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Executive Summary

Fiber-reinforced polymer composites can offer important advantages over metals where
lightweight, cost-effective manufacturing and high mechanical performance can be achieved. To
date, these materials have not been used in hydropower systems. In view of the possibility to
tailor their mechanical properties to specific applications, they now have become a subject of
research for potential use in hydropower systems. The first step in any structural design that uses
composite materials consists of evaluating the basic composite mechanical properties as a
function of the as-formed composite microstructure. These basic properties are the elastic
stiffness, stress-strain response, and strength. This report describes the evaluation of the elastic
stiffness for a series of common discontinuous fiber polymer composites processed by injection
molding or by compression molding in order to preliminarily estimate whether these composites
could be used in hydropower systems for load-carrying components such as turbine blades. To
this end, the EMTA (Copyright © Battelle 2010) predictive modeling tool developed at the
Pacific Northwest National Laboratory (PNNL) has been applied to predict the elastic properties
of these composites as a function of three key microstructural parameters: fiber volume fraction,
fiber orientation distribution, and fiber length distribution. These parameters strongly control the
composite mechanical performance and can be tailored to achieve property enhancement. EMTA
uses the standard and enhanced Mori-Tanaka type models combined with the Eshelby equivalent
inclusion method to predict the thermoelastic properties of the composite based on its
microstructure.
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1. Introduction

Fiber-reinforced polymer composite materials are finding increasing applications underwater
where their low specific weight, high mechanical performance, and excellent corrosion
resistance offer significant advantages over metallic materials. For instance, they have been used
in deep sea applications, boat structures, offshore drilling platforms, etc. In view of these
applications, there is an interest to use fiber polymer composites for hydropower systems.
Applying polymer composites to today’s hydropower systems is still in the proof of concept
stage where design, component processability, and cost effective manufacturing have not yet
been addressed. An important feature that would make the applications of polymer composites
in hydropower systems possible resides in the possibility to tailor these materials to achieve the
desired mechanical performance. This can be performed by appropriately selecting the fiber/resin
material combinations, fiber and resin features, and processing methods. In addition, processing
parameters can be optimized to improve part quality and mechanical performance.

As a first step in the composite material design for hydropower applications, this project task
has used a predictive modeling tool named EMTA (Copyright © Battelle 2010) developed at
PNNL to evaluate the elastic properties of various fiber-reinforced polymer composites for their
potential applications in hydropower systems. EMTA implements the standard and improved
Eshelby-Mori-Tanaka approaches to compute the composite thermoelastic properties accounting
for the constituents’ properties and features such as the thermoelastic properties of the fibers and
of the resin, fiber length and orientation distributions, fiber curvature, and initial micro-defects
[1-8]. The evaluation will consider both glass and carbon fibers embedded in a thermoplastic or a
thermoset matrix.

The structure of this report is as follows. After the Introduction, processing methods to form
various composite systems will be discussed to apprehend the composite microstructure and the
corresponding values of elastic properties that could be obtained when using a given method to
make the composite component or part (Section 2). In Section 3, a summary of the key
micromechanical models behind EMTA is presented. EMTA will then be applied to compute the
elastic properties of the as-formed composites as the functions of the constituents’ properties,
fiber volume fraction, fiber length, and fiber orientation distributions (Section 4). The continuous
fiber composite is regarded as a particular case of a discontinuous fiber composite whose fiber
aspect ratio is extremely large and fiber orientation is known in advance. The conclusions
(Section 5) will provide comments on the type of composite and the associated elastic stiffness
range which would be appropriate for a given hydropower system.

