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In this paper a study on impact properties of thin UD carbon and twill weave glass fibre laminates
produced with novel PMMA resin produced by Ottobock compared to laminates produced with one
of the most commonly used resins in the composite industry - epoxy. The properties evaluated are
the maximum impact force with the corresponding absorbed energy values as well as force and en-
ergy values at damage initiation and penetration occurrence. The tests are performed on a Magnus
1000 impact testing machine in four different temperatures - room temperature, 40°C, 60°C, 80°C.
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recommendations can defined with regard to its suitability as a more sustainable alternative to epoxy
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derva, smiiginés charakteristikos. Nagrin¢jami tokie parametrai kaip maksimali atlaikyta jéga ir Sia
jéga atitinkanti sugerta smygio energija. Taip pat analizuojama jéga bei energija metu, kai kompozite
uzfiksuojama pirma Zala bei kompozitas yra pramusamas. Bandymai yra atliekami Magnus 1000
smiigine bandymy masina keturose skirtingose temperatiirose - kambario, 40°C, 60°C, 80°C. Rezul-
tatai atskleidZia stipriasias ir silpnasias, kompozity pagaminty su naujovisku PMMA termoplastiku,
savybes. Tuo remiantis yra pateikiamos rekomendacijos, kokiomis salygoms esant $is termoplastikas

galéty biiti tinkamas pakaitalas epoksidinei dervai.



Introduction

Composite materials are now widely used across many industries including automotive, medi-
cal and aviation. In such applications it is important to not only have high performing materials for
the parts but also ones that can be recycled. In the European Union car manufacturers are pushed to
design and manufacture cars in such a way that high recyclability of the parts at the end-of-life cycle is
achieved. Here opportunity arises to use novel thermoplastic resins to be used instead of conventional
thermoset resins. In recent years there have been a lot of research conducted in the area of these mate-
rials especially in attempts to manufacture thermoplastic resins that could be used with conventional
manufacturing methods used nowadays, hence easing the transition for the companies. In the present
research a novel PMMA type resin manufactured by Ottobock (serial number 617H19) is chosen to be
compared to conventional epoxy resin specifically in terms of impact resistance. The paper consists
of a brief overview on the mechanics of the composites as well as fracture mechanics related to the
topic. Followed by the tests to determine the common mechanical properties for this novel material.
Lastly carbon composite panels with both resin types are tested using high speed impact tower. The
results from the tests are used to characterize the differences between the two resin types and discuss

the possible application possibilities and limitations of the PMMA resin manufactured by Ottobock.



1. Literature review

Analysis of the composites is a complex matter and thus a vast understanding on the different
aspects of composites constituents is required in order to make correct assumptions and conclusions
when conducting research. This literature review will cover basic overview on the microstructure of
the most commonly used fibres will be provided - namely carbon, glass and cellulose fibres. The
chapter will also cover brief comparison between the two resin types used in the composites - thermo-
plastic and thermosets, their differences and motivations to use each one of them. Moreover, stress
transfer in composites and major failure mechanisms in the composites will be covered as they are
crucial for the conducted research on impact resistance. Lastly, composites recycling is discussed in

terms of motivation and future forecasts.

1.1. Carbon fibres

When talking about carbon fibres one must first understand the underlying microstructure which
determines the mechanical properties “ceiling” that can be achieved using various fabrication tech-
niques covered in the following chapter. Carbon is the sixth lightest element on earth and C-C covalent
bond is the strongest in nature — 4000 kJ/mole [11]. Of course, the strength of the bond can vary ac-
cording to the spacing of the atoms and thus several forms of carbon can be found including graphite,

graphene or diamond.

1

Fig. 1.1 Graphitic crystal [12]

In figure 1.1 a graphitic structure is displayed. It consists of carbon atoms arranged in regular hexago-
nal pattern with strong covalent bonds between them. Such arrangements in plane are called graphene
sheets. They are held together with much weaker Van der Waal’s forces [12]. Such atomic force dis-
tribution explains why carbon fibres have much higher strength and stiffness in the preferred (covalent
bonds) direction.

The distance between two perfectly aligned graphene sheets is 0.335 nm although this distance can be
bigger in carbon fibres. This is because the atomic structure in carbon fibres is not perfectly graphitic
(meaning aligned in parallel to each other) but rather turbostratic. Such structure consists of stacks of

graphene layers oriented in irregular pattern with angles of up to 180 degrees to one another [13].



Fig. 1.2 Turbostratic graphene layers orientation in carbon fibres [13]

However the level of alignment differs depending on the precursor used - Pitch based carbon tend
to have well oriented graphene basal planes while PAN tend to have more randomly oriented basal
planes. As stated previously the strength of the carbon fibre comes mainly from the strong covalent
bonds between the carbon atoms in the basal planes. It is thus easy to understand why carbon fibres
with more aligned (graphitic) microstructure has higher modulus in the preferred direction than fibres
with predominantly turbostratic microstructure - more strong covalent bonds in the loading direction
will require more energy to dislocate the atoms.

As for the strength of the fibres it is governed by the crystaline morphologies and defects [12]. Com-
paring PAN and Pitch type carbon fibres according to this criteria it is evident why former tend to
have higher strength than the later. Carbon fibres produced using petroleum pitch as a precursor tend
to have better aligned but also bigger crystal sizes compared to fibres produced from PAN precursors.
Bigger crystal size will inherently be more susceptible to defects which explains why Pitch-based

carbon fibres tend to have lower strength.
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Table 1.1 Typical carbon fibre mechanical properties [11]

Oil-derived | Oil-derived | Coal tar | Coal tar
Carbon fibre type PAN HS |PAN HM

pitch pitch HM |pitch  |pitch HM
Density (g/cm3) 1.82 1.94 2.1 2.16 2.12 2.16
Strength (20°C)(GPa) 7.1 3.92 3.7 35 3.6 39
Elastic modulus (20°C)(GPa)|294 588 390 780 620 830
Failure strain (20°C)(%) 2.4 0.7 0.9 0.5 0.58 0.48

