviness and used resin-rich pockets in the mentioned zones.
To aid understanding, Figure 4.5 presents the whole approach. The plies and resin-rich zones are
modeled using solid elements (C3D8R), but in total, their model was detailed in damage progression.
This aspect was covered with cohesive contacts (delamination) and User Material Definition (UMAT)
subroutine for damage evolution in solid media (ply or resin pocket crack propagation). The simulations
showed a good correlation with experimental data, even in the progressive damage phase. This fact
also further pointed to the modeling approach choice.

Figure 4.5: Simulation approach of Falcó et al. [68]

The thesis simulation model calculates with local cross-sectional data but neglects out-of-plane
ply waviness and also resin-rich pockets amongst others. Therefore, drawing any numerical strength
knockdowns with respect to variables like gap size and tow geometry is unjustified. Especially the
mentioned gap size sensitivity curve would be hard to trace, as a small gap size, the gap goes from
a pristine layer to a pronounced resin-rich zone really quickly. This demands a model which could be
generated with all geometrical features included.

Out of research outcomes, strength allowables are sought the most. Understandably, it is a direct
and very strong tool in pushing structural efficiency. However, for the given limited time, this research
will only focus on the testing method, the observations, and failure processes. An accurate strength
knockdown characterization with parameter sensitivity is reasoned to be enough challenge for complete
PhD cycles, rather than limited time Master’s theses. For that, higher-level numerical tools, including
automated/scripted parameter sweeping are envisioned. This being said, the process still needs a
founding work, which align with this thesis’ focus. Hence, the pursued outcomes currently are the
areas are of highest importance, from which steps forward are possible.
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4.4. Initial concept
After stating the inputs, modeling approach, and the main outputs sampled, the initial design and its
shortcomings are discussed. The initial concept was based on fiber steering, and trying to have signif-
icant orientation differences over a smaller panel size.

The first panel features five curved tows on each side of the specimen, similar to an ’S’ shape.
This is achieved by tows switching turning direction (at the center of the panel). The curve consists of
constant radius circular arcs, with a radius of 400 millimeters. This is usually the absolute lowest value
for a steering radius for the smallest width prepregs - like 1/4 or 1/8 inch. The widths of ’surface’ tows
are set to be 1/2 inch, which would have been built up by several passes of the AFP machine. A tow,
at specimen grips has an orientation angle of 0 ◦, while in the middle of the panel, it has an angle of
45◦. With stacking tows adjacent to each other at the upper and lower edges, gap closeout is achieved.
It is achieved in such a way, that by vertically translating one tow, the gap size could be adjusted to a
desired value. The gap size is set to be a vertical and horizontal translation of one tow width, meaning
roughly 2.75 millimeters of gap size. The panel is represented on Figure 4.6.

Figure 4.6: Initial panel concept

The same ’S’ shaped tows are placed onto the other side of the specimen, however, in a (vertically)
mirrored orientation. This way, the laminate balancing is achieved on a larger scale, though not in
some local points. Between the two curved/external layers, the backbone of the specimen is about
0.3 millimeters of gap-less, monolithic, straight fiber laminate. These are referred to as ’supporting’ or
’backing’ plies (as they back up the tows under investigation). With this, the total thickness is only 0.6
millimeters, which is not sufficient to fulfill the thickness criteria. Nevertheless, for the first few initial
concepts, it was used to have more pronounced effects. Later on, the thickness was adjusted, as will
be discussed in the subsequent parts. These supporting layers give the specimen its shape and also
create a laminate field around the gaps. This laminate field essentially conveys loads to the gaps. The
panel width is 340 millimeters, while the height is 675 millimeters, not including the load introduction
area.

Additionally, the initial and novel idea was to envelop the ’S’ tows with axial fibers, creating triangular
gaps with all kinds of aspect ratios. This way, both translational and triangular gaps can be investigated
within one specimen. On top of this, the tows are closed out from external edges, and thus from edge
effects. Upon simulating the panel, the result represented on Figure 4.7 was obtained.



4.4. Initial concept 43

Figure 4.7: Matrix failure plot for the initial panel concept

The plot scale is set between 0.9 and 1, meaning that all material with a lower failure index than 0.9
appear as black, whereas all failed media appear as light grey. The enveloping axial tow terminations
cause an abrupt stiffness change, which could lead to numerical singularities. Hence, the material
failure at the triangular gaps further away from the gauge sections is thought to be the result of the
FEM method. However, failure at the gauge sections for the triangular gaps is pronounced, therefore
onset of matrix cracks is thought to happen. The outermost tows show a strong zone with higher indices
than 1. As one can see, the tows are not loaded homogeneously, since inner tows are further away
from damage onset (below 0.9). This is thought to be a causation of the triangular tows, which drop
the load onto the outer tows directly. Thus, the main conclusion from the first iteration is not to attempt
the characterization of both types of fiber-steering gaps. Other than that, the failure peaks in the gaps
promise some validity to the research, as local failure peaks can be detected there.

Figure 4.8: Second iteration of the initial concept without enveloping tows and extra clamping reinforcement.

In the subsequent development process, the supporting plies are thickened and the concept of en-
veloping tows is discarded. The backing plies in the subsequent simulations are kept at 1.2 millimeters,
equivalent to 8 plies of the tow material. The laminate was ’virtually tested’ for several orientations
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and found that above 15◦ with respect to load direction, the supporting plies prematurely fail (before
the inspecting tows). Thus a major consequence is to not have orientations larger than ± 15◦. This
happens to align with the requirement of pronounced anisotropy over the specimen (coming from rep-
resenting a primary load path and VS method exploitation). The final orientations are [0/15/ − 15/0]s.
The ± 15◦ plies reduce the testing force within the limits, while 0◦ layers reinforce in a 3rd direction.
Having a laminate reinforced in a minimum of 3 directions is a common rule of thumb for laminates (see
[2] for similar). The supporting laminate stack-up ensures a mostly symmetric and balanced laminate
over the specimen, even though the extra tows disturb this feature. Additionally, axial tows are kept at
the clamping area to give some aid against grip zone failure. The design is presented on Figure 4.8,
and its simulation output is displayed on Figure 4.9 with dashed lines to mark the contours for easier
understanding.

Figure 4.9: Matrix failure for panel with increased thickness and no enveloping plies

As one can see, the tows fail in the middle of the panel as before. However, the load state tendency
switched, and now the innermost tows are loaded up slightly more. Moreover, failure is connected to
the exact center of the tows, only in one line. This means, that over the (almost) rectangular gauge
section, the load state is not homogeneous. This statement is supported by the σ2 plot of the same
simulation on Figure 4.10. The plot scale is set between 10 and 35 MPa values, and the colouring
method is the same.

Figure 4.10: Transversal stress plot of the initial concept without envelopes and with larger thickness
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The non-homogeneous damage nature is inherited from the undesirable distribution of transversal
stress. This distribution is argued to be a causation of the out-of-plane displacements. The gauge
section, having both + and - ’S’ tows becomes balanced, while in other areas, a significant out-of-
plane deformation is detected. This results in an accumulation of loads in the central area. To aid the
understanding, the out-of-plane displacements are plotted on Figure 4.11.

Figure 4.11: Out-of-plane displacements of the initial panel concept

Apart from this, the in-plane shear stress plot (shown on Figure 4.12) gives a great indication of
processes for gaps. The shear stresses jump in the tows, right at the area where there are gaps
on the other side. The jump is in the 3-5 MPa range, although not much in itself, however, when
compared to the shear strengths of 90-100 MPa, an indication for some percentages of knockdown
can be anticipated in some cases. This number correlates with the smaller knockdowns observed in
the literature. Outside the rectangular gauge section, there are strong triangular zones with increased
loading. These are zones to avoid, which will reappear in subsequent designs. Altogether, the shear
stress plot gives a slight reinforcing feedback on the hypothesis of gaps affecting off-axis tows.

Figure 4.12: Shear stress plot for the original curved fiber concept
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The initial concept provided good information on the process, even though it has some fundamental
problems with it. The first is the failure location without a connection to gap effects, and the second is
the failure point force, which is 540 kN, exceeding the testing machine limits. Not only this but the fiber
steering of narrowest tows to the bare minimum radius limits the manufacturability of the presented
design. Noteworthy mention, the globally unbalanced nature of the panel also causes some trouble,
which needs to be resolved. Thus a new concept is designed, detailed in the next section.

4.5. Final concept
The final concept (Figure 4.13) is based on the previous specimens’ gauge section. The five full tows
are kept, as with fewer tows/repeating units, the homogenization of the state is believed to worsen. The
front still has (+θ), while the back has (−θ) tow angles. The paths are completely straight, because
the length of the laid tows is set to be 100 millimeters. In this small length, steering can hardly be
implemented. Moreover, feasible radii do not yield significant orientation differences. The minimum
feasible length of one tow placement is 65 millimeters. This limitation comes from the AFP machine to
be used. The corners of the gauge sections have tows with shorter lengths. These are designed to be
manually placed at the desired locations. and the function of these is purely to homogenize the stress
state. Essential, as will be presented in further discussion, for the aspects of homogeneous stiffness
distribution and improving the balanced nature of laminates. No failure data result will be drawn from
these ’sacrificial’ tows. Appendix E contains a more detailed drawing of the specimen.

Figure 4.13: Final specimen concept

A fundamental difference lies in the specimen width, as it is reduced to 100 millimeters. The sup-
porting layup is kept the same, hence the inspecting load is reduced significantly, to below the upper
limits of the testing machine. The tows do not reach the edges of the specimen. All gap sizes are set
to be 3 millimeters. The tow widths are 10 millimeters wide, thus, the configuration results in a 30%
relative gap size. For the final panel, the utilized material is MTC510-UD150-HS-37%RW.

The simulation’s matrix failure output is presented on Figure 4.14. The outcomes are very promising.
The tows under inspection exhibit repetitively pronounced peaks of matrix failure index at gap locations
of the opposite side, similar to a grid. This reinforces the hypothesis that gaps affect surrounding
matrix or other layers negatively. The first point of failure is indicated at the top and bottom of the
gauge section, though these areas are not to be evaluated. The failure pattern stabilizes after the
first 1-2 centimeters, into a quite homogeneous zone. Additionally, a tendency can be observed in the
horizontal/width direction. Going from the edge inwards the tows are loaded a bit more (plot ’going from
green to yellow’). To conclude, failure in the front side is anticipated to start at backside gap locations,
and inside the tows. For the back side, vice-versa, failure is indicated at front side gap locations, but
also within the tows. The FPF force of the tows is 162 kN, well below the 250 kN limit, allowing potential
gradual failure process experiments above damage onset.
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Figure 4.14: Matrix failure plot of the final specimen design showing failure in front tows at backside gap locations

The importance of sacrificial tows was mentioned earlier. Figure 4.15 shows the specimen without
the extra truncated tows. As can be seen on the left side, the load state of the tows is far from homo-
geneous, and the outermost tows have pronounced failure areas (the plot shows a load state below
damage onset, but the distribution tendency stays constant during the loading). The reason might not
be obvious, however, it is simple. Visualizing the front and back tows together (right side, red dashed),
it is clear that a triangular zone (marked grey on the diagram) does not feature extra reinforcing tows.
This weakness causes extensive deformation mostly in-plane but also out-of-plane, forcing extra load-
ing on the surroundings of the triangle. Therefore, the sacrificial tows make a more homogeneous
stiffness distribution in-plane and also balance the laminate better.