In the underwater environment, polymer composite structures are subjected to moisture
absorption, high pressure, and fatigue wave loading. In general, moisture absorption causes a
reduction of the composite stiffness and strength that leads to premature cracking [9-10]. It has
been recognized that hydrostatic pressure affects the behavior of polymers. The main effect is an
increase in modulus and yield stress [11]. However, tensile strength tends to decrease with
increasing pressure and this has been related to increased matrix yield stress and reduced
stiffness. Fatigue wave loading causes cracking in the polymer matrix that can engender other
catastrophic failure mechanisms which are delamination and fiber rupture. If the fibers are
discontinuous, matrix cracking is also one of the main failure mechanisms. It is important to



emphasize that the evaluation of the composite elastic stiffness is only the first step in the
material design. Nonlinear behaviors of the composite due to damage and inelastic deformations
under loading and environmental conditions must be addressed before the composite could be
used with confidence in hydropower systems.

2. Processing Methods for Discontinuous Fiber Polymer Composites

In this section, injection-molding and compression molding of fiber-filled polymers are
reviewed as these highly-automated processing methods are commonly used to quickly produce
cost-effective semi-structural or structural discontinuous fiber polymer composite parts. This
gives them an economic advantage over the processing methods for continuous-fiber composites,
which are still slow and labor-intensive. Nevertheless, the mechanical properties of a
discontinuous fiber composite are not as good as those for a composite with continuous
reinforcing fibers. Therefore, it is important to assess the mechanical properties of discontinuous
fiber composites to determine their potential applications in hydropower systems. As mentioned
in the Introduction, processing methods and parameters play an important role in determining the
composite properties.

2.1 Injection Molding of Fiber-filled Thermoplastics

Injection molding of short- or long-fiber filled thermoplastics is probably the most attractive
and economic method for producing complex composite parts of relatively good stiffness.
During injection molding, thermoplastic pellets (fiber-polymer compounds) containing fibers are
fed into a heated barrel where the polymer softens and becomes a viscous melt. In the barrel,
which contains the reciprocating screw, the thermoplastic is gradually melted by a combination
of shear heating and heat conduction from the barrel. Supplementary heaters help maintain a
constant temperature in the barrel. As the volume of the melt in front of the screw increases, it
forces the screw to the rear of the barrel. Hence, it is necessary to apply a pressure (back
pressure) to the back end of the screw. Increasing the back pressure will increase the mechanical
work on the fiber/polymer mixture. When enough material has accumulated in front of the screw,
the screw advances and drives the polymer/fiber mixture into the mold. After the composite has
solidified, the mold is opened and the part is ejected [12-13]. An example of an injection
molding machine is shown in Figure 1.

Under the screw action, fibers undergo excessive bending and shearing that break them. As a
consequence, their lengths degrade importantly before they enter the mold cavity. There is
additional length attrition in the mold due the shearing of the fibers that occurs during the flow of
the fiber suspension. The length attrition becomes more important when the fiber volume
fraction is high, therefore, to conserve fiber length to achieve good mechanical properties, fiber
volume fractions should not be too high. Current injection molding technologies can make
composite parts with 30% fiber volume fraction. The screw design can be optimized to reduce
fiber length degradation. In addition, process parameters such as the injection speed, back
pressure, mold and melt temperatures should also be optimized to better conserve fiber length.
For instance, low back pressure and slow fill conditions could reduce the length attrition.



Figure 1. PNNL's injection molding machine.

2.2 Compression Molding of Fiber Preforms

Compression molding encompasses several technologies that are related to compression
molding of sheet molding compounds (SMC), compression molding of structural molding
compounds, and compression molding of fiber thermoplastics. One common feature of all the
compression molding processes is the use of a “preform” material or “charge” that is pressed to
shape and cured during the molding operation. Currently, compression molding is the most
versatile way to incorporate random chopped fibers into a structural composite. Depending on
component’s shape and charge, compression molding may involve regions with fiber suspension
flow (somewhat similar to what observed in injection molding) that tends to orient fibers in the
flow direction [14]. It may also induce very little flow, and the fibers remain practically two-
dimensionally random. Figure 2 shows a schematic of the compression molding operation.

l Heat and pressure

—— Cavity
Charge

Plug

T Heat and pressure

Figure 2. Schematic of a compression molding operation.
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A typical compression molding process cycle includes placing the preforms made of chopped
fibers in a chemically thickened thermoset resin into a heated mold, and then closing the mold
under pressure for about 1 to 3 minutes to cure the material. The charge occupies an important
space in the mold. Once the mold is closed, the material flows to fill the remaining cavity. An
example of a compression molding machine is presented in Figure 3.

