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ARTICLE INFO ABSTRACT

Keywords: Continuous Fiber 3D printing is a relatively new technology which can allow for tailored reinforcement of critical

Fracture . ) regions in structural components, i.e., stress concentrations, following principal stress lines. The influence the

f\o'.npt“tam’nal mechanics fiber deposition path has on the mechanical and failure behavior of such components is assessed using an
nisotropy

anisotropic phase field model. A comparison with experimental results for notched unidirectional composite
plates, available in the literature, demonstrates the ability of the method to produce satisfactory predictions for
unidirectional reinforcement paths. The analysis is then extended to Open-Hole and Double Edge-Notched
tension coupons of both unidirectional and variable stiffness reinforcement patterns. It is observed that the
strength obtained for the components made with a reinforcement pattern that follows the principal stress lines is
markedly higher than that for the equivalent unidirectionally reinforced ones. It is highlighted that the
improvement in strength deriving from the tailored fiber deposition cannot be deduced solely by the analysis of
the stress concentration factor but an analysis taking damage into account is necessary. In addition, the effect of
the reinforcement strategy on the size effect was also explored, highlighting how the tailored fiber path leads to

3D printing

an increase in the failure load attainable by the specimens for all the dimensions analyzed.

1. Introduction

Carbon Fiber (CF) reinforced laminates have for years been the ob-
ject of interest among academia and different industrial sectors (e.g.,
aerospace, automotive) due to the high performance such materials can
guarantee, with special interest being devoted to improving
manufacturing methods and techniques used for their production. For
many years, classical lamination processes via hand lay-up were the only
way to produce composite laminates. In this procedure, pre-
impregnated layers (prepregs) of unidirectional (UD) fibers are
sequentially stacked to form the final plate or component. This tech-
nique is highly dependent on the ability of the operator who oversees the
lamination procedure.

In the 60's, Automated Fiber Placement (AFP) was developed,
allowing the automatic deposition of prepregs and also fibers (con-
cerning tow-steering techniques), in unique and predefined paths to
generate multidirectional laminates. These laminates can be tradition-
ally cured or cured in-situ as the plies are placed. This technique is, until

* Corresponding author.
E-mail address: ssangaletti@us.es (S. Sangaletti).

now, the main one used to produce components of large dimensions.
With advanced robotic systems, AFP became a means to produce com-
plex shapes and components much more efficiently, helping eliminate
wasted material, and minimize the possibility of human error, allowing
for more overall control of the process. However, this too comes with its
weaknesses. Prepreg types (e.g., width, material system, thickness)
could be restrictive, attainable shapes are still somewhat limited, and
cost remains high for increase complexity.

In recent years, the additive manufacturing technologies that were
developed act as gamechangers in the field. One of the most common
forms seen is fused deposition modeling (FDM) which is commonly
referred to with the term 3D printing.' 3D printing has evolved to now
allow the deposition of continuous fiber bundles alongside a polymeric
matrix to generate fibrous composite components. This paves the way
for significantly tailored component design to be achieved, since com-
plex curvilinear paths can be used per material layer. 3D printing of
composites poses several advantages (Kabir et al. [1]) such as the pos-
sibility to generate complex shapes without the use of molds; an

1 This term will be used throughout the document to refer to the process of FDM of continuous carbon fiber components assumed in this work.
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automatic process that does not require the intervention of human op-
erators, leading to lower production costs; multidirectional and ad-hoc
reinforcement geometries can be generated based on the loading history
that the component is expected to have to endure. In particular, the
latter is very pertinent to design since the designer can optimize com-
ponents by simply acting on the reinforcement pattern. Strengths can be
improved without incurring any penalty in weight. For components
presenting stress concentrations, such as holes or notches, continuous
fiber bundles can be strategically deposed around the stress concentrator
and improve the mechanical response of the component. This highlights
the position this technology holds on the production of new generation
composite structures.

Zhang et al. [2] demonstrated through experiments that specimens
with a tailored fiber path versus those of a unidirectional (UD) pattern
demonstrated increase in the maximum load the specimen could with-
stand. Khan et al. [3] quantified this increase in strength, in terms of
hole size, testing continuous CF printed coupons of different hole di-
ameters, concluding that the larger the hole, the higher the increase in
strength. In an effort to explain this strength increase, Zhang et al. [4], in
a computational framework, studied the reinforcement strategy for
different loading cases on specimen containing circular holes, concur-
ring that the maximum stress around the hole decreases with an
appropriate tailored reinforcement geometry. The same was also studied
by Malakhov and Polilov [5], who also focused on the attainable
reduction in stress concentration factor around the hole.