Figure 4.15: Specimen simulation without extra sacrificial tow. Inhomogeneous laminate zones at the top and bottom caused a
crooked load state

Apart from the sacrificial tows, longer specimens also help the homogenization. The ASTM D 3039
[100] standard discusses specimen geometry requirements, which are presented in the original form on
Figure 4.16. The minimum length requirement specifically says ”gripping + 2 times width + gage length”.
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This is also an important rule to obey for homogeneous loading. With sufficient distance between the
gauge section and the gripping area, the stress concentration does not influence the gauge section.
Easy to see the validity through the poisson ratio effect - in the center of the specimen, there is a
large contraction, while at the grips, transversal displacements are constrained. Eventually, these
differences mean internal stresses. On another note, the well-known St Venant’s principle implies that
over sufficiently large distances, the effects of load introduction become very small. For the final design,
the simple ASTM guideline (”gripping + 2 times width + gage length”) for length is also kept in mind.

Figure 4.16: Tensile specimen geometry requirements according to ASTM D3039

The previously mentioned MTC510-UD150-HS-37%RW material has a tow width of 20 millimeters.
However, the specimen from Figure 4.13 and Figure 4.14 featured a tow width of 10 millimeters. Upon
trying the concept for the available tow width, the result presented on Figure 4.17 is obtained through
the same simulation process (the image represents a one-millimeter gap size in this case). At this
specimen size, a larger tow width becomes a hurdle in making a homogeneously loaded, uniform
zone. One clear indication of this is the failure zone at the edges of the last full-length tows. Moreover,
because of the larger tow width, the same gauge section could only facilitate 3 full-length tows, instead
of the previous 5. The lower number of these repeating units also means a lower number of gaps,
reducing the data sampling points amongst other problems. The failure zones are non-negligible at the
top and the bottom, and sacrificial tow usage in the corners can hardly be implemented. After all these
issues mentioned, it must be also pointed out, that the peaks are not so strong as in the narrower tow
case. Therefore, wider tows are thought to be less sensitive to gaps, according to the used low-fidelity
model.

As a last attempt to make use of the wider tows and to be able to place the gauge tows by the
AFP machine, a hybrid tow width specimen is also simulated (Figure 4.18). Sacrificial tows in this
case are planned to be hand laminated, as these parts are not to be evaluated. The fine mesh in
use caused some high-frequency numerical oscillations, which could also be somewhat detectable on
Figure 4.17. Nevertheless, the output is considered realistic apart from this noise. The sacrificial tows
became thinner and thus helped the design to create a more uniform gauge section. It is clear to see the
effects, which resemble the final concept shown on Figure 4.14. The tendency of larger tows to be less
vulnerable to gaps is still holding up since the failure peaks are again not as strong as before (for the
10-millimeter case). The fully 20-millimeter tow concept has shortcomings next to the hybrid width case
and has a less promising gap effect. These contributed to the choice of using 10-millimeter tows, for the
sake of more pronounced results. More pronounced, as in featuring stronger failure index peaks and
more homogeneous loading. Thematerial is decided to be the same, only split into two halves and to be
placed by hand. This choice violates a requirement, namely the usage of AFP for the whole specimen
(coming from representative placement accuracy, etc...). Here, a compromise is made in order to have
better and more prominent testing outcomes, nonetheless, the manufacturing quality must be as close
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to the AFP as possible, mostly in terms of accuracy. As a reason, the specimen will still remain a
valid and founded way of characterization. The process to counter the problem features a precision
template and laser positioning, and will be further discussed in the corresponding manufacturing and
testing chapter.

Figure 4.17: 20 millimeters version of the final panel design

Figure 4.18: Hybrid tow width specimen simulation output
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4.5.1. Load introduction and tabbing
One of the important requirements for the specimen is that no failure is accepted at the load introduction
area. The work of Adams and Adams [101] presents a great overview of general rules for tabbing
composite specimens. Tabbing is essential in controlling the stress ratio between the specimen gauge
section and gripping sections. In an ideal case, gauge stresses should be larger than gripping area
counterparts, eventually leading to gauge section failures. The first problem with load introduction
comes from the nature of friction. The well-known formula for frictional force, Fs = µFc, describes
the two major parts of such forces - friction coefficient and clamping force. The multiplication of these
two values gives the frictional force, which for load introduction, must meet a given value. Smooth
surfaces need large clamping force to meet the requirement, which could crush the specimens, leading
to undesired failure mode. If, however, surfaces are rough, less clamping force is needed, avoiding
the problem. Avoiding one problem makes another, namely the grips could bite into the specimen,
again leading to unsuccessful testing. Applying tabs to grip sections protects the specimens from
these damages by suffering the bites themselves. Next to this, the net section of the zone increases,
moreover, it is damping grip edge stress concentrations. As one might see, the tabbing for composite
specimens is equivalent to ’dog-boning’ isotropic specimens, only in a different spatial plane. The
mentioned width tapering in the case of composite specimens is less effective since fiber splitting and
other matrix failures usually develop in the tapering area.

Sudden material discontinuities impose a stress concentration, which is also a problem with simple
tabs. To counter this, tabs are usually tapered towards the gauge section, gradually guiding the load
into the net section. The following graph (Figure 4.19) from Adams and Adams [101] creates a nice
representation of the stress concentration with respect to the tab tapering angle. Note, that the vertical
axis represents normalized far-field stresses, also called gauge section stresses.

Figure 4.19: Stress concentration dependence with respect to tab tapering angle

The tapering angle shows a significant effect on the stress component. Generally, the smaller the
taper angle is, the better. Ideally, a tapering angle should be between 5...15 degrees to alleviate the
unwanted effects asmuch as possible. Next to tapering, the stress concentration effects can be lowered
with optimal material choices too. The parameter sensitivity is visualized on Figure 4.20.

Tab material choice has even stronger effects than tapering angle. Again, as a general tendency,
the softer the material, the better. Following the curve, ideally, the sub-50 GPa materials are the way
to go to alleviate material effects. Amongst the mentioned parameters, tab thickness and tab length
also have an effect on the tab termination stress concentrations. These have much less of an effect
and will not be discussed further here.

For tabbing, infrastructural limitations are also considered. The ideal case would have been a
5◦ tapered and quite soft material, like a GFRP mat plate. Such materials are generally used for
tabbing and for electric purposes (because of the electric insulation properties), as they are mass-
produced in plate form. These are less available than conventional metallic sheets, being also harder
to manufacture. Aluminium tabs are also known in the industry and have an advantageous feature,
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Figure 4.20: Stress concentration dependence with respect to tab material

namely plasticity, helping against fracture at the gripping region. Besides, it is easy to manufacture,
allowing it to have useful tapering.

The final tabbing is chosen to be a 1-millimeter thick aluminium plate with 10 ◦ of tapering, presented
on Figure 4.21 (left). The material - AL6082 - specifically is chosen to have ’mid-range’ properties,
namely around 250-300 MPa of yield strength, while keeping sufficient plasticity. The adhesive is
chosen to be the ’Scotch-Weld EC-9323 B/A’ product, with outstanding shear strength value for both
metallic and composite applications. The adhesive’s shear strength is checked for the testingmachine’s
ultimate 250 kN load, with a simple calculation, namely the ultimate force divided by the total sheared
area. The safety factor is 2.096 on adhesive failure, for the calculations, see Appendix B.

Figure 4.21: Final specimen tab (left) and specimen in the upper hydraulic grips with clamping plates (right)

With the tabbing itself, the load introduction has not been resolved completely. The machine to be
used needs to transfer these loads onto the tab surface and in a desired uniform fashion. The universal
tensile testing machine has hydraulic grips, which could crush the specimen if it is pressed directly. The
hydraulic grips have circular pistons, which impose another threat to the homogeneous loading. Not
only these but purely frictional loading up to 20 tonnes of force yields a serious hazard in case of any
explosive failure for the testing environment.
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To counter this, an intermediate step is implemented at the load introduction, by means of a clamp-
ing element featuring bolts on the specimen side. This is a commonly used method (see the works of
Ravi et al. [102] for a subcomponent level clamping), as distributed bolts also distribute the load quite
homogeneously. Not only this, but the bolts with the bearing load impose a secondary load path in case
of a slip or other frictional problems. The bolts’ pretension can be tuned by a torque wrench, protecting
the specimen from over-stressing the clamping area. The other end of the clamping elements is con-
nected to the hydraulic grips. Thus, the pistons can apply stronger force for the strong monolithic steel,
giving a larger safety factor against slipping at the clamps. The original clamp facilitates specimens up
to 300 mm wide, though the final design is only 100 mm wide. The eight central M10 bolts should have
sufficient pretension to load up the specimen more than the testing machine’s 250 kN limit (by a safety
factor of 1.7). For this calculation, see Appendix C.

4.6. Simulation of grip zones
To have a check on the load introduction, a final simulation is carried out including the previously dis-
cussed tabbing plates. In the new simulation, instead of connecting the top and bottom edges of the
specimen to the reference points, now the grip zone surfaces are tied to the respective points. All
degrees of freedom are tied except the gripping directional translations. This DoF instead is used to
simulate the clamping force of the load introduction. Apart from this, other aspects of the simulation
are analogous to the original one. The understanding is aided by Figure 4.22. The fact that the grip
surfaces are kinematically coupled to the loading meant that the approach should be conservative with
respect to load transfer since the load is introduced purely on the surface of the model. In reality,
bearing loading is thought to make the state more favorable.

Figure 4.22: Final specimen simulation including tabbing area and clamping force.

Upon running the simulation, the results show a sudden matrix failure at the element borders along
the tab termination and a smaller one along the gripping force introduction. About the first one, it is
common to have a peak in stresses/failure indexes in FEM where there is a sudden stiffness change.
This peak, upon mesh refinement, goes to larger values, but the scope of the failure rather shrinks
with element size. This is an indicator of numerical singularity, therefore it is thought to be only an
inherent phenomenon of the method used. The same evaluation is used for the gripping/free tabbing
zone switch, which is less pronounced and only affected the specimen edges. The decision is easier
due to the fact that fiber failure is not indicated, so in the event of matrix cracks, the residual strength of
the laminate is assumed sufficient. Inside the grips, the equivalent stresses for both the tabbing plates
and laminates are under the magnitude of 25 MPa and, therefore deemed safe for testing. Outside the
clamped surface, the tabbing plates are anticipated to go into the plastic region of the material.
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Figure 4.23: Stress singularity at tab termination and clamping force introduction.

4.7. Testing methods
The information output from the samples is wished to be maximized, therefore advancing further from
the more basic coupon test outcomes. For this, DIC measurements are available at hand for in-situ
strain detection, which is chosen for the research. Above the mentioned, (ex-situ) microscopical cross-
sections are sought for subsequent research, as this way there is geometrical and material information
to develop from. This process is also chosen for the thesis project. Ultrasonic scans are readily avail-
able at the university laboratory, however, the usage is thought to be only justified for cracks that
propagate into the laminate and need tracing.
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4.8. Design summary
The chapter starts with the simulation aspects (research tool). The design, being an iterative process,
required a tool with rapid run times, therefore some neglections/simplifications were implemented. One
major decision is the simplification of ply waviness to simple, straight, rectangular cross-sections. De-
lamination, as a failure mode is neglected, and not only for speeding up the simulation process, but also
the literature study chapter proved to have question marks in the knowledge of materials’ resistance
against this failure mode. Moreover, the lack of data finalized this decision. The tool is not able to
accurately predict strength processes over small gap sizes, where the geometries go through a large
change over a small variation of defect sizes. Thus, drawing numerical knockdown values over proper
scales is not feasible to carry out with respect to the main variables (gap size, tow width).