Figure 3. PNNL's compression molding machine.

There are two important advantages of compression molding over injection molding. These
are the conservation of fiber length and much higher fiber volume fraction that can be achieved
in a compression-molded composite. In fact, very little fiber length attrition occurs during
compression molding. The as-formed composite possesses practically the same fiber length as
the preform. Fiber lengths can be as long as 50 mm, and high fiber volume fractions up to 60%
can be achieved in a compression-molded composite. These advantages combined enable much
better mechanical properties to be achieved for compression-molded materials compared to
injection-molded materials. However, the injection molding process has the advantages of more
readily being automated and of producing finer part details that cannot be obtained by
compression molding.

3. The Eshelby-Mori-Tanaka Approach and EMTA Software

A large body of literature exists addressing the prediction of elastic properties of non-dilute
aligned fiber composites. In particular, there is a family of models that has evolved from a
proposal initially made by Mori and Tanaka [2]. To date, the Eshelby’s equivalent inclusion
method [1] combined with a Mori-Tanaka type model presents one of the most efficient and
accurate approaches for the prediction of the composite stiffness [4, 6]. However, it has been
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shown that the standard Eshelby-Mori-Tanaka model is accurate for fiber volume fractions less
than 20% to 30%. For higher fiber volume fractions, formulations [8, 15] have been developed to
improve the standard model. This section summarizes both the standard and improved models
that have been implemented in EMTA. EMTA has previously been validated for both injection-
molded and compression-molded fiber polymer composites [6, 8].

3.1 The Standard Eshelby-Mori-Tanaka Model

The Eshelby-Mori-Tanaka (EMT) model uses the Eshelby’s equivalent inclusion method that
is schematically described in Figure 4. The body that contains an inclusion (b) is replaced by a
homogeneous body (a) of the same matrix material. Both bodies are subject to the same strain
field g,. In order that the homogeneous body has the same response as the inhomogeneous body,

some transformation strain or eigenstrain ¢* must be introduced such that the perturbation strain
that is due to the presence of the inclusion is given in terms of the eigenstrain as

g™ =Sg* (1)
where S is the Eshelby tensor that depends on the inclusion aspect ratio and the matrix elastic

properties. Expressions of S for different inclusion shapes are given by Mura [16]. As a result,
the stress in the inclusion is given by

6,=C, (g, ++&")=C, (g, +E+&" —&*) )

where C,and C,,are the stiffness tensors of the inclusion and the matrix material, respectively.

€ Is the strain in the matrix. Using the equivalent inclusion method expressed by Equation (2)
for a non-dilute composite, and considering that the perturbation stress over the representative
volume element must vanish, leads to

C=C;+f(C,-C)A (3)
where f is the fiber volume fraction, and A is the strain concentration tensor given by

A=T[A- 1+ fT]" 4)
with
T=[1+SC,(C,-C,)I" ®)

In EMTA, the Eshelby-Mori-Tanaka formulation by Chen and Cheng [17] has been
implemented, and Equation (3) is equivalent to

C=C_[I+fB(+fE)"" (6)

where
B=[C,(S-1)-C,S]""(C;-C,) and E=(S-1)B (7)

12
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Figure 4. Eshelby’s equivalent inclusion method.

