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AAbstrbstractact.. Pultrusion is an established and efficient process for producing continuous fiber-reinforced

composites. The resin systems that are currently most frequently used are unsaturated polyesters and

vinylesters. These have a long pot life, are well known, and have good processing properties. Highly reactive

resins such as polyurethane (PU) and amine hardening epoxy have been in use for a few years. These resin

classes are remarkable for their extended range of properties. This opens up new application fields for

pultrusion technology but poses challenges for the processing technology. Short pot lives of just a few minutes

require a modified process: closed injection pultrusion (CIP). Various approaches about the design and layout

of the internal geometry of the injection and impregnation chambers (ii-chamber) are the subject of ongoing

research. Numerous parameters influence the impregnation process in the ii-chamber and the quality of the

resulting composite. In this study, two innovative, highly reactive resins for use in the pultrusion process

were analyzed, both resins based on aliphatic polyurethanes. In phase 1 of the experiments, a commercial

aliphatic polyurethane-system for pultrusion applications was used. In Phase 2, the recently developed bio-

based aliphatic polyurethane-system for pultrusion applications was used for the study's main experiments.

The aim of the study was to analyze the material and processing properties with various modifications of

the impregnation setup. Therefore, a newly developed ii-chamber and die were tested. The ii-chamber was

designed to enable easy adjustment of some of the main influencing parameters during the pultrusion process.

A test strategy was developed to evaluate the properties of the composites. An assessment of the influence

of the process- and die-based parameters should enable an evaluation of the optimal processing settings by

analysis of the material characteristics. The most significant effect of variations in the pultrusion process was

found in the interlaminar shear strength (ILSS). ILSS was analyzed for all process variations for both resin

systems.

KKeeywyworordsds. Pultrusion, Closed Injection Pultrusion, Thermoset, Injection and Impregnation Chamber,

Polyurethane

1. Intr1. Introductionoduction

Pultrusion is an established technology for the continuous production of fiber-reinforced composites. The process can

be used to produce profiles with a constant cross-section, such as flat, round, or hollow profiles [1, 2]. The advantages

of the process include high process efficiency, the use of low-cost raw materials, high fiber volume fractions, good

surface qualities of the laminates, and less complex plant technology [3, 4, 5].
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The basic thermosetting pultrusion process is shown in Fig. 1 and can be divided into four steps. At the beginning of

the process, the fibers and textiles (1) to be used are provided. Here, the fiber material is fed to the process from creels

and preformed via guide plates. Then impregnation (2) of the fibers with the resin system takes place. Depending on

the selected resin system, this can be implemented by an open bath (OB) or a Closed Injection Pultrusion. In the next

step, the impregnated fibers are drawn through a heated die where shaping and curing (3) takes place. In the final step,

the laminate is continuously pulled and cut (4) [1, 3].

FigurFigure 1: Schematic principle of pultrusion [26]: (1) re 1: Schematic principle of pultrusion [26]: (1) rooving and tving and teextile stxtile stororage and trage and transport with pransport with prefeforming, (2)orming, (2)

imprimpregnation, (3) curing in the pultrusion die, (4) pulling, cutting and packegnation, (3) curing in the pultrusion die, (4) pulling, cutting and packagingaging

Thermoset resin systems such as unsaturated polyesters or vinylesters are the main systems used in pultrusion [6,

3]. Long pot life allows processing in an OB impregnation, see Fig. 1. Good processing properties and many years

of experience regarding their use are further advantages of these conventional resin systems [3]. However, their

processing in an OB impregnation also has disadvantages: increased waste volume and material loss, high cleaning

costs, and the emission of volatile organic compounds, which have a negative impact on both: the workers and the

environment, are worthy of mention here [5, 7, 8].

CIP was developed to counter these disadvantages and enable the processing of highly reactive resins such as

polyurethanes or amine-curing epoxy systems, which only have short pot lives [9, 10, 11]. These innovative polymer

systems have only been used in pultrusion for the last few years [12, 11]. Due to the high reactivity of these systems,

their processing must be carried out using an ii-chamber. Here the components of the resin system are mixed just before

processing to prevent premature curing. Furthermore, these newly developed resin systems offer better mechanical

properties regarding brittleness and fatigue behavior [13, 14, 15]. The use of new materials opens up a wide field of

new potential applications for pultrusion [16].

New challenges for the manufacturing process arise due to the necessity of CIP of these resin systems [8]. Pultrusion

with impregnation in an ii-chamber is, therefore, the subject of current research [17, 18, 19, 20]. In a preliminary study,

several parameters were identified that have an influence on impregnation and component quality [21]. An ii-chamber

that can be configured in different ways was developed for a more detailed investigation of defined influencing

parameters [21]. Using this developed ii-chamber, a simple modification of individual processing parameters can be

performed, and the influence of specific parameter variations can be analyzed.

