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Abstract

Binders are known to influence the different steps in liquid composite molding process
chains. Most reseach focuses on powder binder and veils. Spray binders are rarely studied.
Therefore, the effect of an epoxy spray binder on the infusion and cure steps of liquid com-
posite molding processes is studied in this paper. Permeability measurements, solubility
tests and measurements of glass transition temperature, resin cure time and resin viscosity
show a complex interaction between binder and resin depending on the process conditions.
The binder mostly increased the permeability of the tested preforms. This effect increases
with increasing binder loading. At low fiber volume fractions the binder had a positive
effect on preform permeability, most likely by to delaying the closure of macro flow chan-
nels or textile inhomogeneity. The binder did not dissolve in the resin until temperatures
of around 120 °C, while remaining as a separate phase at 22 °C, 40 and 80 °C. This has to
be considered when defining the cure profile of the resin, as the binder is expected to par-
ticipate in the cure reaction. The glass transition temperature remained unchanged for the
binder-resin combination used. An increase in viscosity by a factor of 1.5-2 was observed
when the binder was dissolved in the resin. Samples with dissolved binder cured slightly
faster than pure resin. The experimental results were theoretically transferred to real infu-
sion processes.
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1 Introduction

Fiber-reinforced composites are widely used in a variety of applications ranging from
sports equipment to automotive and aerospace applications due to their generally high stiff-
ness, low density and fatigue and corrosion resistance [1]. In liquid composite molding
(LCM) processes, a fiber preform is built from individual layers, formed into its final 3D
geometry and later infused with a thermoset resin. The process is schematically shown in
Fig. 1 So called binders are applied in between the layers to hold the preform in its given
shape [2]. Alternatively sewing or stitching techniques are used [3]. Binders can be divided
into two groups: reactive and non-reactive binders. Non-reactive binders, mainly thermo-
plastics, do not interact with the resin and form a separate phase within the manufactured
part, whereas reactive binders dissolve in the resin during infusion and react with the hard-
ener component. Reactive binders are often based on thermoset materials [4]. Binders can
be used in many different forms. The most common are powders, veils, hot melts, spray
adhesives, binders dissolved in solvent and pre-impregnated fibers [5]. Different LCM-
processes are used depending on the dimensions and quantities of the part being produced.
The different processes require different binders and application techniques. Binder pow-
ders or veils must be melted and only fix the textile layers after solidification while spray
adhesives and hot melts do not require additional heating steps [6, 7]. Since the binder
is applied early in the LCM process, it affects most steps of the processing chain, rang-
ing from preforming to resin infusion to the properties of the final part. Consequently, the
influence of the binder on these steps has been subject of research in many publications,
mostly focused on powder binders and veils.

Starting with the properties of the preform, it has been found that the binder increases
the peel strength between the textile layers. Dickert [5, 8], Brody and Gillespie [4], Mollers
et al. [9], Schmidt et al. [7] and Tanoglu et al. [10, 11] found an increase in peel strength
with increasing binder loading as long as open surface area is available. The influence of
the binder on the first ply adhesion was studied by Helber et al. with similar results [12].
When the textile surface was already fully coated with binder, additional binder did not
increase the peel strength further. Dickert [S], Mollers et al. [9] and Coutandin [13] inves-
tigated the flexural stiffness of preforms. A linear increase in maximum flexural stress
and modulus with increasing binder loading was found for powder binders. Spray binders,
which are not solid at room temperature, show a more complex relationship between binder
loading and flexural modulus. Creep and relaxation effects are prevalent and the test speed
has a significant effect on the test results [9]. While the peel strength is only increased
by intra-layer binder, the flexural properties are also enhanced by inter-layer binder [5].
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Fig. 1 Steps of liquid composite moulding processes
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Several authors have investigated the influence of the binder on the properties of the fin-
ished parts. The influence depends mostly on the compatibility of the chosen binder with
the resin. The binder can either be incompatible with the resin and remain as a separate
phase in the final part, or it can participate in the curing reaction and form a single phase
with the resin. As a result, mechanical properties such as fracture toughness, void content,
and flexural properties can be affected negatively, positively, or not at all [14—18].