The next section of the chapter is the introduction of initial concepts and the pathfinder process to
a promising specimen. The first thoughts revolved around steering tows in a way to control the fail-
ure zone across a specimen. Enveloping the tows, which are the focus of research, proved to be a
wrong path, as simulations show an interaction between triangular and translational gaps. As a conse-
quence, neither of the defect types have the potential to be correctly characterized. After removing the
mentioned enveloping tows, the anti-symmetric strips on each side of the specimen foreshadowed the
importance of the balanced and symmetric layup requirement against the global specimen layup. Even
though the failure plot distribution is undesirable, the shear stress distribution envisions the problem
with gaps - the absence of reinforcement tows imposes a greater load onto the surroundings, eventu-
ally ’overstressing’ them. Nevertheless, the initial designed panels have major problems with both the
magnitude of failure load and the manufacturability of tow steering.

The final concept started with the reduction of specimen size to be feasible for the testing equipment
available at the laboratory. The concept features a symmetric and balanced base/supporting layup,
upon which a few surface tows are placed at +45◦ and -45◦ angles for the respective sides. The
resultant failure index distribution give a periodic, grid-like pattern in the extra tows, supporting the
hypothesis of gap locations affecting off-axis tows. The load state of the tows under scrutiny proved to
be homogeneous, thanks to so-called sacrificial tows. These tows help the load distribution, and even
though they are anticipated to fail first in matrix failure, the axial residual strength is expected to help
until the important surface tows exhibit the desired failure process. Specimen length gives additional
help in the homogenization process, by damping the effect of grip zone constraints.

Despite the really promising simulation results, manufacturing and resource concerns conflict with
the final design. The available tow material is 20-millimeters wide, while the favourable concept has
tows that are 10-millimeter wide. The usage of wider tows exhibited inherent problems in creating
uniform gauge section zones. Additionally, the larger tows are observed to be less vulnerable to gaps,
reducing the chance to capture the main research problem. Attempts featuring narrower sacrificial tows
next to wider, AFP-laid tows show some improvement. This being said, the reduced gap sensitivity of
wider tows still raise some concerns. After all considerations, manual lamination is chosen for the extra
±45◦ tows on each side, with manually slit (halved) tows. The rest of the layup is still available for the
wider tow AFP process. Despite violating a design requirement, the automated manufacturing one, a
lamination process featuring acceptable accuracy is developed. The process will be discussed further
in the corresponding chapter 5.

With a hopeful gauge section concept, the specimen design is finalized by elaborating on the details
of tabbing and load introduction. With the help of tabbing guidelines, premature grip zone failure is
countered, while the introduction of bolted clamping plates help the load introduction in homogenization,
specimen protection, and safety. In-situ DIC and ex-situmicroscopical cross-section images are chosen
as investigation methods of the topic.



5
Manufacturing, experimental work

This chapter serves to introduce the specimen manufacturing and detail the experimental observations.
The chapter starts with the manufacturing aspect, introducing the methods carried out until the finished
panels (a total of six specimens were created). Then the testing procedure is documented (section 5.2),
with the details of the testing outcomes. The AFP manufacturing process was done at the Smart
Advanced Manufacturing XL (SamXL) centre, while the testing was carried out at the Delft Aerospace
Structures and Materials Laboratory (DASML).

5.1. Specimen manufacturing
The material used is a toughened epoxy resin combined with high-strength carbon fiber, namely the
’MTC510-UD150-HS-37%RW’ product from SHD Composites. This is a toughened epoxy resin sys-
tem combined with high-strength carbon fiber. Typical applications are ’general purpose’ and ’visual’
components [103].

The available tow have a width of 20 millimeters, but in the surface tows, a 10-millimeter wide tow
was found to be more desirable, as per the design outcome presented. For the support plies, the wider
tow is advantageous, as fewer passes are needed to lay down the layers, therefore speeding up the
process. Thus, for the tows under scrutiny, the original 20 millimeter width was halved manually, by
the use of long metallic rulers and handheld cutting blades. The final tow widths were measured to
be 10±0.2 millimeters, which is in relative terms a larger deviation compared to the original 20±0.25
millimeter, but in absolute terms they are comparable.

Moreover, tow ends in AFP systems are not under tension during lamination, which causes laid tow
width change. This is an inherent problem of the manufacturing method because the tow termination
(cutting) happens before the compaction rollers, therefore the rollers only run over loose material. This
no-tension case causes a width change in the magnitude of 1-2 millimeters, depending on tow widths.
Considering this, the deviation could be less important. Ultimately, in the context of anticipated fiber
flow during curing, the tow-splitting accuracy is deemed acceptable. The length of the tows have the
same order of magnitude of accuracy, which in relative terms (compared to the range of 100 millimeters
of strip lengths), are also considered acceptable.

At this point, the tow shapes are manufactured up to normal standards, but positioning, especially
with respect to gap sizes are of much importance. Hand layup of thinner tows could violate the require-
ments against a representative specimen if tow placement cannot be up to AFP quality. To counter this,
an intricate placement method is used, assisted by a master template (see Appendix F). The template
has the outer dimensions of the final panel, while also featuring grooves at the surface tow locations. It
has a manufacturing tolerance of ±0.05 millimeters from the water jet cutting machine. Thus, only the
positioning of the template is needed, the tows with respect to each other are controlled by this simple
device. The positioning is done by featuring two self-leveling laser lines. The process goes as follows,
with illustrations on Figure 5.1 until Figure 5.4:

1. The robotic arm places tows onto the curing plate at the corners of the future specimens, marking
out the machine coordinate system on the plate. These tows serve as references only.

2. The self-leveling laser lines are then positioned to the reference tows. These laser lines project
the machine coordinate systems onto the whole plate.

55
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3. The mentioned laser lines are transferred at the edges of the plate onto PTFE films. These films
stay on the plate until the end of curing and are assumed not to move during manufacturing or
curing.

4. At this point, the machine reference system is transferred to the curing plate. The laser lines can
be re-positioned at any time to any marking, thus providing sharp and accurate reference lines.
Two intersecting, perpendicular lines are sufficient to position anything over the 2D domain. The
crossing point marks the desired spatial point, while either lines also mark the orientation. The
use of laser lines is essential since these also project onto already laid plies, which would cover
other types of markings - making it an ”un-coverable” and ”un-erasable” line.

5. The initial reference tows can be removed, leaving a clear area for the lamination process.
6. With the help of the water jet cut master template, the hand-laid tows can be laminated. The

master template is positioned by the laser lines. The individual, prepared tows are placed inside
the dedicated grooves.

7. The AFP lamination can take place after removing the template. After the automated placement,
the laser positioning of the master plate can take place for the second batch of tows for the
backside. This process is completely identical to the first case.

8. The laminate is fully placed, and ready for the vacuum bagging process.

Figure 5.1: Reference tows laid by the robotic arm. Figure 5.2: Reference coordinate system projected onto PTFE
films. Master template positioned in the system.

The used robotic arm is a KUKA KR210 R2700 Extra product with 8 degrees of freedom (see
Figure 5.7). The AFP head is an ADDcomposites AFP-XS product. Because of non-uniform tow widths
and the previously introduced width deviation with tension, an offset (gap if you will) of 0.4 mm was set
for the machine above the 20 mm tow width. This value was set after testing which offset came closest
to a no-overlap no-gap state based on visual checks. The tows had a staggering of 50% or in absolute
terms, 10 mm. The importance of this method has already been pointed out in literature ([63] [64] [76]).

At the first 10 mm tow length, the ’runway’ speed was reduced to 5 mm/s. This slower speed is
generally enforced to help the adhesion of the tow at laydown starts. This value is then increased to
the ’laydown speed’, which was set to 200 mm/s. The total time of AFP placement (so not including the
manual tows) was 9 minutes per specimen. The compaction piston pressure was set to 3 bars. The
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350 watt heating lamp was set to be 25% of the maximum power output. This low heating was enough
for the laydown because the used prepreg material has high stickiness.

Figure 5.3: Jig plate positioned to laser lines. The template
already used for lamination of the first layer with gaps Figure 5.4: In-situ gap size measurement after lamination.

Figure 5.5: Automated laydown of material onto the
hand-placed surface tows. The first axial AFP tows prove an

accurate manual work.

Figure 5.6: Laser lines on AFP laminate. The master template
had already been removed after the final layer of surface tows.
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Figure 5.7: Used KUKA robotic arm with AFP head.

There were however some minor problems along the way with the automated process. The six
specimens were processed as:

• Specimen 1: Tow developed folds on the first and sixth layers. During the spooling of the prepreg,
a misalignment might have happened which forced a fold onto the tow in the AFP head. The folds
were less than 1 millimeter in total width.

• Specimen 2: Went as planned, with no troubles.
• Specimen 3: At the last (eighth) layer, the tow got stuck at the so-called pinch roller, which applies
tension onto the material. This then damaged the tow, which rapidly got laid down. Complete
removal of this tow was not possible due to sticking down to the laminate, therefore it was patched
by hand with some extra material where needed.

• Specimen 4: Tow starts were at incorrect positions in layers six, seven, and eight, meaning the
tows started deeper inside the specimen. Since there was an extra offset to all directions for
accurate trimming reasons, the problem did not affect anything in the final configuration. The
reasoning for the problem is based on the braking of the AFP spools. During the process, the
backing foil of the prepreg is spooled onto a shaft, which is also controlled by a magnetic brake.
The braking pressure was eased after the previous problem, which made the foil loose. This
loose foil caused inconsistent tow feed, resulting in insufficient material at laydown starts.

• Specimen 5: Went as planned, with no troubles.
• Specimen 6: Went as planned, with no troubles.

Apart from these issues, several others did not get to the final laminates, becausewith visual process
monitoring, these were stopped in time. Themajority of the problems are inherited from the sticky nature
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of the prepreg tows. The tows must be aligned in a coordinated manner before the compaction rollers,
which on the used head is solved by a so-called ’chute’. The chute is a longer, milled groove with about
the same width as one chosen tow. In this about 10 centimeters of groove, the material gets aligned,
however, at this stage, already without any backing foils. Any roller misalignment before the chute
section could force the strip of material to develop folds or to develop wrinkles. A significant portion of
the manufacturing time is taken with troubleshooting these problems, therefore advancing research on
process improvement should be a rewarding endeavor.

Figure 5.8: Release film on the complete laminates Figure 5.9: Cured specimens on the manufacturing plate.

Apart from the combination of hand layup and AFP, the other steps of themanufacturing process was
according to industrial standards and practices. The plate, prior to the described lamination process,
was thoroughly cleaned and treated with Marbocote 227 release agent. The placed layers received an
AeroVac A4000 FEP unperforated release film on the top to control the resin content of the laminate
in the middle with some free laminates all around (Figure 5.8). Above this, there was a ’Stitch Ply
A’ peel ply product, as a release layer. This step is implemented to ensure uniform vacuum on the
important central parts of the laminate. The window-like zone of prepreg which did not feature any
release film allowed vacuum to surround the stack up, and these zones were eventually discarded
during the trimming process. Above the peel ply, Air weave N10 breather blankets were stacked on
top of each other, in total 2 layers. This insulated the non-tooling side, eventually contributing to less
temperature gradients between the plate and non-tooling sides. ’Wrightlon WL 7400’ vacuum bag was
used with ’AT 200Y’ sealant tape to compact the laminate.