1.2. Glass fibres

The other type of fibres commonly used in the industry are the glass fibres. In fact over 90% of
all fibre reinforced composites are manufactured using glass fibres [14]. Glass fibres have been first
introduced to the industries in the first half of the 19¢h century by the American companies of Owen
[llinois Glass Co. and Corning Glass Works. The glass fibres nowadays are fabricated by melting
the raw materials in a furnace. Molten glass then goes into platinum bushing or similar apparatus and
divides the molten glass mass into separate streams which then gets collected at the next operational
step. At this step size is also reduced to the specification which is usually around 14zm. Although the
diameter can vary depending on the manufacturing process and the thinner fibres tend to be stronger
due to comparatively smaller outer surface area having less flaws. The last operation is then for the
fibre in correct diameter to be wound on a collet. Very importantly the fibre is also coated with a special
outer coating called “’sizing” which is usually falls in the weight range of 0.2 — 2% of the complete
fibre weight. The purpose of this coating is two-fold - protect the fibres from mechanical damage (i.e.
scratching, denting) and on the application side to provide better chemical bonding properties with
the matrix polymer when used in composites laminates manufacturing. The protection part is very

important as the strength of the fibres hugely depends on the size of the surface flaws.
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Fig. 1.3 SEM micrograph of fracture surfaces of PP/glass fibre composite. The glass fibres in a) and
b) has not been applied with sizing while fibres in ¢) and d) have been. Shorter pull out lengths and

and better adherence indicate higher bond strength between polymer and fibres with sizing applied.

Below in the table 1.2 the properties for the most commonly used glass fibre types are listed. In
addition to having slightly different properties these varieties of glass fibre all have their specific

areas of application [16]:

» E-glass - Electrically resistant glass fibres, most commonly used as a general purpose glass
fibre.

» S-glass - High strength variation of E-glass developed for airspace industry.

» R-glass - High strength and high modulus glass fibre, less expensive than S glass.

» C-glass - Glass fibre with improved durability and corrosion resistance.

* D-glass - Fibres with improved dielectric properties and lower density by the cost of reduced

mechanical properties.
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Table 1.2 glass fibre varieties mechanical properties [16]

Glass type E (S |[R |(C |D
Density (g/cm?) 2.5412.49|2.49(2.49|2.16
Strength (20°C)(GPa) 3.5 |4.65|4.65|2.8 |2.45

Elastic modulus (20°C)(GPa) |73.5|86.5(86.5|70 |[52.5
Failure strain (20°C)(%) 45 |53 |53 |4.0 |45

1.3. Cellulose fibres

In addition to carbon and glass fibres, the third type of fibres commonly used in the industry
are the cellulose fibres. An example of such fibres is flax, hemp or jute. The motivation of using
such fibres is that they have comparable mechanical characteristics to the glass fibres while being
“eco-friendly”. The cellulose fibres by themselves have a composite structures consisting of cellulose

microfibrilis embedded in the matrix of lignin and hemicellulose.

Lumen

2| |
N
3/ Secondary
- walls
Lignin e
Hemicellulose b |
) Primary
Cellulose < E wall
>
c"-—.
Middle
lamella

Fig. 1.4 Cellulose fibre microstructure. Represented are the cellulose wall layers in each of which

microfibrilis are embedded in lignin and hemicellulose matrix.

As shown in the figure 1.4, the cellulose fibre consist of several layers. In these layers cellulose
which is the primary component determining the mechanical properties of the fibre is orientated at
varying angles. The wall layer denoted as ”’S2” and its cellulose Microfibrilis Angle(MFA) is thus re-
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sponsible for the strength of the fibre. The aforementioned MFA is the key difference when comparing
different cellulose fibre varieties. For example MFA for of Hemp plants are 6% while for Cotton it
is 25%. Such differences are the reason why Hemp fibres are significantly stiffer than Cotton. Fur-
thermore, the cellulose fibres are partly amorphous as visualized in the figure 1.4 by the part straight
part curly cellulose lines. The physical meaning of the crystalinity is that if it is 100% it would be
expected to achieve theoretical strength values related to cellulose chains bond strength (if idealized
scenario with no flaws is assumed). Normally, however, it is less than 100% but is a good measure to
characterize and compare different cellulose fibres. Lastly, the cellulose fibres have fairly high water
absorption due to its microstructure - inner porosity (Lumen). This is in contrast to glass fibres which

absorb nearly no water(moisture) from the atmosphere.

Table 1.3 Cellulose fibre properties [17], [18]

Cellulose fibre type Hemp [Flax |Jute Sisal | Cotton | Softwood
Density (g/cm?) 1.5-1.6/1.5-1.6(1.3-1.5{1.2-1.4|1.5-1.61.2-1.4
Strength (20°C)(GPa) 0.3-0.8{0.5-0.9|0.2-0.5{0.1-0.8 | 0.3-0.6|0.1-0.17
Elastic modulus (20°C)(GPa) |30-60 |50-70 |20-55 |9-22 |6-10 |10-50
Crystallinity (%) 79.9 [86.1 |58 722 |74 71.6

1.4. Matrix

Two main types of matrix types are currently used in the industry - thermoset and thermoplastic.
Various thermoset resins such as epoxy or polyester have been used in the composite industry for
decades. In its uncured form thermosetting resin has a fairly low viscosity which is beneficial for
impregnation of the fibres during composites manufacturing. It is cured by introducing a hardening
agent which cross-links the epoxy polymers - a reaction that can be accelerated by heat. Curing cycles
can range several hours to as long as 12 hours depending on post processing temperature and time.
A schematic representation of the chemical curing process is shown in figure 1.5. The advantages of
using thermoset type resins is their excellent mechanical properties to weight ratio, easy forming and
cost effectiveness. Moreover, they are very resistant to corrosion, they have low water absorption,
low thermal conductivity and good dielectric properties. All of which makes it an excellent choice
for among other marine and aviation industries. However, it does not come without disadvantages -

namely brittleness, no effective way of being recycled, unable to be reshaped or healed after hardening.
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Fig. 1.5 Simplified schematic representing curing reaction between epoxy resin polymer and

polyamine hardener [19]

Thermoplastics, on the other hand solve some of the issues with the thermoset resins - they have
the ability to be reshaped, remolded and recycled. Such qualities for the common thermoplastic mate-
rials are by design as in their natural form they are solid rather than liquid and only by the application
of heat they liquefy and can be molded into shape or impregnate fibres during composite manufac-
turing. This until recently have meant that completely different manufacturing methods to thermoset
resin would have to be used. It is a significant disadvantage as tooling and manufacturing process
change costs renders usage of thermoplastics for the composite manufacturing very limited. Recently
there have been developed new types of thermoplastic resins that are liquid in their natural state. Ex-
amples of such resins are Elium by Arkema and Ottobock’s PMMA thermoplastic resin range. These
novel resins retain the traditional thermoplastic advantages such as ability to be reformed and recycled
by dissolving back into Methyl methacrylate monomers. At the same time identical manufacturing
processes as for thermosets could be used easing the possible transition for the companies. Before
that happens more studies have to be performed to characterize these novel thermoplastic resins and

identify if they are suitable replacement for the common thermosets.