This paper focuses on the influence of the binder on the infusion step, where it can
affect the properties of the resin and the permeability of the lay-up. The binder may dis-
solve in the resin during or after the infusion step, depending on the compatibility of the
resin and binder system and the processing temperature. Binders are often made from ther-
moplastics or thermosets with thermoplastic behavior and a high molecular weight [5].
Therefore, binders can increase resin viscosity and delay the infusion process, especially
if the binder is washed out during infusion and higher binder concentrations accumulate
at the flow front [2]. Partly contradictory findings have been reported regarding the influ-
ence of binder on cure time, glass-transition temperature and total heat release during cure.
Brody and Gillespie [15] report an increase in cure time and glass transition temperature
and a decrease in total heat released during cure when a thermoplastic binder is mixed into
a vinyl ester resin. Lionetto et al. [19] found a decrease in gel temperature and an increase
in total heat developed for an epoxy binder dissolved in RTM6 epoxy resin. The influence
of the binder on the glass transition temperature of various epoxy resins was investigated
by Helber et al. [20], with mixed results depending on the solubility of the binder. This
indicates that the particular interaction between the binder and the resin, as well as the
properties of the final component, must be taken into account when selecting the binder.

Regarding the influence of the binder on permeability, it is generally expected that
binder will decrease permeability for preforms with similar fiber volume fraction, due
to the additional volume that is added to the preform, resulting in decreased porosity [2,
21-24]. However, it has also been observed that binders can increase preform permeabil-
ity, suggesting that they affect preform permeability not only by changing porosity, but
also by other means [5, 25, 26]. Dickert [5] describes the resulting permeability as a com-
plex interplay between opposing effects, such as the opening and closing of flow channels
or “sealing” of textile surfaces. The combined influence of these effects on permeability
can be either positive or negative, depending on the inherent properties of the binder and
the processing parameters used (e.g., activation time and temperature). Shih and Lee [26]
observed mixed effects on permeability for an epoxy-based powder binder. The perme-
ability decreased when most of the applied binder was present in between the fiber layers.
As the activation time and temperature increase, the binder flows off into the fiber tows,
causing the tows to shrink and enlarge the flow channels between them. In order to further
analyze the effect of the binder, several authors have also calculated the change in preform
porosity [2, 5, 27]. Compared to unbindered textiles, the permeability-porosity curve of
bindered textiles may resemble the course or deviate significantly depending on the spe-
cific textile-binder interactions and varying preforming parameters.

Most of the research presented above focuses on powder binders or veils. They are solid
at room temperature and require heat activation in order to fix textile layers in place. Spray
binders, on the other hand, are rarely the subject of research. Unlike other types of binders,
they are not solid at room temperature, but rather highly viscous. This can result in differ-
ent behavior during the infusion and curing steps of liquid molding processes. Therefore,
additional research is needed on their influence on preform permeability, resin infusion
and cure, which is the focus of this paper.
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2 Materials and Methods
2.1 Materials

The spray binder used was the epoxy based CeTePox AM1010 from CTP Advanced Mate-
rials. The binder can be applied to the textile by swirl spraying using a spray gun or a simi-
lar spraying device. At room temperature the binder is highly viscous and does not solidify,
providing sufficient tack to bond textile layers together without an additional heating step.
The density of the binder is 1.0 g/cm3 (measured by pycnometer).

The used textile was a carbon fiber non-crimped biaxial fabric by Kiimpers with a
grammage of 600 g/m2 fixed with a polyester sewing yarn with a grammage of 6 g/mz.
The mixed density of the carbon filament and the sewing yarn is 1.89 g/cm3 (measured by
pycnometer). The initial thickness of the textile measured according to DIN EN ISO 5084
is 0.86 mm. For permeability measurements, Wacker AK100 silicone oil was used instead
of epoxy resin because of its easier handling. Its viscosity at room temperature is about 100
mPas. The temperature-viscosity relationship of the oil is known and defined in the Matlab
script used to evaluate the permeability tests.

HP-E3000RI epoxy resin (Bisphenol A/F) and HP-E30RI amine curing agent (IPD)
from HP-textiles were used for solubility tests and to study the influence of the binder on
resin curing. The mixing ratio of resin and hardener is 100:30.