However, these works only referred to stress levels near the stress
raiser and from that deduced the increase in strength. The main
contribution of the present work is the application of a non-linear
analysis that considers not only the stress alleviation related to the
tailored fiber path, but also a fracture mechanics-based theory to assess
failure, which is directly influenced by the stress state around the stress
concentrator. To capture this phenomenon, the Phase Field (PF) method
was used, a technique that has been extensively applied to fracture
problems in varying structural material systems, ranging from metal
fracture (Ambati et al. [6], Vakili et al. [7]) to composite materials. For
the latter, in particular, analyses have been conducted in detail on
different scales, from micro-mechanical analysis (Guillén-Hernandez at
al. [8], Tan and Paneda [9]), to macro-scale analysis (Reinoso et al. [10],
Mitrou at al. [11], Dean et al. [12], Kumar et al. [13,14]). Regarding 3D
printing applications, Yvonnet et al. [15] focused on 3D printed nylon
via selective laser sintering (SLS) and Sangaletti and Garcia [16] on
continuous CF. In the latter work, modelling consisted of matrix and
fibers being considered as separated material sections, each one with its
own elastic and fracture properties, within the finite element analysis
(FEA) model. This, however, significantly increases the complexity of
the model, the pre-processing times necessary, with a direct conse-
quence on the computational expense required for the simulation. This
becomes even more cumbersome if a scale-up analysis is to be performed
and printing parameters are to be modified.

In addition, depending on the 3D printer used, this might not also be
the best representation for the way the fiber bundle is deposed during
the production process. In fact, modelling the 3D printed component
using two different separate materials (in Sangaletti and Garcia [16],
Onyx and CF bundle were modelled) is the correct approach if a pro-
duction technique like the one described in Nanya et al. [17] is adopted.
The process leaves a sizable distance between strands and material
systems leading to low volume fractions of fiber and matrix. In the case
though another process is considered, like the one used by the 3D printer
MarkTwo by Markforged, this modelling technique is not efficient. In
this case, a model that can consider a homogenized representation of the
material is required. Thus, it would be suitable to adopt the PF formu-
lation including considerations of anisotropic material behavior.
Therefore, this work also aims to propose a method to improve the
overall simulation procedure for such 3D printed composite components
by using the PF formulation and a convenient way to represent the
different material properties and fiber paths.
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The paper is organized as follows: in Section 2, the methodology
adopted in this work is described, step by step, starting from the initial
considerations to the generation of the Finite Element (FE) models. In
Section 3, the anisotropic PF model is described. In Section 4, unidi-
rectional models are analyzed to check the validity of the adopted PF
model. Following, in Section 5, the procedure explained in Section 2 is
applied to two case studies, Open-Hole Tension (OHT) and Double Edge-
Notched Tension (DENT), checking the differences in the mechanical
response resulting from the ad-hoc fiber deposition path. In the last part,
conclusions and final remarks are mentioned.

2. Methodology

As explained in the introduction, it is of key interest to find a way to
efficiently represent continuous fiber reinforced components produced
from 3D printing in a numerical setting. Depending on the approach and
on the printing procedure in question, this can be successfully done by
using different element sections per material type, i.e., fiber and matrix
are modeled with separate sections, see Sangaletti and Garcia [16]. This,
however, is a tedious task requiring significant pre-processing effort for
the FEA model set up. Some authors have also used a homogenized
approach like in [5], however, their work did not account for failure. In
this work, a homogenized approach able to model damage based on the
anisotropic PF model, (explained in Section 3) all awhile keeping the
level of complexity low, is used.

Let us consider a plate containing a centrally located circular hole,
like the one shown in Fig. 1 (a). As the tensile stress is applied in the
vertical direction there is a stress concentration region around the hole
caused by the deviation of the stress flow lines, due to the presence of the
hole itself. Since the CFs have higher mechanical properties, the aim is to
align them to these flow lines to attain the maximum advantage of their
presence.

The procedure starts with a linear elastic FEA on an isotropic model
of the component of interest. The software ABAQUS is used in this case
and the rest of the procedure is tailored to its capabilities. Within a
Python script, the results of the linear elastic analysis are extracted from
the data file. Then, the data related to the in-plane stresses are extracted
and the directions of the maximum principal in-plane stresses of each
element of the model are computed by means of the classical formula
[18]:
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where ¢ is the angle of the principal direction with respect to global
coordinate frame, and oy, oy, and 7, are the normal and shear stress
components acting on the element.

