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Abstract

Many biological materials exhibit outstanding mechanical properties that combine
stiffness with high toughness and damage tolerance. One example is the skeleton of deep-
sea sponges, which shows greatly increased fracture toughness due to soft interlayers (ILs)
within a brittle matrix material. These crack arresting properties are explained by the so-
called material inhomogeneity effect. Therein, a reduction of crack driving force (CDF)
is attributed to the noticeable differences in Young’s modulus and yield stress between the
constituents.

Although comparable structures have already been mimicked using metals or ceram-
ics, a detailed study has not yet been conducted for polymers. Within the scope of this
thesis, the material inhomogeneity effect was replicated in bio-inspired composites made
of polypropylene-based materials. Different layer architectures were explored, which can
generally be divided into microlayer composites, where layers are only a few microns
thick, and multilayer composites, where layer sizes are in the sub-millimeter range.

The objective is to increase fracture toughness and damage tolerance by using soft
ILs, while avoiding stiffness reduction due to the soft material. To enable a thorough
investigation of stiffness and toughness in such complex structures, targeted modifications
were introduced to existing procedures from elastic plastic fracture mechanics, material
testing and simulation.

Using these adapted methods, the crucial roles of material selection, defect size, layer
thickness and crack re-initiation after arrest were explored in detail. For example, the
optimal layer size for microlayer composites was determined as the size of the largest

inherent defects. With such an architecture, Charpy impact strength of a brittle matrix
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material could be increased by more than 11 times. Fracture energy under tensile loading
was also improved 33-fold. Unfortunately, the enormous benefits to toughness and flaw
tolerance were also accompanied by decreases in stiffness by up to 90%.

For applications where stiffness is of high priority, multilayer composites are a promis-
ing alternative. Specimen stiffness of these composites can be preserved better due to
larger matrix layer sizes. More specifically, the largest improvement to fracture tough-
ness' could be measured at 3.86 times the matrix toughness, while 75% of stiffness could
be maintained. The best solution in terms of stiffness only sacrificed 6% of the matrix
values, while fracture toughness could be increased by a factor of 2.81.

Ultimately, guidelines for the design of these optimal structures were deduced, which

are intended for later use in engineering applications.

'Fracture toughness was determined in single edge notch bending tests using an adapted version of the
J-integral.
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Kurzfassung

Viele biologische Materialien weisen herausragende mechanische Eigenschaften auf,
welche Steifigkeit mit hoher Zdhigkeit und Schadenstoleranz vereinen. Ein Beispiel ist das
Skelett von Tiefseeschwdmmen, das dank weicher Zwischenschichten in einem sproden
Matrixmaterial eine stark erhohte Bruchzéhigkeit besitzt. Diese rissstoppenden Eigen-
schaften konnen mit dem sogenannten Material-Inhomogenititseffekt erkléart werden. Dabei
kann eine Reduktion der risstreibenden Kraft den beachtlichen Unterschieden des Elas-
tizitdtsmoduls und der FlieBspannung der Konstituenten zugeschrieben werden.

Obwohl vergleichbare Strukturen bereits mit Metallen oder Keramiken nachgestellt
wurden, wurde bisher keine detailierte Studie an Kunststoffen durchgefiihrt. Im Rahmen
dieser Arbeit wurde der Material-Inhomogenititseffekt in biologisch-inspirierten Com-

positen repliziert, wobei alle verwendeten Materialien auf Polypropylen basierten. Ver-

schiedene Schichtarchitekturen wurden erforscht, welche im Allgemeinen in Mikroschichtver-

bunde, bei denen Einzelschichten nur wenige Mikrometer dick sind, und Mehrschichtver-
bunde, bei denen Schichtdicken im Sub-Millimeterbereich liegen, unterteilt werden konnen.

Das Ziel war es, die Bruchzihigkeit und Schadenstoleranz durch den Einsatz von
weichen Zwischenschichten zu erhdhen, wihrend eine Reduktion der Steifigkeit durch das
weiche Material vermieden werden sollte. Um eine genaue Untersuchung von Steifigkeit
und Zihigkeit in derart komplexen Strukturen zu erméglichen, wurden gezielte Modifika-
tionen an existierenden Verfahren der elastisch-plastischen Bruchmechanik, Simulation
und Materialpriifung vorgenommen.

Durch den Einsatz dieser adaptierten Methoden wurden die entscheidenden Einfliisse

von Materialauswahl, DefektgroBe, Schichtdicke und Riss-Reinitiierung nach dem Rissstopp
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aufgezeigt. Beispielsweise wurde die optimale Schichtdicke in Mikroschichtverbunden
als die AbmaBe der groften inhidrenten Defekte bestimmt. Durch derartige Architekturen
konnte die Charpy-Schlagzihigkeit eines sproden Matixmaterials um das 11-fache erhoht
werden. Die Bruchenergie unter Zugbelastung wurde ebenfalls um einen Faktor von 33
erhoht. Ungliicklicherweise wurden die enormen Vorteile der Zihigkeit und Schadenstol-
eranz auch von einer Reduktion der Steifigkeit von bis zu 90% begleitet.

Fiir Anwendungen, in denen Steifigkeit von hoher Prioritit ist, stellen Mehrschichtver-
bunde eine vielversprechende Alternative dar. Die Priifkorpersteifigkeit in diesen Verbun-
den kann dank dickerer Matrixschichten besser erhalten werden. Genauer gesagt konnten
die groBten Verbesserungen der Bruchzihigkeit® auf das 3.86-fache der Matrixzihigkeit
bestimmt werden, wihrend 75% der Steifigkeit erhalten blieben. Die beste Losung in
Bezug auf Steifigkeit biiite nur 6% der Matrixwerte ein, wihrend die Bruchzihigkeit um
einen Faktor von 2.81 erhoht werden konnte.

Abschlieend wurden Richtlinien fiir optimale Strukturen abgeleitet, welche fiir den

spateren Einsatz in technischen Anwendungen gedacht sind.

’Die Bruchzihigkeit wurde in Versuchen an einseitig gekerbten Biegeproben durch eine adaptierte Ver-
sion des J-Integrals bestimmt.
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Nomenclature: acronyms

Abbreviation Description

CDF crack driving force

CT computed tomography

CzZ cohesive zone

DMA dynamic mechanical analysis
FE finite element

IF interface

IL(s) interlayer(s)

J — R curve crack growth resistance curve
PP polypropylene

PP-B polypropylene block co-polymer
PP-H polypropylene homo-polymer
PP-Soft very compliant polypropylene
PP-St standard polypropylene
SENB single edge notch bending

TSL traction separation law
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Nomenclature: mathematical signs

Symbol

Description

crack length

impact strength (unnotched)

impact strength (notched)

initial crack length

crack extension

corrected crack length

corrected crack extension

ligament length

distance from initial notch to first IL
ligament length after 1* IL

ligament length after 2 IL

specimen thickness

parameter determining plastic zone size
compliance

inhomogeneity term of one IL
inhomogeneity term of one IF

distance between crack flanks

distance between crack flanks at failure
Young’s modulus

bending modulus

X

[mm/N]
[kJ/m?]
[kJ/m?]
[mm]
[mm]
[MPa]
[MPa]



E“

El

J

Japplied
Je

ML
‘]c

VLL

specimen stiffness (equivalent modulus)
storage modulus

strain

applied strain

residual strain

integration path

separation energy

area moment of inertia

geometry factor

J-integral

applied J-integral (loading parameter)
fracture toughness

fracture toughness of multilayer composite
experimental J-integral

far field J-integral

J-integral at crack tip

experimental J-integral without crack length correc-
tion

slope of regression line

support length

Poisson’s Ratio

load line displacement

potential energy



Ocz

U-max

Wel

plastic zone radius
normal vector to I’
stress

cohesive stress
cohesive strength
yield stress

layer thickness

mechanical loss factor

force vector normal to Gamma

displacement vector

area under force displacement curve

specimen width
elastic work

relative fracture toughness

X1






1. Introduction

1.1. Motivation

Material science has always sought to discover and understand novel materials to sat-
isfy the demands of society. Not only good mechanical performance and functionality,
but also cost efficiency are required. Especially in recent years, sustainability and prudent
use of resources have gained importance as well. In order to satisfy these needs, combin-
ing existing materials in innovative ways is a more promising approach than creating an
entirely new material class [1-6]. In fact, nature itself abides by this principle and many
biological materials are a combination of different base materials. Many of these materials
are well known to literature due to their excellent material properties [7, 8]. High stiffness
and strength are often paired with damage tolerance and fracture toughness [9, 10], while
also serving various other functions (e.g. blood cell production in bone [11-13]). Due to
the obvious advantages of these materials, it is desirable to investigate if such structures
can be replicated with engineering materials.

In most cases, superior properties are possible in biological materials due to the syn-
ergy between several constituents, that are combined in complex, hierarchical microstruc-
tures [14—17]. One well-known example is the brick-and-mortar structure of nacre [18,
19], which is depicted in Figure 1a and 1b. Hexagonal platelets made of stiff but brittle
aragonite contribute strength and stiffness, while less than 1 wt% of soft protein provides
the structure with fracture toughness and damage tolerance [9, 20-24]. Crack deflection
and platelet-pullout are the key mechanisms to improve the performance of the brittle ma-
trix material [9, 18, 19, 25, 26]. Unfortunately, comparable microstructures are challeng-

ing to reproduce on an industrial scale, since processing techniques such as 3D-printing



[27-29] or other advanced procedures [18, 30, 31] are required.

© (d)

Figure 1: Depiction of (a, b) nacre and (c,d) the skeleton of a deep-sea sponge on a macroscopic and
microscopic scale.

However, not all natural materials rely on complicated architectures to yield excep-
tional mechanical properties. Deep-sea sponges also show high toughness and stiffness in
their skeletons [10, 16, 17, 32, 33], although they do not exhibit a microstructure as com-
plex as nacre. In this case, the improved fracture toughness stems from the crack arresting
properties of soft protein interlayers (ILs) within a matrix of bio-glass [32, 34-36]. The

rod-like components of the sponge’s skeleton are made of alternating, concentric rings of
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the two base materials [17], which is shown in Figure 1c and 1d. This particular struc-
ture could be readily manufactured in a microlayer co-extrusion process [37-39]. Due to
the increased applicability to cylindrical construction elements or co-extruded pipes this
structure may be an attractive option for the use in industry.

Transferring the concept of soft ILs to engineering materials has already shown great
success in various material classes. Sistaninia et al. [40] demonstrated the crack arresting
properties of low strength steel within a high strength steel matrix. The same principle
applies when using entirely different materials such as soft polymer ILs in high-strength
aluminum alloys [41, 42], or thin films of various metals [43]. Fromm et al. even applied
this biomimetic strategy to laminates made of metal and diamond layers, which resulted
in increased damage tolerance [44].

Using layered structures showed great success in ceramics as well. In addition to
soft ILs [45], layers with compressive residual stresses can be used to optimise strength
and toughness [46, 47], or manipulate crack paths in beneficial ways [48]. Bermejo et
al. were able to illustrate that such compressive layers in Al,03;—ZrO, laminates can be
utilized to increase resistance against crack growth as well as flaw tolerance [49]. By
transferring these concepts to thin piezoelectric films, major improvements are possible
for microelectromechanical systems [50].

Studies on polymer adhesive layers in a glass matrix by Lee et al. reveal, that the
transition of material properties play a significant role in crack propagation near material
interfaces (IFs) [51]. Lach et al. came to similar conclusions regarding polymer bi-layer
materials, where the resistance against stable crack propagation is influenced near the ma-

terial IF [52]. Therein, the mismatch in material properties as well their resistance against



plastic deformation are stated as the most crucial factors. Nonetheless, such approaches
were never intentionally used for polymers to optimize the portfolio of mechanical prop-
erties.

For that reason, the potential of soft ILs in polypropylene (PP) based, layered materials
was explored in the present work. The thesis focuses on the replication and investigation of
soft ILs in reinforced polymers, which were inspired by the layered structure of the deep-
sea sponge. While a replication of the natural microstructure can improve mechanical
performance, simplified layer architectures with few, well placed ILs may also yield great
results for industrial applications. In both cases, finding design criteria for optimized

fracture toughness and stiffness was of particular interest within this thesis.

1.2. Objectives

The main objective of this thesis was to replicate the crack arresting properties of
biological materials in polymers. There are several functions, which have to be fulfilled
by a pair of matrix and IL in order to improve the performance of the composite overall.
On the one hand, growing cracks need to be stopped by the ILs in order to increase fracture
toughness of the composite material. On the other hand, new cracks should not be able
to initiate easily after crack arrest. Despite the introduction of the soft component, the
composite should also maintain high stiffness.

Therefore, two different approaches were investigated separately. Namely, microlayer
composites with a multitude of ILs, which are more similar to the structure of biologi-
cal materials, and multilayer composites with a limited number of optimized ILs, which
promise higher feasibility as engineering applications.

Especially the viscoelastic-plastic material behavior of polymers was expected to cause
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complications, because plastic and viscous deformation may decrease the effectiveness of
some ILs. Therefore, novel approaches had to be developed and established procedures
were refined in order to overcome these challenges. Based on these modified techniques,
guidelines for the design of effective layered architectures with high toughness and stift-

ness were deduced in the end.

1.3. Structure of the thesis

As previously described, this cumulative thesis pursued two separate approaches to
layered structures, namely microlayer composites and multilayer composites. Section 2
addresses microlayer composites, which attempt to closely replicate natural materials by
using thin layers with thicknesses of few microns. The effects of layer thickness and
the material’s inherent defect size on the impact strength and damage tolerance of the
material are discussed. Despite comparably challenging manufacturing, the complexity of
its natural counterpart could not be entirely matched. Although considerable advantages
in terms of toughness were shown, microlayer composites also showed a reduction of
stiffness as a result.

Therefore, the study was extended to multilayer composites in Section 3, where only a
few ILs with thicknesses in the sub-millimeter range were used. This approach is more ap-
pealing for engineering applications due to the increased feasibility. However, ILs must be
well-designed in these cases, where structural integrity may depend on a single IL. Thus,
methods to investigate fracture toughness and specimen stiffness of polymeric multilayer
materials are discussed in detail. The necessary adaptations made to existing procedures
of elastic plastic fracture mechanics represent a core part of this thesis. This section also

includes basic approaches for material selection based on literature and FE-studies in order



to determine promising pairs for matrix-IL combinations.

New questions arose during the discussion of unexpected failure behavior, which was

ultimately linked to crack re-initiation phenomena after arrest. Since these processes are a

crucial part of ultimate specimen failure, they were investigated separately in Section 3.4.

Experimental and simulation based methods are presented to characterize the accumula-

tion of damage and determine the initiation of cracks.

The cumulative thesis concludes with a summary of the main findings and an outlook

is given, which suggests areas of interest to be explored in future studies. Notable contri-

butions to the state of the art were published in peer-reviewed journals which are included

in full at the end of the thesis. A short overview of Publications I-V can also be found in

Table 1.
Table 1: Overview of peer-reviewed publications.

Abbreviation | Title | Related topic

Publication I | Optimization of Mechanical Properties and | impact strength and
Damage Tolerance in Polymer-Mineral Mul- | damage tolerance of
tilayer Composites (Wiener et al., 2021) microlayer compos-

ites

Publication II | Bioinspired toughness improvement through | experimental proof of
soft interlayers in mineral reinforced | concept for multilayer
polypropylene. (Wiener et al., 2020) composites

Publication III | Application of the material inhomogeneity | FE simulation of mul-
effect for the improvement of fracture tough- | tilayer composites
ness of a brittle polymer (Tiwari et al., 2020)

Publication IV | Influence of Layer Architecture on the Mate- | optimization of stiff-
rial Inhomogeneity Effect in Polymer Multi- | ness and toughness in
layer Composites (Wiener et al., 2022 a) multilayer composites

Publication V | Characterization methods for strain induced | determination of mi-
damage in polypropylene (Wiener et al., | crostructural damage
2022 b)




2. Replication of biological materials

2.1. Classical strategies for toughening polymers

For polymers, it is common practice to improve strength, stiffness or creep resistance
by introducing particles or fibers [53—-56]. Many combinations of matrix and filler are
known and catalogued [6, 57]. However, the reinforcement often leads to embrittlement
as well. One countermeasure is optimizing particle orientation, which increases reinforce-
ment while also reducing the possible defect size in the intended loading direction [39, 58].
Alternatively, soft components may be added for increased ductility and toughness, which
is usually done by blending or compounding [59-61]. Unlike natural materials, these ap-
proaches yield random distributions and orientations of reinforcing or toughening agents.
To introduce the desired microstructures, more sophisticated processing techniques are

required.

2.2. Toughness enhancement via biomimicry

The improved fracture toughness of many biological materials is caused by their intri-
cate microstructures [21-23] of various constituents. In the case of the deep-sea sponge,
crack arresting properties are achieved through alternating layers of soft® protein and hard
matrix material [32, 34-36]. In addition to neutralizing growing cracks, the maximum
defect size in the material is also limited to the thickness of one matrix layer, which makes
the initiation of new cracks more difficult. Kolednik et al. revealed, that optimized spacing
of layers also relies on the loading situation [62]. Therefore, optimized architectures must

be designed with the intended application in mind.

3In this context, ”soft” refers to a material with a low Young’s modulus, E, and/or yield stress, o7, while
“hard” refers to a material with high E and oy.



In order to replicate the layered structure of deep-sea sponges, an array of specialized
techniques could be considered. These include 3D-printing, freeze casting or magnetically
assisted additive manufacturing [18, 27, 28, 30, 31]. Physical or chemical vapor deposi-
tion processes can also be used, if the technique is feasible for the intended materials [44].
Crystallization kinetics of materials may be exploited as well to produce tailored patterns
in thin layers [63—67]. Yuri Estrin and his colleagues [14, 68, 69] suggest severe plastic
deformation as an effective means to alter material properties in defined patterns. Unfortu-
nately, many of these techniques have limited applicability for polymers or are not possible
at all.

However, recent advances in additive manufacturing enable the mimicry of various
biological structures [8], which can be manufactured with great accuracy and increasing
options of processable materials [70—72]. Using hybrid techniques, it is possible to com-
bine various base resins in one process and tailor mechanical properties [73]. Successful
biomimicry is shown, for example, by Yadav et al., who replicated the brick and mortar
structure of nacre using acrylonitrile butadiene styrene and found 20% increased strain at
break and 44 % increased toughness [29]. Stogerer et al. report similar findings for acrylate
based structures with a 22% increase of strain at break, leading to an increase in fracture
toughness of 70% [73].

Nonetheless, interfacial strength is often reduced in comparison to bulk materials and
structural integrity could suffer, unless the process is highly optimized [74-77]. Although
the strategic placement of ILs is appealing, Waly et al. [78] pointed out that crack arrest
always competes with crack penetration and crack deflection. Depending on the length

of the IL, a different mechanism may be dominant, thus also influencing overall energy



absorption. Additionally, 3D-printing techniques tend to be rather time consuming, which
is a criterion of exclusion for many industrial applications.

Fortunately, there is an established production technique, which can be adapted to pro-
duce micro-layered structures on large scales. Layered composites can be created using a
static mixer in a co-extrusion process [37, 38, 79], which is illustrated in Figure 2. This
extrusion based processing technique offers the potential of large throughputs in addition
to the fabrication of micron-sized layers. The layer thickness is varied by repeatedly fold-
ing the melt strand, so that the number of layers doubles while their thickness is halved.
Micro- and nanolayer-coextrusion have been used to reap various benefits, such as im-
proved barrier properties [80—82], flame retardancy [83] and even semi-conductivity by
creating metal filled polymers [84, 85]. Although the design options are not as vast as for

3D-printing, they are sufficient for the intended architecture.

doubling of layers
extruder 1
:>l feedblock m W\ @ %
] :
extruder 2
n doubling steps 2" layers

multiflux static mixer

Figure 2: Multistatic mixer used in the co-extrusion of microlayer composites [37, 38].



2.3. Opportunities and challenges for microlayer composites

2.3.1. Potential improvements to toughness and ductility

For particle-reinforced microlayer composites, a reduction of layer size promises im-
proved properties as well. The limitation of defect size in combination with increased par-
ticle orientation results in enhanced ductility, crack path tortuosity and crack tip blunting
[39, 58, 86, 87]. Jia et al. [27] found that microlayered structures can achieve toughness
values more than 5 times higher than their constituents. Mueller et al. could link the im-
proved alignment of talcum particles to an increase of fracture strain [39, 58]. They report
improvements by up to 400% between 64 and 256 layers, although higher and lower layer

counts did not perform as well.

2.3.2. Layer integrity

Although the potential of layered materials is great, certain criteria must be fulfilled to
ensure crack arresting properties. On the one hand, some sources point out that interfacial
strength between the phases is crucial to success in replicating the properties of biological
materials [88, 89]. On the other hand, ILs must be intact, continuous layers in order to
function properly. Baer et al [58] claim, that problems during manufacture of very thin
layers, such as particle agglomeration, led to a decrease of fracture strain. Mueller et al.
[80] even reported quasi-brittle fracture at 1024 or more layers.

The results of Publication I show, that smaller layer sizes indeed cause an increase in
impact strength in the unnotched state, a., by a factor of 4.5. Interestingly, two plateaus are
formed as a function of matrix layers size (Figure 3a). The transition region is reached as
soon as matrix layer thickness is reduced below the size of the largest reinforcing particles

(ca. 25 um). Presumably, this effect is caused by the forceful orientation of the largest
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particles and agglomerates, which can then no longer act as sites for crack initiation (Fig-
ure 3b). When the majority of particles is aligned, decreasing layer size brings no more
benefits and the upper plateau is reached.

In contrast to Baer and Mueller [39, 58], no lower limit for IL thickness was found,
since even ILs in the low micron range were effective at hindering crack growth. Conse-
quently, excellent processing quality can be assumed due to the absence of delaminations,

agglomerations and embrittlement at smaller layer sizes.

Matrix layer thickness [um] NZ
25 20 15 10 75
T T T T

50

40 4

1
8/
30

=_ D¢

a, [kJim?]

D _ >t

20 €

D
TC <1 - Mode I failure hindered

multilayer composite; unnotched
multilayer composite; Charpy notch
T T

T T
250 500 750 1000
Number of Layers [-]

D
Tc >1 - Mode I failure facilitated

()
(b)

Figure 3: (a) Impact strength depending on the number and thickness of layers and (b) orientation of particles
by force during processing.

Preliminary studies to Publication I also included specimens, where the layer struc-
ture was disturbed by turbulences during manufacturing (Figure 4a). In these cases, no
benefits could be attained and the overall material behavior closely resembled that of a
blend. When continuous layers could be produced (Figure 4b), flaw tolerance was greatly
increased, thus improving impact strength. The importance of separate, continuous layers

can be confirmed by other sources, for example Stogerer et al., who came to a similar
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conclusion in resin-based 3-D printing [73].

-t~

Low-talcum domains§s

Interlayer [

L ! " "VEGAW TESCAN
i

() (b)

Figure 4: (a) Layered structure that was disturbed by turbulences during processing and (b) continuous
microlayers.

2.3.3. Stress decoupling

Unfortunately, a decrease of stiffness is often observed simultaneously to an increase
of toughness when soft ILs are used. Concerning the aforementioned examples, the tough-
ness increase in Stogerer et al. was accompanied by a slight reduction of yield strength.
The Young’s modulus, E, was also reduced to half of the matrix stiffness [73], while Yadav
et al. reported a modulus reduction of 62% [29]. The 400% increased toughness of lay-
ered structures in Jia et al. [27] came at the cost of 90% of the matrix material’s stiffness.
They attribute the harsh reduction to the small resistance of the soft phase towards shear
deformations, which is also why interlocking structures retained higher stiffness.

In order to reveal specific effects of the layered structure, the most promising compos-

ites in Publication I were compared to blends of the same material composition and the

12



matrix material. In addition to a., the impact strength in notched state, a.y*, and the bend-
ing modulus, E,, are also relevant for mechanical performance. A diagram in the style of
an Ashby plot [1] can be generated (Figure 5a and 5b), which compares these mechanical

parameters.

354

unnotched specimens

B PPHR
PP-HR_512L|

A Biend
Blend_512L
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razor blade notch
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Figure 5: Impact strength versus bending modulus for (a) unnotched and (b) razor blade notched specimens
according to Publication I.

A trend line can be recognized between the matrix material (PP-HR, PP-HR 512L°)
and the blends (Blend, Blend 512L), roughly adhering to the rule of mixture. Along this
trend line, increased toughness comes at the cost of stiffness. Although this trade-off is also
true for the layered structure (ML 512L), the composite lies above the trend line, meaning
that the increase in toughness outweighs the stiffness loss. More precisely, the layered
material showed a, = 30.99 kJ/m?, which is more than 11 times the impact strength of the

brittle matrix material, which was only 2.66 kJ/m>.

“4Razor blade notches were used in this contribution.

>In this context, the extension ” 512L” indicates a material that was processed in a microlayer extrusion
process. The procedure was also performed on the matrix material and the blend to observe the effects of
particle orientation during processing.
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The increased flaw tolerance of the layered structures that was found in Publication I
is emphasized in Figure 5b, where the values for specimens with razor blade notches
are shown. The microlayered material is able to retain approximately half of the impact
strength from the unnotched state (15.53 kJ/m?), while the values plummet for all other
materials (e.g. only 0.25 kJ/m? for the matrix material). The enhanced damage tolerance
stems from a change in fracture behavior: All blends and the matrix exhibit brittle fracture
behavior, while the microlayer composite benefits from crack tip blunting and even crack
arrest.

Although these improvements surpass many values given in literature, E, was also
reduced to 11% of the matrix material. Similar results were obtained in unnotched ten-
sile tests, where fracture energy could be increased by 33 times while sacrificing 76% of

stiffness (Figure 6a and 6b).
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Figure 6: (a) Stress-strain curves of unnotched tensile specimens were evaluated to obtain (b) fracture energy
and elastic modulus.

The common denominator for stiffness loss in literature as well as in Publication 1

are very compliant ILs under bending loads. A plausible explanation is the decoupling
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of stresses between matrix ligaments, which is illustrated in Figure 7. The IL material
is so compliant, that the loads are not transferred properly between the matrix ligaments.
Instead, these sections of matrix material develop stress distributions independently from
one another. Under a bending load this leads to separate bending stress distributions for
each matrix ligament. As a consequence, bending stress maxima are less pronounced and

exhibit lower maximum stresses in smaller layers.

Stress decoupling due to soft IL

Brittle
matrix

qQVv
o

Op

Figure 7: Decoupling of stresses due to very compliant ILs.
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When stresses are evenly distributed instead of having one extreme maximum, the
development of one fatal crack is less likely. However, there is a significant drawback to
the reduction in layers size: Flexural rigidity is determined by the area moments of inertia,
I14yer, Of all matrix layers combined, which can be estimated with Equation 1. Therein, # is
the matrix layer thickness and By, is the width of one layer®. The flexural rigidity of the
ILs and shear between the layers are neglected, because these contributions are supposedly
small due to the low modulus of the IL material. As can be seen, the reduction is especially

severe under bending loads, where ¢ contributes with an exponent of three.

ey

T Blozyert3
flexural rigidity = X (Emmixllaye,) = Eamrire 2

Despite significant improvements to toughness, the reduction of stiffness poses a seri-
ous limitation for many applications. Additionally, guaranteeing layer integrity may still
be difficult when processing very thin layers. Here, millions of years of evolution prove
superior and the performance of the deep-sea sponge cannot be reached. On the one hand,
the cylindrical shape along with variable matrix layer sizes (large in the center, small near
the outer fiber) is optimized to endure bending loads [36]. On the other hand, the sponge
can grow its ILs much thinner while still maintaining layer integrity. Thus, the biological
material can afford to use <1% of soft phase, while the investigated replications required
15% for stable processing conditions. In order to decrease the detrimental effects of stress
decoupling and reduce the complexity of layer architectures the use of multilayer compos-
ites with a limited number of soft ILs is advisable and was further explored in Publication

IHtwolV.

The cross sections of the layers are assumed to be rectangular.
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3. Biomimicry in engineering applications

Using a limited number of ILs in a multilayer approach is an alternative to microlayer
composites that promises higher stiffness due to the larger matrix layer sizes. This is an
attractive option when the failure behavior is known and the IL(s) can be placed strate-
gically where cracks are expected to grow. Hence, the use in engineering applications is
promising, since loading situations are well-defined in most cases. If only a limited num-
ber of ILs are responsible for crack arrest, these must be designed in an optimal way to
ensure structural integrity. Thus, fracture mechanical methods are presented in this section

in order to analyze the failure of layered materials in a more detailed way.

3.1. Characterization of layered materials using fracture mechanics

The material response to the tip of a crack can be described with well-established ap-
proaches from linear-elastic fracture mechanics [90-92], such as the stress intensity factor
[93], K, or the energy release rate [94], G. Some early contributions already attempted to
extend K-based approaches to bi-material interfaces (IF) [95, 96]. Huajian et al. applied
modulus perturbation methods to illustrate the effects of fibers and other inclusions on the
stress distribution around a crack tip [97]. In similar considerations it was shown that these
stress fields can be superposed [98], thus enabling the description of multilayer composites
by adding contributions from all individual IFs. The consensus is that a spatial variation
of E greatly influences stress distributions and may increase or decrease the value of K at
the crack tip.

The elastic-plastic and viscous behavior of polymers is highly non-linear, so that con-

cepts from linear-elastic fracture mechanics are not likely to produce accurate results.
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Methods from elastic-plastic fracture mechanics have been used instead for a better under-
standing of the crack arresting properties in polymer multilayers. A promising parameter
is the so-called J-integral, J, which was proposed by Rice in 1968 as a means to describe
the fracture toughness of non-linear elastic materials [99]. J is calculated as a line integral
from the lower to the upper crack flank (Equation 2 and Figure 8), where W,, is the elastic
work of deformation, I" the integration path, T the force vector normal to I" and u is the
displacement vector. For two bodies of the same thickness B, J describes the difference in

potential energy caused by a difference in their crack lengths, a.

1dP
T =——_— 2
fWeldy ds B da 2)

Figure 8: Integration path I" for J around the crack tip [99].

J can also be used for elastic-plastic materials, as long as no unloading processes occur.
If unloading happens as a consequence of crack growth, corrections are usually made (e.g.
in [100, 101]) to account for certain amounts of crack extension, Aa. If the crack tip is
the only singularity in the stress strain-field, any arbitrary path enclosing the crack tip will

yield the same result.
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As a result of this path independence, J directly at the crack tip, J,, is equal to the
far field value, J¢,,, so that J;;, = Jz, for homogeneous materials. On the one hand, J¢,,
is usually determined from a path including the whole specimen, so it can be calculated
using the externally applied load and load line displacement. On the other hand, J;;, can
be seen as a measure for local crack driving force (CDF) [102]. Crack growth is possible
when J;, becomes larger than a critical value, which is regarded as fracture toughness of
the material, J.. However, the stress-strain fields are disturbed by the interfaces (IFs) in
heterogeneous materials. The chosen path for evaluation matters in these cases, since an
IF can either be crossed or avoided. The same principle applies for gradients of Young’s
modulus, E, and yield stress, oy, which also cause a change in J,;, depending on the path
taken [103—105]. As a result, J looses its path-independence in heterogeneous materials
and, in general, J;;, # J 4.

Simha et al. [102] solved this problem by introducing an additional inhomogeneity
term, C,;,;, which accounts for the influence of an IF. The calculation of C,,, is based on
the concept of configurational forces [106, 107], which was spearheaded by Eshelby [108—
111] and does not impose as many constraints as Rice’s J. In short, configurational forces
were originally designed for metals to describe the thermodynamic forces that govern the
behavior of inclusions, pores, dislocations etc.. However, the concept may also be applied
to describe the configurational force at the crack tip, where it happens to coincide with
the definition of J,,. Additional terms for an IF between phases can be obtained, thus
enabling the description of the crack tip near soft ILs without any further assumptions.

Most notably, this approach is not restricted to any type of material behavior and can

even be used for elastic-plastic and inhomogeneous materials. Since an IL has two IFs,
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the modified J;;, consists of J,, and two inhomogeneity terms (Equation 3). The resulting
variation of J;;, caused by the IFs is called material inhomogeneity effect. The concept
can not only be applied for a single IL, but also for multiple ILs, where the inhomogeneity

terms of all IFs in the vicinity are superposed instead.

