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Preface

This content is a compilation of lessons learnt and knowle-
dge acquired during research and work done at Purdue Uni-
versity and as a lead engineer in the Colombian Air Force, on
advanced composites materials and characterization. Each
topic addressed in the development of this document, will
allow the reader to understand the basic concept of this ma-
tter, and to identify the tools, analysis and equations needed
to fabricate and characterize advanced composite materials.
As awhole was designed to assist the development of the Co-
lombian Aerospace Industry as a guide during the experimen-
tal characterization of the composites materials used in the
Calima T-90 aircraft and to be a reference for future aircraft
development projects led by the Colombian Air Force. Howe-
ver, its application can extend beyond the aerospace field, sin-
ce composite materials are also used in other areas such as
sportive equipment, automobiles, construction, and ballistic
protection, among others.

Chapter 1 introduces the topic of advanced composites
which defines the basic concept required to understand the
main topic of the book. It shows how to fabricate a compo-
site laminate by the hand lay-up method using prepreg and
autoclave curing. At the end of this chapter it is expected that
the reader, with the necessary tools, materials and equipment,
can be able to fabricate a flat composite laminate. In Chap-
ter 2 it is shown how to obtain properties of Lamina Tensile
from a tension test. It is an introduction to the testing pro-
cedure using tensile testing machine, strain gages and data
acquisition systems. Chapter 3 explains how the in plane shear
properties of composites can be obtained by testing a +-45
specimen in tension. In Chapter 4, besides of explaining how
to perform test in off axis specimens, introduces the reader to
failure prediction approaches in composite materials. Chapter
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5 tells about the material Flexural Test. Chapter 6, introduces a
design feature behavior of composite materials regarding ho-
les. It shows how the strength changes depending on the hole
sizes, and also introduces failure prediction criteria. Chapter 7
and 8 are about the Lamina and Laminate Coefficient of Ther-
mal Expansion respectively, and finally, Chapter 9 is about the
Mode | Fracture testing, to see how a crack propagates throu-
gh alamina.

Peter Alvarado
Colombia
Nov, 2014
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Fabrication of Composite
Laminate
by Hand Lay-Up

A composite material is the result of combining two or
more materials to achieve specific structural properties supe-
rior to the properties of the individual materials from which
is constructed (Federal Aviation Administration, 2012). To
differentiate from other composites such as concrete, fiber
reinforced composites are usually called advanced composi-
te materials ACM (Smallman & Bishop, 1999). They are con-
formed by high-performance resin systems and high-stren-
gth, high-stiffness fiber reinforcement, and are substantially
superior to structural metals and alloys on an equal weight
basis (Pilato & Michno, 1994). As a result, lately ACM are re-
placing metals in several applications, especially in the ae-
rospace sector where strength to weight ratio plays a crucial
factor. For instance, 50% of the weight for the Boeing 787
Dreamliner is ACM, a sharp increase from 12% for the Boeing
777, and similarly 52% for Airbus 350XWB, as well as about
47% for Bombardier C Series airplane (Zhang, Zhang, & Xupo,
2011). In Colombia, the Air Force has led the use of compo-
site materials being part of helicopters structure, and lately
with the fabrication of the composites trainer Calima T-90.

The most common ACM used in aviation are the Carbon
Fiber Reinforced Polymers CFRP and the Glass Fiber Reinfor-
ced Polymer GFRP (Chung, 2010). These fibers come in two
main presentations: One in which the fibers are dry and other
in which the fibers have been impregnated with resin called
prepreg. During the fabrication of ACM, dry fibers can be im-
pregnated with resin manually or using resin transfer method
RTM, orvacuum assisted resin transfer method VARTM. On the
other hand, prepreg does not require further resin contend
since it comes with a specific volume fraction; in other words,
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it contains the required percentage of resin per volume, to
provide the best outcome properties. Given this advantage of
prepreg over dry fibers, usually primary aircraft structural ACM
components are manufactured with prepreg (Erhard, 2006). It
is sold in rolls by yards and should be store below freezing point
to reduce the rate of cure and thus increase storage life.

Prepreg may be unidirectional or bidirectional as shown in
Figure 1. As its name indicates, in a unidirectional prepreg all fi-
bers lay along one direction (longitudinal), usually called the 0°
direction, while in a bidirectional prepreg certain fibers lay in
the 0° and others perpendicular to them, in the transverse di-
rection respectively, interlocking upon themselves. Unidirec-
tional prepreg is called tape and bidirectional is called fabric.

Fiber orientation and stacking sequence

The outcome properties of the material depend on the plies
and its orientation. In Figure 2, a warp clock is shown. It applies,
both for unidirectional and bidirectional. It is used to identify
fiber orientation. Moving in the clockwise direction, from 0 to
90 are the positive angles, and from 99 to ¢ there are negati-
ve. From another perspective, moving in the counter clockwi-
se direction represents the negative angles, and moving in the
clockwise direction represents the positive angles, from 0 -90.

Figure 1.
Unidirectional
and bidirectional

prepreg. Source:
Federal Aviation
Administration
(2012). Chapter 7.
Advanced Composite
Materials, pp.7-4. The
Aviation Maintenance
Technician
Handbook—Airframe
(FAA-H-8083-31).
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Figure 2. A warp
clock. Source:

Federal Aviation
Administration (2012).
Chapter 7. Advanced
Composite Materials,
pp.7-3. The Aviation
Maintenance Technician
Handbook—Airframe
(FAA-H-8083-31).
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+45

90

+45

Figure 3. Example of
stacking sequence.
Source: Federal Aviation
Administration (2012).
Chapter 7. Advanced
Composite Materials,
pp.7-3. The Aviation
Maintenance Technician
Handbook—Airframe
(FAA-H-8083-31).

Figure 3 shows an example of a stacking sequence
[0,90,+45] . Note that the laminate contains 8 plies and that
it symmetric on its middle plane; in other words, the four plies
on the top are a mirror of the four plies on the bottom. If a
laminate is not symmetric, while curing, the residual thermal
stresses will cause deflections. Thus, if the desired outcome is
a flat plate, it must be symmetric.
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Materials, tools and equipment

The following materials, tools and equipment are required for the fabrication of
composite laminate by hand lay-up with prepreg:

e Materials

»

»

»

»

»

»

»

»

»

»

Teflon films
Peel plies
Glass bleeders
Vent cloth
Sealant tape
Vacuum bag
Acetone
Release agent
Cork

Prepreg

e Tools

»

»

»

Mold tool: It is what defines the final shape of the laminate. For a flat
laminate, the mold tool can be a flat aluminum plate.

Vacuum valve

Knife

Scissors

Gloves

Personal protection items

*  Equipment

»

Autoclave

Procedure

The procedure for the fabrication of a composite laminate by hand lay -
up with prepreg is the following:
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Figure 4. Prepreg
cutting. Source: MSE
597 report.
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Define the geometry of the laminate.

Define the material.

Define the stacking sequence.

Prepare materials, tools, and equipment required
as mentioned in 0.

Take the prepreg out from the freezer and allow it
to reach room temperature before using.

Cut prepreg according to the geometry and stac
king sequence defined, see Figure 4.

10.

Lay up the plies according to the stacking
sequence, see Figure 5.

Clean the tool mold with acetone

Either apply release agent to the mold tool, or lay
a Teflon film on the mold tool to be able to release
the laminate after curing cycle, see Figure 6.