2.2 Permeability
2.2.1 Sample Manufacturing

The in-house developed Continuous-Wet-Draping (CWD) process was used to fabricate all
bindered samples. It was originally designed to automate the manufacturing of complex
curved structures. It has since also been used to manufacture preforms for rotor blades for
tidal power plants. Figure 2 shows the CWD lay-up head. The CWD lay-up head is com-
posed of a material storage, a twelve-headed spray module (GHS401-22 SC from Glue-
matic) used for binder application, and a pneumatic draping unit. Mollers et al. [9] ana-
lyzed the binder spraying and the sample manufacturing in detail. Further information on
the CWD lay-up head can be found in Denkena et al. [28] and Bogenschiitz et al. [29]. The
unbindered samples were cut directly from the fabric.

An overview of all manufactured samples can be found in Table 1. Each sample consists
of three 250 X250 mm textile layers sprayed with different binder grammages in between
them. Additional samples were made for binder grammages of 0 g/m? and 20 g/m? to be
tested at different fiber volume fractions (Vy). In most applications, binder grammages of
20 g/m? or less of CeTePox AM1010 provide sufficient fixation of the preform layers [9].
Therefore, this investigation focused on the differences between samples with binder gram-
mages of 0 g/m? and 20 g/m2. Additional samples with binder grammages of 40 g/m? and
80 g/m? were tested at a fiber volume fraction of 50%, as higher binder grammages were
predicted to have a greater effect on preform permeability. Three samples were made for
each tested combination of binder grammage and fiber volume fraction. The samples were
weighted pre testing to calculate the fiber volume fraction together with the sample’s edge
length and the density of the textile and the binder.
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Fig.2 CWD-Lay-up head

2.2.2 Permeability Measurements

Permeability measurements were carried out on the in-house developed test rig shown in
Fig. 3. It was built for 1-D and 2-D permeability measurements using optical flow front
tracking but it can also be used for saturated 1-D experiments. Figure 4 shows a schematic
drawing of the 2-D test setup used in this paper. The sample is placed on a steel mold and
covered with a glass plate. Cavity height is controlled by spacer plates placed next to the
sample. Wax pallets are also placed next to the sample to evaluate the uniformity of cavity
height after conducting the experiment. After the glass plate is placed on top of the sample,
two hydraulic pistons are used to apply 100 bar closing pressure. Sensors are used to meas-
ure inlet pressure and temperature. A camera is mounted on top of the test rig to record
the flow front at up to 3 fps. Further details regarding the conceptualization, construction
and functionality are described by Abliz [30, 31] and Dickert [5]. The recorded data is

Table 1 Sample overview

i 2 2 2 2
permeability measurements Binder grammage 0 g/m 20 g/my 40 g/my 80 g/m’

Sample lay-up (0/90)5 (0/90); (0/90)5 (0/90)5
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Fig.3 Permeability test rig
for 1-D and 2-D permeability
measurements

processed by a Matlab script using difference images to detect the flow front. The local and
global permeability for the main axis (K;) and perpendicular to it (K,) are calculated using
an algorithm described in Fauster et al. [32]. An example of a recorded flow front ellipse
and the directions of K| and K, are shown in Fig. 5. The general functionality of the test
rig has been validated by participating in several international benchmark studies [33-36].

Table 2 provides an overview of the cavity heights tested, the resulting fiber volume
fractions and the binder grammages used. Silicone oil was used as the test fluid and was
injected at a pressure of 1 bar.

Permeability K itself is described by Darcy’s law [37] for 1-D linear flow as:
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Fig.4 Schematic drawing of the 2-D test setup (not to scale)
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Fig.5 Example of recorded flow front ellipse and evaluation in Matlab with increased brightness for better
flow front visibility (Textile sample 250 mm x 250 mm)

with v: flow velocity, e: porosity, 7: dynamic viscosity and VP: pressure gradient.
For an anisotropic material like the one used in this publication where an elliptic flow
front is expected Darcy’s law can be rewritten as [30]:

-2 - - -2 1 en
K, =971 [2ln<rf/r0> - 1] +r, ;m )
with 7: equivalent radius v/ ab, a, b: ellipse semi-major axis, rg flow front radius, ry: injec-

tion radius, #: time, Ap: pressure difference between inlet and flow front.
K, is then used to calculate K| and K, as follows:

4K, K=K 3)

K, =
lb ae

When analyzing binder-free textiles the porosity can be calculated as:
e=1-V @)
For bindered textiles the porosity changes and is calculated by:
e=1-(V,+Vp) 3)

with V,: binder volume fraction. Table 3 shows the increase in porosity according to Eq. 5
for the binder grammages used in this publication. It shows that even for small binder
grammages the influence of the binder on the porosity is significant and should be con-
sidered when evaluating the results. However, the binder influence on porosity is often
neglected in literature and permeability results of textiles with binder are presented based
on fiber volume fraction only [5].

