37th Risg International Symposium on Materials Science IOP Publishing
IOP Conf. Series: Materials Science and Engineering 139 (2016) 012034 doi:10.1088/1757-899X/139/1/012034

Study on parameters affecting the mechanical properties of
dry fiber bundles during continuous composite manufacturing
processes

A Maier' and R Schledjewski"?

Processing of Composites, Department Polymer Engineering and Science,
Montanuniversitaet Leoben, Otto-Gloeckel Strale 2, A-8700 Leoben, Austria

*Corresponding author: ralf.schledjewski@unileoben.ac.at
Phone: +43 3842 402 2700, Web page: http://www kunststofftechnik.at/composites/

Abstract. For continuous manufacturing processes mechanical preloading of the fibers occurs
during the delivery of the fibers from the spool creel to the actual manufacturing process step.
Moreover preloading of the dry roving bundles might be mandatory, e.g. during winding, to be
able to produce high quality components. On the one hand too high tensile loads within dry
roving bundles might result in a catastrophic failure and on the other hand the part produced
under too low pre-tension might have low quality and mechanical properties. In this work, load
conditions influencing mechanical properties of dry glass fiber bundles during continuous
composite manufacturing processes were analyzed. Load conditions, i.e. fiber delivery speed,
necessary pre-tension and other effects of the delivery system during continuous fiber winding,
were chosen in process typical ranges. First, the strain rate dependency under static tensile load
conditions was investigated. Furthermore different free gauge lengths up to 1.2 m, interactions
between fiber points of contact regarding influence of sizing as well as impregnation were
tested and the effect of twisting on the mechanical behavior of dry glass fiber bundles during
the fiber delivery was studied.

1. Introduction
Composites are used in high amounts in different fields of application such as automotive, aerospace,
marine, buildings, civil infrastructure, and sporting. High performance mechanical properties in
combination with low weight are most often the reason to use composite materials. Although carbon
fibers deliver best performance, glass fibers (GF) are due to lower prices the most widely used
reinforcement in polymer matrix composites (PMCs). Glass fibers and glass fiber-reinforced plastics
appear to behave as brittle materials. Already 1920 Griffith introduced the concept that glass contains
pre-existing flaws, so that the fracture process is one of crack propagation rather than crack initiation.
Weibull extended this concept by reasoning that the flaws are randomly distributed throughout the
body and are of random severity. The "weakest-link" approach was adopted as a criterion of failure or
a brittle material fails when the stress at any one flaw becomes larger than the ability of the
surrounding material to resist the local stresses. Applying the statistical laws of probability, Weibull
assumed a reasonable distribution function and derived an according expression [1,2,3].

In composite manufacturing processes the dry, i.e. not impregnated fibers are delivered, e.g. from a
spool creel, to the point where the final component is formed. So, the dry fibers have to withstand
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tensile and bending forces due to friction, when in contact with guiding elements, or break systems,
installed to receive defined pre-tensioning of the roving. For process optimization a good
understanding about dry roving behavior is necessary. Therefore free gauge lengths of glass fiber
bundles in dimensions relevant for continuous manufacturing processes in combination with
influencing factors such as sizing, impregnation and shear stresses and strains on the maximum tensile
loads of glass fibers were investigated in detail in this work.

2. Theoretical Background

2.1. Length effect

Based on the theory of the statistical probabilities for critical voids within the tested volume the tensile
strength or the maximum tensile load is linked directly to the statistical failure probability, which in
consequence means that the theoretical strength is the ideal strength and based on the increasing test
volume (from short single fiber to bulk material) a decreasing strength will occur. The chance of the
presence of a critical void inside a tested volume is increasing when the test volume is increasing. The
amount of voids or defects, their shape and their distribution inside the test volumes are based on
several facts as for example the manufacturing process of the test samples or the type of material itself
but are in every tested volume statistically identical. Therefore the theory of the statistical failure
distribution is only addressing the presence of one critical defect. That one critical defect leads, based
on its higher stress concentration caused by the shape of the void in combination with the void size
and position inside test volume, to a higher local stress oo, than the global stress Gpoming and with a
reduced cross section to an earlier catastrophic failure at lower applied forces F [1,2,3,4,5,6].

2.2. Interaction points

The interaction between single filaments within a fiber bundle and between fiber bundles is always a
contact point between the fiber sizing. Therefore the interaction behavior is based on the mechanical
and chemical interactions between the types of sizing.

The main purpose for sizing and finisher is to act as both protection of the raw glass fibers and
bonding the organic functional groups to the matrix. These functional groups (R) have to assure
chemical compatibility with the later used matrix resin [7,8,9]. Silane coupling agents are especially
developed for glass fiber surfaces and drastically improve the bonding between glass fibers and epoxy
matrices. Furthermore silane groups are perfectly protecting the raw glass fibers against water
absorption. Therefore the coupling agents are performing a chemical bond between the glass fiber and
the polymerized silane in a multilayer structure [10,11].

