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Abstract: Nature provides various templates for integrating organic and inorganic materials to create
high-performance composites. Biological structures such as nacre and the structural elements of
the glass sponge are built up in layers, leading to remarkable fracture toughness. In this work,
the brick-and-mortar and layer-by-layer structures found in these biological examples have been
abstracted and implemented by using an aqueous polymer dispersion in combination with nanoclay
particles and sodium water glass. These dispersions were used as impregnation of carbon rovings in
order to form bio-inspired contact zones towards the concrete matrix. The bonding behavior was
investigated using the Yarn Pull-Out (YPO) test, and a beneficial behavior of the layered polymer–
nanoclay dispersions was observed. Thermogravimetric analysis (TGA) was used to determine the
organic impregnation content of the roving. Further, light microscopy of the roving cross-sections
prior to YPO and visual analyses of the fractured contact zone of split concrete specimens provided
information on the quality of the impregnation and the interaction with the concrete matrix.

Keywords: carbon fiber reinforced concrete; bio-inspired interphases; fracture toughness; yarn
pull-out test

1. Introduction

The requirements for today’s building materials are becoming increasingly demanding
related to material consumption, performance, and durability. Carbon fiber reinforced
concrete (CFRC) offers great potential to combine resource efficiency and high performance
for sustainable building in the future. CFRC combines the compressive strength of concrete
with the tensile strength of carbon fiber reinforcement [1]. In this way, the carbon fiber rein-
forcement compensates for the insufficient tensile properties of the concrete. Carbon fiber
reinforcement has many advantages over steel reinforcement. One of the most important is
the reduction in the concrete cover and thus the savings potential of the used concrete [2–4].
The volume of concrete to be saved, depending on the application, can be up to 80% [2].
Steel reinforcement requires a certain thickness of concrete cover to prevent water from
penetrating the concrete and causing steel corrosion. This is not the case with non-metallic
carbon fiber reinforcement [1,2]. CFRC is already used for different applications, e.g., in
precast elements for facades, balcony slabs, small bridges, or garages [5], as well as for
restoration and strengthening of built constructions [6].

Carbon fibers are chemically inert [7], and furthermore, they are usually surrounded
by an impregnation that fixes their position and protects them from external chemical
influences [8]. Another advantage is the possible flexibility of impregnated carbon rein-
forcements such as grids or meshes so that they can be draped around differently shaped
structures, e.g., in shotcrete retro-fitting [4]. The flexibility of the carbon fiber grid is defined
by the impregnation material and the fineness of the carbon yarns used, called rovings [9].
The concrete matrix of the CFRC has to be adapted to the corresponding requirements of
the textile reinforcement [10]. By using grid structures, the size of the largest grain needs
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to be reduced since penetration through the grid spaces must be ensured [2]. In order to
ensure the high mechanical properties of the composite, the properties of each component
(fiber, impregnation, and concrete matrix) have to be adapted to each other [11]. However,
materials cannot be arbitrarily combined to mix the strength and stiffness of the individual
components in the composite, and special emphasis has to be put on the transition zone
between the components.

Currently applied CFRC reveals unfavorable failure behavior under tensile loading [1,12–15].
Due to the tensile loads absorbed by the carbon reinforcement, abrupt failure and explosive
spalling of the concrete matrix can occur [1,2,12–16]. This is caused by stress fields, called
stress rings, in and around the form-fitted concrete matrix [17] due to parts of the carbon
reinforcement with varying bulging cross-sections [16] or roving intersections on the carbon
grid [18]. The force is transferred from the concrete matrix through the interphases to the
fibers, which absorb the forces [2,14,18]. The extent of force transmission depends on the
adhesion mechanisms present in the whole interphases and the interphase quality.

It is obvious that the interphase has a significant influence on the composite behavior
of the CFRC, regardless of the type and cause of damage [18]. A closer look reveals that
there are several interphases in the CFRC and bonding mechanism that influence the
mechanical behavior of the composite system. On the one hand, there is the interphase
between the concrete matrix and the carbon reinforcement, and on the other hand, there are
the individual interphases within the carbon reinforcement between the individual fibers
and the impregnation. This results in a composite system (carbon fibers and impregnation)
within another composite system, the CFRC. The performance of the composite is therefore
driven by the transition from the concrete matrix to the carbon fiber reinforcement and
the interactions between the exterior and interior fibers of the carbon fiber reinforcement
itself [8,19].

For optimized composite performance, the interphases must guarantee the force
transfer between the concrete matrix and the carbon reinforcement. Dissonant composite
behavior will result if the gradient between the mechanical properties of the components is
excessively diverse [20]. An insufficient interfacial gradient describes the transition from
high-strength concrete to overly ductile or stiff carbon reinforcement. The former leads to
an insufficient force transfer [16] and the latter to explosive spalling [12,13,21]. In order to
adapt the interfacial behaviors, various impregnations are used to perform specific tasks.

As described before, the impregnation of fibers and rovings in fiber-reinforced compos-
ites serves several important purposes: it holds the fibers in position [8,18], protects them
from chemical influences [14], and ensures force transmission from the outermost edge-
fibers (exterior) in contact with the matrix to the inner core-fibers (interior) [19]. To activate
this force transmission, a certain degree of bonding should be present. There are several
theories of bonding or, respectively, adhesion, which can be simply categorized in either
mechanical or electrostatic adhesion mechanisms [22,23] as there are similar definitions for
synonymous categorizations in different fields of application [16,23–26].

