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Abstract

Composite materials have recently been of particular interest to the automotive industry
due to their high strength-to-weight ratio and versatility. Among different composite
materials used in mass-produced cars, are sheet molded compound (SMC) composites,
which consist of random fibres making them inexpensive candidates for non-structural
applications in future vehicles. In this work, a constitutive and finite model describing the
deformation behavior of an SMC composite was developed. Materials were prepared with
varying fibre orientation and volume fraction, followed by a series of uniaxial tensile and
flexural tests at varying strain rates. Tensile strength was found to increase with increasing
fibre volume fraction and strain rate, but tensile strength was much less sensitive to
increases in strain rate. Flexural strength was found to also increase with increasing fibre
volume fraction; however, failure displacement was found to decrease. The two material
orientations used, longitudinal and transverse, had vastly different results in reference to
tensile strength and fracture strain, this was due the influence of the manufacturing process
on the fibre orientation. Yield and ultimate tensile strengths were higher in the transverse
direction. The uniaxial experimental results were used to develop a general Holloman type
analytical model and to create and calibrate the finite element model, with both including
the effects of strain, strain rates, and fibre volume fraction. The analytical model was found
to accurately predict composite deformation in majority of cases, while some error was
found in tensile properties of SMC composites with lower volume fractions and high strain
rates. The finite element model, validated by the flexural results, closely predicted both

SMC volume fraction samples predicting the failure force and displacement with less than



3.5% error in the lower volume fraction tests and 6.6% error in the higher volume fraction

tests.
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1. Introduction

1.1 Motivation

In recent years, the technology to manufacture composites has significantly improved and
in turn composite materials are becoming popular in applications such as the automotive
and aerospace industries. In particular, fibrous composites are of utmost interest because
they can provide favorable mechanical properties to weight ratio that more common
materials such as metals and polymers cannot. Composite materials combine the
lightweight characteristics of polymers while taking advantage of the high strength
characteristics of fibre reinforcement, generally glass, carbon or natural fibres. Composites
have the benefit of being cost effective, since matrix and fibre materials are typically
inexpensive, and improvements to manufacturing methods have made the manufacturing
of composites as affordable as it has ever been. The ability to be formed into almost any
desirable shape is an attraction factor for both the automotive and aerospace industries.
Additional benefits to these materials are weight savings from low density material,

corrosion resistance, chemical stability, high stiffness and high strength to weight ratio.

Incorporating sheet molded compound (SMC) composites into the automotive industry
would be beneficial both for the industry itself and the consumers. These composites allow
for cheaper manufacturing and more lightweight vehicle components leading to more
affordable vehicles with increased fuel efficiency. An additional benefit to using SMC
composites is that there is no need for expensive repair of a damaged SMC part, since

replacing it is a completely plausible and cost-effective option.



While there are many reasons to implement randomly orientated (RO) fibre composite
materials into engineering designs, the main reason that they are not more widely used is a
lack of understanding of their facture mechanism. The nature of the microstructure of RO
composite materials is what makes the deformation of the material difficult to predict. The
material is composed of a polymer resin matrix with reinforcing fibres, these fibres can be
long, continuous and unidirectional, or they can be short and randomly oriented throughout
the matrix. With either option comes complex failure mechanics due to the matrix and
fibre interaction several different failure modes can occur. Having several failure modes is
desirable in some cases, such as car crashes, due to more energy being transmitted into the
material (crumple effect). However, this presents an issue to predict the appropriate failure
mode that caused the fracture in RO composite materials, which currently is an issue for

simulation packages.

Of particular interest in this work is SMC method to manufacture reinforced composite
materials. This study will focus on the investigation into the fracture mechanics of a SMC
composite car hoods reinforced with randomly oriented short glass fibres, and will aim to

aid in the understanding of the deformation of these materials.

1.2 Composite Background

Composite materials are, put simply, the combination of two or more materials with
different properties that form to create another material with entirely new and typically
enhanced properties [1]. The two main components to a composite material are the matrix,
which is normally the softer, more ductile and weaker material, and reinforcement, which

is stronger, stiffer material. A composite matrix will be a material that is not strong enough



for the application itself, therefore the reinforcement is added to the material to increase its

mechanical properties and in the process forming a new stronger composite material [1].

There are many types of composite materials; they include reinforced concrete, reinforced
plastics, metal composites, and ceramic composites. Reinforced concrete is not always
thought of as a composite material, although it fits the textbook definition; concrete
consists of a cement matrix with reinforcing coarse aggregate, as cement would be too
weak in many applications [2]. Reinforced polymers are one of the more common
composite materials, where ductile polymers are used as a matrix material, and reinforced
with fibres, often glass, carbon fibre and sometimes natural fibres, which greatly enhance
the strength of the polymer [1]. Metal composites are more similar to reinforced polymers,
as they typically make use of the same reinforcing fibres, but have a metal matrix, these
types of composites are generally more difficult to manufacture [2]. The last main type of
composite is those with a ceramic matrix, which is different than those listed above since
the reinforcing fibres are ceramic as well. In ceramic composites, ceramic reinforcing
fibres as seen in metal and polymers composites are used, but the matrix is made up of
ceramic material as well, this greatly increases thermal resistance as well as strength

properties [2].

The type of fibre reinforcement plays a significant role when it comes to the mechanical
behaviour of the composite. There are two main types of fibre: long, continuous and short,
discontinuous fibres [3]. Continuous fibre composites display great mechanical properties
in the fibre direction, but are much weaker in the transverse direction. Short fibre
composites are randomly orientated, therefore unless the manufacturing process greatly

influences fibre direction, comparable properties can be found in each direction. Although,
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since all the fibres are not working together (in the same direction) they are considerably
weaker than their long fibre counterparts. An example of uniaxial and discontinuous fibre
composites is displayed in Figure 1. The biggest difference between long and short fibres
is their manufacturing methods, long fibres need to be orientated, making them costlier to

produce [1].

Continuous Fibres Discontinuous Fibres

Figure 1: Continuous vs Discontinuous Fibres [4]

There are many different manufacturing methods of composite materials. Some are simple,
like the formation of concrete, which consists of the mixing of cement and aggregate and
then poured into the desired shape [2]. Others like ceramic composites are more
complicated, a ceramic composite matrix can be formed through pyrolysis, chemical
reactions, sintering and electrophoresis to name a few [2]. Manufacturing methods for
metal matrices include powder blending, stir casting, pressure infiltration, vapour
disposition and many more [2]. Polymer composite materials have several different
manufacturing methods as well, the most popular being injection molding, hand layup, and
sheet molded compounding. Injection molding is a great method for forming complex
shapes, while hand layup is a manual method where weaves of material are compiled

together with resin holding the weaves together, this a great method for controlling the



fibre direction [1]. Sheet molded compound (SMC) manufacturing is a process where the
composite is formed from resin and randomly orientated fibres; the constituents are sent
through a series of rollers to compound the materials together, this results in a sheet of
composite material. This is a very efficient and cheap manufacturing method. The

composite material that is the focus of this thesis is a SMC manufactured car hood [1].

1.3 Research Statement

This study aims to provide adequate understanding of the deformation of SMC composites
reinforced with randomly oriented short glass fibres to determine the feasibility of
implementing these materials into the automotive supply chain. Significant research has
been completed in regards to the mechanical properties of fibrous composite materials, less
so has been focused on composites with randomly oriented fibres and very little has been
published on composites with both short and randomly oriented fibres. Through this study,
the procedure to prepare tensile and flexural specimens, perform uniaxial tension and three-
point bending tests, and analysis of test data is presented. In an attempt to quantify some
of the seemly random behavior of the composite, a large volume of uniaxial tensile tests
with varying volume fraction percentages, material orientations and strain rates was
performed using an INSTRON universal testing machine. The resulting stress strain curves
and mechanical properties derived from uniaxial testing of the composite have been
analyzed extensively and used to develop an analytical and finite element model to help
describe the failure behavior of the material. The flexural experimental data has been used

to validate the uniaxial findings.



2. Literature Review

Fibre reinforced composites have been a subject of interest for long time, although in recent
years improvements in manufacturing technologies are making it much easier to produce
high quality composite materials. For this reason, there is a greater interest in reinforced
composites now than ever before. There are two main types of fibrous reinforcement, short
(discontinuous) fibres and long (continuous) fibres. The focus of this study will be on

randomly oriented short fibres.

2.1 SMC Manufacturing

There are three main processing steps to produce SMC composites in industry: first of
which pertains to forming the homogenous resin filler paste. This resin filler paste consists
of unsaturated liquid and solid raw polyester with added thermoplastic processing aids,
mineral fillers and resin. During this step, the reinforcement fibres are cut to length by
cutter or chopper and distributed randomly throughout the paste, an additional layer of
paste is added onto of the resin prior to compounding [5, 6]. The second step, which is not
always performed, is to store the SMC so that the paste can thicken, as the material cures
the dynamic viscosity is increased, preparing the material for compression molding [5].
The final step is to compound the material; in this step, the material begins to flow and the
fibre direction is influenced by the flow direction, but this influence is difficult to
determine. The sheet is put through a series of rollers to compound the material, these
rollers aid in the removal of air from the resulting matrix. At the end of this step the SMC
composite has reached the form of a sheet composite, which can then by compressed into

various different complex geometries [5, 6].



There are different ways to manufacture SMC composites but majority of manufacturing

methods follow the same general process. This general process can be found in Figure 2

below.
Paste Mixing Tanks
A B -
Upper Carrier
O Upper Doctor Blade Paste Film
Roving \
/
N\ s
<] Chopper .
o N
P« on
i 1 Calendering Zone SMC Roll

Figure 2: Operation of Compounding of SMC Sheets [7]

From this figure, it can be seen that there are two paste mixing reservoirs, which feed the
upper and lower film carriers, additionally spools of glass fibres can be seen leading into a
chopper that cuts the glass fibres to length and distributes them throughout the filler paste.
This paste, fibre mix is compounded through a series of rollers, and the SMC roll is the
result. These rolls can then be used to form desired geometries [7]. Recently there have
been efforts to recycle composites, a study was performed on the use of shredded
composites of used wind turbine blades. The shredded composite was used as
reinforcement instead of traditional glass fibres. This resulted in a composite that displayed
similar stiffness characteristics, although due to poor fibre adhesion, fracture occurred at

unusually low strains [8].



2.2 Short Fibre vs Long Fibre Reinforced Polymer Composites

Both long and short fibre composites are becoming popular in the automotive industry, but
there are some factors regarding the two types of composites that need to be considered.
Long fibre composites are generally stronger, and have more predictable mechanical
behavior due to the material being unidirectional, while short fibre composites are not as
strong, and are harder to predict the mechanical behavior [9]. The main difference between
the two is the application, and the cost. Long fibre composites are often used in applications
where energy absorption is important, because the composite can be designed in different
orientations to suit a specific loading cases [10], while short fibre composites are used in
non-loading conditions (i.e. car hoods) [11]. The manufacture of a long fibre composite is
more time consuming, and costly since the fibres need to be oriented into a specific
direction, while short fibre composite manufacturing is simpler, and cost effective since
the fibre orientation is randomized and does not need additional attention to detail like their

long fibre counterparts [11].