Jtip = Jfar + Cinit + Cinpo = Jfar +Cr (3)

Describing CDF in this manner can be utilized to describe periodical structures [112]
such as the aforementioned nacre or deep-sea sponges. Kolednik et al. used a similar
approach to investigate the influence of periodicity on the damage tolerance of these hier-
archical materials [35]. The study concluded, that the tolerance to flaws is, among other
factors such as applied load, greatly influenced by the spacing of ILs.

Although there is a multitude of other parameters, which influence the material inho-
mogeneity effect [43, 113], considerations in this thesis shall be limited to differences in

E and o, resulting in three possible categories of inhomogeneity:

e E-inhomogeneity, where the IL material has a lower E than the matrix and o is

similar

e o-inhomogeneity, where the IL material has a lower o, than the matrix and E is

similar 7

e (E — o)-inhomogeneity, where o, and E are different

"Pure o-inhomogeneities are excluded from further discussion, because material combinations of this
sort are rarely seen for polymers which are chemically compatible and could be used to produce multilayer
composites.
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Although E- and o-inhomogeneities can work on their own, the combined (E — o0)-
inhomogeneity is usually favored in terms of crack arresting properties.

Sistaninia et al. conducted more detailed finite element (FE) studies [114] on J,;,, in the
vicinity of a single, soft IL in a hard matrix and found fascinating results: J;, is increased
in comparison to J,, at the hard-to-soft IF and equally decreased at the soft-to-hard-IF.
As a result, a minimum and a maximum are formed when a growing crack encounters a
soft IL, which is shown in Figure 9a and 9b (taken from Publication II). An increase of
J:ip above J ¢, equals an increase in CDF and crack growth is facilitated, which is called
anti-shielding effect. A reduction below J¢,, correlates to a reduction in CDF and is called

shielding-effect.

IF1 IF2

O applied | I | 209 Interlayer
IF1: Transition hard to soft % 7B < Eviarx|

=>» increase in CDF

IF2: Transition soft to hard
=>» strong decrease in CDF

Ay

T

_ Soft IL 05 ]
Soft interlayer serves as ’

crack trap! IF1 B IFZ é Crack arrest
o6 7 |position
Gapplied l l l -1 0 - 1 2
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(a)
(b)

Figure 9: (a) Loading of a material with a soft IL leading to (b) a variation of crack driving force.

The anti-shielding effect only accelerates the failure process, but does not change the
failure behavior. The shielding-effect, on the other hand, can alter the fracture process
by arresting growing cracks. These findings are in agreement with experimental results

presented by Zechner et al. [41], who investigated high strength aluminum alloys with
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soft polymeric ILs. In this example, the failure behavior of single edge notch tension
specimens was changed from crack growth to tensile failure. Studies by Lach et al. found
comparable variations of J caused by the IF in PP-based bi-materials [115], indicating that
the approach is valid for polymers too. This assumption is supported by findings in Pub-
lication 11, where the failure mode in single edge notch bending specimens could also be
transformed to a bending fracture due to soft ILs. This was visible as crack arrest in combi-
nation with extensive plastic deformation in the post-IL regime (Figure 10a) instead of the

quasi-brittle fracture, which is typical for the homogeneous matrix material (Figure 10b).

(b)

Figure 10: Specimen failure through (a) bending fracture after crack arrest at a soft IL and (b) crack growth
in a homogeneous specimen.

An analysis of CDF in multilayered polymers is presented in Publication III to evalu-
ate pairs of matrix and IL materials. For this approach the ratio of the minimum of J;;, and
the applied Jy, was determined as a measure of crack arresting properties. J;;, was cal-
culated for different positions of the crack tip in a specimen with a soft IL using material
parameters based on Publication I1. From the resulting variation of CDF, the magnitude
of the inhomogeneity effect could be obtained (Figure 11). By varying the properties of

the base materials, a promising pair of IL. and matrix may be chosen before manufacturing
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the test specimens. The study concluded, that unreinforced types of PP can be suitable
IL materials in a matrix of talcum reinforced PP, which are capable of arresting growing

cracks, as demonstrated in Figure 10a.
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Figure 11: Analysis of CDF due to interlayers in a reinforced polymer matrix conducted in Publication I11.

3.2. Adaptations for polymeric materials

To validate the promising results of Publication III for polymeric materials, further
testing on composites with different pairs of materials and layer designs was performed
in Publication II and Publication IV. Since J;;, cannot be measured experimentally, the
experimental J-integral, J.,,, according to Hale and Ramsteiner [100] was used instead.
This technique is a multispecimen approach for single edge notch bending (SENB) speci-
mens, which was originally intended for homogeneous materials. When plotting the J — R
curve of a composite specimen according to [100], large scattering occurs due to the soft
IL, as is shown in the left part of Figure 12a. The scattering is caused by variances in
geometry parameters of multilayered specimens, which are shown in Figure 12b. Most
notably the distance from the initial notch to the first IL, by, exhibits considerable variance
due to influences from both the manufacturing and the notching process. A corrected crack

extension, Aa* = Aa — by, is introduced to replace Aa in the J — R curves (right part of
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Figure 12a). The purpose of this parameter shift is to compensate for the variances in b

and simultaneously offer a method to evaluate the fracture toughness of specimens with

ILs.
(@)

. N L)
scatter due to . first 1L . -
variation in by at Aa* =0

. : Kid
. L
L] P
B . * B JuL e Jou=0 = IV 4 kA
~ ~ &
. L8
o e | Q
. .
matrix material Tty b matrix material:
H (shifted by average by)
L[] . A
. .
Aa 0 Aa*

Aa* = Aa— by

(b)

Figure 12: (a) Adaptations to the J—R curve for heterogeneous materials and (b) analysis of fracture surfaces
of multilayered SENB specimens.

Additionally, conventional definitions for fracture toughness may not be appropriate

for specimens with soft ILs. As shown in the right part of Figure 12a, the post-IL regime
can be described by a linear regression line in the form Jff;” = JML 4 kAa*. Therein,
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JML is the required energy to overcome the IL, which is regarded as fracture toughness
of the composite. A comparison can be made between J¥* and J,,, of the matrix® at
Aa* = 0, which simply describes the relative increase of fracture toughness caused by the
IL. This parameter is named € and the corresponding formula is shown in Equation 4. As
a counterpart to Q, an equivalent modulus, £/, was introduced in Publication IV. E*? is
based on the calculation for the bending modulus in ASTM E1820 [116] and can be used
to rank the stiffness of multilayer composites and compare them to the matrix material.

ML
Q=

- JMatrix
Aa*=0

“4)

Armed with these tools, it was possible to analyze the experimental data gathered in
Publication II in greater detail. ILs of standard PP (PP-St) and soft PP (PP-Soft) were
introduced into matrices made of talcum reinforced PP and the focus was set on the proof
of concept for polymeric multilayer materials. The most important difference between the
two IL materials was the type of inhomogeneity towards the matrix: PP-Soft showed an
(E—-o0) - inhomogeneity, while PP-St had a pure E-inhomogeneity. In all cases, PP-Soft ILs
led to crack arrest due to the (E — o’)-inhomogeneity. The phenomenon is clearly visible as
vertical increase of J,,, at Aa" = 0, representing an increasing load without further crack
growth until a new crack initiates behind the IL. The most successful configuration in
terms of increased fracture toughness is depicted in Figure 13a, where a PP-Soft IL caused
a relative increase of fracture toughness of Q0 = 3.86. Investigations of the crack growth
rate reveal a complete stop of crack advancement at Aa* = O (Figure 13b). Nonetheless,

E*4 suffered due to the introduction of the soft IL and was reduced by 25% from 3903 MPa

8The matrix curves are shifted by an average amount of by in these considerations.
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to 2926 MPa compared to the matrix material.
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Figure 13: (a) J — R curve of multilayer specimens with PP-Soft IL, (b) the corresponding crack growth rate
as well as (c) J — R curve of specimens with PP-St IL and (d) the corresponding crack growth rate.

These improvements to fracture toughness are in the same order of magnitude as stated
by other sources. In ceramics, for example, a 60% increase in fracture toughness was
found for multilayered thin films made of TiN and SiOx or CrN and Cr as constituents

[117, 118]. On the other hand, improvements in high strength steels range from 5 to
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over 35 times’® [40, 62], although the differences may also be influenced by the typical
testing methods (SENB for polymers and ceramics versus single edge notched tension for
metals). Regarding polymers, Arbeiter et al. found increased fracture toughness in 3-D
printed specimens made of glycol modified polyethylene terephthalate with thermoplastic
copolyester as soft ILs, resultig in Q2-values between 3 and 4 [119].

Additionally it was shown that, contrary to the predictions via CDF in Publication 111,
not all promising combinations of E;;/Eyuyix and o1 /0 yaric 1€d to an improvement in
fracture toughness. Figure 13c!? shows such an example of a PP-St IL, where no improve-
ments in terms of fracture toughness could be achieved. Despite a predicted inhomogene-
ity effect of J;;,/Jrar = 0.68, crack growth proceeded in the same way as in the matrix

material (Figure 13d).

3.2.1. Influence of layer architectures

To further clarify, which combinations are effective, a more extensive study was con-
ducted in Publication IV. Although the base material remained the same, a wider variety
of layer architectures was investigated. The objective was to find an optimum of proper-
ties, while also observing the failure behavior of various multilayer architectures. Apart
from that, more attention was turned to the balance between stiffness and toughness. The
tradeoff between material properties is rarely the focus of discussion, although Mueller et
al. found configurations, where fracture toughness could be increased without detrimen-

tal effects to other mechanical properties. More precisely, they could achieve improve-

Calculated as ratio of Jexp between the first increment of crack extension versus J,,, when overcoming
the IL.

10Matrix systems between Figure 13 (a, b) and (c, d) are not the same, resulting in different absolute
values for J,, and crack growth rate.
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ments up to 130% fracture strain and 60% total fracture energy in rod-like struts made of
polymethylmethacrylate with coaxial interfaces, while completely maintaining stiffness,
strength and density [120].

The results of all investigated layer architectures from Publication IV are presented
in Figure 14!!. Similar to the previous results in Figure 13a, PP-Soft ILs led to increased
fracture toughness at the cost of stiffness. Once crack arrest was achieved, increasing layer
thickness, #, did not bring any benefits to fracture toughness, but instead reduced specimen
stiffness as a result of the increased percentage of soft material. Adding an additional
layer slightly increased €2, but also decreased E*/ in the process. While improvements
to fracture toughness ranged from 43% to 105%, E“? suffered by up to 53% of matrix
stiffness.

The same effects could not be observed with PP-St ILs, owing to the higher o, (pure
E-inhomogeneity). E“? retained high values between 90-95% of the matrix material in
all cases. Unfortunately, the E-inhomogeneity was not sufficient to arrest cracks in the
majority of cases. This appeared to be the case in specimens with PP-St IL, where the IL
thickness # < 0.9 mm.

Specimens with a PP-St IL and # = 0.9 mm fell within a transition region from an
ineffective IL towards crack arrest. In these cases, the contour of the curve is step-like, as
is seen in specimens with PP-Soft ILs (Figure 13a). Nonetheless, fracture toughness was
not improved and QQ ~ 1.

However, the benefits of the E-inhomogeneity were preserved in specimens with larger

ILs (2x0.9 mm for the case presented in Publication IV) and cracks stopped growing at

"'"The example from Figure 13a and 13b is excluded, since the matrix systems are not the same.
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the first IL. Q was increased to 2.81 as a result, even surpassing the composites with

PP-Soft ILs in this matrix system. Additionally, specimen stiffness remained high with

E¢1 = 5500 MPa (94% of matrix material).
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Figure 14: Overview of investigated multilayer architectures with their corresponding specimen stiffness

and relative fracture toughness.

To sum up, a configuration was found, which exhibits the most desirable combination
of stiffness and toughness despite only showing an E-inhomogeneity. These results are on

a par and even surpass the improvements of previous endeavors in other material classes

[36, 41, 45, 114, 118, 120].
As a rule of thumb, literature suggests, that the highest reduction of CDF can be
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achieved, if Ej < 0.2Ejpapi [62] and ol < 0307/ [36, 114]. As shown in Figure 14,
not all architectures with these ratios show improvements to fracture toughness. As an
additional requirement, layer thickness appears to be important as well in some cases. In
addition to that, all composites with (£ —o)-inhomogeneity showed a significantly reduced
stiffness. Thus, two more phenomena need to be addressed, namely stress decoupling in

multilayer composites as well as the influence of layer thickness.

3.2.2. Stress decoupling in multilayer composites

The decoupling of stresses mentioned in Section 2.3.3 could also be observed in greater
detail in Publication IV in specimens with PP-Soft ILs. Although the reduction in area
moment of inertia was not as severe as for microlayer composites, the effects on stiffness
and the force-displacement curve were still considerable (Figure 15).

In addition to reduced specimen stiffness, the poor stress transfer between ligaments
led to abrupt unloading events when individual matrix ligaments failed. These so-called
pop-ins are clearly visible in the corresponding force-displacement curves. Comparable
behavior is also reported for rod-like struts of polymethylmethacrylate [120] or layered
ceramics [47]. However, it should be pointed out that pop-ins do not necessarily correlate
to toughening mechanisms. They are merely the result of stick-slip effects that occur
during fracture in combination with unloading [121].

However, the decoupling can be minimized in multilayer composites by using stronger
IL materials. In Publication 1V, specimens with PP-St ILs did not exhibit any pop-ins,
were able to retain higher specimen stiffness and, in some cases, even achieved increased
fracture toughness. These examples prove, that the material inhomogeneity effect can be

found independently from stress decoupling effects, meaning that correctly designed ILs
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can improve fracture toughness without serious drawbacks to stiffness.
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Figure 15: Force-displacement curves for multilayer specimens with (E — o)-inhomogeneity (PP-Soft ILs)
and pure E-inhomogeneity (PP-St ILs).

3.3. Design of IL thickness

In addition to the material pairing, the IL thickness, ¢, may play a significant role in
some cases. The best composites boast high fracture toughness due to the crack arrester
effect, but also retain high stiffness. This optimum can be achieved, when the ¢ is large
enough for the material inhomogeneity effect to work, but no larger in order to preserve
stiffness.

According to Sistaninia et al. [114], the optimum thickness should be approximately as
large as the radius of the plastic zone, r/X, of the IL, so that t = r§L. However, r§L can grow
in size as loading increases throughout the experiment. This is reflected in Equation 5

[122], where the load is expressed in the form of J, which becomes larger the more force
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is applied to the specimen.

Tt )
OyIL (1 - VIL)

E-inhomogeneities in particular show reduced effectiveness under higher loading, which
is presumably caused by rf,L growing larger than ¢. For polymers in particular, this has to
be taken into account due to their highly plastic behavior in comparison to many metals
and ceramics. In contrast, o-inhomogeneities retain most of their crack arresting proper-
ties, even if r{* > 7 [62]. Due to this limitation, strong IL materials should only be used
in multilayer composites with optimized dimensions, while they are a poor option for any
microlayer composites with very thin z.

In Equation 5, 8 = é for plain strain conditions, while for plain stress conditions
B = ﬁ and the term (1 - V%L) is omitted. In Publication III, both variants were assessed in
FE simulations and compared with experimental results from Publication II. It could be
concluded that plane stress elements yield a better approximation, suggesting that plane
stress conditions are dominating for this specific choice of material and specimen geome-
try.

A reasonable estimate of J is required to calculate r;L and design the IL accordingly.
Using the fracture toughness of the brittle matrix material, J¥*"* will most likely yield
values that are too small, since the fracture toughness of the composite is larger than the
matrix on its own. On the other hand, using the fracture toughness of the IL material, J/%,
is also incorrect and would lead to an overestimation of r§L. Polymeric IL were found to

not fracture during the experiment, meaning that J’* is larger than any of the applied J,,,

during testing. Although an overdimensioned IL is not detrimental to fracture toughness,
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specimen stiffness would likely be reduced. With efficient and sustainable applications in
mind, the unnecessary use of material is undesirable too.

A more precise estimate for J may be deduced from the experimental J — R curve. For
that purpose, the development of J,,,, Aa" and the corresponding er during SENB testing

are depicted in Figure 16.

I

Figure 16: Evolution of plastic zone size throughout the J — R curve.
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ry is small in the initial stages (Figure 16 A, r, is colored in shades of red), when the
crack propagates within the matrix material of the by-section. This changes when the first
soft IL is reached and the crack is arrested (B). At this point, a r§L starts to develop in the
IL material (C). During the stage of crack arrest, er grows proportionally to J,,, while
Aa* = 0 (D). Under the steady increase of load, three different outcomes are possible in

theory:

e In some cases, ¢ falls into a transition region, where the inhomogeneity effect func-
tions initially, but r§L grows until the entire IL is plastically deformed (E). Then, the
material inhomogeneity effect is lost and a new crack re-initiates in the matrix ma-
terial behind the IL (F). This may also be the explanation for some experiments in
Publication IV, where the J — R curves had a characteristic step-like shape of crack

arresting specimens without any benefits to fracture toughness.

e The IL itself starts to fracture when locally J;;, > JL (G). As mentioned above, this

outcome was not observed for the investigated composites in this thesis.

e Ideally, crack re-initiation in the matrix happens without any influence from the ar-
rested crack tip or the deformed IL. In this case, a new crack forms in the matrix
material, as if it were an unnotched bending specimen (H). Without an initial notch,
the required amount of energy for specimen failure is maximized due to the for-
mation of the new crack tip. In the absence of a stress concentration, the matrix
material may even form a sizeable plastic zone of its own and further increase the
amount of consumed energy. This type of failure was observed in Publication II as

well as Publication IV and requires t > er. Assuming plane stress conditions, as
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suggested in Publication III, and the experimentally determined material parame-
ters from Publication IV (J = JYL = 3.69 kJ/m?, E = 1444 MPa, o, = 23.9 MPa),
an estimation according to Equation 5 yields r§L = 1.49 mm. This result is in good
agreement with the observed transition region between 0.9 and 2x0.9 mm of IL

thickness, where crack arrest started to become effective.

In conclusion, crack stopping layers do not only rely on the ratio of mechanical pa-
rameters, but also correct dimensioning of the IL. The benefits of E-inhomogeneities may
even be lost entirely, if 7 is chosen suboptimally. Plastic deformation of the entire IL could
lead to crack re-initiation (Figure 17a) in thin IL, while architectures with sufficiently large

t can contain the plastic zone and arrest cracks (Figure 17b).

-_—  —_—

(@ (b)

Figure 17: (a) Plastic deformation leading to crack re-initiation and (b) a plastic zone contained within two
large ILs.

All of the discussed criteria are summed up in Table 2, where two out of three require-
ments must be fulfilled in order to increase fracture toughness.

Table 2: Requirements for crack arresting ILs.

‘nh . EL oll it
1nhomogeneity Evtars | ol 3
E ~ 1
E—o arbitrary
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Although sizeable improvements to fracture toughness could be achieved by following
these guidelines, there are limits to how much loading a material can endure. Findings
in Publication II suggest, that the upper limit load in terms of J,,, after crack arrest is
determined by the matrix system. Multilayers showed vastly different fracture toughness
depending on the talcum content in their matrices, despite having the same IL material,
layer architecture and failure progression (Figure 16 A-H). To be more specific, a matrix
of medium talcum reinforced PP could achieve values of J¥L = 24.07 kJ/m? and Q = 3.86,
while a matrix of highly talcum reinforced PP could only reach JYL = 1.94 kJ/m? and
Q=1.74.

A closer inspection of failing specimens revealed, why the matrix systems were so
influential. As depicted in Figure 18a and 18b, the matrix with lower talcum content
could endure higher plastic deformations and absorb more energy before a new crack
initiated behind the IL and the specimen finally broke. Thus, ultimate failure is actually
determined by the deterioration of the matrix material to an extent, that a new crack is able
to form. It is therefore necessary to understand the connection of loading parameters and

microstructural damage in polymers, which will be investigated in the following section.

(®)

Figure 18: Crack re-initiation in specimens with matrices of PP with (a) medium and (b) high talcum rein-
forcement.
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3.4. Methods to determine crack re-initiation

The re-initiation of cracks determines the final fracture toughness of multilayer com-
posites after crack arrest and should be treated with the same care as the design of the IL.
The re-initiation process is comparable to the formation of cracks in unnotched materi-
als, which is governed by the initiation, growth and coalescence of microscopic damage
phenomena.

For polymers, there are several well known types of damage to the microstructure,
where the most prominent ones are shown and described in Figure 19a to 19d. These

include voids [123], microcracks [124], polar fans [125-129] and crazes [130-132].

11 11 11 I 11

—~ t tt ttt 1o
S - <a08iiaNs-
—~—— L e
(a) void (b) micro-crack (c) polar fan (d) craze
e no aspect ¢ high aspect ratio e column of o high aspect ratio
ratio micro-cracks
e no stress transfer e stress transfer
® 1o stress through fibrils
transfer

Figure 19: Common forms of microdamage in polymers including (a) voids, (b) microcracks, (c) polar fans
and (d) crazes.

In polymer blends and composites, such defects commonly initiate from pre-existing
irregularities such as rubber particles [133] or reinforcing particles [134, 135]. The amor-
phous boundary layer between spherulites in semicrystalline polymers acts in a similar

way, while large and well defined crystals hinder the formations of voids [136, 137]. Even
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in amorphous polymers, which appear homogeneous at first glance, local irregularities in
molecular packing can act as initiation sites [123].

Under dilational stresses, these defects can grow and coalesce [138], especially when
stresses are near or above the yield stress [139]. Larger defects as well as new cracks
are formed throughout the process [138, 140]. As a result of increasing damage, E often
decreases on a macroscopic scale due to the loss of load bearing surface on a microscopic
level [141].

Usually, time-consuming and expensive methods, such as computed tomography (CT)
or scatter electron microscopy need to be used to characterize damage to the microstruc-
ture [139, 142]. Both techniques are typically carried out post mortem, since temporal
resolution is not sufficient for monitoring experiments at common load rates. Olufsen et
al. [143] could achieve X-ray tomography measurements at decent loading rates by us-
ing post-processing tools on cracked round bar specimens. While effective, this approach
also requires axisymmetric specimens. Another option is to rely on synchrotron radiation
to achieve high-energy X-rays. Unfortunately, these strategies are difficult to implement
on small lab scales or in an industrial environment. For that reason, two alternative ap-

proaches to determine crack re-initiation after arrest are explored in the following sections.

3.4.1. Simulation of crack re-initiation

In Publication III, cohesive zone (CZ) modeling [144] was used to describe the entire
fracture process of multilayered specimens, including crack re-initiation. A particular
type of element, which is able to fracture under certain conditions, was used to simulate
crack growth. More specifically, a so-called traction separation law (TSL) determines

the cohesive stress, ¢z, depending on the distance between the crack flanks, 6. Although
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more complex laws are available [145—-147], a simple bi-linear relation (Figure 20) is often

sufficient to describe the separation energy, I'cz, according to Equation 6.

1
ez = E(O_nlaxéj') (6)

Therein, 0,4, 1s the cohesive strength and 6 is the separation of the crack faces at
failure. Following procedures from literature [148—150], a set of CZ parameters (0
and I'cz) can be calibrated. This is done by modeling Aa and the corresponding load line
displacement, v;;, with various pairs of 0,,, and ['cz. After a subsequent comparison
with experimental data (Figure 21a), the best fit values are chosen as parameters for the

investigated materials.
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Figure 20: Bi-linear traction separation law describing the separation energy of cohesive elements.

Pandya et al. [151, 152] conducted detailed studies on TSLs of polytheylene and point
out, that loading rate and constraint effects have significant influence on the simulated
crack growth. The constraint also depends on specimen thickness as well as the current

position of the crack tip (a/W) [90]. Consequently, the constraint and stress triaxiality
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before and after crack arrest are vastly different and separate sets of parameters need to be
obtained for the two regimes. Thus, the calibration procedure must be repeated for post-IL
crack extension, Aap,g;r. It is illustrated in Figure 21b, that this set of parameters starts to
produce crack growth at much higher values of v;;. As a result, I'c; is greatly increased
compared to the pre-IL regime, reflecting the energy required for the re-initiation process.

Phenomenologically speaking, the large increase in post-IL toughness stems from ex-
tensive plastic deformation in combination with micro-damage happening in the post-IL
regime (Figure 10). Creating additional voids and/or crazes is a cavitational process [142],
which dissipates energy. As a result, crack re-initiation is energy-expensive due to the
need to generate a new crack tip through coalescence of microstructural damage. This
reasoning is supported by several sources in literature, where decent results are reported

after utilizing damage-induced plasticity as toughening mechanism [153—155].
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Figure 21: Calibration of cohesive zone parameters for (a) the pre-IL and (b) the post-IL regime.

Using this approach in Publication III, it was possible to reconstruct the J,,, — Aa”
curve from Publication II (Figure 22). Crack growth, crack arrest and crack re-initiation
are combined into one model. It should be noted that these parameters are only valid

for the calibrated configuration. If material composition or layer architecture vary, the
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constraints of the crack tip will be different and errors may arise.
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Figure 22: Reconstruction of the experimental J — R curve using cohesive zone modeling.

3.4.2. Experimental assessment of accumulated damage

Several mechanical techniques were investigated in Publication V in order to find a
simple approach for assessing structural health. The objective was to develop a straight
forward and easy-to-use method, that can determine the onset of permanent damage, which
will eventually lead to the formation of a new crack. Therein, E was used as measure of
structural integrity. The procedure should yield an estimate for critical strain, which can
easily be implemented in the design process, e.g. as threshold value in preliminary FE
studies.

Load-unload experiments turned out to be ill-suited to characterize microstructural
damage. The influence of creep was significant, since these tests were performed under
tension for a prolonged period of time. Therefore, a decrease of E with increasing applied
strain, &,,,;, was mainly caused by viscoelastic effects and not by permanent damage.

Figure 23 shows the considerable decline of stiffness with increasing number of cycles,
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even at comparably low strains. This indicates, that time-dependence should also play a
major role in the effectiveness of crack-stopping layers. Similar to the value of E or oy,
the size of plastic zones is also time dependent and should be investigated in the future in

more details as well.
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Figure 23: (a) Decrease of E in load-unload experiments over a wide range of applied strain and (b) the
initial 50% of strain in greater detail.

Such influences of time-dependence could be avoided by using a combination of pre-
straining and subsequent dynamic mechanical analysis (DMA). In a thorough relaxation
period between introducing strain and measuring E, the majority of relaxation processes
were completed and any remaining changes to E could be linked to actual damage. Apply-
ing this method revealed E to be stable for much larger strains before damage phenomena
started to affect stiffness. As discussed in Publication V, E of a PP block co-polymer (PP-
B) remained constant for 10% of strain. E started to decline slowly for larger strains due to
the formation of microcracks (Figure 24a and 24b). A PP homopolymer (PP-H) remained
intact for 15% of pre-strain, before showing a slight increase of E in combination with

emerging polar fans (Figure 24c). The increase of E may have been caused by orientation
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effects, that optimized the stress transfer of macromolecules. Nonetheless, the loss of load
bearing surface is expected to outweigh this cold drawing effect at higher &,,,,;. By assess-
ing the regions of stable E, a critical strain could be obtained, at which no deterioration of

the microstructure happened yet.
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Figure 24: (a) Evolution of E in dynamic mechanical analysis of pre-strained specimens and the microstruc-
tures of (b) a PP block co-polymer, PP-B, and (c) a PP homopolymer, PP-H, with 40% pre-strain, recorded
in u-CT.
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4. Summary and conclusions

Within the scope of this thesis, mechanical behavior and failure of polypropylene based
microlayer 2 and multilayer '* composites were explored using adapted methods for het-

erogeneous materials.

4.1. Results found in this thesis

Microlayer composites with (E — o)-inhomogeneity showed greatly increased impact
strength and high damage tolerance. Impact strength in regard to the matrix material
showed an increase by a factor of 11.7 in combination with increased flaw tolerance. The
improvement of fracture energy in tensile tests even amounted to 33 times. Nonetheless,
these microlayer composites also exhibited reduced stiffness by 89% and 76%, respec-
tively. This undesired side effect was a consequence of the soft IL material and small layer
sizes, which ultimately led to a loss of flexural rigidity.

In multilayer composites, larger matrix sections were used for increased flexural stiff-
ness, while cracks were arrested by a low number ILs. Multilayer composites with an
(E — o)-inhomogeneity exhibited increased fracture toughness regardless of IL thickness,
t, but suffered from reduced specimen stiffness as well. The best configuration attained an
increase of relative fracture toughness of 3.86, while specimen stiffness was reduced by
25%. Stiffness could be kept high when using a pure E-inhomogeneity. However, IL with
smaller  were unable to produce crack arresting properties in such a material pairing. This

ineffectiveness is a limitation specific to E-inhomogeneities and is caused by visco-plastic

12Composites with many layers, where the thickness is in the range of microns.
13Composites with few layers, where the thickness is in the sub-millimeter range.
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deformation of the IL. Nonetheless, an optimum between stiffness and toughness could be
achieved in specimens where IL(s) are large enough to contain the fully developed plastic
zone. The best case scenario in Publication IV showed an increase in fracture toughness
by 181% while retaining 94% of matrix stiffness.

Crack re-initiation is also a crucial part of overall fracture toughness and is determined
by the fracture of the remaining matrix ligament after crack arrest. Crack growth and re-
initiation could be modeled using a cohesive zone law. However, two sets of parameters
had to be obtained from experimental data to describe the pre-IL as well as the post-IL
failure behavior. Alternatively, an experimental procedure is presented in Publication
V, where dynamic mechanical analysis was performed on pre-strained specimens. This
method is capable of estimating a critical strain for permanent damage, which represents

an onset for crack formation.

4.2. Deduction of design guidelines

Two comparably simple design criteria can be deduced for microlayer composites with

maximum toughness:

e The IL should be made of a very soft material and as thin as processing allows for,

provided the ILs can be produced as continuous layers.

e The matrix ligament thickness should be smaller than the size of the critical defects.

These can be particle sizes, inclusions, agglomerates etc..

For a more balanced combination of stiffness and toughness, multilayer composites
should be considered. Corresponding design criteria are summarized in Table 3. As a

simplified rule of thumb, two out of these three conditions have to be fulfilled in order to
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achieve crack arresting properties. It should be noted, that for (£ —o)-inhomogeneities, in-
creased fracture toughness comes at the cost of stiffness, while ¢ is arbitrary. E-inhomogeneities,
on the other hand, feature high toughness and stiffness, but require more care when design-

ing layer thickness.

Table 3: Simplified conditions for the design of crack arresting ILs.

: : EnL ot n
inhomogeneity Evtare | o iy
E ~ 1
E—-o arbitrary

The outcome of all presented endeavors is a spectrum of configurations for micro-
and multilayer composites. Therein, properties can range from maximum toughness to
compromises between stiffness and toughness and even include optimal solutions, where

both parameters are high. A final summary of all approaches is given in Figure 25.

tin pm t in mm

Multilayer

Microlayer

E inhom.

(E—-o0) inhon.

(B — o) inhom.

L t as thick as possible

to provide stiffness

as thin tMatrie < particle size

as processing allows for

increased toughness at increased toughness
the cost of stiffness and high stiffness

not investigated, but
t < r_,iL in all cases

maximum toughness,
reduced stiffness

effectiveness of IL
strongly reduced

Figure 25: Overarching summary of investigated microlayer and multilayer architectures.
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5. Outlook

In the presented thesis, investigations on layer thicknesses, plastic zone sizes and frac-
ture mechanical parameters have been made separately in order to formulate the under-
lying guidelines more clearly. For future works, these findings may be combined in a
comprehensive study, e.g. using FE methods, where critical strains, local values of J and
specimen stiffness can be investigated simultaneously.

So far, all investigations have been made at room temperature and at standardized
loading rates (Charpy or ESIS TC4 recommendation [100]). These conditions do not rep-
resent all requirements for real-life applications. Due to the viscoelastic and temperature-
dependent nature of polymeric materials, the ratios of o and E as well as plastic zone de-
velopment are subject to change under different conditions. Thus, similar studies should
also be conducted throughout a range of temperatures and loading rates (e.g. impact or
long term loading) to investigate effectiveness for a variety of applications. Despite the
variable material properties, the applied methodology remains the same.