This study aimed to investigate three main parameters influencing the pultrusion process: the opening angle, the

injection height and position of a conical ii-chamber as well as the resin viscosity. The investigation was performed by

varying individual process parameters in the test setup. To identify the influence of the varied parameters, an analysis

strategy was developed to determine the material properties of the laminates produced in the trials. The dependencies
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of the process parameters were demonstrated by evaluating the results. The experimental work was divided into two

phases. The first phase included preliminary trials, in which the developed pultrusion die system and the strategy for

the materials' scientific characterization were evaluated. A commercially available, petro-based, aliphatic PU pultrusion

resin system was used. In the second phase of the study, the predominantly bio-based aliphatic PU-resin system

developed in a current, publicly funded research project [22] was used.

2. Method

2.12.1 Experimental setupExperimental setup

The closed pultrusion process with ii-chamber has already been examined in respect of its main influencing parameters

in a study preceding this work [23]. In it

• the opening angle of the conical ii-chamber,

• the injection height and position and

• the resin viscosity

were identified. In the developed concept, the viscosity can be influenced by tempering the ii-chamber, depending on

the material characteristics, within defined limits.

From this study, an ii-chamber concept was derived, which allows easy variation of the identified main influencing

parameters. The variable ii-chamber concept comprises a jacket-ii-chamber and inserts. The jacket-ii-chamber design

ensures the impregnation unit can be mounted relative to the pultrusion die, ensures leak-tightness, ensures that

the process forces that occur can be absorbed, and enables integration of measuring sensors. The inserts allow the

geometry to be adapted with regard to the opening angle and injection position. The basic structure of the concept is

shown in Fig. 2. The ii-chamber consists of a steel jacket (a) in which different inserts (b) can be mounted. This allows

easy variation of multiple geometry parameters. The ii-chamber has a pressure transducer (c), while two further

pressure transducers are included in the pultrusion die (d, e).
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FigurFigure 2: ii-chamber and pultrusion diee 2: ii-chamber and pultrusion die

The geometric relationships of the ii-chamber are shown in Fig. 3. With the help of the inserts, a variation of the opening

angle α as well as the opening factor Z at the injection point (IP) can be achieved. The opening factor Z represents the

ratio of injection height h_IP to profile thickness h_profile.

FigurFigure 3: Geometry of the ii-chambere 3: Geometry of the ii-chamber [21][21]

The trial setup of the pultrusion experiments is shown in Fig. 4. The ii-chamber (2) is connected to the pultrusion die

(3), in which the polymerization of the resin takes place. The used pultrusion die is designed to produce flat profiles

with a cross-section of 4 x 60 mm². The glass fibers used are stored in a creel (1) from which they are continuously

drawn off. The resin system is fed using a pneumatically operated pressure pot (5). The resin is injected with a pressure
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of 2 bar inside the pressure pot. The resin can be tempered by hose heaters (6) by which means the resin viscosity

can be varied. To ensure constant temperature during impregnation, the ii-chamber has an internal water temperature

control (9). To avoid heating the ii-chamber resulting from contact with the heated die, drilled holes for water cooling

are integrated into both components around the contact points transverse to the pultrusion process direction.

FigurFigure 4: Components of the ee 4: Components of the experimental setupxperimental setup

Three pressure transducers are used to record the pressures generated in the ii-chamber, and pultrusion die during

impregnation and curing. Two are positioned in the first third of the die (25 mm and 100 mm to the dividing line

between the ii-chamber and pultrusion die). One is positioned in the ii-chamber's parallel end area (-30 mm relative to

the dividing line). A caterpillar haul-off unit ensures a continuous pull-off movement, which pulls off the fiber strand

(4) and the cured laminate. The experiments can be carried out on an industrial scale using the system described here,

and therefore this represents an application-oriented scenario.

The speed of the pultrusion line is set at 0.3 m/min. In pultrusion, the temperature for polymerization of the resin

system must be selected as a function of the line speed. According to the manufacturer's specifications [24], the

required die temperature for curing the resin system at line speeds of 0.3 m/min is 160 °C. The temperature is

generated by electrical heating cartridges integrated into the pultrusion die, see Fig. 4 (10).
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2.2 Mat2.2 Materialerial

The experiments carried out in this study were divided into two phases. In the first phase, the selected experimental

setup and strategy were validated and represented the preparatory work for phase two. A commercially available resin

system was used for the preliminary tests: Desmocomp® Ultra, an aliphatic polyurethane based on petrochemical raw

materials from Covestro Deutschland AG, see Tab. 1. This system is referred to as the "Petro system" in the following.