2.3 Short Fibre Reinforced Polymer Quasi Static Behavior

SMC composites are one type of short fibre reinforced polymers, while not a lot of
literature is dedicated to SMC composites. There have been many studies performed into
the topic of short fibre reinforced polymers (SFRP). These studies are applicable to SMC

composites, since these materials are simply a branch of SFRP composites.

The tensile properties of SFRP with glass fibres has been a subject of research, a study
performed by Fu et al. [12] displayed through experimental testing that the main influence

on composite tensile properties is the combined effect of fibre volume fraction and fibre
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length. The strength of a composite was found to depend more on mean fibre length and
fibre aspect ratio, although the modulus of the material was more dependent on the fibre
volume fraction. Additionally, the study found failure strain decreased with increasing fibre
volume fraction. Fu et al. [13] performed another study on a similar material, which was
an acrylonitrile-butadiene-styrene (ABS) composite with short glass fibre reinforcement,
and found that the interfacial adhesion strength between the fibres and the matrix had no
effect on the tensile modulus, while increases in adhesion strength led to increases in tensile

strength.

Lee and Jang [14] also performed a study that looked at the effect of fibre content in SFRPs.
They found that the both the tensile and flexural moduli increased with increasing fibre
content. Additionally, the study found that the tensile and flexural strength of the material
increased with increasing fibre length, to a point, but once this point was reached,
increasing the fibre length more led to a decrease in strength. Thomason and Vlug [15] has
published multiple studies on the topic, he was able to determine that tensile modulus
increases linearly fibre content up until 40% weight fraction, after this point any
improvement is considerably less. This is likely due to the fibre packing that occurs at
higher weight fractions, fibre packing causes void in the matrix and reduces the mechanical
properties of the composite. Modulus was found to be independent of fibre lengths over
0.5 mm. Another study showed that decreasing fibre diameter increased strength and un-
notched impact, but the modulus and notched impact were not influenced by the diameter

change [16].

Fibre content and fibre length are critical aspects of determining the mechanical properties

of a composite material, but fibre orientation and anisotropy are just as important to the

9



function of a composite. Fibre orientation and anisotropy are influenced by the
manufacturing process. Often composites are made from a SMC process or an injection
molding process, during these processes material flow directions within the mold or
compounders determine the fibre orientation and anisotropy, although material flow
direction is hard to control. Considering the flow direction to be the longitudinal direction,
a study has shown specimens machined at 45° displayed similar strength and elastic
modulus to those machined in the transverse direction, while those two were significantly
less than the longitudinal specimens. The 45° specimens did have an increase in ductility
in comparison to the longitudinal and transverse samples, which can be attributed to strain
limiting effects from fibres and the matrix shear band formation being more notable in this
direction [17]. Tensile strength and elastic modulus was found to decrease from the
longitudinal to the transverse direction at all strain rates and temperatures. The specimens
were put under tensile and compressive loads, where they exhibited similar elastic

modulus, but a higher yield stress was achieved during compression loading [17].

All of these results mostly agree with the Halpin-Tsai equation, and in particular Nielson’s
modified Halpin-Tsai model. The Halpin-Tsai equation [18] uses the properties of the
components, fibre and matrix, of a composite to calculate the mechanical properties of the

composite. The general form of this equation is as follows

P 1+{nV¢ 2.1)
Pm 1—77Vf '
where

10



(2.2)

where P, Pm, and Ps are the composite, matrix, and fibre moduli, respectively. Vs is the

volume fraction percentage, and { is a parameter dependent on the elastic property being

considered [18]. The usual parameters used in the Halpin-Tsai equations can be found in

Table 2.1 as follows [19].

Table 2.1: Halpin-Tsai Parameters for Short-Fibre Composites

Comments P Pt | Pm C
Longitudinal Modulus Eu Er | Em | 2(1/d)

Transverse Modulus E2 Ef | Em 2

Longitudinal Shear Modulus G | Gf | Gm 1

Nielson et al. [16] modified the Halpin-Tsai equations, so that the moduli and strength of

a randomly oriented fibre composite could be determined [20]. Thus, these modifications

are as follows

_ 1+AnVy¢
EC a Em (1—77‘IJVf)

1+AT]*Vf
Tn \ Ty -
1-n*"PVy

3
I
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(2.5)



A=K—1=zé 2.6)

K=1+2= 27
_ Ef/Em—1

= Ef/Em+A (28)
. _ Tf/Tm—l

m= Tf/Tm+A (29)

In these modified equations Ec, Em and Er represent the moduli of the composite, matrix
and fibre, respectively, while T, Tm and Tr are the strength of the composite, matrix and
fibre, respectively. @max is the maximum packing fraction for the fibres, and I/d is the aspect

ratio of the fibre.

2.4 Natural Fibre Reinforcement

Glass and carbon fibres are common fibre reinforcement materials due to their high
strength characteristics, although many other types of materials have been researched as
potential reinforcement fibres. Natural fibres have been a subject of interest to researchers,
as a variety of different plants can be used to make natural fibres and they offer other
favorable characteristics that glass and carbon do not, such as low density and reduced
equipment wear [21]. Many areas around the world have local grown natural fibres, which

often times makes them a more affordable option [22].

12



Hemp fibres have been used as reinforcement fibres, where increasing hemp fibre content
led to increases in tensile strength, elastic modulus and flexural strength of the composite,
similar to glass fibres, but decreased impact strength. It was found that the increases in
mechanical properties are not as high as glass fibres, but after chemical treatment of the
fibre to increase fibre adhesion, these properties were increased further [22]. Another
natural fibre that has been tested is short flax fibres; composites with short flax fibres have
been found to compete with the properties of glass fibre composites and found to be 11-
20% lighter than their glass fibre counterparts [21]. Banana fibres are also a common
natural fibre being researched, they have been proven to be an effective reinforcing agent.
Banana fibres were compared to glass fibres and both demonstrated increases in tensile and
flexural properties over the plain resin, although due to the banana fibre having increased
ability to adhere to the matrix material, the interfacial shear strength was greater. This led

to the banana fibre composite to display superior mechanical properties [23].

A more recent study has made efforts to model the process parameters, which include fibre
length, fibre content, and alkali treatment time, of a composite reinforced with randomly
oriented Asian Palmyra fibres to determine their effect on tensile strength. Using response
surface methodology, a quadratic model was found to predict the tensile strength of the
composite at a 93% confidence level, although the model validity is limited to the
parameters tested during the study. Similar to other studies, results found that increasing
fibre length and fibre content led to increases in tensile strength. They also determined that
the chemical treatment time had a large effect on the tensile strength. This was due to longer

treatment times leading to better fibre matrix adhesion [24].

13



Combing different natural fibres is also common, these are called hybrid composites. A
composite reinforced with both sisal and banana fibre was tested to determine the effect of
changing the content of the two types of fibres. It was found that different ratios of sisal to
banana fibre offered different characteristics. Keeping the total fibre content to 40%
volume fraction of the composite throughout the test, a 26% volume fraction of sisal led to
the maximum obtained Young’s modulus, while a 19% volume fraction of banana led to
the maximum obtained flexural modulus. Increase in the sisal content was found to increase
tensile strength, and impact strength. It was determined that banana and sisal fibre ratio

should be kept to 4 to 1 for optimum results [25].

Hybrid composites can also be formed from a combination of natural and traditional fibres.
A studying performed experiments on two hybrid composites, one reinforced with
pineapple leaf and glass fibre, and the other with sisal and glass fibres. Only small amounts
of glass fibres were added to these natural fibre composites to hybridize them, but the small
amounts in the composite led to improved mechanical properties. Chemical treatment to
the natural fibres led to other mechanical improvements. It was found that 5% alkali
treatment to the sisal fibre led to the maximum found tensile and impact strengths, while
cyanoethylation (treatment with acrylonitrile) produced the largest increase in flexural
strength. SEM micrographs confirmed that the treated fibres have better matrix-fibre

adhesion than the untreated fibres [26].

Natural fibres have begun to enter the European automotive industry, although before they
can be incorporated in large scale a few technical issues need to be addressed. While natural
fibres offer superior recyclability, and require much less weight fraction than their glass

fibre counterparts, issues such as full understanding of homogenization of the fibre’s
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properties, moisture absorption, adhesion between fibre and matrix and fireproofing [27]

are all necessary prior to large scale acceptance of the material.

2.5 Short Fibre Reinforced Polymer Strain Rate Behavior

Short fibre reinforced polymer composites display behavior that is sensitive to strain rate.
Studies have been performed to determine the factors that influence the strain rate
sensitivity in these materials. Elastic modulus is found to increase with increasing strain
rate in majority of materials, often attributed to the viscoelastic effect of the matrix [28].
Viscosity is a material property that has two major effects on the behavior of a composite;
firstly, it influences the state of stress between the matrix and interface. Secondly, it
changes the matrix strength and interface strength by increasing them with strain rate [29].
The failure strain is normally lowered at higher strain rates where the ultimate stress is
increased. A study has shown that glass reinforced composites absorb more energy than
carbon reinforced composites, which can be attributed to the different failure modes [30].
Varying strain rate can cause different failure modes to occur and can help explain
composites strain rate dependence. At lower strain rates fibre kinking causes failure, while
at high strain rates delamination and interfacial separation are the main causes of failure

[30].

By comparing higher strain rate behavior to the quasi-static regime, one of the most notable
effects is the delayed onset of damage and marginally reduced damage accumulation seen
in higher strain rate tests at macroscopic scale [31]. In addition, the damage progression is

analyzed by viewing the micro crack density at the fibre-matrix interface as a function of
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fibre orientation and strain rate, using SEM micrographs at the microscopic scale. The main
influence of strain rate is the fibre matrix interface damage threshold and the damage rate

[32].

A recent study on a SMC manufactured for the automotive industry [33] found several
points that agree with previous literature and also some new findings. It was found that the
failure at the fibre matrix interface is the main failure mechanism, and matrix micro-
cracking in between fibre bundles, due to propagation in interfacial micro-cracks is favored
at high strain rates. Finally, this micro-cracking coupled with pseudo-delamination
between fibre bundles will always occur before failure of the composites, and is also

favored by high strain rate and fibre orientation in the loading direction [33].

2.6 Short Fibre Reinforced Polymer Failure Modes and Models

Due to the complex microstructure of composites, multiple failure modes can occur when
a load is applied. There are four main failure modes, including fibre rupture, fibre buckling
and kinking, matrix cracking under transverse tension and shearing, and matrix crushing
under transverse compression and shearing [34]. Fibre rupture is referring to when the
fibres break within the matrix due to a tensile stress in the fibre direction, leading to
debonding. Fibre buckling is similar to rupture but is due to uniaxial compression in the
fibre direction, which induces transverse tensile stresses between the fibre and matrix
interface leading to buckling of the fibres. This is mainly because of the difference in
Poisson’s ratio between the two materials [34]. Matrix cracking is common to see when

experiencing transverse tension, a few small cracks can easily lead to major cracking and
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failure. Matrix crushing due to transverse compression and shearing is similar to fibre
buckling, as they are both caused by the difference in Poisson’s ratio between the matrix
and fibre, which in turn create local tensile stresses between the two. Increasing shear
strains cause changes in the direction of crack growth between the fibres [35]. It influences
the cracks to orientate themselves parallel to the fibres, at the matrix-fibre interface and 45

degrees between the fibres, as seen in Figure 3.

fiber e ——

cracks

Figure 3: Microcrack Pattern due to Shear Loading [34]

To differentiate the four modes of failure, failure planes have been introduced in Figure 4.