Regarding crack re-initiation, there exist numerous alternative approaches to describe
crack initiation (e.g. plastic flow criteria [156] or probablistic models for crack formation
in damaged layers [157-159]), which are not discussed in this thesis. Dedicated future
works may shed light on these phenomena.

The investigated mechanical principles also apply to materials produced by other pro-
cessing techniques. Therefore, additively manufactured structures are an excellent candi-
date for future applications. With optimized IL being exclusively placed at critical loca-
tions, novel components can utilize crack arresting properties while keeping the stiffness

loss to an absolute minimum.
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Nonetheless, all presented concepts can readily be applied to extruded or injection-
molded parts as well. Therefore, future works should aim to further improve methodology

or even employ the discovered knowledge in novel industrial applications.
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6. Additional contributions within the framework of this thesis

6.1. Publications in peer-reviewed journals

1. F. Arbeiter, M. Spoerk, J. Wiener, A. Gosch, G. Pinter, Fracture mechani-
cal characterization and lifetime estimation of near-homogeneous components
produced by fused filament fabrication, Polymer Testing 66 (2018) 105-113.
doi:10.1016/j.polymertesting.2018.01.002.

2. S. Petersmann, M. Spoerk, W. van de Steene, M. Ugal, J. Wiener, G. Pinter, F. Ar-
beiter, Mechanical properties of polymeric implant materials produced by extrusion-
based additive manufacturing, Journal of the mechanical behavior of biomedical
materials 104 (2020) 103611. doi:10.1016/j.jmbbm.2019.103611.

3. D. Hennen, D. Hartmann, P. H. Rieger, A. Oesterreicher, J. Wiener, F. Arbeiter, M.
Feuchter, E. Frohlich, M. Pichelmayer, S. Schlogl, T. Griesser, Exploiting the carbon
and oxa michael addition reaction for the synthesis of yne monomers: Towards the
conversion of acrylates to biocompatible building blocks, ChemPhotoChem 4 (7)
(2020) 476-480. doi:10.1002/cptc.201900199.

4. M. Drvoderic, M. Gfrerrer, J. Wiener, G. Pinter, M. Pletz, C. Schuecker, Comparing
crack density and dissipated energy as measures for off-axis damage in composite

laminates, International Journal of Fatigue (under review)
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6.2. Conference contributions

1. J. Wiener, F. Arbeiter, M. Spork, A. Gosch, G. Pinter, Influence of strand orientation
on mechanical properties in near homogeneous FFF-produced PLA parts, poster
presentation, 17th International Conference on Deformation Yield and Fracture of
Polymers (DYFP 2018), Kerkrade, Netherlands

2. J. Wiener, F. Arbeiter, M. Spork, A. Gosch, G. Pinter, Material selection, testing
and validation of additively manufactured components, oral presentation and confer-
ence proceedings, Annual Technical Conference of the Society of Plastics Engineers
(ANTEC 2018), Orlando, United States of America

3. J. Wiener, F. Arbeiter, O. Kolednik, G. Pinter, Replicating the material inhomo-
geneity effect of biological materials to increase the fracture toughness in polymers,
poster presentation, 18th International Conference on Deformation Yield and Frac-
ture of Polymers (DYFP 2022), Kerkrade, Netherlands

4. J. Wiener, F. Arbeiter, A. Tiwari, O. Kolednik, G. Pinter, Crack arrester effect in
mineral-reinforced PP through soft Interlayers, oral presentation, 17th Conference
on Deformation and Fracture of Polymers (PolymerTec 2020), Merseburg, Germany
(attended online)

5. C. Schneider, J. Wiener, C. Sperling, G. Pinter, A. Brunner, Non-Destructive Detec-
tion of Damage Processes in Glass Fiber Reinforced Polymers under Fatigue Load-
ing, oral presentation, Eighth International Conference on Fatigue of Composites

(ICFC 2021), online conference
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6. J. Wiener, C. Schneider, C. Sperling, M. Gfrerrer, G. Pinter, Non-destructive de-
tection of damage processes during fatigue loading in glass-fibre reinforced poly-
mers, oral presentation and conference proceedings, 2nd European Non-Destructive
Testing and Condition Monitoring Days (ENDTCM 2021), Prague, Czech Republic
(attended online)

7. J. Wiener, B. Plank, F. Arbeiter, O. Kolednik, G. Pinter, Distinguishing between ir-
reversible damage and time-dependent effects in polymers, oral presentation, 18th
European Mechanics of Materials Conference (EMMC 2022), Oxford, United King-
dom

8. J. Wiener, M. Gfrerrer, C. Schneider, G. Pinter, Density Based Clustering as a Tool
to Analyze Acoustic Emission Signals, oral presentation and conference proceed-
ings, 20th European Conference on Composite Materials (ECCM 2022), Lausanne,
Switzerland

9. J. Wiener, F. Preissegger, B. Plank, F. Arbeiter, O. Kolednik, G. Pinter, Meth-
ods to Differentiate Between Viscoelastic Effects and Microstructural Damage in
Polypropylene, oral presentation, 15th International Conference on Advanced Com-

putational Engineering and Experimenting (ACEX 2022), Florence, Italy
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6.3. Supervised theses

1. F. Preissegger, ”Charakterisierung des realen Spannungs-Dehnungs-Verhaltens und
Schidigungsbeginns von Polypropylen”. Bachelor thesis, Montanuniversitaet,
Leoben, 2019.

2. C. Sperling, “Zerstorungsfreie in-situ-Detektion von Schiddigungsprozessen bei
Ermiidungsbelastung zur Charakterisierung von Faserverbundwerkstoffen”. Master

thesis, Montanuniversitaet, Leoben, 2021.
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Abstract: Talcum reinforced polypropylene was enhanced with a soft type of polypropylene in order
to increase the impact strength and damage tolerance of the material. The soft phase was incorporated
in the form of continuous interlayers, where the numbers of layers ranged from 64 to 2048. A blend
with the same material composition (based on wt% of the used materials) and the pure matrix material
were investigated for comparison. A plateau in impact strength was reached by layered architectures,
where the matrix layer thickness was as small or smaller than the largest talcum particles. The most
promising layered architecture, namely, 512 layers, was subsequently investigated more thoroughly
using instrumented Charpy experiments and tensile testing. In these tests, normalised parameters
for stiffness and strength were obtained in addition to the impact strength. The multilayered material
showed remarkable impact strength, fracture energy and damage tolerance. However, stiffness and
strength were reduced due to the addition of the soft phase. It could be shown that specimens under
bending loads are very compliant due to a stress-decoupling effect between layers that specifically
reduces bending stiffness. This drawback could be avoided under tensile loading, while the increase
in toughness remained high.

Keywords: multilayer; biomimetic design; damage tolerance; polypropylene; microlayer

1. Introduction

To use polymers in engineering applications successfully, a certain level of mechanical
properties, such as stiffness, strength and impact strength, are required. Due to inherent
limitations of the material properties, this is not always possible. Therefore, polymers
are often reinforced with glass fibres, carbon fibres or mineral particles. Kausch et al., for
example, found a strong increase in stiffness when adding alumina to polystyrene [1]. If
surface treatment is performed correctly, mineral fillers can also increase the strength of
a polymer matrix [2]. As a result of the reduced chain mobility, improvements were also
found in the long-term creep behaviour [3,4]. Comparisons of the many useful combi-
nations of matrices and reinforcements are available in extensive volumes for polymeric
materials [5,6]. Unfortunately, high filler contents also lead to embrittlement, making these
materials unusable for certain applications (e.g., when impact loading or high deformations
are expected). Solutions must be found to counteract the embrittlement while preserving
the benefits of the reinforcement. One approach is to maximize particle orientation paral-
lel to the expected loading direction. While optimizing the load bearing capacity of the
particles, this practice may also reduce defect size [7,8]. Another approach is to add a soft
component as a toughening agent to increase the impact strength [9-11]. The conventional
method for this is blending, e.g., by compounding, which leads to a random distribution

Materials 2021, 14, 725. https:/ /doi.org/10.3390/ma14040725

https:/ /www.mdpi.com/journal/materials



Materials 2021, 14, 725

20f19

of the soft phase. The change in properties roughly adheres to the rule of mixture, so that
improvements in impact strength may come at the cost of stiffness and strength [9-11].

Alternatively, the soft phase can be incorporated as distinct domains, for example, as
continuous layers in a co-extrusion process [12,13]. Studies on natural materials suggest
great potential for alternating layers of stiff and compliant material [14-17]. Publica-
tions on nacre show its remarkable toughness, although its main component is brittle
aragonite [18,19]. The skeleton of deep sea sponges also reveals astounding toughness
and flexibility, especially considering that it is mostly made out of glass [20-24]. Bone is
known to have outstanding strength-to-weight and stiffness-to-weight ratios [25] while
also serving an organ-like function for the production of blood cells [26]. In most cases,
a combination of high stiffness and high toughness in these materials can be traced back
to intricate microstructures [27-31]. Small domains of protein-based soft phases within a
stiff and brittle matrix phase (CaCO3, SiO; etc.) act as toughness enhancers in these materi-
als. Kolednik et al. showed that the soft domains are crucial for the increase in fracture
toughness, as they encourage crack arresting mechanisms [32]. In nacre-like materials,
crack deflection and platelet pull-out are able to further increase fracture toughness [33-35].
Replicating such microcomposites with commercial materials holds great potential for
science and industry and is, therefore, worth investigating. One possibility would be the
so-called material inhomogeneity effect, which can help to stop cracks at soft interlayers
(IL). Various sources point out that a large difference in yield stress is required in order to
diminish the crack driving force [32,36,37]. Such crack arresting properties of a soft IL have
already been found in polymeric materials with one or two soft ILs [38-40].

To further deepen the understanding of this effect, and exhaust the possibilities of
this mechanism, the properties of polypropylene/talcum composites with an increased
number of layers (up to 2048) are investigated in this work. Several studies on micro-
and nanolayer coextrusion already show the high potential of this method in multiple
fields of research. Literature ranges from improved barrier properties [41-43] and flame
retardancy [44] to altered crystallisation behaviour [45-48] and even semi-conductivity
in metal filled polymers [49,50]. Publications on mechanical behaviour [7,8] report an
increase in fracture strain, when average layer thickness is decreased below a certain
critical threshold. To date, these studies have mainly focused on microstructural aspects of
the multilayer materials, without further analysis of the trade-off between stiffness and
toughness, which often has to be made [51,52]. In this contribution, we aim to offer a
thorough investigation of the mechanical properties of a brittle matrix material, which
are enhanced with different toughening techniques. A comparison between conventional
blending, high particle orientation and a defined microstructure in the form of alternating
layers is made regarding bending stiffness, impact strength and damage tolerance.

2. Materials and Methods
2.1. Specimen Preparation

An overview of all investigated materials is summarized in Table 1. Therein, the mate-
rial composition, a brief description as well as a schematic drawing of the microstructure are
given. To accomplish the various layer architectures, a microlayer co-extrusion technique
was used [12,13,53]. All materials were supplied in the form of extruded sheets with a
thickness of 4 mm. From these, Charpy specimens according to DIN EN ISO 179-1 [54] were
manufactured with different notch types (unnotched, Charpy-notched and razor blade
notched according to [55-57]). As shown in Figure 1, all notches were introduced flatwise,
so the effect of a layered plate could be observed. Additionally, tensile test specimens
(Type 1A) were prepared in order to be tested according to DIN EN ISO 527 [58]. Detailed
descriptions of the investigated materials as well as the processing technique are given in
Appendix A.
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Table 1. Overview of investigated materials including their abbreviation, material composition, description and schematic

of microstructure.

Abbreviation Depiction Material Composition Description Toughening Mechanism
PP-HR %///////////////% Highly reinforced PP Homogeneous bulk material -
Blend z}%%% Highlgforfii;lio(rgcsi ;;P and Blended material Soft component

Blend_512L

Highly reinforced PP and
soft PP (87:13)

Blended material processed in 512

. . +hi i i
identical layers Soft component + high orientation

L H A AL SIS
SIS SIS IS LSS SIS SIS LS SIS SIS |

SILISLILI LIS IS SIS LIL SIS AL LIS LS

ML_512L

Highly reinforced PP:soft
PP (87:13)

Soft component + high orientation +
defined microstructure

Two different materials processed in
512 alternating layers

extrusion direction

e

4

lloading direction

,

h=4mm]

heg = 3.7 mm /f; =10 mm

y

L =64 mm

L =80mm

totg

Figure 1. Charpy specimen dimensions with the notch introduced flatwise.

2.2. Testing Methods

Uninstrumented as well as instrumented Charpy experiments were performed accord-
ing to DIN EN ISO 179-1fA for notched and DIN EN ISO 179-1fU for unnotched specimens.
An effective cross-sectional area, Aeﬁ, and the impact strength, a., were calculated according
to Equations (1) and (2). Therein, b is the specimen width, h.g the effective thickness
and U the area under the force-displacement curve. Due to high oscillation during the
instrumented impact tests, the maximum force, Fyx, and initial slope could not be reliably
determined from the raw data. Therefore, a fit of cubic splines was created for each curve,
which was then used to determine the maximum force and initial slope. The slope was
calculated from the differences in force, AF, and displacement, Av, in the initial, linear
part of the curve. From the initial slope in the unnotched state, the bending modulus, Ej,
was calculated according to Equation (3) to compare the stiffness of the materials. The
calculation is in agreement with DIN EN ISO 178 [59], although the testing speed in this
case is much higher than in conventional three-point-bending tests. E, should, therefore,
be seen as a ranking parameter in these specific considerations and cannot be quantita-
tively compared to values obtained from quasi-static experiments. In order to remove the
influence of specimen geometry, Fyx was divided by A, of each individual specimen. The
formula for the normalised maximum Force, F}}2", is shown in Equation (4).

Acfr = bhegy @

= A”ff @

' i1;4b11L33 v
eff

pra - e "



Materials 2021, 14, 725

40f19

All tensile tests were performed according to DIN EN ISO 527, where the Young's
modulus, E, the ultimate tensile strength, oyjrs, and the elongation at break, ¢,,, were
measured. In these tensile tests, the area under the force-displacement curve was corrected
for elastic unloading and taken as fracture energy, which acted as a measure for toughness.
To investigate the microstructure of the samples, scanning electron microscopy was applied,
whereas the fractographs were generated from the backscatter electron to give an improved
contrast between talcum particles and the polymer matrix. A more detailed description of
all testing procedures is presented in Appendix A.

3. Results and Discussion
3.1. Impact Strength of Multilayer Composites

In Figure 2a, the impact strength values of the layered composites are shown for
Charpy notched and unnotched specimens. The numbers of layers range from 64 to 2048.
Up to 256 layers, it appears that increasing the number of layers has no significant influence
on the impact strength. However, increasing the number of layers beyond this point
leads to a drastic increase in impact strength for both unnotched and Charpy notched
specimens. At 1024 layers, the impact strength reaches a plateau of 45 k] /m? for unnotched
and 20 kJ/m? in the notched state. A further increase in the number of layers yields no
improvements of impact strength. In comparison to the lower numbers of layers, this
plateau value represents an increase in impact strength of approximately 4.5 times in the
unnotched and three times in the notched state.

a.) b.) Matrix layer thickness (um)
25 20 15 10 75
T T T T
50 %/,% 50 -|
40 40
& &
E 30 4 E 30
2 2
o o
@ @
20 }H 20 /{7
&
10 10
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0d multilayer composite; Charpy notch 0 —*— multilayer composite; Charpy notch
T T T
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Number of Layers (-) Number of Layers (-)
o7 in 9 d. g
) 1pp.in.% finer than ) E 't
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5 £ D >t
T 40+
B A .t B,
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e —
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Figure 2. (a) Impact strength versus number of layers for a multilayer composite, (b) a magnifica-
tion of the plateau region, (c) the size distribution of the talcum particles in the matrix and (d) a
representation of large talcum particle orientation in a thin matrix layer.

In Figure 2b, the transition region from the lower to the upper plateau is shown
with greater magnification. The added scale at the top of Figure 2b shows the matrix
layer thickness t. An explanation of this effect could be that the increased orientation of
large talcum particles during the microlayering process improves the impact strength. No
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further improvement appears after all particles are oriented in extrusion direction. This
improvement in impact strength might be also affected by the ratio of particle size to matrix
layer thickness. The size distribution of talcum particles in the matrix is shown in Figure 2c.
It is seen that the impact strength only increases when the matrix layer thickness falls below
a critical dimension, ¢ < Dc. This critical dimension is the size of the largest talcum particles
in the distribution, which are critical for failure when left unoriented. Thus, improvements
of impact strength can be seen for matrix layer thicknesses of t < 13.6 um. At this point,
the matrix layers become smaller than the largest talcum particles which, therefore, have
to be forcefully oriented during processing. As a result, these large particles are oriented
along the layer plane, and their ability to act as critical defect for layer failure is diminished
(Figure 2d). Note that the critical normal stress components for Mode I fracture lie in a
plane perpendicular to the layer plane (Figure 1). If the matrix layer thickness is greater
than D¢, some of the large particles can be aligned perpendicular to the layer plane. If such
a particle debonds from the matrix during impact loading, a large void oriented along the
nominal fracture plane is formed. In that case, Mode I failure is facilitated, representing the
worst-case scenario. Reducing the layer thickness below a certain threshold (approximately
7.8 um in this specific case) brings no further improvement, since all large particles are
already oriented. As a result, lower and upper plateaus in impact strength are formed.

Baer et al. [7] and Mueller et al. [8] found similar trends for talcum-filled PP composites,
where the fracture strain started to increase drastically with an increasing number of
layers. In these contributions, the altered material behaviour could also be linked to an
increased degree of particle orientation. However, no lower plateau region was reported
in these publications. Additionally, the fracture strain started to decrease again after a
peak region instead of forming an upper plateau. The decrease in fracture strain at higher
numbers of layers was attributed to particle agglomeration during processing. Mueller
et al. even report quasi brittle fracture at 1024 layers or more. Up to 2048 layers, no
such limitations could be found in the present investigation, indicating a high quality of
processing. However, these sources agree that the limitation of defect size is responsible for
the increased ductility along with a tortuous crack path, crack tip blunting and enhanced
particle alignment [7]. Building on the results of this preliminary study, the most promising
multilayer composite was selected for a more detailed investigation. More specifically, the
composition with 512 layers (start of plateau region) was chosen for closer examination in
further experiments.

3.2. Comparison of Single and 512-Layer Coextruded Materials

The transition region between the lower and upper plateau of impact strength is of
special interest for understanding the changes in microstructure and failure mechanism.
Hence, the multilayer material with 512 layers, ML_512L, was chosen for closer inves-
tigation instead of the composite with 1024 layers. Although ML_512L showed great
results in the uninstrumented Charpy experiments, not much more is known of its material
properties. It is not entirely clear yet whether the improvements in impact strength stem
from particle orientation, the addition of soft phase or from the layered microstructure.
Thus, ML_512L as well as comparable blends and the matrix material (see Table 1 for more
details) were investigated more thoroughly in instrumented Charpy experiments. The
experiments aim to provide a more detailed impression of material behaviour, including
stiffness and damage tolerance. Representative force-displacement curves from the instru-
mented Charpy experiments are shown in Figure 3. The figure shows the fitted data from
the unnotched specimens. Ey, F;%" and a. were obtained from the instrumented Charpy
tests for all investigated materials and notch types. The results are given in full detail in
Table Al in Appendix B. A graphic representation of all obtained material parameters for
unnotched, Charpy-notched and razor blade notched specimens is given in Figure 4a.
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F-v curves of all tested materials
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Figure 3. Representative force-displacement curves in instrumented Charpy experiments for un-
notched materials.
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Figure 4. (a) Overview of Ep, F;;%" and a. for unnotched, Charpy-notched and razor blade notched
specimens of all tested materials. The notch sensitivity and data scattering of (b) F;57" and (c) ac is
depicted by referencing each value to the unnotched state of that material.

The force—displacement curves for PP-HR and PP-HR_512L (see Figure 3) resulted in
high values of F})" and Ej, due to the high mineral content. However, high displacements
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could not be reached before the materials failed. For both homogeneous materials, the
failure behaviour was a complete and brittle fracture without visible plastic deformation.
PP-HR exhibited very low impact strength, especially in comparison to materials with
a soft phase. The microlayering process of PP-HR_512L led to a minor improvement in
a. over PP-HR, owing to a slight increase in elongation at break. However, the impact
strength was still low compared to the blends and multilayer materials. These minor effects
may be attributed to an increased degree of orientation, accompanied by a reduction in
defect size. Additionally, E, of PP-HR_512L was reduced to 81% of PP-HR as a result of the
microlayering process.

In order to give an impression of data scattering and notch sensitivity, the relative
values for F)9"" and a, are plotted against the notch type in Figure 4b,c. The values for
Charpy and razor blade notches are viewed in relation to the unnotched state of the same
material, so the unnotched reference state was always given a value of 1. PP-HR was
especially susceptible to any type of notching. The maximum force and impact strength
were greatly decreased with increasing notch sharpness. The impact strength was even
reduced by up to 90% in the presence of a razor blade notch. It is clear that such a material
cannot be used for structural applications, since even small defects or scratches could
lead to catastrophic failure under impact loading. PP-HR also showed the highest data
scattering, which was probably caused by the size distribution of talcum particles. In the
absence of a microlayering process, larger agglomerates of particles were not broken up
during processing, leading to larger initial defects in the material. This may also have led to
the low values of F}}5" and 4. in the notched states. In the unnotched and Charpy notched
state, PP-HR_512L showed roughly the same relative values of F7/* and a,, but offered an
improvement in the razor blade notched state. While PP-HR dropped to relative values
of 50%, PP-HR_512L retained approximately 75% of F;%"". Regarding impact strength,
PP-HR_512L retained 20% of a. in the presence of a sharp notch. The layering process also
reduced the data scattering for PP-HR_512L, suggesting that very large agglomerates were
broken up during the microlayering process. Thus, the variance in initial defect size was
reduced, which led to more uniform values and less notch sensitivity.

The two blends had an overall reduced content of mineral filler by 13% compared
to the matrix material. Therefore, F/}9" and Ej, were smaller than for PP-HR, but the
impact strength of the matrix material could be drastically improved. While E, was
reduced by approximately one third, the impact strength could be increased by 170%
(Blend) and 250% (Blend_512L), respectively. As could already be assumed from the
force-displacement curves, the microlayering process was beneficial to the ductility of
the blend. One possible explanation for the increased ductility of Blend_512L is a more
finely dispersed microstructure due to the microlayering process accompanied by an
overall reduction in defect size. While the distribution of the matrix and soft phase was
still random, large bulks of matrix-rich material were less likely. In the Blend, these
areas were able to form a percolating network, which acted as a stiff but brittle skeleton
within the material. As a result, the Blend_512L had increased impact strength for all
three notch types, owing to its increased elongation at break. Although F\0/" appeared
to be lower for Blend_512L at first glance (see Figure 3), this difference lies within the
standard deviation of the measurement. However, both blends suffered from reduced
impact strength when introducing a notch. As a result, impact strength was reduced by
75% for Charpy notches and 80% for razor blade notches. For both blends, the failure
behaviour was a complete fracture with small plastic zones around the fracture plain.
Although the soft phase increased the absolute level of impact strength, the material was
almost as damage intolerant as the matrix material. Despite the domains of soft phase, the
random microstructure was ill-suited to stop cracks from advancing.

For ML_512L, the failure behaviour was a partial fracture with large plastic zones
around the crack tip. Due to the high compliance of ML_512L, the specimens were pulled
through the Charpy fixture after a large amount of displacement, instead of breaking.
Figure 3 shows the lowest forces, the highest displacements and a gradual reduction in
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force to 0 N as the specimens were pulled through the fixture. Despite the low values
for F\9 " and E;, specimens with continuous interlayers had outstanding impact strength
owing to the high displacements that could be endured. Although E, was reduced by
a factor of 9.2 compared to PP-HR, the multilayer material had an impact strength over
60 times higher than the matrix material in the presence of a sharp notch (15.53 compared to
0.25 k] /m?). Additionally, this multilayer composite showed the highest damage tolerance
out of all investigated materials, retaining relative values of 80-90% for F}}%," for all notch
types and 50% of a. in the razor blade notched state. These properties were not only caused
by the addition of the soft phase, but also by the layered microstructure. Despite having the
same material composition, ML_512L with a razor blade notch showed an impact strength
twice as high as the unnotched Blend. Blends, on the other hand, exhibited comparably
high stiffness, but could not offer the crack arresting properties associated with a multilayer
microstructure. It is crucial that the soft phase is arranged in a defined structure stretching
the whole cross section, e.g., as layers, so crack growth cannot avoid the soft domains. Thus,
the multitude of soft layers could enhance damage tolerance through crack tip blunting
and by limiting defect size.

3.3. Synergistic Effect of Layered Architecture

For a reasonable evaluation of a material, both toughness and stiffness need to be
considered simultaneously. For that reason, the measured values for a. are plotted against
Ey in Figure 5. All unnotched materials are depicted in Figure 5a, while the razor blade
notched materials are shown in Figure 5b. All observed trends remain qualitatively the
same for notched and unnotched specimens. However, the absolute values of 4. in the razor
blade notched state are smaller. The values for Charpy notched specimens are not shown
separately, since the difference in trends to the razor blade notched specimens is negligible.
Similar to an Ashby plot, this depiction allows for a more comprehensive assessment of
materials. PP-HR and PP-HR_512L are the stiffest, but also the most brittle materials. Ap-
parently, the microlayering process increased the ductility of PP-HR_512L, thus increasing
the impact strength while simultaneously decreasing E;. The two blends are not as stiff,
but tougher than the homogeneous materials. The microlayered Blend_512L shows higher
a. but is also more compliant than the Blend. Similar to PP-HR, the microlayering process
caused changes in the material behaviour of the Blend in the form of increased ductility.
Generally, all blends and homogeneous materials lie on a connection line, and a change
in material composition (soft phase content) would result in a shift along this line. When
comparing ML_512L to this reference line, the low stiffness is clearly outweighed by the
increased impact strength, so that the data point lies significantly above the line.
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Figure 5. Comparison of stiffness and toughness showing impact strength versus the bending
modulus Ej, for (a) unnotched and (b) razor blade notched specimens.

The combination of stiffness and toughness of ML_512L is very different to Blend_512L,
highlighting once again the significance of the microstructure in two materials of the same
composition. Therefore, the microstructure of the blends and ML materials was analysed
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using SEM-micrographs. As can be seen in Figure 6a, the Blend shows a microstructure of
a randomly distributed matrix phase and soft phase. The domains of matrix material tend
to be richer in talcum particles, while domains that are rich in soft phase have little to no
reinforcing particles in them (indicated by red lines in Figure 6a). A percolating network of
matrix material can form in this material, thus facilitating catastrophic failure. Matrix and
IL material in Blend_512L (Figure 6b) are more finely dispersed due to the microlayering
process, so that no clear domains can be assigned. This is the reason for the increased
strain at break and impact strength, but also the reduced stiffness. While the randomly
distributed soft phase has a beneficial effect on toughness, continuous ILs are most effective
at stopping cracks. As shown in Figure 6¢c, bands of IL material act as crack arresters in the
multilayer composite ML_512L. The boundaries of matrix material and IL are also indicated
by red lines in Figure 6¢. For the IL to be effective, the bands of soft material must be
continuous throughout the specimen. Otherwise, the maximum possible defect size is not
limited to the layer thickness and the benefits to toughness may be lost. This assumption is
confirmed by Baer et al. [7], where processing-induced talcum agglomerations interfered
with the layer structure, and the benefits to fracture strain were lost.

a.) b.)

e ws

Talcum-rich domains

Figure 6. (a) SEM-micrographs of a cryofractured Blend and (b) Blend_512_L without defined layer
structure and (c) a cryofractured ML_512L with distinct layers. Talcum-rich domains are separated
from low-talcum domains by red lines.

While continuous bands of soft material lead to damage tolerance, they can also alter
the stress distribution and failure mechanism of a material. To illustrate this, the matrix
ligaments in a multilayer composite are simplified as bending specimens, which is an
accurate description, e.g., during a Charpy experiment. If the Young’s Modulus of the IL
material is very low compared to that of the matrix, the load bearing matrix ligaments
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cannot transfer stresses to one another. The stresses of individual ligaments are decoupled,
while the deflection remains the same for all layers [38]. Figure 7 depicts such a case, where
all individual ligaments behave like separate bending specimens and possess a neutral
axis of their own. When adding an increasing number of ILs, the load is distributed more
evenly between the various matrix layers and stress maxima are less pronounced. It is
more difficult to reach the necessary stresses to break the matrix ligaments. However, a
side effect is a strongly reduced bending stiffness. Although a ligament might seem far
away from the neutral axis of the entire specimen, no contribution according to the parallel
axes theorem (also known as Steiner theorem) is made towards the area moment of inertia.
Since the area moment of inertia is strongly dependent on the thickness of the individual
layers, hey/n, a multilayer composite will have less bending stiffness than a comparable
bulk material the higher the number of layers, n, is. Thus, a material with a microstructure
of alternating soft and stiff layers will be tougher but more compliant compared to a blend
of similar material composition.

Stress decoupling due to soft IL

Brittle
matrix |hey
M, o,
b
Soft IL e
Mb hz g,
Mb O'b

Figure 7. Decoupling of bending stresses due to soft and compliant interlayers in a stiff and brittle
matrix. Stress maxima and area moment of inertia decrease as an increasing number of layers

are added.

This effect is scarcely described in the literature. To the authors” knowledge, only
increased stiffness has been reported for multilayered materials [7,8], owing to increased
particle orientation. In this special case, the benefits of orientation are unfortunately
outweighed by the described decoupling effect. Nevertheless, the high mismatch in
material properties that causes the stress decoupling is necessary for optimizing fracture
toughness. Numerous fracture mechanical publications clearly state that the optimal
crack arresting properties of soft layers can only be realized when the IL component is
considerably more compliant or has a significantly lower yield stress than the matrix [32,37].
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3.4. Influence of Loading Direction

The previous sections show that the increase in impact strength of ML composites
comes at a high cost in stiffness. This, however, is only true for a bending load, since the
main reason behind it is the reduction in the area moment of inertia. Additionally, the
pulling through led to a drop-off in force in a Charpy setup (see Figure 3).

In a tensile loading situation, we expect similar benefits for fracture toughness and
less of a drawback in stiffness. Due to the lack of well-established single edge notch tension
standards for polymers, tensile tests were only performed in the unnotched state according
to DIN EN ISO 527. True stress—strain curves of all investigated materials as well as a
comparison of stiffness and toughness and an overview of material parameters are shown
in Figure 8. The exact values as well as the relative values with PP-HR as reference material
are presented in Table A2 in Appendix C.
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Figure 8. (a) Representative true stress—strain curves of all investigated materials in tensile tests and (b) an overview of the

observed material parameters, where (c) the elastic modulus and ultimate tensile strength and (d) the fracture energy and
strain at break are depicted in more detail.

The absolute values of the modulus in the tensile tests were much lower than those
evaluated from the Charpy experiments. This is most likely caused by the considerably
lower testing speed of the tensile tests. As mentioned earlier, the parameter E, was primar-
ily used as a ranking parameter and is not recommended for quantitative comparisons to
measurements with different experimental conditions. PP-HR shows the highest values for
E and oyts but also the lowest g, and the lowest fracture energy. These material parame-
ters serve as reference points to compare the other materials. The microlayering process
had a beneficial influence on the ductility of PP-HR_512L. Due to an increase in &, of 60%,
the fracture energy increased by 3.5 times compared to PP-HR. This, however, came at the
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cost of stiffness, leading to an almost 20% decrease in E. For the blends, the introduction
of the soft phase reduced E to approximately 55% of the reference material, and oq;7s was
also reduced by up to 15%. Owing to a considerable increase in ¢, the fracture energy
increased to almost six times the value of PP-HR. Blend_512L appears to be slightly stiffer,
stronger and more ductile than the Blend. However, the differences between the two lies
within standards deviations. All in all, the micro layering process showed a negligible
influence on the tensile properties of the blends. Incorporating the soft phase in the form of
continuous IL brought further benefits to material ductility, namely, &, could be increased
from less than 1% (PP-HR) to over 30% (ML_512L). The fracture energy surpassed the
matrix material by more than 30 times. Despite an identical material composition, the
blends were outperformed by a factor of 5, thus reinforcing that the microstructure of the
incorporated soft phase is essential.