Table 2 Cavity heights and binder grammages

Cavity height 2,5 mm; 2,2 mm; 2 mm; 1,8 mm;
V;40% V;45% V,50% V;55%
Binder grammage 20 g/m? 0; 20 g/m? 0; 20; 40; 80 g/m? 0; 20 g/m?
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Table 3 Expected increase in preform porosity due to binder

Binder grammage 20 g/m? 40 g/m? 80 g/m?

Expected increase in porosity according to Eq. 5 0.02 0.04 0.08

2.3 Binder Solubility and Influence on Cure

Binder-resin mixtures were heated to 22 °C, 40 °C, 80 and 120 °C and manually stirred to
visually assess binder solubility at different temperatures. The temperatures were chosen to
cover a wide range of possible process conditions. Room temperature is the recommended
processing temperature of the resin, while 80 and 120 °C are included in different rec-
ommended curing cycles. 40 °C is the recommended working temperature of the binder.
To further investigate the influence of binder on preform infusion and resin cure, separate
binder-resin mixtures (5 g binder, 95 g resin) were magnetically stirred for 30 min at 40 °C,
80 and 120 °C. After cooling the mixtures back to room temperature 30 g of hardener was
added and stirred into the mixtures for 2 min. Differential Scanning Caliometry (DSC) and
Rheometry samples were taken from the mixture and either immediately tested or stored
at -20 °C to delay the cure reaction and tested within two days. If the binder did not fully
dissolve in the resin, larger clumps of binder formed during mixing. These clumps were
not included in the samples, thus altering the resin/binder ratio, which must be considered
when evaluating the results. Binder-free samples were taken from a mixture of 100 g resin
and 30 g hardener as a reference. Additional binder-resin mixtures (1 g binder, 19 g resin)
were mixed to investigate the influence of binder on resin viscosity without hardener.

2.3.1 Differential Scanning Calorimetry (DSC)

DSC measurements were conducted to determine the influence of the binder on the glass
transition temperature. The measurements were done on a TA Instruments Discovery DSC
and analyzed using the associated TRIOS software. Three samples of 5-15 mg of each
binder-resin-hardener mixture described in Sect. 2.3 were tested. Table 4 lists all samples
tested. The test cycle consisted of an isothermal hold step at 80 °C for 120 min to fully cure
the resin. The isothermal step was followed by a modulated temperature ramp (amplitude:
1.592 °C, period: 60 s) from —20 to 150 °C at a heating rate of 10 °C/min to determine the
glass transition temperature of the cured mixtures.

2.3.2 Rheology
Table 4 provides an overview of all samples prepared for rheological testing. A TA Instru-

ments Ares G2 Oscillation Rheometer was used for all measurements. The samples with
hardener were cured at 40 and 80 °C to investigate the influence of the binder on the resin

Table 4 DSC and rheology sample preparation parameters. The DSC samples were mixed with hardener.
The rheology samples were made with and without hardener

Samples 1 2 3 4
Stirred at (°C) - 40 80 120
Binder added No Yes Yes Yes
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Fig.6 Average permeability as a function of nominal fiber volume fraction for K, and K,

cure by time sweeps. Parallel plates with a diameter of 25 mm were used. A gap of 0.5 mm
was chosen, with an oscillation frequency of 1 Hz and a strain of 2%. The samples were
placed in the rheometer at room temperature to avoid accelerating the cure process during
the test preparation, especially for samples tested at 80 °C. Following the test preparation,
the temperature was raised to the desired temperature using the rheometer’s default heat-
ing rate (18 °C/min). Data recording began when the target temperature was reached. The
samples were held at the target temperature until the measurement automatically stopped at
a viscosity of approximately 10° Pas.

