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their coating [7, 12-14]. The functions 
of a coating agent are as follows: a). in-
crease adhesion between concrete and 
fibers (external bond), b). ensure force 
transmission between internal filaments 
(internal bond), c). strengthen the geom-
etry of the structure for the concreting 
process, and d). protect the fibers against 
environmental influences [6, 9, 14-16]. 
Furthermore the complete penetration of 
the coating agent over the yarn cross-sec-
tion is of great importance for high uti-
lization of the load-bearing capacity of 
textile reinforcements [6, 9]. If the coat-
ing does not penetrate the entire yarn 
cross-section (outer and inner filaments), 
the mechanical performance of the yarn 
is insufficiently exploited, because the 
forces applied are not transmitted to the 
inner filaments, see Figure 1.

The force acting on the construction is 
transmitted from the concrete matrices to 
the outside filaments of the yarn. Howev-
er, the force cannot be transmitted to the 
core of the yarn if the inner filaments are 
uncoated [6]. In this case, force transmis-
sion between filaments takes place exclu-
sively by friction [7]. Krüger et. al. and 

Lorenz described by means of pull-out 
tests how the coating (styrene butadiene 
dispersion and epoxy resin) influences 
the force transmission from the core of 
the yarn to the inner filaments [12, 17]. 
Also Shilang et. al. illustrated the effect 
of an increase in frictional bond strength 
by coating the reinforcement yarns with 
a coating agent (epoxy) [8]. With epoxy-
based impregnations, textile reinforce-
ments typically result in stiff structures e).  
g). grid-like NCF plates. For the research 
described here, styrene butadiene disper-
sion (SBR) coating was used to ensure 
the flexibility of the reinforcement struc-
tures manufactured.

In addition, the investigations of Köck-
ritz showed that the coating (SBR) of the 
textile reinforcement fibers improved the 
bonding between the concrete matrix and 
filaments in terms of glass fibers [11]. 
The behaviour is caused by the Poisson 
ratio effect and bundling effect, which 
led to increased friction between the in-
ner filaments. Moreover investigations 
carried out by Kulas introduced SBR as 
a potential coating for carbon reinforce-
ments [7]. 
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Abstract
This paper presents investigations aiming to improve the impregnation of a coating agent and 
thus increase the mechanical performance of geogrids, especially grid-like non-crimp fabrics 
(NCF) consisting of carbon fiber heavy tows (CFHT). The squeezing process is industry 
standard, but the relationship between the machine setting parameters (squeezing pressure 
and hardness of squeeze roll surface) and the impact on the tensile strength of grid-like NCF 
is still unexplored. The setting parameters evaluated lead to an increase in tensile strength 
of up to 10% compared to grid-like NCF coated without the squeezing process. Additio-
nally the first insights into the coating process supported by ultrasonic vibrations based on 
CFHT single yarns are provided. It is shown that the tensile strength of treated CFHT can 
be increased by up to 12%, in comparison to CFHT coated without ultrasonic vibrations.
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	 Introduction
Textile-reinforced constructions from 
glass or carbon yarns have a high load 
capacity and offer great potential for new 
architectural applications due to the flex-
ibility and lightweight of the reinforce-
ment structure [1-7]. For the produc-
tion of textile reinforcements, so-called 
grid-like non-crimp fabrics (NCF), the 
multiaxial warp knitting process is an 
established manufacturing technology 
[6, 8-11]. Since these textile reinforce-
ments do not have to be protected against 
corrosion, they enable thin-walled con-
structions. Thus this material is an ex-
cellent option for enormous savings in 
concrete. 

The load-bearing capacity of textile re-
inforcements is significantly affected by Figure 1. Coating-dependent stress distribution in multifilament yarn [1].
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tests and microscopic analyses. In addi-
tion, this paper provides a first insight 
into the excitation of the coating compo-
sition by ultrasonic vibration and its im-
pact on the impregnation behaviour and 
tensile strength of coated CFHT.