CH, 5

i o/ CH, CH,
’ CH --C'/ —— - _EH7C
R—0 <+ 0 - 2 n "
0\ 0 J
0

CH, \ \cn.
CH, a

Fig. 1.6 Simplified schematic representing polymerisation reaction from Methyl methacrylate

monomer to Poly Methyl methacrylate with peroxide initiator [20]
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1.5. Stress transfer

Important concept to understand when discussing the fracture mechanisms within composites is
the stress transfer between the two phases. First, when looking at the continuous fibres embedded in
matrix - if idealized arrangement is assumed when both phases are perfectly parallel to one another,
spanning entire composite length, then it can be easily proven that there is no stress transfer between
the constituents. In such parallel configuration the strains are equal, hence €, = ¢€,,, = €. Following
the same logic the external load will be distributed between the phases according to their cross sectional
area P, = Py + P,,, where P = o A. The resulting equation is then 0, A, = 0;A; + 0,,A,,. In
the following simplified Rule Of Mixtures (ROM) model with no porosity and perfect elasticity is
assumed, stress o is expressed with Hooke’s law with strains being equal as explained previously -
E.e. A, = Epe Ap+ E, e A,,. Next, the fractions Ay, /A are expressed in terms of fibre volume
fraction (vy/v, = A/ A, analogously for matrix) yielding the equation:

E.=V;E; +V,,E,, (1.1)

From this equation one can easily express the distribution of load between the fibres and matrix:

P V:E
f =f
—_ = 1.2
P, E, (1.2)

The stress transfer between composite’s constituents is more complicated when discontinued fibres are
analyzed - i.e. chopped fibre laminae or fractured continuous fibres. The two main theories regarding
this subject are the Elastic model (Cox 1952) [9] and the Constant Shear Stress model (Aveston, Kelly,
1973) [10]. Both models predict maximal interfacial shear stresses close to the fibre ends, decreasing
to minimum values towards the fibre middle point. The tensile stress, however, is assumed zero at the
fibre ends, increasing towards maximal value at the fibre middle point.

The elastic model is valid with the assumptions that fibres and matrix are elastic with fibre stiffness
being higher than that of matrix. Moreover, perfect adhesion between matrix and fibre is assumed
as well as local shear deformation in matrix near the fibre and tensile deformation far away from the

fibre and in the fibre. The typical model graphs are presented below in the figure 1.7.
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Fig. 1.7 Fibre tensile and interfacial shear stress distribution along the length of short fibre

according to Elastic and Constant Shear Stress models. Values are arbitrary.

Both of the models agree that at a certain point (determined by the properties of matrix and fibre)
the tensile stresses reach their maximal value and remain constant while interfacial shear stresses
at the same point become zero (stress is transferred from matrix to fibre). If fibre is sufficiently
long the maximal stress in the fibre is equal to so-called ideal stress in the fibre o4 4., = Ere. A
parameter called fibre length factor predicts how well the stress is transferred in the composite system
-n; = afjj —. It is influenced by the properties of the matrix and fibres - decrease in matrix shear
modulus will heavily decrease the fibre length efficiency factor. This means that during loading less
of the stress is taken up by the fibres and consequently failure occurs sooner. Somewhat surprisingly

the increase in fibre tensile modulus will result in decrease of the fibre length efficiency factor. That

would imply that chopped glass fibre reinforcements are more effective that respect than their carbon
counterparts. The Constant Shear Stress model addresses one of the problems with the Elastic model
- unreasonably high predicted shear stresses at the fibre ends. Logically these stress cannot exceed
tangential stresses at which the material fails. In this model shear stresses are assumed constant and

have values of 0 and 7, (shear strength) depending if frictional slip or yielding is present. The distance
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required for the stress to build up to maximal value is termed the Stress transfer length:

| = Zhmaz g 13
= Tty (13
1= ey (1.4)
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Where 7 is the interfacial shear strength. It is visually represented in the figure 1.8.
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Fig. 1.8 Tensile stress distribution along the fibre length when [ = L.

As it can be seen from the figure above the maximal stress or the fibre failure stress can only be
achieved when the fibre length is equal or bigger than 2/ = L_. Such mechanism is taken advantage
of during Single Fibre Fragmentation Test(SFFT). In this test tensile stress is applied on test specimen
with single embedded fibre. The fibre fractures in multiple fragments, all of them in the range of

0.5L, — L. The mean of the fragments is related to the critical length as follows:

L =0.68L, (1.5)

The calculated L, value can then be used to calculate the interfacial shear strength.
1.6. Failure mechanisms of composites

Contrary to commonly used engineering materials that have a single phase on macro scale,
composites are by definition comprised of two or more distinct phases. Such arrangement dictates
the variety of possible failure mechanisms that can be observed in composite structures. The energy
is considered to be dissipated or absorbed when elastic energy stored in the material is converted to
another type of energy. For example a snapped fibre may exert an acoustic wave or the creation of
the new surfaces may result in kinetic energy transformation as the inter-atomic forces are broken
off. Additionally a significant amount of energy is dissipated through thermal energy transformations
due to friction between debonded fibres and matrix. In the following section the major composites’

fracture mechanisms will be detailed.
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1.6.1. Fibre-matrix debonding