Lay a peel ply on the top of the Teflon

film, if the desired bottom face of the laminate

is a rough surface. This is optional and is usually
done as a requirement step for surface bonding
preparation because the peel ply generates
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11.

12.

13.

14.

15.

16.
17.

porosity in the outcome surface which at the end
improves bonding strength (Flinn, 2014).

Place the prepreg stack avoiding any wrinkle and
leaving at least 50mm from the each edge.

Make a dam like structure surrounding the laminate
to prevent from slicing.

Place a peel ply on the top of the prepreg stack.
Place a perforated Teflon film.

Place a bleeder sheet with the same dimensions of
the laminate to absorb the excess of resin.

Place a perforated Teflon film.

Place a vent cloth usually called as breather on

the top of the laminate with an extension for the
vacuum valve, as shown in Figure 7. It is used to
allow a uniform vacuum distribution, and is also a
escaping route forvolatiles.

Figure 5. Lay-up
process. Source: MSE
597 report.



Figure 6.

Vacuum bagging
scheme. Source:
Carbonfiberguru
(2010). Carbon Fiber
Processing Part 2 of 12
— Vacuum Bagging.

Figure 7. Bleeder and
breather. Source: MSE
597 report.
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18. Place the vacuum valve on the top of the breather
avoiding any contact with the laminate as shown
in Figure 8. For safety purposes, place Teflon under
the breather, to avoid excess of resin going into the
vacuum system.

19. Place sealant tape around the laid up structure on
the mold tool.

20. Place the bagging film on the top of the whole
arrangement and seal it against the sealant tape as
shown in Figure 6.
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21.

22.

23.

Make a small cross cut on the bagging area located
on the vacuum valve to install the vacuum hose.
Connect the vacuum hose to the vacuum valve as
shown in Figure 9.

Put vacuum into the system and check for leaks.
Maintain a vacuum of around 675mm of mercury
for 20 min and check for leaks again. If any leak is
found, verify sealing and change vacuum bag as
required.

Figure 8. Vacuum
port on breather.
Source: MSE 597
report.

Figure 9. Vacuum
bagging. Source: MSE
597 report.
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24. Place the mold in the autoclave. An autoclave is a
large pressure vessel with temperature and pressure
control system, as the one shown in Figure 10.

25. Connect the autoclave vacuum hose to the stack
vacuum valve.

Figure 10. Autoclave.
N 26. Properly close the autoclave doors.

Google images. 27. Initiate curing cycle. Each prepreg or resin system
comes with is specific curing cycle. However, a
typical autoclave curing cycle is generally as follows
(see Figure 11): a first phase in which temperature is
raised at a constant rate. Simultaneously, vacuum
and pressure are applied. This removes any volatile
that can be present in the laminates and eliminates
any gap. The next phase is when temperature is held
at 100°C approximately, for some hours to allow the
resin to set in a uniform way among the fibers while
chemical reaction is taking place. Then, it is heated
up again and held at 180°C approximately. Finally,
temperature is decreased at a constant rate during
the cooling phase where pressure is kept. Several
chemical reactions occur during the autoclave
process. When the resin is heated up, its viscosity
decreases and the pressure applied helps to remove
any excess of resin. The resin passes through liquid,
gel and vitrification stages.
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Temperature
Temperature  Autoclave pressure for pe! Pressure

monolithic parts
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i[
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7 — -1bar

Vacuum Vacuum

28. Take the mold plate out of the autoclave and allow it
to cool down.

29. Remove the vacuum bag and take out the laminate.

30. Inspect the laminate.

Conclusion

The fabrication of composites materials by lay-up process
is a handicraft procedure in which the creation of new defects
must be avoided at every time. The lay-up process has to be as
clean as possible, and wrinkles in materials and layers must be
avoided. Special care must be taken with the amount of time
the prepreg has been exposed to room temperature, because
it can complete the cure cycle before desired, and it would be
no longer useful. It can be notice that the complexity of the
process increase according with the desire geometry of the
composites. For flat plate composite it is not as complex as for
example with a geometry that involves sharp edges. However,
the main principle remains the same. Anotherimportant factor
is the orientation of the fiber in the laminate and its symmetry
with respect to the middle plane. During the autoclave curing
process, it goes into several temperature changes that cause

Figure 11. Typical
prepreg curing cycle.
Source: HexPly 8552
Datasheet.
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expansion and compression, which produce stresses. Those
stresses produce different phenomenain the laminates regar-
ding the symmetry and fiber orientation. The autoclave pro-
cess involves heat transfer that should be taken into account
to satisfy the temperature requirement in the curing process.
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Lamina Tensile Properties

A lamina or ply is the basic unit of a composite. It is be-
cause of its properties that one specific lamina is chosen in
the design phase rather than another one. However, before
starting the manufacturing process, as part of quality con-
trol procedures, test should be conducted to confirm material
properties of a batch or roll of prepreg lay within the tolerance
limits and datasheet specifications. The American Society for
Testing and Materials (ASTM) is an organization that leads the
development and delivery of international voluntary consen-
sus standards and it has around 12000 standards used around
the world in research and development, product testing and
quality systems (ASTM, 2014). The ASTM 3039 is a Standard
Test Method for Tensile Properties of Polymer Matrix of Com-
posite Material (ASTM D 3039-14, 2014) that is used to deter-
mine the lamina tensile properties.

This chapter shows a procedure to obtain the tensile pro-
perties of a lamina using as an example a Carbon Fiber Rein-
forced Polymer (CFRP); The IM7-8552. It is a unidirectional
carbon fiber prepreg from Hexcel' used in primary aerospace
structures (Hexcel, 2014). The information that can be obtai-
ned about the material from a tensile test is: Tensile Strength,
Modulus of Elasticity, and Poisson’s ratio. Isotropic materials
have the same mechanical properties in every direction, but
on the other hand, anisotropic materials properties change
with respect to the direction. So, in order to understand the
mechanical behavior of a lamina it is necessary to know its

1 World leader provider of carbon fiber, reinforced fibers, pre-impregnated materials,
honeycomb core, tooling materials and finish aircraft structures



Chapter 2 - Lamina Tensile Properties 33 @

properties about its principal axes. As it is shown in Figure 12, 1
is the axis parallel to the fibers which corresponds to the 0° di-
rection, 2 is perpendicular to 1 corresponding to the 90° di-
rection, and 3 is the normal direction to the plane created by
1and 2.

3

A

I/

Figure 12. Lamina
principal axes.
Author: Efunda.com
(n.d.). Lamina Stress-
Strain Relations for
Principal Directions.
Fibermax Composites.

L B
Since lamina are also consider orthotropic due to a state

of stress assumption of plain stress, then there is only need
to know to its properties in the 0° and 90° directions. Table 1
shows the properties of the IM7-8552 according to its datas-
heet (Hexcel, 2014). As would be expected both the tensile
strength and the tensile modulus or modulus of elasticity in
the 0° direction are higher than in the 90° direction. Thus, in
order to obtain these properties from a lamina, two kinds of
specimens need to be manufactured; one in the 0° direction
and other in the 90° direction.
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Table 1.
IM7-8552 Properties (Hexcel, 2014)

e v | Temeon | ot |y

0° Tensil -55(-67) Dry 2572 (373)
. enstlhe MPa (Ksi) 25(77) Dry 2724 (395)
e 91(195) Dry 2538 (368)

o Tensile -55(-67) Dry 174(25.3)
9(S)tren th MRal(Rsl) 25(77) Dry 111(16.1)
’ 93(200) Dry 92 (13.3)

0° Tensile -55(-67) Dry 163 (23.7)
Modulus GPa (msi) 25(77) Dry 164 (23.8)
91(195) Dry 163 (23.7)

90° Tensile ) 25(77) Dry 12 (1 .7)

Modulus et 93(200) Dry

Source: IM7-8552 Datasheet.