€1 failure plane for fiber
mode

failure plane for matrix mode

Figure 4: Failure Planes [34]
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Failure planes associated with failure modes 1 and 2 are perpendicular to the fibre, while
the failure planes for modes 3 and 4 are normal to the fibres. The normal and shear forces
that act in these failure planes are those responsible for failure. Stress components from
Figure 4, onn, o1n, om, are functions of o2, 033, 012, 013, and o23, although they are not a
function of o11. It is only o11, 012, and o13 that provide stress to the fibre failure modes. o11
contributes most to the fibre failure modes, where o2 provides most to the matrix failure

modes [35].

Using Hashin’s methodology [35], a complete quadratic polynomial is used to approximate
the failure criterion in stress space. The matrix and fibre failure methods are broken down
into compressive and tensile modes, resulting four modes, and four boundary conditions.
The coefficients of Hashin’s model can be related to the strength parameters, and after a
plane stress assumption, these four failure modes can be broken down to:

1. Tensile fibre Mode 1: 0;; = 0:

2 > 0 failed
2 011 =
=({—=) —1 2.9
em (Xt) {< 0 elastic (2.9)

2. Compressive fibre Mode Il: g,; < 0:

2 > 0 failed
2 011 =
=(—) —1 2.10
€c (Xc> {< 0 elastic (2.10)

3. Tensile matrix mode IlI: g,, = 0:
2 2 > 0 failed
2 _ (%22 Iy —11=
m = (Yt ) + (Sc) 1 {< 0 elastic (2.11)

4. Compressive matrix mode IV: g,, < 0:

et = (%) +(2) -1 {Z 0 fued .12
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where, Xt and X. are the tensile and compressive strength of the fibre, respectively, Y: and
Y. are the tensile and compressive strength of the matrix, respectively, and Sc is the shear

strength.

For unidirectional composites, it is easy to extract the failure mode from the loading
condition, but for discontinuous composites it is much more difficult as any one of the four
failure modes, or combination, can cause fracture under various load conditions. For this
reason, failure models for discontinuous fibre composites are often determined analytically

using a volume of experimental results.

A multiscale model was developed by Jendli et al. [36] to predict the macroscopic behavior
of discontinuous composites subjected to dynamic loading, which calculates the
probability of interfacial fibre rupture for each point within the interface and for each
family of orientation. This expression is as follows:

P.(o,T,m) =1 —exp (— [(3)2 + (l)z]m) (2.13)

Oo

(00, TO' m) = f(E) (214)

where, o and 7 are the normal and shear stress, respectively, at the point of interest. oo and
70 correlate the resistance of the fibre-matrix interface, and m is a parameter that describes
the Kinetic damage of the interface. The parameters oo, 7o, and m are all dependent on strain
rate, they were determined through a volume of experimental data performed at different
strain rates. The model has been validated on the macroscopic scale and is shown to

accurately predict directional stiffness degradation under general loading conditions.
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A governing model for short fibre composites is the model proposed by Neilson [20], which
is a modified version of the Halpin-Tsai equations [18], both of which were covered in

section 2.2 Short Fibre Reinforced Polymer Quasi Static Behavior above.

2.7 Fibre Composite Mesoscopic Modelling

There have been several attempts at mesoscopic modelling of composites. Sabiston et al.
[37] developed a micromechanical unit cell model that determines average stress based off
the matrix and fibre interface of a long fibre composite. The model utilizes a functionally
graded interphase zone to determine the load transfer between the matrix and fibre. The
model is valid within the elastic region of the matrix and fibre. Sabiston et al. [38] proposed
another model, again on a long fibre composite, that describes the elasto-visco-plastic
response of the material through the means of a 3D finite element model. This model
assumes elastic deformation for the fibre while analyzing the elastic-viscoplastic response
of the matrix, using a glass rubber model. Additionally, the model subdivides the interface
zone into an infinite number of concentric rings, allowing for very accurate simulations.
Giannaros et al. [39] made use of a mesoscopic modeling technique, combined with finite
modelling with LS-DYNA to simulate the material behavior of a plain weave and tri-
axially braided fabric. Curve fitting techniques were used to determine and rank the most
influential parameters of the material, which were then in turn used to predict the material
behavior. This method provided adequate results. Mahboob et al. [40] developed a model
to predict in-plane tensile response seen in natural fibre composites, using a mesoscale

approach with continuum damage mechanics. A modified version of the mesoscale damage
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theory has been used along with optimization algorithm to select model parameters to
create a robust and accurate model, which can be an effective tool for those working with

natural fibre composite structures.

2.8 Fibre Composite Structural Applications

Fibre reinforced composites have been also incorporated into structural applications, and
been of particular interest to engineers. A study performed by Colangelo et al. [41] focused
on comparing thermal and microwave crosslinking routes for an epoxy/glass fibre
composite. The study found that the composite that was cured in the microwave displayed
superior stiffness properties and an improved inhomogeneous epoxy matrix in comparison
to the oven cured method. The results also determined the two curing methods had little
variation of pull-out strength parameters. Ozdemir and Oztoprak [42] performed a study
on dissimilar joints with composite fabric reinforcement on the bonding surface. The
results displayed that all joints experienced a decrease in performance when heated to 75°C,
but room temperature failure loads increase by 26% and 36% for single and double layer
fabric reinforcement respectively. This increase was not seen at all tested temperatures,
although failure displacement was increased at room temperature and 50°C. All joints
experienced a decrease in strength after low impact tests at 2.5J, but the double-layered
joint performed the best. A model was developed by Jayasree et al. [43] in an attempt to
reduce the amount of experiments and costs of developing a prototype consisting of a
thermoplastic composite. Finite element analysis was utilized along with curve fitting of

experimental stress strain curves, to predict the material behavior. The model shows
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positive signs of being an effective tool, although more work will be done to make it more

versatile.

2.9 SMC Finite Element Research

2.9.1 Continuum Mechanics Based Constitutive Modeling of Damage Evolution

Modeling of composites is a difficult task; however, several different approaches have been
used recently presented in a comprehensive review by Liu and Zheng [44]. A common
approach is to use continuum-based mechanics for developing constitutive models to
predict stiffness degradation and damage evolution on a macro-scale. Damage evolution
and loss of stiffness models can be related to cracks and voids within the composite matrix,
and in turn provide updated mechanical properties. Many researchers have contributed to
the framework around progressive failure analysis through the use of continuum damage
mechanics [45, 46, 47, 48, 49]. Their work includes the use of the damage tensors, free
energy, thermodynamics and power dissipation to predict the damage evolution of a
composite. Schapery [47], Murakami and Kamiya [48], Hayakawa et al. [49] and Olsson
and Ristinmaa [50] built off of this work by introducing a second order or fourth order
damage tensor to improve isotropic and anisotropic models to predict damage evolution
and stiffness degradation. These new models made use of damage evolution laws to address
previous shortcomings. Matzenmiller [34], Maa and Chen [51] and Camanho et al. [52] all
developed thermodynamic models to further describe composite damage evolution and
stiffness degradation. These models further developed the relationship between the damage

tensor and the resulting forces, stresses and strains within the material, and made use of
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known composite failure modes to aid in predicting damage. Perreux et al. [53] and Liu
and Zheng [54] utilized three damage tensors to describe the three main failure modes of
composites: fibre breakage, matrix cracking, and shear failure, where they used these
tensors to define damage evolution. However, it was found that elastic/damage coupling
constitutive models may not provide adequate information of damage initiation and
evolution, therefore damage/plasticity coupling nonlinear models were developed [44].
This is to account for the nonlinear behaviour that occurs in the plastic region, and its effect
on the damage properties. A notable nonlinear elasticity-plasticity/damage coupling
constitutive model was proposed by Lin and Hu [55]. This model in conjunction with a
mixed failure criterion is used to predict composite behaviour. J. Reddy utilized a general
two-dimensional shear deformation theory to predict the material response of laminate
composite plates [56], additionally J. Reddy has covered finite element models of

composite laminates extensively, including some of those seen above [57, 58].

2.9.2 Damage Initiation and Evolution Criteria

A second approach to modeling composites is to utilize damage initiation and evolution
criteria based on phenomenological material models, fracture mechanics and failure
modes. Composites may undergo many possible failure modes before the ultimate fracture
of the material. Damage initiation and evolution criteria aid in determining when and how
the damage begins to occur, and how the properties of the material evolve afterwards [44].
Popular failure criteria, which provide the framework for much of the work done in this
field, includes Tsai and Wu [59], Hashin (as discussed previously) [35], Hoffman [60], and

Yamada-Sun [61] criteria. Many of these failure criterions are able to predict when failure
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begins on the first layer of the composite, but is unable to identify the root failure modes.
Liu and Zheng [54] and Padhi et al. [62] addressed this issue by separating the three stress
components to give a better understanding and identify the failure modes. New failure
theories have also being developed; some notable theories are the strain invariant failure
theory [63, 64, 65], the multi-continuum theory [66, 67], and the micromechanics based

failure theory [68, 69].

It should be noted that, while effective, these theories are not as popular as the previous
failure criteria above. The virtual crack closure technique (VCCT), proposed by Rybicki
and Kanninen [70, 71], based off of the early work of Irwin [72], is a prevalent method for
determining mixed failure modes/parameters at the tip of a crack. VCCT is more effective
at calculating crack tip fracture mechanics than other methods such as the J-integral [73],
which uses linear-elastic fracture mechanics because VCCT can be used on 3D structures
and has low mesh requirements [74]. VCCT falls short, however, in predicting failure
initiation and evolution. To counter this, a cohesive zone concept was proposed by Dugdal
[75] and Barenblatt [76], which describes a discrete failure across the material separation
plane. This concept was further developed by Hutchinson and Suo [77], Tvergaard and
Hutchinson [78], Allen and Searcy [79], Camanho et al. [80], and Xie and Waas [81]
leading to the cohesive zone theory. This theory describes the area in front of the crack tip,
where the fracture properties are influenced by the upper and lower layers, while controlled
by the cohesive traction-displacement discontinuity relationships [44]. Shin and Wang [82]
further improved the cohesive zone model to predict the notch strength and damage
evolution of anisotropic composites, while Rami [83] proposed a micromechanical

cohesive zone model based on a 3D representative unit cell. Sabiston et al. [84] proposed
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a model based on functionally graded interface theory [85] in order to overcome the
computational inefficiency of cohesive zone theory. They have used the model to predict

quasi-static and moderate strain rate behavior of composites [86].

2.9.3 Integration into Finite Element Software

One of the greatest tasks to modeling composites is to take the damage models listed above,
and effectively integrate them into a finite element software. Often, damage progression
models of composites rely on element failure to update the progression of damage within
the laminate. This also means that the material properties have to be recalculated
simultaneously, while holding the same load to remain in equilibrium, causing instability
in some simulations due to numerical convergence issues [44]. This problem was later
resolved by Tay et al. [63, 64, 87], when the element failure method was proposed. This
method allowed for more rapid convergence and computational robustness by
manipulating the nodal forces of elements to simulate damage, while leaving the material
stiffness unaffected; although, subsequently this method struggles to predict damage
evolutions due to stiffness degradation. Gao and Bower [88] also tackled the convergence
issue by introducing a viscous constant into Xu and Needlman’s [89] cohesive model,
which effectively solved the issue. Another popular algorithm is the arc-length algorithm
proposed by Riks [90], Ramm [91], and Crisfield [92]. This method was found to produce

very accurate simulations, but was time consuming in comparison to previous models.

