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Mechanical analysis methods for ultra-stiff CFRP from thin tapes
Master’s thesis in Applied Mechanics

MATTIAS PERSSON

Department of Industrial and Materials Science

Division of Material and Computational Mechanics

Chalmers University of Technology

Abstract

Today there is an increasing demand for more environmentally friendly transport
systems. One way to decrease the fuel consumption of vehicles such as cars or air-
planes is to decrease their weight. By replacing heavy construction material such
as steel, which is often used in for example cars, with a material that has just as
good mechanical properties as steel but a fraction of the weight, more fuel efficient
vehicles could be made.

A carbon fibre composite material, constructed out of uniformly distributed ultra-
thin high modulus carbon fibre reinforced polymer tapes, with mechanical properties
approaching those of steel but with about a fifth of the density is the subject of study
for this Master’s thesis. The focus of the study was to construct mechanical analysis
methods, i.e. models for predicting the stiffness and the strength in tensile loading,
for the composite material that was manufactured and tested in an accompanying
study with this thesis work.

The model was constructed in the numerical computation environment MATLAB and
shows good agreement with the experimental results obtained from the tensile tests.
The model predicts the stiffness, strength and failure modes most likely to occur
in the laminate when loaded in tension. The model takes in-situ effects into account.

The first test and analysis results indicate great potential for the composite material
as it exhibits tremendous mechanical properties even before the manufacturing has
been perfected. The model also indicate failure of the laminate to initiate by tape
pull-out followed by longitudinal tape fracture, and that transverse tape fracture is
unlikely to occur for the simulated laminates.

Keywords: mechanical properties, composite, ultra-thin high modulus CFRP, me-
chanical analysis method, stiffness, strength, in-situ, tensile loading, tape pull-out,
tape fracture.
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Introduction

This chapter gives an introduction to the Master’s Thesis project including its pur-
pose, limitations and a background to why it came to be.

1.1 Background

It is not uncommon that inspiration for new materials or products is found in na-
ture. Such was the case when the idea for the material that is studied in this report
was sprung. More specifically, the inspiration was found in nacre, the mother of
pearls. Nacre is made up of staggered stiff inclusions embedded in a soft matrix.
The stiff inclusions provides stiffness and carries load, while the soft matrix provides
slip-planes in the material and transfers load via shear. This gives nacre tremendous
stiffness, strength and damage tolerance [1],[2].

With an increasing demand for more environmentally friendly cars, airplanes and
other ways of travel, there is an increasing demand for weight saving materials in
industry. If one could replace the steel, that is often used as a construction material
in for example cars, with a material that has just as good mechanical properties as
steel but a fraction of the weight, more fuel efficient vehicles could be made.

In previous studies it has been shown that composite materials made with a high
volume fraction of stiff inclusions that have a large length to thickness aspect ratio
can have very impressive mechanical properties [3]. Because the ultra-thin carbon
fibre composite tapes are as thin as 20 pm, even if a tape lay on top of another, the
out-of-plane angle is extremely small. This means that a composite material made
with these ultra-thin tapes can be modelled as a 2D-material, with all tapes ordered
in the plane. Furthermore, if the tape orientations are uniformly distributed in-plane
the composite has been shown to exhibit isotropic properties and can be modelled
as a quasi-isotropic laminate using The Equivalent Laminate Theory (ELT) [4]. Tra-
ditional quasi-isotropic composite laminates with an equivalent eight ply lay-up of
[45°/—45°/0°/90°]s have a minimum thickness of about 1000 pm. With the Ultra-
Thin High Modulus Carbon Fibre Reinforced Polymer Tapes (UTHMT) of just
20 pm it is possible to manufacture an eight ply isotropic composite with a thick-
ness of only 160 pm. This opens the possibility for design of much lighter structures
than is possible today, and also for replacing sheet metals in for example cars.



1. Introduction

Thus, with nacre as inspiration, a carbon fibre composite material with mechanical
properties approaching those of steel but with about a fifth of the density (in the-
ory) is manufactured and tested in affiliation with this thesis work. The composite
is manufactured by another master’s student, Marcus Johansen, who is doing his
master’s thesis in the same project as this thesis, the Stiff-Tape project, funded
by VINNOVA, dnr. 2018-02856 [5]. The manufacturing was performed at Oxeon
AB and the laminate was sent to KTH Royal Institute of Technology, where it was
tested. Mr Johansen made the composite with UTHMT which are uniformly dis-
tributed in-plane. Both master’s theses are part of a collaboration project between
Chalmers University of Technology, Oxeon AB, KTH Royal Institute of Technol-
ogy, Volvo Cars and GKN. The focus of Mr Johansen’s thesis is the manufacturing,
experimental tests and examination of the tested specimen, while the focus of this
thesis is construction of computational models that can accurately predict the me-
chanical behaviour of this UTHMT composite laminate when it is loaded in tension.
More specifically, computational models for the stiffness and the tensile strength of
the composite.

1.2 Purpose

The aim of this project is to produce an engineering model that can accurately
predict the elastic properties and strength of the UTHMT composite laminate that
is to be manufactured. This model should be relatively easy to implement and
adapt for different materials and dimensions of carbon fibre tapes. The model is to
be constructed in the numerical computation environment MATLAB which will result
in a model without demand for powerful computers. The out-put from the model
should be easy to understand and should be limited to only information of relevance.