Figure 13. 0° . . . .
specime,',gwuith P As mention above, in order to obtain the properties of a

gages. Source: Author. | prepreg lamina, it is required to test specimens in the 0° direc-
tion and in the 90° direction. According to (ASTM D 3039-14,
2014) specimens should have a constant rectangular shape,
thickness and width should be chosen to promote failure in
the gage section, and the length should be large enough to
minimize stress cause by minor grip eccentricities. In other
words, there are not specific dimensions but there are some
recommendations as shown in Table 2.
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Table 2.

Recommended sample dimensions

Fiber . Overall Thickness, Tab Tab Thick-
. . Width, mm
orientation Length, mm mm Length, mm ness, mm
0° unidirectional 15 250 1 56 1,5
2 25 175 2 25 1,5

unidirectional

balanced and

) 25 250 2,5 emery cloth -
symmetric

random

) ) 25 250 2,5 emery cloth ==
discontinuos

Source: Characterization of advanced composite materials.

It is recommended to manufacture panels and from them
take the samples. The number of plies depends on the ply thic-
kness of the lamina. For example, for a 0.127mm thick lami-
na, a 6 to 8 plies thick laminate will satisfy the recommended
thickness for 0°, and a 16 to 24 plies thick laminate for the 90°
(ASTM D 3039-14, 2014) recommends to test at least 5 sam-
ples but depending on the purpose of the results this amount
may increase. So, panel(s) may be manufactured as shown in
Chapter 1, and then cut according to the width recommended
in Table 2.

Cutting composite panels is a delicate subject because da-
mage can be induced and it could affect test result decreasing
the tensile strength. They can be cut with a diamond saw by
a specialized technician, with appropriate speed control and
lubrication during the process. They can also be cut in a water
jet, which generally provides cleaner cuts, though it is usually
more expensive. It is important not to forget to account the
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thickness of the cutting device for panel dimensions calcula-
tions. Anyway, samples should be visually inspected after be-
ing cut looking for edge delamination, or cracking.

End Tabs are used to avoid premature failure in the sam-
ple caused by the grips pressure. Glass fabric epoxy tabs are
the most common nowadays, however before aluminum tabs
were used as well. A structural adhesive such as Hysol EA 9394
should be used to bond the tabs to the specimens. An appro-
priate surface preparation should be done in the bonding
area. A typical 0° carbon fiber specimen would be like the one
shown in Figure 13, and a 90° specimen would be as the one
shown in Figure 14.

Figure 14.90°
Specimen with strain
gage. Source: Author.
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Materials, tools and equipment

The following materials, tools and equipment are required to obtain the lamina
tensile properties:

e Materials

» Specimens
» End Tabs
» Hysol EA 9394 or other structural adhesive

e Tools

» Strain gages (2 x specimen)
» Personal protection items
» Caliper

*  Equipment

» Computer

» Data acquisition system
» Tensile testing machine
» Diamond saw or water jet

Procedure

The procedure to obtain the tensile properties of a lamina s as follows, according
to ASTM 3039:

Manufacture panels according to Chapter 1.
Add the End Tabs

Cut panels using a diamond saw or water jet
Mark each specimen

Add strain gages to the sample

ok N =
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{1

6. Measure and register each specimen thickness and
width (3 measurements x specimen) as shown in

Figure 15.

Figure 15. Specimen
cross section
measurement. Source:
MSE 597 report.

7. Calculate cross sectional area
8. Connect astrain gage (already mounted to the
sample) to the data acquisition system, see Figure

16.

Figure 16. Acquisition
system card. Source:
MSE 597 report.

9. Prepare the tensile testing machine and the
acquisition system

10. Clamp specimen in the tensile tester using the
grips, (see Figure 17).
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11.

Perform a tensile test at a rate of 2 mm/min while
measuring the strain off the gage(s) as well as the
load and displacement outputted from the tensile
tester, (see Figure 18).

Figure 17. Specimen
clamping. Source:
MSE 597 report.
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Figure 18. Data
acquisition software.
Source: MSE 597
report.

12. Test to failure for 0o and 900 specimens

Failed specimens

HL
T

TR Figure 19 and Figure 20 show a typical failure for the 0° and
Source:MSE 597 report | 9(° specimens respectively. The 0° samples usually fail in an
explosive way due to the high strength of the fibers in compa-
rison with the matrix. That is way it is strongly recommended
to use safety protection items at all time during the experi-
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ments to avoid any accident. The 90° samples fail in the matrix
and since there are not fibers in direction of the applied load,
once the matrix has failed there is nothing standing the load.
It is expected to have failure in the gage section, but as it can
see on Figure 19, in reality some failures occur in other areas.

i

Typical load vs deformation curves

3000

2500

2000

1500 [

Stress (MPa)

1000 .
@ Axial

M Transverse
500

-10000 -5000 0 5000 10000 15000
Strain (pe)

A typical stress versus deformation plot from a lamina
tensile test is shown in Figure 21. The blue line represents the
strain captured by the strain gage in the axial direction and the
orange line represents the strain captured in the transverse
direction. Due to the lamina Poisson’s ratio the strain in the

Figure 20. 0°
Specimen failed.
Source: MSE 597
report.

Figure 21. Stress vs
deformation from a
sample 0° sample.
Source: Author.
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transverse direction is negative which means that is being
contracted. It can also be seen that the deformation in the
axial direction is almost three times the deformation in the
transverse direction.

3500

3000

2500

2000

Stress (MPa)

iy

w

o

o
T

c— (-2
— (-3
1000 f —0-4
s -6

s ()-7

L s 0-10
500 —on1

0 . . .
0 5000 10000 15000 20000
Strain (pe)

Figure 22.Typical . L .
PRI c e Furthermore, comparing the strength, which is the highest

Frogg:c:?z}:fll?; stress before failure, from the 0° and 90° specimens tests, as

expected the 0° specimen have a higher strength than the
90° specimens, with approximately 2700MPa versus 75MPa
respectively.
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Stress (MPa)
w B w [e2) ~ o] o
S S <] S S S S
T T

N
o

=
o

o

0 2000 4000 6000 8000 10000
Strain (pe)

. . Figure 23.
o o .
The expected behavior for the 0° and 90° specimens ten G
sile test should be as shown on Figure 22 and Figure 23 respec- deformation from
. .. 3 . 90° samples. Source:
tively. The strain increases linearly as the load or stresses in- Author.

creases. However, it is important to be aware that the accuracy
of the data provided by the strain gages could be affected by
transverse deformation presented in the material, when it is
axially loaded, due to the Poisson’s ratio. The strain gages are
design to capture the deformation in the longitudinal axes.
However, this measure could be affected for the reasons sta-
ted previously. Because of that, transverse sensitiveness co-
rrection should be applied when: the stress field is not uniaxial,
the gageis not parallel to the principal strain, orwhen the gage
is mounted on a material different from the calibration mate-
rial. For the effect of this example with IM7 8558 lamina, even
though the gages are mounted on a material different from
the material in which they were calibrate, which is usually steel,
there is no need to have it into account, since in the 90° spe-
cimens the gages are parallel to the uniaxial stress, and in the
0° specimens the transverse gages sensitiveness correction
can be neglected because of the small deformation presented
in the longitudinal axes. It is usually better to have more spe-
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cimens than the statistically required because there may be
issues during the test with tabs, grip, strain gages, acquisition
system, among others.