Materials 
As basic material for investigations on 
the squeezing process, grid-like non-
crimp fabrics (NCF) made of carbon 
fiber heavy tows (CFHT), 48k in the 0° 
direction and 12k filaments in the 90° 
direction, were produced on a multiaxial 
warp knitting machine – Malitronic® of 
the Institute of Textile Machinery and 
High Performance Material Technolo-
gy (ITM). The coating material selected 
comprised a watery dispersion based 
on styrene butadiene dispersion (SBR), 
which is termed Lefasol VL90/1, see Ta-
ble 1. To solidify the coating agent, the 
harder Lefasol VP 4-5 LF was added. 

Additional technical specifications of the 
textile materials used are displayed in 
Table 2.

The application of the coating agent to 
NCF was performed on a Basecoater 
COATEMA from Coating Machinery 
GmbH BC32, Germany (see Figure 2). 
For all experiments described within this 
paper, foulard coating was chosen as the 
basic coating method.

Table 1. Specifications of the coating materials used.

Coating 
material

Solid content, % Linking 
temperature, °C Mixing ratio, %

Lefasol VL90/1 50 ± 1 130-160 95.3
Lefasol VP 4-5 LF 75 ± 2 130-200 4.8

Table 2. Specifications of the textile materials used.

Fiber material, 
carbon fiber 
heavy tows 

(CFHT)

0° direction 90° direction
Product name Tenax® STS40 F13 Tenax® -E HTS40 F13
Number of filaments 48k 12k
Linear density (Tt) 3200 tex 800 tex
Sizing 1 % Polyurethane

Grid-like  
non-crimp fabric 

(NCF)

Axial distance 14.3 (±2 mm) 10.7 (±2 mm)
Width of textile rolls 300 mm
Area weight (uncoated) 374 g/m²

Figure 2. Coating machinery (Basecoater COATEMA Coating Machinery GmbH BC32).
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As shown, the fundamental effects of the 
coating composition on the mechanical 
stability of the textile reinforcement have 
been extensively researched. However, 
the relationship between the preferential 
machine configuration for the coating pro-
cess and the impregnation behaviour as 
well as the resulting tensile strength of the 
coated CF grid-like reinforcement struc-
ture have not yet been thoroughly studied. 
Thus initial experimental investigations 
were performed to define how selected 
machine parameters of the coating pro-
cess influence the impregnation depth of 
high-performance textile grids consisting 
of CFHT. The focus during the research 
project was on the squeezing process as an 
integral part of the coating process. This 

process is industry standard, however, the 
relationship between the machine setting 
parameters such as the squeeze pressure 
and hardness of the squeeze roll-surface 
and the impact on the tensile strength of 
the coating agent content of grid-like non-
crimp fabrics consisting of CFHT is still 
unexplored. Additionally first insights into 
the coating process supported by ultrason-
ic vibrations based on CFHT single yarns 
are provided.

	 Experimental 
The influence of selected machine set-
ting parameters (see Table 3) on the ten-
sile strength and impregnation of roving 
cross-sections was determined by tensile 

Coating area

Drying area

Winding

Production direction Production direction
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To determine the influence of the select-
ed coating parameters on the quality of 
impregnation (penetration depth) and on 
the tensile strength of the textile materi-
als, the experimental design presented in 
Table 3 was used. The following series of 
experiments were carried out: varying the 
squeeze roll surface hardness, squeezing 
pressure and roll materials between rolls 
located above and below the grid-like 
NCF using grid-like NCF. Further ex-
periments were done by excitation of the 
coating agent through ultrasonic vibration 
using single yarn made of CFHT, based 

Table 3. Overview of samples.