After this calculation is performed for each element of the model, the
element is stored as a new section (*solid section) with a new individual
coordinate system. This new coordinate system is noted by the reference
frame x, y ,2, where the x'-axis of this local coordinate system is aligned
with the direction of the maximum principal in-plane stress calculated
previously according to the global reference frame from the linear
elastic analysis (Fig. 1 (b)). This step alters the new input file. After this,
a new model is obtained, with all the elements having a local coordinate
system aligned with the stress flow resulting from the initial analysis
(Fig. 1 (). The x-axis of the new element material coordinate frame
represents the fiber direction in that element and the highest Young’s
Modulus (Ey) corresponds to this direction. For considerations of failure
events, the fracture toughness will also, for this type of composites, vary
per direction and can be modelled in a similar fashion. In the x-axis
(along the CF bundle) the fracture toughness, noted as G¢(0'), is set
equal to the inter-laminar fracture toughness of the composite, essen-
tially the fracture toughness for a crack that progresses along the fiber
direction. In the y-axis the fracture toughness, noted as G¢(90°), rep-
resents the fracture toughness for crack growth perpendicularly to the
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Fig. 1. Schematic representation of the procedure followed to obtain the final FE model for the analysis.

CF bundle, which for UD fiber composites is generally significantly
higher than the inter-laminar value. It is important to note that all these
mechanical aspects of the anisotropic nature of the UD material are
taken into account solely by use of the PF theory (presented in Section 3)
and internal Abaqus orientations. The CF bundle path is modelled by
simply changing element material orientations without requiring intri-
cate maneuvers or generation of partitions, new elements or new
element sets in two separate FE models to do the subsequent analysis. In
addition, it is important to note that only two-dimensional models are
considered in this work, which refer to the laminate as an equivalent
single layer, thus providing a homogenized representation of the printed
component. Therefore, no delamination between layers is taken into
account.

The method does suffer from the limitation that different Fiber
Volume Fraction (FVF) distribution cannot be simulated. But, as
mentioned depending on the printing parameters, this can in fact be a
more suitable approach to obtain accurate predictions of the mechanical
response.

3. The anisotropic Phase field fracture model

The PF approach to fracture, used to account for fracture in the above
methodology, is based on the principle of minimization of the total
potential energy of a cracked solid and stems from the variational
expression of Griffith’s energy balance. Thus, it treats fracturing of solids
in a globalized way allowing for an efficient basis to perform component
level failure analysis. The theoretical aspects of the method are only in
brief explained here and more in-depth details of the formulation can be
found in the early works ([16,20]). It is noted that the mathematical
convention used has matrices represented by a bold capital letter in non-
italic (i.e., A), vectors bold and italic (i.e., 7) and scalars simple italic (i.
e., S). So, consider the solid of volume V, that contains the crack surface
I, with the external tractions 7, applied to part of its boundary S, defined
by the normal vector 7, as seen in Fig. 2 (a). Its total potential energy
will be generally expressed as the summation of the elastic energy U,
the fracture energy U and the external work W (Pham et al. [19]):

O, =U+U—W :/ w(e(u))dv + / G dl' — /?-ﬁdS 2)
VAl r s

where y/(e(u)) = 17-C-¢ is the elastic energy per unit of volume, func-
tion of the infinitesimal strains & (expressed using Voigt notation) and
the stiffness matrix of the material C, and G, is the fracture toughness.
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Fig. 2. Schematic solid (a) in a typical form, and (b) with the introduction of
the PF (diffuse crack).

Such a functional is function of two unknowns: u, the displacement
vector, and I', which represents the sharp crack topology. Due to the
sharp nature of the crack, a numerical solution to the problem becomes
rather difficult, and thus requires special tools. One of those that has
been proposed is the PF method which relies on a variational expression
of the problem. It consists of a regularization of the crack domainT, via a
crack surface density function y, and thus, a switch from a sharp to-
pology (in Fig. 2 (a)) to a diffuse one (in Fig. 2 (b)). This is done with a
scalar Phase Field variable ¢, which ranges from 0, corresponding to
intact material, to 1, corresponding to a fully damaged state [21].