The reduction in stiffness was not as severe as in the bending setup, so that approxi-
mately one quarter of E could be retained. In a tension setup, specimen stiffness is only
influenced by the total cross-sectional area of the matrix ligaments, which is undiminished
by the layered microstructure. Since the more ductile plane stress state is favoured in the
thin matrix layers due to the aforementioned stress decoupling, stiffness is still lower than
for the blends. The tensile specimens also cannot slide out of the clamping fixture during
the experiment. As a result, an actual fracture of the entire specimen is guaranteed, and the
full extent of necessary fracture energy can be measured. In addition, a strain hardening
could be observed after the yield point in the tensile experiments. Thus, almost 60% of
ours of PP-HR could be preserved. A comparison of fracture energy versus E in Figure 8b
reveals that ML_512L lies above the trendline of homogeneous materials and blends again.
Figure 8c shows, that E and ;s could be kept relatively high for ML_512L, while &, and
the fracture energy excel in comparison to the other materials (see Figure 8d). In conclusion,
the toughening effects of the soft IL can be utilized most effectively in a tensile loading
situation. While the fracture energy is maximized, the drawbacks for o5 and especially E
can be kept to a minimum.

4. Conclusions

Talcum particle-reinforced polypropylene was investigated through Charpy impact
tests and tensile tests. A soft phase of very compliant polypropylene was incorporated in
the form of blending as well as continuous soft interlayers (IL).

The materials were assessed regarding stiffness, maximum force and area under the
force-displacement curves that were obtained in instrumented Charpy experiments. The
influence of notch type (unnotched, Charpy-notch and razor blade notch) and number of
layers on impact strength were investigated.

A plateau in impact strength could be reached when the matrix layer thickness was as
small or smaller than the size of the largest reinforcing particles, which was 13.6 pm in the
investigated talcum particles. The impact strength in the plateau region increased up to
4.5 times compared to specimens with larger matrix layer thicknesses.

Continuous layers led to a high damage tolerance. While multilayered specimens
retained over 50% of their original impact strength, blends and homogeneous materials
suffered reductions of 80% or more. Thus, introducing the soft phase in the form of
continuous layers proved to be a considerably more effective toughening mechanism than
the blending of matrix and IL material in a comparable ratio.

The increase in toughness comes at the cost of bending stiffness and maximum force
due to a loss in moment of inertia, which is proportional to the number of layers. This is a
side effect of stress decoupling between individual matrix layers, since the IL material is
too compliant to transfer stresses.

Similar benefits to fracture energy could be found in tensile tests of the multilayer
material, but the decrease in strength and stiffness could be partially avoided due to the
tensile loading. More specifically, 24% of matrix stiffness could be preserved under tensile
loading compared to only 11% in a bending setup.
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Appendix A

The following is a detailed description of the tested materials and the methods used
for investigation.

Appendix A.1. Materials

An overview of all investigated materials is summarized in Table 1. Therein, the mate-
rial composition, a brief description as well as a schematic drawing of the microstructure
are given. All material combinations consist of only two material bases. The matrix material
in all investigated combinations consists of a stiff extrusion grade polypropylene, which
is highly reinforced with talcum particles (PP-HR, 60 wt% talcum particles). The second
material in this study is a compliant type of PP with a very low yield stress, which was used
as a toughness enhancing component (termed IL for interlayer) to offer an extreme contrast
between the hard and the soft phase. From these two base materials, four more material
composites were generated by varying the material composition and processing technique.
In a first step, layered composites with different numbers of layers, ranging from 64 to 2048,
were prepared. These composites are oriented due to the multilayer extrusion process and
exhibit a defined microstructure of alternating layers. All layered materials had the same
amount of matrix material and soft interlayer (87% PP-HR to 13% IL). These co-extruded
materials were used for a first analysis of the influence of different numbers of layers.
Subsequently, a more thorough analysis of the composite with 512 layers was performed.
Therefore, this configuration is specifically titled ML_512L. A blend with the same material
composition was manufactured to differentiate between the effect of the soft component
alone and the effects of orientation and microstructure. This material was simply labelled as
Blend. It does not show the high degree of orientation found in a multilayer material, and
the microstructure is a random distribution of soft phase within the matrix. The Blend and
the homogeneous matrix material were produced also in 512 identical layers (PP-HR_512L,
Blend_512L) to observe possible effects of particle orientation due to the microlayering
process. All materials were supplied in the form of extruded sheets with a thickness of
4 mm.
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Appendix A.2. Preparation of Materials via Multilayer Co-Extrusion

Multilayer materials were manufactured using two Extrunet ECE-30 extruders and a
multiflux static mixer with a modular design. Melt strands of the matrix and IL material are
joined in a feedblock after passing the extruders. After passing the feedblock, one module
of the static mixer divides the two layers of melt vertically, before placing the halves on
top of each other horizontally (see Figure Al). Thus, each additional module doubles the
number of layers, so the final number of layers is 21, with 1 being the number of modules.
This processing routine has proven to provide neatly stacked polypropylene multilayer
materials with uninterrupted continuous layers [12,13].

doubling of layers
extruder 1
extruder 2
n doubling steps 2™ layers

multiflux static mixer

Figure Al. Multilayer extrusion using a multiflux static mixer, adapted from [53].

Appendix A.3. Specimen Preparation

As mentioned above, materials were supplied as 4 mm thick plates. From these,
Charpy specimens according to DIN EN ISO 179-1 were manufactured with dimensions
of 80 x 10 x 4 mm?®. For every material, unnotched, Charpy-notched and razor blade
notched specimens were prepared. As shown in Figure 1, all notches were introduced
flatwise, so the effect of a layered plate could be observed. A saw blade with a crack tip
radius of 0.25 mm was used to introduce the Charpy-notches. A broaching tool was used
to introduce the razor blade notches [55-57]. All notches were prepared to have an overall
depth of 0.3 mm, and all specimens were manufactured parallel to extrusion direction.
Additionally, tensile test specimens (Type 1A) were prepared in order to be tested according
to DIN EN ISO 527.

Appendix A.4. Charpy Measurements

All experiments were performed using a Zwick/Roell HIT25P pendulum. Tests were
performed according to DIN EN ISO 179-1fA for notched and DIN EN ISO 179-1fU for
unnotched specimens. For each material, 5 individual specimens were tested using a 2]
pendulum. In all cases, a flatwise specimen orientation was used, so failure had to progress
through all individual layers.

Appendix A.5. Instrumented Charpy Experiments

All experiments were performed using a Zwick/Roell HIT25P with an instrumented
2] pendulum. The pendulum was equipped with a piezo-electric load cell within the fin,
and measurements were taken with a sampling rate of 2 MHz. For each measurement
series, a total of six specimens were measured with the exception of the multilayered
composites. In these cases, only two specimens could be measured due to limited material
supply. The specimen orientation was also flatwise in all cases.
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Appendix A.6. Data Treatment

Due to high oscillation during the instrumented impact tests, the maximum force,
Finax, and initial slope could not be reliably determined from the raw data (see Figure A2).
Therefore, a total of 10 support points was set manually for each curve. The support
points were then used to create a fit of cubic splines, which was later used to determine the
maximum force and initial slope.

curve fitting of force-displacement data
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Figure A2. Curve fitting of force-displacement data from instrumented Charpy experiments. Cubic
splines were fitted through 10 support points.

Appendix A.7. Normalization of Parameters

From the specimen width, b, and the effective thickness, heﬂr, an effective cross-sectional
area Ay was calculated for all specimens (see Equation (A1)). For unnotched specimens, f,4
is equal to the total plate thickness /. For notched specimens, the remaining ligament length
at the root of the notch was taken as h,. The area U was obtained through integration
of the force-displacement curve. For this integration, the raw data and not the fits were
used. Corrections for elastic unloading were forgone, since the initial slope could not be
reliably determined for all specimens. This was mostly the case for the more brittle matrix
materials under the influence of a notch, where standard deviations were large even after
the curve fitting. The impact strength, a., was evaluated for unnotched, Charpy-notched
and razor blade notched specimens (Equation (A2)). The maximum force and initial slope
were determined from the fitted curves. The slope was calculated from the differences
in force, AF, and displacement, Av, in the initial, linear part of the curve. To be exact, the
slope was calculated between 0.085 and 0.427 mm deflection, which translates to 0.05%
and 0.25% maximum strain. From the initial slope in the unnotched state the bending
modulus, E;, was calculated according to Equation (A3) to compare the stiffness of the
materials. The calculation is in agreement with DIN EN ISO 178, although the testing
speed in this case is much higher than in conventional three-point-bending tests. E; should,
therefore, be seen as a ranking parameter in these specific considerations and cannot be
quantitatively compared to values obtained from quasi-static experiments. In order to
remove the influence of specimen geometry, the maximum force, Fy;qx, was divided by Aeff
of each individual specimen. The formula for the normalised maximum Force, F;)5.", is

shown in Equation (A4).
Aeff = bheff (A1)

u

Acff

(A2)

ac —
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e (A3)
U apn 3
eff
Pnorm _ Fax (A4)
max Aeff

Appendix A.8. Tensile Tests

All tensile tests were performed according to DIN EN ISO 527 using a Zwick Z250
electrodynamic tensile testing machine, equipped with a 10 kN loadcell. In addition to
the Young’s modulus, E, the ultimate tensile strength, o;1s, and the elongation at break,
€y, were measured. In the considerations regarding tensile properties, the area under the
force-displacement curve was corrected for elastic unloading (see Figure A3) and taken as
fracture energy, which acted as measure for toughness.

1000

750

500
fracture energy

Force (N)

250

elastic energy

T T T T T
0.0 05 1.0 1.5 20

Displacement (mm)

Figure A3. Correction for elastic unloading of the area under the force-displacement curve of
tensile tests.

Appendix A.9. SEM-Micrographs

To investigate the microstructure of the samples, scanning electron microscopy was
applied. All samples were sputtered with a thin layer of gold to achieve surface conductivity.
SEM-graphs were then created using a TESCAN Vega II, whereas the fractographs were
generated from the backscatter electron to give an improved contrast between talcum
particles and polymer matrix.

Appendix B

Table Al. Results obtained from instrumented Charpy experiments including E;,, Fj7)" and ac.

. E, Foay' ac
Material (MPa) Notch Type (N/mm?) (1J/m>)
NoNotch 3.07 £ 0.66 2.66 £ 0.40
PP-HR 17,475 + 4056 Charpy 2.36 &+ 0.48 0.46 + 0.30
Razor 1.42 + 0.68 0.25+0.14
NoNotch 3.08 +0.31 3.86 + 0.35
PP-HR _512L 14,141 + 794 Charpy 239 £0.15 0.78 £ 0.11

Razor 233 £0.16 0.82 £ 0.06
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Table Al. Cont.

Material Ep Notch Type Fiax' e
(MPa) yp (N/mm?) (kJ/m?)
NoNotch 2.64 + 0.06 7.14 + 0.53
Blend 9635 + 894 Charpy 2.59 +£0.24 2.21 + 0.45
Razor 2.33+0.34 1.52 +0.12
NoNotch 2.67 +£0.13 9.39 + 1.63
Blend_512L 9258 + 1268 Charpy 2.35+0.26 2.51 +0.34
Razor 2.55+0.19 1.58 + 0.13
NoNotch 0.88 + 0.04 30.99 £+ 0.80
ML_512L 1903 + 457 Charpy 0.71 £ 0.05 16.95 + 0.26
Razor 0.79 4+ 0.02 15.53 + 0.62
Appendix C

Table A2. Material parameters obtained from tensile tests.

E (MPa) &py (MPa) ours (MPa) Fracture Energy Per Area (k]/mz)
Absolute Values:
PP-HR 6967 + 173 0.67 +0.11 254+ 0.4 53403
PP-
HR 5121 5748 + 23 1.08 £+ 0.30 245 + 0.1 16.9 £29
Blend 3714 + 45 475+ 1.79 214 +£0.2 294+ 1.6
Blend_512L 3862 + 111 6.81 +£1.76 22.0 £ 0.04 294 +1.7
ML_512L 1666 + 50 31.19 £4.13 144 +0.7 188.2 +29.6
Relative values (PP-HR as reference):
PP-HR 1 1 1 1
PP- 0.83 1.61 0.96 3.54
HR_512L : : ' :
Blend 0.53 7.09 0.84 5.79
Blend_512L 0.55 10.16 0.87 5.79
ML_512L 0.24 46.55 0.57 33.28
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ARTICLE INFO ABSTRACT

The effects of soft, polymeric interlayers on a brittle, mineral reinforced polymer matrix are investigated.
Interlayers made of a standard polypropylene (PP) and a soft type of PP are introduced into matrix materials of
either highly or moderately mineral particle reinforced PP. Single edge notch bending experiments are per-
formed to characterize the fracture toughness of these composites. The experimental J-integral Je,, is used to
describe the fracture toughness of the investigated materials. The multi-layered materials are compared to the
homogeneous matrix material. A modified plotting technique is applied to more distinctly demonstrate the
effects of soft layers on Je, as a function of the crack extension Aa. The fracture toughness is evaluated and the
slope of the J-Aa curves is used as a qualitative measure of crack growth resistance. In addition, the crack growth
rate is recorded. The results show improvements in fracture toughness of almost twenty times of the matrix
material, provided the material combination is chosen properly. This increase in fracture toughness is achieved
due to a crack-arresting effect in the soft layers, which is followed by an energy-expensive crack re-initiation

Keywords:
Polypropylene
Multi-layer

Fracture toughness
Material inhomogeneity
J-integral

step.

1. Introduction

A multitude of technical applications strive for a high stiffness and/
or high strength to support large loads. Furthermore, a high toughness
can be equally important in order to prevent catastrophic failure of vital
structures. Unfortunately, these characteristics are often mutually ex-
clusive in engineering materials (Ashby and Cebon 1993; Ritchie 2011).
Usually the most reasonable compromise between stiffness and tough-
ness has to be selected as the material of choice. However, for biological
materials, the same restrictions do not seem to apply (Jia et al., 2019).
The majority of biological materials with load bearing functionality
exhibit an astonishingly high fracture toughness, especially when con-
sidering their seemingly brittle composition. Close examination of bio-
materials reveals that they do not show a homogeneous microstructure
but rather complex and elegant hierarchical structures. Additionally,
many of these structures also feature secondary functionalities besides
the load bearing component. For example, bone tissue is not only de-
signed to support weight and movement related forces of the body. It
serves as reservoir for nutrients and minerals while also producing vital
components of blood (Morgan et al., 2013).

Two examples of structured bio-materials with a high content of

* Corresponding author.
E-mail address: Florian.Arbeiter@unileoben.ac.at (F. Arbeiter).

https://doi.org/10.1016/j.mechmat.2019.103243

brittle matrix are nacre, which mainly consists of aragonite (CaCO3)
with a negligible amount of protein (Barthelat and Espinosa 2007;
Song et al., 2018), as well as the skeleton of the deep sea sponge Eu-
plectella aspergillum which also consists of over 99% SiO, (bio-glass) and
only a small amount of organic material (Aizenberg et al., 2005;
Miserez et al., 2008; Woesz et al., 2006; Levi et al., 1989; Miiller et al.,
2008).

Much research has been conducted on the subject of nacre. On a
microscopic scale, the material consists of many interlocking hexagonal
platelets (Figs. 1a and b). While the platelets themselves are made of
aragonite, the small layers in between them consist of soft and elastic
protein. The increase in toughness compared to pure aragonite can be
attributed to several different mechanisms. These include platelet
pullout, platelet interlocking and the obvious increase in fracture sur-
face (Barthelat and Espinosa 2007; Zhao et al., 2018; Dutta et al.,
2013). Recent studies also showed great results for parts produced by
3D-inkjet printing of polymeric resins (Jia et al., 2019; Jia and Wang
2019; Yadav et al., 2018). In all of these applications, the intricate
microstructure and their complex deformation and fracture behaviors
(Barthelat and Espinosa 2007; Song et al., 2018; Miserez et al., 2008;
Dutta et al., 2013; Dutta and Tekalur 2014) lead to improved fracture
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Fig. 1. Structure of biological materials: Conch Shell (a) and its platelet-like microstructure (b) and the deep-sea sponge (c) with its concentric microstructure (d).

Cracks

Soft protein Brittle bioglass

Fig. 2. Crack arrester effect in the skeleton of a deep-sea sponge due to the
material inhomogeneity effect.

toughness. Literature such as Wu et al. (Wu et al., 2019) or Gu et al.
(Gu et al., 2017) show, that interfacial strength and different layers of
hierarchical structure also play an important role in replicating the
excellent properties of natural materials. Unfortunately, the structure of
nacre has limited potential for industrial applications at the moment.
The complex, three-dimensional structure can thus far only be produced
by 3D-inkjet printing (Jia et al., 2019; Jia and Wang 2019) or even
more advanced manufacturing techniques, such as freeze casting or
magnetically assisted additive manufacturing (Zhao et al., 2018;
Mao et al., 2016; Yang et al., 2018). It should be noted, that the

majority of commercially available monomer formulations for 3D-inkjet
printing are acrylate- or methacrylate based photoreactive resins. The
resulting polymers are commonly known to be inherently brittle and
potentially harmful for human contact (Gorsche et al., 2016; Ligon-
Auer et al., 2016; Friedman et al., 1965; Karalekas and Aggelopoulos
2003; Nylander-French and French 1998), with only a few exceptions
(Oesterreicher et al., 2017; Oesterreicher et al., 2016b;
Oesterreicher et al., 2016a; Mostegel et al., 2016; Oesterreicher et al.,
2016c¢). Conventional processing techniques for thermoplastic polymers
such as injection molding and extrusion are not known to produce
nacre-like structures on a large scale yet. Therefore, the industrial use of
these structures seems to be limited thus far for polymers.

The skeleton of the deep sea sponge Euplectella aspergillum features a
microstructure, composed of alternating, concentric rings of bio-glass
and soft protein (Figs. 1c and d) (Aizenberg et al., 2005). In comparison
to nacre (Figs. 1a and b), neither the concept of platelet pullout and
interlocking nor the mechanism of crack deflection can be used to ex-
plain its high fracture toughness. The increase in toughness is achieved
by the well-designed sequence of soft and hard phases (Woesz et al.,
2006; Kolednik et al., 2011). Therein, the layers of soft protein serve as
crack-arresters and hinder growing cracks from causing catastrophic
failure (Fig. 2).

Several studies have shown that this crack arrest occurs due to the
so-called material-inhomogeneity effect (Kolednik et al, 2011;
Kolednik 2000; Fratzl et al., 2007). The material inhomogeneity effect
describes the influence of a material inhomogeneity on the magnitude
of the crack driving force. All that is needed is an interface (IF), in-
terlayer (IL) or even gradient between two materials with different
mechanical properties such as elastic modulus E, yield stress o, or
hardening exponent n. The effect of a material inhomogeneity on the
crack driving force was already well known for linear elastic fracture
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mechanics (Zak and Williams 1963; Cook and FErdogan 1972;
Huajian 1991; Muju 2000; Fischer et al., 2012; Murali et al., 2011;
Nahlik et al., 2010). Recent studies by Kolednik et al. (Kolednik et al.,
2011; Simha et al., 2005; Simha et al., 2003) present a more general
approach based on the configurational force concept (Maugin 1995;
Gurtin 2000) and the J-integral J (Rice 1968) as driving force para-
meter. Therein, the far field J-integral J¢,, is a measure of the driving
force induced in the entire specimen by the applied load
(Kolednik et al., 2019). The J-integral close to the crack tip gives the
crack driving force Jy;p, whose magnitude determines whether a crack is
able to propagate or not. For homogeneous hyperelastic materials, the
J-integral is path-independent, which also means Ji, = Jg.r. When
considering inhomogeneous materials, such as a bimaterial specimen
with a single interface, the J-integral becomes path-dependent and J;,
differs from Jg,, in the form, Ji,= Jgar+ Cinn (Kolednik et al., 2011;
Simha et al., 2005; Simha et al., 2003). The parameter Ci,, is de-
nominated as material inhomogeneity term.

The main factor influencing Cj,, is the mismatch in mechanical
material parameters, such as oy, E or the introduced work until the yield
point (Lach et al.,, 2017; Lach et al, 2014; Lach et al., 2016;
Grellmann and Langer 2017). If a crack propagates from a hard to a soft
phase, the material inhomogeneity term Cj,;, is positive and increases
Jiip, which is referred to as anti-shielding effect. Compared to a crack
propagating only in one phase, this will lead to a higher crack growth
rate. Vice versa, for crack propagation from soft to hard phase, Ci,,
becomes negative and decreases J;, in the process, also known as
shielding-effect. In this case, a crack will grow slower or even arrest,
since it requires a higher applied load in order to propagate than in a
homogeneous phase.

An interlayer can be regarded as two consecutive interfaces, and the
inhomogeneity terms for the first and second interface Ci,n; and Ciyne
can be summed up in the interlayer inhomogeneity term Cy;, as shown
in Eqn 1 (Sistaninia and Kolednik 2014),

Jlip = Jtar + Cinn1 + Cinn2 = Jtar + Cir. (€8]

By the introduction of a soft interlayer in a brittle matrix material,
the anti-shielding and shielding effects at two interfaces are combined
(Sistaninia and Kolednik 2014), see Fig. 3. An exemplary evolution of
Jiip as a function of the distance between the interlayer and the crack tip
L, is depicted in Fig. 3b. Therein, a soft interlayer with an elastic
modulus of Ej was introduced to a stiff and brittle matrix with an
elastic modulus of Eyp.uix. The curve shows a local minimum at the
second interface. By utilizing this effect, a crack trap can be tailored. To
overcome such a soft interlayer, the macroscopic loading parameter Jg,,

(a) o
IF1: Transition hard to soft
=>» increase in CDF

appiied | |

IF2: Transition soft to hard
=» strong decrease in CDF

Soft interlayer serves as
crack trap!

0.applied l l

Mechanics of Materials 140 (2020) 103243

has to be increased substantially, leading to an improvement in fracture
toughness. For the deep sea sponge itself (Kolednik et al., 2011), as well
as for several metallic and ceramic materials (Fratzl et al., 2007;
Kolednik et al., 2019; Sistaninia and Kolednik 2014; Chen et al., 2007;
Miiller et al., 2009; Kolednik et al., 2010; Zechner and Kolednik 2013),
this shielding and anti-shielding effects could be experimentally
proven. Lach et al. (Lach et al., 2014) observed the influence of a ma-
terial inhomogeneity on cracks growing towards the interface of poly-
meric bimaterials. While Lach et al. mainly focused on cracks growing
towards an interface, the current work focuses on cracks growing to and
beyond interlayers of soft material. Therefore, the approach of fracture
toughness increase via multi-layer build ups seems promising. How-
ever, studies on its effectivity on polymers are still missing.

Polymeric layered structures can be produced by extrusion, or in
this case co-extrusion in an efficient manner. Therefore, layered struc-
tures appear to be a potent candidate for biomimetic toughness en-
hanced composites, which could also be used at an industrial scale.
Within the scope of this paper co-extruded, thermoplastic multi-layer
composites are examined with regard to their fracture toughness in-
crease by introducing soft interlayers and different ratios of mechanical
properties.

2. Experimental
2.1. Materials

Since the material inhomogeneity effect relies on a significant
mismatch in mechanical properties, a portfolio of materials with vastly
different mechanical behavior should be examined. However, good
adhesion between individual layers should also be ensured to avoid
delamination at the interfaces.

For industrial applications, the use of highly mineral reinforced
polymers is appealing. Mineral fillers cause a high stiffness and promote
enhanced creep resistance. Furthermore, mineral based fillers are
commercially available at a fraction of the price of the polymer matrix.
Therefore, four different variations of polypropylene were used in this
study. Two polypropylene compounds with different amounts of mi-
neral filler were used as stiff and brittle matrix materials (moderately
talcum particle reinforced (PP-MR) and highly reinforced (PP-HR)). For
the soft interlayer a standard grade of polypropylene (PP) and a very
compliant type of modified PP (PP-S) were used. The exact formulations
of used materials are confidential and cannot be disclosed at this time.

IF1 IF2
2,0 - —
Interlayer

By < Evari|

0,5 -
C Crack arrest
/ osition
0,0 T - T T
-1 0 i 2
L, [mm]

Fig. 3. Basic concept of creating a crack trap utilizing the material inhomogeneity effect (a) and the resulting change of Jy;;, in the vicinity of a soft interlayer (b)

(Sistaninia and Kolednik 2014).
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Table 1
Nomenclature and material composition for various multilayer configurations.
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Abbreviation Materials number of interlayers Ratio of mechanical properties

Matrix Interlayer EMawix / En oM/ ot eM /et
ML1 PP-HR PP 1 4.8 1.1 2.6 x 1073
ML2 PP-HR PP-S 1 28.8 3.4 1.8 x 1073
ML3 PP-MR PP-S 1 18.4 3.3 69.8 x 1072
ML4 PP-HR PP-S 2 28.8 3.4 1.8 x1073

2.1.1. Manufacturing of multi-layer composites

Using aforementioned materials, four different multi-layer compo-
sites (ML) were manufactured. The specific material combinations for
matrix and interlayer, as well as the ratios of mechanical properties
(respective values of matrix and interlayer for elastic modulus, Eppatrix
and Ej, yield stress,oy™ and oy, and failure strains,e™ and &™) be-
tween them are shown in Table 1. Therein, ML1 has a PP-HR matrix
with a single PP interlayer. In this combination, the ratios of mechan-
ical properties are comparably low. In ML2, PP-S was used as single
interlayer in a PP-HR matrix, leading to higher ratios of mechanical
properties. ML3 has a single PP-S interlayer incorporated in a PP-MR
matrix to observe the effects of a comparably tough matrix with a high
mismatch in mechanical properties. ML4 has the same combination of
materials as ML2, but features two interlayers. Using a co-extrusion
process, homogeneous and multi-layered sheets with 20 mm thickness
were produced. The average thickness of the soft interlayers was ap-
proximately 0.3 mm.

2.2. Fracture toughness testing using J-integral

Due to their ductile nature, three of the four investigated PP types
do not comply with the assumptions made in linear elastic fracture
mechanics. Therefore, methods of elastic plastic fracture mechanics are
used to more accurately describe the material behavior of the multi-
layer specimens. More precisely, an adaptation of Rice‘s J-integral
(Rice 1968; Hale and Ramsteiner 2001) method for polymers was uti-
lized to characterize the fracture toughness. In accordance with the
recommendation of the Technical Committee 4 of the European
Structural Integrity Society (ESIS TC4 recommendation (Hale and
Ramsteiner 2001)), the multi-specimen method using monotonic three
point bending tests were performed on single edge notched bending
(SENB) specimens.

From the (co-)extruded sheets, SENB specimens with the dimensions
80 x 10 x 20 mm® were produced (see Fig. 4). The longitudinal axis
always coincided with the extrusion direction and the thickness of the
sheet was taken as width of specimens (W). Machined notches were
introduced and sharpened utilizing a broaching tool with a razor blade
in order to produce an initial sharp crack with the length ag
(Martinez et al., 2013; Martinez et al., 2016; Salazar et al., 2015). The
initial notch lengths were manufactured to satisfy the relation

(@)

0.55<ay/W<0.65, as stated in (Hale and Ramsteiner 2001).

SENB tests (see Fig. 4b) were performed on the servo-hydraulic
testing machine MTS 831 (MTS Systems GmbH, USA) at a crosshead
speed of 1 mm/min. After performing the SENB experiments, the spe-
cimens were cryo-fractured and examined under a light microscope. An
Olympus SZX12 (Olympus Life Science Europe GmbH, Germany) was
used to obtain the crack extension, Aa, alongside the geometry data of
the specimen under reflected light. To obtain the specimen thickness B
and the ligament length W-a,, three separate measurements were taken
across the fracture area and averaged. A polygon was positioned to
match the fractured surface and to calculate the fracture surface area.
The average crack extension was calculated from the fracture surface
area and B. For these measurements, a magnification of 12.5 was used
in all cases. A preliminary J-integral, Jo (which does not consider crack
extension), was evaluated using Eq. (2).

nU

= BW = a) @)

Therein, U is the area under the load-displacement curve, which was
corrected for indentation and machine stiffness as stated in (Hale and
Ramsteiner 2001). A value of 2 was used as geometry factor n for SENB
specimens. Strictly speaking, the J-integral is only valid for very small
crack extensions. To clearly observe fracture behavior before and after
the interlayer, specimens had to be tested up to crack lengths of several
mm. A crack growth correction according to (Schwalbe and Neale
1995) was performed to compensate for large Aa values. The experi-
mental J-integral J.,, was then calculated using Eq. (3).

L (0759 1)Aa]

Jexp = Io*
exp 0[ W—ao

3

As is recommended by ESIS TC4 (Hale and Ramsteiner 2001), a
power law fit was applied to the data of the four homogeneous mate-
rials. The power law formula is displayed in Eq. (4), wherein Jex, can be
calculated from Aa and the two parameters A and N. All the gathered
data can then be presented in a plot of Je,, against Aa, also known as J-
R curve.

Jexp = A AaV )

Following the procedure described in (Hale and Ramsteiner 2001) a
so-called blunting line was constructed. This line follows the equation

(b)

Soft interlayer

&

22 W

Soft interlayer

0

S=4W H

o)

Fig. 4. Dimensions of a SENB specimen (a) and schematic of a bending fixture (b) (Hale and Ramsteiner 2001).
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Fig. 5. Determination of J¢ from Jp;, and Jo ».

Jexp = 2Aaoy and describes the crack tip blunting due to plastic de-
formation. The intersection of the blunting line with the power law fit
curve yields the parameter Jg;. The power law fit formula was used to
evaluate the J,,, value at Aa=0.2 mm in order to obtain the value Jj 5.
The initiation toughness parameter Jc was then determined as the
smaller value out of Jp;, and Jy », see Fig. 5.

As shown in several works before, PP shows a rather complex de-
formation mechanism in fracture mechanical tests whether it is under
monotonic (Salazar et al, 2014; Seidler et al., 2001), impact
(Martinez et al., 2016; Salazar et al., 2012; Karger-Kocsis et al., 1997),
or fatigue (Arbeiter et al., 2016) loading. Thus, a certain amount of data
scattering is also expected for the materials at hand. A simple criterion
was applied to discard specimens with unstable crack growth to ensure
adequate quality of data points in the J-R curve (Lach et al., 2014;
Gosch et al., 2018). A linear regression line was fitted to the crack
growth Aa versus testing time t. Very far outliers from the trend line
were excluded from the evaluation. When introducing interlayers a
change of the crack growth rate in the vicinity of the soft layer is ex-
pected. Hence, this data exclusion criterion was only applied for
homogeneous materials and not for multi-layer configurations.

2.3. Adaptations of Aa-measurement and J-Rplotting technique for
materials with interlayers

Due to the complex fracture process of inhomogeneous materials,
the conventional methods for crack length measurement and con-
struction of the J-R curve have to be adapted. Presumably, owing to the
interlayer material's high failure strain, the interlayer itself stays intact
during the experiment and does not break until the specimens are cryo-
fractured. Therefore the interlayer thickness, t, was never included in
the crack extension Aa. Instead, the individual crack extensions Ag; in
the matrix material were added up to a total Aa. In the case of a single
interlayer this leads to Aa = Aa; + Aa, (see Fig. 6a).

Another aspect in multi-layered specimens is that many geometrical
parameters are subject to variance related to processing and sample
preparation. While the differences may seem small compared to the
dimensions of the specimen, even small changes can have a significant
influence on the J-R curve. Processing induced variances, such as the
distance between the interlayer and the razor blade notch Lo, the in-
terlayer thickness t or the remaining ligament behind the interlayer can
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lead to large scatter in the Je., values at the first interface of the in-
terlayer.

To compensate for these variances in geometry, an alternative
technique of plotting is used. Instead of applying Jex, versus the crack
extension Aa, a parameter L was introduced as replacement for Aa
(Fig. 6a).The parameter L describes the distance between the first in-
terface of the soft layer and the crack tip. A negative value of L indicates
that the crack has not reached the interlayer yet. In this case L = Aa-
Lo < 0 (see Fig. 6a). In contrast, positive values indicate crack growth
beyond the interlayer. In the case of a single interlayer, this means
L = Aa-Lo= Aay> 0. As a result, effects caused by the material in-
homogeneity should be clearly visible at or closely around a value of
L = 0 (Figs. 6b and c).

