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ABSTRACT

In order to meet new fuel efficiency and recyclability criteria, thermoplastic composites are
finding more applications in automobiles. The demand from the transportation industry is
expected to help grow the global thermoplastic composites market from $26.16 billion in 2017 to
$67.87 billion by 2026 [1]. Thermoplastic composite parts are often manufactured from pre-
impregnated (prepreg) tape or organo sheets in order to reduce cycle times. This approach
divides the thermoplastic composite part manufacturing into two distinct steps, an initial
impregnation step where resin saturates the fiber bed and a final thermoforming step to take on
the part shape. In this supply chain, the production of thermoplastic tape is a bottleneck for
manufacturing. In order to address this issue, we at the Composites Manufacturing & Simulation
Center (CMSC), have built a custom thermoplastic prepreg line in order to study the challenges
associated with increased throughput. Our prepreg line is configurable for traditional
thermoplastic hot-melt impregnation, fiber co-mingling, and film impregnation. In addition to the
flexible line configuration, process models will be developed to predict line tape quality and later
used to guide the design and operation of future prepreg tape lines.

1. INTRODUCTION

Lightweight composite materials are attractive to industries where strength—to—weight ratio is
important. The aerospace industry has long been the most notable for incorporating composite
materials in their products [2]. In this industry, high costs and low cycle times were accepted
because cost savings from weight reduction and long part design lifecycle outpaced the expenses
generated from low production volume. Furthermore, an aerospace part design will remain the
same for decades because of the lengthy FAA certification process [3]. Until recently, composite
material was primarily consumed by the aerospace industry. However, new industries are
embracing lightweight composite material, which do not conform to previous norms. Most
prominently, the automotive industry is seeking to utilize composite components in their design,
creating new demands on the composites industry such as production volume, improved cycle
times, material flexibility, cost, and low tack at room temperature [4].
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Pre-impregnated composite (prepreg) is an intermediate material used to construct complex,
structural composite parts. Since the 1960’s, the acrospace industry has replaced metal parts with
an equivalent composite analog in an effort to increase performance (strength, stiffness, or
specific energy absorption) and decrease weight [2]. Currently, the automotive industry is
adopting composite material in order to meet new fuel economy ratings and emissions targets
imposed by the US government [5]. Composites produced from prepreg are appealing to the
automotive industry to meet desired strength/stiffness/energy absorption to weight ratios that
lead to acceptable improvements in fuel efficiency.

Traditionally, prepreg parts are typically laid up by hand, therefore, exceeding the cycle times
needed for the automotive industry. Thus a new manufacturing technique was needed to merge
the structural performance achieved by prepreg layup and cycle times from discontinuous fiber
molding processes like sheet molding compounds (SMCs), which are currently being used on
vehicles like the 2016 Jeep Wrangler [6]. Prepreg platelet molding compounds (PPMCs) appear
to be a promising manufacturing process that can achieve structural performance and maintain
cycle times suitable for the automotive industry [7]. Further, existing metal stamping presses
could be repurposed for this material form at little capital investment.

2. PREPREG LINE OPERATION

The prepregging process involves the flow of resin through a fiber bed. The physics governing
fiber bed impregnation are captured by Darcy’s Law. This relates the permeability (K), bed
thickness (X), viscosity (1), fiber volume fraction (Vr) and pressure (AP) to the superficial
velocity at which material flows through a porous medium. The differential form of Darcy’s law
is shown in Equation 1 [8]. This simplified model is applicable when the flow regime has a
Reynolds number < 1, which are typical conditions during the prepregging process. For aligned
fiber beds, the permeability is inversely related to the applied pressure, as studied extensively by
Gutowski, Advani, and Dave [9-11]. Prior to impregnation, fiber bed thickness is controlled by
spreading fiber tows. Production lines are designed to take advantage of unique properties of the
matrix material (viscosity, physical state at room temperature, etc.) to minimize processing time.

dX _ KAP
dt  nX (1-Vf) [1]

The goal of impregnation is to saturate the fiber bed with polymer matrix while minimizing
porosity. Composite mechanical properties are inversely related to void fraction [12]. Thus,
minimum void content in the final composite part is desired (aerospace rule of thumb is below 1
volume %). Unfortunately, void formation occurs during the impregnation of the fiber bed due
to incomplete impregnation or poor wetting of the fibers [13]. Grunenfelder et al. showed void
content in the final laminate part is highly dependent on the quality of prepreg used [14].
Barrera-Betanzos, Gabrion, Advani, and Gangloff Jr support this observation finding pressure
and temperature have little effect on removing voids from a composite part. Instead, the resin
saturation of the prepreg greatly influences void removal [15-18].