Data reduction

The raw data from the experiment is basically the load,
which is given by the tensile testing machine, and the strains
given by the strain gages in the data acquisition system. The
axial stress is calculated for each sample dividing the load by
the sample’s average cross sectional area, which is calculated
with the average thickness and width of each specimen.

Equation 1

P
o=—
A

The four elastic constants £, E,,, v,,,and v, are calcula-
ted according to ASTM D 3039. The tensile chord modulus of
elasticity E was calculated by:

Equation 2

Where Ac is the difference in applied stress between two
strain points used, and A¢ is the difference between the two
strain points used. Taking into account that the material is as-
sume to be linearly elastic, and that data at the beginning of
the test can be affected by setting up, the strain points used
are typically 1000 ue and 3000 us.
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So, E,, that is the Modulus of elasticity in the fiber’s di-
rection, would be calculated by Equation 2 with Ac being the
difference in stress from the 0° specimens and A¢ being the
difference in the axial stress from the 0° specimens as well. Si-
milarly, E,,the modulus of elasticity in the direction perpendi-
cular to the fibers, would be calculated by Equation 2, with ac
being the difference in stress from the 90° specimens and A¢
being the difference in the axial stress from the 90° specimens
as well.

The Poisson’s ratio v,, is calculated by:

Equation 3

Where Ag, is the difference in transverse strain, Ag, is the
difference between two axial strain points. The Poisson’s ratio
V,| is a dependent factor calculated by:

Equation 4

v, E

V. = 12t

21 E

1

The results from the tensile test used as an example during
the chapter are shown in Table 3.
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Table 3.
Tensile test example results

Property

E, 156 +11GPa
E, 8.46+0.51 GPa
X7 2.61+£0.14 GPa
X; 0.066+0.01 GPa
v, 0.34+0.01
e 0.015
el 0.077

Source: Author.
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In-Plane Shear Properties

When loading in tension on the axial axis a [+45] laminate
coupon, shear response of a material can be analyzed. Howe-
ver, a state of biaxial stress is presented added to the shear
stress (Sims, 1973). Moreover, in the laminate free edges there
is presence of inter-laminar shear stress (Whitney J. M., 1973).
For this reasons the shear strength can be underestimated.
However, those effects are mitigated in the [+45] laminate
due to the nonlinear response and low inter-laminar shear
stress presented. In addition, comparing with other methods
available to obtain the in plane shear properties of a polymer
matrix composite material such as the losipescu Shear Test
(Adams & Walrath, 1987) (Barnes, Kumosa, & Hull, 1987) or
the v-notched rail shear test (Adams, Moriarty, Gallegos, &
Adams, 2007), the [t45] tension shear test is easier to perform
(R Wisnom, 1995). (ASTM D 3039-14, 2014), provides the re-
commendations for this test, which would be discussed during
this chapter.

Materials, tools and equipment
The following materials, tools and equipment are requi-
red to obtain the in plane shear properties of a polymer matrix
composite material:
*  Materials
» Specimens

» End Tabs
» Hysol EA 9394 or other structural adhesive
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Tools

»

»

»

Strain gages (2 x specimen)
Personal protection items
Caliper

Equipment

»

»

Computer

Data acquisition system
Tensile testing machine
Diamond saw or water jet

Procedure

The procedure to obtain the in plane shear properties of a polymer matrix com-
posite material is as follows:

Nouhs~whN

©

10.

11.

Design [+45] tensile specimens in accordance with the ASTM standard D
3518.

Manufacture panels according to Chapter 1.

Add the End Tabs

Cut panels using a diamond saw or water jet

Mark each specimen

Add transverse and longitudinal strain gages to all the coupons.
Measure and register each specimen thickness and width (3
measurements x specimen)

Calculate cross sectional area

Connect a strain gage (already mounted to the sample) to the data
acquisition system

Prepare a tensile testing machine displacement controlled and the data
acquisition system.

Clamp specimen in the tensile tester using the grips, (see Figure 17).
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12. Test specimens at a rate of 2mm/min recording
loads and displacements until failure.

Transverse sensitivity using a 2 gage rosette

Figure 24. Strain
gage mounted on
specimen. Source:

Author.

A 2 gage rosette is used to determine shear strain. Howe-
ver, the collected data should be corrected due the transverse
sensitivity presented because the stress field is not uniaxial,
the gage is not parallel to the principal strain in a uniaxial
stress field, and the gage is mounted on material different
from calibration material (TN-509, 2010). The corrected stra-
ins can be easily calculated by the following equations:

Equation 5
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Equation 6

L _U-vK)E -KéE)
y 2
1-K,

Where & isthe corrected strain in the x direction, €, isthe
corrected strain in the y direction, K, is the transverse sensiti-
vity coefficient, é‘x is the indicated strain in the x direction, é‘y
is the indicated strain in the y direction, and v is the Poisson’s
ratio for the calibration material, usually 0.285 (steel).

Data Reduction

Figure 25 shows the coordinate system for a +45 specimen.
As explained in chapter 3, the 1 axis is parallel to the lamina
fiber direction and the 2 axis is perpendicular to it. For a 0° la-
mina the 1 and the x axis are in the same direction, so the fiber
and specimen coordinate system lay in the same directions.
This is not the case for a 45° lamina where the specimen coor-
dinate system is at 45° from the fiber coordinate system.

By the use of the coordinate transformation matrix, the
state of the stresses and the strain with respect to the fibers
main axis are calculated by Equation 7 and Equation 8:

Equation 7

2 2
o, m n 2mn || o

X
2 2
o,|=| n~ m  2mn | o,
2 2
T\ —mnmnm-=n" )z

X
- I

Figure 25.

+45 Specimen
Coordinate System.
Author: Center for
Composite Materials.
(2004). Classical
Lamination Theory.
University of Delaware.
On line http://www.
ccm.udel.edu/Tech/
CMAP/Manual_
LaminateTheory.htm
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Equation 8

£ m*  n’ mn £

e |=| n* m —mn | ¢

2 2
I —-mn mn m —n
xp

Where m=cos@,and n=sin8.

In a +45 specimen tension test, the specimen is loaded in
the x direction and so o, =0 and #=45°, substituting in the
above equations the shear stress and strain in the fibers coor-
dinate system are expressed by Equation 9 and Equation 10
respectively.

Equation 9

Equation 10

The engineering stress o, is calculated by Equation 11,
where P, is the tension load, w is the specimen width and ¢
the specimen thickness.