The curing cycle was chosen to be 1 hour at 120 C◦, with 5 bars of pressure, as per the material
data sheet. The autoclave software already had this material cycle implemented and saved, therefore
it was used. Prior to the mentioned 1 hour at 120 C◦, a dwell of half an hour was set at 90 C◦ (with 3
bars of pressure). This being said, the monitored curing cycle is presented on Figure 5.10.
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Figure 5.10: Logged curing process parameters.

As can be seen, the temperature ramp-up and the dwell went as planned, but the final ramp-up
encountered some serious issues. The instability of the step is significant and even worse, the whole
next plateau at this temperature is skipped. The origin of the issue is unknown. Although the curing
cycle was strongly cut short, the final specimens were still judged as fully cured upon visual and physical
investigation, and also based on microscopical images (which will be shown in section 5.2).

The cured laminates had a small warp, which was anticipated from the anti-symmetric layup. The
laminates could be flattened by one gentle finger push, which means the specimens are also compliant
with the ASTM specimen guidelines (Figure 4.16). The laminates upon both visual inspection and
physical touch were found to be smooth, with no significant out-of-plane texture from the additional
tows. An important observation, however, is the cured gap size. As Figure 5.11 shows, the gap size
was reduced from 3 millimeters to about 2. Some tows were observed to be ’floated’ away due to
pressure during the liquid flow state of curing. This inhibited drawing any specific conclusions with
direct respect to an exact gap width, nonetheless, the influence of the manufacturing defects could still
be inspected in a general manner.

Figure 5.11: Cured gap size width of around 2 mm instead of the 3 mm set during lamination

The master template was also used for the drilling of the holes, as it had cutouts for this manufac-
turing step as well. For the drilling of 10 millimeter holes, ’brad point’ drill bits were used, which differs
from the usual drill bits in cutting geometry. These types of drills cut at the circumference of the hole,
instead of the whole circular section, leaving a cleaner cut for composite laminates, without excessive
delaminations. The exact drill bit is presented on Figure 5.12.
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Figure 5.12: ’Brad point’ drill bit used for the drilling of bolt
holes.

Figure 5.13: Cutting machine with a diamond blade used for
the fine trimming of the specimen.

As a next step, the laminate was trimmed to final dimensions. It must be noted, that a positive
offset of 0.5 millimeters was applied per side. This was for the tabbing plates, so in case of any slight
misalignment, the tabbing plate is still bonded on the whole surface, and no plate is overhanging. The
trimming was done on a dedicated machine with a diamond-coated cutting disc developed for fiber-
reinforced composites. This machine ensured parallel cuts for the longer sides while leaving an almost
polished level surface finish. The cutting feed was 0.1 millimeters per passing, thus, the total specimen
was cut in 13 passes, all with coolant water. The specimen inside the cutting machine is presented on
Figure 5.13.

For the tabbing of the specimens, Scotch-Weld EC-9323 B/A high-strength adhesive was used. The
laminates were surface-treated with 120-grit sandpaper, while the tabbing plates were sandblasted.
After masking the untabbed surfaces, the adhesive compound was applied to the surfaces with some
100-micrometer glass beads, which control the bonding thickness over the tabs. The curing adhesive
assembly was put into a vacuum bag with lower vacuum values (0.7 bar absolute pressure). The
vacuum bagging ensured a homogeneous pressure over the entirety of the bonded area. Above the
bagging, some extra weights were used to counter any remaining inhomogeneity from the warping of
the laminates. The process is presented on Figure 5.14.

Figure 5.14: Tabbing process during the curing of the adhesive.
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The Digital Image Correlation (DIC) method was chosen as an in-situ measurement of the tensile
tests. Out of the six produced samples, four were chosen to feature DIC, while the remaining two would
stay clean. By doing so, the location of micro-cracks would be evident in those specimens, because
the DIC process requires a high contrast, random speckle pattern over the investigated field. Since
one clear specimen could just happen to be an outlier in tendencies, two were chosen for the sake of
higher confidence in capturing visual tendencies and events.

The available 3D camera setup had a resolution of 2448x2048 pixels (’vertical’ x ’horizontal’). As
a rule of thumb, one speckle should be at least 4-5 pixels large, this way, the output will have less
scatter and noise. Since the specimen width is 100 millimeters wide and 2048 pixels should cover this
dimension at best, the speckle size becomes:

Speckle size = 4...5
specimen width

resolution
= 4...5

100

2048
= 0.195...0.244mm (5.1)

The field of view of the camera was anticipated to be almost filled out with a specimen, however, with
also having some background at the edges. In other words, a complete fit is impossible to achieve, so
as a conservative approach, some visible background was expected next to the specimen. In practice,
this means the real speckle pattern should be somewhat larger than the calculated size (0.25 mm and
larger). The DIC kit contained stamp rollers, which have speckles with precisely defined sizes. As a
reference, the 0.013 inch (0.33 mm) roller was used for reference on blank paper. After painting the
samples with a bright, clean white base, the black speckle patterns were carefully painted over it. The
final specimens are displayed on Figure 5.16.

Figure 5.15: Finished specimen’s gauge section. Figure 5.16: Final specimens with and without DIC patterns, all
tabbed up.
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5.2. Testing

5.2.1. General testing outcomes
The tensile tests were carried out on a Zwick Z250 universal tensile tester machine. The testing setup
is presented on Figure 5.17 and Figure 5.18. The first two samples were the ones without speckle
patterns, and the last four had DIC recordings.

Figure 5.17: Clean specimen with clamping plates. Figure 5.18: Specimen with DIC speckle pattern.

It must be noted, that the specimens were not tested in the order they were manufactured. After
torquing down the bolts of the clamping plates, the first specimen was inserted into the machine. Upon
loading, clamping problems occurred between the hydraulic grips and the clamping plates, perceived
as slips at 70-90 kN loads. It was assumed to be originating from the frictional coefficients being lower
than expected, which eventually was proven. Cleaning of the grips from hydraulic oil and grease helped
to achieve higher loads (110 kN) but still wasn’t enough compared to the 160 kN range. Increasing the
hydraulic pressure from 250 bars to 350, and applying ’drywall sanding screen’ proved to be enough
eventually to reach forces in the desired range. The latter is, as the name suggests, used in drywall
applications, and is essentially a mesh with sandpaper-like surface on both sides. In practice, it raises
the coefficient of friction between the adjacent surface pairs.

The first specimen (after three runs with frictional problems) was tested until 140 kN and already
showed some microcracks. The cracks were visualized by some white paint dissolved into it, similar
to dye penetrant testing. The outcome is presented on Figure 5.19. All other specimens had sim-
ilar microcracks and distributions. Some major cracks are located at backside gap locations - take
the top right corner of the displayed gauge section, where significant cracks are aligned in a straight
line perpendicular to the tows. To repeat once more, the main hypothesis was that gaps cause a lo-
cal matrix-governed failure. However, the testing outcome falls short of reinforcing this hypothesis.
Plainly, not enough major cracks appear and/or align with the desired (gap) locations, burdened by the
homogeneous distribution of really fine cracks.

Above the disproved hypothesis, there are several other outcomes and observations, which might
bear even higher (scientific) value. One of these is that none of the specimens exhibited cracks along
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the gap interfaces, at the resin-rich regions. The other outcomes are connected to the DIC results and
microscopical images, introduced in the further text.

Figure 5.19: Microcracks on the flat side of the first tested specimen.

The next specimen, unfortunately, had a failure inside the clamping zone at 143 kN. At this point,
excessive bearing stresses were reasoned for the fracture, since the bolts were almost a press fit during
installation. As a solution, the next specimen’s holes were re-drilled to be 0.1 mm larger in diameter.
This resulted in a looser fit of the bolts. However, the same happened to the third test, with the same
fracture surface at 150 kN. This characteristic fracture surface is displayed on Figure 5.20.

While making the holes a looser fit didn’t help much, the clamping plates were discarded, and the
specimens were directly placed between the grips. A help in this matter came from the geometry of the
tab. As Figure 4.21 (left) shows, the tab had a full cross-section towards the tapering for a significant
length, as opposed to the bolted area having -20% or -30% locally. Thus, the grips were clamped
directly at the start of tapering. This way, the next specimen reached an admirable load of 189.5 kN
(almost 1900 MPa of applied stress), and the test was interrupted before an explosive failure. It was
mentioned by articles [64, 72, 78] and the author of the thesis, that having gaps at free edges could lead
to incorrect characterization, as weak points in such locations should show different behavior. Thus, the
edges were closed out from the sample’s boundaries. Great feedback for the choice is the mentioned
fourth specimen, which developed a thin strand from delaminating the top layers on each side, about
3-4 millimeters wide. This strand is thought to be a result of edge effects at work (and has nothing to do
with gaps). If this specimen had gaps at the edges, it would have failed with misleading consequences
in the author’s opinion. The strand is presented on Figure 5.21.
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Figure 5.20: Typical fracture surface for the inside. Figure 5.21: Delaminated strand at the edges of the specimen.

The fifth specimen suffered a net section failure at 167 kN. The crack started from the edge of the
specimen and propagated into it while going around the gauge section. This makes sense considering
the gauge section has extra layers (tows), meaning that it should be stronger. Simultaneously, a failure
within the grips happened once more. Grip failure is speculated to initiate the gauge section, as during
failure, stored elastic energy was suddenly released, in a snapping mode. Even if this is true or not,
the crack propagation path provided a useful hint about the specimen nature.

Figure 5.22: Net section crack going around the gauge section.

The last specimen also had a grip section failure at 146 kN, making it four out of six specimens
affected by this unwanted failure mode. Although this being said, the failure load was enough to load
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up the surface tows enough to facilitate microcracks in all of the mentioned specimens. The cracks,
interestingly, were only found on the flat side of the specimen, while the rough side showed no sign of
cracks. This is thought to be from the thick resin layer, which had enough deforming capabilities, and
not from secondary bending or similar events. The visual observation is reinforced by dye-penetrant
testing, which is displayed on Figure 5.23 and Figure 5.24.

Figure 5.23: Flat side dye penetrant testing. Figure 5.24: Rough side dye penetrant testing.

5.2.2. DIC measurements and results
The DIC process is a non-destructive testing method based on optical principles. The investigated
specimen must have a characteristic pattern over its surface, which pattern could be tracked over the
measurement process. Differences in tracked images result in deformation (and rigid body motions).
By knowing the deformations (and rigid body motions), the strains and curvatures can be calculated
for each spatial point, amongst other interesting outputs. The used DIC system was a 3D/stereo unit,
meaning that it could capture deformations and strains not only in a planar case but also in 3D space.
This was needed because of the initial warping of the specimens, and besides it is always a ’safer’
choice, as any small out-of-plane deformations appear as measurement errors in a 2D/mono system.
The cameras had a resolution of 4 megapixels (2048x2048 pixels) each and were oriented with about
an angular difference of 25 degrees relative to each other. The focal length of the used lenses was 35
millimeters, and the devices were placed about 600-650 millimeters from the samples. The cameras
(sensors) had a pixel size of 3.45 µm. The setup is visible on the already presented Figure 5.18 (the
specimens had strong lighting conditions, therefore the equipment is a bit underexposed to show the
testing environment). The cameras had some excess field of view, as discussed earlier, and were
calibrated using ’calibration targets’. A calibration image is presented on Figure 5.25.