Fibre-matrix debonding is usually the first fracture mechanism to be initiated. When an external
stress field is applied on the system its energy is increased. It is elastically deformed until the stored
strain energy equals energy to create two new surfaces i.e. a crack. Such failure usually first takes
place in the matrix due to it being weaker compared to the fibre phase as well as where the flaws
(voids) are. Once the crack is initiated it has several possibilities for propagation - either to continue
in a straight line i.e. fibre fracture or deflect and continue parallel to the fibre along the interface. The
path is dependant on the fracture energies of the interface and the fibre. The relation can expressed as
follows [1]:

a5 S (16)
G Gy,

p

Where G, is the energy release rate for debonding between fibre and matrix; G, - energy release
for penetrating crack; G, - fracture energy of the interface; G, - fracture energy of the fibre.
Thus from equation 1.6 comes two conditions for crack deflection (debonding) occurrence - the
interface should be sufficiently weak so that energy release rate for debond crack would be higher
than interface fracture energy and simultaneously the energy release rate for penetrating crack would
be smaller than fracture energy of the fibre. Such conditions ensure that fibre does not fracture and
the only energetically favourable path for the crack is to deflect parallel to the fibre through the
interface. Weaker interface will result in longer debond lengths and thus increase in dissipated crack
energy. It, however, does not imply that with infinite weak interface the dissipated energy will be
the highest as at certain point the interface will be so weak that the composite will exhibit extensive
fibre pull-out and debonding without significant increase in dissipated energy [6]. Debonding is seen
as a toughening mechanism for the composites as the materials fails in less sudden (brittle) manner
resulting in less catastrophic failure which is desirable in most applications. However such failure
type could at times be difficult to observe by eye especially after low energy impacts. It is important
to know as the properties of the material may have reduced. For such purpose many Non Destructive
Testing (NDT) techniques are available E.g. Ultrasonic, Acoustic Emission.

The interface debond energy equation has been expressed by Outwater and Murphy [5] and is as

follows: ]
L =4V,4G, 1.7
sz Vf r Gzc ( )

Where V/ is the fibre volume fraction; [; - debonded length; r - fibre radius; G, - interface fracture

energy (depends on materials).
1.6.2. Fibre fracture

Fibre fracture generally leads to a catastrophic failure of the entire composite. The fibre pene-

tration(fracture) occurs when the energy release rate of fibre penetrating crack is higher than fracture
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energy of the fibre [1]:
G, > G, (1.8)

The fracture energy itself is related to strain energy stored in the fibre, or w = o€ and if it is assumed
that the fibre and the matrix is bonded together, then the strain € is constant in the entire composite
including the fibres then the fracture energy per fibre is directly related to its ultimate strength o ¢,,.
The ultimate strength in fibre is very much dependant on the surface and volume flaws as well as
crystallinity. Multiple fibres even from the same batch will have vastly different strength values. As
the fibres begin to break, localized stress concentrations will begin to occur that in turn increases
the likelihood of adjacent fibres fracturing. The practical meaning of such behaviour is that once
fibres start fracturing at some point within the composite, it will likely continue to quickly grow in
one direction due to stress concentrations. Therefore, fibre fracture can be associated with brittle
composites. Another process associated with the fibre fracture is fibre shear failure as reported in
Composite materials handbook. It has been discussed in the previous chapter that as fibre fracture the
stress is being transferred to the newly created two fibres by the shear stress within matrix and fibre
interface. This feature hugely depends on the combination on fibres and matrix used but in some cases
weaker interfacial shear strength may be beneficial as debonding will arrest the propagation of fibre

cracks and thus less of a catastrophic failure model may be achieved.
1.6.3. Fibre pull-out

Fibre pull-out occurs as a result of fibre fracture. Due to stress concentrations close to the
fractured fibre an opening in the matrix is initiated. The frictional interfacial shear stress behind the
crack front resists the crack opening. The force balance for the fibre pulled out of the matrix can be

expressed as follows:
opmr? = 1,21r(ly — 6) (1.9)

where o is the applied stress on the fibre behind the crack front, r-fibre radius, 7,-interfacial shear
stress, [, - pulled out fibre length, § - matrix crack opening.
Expressing the fibre stress with far-field stress, fibre volume fraction and rearranging the terms, one
gets:

a(0) = 2Vf7's@ (1.10)

r

where o is the far field stress, Vf - fibre volume fraction.
Fibre pull out work is then expressed from the work integral in which the limits are O (no crack opening)

and [, - fibre completely pulled out of the matrix.

lo
W= 2Vf%/ Iy — 6)ds (1.11)
0
lo 2.1
Ty 64 1to
W:2Vf?/0 [105—?]0 (1.12)
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7-sl()Q

(1.13)
"

Since pull out fibre length [, cannot be longer than critical fibre length [, (due to stress transfer - fibres
surrounded by matrix are loaded by failure stress only if the length is larger than the critical length)
as well as substituting terms 7., /r for maximal stress in the fibre [8] one gets equation relating fibre
volume fraction, ultimate failure stress and interfacial shear stress with the average pull out work per

fibre. The numerical term % has been found to fit experimental data by Kelly.

1

As it can be seen from the equation 1.15 the fibre pull-out work and consequently the fracture tough-
ness of the composite is directly proportional to the fibre volume fraction in the composite as well as
interfacial shear strength of the interface and fibre diameter as [, = o ;d/27,. This in part explains
higher glass fibre composites fracture toughness as glass fibres are usually more than twice in diame-
ter compared to carbon fibres.

In fact fibre pull out is reported to be the dominant energy dissipation mechanism for the carbon fibre
reinforced plastics while in glass fibres in addition to pull-out mechanism that is more significant than

in carbon fibres post-debond sliding is reported to be higher in magnitude [4].

Such energy absorption mechanism that is hugely important for the composite toughness. It has been
stated by Lilholt (1994) that the ratio between energies of fibre pull-out and debonding can typically
be in the range of 50 to 200. It is determined by the fibre stiffness and ultimate strength [3].