For the multi-layer composites, a linear regression line for all data
points with L > 0 was fitted and extrapolated to L = 0 (see Fig. 6c).
This intersection represents the required energy to overcome the in-
terlayer and initiate crack growth behind it. The obtained value was
named J-M" and served as a measure for the fracture toughness of the
composite. The slope of the regression line is proportional to the tearing
modulus T (T = E/ayz*d.]exp/d(Aa)). Although T is known to be geo-
metry dependent, the slope dJex,/d(Aa) shall be used to qualitatively
compare the crack growth resistance.

For better comparison, a shifting procedure was also applied for the
J-R curves and Aa-t plots (crack extension versus testing time) of the
matrix materials. The arithmetic mean of L, was calculated from all
specimens of the individual multi-layer configurations (e.g. L™,
Lo™-®). The data points and power law fit curves of the respective
matrix materials PP-HR and PP-MR were shifted by these values, so that
Latrix = Amatrix — Lo By formulating the parameter L as mentioned,
the J-L plot can describe the J., behavior for both homogeneous as
well as multi-layered specimens. This does not influence the re-
presentation of the J-R curve as well as the L-t curve of the homo-
geneous specimens.

3. Results & discussion
3.1. Fracture toughness of homogeneous materials

For all specimens made from PP and PP-S, side grooves with a depth
equal to 10% of the thickness B were introduced on each side. This was
done to avoid strong curvatures of the crack fronts during the experi-
ments. For PP-HR and PP-MR specimens side grooves were applied only
to a part of the specimens that were tested. Fracture mechanical SENB
tests could successfully be performed for three out of the four homo-
geneous materials (PP, PP-MR and PP-HR). The resulting J-R curves are
depicted in Fig. 7. The obtained values for the constants A and N of the
power law fit (Eq. (4)) as well as the values for Jy,, Jp; and J¢ are
shown in Table 2. One material, namely PP-S, was too ductile to be
characterized via J-integral at room temperature. During testing the
specimens just plastically deformed instead of fracturing. Even at very
large deflections, no actual crack extension from the initial razor blade
notch could be detected. Additionally, PP showed a great discrepancy
between Jg; and Jo » (19.32kJ/m? and 44.59 kJ/m?), making a reliable
determination of fracture toughness somewhat difficult. Alternative
techniques for determining the initiation toughness parameter include
assessment of stretched zone width and height, crack tip opening dis-
placement (CTOD, often used for metals e.g. (Kolednik et al., 2019)) or
even the kinetics of the CTOD. (Lach and Grellmann 2017; Lach et al.,
2005) However, due to the unreliable measurement of CTOD in poly-
mers at low speeds these methods were forgone in the current con-
tribution. Owing to the higher degree of mineral reinforcement, a re-
duction in J¢ could be observed for PP-HR in comparison to PP-MR
(0.23kJ/m? compared to 1.30 kJ/m?). Interestingly, for PP-MR and PP-
HR no difference between side grooved and non-side grooved speci-
mens could be observed. Contrary to ESIS TC4 recommendation, J-R
curves were measured up to rather large values of crack extension, to
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Fig. 6. Calculation of the parameter L (a), conventional plotting of J,;, versus Aa (b) and modified plotting technique (c) of Jey, versus the distance between crack tip

and interlayer (parameter L).
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shown.
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Table 2
Overview of and power law fit parameters for Eq. (4), A and N, and fracture
toughness parameters Jo 5, Jp1, Jc and JME for the tested materials.

homogeneous materials multi-layer composites (non-

side grooved)

A N Joz JpL Jo JM
[kJ/m?] [kJ/m?] [kJ/m?] [kJ/m?]
PP 46.43 0.55 19.32 44.59 19.32 ML1 -
PP-S - - - - - ML2 1.94
PP-MR 6.26 0.41 2.60 1.30 1.30 ML3 24.07
PP-HR 1.27 0.32 0.76 0.23 0.23 ML4 2.42

compare with multi-layer specimens later on.

3.2. Fracture toughness of composites

3.2.1. Multi-layer composite 1 (ML1; matrix: PP-HR; interlayer: PP)

For ML1 specimens side grooves with a depth equal to 10% of B
were applied only to a part of the specimens that were tested. The re-
sults for ML1 are shown in Fig. 8. Although ML1 contains a comparably
tough PP interlayer, no improvements in fracture initiation toughness
or crack growth resistance could be achieved compared to pure PP-HR.
For non-side grooved specimens the Je,,-values are slightly below the
matrix material, while the crack growth rate is higher (0.168 mm/s
compared to 0.084 mm/s, see Figs. 8a and b). Due to the high constraint
caused by the surrounding matrix and the resulting stress triaxiality, the
plasticity of the PP interlayer is limited. Although some plastic de-
formation takes place, no energy consuming large scale yielding is
observed. The significant attribute for the toughening of the composite
is the inhomogeneity effect, which also affects the crack driving force
and stress distribution in matrix regions adjacent to the interlayer.
While the ratio of E between the two materials is significant, the same
cannot be said for the ratio of oy. The yield stress of the matrix is only
10% higher than that of the interlayer. This E-inhomogeneity will be
diminished by plastic deformation near the interfaces. As described in
(Kolednik et al., 2019), this results in a strongly reduced effectiveness of
the interlayer as crack arrester. Hence, the combined inhomogeneity
effect (E + oy) is not strong enough to cause a measurable increase in
fracture toughness. This would not be so in the case of oy-in-
homogeneity, whereas the ideal scenario is an inhomogeneity in both E
and oy. The side grooved specimens coincide with the matrix material
PP-HR in both the J-R curve and the crack growth rate. For that reason,
no initiation parameter J™" was evaluated.

(@)
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3.2.2. Multi-layer composite 2 (ML2; matrix: PP-HR; interlayer: PP-S)

For ML2 specimens side grooves with a depth equal to 10% of B
were applied only to a part of the specimens that were tested. In ML2,
the differences of 0, and E between matrix and interlayer materials are
much higher than in ML1. As a result, the ML2 composite shows an E-
inhomogeneity as well as a o,-inhomogeneity. Hence, the combined
inhomogeneity effect should show a greater influence on the fracture
toughness. For all the non-side grooved specimens the soft interlayer
noticeably influenced the crack growth behavior (see Figs. 9a and b).
For ML2, an increase from 0.23kJ/m? (Jc of the PP-HR matrix) to
1.94kJ/m? (JM? of the composite, see Table 2) could be achieved.

The slope of J-R curve, dJ/d(Aa), is different in the region L <0, for
PP-HR and its composites. The predicted anti-shielding effect becomes
visible, since the slope of 0.31 kJ/m?> for L <0 is visibly lower than for
pure PP-HR. When the crack reaches the interlayer, this slope almost
becomes a vertical line. The energy for plastic deformation and crack
re-initiation behind the interlayer must be overcome first, before an-
other increment of crack extension can be produced. Thereafter, the
dJexp/d(Aa) of ML2 is lower than for the matrix PP-HR, 0.18 kJ/m®
compared to 0.28 kJ/m>. This might be due to a change in constraint
(a/W) and possibly the release of elastically stored energy as additional
source of crack driving force.

For L<O0, the crack growth rate at 0.055mm/s was found to be
slighltly below the matrix value of 0.084 mm/s. The crack growth rate
(evaluated as the slope in the L-t plot, Fig. 9b) almost drops to zero in
the proximity of the interlayer. After passing the interlayer the crack
growth rate increases to 0.137 mm/s compared to the 0.084 mm/s of
PP-HR. As can be seen in Fig. 10a, PP-HR shows no signs of significant
plastic deformation or yielding. The only trace of dissipative effects is a
slim zone of stress whitening (possibly caused by crazing) that precedes
the crack. While the crack is arrested in the interlayer but the loading
continues, the majority of introduced energy has no other possibility
than to be stored as elastic energy. Once a crack re-initiates in the
matrix however, this energy is released again, resulting in an ac-
celerated crack growth. This assumption is confirmed by the decreased
slope in the J-R curve for L>0.

For the side-grooved specimens no improvement in fracture
toughness could be achieved. The Jex,-values are even lower that for
PP-HR, while the crack growth rate is higher than for the matrix
(0.233 mm/s compared to 0.084 mm/s).

3.2.3. Multi-layer composite 3 (ML3; matrix: PP-MR; interlayer: PP-S)

None of the previously performed experiments showed improve-
ments in fracture toughness when introducing side grooves. Therefore,
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Fig. 8. Modified J-R curve for ML1 displaying Jey, versus the parameter L (a) and L versus testing time (b).
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Fig. 9. Modified J-R curve for ML2 displaying Jey, versus the parameter L (a) and L versus testing time (b).

Fig. 10. Plastic zone development shortly before crack re-initiation for ML2 (a),
ML3 (b) and ML4 (c).

side grooves were omitted entirely for ML3 specimens. A pronounced
increase of Jex, can be seen at L = 0 for ML3 specimens (Fig. 11a). The
increase for ML3 is considerably higher than for ML2. More precicely,
the fracture toughness at L = 0 increased almost twenty times from
1.30kJ/m? (Jc of PP-MR) to 24.07 kJ/m* (J¢™"* of ML3, see Table 2).
This is caused by the tougher matrix material, which hinders crack re-
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initiation after the first crack hits the interface. What is also worth
mentioning is the increased slope of 11.37 kJ/m? for L >0 as compared
to 1.66 kJ/m® of PP-MR. Apparently, the crack growth resistance after
passing the interlayer is higher than for the pure matrix. This is possibly
caused by the extensive plastic deformation the remaining ligament
undergoes before crack re-initiation. Therefore, higher amounts of
dissipated energy are required for further crack extension. The possi-
bility to express this in the form of Je, should be taken with care due to
invalidation of J-integral preconditions. Furthermore, PP-MR is able to
undergo a strain softening process without fracture when being loaded
past oy. This process is comparable to the mechanical rejuvenation ef-
fect described by Meijer and Govaert (Meijer and Govaert 2005).
Therefore, the applied strains can be delocalized better, while crazing
becomes less likely. As a result, the plastically deformed material shows
an increase in fracture toughness compared to its undamaged state.
For L <0 cracks propagate a lot faster than in pure matrix material.
This behavior can be explained by the variation of crack driving force
around the interlayer, which is depicted in Fig. 2b. While the crack
driving force behind the soft layer is diminished by the shielding effect,
in front of the interlayer the anti-shielding effect leads to an increased
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Fig. 11. Modified J-R curve for ML3 displaying Jex, versus L (a) and L versus testing time (b).
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Fig. 12. Modified J-R curve for ML4 displaying Jex, versus the parameter L (a) and L versus testing time (b).

crack driving force and crack growth rate. This can also be seen in
Fig. 11b, where almost 1 mm of crack extension is reached very rapidly.
Smaller crack extensions could not be measured within the scope of the
experiments. However, after this fast crack propagation towards the
interlayer the crack growth rate rapidly drops to zero upon reaching it.
In accordance with the J-R curve, the crack growth rate for L>0 is
much smaller than for undamaged PP-MR (0.004 mm/s compared to
0.018 mm/s). Once again this indicates tougher material behavior of
the plastically deformed matrix material.

3.2.4. Multi-layer composite 4 (ML4; matrix: PP-HR; interlayer: PP-S)

For ML4 specimens side grooves with a depth equal to 10% of B
were applied only to a part of the specimens that were tested. For non-
side grooved specimens a tenfold increase from 0.23 kJ/m? to 2.42kJ/
m? in fracture toughness could be measured (see Table 2), although the
data exhibited big scattering in the ML4 experiments.

The plot of L versus testing time in ML4 is similar to ML2. As is
depicted in Fig. 12a, the slope in the J-R curve for L>0 is slightly
smaller than for the matrix (0.18 kJ/m?® compared to 0.22kJ/m?). The
crack growth rate (Fig. 12b) almost drops to zero at L = 0. With
0.099 mm/s, the crack growth rate behind the interlayer is again larger
than for PP-HR (0.084 mm/s), so that for large values of L the two
curves join again. Due to the higher data scattering, no reliable state-
ment can be made for the slope of the J-R curve and the slope in the 1-t
plot for L<0. Just as for ML2, the plastic zone of ML4 was found to be
very small (Fig. 10c). The data points for side grooved specimens co-
incide with the matrix material. Despite what one would expect from a
specimen with two interlayers, no second increase in Jey, was observed.
This is explained by the unexpected failure mechanism, which will be
discussed in the next section.

3.2.5. Specimen failure mechanism

Surprisingly, even after a crack has re-initiated beyond an inter-
layer, the interlayer still remains intact and endures large deformations
until rupture (Fig. 6a). This observations was made for all four multi-
layer configurations. For ML2, ML3 and ML4, the crack is stopped at
L = 0 and has to re-initiate in the remaining matrix ligament, while for
ML1 no such benefits were found. This raises the question which me-
chanism actually causes the final specimen failure. Fig. 13 depicts dif-
ferent scenarios for the fracture behavior of a SENB specimen with two
soft interlayers. The consideration was made for two interlayers (cor-
responds to ML4) but the discussed failure mechanisms would look the
same for a single interlayer composite. In both scenarios, the specimen

is assumed to be already fractured from the initial notch until to the
first soft interlayer. Fracture surface is depicted as grey area with black
dots, the initial razor blade notch is depicted as white area with black
stripes. While the interlayer itself (black area) stays intact, it is not sure
where the specimen failure will proceed in the matrix material (white
area with black spots). There are two plausible causes for crack re-in-
itiation in the matrix behind the soft layer:

3.2.5.1. Scenario A: the interlayer transfers stresses in a meaningful
way. The interlayer and matrix transfer the bending stress o, in the
same way and the stress distribution is almost unaffected by the
material inhomogeneity. Just as one would expect from a
homogeneous sample, the highest stresses occur at the crack tip
(Fig. 13a). However, the interlayer material is too tough to fail at this
location. It is more likely that the interlayer stays intact and a new
crack re-initiates in a part of the matrix closest to the arrested crack. In
the depicted case, this would be the middle ligament of the SENB
specimen.

3.2.5.2. Scenario B: the interlayer transfers no stresses. In this case, stress
transfer from one ligament to the next is not possible. However, all
ligaments have the same deflection. Thus, the ligaments behave like
separate, decoupled bending specimens. Each individual ligament
posseses its own bending stress distribution (Fig. 13b). Just like
before, the interlayers are too tough to break and stop any growing
cracks. Now the most critical stress can be found on the tension side of
the broadest matrix ligament. For the depicted geometry, the maximum
stress and therefore the location for crack re-initiation can be found on
the bottom edge of the outermost matrix ligament. If the loading
parameters are known, the fracture toughness of a structure can also be
optimized. By using equally spaced, small ligaments, the maximum
stress can be kept below the matrix material's bending strength (see
Fig. 13b).

It should be noted that in both cases specimen failure does not
progress through classical crack growth, but rather due to a surpassing
of the matrix material strength at a global stress maximum. Any in-
crement of crack extension behind the first soft layer can only happen
after a crack re-initiation step.

In order to distinguish which one of the aforementioned failure
mechanisms really happens, the fracture surfaces of cryo-fractured
SENB specimens were investigated closer. Of course, in ML2 specimens
(Fig. 14a and c) crack re-initiation happens behind the first and only
interlayer. No differentiation between Scenario A and B can be made in
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Fig. 13. Possible stress distributions in multi-layered specimens: interlayer is able to transfer stresses well (Scenario A) and interlayer transfers no stresses (Scenario

B).

this case. However, fracture surfaces from ML4 specimens (Fig. 14b and
d) are more revealing: While the middle ligament is still intact, crack re-
initiation takes place in the outermost matrix ligament. The failure of
the broadest ligament confirms the assumptions of decoupled bending
stresses made in 3.2.5 b. Specimen failure in this case does not proceed
consecutively from the first interlayer to the second, but rather due to a
simultaneous loading of all deflected ligaments. This gives the ex-
planation why there is no second increase in Jey, for ML4 in Fig. 12a.

In specimens with side grooves the crack re-initiation always started
from the bottoms of the side grooves (Fig. 14a and b). For PP-HR the
stress concentration introduced by the side grooves is significant en-
ough to greatly facilitate crack re-initiation. In these cases, the side
grooves render the introduction of soft layers obsolete. For this reason,
no improvements in fracture toughness and crack growth rate could be
found.

On the other hand, in the specimens without side grooves, the exact
location of re-initiation behind the interlayers varried randomly
(Fig. 14c and d). The starting points of failure are most likely local
stress concentrations caused by agglomerates of mineral particles. All
specimens failing in this way exhibited the increase in fracture tough-
ness and crack growth rate predicted by the material inhomogeneity
effect. In these cases, the soft layers worked as intended.

4. Summary & conclusions

Inspired by bio-materials, the effects of soft polymer interlayers on
mineral reinforced polymer matrix materials were characterized. The
improvements of fracture toughness caused by the soft layers were
shown using J-integral-based methods from elastic plastic fracture
mechanics. The following statements were found to be true in single
edge notch bending tests:
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e The material inhomogeneity effect was observed in mineral re-
inforced polypropylene (PP) with PP interlayers. Through the in-
troduction of soft interlayers in brittle matrix materials, improve-
ments in fracture toughness could be achieved due to a crack-
arrester effect in the soft layers.

e In order to function as intended, the interlayer material must exhibit
large differences in the elastic modulus E and the yield stress oy
compared to the matrix material. The pure oy-inhomogeneity is
more influential, while a pure E-inhomogeneity yielded no benefits
due to plastic deformation at the interlayer. However, a combined
inhomogeneity (E and oy) is ideal.

® Once a crack is arrested by a soft layer, specimen failure is de-
termined by crack re-initiation in the matrix material. Re-initiation
is influenced by matrix and interlayer material and will happen at
the location of the highest stress.

O For a moderately mineral reinforced PP matrix, the re-initiation
step is difficult, leading to a big increase in fracture toughness .

O Crack re-initiation is easier in a highly mineral reinforced PP
matrix. This leads to a smaller improvement in fracture toughness
by soft interlayers.

O Re-initiation is difficult for an interlayer made of soft PP. No
stress transfer was possible between the matrix ligaments, which
then behaved like decoupled bending specimens.

O An interlayer made of standard PP yielded no benefits in fracture
toughness because the difference in o, compared to the matrix
was too small.

O The introduction of side grooves to the specimens also greatly
facilitated crack re-initiation.

e In order to more clearly depict the influence of soft interlayers, a
new plotting technique was developed. Therein, the experimental J-
integral J.;, is plotted against the newly defined parameter L. From
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Fig. 14. Fracture surfaces of side grooved ML2 (a), side grooved ML4 (b), non-side grooved ML2 (c) and non-side grooved ML4 specimens (d). Crack re-initiation is

indicated with red arrows.

these J-L plots, a fracture toughness for multi-layer composites,
JME could be determined.

In future work the influences of interlayer thickness, interlayer
position and number of interlayers should be investigated. A full un-
derstanding of all influencing factors and their interactions has not been
reached yet. The next task would be properly defining material laws,
which quantitatively describe not only the crack growth, but also the
re-initiation step. With these issues solved, analyzing structures with
the help of FE methods could be attempted, yielding a most useful tool
for structural optimization in multi-phase composites.
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ARTICLE INFO ABSTRACT

Keywords: In a multilayered structure with a crack, a spatial change in the mechanical properties of the
Material inhomogeneity material strongly influences the crack driving force. This material inhomogeneity effect can be
Polymer composite utilized to improve the fracture toughness of a given structure by inserting thin, soft interlayers

Cohesive zone
Fracture toughness
Configurational forces

into the material. The effectiveness of this procedure has been demonstrated on high-strength
materials, such as metallic alloys and ceramics. It is shown in this article that the material in-
homogeneity effect can be also successfully applied to polymers and that it is possible to predict
the improvement in fracture toughness by a numerical analysis. First, a numerical case study
based on the configurational force concept is performed on a brittle polymer matrix with in-
terlayers made of materials with different strength and Young’s modulus. After selecting the most
appropriate interlayer material, a composite is fabricated, which contains a single interlayer.
Fracture toughness experiments show approximately 7 times higher fracture toughness for the
composite in comparison to the homogeneous matrix material. Numerical fracture mechanics
tests are performed on homogeneous and composite material using the cohesive zone model for
crack growth simulation. A procedure to calibrate the cohesive zone parameters is worked out,
which is relatively easy for the homogeneous material, but more sophisticated for the composite
material. The numerical analysis provides a tool for predicting the fracture toughness of multi-
layered polymer composites.

1. Introduction

It is a common practice to improve the fracture toughness and strength of a component by combining two different materials in
various fashions [1-3]. Many of the naturally occurring materials, such as nacre and bone, are found to have enhanced fracture
toughness and strength owing to the complex arrays of different materials [4-7]. Munch et al. [8] showed in his study that Al,Os3,
which has a fracture toughness of approximately 2.5 MPav/m, when combined with lameller Polymethylmethacrylate (PMMA),
results in a fracture toughness of 15 MPa/m. The fracture toughness of multilayered components can improve by different extrinsic
mechanisms, such as crack deflection and meandering, zone shielding, contact shielding, etc. [9]. However, the fracture toughness of
a multi-layer system can be influenced just by the presence of material inhomogeneity. The material inhomogeneity effect arises due
to a spatial variation of the mechanical property of the material. In presence of a material inhomogeneity, the crack driving force
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(CDF), expressed as near-tip J-integral, J;p, is different from the far-field J-integral, J;,;, which can be seen as the driving force
generated by the applied load. The difference between J;, and J,,, is the so called “material inhomogeneity term”, Ci,,. This material
inhomogeneity term can be calculated by applying the concept of configurational forces [10-12].

Configurational forces are thermodynamic driving forces on defects in materials. Examples are voids, cracks, interfaces, dis-
locations, etc [13,14]. The material inhomogeneity term, Ci,y, equals the sum of the configurational forces emanating from all the
material inhomogeneities in a body. For example, in a bimaterial system of materials A and B with a crack, as shown in Fig. 1, the
interface, X, between the two material acts as a material inhomogeneity, which influences the crack driving force. The material
inhomogeneity term, Ci,;, in this case is given by the sum of the configurational forces, f, along the interface

Cinn = e- ] fdl, @)

where e denotes the unit vector in the direction of crack extension and dl is a line element of £ [10,11]. Note that the configurational
force at an interface has a dimension of N/m?, whereas a configurational force in the bulk of a material has a dimension of N/m>. The
material inhomogeneity term has the same dimension as the J-integral, kJ/m?. The crack driving force, J,, therefore, is described as

Jtip = Jtar + Cinn- (2)

In cases where a transition from comparatively stiff to compliant material occurs, the scalar material inhomogeneity term, Ciyp, is
positive. This results in a greater J;, in comparison to J;,, causing an anti-shielding effect on the crack tip. In an opposite scenario
where a compliant to stiff transition occurs, J;; will be smaller than J,, resulting in a shielding effect.

When an interlayer of a secondary material is placed in a matrix, there exist two interfaces at the left and right boundaries of the
interlayer. In this case the material inhomogeneity term, Ci,;, is given by a cumulative effect of the first and second interfaces [15,16],
IF1 and IF2,

Cinh = Gr1 + Gro, 3

where Cir; and Cip, are calculated by Eq. (1) along the respective interfaces.

The material inhomogeneity effect may arise due to the differences in Young’s modulus (E), or due to differences in yield strength
(0,) for ideal plastic material behaviour'. These two categories are called E-inhomogeneity and o,- inhomogeneity. The material
inhomogeneity can also be a combination of both, which is referred to as (E + g,)-inhomogeneity. The effect of material in-
homogeneity in a multi-layer system in general perspective and the differences due to E-, g,- and (E + ¢,)-inhomogeneity is described
in detail by Kolednik et al. [17].

The skeleton of a deep sea sponge is a classical example of fracture toughness improvement due to material inhomogeneity effect,
which has been analysed in detail by Kolednik et al. [7]. The structure of the sponge consists of cylindrical layers of brittle bio-glass
with thin interlayers of soft protein, which improves the fracture toughness of the structure. Experimental evidence for the im-
provement of fracture toughness by utilizing the material inhomogeneity effect has been presented by Zechner and Kolednik [18] on
a aluminium multilayer with polymer interlayers, and by Sistaninia et al. [19] and Kolednik et al. [17] on steel multilayers. The
fracture toughness of ceramic multilayers can be improved by combining the effects of E-inhomogeneity and spatial residual stress
variation [20]. Similar effects can be observed in thin film systems Kozic et al. [21]. Lee et al. [22] demonstrated, using analytical
calculations and experiments, that a transition in material’s mechanical response plays a significant role in crack propagation across
adhesive polymer interlayer in a glass matrix.

In the class of polymer materials, the influence of material inhomogeneity on fracture toughness is not yet investigated. In
comparison to conventional metallic or ceramic materials, polymers show a very soft mechanical response. The Young’s modulus and
yield strength of polymers are significantly smaller than for metallic or ceramic materials. Therefore, the significance of the material
inhomogeneity effect in a composite made of polymer matrix is questionable, as the material inhomogeneity effect depends on the
differences in the mechanical behaviour of the materials.

Therefore, a preliminary numerical analysis will be performed to examine material inhomogeneity effects for different types of
interlayers in a brittle polymer matrix. Based on the results of this examination, which is described in the next section, a composite
with the best interlayer material will be manufactured and tested in order to determine the improvement in fracture toughness due to
the interlayer (Section 3). The fracture behaviour of the homogeneous brittle polymer as well as the composite will be studied
numerically in Section 4.

2. Numerical evaluation of the material inhomogeneity effects for a brittle polymer matrix
2.1. Evaluation of crack driving force

The brittle polymer matrix material, whose fracture toughness shall be improved, is a polypropylene compound with moderate
reinforcement of talcum particles. The material inhomogeneity effect is evaluated for three different types of interlayer materials.
Two interlayer materials, P1 and P2, are polymers that behave softer than the matrix material. Interlayer material P1 is a standard

grade of polypropylene, whereas the material P2 is a very compliant grade of modified polypropylene. These polymer materials are a
part of ongoing research. Therefore, the exact compositional and microstructural details cannot be disclosed at this point. Similar

! The material inhomogeneity may also arise due to differences in hardening exponents for materials with same g,.
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materials have been investigated by [23,24]. The third interlayer material is the aluminium alloy Al7075-T6, which has a higher
Young’s modulus and yield strength than the matrix material. The material inhomogeneity effect is evaluated by assuming stationary
cracks in single edge notched tension (SENT) specimens, but with crack tips at different locations with respect to the interlayer. The
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Fig. 2. Uniaxial stress-plastic strain behaviour of (a) matrix, (b) interlayer P1 and (c) interlayer P2 materials.
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numerical modelling is performed using the commercial FE package ABAQUS [25]. The specimen has a width, W = 20 mm, and a
height, H = 45 mm; the initial crack length is a, = 10 mm. The interlayer has a thickness of t = 0.5 mm. The first interface of the
interlayer (IF1) lies at a distance of L = 2 mm from the initial crack tip. Only half of the specimen is modelled with two-dimensional
plane strain elements using small strain formulation. The element size near the crack tip is 0.1 X 0.1 mm?>. The crack driving force, Jiips
is evaluated using Eq. (2) and Eq. (3). Hereby, for each crack tip position, the load is adjusted so that a constant value of the far-field
J-integral appears, Jp,, = 2.4kJ/m?. The value of J, is calculated by an integration of the configurational forces inside the far-field
contour and multiplication with the unit vector in crack extension direction, e. Alternatively, Jg,, could also be evaluated by applying
the virtual crack extension method of ABAQUS [26]. The far-field contour is a contour, which lies near the outer boundary of the
specimen. The shape of this contour is indicated in Fig. 1 (also in Fig. 10). The configurational forces are calculated after the FE stress-
strain analysis, using a post-processing program. Details about the post-processing code are provided in Kolednik et al. [17]. The
maximum influence of the material inhomogeneity effect is expected at the interfaces, IF1 and IF2 [16]. Therefore, an accurate
calculation of the crack driving force near these locations of the crack tip is important. However, modelling for crack tip positions
exactly at the interface is impossible, arising from the fact that the nodes at the interfaces are shared by two different materials. In
order to get accurate J,-values, a certain number of elements should lie between crack tip and interface. The closest crack tip
positions are 0.1 mm (10 elements) away from the interface IF1 and 0.05 mm at (5 elements) away from IF2. There are mainly two
reasons for performing the J;, calculation at a distance and not exactly at the interfaces. First reason is the discretization in FE
analysis. Secondly, the accurate estimates of Ci,, and J;, require that the interfaces should not be in contact with the process zone of
the crack tip. The process zone lies in front of the crack tip. Therefore, the distance between crack tip and interface should be larger
when a crack is approaching an interface than in the case where the crack has already crossed the IF, compare Fig. 4 (b).

2.2. Material properties and numerical implementation

In general, polymers especially Polypropylene shows mechanical behaviour, which is strongly dependent on loading rate.
However, the rate dependence is not so strong for a polypropylene filled moderately with mineral particles [23]. As the polymer
investigated here is moderately reinforced with talcum particles, the rate dependence of mechanical response is not taken into
consideration. The Young’s moduli of the polymer matrix and interlayer materials are obtained by fitting the engineering stress versus
strain response in the range of 0.05 to 0.25% strain, which is in accordance with ISO 527 [27]. The tensile tests to obtain the uniaxial
response of the polymer materials are performed at a cross-head speed of 1 mm per minute (mm/min). The tensile specimens are of
rectangular shape with an initial minimum cross-section of 10x4 mmtextsuperscript2 and a gauge length of 20 mm. Five tensile
specimens were tested for every material, and the data from a representative specimen, which followed the average behaviour, was
selected as input for the finite element analysis. The representative engineering stress (0.ng) versus engineering plastic strain (geng,p1)
curves are shown in Fig. 2.

The mechanical properties assigned to the matrix and polymer interlayer materials in the FE simulations are obtained from these
experiments. For values up to the maximum engineering stress, the e,y Versus eeng 1 data are converted into true stress (yue) versus
true plastic strain (gye,pi1) values. Ideally plastic material behaviour is assumed for higher plastic strain values, as shown in Fig. 2. The
true stress values for the material P2 become very high due to very large strains in the material. To avoid such high stresses, which
can appear under uniaxial loading but are unrealistic for the triaxial stress state in front of a crack tip, the true stress is truncated at a
plastic strain of 150% and is assumed to remain constant beyond this point. Young’s modulus, E, and yield stress, o,, for the Al7075
interlayer are taken from the work of Zechner and Kolednik [18]. Since the hardening is small, the material is modelled as linear
elastic-ideally plastic material. The mechanical properties of all matrix and interlayer materials are listed in Table 1.

2.3. Preliminary analysis results

Fig. 3 shows, for the three different interlayer materials, the variation of the ratio, J;p/Js., for different crack tip locations. If the
crack tip location is far from the interlayer, the value of J;, is equal to J;,;, showing no influence of the material inhomogeneity. For
softer interlayer materials, P1 and P2, the ratio, Jj,/Jr, increases with increasing a/W, until the crack reaches the first interface
(a/W =0.6). The reason is the anti-shielding effect of IF1. Inside the interlayer, the shielding effect of IF2 becomes more and more
significant, and the ratio, Jij,/Jiar, decreases. For crack tip locations, beyond the interlayer, J;,/Js,r increases again and reaches Jg,, for
higher values of a/W.

The minimum value of the ratio, Jj,/Jp, resembles the maximum degree of J reduction under the influence of material in-
homogeneity. Hence, a J reduction coefficient, 3, can be described as

Table 1
Material properties of the matrix and interlayer materials for the preliminary FE analysis.
Materials Young’s Modulus (E) [MPa] Poisson’s ratio (v) Yield strength (o,) [MPa] J reduction coefficient (1)
Matrix 4400 0.3 20
490ptInterlayer] IL1 1297 0.44 24 0.68
L2 251 0.28 6 0.067
Al7075 70,000 0.3 500 0.22
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where min(J;p) is the minimum value of J;, out of the values obtained for different crack tip locations [16,19]. A small value of
suggests a large fracture toughness improvement, since a high load is required for crack growth.

The stiffer interlayer made of Al7075 results in a similar behaviour of J;p/Jnr, but opposite in nature. The ratio Jy,/Jp, first
decreases for a/W< 0.6, due to the strong shielding effect arising at IF1 owing to a stiff to compliant transition. Therefore, the
minimum Jy,-value occurs at IF1. A strong anti-shielding effect is found near IF2 inside the interlayer.