In this way, the energetic quantities of Eq. (2) change to:

U, = / 2w (e())av ©)

U = / 410, Voo, A)dV @)
14

where g(¢) is an energy degradation function which depends on the PF
variable, representing the degradation of the stiffness during fracture,
and can be described by the quadratic form g(p) = (1 — ¢)?, and g is a
scaling parameter that, used with the scaling constants, allows a correct
definition of the fracture toughness along the two principal directions of
orthotropy (see Egs. 6-8). The tensor A is a 2nd order structural tensor
which enables the consideration of an anisotropic fracture energy,
something imperative to consider when modeling anisotropic materials.
This was firstly introduced in the seminal work of Clayton and Knap [22]
and then has been used in a variety of applications in the same sense, see
Pillai et al. [23] and Bleyer and Alessi [24]. When A is equal to the
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identity tensor, I, the isotropic case is recovered [25]. After the regu-
larization, the total potential energy in Eq. (2) becomes a function of the
displacement vector u and the PF ¢ and its minimization still leads to the
equilibrium solution. Finally, y is the crack surface density function,
whose form, considering the AT2 model, is given as [9-10]:

1o, Vo) = % (@ +E(Vo-A-Vo)) )
where [ is the regularization parameter (or length scale as it is often
referred to). As mentioned in many studies, care must be given when
choosing the value of the length scale, as it directly affects the strength.
In this work, it will be considered as a material parameter that will be
obtained by fitting a certain set of experimental results [26].

Regarding the structural tensor for the case of an orthotropic mate-
rial, it can be defined considering two principal directions of orthotropy,
ay, as, as [25]:

A=l+aa Qa +aa a, (6)

Where a; and a, are two scaling constants for each direction a;,a,
and @ is the dyadic product. To define them, the approach proposed in
Mitrou et al. [11] for multidirectional laminates is followed, where the
scaling constants a; and a, are directly determined considering the
values for the fracture toughness G.(6 = 0") and G.(0 = 90"):

oy 2
a = (%) —1 @
8¢
N
0 — (%) 1 ®
8¢

where 0 is the angle of the assumed crack with respect to the loading axis.
As stated previously, for UD composites, which are of interest in this

work, G.(0") is the inter-laminar fracture toughness, noted by Ggo , and
G.(90") is equal to the fracture toughness for a crack growing in the

direction perpendicular to the fibers, noted by Gg°°. As stated, the
parameter g. can be given an arbitrary value. This can be understood if
one looks at the overarching idea that the toughness distribution acts as
an input to the method, and that it is solely defined in terms of the
scaling constants assuming known and fixed values for the fracture
toughness at 0° and 90°. Thus, as long as those are properly defined, g,
acts as a parameter that scales the scaling constants accordingly. Only in
the case that the material is isotropic it is convenient for g. to be
considered equal to the fracture toughness of the material, as any scaling
would add unnecessary complexity [25]. The specific considerations of
anisotropic fracture energy alleviate the method of requiring a posteriori
crack path definitions in anisotropic failure. The fracture plane is rather
a product of the toughness distribution. This is considered an advantage
of the above formulation for the anisotropic PF model, as shown in
Mitrou et al. [11]. Most works that refer to an application of the PF
method to a UD lamina (or transversely isotropic material) do not adopt
the same perspective in definition of the constituents of the anisotropic
PF model. While they all use the structural tensor to include anisotropic
fracture energy, in the context of transverse isotropy the fracture plane is
considered to be along the symmetry axis. Thus, in those cases, the
structural tensor only aids in restricting failure on a certain direction.
The scaling constants are treated as numerical inputs, and g  as the
toughness for that preferred direction [23,24,25]. Without imposing the
anisotropic model under that prism, the fidelity in accounting for non-
negligible fracture toughness values along other directions of the
transversely isotropic material is not lost, and so is not also the ability to
predict a fracture plane that is not along the principal direction of
transverse isotropy. The latter is considered very important, especially
when assessing fracture of multidirectional laminates modelled through
an equivalent single layer approach [11], or fracture of variable stiffness
composites, whose fracture planes may not follow the (local) principal
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directions of orthotropy (or transverse isotropy).

In the anisotropic PF method adopted here, the underlying
assumption for crack path (or direction) determination lies on a
maximum energy release rate (MERR) criterion as outlined in the work
of Li and Maurini [27]. While the MERR criterion might not cater to all
materials and forms of anisotropic fracture [28], in what follows it will
be demonstrated that the internal adaptation of the MERR criterion of
the PF models is sufficient to accurately predict the fracture plane angle
for the components of interest.