Since the interface between the matrix and fibre is in the microscopic scale, to simulate the

actual microscopic failure mechanisms on a macroscopic scale would take far too long to

25



compute, and for that reason a multiscale approach would be a useful effective tool [44].
Bednarcyk and Arnold [93] used micromechanics and produced finite element codes to
provide the outline for multiscale stochastic analysis of progressive failure in composite
laminates. This was used to predict the non-linear response of laminates. This differed from
others by incorporating a parameter for the fibre strength randomness on multiple scales
so that accurate microscopic failure could be achieved. Van Der Meer and Sluys [94]
evaluated the existing continuum material models used for micro modelling damage of
composites, and found that due to the homogenization of the matrix, prediction of matrix
failure was insufficient. They proposed two models: a continuum damage model and a
softening plasticity model to combat this issue. Robbins and Reedy [95] reduced the
computational effort in multiscale progressive damage and global failure simulations by
proposing an adaptive kinematics based multiscale model that makes use of a hierarchical

finite element method to reduce computation time.

More recently, the extended finite element method (XFEM) has been developed [96, 97,
98, 99]. This model allows a crack to propagate in any plane of the composite by defining
solid continuum elements but provided enriched element freedoms so that if failure
criterion is satisfied in any direction the crack will be able to propagate. Guidault et al.
[100] used this method to develop a multiscale XFEM to determine crack propagation
using a domain decomposition method to efficiently demonstrate the crack’s global and
local effects. Huynh and Belytschko [101] modelled the fracture properties of fibre
reinforced composites using XFEM by meshing the fracture zone independently of the

fibre and matrix interface and crack morphology.
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3. Experimental Methodology

3.1 Research Plan

3.1.1 Instrumentations and Materials

Car hoods made out of a SMC composite reinforced with short glass fibres have been the
material tested and is the focus of the study. Multiple different hoods were needed for the
experiments as different volume fraction percentages were tested. Tensile and flexural
specimens were prepared from the car hoods at longitudinal and transverse orientations to
be used for uniaxial testing. Longitudinal and transverse in this work is in reference to the

car hood, not the fibre due to the randomness of the fibre directions.
The following instruments and equipment are utilized throughout the study:

e INSTRON Universal Testing Machine
o Used to perform uniaxial testing on tensile specimens and record stress data.
o Used to perform three-point bending testing on flexural specimens and
record force and displacement data.
o Provided in H-12A Material Testing laboratory, UNB.
e INTRON Extensometer
o Used to record strain data throughout uniaxial testing.
o Provided in H-12A Material Testing laboratory, UNB.
e Scanning Electron Microscope
o Used to capture images of the fracture surface and matrix/fibre interface.
o Provided in Bailey Hall, UNB.
e Mass Scale
o Used to determine density of material through water displacement.
o Provided in H-12A Material Testing laboratory, UNB.
e Polisher
o Used to prepare samples for microscopy.
o Provided in B-116 Sample Preparation lab, UNB.

e Band Saw
o Used to cut car hoods into workable sheets of material.
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o Provide in B-109 Machine Shop, UNB.
e Computer Numerical Control (CNC) Mill
o HAAS Model TM-1 Tool Room Mill
o Used to cut tensile and flexural specimens from composites sheets.
o Provide in B-109 Machine Shop, UNB.
e Computer software
o INTRON software.
o MATLAB.

All experiments took place in H-12A the Material Testing laboratory, located in Head Hall

at the University of New Brunswick, Fredericton campus.
3.2 Experimental Setup

3.2.1 Material and Manufacturing Process

The materials used for this investigation were car hoods from a sheet molded compound
composite. Two sets of car hoods were tested and analyzed, both sets had the same glass
fibre reinforcement, matrix material and fillers, but different quantities. One set of hoods
had 25% volume fraction of glass fibres, and a PEEK (polyether ether ketone) matrix with
fillers 795phr (per hundred resin) of CaCOgz and 2phr of MgO. The second set had 45%
volume fraction of glass fibres and a PEEK matrix with fillers 730phr of CaCO3 and 3phr

of MgO.

The car hoods were manufactured at Fraunhofer Project Centre for Composites Research
at Western University [102], using a sheet molding compound process. For this process,
depicted in Figure 5, a film was rolled out onto a platform, where it awaits the premixed
polymer resin, before going through an extruder and then distributed onto the film. As the
film and resin were carried down the platform, several spools of glass fibre are connected

to a cutter where the fibres were cut and distributed into the resin below. Once the fibres
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were distributed throughout the resin an additional layer of film is placed onto of the resin.
Following that, the material went through a compounder to seal the constituents together.
The singular sheet exits the compounder and was cut to length. A robotic arm then took
the sheet and placed it onto a hydraulic press, where it is pressed to the final desired shape,

which for this application is a car hood (Figure 6).

Figure 6: SMC Composite Car Hood

3.2.2 Specimen Preparation
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Both tensile and flexural specimens were prepared for the study. The tensile specimens
were machined to ASTM standard D638-14 [103], while the flexural specimens were
machined to ASTM standard D790-15 [104]. Dimensional information for the tensile and

flexural specimens can be found in Figure 7 and Figure 8, respectively.
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Figure 7: Schematic of the Tensile Specimen Shape and Dimensions Based on ASTM D638-14

Standard
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Figure 8: Schematic of the Flexural Specimen Shape and Dimensions Based on ASTM D790-15
Standard

Both types of specimens had similar material preparation; full sized SMC composite car
hoods were cut on a band saw to yield four 305mm x 305mm plaques each, these plaques
were fastened to a sheet of plywood and placed into a CNC to machine the tensile and

flexural specimens. Each hood provided both longitudinal and transverse specimens as
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seen in Figure 9, although the figure only displays tensile specimens, it should be noted

that the flexural specimens were cut from the plaques in the same fashion.
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Figure 9: Schematic Displaying Tensile Specimens Cut-out Position on Car Hood

3.2.3 Uniaxial Tensile Testing

To acquire material properties of the composite material, material testing needed to be

performed. All of the uniaxial tensile tests were performed through the use of a universal

testing machine, an INSTRON Model 1332. The universal testing machine found in H-

12A the Material Testing laboratory is displayed in Figure 10.
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Figure 10: Universal Testing Machine Holding Fractured Tensile Specimen

This testing device used the top clamp to hold the specimen in place, while the bottom
clamp makes use of a 20KN load cell to pull the specimen until fracture. The universal
testing machine keeps record of the stress put onto the specimen and can be implemented
into a stress strain curve afterwards. Rubber bands can also be seen in Figure 9, where they
are fixing the 50mm extensometer to the specimen. The extensometer was responsible for

recording strain data throughout the test.

The three varying parameters to be tested and analyzed were material orientation, volume
fraction percentage of fibres and strain rate. The two material orientations were
longitudinal and transverse, while the two volume fraction percentages of fibres were 25%
and 45% (provided by the supplier). There is also three strain rates, which were 3x10“s?,

3x102 s, and 3x102 s, This resulted in 12 individual sets of data to be analyzed. The
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uniaxial test data was used as the basis for both the analytical and finite element models

later in this report.

Each uniaxial tensile test scenario was performed 5 to 8 times, the following Tables 3.1-
3.4 presents data on how many tests were performed at each orientation, volume fraction

and strain rate.

Table 3.1: Number of Tests Performed for the Longitudinal 25% Volume Fraction Tests

L 25% 3x10%s?t | 3x103s1 | 3x10%st
Number of Tests 6 8 8

Table 3.2: Number of Tests Performed for the Longitudinal 45% Volume Fraction Tests

L 45% 3x10%s1 | 3x103%s! | 3x107%t
Number of Tests 5 5 5

Table 3.3: Number of Tests Performed for the Transverse 25% Volume Fraction Tests

T 25% 3x10%s1 | 3x103%sT | 3x10%t
Number of Tests 7 7 7

Table 3.4: Number of Tests Performed for the Transverse 45% Volume Fraction Tests

T 45% 3x10%st | 3x1073s?t | 3x10%s?
Number of Tests 5 5 5

3.2.4 Flexural Testing

Flexural testing was performed on the universal testing machine INSTRON model 1332 as

well, utilizing two fixed supports and one loading nose, which is shown in Figure 11.
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Figure 11: Three Point Bending Experimental Setup with Fractured Specimen

In this experiment, the loading nose was pressed down on the middle of the flexural
specimen until fracture. The loading nose force was recorded by the universal testing
machine and the displacement of the nose was used to determine the flexural strain. The
flexural data was used for validation of the finite element model later in the report, for this
reason tests were only performed at a strain rate of 3x102 s, the strain rate that was used
for the finite element model. Table 3.5 below indicates how many tests were performed for

each orientation and volume fraction.

Table 3.5: Number of Tests Performed for each Orientation and VVolume Fraction

L25% L45% | T25% | T45%
Number of Tests 8 8 8 8
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3.2.5 Scanning Electron Microscopy

The fractured specimens were analyzed under a Scanning Electron Microscope (SEM) to
further investigate fracture initiation, and help determine the fracture modes of the material.
This work was performed in the Microscopy and Microanalysis facility located at UNB,
using a JEOL 6400 SEM system. Specimens were prepared using the methods presented
in [105]. Samples of 25% and 45% volume fraction from both the uniaxial and flexural

tests were analyzed to better understand fibre and matrix interactions.
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4. Experimental Results and Discussion

4.1 Uniaxial Tensile Test Results

As discussed previously, there are 12 sets of data presented, where they are separated into
longitudinal (6 sets) and transverse (6 sets) results. For each data set at least 8 uniaxial
tensile tests were performed to ensure repeatability. MATLAB software [106] was used to
average these results, yielding a single stress strain curve for each data set. It is noted that,
there are two separate sets of car hoods with 25% and 45% volume fraction of fibres. The
uniaxial samples were cut in longitudinal and transverse directions and the tests were
performed at 3x10*s?, 3x10°3s?, and 3x102 s strain rates yielding 12 different data sets.

Note: all of the uniaxial tensile results with error bars can be found in Appendix A.

Figure 12 shows uniaxial tensile stress strain curves with 25% volume fraction for
longitudinal direction under three mentioned strain rates. The results from the other tests
are presented in this form as well. Results from this set of data demonstrates that the
material was sensitive to strain rate, where as the strain rate increased the material was able
to reach slightly higher stresses before fracture. All failure stresses were within 10% of
each other for this configuration, between 50-55 MPa. Additionally, at each strain rate on

average the material fractured at 1.1% strain.
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Longitudinal 25% Volume Fraction
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Figure 12: Longitudinal Stress Strain Curve with 25% Volume Fraction

Figure 13 shows uniaxial tensile stress strain curves with 25% volume fraction for
transverse direction under the same three strain rates. The results from this configuration
appear to be less sensitive to strain rate, as the stress at fracture for each strain rate are all
within 6% of one another. Average fracture strain varied with these results, the lower strain
rate failed at 1.25% strain, while the two higher strain rates failed at 1.3% strain. Although,
it can clearly be seen that the transverse orientation is stronger than the longitudinal
direction, having a 20 MPa difference in fracture stress. This is due to the alignment of

more glass fibres in the transverse direction during the manufacturing process leading to
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more fibre content concentration and higher strength than the longitudinal direction, see

e.g. [107] and [108].