Mechanical adhesion in the bonding of the composite describes the effects of spatial
interlocking and the resistance to motion or slippage due to friction [23]. Electrostatic
adhesion mechanisms include any effects of interactions between atoms or molecules that
attract or repel each other based on their charge. Examples include ionic bonds, covalent
bonds (e.g., formed by chemical reaction), or weak interactions between atoms such as
hydrogen bonding or Van der Waals forces [22,23,26].

For example, the use of fully covering epoxy impregnations for carbon reinforcements
leads to a favorable form-fit (mechanical interlocking), which is apparent in the interphase
as a bonding effect due to different sizes of carbon roving cross-sections [21]. Under
mechanical load, the carbon reinforcement is subjected to multiaxial stress. This stress
causes transverse contractions that act on the interphases and the carbon reinforcement. If
the existing impregnation (epoxy in this example) is not stiff enough, the form-fit is lost
and other lesser strong bonding mechanisms may be activated. These, however, offer less
resistance to the applied force, resulting in relative displacement known as slippage [27].
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In order to increase the resistance to lateral contraction and slippage, there is an increased
need for research into the adaptation of impregnation.

Currently, available impregnations can be divided into mineral and polymer-based
impregnations [8,28]. Mineral impregnation very fine reactive pozzolanic particles are
used and are chemically similar to the structure of the concrete matrix, allowing the
particles to form chemical bonds when hydrated. Since no polymer is involved in mineral
impregnations, they offer high-temperature resistance, even above 200 ◦C, which cannot be
achieved by the employed polymer impregnations so far [28]. However, the micrometer
fine mineral particles require special expertise in the preparation of a stable dispersion [28].
Organic impregnations can be divided into either chemically reactive resins or polymer
dispersions. These reactive resins are a mixture of monomers and curing agents. During
curing, the chemical functional groups on the monomer blocks and hardeners will form
polymer chains by cross-linking, which is, in most cases, irreversible [29,30].

The reaction can be influenced by the applied temperature or the ratio of monomer to
hardener, which also influences the resulting mechanical properties [29]. As described by
Schneider et al. [28] and Schleser [31], roving impregnation requires a low-viscosity liquid
substance that can penetrate the filaments and has a high cohesive force during curing to
ensure optimal force transmission into each individual fiber. This is the case with reaction
resins, which include epoxies, polyesters, vinyl ester urethanes, and acrylates [15,31].
However, the chemical reaction releases solvents or gases that may be harmful or toxic.
Besides reactive polymers, water-based polymer dispersions are another alternative for fiber
impregnation. These are nanometer-sized polymer spheres that, under certain temperature
conditions and in contact with each other, form a film that may also contain chemically
reactive groups for copolymerization, a reaction with other polymers [31–34]. For the
application of reinforcing textiles, dispersions can consist of polystyrene, styrene-butadiene
rubber, epoxy, or acrylates [8,31]. In this work, impregnations are prepared using aqueous
polymer dispersions because they are easy and safe to handle. As with reaction resins,
the mechanical properties of aqueous polymer dispersions depend on the glass transition
temperature (Tg). This is important because very stiff polymer impregnations (Tg > 100 ◦C)
lead to increased cracking and the explosive spalling described [13,16]. Proven strategies,
such as those found in nature, can be used to avoid such issues.

Flora and fauna provide perfect solutions for composite structures that have been
developed during constant evolution. There are composite structures that are able to
withstand the pressures of the deep sea or the attacks of predators. Examples are the
glass sponge (Hexactinellida) and the abalone shell (Haliotis). The glass sponge exhibits
strength and durability despite its filigree structure [35], whereas the abalone shell reveals
a structure that combines high tensile strength (up to 100 MPa) [36] with high fracture
toughness (up to 50 MPa/m−

1
2 ) [36,37]. Both natural models have one characteristic in

common: their mechanical properties result from their material composition and structure.
Their layered hierarchical structured combination of hard, brittle inorganic and

ductile, tough organic phases enables them to withstand the adversities of the environ-
ment [38–40]. In the case of glass sponges, the macroscopic lattice structure is conspicuous
and used as a bio-inspiration to produce suitable lightweight structures [41–46]. Less
attention is paid to the microscopic structuring of the individual filaments. However, it
is not only the macroscopic but also the microscopic structure that gives the glass sponge
its mechanical properties. This microscopic structure consists of alternating concentric
layers of amorphous silicate built around a silicate core and a protein matrix, a “layer by
layer” (LbL) structure [47–50]. The abalone shell is structured in a similar way. It contains
nacre layers consisting of inorganic platelets, aragonite, and a surrounding organic protein
matrix. The platelets and protein matrix are arranged in a “brick and mortar” (BnM)
structure [36,51,52].

Both biological structures have inorganic and organic phases with different mechanical
properties in specific structures, resulting in high fracture toughness. If the LbL or BnM
structure is subjected to mechanical stress, the crack path can be extended, or the crack tip
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can be locked. In the LbL structure, a crack develops along the organic phase, which is
characterized by low mechanical resistance. As the applied load increases, the increasing
stresses are deflected in the organic phase, and finally, cracking through the inorganic
phase is initiated. A typical step-shaped stress–strain curve becomes visible during such
failure that can also be observed during the failure of BnM structures [47,50,53–55]. The
BnM structure behaves in a similar way. The more ductile organic phase transfers the
applied forces to the brittle inorganic phase. This can lead to a deflection of the force or
fixation of a crack tip. Other effects, such as mechanical entrapment of individual aragonite
platelets, breaking of mineral bridges, or pulling of aragonite platelets out of the described
adhesive-like environment (organic protein matrix), are further effects that describe the
energy-dissipation behavior under incident stress fields or crack inhibition [51,55–58].

