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ABSTRACT

This paper introduces a novel manufacturing method that produces an intermediate material form
known as M-TOW® (multifunctional-tow). M-TOW® integrates different material forms to
produce a continuous fiber reinforced rod/tow. The core component, unidirectional pre-
impregnated fiber composites, gives the M-TOW® its high-performance mechanical
characteristics. The composite tow is lightly over-braided with dry fibers to confine the shape and
maintain consolidation during subsequent 3-D forming operations. Finally, a compatibility-
promoting polymer coating may be applied to enhance bonding during future additive molding
operations. An optimal processing window is developed for full compaction and consolidation to
ensure that the M-TOW® retains its high-performance characteristics while being economically
viable. This optimal processing window incorporates operating temperature, line speed, braid
pressure and braid density. By controlling the over-braid’s tension and speed, the tow achieves
near perfect cylindricity with higher fiber volume fraction, thus producing a consolidated
composite without using expensive molds. Finally, this work demonstrates the ability to
manufacture a high-performance composite which will be used to incorporate additional functional
elements.
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1. INTRODUCTION

Polymer composites have established their presence in the automotive industry through their
proven weight reducing characteristics [1]. For composites to expand further into the market, they
must reveal additional functionality beyond traditional metal-based components. This paper
focuses on a novel manufacturing method branded as M-TOW® (multifunctional-tow) that plans
to bring multifunctionality and versatility to composites produced at a high rate [2]. Currently, M-
TOW?® is designed to serve as an intermediate preform (structural reinforcement) for future over-
molding applications. While the end goal of the process is multifunctionality, this paper focuses
on establishing optical manufacturing conditions for M-TOW® with an emphasis on its key over-
braiding feature.
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1.1 M-TOW?® line

The patented M-TOW® manufacturing line, produced by EELCEE Ltd [2], is similar to a
pultrusion process where continuous fiber reinforced thermoplastic pre-impregnated (prepreg) is
die-formed into a constant cross-sectional shape [3]. Contrarily, the M-TOW® line (shown in
Figure 1) is a die-less method that achieves consolidation via over-braiding. The M-TOW®
manufacturing line is separated into eight integrated units spanning 15 meters, which are all
controlled on a single PLC unit located on the puller (Figure 1f).
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Figure 1. Overview of M-TOW® line. Components shown include a) creel, b) oven, c) braider,
d) extruder, e) cooler, f) puller, g) cutter, h) stacker.

The creel (Figure 1a) holds up to 16 spools of thermoplastic tape at a specified tension. The tapes
follow a series of pins to remain separated until entering the oven (Figure 1b). In the oven, the
prepreg tapes are heated above their melt temperature and compacted into a single tow.
Subsequently, the tow passes through a heated tube maintaining the tow’s molten state, and enters
the braider (Figure 1c). At the braiding stage of the process, the braid applies a force to the tow,
causing the matrix resin to “squeeze-out” and infiltrate the over-braid. This pressure increases the
core’s fiber volume fraction and improves tape consolidation. How the braid affects the tow’s
cross-sectional shape and performance is explored further in subsequent sections.

After exiting the braider, the tow passes through an extruder-coating die (Figure 1d). The die is
sized to apply a thin coat of polymer over the tow, similar to the process used for wire-coating [4].
This overcoating is designed to promote a stronger bond with the material used in subsequent over-

molding processes. Figure 2 provides an example of the tow appearance after each stage of the
process explained thus far.
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Figure 2. Illustration of material along each step of the process. Photos taken after the a) creel,
b) oven, c¢) braider d) extruder.

Once the M-TOW?® is coated, it passes through a “cooling tunnel” (Figure 1e) where the coating
fully solidifies, allowing for the tow to retain its final cylindrical cross-section. After the puller
(Figure 1f), the tow is cut to length using an automated ultrasonic cutter (Figure 1g) that is able
to continuously cut the samples to a desired length. These cut-to-length samples transfer to the
automatic stacker (Figure 1h) where they are neatly stacked and stored for future processing (e.g.
injection molding, compression molding, resin-transfer molding).