Transverse 25% Volume Fraction
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Figure 13: Transverse Stress Strain Curve with 25% Volume Fraction

Figure 14 shows uniaxial tensile stress strain curves with 45% volume fraction for
longitudinal direction under the same three strain rates from the previous two plots. From
this plot, it can clearly be seen that volume fraction percentage had a large influence on the
strength of the material in longitudinal direction as well as strain sensitivity is also
apparent. In the higher strain rate the additional fibres caused an increase in strength by
almost 100%. There was an increase in strength by a minimum of 30 MPa in each data set.

This is due to the fact that higher fibre content leads to the decrease of mean glass fibre
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length, where this eventually leads to higher fibre-fibre interaction and higher strength
[107]. An increase in fibre percentage also increased the influence of strain rate, as the
results for fracture stress vary by as much as 18% between the different strain rates tested,
almost double the variation at the smaller volume fraction percentage. Additionally, the
fracture strain varied more throughout this set of tests, the average fracture strain was 1.1%,

1.25% and 1.3%, opposed to the constant 1.1% from the last longitudinal tests.
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Figure 14: Longitudinal Stress Strain Curve with 45% Volume Fraction

Figure 15 shows uniaxial tensile stress strain curves with 45% volume fraction for

transverse direction under three different strain rates. Again, it can be seen that increase in
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volume fraction percentage of fibres greatly increases strength as well as strain sensitivity.
Similar to the longitudinal case, the increase in fibres led to an increase in strength of
almost 100%. The influence of strain rate increased as well in the transverse case with
variation up to 11% in fracture stress, up from 6% with 25% volume fraction. Fracture
strains varied in this test as well, with fracture strains at 1.45%, 1.5% and 1.6%, where
highest fracture strain in the previous transverse data set was 1.3%.
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Figure 15: Transverse Stress Strain Curve with 45% Volume Fraction

The mechanical properties along with the anisotropic behavior of the SMC composite

material that was investigated in this study is comparable with the similar SMC composite
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produced by Wetlay process earlier and studied by Lu [109]. The ultimate tensile strength
(UTS) and fracture strain of the composite are two parameters that were clearly affected
by strain rate from observation of the figures above. To further analyze these effects, UTS
and fracture strain were plotted against strain rate for longitudinal and transverse and 25%
and 45% volume fraction of fibres in Figure 16 and Figure 17 in logarithmic format.
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Figure 16: UTS vs Strain Rate for Different Directions and Volume Fractions

From Figure 16, it can be seen that the increase from 3x10*s? to 3x1073 s resulted in an
increase in UTS for all of the different orientations and volume fractions, although the
increase is greater in the 45% volume fraction specimens. The increase from 3x103s™ to
3x102 st yielded different results, the longitudinal 25% volume fraction specimens saw
little increase in UTS (less than 1 MPa) and the transverse 25% volume fraction specimens

saw a small decrease in UTS. The 45% volume fraction specimens experienced significant
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increases in UTS, similar to the transition from 3x10*s™ to 3x103s™. This demonstrates
that increasing strain rate is only effective up until a certain point where further increases

become insignificant, although increased fibre percentages allows UTS to increase further.
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Figure 17: Fracture Strain vs Strain Rate for Different Directions and Volume Fractions

Figure 17 shows the effect of increasing strain rate on the fracture strain. The increase from
3x10“s? to 3x10 st resulted in increases in fracture strain for all specimens expect for
longitudinal with 25% volume fraction, which did not change depending on the strain rate.
The 45% volume fraction specimens were the only ones to see increases in fracture strain
when the strain rate was increased from 3x1073s to 3x102s™. Lower fibre percentages did
not display the ability to increase fracture strain with increasing strain rate, while high fiber

percentages displayed linear increases. A summary of the ultimate tensile stress and
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fracture strain of all uniaxial tensile tests can be found in Table 4.1 and Table 4.2 for

longitudinal and transverse directions, respectively.

Table 4.1: Summary of the ultimate tensile stress and fracture strain of all uniaxial tensile
tests for longitudinal direction

Longitudinal
25% Volume Fraction 45% Volume Fraction
3x10%s?t | 3x10%s? 3x10?s* 3x10* st 3x103 st 3x102s?
UTS [MPa] 49.6 53.7 54.3 80.5 89.0 97.8
€Fracture 1.10% 1.10% 1.10% 1.10% 1.25% 1.30%

Table 4.2: Summary of the ultimate tensile stress and fracture strain of all uniaxial tensile
tests for transverse direction

Transverse
25% Volume Fraction 45% Volume Fraction
3x10*st | 3x103st 3x102 st 3x10* st 3x10% st 3x102s?
UTS [MPa] 68.4 72.4 71.0 124.4 131.7 140.5
€Fracture 1.25% 1.30% 1.30% 1.45% 1.50% 1.60%

Due to the viscoelastic nature of the material, and the lower/non-linear mechanical

properties an accurate modulus cannot be found, hardening rate is the focus instead. The

stress strain curves from earlier in the section were used to produce hardening rate plots

for all of the data sets, which are present in Figure 18.
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Figure 18: Hardening Rate Under Three Different Strain Rates for A) Longitudinal Direction and
25% Volume Fraction of Fibres; B) Longitudinal Direction and 45% Volume Fraction of Fibres;
C) Transverse Direction and 25% Volume Fraction of Fibres; D) Transverse Direction and 45%

Volume Fraction of Fibres

Figure 18A, shows hardening rates under three different strain rates for longitudinal

direction and 25% volume fraction of fibres. All the hardening curves follow almost the

same trend. It can be seen that there is an increase in linearity each time the strain rate is

increased. Another point of interest is at approximately 0.7% strain, where all three curves

converge, and there is softening seen after this point in the two lower strain rates. There is

also some softening seen before 0.1% strain, where it is a delayed response from the

extensometer, and not an actual softening. Figure 18B shows hardening rates under the

same strain rates for longitudinal direction and 45% volume fraction of fibres. All the

44

0.016



hardening curves follow almost the same trend, where similar results are seen compared to
the 25% volume fraction tests. There is an increase in linearity as strain rate increases, but
the curves are all closer together than seen in the previous plot. There is also convergence

of all three curves at approximately 0.7% strain, and some softening is seen after this point.

Figure 18C shows hardening rates under three different strain rates for transverse direction
and 25% volume fraction of fibres. In these tests, again a similar trend can be seen, where
there is an increase in linearity with increasing strain rate; converge can be seen between
0.6%-0.8% strain like previous cases. After convergence, there is a change in the nature of
the curve, same as both sets of longitudinal tests. Figure 18D shows hardening rates under
the same strain rates for transverse direction and 45% volume fraction of fibres. The
transverse results at 45% glass fibres shows the most consistent results, with all the curves
following a similar path. Although this example is not immune to trends seen in the
previous examples, there is still an increase in linearity with increasing strain rate. In

addition, there is convergence around 0.8% and softening seen afterwards.

At first glance the hardening curves appear to be random, but it can be seen that in all cases
the curves become more linear in higher strain rates. This proves that the faster the SMC
composites deforms the more linearly it hardens, this is because normally the matrix has
time to align and transfer the force to the fibres, but with increased strain rate this cannot
be achieved and more force is put on the matrix. An additional point of interest that can be
extracted from the plots is that between 0.7% and 0.8% all the curves converge and harden
at the same rate. This was at 0.7% for the longitudinal specimens and 0.8% for transverse.
This convergence is the result of the polymer matrix reaching a level of hardness where

the adhesion strength to the fibres is greatly reduced. Around this strain level the majority
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of the fibre matrix debonding begins to occur and explains the softening seen after 0.7%-

0.8% strain in most of the tests.

4.2 Three-Point Bending Test Results

The three-point bending tests were performed with the same car hood volume fractions,
25% and 45%, and material directions, longitudinal and transverse. Additionally, the
flexural tests were performed a minimum of 8 times to ensure repeatability and MATLAB

was used to average the results. These tests were performed at the same strain rate of 3x10°

351 or a velocity of 10 mm/min.

Note: All flexural results with error bars are presented in Appendix B.

Flexural Results
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Figure 19: Three Point Bending Force Displacement Curves for the Longitudinal and Transverse
Directions
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Figure 19 presents the experimental results from the three-point bending tests in the
longitudinal and transverse directions for both the 25% and 45% volume fraction
specimens. It is noted that the same trend as was seen for the uniaxial tensile tests can be
observed with the flexural tests. First focusing on the longitudinal tests, the 45% volume
fraction specimens had a vastly higher force at failure, more than double seen in the 25%
volume fractions, but failed at a lower displacement. The 25% volume fraction specimens
on average failed at a force of 40.1 N, and had an average failure displacement of 30 mm.
The 45% volume fraction specimens on averaged failed at a force of 87.1 N, and had an
average failure displacement of 26 mm. This trend with the flexural properties of SMC
composites was seen previously in [110], where higher fibre content led to higher flexural

strength.

The flexural behavior of the transverse samples was very similar to those seen in the
longitudinal tests. The 45% volume fraction results fractured at a higher force and a lower
displacement than seen in the 25% volume fraction results. Although, the difference in
failure force between the 25% and 45% volume fraction specimens is less in the transverse
results, while the failure displacement difference is greater. The transverse results
displayed higher failure forces than the longitudinal results, while the fracture
displacements remained relatively the same. During the manufacturing process, some of
the fibres can be aligned in the transverse direction and out of plane due to the randomness
and small length of the fibres. Since flexural tests are a combination of tension and
compression some of these fibres are under compressive loads, where higher stiffness than
the longitudinal samples was achieved [110]. This was further verified using the SEM

images. The 25% volume fraction specimens on averaged failed at a force of 59.5 N, and
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had an average failure displacement of 30 mm. The 45% volume fraction specimens on
averaged failed at a force of 105.7 N, and had an average failure displacement of 24 mm.
Like the uniaxial tensile tests, the results obtained for the flexural tests along with the
mechanical behavior of the material were close to the results presented by Lu [109] using

Wetlay process to manufacture SMC composites.

4.3 Scanning Electron Microscopy Analysis

A scanning electron microscopy (SEM) investigation was put forth to look deeper into the
mechanisms of fracture and distinguish the complicated failure modes undergone by short
fibre reinforced composites. SEM analysis was performed on both the tensile and flexural
samples post fracture. This helped to determine if the same failure modes occur in uniaxial
tension as they do in bending. Initial observations displayed that there were signs of fibre

bundling, which led to matrix debonding, and subsequently, failure.