4. Numerical validation

In this Section, initial representative cases of structural testing are
simulated to validate the aforementioned methodology. Two represen-
tative examples, an OHT test and a center-notched tension (CNT) test,
are simulated based on the experimental evidence presented in Modniks
et al. [29]. Both specimen types are shown in Fig. 3, where geometry,
loading and boundary conditions are also depicted. The specimens are
made from a quasi-UD flax fiber/epoxy fabric prepregs. The material
properties of this system are reported in Table 1. Different fiber off-axis
angles with respect to the load direction were tested for both cases: 30,
45, 90 for OHT and 15, 45, 60, 90 for CNT.

Following the theory of Section 3, the PF approach to fracture was
applied to both models. The length scale was selected as I = 9.8 mm to
match the experimental evidence for the 30° tests and was then kept
constant for all the other simulations, while g. = 10N/mm. Lacking in-
formation for the intra-laminar fracture toughness of the material for a

crack running perpendicular (transverse) to the fibers, G2, this value is
assumed to be 50 times higher than the longitudinal intra-laminar

fracture toughness, GSO, as per Zhang et al. [30]. A minimum dis-
cretization length of 0.04 mm was used to create the mesh. The analyses
were executed in Abaqus using the UMAT + UMATHT approach
mentioned in Mitrou et al. [11] based on Navidtehrani et al. [31]. Both
models were discretized with 2D Plane Strain elements (CPE4T) and the
solution scheme used was the *type = SEPARATED option for a coupled
temperature displacement problem in the implicit solver available in
Abaqus. The respective results can be seen in Fig. 4 and Fig. 5. Good
agreement against the experimental effective strength, oy, with off-axis
angles for both cases, is shown. It is also noted that, for each off-axis
angle, a crack path that follows the fibers direction is found, as is
expected.

These results give confidence that the present model can be used in
more complex cases of non-UD fiber paths, as it is able to accurately
capture the effect of change in fiber angle with respect to the loading

[T HREEN

£ 5 mm g
g g _
& & N
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Fig. 3. Dimensions and configuration of the (a) OHT specimen and (b)
CNT specimen.
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Table 1
Properties of the quasi-UD flax fiber/epoxy composite.
E\(GPa) E\(GPa) G,y(GPa) Vxy GY' (N/mm)
26.0 2.6 1.3 0.35 0.622
25
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N
©
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Fig. 4. Numerical vs experimental results of UD off-axis OHT.
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Fig. 5. Numerical vs experimental results of UD off-axis CNT.

direction all awhile being able to properly capture the expected crack
path.

5. Effect of fiber deposition path on strength

After the above validation of the model for UD laminates, the effect a
tailored fiber path could have on the strength of structural components
is analyzed. A quantification of the difference in the maximum attain-
able load between a unidirectional (UD) specimen versus those that have
the fibers distributed at an optimal path (for the given loading condi-
tion) is of prominent interest. It is noted here that the latter will be
referred to as the case with variable stiffness reinforcement. Two spec-
imen types are considered, Open Hole Tension (OHT) and the Double
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Edge-Notched Tension (DENT) specimen. These tests are of outmost
importance especially in the aerospace field where they can be used to
develop design allowables [32] and perform material characterization
[33]. The study here focuses on the attainable improvement on strength
and how this affects the observed size effect when a scale-up analyses is
performed. The latter is interesting to study since the PF approach of
fracture used here is a purely energetic criterion (if the length scale tends
to zero) or an implicit combination of a stress and energy criterion (if the
length scale value is arbitrarily chosen, which is the approach adopted in
this work). Energy plays a role that leads intrinsically to a size effect
which could not be appreciated by adopting a method that is reliant on a
stress criterion alone, and this is demonstrated in what follows.

5.1. Open-Hole tension

The method described in Section 2 is here applied in conjunction
with the PF method to study the effect the disposition of fibers on an
optimal path could play in the structural response of open-hole struc-
tures subjected to tension (OHT). To study the size effect, the specimens
were scaled up keeping a constant ratio between the width and the hole
diameter of w/d = 4. The dimensions of the specimens are listed in
Table 2 and the configuration is depicted in Fig. 6. The material system
of interest is CF/epoxy HTA/6376 with properties listed in Table 3. It is
reiterated here that, with the methodology presented in Section 2, it is
possible to easily consider the local change of fiber orientation through a
rotation of the local orientation of each element, leading to local
changes in moduli and fracture toughness as would be observed in the
3D printed component featuring a variable stiffness reinforcement
pattern.