2.2.1. Friction. The friction force Fy which is the fundamental characteristic of friction of two
surfaces, is determined by the interaction of the two surfaces, whose real contact area will be denoted
by S. Usually, the friction force is a function of the pressure p, the sliding velocity v, the temperature
T, the contact time, and other external friction parameters [12,13]. According to prevailing ideas, the
friction force can be divided, as shown in equation 1:

Fr=F+Fg 1

Where F, is the adhesion component, which is based on the van der Waals interaction between the
friction members, and F4 is the deformation component, which is associated in particular with the
deformation of asperities induced in the counter body by the harder member of the friction pair
[12,13].

2.3. Twisting

Whether using yarns, characterized by a slight twist when delivered, or using rovings, with an inside
payout from the bobbin, more or less pronounced twist will result in compaction and shear effects
between the filaments. Due to the fact that experimental shear tests are only possible for UD fiber-
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matrix laminates by using the indirect route via in-plane shear tests, one can imagine that testing the
shear behavior of dry fiber rovings, which are not fixed into a matrix system, is even more complex
and standardized tests are not available. The experimental testing of shear stress - shear strain behavior
of composite laminates can become rather complex. For multi-directional fiber lay-ups and woven or
braided fabrics, the V-notched rail shear test is a very common testing method [14]. However, this test
cannot be recommended for measuring the shear stress-shear strain behavior of unidirectional
laminates because the measured results are not reliable [14]. This results mainly from the fact that,
depending on the position of the UD laminate within the testing device, either the matrix or the fibers
are highly loaded by shear which is not representative for the shear behavior of the entire laminate. In
order to be able to measure the shear stresses and strains of UD laminates nevertheless, the so called
“in-plane shear test” can be used [15]. The test’s name results from the test procedure, where the UD
fibers are arranged under +45° in a laminate and not a real shear load, but a tensile load is applied
during the experimental test. The angle between the tensile load (0°) and the £45° results in a stress
state within the laminate similar to a shear test.

To analyze the effect of twisting/shear on dry glass fibers under tension the tests under twisting
were conducted under close circumstances to the “in-plane shear test”.

3. Materials and Sample Preparation

3.1. Materials

Glass fiber rovings used are standard StarRov® 086 4800tex E-glass fiber rovings from Johns
Manville (Denver, United States) [16].The diameter of each filament was approximately 23 um
according to the manufacturer data sheet. A typical epoxy resin system was used to study the effect of
impregnation. EPIKOTE™ Resin MGS LR 160 and EPIKURE™ Curing Agent MGS LH 502 by
Hexion Specialty Chemicals B.V. (Rotterdam, Hoogvliet, Netherlands) were used.

3.2. Roving bundle sample preparation

To ensure a consistent load introduction into the specimens and an equal strain behavior of the roving,
the specimens had to be prepared before inserting them into the tensile testing rig (Figure 1). This was
done by using two-component epoxy glue and roughened aluminum tabs. To ensure that all single
filaments were glued together low viscosity glue was used. To ensure that the applied test forces will
be held by the epoxy matrix a special treatment was applied. During the bonding process a pressure of
1.5 bar and a temperature of 100 °C were applied for 100 seconds. Due to that process a bonding force
of 2500 N/cm? was reached based on the two component epoxy data sheet. Specimens with free testing
length between the plates of 50 mm, 150 mm, 300 mm, 500 mm, 800 mm, 1000 mm, and 1200 mm
were produced.

Figure 1. (a) Aligned E-glass roving and aluminum tabs (b) special tabs treatment with heat and
pressure (c) resulting testing samples.
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4. Experimental results

4.1. Effect of the strain rate on the mechanical properties

The strain rate dependency can be interpreted as a nearly linear increase of the maximum tensile load
with an increasing strain rate as expected from the literature [17,18,19]. Based on preliminary tests and
the information of the effect of strain rate dependency on the tensile load found in literature, a strain
rate of 6*107 s was chosen for all tests presented in this paper. This decision was affected mainly by
the possible and controllable parameters given by the tensile test machines.