In this work, these approaches of composite structuring are transferred to the CFRC to
introduce the beneficial mechanical properties into the interphase between the concrete
matrix and the carbon reinforcement. This is expected to improve the fracture toughness
of the entire composite. As a first step, in this study, inorganic layers are combined with
polymers providing different stiffnesses; also, different organic–inorganic layer combina-
tions are considered. This study aims to provide the first experimental results to evaluate
the potential of bioinspired interphase structuring as well as the feasibility of application.
Therefore, the previously described LbL and BnM structures are applied to rovings as
impregnation (BnM) and additional coatings (LbL), respectively. The bonding behavior
was investigated with different impregnations using yarn pull-out tests (YPO) in terms of
maximum pull-out forces, performed pull-out work, and a specific bond modulus (BM).
The rovings were also visually examined by light microscopy before and after pull-out.
Therefore, the concrete specimens from which the yarns were pulled out have been split in
order to assess the contact zone. Thermogravimetric analysis (TGA) was used to determine
the organic impregnation content of the impregnated rovings.

2. Materials and Methods
2.1. Materials
2.1.1. Carbon Yarn

The carbon rovings used for the single yarn pull-out tests (YPO) were Tenax-J/E STS40
E23 from Teijin Carbon Europe GmbH (Wuppertal, Germany). The roving consists of 48,000
individual filaments, which together have a fineness of 3200 tex. Its mechanical parameters
are a tensile strength of 4300 MPa and a Young’s Modulus of 250 GPa. According to the
supplier, the roving provides an epoxy-compatible sizing [59].

2.1.2. Concrete Matrix

The concrete matrix used was a self-compacting concrete (SCC), chosen for its ability
to fill narrow gaps around reinforcement and produce a highly homogeneous surface. The
single components were as follows: as a binder, the non-standardized composite cement
BMK-D5-1 from Dyckerhoff GmbH (Wiesbaden, Germany) was used, consisting of Portland
cement clinker, blast furnace slag, limestone powder, and a reactive microfiller. The binder
specification is close to a CEM VI/S-LL 52.5 N. To compensate for the lower grain size range
of the sand 0/2 from Kieswerk Ottendorf-Okrilla GmbH & Co. KG (Laußnitz, Germany),
fine-grained quartz sand BCS 413 from Strobel Quarzsand GmbH (Freihung, Germany)
with a maximum particle size of 0.2 mm was employed. The water-to-cement ratio was
0.23. Finally, to achieve the desired consistency, the fresh concrete superplasticizer Liesen
877 from Liesen. . .alles für den Bau GmbH (Lingen, Germany) was added.

The weights of the components used to produce 1 m3 of HF-2-200-2 fresh concrete are
shown in Table 1. The examination of concrete properties was conducted on mortar prisms
according to DIN EN 1015-3 [60], where the investigated SCC exhibited a compressive
strength of 125 MPa.
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Table 1. Composition of 1 m3 high strength concrete HF-2-200-2.

CEM VI/S–LL 52.5 N
(kg)

Quartz 0.06/0.2
(kg)

Sand 0/2
(kg)

Superplasticizer
Liesen 877 (kg)

Water
(kg)

856 325 922 14 200

2.1.3. Impregnation Material

Aqueous dispersions and solvents (dissolved WG) of inorganic and organic materials
were used to impregnate the rovings. The inorganic materials used were Cloisite-Na+,
a sodium-based montmorillonite (MMT), from BYK-Chemie GmbH (Wesel, Germany)
and Sodium Silicate (water glass, WG) from Otto Fischar GmbH & Co. KG (Saarbrücken,
Germany). Organic components used were Mowilith LDM 7978 (Acrylic-Ester–Polymer 1)
with a glass transition temperature of Tg = −33 ◦C from Celanese (Frankfurt, Germany),
FILCO® 74,005 (Epoxy—Polymer 2) with Tg = 33 ◦C from C.O.I.M. S.p.A.—Chimica Or-
ganica Industriale Milanese (Offanengo, Italy), and Tecosit 1000 CC (Acrylate—Polymer 3)
with Tg = 100 ◦C from CHT Germany GmbH (Tübingen, Germany). The Tg values were
provided by the suppliers.

2.2. Methods
2.2.1. Preparation of Dispersions for the Impregnation Process

The impregnations were prepared and mixed in different ways. The montmorillonite
(MMT) had to be prepared as a stable dispersion in water in order to achieve platelet
separation for the self-assembling of the layered structure. All impregnations produced
and used are shown schematically in Figure 1.
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(references) as well as the groups of bio-inspired different brick-and-mortar- and different layer-by-
layer-structured impregnations.