For the phase two experiments, a resin system similar to the Petro system was used. This is an innovative resin system

developed by Covestro Deutschland AG within the research project PULaCell [25, 26]. The special feature of this system

is that it is primarily based on bio-based raw materials. The development work of this resin system for pultrusion has

already been presented [27]. The resin system's viscosity is adjusted using partly bio-based, acrylate-based reactive

thinners to a level that can be processed in pultrusion. The resin system is referred to as the "Bio system" in the

following.

TTable 1. Components of the Pable 1. Components of the Petretro so syyststem [24]em [24]

Glass fibers manufactured by OwensCorning are used to reinforce the matrix, which is recommended for processing

in pultrusion. The glass fibers used are Pulstrand™ 4100 Type 30 single-end rovings with a fineness of 4800 Tex [28].

Ninety-two rovings are used to achieve the aim for fiber volume content of 68 %.

2.32.3 Experimental strExperimental stratategyegy

The developed test setup makes it possible to achieve different combinations of main influencing parameters to

characterize the resulting material properties. In the study presented here, the three main influencing parameters are

varied in up to three predefined specifications:

• the opening angle of the ii-chamber (α)

• the opening factor of the ii-chamber at injection point (Z)

• the Resin viscosity (η)

An overview of the investigated configurations is given in Tab. 2. The selection of the characteristics of the examined

main influencing parameters is described in [21]. The viscosities are each varied in three steps; the indices P and B

correspond to the Petro (index: P) and the Bio System (index: B), respectively. Furthermore, the indices denote the

pre-temperature stages of 20 °C (index: 1), 40 °C (index: 2), and 60 °C (index: 3) of the ii-chamber and the resin supply

line for adjusting the viscosity. The extent of the tests in phase one (dark grey fields of the table) is reduced compared

to the full factorial experimental design in phase two, see Tab. 2. The resin viscosities were varied for the tests, and

the corresponding temperature levels of 20 °C, 40 °C, and 60 °C for preheating the setup and the resin are summarized

in Tab. 3.

TTable 2. Ovable 2. Overview on the used combinations of prerview on the used combinations of process parocess parametametersers
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TTable 3. Ovable 3. Overview of viscosities and terview of viscosities and temperemperaturatures of the res of the resin (1: 20 °C, 2: 40 °C, 3: 60 °C)esin (1: 20 °C, 2: 40 °C, 3: 60 °C)

2.4 Mat2.4 Material charerial charactacterizationerization

After the tests have been carried out, the manufactured laminates are mechanically tested. Based on the results

obtained, conclusions are reached regarding the influence of parameter variations on the laminates' mechanical

properties. The test methods used are based on comparable studies [29, 30, 31, 32] and include the determination of

the bending properties in 0° and 90° orientations as well as the apparent ILSS in short beam bending tests.

The method of determination of the bending properties is specified in DIN EN ISO 14125 [33]. This includes the three-

point bending test (90°) and the four-point bending test (0°). Since the dimensions of the pultrudates are limited by

the geometry of the pultrusion die, the 90° bending properties are determined by the standard, see Tab. 4. Therefore,

a comparison of the values is only possible within this study. The determination of the ILSS is intended to provide an

assessment of the fiber-matrix interaction as well. The ILSS test was performed in accordance with DIN EN ISO 14130

[34], see Tab. 4.

TTable 4. Specimen dimensionsable 4. Specimen dimensions [33][33] [34][34]
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3. R3. Results and Discussionesults and Discussion

To analyze the influence of the individual parameter variations, tests have been conducted in two phases. In the first

phase, the experimental field was limited to 15 parameter combinations. The material investigations were carried out

on the pultruded composites. In addition, an OB reference test at room temperature was carried out. The composites

produced in this way were also analyzed in respect of their material properties using the presented methodology.

The flexural strength measured in the 90°-three-point and 0°-four-point flexural tests does not differ significantly

within the two test methods, as shown by the results. An influence on the flexural strength in 0° and 90° orientation

cannot be identified in the comparison within the CIP test series. Likewise, the values of the 0°- and 90°-flexural

strength of OB impregnation and impregnation via CIP for the investigated petro-based resin system are within the

respective standard deviations. A significant influence of the two different impregnation variants cannot be identified

in the present test series for either analysis method. Therefore, it is assumed that the variation of the investigated

main influencing parameters has no influence on the flexural strength. Consequently, no determination of the bending

properties is performed for the Bio system composites in phase two.

The results from the ILSS tests, on the other hand, show clearly identifiable effects. The determined apparent ILSS

with the corresponding standard deviations are shown in Figure 5. The tests performed with the Petro systems

and their parameter configurations are shown on the abscissa. The designation follows the following nomenclature:

Opening angle_opening factor_resin temperature_test number. The individual parameter configurations can also be

found in Tab. 2.