Experiment number Sample

Parameter
Hardness of squeeze  

roll surface, in Shore A
Squeezing 
pressure,

in bar
Ultrasound,

in kHz
Upper Lower

Grid-like NCF
Reference (uncoated) R1 – – – –

Reference (coated) R2 – – – –

1
E1-1 25 25

2 –E1-2 50 50
E1-3 60 60

2
E2-1

25 25
0.5

E2-2 2 –
E2-3 4

3
E3-1

60 60
0.5

E3-2 2 –
E3-3 4

4
E4-1

25 Steel
2

–
E4-2 4

Single yarn made of CFHT

5
E5-1 60 60 4 –
E5-2 60 60 4 25
E5-3 60 60 4 45

Grid-like NCF
0.5 bar 4 bar

25 Shore A (E2-1) 60 Shore A (E3-1) 25 Shore A (E2-3) 60 Shore A (E3-3)

Figure 3. Exemplary representation of the coating behavior of grid-like NCF in dependent selected machine setting parameters (squeezing 
pressure and hardness of squeeze roll surface).

Production direction Production direction Production direction Production direction

on the machine PALSSONIC PTIC-6-ES 
(Allpax GmbH & Co. KG, Germany) see 
Figure 4. For all experiments, a process 
speed of 0.3 m/min and oven temperature 
of 160 °C were used for drying and cur-
ing of the coating agent.

Methods
For characterisation and analysis of the 
selected coating parameters (see Table 3: 
hardness of squeeze roll surface upper/
lower, squeezing pressure, and ultrasonic 
excitation of the coating agent), the fol-
lowing methods were applied.

Determination of the coating agent con-
tent: In order to determine the amount 
of coating agent applied, according to 
the standard DIN EN ISO 12127, dry 
samples were compared with the coated 
samples produced regarding their basis 
weight [18]. A precision balance was 
used to determine the coating agent con-
tent. 

Microscopic analyses of the CFHT 
cross-section: In order to investigate 
the link between coating agent content 
and impregnation depth, micrographs of 
the CFHT cross-section were developed 
by means of microsection segments. 
The micrographs were recorded using 
a reflected-light microscope AXIOImag-
er.M1m from Carl Zeiss AG (Germany), 
at 25x and 100x magnifications. In the 
section Results and Discussion, selected 
micrographs will be presented.

Characterisation of the mechanical ten-
sile strength. As shown in Figure 1, the 
penetration depth of the coating agent 

Table 4. Pre-adjustments for the tensile 
strength testing method.

Sample holder SPH 8270 /Vulkollan 
corrugated 60 x 50

Force tensor 10 kN
Position encoder Optical elongation
Pre-force 0.5 cN/tex
Velocity of E-module 200 mm/min
Velocity of testing 200 mm/min
Clamping length 500 mm
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Table 5. Schematics for the deformation behaviour of the squeeze rolls and grid-like NCF depending on roll surface hardness.

Without squeezing pressure
Hard roll surface (60 Shore A) Flexible roll surface (25 Shore A)

Low squeezing pressure (0,5 bar)
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significantly impacted the tensile strength 
of the carbon fiber. For this purpose, the 
tensile strength of coated samples was 
analysed to investigate how the select-
ed coating parameters influence the me-
chanical behaviour of the grid-like NCF 
or single yarns. In the case of grid-like 
NCF samples, 0° yarns for characterisa-
tion of the tensile strength were excised 
in a defined manner. The tensile strength 
characterisations were based on DIN EN 
ISO 3341, and the length of the samples 
tested was approximately 1.2 m [19]. 
The tensile testing machine used was 
a ZWICK Z 100 (Zwick GmbH & Co. 
KG, Germany). Pre-adjustments for the 
tensile strength testing method are shown 
in Table 4. 