Figure 20 displays SEM images from fractured tensile specimens. Due to the randomness
of the fibres and the small focus of the SEM, both the transverse and longitudinal results
have negligible differences and therefore the same conclusions can be drawn. Figure 20A
and 20B depict the cross section of a 25% and 45% volume fraction specimen fracture
surface respectively, while Figure 20C and 20D show the top cross section of a 25% and
45% volume fraction sample, respectively. In Figure 20A bundles of fibres are clearly
depicted, where fibre bundling is one of the leading causes of fibre/matrix debonding in
reinforced composites, as the fibres bundle their available bonding surface area is reduced,

therefore their ability to adhere to the matrix is reduced [34]. Figure 20B displays the same
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type of fibre bundling but due to the higher percentage of fibres, they are more concentrated
together forming larger bundles than seen previously. It is clear that higher fibre content
led to higher fibre-fibre interaction and bundling yielding higher strength [107]. This fibre
bundling also led to fibre/matrix debonding of a group of fibres at once rather than
individual separation of fibres as shown in the figure. Figures 20C and 20D both
demonstrate the randomness of the fibre matrix, displaying that in just one small high
magnification frame, multiple fibre directions are found in both images. The presence of
out of plane-oriented fibres due to the manufacturing process can be seen in these two
figures, which was confirmed by Thomason and Vlug [110] earlier. Although both images
are very similar in this front, it can be seen that the 45% volume fraction sample has a much

higher concentration of fibres as expected.
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Fibre Bundling

Figure 20:SEM of Tensile A) Fractography 25% VF at 50um B) Fractography 45% VF at 50um
C) Top Cross-Section 25% VF 100um D) Top Cross-Section 45% VF 100um

Figure 21 displays the SEM images of fractured flexural specimens. Figure 21A and 21B
show the fracture surface cross section of a 25% and 45% volume fraction sample
respectively, while Figure 21C and 21D show the top cross section of the fracture surface
for a 25% and 45% volume fraction sample respectively. In Figure 21A and 21B, the same

type of fibre bundling and fibre/matrix debonding that was experienced in the tensile
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specimens can be observed, although in this image it was more common to find bundles of
fibres debonding from other fibre bundles, rather than individual debonding fibres. This is
due to the complex nature of the flexural test that a combination of tension and compression
is present leading to out of plane oriented-fibre bundles to debond [110]. The only
difference seen between the two Figures 21A and 21B is the fibre percentages, the general
failure mechanics appear the same. Figure 21C and 21D display the top cross section of
the specimen, and alike observations from the tensile images, these figures display multiple
fibre directions in just a small surface area, which demonstrates the fibre direction
randomness seen throughout the entire part. Here, we also see fibres that have been bent
and demonstrate curvature, although these curved fibres still appear to be debonding in
larger bundles of fibres, rather than individually. This is due to the fact that both ends of
the short fibres cannot be fully stressed in comparison with long fibres leading to fibre

bundling and further debonding [111].
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Figure 21: SEM of Flexural A) Fractography 25% VF at 50um B) Fractography 45% VF at 50um
C) Top Cross-Section 25% VF 100um D) Top Cross-Section 45% VF 100um

4.4 Remarks on Fracture

Through careful analysis of the SEM images provided along with the flexural and tensile
test results, it can be stated with confidence that the main mode of failure for this SMC

composite material has been fibre bundling and matrix/fibre debonding. These findings
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agree with other studies on this topic in literature, see e.g. [34], [107], [108], [109], [110],
[111], and [3]. This can help explain the differences between the failure stress and strains
seen between the 25% and 45% volume fraction experimental results. In the 25% volume
fraction specimens, there is more individual fibre separation seen, therefore the fibres are
not all breaking at one time. The 45% volume fraction specimens see groups (bundles) of
fibres failing at a time, making these failures more catastrophic, and likely the specimen
fractured as soon as one of these bundle separations begun to occur. The 25% volume
fraction samples are not able to reach as high of a stress since more stress is being put on
each fibre making them fail at lower stresses and lower strains, while the 45% volume
fraction samples are able to reach higher stress and higher strains since there is more fibres
to distribute the load and keep the specimen intact, but once separation occurs it is a rapid

failure.
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5. Analytical Model

5.1 Model Development

Several model derivation methods were utilized to predict stress in an attempt to quantify
the effects of changing the three parameters, strain rate, volume fraction and orientation,
while some methods displayed signs of being plausible and effective. These include
logarithmic, exponential, and hyperbolic, and power law type forms [112, 113]. The
following analytical model was by a significant margin the superior in terms of predicting
the mechanical properties in different directions, for different volume fraction of fibres,

and strain rates.

The first step to developing this analytical model was to find a general fit to all of the stress

strain curves, with the following equation:
o=Ke" (5.1)

This power law form general equation could best describe the 12 stress strain curves
obtained experimentally in this study for different situations. After repeating each
experimental test for minimum of 8 times, the average curve for every configuration was
identified and then curve fitted to this equation. An extension to MATLAB called EzyFit
[114] utilized least squares to fit these curves and determine the coefficients ‘K’ and ‘n’.
To further this model, the influence of strain rate, orientation and volume fraction
percentage need to be integrated into the equation. To incorporate orientation, there has
been an individual model developed for both the longitudinal cases, and the transverse
cases. The influences of strain rate and volume fraction were incorporated into the equation

as follows:

54



o=Ke" (5.1)

‘K’ then was separated into ‘K1’ and ‘K>’ to begin incorporating the influence of strain rate

and volume fraction.

K = K,K, (5.1b)

By making ‘K>’ equal to strain rate, volume fraction and their respective coefficients, these

influencing parameters were incorporated into the equation.

K, = émVFL (5.1¢)

Equation (5.1c) was substituted into Equation (5.1b) to determine the new form for ‘K’ as

follows

K = K,émVFL (5.1d)

Equation (5.1d) was then substituted into the original Equation (5.1), which resulted in the

final form of the equation.

o = K, e"émVFL (5.2)

Following this derivation, it can be seen that the final Equation (5.2) now has influence
from strain, strain rate, and volume fraction. The next step in development is to determine
the coefficients that control the amount of influence each parameter has on the resulting

stress strain curve for both longitudinal and transverse directions.

55



5.2 Analysis of Analytical Model

In order to better understand the uniaxial tensile behaviour of the composite car hoods the
developed model above was used to predict the mechanical properties. It should be
reiterated that each curve was fitted to the form shown in Equation (5.1), meaning that
there is a known ‘K’ and ‘n’ value for each of the curves. It can be seen from Equation
(5.1d) that there were three unknowns, i.e. ‘K1’, ‘m’ and ‘L’, while ‘K’ and ‘n’ were
knowns from previous curve fitting. The coefficients can be solved using three of the
curves as they provide three equations for three unknowns, although this means that of the
six available curves, only three of them can be used to determine the influence of the

varying parameters.

Three curves were selected at a time, MATLAB was used to set up the system of equations
and solve for the unknowns, this allowed for faster processing of the different options.
After several trials, the three curves found to best fit the behavior of the material were the
same for both transverse and longitudinal, they were 45% volume fraction at 3x10# s,
25% volume fraction at 3x10°s™, and 45% volume fraction at 3x102s™. The coefficient
values can be found in Table 5.1. Actual and predicted curves were produced for all 12
data sets using the coefficients. The results for the longitudinal and transverse curves used

to calibrate the model can be found in Figure 22.
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Figure 22: Analytical model calibration curves A) 45% VF at 3x10™ s™* B) 25% VF at 3x10°s™ C)

45% VF at 3x107 s

Figure 22A shows the 45% volume fraction results at 3x10 s for both transverse and

longitudinal directions. Good agreement between the experimental results and model
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prediction can be seen. The longitudinal results experience a small amount of separation
between the actual and predictive curves at the beginning and the end of the curve, although
this separation does not exceed more than a few MPa at any point. The transverse curve
only sees separation at the end of the curve where the prediction follows a linear path while

the experimental had a small decrease in stress prior to failure.

Figure 22B shows the 25% volume fraction results at 3x103s? for both transverse and
longitudinal directions, where almost good agreement can be seen between the model and
experiments. Both the longitudinal and transverse curves followed the same path, having
close agreement until 0.2% strain and diverge but cross again at approximately 1% strain.
After 1% strain the predictive curves remain linear, while the experimental curves have a
small reduction in stress before failure. The separation does not exceed more than 5 MPa
at any point throughout both curves. Figure 22C shows the 45% volume fraction results at
3x1072s for both transverse and longitudinal directions, where the best results of the three
calibration curves were obtained. Both the longitudinal and transverse curves had a small
amount of separation from 0% to 0.2% strain, but after this point, both curves displayed
good agreement until fracture, although the transverse case saw a small amount of

separation just prior to fracture as seen in the previous examples.

The same coefficients as described for the calibration process are used to predict the other
six sets of experimental data in order to validate the developed model. The results for the
longitudinal and transverse predicted curves are presented in Figure 23. It is noted that, the
results found in Figure 23 are those that were not used for calibration, therefore had no

influence on the developed analytical model.
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Figure 23: Analytical Model Validation Results A) 25% VF at 3x10* s* B) 45% VF at 3x1073 s
C) 25% VF at 3x10? st

Figure 23A shows the 25% volume fraction results at 3x10*“s™, where both the transverse

and longitudinal results displayed very good predictions. There was slight separation from
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0% to 0.2% strain as seen previously; however, the curves matched until the end where the
experimental curves decayed slightly faster than the predicted curves. Figure 23B shows
the results for 45% volume fraction at 3x103s, where both the transverse and longitudinal
results displayed the best prediction between the three. Like Figure 23A, there was slight
separation at the beginning of the curve prior to 0.2% strain, and again there was some

separation seen at the end of the curve.

Figure 23C shows the results for 25% volume fraction at 3x102 s, where both the
transverse and longitudinal results displayed the least accurate predictions of all the three
sets. Both the transverse and longitudinal results followed a similar path, the predicted and
actual curves match up to 0.2% strain, at that point the actual curves diverged and did not
intersect the predicted curves again until 1% strain. The actual curves decay at a faster rate
than seen in previous examples. It is evident that the model has limitations predicted curves

at low volume fractions and high strain rates.

There is generally a good agreement between the predicted and actual stress strain curves
as shown in Figure 23. Majority of plots followed the same behavior, where there was some
separation between the curves until approximately 0.2% strain and experienced little to no
separation thereafter. The two curves with 25% and a strain rate of 3x102s™ displayed a
less accurate prediction. From viewing the curve, it can be seen that they match until
approximately 0.2% strain, where the curves separate and do not converge again until 1.0%
strain. The exponential function of the model decays at a slightly lower rate than the stress
strain curves of the composite material therefore the separation between 0 and 0.2% strain

IS necessary to accurately predict the rest of the curve. Generally the calibration and
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validation predictions displayed similar accuracy, except for one situation that the model

had issues predicting, which was the lower volume fraction cases at high strain rates.

The less accurate result in Figure 23C can be due to two main reasons. First, the recording
of strains using the extensometer for the highest strain rates, i.e. 3x102 s were not as
accurate as the other two quasi-static tests. This is because the extensometer can operate
more accurately in strain rates lower than 3x103 s, In addition, the developed analytical
model lacked parameter associated with the level of randomness of fibres in the samples.
Considering a homogeneous criterion to account for the random nature of the fibres can
help to predict more accurate results. However, this needs destructive tests, e.g. SEM of
cut samples, or non-destructive procedures, e.g. micro-CT analysis of original samples,
prior to performing the uniaxial tensile tests. This leads to higher final price for the
predictive model, which is against the goal of having a predictive model without the cost

of further testing.