1.2 Braiding process

The M-TOW® process differs from the conventional pultrusion method with the tailored over-
braid. The braider uses a standard maypole braiding method where the tow acts as the mandrel
while eight yarns follow an interlacing helical path around the mandrel. Typically, the mandrel is
removed, leaving a tightly woven sheath that laterally contracts upon applying a tensile force along
its axis [5]. In the M-TOW® process, the yarns of the braid are locked in place as reinforcement
once the polymer squeezes out and fills the spaces between the yarns, shown in Figure 3.

Figure 3. M-TOW® with polymer squeeze-out promoted by the over-braid.

To our knowledge, the M-TOW® line is the only composite manufacturing method that utilizes an
over-braid to control a part’s geometry. By means of the over-braid, the irregular thermoplastic
melt is consolidated into a cylindrical cross-section. To better understand the process by which
this is achieved, line speed and process temperature were experimentally controlled to examine
the effect on braid quality and tow cross-section. The goal of this investigation is to determine a
processing window which will reduce variability in the tow cross-section and ultimately part
performance in future applications.



2. METHODS
2.1 Material

Four tapes, 11 mm wide x 0.60 mm thick, of glass-reinforced polypropylene prepreg are used as
the core of the M-TOW®. The prepreg was made at LOTTE Chemical Corp. in Seoul, Korea and
is 40 wt % E-glass. The melting-point of the polypropylene resin is approximately 170 °C. The
over-braid consists of dry 300-tex E-glass fiber. Eight bobbins of glass fiber are used to create a
biaxial braid configuration over the tow. At this time, there is no extruded polymer overcoating so
that the effects of the over-braid can be better observed.

2.2 Relationship between oven temperature and line speed

As in all manufacturing methods that use thermoplastics, temperature and manufacturing rate are
closely linked. Here, we will outline several considerations that inform the choices of line speeds
and oven temperatures used in the present experiment. If the temperature in the oven is too high,
the polymer degrades in a proportionate amount of time which informs a minimum line speed,
shown in Figure 4. The degradation times were collected from a series of tests using thermo-
gravimetric analysis (TGA) following the ASTM E2550 procedure [6]. On the other hand, the
temperature must be sufficiently high to melt and compact the prepreg tapes into a single tow.
Also, the tow must retain heat during travel from the oven to the over-braiding stage (1.2 m) in
order to remain molten during the over-braiding process. Overall, by running at faster line speeds,
the tow avoids both degradation and premature cooling, and enters the over-braiding process in an
ideal molten state, making the process truly “high-rate manufacturing.”
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Figure 4. Oven temperature vs. Minimum line speed. Experimental results for this plot were
obtained using TGA. Usable combinations of line speed and temperature fall to the right of the
plotted data.



2.3 Defining cross-sectional aspect ratio

The circularity of the tow is quantified by its cross-sectional aspect ratio. The method used to
evaluate circularity was inspired by the general least squares method where the cross-section is
plotted against a representative circle and the sum of the squares of the deviation of the cross-
section to the circle is calculated as a total error value [7]. Because circles have a fixed aspect ratio,
and our samples are better represented by an ellipse which require a major a and minor b axis, a
variation of this least squares method is used. A MATLAB script was created that plots the sample
cross-section, fits an ellipse to the sample, and determines the error between the two. This approach
is described below.

The tow cross-section was fitted to a best-fit ellipse using five parameters (shown in Figure 5a):
the major axis a, the minor axis b, the origin of the ellipse (x;,y,), and the angular tilt of the
ellipse ¢.

(a) (b)

Figure 5. Schematic of ellipse fitting method. a) Description of parameters for fitting an
ellipse. b) Schematic of a representative ellipse (red) to a sample M-TOW® cross-section
where the error is defined as A.

The following equation of an ellipse is used as the starting point for our model:

a b
x¢(0) = x, +§c059cos¢—§sin95in¢ [1]

a b
yé(0) = yo +Ecost9$incp +§sinecos¢> [2]

where 6 is the conventional polar coordinate about (x,, V).