For the preparation of the MMT dispersion, pristine MMT powder was weighed
and then added in portions into a beaker filled with de-ionized water under constant
stirring at 200 rpm. Stirring was performed with a Heidolph MR 3001 magnetic stirrer
from Heidolph Instruments GmbH & Co.KG (Schwabach, Germany) with the appropriate
magnetic stirring bar. After all of the solids had been added, the speed was increased to
approximately 600 rpm, and mixing was continued for a further 5 min. In most cases, a
homogeneous dispersion could not be achieved during this mixing process. Therefore, an
ULTRA-TURRAX®-T25 basic mixer from IKA®-Werke (Breisgau, Germany) was used for
15 min to break up coarse agglomerates: at first for approx. 3 min on speed 1 (6.500 rpm),
and then the rest of the time at speed 2 (9.500 rpm). After disaggregation of the large
agglomerates, the full beaker was treated in an ultrasonic bath at 25 kHz for 4 h. Due to the
energy input of the ultrasonic treatment, the water in the ultrasonic bath that surrounded
the filled beaker was heated up to approximately 80 ◦C. After 4 h, the filled beaker was
removed from the ultrasonic bath and left to rest for use the next day. The complete process
for preparing an 800 mL MMT nanoclay dispersion is shown in Figure 2.
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Figure 2. Process for preparing a nanoclay dispersion by (a) weighing the solid, (b) measuring the
required dispersion medium, (c) mixing the solid in the dispersion medium until the entire solid
shows no changes in agglomeration, and (d) using shear forces of the laboratory mixer to (e) break
up the agglomerates to finally obtain a (f) homogeneous dispersion.

All other impregnations were diluted with de-ionized water. The weight percentages
of dispersed solids and the ratio used are listed in Table 2.

Table 2. Used weight percentage of solids in dispersions for impregnation.

Type of Structure Components Dispersion
Medium Ratio Weight Percentage

(wt%)

References
Organic

Acrylic-Ester (Polymer 1)

Water

-

30
Epoxy (Polymer 2) 30

Acrylate (Polymer 3) 1

Inorganic Montmorillonite (MMT) 5
Sodium water glass (WG) 30

Bio-inspired
structures

Brick-and-mortar structure MMT + Acrylate 1:5 (Σ = 6) 5:25
1:9 (Σ = 10) 3:27

Layer-by-layer structure
WG/Acrylate/WG

-
30/30/30

WG/Acrylic-Ester/WG 30/1/30
Acrylate/WG/Acrylic-Ester 30/30/1

2.2.2. Roving Impregnation

For the impregnation of carbon fibers, a compact impregnation device was devel-
oped [61]. This device is specialized for mineral-impregnating suspension [28,62], but it
is also suitable for polymer dispersions. The system is modularly designed for cleaning,
transport, and quick adaptations to various test environments.

Accordingly, the compact impregnation device consists of four modules: the lin-
earization module, the impregnation bath, the winding module, and the yarn take-off
(Figure 3a, equipped with a yarn storage spool). In the first module, the linearization
module, TOPOCHROM®-coated rollers, and curved guide rods are arranged to guide the
yarn. While the microscopic spherical surface texture of the rollers protects the filaments
from damage, the deflection via the rollers ensures the flattening and spreading of the
fiber strand.
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The yarn is systematically guided over a set of five PTFE-coated rollers, all immersed
in the impregnation bath (Figure 3b). In this way, the curvature and spread of the yarn can
be controlled in a targeted manner, and a uniform penetration of the different suspensions
or dispersions can be ensured. After the impregnation bath, surplus suspension material
on the yarn is removed by a conical nozzle integrated into the forming unit.

After completion of the final surface treatment of the yarn, facilitated by a latex
membrane, it is then conveyed to the winding module. At this stage, a spiral winding
process is carried out with the use of a taut cotton yarn. The objective of this process is
twofold: to preserve the dense morphology of the impregnated yarn and to impart a gently
undulating structure to the surface of the yarn (Figure 3c). Finally, the yarn can be fed
directly to a further processing stage or temporarily stored on yarn spools. In this work,
the yarn was stored on a reel and tightened to align the fibers (Figure 3d).

After the impregnated roving was mounted on the reel, it was placed in the oven at
160 ◦C for at least 30 min. The annealing process leads to the evaporation of the water
and, at the same time, to the independent arrangement of the nanometer-sized solids and,
if present, to the film formation of the organic components. Film formation here means
that the organic components come into contact at the temperature described and coalesce
to form a film. After sufficient annealing time, the reel with the impregnated roving was
removed from the oven and allowed to cool to room temperature. The cured rovings were
then removed from the reel and cut for the YPO.

2.2.3. Cross-Section Analysis

Small roving samples were taken to gain insight into the cross-section. The rovings
used were taped (yellow tape) to prevent splaying of the roving ends during separation.
This analysis can be used to determine roving geometry and impregnation quality. For
this purpose, small roving parts cut to approx. 2 cm were attached to a plastic holder and
poured with cold-curing embedding resin in a cylindrical mold. After curing, the samples
were polished so that the roving cross-section could be easily observed under a reflected
light microscope.

2.2.4. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was used to determine the sizing as well as im-
pregnation contents. A TA Instruments Q500 low mass furnace (New Castle, DE, USA) was
used to analyze samples up to 30 mg. Samples were heated to 500 ◦C in air atmosphere at
a heating rate of 10 ◦C/min. The tests allow comparison of the rising temperatures as a
function of the measured mass of each sample.
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2.2.5. Fabrication of Test Specimens for the Yarn Pull-Out

The fresh concrete described in Section 2.1.2. was used to prepare the YPO specimens,
specifically their upper and lower cuboids, respectively. The exact dimensions are shown
in Figure 4. First, the impregnated carbon rovings were fixed in the formwork (Figure 5a).
After fresh concrete was produced, it was poured into the provided cavities (Figure 5b).
After one day of curing, the YPO specimens reached green strength and could be demolded
(Figure 5c).
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(a) preparation of the formwork, (b) pouring and curing of the fresh concrete, and the (c) removal of
the individual yarn pull-out test specimens.