1.3 Boundaries

The boundaries of this project are determined by time. Within the scope of this
project it is not realistic to aim for a complete model for all loading conditions,
i.e., in-plane compression and shear loads. To achieve high-quality work, the focus
for the stiffness and strength prediction is limited to loading in tension. This will
ensure that enough laminates can be manufactured and tested to obtain reliable
experimental results for verification of the model.



2

Literature study

This chapter contains information of relevance to the model construction, gathered
in a literature study during the first few weeks of the project.

2.1 Stiffness prediction

Earlier studies of composites from discontinuous carbon fibre reinforced polymer
(CFRP) tapes have been made by Takahashi and colleagues at University of Tokyo
and by Pimenta and Robinson at Imperial College London. Takahashi determined
the Mori-Tanaka model to be an accurate model for prediction of the tensile stiffness
of discontinuous tape-based carbon fibre reinforced thermoplastics (CFRTP). The
Mori-Tanaka model is of particular interest to the current work as it was demon-
strated to accurately predict the elastic properties of CFRTP from uniformly dis-
tributed thin tapes [3]. The model is complicated and difficult to use in engineering
models.

Pimenta and co-workers suggested to use an equivalent laminate model, considering
the uniformly distributed tape composites as a quasi-isotropic lay-up of layers from
UD discontinuous tapes, as illustrated in Figure 2.1.

Figure 2.1: Modeling of uniformly distributed UTHMT composite as an equivalent
laminate, from [4].

ELT has been proven to provide accurate prediction of stiffness for discontinuous
carbon fibre laminates with a quasi-isotropic lay-up [6].

In conference papers from 2016 and 2017 Takahashi and Wan presented results from

their studies regarding the correlation between predictions with the Mori-Tanaka
model and ELT of stiffness of composites of uniformly oriented discontinuous CFRP.

3



2. Literature study

Data from experimental tensile tests were compared to data calculated with the two
models, and the Mori-Tanaka model was found to accurately predict the stiffness
while ELT was shown to over-estimate it slightly [7],[8].

Pimenta et al. [4] investigated the assumption that it was possible to model the ran-
dom architecture of tow-based discontinuous composites (TBDCs) with high fibre-
content using ELT and validate it experimentally. The investigation involved the
manufacturing and testing of both TBDCs using randomly oriented tows as well as
equivalent laminates. As Takahashi did earlier, they confirmed the assumption that
the modeling strategy of using ELT is possible. Also, the influence of tow thickness
was investigated and resulted in less stiff structures for increased tow thickness.

2.2 Strength prediction

Pimenta and Robinson [9] presented a fracture mechanics controlled strength model
based on the mode II fracture toughness G at the interface between tapes, or
platelets. The modeling approach taken by Pimenta and Robinson is complicated
and would not fit the aim for an engineering model that is relatively easy to im-
plement, but the fracture criterion for tape pull-out is of interest for the analytical
model.

Li and Pimenta [10] presented a study of a multi-scale strength model which consists
of a micro-scale stochastic shear-lag model, a meso-scale interactive-tension-shear
criterion and a macro-scale ply discount method. In the study the model was shown
to accurately predict the strength of quasi-isotropic equivalent laminates (QIELs) of
discontinuous tows, while it over-estimates the strength of QIELs of corresponding
randomly oriented TBDCs. The model considers the interaction between longitudi-
nal and transverse stress components and is able to capture the failure mechanisms
tow-failure and tow-debonding. In the study the failure envelopes of fracture criteria
LaRCO05, ITS and Tsai-Wu are compared. It is shown that the Tsai-Wu criterion
yields a much smaller failure envelope than the other two since it does not take
in-situ effects into account. It is also shown that LaRCO05 slightly over-estimates
the uni-axial tensile strength of TBDSs since it does not consider the interaction
between longitudinal tension and transverse shear stresses. The small difference
between the results of ITS and LaRCO05 is contributed to the fact that the tension-
shear interaction is small in a TBDCs under uni-axial loading, where the failure of
the most critical plies is dominated by longitudinal stress . Another failure criterion
that is of interest for this project is the set of criteria by Hashin failure criteria for
unidirectional fibre composites [11]. These criteria take both tensile and shear stress
into account.
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Camanho et al. [12] presented a study regarding prediction of matrix cracking and
in-situ strengths in composites and accounts for transverse tension and in-plane
shear. The transverse tensile and shear strengths of a ply in unidirectional laminate
is lower than for a ply that is constrained by plies with different fibre orientations
and thus experience in-situ effects. The Hashin failure criteria do not account for the
in-situ effects, which is an important part in strength prediction for plies with uni-
formly distributed tapes. The Hashin criteria would thus need to be supplemented
with an in-situ effect if the model is to be accurate.

In an article addressing simulation of the mechanical response of thin-ply composites,
Arteiro et al. [13] plot predictions of how the in-situ transverse tensile strength
increases with decreasing ply thickness. Their predictions, shown in Figure 2.2
demonstrates the importance of in-situ effects for thin-ply composites like those
studied in the current investigation.

300

O  Computational micro-mechanics
250 A1 Camanbho et al. (2006)

200
150

100

in situ strength (-)

50

O 1 ] L] L] T L 1
0O 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
ply thickness (mm)

Figure 2.2: In-situ transverse tensile strength as a function of ply thickness, from

[13].
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Theory

In this section the theory behind the analytical models is presented. The theory is
gathered from books and scientific articles.