E 1
A S (1.15)

Wy Uf’u, Efu

1.7. Composites recycling

Sustainability is a very relevant topic nowadays with many initiatives being created to increase
the usage of second life materials and decrease the amount of ones that end up in landfills in addition
to using materials that easily break down if it gets into the nature (e.g. microplastics floating in the
oceans that are not able to break down are a major concern for well being of wildlife as well as
humans). In terms of composites, industries such as automotive has been including non-structural
bio-composites in the cars they produce. Examples of parts made using bio-composites are shown in
figure 1.9 below. Most of the time such parts are not visible and non-structural as on one hand it is
difficult and potentially more costly to achieve great surface finish when compared to common plastics
for the use of inside cabin panels. On the other hand concern over fracture resistance, less predictable
and depending on the natural fibres used - worse mechanical properties and moisture absorption among
other things limit bio-composites usability in place of traditional materials such as steel or aluminum

for structural applications.
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Fig. 1.9 Parts manufactured utilizing bio-composites in Mercedes-Benz vehicle [22]

A shift towards more eco-friendly materials is very much related to the regulation issuing trends.
For example in the EU only 5% of the car weight is allowed to be incinerated at its end of life. Mean-
ing all of the 95% has to be recyclable. That is especially concerning for the composites who are
inherently difficult to recycle compared to common plastics and metals.
There exists methods to extract fibres from the end-of-life composite, however thermoset matrix can-
not be further used for the chemical structure reasons discussed previously. One of such methods is
pyrolysis in which the composite is burned with the energy from the burning matrix being used as
a heat source and what is left then are the fibres. Such technique can be effectively used for carbon
fibres which retain up to 90% of their strength after the operation. However, it is not an effective way
of recycling glass fibre composites as glass fibres may lose up to 80% of their strength depending on
the glass composition [23] after being treated in a pyrolysis required temperature of 450°C. The other
commonly used method is the mechanical grinding. During this method the end-of-life composite
parts are first shredded and then grinded into fine powder. It is then separated into resin and fibre
parts of which the resin can be used as a filler in applications where that is required. Of course there
exist quite a few solutions for recycling and reclaiming the fibres from the thermoset composites even
achieving close to 100% of the original mechanical properties [24], however, these methods are not
yet developed to be used in high quantities as required by the industries. Thermoplastics, on the other
hand, can be very efficiently recycles by the previously discussed mechanical grinding method as both
the fibres and the resin can be reused.
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2. Impact tests on thin composite panels

In the following chapter a study on the impact properties of the UD carbon/Twill glass fibre
prepared with conventional epoxy resin system as well as with novel PMMA resin manufactured by
Ottobock is presented. First the PMMA resin mechanical properties are determined and compared to
epoxy. Following that specimens are prepared using vacuum assisted hand lay-up. The experiment
setup, including the machine introduction, specifications and fixtures are all detailed in this section.

2.1. Material data

The mechanical properties for the epoxy resin are well known and documented. However, in
the case of PMMA resin, tensile tests had to be performed as the manufacturer does not provide
mechanical material properties for the product. The test specimens (figure 2.1) have been produced
according to ASTM D638 standard with cross section of 13x6 mm. At the specimen ends additional
rubber pieces are bonded to reduce slippage at the grips. During the tensile tests the extension is
measured by extensometers (figure 2.2) which is later recalculated into strain in both longitudinal and

transverse directions.

Fig. 2.1 PMMA resin tensile test specimens.
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Fig. 2.2 PMMA resin tensile test setup.

Below in figure 2.3 a Stress-Strain graph for the 4 tested specimens is presented. For the ultimate
strength and strain property calculations only specimens 3 and 4 are selected as specimens 1 and 2
possibly fractured prematurely due to flaws or other reasons. Also because it is of interest to find out
the maximal mechanical capabilities of the resin. Hence the Ultimate Tensile Strength o,,;, = 44.3
MPa with the corresponding failure strain €;,;; = 2.19 % which would indicate a brittle behaviour
which has also been observed during the experiments as no “necking” has been visible and a sudden
failure has occurred. Interestingly the PMMA resin failure strain value has been found to be more
than three times lower than that of Epoxy. That is not what is normally expected from common
thermoplastic materials. The Ottobock resin, however, is not the usual thermoplastic material and
thus the strain values are accepted. Tensile modulus has been calculated from the Stress-Strain data in
the 0.05—0.25 % strain range. The average Tensile modulus from the 4 tested specimens is calculated
as ¥ = 2.45 GPa. Similarly the Poisson’s ratio is found to be 0.54.
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Fig. 2.3 PMMA resin test specimens Stress-Strain graph

The brittle fracture shape is presented in the figure 2.4 below. It can clearly be seen that there
is break characteristic to brittle materials with no apparent necking near the fracture and two even

fracture surfaces.
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Fig. 2.4 PMMA resin test specimen fracture shape

Table 2.1 PMMA (Ottobock 617H19). Table 2.2 Biresin CR83.

Parameter Specification Parameter Specification
Tensile modulus (GPa) |2.45 Tensile modulus (GPa) |2.96
Ultimate strength (MPa)|44.3 Ultimate strength (MPa) | 84

Strain at failure (%) 2.19 Strain at failure(%) 6.7

Poisson’s ratio 0.54 Poisson’s ratio -

The calculated tensile modulus of the Ottobock PMMA resin is comparable to that of CR83
epoxy resin, however, the Ultimate strength and Strain at failure are significantly lower which indicates

that at least at room temperature the PMMA resin is significantly more brittle than the epoxy resin.
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Table 2.3 Uni-directional carbon fibre material properties

Parameter Specification
Tensile modulus (GPa) |55

Ultimate strength (MPa) 2200

Strain at failure(%) 0.8

Poisson’s ratio 0.2

2.2. Experiments setup

The impact experiments on composite panels in various configurations are performed on the
high-speed impact testing machine Magnus 1000 manufactured by Coesfeld. Main characteristics of

the test machine are as follows:

Table 2.4 Technical specifications of high speed impact tester Coesfeld Magnus 1000

Parameter Specification
Impact speed up to 42 m/s
Impact energy up to 4.5 kJ

Temperature chamber | -50...150 °C

Impactor (sphere) d=10/15/20 mm

Specimen shape 50...200 mm

The parameters for the tests are:
* Impactor weight - 5.185kg

* Impactor tip radius - 20mm

* Impact velocity - Tm/s
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Fig. 2.5 Impact testing machine Magnus 1000 at the mechanical testing laboratory of Kaunas

University of Technology

The specimen is clamped inside the testing chamber by steel clamps as can bee seen in the figure 2.6.
The panel is positioned on top of the fixture by hand and is clamped automatically after the chamber
is closed. The testing machine has the capability to cool or heat the specimens in the tempering
chamber. The accuracy for the setting of the temperature is +0.1°C and control accuracy of +1°C.
The temperature is increased or decreased gradually, keeping the chamber temperature higher than the

sample temperature by approx. 10°C until target is achieved.
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Fig. 2.7 Tempering chamber view from the outside.