4.2. Effect of free gauge length on the mechanical properties

In Figure 2 the effect of different free gauge lengths on the maximum tensile loads and in consequence
the survivability based on the statistically failure distribution of the rovings tested is shown in detail.
Included in this figure are the measured data from 50 mm up to 1200 mm free gauge length, which is a
scale reasonable to represent the fiber delivery in continuous manufacturing processes. Figure 2
clearly shows that with an increasing free gauge length the maximum tensile load decreases. Even at
the very long specimens with more than 1000 mm free gauge length, this trend continues. The top of
Figure 2 indicates a 100 % survivability of the fiber bundle which means that during all of the tests no
fatal fiber failure was detected.
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Figure 2. Survivability and maximum tensile load as a function of free sample length.
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Figure 3. Comparison of glass fiber with and without sizing.
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4.3. Effect of sizing

In order to investigate the effect of sizing, the sizing on the fibers as delivered was chemically
removed by using piranha solution. Piranha solution acts on organic materials and it is expected any
fiber sizing, finish or any other surface treatment done during fiber manufacturing is removed. The
glass fiber itself is expected to be inert during such a treatment. Both, fibers as delivered and without
sizing, were mechanically tested with different gauge length. The load-strain curves of the chemical
treated fibers (without sizing) clearly showed that the missing sizing resulted in a decreased maximum
tensile load from approximately 2000 N to less than 1000 N (Figure 3). An explanation for this effect
is a more pronounced adhesive interaction of sized glass fiber surfaces compared to the glass fiber
surfaces without sizing. Due to friction such adhesive interaction results in a failure behavior of the
roving quite comparable to a composite material. The sizing acts here like a matrix and in case of
failure of single filaments in the roving the load transfer into surrounding placed filaments is given.

4.4. Effect of twisting on the mechanical properties

During the tests to analyze the influence of twisting an interesting trend was found, showing that the
maximum tensile load first increase when low twist is given and later on decrease with an increasing
number of twists (Figure 4).
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Figure 4. Analysis of the maximum tensile load with standard deviation over number of twist.

The increasing load capability is explained by a compaction of the fiber bundle in the twisted zone.
Due to the compaction the adhesive inter-filament load transfer mechanisms are intensified. An
increased tolerance against single filament failure due to load transfer into surrounding filaments leads
to an increased maximum tensile load during testing. Since the rovings have been fixed by the
aluminum tabs before twisting and the roving was glued having a distinct width, filaments located in
maximum distance to the rotation axis during twisting will reduce the distance between the end-tabs
(Figure 5). Consequently, filaments located more close to the rotation axis will contribute to load
bearing during tensile test earliest when an according elongation of the specimen is given. Tensile
testing of twisted rovings, as it has been done in this study, results in a stepwise filament load bearing
and filament failure which results in an increase of elongation before final fatal failure of the roving
(Figure 5). Due to this failure behavior only a part of the filaments is under load and these filaments do
reach their maximum load capability already before further filaments do contribute to load bearing.
The stiffness of highly twisted samples is significantly lower and the final maximum load reached
during testing is significantly lower (Figure 5).
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Figure 5. Effect of twist on failure behavior during tensile testing.

4.5. Effect of impregnation

Since the inter-filament load transfer is already identified to govern the failure behavior under tensile
load a further comparison was made by using resin impregnated rovings. The resin impregnation was
done directly before doing mechanical testing. No resin curing effects are assumed to affect the
experimental results. Compared to the dry fiber bundles the impregnated ones result in significantly
higher maximum tensile load (Figure 6). These results are quite in line with the results elaborated
before (Figure 7). The ability to transfer the mechanical load from one filament to surrounding ones
reduces the brittle failure behavior of the fiber bundles. Dry fibers without any surfaces covers (sizing)
do only have distinct point contacts having only low adhesion effects. If the filaments are covered by
polymeric sizing material, the adhesion improves and load transfer mechanisms are enhanced. Low
roving twist results in higher compaction and as a result more pronounced intimate contact and further
enhanced inter-filament load transfer is given. Further improvement is reached by impregnation. The
resin will enhance the load transfer especially in the region of no direct contact between the filaments.
Additionally, the resin might support relocation of the fiber position due to lubrication effects. This
could result in more direct contact points or even line contact between the filaments.
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Figure 6. Maximum tensile load for dry and resin impregnated fiber bundles.
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Figure 7. Effects of the variation of load transfer conditions

5. Conclusion

During fiber delivery in continuously running processes several different effects might become
relevant. The load bearing behavior of the fiber bundles is influenced by (a) the inter-filament
adhesion, (b) the compaction of the fiber bundle, (c) the amount and shape of interaction areas, (d) the
free length the load is acting, and (e) whether the fiber bundle is already impregnated, or not.

The resulting maximum (tensile) load the roving can withstand varies in a wide range. For most
processing configurations the fiber tension typically do not reach the shown limits, exemplarily
elaborated for one roving grade in this paper. In some cases, e.g. if pre-tensioning during winding is
given, these limits have to be known very well to ensure save fiber delivery. As shown by the results
presented, in the configuration delivering the maximum tensile loads, i.e. impregnated fibers, the
maximum tensile load of about 3000 N is equivalent to a tensile strength of about 1500 MPa if all
filaments are similar loaded. This is less than half the level of typical tensile strength known for e-
glass!
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