3.1 Material properties and volume fractions

Different types of carbon fibres have different mechanical properties such as strength,
stiffness Ey, Poisson’s ratio vy, fibre strain to fracture X; and density p;. Thus
variables for the fibres will be denoted with the subscript f. Mechanical properties
for the resin, or matriz, are denoted with the subscript m. When calculating the
stiffness of the laminate in section 3.2 the volume fractions of fibres and matrix are
needed. This is not always a known value for the manufacturer of the laminate since
it is easier to calculate the weight percentage of fibres and matrix, w; and w,,. The
way to calculate the volume fractions when only the weight percentage is known is
by a calculation of the weight fractions Wy and W,, as w;/100 and w,, = 1 — wy
and then the volume fractions as

Wy

Ve — V,=1-V 3.1

3.2 Elastic properties

To calculate the stiffness of the laminate the elastic properties, i.e., the stiffness £
and the shear moduli G in both the longitudinal and the transverse direction, are
first calculated for each individual ply. The global stiffness of the composite E. can
then be calculated as well as the stiffness depending on the angle of tapes Ei,pe(6)
which is needed in the strength prediction where the first tape failure is the limiting
factor.

3.2.1 CLT to ELT

The theory for calculations of mechanical properties of individual composite plies
placed on top of each other to construct a composite laminate is called Classical
Laminate Theory (CLT). Depending on the fibre arrangement of the individual plies
the laminate can exhibit different characteristics, see Figure 3.1. For example, if the
plies are not placed balanced and symmetrically on both sides of a mid-plane, see
Figure 3.2, the laminate will warp when loaded. If a discontinuous fibre composite

7



3. Theory

is constructed in such a way that it is exhibiting isotropic properties in the zy-
plane it can be addressed using laminate theory. However, since it lacks the order
that follows for a stacked continuous fibre composite (rather having fibre tapes with
random orientations in the "same plane") the laminate properties are calculated from
it’s equivalent continuous fibre laminate lay-up. We call this Equivalent Laminate
Theory (ELT). For a fully uniform distribution of tape orientations the calculation
shows the laminate to be isotropic.

Figure 3.1: Fibre directions of individual plies, from [6].

Lamina
number
Mo i -y
\\ 5 y
‘\\ L
R
\\\ h1 hU
. Midplane h,
\\
~, — X
éhk-t -
k \rh“
Ny h,
A4
n X
v
z

Figure 3.2: Mid-plane explanation, from [6].

The assumption that we can indeed achieve an isotropic material is the starting
point of the calculation of the mechanical properties for the UTHMT composite
studied here. According to ELT a laminate consisting of plies with continuous fi-
bres and the lay-up [45°/—45°/90°/0°]s will result in a quasi-isotropic laminate.
Thus a model that uses eight plies of continuous directional fibres should result in a
quasi-isotropic laminate model that accurately predicts the stiffness of the UTHMT.



3. Theory

In laminate theory it is assumed that the out-of-plane shear strains «,, and v,. are
zero. This assumption is based on the assumption that a section of a laminate that
is originally perpendicular to the laminate mid-plane remains perpendicular to the
mid-plane if the laminate is deformed. [6]

3.2.2 Elastic properties of individual lamina

The Longitudinal stiffness of a lamina, i.e. a ply, is calculated with the rule of
mixtures,

E, =ViE; + VB (3.2)

where the subscripts f and m stands for fibres and matriz respectively. The trans-
verse stiffness however is calculated with the Halpin-Tsai model for transverse stiff-
ness prediction. This is because in reality the stresses in the matrix and the fibres
are not equal. Thus the transverse stiffness is calculated as

1+&nV; (0.05-Ef/E,) —1
Er=FE, ,n= 3.3
T 1—nV, " (0.05-Ef/E,) + € (3:3)
where the curve fitting parameter £ = 2 for circular fibres. Also, since the fibres
are not isotropic 1 is approximated using the transverse fibre stiffness as 5% of the

longitudinal fibre stiffness.

The major Poisson’s ratio vy, minor Poisson’s ratio vy, and the shear modulus
G are calculated as

vir = ViVi + v Vi (3.4)
E
vpp = VLsz (3.5)
1+ &anaVy
Gir =G,,——————+ 3.6
LT p—”s (3.6)

with £ = 1 and 7 being the Halpin-Tsai curve fitted parameters for the shear
modulus. 7¢ is calculated with the same assumption of the transverse fibre stiffness
as in Equation 3.3 for the fibre shear modulus, and with the matrix shear modulus

Gm
= (Gy/Gp) — 1 (3.9)

(Gf/Gm) +¢&a

To calculate the elastic properties of the laminate the stiffness matrix @) is needed.
With the elastic properties of each individual lamina () is calculated as
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[ Er vir by 0 1
1 —vprvrr, 1 —verver
Q)= |_ virkr Er 0 (3.10)

1 —virver 1 —vprvpr
0 0 Grr|

The transformation matrices [T'1] and [T'5] are then used to transform the directional
properties of each individual laminae to the global coordinates of the laminate as

Q] = [T\]7'[Q][T-] (3.11)
[T] and [T'5] are defined as
[ cos? sin? ¢ 2sin pcosp |
T,] = sin? cos? —25sin ¢ cos ¢ (3.12)
| —sin @ cos ¢ singpcosyp  sin® @ — cos® ¢ |
[ cos p? sin? ¢ sin pcos ¢ |
Ts) = sin? ¢ cos? ¢ — sin g cos ¢ (3.13)
|—2singcosyp  2sinpcosg  cos® p — sin® g

with ¢ being the angle of the individual laminae. With this the extensional stiff-
ness matrix of the laminate constructed of & number of individual lamina can be

calculated as a summation of the [@]; matrices and the corresponding thickness
(hx — hx—1) of the k plies.