2.2.6. Yarn Pull-Out

To characterize the bond between different impregnated carbon rovings and the
concrete matrix, one-sided pull-out tests were conducted using a custom-designed setup
and an INSTRON 8501 universal testing machine (Norwood, MA, USA). The yarn pull-out
was carried out at a speed of 1 mm/min under normal climate condition. The force was
recorded with a 20 kN load cell. For each variation of impregnation, 12-15 test specimens
were prepared. This method and specimen preparation are well known and have been
established in recent years in other works [27,28,63].

The coated rovings were embedded in SCC (Table 1), as shown in Figure 5b, and
demolded after one day. Subsequently, the specimens were stored in a water bath at 20 ◦C
for 7 days after fabrication. Following this, the specimens were further conditioned in a
standard environment at 20 ◦C and 65% relative humidity until the age of 14 days, when
they were tested.
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The setup of the pull-out test and the geometry of the specimens are schematically
depicted in Figures 4 and 6d. The embedment length of all carbon rods was 50 mm in
the upper concrete block to avoid failure due to exceeding the tensile strength of the rods
at room temperature. This length is also referred to as the embedding length. The lower
concrete block, with an embedding length of 90 mm, served as an anchorage to initiate the
pull-out force.
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2.2.7. Microscopic Interphase Analyses

Digital microscopy, Keyence VHX-6000 from the company Keyence Deutschland GmbH
(Leinfelden-Echterdingen, Germany), was used to further investigate the composite zone af-
fected by the pull-out. For this purpose, the specimens were cut and split in the embedded
region up to 1 cm before reaching the yarn. This cut eased the splitting of the embedded area,
exposing both the yarn and the interphase, which were then visually analyzed.

3. Results and Discussions

In order to evaluate the impregnation quality, the roving cross-sections produced
were visually analyzed with the corresponding YPO graphs. The YPO was evaluated in
terms of force maxima, pull-out work, and calculated bond modulus (BM), which was
calculated after Schneider et al. [63]. The visual results of the roving cross-sections were
then compared with those of the interphase between the impregnated carbon roving and
the concrete matrix of the split test cuboids from which they were pulled out in order to
draw further conclusions about the obtained quantitative results of the YPO. All measured
and calculated values are shown in separate graphs, jointly in Figure 7, and listed in Table 3.

For a qualitative evaluation of the roving cross-sections, three important factors are
assumed in this work (Figure 8). First is the shape factor, which describes the symmetry
of the roving cross-section (Figure 8a). The more circular a roving is, the better, since a
minimum number of exterior fibers are in contact with the matrix, and the forces acting on
the interior fibers can be transferred more evenly due to the cross-section geometry. Second
is the packing density (Figure 8b), which describes how densely a roving cross-section is
filled with fibers. The higher the packing density (smaller distance between fibers), the
smaller the roving circumference and the smaller the number of exterior fibers. The lower
the packing density (greater distance between fibers), the larger the roving circumference,
the greater the number of exterior fibers, and the greater the likelihood of the presence
of defects such as pores. The third factor is the presence of imperfections such as pores
(Figure 8c), which may not affect the roving circumference but have inhomogeneities that
reduce uniform force distribution to all interior fibers.
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Table 3. Overview of the polymer content determined by TGA and mean values of maximal pull-out force Fmax, pull-out work calculated for a displacement from 0
to 2.5 mm, and the bond modulus for YPO.

Sub-Group Components
TGA

Weight Loss
(wt%)

Mean Force
(kN)

Standard
Deviation

(kN)

Mean Work
(Nm)

Standard
Deviation

(Nm)

Mean
Composite

Module

Standard
Deviation

Polymer 1 (Tg = −33 ◦C) 11.33 0.40 ± 0.03 0.13 ± 0.04 1.10 ± 0.37
Polymer 2 (Tg = 33 ◦C) 25.52 0.21 ± 0.08 0.24 ± 0.11 1.00 ± 0.12Organic
Polymer 3 (Tg = 100 ◦C) 9.15 1.49 ± 0.14 1.85 ± 0.19 1.75 ± 0.11

Inorganic
Montmorillonite (MMT) - 0.28 ± 0.05 0.45 ± 0.10 0.71 ± 0.11

References

Water glass (WG) - 0.53 ± 0.06 0.85 ± 0.12 0.95 ± 0.18

Bio-inspired
structures

Brick-and-mortar
structure

MMT + Polymer 3
1:5 12.70 0.87 ± 0.13 1.56 ± 0.19 1.65 ± 0.17
1:9 14.22 1.01 ± 0.20 1.85 ± 0.59 1.63 ± 0.11

Layer-by-layer
structure

WG/Polymer 3/WG - 0.40 ± 0.13 0.70 ± 0.33 0.90 ± 0.29
WG/Polymer 1/WG - 0.05 ± 0.02 0.00 ± 0.00 0.53 ± 0.32

Polymer 3/WG/Polymer 1 - 0.30 ± 0.03 0.41 ± 0.10 1.03 ± 0.24
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The graphs of the YPO measurements reflect the force required over the displacement,
where the displacement is defined as the distance by which the roving has been pulled out.
The most important parameters in evaluating the YPO are the maximum force (Fmax) required,
the performed work (W), and the calculated composite bond modulus (BM) [28,63]. Fmax
describes the force required to completely debond the interphase between carbon fibers
and the concrete matrix. The main focus was to ascertain only Fmax because not all curves
in this work clearly indicate the necessary parameters for determining bond strength. The
performed work was calculated up to a maximum pullout of 2.5 mm. It reflects the ratio
of force required per displacement. BM indicates the stiffness of the composite and is
displayed by the initial slope of the curve [28].