Apart from the calibration, the subset size must be set as well. As mentioned previously, this subset
defines the size of the characteristic areas to track. Generally, a larger subset results in lower resolution
but also low random noise, whereas a small subset results in higher resolution but also higher random
noise. The measurement software (Vic-3D) has a built-in function to suggest an optimal subset size,
which yields the smallest measurement error. This value was usually fine-tuned for every specimen,
in order to also obtain good spatial distribution of low errors. This process is shown on Figure 5.26.
After calibration and subset setup, the average measurement error (therefore the accuracy) was 0.023
pixels. It might sound counter-intuitive to have sub-pixel accuracy, but current software can go into
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Figure 5.25: A calibration image for the stereo DIC system. Figure 5.26: Subset optimization algorithm, with accuracy
distributions over the specimen.

sub-pixel levels. The mentioned accuracy can be converted into deformations in the specimen plane
if one knows the pixel size in the camera, the focal length in use, and the distance of the object from
the setup. The latter two give the ’scaling ratio’, thus, the value is estimated in the midplane of the
specimen to be 0.00149 millimeters:

σdisplacement = dpixel
z

f
σpixel = 3.45 · 10−3 · 65

35
· 0.023 = 0, 00149 [mm] (5.2)

In the equation, dpixel is the pixel size, f is the focal length, z is the object distance, σpixel is the stan-
dard deviation in pixels, while σdisplacement is the same in millimeters. The results of the DIC sampling
resulted in the same tendencies and distributions for the important outputs, though the magnitudes
have some deviations. This being said, the final failure loads also differ, therefore only one specimen’s
(Specimen no. 4) results will be discussed here. Except for the initial warping plot, all other values
were calculated for the maximum force point (last moment before failure). At this point, the spatial
differences are most pronounced for all variables. The rigid body motion is deducted from the data,
and all are plotted on a best-fit plane. The mentioned warping plot will not be discussed in detail in the
main text, it can be found in Appendix D.

It must be emphasized, that the calculated strain and curvature values are calculated in two coor-
dinate systems. For the longitudinal and transversal strains, the plots are in the loading coordinate
system. These are the first two plots. The last plots are aligned with the 45◦ direction, parallel to the
front side tows. Using Figure 4.14, in the last plots the reference X axis is parallel to the blue arrows
(though pointing in opposite direction), while the Y axis is exactly as the red arrows are (same direction
too). For all diagrams, the reference system is displayed, with red colors marking the plotted direction
(if applicable).
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The first plot (Figure 5.27) is the vertical engineering strain ϵx. This is the engineering strain aligned
with the loading. The scale end is 0.012 micro-strain, meaning 1.2% strain. Note, that the lower end
(0.9%) is set to articulate the differences best, therefore the total scale represents a 25% absolute
difference. Globally we can see a larger strain on the left side of the image, this is thought to be the
result of some misalignment in the testing machine (10% between sides). The strains at the edges are
at about 1..1.2% strains. This magnitude of deformation is quite plausible at these loads, which can be
verified by some simple considerations. TheE1 modulus of the original material was 110 GPa based on
Ranji et al. [99], which is significantly lower than the usual high-strength fiber epoxy laminates, which
feature 135-140 GPa of axial modulus [104]. Using CLT, the supporting plies should have an equivalent
longitudinal modulus of 100 GPa using the material inputs (Table 4.1), and 122.5 GPa using a more
common E1 value. The load corresponding to the plot is 150 kN, and the cross-section was 101 mm2,
giving an applied stress of 1485 MPa. This with the mentioned modulus values gives 1.485% and 1.2%
strains. Therefore, the magnitudes of the output are verified as a first estimate, and rather, the validity
of used data input is strongly questioned.

The contour of the front and also the back tows is quite articulated, which appears in a periodic
plateau of higher strains and small peaks of low strains. The low strain peaks come from the fact that
the additional tows are surrounded by axial plies (at gaps, these plies are visible), which are much
stiffer in the loading direction. The strain peaks are in the front tows, as visible, but with respect to the
backside tows, it is harder to see. Interestingly, the peaks are at backside gap locations, which gives
positive feedback to the research hypothesis that gaps negatively influence the surroundings’ matrix
phase (the plotted strain is not parallel with fibers, hence matrix distortion is included). The magnitude
of peaks is about 4-5%.

Apart from these, the highest and lowest peak areas at the edges of tows could be inherited from
the fact that at the termination of tows, the stiffness could drop due to the fiber ends being looser than in
a constrained ply. Some singularities are found in the dataset, which are thought to come from speckle
pattern problems and/or reflections during testing.

Figure 5.27: ϵx strain component distribution. Red dashed lines show frontal gap lines, white present backside gap locations.
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The second plot (Figure 5.28) is the transversal engineering strain (or horizontal engineering strain)
ϵy. This strain component is perpendicular to the loading direction, therefore the poisson ratio give
negative strain values (contraction) - note the coloring direction with respect to the scale. The largest
contractions are also on the left side of the specimen, which could be anticipated by the previous plot.
The tows are less articulated than in the prior case. The tows have smaller contractions than gaps (UD),
which is from the fact that tows are more aligned with the 90◦ direction. The distribution shows some
peaks inside the additional strips. The coloring might mislead some, but these peaks are in absolute
terms, meaning less contraction can be observed in those areas. Overall, the backside has less effect
on this variable, but some peaks still align with the backside gaps, just somewhat less pronounced.
This alignment is somewhat contradictory with the previous case, as more tensile strains should mean
more contraction too.

Figure 5.28: ϵy strain component distribution. Red dashed lines show frontal gap lines, white present backside gap locations.
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The third plot (Figure 5.29) is the first in the rotated coordinate system. The diagram shows the prin-
cipal strain distribution of the sample. This should be the most important DIC result, as the anticipated
failure pattern is mainly governed by shear stresses. The principal shear represents the maximum
shear deformation in-plane, similar to the principal strains representing the maximum values of a strain
tensor. The coloring scale represents a 17% absolute difference. The absolute values of shear strains
change with respect to coordinate systems, even though the distribution is the same in all orientations.
The reason for quite high magnitude of values in the presented case is unknown.

The tows are very articulated once again, and the backside gaps also affect the strain distribution.
However, the opposite way to the FEM prediction - the backside gaps did not impose extra deformation
(thus extra load), but rather less than other areas in the surface tows. The peak shear values are in
the additional tows, however, in between the repetitive backside locations, or in other words where the
local layup featured 45◦ tows on both sides. Thus, it is observed that the tows couldn’t get loaded up
more at the backside gap location for some reason, which was originally anticipated based on FEM
results (deeper discussion and comparison between the two in chapter 6).

Figure 5.29: γprincipal strain component distribution. Red dashed lines show frontal gap lines, white present backside gap
locations.
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The next plot (Figure 5.30) is the curvature along the X̄ axis. It might be easier to perceive it as the
curvatures in the X̄ normal plane. The DIC software calculates the results for diameters, therefore the
2x multiplication must be kept in mind for a full understanding of the absolute value output. This being
said the distribution over the field matters more than the values.

The frontal tows are outstandingly pronounced, leaving a positive (’upwards’) curve at frontal gaps
(bright yellow lines). This, in basic terms, means that upon loading the gaps are revealed, essentially
leaving a ’ditch’ between the additional strips of materials. Within the tows, the curvatures don’t have
exact tendencies, rather just leaving one arch or saddle shape between ditches. Therefore the main
outcome here is the through-the-thickness motion of the plies, which are thought to be the axial layers
flattening out during loading. The out-of-plane difference between a ditch and a local highest point is
about 0.02 millimeters, equaling 10-15% of one-ply thicknesses. Therefore, the observation must be
dealt with in consideration of its magnitude. The understanding is aided by Figure 5.31 obtained directly
from the DIC post-processor software.

Figure 5.30: Reference directional curvatures in the rotated system. Red dashed lines show frontal gap lines, white present
backside gap locations.

Figure 5.31: Surface topology of the specimen before failure. The gap locations were revealed in the form of pronounced
ditches. The Z direction is not to scale.
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The last major plot (Figure 5.32) is the curvature along the Ȳ axis. Following the previous expla-
nation, these are the curvatures in the Ȳ normal plane. This plane is normal for the backside tows,
therefore the results are expected to be connected to these additional strips.

The curvatures reinforce these visions, as there is a repetitive pattern along the mentioned layout.
Opposite to the ditches in the previous plot, there are dark blue lines with negative curvatures, meaning
these are small ’ridges’. These exactly align with the backside gaps, although in magnitude, smaller
than the previous diagram’s phenomenon. This is thought to be from the same origin, namely the rear
side axial plies flattening out upon loading, which eventually push outwards in the front. The repetitive
saddle shapes therefore exist in both directions, but the difference lies with the peak/ditch location - from
front perspective: frontal gaps become ditches, and backside gaps become peaks. This being said the
difference between peaks and local lows is 0.005 millimeters, or 3-4% of a ply thickness, which is also
not quite substantial. Figure 5.33 helps understanding of the tendencies on the 3D surface topology.
The blue lines of both plots mean the same, though the latter diagram features a rainbow coloring
scheme. The Z directional topology is not to scale.

Figure 5.32: Transversal directional curvatures in the rotated system. Red dashed lines show frontal gap lines, white present
backside gap locations.

Figure 5.33: Transversal directional curvatures on the 3D surface. The backside gaps built subtle saddle shapes. The Z
direction is not to scale.
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5.3. Microscopical observations
Several polished cross-sections were prepared for (optical) microscopical observations. All cross-
sections were cut perpendicular to the line of gaps, leaving the sections normal to tows as well. First,
for the actual gap sizes, Figure 5.34 presents an accurate measurement of a gap post-curing. The orig-
inal 3-millimeter gap size was actually reduced to about 2.5±0.3 millimeters (from 10 cross-sections).
This was thought to be a result of resin getting into a liquid phase and flowing during curing with fibers,
as discussed earlier. There is also a variation between the values, as it could be from hand lamination
and also from unequal tow widths besides the mentioned aspect.

Figure 5.34: Microscopical measurement of gap size.

Figure 5.35 presents some of the other obtained images, including a 0.5-millimeter scale for refer-
ence. Gap edges are marked with yellow dashed lines, and the flat side is the bottom side in all cases.
All represent a very strong tendency, namely there are a significant amount of voids in the laminate,
but strongly concentrated in the gap region. The total thickness of the laminate is quite uniform, thus,
at gap locations, the local stack up with one less ply fills up the same thickness. This results in ’ply
swelling’ of the local layers. The tow edges are exhibiting a ’ramp’, with a resin pocket or ’wedge’ start-
ing from the last fibers inwards. The extra resin-rich areas are thought to draw matrix away from plies,
which facilitates the formation of voids. As visual inspection also tells, the axial UD plies are pushed to
the flat side of the sample. In some samples, overlaps can also be detected, which is reasoned to be
from the AFP lamination.

5.4. Chapter summary
In this chapter, the specimen manufacturing, testing setup, and experiment outcomes were discussed.
Starting with the manufacturing topic, the hand lamination process of tows was introduced with the self-
developed method to pursue AFP-level accuracy. Some issues with the AFP process (also in general)
were listed. The autoclave curing cycle had some controlling errors, but fortunately the specimens were
observed to be fully cured. The manufacturing ended with trimming, tabbing, and DIC pattern painting.