Ay =S @l — i) (3.14)
k=1

The matrix [@] which contains the in-plane effective moduli can now be defined [14].,
given the assumption that the lay-up is symmetric, as

@] = trapes|A] (3.15)

The effective in-plane moduli, with respect to the global coordinates of the laminate
and Eyqpe(0) depending on the angle of the tapes, can thus be estimated as

E.=1/a, (3.16)
and
1
= o < o .
Etape(0) cos*(0) N sin*(#) n sin?(20) ( I QVLT)’ 0° <6 <390 (3.17)
Er Er 4 Grr Ep

10



3. Theory

3.3 Strength prediction

3.3.1 Failure modes

There are two ways in which the laminate can fail: tape pull-out, see Figure 3.3(b), or
tape fracture, see Figures 3.3(c)-3.3(d). Thus, to predict the strength of the laminate
the critical mode that initiates failure of the laminate needs to be identified. This
is because the first failure is the limiting factor of the strength of the laminate.

Since the distribution of tapes are uniform there will be tapes oriented at all angles
0° < 6 < 90° with respect to the direction of the load. The critical failure mode will
be different for different angles of tapes, which means that there may be a transition
from one failure mode to another somewhere between 0° < 6 < 90°, or at several
angles. Tapes of different constituents will of course yield different properties for
the laminate and thus move the point (or points) of transition between the failure
modes.

Figure 3.3: Different fracture modes: (a) pristine laminate; (b) pull-out; (c) lon-
gitudinal fracture; and, (d) transverse fracture.

11



3. Theory

3.3.2 Loading condition

In most applications, composite laminates are loaded in the plane, which produces
a condition of plane-strain, which means that the out-of-plane stress components
are zero. If the out-of-plane axis is axis 3, then the plane-stress condition yields
03 = 713 = Tog = 0. This also means that the shear strain ;3 = 723 = 0.

Laminates are manufactured in a way that it can be assumed that the bonds between
the plates are infinitesimally thin and do not deform in shear, so the plates cannot
slip over each other. Laminates can thus be assumed to act as single-layer materials,
and displacements remain continuous across an intersection perpendicular to the
laminates mid-plane. Stress can vary across the intersection, but the strain is the
same if there is no debonding. Therefore the strength prediction for the laminate
will be strain-based instead of stress based.

3.3.3 Tape pull-out

As mentioned in section 2 Pimenta and Robinson presented a fracture mechanics
controlled strength model based on the mode II fracture toughness G;;c in the
interface between tapes. A strain-based expression of this model is

Epull—out = E (318)

1$ 2Etape(9)gIIC

thape

where tyqpe is the tape thickness, E, is the stiffness of the composite and Ei,,. () is
the stiffness of the tapes depending on their angle with respect to the load.

3.3.4 Tape fracture

Camanho et al. gives the equation for in-situ transverse tensile strength for a thin
embedded ply in pure mode I loading [12]. With this, the in-situ transverse tensile
strain to failure can be determined as

1 | 8G1c .

T
Eyis = with 3.19
Y, Etape (9) WtAgQ ( )

1 V2

A, =2(— -2 3.20
22 <E2 El ) ( )
Where vy is vpp calculated using ELT. Camanho also states the expressions for
in-situ shear strength of thin embedded plies as well as thin outer plies. For a more

conservative strength prediction the expression for thin outer plies is used in the
model. Also this expression is converted to achieve the in-situ shear strain to failure

as
2 |G
ehis = =1/ Lrine (3.21)
’ GLT thape

12



3. Theory

It should be noted that this is the expression for the linear case and not the non-
linear case, which is also provided in the paper by Camanho and co-workers. The
linear case is more conservative than the non-linear case, and can be demonstrated
by a plot of the linear and non-linear strength prediction of the in-situ shear strength
of a thin surface ply, given by Camanho et al. depicted in Figure 3.4.

—_

(o))

o
1

—

N

o
!

.. Linear

60

40 Non-linear

20 1

In-situ shear strength, [MPa]

0 . . . . . .
00 02 04 06 08 10 1.2
Thickness, [mm)]

Figure 3.4: Linear and non-linear case of in-situ shear strength as function of
thickness, from Camanho et al. [12].

The fracture criteria for tape fracture that are used in this model are the Hashin
failure criteria. Strain-based expressions of the Hashin criteria for fibre dominated
fracture ¢, and matrix dominated fracture 2, is given by Adoubi et al [15].