3.2 An Eshelby-Mori-Tanaka Model for Concentrated Composites

In order to extend the EMT model to concentrated composites, the concentration tensor needs
to be calculated in a way that incorporates the fiber-fiber interaction. Intuitively, in high fiber
concentrations, a fiber does not see the matrix material but a composite medium around it.
Therefore, a simple idea [15, 8] is to define an equivalent isotropic composite medium that
surrounds the fiber. This medium has a fiber volume fraction f' between O and f. If f'=0, we

recover the standard EMT model, and for any value of f' between O and f, improved EMT
solutions for concentrated composites are obtained. Hence, f' also serves as a fitting parameter

to better correlate the predicted properties with the experimental values. The EMT solution for
concentrated composites is given by

C=C,+f(C,-C,)A™* (8)
where A* is the strain concentration tensor of the equivalent medium given by:

A*=T*[A= F)l+ FTH] ©)
with
T*= [I + SeqC;; (Cf - Ceq )]71 (10)

where C,and S, are the stiffness and Eshelby’s tensor of the equivalent medium, respectively.

In EMTA, the equivalent isotropic composite medium is defined considering f'= f /2, and the

fibers of this medium have the same aspect ratio as the actual composite but are completely
randomly oriented to guarantee its global isotropic character.

3.3 Solution for Misoriented Fiber Composites
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The standard and EMT models for high concentrations presented in the previous sections
allow the computation of the elastic properties for an aligned fiber composite. For a composite
material containing fibers whose orientations obey some distribution, it is necessary to account
for the fiber orientation distribution in the prediction of the composite properties. The elastic
stiffness of a composite having a given fiber orientation distribution is computed using the
orientation averaging method [18]:

(_:ijkl =B, Aijkl + BZ(Aijé‘kl +Akl§ij)+ BS(Aik§jI +Ai|5jk + Aj|5ik +Ajk5i|)

(11)
+ B45ij On +Bs (5ik5j| +5iI§jk)

where A; and Ay, are the components of the second- and fourth-order orientation tensors,
respectively, and the coefficient B, (i=1,..., 5) are related to the components of the stiffness
tensor of the aligned fiber composite given in Equation (6) or (8). &; denotes the components of
the identity tensor. The expressions of B; can be found in [18]. The orientation tensors A; and
Ay, are theoretically given in terms of the orientation vector that is parallel to the fiber axis

(Figure 5). As it is not possible or necessary to quantify the orientation of each fiber, the fiber
orientation is defined over a volume domain, thus it represents a volume average.

3 A /p

A =<pp; >

+ + =1
Aijkl =< pi pj pk p| > All A22 A33

v

Figure 5. Theoretical definitions of the second- and fourth-order orientation tensors in terms of the
orientation vector components.

3.4 Solution for Composites with Fiber Length Distribution

If the composite contains a fiber length distribution, its stiffness is computed as [6]:

. _[:Cijkl (1/d)p(l)di
e [ phya

(12)
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where C;, is the stiffness matrix of the unidirectional composite having the fiber aspect ratio I/d,
where | is the fiber length and d is the fiber diameter. C;, is given by Equation (6) or Equation

(8). p(l) is the probability density function (PDF) that expresses the fiber length distribution
(FLD) in terms of number or weight of fibers versus fiber length. Introducing Equation (12) to
Equation (11), we obtain the stiffness tensor of a composite containing a fiber orientation
distribution in addition to a fiber length distribution.

Bending of long fibers causes fiber curvature in the composite. In addition, microdefects
such as microvoids and partial fiber/matrix decohesion can exist after processing. The EMT
based models accounting for these features have been developed and implemented in EMTA [5,
7], these models have not been used in this report as we assume straight fibers, perfect
fiber/matrix interfaces and non-existence of microvoids for the estimate of the composite
stiffness.

4. Numerical Applications

4.1 EMTA Computation of Elastic Properties for Injection-Molded Fiber Thermoplastics

SHELL

Figure 6. (a) A micrograph of a cross section of an injection-molded fiber material showing the orientation
layer structure, and (b) Typical through-thickness variation of the A,; component in a long-fiber-
thermoplastic (LFT) material.