The fitting procedure begins binarizing an image of the cross section of a tow sample (Figure 5b).
From this, an edge detection algorithm can translate the binary into a collection of pixels N which
represent the boundary of the cross section: {(x;, ¥;)}\-,. The origin of the ellipse is taken to be
the center of mass of these edge pixels:
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Two candidates are then proposed for the initial values of a, b, ¢ based on chords across the tow
boundary passing through (x,, ¥o). The two candidates involve choosing the longest and shortest
such chord to be the major (a) and minor (b) axes, respectively. The remaining axis is chosen to
be the length of the chord perpendicular to the chosen chord. In both circumstances, ¢ is chosen
to be the angle which the major axis forms with the x-axis of the image.

The candidates are then distinguished by the following figure of merit, which we refer to as the
irregularity of the tow with respect to the given ellipse parameters:
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where 6; is the angular coordinate of the point (x;,¥;). The error term A2 measure may be
interpreted as the mean-squared distance

between (x;,y;) and the point on the ellipse of
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Once a choice is made for the initial values of the
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take to be equal to one pixel. For a summary of Figure 6. Summary of MATLAB code to

this process, see Figure 6. choose the best-fit parameters of an ellipse

for a given M-TOW® sample.



From the final values of a, b, we may deduce the aspect ratio of the tow as %. These aspect ratios

have a minimum value of unity for a perfect circle. We can also have a final measurement of
how well the final ellipse describes the shape of the tow cross-section by means of the
irregularity measure I (equation [5]). Since these are both dimensionless, no conversion of pixel
measurements to length units is necessary.

2.4 Cover factor/braid angle

The cover factor is a common term used in the textile industry that quantifies the fraction of the
mandrel surface covered by the yarns [8]. The equation presented by Potluri et al. [8] is specific
for maypole braiding applications:

WyNe )2
4ntRcos a

CF=1—(1— [7]

Where CF = cover factor, W), = yarn width, N; = number of bobbins of yarn, R = tow radius,
and a = braid angle.

For the current process, W), = 1.7 mm, No = 8, R = 2.5 mm, and a = varies with line speed. The
braid angle was measured by importing images of the samples into Solidworks, redrawing the
yarns, then dimensioning the angles between intersecting yarns, similar to the diagram shown in
Figure 7.
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Figure 7. Labeled schematic used as a guide to determine cover factor.

Because the cover factor seemed significantly higher than was expected at lower braid angles, a
simple MATLAB script was made to calculate the ratio of braid to tow, a value which will now be
defined as “braid density.” The code uses an image recognition package that converts the images
of the M-TOW™ to black and white then calculates the percent of over-braid (white) to underlying
tow surface (black). The results for both cover factor and braid density are compared for accuracy
in section 3.2.

3. RESULTS
3.1 Aspect Ratio

The aspect ratio was calculated for 100 samples at line speeds ranging from 30 cm/min to 120
cm/min. For consistency and predictability in future processing, the goal is to manufacture a
perfectly circular tow (i.e. of unit aspect ratio). There is a general trend of decreasing aspect ratio
with increasing line speed, which is believed to be a direct function of the tow temperature at the
braiding stage. At slower line speeds, the tow spends more time between exiting the oven and the



over-braiding stage, allowing it to cool and solidify into an irregular ellipse shape with aspect
ratios reaching ~1.5. As the line speed increases, the tow reaches the over-braiding stage more
quickly and is able to maintain its molten state where the braid assists in reshaping the tow, forcing
it to consolidate and become more circular. As discussed in section 2.3, the irregularity of the tow
is quantified by an irregularity measure (equation [5]). With the exception of some outliers, the
tows with a higher aspect ratio also have more irregular shapes, as the braid cannot affect the tow’s

final shape. All three parameters — irregularity, aspect ratio, and line speed are compared in Figure
8.
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Figure 8. Irregularity vs. Aspect ratio of M-TOW® with line speed denoted by the color bar.
The general trend is that as the line speed increases, aspect ratio and irregularity decrease.