The J-reduction coefficients of the three interlayer materials are listed in Table 1. In response to the question raised previously in
Section 1, Fig. 3 shows that in the class of polymer materials, the material inhomogeneity effect is significant when a large difference
in mechanical properties between matrix and interlayer exists. This is so for P2 material where the Young’s modulus is 0.057 times of
the Young’s modulus of the matrix material and the yield strength is 0.3 times that of the matrix material. This results in a very low J
reduction coefficient, p = 0.067.

The interlayer material P1 shows a low propensity for crack arrest, since J;, shows only little decrease near IF2 and the J-
reduction coefficient is high, p = 0.67. The main reason is that only an E-inhomogeneity (with a ratio of 0.3) appears; the yield
strengths are similar. For elastic material behaviour, this ratio is high enough for a significant material inhomogeneity effect.
However, the E-inhomogeneity effect is strongly reduced in case of high plastic deformation [12,17].

Fig. 3 shows that, for low-strength materials such as polymers, the insertion of stiffer interlayers might be an interesting option for
providing crack arrest and an increase in fracture toughness. The Al7075 interlayer produces a J-reduction coefficient of = 0.22,
i.e., it is three times higher than that for the interlayer material P2. Note that the (inverse) E- and o,-ratios of A17075 with respect to
the matrix material are 0.063 and 0.04, respectively, i.e., the ratios are comparable or even better than that of the material P2. The
reason for the lower ¢-value in the material P2 lies, presumably, in the low yield strength of this material. The reason is that the
elastic strain energy stored in the material, which is low for low o, is essential for delivering the crack driving force.

From the numerical evaluations presented in this section, it is evident that P2 is the best interlayer material, showing the smallest
J-reduction coefficient . Therefore, it can be expected that the insertion of a P2-interlayer will result in a considerable fracture
toughness improvement of the brittle polymer matrix material. To check the reality of this assumption, a composite was fabricated,
which contains a single interlayer of P2-material. Fracture mechanics experiments were performed on the homogeneous matrix
material, as well as on the composite material. The details of the fracture mechanics experiments are discussed in the next section.

3. Fracture mechanics experiments
3.1. Experimental details

The fracture mechanics tests are performed on single edge notched bend (SENB) specimens under three point bending. The
dimensions of the composite specimen are shown in Fig. 4. The specimens have a width, W of 20 mm, a thickness of B = 10 mm, and
a height of H = 90 mm. The span length, S, is 80 mm. The initial crack length, a,, is approximately 12 mm for homogeneous
specimens and 11 mm for composite specimens. The initial crack is implemented by razor blade cutting. The distance between initial
crack tip and first interface of the interlayer is approximately L~ 1.2 mm. The thickness of the interlayer (t) is approximately
0.35 mm. Both interlayer location (L) and interlayer thickness exhibit scatter due to manufacturing limitations. The scatter for L is in
the range of 0.79 to 1.32 mm, and for t in the range of 0.21 to 0.45 mm. Both side grooved (SG) and non-side grooved (NSG)
specimens are tested for the homogeneous material. The side grooves were made by power saw with a root radius of 0.25 mm, see
Fig. 4 (a). The side grooved specimens have 25 % reduction in the net thickness, By. Only NSG specimens are tested for composite

2This is so for applications where the strength of the interlayer material does not play a role. For other applications, a material with higher
strength might be the best option, leading to a somewhat enhanced J-reduction coefficient.
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Fig. 4. Schematic of SENB for (a) homogeneous and (b) composite specimens.

material.

The fracture mechanics tests are carried out in accordance with the procedure recommended by the European Structural Integrity
Society (ESIS) [28,29]. The tests are performed at room temperature in displacement control mode with a cross-head speed of 1 mm/
min.

The experimental J-integral is calculated from the load, P, versus load-line displacement, v, response. The experimental J
integral, Jy, is calculated as [28],

nu
Jo=—5—"7"-,

By (W — ao) (5)
where 7 is a dimensionless parameter, which has a value of 2 for SENB specimens, and U is the area under the P versus vy curve. The
crack extension, Aa, for the fracture mechanics tests on homogeneous specimens is measured after cryo-fracturing the remaining
ligament of the specimens and measuring the average distance between initial (a,) and final crack lengths (a).

A special procedure is applied for the composite material, as it is observed in the experiments that the interlayer remains intact,
and a new crack is initiated in the matrix material beyond the interlayer. Therefore, Aa is calculated by adding the crack extensions
pre and post interlayer as,

Aa = AapreIL + AapostIL’ (6)

Since the crack extension, Aa, is large in comparison to the initial ligament length, by, = W — a,, a crack growth correction [29] is
applied to obtain the experimental J-integral, Jo, as

07517 — 1)Aa
]exp = JO'[l - ’77]

W - ap) (7)
Multi-specimen testing is performed in order to obtain the J-Aa behaviour for the homogeneous as well as composite materials.
Fracture initiation toughness, Jc is obtained by the intersection of J-Aa curve with 0.2 mm verticle offset line [29]. More details on the
experiments and testing procedures used in this work is provided in Wiener et al. [30].
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3.2. Experimental results

The J-Aa curve for the homogeneous matrix material is shown in Fig. 5. The fracture initiation toughness of the homogeneous
matrix material, J, is found to be 2.4 kJ/m?. The J-Aa curve obtained from SG specimens does not show significant difference to that
of NSG specimens. The J-Aa curve for the composite material is shown in Fig. 6. For better representation and in order to allow for the
scatter due to different interlayer locations, J.;, is plotted against Aa— L. For comparison, the power-law fit curve of the homogeneous
specimens is also drawn. The material inhomogeneity effect is clearly seen in Fig. 6, as the fracture toughness of the composite is
much higher (approximately 7 times) than that of homogeneous matrix material. Fig. 7 (a) and (b) show the homogeneous and
composite specimens at the moment before crack growth is initiated. The improvement in fracture toughness can be deduced from
the different bending angles and crack tip opening displacements. Fig. 7 (c) and (d) show specimens, which were broken in liquid
nitrogen after a crack extension of approximately 2 mm. The initial crack is marked as blue line, the crack extension as red line. In
case of the composite specimen, the crack does not cross the interlayer, but a new post-IL crack is initiated. The deformation zones in
front of the crack are also visible, marked as green lines. It is seen that, for the same amount of crack extension, the composite
specimen requires a much larger deformation zone, resulting in an improved fracture toughness. In order to examine the effect of
material inhomogeneity on a growing crack and in order to check whether it is possible to predict the improvement in fracture
toughness, the crack growth behaviour of the homogeneous as well as composite material shall be numerically modelled. This will be
shown in the next section.

4. Numerical simulations of fracture mechanics experiments
4.1. Crack growth modelling

Crack growth in the numerical fracture mechanics tests are simulated using the cohesive zone (CZ) model.

In cohesive zone modelling, a layer of special type of elements is placed along the prospective crack path. The constitutive
behaviour of such special elements, also known as cohesive elements, is implemented by a traction separation law (TSL), which
determines the cohesive stress, o as function of the separation of the crack faces, §. There are various types of possible TSLs, such as a
cubic form [31], a trapezoidal form [32], and an exponential form [33]. A sophisticated measurement of the TSL was performed by
Pandya and Williams [34] on polyethylene. The TSL was obtained by measuring the load and the separation at the minimum cross-
sectional area of a circumferentially notched tensile specimen. The experimentally obtained TSL was applied numerically to simulate
the fracture behaviour in three point bending [35]. Pandya et al. [35] concluded that the rate effect and the constraint effect on the
TSL are very important and can result in significant differences between the experimental and numerical crack growth behaviour. As
stated earlier in Section 2.2, rate dependent crack growth modelling would be important for pure polypropylene due to its strong rate
dependent mechanical behaviour. However, for a polypropylene moderately filled with talcum, this effect can be safely avoided.
Further investigation on the effect of rate dependent mechanical behaviour is a subject of our future investigation. Convergence of the
numerical solutions is also an issue for cohesive elements, and a viscous regularization [36] has been found to solve this problem.
Modelling crack growth using CZ method has been studied extensively by many researchers and a large amount of literature exists on
this subject. A comprehensive summary of the method is provided by Brocks [37]. It should be mentioned that alternative approaches
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Fig. 5. Experimental and numerical J-integral versus crack extension curves of homogeneous matrix material.
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Fig. 6. Experimental and numerical J-integral versus (Aa-L) curves of composite specimens in comparison with the power-law fit curve for the
homogeneous specimens.

are also applicable for modelling the crack extension, such as the phase field model, see e.g. Hossain et al. [38].
In this work, a simple bi-linear TSL is used, which is shown schematically in Fig. 9. The separation energy I' is the area under the
traction versus normal separation curve described as

1
r= E(Umax'af)’ (8)

where o0y,.x is the cohesive strength and &; is the normal separation distance at failure. There are mainly these two CZ parameters, Oyax
and separation energy I', needed for CZ implementation. Since the cohesive elements have a constitutive thickness of 1, the initial
slope of the traction separation law in Fig. 9 equals the Youngs modulus E and the separation distance at maximum stress Oy, 9i,
equals o, /E. Note that, this is the separation distance where the cohesive elements start to damage. Chen et al. [39], Chen and
Kolednik [40], Chen et al. [41] have systematically studied the effect of constraint on the CZ modelling in two and three dimensions.
Important findings from their work in context with the cohesive zone modelling in two dimensions are:

e A unique set of values for CZ parameters, 0,,,x and I', should be determined by calibrating the crack extension, Aa, against one of
the loading parameters (either J, vy, or crack opening displacement), along with load-displacement behaviour.

e The initiation of crack extension is solely dependent on the value of ', which is usually smaller than the experimentally obtained
fracture initiation toughness, J., as there is always some amount of energy dissipated in plastic work before initiation of crack
extension.

o The slope of Aa versus loading parameter curve depends on both 6,,,x and I'. The slope decreases with increasing o,,.x and I values.

Similar behaviour of J-Aa behaviour from both side-grooved and non-side grooved specimens suggests that a two dimensional
finite element analysis would be accurate and computationally efficient method. Therefore, the finite element computations are
performed in two dimensions.

From the experimental results of the multi-specimen test presented in Section 3.2, a single fracture mechanics specimen is
identified, which represents the average experimental P-v;; behaviour. The FE model follows the dimension of this representative
specimen, which has an initial ligament length, b, = 7.5 mm. The dimensions and the mesh of the homogeneous fracture mechanics
model are shown in Fig. 10.

The loading roller (Roller 1), and the support roller (Roller 2) in the three point bend model have a radius of 2 mm, which is also
the root radius of the rollers in the experiments. Roller 1 is allowed to move in negative x direction and Roller 2 is fixed. The element
size in the vicinity of initial ligament are of dimension 0.1x0.1 mmtextsuperscript2. Linear shape functions with small strain for-
mulation are used. The FE solutions are obtained using full integration method. The elements near Roller 2 are refined to a size of
0.01 mm to have better sliding contact and, hence, trigonal elements were used in this region to avoid mesh refinement in the whole
model. The contact between pins and adjacent specimen edges follows finite sliding with surface based tracking of the contact zone.

4.2. Calibration of modelling parameters
4.2.1. Stiffness calibration

The load versus load-line displacement response obtained from plane strain and plane stress elements are compared with the
experimental response in Fig. 11. It shows that calculations based on plane strain elements (CPE4) result in a stiffer P versus vy
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(a) homogeneous material (P2)

(b) composite material

(¢) homogeneous material Aa = 2.06mm

(d) composite material Aapose, = 1.96mm

Fig. 7. Extent of crack tip opening just before crack initiation in (a) homogeneous and (b) composite specimens, along with the fractograph of (c)
homogeneous and of (d) composite specimen corresponding to a crack extension, Aa of 2 mm, showing the deformation zone (green line), crack
extension (red line) and initial crack length (blue line). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

response in comparison to the one measured experimentally. Plane stress elements (CPS4) reflect the initial experimental P-vy, curve
more precisely.

It is usually expected that the presence of a crack creates a triaxial stress state in front of the crack tip and, therefore, most fracture
tests are modelled under plane strain assumptions. This assumption is, however, not completely true even for metallic materials, as it
is well known that due to the change of the constraint levels in out-of-plane direction from the mid-section to the side surface, a
gradient from plane strain to plane stress exists. This gradient of constraint level depends on the thickness of the specimen, as well as
on the strength of the material.

In order to check this, the plastic zone radius, #,, for plane stress is calculated as

10
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(a) SG Aa = 0.745mm

(b) NSG Aa = 0.756mm

Fig. 8. Fractographs of (a) homogeneous side grooved and (b) non side grooved specimens showing the deformation zone (green line), crack
extension (red line) and initial crack length (blue line) corresponding to an approximate crack extension of 3.3 mm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Omax [~
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[ loscccccsosaams

i 5y

Fig. 9. Bi-linear traction separation law in a cohesive element.

1 JE
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pl 277.'(0'02)
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For J = 2kJ/m? and 0, = 15 MPa Eq. (9) yields a value of ,, = 6.2 mm, which is more than half of the thickness of the SENB
specimen, leaving no room for a plane strain zone to exist. Therefore, it is plausible that the specimens behave close to plane stress
condition. For this reason, the SG and NSG specimens yield similar J-Aa curves in the experiments, see Section 3. The deformation
zones for a crack extension of approximately 3.3 mm are shown in Fig. 8 for homogeneous, SG and NSG specimens, marked with
green lines. The initial crack length is marked in blue, the crack extension in red. The deformation zones are not significantly different
in both cases. This supports the argument that the level of constraint is not very different in SG and NSG cases.

11
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Fig. 10. Mesh and dimensions of three point bend model of homogeneous matrix material showing half-symmetric view along with the far-field
contour, and details of crack tip and CZ elements.

4.2.2. Calibration of cohesive zone parameters for homogeneous specimens

The findings of Chen et al. [39] are used to find appropriate values of the CZ parameters, g, and I', see Section 4.1. For several
possible oI pairs, crack extension is modelled, and the numerical P-v; as well as Aa-vy;, curves are compared with the experi-
mental results. A few of these curves are shown in Fig. 12. It appears from Fig. 12 (a) that the best fit to the experimental behaviour
results for oy. =31 MPa and T values between 1.68 and 1.8kJ/m?. However, the numerical Aa-vy;, curves for these on.x-[ pairs
deviate significantly from the experimental behaviour (see Fig. 12 (b)). Therefore, the pair of oy, = 30.5 MPa and I' = 1.55kJ/m? is
chosen as the calibrated CZ-parameters for the homogeneous matrix material. The failure of the cohesive elements occurs when the
fracture energy of 1.55kJ/m? is dissipated, which corresponds to a separation strain of 10%. In the uniaxial stress-strain diagram, the
failure strain is 20%. There are two main reasons for the lower value of failure strain in the cohesive elements for same amount of
fracture energy: 1) The softening in the stress strain curve is avoided in the modelling. 2) In presence of a crack, failure might occur at
a lower strain due to higher constraint in comparison to the uniaxial condition.

From Fig. 12, it is seen that the corresponding P-v;; curve does not fit very well to the experimental curve, especially for higher
vy values. No unique pair of CZ-parameter is able to reflect both experimental curves. The reason is that the CZ-parameters are
constraint dependent and in a real specimen, the constraint conditions change, in general, in thickness direction and during crack
extension in ligament direction [42]. This behaviour cannot be reflected by two-dimensional CZ modelling with constant pair of CZ
parameters.

12
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Fig. 11. Comparison of load versus displacement behaviour corresponding to plane stress, plane strain element models with experimental beha-
viour.

From the numerical P-vi;, curve and the corresponding Aa-vy;, behaviour, the J-integral values can be evaluated using Eq. (7).
These values are denoted as J,,m values. The Jyyn-Aa curve is compared with the J,,-Aa curve in Fig. 5.

4.2.3. Calibration of cohesive zone parameters for composite specimen

Since no crack growth was observed experimentally in the IL material, the cohesive elements inside the interlayer are not allowed
to experience damage. This is performed by assigning only elastic properties for the cohesive elements, so that these elements follow
the linear elastic behaviour without any stiffness degradation [25].

For the matrix material the calibrated cohesive zone parameters of the homogeneous model are used. The resulting P-v;; curve is
drawn as dashed red line in Fig. 13 (a). It is seen that the result is satisfactory in the pre-IL region, but not in the post-IL region.
Especially, when plotting the crack extension beyond the interlayer, Aayr, against vy, (Fig. 13 (b)), it is seen that, in the modelling,
crack growth initiates too early and the crack extension is too fast.

For accurate modelling of post interlayer crack extension, it is important to realize that the post interlayer matrix does not contain
a pre-existing crack. Therefore the constraint level in the post interlayer matrix is significantly different from that in pre-interlayer
matrix.

Hence, the CZ parameters will also be different for the post-interlayer matrix. For the calibration of the post-IL CZ parameters for
the composite material, an initial trial value of .., is taken as the true stress corresponding to the maximum engineering stress in the
tensile test. The fracture energy is estimated to be significantly higher than for the pre-IL region, as the post interlayer section behaves
like an uncracked bending specimen. The P-v;; and Aayesi-vir responses for different trial CZ parameters are plotted in Fig. 13.

From the Aau -z behaviour, The CZ parameters coming closest to the experimental Aaposq-Vr, response in Fig. 13 (b), are opmax
= 27 MPa, and I' = 15kJ/m?. The P-v;; curve corresponding to these CZ parameters is shown in Fig. 13 (a). The J,,n-values are
calculated from this P-vy; curve and the corresponding Aa-v; behaviour, using Eq. (7). The resulting J,um-Aa curve is plotted in
Fig. 6. It is seen that the numerical modelling predicts re-initiation of crack extension in the post-IL region at a J-integral value of J =
22 kJ/m?, whereas the experimental value lies at 17.7 kJ/m?.

When comparing the numerical P-v;; curve to the experimental curve, a significant deviation starts after a v;; of 2.5 mm. The
reason for this significant mismatch in the post-IL crack propagation part of the J-Aa curve in Fig. 6 and in the P-v;; curve of Fig. 13
(a), is the change in stress triaxiality: As soon as a new crack is initiated, the stress triaxiality will increase with crack extension and
might reach that of a pre-IL crack. The value of g,,,x will increase and I will decrease with increasing triaxiality. It is clear, therefore,
that a unique pair of CZ parameters cannot describe both initiation and propagation of a crack in post-IL matrix.

An exact modelling of the post-IL crack propagation does not lie within the scope of the current paper, since the objective of this
investigation was to predict numerically the improvement in fracture toughness due to the material inhomogeneity effect. In sum-
mary, it can be stated that an accurate CZ modelling of the fracture mechanics experiment on the composite material is difficult, since
the constraint conditions significantly change due to the fact that the crack does not extend through the interlayer and a new crack
must be initiated beyond the interlayer. In spite of these difficulties, it is possible to achieve a good estimate of the fracture toughness
of the composite material with the procedure described in this section.

5. Summary

Possibilities for the improvement of the fracture toughness of a brittle polymer have been explored. The material inhomogeneity
effects due to the presence of two soft polymer interlayers, IL1 and IL2, and a stiffer interlayer of an Al-alloy, in the polymer matrix
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Fig. 12. Comparison of (a) load verses displacement and (b) displacement verses crack extension behaviour obtained for various cohesive zone
parameters with experimental results of homogeneous matrix material.

have been numerically evaluated with stationary crack model. Analyses based on the configurational force concept have shown that
the softest polymer interlayer provides the largest reduction of the crack driving force.

A composite containing a single, soft interlayer has been fabricated, and fracture mechanics experiments for both homogeneous
and composite materials have been conducted. The experiments have revealed that the material inhomogeneity effect due to the
interlayer results in a 7 times higher fracture toughness of the composite material, in comparison to the homogeneous matrix
material.

A procedure has been worked out for the calibration of cohesive zone model to simulate the experimental crack growth behaviour
of the homogeneous polymer and the composite material. The numerical analyses show different sets of cohesive zone parameters are
required for modelling the crack extension in the pre- and post-interlayer regions of the composite. The modelling procedure is able
to predict the improvement in fracture toughness due to the interlayer.

14



A. Tiwari, et al.

Engineering Fracture Mechanics 224 (2020) 106776

300 ¢
250
200
™
=4
= 180
Q,
100 _ Ewp _
[ —1o,,2IMPa, I 18K)/m?| ~ ~TT=———————"
50 [ — . o,,, 2TMPa, I 22k]/m?
— - 0,,,30.5MPa, T 1.55K]/m?
..... O, 15MPa, I' 17Kk]/m?
O TN TN N TN [N WY T T TN I TN T T T [N TN TN T T N T S T N NN TN N TN N SN N [N YT S T T T TN T WA I T T SN T I T T S |
0 1 2 3 4 5 6 7 8 9 10 11
Uy, [mm]
(a)
6 =
O Exp
5 | TOma 27MPa,T 16K)/m? |
— o, 2IMPa, I’ 22k]/m?
| —- o, 30.5MPa,T 1.55k]/m?
'g‘ i p— 6,,,x 15MPa, I' 17k]/m?
g I
g 3T
k7]
2 I
CQ
<1 2 r
#
1r /
I /
0 PRSP
0 1 2 3 4
Uy, [mm]
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cohesive zone parameters with experimental results of composite material.
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The objective of this contribution was to increase the fracture toughness of talcum reinforced polypropy-
lene (PP) while preserving specimen stiffness. This was accomplished by introducing soft interlayers (ILs)
made of standard PP (PP-St) or very compliant PP (PP-Soft) and utilizing the so-called material inhomo-
geneity effect. Architectures with one or two ILs of either 0.3 or 0.9 mm thickness were tested in single
edge notched bending experiments. Layers of PP-Soft always arrested growing cracks due to their low
Young's modulus, E, and yield stress, o,, which is called an (E — g,)-inhomogeneity. However, the
increase in fracture toughness came at the cost of specimen stiffness. For ILs made of PP-St, E was still
lower compared to the matrix material, but g, was similar (pure E-inhomogeneity). Specimen stiffness
remained high for these composites, but crack arrest could not be achieved in most cases, which could
be explained by plastic deformation of the soft layers. Plastic deformation could be contained within
the ILs in one of the architectures, where two large ILs were used. Crack arrest could be achieved in this

adapted IL design, leading to excellent fracture toughness in combination with high stiffness.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

sponge skeletons [6-10] have excellent mechanical properties. A
combination of high stiffness, strength and outstanding toughness

Similar to many other fields of study, inspiration for the design
of novel materials can be drawn from nature[1,2]. It is well estab-
lished, that materials such as bone [3], nacre [4,5] or deep sea
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is owed to complex microstructures of "soft” proteins and "hard”
matrix materials. In this context, "hard” refers to materials with
a large Young’s modulus, E, and yield stress, o,, while "soft” relates
to much smaller E and/or ¢, than the matrix.

Several approaches to replicate biological materials have been
explored in literature. First and foremost, the recent advances in
the field of 3D-printing have to be mentioned [11]. Threedimen-
sional structures can now be manufactured with high accuracy

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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using various materials as soft and hard phases [12-14]. Alterna-
tive techniques exploit crystallization kinetics to produce pat-
terned coatings [15] or to control the grain structure in metals
[16] in an attempt to emulate the natural growth of materials. Lay-
ered structures with precise thicknesses can readily be manufac-
tured using physical or chemical vapour deposition [17],
although these techniques are typically not applicable to polymers.
Estrin et al. even suggest severe plastic deformation as a novel pro-
cedure to create gradients of mechanical properties in homoge-
neous materials [18-20]. Nonetheless, variations of conventional
processing techniques, such as microlayer extrusion|[21] or micro-
cellular injection moulding[22], are also capable of producing
structures on a micrometer scale. Hoffmann et al.[23] used com-
pression moulding to produce bio-inspired sandwich structures
from natural fiber reinforced polypropylene, which showed high
density specific properties for automotive applications. The con-
sensus is that crack deflection and crack tip blunting combined
with a reduction of defect size[24,25] can change the failure behav-
ior in a beneficial way.

An explanation on the basis of fracture mechanics is given by
the so-called material inhomogeneity effect [26]. The material
inhomogeneity effect describes the change in crack driving force
in the vicinity of an interface between two different materials.
The crack driving force can be expressed using the J-integral from
elastic-plastic fracture mechanics. Note that Rice’s J-integral [27] is
path dependent in an inhomogeneous material and adaptations are
necessary to describe the crack tip accurately. One solution was
derived from the concept of configurational forces [28,29], where
the crack driving force can be expressed in the form of the near-
tip J-integral, J;,. Several sources [26,30] found an increase in J,,
when a crack grows from a hard to a soft phase, which is called
anti-shielding effect. When a crack grows from the soft to the hard
phase, the crack driving force is diminished. This so-called shield-
ing effect can stop crack growth entirely, leading to crack arrest at
the interface.

Both effects are combined in a soft IL, so that the fracture tough-
ness of the whole composite may be increased due to the crack
arresting properties. An essential requirement for crack arrest is
a mismatch in mechanical properties, where two basic categories
can be distinguished: In a pure E-inhomogeneity, the matrix mate-
rial has a higher E than the IL material. In a ¢-inhomogeneity the
yield stress of the two materials is different. However, the most
beneficial form is a combined (E — o)-inhomogeneity. Literature
promises the best reduction of the crack driving force for the range
of o1 /0pmamix < 0.3 [31] and Ej/Eparix < 0.2 [32]. Finite element
simulations such as those of Tiwari et al. [33] can also be very use-
ful to predict the magnitude of the shielding effect for a specific
material configuration.

In addition to the choice of material, layer architecture may
have a significant influence in some cases. According to Sistaninia
et al. [31], the best IL effectiveness is achieved, when the IL thick-
ness, t, is approximately as thick as the plastic zone radius, ry.
These studies have shown that the g-inhomogeneity retains its
crack arresting properties for the most part, even if t is chosen sub-
optimally. Kolednik et al. [32] state, that the E-inhomogeneity is
especially vulnerable to incorrect IL design. The benefits of the E-
inhomogeneity are strongly reduced at higher loads due to a larger
r§L. Fromm et al.[17] also mention that a minimum layer thickness
may be required in order to avoid interactions between interfaces
due to surface roughness. Thus, layer thickness should be chosen
with care, especially when the IL only shows an E-inhomogeneity.

In a previous contribution by the authors [34], the failure of sin-
gle edge notched bending (SENB) specimens was transformed from
crack growth to a bending fracture mechanism due to soft ILs,
resulting in a tremendous increase in apparent fracture toughness.
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Other studies [35,36] showed similar benefits of a soft phase on the
impact behavior of polymeric materials. Tan et al.[37] reported
increased fatigue resistance in nacre-like structures as well. In
these examples, (E — o)-inhomogeneities always showed great
success, while in some contributions E-inhomogeneities were
unable to improve the properties of the matrix. However, layer
architecture was not thoroughly investigated, so that the same pair
of materials may perform well, if t is chosen differently.

In this contribution, the effect of layer architecture on fracture
toughness was investigated in various multilayer configurations.
The same matrix material was augmented using two different soft
phases with varying t and number of ILs. One of the IL materials
showed an (E — ¢)-inhomogeneity towards the matrix material,
the other only an E-inhomogeneity. Using the experimental J-
integral, J,,,, these multilayer composites were analyzed regarding
their fracture toughness. The focus was set on illustrating the effect
of layer architecture on the crack arresting properties of the soft
layers, while also observing the consequences to specimen
stiffness.

2. Experimental
2.1. Characterization of base materials

Two different grades of polypropylene (PP), namely a standard
PP (PP-St) and a very compliant PP (PP-Soft), were intended as
ILs within a brittle matrix of PP with 60 wt% talcum particles.
The tensile properties of matrix and IL materials were investigated
according to ISO 527 [38] using a Zwick Z010 testing machine
(ZwickRoell GmbH & Co. KG, Germany). Additionally, the Poisson’s
ratio, v, was determined from surface strains using a high resolu-
tion camera (Prosilica GT6600, Allied Vision Technologies GmbH,
Germany), a 100-mm Tokina AT-X M100 PRO D macro objective
(Kenko Tokina Co., Japan) and the digital image correlation system
Mercury 2.8 (Sobriety s.r.o., Czech Republic). An overview of
mechanical properties is given in Table 1. J,,, as well as the crack
extension, Aa, were obtained according to Hale and Ramsteiner
(ESIS TC4 recommendation [39]). For the matrix material, the
entire crack growth resistance curve (also known as J — R curve)
was simplified to a power law fit as shown in Eq. 1, where
A =127 and N = 0.32 (previously determined in[34]). This curve
is used in the current contribution as representation of the fracture
mechanical properties of the matrix material.

.]exp = AAd" (1 )

2.2. Preliminary layer design

2.2.1. Number of layers

Experiments were performed on specimens with single ILs and
with two ILs to investigate the influence of a second IL on the fail-
ure behavior of multi-layer composites. The underlying question is,
whether the crack arrester effect can be augmented by using mul-
tiple ILs in sequence.

2.2.2. Layer placement

Guidelines for SENB testing were given by Hale and Ramsteiner
[39], which suggest the specimen dimensions shown in Fig. 1 for
homogeneous materials. Adhering to this method requires the ini-
tial crack length, ag, to satisfy the relation 0.55 < ao/W < 0.65.
Thus, a notch with the length ay ~ 0.6W =12 mm was chosen.
ILs were introduced accordingly at distances of Dy; = 13.5 mm
and also at Dy, = 15 mm for specimens with two ILs. The spacing
between initial notch and the ILs was chosen to be 1.5 mm in order
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Table 1
Mechanical properties of base materials.
Material Function in E oy v Ei/Ematrix O/ O Matrix
composite [MPa] [MPa] [-] [-] [-]
Talcum reinforced PP Matrix material 6967 + 173 254 £ 04 0.20 + 0.01 - -
Standard PP IL material 1 1444 + 24 239 + 04 0.44 + 0.03 0.21 0.94
Soft PP IL material 2 242 +13 6.8 + 0.1 0.28 + 0.08 0.04 0.27
l 2.3. Specimen preparation
B > . .
= g’ :12(;] mm A total of 8 multilayer architectures were manufactured from
= mm . . . . :
S — 80 mm the base materials using a combined co-extrusion and pressing
w O [00 Dips | Dia f= fog”" process. For each IL material, structures with one IL and two
N 4 = mm . . .
ILs with t =0.3 and t = 0.9 mm were realized. An overview of

Dy =~ 13.5 mm
Dir2 =15 mm

ap = 12 mm

0.55 < ag/W < 0.65
— soft IL

il

Fig. 1. Dimensions for single edge notched bending (SENB) specimens.

to allow the crack to fully develop between initial notch and first IL
as well as between two ILs.

2.2.3. Layer thickness

As mentioned by Sistaninia et al. [31], t should be of similar size
as rj}. This is a requirement for ILs made of PP-St in particular,
which exhibits only an E-inhomogeneity towards the matrix mate-
rial. An initial estimate for t can be made based on Irwin’s model
for r} [40], which is given by Eq. 2.

JE

Therein, E, o, and v are the material parameters of the IL material
(PP-St in this case) and g = 1/6m for plane strain conditions. An esti-
mate for /| was obtained using Eq. 1 with a crack extension of
Aa = 1.5 mm, representing J ~ J,,, when the crack tip reaches the
first IL. Plane stress conditions may not be neglected for a matrix
of talcum reinforced PP [33], since plastic deformation and crack
propagation in regions near the surface of the specimens could also
lead to failure. Therefore, larger ILs were also included in the test
program to account possible plane stress conditions. Eq. 2 was
adapted accordingly with 8=1/2n and by omitting the term
(1 —v?). These calculations yield rj; = 0.24 mm for plane strain con-
ditions and rif = 0.58 for plane stress conditions, which should be
seen as a minimum required t for the following reasons. | varies
locally due to the material inhomogeneity and may lead to different
plastic zone development at the crack tip. Furthermore, r’yL is
expected to grow after crack arrest due to increased loading during
monotonic tests. Therefore, these values were chosen as t = 0.3 and
t = 0.9 mm, respectively, to provide enough space for plastic zone
development. Analogous procedures for PP-Soft yield t = 0.5 mm
and t=1.5 mm. However, this IL material shows a combined
(E — 0)-inhomogeneity, so that the optimization of ¢ is not a neces-
sity. This was shown, e.g. in [34], where crack arresting properties
were found despite not optimizing t. Therefore, thicknesses for
PP-Soft were also chosen as t = 0.3 and t = 0.9 mm in order to stay
consistent with architectures made of PP-St.

all multilayer composites and their respective abbreviations is
given in Table 2. The material was supplied as 20 mm thick
plates, from which SENB specimens were cut. Notches were
machined and then sharpened using a razor broaching tool to
obtain sharp initial cracks [41,42]. The initial notch length ao
was introduced in such a way, that the condition
0.55 < ap/W < 0.65 was fulfilled [39]. However, notches could
not be introduced as deep in specimens with thick ILs. Other-
wise, the initial notches would have already cut into the first IL
due to their large thicknesses. As a result, ap/W was chosen as
0.55 for specimens with thicker ILs, while for specimens with
smaller ILs ao/W = 0.60. This has to be kept in mind, since the
larger ligament length, b = W — ay, also led to higher forces dur-
ing testing.