During injection molding, fibers enter the mold cavity under high pressure and high velocity.
The flow of the fiber suspension and the interaction among fibers induce a fiber orientation
structure in the molded composite. The fiber orientation structure involves the skin, shell, and
core layers which are typical to injection-molded short-/long-fiber thermoplastics (Figure 6.). At
the skin layers (outer layers), the fiber orientation is generally two-dimensionally random with
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A, =A,, =0.5. The fibers are rather aligned with the flow direction in the shells with higher
values of A, (from about 0.65 to 0.8) and lower values of A,, (from about 0.3 to 0.2) while they
are rather cross-flow oriented in the core with higher values of A,, (from about 0.7 to 0.9).
Although both injection-molded short- and long-fiber thermoplastic composites possess a
skin/shell/core orientation layer structure, there are significant differences in the fiber orientation
structure found in a short-fiber thermoplastic (SFT) compared to the orientation structure
observed in a long-fiber thermoplastic (LFT) composite. Fibers are considered to be long if their
lengths are greater than 1 mm. In a SFT (fiber length much less than 1 mm), the core is much
narrower than the core of a long-fiber thermoplastic but the shells are larger and more aligned
with the flow direction. For instance, values of A for the SFT shell layers can attain 0.8 while
those for the LFT shells are about 0.65 to 0.7.

In addition to fiber orientation distribution, the microstructures of injection-molded SFTs and
LFTs possess a fiber length distribution (FLD) resulting mainly from the breakage of fibers in
the screw and nozzle. Fiber length attrition is so important that starting from a 13-mm pellet
length, the average residual length is less than 1 mm for SFTs and about 2 and 3 mm for LFTs.

In view of fiber orientation and length distributions that determine the properties of SFTs and
LFTs, the prediction of any properties for these materials must account for these distributions. In
the following, for a general estimate of the elastic properties of injection-molded materials for
potential applications in hydropower systems, we rather look for long-fiber materials for better
mechanical performance. Figure 7 shows a typical fiber orientation distribution for an injection-
molded LFT material. This fiber orientation distribution is assumed in the EMTA calculations of
the elastic properties for all the injection-molded LFTs.

! \ 0'25f il ™

AZZ

All’

-0.25 -

L ! | | | el
0-1I Il Il \-0.5I Il Il \0\ 1 1 \0.5I 1 Il \1 05-1 -05 0 05 1

=h =/'h

Figure 7. Assumed fiber orientation distribution for the EMTA calculation of the elastic properties for
injection-molded LFTs.
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As our goal is to improve the composite stiffness by conserving fiber length (minimizing
fiber length degradation), we consider a series of FLDs as depicted in Figure 8 that expresses the
FLDs for weight of fibers versus fiber length. On this figure, FLD-1 represents the FLD for a
reference long-glass fiber thermoplastic material. FLD-1 is the FLD that is achievable in practice
using the conventional injection-molding technologies. FLD-2, FLD-3, FLD-4, and FLD-5 are
the assumed FLDs that are sought to enhance the composite elastic properties.

The elastic properties of the constituent materials (glass fibers and resin matrices) used in the
EMTA calculations are given in Table 1. The thermoplastic resins considered are polypropylene
(PP), polyamide 6,6 (PA 6,6), and poly-ether-ether-ketone (PEEK).

Glass Fiber PP [6] PA 6,6 [19] PEEK [20]
Elastic Modulus (MPa) 72300 1500 2900 4100
Poisson’s Ratio 0.2 0.4 0.35 0.38

Table 1. Elastic properties of the glass fibers and of the resins used in the EMTA calculations.
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Figure 8. Assumed fiber length distributions for the EMTA calculation of the elastic properties for

injection-molded long-glass-fiber thermoplastics.