	 Results and discussion
Analyses during sample preparation
Figure 3 shows an example of part of 
the coating experiments carried out. 
The coating tests indicate that the amount 
of the coating agent squeezed out of the 
grid-like NCF decreases with an increase 
in the hardness of the squeeze roll sur-
face. In addition, it is noted that with 
the increasing surface hardness of the 
squeeze roll surface, blistering within the 
squeezed coating agent increases. Fur-
thermore it is shown that the appearance 
of samples E2-1 (0.5 bar, 25 Shore A) 
and E3-3 (4 bar, 60 Shore A) looks simi-
lar. It means that the effect of the squeez-
ing pressure and hardness of the squeeze 

roll surface on the coating quality depend 
on each other. Consequently the squeez-
ing process should be optimised depend-
ing on the hardness roll and squeezing 
pressure used. In addition, Figure 3 
shows that 0° yarns as well as 90° yarns 
of sample category E2-3 (4 bar, 25 Shore 
A) are squeezed. In the case of E2-1 and 
E3-3 (4 bar, 60 Shore A), only 0° yarns 
are squeezed, and coating agent residues 
are visible on the surface of 90° yarns. In 
conclusion, the 0° filaments of the E3-3 
test series are effectively subjected to 
a higher pressure than the 0° filaments of 
the E2-1/3 test series, set at the coating 
unit (see Figure 3 and Table 5). Howev-
er, a statement about the impregnation of 
0° rovings can only be made from further 

Production direction
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investigations, such as determination of 
the tensile strength (see Figure 6). 

E3-3 is squeezed with a high pressure 
(4 bar) and high hardness of the squeeze 
roll surface (60 Shore A). As a result, 
there is a considerable spread of 0° yarns, 
so that they become elliptical in the area 
between weft threads. When squeez-
ing with a flexible roll surface (here 
25 Shore A), the space for distributing 0° 
yarns (spread) decreases with increasing 
pressure, see the schematic in Table 5. As 
a result, the spread of 0° yarns for these 
samples is lower. The effects on the ten-
sile strength and coating agent content 
are given in Figure 6.

To gain first insights into the coating pro-
cess supported by ultrasonic vibrations 
based on CFHT, investigations were 
made varying the ultrasonic frequency 
(0 Hz, 25 kHz, and 45 kHz). Figure 4 

shows the experimental procedure for the 
ultrasound coating using the example of 
E5-3. 

Findings for the tensile strength and coat-
ing agent content as a function of the fre-
quency are given in Figure 8.

Evaluation of coating agent content 
and tensile mechanical characterisa-
tion
Results of measurements of the coating 
agent content and tensile mechanical 
characterisation are displayed in Fig-
ures 5-8. As presented in Table 3, R1 
stands for uncoated CFHT and R2 repre-
sents a CFHT coated without the squeeze 
process. 

Figure 5 reveals the relationship between 
the increasing hardness of the squeeze roll 
surface (during constant 2 bar squeeze 
pressure) and both the coating agent con-

tent and tensile strength. The samples of 
test series E1-1/2 have approximately 
5% higher tensile strength than R2. E1-3 
shows no significant change in tensile 
strength compared to R2. The coating 
agent content increases in comparison 
to E1-2 (50 Shore A) by about 18%. As 
the hardness of the squeeze rolls increas-
es, the flexibility of the roll surface is 
reduced. Therefore with a constant pres-
sure of 2 bar, the squeeze rolls enclose 
a smaller textile surface with increasing 
surface hardness, so that more coating 
material remains on the surfaces of the 
textile structure. The effect on the ten-
sile strength and coating agent content at 
higher pressure (up to 4 bar) is shown in 
Figure 6.

The test series E2-1, E2-2 & E2-3 (con-
stant surface hardness of 25 Shore A) 
suggest that the tensile strength and 
coating agent content decrease with in-
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Figure 5. Increasing the hardness of the squeeze roll surface at constant 2 bar squeeze pressure (R1: Reference uncoated, R2: Reference 
coated without squeezing process).
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creasing squeeze pressure. Test results 
of the test series E3-1, E3-2 & E3-3 
(constant surface hardness of 60 Shore 
A) show a different behaviour. Although 
the coating agent content decreases with 
increasing squeeze pressure, the tensile 
strength increases abruptly between E3-2 
and E3-3. Between R2 and E3-3, the 
tensile strength increases by about 10% 
due to the squeezing process. This distin-
guishing behavior with respect to tensile 
strength with increasing pressure be-
tween the two types of squeeze roll sur-
face hardness might be caused by the 
determination exhibited in Figure 3 
and Table 5.