Equation 11

The in-plane shear modulus can be calculated by two ways
with the available data collected from the test. The first me-
thod is by calculating the slope of the shear stress shear versus
strain curve. The second method is by using the relation of the
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in-plane shear modulus with the poison’s ratio and the elastic
modulus for a rotation of 45°, as shown in Equation 712

Equation 12
E

o x

2(1+v,,)

1=

Vi is calculated as v, , = E_/ E’, where E_is the slope of
the tensile stress versus longitudinal strain curve, and E’ s
the slope of the longitudinal stress versus the transverse strain
curve. Slopes are calculated from 1000 to 5000 micro strains.

The strength is calculated by Equation 17 using the maxi-
mum load at failure. Then, that value is used in Equation 9 to
get 7y,. It may happen that because of the large axial defor-
mation, strain gages do not survive the experiment, and the
woes before failure of the specimens. However, the tensile
testing machines are load and displacement control, so an
approximation can be done using the machine data if there is
a linear relation between the cross-head displacement of the
machine, and the axial strain collected from the axial strain
gage before it broke. So, the cross-head displacement (u) can
be taken as an approximation of the specimen’s elongation,
and then divided by the specimen original length L. It should
be noticed, as shown in Equation 13, that the cross-head dis-
placement should be calculated as the difference between the
final and initial cross-head displacement, because the starting
point is different for all the specimens.

Equation 13
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The results from the In Plane shear tensile test used as an
example during the chapter are shown in Table 4.

Table 4.

The results from the In Plane shear tensile test

Property Value

E. 14.02 MPa
Vi 0.00

G, 1 3.90 GPa
G,Il 3.92 GPa
T 2.00

T 114.00
Eure 0.11

Source: Author.

Failed specimen

Figure 26 shows a typical failed specimen from a +45 ten-
sion test. In this case the specimen shown is from carbon fiber
unidirectional prepreg, specifically IM7-8558. It can be seen
that the specimen failed at +45 which indicates that failure
occurred mostly in the matrix. Even though it is known that
during this test there is a state of biaxial tension added to the
shear stress, the shear stress dominates the failure process. It
can be seen by the way in which the specimen fails divided in
a 45° angle each ply. Fibers oriented in the +45° and -45° are
clearly visible. So, failure for the 45° specimens is shear domi-
nated.
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Uniaxial Stress (MPa)

Figure 26. Failed
specimen. Source:
Author.

v

Figure 27. Failed
specimen. Source:
Author.
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Figure 28. Typical
[£45] stress vs strain
plot. Source: Author.
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A typical stress versus deformation plot is shown in Figu-
re 28. The stress strain relation for 45° is nonlinear. For this
example in particular data from the strain gages was collected
up to approximately 15000 micro strains since the strain ga-
ges woes. That is why the maximum stress seems to be around
150 MPa but actually specimens failed at an average stress of
228MPa .

Conclusion

The failure in the +45° laminates is shear dominated.
However, there is presence of a biaxial tension state of stress.
For testing of composite materials a pure shear state of stress
is hard to achieve, so some methods as the one explained in
this chapter provide a good approximation of the shear pro-
perties of the material. The specimen deformation during this
test is very high. Because of that usually, strain gauges woes
and data from them can be collected up to 15000 micro strains
approximately. As a result, an approximation of the ultimate
strain should be taken by using the information of the cross-
head displacement and the specimen original length. From
the stress strain plot it could be there is no linear relation.
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Off Axis Tensile Test

The off axis term refers to the fibers coordinate system be-
ing rotated at an angle @ from the specimen coordinate sys-
tem. This chapter explains the procedure to perform this test
and provides an example for test conducted on off axis speci-
mens of 10°,20°,30°,45°,60° and 75°. At this point, if the reader
has already digested the previous chapters, it may seem bo-
ring at a glance. In fact, the testing procedure is very similar to
the ones used in the previous chapters. However, this chapter
brings and describes a very interesting exercise of failure pre-
diction in composite materials, for which the information pre-
sented in Chapter 3 and Chapter 4 is necessary.

Specimen preparation

Specimens for this test should be about 230mm long, be-
tween 12.5 and 25mm wide, and the thickness should be about
6 to 8 plies of unidirectional prepreg (Carlsson, Adams, & Pi-
pes, Experimental Characterization of Advanced Composite
Materials, 2002) . For this kind of specimens, usually a 3 gage
rectangular rosette is used as shown in Figure 30. It allows to
completely determine the state of strain when the directions
of the principal axis are unknown (TN-509, 2010).
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Transverse sensitivity using a 3 gage rectangular rosette

There is an error presented on the strain gage measure-
ments when the stress field is not uniaxial, or the gage is not
parallel to the principal strain in a uniaxial stress field, or when
the gage is mounted on material different from calibration
material (TN-509, 2010), as is the case for this kind of tests. To
account forthat error, a correction should be applied to the co-
llected data from the strain gages by the following equations:

Equation 14
. (1-v,K )&, -K))
g 1-K}
Equation 15
L _U-vK)E -KE)
y I_Ktz
Equation 16

-V, K )Gy~ K (8, + 8, — &)
bas = 1-K?
t

@

Figure 29.
Specimens. Source:
Author.



Figure 30. Strain
Gage Rossete. Source:
MSE 597 report
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Where ¢ isthe corrected strain in the x direction, Syis the
corrected strain in the y direction, &,5 the corrected strain in
the 45 direction, K| is the transverse sensitivity coefficient,
é‘x is the indicated strain in ttle x direction, g, is the indica-
ted strain in the y direction, &,;is the indicated strain in the

45 direction, and v, is the Poisson’s ratio for the calibration

material, typically 0.285 because they are calibrated on steel. £
Esta cortada la linea que demarca la figura.

Hay rayas o puntos sobre esta etiqueta

N
45 deg strain gage

Axial strain gage
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Materials, tools and equipment

The following materials, tools and equipment are required
to obtain the properties of off axis polymer matrix composite
material specimens in a tensile test:

*  Materials
» Specimens

» End Tabs
» Hysol EA 9394 or other structural adhesive


Mayden
Mayden 3 de diciembre de 2014 9:51

Esta cortada la linea que demarca la figura.
Hay rayas o puntos sobre esta etiqueta
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Tools

»

»

»

Strain gages (3 x specimen)
Personal protection items
Caliper

Equipment

»

»

Computer

Data acquisition system
Tensile testing machine
Diamond saw or water jet

Procedure

The procedure for the off axis tensile test is as follows:

ouscLN =

10.

11.

12.

Design specimens as explained above

Manufacture panels according to Chapter 1.

Add the End Tabs

Cut panels using a diamond saw or water jet

Mark each specimen

Add transverse and longitudinal strain gages to all
the coupons.

Measure and register each specimen thickness and
width (3 measurements x specimen)

Calculate cross sectional area

Connect a strain gage (already mounted to the
sample) to the data acquisition system

Prepare a tensile testing machine displacement
controlled and the data acquisition system.

Clamp specimen in the tensile tester using the grips,
(see Figure 17). verificar por favor si en verdad es Fi
Test specimens at a rate of 2mm/min recording
loads and displacements until failure.

®

gura 17
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Figure 31. Angle
verification. Source:
MSE 597 report.
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Fiber orientation verification

It is recommended to do a verification of the fiber orien-
tation using a microscope. It can be done by measuring the
angle between aline parallel to the fibers and a line in the axial
direction of the specimen as shown in Figure 31.

Figure 32. Typical
failed specimens.
Source: Author.

Failed specimens
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Failure in the off axis unidirectional prepreg specimens is
mostly shear dominated, especially truth for specimens with
angles lower than 60 °. As shown in Figure 32 specimens failed
at the corresponding fiber orientation angle.