In order to assess the influence of the binder on the viscosity of the resin, independent
of the cure reaction, separate samples were prepared without hardener. Viscosity meas-
urements were performed at four temperatures: room temperature (22 °C), 40 °C, 80 and
120 °C. Oscillatory tests were conducted with the specific parameters described above.
Due to the high scatter of the results, the test method was modified to measure the viscos-
ity rotationally at a frequency of 0.1 Hz. Larger parallel-plates with a diameter of 40 mm
were used to improve the accuracy of measuring the low viscosities of the resin. The gap
remained at 0.5 mm.

3 Results and Discussion
3.1 Permeability Measurement Results

The results of the permeability measurements were evaluated in two steps. First, the aver-
age permeability at each desired fiber volume fraction was calculated and analyzed. The
permeability was then plotted as a function of the effective porosity. The results are shown
in Figs. 6 and 8. Figure 6 shows mostly slightly lower permeability for the bindered tex-
tiles. Adding more binder to the preform (at 50% fiber volume fraction) reduces the per-
meability further. While the results for fiber volume fractions of 45%, 50%, and 55% fol-
low the expected trend of decreasing permeability for increasing binder grammage due
to additional volume added to the samples, the 40% samples show an increase in perme-
ability after binder is added to the sample. This may be caused by inaccuracies in sample
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Fig.7 Schematic drawing of the possible binder compaction during preforming at different compaction
pressures

preparation or other variations within the fabric structure. While grammage variations are
accounted for by weighing each layer before assembling the samples, other variations in
the samples structure, such as loose sewing yarn, uneven binder spraying, small deviations
in the orientation of the textile layers during stacking, or local fiber volume fraction varia-
tions cannot be detected by weighing. The samples were cut from two rolls of fabric of dif-
ferent production batches which may have been stored for different amounts of time before
the samples were cut. However, during testing no indications for measurable differences
between the textile rolls were found and the standard deviation for measurements of the
same fiber volume fraction and binder grammage are small. The effect of local inhomoge-
neity within the samples is reduced by evaluating the permeability over a longer measuring
distance. Another possible explanation for the higher permeability of the bindered samples
at 40% fiber volume fraction can be found by looking at the behavior of long-chained pow-
der binders during hot pressing, which has been studied in literature already. At elevated
temperatures the viscosity of these powder binders is similar to the spray binder’s viscos-
ity at room temperature. Dickert [5] describes the behavior of a phenoxy-based powder
binder (viscosity 8x10° Pa s) during hot pressing. The binder remains mostly between the
fiber layers where it was applied. Due to its high viscosity it does not flow into the rov-
ings despite capillary forces. However, with increasing compaction pressure, the binder
particles start to deform into a flat shape ultimately leading to rearrangements in the fiber
structure and changes in porosity as the binder is further pressed into the textile. At low
compaction pressure the phenoxy binder is able to keep macro flow channels open and
enhance resin flow as the compaction happens mostly within the fiber tows. This effect
decreases with increasing compaction. At high compaction pressures the binder has lost its
ability to enhance flow and instead obstructs resin flow and reduces the permeability. The
spray binder may show similar behavior during preform compaction. At low compaction
pressures, the binder may be able to enhance resin flow by delaying the closure of macro
flow channels. At medium compaction pressures, the binder is then pressed flat and no
longer supports the macro flow channels. Its effect on preform permeability changes from
positive to neutral. At high compaction pressures, the binder is pressed further in between
the fibers and begins to have a negative effect on preform permeability. Figure 7 shows a
schematic drawing of the proposed binder behavior.