2.3. Test specimen preparation

The composite panels are prepared with 4 layers of carbon fibre UD fibre cloth in a symmetric
configuration - [0/90/90/0] (figure 2.12) or in the case of glass fibre which is in twill configuration -
simply stacked 4 layers identically to one another.

The panels are produced by hand laying them and spreading the resin on each layer until it can be

visually seen that there are no dry fabric spots (2.8).
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Fig. 2.8 Panels hand-layup and resin infusion

Non-stick fabric (figure 2.9) is placed on top of the resin-wetted glass or carbon fibre plies. It is
carefully placed so that no wrinkles are present. On top of it a felt fabric (figure 2.10) is placed which

serves a function of soaking the excess resin during vacuuming process.

Fig. 2.9 Non-stick fabric used for panel production
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Fig. 2.10 Fabric used to soak in extra-resin during consolidation

The last step is sealing an area around the panels with plastic film and creating a vacuum which

minimizes the porosity in the panels as they consolidate (figure 2.11).

Fig. 2.11 Vacuum setup
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Samples are then cut to size of 70270mm which is just large enough to provide enough gripping

surface for the clamp in the testing machine.

70

70

Fig. 2.12 Test specimen configuration

32



3. Results discussion

The novel PMMA resin by Ottobock is compared to conventional resin system - in this case

epoxy. Temperature effects are investigated during impact tests on thin specimens made with carbon

fibre plies.

3.1. UD carbon fibre specimens

In the following chapter results of the impact tests for the carbon/PMMA resin are presented and

compared with conventional carbon/epoxy specimens. In the tables 3.1 and 3.2 several characteristic

values are presented: F) - Maximum impact force (kN) absorbed by the test specimen; F); - Force

(kN) measured at the point where damage has been first initiated in the test specimen; £, , - Energy

(J) absorbed up to the point where maximum force has been recorded; I,; - Deformation (mm) at the

moment when damage has been first initiated.

Table 3.1 PMMA/carbon specimen data

Temp. | F,, |F; |E,, |1;
No.

°C kN |kN |J mm
1 |14 1.98(1.76|4.71|2.85
2 |14 2.13(1.16|3.15(2.53
3 (14 1.65[0.55/5.90(2.13
4 |14 1.58(1.46|4.11|2.94
5 139 1.76(0.67|3.91|1.43
6 (40 1.55(1.10{1.96|2.28
7 |37 1.4810.84{4.66|1.38
8 |61 1.49(0.70|2.19]1.27
9 (60 1.7610.80|2.39|1.57
10 |60 2.05[1.55|5.19]2.97
11 |60 1.65]1.12]5.42]2.59
12 160 1.6710.90(4.13|2.34
13 |81 1.80]1.80|2.73|3.58
14 |81 1.8411.82|5.60(3.65
15 |82 1.7910.793.80{2.48
16 |80 2.04{1.31|2.88(2.74

Table 3.2 Epoxy/carbon specimen data

Temp. | F,, |F; |E,, |14
No.

°C N [N |J mm
1 (13 2.56(1.42|7.23 |2.07
2 |13 1.2 {0.77]3.78 |3.19
3 141 1.42(1.42|2.23 |4.14
4 141 2 10.95/3.12 |2.35
5 |62 3.77/2.39|10.70|4.23
6 |63 3.71/3.58|10.20|6.16
7 |81 4.3413.14|11.52 4.22
8 |83 2.9212.47/6.09 |3.65

It can be observed from the figure 3.1 below that the Carbon/PMMA specimen temperature
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has little to no effect on the maximum impact force that the specimen is able to withstand. The Car-
bon/epoxy specimens, however, perform better with increased temperature. It is interesting to observe
that both specimen types perform similarly in the 13°C and 41°C temperature range. Even though at
these temperatures, the PMMA samples have significant amount of debonding, especially at the bot-
tom layer while the epoxy samples have barely any. This could indicate better adhesion between
carbon and epoxy than that of PMMA and carbon at low temperatures. Through-crack being more
favourable path from energy release rate standpoint against delamination/debonding for the epoxy
composites. Also it has been observed that at approx. 40°C both resins perform worse than at room
temperature while recovering at higher temperatures. At temperatures higher than 80°C the epoxy is
clearly superior reaching F, .. = 4.34 kN which is more than double than F), . = 2.045 kN of
PMMA. There is relatively high spread of data points for the epoxy specimens which could be at-
tributed to the inconsistencies and flaws in the specimens and the fibres themselves. However, the
maximal points are the most important as they indicate the state of the materials system that has been

manufactured to be closest to ideal as possible.
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Carbon/PMMA and Carbon/Epoxy composites

In the figures 3.2 and 3.3 the samples at corresponding test temperatures for both epoxy and PMMA

are presented. While for the specimens made with epoxy resin, the failure mechanisms are largely
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the same at any temperature, for the PMMA some differences can be observed. At room temperature
some energy is dissipated by the both intra-layer and inter-layer debonding as evident by the impact
shapes for the RT and 40°C specimens. For the 60°C specimen there are very few debonded or de-
laminated groups of fibres and at 80°C a clean diamond-shaped fracture occurs similar to those of
epoxy specimens. The reason for this behaviour could be the increase in temperature strengthens the
adhesion between the resin and fibre phases which makes debonding and delamination less favourable
for crack propagation. However, the energy consumed by crack debonding and delaminating the plies
is not significantly high at those low temperatures as evident by the absorbed energy remaining fairly
constant throughout the different testing temperatures at 1.958 — 5.897J presented in the figure 3.1.