Failure Prediction
Maximum stress criterion

When the strength of the lamina in its principal directions
1 and 2 is known, as it was explained in Chapter 3, as well as
the shear strength, as explained in Chapter 4, an interesting
exercise of failure prediction can be practiced with the off axis
test specimens. The state of stress in the fibers can be calcu-
lated by the use of the transformation matrix. When testing a
specimen in tension, both o, and 7, are equal to zero becau-
se the load is applied in the specimen axial direction x. Then,
by simple matrix multiplication the state of stress in the fibers
coordinate system is in terms of o, as shown in Equation 17,
Equation 18 and Equation 19.

2 2
o, m n 2mn || o

2 2
o, |=| n m-  —2mn || o

2 2
T, -mn mn m —n" )\ r

Figure 33. Typical
failed specimens.
Source: Author.
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Equation 17

o, =m’o,
Equation 18

c,=n"c,
Equation 19

T, =—mMno,

Where, m=cosd and n=siné .

From Chapter 3 and Chapter 4, the strength in the 1 and 2
direction as well as the shear strength were obtained, so o,,0,
and 7, are known and solving for o.:

Equation 20
_9
o
Equation 21
O,
2
o .=—
X n2
Equation 22
r
o, = 12
mn

Considering 6 equal to zero in Equation 20, o _is equal to
o,, Which corresponds to the 0° specimen test. Similarly, 6
equal to ninety in Equation 21 corresponds to the 90° speci-
men test, and # equal to forty five in Equation 22 corresponds
to the +45° specimen test. However, going further, plots can
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made with Equation 20, Equation 21 and Equation 22 with ¢ va-
lues from 0 to 90, and this information can be compared with
the experimental results to understand which failure mode
dominates in the off axis specimen and to see if it is actually a
good approximation, which is what is shown in Figure 34.

Tsai Wu Failure criterion.

(Tsai & Wu, 1971) Published an article in 1971 where they
wanted to show an operationally simple strength criterion for
filamentary composites and ended up with a scalar function of
two stress tensors which is still applicable. In the paper they
say that they wanted to come up with something simple be-
cause what Russians workers were doing was too complicated.
However, theirwork with not be explained in detail in this book.
The criterion says that failure occurs when the left side of the
equation is equal or bigger than 1.

Equation 23

2 2 2 _
Elo-ll +on-22 +1:;10-11 + Fzzo-zz +2];;20_110-22 +F66le =1

Where F, ZL+L,FZ :l+_,,F” =—— ,F,=—
X X Y Y XX Yy

With the use of the transformation matrix to express the
stresses in the fibers principal direction as a function of the
stress applied to the specimen, it reduces to:

Equation 24
1

O =
x 4 4 2.2 2. 2
JEm* + Eyn* + Fym’m® +2F ym*m




b T 68 Mechanical Properties Characterization of Advanced Composite Materials, A Review
'« >
3000 /
e SigmaX (X1T)
2500 e SigmaX (X2T)
e Shear
. ==4p== Experimental Average
L 2000 e Tsi Wu Sigma X
=3
a
2 1500
(%]
g
=
& 1000
500 |
Figure 34. Failure 0 I I I I I I I I
prediction plot. 0 10 20 30 40 50 60 70 80 90
Source: Author. Degrees

It can be seen that the Tsai Wu Ffailure criterion is a good
approximation of the failure behavior of the samples. Also, for
angles greater than 60° the tensile failure in 90° approxima-
tes to the experimental behavior, which means a matrix fai-
lure. For angles less than 60° shear failure approximates to
the experimental results, which means that failure is shear
dominated. The maximum stress in the 1 direction criterion is
not a good approximation for failure of off axis specimens, it
only applies for 0° specimens caused as seen in the plot, and
it would indicate that off axis specimens fail at higher stresses
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which is not truth. As expected, the strength decreases when
the angle increases.

600

—10°
—0°

s 30°
500 a5°
— G0°

w— 7 5°

400 r

300

Stress (MPa)

200 r

100

O 1 1
0 5000 10000 15000 .
Figure 35. Stress vs

Axial Strain (ue) strain plot. Source:
Author.

Typical load vs deformation curves

A nonlinear stress-strain relationship can be observed in
Figure 35. It shows that the deformation is not linear, and it is
due to because during the test, the shear deformation is limi-
ted by the grips of the testing machine. As a result specimens
deform in a S shape. It is important to mention that the strain
gage sensitiveness correction is applied in this case.
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Figure 36. Stress

vs strain plot with
corrected strains.
Source: Author.

Data reduction

For each specimen the following material properties can
be obtained from this experiment. The Young’s modulus is
obtained by:

Equation 25
E =%
gx
The Poisson’s ratio by:
Equation 26
-&
v, =—"



Chapter 4 - Off Axis Tensile Test 71

The coupling between shear and axial strain ratio by:

Equation 27

_Q: (2845 — & +‘990)

voog £

X X

And the in plane shear modulus by:

Equation 28

G.=he_ —mno,
12 2 2
Y1 2mn(gy —gx)+(m -n)y,

A summary of the results obtained during the experiments
used as an example for this chapter are shown in Table 5.

Table 5.

Summary of experiment results

Ply Dir. v [GPa]

0 156 0.339 - -
10 81.70 0.367 -334 2.66
20 32.79 0.451 -3.60 1.91
30 21.00 0.423 217 2.42
45 1339 0334 -1.39 3.76
60 10.64 0.184 -0.06 4.45
75 10.17 0.082 -0.27 7.82
90 8.46 0018 - -
(D G12 431

Source: Author.

Conclusion

La tabla se visualiza como cortada

Failure in the off axis tensile test approximate to the biaxial
solution done by Tsai Wu. However for small angles, generally
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La tabla se visualiza como cortada
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less than 60°, the failure is due to the shear, and for angles
greaterthan 75°, the tensile failure of 90° approximates to the
experimental results. Also, it could be seen that the coupons
failed in the fiber direction.

In the off axis tensile test, coupons present a nonlinear
stress strain relationship due to the grips. The shear deforma-
tion is limited because of those end constrains. As a result, the
deformation of the coupons presented a S shape.
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Flexural Testing in
3 Point Bending
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Flexural Testing in 3 Point
Bending

Figure 37. Flexural
testing. Source: MSE
597 report.

This chapterintroduces a new kind of test: Flexural testing
in 3 point bending. If a composite is designed for bending, it is
appropriate to know the bending strength. Flexural bending
strength and stiffness are not basic material properties; they
are the result of a complex state of stress where shear, com-
pression and bending are presented (Reis, Ferreira, Antunes, &
Costa, 2007). As explained in the previous Chapters, in order
to find material properties, it is necessary to expose the mate-
rial to individual stress of stress, such as tension or shear. Be-
cause of this reasons, this test is not appropriate neither used
to obtained basic material properties. However, it may provide
an approximation of material properties as will be explained
in this Chapter (Whitney & Knight, The relationship between
tensile strength and flexure strength in fiber-reinforced com-
posites, 1980). It has as an advantage, comparing to other
test, that it is simple to perform, the specimen preparation is
less complicated, and there is no need to clamp the specimens
to the grips of a tensile testing machine.
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Specimen preparation

In order to simplify the complex state of stress, the shearis
minimized by making the support span much bigger than the
specimen thickness. (ASTM D6272, 2010), recommends span
to thickness rations of 16,32, and 40, to 1. (ASTM D790, 2010),
recommends 32:1 or 40:1. (ASTM D7264, 2007), specifies that
it should be 32:1. The latest standard also recommends the
following dimensions: length 100mm, thickness 2.4mm, and
width 13, for a 76.8mm span. Strain gages may replace the
deflection sensing device specified on the standards. A stra-
in gage may be installed in the bottom face of the specimen
that is going to be exposed to tension, in the axial direction as
shown in Figure 38.