2 2
el = J (5”) n <7_,,12> (3.22)
e 85,1’5
& 2 ~ 2
D 22 12
= L 3.23
w2 \l <€;is> i <€£,is> ( )

where €11, €99, are the normal engineering in-plane strains, ;2 is the engineering
shear strain and X, is the longitudinal strain to failure of the fibres. By using the
transformation matrix [T'5] for the strain components, given the isotropic properties,
gives the fibre and the matrix dominated expressions as
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3. Theory

€11 €
€92 ¢ = [T2] {0 (3.24)
V12 0
4 2 2
I cos*(0)  4sin®(0) cos*(0)
el =¢ X2 (EE,is)z (3.25)
4 2 2
I sin*(f)  4sin*(0) cos*(0)
= 3.26
. : <€;is)2 <€£,is)2 ( )

Damage initiation is predicted to initiate when e =1 or ¢2 = 1. The longitudinal
and the transverse strain with Hashin failure criteria can thus be expressed as

1

Stape,L = cos?(0) + 45in?%(0) cos2(0) (327)
X2 (5,i5)°
1
Etape,H = sin*(0) 45in?%(0) cos?(0) (328)
(5{/7755)2 (E?Sj,is)Q

3.3.5 Damage initiation

The lowest computed value for strain to failure of three possible failure modes is
identified to initiate failure in the composite. Pull-out is given by Equation (3.18),
longitudinal tape fracture by Equation (3.27) and transverse tape fracture by Equa-
tion (3.28) for all angles 0° < 6 < 90° can now be determined. The smallest of all
these strains is the laminate damage initiation strain, &y, determining the strength
of the laminate.
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Results

In this section the results from the analytical model made with use of the theory in the
Theory section are presented. Also presented are the results from the experimental
tensile tests, as well as a comparison between the analytical and the experimental
results.

4.1 Material data and conditions for comparison

The dimensions of the carbon fibre tapes for which the laminate properties are
calculated are 40 x 20 x 0.0225 [mm] (I X w X t). In the beginning the thickness
of the tapes was 20pum but due to difficulties to achieve quality laminates in the
manufacturing the tapes had to be provided with a layer resin on the side which
previously had none. This also led to a lower fibre volume fraction than targeted.
The goal in the end is to reach a fibre volume fraction of approximately 60 %,
but at this stage the most important thing is to produce high-quality laminates
for reliable experimental test results. There were two laminates manufactured for
the experimental tensile tests, one with V; = 44.1 % and one with V; = 47.7 %.
The average volume fraction of these laminates Vy = 45.9 % is used for comparison
with the analytical model, as well as the average stiffness and strength. Thus, the
data for the carbon fibre tapes, the matrix and laminate properties are displayed in

Tables 4.1-4.2 below.
Table 4.1: Material properties of the HS40 carbon fibre.

Vi pylg/em®]  Ey [GPa] vy X [%)
0.459 1.82 425 0.2¢ 1.1

2Assumed Poisson’s ratio. Not stated in HS40 data sheet

Table 4.2: Material properties of the matrix used in the current study.

Voo pm lg/ecm?®]  E, [GPa] v, X,.[%]
0.541 1.15 3.5 0.33 2.2
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4. Results

4.2 Stiffness prediction

In using the analytical model with input as stated in Tables 4.1-4.2 and Equations
(3.1)-(3.17) the stiffness of the laminate is estimated to E. = 70.6 GPa. The cal-
culated mechanical properties for the laminate pertinent to the strength prediction
can be summarised in Tables 4.3 below.

Table 4.3: Estimated Properties of the laminate with HS40 carbon fibres (V; =
45.9%) and matrix.

trape (0] E. [GPa] Gprr [GPa] Gro [J/m3] Gric [J/m3] Yr [MPa]
22.5 70.6 2.67 230 400° 50°

*Assumed value for mode I fracture toughness, from Asp et al. [16]
b Assumed value for mode II fracture toughness, from Asp et al. [16]
¢Assumed transverse strength

4.3 Strength prediction and fracture modes

As mentioned in Section3.3 strength prediction considers two fracture modes, tape
pull-out and tape fracture. The first mode to be evaluated is tape pull-out. By using
Equations (3.17)-(3.18) with mechanical properties stated in Table 4.3 the strain at
damage initiation via tape pull-out is estimated for all tape angles and saved as a
vector €pyi—out- This is visualised in Figure 4.1.

0.06
0.05 r
0.04 |
%? 0.03
0.02 -

0.01 r

0 10 20 30 40 50 60 70 80 90
0 [r}]

Figure 4.1: Damage initiation strain for tape pull-out with t;4p. = 22.5 pm and
Vi = 45.9%.
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4. Results

The strain at damage initiation via longitudinal and transverse tape fracture are
estimated as described in Section 3.3.4 and saved as vectors in the same way as for
tape pull-out, €44pe,r, and €gpe 7, and visualised in Figures 4.2 and 4.3.

0.06

0.05
0.04
f‘;} 0.03

0.02

0.01 b

0 10 20 30 40 50 60 70
0 [rr]

Figure 4.2: Damage initiation strain for longitudinal tape fracture with ¢;,,. = 22.5
pm and Vy = 45.9%.

0.1
0.09 1
0.08 1
0.07 1
0.06
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003 1

0.02 1

0.01 1

0 1 1 1 1 1 1
20 30 40 50 60 70 80 90

7] [r}]

Figure 4.3: Damage initiation strain for transverse tape fracture with ¢, = 22.5
pm and Vy = 45.9%.
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4. Results

By taking the minimum damage initiation strain for all three fracture modes at all
tape angles a new vector can be defined as €. This is visualised as the full black line
in Figure 4.4 which contains the damage initiation strain for all fracture modes as
well as the minimum damage initiation strain, £(9).

006 T T T T \ T T I T T
\
\ )
S I
0.05 A -
\/\
I ~ ~
/ R
0.04 - / -
N /
\ / = = = Epull-out
S 003F / terest |
W \ / = = = Etape,T
P ~
\ , £(0)
\ 4
0.02 - \ ’ 7
\ P
N\ -
N _-"
O Il Il Il Il Il 1 1 Il
0 10 20 30 40 50 60 70 80 90

01’]

Figure 4.4: Damage initiation strain for all fracture modes with t;5. = 22.5 pm
and V; = 45.9%.