Fig. 3.2 Carbon/PMMA specimens.  Fig. 3.3 Carbon/epoxy specimens.

The differences between Carbon/PMMA and Carbon/Epoxy composites are further detailed in
the figure 3.6. The ripples in the F-displacement graphs of the PMMA specimens are indicative of se-
vere delamination/debonding, whereas epoxy specimens display more of a sudden failure with barely
any recovery after damage has been initiated as is illustrated by the rapid drop in force. Most impor-
tantly, the PMMA resin show similar mechanical characteristics at low temperatures (13 — 40°C) but
does not match epoxy at higher (60 —80°C) temperatures. The difference could be partially influenced
by the composition of the PMMA resin related to plasticity at increased temperatures - from the tables
3.1 and 3.2 it can be seen that at higher temperatures the damage is initiated at higher displacement

for the epoxy/carbon composites compared to PMMA/carbon ones.
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Fig. 3.4 Percentage difference between carbon/epoxy and carbon/PMMA composites impact

resistance parameters(comparing maximum values at each temperature).
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Fig. 3.6 Force-Displacement graphs for 4-layer (0/90)s carbon-epoxy and carbon-PMMA laminates

at different temperatures.

3.2. Twill glass fibre specimens

Identically to the carbon fibre specimens, the twill glass fibre specimens are tested at four differ-
ent temperatures - Room Temperature(16)°C, 40°C, 60°C and 80°C. The dimensions and the thickness
are kept the same (702x70mm and 1mm respectively). Thus the only difference being the twill glass
fibre plies being used.

The fabrication of the twill glass fibre specimens proved to be significantly more difficult when us-
ing Ottobock PMMA resin when compared to epoxy resin. This can be attributed mainly to higher
viscosity which makes impregnation slower as well as shorter setting time. The setting time is stated
to be 60 minutes by the manufacturer has been found to be accurate, although when using hardener
in a ratio of 2 : 100 the setting time is then 80 minutes which gives more time to properly spread and
impregnate the fibre plies.In the last part of the hardening an exothermic reaction can be observed.

Below in the figures 3.7 - 3.19 the test specimens are presented at each of the four temperatures from

the top and bottom sides.
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Table 3.3 Epoxy/glass specimen data Table 3.4 PMMA/glass specimen data

No. Temp. | F,, |F; |E, |I; No. Temp. | F,, |F; |E,, |I;
°C kKN kN |J mm °C kN kN [J mm
1 |16 3.81|3.287|7.746|3.82 1 |16 3.63(3.06|7.99 |3.92
2 |16 4.77/3.98 |11.15|4.41 2 |16 3.78(3.40|7.44 |3.88
3 |16 3.66|3.13 [5.70 |3.52 3 |16 4.5814.588.19 [4.50
4 |44 5.65(5.65 |12.25]5.60 4 |46 4.24|7.36|7.36 |4.44
5 143 5.90(5.90 [12.35]5.1 5 |46 2.98|5.73(5.73 |5.18
6 |43 4.62|4.62 |8.83 |5.21 6 |47 3.21(5.3 |534 [4.99
7 163 5.42(542 |11.44|5.11 7 167 4.16|4.16|8.19 4.94
8 |65 5.89(5.89 |11.97|5.28 8 |65 4.41(4.4116.47 |3.85
9 |91 5.83(5.83 |16.81(6.02 9 189 7.39(7.39|11.47]4.51
10 |86 6.07]6.07 |[18.84|7.63 10 |87 5.25(5.25/9.80 |5.19

Fig. 3.7 Glass/epoxy samples(RT) - top Fig. 3.8 Glass/epoxy samples(RT) - bot



Fig. 3.9 Glass/PMMA samples(RT) -top  Fig. 3.10 Glass/PMMA samples(RT) - bot

Differently from the UD carbon fibre specimens, at room temperature the impact area looks rather
uniform both across the impact hole diameter and in terms of differences between the samples. There
are fewer delaminaitons as one would expect from twill weave plies. Severe delaminations have been
an issue when using UD plies and so it could be expected the with more intricate geometries(i.e. twill
weave) PMMA resin type with longer setting time should be used. UD laminates are more susceptible
to flaws and when crack propagates such weak spots quickly turn into failure spots. For the twill weave
laminates, on the other hand, suppress crack growth by the mechanism of prohibiting inter-laminar

delamination which leads to increased puncture resistance.

Fig. 3.11 Glass/epoxy samples(40°C) - top ~ Fig. 3.12 Glass/epoxy samples(40°C) - bot
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Fig. 3.13 Glass/PMMA samples(40°C) - top Fig. 3.14 Glass/PMMA samples(40°C) - bot

As the temperatures are increased, the specimens become more plastic as evident by the larger dam-
aged area (white delamination spots) and buckling at the edges for both epoxy and PMMA. Moreover,
the hole being punched by the impactor is increasingly less defined for higher temperatures as more

energy is being absorbed by plastic deformation of the whole panel itself. This is especially true for
the epoxy specimens.

Fig. 3.15 Glass/epoxy samples(60°) - top Fig. 3.16 Glass/epoxy samples(60°) - bot

Fig. 3.17 Glass/PMMA samples(60°C) - top Fig. 3.18 Glass/PMMA samples(60°C) - bot
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Fig. 3.19 Glass/epoxy samples(80°C) - top  Fig. 3.20 Glass/epoxy samples(80°C) - bot

Fig. 3.21 Glass/PMMA samples(80°C) - top Fig. 3.22 Glass/PMMA samples(80°C) - bot

Below in the figure 3.23 and 3.26 comparisons between epoxy and PMMA test specimens data points
are presented. The F,, ., as measured displays an increasing trend with higher temperatures. Epoxy
resin laminates consistently across the temperature range absorb higher impact force when compered
ranges at 3.66 — 6.07kN for
epoxy and 3.63 — 7.39kN for PMMA. The percentage-wise difference between these two systems is

to PMMA/glass fibre specimens. As seen from the results the F,, .
presented in the figures 3.24 and 3.24 (comparison between mean and maximum values respectively).
The epoxy resin in fact performs nearly identical as PMMA at room temperature and 80+°C but better
at intermediate temperatures by a margin of up to 55%. It could be attributed to higher failure strain
for epoxy as with higher temperatures induced thermal strains will have proportionally bigger effect
for the PMMA resin. At 80°C, however the resins become so plastic so that they have little effect
on the impact properties. Consequently the force at which the damage is initiated £}y, 4. follows
the same pattern where both resins are very much comparable at room temperature with epoxy resin
having slight edge at 60°C. Overall in terms of damage initiation force both systems behave with a

tendency to increase with elevated temperatures as evident by the data points distribution in 3.23.
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Fig. 3.23 Glass/epoxy specimens data points compared to glass/PMMA specimens data points.