To further explore the compaction behavior of the spray binder the compaction pressure
needed to reach fiber volume fractions of 40% and 45% were measured using the 20 N load
cell of an Ares G2 rheometer for five round samples with a diameter of 26 mm and a binder
grammage of 20 g/m2. The samples were compacted with a punch-to-plate setup using a round
punch with a diameter of 25 mm. A test speed of 1 mm/min was used. To reach a fiber volume
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fraction of 40% an average compaction force of 2.79+0.37 N (equal to a pressure of 0.0057
N/mm?) was needed. For a fiber volume fraction of 45% the compaction force increased to
8.65+0.95 N (equal to a pressure of 0.0176 N/mm?) which is roughly triple the compaction
force for 40%. A fiber volume fraction of 50% could not be reached as compaction forces
over 20 N are necessary. The binder is generally expected to increase the compaction pres-
sure needed to reach a certain fiber volume fraction due to the restriction of the fibers degrees
of freedom [5, 38]. For non-solid binder this effect is reduced and the compaction pressure
needed to reach a desired fiber volume fraction is smaller than for solid binders [38, 39]. Wei
et al. [40] report a high dependency of a liquid spray binder’s resistance to deformation on the
compaction speed due to creep and relaxation effects. At faster compaction speeds the binders
resistance to deformation is increased. The spray binder used in this publication may be able
to withstand the small compaction forces needed to reach 40% fiber volume fraction at the
compaction speeds present in the permeability test rig. At higher fiber volume fractions the
compaction forces increase rapidly and start deforming the binder into a flat shape.

Figure 8 shows the results of all permeability measurements at their respective porosi-
ties. The measured increase in porosity is close the expected values presented in Table 3.
Compared to Fig. 6 this allows a comparison between the effects of the binder and an
increase in fiber volume fraction as reasons for lower porosity. It also avoids biased results
due to grammage variations between samples. The bindered samples tend to follow the
exponential trend line of the results of the unbindered samples. This indicates that the spray
binder has no additional effect on preform permeability other than increasing porosity (or
the positive and negative effects cancel each other out). The 40% fiber volume fraction
samples discussed previously still place above the unbindered samples when considering
the measured porosity. The 45% and 50% bindered samples mostly follow the exponen-
tial trendline while the 55% samples place below the trend line. This finding further sup-
ports the theory presented above. However, to obtain definitive results a wider range of
fiber volume fractions and binder grammages should be analyzed as the deviations from
the unbindered trendline are small and may be the result of undetected variations in tex-
tile structure. Since the binder mostly increases the preform permeability similarly to an
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Fig. 9 Results of the solubility tests at different temperatures for binder (black) and resin (transparent)

increase in fiber volume fraction it is important to use the least amount of binder possible
which still offers sufficient preform stability. The results further emphasize the complex
relation between binder, textile and permeability as described in Sect. 1.

3.2 Binder Solubility

The results of the visual qualitative solubility testing are shown in Fig. 9. No interaction
between binder and resin was observed for the mixtures stirred at 22 and 40 °C indicating no
or minimal binder solubility when resin infusion is done at those temperatures. At 80 °C the
binder viscosity is significantly reduced leading to deformations of the binder while stirring.
However the binder is still visible as a separate phase after stirring and there is no visible
dissolution. At 120 °C the binder viscosity is further reduced and the binder starts dissolv-
ing into the resin. The dissolution process is significantly faster when the mixture is stirred.
Finally, the binder cannot visually be distinguished from the resin and only one grey liquid
is visible. The binder stays dissolved in the resin after the mixture is cooled down to room
temperature. During the different stages of liquid composite molding processes different tem-
peratures are present. As the epoxy based spray binder is supposed to participate in the curing
reaction with the hardener it is important to dissolve the binder in the resin at some point in
the process chain. For the binder and resin system used in this article, the infused preform has
to be heated to above 80 °C either during or after resin infusion. Before a final conclusion can
be drawn on when to resolve the binder, the results of the DSC and rheology measurements
have to be considered. They are presented and discussed in the following chapters.

3.3 Binder Influence on Glass Transition Temperature

The different glass transition temperatures T, of the tested resin-binder-mixtures and

different stirring temperatures are shown in Table 5. The results show glass transition
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Table 5 Results of DSC

. Samples Stirred at (°C) T, (°C)
measurements to determine &
bmde?r. influence on glass No binder 1 ) 85.7+1.5
transition temperature
Binder 2 40 86.1+4.0
3 80 85.8+1.6
4 120 85.5+0.5

temperatures around 86 °C for all tested samples regardless of binder content. Small dif-
ferences between the samples are expected as the binder was added to the resin-hardener
mixture as part of the resin. The ratio between resin and hardener changes when the binder
does not dissolve or only partly dissolves within the resin (samples 2 and 3) from 100:30 to
95:30. All in all, the results indicate no influence of the binder on the glass transition tem-
perature. This matches with results reported by Helber et al. [20] for different epoxy pow-
der binders dissolved in epoxy resin. While the binder does not impact the glass transition
temperature of the resin other curing characteristics of the mixture (e.g. total heat released
or curing rate) may still be affected.