As can be seen in the Figure, the dominating fracture mode for tapes with angle
0 < 0 < 21° is the longitudinal tape fracture, and for 21° < 6 < 90° tape pull-put
is the dominating mode. By taking the smallest value of £ the damage initiation
strain and fracture mode for the laminate is predicted to be & = 0.7%, with the
fracture mode pull-out at approximately 62°. By using Hooke’s Law the strength of
the laminate X can be estimated as

X = E,-£~494.2 MPa (4.1)
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4. Results

4.4 Comparison with experimental results

A comparison of the results from the analytical model and the results obtained from
the mechanical tensile tests, with the data as mentioned in Section 4.1 being the
average data of the two tested laminates, are presented in Figure 4.5 below.

Vi =459%, t=225pum, X.=11%

H540 Grc=400]/m?, E; =425GPa
Predicted Experimenal Results
E. [GPa] 70.6 64.2 (+11.3)
€ (%] 0.70 0.59 (+0.11)
Mode Pull-out Pull-out/Tape Fracture
X [MPa] 494.2 3953 (+77.6)

Figure 4.5: Comparison of analytical and experimental results of mechanical prop-
erties for the laminate with the standard deviation for the experimental results inside
the parentheses (experimental data from [5]).

4.5 Simulation of three alternative carbon fibres

A laminate with V; = 59.19% was targeted in the project. However, such a laminate
could not be manufactured during the short time the project was run [5]. Instead,
as mentioned in Section 4.1, two laminates with V; = 44.1% and V; = 47.7% was
achieved, resulting in the average fibre volume fraction of V; = 45.9% used in the
previous analysis. However, by fine-tuning the manufacturing process we expect to
be able to produce high-quality laminates with a fibre volume fraction approaching
60 % in the near future.

To see what mechanical properties that can be expected if the laminate was manu-
factured with a fibre volume fraction approaching 60% and another type of carbon
fibre than HS40, a simulation of HS40 and three other common carbon fibres, T300,
HM63 and K13916, was made with the fibre volume fraction of Vy = 59.19% and
the same matrix used in the current study matrix. The analytical results of this
simulation are presented in Figure 4.6.
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4. Results

V; =59.19%, t=22.5um, Gyc=400]/m?

T300 HS40 HM63 K13916
E; [GPa] 230 425 441 760
X, [%] L5 1.1 1 04
E. [GPa] 50.51 90.48 93.43 159.92
€ [%] 0.96 0.62 0.60 0.38
Mode Pull-out Pull-out Pull-out Pull-out
X [MPa] 487 560 562 618

Figure 4.6: Comparison of analytical results for the carbon fibres T300, HS40,
HM63 and K13916 with V; = 59.19%.

4.6 Simulation with higher volume fraction and
fracture toughness

Another goal than higher fibre volume fraction is to achieve higher mode II fracture
toughness than the assumed G;;c = 400J/ m? which was used in the previous simula-
tions. The mode II fracture toughness could be improved, which is further explained
in the Future work Section 5.3, and a feasible fracture toughness of Gr;c = 1100 J /m?
[16] is expected. Expected mechanical properties if these targets are reached are pre-
sented in Figure 4.7.

V, =59.19 %, t=22.5pum, Gyc= 1100 ]/m?

T300 HS40 HM63 K13916
E; [GPa] 230 425 441 760
X, [%] 15 11 1 04
E. [GPa] 50.51 90.48 93.43 159.92
€ [%] 1.5 1.03 1.0 0.4
Mode Tape Fracture Pull-out Pull-out Tape Fracture
X [MPa] 758 930 935 640

Figure 4.7: Comparison of mechanical properties for T300, HS40, HM63 and
K13916 with V; = 59.19% and G;rc = 1100 J/m?.
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4. Results

4.7 Influence of different properties

It is of interest to know what influence different material properties have on the
mechanical properties of the laminate. As can be seen in Equation 3.18 the damage
initiation strain for tape pull-out is inversely proportional to the thickness of the
tapes, tigpe. It can also be seen in Equations 3.19, 3.21 and 3.27-3.28 that the
damage initiation strains for tape fracture are influenced by the tape thickness.
Also in Equations 3.18 and 3.21 it can be seen that both tape pull-out and tape
fracture are proportional to the mode II fracture toughness, Gr;¢. From Equations
3.18 and 3.19 it can be noted that the stiffness of the laminate influences the damage
initiation strains. Therefore, a change of stiffness Iy is of interest since it has a direct
influence on the stiffness of the laminate. However, with a change in fibre stiffness
comes most likely a change in fibre strain to failure X., as can be seen in Figures
4.6 and 4.7. Thus, to obtain a realistic evaluation of the influence of fibre stiffness,
the fibre strain to failure will have to change with the fibre stiffness. Therefore, a
least square fit of Fy and X, is performed.

4.7.1 Least square fit of £/y and X,

The fibre stiffness F; and fibre strain to failure X, of the different types of carbon
fibres that were used in the simulations in Sections 4.5 and 4.6 are used in the least
square fit evaluation, to get an approximation of the change in X, with ;. The
least square fit yields Equation (4.2), which is also demonstrated as the dotted line
in Figure 4.8.