Table 5.1 Coefficient values for the analytical model

Coefficient Longitudinal Transverse
K1 2633 5366
m 0.023 0.010
L 0.75 0.85

5.3 Analytical Model Remarks

The analytical framework developed in this study can be implemented in finite element
mesoscopic models developed for composites, see e.g. [37]. The primary goal of these

types of models is to predict the strength of SMC composites in the event of low speed
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crash such as parking lot collisions to study the structural integrity of these new car hoods
[38]. The advantage of these models is that they include the effects of different strain rates,
which can be further expanded to moderate strain rates for other applications such as
pedestrian head injury modeling [115]. The developed model can also be used as a robust
multiscale modeling tool for bridging between scales since it predicts the overall strength
of SMC composites with random fibre orientation and length [85]. Finally, the model is
developed in a way that can be easily input into commercial finite element software such
as LS-DYNA [39] to predict the behavior of SMC materials in complex loading conditions

during crush which includes combined compression and bending [116].
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6. Finite Element Model

6.1 Model Development and Calibration

A finite element analysis model was developed using commercial FE software LS DYNA
[117] and experimental data from the uniaxial tensile tests. For each material type, i.e.
volume fraction and direction, a different model was created, since the material properties
differ for each direction and volume fraction. This work began by 3D modelling the tensile
specimen using Autodesk Inventor, and importing that 3D model into LS-PrePost as an
IGS file. The specimen was then meshed using solid elements with three layers elements
through the thickness. The mesh was chosen so that each element size was approximately
Imm. A mesh sensitivity analysis was conducted to verify the choice of element size,
presented in Section 6.2. Figure 24 shows the tensile specimen used with nearly constant

element size used throughout.

Figure 24: Tensile Specimen Element Mesh
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Several material models were tested to predict the deformation of the SMC composite, but
material model (MAT_24) Linear Piecewise Plasticity was chosen, as it was the most
effective by allowing for experimental stress-strain data to be a material input. Other
material models considered include: (MAT_6) Viscoelastic, (MAT_19) Strain Rate
Dependent Plasticity, (MAT_22) Composite Damage, (MAT_64) Rate Sensitive Power-
Law Plasticity, and (MAT_76) General Viscoelastic [117]. While these models produced
encouraging results, the unique deformation pattern of the composite material required a
material model that was able to precisely capture the stress strain behaviour, and for that

reason MAT _24 was chosen.

After the specimen was assigned a material mesh (aligned with the x-coordinate direction),
the boundary conditions were put in place to replicate the uniaxial test. The x=0 end of the
specimen was prescribed nodal constraints to prevent rotation or displacement in any
direction. At the x=L end, element nodes were given a degree of freedom in the x-direction

only, and assigned a nodal velocity to correlate to the testing strain rate of 3x103s™.

The model material properties were the next task in the simulation process. For this, the
density, Young’s modulus, Poisson’s ratio, yield stress, and failure strain were measured
and prescribed as material inputs. The density, Poisson’s ratio, and failure strain were
extracted from experimental test data. Due to the viscoelastic nature of the material, and
the non-distinct yield point possessed by thermosets [118], Young’s modulus and yield
properties could not accurately be determined from experimental testing alone, therefore
they had to be calibrated using FEM. Each model was calibrated separately, and the

resulting properties can be found in Table 6.1. Material orientations are designated with an
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‘L’ for longitudinal or ‘T for transverse (in reference to the direction of the hood and not

fibre directions), along with the volume fraction of fibres.

Table 6.1: Material Model Inputs

Density Young’s Poisson’s | Yield Stress Failure
[kg/m?] Modulus Ratio [MPa] Strain

[GPa] [mm/mm]
L25% 1910 10.3 0.30 55 0.98%
L45% 1910 17.1 0.30 9.5 1.15%
T25% 1910 12.55 0.30 5.4 1.13%
T45% 1910 21.4 0.30 5.94 1.34%

The results for the longitudinal and transverse uniaxial tensile simulations can be found in
Figures 25 and 26 respectively. Both the 25% and 45% volume fraction, actual and

predicted stress strain data are presented on the same plot.

Longitudinal Tensile Model Results
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Figure 25: Uniaxial Tension Experimental and Simulated Stress Strain Curves for the Longitudinal
Direction
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Transverse Tensile Model Results
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Figure 26: Uniaxial Tension Experimental and Simulated Stress Strain Curves for the Transverse
Direction

Here, both the longitudinal and transverse uniaxial tensile tests are exhibiting the same type
of behaviour. The 25% volume fraction simulations are accurate for the majority of the
simulation, and in particular at higher strains, but there is minor over-prediction prior to
0.5% strain, with a maximum error of 2.3 MPa and 4.3 MPa for the longitudinal and
transverse directions respectively. The same result is seen in both the 45% volume fraction
simulations, although there is a larger over-prediction at the low strain region of the curve
(maximum error of 5.7 MPa and 9 MPa for the longitudinal and transverse directions
respectively) compared to the 25% volume fraction simulations, and the curves converge
between 0.6%-0.7% strain. The longitudinal and transverse 25% volume fraction

simulations had a root mean square (RMS) error of 0.99 MPa and 1.97 MPa respectively,
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while the longitudinal and transverse 45% volume fraction simulations had a RMS error of

2.98 MPa and 4.00 MPa respectively.

An explanation for the separation at low strains can be that the material model used is a
plasticity model, which assumes that there is a clear and sudden elastic-plastic transition,
but that is not the case for this SMC composite. The transition from elastic to plastic for
this material, alike thermosets, is gradual and cannot be defined by a single parameter
[117]. The plastic model also assumes work hardening is due to slip, while the SMC
material deviates from pure elastic due to debonding and breaking of fibres causing damage
that weakens the material. Additionally, the elastic properties are greater in the 45%
volume fraction models explaining why there is a greater separation seen in the elastic
portion of those simulations. Calibration of the models was iteratively conducted to
determine the input material properties so that the high strain region of the curve would be

more accurate, since this is the part of the curve that is of the most interest.

The experimental and simulated values for ultimate tensile strength and fracture strain are
presented in Table 6.2. From these results, it can be seen that the fracture strains from all
simulations matched the experimental results well, and the ultimate tensile strength also

matched well to within 2% error.

Table 6.2: Tensile Model Results

Longitudinal Transverse
25% 45% 25% 45%
UTS [MPa] Experiential 53.7 89.0 72.4 131.7
UTS [MPa] Simulation 54.3 90.7 71.7 131.0
% Difference 1.1% 1.9% 1.0% 0.5%
Erracture EXperimental 1.10% 1.25% 1.30% 1.50%
Erracture Simulation 1.10% 1.25% 1.30% 1.50*
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% Difference 0% 0% 0% 0%
RMS Error [MPa] 0.99 2.98 1.97 4.00

6.2 Mesh Sensitivity

Using the longitudinal 25% volume fraction tensile model, the element mesh size was
calibrated. The three mesh sizes that were studied are shown in Figure 27. This figure
depicts a rough mesh, a fine mesh and the mesh that was eventually used for the model.
Simulations were conducted with each mesh using constant material inputs to test for mesh-

dependence of stress and strain evolution, results are found in Table 6.3.

Figure 27: A) Rough Mesh B) Model Mesh C) Fine Mesh

Here it can be seen that the stress-strain results of all three mesh simulations are coincident.
The correct mesh selection would be the roughest mesh that produced the same results as
a mesh with more refined elements, therefore the goal would be to keep reducing the mesh

size until the results plateaued [119]. From the table, it can be noted that the intermediate
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mesh and the fine mesh yielded the same results. Any finer mesh would therefore also
produce the same results, thus the mesh chosen was the intermediate mesh. This ensures
adequate accuracy of simulation fracture, reduction of simulation time, and unnecessary
waste of computing power [119]. The rough mesh produces similar results, although the

two results from the model and fine mesh were more accurate to the experimental data.

Table 6.3: Mesh Variability Results

Rough Mesh Model Mesh Fine Mesh
UTS [MPa] 54.9 94.4 4.4
EFracture 1.13% 1.10% 1.10%

6.3 Model Validation and Further Discussion

6.3.1 Flexural Model Setup

To validate the simulation framework presented earlier, each uniaxial tensile model was
used to simulate the associated material response in three-point bending tests. The three-
point bending simulations used cylindrical supports and a loading nose meshed as rigid
parts to govern the bend deformation, rather than nodal constraints used in the tension
simulations. The model was assembled in Autodesk Inventor prior to being imported into
LS-DYNA PrePost and meshed with solid elements. The same mesh size was used as the
ones in the uniaxial tensile simulations. The meshed flexural model can be seen in Figure

28.
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Figure 28: Three Point Bending Meshed Model

The supports and loading nose were assigned the same mesh size as the flexural specimen
to ensure smooth and more stable simulations [120]. Three surface-to-surface contacts
were defined, one between the loading nose and the flexural specimen, and one between
each of the supports and the flexural specimen. Friction coefficients at each contact are
summarized in Table 6.4 as determined from literature [3]. The flexural specimen was not
constrained beyond contact with the supports and the load applied by the nose. Each of the
supports was fixed, while the loading nose had translational freedom in the y-direction

only.

Table 6.4: Friction Coefficients

Static Friction Coefficient Dynamic Friction
Coefficient
Loading Nose/Specimen 0.3 0.2
Supports/Specimen 0.3 0.2
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Although the objective of simulating the flexural response of the material with the
previously developed tensile model is validation, some modifications for the definitions of
contact still needed to be made. First, the previous model did not have any contact,
therefore both contact, and global dampening needed to be added to the model. Second, a
failure criterion based on failure strain was added to the tensile model to accommodate
failure. The two types of tests (uniaxial tensile and flexural) activate failure mechanisms at
different strain levels. In addition, the presence of global damping adds computational
stiffness to the model, which affects the onset of failure. This can be understood because
of the more complex state of strain in the flexural case and local behavior of strain in the
matrix [1]. Therefore, the failure strain was recalibrated for the flexural model. The failure
strain values for both the tensile and flexural model can be found in Table 6.5. From this
table, it can be seen that the 25% volume fraction models had a greater difference between
the failure strains in the tensile model versus the flexural model. This was because the 45%
volume fraction models were found to have more vibration noise at the beginning of the
simulation and needed additional damping to smoothen the initial contact. Furthermore,
there was some sliding that occurred between the supports and the specimen. This frictional
force needed dampening as well to smoothen the noise that aroused from the contact and
sliding and also to capture the real bending phenomenon during simulation [121]. This can
be confirmed from Figure 10, where the specimen had gradually been sliding along the

supports throughout the flexural tests.
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Table 6.5: Failure Strain for the Tensile and Flexural Models

Tensile Flexural
L25% 0.98% 1.95%
L45% 1.25% 1.65%
T25% 1.13% 1.63%
T45% 1.34% 1.34%

6.3.2 Flexural Test Simulations

The results for the flexural longitudinal and transverse simulations are shown in Figure 29

and Figure 30 respectively.