The energy at F'max is comparable between both resin systems only at room temperature levels.
As can be seen from the figures, the tendency is for the absorbed energy at maximum recorded
force to increase with elevated temperatures. The maximum value of E,, ., has been measured
for PMMA /glass fibre specimens at 89°C of 11.47J which is lower than that of epoxy/glass at the
same temperature(18.84J). At 80°, the absorbed energy is significantly higher than at room tempera-
ture, with the increase of 330% and 154% for epoxy and PMMA respectively. Such increase could be
attributed to the increased plasticity of the specimens as can be seen in the figure 3.26 (a bigger dis-
placement before damage initiation). Essentially the composite panels are more compliant at higher
temperatures and thus are able to deform more before reaching their failure strain levels. The PMMA
however is more brittle at room temperature by a factor of 3 such difference is expected to remain at
elevated temperatures and thus could explain why epoxy absorbs more energy. This is further detailed
by the percentage differences between PMMA and epoxy which ranged from 30 to 80% across the
tested temperature range. On the other hand, the PMMA deforms less across the temperature range as
indicated by the I; parameter which might be beneficial in some applications. As for the E),
parameter which also in a way describes the compliance and the plasticity of the laminate, it can be
seen that PMMA remains fairly constant at different temperatures with a 43% difference between the

enetration
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lowest and highest observed values. The epoxy show greater variation of 294% hugely influenced by

the high absorbed energy values at 90°C.
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Fig. 3.24 Percentage difference between glass/epoxy and glass/PMMA composites impact

resistance parameters(comparing mean values at each temperature).
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4. Analytic solution

Analytic calculations for maximum deflection can be made following solution by Timoshenko
[25]. It does not ideally represent the situation analyzed in this paper as the solution by Timoshenko
has a concentrated load in the centre of the plate which is correct at the initial stages of the deformation
as the impactor with the 20mm diameter hits the plate. As the deformation continues more and more
point come into contact and thus load is then more accurately represented by distributed rather than a
line load. Nevertheless, a fairly accurate estimation can be achieve as will be seen by the comparison

between calculations and experiments. First, flexural rigidity is calculated:

ER?
D= 53— (4.1)

Where h = 1mm is the thickness of the specimens and E is the tensile modulus which for carbon
fibre composite is approx. 100G Pa (V; = 50%), v = 0.34 - Poisson ratio of the composite.
D = 10010%0.001% _ 9 988Pa - m3. The maximum deflection at the middle of the plate is then

12(1—.342)
calculated by equation:

P 134+v 9 5 r
_ _ 22log” 42
w ) 1+V(a )+ 2r loga 4.2)

Where a = 0.035m is the diameter of the plate, » = 0.000001m is the distance from the centre of
the plate. Since the maximum deflections are of interest a very small distance is selected(with a = 0
logarithm goes to infinity). P is the applied concentrated load at the plate centre.

Inserting the values one gets the following graph:
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Fig. 4.1 UD carbon fibre (PMMA/epoxy) specimens force-displacement graphs comparison to

analytic solution.

The figure 4.1 represents the force displacement curves for carbon/PMMA and carbon/epoxy
laminates and their comparison with analytically acquired curve. It can be seen that even at low
displacement and force values the experimental graphs are not linear - rather “ripples” are present
which indicate loss of stiffness. Such “ripples” have higher amplitude for PMMA specimens when
compared to epoxy ones. This is expected from previous analysis - It has been observed that novel
PMMA resin by Ottobock has worse adhesion properties which results in multiple debonding fractures
which can be clearly seen in the figures especially at room temperature. At higher temperatures the
adhesion is enhanced and this results in straighter lines - i.e. less debonding due to higher interface
fracture energy and thus more energy is stored elastically in the fibres. It is interesting to note that at
temperatures above 60°C both PMMA and Epoxy specimens diverge form the analytic solution and
showing behaviour of increasing stiffness. This could be attributed to dramatically changing shape of

the plate due to elevated temperature.
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Conclusions

1) Novel PMMA thermoplastic is suitable to be manufactured using common thermoset methods

2)

3)

4)

5)

6)

with curing times of 0.5 — 1.5h depending on the hardener to resin ratio.

Higher PMMA viscosity results in lower fibre volume fraction (by 5-10% compared to epoxy)
achieved, especially with more complex geometries (twill weave fibre plies).

The impact properties for UD carbon specimens are comparable at temperatures up to 45°C
- F = 2.56kN, F,,, .. pprara = 2.13kN while at temperatures > 60°C PMMA s

max,epoxy

inferior - F = 4.34kN, F},, .. pprara = 2.05kN. The same is true for the absorbed

max,epoxy

=2.23/11.52J and E,, pprara = 1.96/5.60] for < 45°C/ > 60°C.
Twill glass fibre PMMA specimens perform nearly identically at room temperature while
worse at temperatures > 40°C - F, = 4.77/6.07kN, F,, .. prpraa = 4.58/5.25kN,

mazx,epoxry

E =11.15/18.84) and E,, pyps4 = 8.19/11.47] for </> 40°C.

m,epoxry

energy — I

m,epoxy

The experiment results align well with the analytic solution for the UD Carbon specimens. The
enhancement of PMMA adhesion is clearly seen with the Force-Displacement curve being more
straight in the elastic region and tracking the analytic solution line more precisely.

PMMA is thus from impact properties point of view a very suitable replacement for epoxy at
temperatures < 40°C.
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