Using the anisotropic PF model mentioned in Section 3, the differ-
ence in fracture toughness between longitudinal and transverse direc-
tion is directly considered and the respective values are listed in Table 3,
while g. = 10 N/mm. The length scale is selected as I = 0.04 mm and the
model is discretized with elements of minimum length of 0.008 mm, to
be sufficiently smaller than the length scale along the expected crack
path. This length scale value was arbitrarily chosen given the lack of
experimental evidence. This, however, does not limit the analysis which
is used to provide qualitative results, and a different value of the length
scale would essentially just scale the strength obtained in both cases
[26]. For this reason, any results presented hereafter are normalized
using the notched tensile strength of the material as occurring from the
UD specimen for Size A. The analyses were once again executed in
Abaqus using the UMAT + UMATHT approach mentioned in Mitrou
et al. [11] based on Navidtehrani et al. [31]. The solution scheme used
was the *type = SEPARATED available in the implicit solver available in
Abaqus for a coupled temperature displacement problem. Plane strain,
CPEA4T, elements were used for the smaller specimens and, above 56 mm
of width, plane stress, CPS4T, elements were used. The change in
element type was applied due to a careful evaluation of the stress field of
3D equivalent elastic models. In the smaller cases, plane stress as-
sumptions did not hold near the notch region, but after 56 mm of width
size the stress field at the notch satisfied plane stress assumptions. Fig. 7
depicts the strength obtained per specimen width for both the UD and
variable stiffness reinforcement (i.e., optimal fiber deposition). The size
effect found for both types of specimens is similar and it is in agreement
with the classical results for quasi-brittle materials: when the hole radius

Table 2
Dimensions of the scaled OHT specimens.
w(mm) d(mm) L(mm)

Size A 12 3 185
Size B 24 6 185
Size C 40 10 185
Size D 56 14 185
Size E 72 18 185
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A

Fig. 6. OHT specimen.

Table 3
Lamina properties for CF/epoxy HTA/6376 [34].
E,(GPa) E,(GPa) G,y(GPa) Vi G¥ (N/mm) G2 (N/mm)
114.8 11.7 9.66 0.21 0.27 106.3
1.5 20
Increase in strength
1.4 X . 18
4—Variable Stiffness
1.3 uD 16
512 14
B0
=
g 1.1 & 12
t; ~
3! 0L
g09 » 8
5 a
Z 038 " A 6
0.7 4
0.6 2
0.5 0
12 24 40 56 72
Width (mm)

Fig. 7. Results for variable stiffness vs UD OHT specimen.

decreases with respect to the material length, the specimen is less sen-
sitive to the presence of the hole. In the extreme case for very small radii,
the apparent strength of the holed specimen should be the same of a
specimen without a hole subjected to the same net stress. It is seen that,
throughout the full extent of sizes, the specimens with the fibers deposed
at the optimal path demonstrate improved strength, with a significant
difference between the two types of specimens. Moreover, this increase
in strength is more prominent as the size of the specimens increases, as
will be discussed and justified later on.

5.2. Double Edge-Notched tension

A similar procedure as above for the OHT is followed here for double
edge notched tension (DENT) specimens. The specimen geometry is
shown in Fig. 8. Once again, scaled specimens are considered with the
ratio of the crack length over width kept constant at 2w/a; = 10/3. Itis
noted that, in all cases, the notch radius is fixed to 0.5 mm. The rest of
the respective dimensions are reported in Table 4. The material system is
the same one considered before and thus the length scale and dis-
cretization parameters are kept the same as well.
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Table 4
Dimensions of the scaled OHT specimens.
2w(mm) ao(mm) L(mm)

Size A 10 3 185
Size B 20 6 185
Size C 40 12 185
Size D 60 18 185
Size E 80 24 185

The results for strength over specimen width are shown in Fig. 9. The
typical size effect for a cracked plate is found for the two types of
specimens, with a strong decrease of strength when the size increases.
Note that a tailored fiber deposition does not modify this tendency. The
reason is that the situation for large cracks is governed by an energetic
balance which promotes this tendency, and this fact is not modified by a
fiber deposition tailoring. However, from a quantitative point of view,
fiber deposition tailoring does affect the notched strength with a sizable
increase in strength being obtained for all the modelled sizes. It is
interesting to notice, however, that in this case the magnitude of the
increase has a slightly more pronounced growth rate with size than the
one observed for the OHT case (Fig. 7).