Materials, tools and equipment

The following materials, tools and equipment are required
fora 3 point bending flexural test of composite lamina:

e Materials

» Specimens

@

&ﬂ*

Figure 38. Typical
specimen. Source:
Author.
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e Tools

» Strain gages (1 x specimen)
» Personal protection items
» Caliper

*  Equipment

» Computer

» Data acquisition system

» Tensile testing machine with fixture with 2 point supports as shown in
Figure 39.

» Diamond saw or water jet

Procedure

The procedure to perform a flexural test by 3 point on polymer matrix reinforced
composite lamina is the following:

Design specimens as recommended above.

Manufacture panels according to Chapter 1.

Cut panels using a diamond saw or water jet

Mark each specimen

Add a longitudinal strain gage in the specimen bottom face, ora
deflection sensing device.

6. Measure and register each specimen thickness and width (3

ok b=

measurements x specimen).

7.  Calculate cross sectional area

8. Connect astrain gage (already mounted to the sample) to the data
acquisition system

9. Prepare atesting machine displacement controlled, the support fixture,
and the data acquisition system.

10. Adjust and verify the support span in the fixture.
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Figure 39. Testing

11. Lay the specimen in the 2 supports, leaving the machine with fixture.

same length in both sides outside the supports. Source: Author.
. . . . Adjust and verify the
12. Putthe load cell in contact with the specimen until support span in the
fixture.

it reaches a load of approximately 10N and set it as
the initial point.

13. Test specimens at a rate of Tmm/min recording
loads and displacements until failure.

Data Reduction

The results were analyzed using Bernoulli beam theory
(Sun C. T., 1998). This assumes that the beam is slender and
long, that the deformation is low, and that there is a uniform
cross sectional area. So, the stress state is dependent on the
span length to specimen thickness ratio. Beams with sma-
ll ratios are expected to fail due to shear and beams with big
ratios are expected to fail due to tension or compression. The
loading, shear,and moment diagrams for a three point flexural
bending are shown in Figure 40.
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Figure 40. Shear, — . .
e A The stress distribution on the beam is such that, the bot-

diagrams. Author. tom surface is in tension, while the top surface is in compres-
sion. The maximum shear occurs in the middle plane and it
varies parabolically being zero on the free surfaces as shown
in Figure 41. It is express by Equation 29 where P is the applied
load at failure, b is the width, h is the thickness.

(—-U—>

[ D —> x
T A T T
P/2 Bending Shear P2

Stress Stress

Figure 41. Stress
distribution. Author.

Equation 29

. _vo_sp
" Ib  2bh
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Maximum stress

The maximum stress occurs in the center of the beam whe-
re the moment is higher, and zero at each end support. It is ex-
pressed by Equation 30, where L is the span length, and P is the
applied load at failure.

Equation 30

Mc  3PL
o — =
" 2bh?

Flexural modulus

The flexural modulus is calculated from Equation 31, where
P/ is the slope of the load vs deflection plot. However, it as-
sumes that shear deformation is negligible, so in cases where
shear has to be taken into account, such when there is a low
span length to thickness ratio, Equation 32 should be used.

Equation 31

_rr
I aph’ S

Equation 32

3 6h°E
g - L SPE, AP
4bh 5I’G,3 |AS

Apparent modulus £, by strain gage measurements
The apparent modulus E, can be calculated in the speci-

mens with strain gages, finding the slope of the stress strain
plot, between 1000 - 3000u¢ .
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L

Apparent modulus £, and shear modulus G by
deflection measurements

The apparent modulus E, and the shear modulus G,; can
be calculated by deflections measurements using Equation 33,
when there are two set of data, such as tests of the same mate-
rial with two different span lengths, because in that way Equa-
tion 33 can be expressed in a matrix form shown in Equation 34,
and it would be 2 equations and 2 unknowns. Therefore, it can
be solved for the elastic constants which can be calculated sin-
ce all the information needed is provided by the test.

Equation 33
FL'  5FL
0= +
48E,1 6G,,A
Equation 34
S\) (B su) L
F ) 481, 64, || G,
)[4 =)L
F), 431, 64, )\ G,

Failed specimens

Source: Author.

Figure 42. Typical
failed specimen.
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Typical failed unidirectional lamina failed specimen for a
3 point bending flexural test are shown in Figure 42. It can be
noticed that the failure occurs in the point where the load is
applied.

Typical load vs deflection curves

For the purpose of explanation about the flexural behavior
ofunidirectional prepregwhen loaded in a 3 point bending test,
results from testing [0] and [90] specimens will be discussed.
Test was conducted to 18 [0] specimens, and 6 [90] specimens.
6 [0] specimens were thicker than the rest. Strain gages were
installed only in 5 of [0] specimens, 2 of them being the thick
ones. Specimens average dimensions are shown in Table 6.

Table 6.

Specimen average dimensions

. 0os 90 . Ts

Avg. Thickness, mm 1.37+0.027 1.38+0.0046

Avg. Width, mm 12.90£0.05 12.85+0.068

Avg. Cross Section, 17.73+0.39 17.76 £0.093
mm’

Source: Author.

The [0] thin specimens were tested at 3 different spans,
39.35mm and 50.17mm, with 22.5:1, 28.7:1 and 36.6:1, span to
depth ratios respectively. The [0] tick specimens and the [90]
specimens were tested with a span of 29.76mm, with a span to
depth ratio of 7.55:1.

3.94+0.047
12.87+£0.095
50.66+0.38
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All of the [90] specimens were loaded until failure, and
from the side of [0], just two of the thick ones and two of the
thin ones were loaded until failure; the others were loaded un-
til 5094 of the failure load of the previous ones.

Table 7.
Testing criteria

" Sample | Criteria_| Span [mm]

0-4 (P=920) failure 30,08
0-12 (P=976) failure 30,08
0-1 (w/SG) 50% 30,08
0-2 (w/SG) 50% 30,08
0-6 (w/SG) 50% 30,08
0-7 50% 30,08
0-8 50% 39,35
0-9 50% 39,35
0-10 50% 50,17
0-11 50% 50,17
T-3 failure 29,76
T-4 (P=5730) failure 29,76
T-2 50% 29,76
T-5 50% 29,76

T-1 (W/SG) 50% 29,76
T-7 (W/SG) 50% 29,76
90-1 failure 29,76
90-2 failure 29,76
90-4 failure 29,76
90-5 failure 29,76
90-6 failure 29,76

Source: Author.
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As shown in Figure 43 results were as expected; the bigger
the span, the higher the deflection. The red and purple lines
represent the specimens with the higher span, the yellow and
gray the middle span and the others the shorter span length.
The green and pink lines represent the specimens that were
tested until failure. The slope of the curve increases as the span
length is reduced. Since the maximum flexural stress is directly
proportional to the span length, it increases when the span is

bigger; so,

ouuy
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the smaller the span the stiffer the specimen.

