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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 Jey, 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
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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
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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 Erdogan 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;,, 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 Jy, = Jg.r. When
considering inhomogeneous materials, such as a bimaterial specimen
with a single interface, the J-integral becomes path-dependent and Jy;
differs from Jg,, in the form, Jip= Jgr+ 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 Ci,, 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 Ciyn; and Cipno
can be summed up in the interlayer inhomogeneity term Cy;, as shown
in Eqn 1 (Sistaninia and Kolednik 2014),

Jtip = Jtar + Cinn1 + Cinn2 = Jrar + 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 Eppauix. 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 Jy,,
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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.

(b)
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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 Enmatrix / En oM/ oyt 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 1073
ML4 PP-HR PP-S 2 28.8 3.4 1.8x107°

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, Eyparix
and Ej, yield stress,oy™ and oy'", and failure strains,ef” 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 a,
(Martinez et al., 2013; Martinez et al., 2016; Salazar et al., 2015). The
initial notch lengths were manufactured to satisfy the relation

(a)

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

JO =
B(W — ay) (2

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 Jex, was then calculated using Eq. (3).

_ (0.757 — 1)Aa]

Jexpzfo*[l W a

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 Je,;, can be
calculated from Aa and the two parameters A and N. All the gathered
data can then be presented in a plot of Jey, against Aa, also known as J-
R curve.

]exp =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 /

wl =
Cl)

22 W

2.2 W

Soft interlayer

S=4W i

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 Jc from J;, and Jg ».

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 Jp;. The power law fit formula was used to
evaluate the Jey, value at Aa=0.2 mm in order to obtain the value Jo 5.
The initiation toughness parameter J: was then determined as the
smaller value out of Jg;, and Jy 5, 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 Ly, the in-
terlayer thickness t or the remaining ligament behind the interlayer can

Mechanics of Materials 140 (2020) 103243

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 Je., 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 JM" 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*dJexp/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™,
LoM%). 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
Liatrix = Amawix — Lo™". By formulating the parameter L as mentioned,
the J-L plot can describe the Je., 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 o, Jp;, and Jc 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 » (19.32 kJ/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 Jc could be observed for PP-HR in comparison to PP-MR
(0.23 kJ/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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Table 2
Overview of and power law fit parameters for Eq. (4), A and N, and fracture
toughness parameters J 2, Jpr, Jc and JAME for the tested materials.

homogeneous materials multi-layer composites (non-

side grooved)

A N Joz JpL Je 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 127 032 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 ;. 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 Jo™" 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 o, 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 oy-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
1.94 kJ/m? (JM2 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 Jexy-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 Jex, versus the parameter L (a) and L versus testing time (b).
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Fig. 9. Modified J-R curve for ML2 displaying Jex, 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? (J¢ 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 Je,, versus L (a) and L versus testing time (b).
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Fig. 12. Modified J-R curve for ML4 displaying Jey, 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 0.22 kJ/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 Jex, 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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Scenario A:
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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:

10

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.
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.

e 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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