2.1 Prepregging Methods

Examples of processes exploiting different aspects of Darcy’s Law include: hot-melt (S-wrapped
or nip-rolled), fiber co-mingling, film stacking, solution processing, emulsification, and powder



impregnation [19]. Research groups choose a manufacturing approach for the ease, simplicity,
relevance to industry, or low equipment cost. Common prepreg manufacturing approaches in
academic institutions are pultrusion, fiber co-mingling, film stacking, and hot-melt. Modeling
and optimizing these existing processes rather than designing manufacturing flexibility is the
focus of current research [14, 15, 18, 20-26]. As the composites industry evolves, new
technologies are being desired for prepreg lines capable of easily switching between thermoset
and thermoplastic prepreg production [4, 27].

Of these approaches, the focus is on reducing the distance that the matrix must flow. We will
discuss 3 such approaches here. 1) Film stacking is a simple method where films of matrix
material and beds of fiber are alternated to reduce impregnation distance. This approach is
compatible with thermoset and thermoplastic, but requires additional processing steps [28-30]. In
addition, 2) thermoplastic fibers can be commingled with reinforcing fibers to reduce
impregnation distances. 3) Powder deposition also seeks to reduce flow distances by using a
fluidized bed of thermoplastic powder to disperse the powder through the thickness. Routes 2
and 3 are inaccessible to most thermosets because they are a liquid at room temperature [24, 25,
31].

The pultrusion and hot-melt processes are attractive for their higher throughput and simplicity,
but are restricted to processing lower viscosity resins [20-23]. Reducing a material’s viscosity by
dissolving the matrix in a solvent is possible [24, 25, 32, 33], but this introduces environmental
concerns or reduces matrix performance [23]. Thus these processes are typically compatible with
thermoset polymers rather than thermoplastic. Emulsification aims to avoid these issues.
However, this technique requires additional processing to remove the solvent and reduce void
content as shown by Ramani, Diez-Pascual, Fang, and Sorrentino [19, 28, 29, 34-36].

2.2 Prepreg Quality and Characterization for Modeling

The glass transition temperature and resin saturation are two ways that we will use to evaluate
prepreg quality, and the glass transition temperature (Tg) is a measure of the long range chain
mobility. Analytically, the glass transition temperature can be defined thermodynamically as the
observed change in the volume vs temperature slope [37]. Resin saturation can be determined by
taking micrograph cross-sections and examining them under a microscope. Evaluating prepreg
quality with these two factors is accomplished by:

e For reacting systems (thermosets), an initial glass transition temperature (Tg) and final
glass transition temperature (Tg) are needed to describe the polymer system. From this
information, the degree of cure advancement can be estimated for the system to
determine if the matrix material still has the desired processing window for subsequent
process steps [37, 38].

e While for non-reacting systems (thermoplastics) the Ty can be used to infer if thermal
degradation of the material has occurred resulting in out of spec performance. In order to
determine the glass transition temperature for these systems, a full rheo-kinetic
characterization needs to be performed to assess the quality of the resulting prepreg
material.



e Resin saturation is another way to gauge the “as-designed” performance to the “as-
manufactured” expectations of the prepreg based on cross-sections of prepreg. These
cross-sections can be examined under microscope to determine void content and used to
estimate final part, “as-manufactured” performance.

2.3 Fiber Bed Behavior

During a general prepregging operation, mechanical pressure is applied to encourage the flow of
molten matrix material to flow through the fiber bed. This pressure causes the fiber bed to
compact, increasing the fiber volume fraction while reducing the inter-fiber spacing. The
reduction in inter-fiber spacing corresponds to a reduction in permeability of the fiber bed. There
have been many experimental and theoretical characterization approaches to relate fiber volume
fraction to the permeability and/or pressure for aligned fibers.

When flowing material through the fiber bed, the fiber volume fraction (Vr) is proportional to the
driving force (pressure) that is applied. Understanding the fiber volume fraction has implications
on flow and resulting tape quality. Typically, the fiber volume fraction is approximated using the
model suggested by Gutowski, Equation 2. This is an empirical model which was originally
developed to explain fiber bed compaction behavior in laminates. The Va term refers to the fiber
volume fraction where the fiber bed locks and fibers are incapable of further compaction. The Vo
term refers to the fiber volume fraction at which a finite load can be supported. The A term is
effectively the fiber bed’s modulus [9]. However, all of these terms are empirically determined
and are loosely tied to the definitions provided previously [39].

i, [2]

This relationship between pressure and volume fraction is important to the prepregging process.
Increasing the fiber volume fraction decreases fiber spacing, which restricts the ability for
material to flow through the fiber bed and can result in particle filtration after a critical fiber
spacing has been achieved. Since the fiber volume fraction is changing throughout the infusion
step, the permeability (K) will change, as well. The Carmen-Kozeny Equation 3 has been shown
to estimate the fiber bed permeability across most fiber volume fractions. This permeability
relationship was first derived for porous beds of aligned cylinders with a uniform radius (rf) [8,
40, 41].