In addition, interphase analysis of the split pull-out cuboids provides further informa-
tion on the bonding behavior of the impregnated rovings. Individual carbon fibers, fiber
bundles, or the absence of carbon fibers can be observed. This allows conclusions to be
drawn about the bonding properties of the impregnation to the concrete matrix.
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3.1. Reference Impregnations

Among the solely organic impregnations (called “references”), large differences were
found regarding the YPO results, the visually characterized roving cross-sections, and
the TGA results. It was expected that with the same solid concentration in the dispersion
of the impregnation bath, approximately the same amount of solids (Table 2) would be
applied onto and into the roving. The polymers were selected based on their glass transition
temperature (Tg) to influence the mechanical interphase behavior. A polymer’s Tg is its
temperature range of the transition from a rigid glassy condition to a flexible rubbery up to
sticky conditions. The Tg of the organic component is the critical parameter in determining
the ductile properties of the composite as interphase. The lower the Tg, the more ductile a
polymer behaves because above the Tg, the polymer chains are more flexible than below,
where they are more rigid due to higher crystallinity and cross-linking density [66]. In
other words, the polymers with a lower Tg were assumed to have a lower capability of
stress transfer than polymers with a higher one. All Tg values have been provided by the
polymer dispersion suppliers (see Section 2.1.3).

The lowest forces at the YPO were found for the rovings impregnated with Polymer 2
(Tg = ↑, Figure 9b). In comparison, rovings with the Polymer 1 (Tg = ↓↓, Figure 9a)
impregnation achieved twice the average force maxima. The highest YPO values were
achieved by rovings with a Polymer 3 (Tg = ↑↑, Figure 9c) impregnation. This is in contrast
to the proven impregnation content of the rovings (TGA values in Table 3), where rovings
impregnated with Polymer 2 (Tg = ↑) have more than twice the solid organic impregnation
amount of Polymer 1 (Tg = ↓↓) and slightly less than a third of the measured solid content
of the Polymer 3 (Tg = ↑↑) impregnation.
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Figure 9. Force–displacement curves of the measured yarn pull-outs, where each curve of different color
represents a tested specimen, impregnated with (a) Polymer 1, (b) Polymer 2, and (c) Polymer 3, with
additional selected light microscope images of the cross-section of the above-mentioned impregnated
yarns at (i) 5× and (ii) 50×magnification.
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This may be due to the insufficient impregnation of the Polymer 2 dispersion, which
resulted in a roving cross-section with large pores, as shown in Figure 9b(i). Despite the
large number of exterior fibers, such a roving cross-section absorbs the forces applied to it
unevenly and transfers them to the interior fibers in a correspondingly deficient manner.
However, the Polymer 2 impregnation achieved a higher mean work, although the force
maxima were lower. This can be related in part to the physical property described by the
Tg [67]. Therefore, the Polymer 2 impregnation with a Tg of 33 ◦C was able to accomplish
more performed pull-out work than the very sticky Polymer 1 with a Tg of −33 ◦C, which
appeared to have too low of a frictional effect during pull-out. Also, other authors have
described the strong influence of Tg on the stress transfer capability of the yarn matrix
interphase and observed lower load transfer with decreasing Tg [68].

The values of the measured Fmax of the two polymers reveal that the bonding is not
merely a function of the respective Tg because a higher Fmax would be expected for the
stiffer polymer. The results furthermore suggest that the impregnation quality is dominant
in affecting the YPOs and composite bond strength.

As described before, the YPOs of the rovings impregnated with the Polymer 3 (Tg = ↑↑)
dispersion clearly achieved values with the highest Fmax, the largest performed work, and
the highest BM. This can be attributed to the quality of the impregnation (Figure 9c(i,ii)) and
the very high Tg of 100 ◦C. As described by Preinstorfer et al. [16], stiffer interphases can en-
hance the distribution of the applied forces among the fibers. However, this distribution can
only be accomplished as long as a dense roving cross-section and uniform impregnation are
ensured [19]. Comparison of the interphases of the split specimen (Figure 10—Polymer 3)
suggests a sufficiently adhesive internal bonding and a lower insufficient external bond
(contact zone of the concrete matrix for impregnation) since at the high YPO values obtained,
only a few fibers remain in contact with the matrix.
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Figure 10. Cross-section of split post yarn pull-out specimens of selected rovings, which were
impregnated with (a) Polymer 3, (b) montmorillonite (MMT), and (c) water-glass (WG), with selected
5×magnifications (i) and (ii) from both split sides.

The roving cross-sections of the sole mineral impregnations (MMT and WG) do not
show any significant differences at first view. However, the WG impregnation (Figure 9b(i))
within the roving was insufficient and showed small internal fissures. The individual fiber
cross-sections and the appearing spacing, the impregnation, can be seen in Figure 9a(ii),
Figure 9b(ii), respectively.