The tensile testing had some considerable problems, all tracing back to friction that was smaller than
the assumed value, used to design the specimen in Chapter 4. The friction in the clamping area built
up quite ’fast’, meaning even the areas closer to top/bottom edges, inside the grips, were fully loaded to
the maximum forces. Since the tabbing area had holes for the bolts, the reduced net section triggered
net-section fracture in numerous samples. Nevertheless, the load introduced in each specimen was
sufficient to lead to microcracks.

Some larger cracks were aligned with the simulation-predicted locations, though the outcome falls
short of satisfactory proof of the main research hypothesis - gaps impose failure on neighboring matrix
materials of plies. The cracks were only observed on the flat side, even dye penetrant tests couldn’t
indicate microcracks on the rough side. Edge delamination on one specimen, however, proved the
importance of non-free edge gap characterization.

The DIC measurements exhibited a clear indication of the repetitive tow-gap nature of the samples.
Interaction between gaps and strains was observed in both normal and shear strains. The more impor-
tant plots conveyed the feedback on the undesired distribution of microcracks- the major strain peaks
were shifted from the predicted gap locations. Thus, it was found that the gaps reduce stiffnesses,
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which was discussed in the context of principal shear plot. Maybe bearing even more scientific value,
the ply-flattening nature was discovered in the specimens, appearing as subtle ditches and ridges in
the out-of-plane topology and curvature plots.

The microscopic cross-sections presented a flow of fibers (gap size reduction), apart from other
ply deformations. A great number of voids were observed at the gap locations in an otherwise well-
consolidated laminate. Uniform laminate thickness meant an imposed swelling for the layers, essen-
tially meaning the surrounding material flowed to the empty spaces of gaps.

Figure 5.35: Microscopical images of gap locations.



6
Discussion

This chapter summarizes all that has been done and puts it into perspective, answering the research
questions, and then finishing with future recommendations.

6.1. Answering the research questions
The section will discuss the main topics of the research parallel to the research subquestions and
eventually with the main research question. The research questions are listed here once again:
Main question: Assuming that gaps are manufacturing features that drive the properties being
characterized, how can the effects of gaps be generally characterized?

Subquestions:

1. What are the requirements for a specimen to realistically represent fiber-steered structures?
2. What is an optimal design for an AFP specimen, based on the requirements discussed?
3. How can a specimen like this be modeled?
4. What are the observations in real-life tests? How does the model correlate with test data?

6.1.1. Specimen requirements
In chapter 3, 17 requirements were set for a desired characterization specimen, based on a wide range
of aspects. The main requirement and concept was the choice of element-level testing. The Literature
Study chapter (chapter 2) already cited major research articles that pointed out the need for higher-
level testing designs. The lowest level of testing, the coupon tests were and are predominantly used
in material characterization (hence, only these experiments could be found in the research area). The
material word shall be emphasized, it is the basic knowledge for structural design, however, it cannot
capture structural aspects. In this research, the defects from the variable stiffness process are reasoned
to be structural features. Thus, the need for a step towards larger panel-like specimens was justified.

This proved to be the right choice on several levels. The gaps were closed out from free edges,
therefore the edge effects were mitigated. Seeing one of the samples with edge delamination (Fig-
ure 5.21), but without any larger damage to gaps inside the panel, the importance was proven on a
basic level. Moreover, the variability in strains was observed by the DIC systems, which couldn’t have
been detected in smaller coupons. The latter wished to be underlined - the load found its way across
the zone, as stiffnesses vary between gap and non-gap locations. This allowed loads to ’go around’
the defects, therefore not overloading them locally (e.g. shear strain peaks not at gap locations). The
literature presented coupons with defects across the full cross sections. In these cases, loads can’t
find a better way, therefore obviously imposing failure with considerable knockdown. While, in reality,
the gaps might not get loaded up to failure, thus the coupon results could present an enlarged problem
of the defects compared to what it is in reality.

A primary load path zone was chosen as a representative structure point for characterization. This
meant pronounced anisotropy, no cutouts, given thickness, and a complex stress state (with respect to
gaps). This was reasoned to be of more importance than, for example, window cutout areas or other
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discontinuities. Therefore, for further studies, the choice of other representative areas is encouraged,
but with a consideration of taking everything gradually. The full focus on the mentioned areas could lead
to a deeper understanding with time, compared to ending up with a wider but shallower knowledge with
the future recommendation. The balanced and symmetric laminate aspect eventually caused some
problems in the homogenization of the stress state, justifying the requirement.

Some requirements were inherited from the available laboratory equipment. Multiaxial loading of
laminates with any tool could help the deeper understanding of defect characterization. Even though
there were (smaller) equipment limitations, the research provided a great amount of valuable results.

The gap size requirements were found satisfactory for a first sampling. Eventually, the broad sweep
of different gap sizes and different tow sizes is envisioned for a full solution of gap characterization. The
research test samples featured two layers with gaps, which provide a best-case scenario, and exhibit
the problem in its purest form. The number of layers with defects is recommended to be increased
for further studies, above any other requirements. This way, some stronger defect affection could be
captured, with respect to strength and stiffness, further indicating the importance of the problem. This
being said the serious agglomeration of defects (also found in literature) is still not encouraged, as they
are not representative and picture the problem worse than it is. A hurdle to maximization of structural
efficiency, if you will.

The desired failure location criteria were proven to be essential. The testing still pointed out an
increased demand for design focus. Even though the samples were loaded up to microcracks and in
one case, up to net section failure, the four grip section failures were nevertheless barriers to a possible
informative event. It must be pointed out, the ’desired failure and intact specimen’ requirement has a
second aspect, the post-testing intact specimen. Without intact specimens, the microscopical images
couldn’t have been obtained. To conclude, the ’failure’ requirements are eventually highlighted and
thought to be essential in further research.

The ’AFP robot usage for manufacturing’ point was partially violated with the work carried out. This
did not have strong consequences, only because the used process had sufficient quality. Therefore,
for researchers with worse infrastructure, the possibility shall be opened using hand lamination, only if
the used process delivers representative test specimen up to standards. The standards, however, are
somewhat subjective and up to the person.

No additional requirements were found during the latter stage of research, only changes to the
existing ones, as discussed.

6.1.2. Optimal design
This subsection only focuses on the design aspect of the project, discussed in chapter 4 (Design chap-
ter). The other topic, the used simulation tool will be discussed in the subsequent section.

The initial ideas for an ideal specimen revolved around utilizing fiber steering, and thus controlling
the failure points of specimens to a well-defined gauge section. The first steps and simulation outcomes
conveyed the wrong direction for characterization. Eventually, it turned out, that the correct method re-
quires a well-defined homogeneous area, in which only one problem is wished to be solved and in a pure
form. Breaking down this statement, first, the well-defined area is realized in a quasi-homogeneous,
rectangular gauge section in the final specimen. As could have been seen, the initial curved trajecto-
ries resulted in large out-of-plane displacement and stress inhomogeneity over the whole panels. The
indicated failure was concentrated over one line, rather than a homogeneous distribution (of peaks),
which would grant equal opportunities for all materials. If the gauge section was incomplete, failure
points were at undesired edges, therefore the sacrificial tow usage was needed. The concept was
proven with DIC measurements, as globally, no significant distortion was experienced on the laminate
surfaces.

The second part of the statement, ’one problem in the pure form’ appeared in two points. On one
hand, the concept which made an attempt to characterize both triangular and translational gaps failed
to effectively do so. The two defects had a mutual affection, excluding both from accurately capturing
the phenomena in their nature. This concept of focusing on one process was eventually found to be
working and thus recommended for future research. Here it is noted, that the research into triangular
gaps is encouraged, for which a basic concept sample is visualized on Figure 6.1. Here, one or two
strips of UD material are laid in an inclined angle on the surface, and surrounded with enveloping axial
tows, thus creating triangular gaps. With the inclination angle, the triangular shape can be controlled
to any arbitrary aspect ratio. On the other hand the statement ’pure form’, the fact that the research
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used only two layers of defects, the problem was captured without any significant noise or affection. It
was helpful for this work, as it was a pathfinder research, rather than an advanced study. To conclude,
for the first steps, this approach is encouraged, however, on a direct buildup of translational gaps and
increasing the defects could show more insight.

Figure 6.1: Proposed concept for characterizing triangular gaps.

There were increased efforts in the grip zone design of the specimen, however, it was not enough as
the tests proved it. The tab termination point proved to be stable, which is the usual critical point. This
was helped by the fact that common tabbing guidelines were followed. Nonetheless, some specimens
failed inside the grip sections. Overseeing the problem was inherited from the simulation method.
Even without the bolted connection, premature failure occurred with the sole use of hydraulic grips.
This means the failure was not coming from bearing loads but from insufficient net sections in general.
Within the grips, the net sections were already loaded up to a nominal level, even at close locations
to the top/bottom edges. With the bolt holes serving as net section reductions, failure was deemed to
happen. The understanding of the problem is aided by Figure 6.2. Note, that the stress distribution
doesn’t account for singularities for easier understanding, and the tendencies are not up to scale neither.

Figure 6.2: Net section stress build-up: simulated vs. real life observation.

To counter this problem in future tests, the usage of pure hydraulic grip mode could work if there are
no holes in the region. This would mean some safety hazards but might lead to the prevention of small
slips, which would eventually outweigh the concern. Improving the roughness of clamping surfaces
could reduce the micro-slipping problem even further. Using the initial bolted connection method, it
would work if the width of such a region is wider, thus lowering the net section stresses. This, however,
would only work if the width of the gauge section of the specimen remained the same, leading to a
’dogbone’ specimen. The usage of such geometry could be realized with water-jet cutting. While this
method usually leaves some delamination at the edges, the damaged zones could be sanded away by
manual processes. Such a concept is visualized on Figure 6.3.
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Figure 6.3: Proposed improved concept with dog-bone shape.

The envisioned concept has one more advantage. Note the sketch features the ’hourglass’-like
transition ’inside’ the gauge section. Inside, as further from the top or bottom borders, closer to the
horizontal midplane. Since the extra tows reinforced the central area, failure could take an easier
way around the zone, as it happened with one specimen (Figure 5.22). If the smallest width is further
away from gauge section boundaries, the failure should be guided through the gauge section rather
than around. This being said, the dogbone specimen is not in use for composite specimens, for some
reasons. Above manufacturing concerns, the main one is the common failure at the dogbone transition
zone, which cannot serve any useful data.

The DIC and optical microscopy measurements delivered the expected results. In case of gaps
deeper inside the laminates, the usage of ultrasonic testing is strongly advised, as for example, DIC
could only capture surface trends. Otherwise, the design of the measurement setup is judged as
satisfactory.

6.1.3. Modeling of VS laminates
The issue with the simulation regarding the grip section failures has been discussed already, which is
somewhat connected to this question too. Following that discussion, the rest of the modeling question
could be answered through the used tool and its comparison with real-life observations. The FEM
model predicted a repetitive failure pattern over the gauge section of the specimen. Tested samples,
however, did not indicate such processes. It has been mentioned that, based on simulation outcomes,
the process should be based on the shear stresses of the laminate. Comparison of the principal shear
strains of the FEM prediction and the measured DIC plot yields the diagram presented on Figure 6.4.

Figure 6.4: Comparison between strains of FEM model and DIC testing.