Longitudinal Flexural Model Results
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Figure 29: Three Point Bending Experimental and Simulated Stress Strain Curves for the

Longitudinal Direction
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Transverse Flexural Model Results
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Figure 30: Three Point Bending Experimental and Simulated Stress Strain Curves for the
Transverse Direction

The longitudinal result for 25% volume fraction matched the experimental data the best
having minor over-prediction prior to 15mm of displacement (maximum error of 4.1 N)
and converging thereafter. The transverse 25% volume fraction simulation results were not
as accurate as the longitudinal results, having a maximum error of 5.7 N happening in the
beginning of the flexural test, where the contact condition is not in its steady condition.
However, the flexural simulations were very accurate in terms of predicting the failure
displacement and force. The curves did converge once at approximately 12mm of
displacement, and did not converge again until fracture. There was similar result seen in
both of the 45% volume fraction simulations, which was much less accurate than those
seen in the 25% volume fraction simulations. The 45% volume fractions had a larger

separation at the beginning of the force displacement curve, having a maximum error of
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17.6 N and 19.1 N for the longitudinal and transverse directions respectively. It is clear that
the 45% volume fraction simulations experienced much higher tangent modulus. The 45%
volume fraction curves do later converge once, and the resulting failure displacement is
accurate, but the failure force experienced increased error compared to that seen in other
simulations, differing by 4.2% and 6.6% for the longitudinal and transverse models
respectively. The RMS error was calculated over several points through the curves and was
found to be 1.53 N and 3.39 N for the 25% volume fraction longitudinal and transverse
directions respectively, while the RMS error for the 45% volume fraction simulations was

6.22 N and 6.74 N for the longitudinal and transverse directions respectively.

Displayed in Figure 31 is a fractured flexural specimen from the longitudinal 25% volume
fraction simulation. This figure captures the specimen just as it begins to fracture in the
center of the piece (as seen in Figure 10), while the colour scale displays that the part failed
at an equivalent Von Mises stress of approximately 46 MPa, which translate to a failure

force of approximately 40 N.

74



Figure 31: Simulated Fracture Longitudinal 25% Volume Fraction Specimen

The flexural simulation and experimental results are presented in Table 6.6. The
displacement at failure was mostly accurate in all of the simulation results, differing
between the simulation and experimental value by 2.5% or less in all simulations. The
failure force was the less accurate parameter, but the results were positive still. The
longitudinal failure force results differed by 1.5% and 4.2% for the 25% and 45% volume
fraction models respectively, while the transverse results differed by 3.5% and 6.6% for
the 25% and 45% volume fraction models respectively. This model demonstrates accuracy
similar to those of other predictive models that have been used to predict composite

material behaviour [122, 123, 124].

Table 6.6: Flexural Model Results

Longitudinal Transverse
25% 45% 25% 45%
Failure Force [N] Experiential 40.1 87.1 59.5 105.7
Failure Force [N] Simulation 39.5 83.4 57.4 98.7
% Difference 1.5% 4.2% 3.5% 6.6%
Disp. [mm] Experimental 30 26 30 24
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Disp. [mm] Simulation 30 26.3 30.7 24.6
% Difference 0% 1.2% 2.3% 2.5%
RMS Error [N] 1.53 6.22 3.39 6.74

6.3.3 Remarks on the Accuracy of the Results

From the results above it is clear that the model becomes less accurate in simulations with
higher forces. The simulations at higher forces are also those that have higher volume
fraction percentages, and with higher volume percentages there is a greater chance of fibre
related failure modes to occur, either fibre bundling and kinking or fibre rupture. These
failure modes can cause localized failure, which leads to the part failing before it reaches
its ultimate tensile strain, making the properties of higher fibre composites less predictable
[3]. Another potential source of error is that the bending model was generated from a tensile
finite element model, which means that the tensile properties of the material are accounted
for but the compression behaviour is not. Compression is a significant portion of the three-
point bending test, as the failure stress could come from the top or bottom of the specimen
[111]. If the fracture happens at the bottom of the flexural specimen, then the tensile
properties govern failure, but if it fractures on the top section of the part compression would

be the instigator of failure.

The main source of inaccuracy seen throughout these simulations is the first half of the
force displacement curves in the 45% volume fraction simulations. While there was
separation seen at the beginning of every curve, the separation seen in the 45% volume
fraction simulations was significantly greater. From Figure 21, it can clearly be seen that
there are many different fibre orientations seen throughout the material, and as the

specimen is loaded, these fibres begin to distribute the load amongst each other. In the

76



experiments, these fibres would not all take the same load [111], and they would not all be
in the most favourable loading direction [108], but the simulation cannot take this into
account. It was assumed that the fibres would all be taking the same load throughout the
simulation. However, this is not the case in reality, and for this reason there is a large
separation at the beginning of the curve. It can be seen that as the material deforms, the
simulation converges towards the experimental data curve. This is due to the fact that the
material input given to the model would over-predict the force at the beginning of the
simulation due to the uneven loading seen at the initial stages. The fibres and matrix fail
during material deformation [34], where this weakens the composite. It can be seen that
the model takes this failure into consideration as the simulation curves quickly decline and
begin to match the experimental data. However, it is the model’s inability to account for

the lack of fibres loaded at the beginning of the simulations [111], causing the inaccuracy.

Overall the model was successful, being able to predict the deformation of the 25% volume
fraction specimens with at most 3.5% error (in reference to failure strain and failure force),
and the 45% volume fraction specimens with at most 6.6% error. A micromechanics model
as developed earlier for long fibre reinforced composites ( [84] and [86]) based on the
random characteristics of the SMC composites can help to capture these errors mainly for

the longitudinal and transverse 45% volume fraction samples.
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7. Conclusions
In this study, the effects of material orientation, fibre percentage, and strain rate were
investigated. Multiple series of uniaxial tensile and flexural bending tests were performed
on sheet molded compound composite car hoods and the results were analyzed in detail
and discussed in an effort to understand the nature of fracture under different quasi-static
strain rates. The uniaxial tensile tests resulted in an array of stress strain data for 25% and
45% volume fraction composite samples both in longitudinal and transverse directions
fractured at strain rates of 3x10“s™, 3x10%s™, and 3x102s%. The effects of strain rate and
volume fraction on ultimate tensile strength and fracture strain were analyzed and
discussed as well as the hardening rate for the composite material. The flexural bending
tests were performed on the 25% and 45% volume fractions specimens, but only at a strain
rate of 3x102 s, these results were analyzed and used to validate the tensile results and
finite element model. Scanning electron microscopy was used to determine failure modes
and study the randomness of the fibres. In addition, an analytical and finite element model
with predictive capabilities were developed to further investigate the mechanical behavior
of these random SMC composite hoods. The following conclusions can be drawn from the
current work:
e Higher volume fractions of fibres led to increases in strength and fracture strain for
the composite material in all the uniaxial tensile tests. The transverse orientation
was stronger than longitudinal at the same volume fractions, and had on average a
greater fracture strain. The flexural test saw similar results with the higher volume

fraction specimens reaching a higher failure force, but the failure displacement was
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less than seen in the lower volume fraction tests, but again the transverse direction
proved to be stronger than the longitudinal.

Increases in strain rate led to significant increases in ultimate tensile strength in
45% volume fraction specimens, although increases in strength become less
significant as strain rate increased. 25% volume fraction specimens experienced
increases in ultimate tensile strength when strain rate was increased from 3x10“s*
to 3x10° s, but saw little increases and in one case, a decrease in strength when
strain rate was increased from 3x103s to 3x10?s™,

Increases in strain rate led to small increases in fracture strain for all of the 45%
volume fraction specimens, again increases in fracture strain become less notable
the more the strain rate is increased. There was no increase in fracture strain in the
longitudinal 25% volume fraction tests, while in transverse 25% volume fraction
tests there was an increase in fracture strain when strain rate was increased from
3x10*s? to 3x103 s but none thereafter.

The hardening rate plots appeared to be conclusive and it could be determined that
the faster the material deformed the more linearly it hardened. Additionally, it was
found that all of the longitudinal hardening curves converged at 0.7% and the
transverse hardening curves converged at 0.8%.

Scanning electron microscopy (SEM) investigation showed that the main failure
mode was fibre bundling leading to fibre matrix debonding. Cross-section SEM
images displayed the randomness of the fibre matrix, signs of fibre bundling and

the significance of increasing fibre volume fraction.
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The analytical model showed good agreement between predicted and experimental
results. Majority of the curves followed the same path where there was some
separation between experimental results and predicted curves prior to 0.2% strain
and little to no separation thereafter. The model had some issues predicting curves
with lower volume fractions and higher strain rates.

A linear piecewise plasticity material model was able to simulate very well the
tensile stress-strain data for calibration, and provide good results. The model was
then validated using simulating the three point bending tests along with the
experimental flexural data. The lower volume fraction simulation was more
accurate than the higher volume fraction simulation, with a maximum error of 3.5%
for the 25% volume fraction tests, and 6.6% for the 45% volume fraction tests. The
reason that the 45% volume fraction simulations are less accurate is that the model
cannot account for the uneven loading of fibres experienced at the beginning of the
flexural tests. This is an area that should be investigated further in future work using
micromechanics-based models.

This study has connected experimental data, SEM micrographics and an analytical
model to describe the deformation of the composite material. The SEM
micrographs that have been presented provide good understanding of how this
material is deforming and have been able to be used in conjunction with stress strain
curves and hardening rates to explain the phenomena that occurs throughout these
tests. The study was taken a step further and used this information to form an

analytical model to describe the material deformation. This combination of
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experimental, SEM, understanding of failure modes and analytical analysis is a

more detailed study of SMC composites then seen in previous literature.
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8. Future Work

Due to the random behaviour of this material, it is not believed that any further traditional
uniaxial tensile testing would beneficial, although In-Situ uniaxial tensile tests are
recommended as the next step towards better understanding of the material. In-Situ
experiments are performed in a SEM chamber and allows for uncoated samples to be
viewed as they are deforming, rather than before and after the experiment [125]. This would
allow for a detailed analysis of the specimen deformation, in particular, the point of interest
between 0.7% and 0.8% strain could be viewed as the deformation is happening, rather
than making educated observation from hardening rates and post fracture SEM images.
This type of testing could help determine the amount of fibres being loaded during the
testing as well. The next recommendation would be to utilize micro CT analysis. A micro
CT is scanner that take layers of cross-sections of a sample and uses them to create a 3D
model of the part [126]. This would be beneficial to this work because it would make it
possible to quantify the amount of fibres in each material direction. This scan would
provide information that could vastly improve the accuracy of models in randomly oriented
composites by providing average fibres orientation data that could be incorporated into
analytical and finite element models. The final recommendation would be to adapt a
micromechanics-based model to capture the composite deformation. A micromechanics
model based on the random characteristics of the SMC could greatly improve model
accuracy. While out of the scope of this study, work has been performed by others to
develop micromechanical models based on random characteristics of randomly oriented
fibre composites, and has been highlight in the works of Aboudi et al. [1]. Typical

modelling of randomly oriented fibre composites involves the averaging of many sets of

82



data, while still not accounting for randomness, a model that can take randomness into

account will be one of the last steps to making this work complete.
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APENDIX A — Uniaxial tensile tests with error bars

Longitudinal 3x107*s™!

120
25%
45%
100 -
©
[V
=
] -
w
2
L2
u i i i i i i
0 0.002 0.004 0.006 0.008 0.1 0.012 0.014

Strain{mm/mm)

Figure Al: Longitudinal 25% and 45% 3x10™s™ Results with Standard Deviation Error Bars
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Figure A2: Longitudinal 25% and 45% 3x107s™ Results with Standard Deviation Error Bars
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Figure A3: Longitudinal 25% and 45% 3x107%s™ Results with Standard Deviation Error Bars
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Figure A4: Transverse 25% and 45% 3x10™s™ Results with Standard Deviation Error Bars
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Figure A5: Transverse 25% and 45% 3x10°s™* Results with Standard Deviation Error Bars
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Figure A6: Transverse 25% and 45% 3x10%s™ Results with Standard Deviation Error Bars
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APENDIX B - Flexural bending tests with error bars
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Figure B1: Longitudinal Results with Standard Deviation Error Bars
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