2.4. Testing procedure and evaluation of test data

Three point bending tests were performed on a MTS 831 servo-
hydraulic testing machine (MTS-Systems GmbH, USA). The support
length was S = 4W = 80 mm and radii of 3 mm were used for the
support bearings and the fin, as is shown in Fig. 1. A crosshead
speed of 1 mm/min was used in all cases. Final displacements for
the individual specimens were increased stepwise between 0.1
and 2 mm to produce different Aa. Images of the fracture surfaces
were taken using an OLYMPUS SX12 light microscope (Olympus
Life Science Europe GmbH, Germany) and a magnification of 12.5
after the tested specimens were cryofractured. For each specimen,
an average Aa was calculated from the total fractured area of the
matrix material. A representation of the fracture surface analysis
is given in Fig. 2. The ILs themselves did not fracture during any
of the experiments and were not included. The same approach
was used for b and t, while B and W were measured on the speci-
mens with a caliper. The sections of matrix material were labelled
as by, biand by, although b, only occurred in specimens with two
ILs. by is the distance between the initial notch and the first IL
and is required for a correction of the Jexp — Aa curve. b; and b,
are not part of any calculation, but are used later on to discuss fail-
ure progression.

For the characterization of fracture toughness, J.,, was eval-
uated according to the ESIS TC4 recommendation [39]. This pro-
cedure is a multispecimen approach, where between 15 and 25
SENB specimens were tested per material (exact number varied
due to the exclusion of invalid specimens). Eq. 3 and Eq. 4 were
used to determine J,,, from the machine data and Aa. U is the
area under the force displacement curve, which was corrected
for machine stiffness and plastic deformation due to
indentation. The geometry factor is # = 2 for SENB specimens.

__nu
Jo= BW —ao) 3)



J. Wiener, F. Arbeiter, O. Kolednik et al.

Materials & Design 219 (2022) 110828

Table 2

Overview of layer architectures.
Abbreviation IL Material IL thickness t Number of ILs Representation

[mm] [-]

1 x 0.3 PP-St Standard PP 0.3 1
2 x 0.3 PP-St Standard PP 0.3 2
1 x 0.9 PP-St Standard PP 0.9 1
2 x 0.9 PP-St Standard PP 0.9 2
1 x 0.3 PP-Soft Soft PP 0.3 1
2 x 0.3 PP-Soft Soft PP 0.3 2
1 x 0.9 PP-Soft Soft PP 0.9 1
2 x 0.9 PP-Soft Soft PP 0.9 2

b RazorBladeNotch

Fig. 2. Analysis of fracture surfaces under the light microscope.

B(W — ao) @

I=J, [1 _(0.75q 1)Aa}
Plotting J,,, versus Aa according to [39] led to large data scattering,
as can be seen in the left part of Fig. 3. The reasons were the change
in fracture behavior at the IL in combination with variances in spec-
imen geometry. Most notably, the distance by had the largest scatter
due to the manufacturing and notching processes, so adaptations to
the established procedures were necessary. The use of these tech-
niques is illustrated in Fig. 3 and was described in more detail in
a previous contribution [34].

Therein, Aa was corrected for variances by an amount equal to
by, so that a shifted crack extension Aa* = Aa — by was obtained.
The position of the first IL is exactly at Aa* = 0 after this shift, so
that the influence of ILs can be seen more clearly. The power law
function of the matrix material was also shifted by an average
value of by, that was calculated from the individual by of the mul-

tilayer materials'. This was done in order to improve the compara-
bility between the | — R curves of multilayer materials and matrix.
Fracture toughness is usually determined by the onset of crack
growth, since this quickly leads to specimen failure in homoge-
neous materials. Values at certain Aa as well as the intersection
of the J — R-curve with a so-called blunting line are often used
and described in literature [39]. In heterogeneous materials, over-
coming the soft ILs is the determining step in specimen failure.
More meaningful results can be achieved by looking at the value
of J.,, when crack growth exceeds the ILs. This value was termed

ML and taken as measure for the fracture toughness of the entire

multilayer composite. In practice, it was obtained by fitting a

regression line through the points of all specimens, that exhibited

crack growth past the first IL (Aa* > 0). This resulted in a linear
a*>0

equation in the form J%~° = JM 4+ kAa*, which conveniently yielded

exp
JM when it was evaluated at Aa* = 0. Regardless of these adapta-
tions, the values for J,, were still obtained according to Egs. 3
and 4.

Finally, a comprehensive parameter for fracture toughness was
needed to compare specific layer architectures to the pure matrix
material. For that purpose, J' of the multilayer composites was
compared to the value of the shifted matrix curve at Aa* = 0, which
was labelled J¥*™ The two values were put into relation according
to Eq. 5 and the new parameter was termed Q. This parameter
describes the relative increase in J,,, from the matrix to the multi-
layer composite, with high values Q representing a large improve-
ment due to the IL. It is therefore used as normalized measure for
the fracture toughness of inhomogeneous materials in this
contribution.

ML
C

Q= Matrix (5)

Aa=0

1 In diagrams, the average of by was built from all specimens shown in the plot. For
calculations, the shift was done separately for each multilayer configuration.
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scatter due to
variation in by

J exp

matrix material
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st 1L e
at Aa*=0 .
1 ".‘
: s
5 JMI (59/,—"" Jou=0 = I+ kAo
e

(shifted by average by)

¢
’ /
; matrix material:
[ ]
¢

Aa

0 Aa*

Aa* = Aa — by

Fig. 3. Coordinate shift by b, from a J,,, — Aa plot to a J,,, — Aa* plot.

A measure for the stiffness of the investigated SENB specimens was
calculated on the basis of ASTM E1820 [43]. An equation for speci-
men compliance, C, was reformulated to yield an equivalent modu-
lus, E* (Eq. 6). C was obtained from the initial slope in the force-
displacement curves, which was taken as a secant between 0.1
and 0.2 mm of displacement. E should not be directly compared
to a conventional Young’s modulus (e.g. from ISO 527 [38]) for a
number of reasons. For example, the stress triaxiality in a SENB test
is vastly different from a uniaxial tensile test due to differences in
stress distribution and stress concentration around the notch. Addi-
tionally, neither the ASTM E1820 nor the ISO 527 were designed to
deal with inhomogeneous materials. Nonetheless, E* is used to
compare and rank the stiffness of the various multilayer composites
in this contribution. For reasons of comparability, E* was also
determined for the matrix material in the same way.

pea _ % <W+ao>2 {1.193 ~1.98(70) + 4‘478("—‘/\‘;)2
4,443 (a_v3)3 + 1.739(‘1—‘/3)4} 6)

3. Results and Discussion
3.1. Interlayer material PP-Soft with (E — &) inhomogeneity

AllJ — R curves for architectures with an IL of PP-Soft are shown
in Fig. 4a. The values of JM*, JM%™ ¢ and E* are listed in the upper
half of Table 3. The combined (E — ¢)-inhomogeneity led to an
increase of fracture toughness (Q > 1) in all four of the investigated
materials. In all cases, the anti-shielding effect can be seen, when
Jexp 1s lower than the matrix curve for Aa* < 0. This is followed
by the shielding effect, elevating J,,, above the matrix values for
Aa* > 0. The shielding effect resulted in crack arrest and specimen
failure had to be forced by re-initiating new cracks behind the ILs
under increased loading.

3.2. Interlayer material PP-St with E-inhomogeneity

The J — R curves of composites including PP-St IL(s) are shown
in Fig. 4b, while the values for J¥ JM%™ O and E* can be found
in the lower half of Table 3. For t = 0.3 mm, no improvement over
matrix properties could be found. The effects of an increased t are
shown in the example of 1x0.9 PP-St: An anti-shielding effect sim-
ilar to the specimens with a PP-Soft IL (Fig. 4a) can be seen for
Aa* < 0. However, no distinct shielding effect was developed in
the vicinity of Aa* = 0. Some improvements to J,,, appeared for lar-
ger values of Aa* though. This increase can, for example, be attrib-
uted to the large IL, which did not fracture in the experiment. It
could act as a stabilizing element to the remaining specimen for
large crack lengths, which may have affected J,,. However, a fully
developed crack arrest could not be seen. On the other hand,
shielding and anti-shielding effect are clearly visible in the case
of 2x0.9 PP-St. As a result, fracture toughness was increased signif-
icantly, with ™ = 3.69 k]/m? even surpassing the values of com-
posites with 2 PP-Soft ILs and t = 0.9 mm.

3.3. Fracture behavior and force-displacement curves

The force-displacement curves of all investigated layer archi-
tectures are compared in Figs. 5a to 6b. It is tempting to compare
initial slopes, areas under the curves and the maximum forces
and try to rank the composites accordingly. This should be avoided
though, since the force-displacement curves are highly sensitive to
the individual specimen geometry. The variances in ao/W, which
are mentioned in Section 2.3, make rankings based on the force-
displacement curves unreliable. Normalized values such as

]CML7E"’" or Q (Table 3) are advisable instead. These parameters are
discussed thoroughly in the next section. In this section, only the
course of the curves is discussed.

The distinguishing features of composites with PP-Soft ILs
(Fig. 5a and b) are the sudden decreases in force (pop-ins). These
happened when one of the matrix ligaments failed due to unstable
crack extension. It occurred the first time when the crack propa-
gated towards the first IL due to the anti-shielding effect. The sec-
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8
A 1x0.3 PP-Soft --- JL70 =1.94 4 0.18L
O 1x0.9 PP-Soft --- JE=0 =1.81+0.27L
) [0 2x0.3 PP-Soft --- J5>0 =2.42 +0.18L
6 O 2x0.9 PP-Soft --- JL20 = 2.56 + 0.26L
. matrix material
=
24 4
~
2
o
0
-2 -1 0 1 2 3 4 5
Aa* (mm)
(a)
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8
A Ix03PP-St --- JE>0—=1.30+0.31L *
® 109 PP-St — 1.28 4 0.64L ¢
s | M 2:03PPSt JE =1234049L | A4
¢ 2x09PP-St --- JL20=3.69+0.77L
matrix material ¢

Jeap (KJ/m?)

5

Aa* (mm)

(b)

Fig. 4. Adapted crack growth resistance curves for composites with (a) PP-Soft IL(s) and (b) PP-St ILs (matrix material, 1x0.3 PP-St, 1x0.3 PP-Soft and 2x0.3 PP-Soft reprinted

with permission of [34]).

Table 3

Overview of results for fracture toughness and specimen stiffness.
Material ML Matrix Q Eed

c Aa*=0
[kJ/m?] [kj/m?] [-] [MPa]

1 x 0.3 PP-Soft 1.94 1.12 1.74 4236 + 400
2 x 0.3 PP-Soft 242 1.18 2.05 3460 =+ 233
1 x 0.9 PP-Soft 1.81 1.27 1.43 3045 + 251
2 x 0.9 PP-Soft 2.56 1.44 1.78 2766 + 438
1 x 0.3 PP-St 13 1.2 1.08 5289 + 437
2 x 0.3 PP-St 1.23 1.42 0.86 5555 + 367
1 x 0.9 PP-St 1.28 1.13 1.13 5293 + 340
2 x 0.9 PP-St 3.69 1.31 2.81 5493 + 747
Matrix - - 1 5849 + 638

ond pop-in happened after re-initiation of crack growth beyond
the first IL. Between these two pop-ins, no crack propagation was
observed. The curves of specimens with one and two ILs look

1A:

no crack

growth

300
250
200 1x0.9 PP-Soft
Z 150
8
S 100
1x0.3 PP-Soft
S0 s -
ISR |PP-Soft2
0
2Steady crack growth due to the lack of IL
—50

0 0.5 1 1.5 2

Displacement (mm)

(a)

almost the same, since crack arrest and re-initiaion happened in
all of those specimens in a similar way and no second crack arrest
occurred in specimens with two ILs.

A noteworthy fracture behavior could be observed for 2x0.3 PP-
Soft and 2x0.9 PP-Soft and the corresponding fracture behaviors
are shown in Fig. 5b. Both exhibited two ILs of PP-Soft, which
caused the crack front to skip the matrix section by, so that the liga-
ments failed in the order by — b, — b;. This altered failure
sequence was reported in a previous contribution[34] and
explained by the inability of the IL material to transfer stresses in
a significant way. The decoupling of stresses between the matrix
ligaments led to individual stress states in each matrix section.
After the sharp crack was neutralized by an IL, the remaining
matrix sections were loaded like separate, unnotched bending
specimens. The largest of those ligaments failed first due to higher
stresses in the outer fiber, so that smaller ligaments were skipped
in the failure process. Comparable phenomena were found in met-

2A:
no crack

300

250
2x0.9 PP-Soft

200

Z 150

8

S 100 [ 2x0.3 PP-Soft
50 bt -
| PP-Soft?

0
50 2Steady crack growth due to the lack of IL

0 0.5 1 1.5 2

Displacement (mm)

(b)

Fig. 5. Force displacement curves during SENB testing of (a) 1x0.3 PP-Soft and 1x0.9 PP-Soft, (b) 2x0.3 PP-Soft and 2x0.9 PP-Soft, PP-Soft and the matrix material.

6
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als, where the stacking sequence of layers affected the progression
of fracture [44].

Such extreme cases of stress decoupling were not found in spec-
imens with PP-St ILs (Fig. 6a and b). Crack growth started from the
initial notch and did not skip smaller layers in the composites with
two ILs. Apparently, the IL of PP-St offered enough stiffness and
strength for the transfer of bending stresses, so that all remaining
matrix ligaments deformed as one large bending specimen after
crack arrest. Therefore, the order failure was by — b; — b,.

In 1x0.3 PP-St, 1x0.9 PP-St and 2x0.3 PP-St the force also
decreased after crack initiation, but no pop-ins could be seen. Crack
arrest was not achieved in these composites, leading to small areas
under the force-displacement curves and low values of J,,,. 2x0.9
PP-St, on the other hand, showed the material inhomogeneity
effect and growing cracks were stopped. The forces remained rela-
tively high until specimen failure, even if individual ligaments frac-
tured. The constant force suggests sufficient stress transfer by the
IL and an even distribution of the load over the whole cross-
section.

The stress decoupling effect was linked to a strong decrease in
bending stiffness. In investigations of PP microlayer composites
under impact, soft ILs were found to increase the impact strength
at the cost of stiffness [36]. The decrease was shown to be espe-
cially severe under a bending load, since the decoupled matrix liga-
ments have a reduced area moment of inertia. While this drawback
was not as large under tensile loading, it was still noticeable. Wang
et al. [44] reported similar findings for titanium-based laminates,
where crack tip blunting and crack deflection led to increased duc-
tility at the cost of bending strength.

The stress decoupling, however, appears to be independent
from the crack arrester effect, which was present in all composites
with PP-Soft ILs as well as in 2x0.9 PP-St. The stress decoupling
may have a large influence on the re-initiation process after crack
arrest (PP-Soft composites, Fig. 4a), but does not appear to be a
requirement for the crack arrester effect (2x0.9 PP-St, Fig. 4b).
The independence of stress transfer and crack arrest should be con-

3A:
no crack
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sidered beneficial. It means that the material inhomogeneity effect
can still be used to increase fracture toughness, while avoiding
extreme cases of stress decoupling. Such a combination may be
useful for applications, where stiffness and toughness need to be
high.

3.4. Comparison of stiffness and fracture toughness

An overview of the normalized parameters for fracture tough-
ness and stiffness, Q and E®, is given in Table 3 and Fig. 7. Fig. 7a
shows, that all ILs of PP-Soft led to an increase in fracture tough-
ness. For t = 0.3 mm, Q was improved from 1.74 (1x0.3 PP-Soft)
to 2.05 (2x0.3 PP-Soft) by adding a second IL. This increase was
not caused by a second crack arrest, but can be explained by the
smaller bending stress maxima in the two separate matrix sec-
tions. Crack re-initiation after arrest was more difficult in 2x0.3
PP-Soft as a result.

The same trend can be seen for 1x0.9 PP-Soft and 2x0.9 PP-Soft,
although the improvements overall with Q =1.43 and Q = 1.78
are slightly below their counterparts with t = 0.3 mm. This can
be attributed to the higher content of soft material, which did
not enhance the crack arresting properties, but decreased speci-
men stiffness. Therefore, less work needed to be spent in order to
cause specimen failure. The loss of specimen stiffness is clearly vis-
ible in Fig. 7b, where all specimens with PP-Soft IL are below the
matrix properties. The reduction in specimen stiffness was more
severe for thicker IL and also when adding additional soft layers.
Thus, specimen stiffnesses only ranged from 47-72% of the matrix
stiffness. It can be concluded, that adding more soft layers
improves fracture toughness to some degree at the cost of speci-
men stiffness. On the other hand, making layers thicker does not
improve fracture toughness, once crack arrest has been achieved
in the first place.

For PP-St IL with t = 0.3 mm, namely 1x0.3 PP-St and 2x0.3 PP-
St, no improvement compared to the matrix properties could be
found. In fact, 2x0.3 PP-St is even worse than the pure matrix

4A:
no crack

300

250

2x0.9 PP-St
200
Z 150 e
8 |PP-St2
S 100

2Steady crack growth due to the lack of IL
3Fracture behavior according to 2A-2C
0 0.5 1 1.5 2

Displacement (mm)

(b)

Fig. 6. Force displacement curves during SENB testing of (a) 1x0.3 PP-St and 1x0.9 PP-St, (b) 2x0.3 PP-St and 2x0.9 PP-St, PP-St and the matrix material.
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Fig. 7. Comparison of (a) specimen stiffness, (b) fracture toughness and (c) specimen stiffness versus fracture toughness of multilayered composites.

material with Q = 0.86. Apparently, the E-inhomogeneity on its
own was not enough to prevent crack growth. Kolednik et al.
[32] offer an explanation in such cases, where the material inho-
mogeneity effect is strongly reduced due to plastic deformation
of the IL. This problem may be avoided by increasing the size or
number of IL, so that at least a portion of soft IL avoids plastic
deformation.

The 1x0.9 mm PP-St specimens appear to be in a transition
region. Although the material inhomogeneity effect is visible in
the shape of the | — R curve, the improvement in fracture tough-
ness is rather small with Q = 1.13. One explanation is, that the

crack arrest worked only for a limited time during the experiment.
As the load increased, the plastic zone in the IL grew as well and
the benefits of the E-inhomogeneity were lost before major
improvements over the matrix material could be accomplished.
Such a crack re-initiation due to plastic deformation is illustrated
in Fig. 8a.

Adding another IL with 0.9 mm thickness offered sufficient
space for plastic deformation within the IL, so that the neighboring
matrix ligament is not affected in a negative way (Fig. 8b). At least
some portion of the IL in 2x0.9 mm PP-St avoided plastic deforma-
tion, thus providing crack arresting properties. This led to the high-
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R R
——
@ (b)

Fig. 8. (a) Crack re-initiation due to plastic deformation and (b) crack arrest with a
plastic zone, that is contained within a large IL.

est relative fracture toughness among the investigated materials
with Q = 2.81. While some reduction of E“ occurred due to the
introduction of PP-St, the overall specimen stiffness could be kept
high. The measured values ranged from 90 to 95% of the matrix
stiffness, which is a distinct improvement compared to the IL made
of PP-Soft.

As discussed above, using very soft IL materials may have neg-
ative effects on specimen stiffness, while using stiffer and stronger
materials could compromise the crack arresting properties. Speci-
men stiffness and fracture toughness should therefore be looked
at simultaneously to get a holistic view of material properties.
Thus, Q and E* are compared for all materials in Fig. 7c.
2x0.9 mm PP-St emerges as the best compromise of properties:
An excellent increase in fracture toughness is combined with good
stiffness (Q =2.81 and E® = 5493 + 747 MPa), while all other
composites show a shortcoming in one of these parameters. Sur-
prisingly, the best increase of fracture toughness was found using
only the E-inhomogeneiy with a favorable layer architecture. This
proves once more the importance of microstructure to biomimetic
endeavors.

4. Conclusions

Multilayer composites with a highly talcum reinforced
polypropylene (PP) matrix and various interlayer (IL) configura-
tions of standard PP (PP-St) and very compliant PP (PP-Soft) were
tested in single edge notched bending experiments. PP-St showed
lower Young’s modulus, E, but similar yield stress, g,, compared to
the matrix, which is called an E-inhomogeneity. PP-Soft had lower
E and g, than the matrix, which is an (E — ¢)-inhomogeneity.

PP-Soft IL showed crack arresting properties in all cases, which
can be explained by the so-called material inhomogeneity effect
between IL and matrix. The resulting increase in fracture toughness
ranged from 43-105% compared to the homogeneous matrix mate-
rial. However, specimen stiffness was reduced as a consequence of
the soft IL and, depending on individual layer architecture, only
43-72% of matrix stiffness could be retained.

For PP-St composites, specimen stiffness remained high due to
the increased g, of the IL material. 90-95% of matrix stiffness were
preserved, although ILs with a thickness of 0.3 mm did not show
crack arresting properties. This ineffectiveness could be attributed
to plastic deformation of the IL, which strongly reduced the effec-
tiveness of the E-inhomogeneity. Two consecutive IL of with
0.9 mm thickness were sufficient to contain plastic deformation
and arrest growing cracks. These specimens showed an excellent
increase in fracture toughness of 181% and retained 94% of matrix
stiffness.

This example shows, that an optimum of fracture toughness
and specimen stiffness can be achieved through careful material
selection and layer design.
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1 | INTRODUCTION

Various mechanisms of microstructural damage are

Various methods are used to characterize the deterioration of mechanical
properties in polymers. The focus is set on distinguishing between time-
dependent and irreversible damage in two different grades of polypropylene.
First, digital image correlation is utilized to capture the stress-strain behavior
during monotonic tensile tests. Changes in specimen volume are recorded
throughout the experiment and serve as an indicator for crazes and voids.
However, the elastic modulus, E, cannot be monitored throughout the entire
experiment. Further analysis is performed in the form of cyclic load—-unload
tests. E and the residual strain, &, as a function of the applied strain, &,p1,
are obtained for each cycle. Results show that E primarily suffers from the
time-dependent behavior of the tested polymers in this case. Subsequently, an
alternative technique is applied, where specimens are prestrained and then
allowed to relax. In the following dynamic mechanical analysis, viscoelastic
effects can be avoided. Considerations on the onset and evolution of damage
are made. Ultimately, these results are confirmed through microcomputed
tomography, where the shapes and densities of defects are captured in high
resolution.

KEYWORDS

computed tomography, damage, elastic modulus decay, polypropylene

growth starts from local irregularities in the molecular
packing.!! In heterogeneous materials, voids can initiate
from rubber particles® or reinforcing particles.**! In

known in literature. Unfortunately, the definitions and
descriptions often vary. For the purposes of this contribu-
tion, the focus is set on four closely related types of micro-
structural damage, namely voids, microcracks, polar fans,
and crazes (Figure 1A-D). Voids are defects with no char-
acteristic shape or orientation and often act as starting
point for material failure. In homogeneous materials, void

these examples, the debonding of particles from the matrix
gives rise to void growth. The amorphous boundary layer
between large spherulites in semicrystalline polymers may
also act as starting point for void growth under certain
conditions.**®! Under high enough dilatational stresses,
voids are able to grow in size and coalesce,” usually
starting at the yield point.[S] Interestingly, void coalescence

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
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can lead to larger voids or other classes of damage. While
for voids no orientation is assumed, the subsequent mech-
anisms can be categorized by a characteristic shape and/or
aspect ratio. Microcracks, for example, can be seen as an
oriented void where two crack flanks join in sharp cor-
ners.°! This gives the defect a high aspect ratio and a slim
appearance, which is oriented perpendicular to the main
tensile stress. Due to the sharp corners and the lack of
stress transfer between the flanks, microcracks have a
most detrimental form of notching effect. Thus, cracks
grow easily under loading, leading to crack extension and
coalescence of microcracks to larger cracks. Over time, the
problem enters the domain of fracture mechanics and cat-
astrophic failure may be imminent.!"®! Several sources in
literature!** 3! report the so-called polar fans specifically
in semicrystalline polymers with a well-defined crystal
structure. These constructs are localized clusters of micro-
cracks that are aligned parallel to the loading direction.
The individual cracks are still separated by thin walls of
intact material. Laiarinandrasana et al.'*! found such con-
structs in polypropylene (PP) as well as polyamide
stretching from the poles of spherulites toward the center.
The highest density of polar fans was found in the necking
area and caused volumetric strains as high as 100%.!"!
The final specimen failure happens through coalescence of
the individual cracks within one column, followed by cata-
strophic failure. A craze is a special form of a microcrack
and is often described as plane, lens-shaped defect in
glassy polymers.[g] It shows mostly the same characteris-
tics as a microcrack, but highly stretched fibrils of polymer
are spanned from one edge to the other.'®! Therefore, the
craze still has a load bearing capacity to some extent.!!”!
The fibrils spanning the two crack faces are stretched to
their maximum possible elongation. When the craze
grows, there are two possibilities for the fibrils to react.
When the polymer chains are mobile enough, more mate-
rial can be drawn in from the surrounding material, so the
fibrils become longer and the whole craze wider. This is
known as surface drawing or forced reptation.!’®! Crazes
are able to grow and coalesce through this mechanism. ')
When the material is not mobile enough to perform such
a disentanglement process, the fibrils are more likely to
fracture. In that case, the craze becomes more similar to a
crack the more fibrils are destroyed.'”! While the

I 11
Ay ————

NN

FIGURE 1 Representation of various
microdamages and their characteristics,
including (A) voids (no aspect ratio and no
stress transfer), (B) microcracks (high aspect
ratio but no stress transfer), (C) polar fans
(column of microcracks), and (D) crazes
(high aspect ratio and limited stress
transfer)

preferred orientation for crazes is 90° to the major princi-
pal stress, Karger-Kocsis and Barany suggest that slight
deviations of orientations are possible to avoid running
through spherulites or other obstacles, where surface
drawing is hindered.!'!

All of these mechanisms are cavitation-inducing pro-
cesses that involve a dilatational stress component, which is
why they never appear under pure compressive stresses. As
a consequence, additional volume is created.>51%1% voids
and crazes do not close on their own and crack healing is
unlikely for most materials, especially if the glass transition
temperature is significantly above room temperature. Thus,
an irreversible change in volume is expected on the micro-
scale. A macroscopic increase in specimen volume is, there-
fore, a result of microscopic damage.[m] Additionally, the
internal load bearing cross section is reduced, which may
lead to a strain softening effect.!?°! Voids also promote plas-
tic deformation and can in some cases toughen a brittle
material by enhancing plasticity.**?! Argon and Cohen
even suggest that a brittle material response can be avoided
by utilizing this characteristic.”®! In conclusion, increases
in volume and residual strains, and a decrease of E can be
seen as indicators for microstructural damage.'® Although
shear yielding is a common mechanism in polymers too,
the formation of shear bands does not directly contribute to
the loss of mechanical properties. Instead, the increased
plasticity accelerates the nucleation and growth of voids
in regions of high hydrostatic stresses.**?*! Thus, shear
yielding is not discussed in detail in this contribution
and the focus is set on the resulting voids and cracks. Dis-
tinguishing a damage-induced effects from viscoelastic
effects is challenging, since their results on a macroscopic
level, such as the deterioration of E, may be the same.
Therefore, appropriate testing procedures are needed.

To determine the void volume fraction, X-ray tomog-
raphy scans or scanning electron microscopy (SEM) on
cryofractured specimens are an option.®'°! These
methods have to be employed sometime after testing
though, so that the majority of relaxation processes is
already completed. Comparable in situ measurements are
challenging and suffer from various limitations.”®! One
major drawback is the limited temporal resolution of
many tomography techniques. Therefore, synchrotron
radiation is required even for moderate testing speeds.



WIENER ET AL.

POLYMER

WA SPIR 3
D Gy ENGINEERING

PLASTICS —

PROFESSIONALS AND SCIENCE Wl LEY

Olufsen et al. employed a combination of postprocessing
techniques and axisymmetric relations for accelerating X-
ray tomography to a point where in situ measurements of
tensile tests at moderate testing rates are possible and
practical.[26] However, this technique also captures creep
effects, which may be reversible. In that case, void size is
overestimated by the viscoelastic part of the deformation.
Additionally, this approach is limited to round bar speci-
men types to preserve the axisymmetric relations.

Changes to the microstructure affect optical proper-
ties as well. Hamza et al. were able to monitor the refrac-
tive index during the cold drawing of PP and nylon fibers
using a two-beam polarizing interference microscope. On
the one hand, changes to the cross-sectional area,'*”! the
refractive index profile, and the progression of necking!®!
could be detected. On the other hand, the evolution of
microcracks at high draw ratios was also visible as distur-
bances in the microinterferograms.!>*’

An indirect, qualitative estimation of microstructure
is possible by monitoring E or by capturing surface
strains using digital image correlation (DIC). Since no
visualization of the actual microstructure is given, these
techniques should be verified by other methods, such as
computed tomography (CT) or SEM.

In this paper, several characterization techniques
are compared regarding their suitability to determine irre-
versible microstructural damage. Simple modifications to
well-known standard testing procedures are offered to dis-
tinguish between time-dependent and damage-induced
decay of material properties of PP. Stress-strain behavior is
determined, starting from monotonic tensile tests. Through
cyclic load-unload experiments, the decay of E is recorded.
Since these experiments are performed under continuous
tensile loading, time-dependent creep effects play a signifi-
cant role. Therefore, a comparison is made to prestrained
specimens after relaxation by dynamic mechanical analyses
(DMAs), where time-dependent effects are eliminated.
Hereby, assumptions are made on the extent of damage as
a function of the applied strain, which is verified by CT.

2 | EXPERIMENT

2.1 | Materials

Two different grades of PP were used for the investigations,
an ethylene-propylene block-copolymer (PP-B) and a PP
homopolymer (PP-H). Basic microscopy under polarized
light with a magnification of 50 was sufficient to give a first
impression of the crystalline structures of PP-B and PP-H.
As shown in Figure 2A, PP-B exhibited a rather undefined
crystalline structure and no clear boundaries of spherulites
could be seen. This can be explained by the ethylene

comonomer units, which hindered the crystallization pro-
cess of the PP segments.**! PP-H on the other hand did not
suffer from such disturbances in the crystallization phase.
Thus, a continuous network of large spherulites could be
formed. The average size of spherulites was approximately
50 pm (Figure 2B) and the crystalline structure appeared to
be more regular compared to PP-B. The amount of amor-
phous phase between individual spherulites was assumed
to be rather small, since sharp corners could be distin-
guished between large packages of crystalline phase.

2.2 | Methods

For the tensile testing, dumbbell specimens were pre-
pared from both materials. A crosshead speed of 1 mm/
min was used for monotonic tests and cyclic load—unload
tests, where increasing amplitudes of applied deforma-
tion alternated with unloading steps. Strains and volume
changes were recorded using two crossed high-resolution
cameras and DIC, so that E could be obtained. It should
be mentioned that E, the maximum applied strain, e,y
and the residual strain, &, were calculated separately
for each load-unload loop of the cyclic tensile tests.

A dumbbell specimen shape was chosen for the
DMAas well to avoid failure at the clamping. Specimens
were prestrained by 0%, 20%, and 40% before being inves-
tigated by DMA with a mean stress level of 0.75 MPa and
a stress amplitude of 0.5 MPa. The tests were performed
at room temperature (23°C) with a frequency of 1 Hz.

Ultimately, high-resolution X-ray CT scans were used
to verify the assumptions on damage onset and evolution.