4.1.1 Results for Glass/PP
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Figure 9 presents the EMTA results for the elastic properties of the injection-molded
glass/PP composites having the fiber volume fraction of 0.2 and 0.3. The calculations used the
fiber orientation and length distributions given in Figures 6 and 7. Figure 8 shows that improving
fiber length by using the distributions from FLD-1 to FLD-3 results in a noticeable gain in the
elastic properties for the composite. However, beyond FLD-3, there is little improvement in
elastic properties. This is because FLD-3 has already achieved a “good” fiber length to attain the
limit of stiffness. On the other hand, increasing fiber volume fraction from 0.2 to 0.3 leads to
important increases in elastic properties (about 40% increase in moduli E;, and E,,, and 23%

increase in E,,;, and 41% increase in the shear modulus G,,).

4.1.2 Results for Glass/PA6,6

Figure 10 presents the EMTA results for the elastic properties of the injection-molded
glass/PA 6,6 composites having the fiber volume fraction of 0.2 and 0.3. Compared to the results
for glass/PP, the use of a nylon matrix has allowed the composite elastic properties to be
theoretically significantly improved. However, caution should be exercised while applying
PA6,6 to hydropower systems as their properties can degrade importantly due to moisture
absorption. As observed for the glass/PP composites, noticeable increase in the composite elastic
properties is achieved by increasing fiber lengths from FLD-1 to FLD-3, however, beyond FLD-
3, little improvement happens as the limit of stiffness is practically attained. On the other hand,
increasing fiber volume fraction from 0.2 to 0.3 results in important increases in elastic

properties (about 35% increase in moduli E;;, E,,, and 21% increase in E,,, and 36% increase
in the shear modulus G,,).

4.1.3 Results for Glass/PEEK

The EMTA results for the elastic properties of the injection-molded glass/PEEK composites
having the fiber volume fraction of 0.2 and 0.3 are given in Figure 11. As observed in the
previous composites, increasing fiber lengths from FLD-3 to FLD-5 has little effect on the
composite elastic properties because FLD-3 has achieved a “sufficient” length for reaching the
stiffness limit. However, increasing the fiber volume fraction from 0.2 to 0.3 results in more
important increase in elastic properties (about 32% increase in moduli E;,, E,,, and 22%

increase in E,;, and 34% increase in the shear modulus G,,). It is noted that the higher elastic

modulus of the PEEK matrix allows significantly higher elastic properties for the glass/PEEK
composites in comparison to the elastic properties for glass/PP and glass/PA 6,6 composites.
This has been illustrated on Figure 12 for the main modulus E,; .
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Figure 9. Predicted elastic properties for the glass/PP composites as a function of fiber volume fraction v
and fiber length distribution represented by the weight-average length: (a) Moduli E;;, E,,, and E,;, (b)

shear moduli G,,, G;, and G,;.
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Figure 10. Predicted elastic properties for the glass/PA 6,6 composites as a function of fiber volume
fraction v and fiber length distribution represented by the weight-average length: (a) Moduli E,, E,,,

and E,;, (b) shear moduli G,,, G,;, and G,;.
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Figure 11. Predicted elastic properties for the glass/PEEK composites as a function of fiber volume
fraction v and fiber length distribution represented by the weight-average length: (a) Moduli E,, E,,,

and E,;, (b) shear moduli G,, G,;, and G,;.
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Figure 12. Comparison of the elastic moduli E,, for three injection-molded composites: glass/PP,

glass/PA 6,6, and glass/PEEK. 30% fiber volume fraction and the FLD-3 in Figure 7 were used in the
EMTA computations.

4.1.4 Results for Carbon/PP, Carbon/PA 6,6, and Carbon/PEEK

Current injection molding technologies are still unable to injection mold truly long-carbon-
fiber thermoplastic composites. There are issues related to the carbon fiber coating to ensure a
good adhesion with some thermoplastic resins like polypropylene. In addition, long carbon fibers
are not well dispersed during injection molding resulting in poor fiber coverage in the molded
composites. Poor fiber/matrix bonding and poor fiber dispersion result in low mechanical
properties although carbon fibers have excellent mechanical properties. Because of these
reasons, it is not realistic to consider the FLDs presented in Figure 5 but rather the FLD
presented in Figure 13 for a shorter fiber system. The properties of carbon fibers used in the
EMTA computation are given in Table 2 where E , E;, and G ; denote the longitudinal,

transverse, and longitudinal shear moduli, respectively. v , and v, are the longitudinal and
transverse Poisson’s ratios.