5.3. Discussion

To explain the results obtained above, a closer look is given into the
stress fields. Fig. 10 shows the stresses along the fiber direction (S11), at
a certain time step for the UD and the variable stiffness reinforcement
OHT specimen. For each reinforcement type (i.e., (a) UD, (b) variable
stiffness) a complementary closeup image of the stress concentrator
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Fig. 9. Results for variable stiffness vs UD DENT specimen.
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+0.39
+0.35
+0.30
+0.25
+0.21
+0.16
+0.11
+0.07
+0.02
-0.03

Max. 2305 MPa

1 x'-axis

| L,

Theoretical and Applied Fracture Mechanics 127 (2023) 104030

Max. norm
value 0.84

1 x'-axis

D )

Fig. 10. Stress field and local material orientations for the (a) UD, (b) variable stiffness, OHT specimen.

region and the corresponding material orientations (local axis vectors)
are provided. The stresses in both cases have been normalized based on
the maximum stress observed for the UD specimen.

In the case of variable stiffness reinforcement, the maximum stress is
lower than the one in the UD case (around 16% lower, as shown in
Fig. 10). It is also interesting to observe the pattern of the stress con-
centration. It significantly differs between the two configurations. In the
UD reinforcement case, stresses are more prominently concentrated in
the vicinity of the hole, aligned with the load (and fiber) direction. On
the other hand, for the variable stiffness reinforcement case, stresses are
more evenly distributed along the ligament area. It is noted that this is
shown from an analysis of a single size, since the same pattern can be
observed for all other sizes as well. Similarly, the stresses are compared
for the DENT specimens as shown in Fig. 11. Once again, the contour
plot is obtained for only one size as the pattern repeats itself for the other
sizes. As can be seen for the DENT specimen, the maximum stress in the
case of variable stiffness reinforcement is close to 60% of the value in the
UD, making the effect of the tailored fiber deposition even more
prominent in this case. The reason for this decrease in maximum stress is
a direct consequence of tailoring the fiber orientations, making them
parallel to the load flow directions. As a consequence, the load flow
afterwards follows a softer distribution around the hole, decreasing the
stress concentration. In some manner, tailoring the fiber deposition
modifies the load flow to mimic the stress state of a geometry much

Max. 3394 MPa

Normalized

stress
+1.00
+0.95
+0.91
+0.86
+0.82
+0.77
+0.72
+0.68
+0.63
+0.59
+0.54
+0.50
+0.45
+0.40
+0.36
+0.31
+0.27
+0.22
+0.17
+0.13
+0.08
+0.04
-0.01

better adapted to the load. Thus, if the failure was governed by the local
maximum stresses, the increase on strength expected would be given by
this decrease of the maximum stress. However, this is only the maximum
improvement attainable in quasi-brittle materials, since other metrics
beyond the pointwise maximum stress value also play a role, as will be
discussed later on.

The obtained improvement in strength for both configurations re-
ported in Section 5.1 and 5.2, in Fig. 7 and Fig. 9, is associated with these
differences in the observed stress fields. The more pronounced concen-
tration in the UD reinforcement case for both configurations leads to
stresses being slightly higher at the concentrator for the same applied
remote displacement, leading to an eventual lower remote failure stress.

As pointed out briefly in Section 5.1 and 5.2, the increase in notched
strength attained is not constant and for both DENT and OHT cases it
increases more prominently as the specimen size increases. This differ-
ence could be attributed to the effect the size has on the evolution of
stress concentration factor (SCF), in particular for DENT specimens
where not all the geometric parameters are scaled (the notch radius is
fixed). However, this tendency is also observed for OHT where all the
geometric parameters are scaled, thus the SCF remains constant, as seen
in Fig. 12, which presents the SCF as the width of the specimens is
scaled-up. In the case, however, of the DENT specimens the SCF is
constantly increasing but at a different rate for UD and variable stiffness
reinforcement patterns, with the rate being higher for the UD

Max. norm
value 0.57

Fig. 11. Stress field and local material orientations for the (a) UD, (b) variable stiffness, DENT specimen.
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Fig. 12. Comparison of the SCF at the notch for the OHT and DENT specimens.

reinforcement pattern. These patterns are not directly and analogously
observed in the obtained percentage increase in apparent strength of the
specimens. This should highlight the fact that drawing conclusions for
strength improvement of components via the use of variables stiffness
reinforcement patterns cannot be deduced solely using the SCF of a
single size as the metric. Instead, the results show that other factors
clearly play a role in the attainable strength improvement. This is
coherent with the fact that failure in quasi-brittle materials is not only
governed by the stress field, but the energetic balance can play a key role
in many situations.