3.4 Binder Influence on Resin Cure Time and Viscosity

The results of the cure time measurements are shown in Fig. 10. The samples stirred at 120
°C seem to cure slightly faster than the samples where less/no binder was dissolved in the
resin. The differences between the samples are small and may be caused by small differ-
ences in time from sample preparation to test start and slight changes in the mixing ratio
of resin and hardener as described in Sect. 3.3. Determining the gel point was planned to
further analyze the different curves. The gel point is the crossover of storage modulus G’
and loss modulus G”’. However due to high scatter in the measurements of G’ at low vis-
cosities the gel point could not be determined using this method. Instead the time needed
to reach a viscosity of 100 Pa s (criteria to determine dynamic gel point temperature during
measurements with constant heating rate [19]) was compared between the samples. Table 6
contains the time needed to reach the target viscosity. Comparing the presented results with
results reported in literature the differences between the samples are rather small. Brody
and Gillespie [15] describe a doubling in curing time for a binder percentage of 5 wt%
when using a thermoplastic binder in a thermoset matrix. Lionetto et al. [19] report a 50%
decrease in curing time for samples where an epoxy binder (8.5 wt%) was dissolved in
epoxy resin. Both used samples of similar weight than the samples prepared in this pub-
lication. The initial viscosities of the samples in this data set are not analyzed further. As
described in Sect. 2.3.2 the oscillatory viscosity measurements did not lead to reproduc-
ible results at low viscosities below 1 Pa s. As a determination of the gel point as well as
measuring the initial viscosity was not possible with the chosen test method the tests where
stopped after one sample of each binder-resin mixture was tested at 40 and 80 °C.

The measured viscosities of the binder-resin mixtures without hardener are shown in
Table 7. The mixture stirred at 120 °C where visible dissolution of the binder in the resin
occurred has the highest viscosity at 22 and 40 °C. The viscosities of all other mixtures
are almost identical at these temperatures. This is the expected result. Since there was no
visible dissolution of the binder in the resin during stirring at 40 and 80 °C, the samples
taken from these mixtures contain no or minimal amounts of binder. When the binder is
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Fig. 10 Results of viscosity measurements to determine binder influence on cure time at 40 and 80 °C

fully dissolved in the resin, a higher viscosity is expected due to the higher initial viscosity
of the binder. At high temperatures the highest viscosities were measured for the mixture
stirred at 80 °C. However, since the standard deviation is almost as high as the measured
values, the viscosities at 80 and 120 °C are not analyzed further.

Compared to powder binders the increase in viscosity when the binder is dissolved
in resin is less. Dickert [5] reports a doubling of resin viscosity when 0.5 wt% of an
epoxy powder binder are dissolved in epoxy resin and a tripling when the binder content
is increased to 2 wt%. The samples prepared in this publication have binder contents of
approximately 5 wt%. Powder binders have been measured to have viscosities in the range
of 300 Pa s to 8x10° Pa s at their respective activation temperatures (90—160 °C) and are
solid at room temperature [5]. The spray binder used in this publication has a viscosity of
about 50 Pa s at 80 °C and about 3 Pa s at 120 °C [9, 41]. The reduced influence of the
spray binder on resin viscosity may also lower the consequences of binder wash-out during
resin infusion.

Table 6 Comparisqn of Fhe time Cured at 40 °C Cured at 80 °C
needed to reach a viscosity of
100 Pa s for each sample No binder 4876 884 s

Stirred at 40 °C 4907 s 670s

Stirred at 80 °C 4450 s 854 s

Stirred at 120 °C 3820 s 639 s
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Table 7 Viscosity of resin binder mixtures without hardener at different temperatures