As one can see, even without comparing the values, it can be seen that there are serious differ-
ences even between tendencies (therefore magnitudes are not detailed further). Of course, the DIC
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result presents inconsistencies (some data scatter), which could be a product of microcracks or gen-
eral imperfections. The FEMmodel indicated strain peaks at backside gap locations (anticipated failure
points), while DIC proved principal shear strain peaks within a zone bordered by front and backside
gaps. While similar tendencies with differences in magnitude could point to incorrect material data
properties, the strain trends definitely indicate fundamental modeling problems. The inputs mentioned
in chapter 5 were suspected to be inaccurate, but not off by magnitudes, thus the difference should lie
between the major modeling simplification - geometry. The significantly deformed, post-curing plies,
burdened further with voids, were presented on Figure 5.35. The plies have a pronounced ’ply wavi-
ness’ on the images. The used FEM model, at the gauge section, featured straight plies, with the
surface tows also being rectangular in cross-sections. Therefore, it can be stated, that the original
model accounted for the local layups (number of plies and orientations), but not for the post-curing ply
deformations. This ply waviness deviation is judged as the major reason for the deviation between the
prediction and test results.

In literature, the ’fiber waviness’ phenomenon is known and actively researched. This being said,
the topic is not only connected to AFP/VS gaps, for example, it also covers the problem when the hole
laminate as one integral part has a waviness too. The work of Alves et al. [105] reviews the state-of-
the-art, and states that the waviness has a drastic effect on mechanical performance. Moreover, the
need for higher-fidelity models was emphasized by the author, in order to accurately predict laminate
behavior. The thesis research agrees with and emphasises the two conveyed points of Alves et al.
First, the thesis research emphasizes the demand for connecting the research of laminate gaps with
the fiber waviness phenomenon. Since the latter also has major effects and is an inheritance of the
former, the two together cover the ”effects of gaps in variable stiffness laminates”. Second, the correct
modeling of VS gaps for characterization purposes must feature the post-cured ply deformations, in a
higher fidelity model than used in this research.

As another aspect, the used input data could also deviate to a certain extent. This was supported
in the DIC results’ basic validation. However, the impact of this deviation is thought to be an order of
magnitude smaller than the cross-sectional simplifications. Not accounting for delaminations between
layers proved to be acceptable neglection, since the interfaces along surface tows or inside layers did
not exhibit this kind of failure. The neglections of resin-rich pockets at this gap size is also deemed
to be acceptable, as the large stiffness change between a composite layer and resin diminishes any
effects imposed.

An additional thought, the change ’rate’ of impact on mechanical performance is thought to be more
significant at small gap sizes, where the defect is forming from a no-gap to a fully pronounced gap (or
’full-wave’ waviness of plies). At very low gap sizes, the defect is just a sudden discontinuity, while at
the pronounced magnitude, the plies are already deformed to a ’full wave’. Above the ’fully formed’ gap
size, no major difference is anticipated by the author of the thesis - a ’10-’ and a ’20-millimeter’ gap
yields more or less the same result. Concluding this, the characterizing model must accurately follow
the geometrical processes at ’gap forming’ defect sizes, thus tracing the whole spectrum with respect
to the gap size variable.

Model proposal for future research
Based on the research and discussion, the ”how” of modeling is summarized here in a concrete ap-
proach. The understanding is aided by Figure 6.5. As mentioned, the numerical tool would start from
a high-level numerical tool, an automated FEM simulation. The validity can be easily seen since the
number of variables is too much, not to mention the combinations of them. Purely experimental char-
acterization of such a problem is too costly and time-consuming. The FEM model would simulate on
a macro-level, therefore not modeling fibers and matrix, nor modeling a whole specimen. This way
the model space is comparable to the defect magnitude, allowing sufficient accuracy and satisfactory
computational time. The simulation is envisioned to be automated by a script that generates a laminate
with defects arranged in it and assesses the severity of the defects based on gap size, location, defect
agglomeration, and ply waviness amongst other variables. The assessment values should be stored
in a ”map” of the laminate, which could be either a 2D or 3D matrix. The loading should happen on the
cross-sectional boundaries of the model, by applied stresses or strains. This approach therefore could
exploit multi-axial stress states also. After running the calculation, the obtained result should present
the failure onset point in 3D space. Feeding back the outcome to the assessment map, the failure can
be connected to the stored variables. As with all modeling processes, this method also requires veri-
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fication and validation in discrete points. After sampling sufficient simulations, the tendencies for the
variables could be visualized fairly easily. The basic scripting approach to automate model generation
and tracing tendencies for variables has been mentioned by Alves et al. [105] also, as a promising
trend for research.

Figure 6.5: Proposed modeling approach for complete characterization of the effect of gaps.

6.1.4. Testing observations
The second half of the subquestion about the correlation between the applied model and the testing
results has been answered in the previous section, hence here only testing observations will be consid-
ered. As a first step, the cross-sectional observations are discussed (for one larger magnification, see
Figure 6.6, otherwise Figure 5.35). The main problem of ply deformations comes from the fact that all
areas of the laminate have the same thickness, whether they have additional tows or not. This means,
that at gap locations, there are significant deformations in the plies to take up the same thickness. First,
the tows adjacent to gaps were deformed to have a ramp, as they gradually thinned towards the gaps.
Not only the shape but the initial gap size also changed, as it was reduced by 15-25%. These are
thought to be from the same phenomenon, namely the fibers flowing away during the liquid flow state
of curing. The flow process is known in the scientific community as ”shear flow” [106], in which resin
and fiber flow together (otherwise, when only the resin flows between fibers it is ”percolation flow”).
Second, the ply waviness - the plies above the first layer were pushed into the laminate, thus imposing
a non-negligible waviness. This waviness is gradually recovered by the plies, as from bottom to top
the layers gradually flatten out.

Figure 6.6: Swollen ply at gap location with voids.
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The plies also show an interesting nature of ’swelling’. Looking at Figure 6.6, the bottom supporting
ply shows a significant thickness increase, through which it can take up basically two-ply thickness
in itself (yellow dashed lines showing one ply thickness). However, at the additional tows/gap edges
(white dashed lines), the plies are back to nominal thickness. This swelling results in a notable drop in
fiber volume content. This, and the fact that the gaps also feature two resin ’wedges’ means that locally
a large portion of the available matrix is drawn from the laminate, which is thought to be the reason
for the voids. For the laminate, a non-perforated release film was used, which should have preserved
the originally set fiber-matrix ratio. The fact that the laminate features a thicker line of resin at the top
hints the issue of resin being squeezed out. A major outcome of the thesis is these voids were only
discovered at gap locations, very distinctly. The incorrect curing cycle could have also contributed to
these defects, the exact statement could only be said after further investigations. Research into this
direction is highly encouraged. The microscopical observations, apart from the voids align with the
outcomes of Guin et al. [71].

Figure 6.7: Axial and principal shear strain DIC plots.

Figure 6.7 presents the axial strain and the principal shear strain from the previously shown dia-
grams (in their respective coordinate system, also see arrows). As a brief summary of all plots, gaps
were found to affect the strain distribution of the specimen, not only from the front side but also from the
back. The affection materialized in repetitive patterns of strain intensities. Note, that the image shows
front side gaps with red dashed lines and white for the backside gaps (the gap width is larger than the
used lines). On the left side of the image, the axial strain peaks were mostly aligned with the backside
gap locations within the surface tows, which proves that in a global response, the phenomenon can be
perceived. On the right side, the principal shear distribution also proved an affection, however, in the
other direction. The repetitive peaks were inside the rectangular zones bordered with gaps. As a main
takeaway, the gaps therefore affected the laminate responses in deformation intensities in any way.

For the author of the thesis, the deformation inhomogeneity is a synonym for material knockdowns.
An analogy is wished to be made with the gaps and knockdowns, based on all observations and experi-
ences. In fatigue, open holes are critical features, because of the stress concentration factor they bear.
The generally known, factor of 3 exists between the general applied stress and the local stress peak at
the hole edge. This stress concentration factor is a materialization of the stresses piling up at the edge,
while the material at the hole edge is just like everywhere else. If one just investigates a general test, a
premature failure can be observed, with respect to the applied stress, with respect to the system as a
whole. A similar nature is envisioned in the laminates with gaps. One-ply can be over-stressed locally,
which can be perceived as a knockdown on a large scale. The ’stress concentration’ of the imperfect
laminates is introduced during the lamination process when gaps become a part of the system. The
gaps are the open holes, and the neighboring environment plies are the surroundings of the hole, which
eventually become the weakest link in the chain. Therefore, the perceived performance loss is down to
a small-scale local problem. Conclusively, it is stated that there is a strength knockdown in the tested
laminates, based on the DIC observations.
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The reason for the strain inhomogeneity is thought to come from the local layer absences (covered
by the FEM tool), and also from the previously considered ply/fiber waviness. The waviness of plies is
known to impose a stiffness decrease [105]. The loads are assumed to find the most convenient way,
commonly put as ”stiffness attracts loads”. Using this notion, for the principal shear plot, the gaps from
both sides imposed such a local softening, that the additional tows couldn’t be loaded up to significant
stresses. To conclude, first, the affection for stiffness must be understood, so that the stress states can
be known/modeled accurately. The strength-wise characterization could only be a second step, after
this founding work.

The DIC also presented an insight into laminate behavior with the curvature plots. As it was seen,
front-side gaps got revealed in the form of a ’ditch’, while backside gaps formed a smaller ’peak’. The
magnitudes of these out-of-plane displacements were very small, nonetheless were distinct. The phe-
nomenon is reasoned to be a result of the ply waviness within the laminates. The explanation is aided
by Figure 6.8. As the curing imposed waviness onto the plies, upon loading, the layers are thought
to be flattening out. On the gap side, this should result in the observed ditches, while the other side
should exhibit peaks, although a smaller magnitude, as the ply waviness is less and less strong in the
layers.

Figure 6.8: Swollen ply at gap location with voids.

Last but not least, is the main hypothesis. Namely, ’gaps negatively affect the off-axis tows, thus
introducing failure/strength knockdown’. The gaps were found to impose increased distortions to some
points in the laminate, which was thought to be a synonym for a performance knockdown on a lami-
nate level. The off-axis tows were loaded to microcracks, however, these cracks couldn’t be clearly
connected to the manufacturing defects. Therefore, the hypothesis was not proven in its (original) form,
and further work is required. It is wished to be noted, the hypothesis was not disproven neither.

6.1.5. Answering the main research question
The variable stiffness laminates are thought to be the ultimate method to exploit the admirable per-
formance of fiber-reinforced composites, the state-of-the-art of today. However, it is not a common
practice in the industry, and one aspect of it is the lack of knowledge of load-bearing capabilities. The
resolution of this issue is deemed to be the final goal of the characterization of manufacturing-induced
defects. The resolution is envisioned in the form of strength knockdowns with respect to main variables,
which would be a direct tool in the hands of industrial engineers on the application end.

This master’s thesis was planned to be a cornerstone, in the vastly unexploited topic of the effects
of manufacturing-induced defects, very early on. The literature study chapter pointed out the evident
lack of understanding in the field, or in some cases, the misleading characterization processes. It is
recommended to deal with gaps/overlaps and fiber waviness topics as one internal package based on
the outcome of this work. The element-level characterization in experimental work proved to be very
insightful, and it is encouraged in future work.