MMT nanoparticles are used as admixtures in concrete to induce additional nucle-
ation [69]; they are chemically reactive, form increased C-S-H [69], and reduce the number
of C-S-H gel pores to densify the matrix [70]. These beneficial properties of MMT in contact
with the concrete matrix were expected to form a strong bond in the interphase. Based on
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the measured YPO values, it can be seen that rovings with the MMT impregnation exhibit
very low Fmax and therefore very low performed works than the WG impregnation. This
is primarily due to the structure and shape of the minerals in the impregnation. MMT
is a platelet-shaped mineral with different surface and edge charges. The surfaces are
negatively charged, and the edges are positively charged [71]. Once the coarse powder
(Figure 11a) has been successfully dispersed in water, which includes being comminuted
and exfoliated into individual platelets, these individual platelets form a self-assembly
(stacked) layer structure during the drying process (Figure 11b,c) in which the layers are
loosely connected. Therefore, they do not inhibit the crack growth in the interphase and
might even slide off each other in the dried state [72]. However, fibers were detected in
the interphases of the split concrete specimen (Figure 10-MMT). This indicates a properly
bonded impregnation due to its reactivity toward the concrete matrix.
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WG, on the other hand, exhibited almost twice the Fmax, higher performed works,
and a higher BM. However, the analyzed and calculated values for mineral impregnation
are far below the comparative values of mineral-based impregnations presented by, e.g.,
Schneider et al. [63]. Typically, WG is added to the concrete mixture to promote the
degree of hydration of the concrete mix and to obtain a higher proportion of C-S-H gel.
It acts as a nano-filler for the pores of the concrete, compacts it, and increases its early
strength due to its high pozzolanic activity [73,74]. These properties should cause WG
to react in contact with the concrete matrix and form a stronger bond than, for example,
polymeric impregnations. This is best seen in the splitting tests shown in Figure 10 WG-(c)
(i) and (ii). As WG dissolves in an alkaline environment [75], it chemically reacts with the
concrete matrix. This results in improved bonding of the WG-impregnated carbon rovings
to the concrete matrix, as evidenced by the numerous carbon roving residues within the
interphase after the pull-out test. Although successful binding was achieved, the Fmax
(Figure 12b) values remained below those of, e.g., Polymer 3 (Figure 8).

This indicates that there was a proper bond at the contact zone between the im-
pregnation and the concrete matrix, but the applied force could not be transferred to
the interior fibers due to the stiff and brittle mineral. With the mineral coatings used by
Schneider et al. [63], it can be assumed that at least a slight displacement of the filaments
was possible without complete damage to the filament–filament contact.
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3.2. Analysis of the Bio-Inspired Impregnations

Following the evaluation of the reference materials, the YPO results of the bio-inspired
interphase were analyzed. As explained at the beginning, the structure of the nacre layer or
the individual filaments of the glass sponge has an enormous influence on the mechanical
properties. The alternation of inorganic and organic phases, whether spatially separated
(LbL) or intermixed (BnM), is expected to result in higher toughness and strength due to
targeted crack elongation and arrest of developing cracks [50].

The results of LbL structures are shown in Figure 13. Two strategies were considered
during sample preparation: (i) a sandwich-like multilayer system (LbL-system) with WG
as full impregnation of the whole roving cross-section and therefore as a primer and as final
coating layer with the Polymer 1 (Tg = ↓↓) and Polymer 3 (Tg = ↑↑) as the intermediate
coating layer (Figure 13a,b); (ii) an impregnation with the Polymer 3 (Tg = ↑↑) as full
impregnation followed by coating layers of WG and the Polymer 1 (Tg = ↓↓) (Figure 13c).
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Figure 13. Force–displacement curves, where each curve of different color represents a tested speci-
men, of the layer-by-layer-like impregnated rovings with layers (colored and underlined) of: (a) water–
glass (WG)/Polymer 1/water–glass (WG), (b) water–glass (WG)/Polymer 3/water–glass (WG), and
(c) Polymer 3/water–glass (WG)/Polymer 1.

As the reference measurements show, the Polymer 1 (Tg = ↓↓) LbL-system surrounded
by WG performs so poorly that hardly any forces can be measured. This contributes to
the results found for using pure Polymer 1 impregnation (Figure 8a) that revealed low
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stress-transfer capability. Splitting of the concrete cube after the YPO test revealed a large
number of residual carbon fibers (Figure 14—Polymer 1), as also observed for the reference
interphase of the WG-YPO test specimen (Figure 10—WG), indicating a stronger bonding
of the top layer of WG to the concrete matrix than to the other layers. It can therefore
be concluded that the layer of Polymer 1 (Tg = ↓↓) forms the weakest bond in the layer
systems and is responsible for the low performance. A different behavior was obtained
with the LbL system using Polymer 3 (Tg = ↑↑). Separation of the two WG layers was
achieved in the coating layer of Polymer 3, as only a glossy residual layer of the outer WG
coating without carbon fibers could be detected on the split cuboid (Figure 14—Polymer 3).
In contrast to the use of Polymer 1, the high Tg of Polymer 3 enables an enhanced stress
transfer in the interphase, whereby the layered structure leads to a pronounced ductile
instead of brittle failure.
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Figure 14. Cross section of split post yarn pull-out specimens of layer-by-layer-structured (a) water–
glass (WG)/Polymer 1/water–glass (WG), (b) water–glass (WG)/Polymer 3/water–glass (WG), and
(c) brick-and-mortar-structured mixture of montmorillonite (MMT) and Polymer 3 impregnated
rovings, with selected 5×magnifications (i) and (ii) from both split sides.

The YPO results of the LbL structure made by Polymer 3 (Tg = ↑↑)/WG/Polymer 1
(Tg = ↓↓) (Figure 13c) demonstrate again that the implementation of the “weak” layer of
Polymer 1, which was used as the exterior coating in contact with the concrete matrix,
leads to overall low pull-out performance. The stress-transfer capability of the whole
LbL-structure was reduced, although Polymer 3 was employed as impregnation, showing
dense and pore-free roving cross-sections (Figure 9c(i,ii)). This very first work of using
bio-inspired LbL structures revealed a strong dependency on the selected polymer as well
as the arrangement of the layers. In order to achieve improved mechanical behavior in
LbL-inspired interphase structures, the interactions between the individual layers and
the outermost layer in contact with the concrete matrix play a major role and offer the
potential for improvement via chemical modification in the contact zones of the alternating
coating layers.