In the particular case of this problem, the increase of improvement of
apparent strength can be easily understood analyzing the effect of a
fixed length scale (assumed by the PF method)? on the results. Since this
length scale modulates the size of the damaged region, this region is
smaller with respect to the hole size when considering larger specimens.
Therefore, the region affected by the damage pattern is more and more
concentrated near the hole for larger specimens. Now, concerning the
stress state, as is well-known, the effect of the hole on the stress state
vanishes far from the hole. Considering that the material orientation was
set based on the stress state for the isotropic case, it becomes understood
that the material orientation is altered more prominently in a region
closer to the hole than far from it. Taking all the former into account,
when the specimen is scaled up, the damaged region is restricted to a
smaller portion of the overall region affected by the stress concentration.
Thus, it is restricted to a smaller portion of the region for which the
material orientations have been significantly altered for the case of a
variable stiffness reinforcement pattern. As a consequence, for larger
specimens, the reinforcement based on an optimal pattern holds a bigger
effect in comparison to the UD cases, leading to the result that the
improvement in strength is higher for larger specimens (Figs. 7 and 9).
Additional experimental evidence would be necessary to provide further
information on this. However, as of current this is not possible due to
limitations that exist in manufacturing constraints. The patterns that
would exactly follow the principal stress lines cannot at the moment be
reproduced due to restrictions of the software used by the Markforged
3D printer at the disposal of the authors, which does not allow tailored
fiber deposition paths, but only predefined ones from the printer
manufacturer.

At this point, it is also noted that all the above claims are made under
the assumption that the failure pattern, for both OHT and DENT, is that

2 This discussion is generically framed in the context of the PF length scale
since it is dealing with anisotropic fracture, but can be traced back to the
characteristic material length I = K2 /oc, where K. is the critical stress in-
tensity factor (or fracture toughness) and o is the strength of the material.

Theoretical and Applied Fracture Mechanics 127 (2023) 104030

Fig. 13. Failed pattern for (a) OHT specimen (b) DENT specimen.

of a fiber failure form with a crack traversing along a line perpendicular
to the load direction as seen in Fig. 13. As discussed in [35], this damage
pattern for an OHT specimen with UD reinforcement is dependent on the
combination of material properties. For some combinations, the damage
form observed would instead be split cracks following the fiber line. As
stated in [35], for the material system taken into consideration in the
analyses described in Section 5.1 and 5.2, a horizontal crack without
split cracks is expected and, thus, direct extension of the these obser-
vations and methods to materials that might not fall in this category
must be done carefully.

6. Conclusion and remarks

In this work, an anisotropic PF fracture model has been applied to
study the mechanical and fracture behavior of composite structures that
could be realized by means of a recent continuous CF 3D printing
technique. Components featuring both UD and variable stiffness rein-
forcement patterns were compared to quantify the strength for OHT and
DENT. The observations presented are based on the predicted strength
for each reinforcement pattern and configuration, which adds on to the
existing works that have to date only compared stress concentration
factors and deduced strength increase from there.

An approach based on a homogenized representation of the UD
material is followed, as described in Section 2, which significantly de-
creases the complexity and pre-processing time for the model by steering
away from individual constituents modeling approach. In conjunction
with the PF model, this renders the analysis of failure events in similar
configurations much simpler than common practice. Of course, it must
be understood that this method refers to cases where a high volume
fraction exists in the component, thus homogenization assumptions hold
and the final fracture occurs in the form a single fracture plane through
the thickness of the plate.

The reliability and applicability of the PF model presented here was
tested on unidirectional OHT and CNT coupons against experimental
evidence found in the literature. The satisfactory agreement obtained
demonstrates the ability of the adopted anisotropic PF model to accu-
rately predict the mechanical and fracture behavior of UD components
with a varying angle with respect to the loading direction. Therefore, the
same approach was applied to variable stiffness composites to quantify
improvements in the mechanical response as a result of an ad-hoc fiber
deposition path, following the principal in-plane stresses direction. Both
case studies demonstrate the beneficial effect of an ad-hoc fiber depo-
sition path with strength increase, for a range of sizes, when damage
occurs as a crack developing through fiber breakage (i.e., not parallel to
the fibers). Moreover, as observed for both OHT and DENT, this becomes
even more prominent as the specimen is scaled up in size.

It is recognized that such simulations could help promote new
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strategies to simulate the mechanical behavior for components realized
in such way, always taking into account the boundaries imposed by the
manufacturing method itself. Alongside adding considerations in the PF
model able to deal with structural components under multi-axial load
states, which would include compressive stress states, such approaches
could lead to a faster inclusion of novel 3D printed components in in-
dustrial sectors where safety and reliability of mechanical components is
of outmost importance.
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