However, as it was mentioned in the simulation discussion, the number of variables is too large to
characterize by experimental methods alone. Therefore, the increasing trend of numerical testing is
suggested for the complete characterization work, as per the discussion and similar to the suggestions
of Alves et al. [105]. A numerical testing method has been proposed in the previous subsection, see
Figure 6.5. This tool, nonetheless needs some supporting research to be able to carry out the sought
outcomes. The whole characterization process, including the FEM tool as a core, is proposed on the
flowchart of Figure 6.9.

To start an iterative simulation tool, there must be inputs to the model. The primary inputs are
the laminate geometry, loading condition, and material inputs. If these are realistic, only then has the
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FEM chance to output realistic results. Thus, there is a need for preceding studies in the field - there
are two proposed, the material science of post-curing properties of laminates with gaps/overlaps and
the other study on VS response behavior. The former is thought to convey an understanding of post-
curing ply deformations, possible void formation scenarios, changes in fiber volume content, etc... As
an output, there should be a method to generate any arbitrary laminate configuration’s cross-section,
with respective material data properties. The latter, the laminate behaviour study is a bit less intuitive
- it would be connected to the loading mode, and also to the first validation to laminate response of
the FEM output. The dire difference between the simulation and reality of the grip section was down
to incorrect loading/boundary conditions, and the consequence was obvious. Similar issues could be
made at the macro-level simulation of the process, therefore, there must be a way to find the correct
boundaries of the model, which gives the correct response based on the initial testing observations.
A general example of this is a simple comparison of displacement or force loading - both load up the
model, but with differences.

At this point of the whole procedure, there must be an initial method to generate realistic, macro-
level geometries, with corresponding material data inputs, and also with loads that create realistic de-
formations. The main iterative tool could give a first estimation of numerical knockdowns and predicted
processes. This being said, the models in general need verification and validation. This is a point
where only experimental work is suggested - to describe the actual reality. Discrete sampling points
(laminates) are envisioned to be sufficient in this matter, with an experimental setup similar to the one
used in this thesis. It must be noted, that the new specimens should advance a step further, correcting
the used samples’ initial troubles. If an acceptable correlation is found, the failures with respect to the
stored variables can be studied, eventually leading to the ultimate conclusions of the effects of manu-
facturing defects. In case of insufficient correlation, the initial models should be refined until the FEM
results agree with the testing data.

To conclude the process, the knockdowns, as a process could be used directly at the industrial front
of engineering. This is imagined to happen together with the manufacturing process design. As the
AFP robots need trajectory planning - the location of gaps, orientations, and other variables are known.
Knowing these defect variables over a product surface, the mechanical performance could be calcu-
lated based on the knockdown functions. Ultimately, the effect of gaps, and in general manufacturing
defects could be accounted for in structural applications of variable stiffness laminates.

6.2. Future recommendations
The thesis, being a cornerstone of a novel research area, had many recommendations over the main
text, especially the discussion part of the thesis. Briefly, the more important are wished to be pointed
out, with some prioritizing. Aligned with the characterization proposal, the initial recommendation is
to pursue research with respect to the curing process side and the laminate response side. The latter
could exploit the used specimen design together with the outcomes. Thus, improved and more efficient
characterization samples could be used in the future.

The research into edge location gaps and characterization of such problems could be a rewarding
endeavor. However, it is only recommended after the responses of laminates inside structures are
understood. This way, the research of free edge location gaps could be built upon solid knowledge. A
similar opinion is linked to the other branch of gap defects, the triangular gaps. After sufficient experi-
ence in the topic, a deep investigation of the problem is supported.

Lastly, more accurate simulations of frictional loading could be a beneficial study. At coupon-level
testing, it is already a problem with high-performance composites, let alone at increased scales. At
higher levels, the cost of testing work is exponential, which could be burdened by the inability to test
because of such load introduction problems. The accurate prediction of load introduction, together with
more efficient design of such areas should erase a major problem in a constant problem of testing work.
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Figure 6.9: Envisioned complete process for mechanical performance characterization of variable stiffness structures.



7
Conclusion

The research objective for the thesis was to find a method to characterize the effects of manufacturing-
induced defects, namely gaps in variable stiffness laminates. Early on, this proved to be a great chal-
lenge, for which one master’s thesis was not enough in terms of both work and time. Therefore, the
research was mainly about outlining a promising method that eventually could provide the desired char-
acterization outcomes. Eventually, the work shifted to become a foundation for further work, or a first
shot in the dark.

The research focused on providing a specimen that could characterize the effects of gap accurately,
and in a well-representative manner. To do so, requirements were set against a feasible concept
(chapter 3). Based on these, the design process started with a concept featuring the actual steering of
tows. This path ran into problems with manufacturability, machine limits in testing equipment, and the
strongest one with the inhomogeneous stress state of tows. As it turned out, the inhomogeneity means
the inspected media is masked by one over-stressed point. It can be interpreted as a ’noise’ in the
observation. Contrary to this, a homogeneous state allows tendencies and affections to be displayed
by one problem and in a pure form. Hence, it eventually converged into a second concept, featuring a
well-defined controlled gauge zone, where the processes have the preferred homogeneous state. The
final design was anticipated to have repetitive failure points, or at least to have onset in the desired
location - at gaps.

The research hypothesis was that ”gaps negatively affect the off-axis tows, thus introducing fail-
ure/strength knockdown”. Or in other words, the problem was thought to be a matrix-governed prob-
lem. The hypothesis was planned to be validated by the damage onset locations within the specimens.
Even though some larger microcracks aligned with the predicted gap locations, there was insufficient
evidence to prove the hypothesis true. The problem is thought to be originating from the simulation
model used for the predictions.

The simulation model featured simplifications, in order to speed up the design process. However,
the geometrical simplifications of post-curing ply geometries were reasoned to be an incorrect move.
The comparison of FEM results and DIC strain distributions proved that not only the magnitude, but the
tendencies were significantly different also. The former could have been reasoned to be material data
property difference, however, general tendency difference points to a fundamental modeling problem.
Having no other major simplification, the effect of ply waviness was the one not accounted for. The
strong effects of deformed layers, referred to as ’fiber waviness’ are documented in the literature, but
as a separate topic. If gaps exist in a laminate, so are ply waviness, therefore it is strongly suggested
that these problems are dealt with as a package. As finding the correct modeling method was a ques-
tion, an answer or suggestion for future work was made. The accurate but efficient model is thought
to be a macro scale model, with representative cross-sections of a post-cured laminate containing de-
fects. Finding the damage onset in this imperfect unit volume could point to the critical combination of
variables.

The experimental work provided many insights, from various sides. It was detected, that gaps
imposed deformation peaks to areas of laminates. These deformations were said to be the trace of
performance knockdowns - as a local overstressing of media is perceived as a premature failure of
the system. Apart from the plots with pronounced trends credited to gaps, microscopical images were

85



86

also made from the laminates. A very clear trend was displayed - the gap locations had an increased
tendency to form voids. Other observations on ply deformation from curing processes were also dis-
cussed. The DIC system also captured out-of-plane tendencies, namely upon loading, frontal gaps
were revealed as ’ditches’, and backside ones as subtle ’peaks’. This was concluded as a result of
plies flattening out during the loading sequence.

Finally, the main research question about the ’how’ of characterization was answered through a
proposed research process. Since the number of variables is high, automated numerical tools are
envisioned to be the core process. The FEM model would be the one mentioned, a macro-scale unit of
laminates. As a preliminary step, more understanding is needed to accurately create the ply geometries
and to accurately load the unit volume. The former calls for a study in post-curing ply geometries which
eventually should provide with a model which can describe the layer deformations accurately, moreover,
should account for prediction of defects and other incidents. The latter is expected to provide a deeper
understanding of the discussed imperfect laminate responses. It should output a macro-level model
with loads and boundary conditions which gives back realistic laminate responses. These information
are proposed for further studies. Along the numerical solution, experimental work is required parallel
the iterative numerical tool to ensure a correlation between the prediction and reality.
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A
Mesh convergence study

After running the model with several mesh sizes, the convergence plot presented on Figure A.1 was the
resultant. The plotted value is the failure index in the central ’surface tows’, and at locations of stress
peaks. From a coarse mesh to a finer one, the failure index reduces by about 5% and converges to a
value close to 1. Apart from this numerical value convergence, in the spatial field, the distribution of the
raw output goes through a significant change. The software, by default, plots the results with a 75%
spatial averaging. This averaging smoothens out the distributions and contours, working as a low-pass
filter essentially. The global tendencies are still kept this way, but the numerical high-frequency noise
is negated. Figure A.2 and Figure A.3 present the coarsest and finest mesh results with no averaging
respectively. As one can see, the coarse mesh has significant numerical issues, however, the fine
mesh shows a converged solution even without any filtering. Thus, in the tows, an average mesh size
of 0.25 millimeters was used, whereas in the supporting plies, this value was 1 millimeter. Note, through
the thickness the tows featured 2 elements, as it results in 3 integration points, a rather minimum value
for thin parts.

Figure A.1: Failure criteria convergence plot for the central tow’s failure peak
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Figure A.2: Coarse mesh failure index plot with no spatial
averaging.

Figure A.3: Fine mesh failure index plot with no spatial
averaging.



B
Adhesive failure calculation

The total tabbing surface was calculated in CAD, which resulted in 9359 mm2 (Figure B.1). It must be
noted, on one end of the specimen there are two tabs on each side, therefore the total sheared surface
is double this area.

Figure B.1: Adhesive surface of the tabbing plate.

The maximum load of the testing machine is 250 kN, which will be used for checking for failure of
adhesion. The used Scotch-Weld EC-9323 B/A adhesive product has an overlap shear strength on
CFRP composites (epoxy matrix) of 28 MPa [107], for aluminium this value is higher. The shear stress
for the maximum machine load and the factor of safety therefore becomes:

τapplied =
Fmax

2Atab
=

250000

2 · 9359
= 13.36 [MPa] (B.1)

FoS =
τultimate

τapplied
=

28

13.36
= 2.096 [−] (B.2)
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C
Frictional force calculation for

clamping plates

A 12.9 coarse thread, M10 bolt has a preload of 44 kN (with a friction coefficient of 0.14) [108]. The 8
bolts altogether make up 352 kN of clamping force. The static friction coefficient for the aluminum-steel
material pair is 0.61 (clean and dry condition) [109]. There are two frictional surface pairs in contact, or
in other words, both sides of the specimen are loaded with friction. A schematic, simplified example of
the problem is presented on Figure C.1.

Figure C.1: Simplified example for the frictional loading.

Therefore the maximum non-slip condition force and the safety factor for the maximum machine
load is:

Fmax = 2 · (µAl−Fe · 8 · Fbolt) = 2 · (0.61 · 8 · 44000) = 429.4 [kN ] (C.1)

FoS =
Fmax

Fmachine
=

429.4

250
= 1.72 [−] (C.2)

It is noteworthy that, in case of a slip, bearing force should help the loading above the friction,
therefore the clamping case should be able to load up the specimen. This being said, the sliding
frictional coefficient for the same material pair is 0.47 according to [109], which is still sufficient to load
up the specimen by a safety factor of 1.3.

96



D
DIC plots not discussed in main text

Figure D.1: Initial warp of specimen at the beginning of the test.
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Figure D.2: Strain component in the rotated coordinate system. The direction is aligned with the frontal surface tow orientation.

Figure D.3: Strain component in the rotated coordinate system. The direction is perpendicular to the frontal surface tow
orientation.
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