Figure 7 represents the results of meas-
urements with squeeze rolls between the 
upper and lower rolls of different sur-
face hardnesses (lower: steel roll, upper: 
flexible roll surface with 25 Shore A). 
Similar to the series of measurements 
(60 Shore A) in Figure 5, an increase in 

tensile strength and decrease in coating 
agent content are recorded. A compar-
ison between E2-3 and E4-2 -both hav-
ing at least one squeezing roll surface 
with 25 Shore A – shows that a harder 
roll surface on one side (steel roll on the 
lower side) leads to an increase in tensile 
strength. 

In addition to investigations on the 
squeezing process, initial investigations 
were carried out on the influence of 
coating materials excited by ultrasonic 
waves. The results are provided in Fig-
ure 8. The basis for the parameters of the 
squeezing process is the setting of the test 
series E3-3 (4 bar, 60 Shore A), as these 
achieve the highest tensile strength. 

It was found that the ultrasonic excitation 
of E5-2 and E5-3 leads to an additional 
increase in tensile strength of 12% com-
pared to E5-1, due to the better penetra-
tion of the coating agent into the roving. 

Basically, as the frequency increases, 
an increase in tensile strength is noted. 
The coating agent content increases by 
about 18% between the test series E5-1 
to E5-3 due to the better penetration of 
the coating agent into the roving.

Microsection segment analysis 
For microscopic analysis, several con-
secutive samples were taken from the 
respective coated grid-like NCF (squeez-
ing process) and single yarns (ultrason-
ic vibrations). The epoxy resin of the 
embedding resin has a green colour as 
it is combined with a fluorescent agent 
to improve the colour contrast between 
individual components (see Table 6). 
The black areas represent the individual 
filaments of CFHT. Table 6 demonstrates 
the influence of the squeezing process as 
well as the ultrasonic vibrations of the 
roving cross-section structure. Accord-
ing to the analysis of the squeezing pro-
cess, it is found that squeeze rolls with a 
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60 Shore A roll surface result in a particu-
lar type of fiber spreading. The coating 
agent distributed around the circumfer-
ence of the roving, primarily before the 
squeezing process, and can better pene-
trate into the core of the roving. However, 
the filaments within the roving are more 
evenly distributed, and thus closer to one 
another; as a result of which the fiber vol-
ume content increases. These effects are 
most evident in the roving cross-section 
of the E2-6 series, see Table 6. 

By means of the ultrasound-wave-excit-
ed coating agent, the effects described 
caused by the squeezing process are 
further enhanced (see Table 6, E4-3). 
The ultrasound waves cause the filaments 
to slide close together, and air pockets are 
subsequently reduced. 

	 Conclusions
The results of the research achieved and 
described in this paper demonstrate that 
the mechanical strength of grid-like NCF 
based on CFHT (rovings) can be influ-
enced by the squeezing process, i.e., by 
regulating the penetration depth of the 
coating agent. Within this paper, the fol-
lowing squeezing process parameters:  
1. squeeze hardness (upper/lower roll 
surface), 2. squeezing pressure, and  
3. the combination of different roll ma-
terials between upper/lower rolls were 
investigated. The test results were eval-
uated on the basis of measurement of the 
coating agent content, microsection seg-
ment analyses, and tensile mechanical 
characterisations. The results reveal, in-
ter alia, that an increase in roller pressure 
(0, 0.5, 2, 4 bar) with a roller hardness of 
60 Shore A leads to an increase in tensile 
strength by up to 10% in comparison to 
NCF coated without the squeezing pro-
cess (R2). “Soft” rollers with a hardness 
of 25 Shore A exhibit no considerably 
enhanced tensile strength of coated NCF 
in comparison to R2. In conclusion, it is 
stated that the highest tensile strength is 
achieved using 60 Shore A roller hard-
ness and 4 bar squeezing pressure. Also 
microscopic analyses of the specimens 
suggest significant differences in the de-
gree of penetration of the rovings with 
a coating agent between test specimens. 
It is considered that denser rovings that 
are more penetrated by the coating agent 
also have a higher tensile strength com-
pared to samples with a loose arrange-
ment of filaments in the rovings and 
insufficient impregnation of the coating 
agent. 