E; = —4814.5- 10" - X, + 9454.5 - 10° (4.2)
800
i — = .Linear fit
N e T300
700f T~ HS40
o e HM63
~ o KI13916
~
600 ~
~
— ~
= o
~. 500 ~
[y -~
Sl ~
LN
400 t h
A ~
-~
~
-~
300 ~
s ~
9
200 ' ' : ' ' '
0.4 0.6 0.8 1 1.2 1.4 1.6
X. [%]

Figure 4.8: Least square fit of Ey vs. X, for T300, HS40, HM63 and K13916.
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4. Results

4.7.2 Damage initiation strain depending on t;4,., Grrc, Ef

It is of interest to know how the mechanical properties of the laminate change
when changing ti4pe, Grrc and Ey. By having the standard values and intervals for
iteration seen in Table 4.4, changing one property at the time and keeping the other
two constant, Figures 4.9-4.11 were made. For easier interpretation arrows have
been drawn in the figures illustrating in which direction the damage initiating strain
changes for the different fracture modes when increasing the specified property, with

the smallest and largest value written adjacent €py—ou: and 6 = 0.

Table 4.4: Values for the iteration analysis.

0.1

0.09 r

0.08

Figure 4.9: Damage initiation strains depending on t;qp with F; = 425 GPa and

Standard value Interval for iteration

Ltape 22.5 pm

QHC 400 J/m3

Ef 425 GP&

10 < tape < 185 pm
100 < Grre <2000 J/m3
200 < Ef < 800 GPa

nmr 1 LM T
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Figure 4.10: Damage initiation strains depending on Gric with tigp. = 22.5 um

and Ey = 425 GPa.
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Figure 4.11: Damage initiation strains depending on Ey with least square fit for
Xe, trape = 22.5 pym and Grye = 400 J/m?.
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4. Results

4.7.3 Fracture modes depending on t,., Gric, Ey

The modes of fracture changes depending on 4y, Grrc and Ey. This can be evalu-
ated for all different angle of tapes to see which fracture mode that is most likely to
occur depending on the input parameters. As in Section 4.7.2 the input parameters
are the ones found in Table 4.4 and the evaluations are made by varying one param-
eter while keeping the other two constant. The evaluation for each parameter can be
seen in Figures 4.12-4.14. In the figures it can be seen that the most likely fracture
mode to occur is pull-out, followed by HL which in these figures stands for longitu-
dinal tape fracture. It can also be seen that transverse tape fracture never occurs for
the simulated laminates, which can also be seen in Figures 4.9-4.11. From Figure
4.12, as well as in Figure 4.9, one can see that when increasing the tape thickness
the likeliness of failure by pull-out will increase. However, for a variation inmode II
fracture toughness, as seen in Figures 4.13 and 4.10, increasing the fracture tough-
ness instead increases the likeliness of longitudinal tape fracture. As can be seen in
Figure 4.14 the most likely mode of failure varies when increasing the fibre stiffness,
and for Fy ~ 425 GPa the most likely mode of failure is pull-out. This is confirmed
in Figure 4.11, in which the fourth full black line from the top belongs to Fy = 425

GPa.
90
80
70
60
50
=

40
30
20
10

0

HL

Pull-out

20 40 60 80 100 120 140 160 180
Thickness in pm

Figure 4.12: Fracture modes for different angles of tape depending on t,,. with
Ef = 425 GPa and g]]C =400 J/Hl3
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70
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10
0
200 400 600 800 1000 1200 1400 1600 1800 2000
Gire

Figure 4.13: Fracture modes for different angles of tape depending on G;;c with
Ey =425 GPa and t4p. = 22.5 pm.
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Figure 4.14: Fracture modes for different angles of tape depending on Ey with
least square fit for X, t;ape = 22.5 pm and Gro = 400 J/m?.
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4. Results

4.7.4 Evaluation of damage initiation strain depending on
parameters
To understand how the limiting damage initiation strain depicted as the black lines

in Figures 4.9-4.11 change depending a change in thickness, G;;¢ or Ey, the change in
¢ for each case is plotted as a function of these parameters, seen in Figures 4.15-4.17.

1.5 T T T T T T T T T
- ==:1=2205 pm
- ==:£ =(0.61891
1r i
-___I
0.5 ; 1
1
1
1
1
1
1
1
O | 1 1 I I 1 I I I

0 20 40 60 80 100 120 140 160 180 200
Thickness in pm

Figure 4.15: Damage initiation strain of the laminate depending on ¢,,. with
Ef = 425 GPa g[[C =400 J/m3
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Figure 4.16: Damage initiation strain of the laminate depending on Gr;c with

E; =425 GPa and t4p. = 22.5 pm.
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Figure 4.17: Damage initiation strain of the laminate depending on E; with G;;¢c =

400 J/m? and ty4pe = 22.5 pm.
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Discussion and conclusion

This chapter contains discussions and conclusions regarding the results obtained from
the analytical model as well as the mechanical tests. It also contains a discussion
on possible improvements of the analytical model and on future work.