Looking at the ILSS values, a dependence on the resin viscosity becomes apparent. Lower resin viscosities during the

impregnation of the fibers tend to lead to higher values of apparent ILSS (τ). With one exception (test series 66), this

tendency can be seen in all tests. On the other hand, varying the opening angle and factor does not seem to have any

discernible effect. It is possible that too small differences within the various parameter ranges were chosen for the

tests. The highest ILSS values for the carried out phase one is 65.38 MPa (Z: 5; α: 1,6 °; η3P: 167 mPa∙s). The lowest ILSS

value within the test series was 58.24 MPa (Z: 4; α: 1,2 °; η3P: 1678 mPa∙s). The reference test with impregnation in an

OB is in the lower middle range of the measurement results and achieved an apparent ILSS of 60.03 MPa. In more than

60 % of the conducted test series, a trend of decreasing ILSS with increasing viscosity when impregnated with CIP can

be seen, see Fig. 5 (test series with trend arrow).
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FigurFigure 5:Dete 5:Determination of the apparermination of the apparent ILent ILSS (PSS (Petretro so syyststem). Nomenclaturem). Nomenclature: opening ange: opening angle_opening fle_opening factactor_ror_resinesin

ttemperemperaturature_te_test numberest number

In phase two, the test field was extended by further parameter combinations, see Tab. 2. The material properties of the

composites from the Bio system experiments were characterized only by ILSS values, see Fig. 6. The figure shows the

test series sorted first by opening angle, then by opening factor. Within the test series, there is a clustering according to

viscosity. The nomenclature of the test designation is the same as that used in Fig. 5.

The results obtained with the Bio system in phase two differ from those of the Petro system. Although a dependency

of ILSS on resin viscosity is also apparent, it is not as explicit. In contrast to the Petro system, the ILSS values increase

with increasing resin viscosity in about half of the experiments. As with the work in phase one, no uniform influence of

the opening angle and opening factor can be identified within these experiments. The standard deviations determined

in the tests are significantly larger than in phase one, which makes it considerably more challenging to interpret the

results. In four out of nine test series, the trend of increasing ILSS values with increasing viscosity can be seen, see Fig.

6 (straight arrows). One third of the test series show a maximum of the ILSS values in the range of the average viscosity

values, see Fig. 6 (curved arrows). The selected illustration allows clear evaluation based on the primary influence

of the resin viscosity. Similarly, representations with the primary assignment according to one of the other two main

influencing parameters are also possible. Again, no trends valid across all test series can be visualized here either. This

indicates that at least one other effect in the bio-based system influences ILSS values, but which cannot be shown with

the study conducted here.
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FigurFigure 6: Dete 6: Determination of the apparermination of the apparent ILent ILSS (Bio sSS (Bio syyststem). Nomenclaturem). Nomenclature: opening ange: opening angle_opening fle_opening factactor_ror_resinesin

ttemperemperaturature_te_test numberest number

ConclusionConclusion

Within the scope of the present study, a strategy for the systematic variation of the main influencing parameters relevant

for pultrusion was experimentally validated. Using selected parameter variations, their influence on the laminate

quality was investigated. For the evaluation of the laminate quality, a selection of material science test methods was

defined. The validation tests were performed in two phases. Phase one served to check the test setup and the selected

mechanical material testing methods. In phase two, the analysis strategy was adapted based on the knowledge gained.

In phase two, an enlarged range of combinations of the main influencing parameters in the pultrusion process was

analyzed.

The investigation of the mechanical characteristics from phase one did not show an identifiable influence of the

parameter variations on the flexural strengths in 0° and 90° fiber orientation. It was also shown that the flexural

strength for the investigated materials is independent of the impregnation mechanism (OB or CIP) as well as of the

characteristics of the analyzed parameters of CIP (η, α, Z). The composites' flexural strength is of the same order

irrespective of the selected impregnation method CIP or OB.

On the other hand, materials testing of the apparent ILSS revealed a clear influence of resin viscosity on the laminate

quality. The influence depends on the resin system used and cannot be described in a generally applicable manner.

The variation of the resin viscosity indicates different trends in the two resin systems considered. A more in-depth

examination of all the varied parameters' mutual interactions would appear to be a useful extension of the analysis to

uncover any existing sensitivities.

In general, the test setup used in this study can be considered suitable for investigating the influence of process

parameter variations on different resin systems. Relying on this setup, individual parameters can be easily, quickly, and

cost-effectively varied and then examined regarding their influence using material tests. Based on the setup used, an

evaluation of the optimal processing parameters for different resin systems can be made.
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