There is a limit to the correlation by which higher line speeds produce more circular tow. At line
speeds above 100 cm/min, the aspect ratio of the tow displays more variable results likely caused
by braider limitations. At higher line speeds, the yarn often breaks, causing uneven pressure to be
applied to the tow and a more irregular cross-section to form. We will see the effects of this
breakage in the following section by examining the cover factor.

3.2 Cover Factor

To better understand how cover factor changes with braid angle, equation [7] is plotted in Figure
9. From this plot, it is seen that the equation breaks down at angles larger than 74° due to
assumptions made in their mathematical treatment of yarn cover, as at such high angles, the yarns
self-intersect [8]. The angles of interest to us range from 15° to 45°, achieving a cover factor
between 70 % - 80 %.
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Figure 9. Cover factor vs. braid angle. The experimental samples have braid angles ranging
from 15° - 45°, shown in red.

The observed braid angles agree with the theoretical cover factor in equation [7], which allows
cover factor to be extended as a function of line speed. Because the speed of the braider was kept
constant throughout the experiments, there is a decreasing linear trend where cover factor
decreases with increasing line speed. The calculated braid density follows a similar trend, but one
much more drastic and at consistently lower values than that of the cover factor. Both the cover
factor and braid density are plotted against line speed in Figure 10.
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Figure 10. A comparison between calculated braid density and cover factor vs. line speed.
“Density” values are calculated using the MATLAB braid density algorithm. “CF-8” values
are calculated using equation [7] with the maximum number (8) of yarns used during over-

braiding. “CF-broken” values are calculated using equation [8] with a modified N to account
for broken yarns.



There are two reasons for the braid density being lower than the cover factor. First, the equation
for cover factor does not account for squeeze-out or drips. When the polymer enters the braiding
stage, it is expected to be molten allowing for uniform squeeze-out. However, sometimes the
polymer begins to drip and solidify before being over-braided, causing irregularities in the braiding
pattern. Similarly, if the polymer does squeeze out, it can cover some of the yarn, thus lowering
the braid density.

The second reason that the braid density is lower than the cover factor is due to yarn breakage in
the over-braid. At the higher line speeds, the quicker accelerations of the bobbins on the braider
cause the fiber glass to shear or tangle and break, reducing the number of active bobbins. To
minimize this, changes to the bobbin holders are continuing to be made. Examples of
drips/squeeze-out and yarn breakage can be seen in Figure 11.

broken/missing yarn squeeze-out drips

Figure 11. Example of M-TOW® where squeeze-out, drips, and broken yarns cause irregularities
in the cover factor. See Figure 3 for an example of squeeze-out at a lower line speed.

To accommodate for yarn breakage, the cover factor equation was modified to:

2

Wy, (N¢ — Np)

CF=1-(1-2—+—>— 8

( 4mtRcos a 8]

Where N is the number of broken yarns. This change is plotted in Figure 10 as “CF-broken” and

shows that the two methods of “cover factor” and “braid density” are more similar than expected.

However, the two methods continue to deviate at higher line speeds because neither method
accounts for squeeze-out or drips.

4. CONCLUSIONS

In this study, we have shown that the circularity and braid density of the tow is highly dependent
on line speed and temperature. All four of these factors are brought together to create a processing
window, shown in Figure 12.
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Figure 12. Processing window for M-TOW® line incorporating aspect ratio, cover factor, and
line speed. The maximum allowable oven temperature which avoids degradation is denoted by
the color of the markers, corresponding to the color bar.

From analysis of the process window, we conclude that optimal tow quality stems from higher line
speeds. While cover factor suffers at higher speeds, aspect ratio and tow irregularity is significantly
improved. Also at a higher line speed, there is reduced risk of degrading the material (the prepreg
spends less time in the oven) and production times and costs are reduced.

The goal of the M-TOW® line is to introduce new capabilities to composite applications without
compromising mechanical properties. The present study therefore represents an important baseline
study of the impact of processing speed on the geometry of standard tow, to which we will compare
the properties of multifunctional tow. The knowledge obtained through this study will allow us to
move forward creating multi-functional smart structures, as the versality and controllability of the
line allows for small-scale testing to transfer to large-scale functional composites manufacturing.
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