5.1 Comparison with Experimental results

As can be seen in Figure 4.5 the experimental and the analytical results does not
exactly match, however the analytical results are within the standard deviation of
the experimental results. The fact that the results match this well is encouraging,
especially since this is a first try of constructing an engineering model. This proves
that we are on the right path, and with a bit of tweaking and with some of the
assumptions that are made in the model more closely studied, the accuracy of the
model can increase even further. There are several things that may be subject for
improvement and further studies to increase the accuracy. First of all, the laminates
that were used when performing the mechanical tests were the first laminates man-
ufactured with the tapes that have resin on both sides. Secondly, the laminates size
of less than 0.3 x 0.3 m limited the number of specimen for tensile tests to 12 per
laminate, as can be seen in Figure 5.1. Also, since the specimens are cut from differ-
ent parts of the laminate and the manufacturing process might not result in perfect
quality laminates, the mechanical properties may vary between specimen. Thirdly,
the experimental tests were performed on two laminates, one with V; = 44.1 %
and one with Vy = 47.7 %. The results that were used in the comparison with
the V; = 45.9 % laminate used in analytical model are the measured average for
both plates. Thus, given these inconsistencies in the composites manufacture and
test the relatively good agreement between predictions and the test results indicates
that the models can predict the performance of UTHMT composites. Furthermore,
the computational and experimental results both provide strong indications on what
mechanical properties that can be expected for the UTHMT composite laminates
in the future.
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Figure 5.1: How the test specimens were cut from each laminate, from M. Johansen

[5].

5.2 Analytical results

The analytical results can be divided into two parts: stiffness and strength.

5.2.1 Stiffness

The accuracy of the stiffness prediction part of the analytical model was first tested
using results from the ELT simulations performed by Pimenta et al. [4] and Wan
and Takahashi [8]. The similarity between the results of the model and the arti-
cle indicated that the stiffness prediction yields trustworthy results. This was later
confirmed by the simulation of the laminates that were tested experimentally. How-
ever, the stiffness prediction part of the model can still be improved somewhat since
there are a few assumptions made in the model. These assumptions and possible
improvements are discussed in Section 5.3.1.

5.2.2 Strength

The strength prediction indicates that the UTHMT composite laminate has an enor-
mous potential if the manufacturing process can be improved. Even now with im-
perfect manufacturing of the laminates and lower fibre volume fraction and mode
IT fracture toughness than targeted, the mechanical properties are most impressing.
With conventional carbon fibre composites having first ply failure at ~ 250 MPa,
the strength of the UTHMT composite laminate is already almost the double that
of conventional continuous CFRP laminates.
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5. Discussion and conclusion

As can be seen in Figures 4.9-4.11 the analytical model predicts the strength and
fracture mode of the laminate. The fracture mode indicated for the HS40 composite
laminate is tape pull-out, which is also confirmed by the fractographic studies made
by Mr Johansen [5]. The Figures also indicate that the UTHMT laminate can still
be improved by changing the parameters found in Table 4.4, making it possible to
customise the laminate for specific use. It takes only a minute to change the fibre
volume fraction, tape dimensions, the properties of the carbon fibres and matrix
etc. and obtaining a prediction of the mechanical properties, making it possible for
quick evaluation of different laminate designs.

5.3 Future work

In this section future work and possible improvements are discussed. The discussions
are both regarding possible improvements to the analytical model as well as future
work and research that could not be performed within the scope of this project.

5.3.1 Discussion regarding the stiffness prediction

As mentioned in Section 5.1 the manufacturing process needs to be fine-tuned and
more specimen must be tested to be able to fully trust the test results. First then
can the accuracy of the model be evaluated in detail. There are several assumptions
made in the model, and these can be tweaked and further studied. For example the
transverse fibre stiffness, which as of now is estimated to be 5 % of the longitudinal
fibre stiffness in the ELT prediction. Another assumption is the Poisson’s ratio
of the fibres vy, which is not found in the fibre data sheet for HS40 but instead
assumed from a similar carbon fibre found in [6]. The reason that v; was not further
researched is that the change in laminate stiffness depending on vy was evaluated
early in the project, using three fibre volume fractions which can be seen in Figure
5.2. The influence of different vy deemed to be minor and it was determined that
further investigation was to be left for future work.
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Figure 5.2: Evaluation of change in stiffness for different v.

5.3.2 Discussion regarding the strength prediction

The accuracy of the strength prediction can be tweaked when high quality laminates
have been tested and the sample size is larger. Until then it can still be improved
concerning the prediction of in-situ shear strength, for more realistic predictions. As
for now, the estimation of shear loading is made for linear behaviour. The estimation
can also be made for non-linear behavior as can be seen in Figure 3.4, but in the
attempt to implement the non-linear behavior it was discovered that the equations
regarding the non-linear behaviour were faulty. This could be further researched
and implemented in the model for a more realistic prediction of the strength of the
laminate.

Increased mode II fracture toughness G is highly desirable. This can be achieved
by different modifications to the process and the matrix material. Firstly, the appli-
cation of the reactive binder, i.e. the uncured resin, on the tapes should be trimmed
to ensure that the entire tape width is covered by the binder. This will increase
Grrc as any dry spots are eliminated. Secondly, the reactive binder itself may be
modified to increase Grre. Modern CFRP pre-preg composites use toughened ma-
trix materials, where the epoxy matrix is toughened by inclusion of small rubber or
thermoplastic particles. The 6376 epoxy resin used in the HTA /6337 [16] is tough-
ened in this way, with a resulting high G;;c = 1100 J/m?.
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5. Discussion and conclusion

Other areas of future work is of course the prediction of the mechanical properties
of the laminate in regard to compression and shear loading. Through this it would
be possible to deliver an analytical model with a failure envelope covering all types
of loading. This demands for further literature studies to be performed, new ana-
lytical models to be made as well as new laminates to be manufactured and tested
experimentally.
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