In the bio-inspired BnM structure, the mineral platelets (MMT) were combined with a
surrounding polymer matrix. In this case, only Polymer 3 was selected for the preparation
of the BnM-coatings; however, the Polymer:MMT ratio varied between 1:5 and 1:9.

The visual analysis shows differently shaped roving cross-sections (Figure 15a(i,ii),b(i,ii)).
On the one hand, the roving impregnated with an MMT+Polymer 3 (Tg = ↑↑) mixing
ratio of 1:5 formed a very wide and oval shape (Figure 15a(i)), and on the other hand, the
one with a mixing ratio of 1:9 appears to have a more circular and slighter oval shape
(Figure 15b(i)). The reason for the formation of different cross-sectional shapes is not clear
so far but is assumed to be a result of the wetting, penetration, and viscosity conditions
depending on the MMT particle amount. Except for pores in the 1:5 BnM impregnation
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(Figure 15a(ii)), both impregnated BnM structured rovings show dense fiber packing,
indicating good impregnation as a prerequisite for adequate stress transfer between the
inner filaments. This was displayed by the YPO results. The achieved Fmax and calculated
BM for the BnM-structured impregnations were slightly lower compared to the reference
values of Polymer 3. However, with the BnM impregnation MMT + Polymer 3 (Tg = ↑↑) in
a ratio of 1:9, an equally high pull-out work was achieved as with the Polymer 3 (Tg = ↑↑)
reference. The force–displacement curves show that the abrupt force reduction found for
Polymer 3 after reaching Fmax, indicating a brittle failure, did not occur if MMTs were
introduced in the interphase structure. In some cases, even further increases in the force
with increasing displacement could be observed. The chemical bond that is achieved by
adding the MMTs improves the interaction with the concrete matrix, but the layered MMT
structure (an example is given in Figure 11c) contributes to the transfer of the stresses to
the outer and inner filaments of the yarn. Therefore, no abrupt debonding and increased
ductility enhanced by increasing the amount of MMTs was observed (Figure 15).
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Figure 15. Force–displacement curves, where each curve of different color represents a tested
specimen, of the brick-and-mortar-like impregnated rovings with (a) a high montmorillonite (MMT)
content (MMT:polymer ratio = 1:5) and (b) a low MMT content (ratio = 1:9) compared with a mixture
of Polymer 3, with additional selected light microscope images of the cross-section of the above-
mentioned impregnated yarns at t (i) 5× and (ii) 50×magnification.

The visual analysis of the split shows only a lustrous surface with single carbon fibers.
This means a strong internal adhesion between the fibers and the impregnation. Since no
abrupt force drop was revealed during YPO, a strong interaction between impregnated
yarn and concrete is assumed, even though the number of carbon fibers in the split sample
was low. By adjusting the ratio of stiff polymer dispersion in combination with MMT
nanoparticles, the brittle fracture behavior of Polymer 3 was reduced (Figure 9c). In future
work, investigations will be carried out to optimize the MMT/Polymer 3 ratio with the aim
of achieving higher force maxima and composite toughening.

4. Summary and Outlook

This paper presents the implementation of first-principle experiments to influence
the bonding between impregnated carbon fiber reinforcements with respect to higher
toughness by using layered structures inspired by nature. The focus of this work was on
the use of layered polymer impregnations of varying stiffness in combination with brittle
inorganic layer structures, whereby their reactivity with the concrete matrix, in addition to
the geometric arrangement, was decisive for their selection. It was shown that especially
the use of a stiff polymer containing self-assembled MMTs leads to advantageous results.
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This approach shows great potential for improvement by further adapting the interphase
chemistry and morphology, e.g., by other types of polymers with Tg above 30 ◦C and
adaption of layer thickness, size, and aspect ratio of nanoclay platelets, as well as their
functionalization.

In the case of the LbL structure, hardly any improvement in the pull-out behavior
could be achieved. The reasons are seen in the insufficient formation of the LbL structure,
but above all, in the fact that an initial impregnation with WG leads to too brittle of
a connection of the inner filaments and thus to a low stress transfer. In principle, the
combination with the stiff polymer dispersion (Tg = 100 ◦C) led to a higher pull-out work.
The application of a polymer layer with Tg = −33 ◦C is equivalent to the incorporation of a
failure zone, so this case results in low performance. The combination of stiffer polymer
coatings and WG offers the potential for improved pull-out performance; however, in terms
of manufacturing, these layer structures require multiple coating and drying steps and are
therefore very costly in terms of time and energy.

The main findings of this study can be summarized as follows:

- The stress-transfer capability of the fiber-matrix bond zone is dominated by the
polymer stiffness rather than the polymer amount.

- The combination of organic and inorganic components in layered interphase structures
offers a promising route to avoid brittle failure and to pronounce ductile failure
instead, whereby BnM structures were more effective and also easier to apply than
LbL structures. Although polymers in nature with low stiffness are used to connect
the inorganic layers, a beneficial effect regarding ductility could only be observed by
using a stiff, high-Tg polymer.

- The introduction of layered inorganic components in the polymers leads to an im-
proved bond with the concrete matrix and might also contribute to avoiding spalling
of concrete layers if used for the impregnation of textile reinforcing structures in
CFRC. This study supports the development of new bioinspired impregnations for the
enhanced mechanical performance of lightweight, textile-reinforced concrete parts.
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