g = 20v) [3]
T

2.3 S-Wrap Impregnation Route for Hot-Melt

A simplification of the S-Wrap process is shown in Figure 1. In this process, tensioned fibers are
pulled over rollers. The tension serves two purposes 1) maintain fiber alignment and 2) generate
pressure as the sandwich structure passes over the rollers. These rollers can be static, idle, or
driven. Static rollers will generate greater pressure for impregnation, but greater tension will be
generated in the fibers. The tension could reach a critical value where fibers begin breaking



resulting in “fuzz balls” or other defects forming along the prepreg. Additionally, the friction
within the system may become too great and exceed the pulling force capacity of the line. Static
pins can suffer from running dry. Where the resin film has been depleted and the fibers begin to
rub on the pins. This results in similar fiber breakage. Idle rollers may also increase the friction
in the system, however the increased friction is less than the static rollers. As such, the risk of
exceeding the available pulling force is reduced. The likelihood of fiber breakage is also
mitigated. Like the idle rollers, driven rollers further reduce the probability of fiber breakage.
These rollers can match the line speed of the process which will result in negligible pulling force
increases.

In comparison, the tension with idle and driven rollers is nearly uniform across the process while
static rollers continue to build tension in the line. Consistent tension throughout the process eases
the operation of the line as line speed will not influence the tension. This provides a simple
relationship between resin saturation and line speed/initial tension. However, with static rollers,
the tension is a function of the line speed. This variability in tension will alter the pressure over
each roller. Now there is a risk of locking the fiber bed such that transverse flow of resin is not
possible. The point at which flow is not possible can be predicted from the Carmen-Kozeny
equation.

Sandwich Structure | Mid Process | Finished Prepreg

Pre-laminated resin film

Fiber bed

Eidads

Saturated fiber bed

Preheating Impregnation

Figure 1: Simplified S-Wrap impregnation process where tension over rollers are the driving
force for impregnation. Numbers correspond to peaks in Figure 4.

In addition to the tension, the angle of wrap around the roller are important to the development of
the pressure to drive the resin into the fiber bed. For this example, we will consider rollers to be
frictionless thus the tension remains constant throughout the process. The wrap angle depends on
the diameter and position of adjacent rollers and the point where the fiber becomes tangent to the
roller. This information can be used to determine the wrap angle of the fiber on the roller.
Geometrically, two circles can have up to four unique tangent lines (two inner and two outer).
The “inner” tangents are of interest to this process as the fiber bed will leave the top of the first
roller and begin contact at the bottom of the next roller. Both wrapping options are represented
geometrically in Figure 2.



Figure 2: Representation of inner tangents between two circles [42].

With only the relative position and radius of adjacent rollers, the tangent line and point where
contact is made/lost with the rollers can be determined with geometry. The following will
discuss the geometry used to identify these important points. The point where the two inner
tangents cross will be referred to as P (Xp, Yp), which are defined in Equations 4 and 5.
Identifying these points simplifies the subsequent calculations for the tangent points. The values
ai and bi represent the X and Y centers, respectively for the i cylinder. The X and Y points for
the 1% cylinder (#0) are represented in Equations 6 and 7, respectively. It is important to note the
equations are similar, but the order of the +/- is switched between the two and corresponds to the
152" tangent point (there are two inner tangents). For the case where the fibers are going from
the top of the 1% cylinder to the bottom of the next, Equation 6 would use the negative sign and
Equation 8 would have a positive sign. The same process is repeated for the next roller, shown in
Equations 8 and 9 [42].
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Once the tangent points have been identified for all rollers, the wrap angle (£,) can be
determined. The wrap angle is defined as the sum of angles formed from the tangent point to
either the top/bottom of the cylinder (whichever route the fibers take). For the case where roller



wrap angles are below 180° and the adjacent rollers remain in relative positions so the tangents
are “logical”, Equations 10 and 11 are valid. Some configurations would result in fibers crossing
each other which is not possible in the actual process. Thus it is recommended to plot these
points before proceeding to ensure the tangents that were defined are representative of the
process layout. After determining the wrap angle, it is a simple exercise to relate the tension and
wrap angle to the pressure generated moving over the roller.
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2.4 Nip-Roll Impregnation Route for Hot-Melt

The Nip-Roll process utilizes 2 driven nip rollers, shown in Figure 3. The gap between the two
rolls is set to a desired distance which serves as the thickness for the final prepreg. Thus this
process is driven by displacement control. So the line speed will influence the degree of
compaction and resin flow along with the physical gap distance. For modeling this system, the
backing paper and resin are treated as a non-porous and incompressible material. While the fiber
bed is considered to be a compressible, porous material. The porosity of the fiber bed and
effective pressure is dependent on the compressed state of the fiber bed. The effective pressure is
the pressure required to compress the fiber bed to the present fiber volume fraction.