E, (MPa) E,; (MPa) G_; (MPa) Vit Vit

231000 13800 12400 0.2 0.25

Table 2. Elastic properties of the carbon fibers used in the EMTA calculations [8].
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Figure 13. Assumed fiber length distributions for the EMTA calculation of the elastic properties for

injection-molded carbon-fiber thermoplastics.

The EMTA calculations of the elastic properties for different injection-molded carbon-fiber
thermoplastics based on the fiber orientation distribution presented in Figure 6 and the fiber
length distribution given in Figure 13 are given in Tables 3 and 4 for 20% and 30% fiber volume

fraction, respectively. The carbon/PEEK achieve the highest elastic moduli.

Property Carbon/PP Carbon/PA 6,6 Carbon/PEEK
(MPa)
E, 12169 15998 18257
E,, 9824 13149 15233
E, 3270 4876 6925
G, 3627 4939 5695
G, 960 1726 2257
G,; 909 1651 2170

Table 3. EMTA elastic property results for the injection-molded carbon/PP, carbon/PA 6,6, and
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Property Carbon/PP Carbon/PA 6,6 Carbon/PEEK
(MPa)
= 18256 23235 25957
E,, 14569 18813 21274
E., 3847 5566 7785
G, 5407 7097 8011
G, 1234 2131 2724
G, 1152 2011 2586

Table 4. EMTA elastic property results for the injection-molded carbon/PP, carbon/PA 6,6, and
carbon/PEEK. 30% fiber volume fraction was used in the computations.

4.2 EMTA Computation of Elastic Properties for Compression-Molded Fiber Thermosets

As injection-molded short-/long-fiber thermoplastics generally present low to moderate
stiffness values, they cannot be used in important load-bearing structures. This stiffness
limitation is mainly due to the limited fiber volume fraction that can be achieved for injection-
molded fiber materials. In addition, it is highly challenging to conserve fiber length during
injection molding. Fiber length degradation also results in low mechanical properties. Although
the LFT composite stiffness can reach the stiffness limit for fiber length, other mechanical
properties such as strength, impact properties, fatigue and creep endurances do require
significantly longer fiber length than the actual residual length. For important hydropower
structural applications that require high stiffness, it is necessary to look for other types of
discontinuous fiber polymer composites that can satisfy the stiffness requirement. Compression-
molded fiber thermosets could be a good solution as it is possible to achieve high fiber volume
fraction (up to 60%) and conserve fiber length during molding.

The EMTA computational procedure to calculate the elastic properties of a compression-
molded fiber polymer composite is depicted in Figure 14 that includes three steps. Step 1
involves the calculations of the elastic properties of the fiber tow. The tow contains
unidirectional fibers with very high fiber volume fraction. The EMT homogenization procedure
for high concentration is used to compute the tow elastic properties. The tows behave like
equivalent fibers having the tow aspect ratio and homogenized properties. Next, the EMT model
for high concentration is used to determine the elastic properties of the unidirectional composite
(Step 2) that is composed of unidirectional fiber tows embedded in the matrix material. Finally,
the elastic properties of the actual random fiber composite are computed from the properties of
the unidirectional composite (calculated in Step 2) that are averaged over all possible
orientations using the orientation averaging method [18] that makes use of orientation tensors.