Table 6. Example microsection segments of carbon fiber heavy tows (CFHT), R2: without 
squeeze pressure, only foulard coating; E3-3: 60 Shore A, 4 bar.

Sample Grid-like NCF, 25 x magnification

Reference, 
coated without 
squeeze 
process
(R2)

is noted. The coating agent content increases by about 18 % between the test series E5-1 to 

E5-3 due to the better penetration of the coating agent into the roving. 

Microsection segment analysis  

For the microscopic analysis, several consecutive samples were taken from the respective 

coated grid-like NCF (squeezing process) and single yarns (ultrasonic vibrations). The epoxy 

resin of the embedding resin has a green color as it is combined with a fluorescent agent to 

improve the color contrast between individual components (see Table 6Table 6). The black 

areas represent the individual filaments of CFHT. Table 6 demonstrates the influence of the 

squeezing process as well as the ultrasonic vibrations of the roving cross-section structure. 

According to the analysis of the squeezing process, it is found that the squeeze rolls with 

60 Shore roll surface result in a particular type of fiber spreading. The coating agent 

distributed around the circumference of the roving, primarily before the squeezing process, 

can better penetrate into the core of the roving. However, the filaments within the roving are 

more evenly distributed, thus closer to one another, and as a result the fiber volume content 
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The achieved results of the research described in this paper demonstrate that the mechanical 

strength of grid-like NCF based on CFHT (rovings) can be influenced by the squeezing 

process, i.e., by regulating the penetration depth of the coating agent. Within this paper, the 

squeezing process parameters: 1. hardness squeeze (upper/lower roll surface), 2. squeezing 

pressure, 3. combination of different rolls materials between upper/lower rolls were 

investigated. The test results were evaluated on the basis of the measurement of coating agent 

content, microsection segment analyses, and tensile mechanical characterizations. The results 

reveal, inter alia, that an increase in roller pressure (0, 0.5, 2, 4 bar) with a roller hardness of 

60 Shore A leads to an increase in tensile strength by up to 10 % in comparison to NCF 

coated without squeezing process (R2). The "soft" rollers with a hardness of 25 Shore A, 

exhibit no considerably enhanced tensile strength of coated NCF in comparison to R2. In 

conclusion, it is stated that the highest tensile strength is achieved using 60 Shore A roller 

hardness and 4 bar squeezing pressure. Also, the microscopic analyses of the specimens 

suggest significant differences in the degree of penetration of the rovings with coating agent 

between test specimens. It is considered that denser rovings that are more penetrated with 

In addition, it is shown that if the con-
ventional foulard coating system is sup-
plemented by a module vibrating the 
coating agent, the strength of the CFHT 
can be increased even further. This is 
also achieved by improved penetration of 
CFHT with a coating agent and increased 
fiber volume content. The results of this 
paper form a basis for the design of 
a suitable coating process. These investi-
gations provide options for significantly 
improved mechanical performance of 
CFHT by means of specific squeezing 
and the use of ultrasonic vibrations dur-
ing the coating process. Nevertheless 
further investigations are necessary to 
ensure the transferability of the findings 
to other fiber and coating materials. 
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