Viscosity at 22 °C

Viscosity at 40 °C

Viscosity at 80 °C

Viscosity at 120 °C

No binder 1.06+0.020 Pa s 0.193+0.015Pas  0.022+0.016 Pas  0.015+0.011 Pas
Stirred at 40 °C 1.03+0.043 Pa s 0.184+0.014 Pas  0.023+0.015Pas  0.017+0.011 Pas
Stirred at 80 °C 1.04+0.047 Pa s 0.224+0.013Pas  0.062+0.014 Pas  0.046+0.016 Pas
Stirred at 120 °C  1.59+0.037 Pa s 0.405+0.244Pas  0.041+0.017Pas  0.016+0.011 Pas

3.5 Implications for Infusion Processes

The sample preparation techniques of the DSC and rheometer samples are not fully repre-
sentative of real infusion processes. In real infusion processes, the binder is not dissolved
in the resin at elevated temperatures, cooled down and then reheated. However, the results
show the complex interaction between binder solubility and temperature, which must be
evaluated for the specific binder-resin combination used in a particular manufacturing pro-
cess. Three possible scenarios are discussed below. They are similar to scenarios discussed
for powder binders by Dickert [5] and Tonejc [2]. However, the unique properties of the
spray binder may open up new avenues for process design.

Scenario 1: Infusion and curing at low temperatures (<40 °C)

The spray binder does not dissolve in the resin and reduces preform permeability dur-
ing infusion. During resin cure, the binder may interact with the hardener. Depending on
the spray pattern, uncured binder may remain in the final part and negatively affect its
mechanical properties.

Scenario 2: Infusion at low temperatures (<40 °C) and curing at high temperatures
(>100 °C)

The binder does not dissolve during resin infusion and reduces preform permeability.
During resin cure, the binder dissolves in the resin if the curing time is sufficient. The
binder participates in the curing reaction and no uncured binder should remain in the final
part. The binder is uniformly distributed throughout the final part. No gradient in the
mechanical properties is expected.

Scenario 3: Infusion and curing at high temperatures (> 100 °C)

The binder dissolves in the resin during infusion. This can lead to binder wash-out and
binder accumulation at the flow front, ultimately resulting in higher resin viscosity and
a slower infusion. In addition, a gradient in the mechanical properties could develop due
to the uneven binder distribution within the final part. However, as show in Sect. 3.4, the
increase in resin viscosity due to dissolved binder is significantly less than for powder
binder. Binder wash-out during resin infusion may be acceptable for spray binders. If the
binder dissolves in the resin during infusion, the permeability of the preform may increase
because the binder is no longer present in its highly viscous state obstructing resin flow.

When comparing the three scenarios, scenario 1 appears to be the most undesirable one.
The binder does not fully dissolve in the resin and spots of uncured binder may remain in
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the final part. Depending on the amount of binder used this could also change the stoi-
chiometric ratio between resin and hardener. Scenario 2 is the “safest” way to produce a
part with predictable binder distribution in the final part. The binder only dissolves in the
resin during curing and the permeability of the preform remains constant throughout the
infusion process. Scenario 3 may offer some potential for process adjustments if the resin
system chosen for the infusion does not cure too quickly during infusion at high tempera-
tures. As the binder dissolves during infusion the permeability of the preform may increase
resulting in faster infusion. At the same time, the dissolved binder increases the viscosity
of the resin thus increasing the infusion time. There may be a “sweet spot” where the resin
infusion is faster than in scenario 2.

4 Conclusion

The influence of epoxy spray binder on preform permeability, glass transition temperature
and resin cure time and resin viscosity was analyzed in this publication and compared to
other binder types. The binder mainly lowers preform permeability especially when larger
amounts of binder are applied to the textile and the fiber volume fraction is high. There-
fore, it is important to evaluate the minimal amount of binder needed for sufficient preform
fixation to reach the fastest process time and adjust the binder application process accord-
ingly. At low fiber volume fractions the spray binder may have a positive effect on preform
permeability and enhance resin flow. The influence of the binder on the infusion step is
complex as further shown in the solubility, DSC and rheometer measurements. Depending
on the temperatures present during the infusion process the binder may dissolve in the resin
or remain as a separate phase. When dissolved the binder negatively influences the resin
viscosity. Compared to powder binder and veils the effects on resin cure are less severe
which make spray binders a good alternative for them. It is still important to study the
interactions between the binder and the specific resin system used to avoid negative impact
of the binder on the manufacturing process.

For a complete understanding the impact of epoxy spray binder on the mechanical prop-
erties has yet to be evaluated.
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