More detailed descriptions on all the methods men-
tioned above can be found in Appendix A.

2.3 | Characterization of stress—strain
behavior

Only the highest strained sections of the specimens were
considered for strain evaluation, since material damage
often started and progressed in localized regions. These
sections were characterized with virtual extensometers in
the DIC measurements. Engineering stress and engineer-
ing strain, ceng and eeng, Were calculated using the well-
known relations, Equations (1) and (2). Therein, the
force, F, was related to the initial cross section A, and
effects such as necking or volume change due to void for-
mation could not be captured. The true stress, 6e,
which takes a certain amount of necking into account,
was calculated by Equation (3). This relation was origi-
nally designed for metals and assumes that plastic defor-
mation happens under constant volume. While this may
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be true, for example, for shear yielding,[g'”] errors could

arise for materials that are prone to void formation or
crazing. In these cases, the lateral contraction may be
overestimated, since the creation of additional volume
inside the material has not been considered. This results
in a calculated cross-sectional area that is too small and
risks overestimating the stresses. In this contribution, the
DIC measurements were used to directly measure the
real width and thickness, b.e, and h.q, that occurred at
the narrowest specimen section. Using the real cross sec-
tion, Ay, the real stress, o, could be calculated
(Equations 4 and 5). While this consideration did not
consider the loss of internal cross section due to voids, it
was still the most accurate estimate that could be made
at a macroscopic level. Even more accurate measure-
ments of volume would only be possible by using spectro-
scopic methods such as in situ tomography. For the sake
of simplicity and comparability, all stresses were corre-
lated to the corresponding values of &cn,. In all mono-
tonic tests, E was evaluated according to ISO 527.

F
Oeng — 14—0 (1)
Al
Eeng = E (2)
Otrue = Oeng (1 + Seng) (3)
Areal = brealhreal (4)
F
= 5
Oreal Aveal ( )
2.4 | Volume change as sign of damage
onset

As mentioned in the introduction and stated by literature,
many damage mechanisms are accompanied by an increase
in volume.['>511% o capture such effects, a normalized

FIGURE 2 Polarized light
micrographs with a magnification of
50 for (A) PP-B and (B) PP-H, both in
the undeformed state

volume element, Vi,om, Was calculated from the engineer-
ing strains in all three spatial directions (Equation 6 and
Figure 3A). These strains were captured in DIC measure-
ments using virtual extensometers (Figure A2B), whereas
the load was applied in the y-direction in all experiments.
During the monotonic tests, Viom Was monitored and
served as first indicator of damage onset. However, other
effects, such as viscoelastic creep, may also have contributed
to the increased volume.

Vieal _ breaihrealreal
VO B bOhOZO
= (1+ eengx) (1 + eengy) (1+ €eng.) (6)

Vnorm =

When plotted against the applied strain, Vi, started
to increase at a higher rate upon reaching the yield point.
This transition point was approximated with two linear
regression lines, as shown in Figure 3B, to determine the
strain at the intersection point, &,,. This parameter
describes the starting point of accelerated volume
increase and may serve as indicator for the onset of mate-
rial damage with volume change. For stress-strain curves
that have a very fluent yield region without a maximum
in stress, &y, could even be used to determine a yield
point, if no other options are available.

3 | RESULTS AND DISCUSSION
3.1 | Differences between stress—strain
evaluation methods

As a starting point for the investigation, the monotonic
tensile tests are chosen. For polymers, the yield point in
such experiments is generally determined as the first
local maximum in the stress—strain curve, which is often
the onset for the necking process. However, time-
dependent effects as well as damage to the microstructure
cannot be deduced during the experiment, unless the
damage is so extensive that it becomes visible, for



WIENER ET AL.

POLYMER

FIGURE 3 (A) Volume change due
to specimen deformation and
(B) determination of &,
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Vb U ‘real

(A)

example, as stress whitening or tearing. To gain addi-
tional information, Vj,,m, Was also monitored. Figure 4A,
B depicts representative stress—strain curves and the vari-
ations of V,om for PP-B and PP-H, whereas the numeric
results are listed in Table 1. At first glance, the two mate-
rials show a similar stress-strain behavior. Especially the
evaluation of E appears unaffected by the method of eval-
uation (engineering stress-strain, true stress—strain, real
stress—strain), although some small differences can be
noted in other parts of the curves. PP-H shows approxi-
mately 20% higher values of E and oyrs in comparison
with PP-B. The strain at break is high in both cases, but a
high data scattering occurred too. When judging only by
engineering stress-strain curves, PP-B and PP-H only
show strain softening behavior after the yield point. How-
ever, this is an error due to extensive necking effects,
which are not uncommon for PP. When considering true
or real stress-strain curves, both materials show strain
hardening after the yield point, presumably caused by
cold drawing of the macromolecules. At very high strains,
a reduction in stress can be observed as a consequence of
extensive material damage. At this advanced stage of
damage, the specimens start to slowly tear apart before
failing completely. This decrease in stress starts earlier
for PP-B than for PP-H. To sum up, engineering stress-—
strain curves are good approximations for small strains,
but for higher deformations other approaches should be
considered. As expected, the true stress values over-
estimate the stresses but give an overall good impression
of material behavior. For both materials, the true stress—
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—— measurement data
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Vnorm (')

Strain (%)
(B)

strain method seems to underestimate the cross-sectional
area, because the changes in volume due to damaging
mechanisms are not accounted for. As a result, true stresses
at high strains tend to be higher than the real stresses by
approximately 15% for PP-B and 20% for PP-H. The real
stress-strain method is the most precise due to measuring
the actual dimensions of the specimens. Therefore, this
method will be used in all further considerations.

The development of V.., over the course of the
experiment is also shown in Figure 4. Until to the yield
point, Vyorm remains low for both materials before
starting to rise steadily. The point of increased volume
gain at &, coincides well with the strain at yield point,
g, for both PP-B and PP-H. For PP-B, the beginning of
specimen failure is accompanied by an increased rate of
volume gain, which is not seen in PP-H. In general, PP-B
exhibits a higher increase of Vo, than PP-H, indicating
that the block-copolymer is more susceptible to the for-
mation of voids, cracks, or crazes. Kim et al.l*! suggest,
for example, that domains of a second phase or fillers
within a matrix play a major role in void formation.
Namely, the foreign phases provide initial stress concen-
trations, which enable the cavitational processes in the
first place. Other sources, for example, Kawai et al.13?!
claim that the amorphous regions within the material
serve as origin of void formation. This may also be a plau-
sible explanation for the increased volume gain of PP-B,
which appears to have a less organized crystal structure
than PP-H (see Figure 2A vs. Figure 2B). At the end of
the experiments, Vi,om starts dropping for both materials
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Stress—strain curves and normalized volume for (A) PP-B and (B) PP-H, whereas the differences between engineering stress—

TABLE 1 Material parameters obtained from monotonic tensile tests

PP-B PP-H

Eng. True Real Eng. True Real
E (MPa) 1435 + 44 1450 + 52 1444 + 52 1773 + 56 1801 + 69 1800 + 69
o, (MPa) 239+04 26.0+0.3 258 +0.2 30.8 + 0.3 33.8 +0.3% 33.3 +0.4°
ours (MPa) 23.9+04 64.8 + 14.1 55.7 £12.5 30.8 +0.3 108.7 + 39.8 86.7 + 37.6
&, (%) 9.7 + 0.4 11.0 + 3.3
Evor (%) 9.5+ 0.6 9.5+ 0.5
e (%) 291 + 90 428 + 151

“In some cases, where no distinguished maximum appears in the real stress—strain curves, the stresses at ¢, of the engineering stress-strain curve are taken

as oy.

as a result of the decreased stresses. However, both mate-
rials show noticeable increases of their volume (up to
60% for PP-B and 30% for PP-H), which is a strong indica-
tor for damage in conjunction with volume gain. Thus, a
decay of material properties is expected as the applied
strain increases.

3.2 | Property deterioration including
time-dependent effects

Cyclic load-unload experiments were used to illustrate
the deterioration of material properties under tension,
which was not possible during the monotonic tests. For
each cycle, the values for E and ¢, as a function of &,
of one representative specimen per material are shown in
Figure 5A. Figure 5B shows the first 45% of strain in
greater detail. Therein it is worth noting that the data
points for PP-B and PP-H are not equally spaced. This is

due to differences in the localization of strain between
the two materials. PP-B shows moderate strains in the
midsection of the specimens throughout the whole exper-
iment. PP-H on the other hand exhibits a very uniform
distribution of strain over the whole specimen for the low
initial deformations, leading to a dense population of
measurement points at the start of the curve. However,
the necking process happens very localized, leading to
large steps in local strain for higher displacements. Inter-
estingly, e as a function of &,y is nearly identical for
PP-H and PP-B. The results suggest increased plastic
deformation after 5% of applied strain, since ¢, starts ris-
ing at higher rates. This is only half of the strain one
would expect from the monotonic experiments, where
yielding started around 10%. Even at low strains, no
reversible regime can be observed, as e, is always >O0.
For larger strains, .5 increases linearly with a slope close
to 1, which means that &, increases almost as fast as
£appl- This is an indicator of highly plastic behavior,
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Cyclic tensile tests of PP-B and PP-H
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Development of modulus and residual strain as a function of the applied strain, evaluated for each cycle in load-unload

experiments. Values are depicted (A) throughout the whole experiment and also (B) for the first 45% of strain only

although one cannot distinguish between irreversible
plastic behavior and slow components of viscoelastic
deformation. Ognedal et al. reported similar findings,
stating that the elastic retraction of the material is
reduced, the higher the applied strains become.!®! The
decay of modulus is striking in both materials, with
E dropping to mere fractions of its initial value within
5%-10% of e, The only noticeable difference is that
PP-H starts at higher values than PP-B. This is surprising,
considering that the microstructures of the homopolymer
and the block-copolymer are supposedly different and
distinct differences were found in the monotonic tests.
Furthermore, the increased stiffness and strength of
PP-H should have at least some influence on material
properties at higher strains. The testing temperature is
above the glass transition temperature for both materials.
Thus, it is reasonable to assume that the amorphous PP
regions will be the main contributors to long-term defor-
mation, since all crystalline structures are still in their
solid state. The materials may therefore also behave simi-
larly under long-term loading, because PP-H and PP-B
are both based on a comparable PP backbone. The
authors propose that this viscoelastic creep is the domi-
nant factor for the two investigated materials in load-
unload experiments. Therefore, initial differences in
properties become irrelevant as time progresses. To reach
a conclusion on the time-independent effects of loading,
two additional questions need to be answered:

1. What are the differences in material behavior when
viscoelastic effects are avoided by giving the materials
time to relax?

2. What are the differences in microstructure between
PP-H and PP-B in the damaged and undamaged state?

3.3 | Property deterioration excluding
time-dependent effects

A number of adaptations to the testing procedure have to
be made to exclude viscoelastic effects while determining E.
On the one hand, high tensile stresses for prolonged periods
of time have to be avoided at all costs. On the other hand,
sample size and shape play an important role for subse-
quent imaging techniques. DMA of prestrained specimens
is the method of choice in this contribution. Applied forces
and displacements are very small compared to tensile test-
ing, while the instrumentation is precise enough to reliably
determine E. As another indication of damage, the mechan-
ical loss factor tan 6 can also be obtained in DMA measure-
ments. Additionally, the specimen size is small enough, so
that micro-CT measurements can be employed to analyze
the microstructure, even without the need to further dissect
the specimens. Since the material is given 7 days to relax,
all time-dependent processes are assumed to be completed.
The values of E and tan § as a function of ,,, are shown
in Figure 6 for PP-H and PP-B. In both cases, the starting
modulus tends to be slightly higher than for the tensile
tests, which could be caused by the increased loading rate
in the DMA procedure. Additionally, E is evaluated at
smaller strains in a DMA experiment than in a tensile test,
which is also likely to cause increased values. Most interest-
ingly, E of both materials remains high for much higher
levels of strain compared to the cyclic tensile tests. More
specifically, a noticeable decrease in E for PP-B cannot be
seen until 10% of prestrain and PP-H even shows an
increase in modulus after 15% of prestrain. In comparison
with the load-unload experiments, the prestrained DMA
method shows the differences in material behavior much
more clearly, since time-dependent effects no longer distort
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FIGURE 6 Storage modulus and mechanical loss factor versus

prestrain for PP-H and PP-B, measured in dynamic mechanical
analysis (DMA) experiments of prestrained specimens at room
temperature (23°C) with a frequency of 1 Hz
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the results. A harsh decrease in stiffness cannot be seen at
all, which indicates that the previously observed modulus
decay (see Figure 5) is primarily caused by creep effects.
The loss factor tan 6 shows a slow and steady increase in
both materials, suggesting at least some detrimental
changes of the microstructures in both materials. To vali-
date these assumptions, the microstructures of the two PP
types are investigated using micro-CT.

3.4 | Analysis of microstructure

While a first impression of microstructure could be
obtained in polarized light microscopy, some defects may
be too small for the resolution of polarized light micros-
copy. Some defects might also have been destroyed dur-
ing the preparation of the thin slices. In addition to that,
a three-dimensional representation of the microstructure

25,000

0.80 g/cm? 0.72 g/cm?

0% 20%  40% 0% 20%  40%

2 mm|

Frontal (y-x) slice images from computed tomography (CT) measurements showing (A) PP-H, (B) PP-H estimated

density, (C) PP-B, and (D) PP-B estimated density at 0%, 20%, and 40% prestrain scanned at (16.5 pm)> voxel size. (A) and (C) Gray
values corresponding to absorption contrast and (B) and (D) red and green visualizations of these gray values and estimated

material densities
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TABLE 2 Density and porosity estimated from CT gray values
PP-B PP-H
0% 20% 40% 0% 20% 40% Air
Gray value 28,783 27,973 26,684 28,788 28,770 28,043 10,008
p (g/cm3) 0.90% 0.86 0.80 0.90% 0.90 0.86 0.0
Porosity (vol%) 0.0 4.31 11.18 0.0 0.10 3.97 0.0
E (MPa)® 1565 + 124 1493 + 99 1345 + 140 1965 + 32 2017 + 57 3110 + 480 0.0

Abbreviations: CT, computed tomography; DMA, dynamic mechanical analysis.

*Values from material datasheet.
bValues from DMA measurements.

(A)

FIGURE 8
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(B) ©)

Axial (z-x) and frontal (y—x) slice images from computed tomography (CT) measurements showing PP-H at (A) 0%

(E = 1965 + 32 MPa), (B) 20% (E = 2017 + 57 MPa), and (C) 40% (E = 3110 + 480 MPa) prestrain scanned at (1.25 pm)® voxel size

cannot be easily obtained from transmitted light micros-
copy. Therefore, CT measurements are used to investi-
gate the microstructure more closely at 0%, 20%, and 40%
applied strain. In the overview scan in Figure 7 per-
formed at (16.5 pm)?® voxel size, no structural information
of damages such as micro cracks or crazes can be seen in
any of the investigates samples. Thus, they are expected
to be far below the chosen voxel size. But as also shown
in the literature,*® nonvisible defects can lead to a
reduction of gray values in the CT images, representing
the absorption contrast of X-rays. Therefore, the presence
of defects leads to a reduction of X-ray absorption, which
is visible in Figure 7A for PP-H 20% and 40% as well in
Figure 7C for PP-B 20% and 40%. For better visualization
of these small changes in gray values, in Figure 7B,D, the
gray values were set to green and red color tones. In addi-
tion, a local density in each position of the sample can be
estimated by applying the rules of mixture. Table 2 lists

the minimal average gray values in the cross section of
the different specimens and estimated density and poros-
ity, respectively.

Based on the overview CT scans, the regions for the
high-resolution scans were defined in the regions with the
highest estimated porosity values and scans at (1.25 pm)?
voxel size are performed (depicted in Figures 8 and 9). In
the reference state samples (0% prestrain), no signs of
damage can be seen. However, smaller inhomogeneities of
higher density, presumably caused during processing, can
be distinguished. For the specimens at 20% prestrain, first
signs of damage are clearly visible. While the number and
size of defects is relatively low for PP-H (Figure 8), PP-B
already shows numerous defects present in the microstruc-
ture (Figure 9). As a result, the modulus for PP-H remains
at its initial value up to this point, while PP-B already dis-
plays a decreased E (modulus values taken from pres-
trained DMA measurements). One explanation for the
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(A)

FIGURE 9

0.5 mm
—

(B) ©

Axial (z—x) and frontal (y-x) slice images from computed tomography (CT) measurements showing PP-B at (A) 0%

(E = 1565 + 124 MPa), (B) 20% (E = 1493 + 99 MPa), and (C) 40% (E = 1345 + 140 MPa) prestrain scanned at (1.25 pm)® voxel size

(A)

FIGURE 10

(B) ©

Frontal (y-x) slice images from computed tomography (CT) measurements showing (A) PP-B and (B) PP-H at 40%

prestrain scanned at (0.5 pm)® voxel size. (C) Three-dimensional (PP-B at 40%) rendering of segmented defect structures is shown by

applying a manual threshold

increased resilience of PP-H against crazing could be its
well-defined crystal structure. The reduced amount of
amorphous and heterogeneous phases may hinder the for-
mation of voids under strain,**?! so that the subsequent
progress of damage mechanisms could be impeded as well.
Since the number of microcracks increases the more strain
is applied, the modulus of PP-B further decreases up to
40% prestrain (see Figure 6). For PP-B, the loss of load
bearing cross section is comparably large due to the micro-
cracks being spread randomly throughout the material.
Interestingly, PP-H shows an increase in E between 20%
and 40% prestrain despite the starting accumulation of

damage (as shown in Figure 8). Although a number of
defects can be seen, the mechanical properties are not yet
compromised by the loss of load bearing cross section. For-
tunately, the damage in PP-H appears very localized, so
only small areas of cross section are affected at a time.
Instead, it appears that that the load bearing capacity of
the macromolecules is maximized due to an increased
degree of orientation (similar to a cold drawing effect).
The assumption of increased orientations is also supported
by Figure 4, where strain hardening can be seen on a mac-
roscopic level. However, the modulus is expected to
decrease again for strains exceeding 40%, when extensive
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microstructural damage begins to outweigh the orientation
effect.

Figure 10 shows the results from the CT scans per-
formed at highest possible resolution for this sample
size, reaching a voxel size of (0.5 pm)’. Compared to
Figure 9 now also for the PP-B 40% specimen
(Figure 10A), very clear microcrack structures can be
resolved and become visible. Crack widths for PP-B are
all in the range of a few voxels and even below. In
Figure 10B, localized polar fans can be distinguished
clearly for the PP-H 40% sample, but nearly no smaller
microcracks appear in the remaining polymer. As men-
tioned in the introduction, such structures have been
reported before in semicrystalline polymers with well-
defined spherulites.[13_15] On the other hand, crazes can
be ruled out as damaging mechanism, since no fibrils
stretching across the crack flanks are visible. A segmen-
tation by a manually defined threshold results in a
defect content of ~10 vol% for PP-B at 40% strain and
2 vol% for PP-H at 40% strain. These values are in the
order of magnitude of the estimated porosity from
Table 2. In Figure 10C, such a segmentation is visual-
ized as three-dimensional rendering of a small region
from the PP-H 40% specimen. It is worth noting that
these porosity values are recorded in the relaxed and
unloaded state of the specimen, so that a comparison to
the volume increase in the monotonic tensile tests
(Figure 4) is not advisable. All of the trends discovered
in the CT measurements are in good agreement with the
previously conducted prestrained DMA experiments.
Thus, the prestrained DMA may serve as complemen-
tary method for CT measurements. It could be used as
convenient, low-cost tool for the preselection of the
most relevant specimens, before conducting high-
resolution CT as a more thorough investigation. The CT
measurements also confirm the prestrained DMA as the
most reliable of the methods discussed to estimate dam-
age, without creep interactions in a material.

4 | CONCLUSION

Different measurement techniques are investigated to cap-
ture the damage-induced and time-dependent deterioration
in mechanical properties of the semicrystalline polymer
PP. Two different grades are tested, namely an ethylene-
propylene block-copolymer and a PP homopolymer.

In monotonic tensile tests, the true stress-strain
behavior, which includes necking as well as three-
dimensional volume change during testing, is captured
using DIC of two crossed cameras. The elastic modulus,
E, is only available at the start of the measurement, mak-
ing the change in volume the only parameter to monitor
the state of the material. This volume is found to increase

the more strain is applied, especially after the yield point
has been reached.

In cyclic load-unload experiments, the decrease of
E with each cycle of increased loading can be studied
over a wide range of applied strains. E starts plum-
meting in the same fashion for both investigated poly-
mers after small amounts of strain are applied.
Simultaneously, the residual strain after each cycle is
found to drastically increase over the course of the
experiment. It is shown that the decrease in E is mainly
caused by viscoelastic effects due to the extended dura-
tion of tensile loading, making this method ill-suited to
characterize damage to the microstructure. However,
the values of E under the combined influence of dam-
age and viscoelasticity can be monitored throughout
the whole experiment.

In contrast to that, prestrained specimens are ana-
lyzed using DMA. Due to a relaxation period between
the prestraining and the DMA measurements, time-
dependent effects are eliminated. E retains higher values
in these experiments until a certain amount applied
strain (10%-15% in the investigated materials). After-
ward, the modulus starts either to decrease as a result of
damage or increase as a result of increased molecule ori-
entation. All in all, this method yields a better represen-
tation of the integrity of the investigated materials by
excluding viscoelastic effects.

Finally, the damages to microstructure are illustrated
in high-resolution computer tomography of specimens that
were strained by 0%, 20%, and 40%. Therein, the investi-
gated PP block-copolymer is prone to extensive micro-
cracking throughout the whole specimen. The PP
homopolymer on the other hand shows localized damage
in the form of polar fans, which are clusters of microcracks,
along the polar axis of spherulites. The increasing amount
of internal damage is made visible and is found to be in
good agreement with the prestrained DMA measurements.
Therefore, prestrained DMA experiments may be consid-
ered as a tool to preselect specimens. Subsequent CT inves-
tigations would then only need to be performed on
specimens of the most interest, thus saving time and effort.
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APPENDIX A

Al |
All.

EXPERIMENTAL DETAILS
| Specimen preparation

Dumbbell specimens for monotonic and cyclic tensile tests
were machined from 4-mm-thick extruded sheets of PP-H
and PP-B. In all cases, the length axis of the specimens was
parallel to the direction of extrusion. The exact dimensions
are shown in Figure Al. To accommodate the small dimen-
sion of the dynamic mechanical analysis (DMA) apparatus,
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Specimen feature Tensile specimens  DMA specimens
\ I, Total length (mm) 80 50
b, R I, Parallel length (mm) 15 10
| L,  Clamping length (mm) 42 35
r b,  Minimum width (mm) 10 23
- b,  Shoulder width (mm) 23 4
7777 L, d  Thickness (mm) 4 1.3
v A
b2
=P
FIGURE A1 Specimen dimensions for tensile tests and dynamic mechanical analysis (DMA)

miniature specimens had to be sanded from thin slices of
the same 4-mm-thick plates. The dimensions are also
given in Figure Al. The dumbbell form was used instead
of prismatic specimens to ensure that damage would
occur localized in the center of the specimen. This was
necessary, since preliminary tests showed a tendency of
the material to yield and fail at the clamping. This has
to be kept in mind, when comparing exact modulus
values, as the introduction of force and the resulting
stress state in prismatic specimens are different from
dumbbell specimens.

A.1.2. | Test setup for tensile tests

Monotonic and cyclic tensile tests were performed on a
Zwick Z010 (Zwick/Roell, Ulm, Germany) at a crosshead
speed of 1 mm/min and ambient conditions. In the
monotonic tests, specimens were continuously loaded
until fracture. A total of four specimens was tested per
material. For the cyclic tests, a load—unload procedure
was employed. The specimens were deformed with a rate
of 1 mm/min until a predetermined displacement was
reached. Then, the specimen was unloaded using a cross-
head speed of 1 mm/min. After unloading to zero force,
the next loading step was started immediately without
time for relaxation. By increasing the maximum displace-
ment from step to step, the specimens were tested until
fracture. The increments of displacement were 0.5 mm
for displacements between 0 and 5 mm, 1 mm between
5 and 10 mm, 5 mm between 10 and 25 mm, and 15 mm
until fracture. Due to the extensive testing time of this
procedure, only three specimens were tested per material.
The deformations of the test specimens were monitored
using cameras in a 90° angle as shown in Figure A2A so
that a front view as well as a side view of the specimen
could be obtained. Two Prosilica GT6600 (Allied Vision
Technologies GmbH, Stadtroda, Germany) equipped with

100-mm Tokina AT-X M100 PRO D macro objectives
(Kenko Tokina Co., Nakano, Japan) were used for that
purpose. Digital image correlation of the surface strains
was performed using the software package Mercury 2.8
(Sobriety s.r.o., Kurim, Czech Republic), see Figure A2B.

A.1.3. | Determination of modulus in cyclic tests
A decay of E can be caused by damage or by viscoelastic
creep effects. In a monotonic tensile experiment, this
decay cannot be observed. For that purpose, cyclic load-
unload experiments can be used. The modulus can be
evaluated for each loading cycle, so that the evolution of
E throughout the experiment becomes visible. Due to the
viscoelastic material response at the start of each cycle,
an evaluation of E according to ISO 527 is unreliable, but
the curves have a more linear behavior at intermediate
stress levels. Therefore, the part of the curve between the
data points at 5 and 10 MPa was chosen for evaluation of
E, as is shown in Figure A3. For each cycle, the maxi-
mum applied strain and the minimum residual strain,
£appl AN €y, Were evaluated as well. Correlating &, with
€app1 Of the previous cycle offered additional information
on the deformation behavior. Increasing values of &, indi-
cated the presence of plastic deformation, which was a
result of exceeding the flow stress and may have been
accompanied by the creation of additional volume. How-
ever, the applied forces were greater than zero for the
majority of time, so creep behavior was expected too.
Additionally, viscoelastic effects and irreversible deforma-
tion could not be easily distinguished as source of .
Some sources!*! suggest to prestrain the samples and con-
tinue characterization after a thorough relaxation period.
In this paper, we opt to show the continuous load-unload
procedure as well as DMA measurements with prestrain
as a discontinuous approach, since both loading profiles
could be relevant for specific applications.
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FIGURE A2 (A) Tensile test setup
with two cameras at a 90° angle and
(B) surface strain measurement using
digital image correlation at highly
strained cross sections, with the y-
direction being the loading direction

side view

i

Test specimen | Angled cameras

(A)

Strain (%)

FIGURE A3
load-unload experiment. The applied strain ,pp and the Young's

Representative stress-strain curve of a cyclic

modulus E are recorded for each cycle as well as the residual strain
€res» Which stems from previous loading cycles

A.l4. | DMA measurements with prestrain

The DMA specimens were loaded on a Zwick Z001
(Zwicke/Roell) with a 1-kN load cell, up to a certain pre-
strain to gradually induce damage. These prestrains were
measured locally on the specimen surface via digital
image correlation, as described above. Pneumatic grips
were used for the clamping of the specimens. The pres-
training was performed at 1 mm/min crosshead speed
and room temperature. Although some literature sources
suggest complete relaxation as early as 10 min after
prestraining,[g] specimens were carefully removed and
left to relax for 7 days. Subsequent DMA measurements
were performed at room temperature (23°C) at a fre-
quency of 1 Hz using a Modular Compact Rheometer
MultiDrive by Anton Paar (Anton Paar, Graz, Austria).
The stress amplitude was set to 0.5 MPa in tension, while
the mean stress level was 0.75 MPa. This ensured tensile

B)

loading throughout the whole experiment. The clamping
length for the prestraining and the DMA measurements
was 35 mm. The measured storage moduli were inter-
preted as the material's Young's modulus, E, at different
stages of damage, depending on the prestrain. As addi-
tional parameter to judge the integrity of the materials,
the mechanical loss factor, tan §, was evaluated as well.
This way, prestrains of 0%, 5%, 10%, 15%, 20%, 30%, and
40% were investigated using three specimens per material
and level of prestrain. Here, it should be noted again that
the values for E and tan 6 should primarily be used to
compare the two materials in question. A comparison of
exact values to other sources in the literature is problem-
atic due to the adapted specimen geometry used in these
experiments.

A.1.5. | X-ray computed tomography
A.15.1. | Equipment for X-ray computed
tomography

Several X-ray computed tomography (CT) scans were
performed using a Nanotom 180 NF (GE Phoenix/X-ray,
Wunstorf, Germany), equipped with a 180-kV nano-focus
X-ray tube and a molybdenum target on a beryllium win-
dow. Because the structural resolution by CT is highly
dependent on the investigated sample size and the
amount of available detector pixels, a multiscale
approach according to Plank et al.l®*! was followed. To
get an overview of a large region of interest, six speci-
mens (PP-B 0%, 20%, 40% and PP-H 0%, 20%, 40%) were
scanned at once with an edge length of a volumetric pixel
(voxel size) of 16.5 pm>. With this voxel size, a field of
view of approximately 39° mm?® could be investigated at
once and structures larger approximately three times the
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voxel size can be resolved. These overview scans were
carried out at 60-kV tube voltage, 500-ms integration
time, and 600 projections within a total measurement
time of 30 min. To investigate the three-dimensional
material behavior in the micrometer range, high-
resolution CT scans with a voxel size of 1.25 um® were
performed. These scans were limited to regions with the
highest degrees of damage, which were determined in
the overview scans. The horizontal amount of detector
pixels was extended from 2304 to ~4600 pixels and the
virtual detector mode “VSensor 2” was used. This was
done to capture the entire cross sections of two speci-
mens (~2.5 x 1.5 mm? each) in the field of view of one
scan. Applying 50 kV as tube voltage and an integration
time of 500 ms for all 1900 projection images resulted in
a total measurement time of ~340 min. To verify the
recorded microstructures in strained samples, additional
high-resolution CT scans in the submicron range were
performed on an Easytom 160 (RX Solutions, Chavanod,
France). This device was equipped with a 160-kV nano-
focus X-ray tube and a LaB6 Filament reaching an X-ray
focal spot diameter in the range of 400 nm. As target
material, tungsten on a diamond window was used, as
well as a 4032 x 2688 Pixel 14-bit CCD camera as imager
system. A voxel size of 0.5 pm? could be reached without
cutting the sample cross section. The field of view within
the region of interest spanned 1 x 1 x 1 mm?® and a tube
voltage of 50 kV was used. About 1568 projection images
were recorded at 3500 ms integration time, resulting in a
total measurement time of 548 min for each scan.

To reconstruct a 3D volume from the recorded 2D
projection images, a filtered back projection algorithm
(e.g., Feldcamp et al.l3h implemented in the reconstruc-
tion software tools of the abovementioned CT manufac-
turer was applied.
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A.15.2. | X-ray tomography data analysis

The CT data analysis was performed using the commer-
cially available software tool, VG Studio MAX 3.4 (Volume
Graphics, Germany). This software package includes a
porosity/inclusion analysis tool, as well as tools to deter-
mine mean gray values of certain defined regions of inter-
est. Segmentation and three-dimensional visualization of
the defect structures were done by applying a simple
threshold method often used for porosity>*>”! or matrix
evaluations'®*! in composites. To determine a proper
threshold value, a multiscale approach as shown in the
study by Kastner et al.®”! is usually used. Most of the
times, this leads to sufficient quantitative values, as long
as all available microstructures can be resolved by the used
voxel resolution. However, the maximum used resolution
of 0.5 pm’ voxel size showed that there are much smaller
defects within the investigated specimens. Thus, a reliable
quantification of defect volume was not possible using this
multiscale approach. To overcome this problem, a rule of
mixture was applied on the gray levels of the CT images
recorded at 16.5 pm? voxel size. The mean gray values of
the undamaged specimens are set as a reference density
of 0.9 g/cm? (data sheet value for both materials) and a
density of 0 g/cm’ is assumed for the surrounding air.
By correlating these reference values to the gray levels
of the damaged specimens, an estimation of the porosity
can be made, assuming that nonvisible cracks and voids
lead to a reduction of material density and therefore a
linear change in gray level. Weissenbacher!*®! demon-
strates that a density contrast of 0.1 g/cm® can be
resolved clearly at 120 kV. By using 60 kV as tube volt-
age for the investigations, the density contrast between
different samples in terms of change in gray values is
significantly higher.!*)