Table 5 presents the EMTA results for the elastic properties of the carbon and glass fiber
tows. The elastic modulus and Poisson ratio of the epoxy resin used are 4140 MPa and 0.35,
respectively. The elastic properties of glass fiber and of carbon fibers are given in Tables 1 and
2. Both glass and carbon fiber tows are assumed to have a fiber volume fraction of 72% while
the resulting compression-molded composite has a total fiber volume fraction that is varied to
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study the effect of the total fiber volume fraction on the composite elastic properties. To estimate
the tow aspect ratio, we consider the 12K (12,000 filaments) carbon fiber tow being 50.8-mm-
long, this produces a tow aspect ratio of 57. For a comparison of the elastic properties for the
resulting composites, the same glass fiber tow aspect ratio is used in the computation.

Two-dimensionally random fiber orientation is assumed in the compression-molded
composite, this assumption leads to A, = A,, =0.5, other components of the second-order
orientation tensor are zero.

2)

Computation of the
tow elastic properties

Computation of the UD
composite elastic properties

Computation of the random chopped
fiber composite properties

Figure 14. Schematic picture describing the computational procedure to predict the elastic properties of a
compression-molded fiber polymer composite.

Carbon Fiber Tow Glass Fiber Tow
E°" (MPa) 167560 53287
Ez" = Ex" (MPa) 11802 31082
Glov = G2 (MPa) 9071 16532
G2 (MPa) 4490 15380
pow — ylow 0.22 0.22
plow 0.29 0.3

Table 5. Elastic properties for the carbon fiber tow and glass fiber tow predicted by EMTA.
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Figures 15 and 16 show the predicted elastic moduli as a function of the total fiber volume
fraction for the compression-molded glass and carbon fiber composites. High modulus values are
obtained using carbon fibers. However, comparative modulus values can also be obtained using
glass fibers with higher fiber volume fractions. For instance, to achieve 30 GPa for the elastic
moduli E,, and E,,, about 30% carbon fiber volume fraction is necessary while the same

modulus value can be attained using 56% glass fiber volume fraction. As carbon fibers are much
more expensive than glass fibers, glass fibers could be used for structural applications where the
structure’s weight is not a primordial factor for the design. Comparing Figure 15 to Figure 12 for
injection-molded composites clearly shows that significantly higher elastic moduli can be
achieved with compression-molded materials.

Compression-molded chopped fiber composites

60 EMTA Prediction for Glass/Epoxy

EMTA Prediction for Carbon/Epoxy
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Figure 15. Predicted elastic moduli E;; = E,, for compression-molded chopped fiber composites.
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Compression-molded chopped fiber composites
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Figure 16. Predicted elastic modulus G,,for compression-molded chopped fiber composites.

5. Conclusions

The EMTA code has been applied in this report to evaluate the elastic stiffness of
discontinuous fiber polymer composites that can be processed by injection molding or
compression molding in order to determine their potential uses in hydropower systems. Both
glass and carbon fibers as well as both thermoplastic and thermoset resins have been examined.
Injection molding of fiber thermoplastics can produce composite parts in a very fast and cost-
effective manner. However, because of the limit of the fiber volume fraction that can be achieved
by injection molding, relatively low values of the composite stiffness are obtained. The use of
carbon fibers has improved the composite properties very significantly. Also, the selection of the
thermoplastic resin can improve the composite properties. The results show that the use of a
PEEK matrix allows considerable gain in elastic properties compared to the other popular
thermoplastics such as PP or PA6,6. However, the PEEK resins and fiber/PEEK pellets are more
expensive, and therefore, it would be preferable to look for other types of resins and processing
methods. Because of low stiffness values, injection-molded composites would be suitable for
applications in the secondary structures that would not bear the loading from the water.

Compression-molded composites on the other hand offer significantly higher stiffness values
due to high fiber volume fractions and conservation of fiber length that can be achieved by
compression molding. Based on the range of the predicted stiffness values for compression-
molded materials, these materials would be considered for potential applications in load-carrying
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components of hydropower systems. As it is possible to increase the fiber volume fraction up to
60%, the use of glass fiber could produce as good composite stiffness as the use of carbon fibers
with lower fiber volume fractions. Therefore, glass fibers present a good alternative to carbon
fibers in case lower material costs are sought and weight is not a decisive design factor.
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