Once the sandwich structure makes contact with the roller, a step wise integration of Darcy’s
Law can be used to predict the flow of resin in the fiber bed. At each time step, the fiber bed
compresses to a new thickness, which is imposed by the distance between the roller at the
position and the fiber bed mid plane. The new thickness can be related back to a fiber volume
fraction. From fiber volume fraction the pressure and permeability are estimated. The flow
velocity is calculated for each time step, and direct integration is not possible because pressure,
viscosity, fiber volume fraction, and permeability are not constant. The resin film thickness is
tracked as the material flows into the fiber bed.

Incompressible Resin Compressible

Ci d i
\ Fiber Bed ompressed  Resin Flow

Fiber Bed
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Nip Rollers

(

N

Figure 3: Example Hot-Melt process highlighting the compression of the fiber bed.



3. RESULTS

For this section, we will consider a Hot-Melt process where polyamide 6,6 (PA66) will be the
polymer impregnating an aligned fiber bed composed of carbon fiber with a diameter of 7 um.
With the Hot-Melt process, the frictionless rollers in an S-Wrap will be considered for the first
impregnation route. Then compare this impregnation route to the Nip-Roller process in terms of
line operation.

An example S-wrap process was shown in Figure 1 with polyamide 6,6 polymer undergoing
typical processing conditions. From the impregnation model, the resin infusion progress is linear
and constant when pressure is applied, which is seen in Figure 4. This linear infusion behavior is
a consequence of this process being force controlled. The tension in the line, wrap angle, and
roller diameter are what dictate the driving force for resin flow. Under these conditions, inter-
fiber spacing is predetermined and not expected to change significantly during processing across
an individual roller.

The S-Wrap process spreads the impregnation step over a larger contact area on the roller. This
reduces the speed of impregnation and fiber bed compaction. Conversely, the increased time in
the process will advance the curing reaction for thermosets and degrade thermoplastics. Figure 4
shows the “dead time” between rollers for a notional roller configuration, where the resin is at an
elevated temperature, the degradation is proceeding, and the impregnation is halted during this
time. Additionally, the pulling force/tension will need careful monitoring so fiber breakage is
avoided and impregnation can be tracked/compared to models. However, the avoidance of
significant fiber bed compaction will reduce the likelihood of the particles suspended in the resin
from being filtered by the fiber bed.
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Figure 4: Tracking impregnation via S-Wrap with polyamide 6,6 resin for a line speed of 0.03
m/s, tension 7300 N, heated table length 1m, and heated table temperature 290 °C. Numbered
peaks correspond to the numbering in Figure 1.

Unlike the S-Wrap process, Nip-Roll impregnation has variations in the impregnation velocity,
which can be seen in Figure 5. The non-linear impregnation is caused by the change in



displacement rate as the material moves between the nip rollers. Since the displacement rate is a
function of line speed, tuning line operations through trial and error becomes challenging as the
non-linear pressure and permeability relationships are now linked to line speed. Additionally,
there is significantly less contact time (~2 seconds) with the material and nip rollers than in the
S-Wrap process. Which means greater pressure needs to be applied for the same line speed in
order to achieve complete impregnation. Since the Nip-Roll process has greater pressure being
applied, there is greater concern with the complete locking of the fiber bed. If line speeds are too
fast, then material will be squeezed transversely out the sides of the process.
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Figure 5: Predicted impregnation of PA 6,6 in a hot-melt process where point I is when the resin
first makes contact with the nip roller and II is where prepreg loses contact with the nip roller.
Line speed: 0.03 m/s. Material temperature: 290 °C. Heated table length 1m.

4. SUMMARY

In summary, there are many prepregging processes to choose from which are dependent on the
chemistry of the polymer chosen for impregnation. In general, solvent/emulsion impregnation
routes will reduce viscosity of the polymer and improve impregnation speeds. This method is
used for viscous thermoplastic polymers. Other impregnations routes reduce impregnation
distances. Some examples discussed were fiber commingling, film stacking, and powder
deposition. Impregnation quality in these processes are dependent on the ability for the polymer
to wet the fibers.

Finally, we considered a Hot-Melt impregnation process undergoing two different impregnation
routes, S-wrap and Nip Roll. Modeling these processes showed by adjusting line tension or roller
gap, complete impregnation can be achieved in both impregnation routes for the same line speed
and temperature. However, the time material spent in the process was very different. S-Wrap
impregnation spent 105 seconds compared to the 40 seconds for the Nip-Roll route. So greater



thermal degradation will occur in the S-Wrap process compared to the Nip-Roll. Since the
impregnation time in the Nip-Roll route is significantly smaller, the applied pressure is greater so
is the risk for fiber bed locking. Thus the S-Wrap process should be capable of achieving faster
line speeds than the Nip-Roll process.
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