Figure 43. Load vs
deflection plot for
0 thin specimens.
Source: Author.

Figure 44. Load vs
Deflection thick
specimen. Source:
Author.
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Figure 44 shows the load deflection plot for the [0] thick
specimens. The red and purple lines represent the specimens
that were loaded until failure. It can be noticed that the thick
[0] specimens are stiffer than the thin specimens, as it is ex-
pected. Figure 45 and Figure 46 show the stress vs strain plot
of the specimens that had strain gages, thin and thick respec-
tively. A slightly difference in the slopes could be observed,
which means different apparent modulus.
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strain. Source: Author.
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Microscopy analysis

Micrographs were taken to the failure specimens. The
cross sectional area of the failed specimen is shown in Figure
47. It can be seen that on the rough side the failure of the la-
mina was due to tension, while in the smooth side of the speci-
men the failure was due to the compression. The compression
crack angles can be seen in Figure 48 and is similar to the angle
shown in Figure 50 where a delamination due to shear can be
noticed.

Rough side & tension surface

Smooth side & compression surface

Figure 47.
Micrograph showing
fracture surface.
Source: MSE 597
report.

Figure 48.
Compression crack
angles. Source: MSE
597 report.
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¥ 2 . ' » % .‘ "l
, Compression -
Figure 49. Y r

Compression Surface X : _Surface crack ’
crack. Source: MSE 597 3 X 3
report. ]

Compression
Crack angles

Figure 50. Failure
due to compression.
Source: MSE 597
report.
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Lamina Thermoelastic
Response

Figure 51. Lamina
thermo-elastic set
up. Source:Author.

A structure or part of a structure may be Lamina of a com-
posites material, which during its use may be exposed to gra-
dients of temperature. Thus, it is necessary to know its chan-
ges in dimensions with respect to the changes in temperature
to confirm its applicability for specific uses. This relation is
known as the coefficient of thermal expansion. This chapter
explains how to obtain it for a composite lamina using the
strain gage method (di Scalea, 1998).

Materials, tools and equipment

The following materials, tools and equipment are requi-
red to obtain the lamina thermoelastic response by the strain
gage method:

e Materials

» Specimens
» Reference specimen
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Tools

»

N

»

N

»

Strain gages (2 x specimen)
Temperature gauge (1 x specimen)
Personal protection items

Caliper

Equipment

»

M

»

Computer

Data acquisition system

Temperature controlled convection oven
Diamond saw or water jet

Procedure
1. Design an 8 ply unidirectional laminate
2. Fabricate laminate 2 panels as explained in Chapter 1.
3. Cut panels using a diamond saw or water jet
4. Mark each specimen
5. Add a0-90° strain gauge rosette and a temperature gage to each

specimen.
Prepare the reference specimen and add strain gages to it. Each laminate
must have its own reference specimen, as shown in Figure 52.

Figure 52. Set

up for laminate
thermoelastic
response. Source:
Author.
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7. Connect a strain and temperature gages (already
mounted to the sample) to the data acquisition
system

8. Prepare atemperature controlled convection oven,
and the data acquisition system.

9. Putthe laminates and reference specimens on the
oven.

10. Close and secure the oven.

11. Heat up the oven at a rate of 5°C/min starting
from room temperature until 100°C, recording
temperatures and strains during the whole test.

12. Allow it to cool down until room temperature is
reached again.

Figure 53. Test
equipment. Source:
Author.

The reason for using a reference specimen is because the
raw data collected from the strain gauges is affected by fac-
tors such as the gauge dimensions and resistance changes
with temperature, gauge transverse sensitivity, and gauge
factor changes with temperature (TN-513-1,2010). A correc-
tion is applied when using the same strain gauges mounted in
all specimens during the test, since the factors are expected to
be consistent for the same kind of gauges.
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As an example for this Chapter an experiment carried on
two 8 ply, unidirectional IM7-8552 Laminate plates will be
explained. As stated in the procedure, panels were fabricated
according to Chapter 1, and a 0-90° strain gauge rosette and
a temperature gauge were mounted on each laminate to me-
asure the strains and temperature respectively. In addition, a
reference specimen mounted with two strain gauges was used
for the set up. The reference specimen was quartz whose Coe-
fficient of Thermal Expansion CTE is 0.56 /C°. A temperature
controlled convection oven, Lindberg Blue/M was used for the
test. Specimens were heated up in the oven at a rate of 5°C/
min from room temperature to 100°C, and then cooled down
until room temperature was reached again. Temperature and
strain from all the gauges was collected throughout the entire
test.

Data Reduction

The coefficients of thermal expansion in the lamina were
calculated using the data from the test and compared with the
results obtained by a micromechanics approach.

Test coefficient of thermal expansion calculation

The change in gauge resistance is given by Equation 1 and
2, where ARR is the relative change in resistance, o, and a,
are the coefficient of thermal expansion of the composite and
reference material respectively, S, is the gage factor, AT is the
temperature change, and 7 is the temperature coefficient of
resistivity of the gage material.

Equation 35

L=(a,-a,)S,AT + AT
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Equation 36

AR,
R

= (@, —a, )S,AT + AT
Adding Equation 1 and 2 we obtain Equation 3, where &,
and ¢, are the strains of the composite and reference material.
Equation 37

c =ar+(g“ —£.) =ar+AgA
AT AT

o

Then, using the Wheatstone Half Bridge (Hoffmann, 2001)
shown in Figure 4, the apparent difference in strains &, — €&, ,
can be calculated to get the true strain in the composite &, by
Equation 4, where & , is the apparent strain.

Equation 38

e.=a AT +¢,

The true strain is represented for both the axial and trans-
verse direction by g and &, respectively. The slope of the
curve g and &, versus temperature T is the correspondent
coefficient of thermal expansion, and can be expressed by
Equation 5 and 6.

Equation 39
— Agl
'OAT

Equation 40
Ag,

AT
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ovout = EA= Ec+ Eq

@

Figure 54.
Wheatstone Half
Bridge. Author: MSE
report.

Micromechanics coefficient of thermal expansion calculation

The coefficient of thermal expansion can be calculated
also using the micromechanics approach by the use of the
self-consistent field relation in Equation 7 and 8.

Equation 41
_ alelfo +a,E V.
: E,V,+EJV,
Equation 42

al/'Elfo +(ZmEme
a, =a, :(az/ +vlz/al_,)V/ +am(1+vm)(17V/)7[v12]V, +vme]|:E T
1V m” m

@, ,, and «, are the coefficient of thermal expansion
of the fiber and matrix, E,, and £, are the Young’s Modulus,
v, and v, arethe Poisson’s ratios, and ¥, is the fiber volume
fraction and ¥ is the matrix volume fraction.
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Figure 55. Strain vs.
Temperature plot
from run 1. Source:
Author.
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Typical strain vs temperature plots
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Figure 56. Strain
vs delta T. Source:
Author.

A typical strain versus temperature plot from a lamina

thermoelastic test is as shown in Figure 55. It shows results
from the test used as example. Results were as expected. Six
out of seven runs done were successful. Data from one of the

run

was not used since it was stopped short. It can be seen

that the slope is higher in the transverse direction than in the
axial direction. So, the coefficient of thermal expansion in the
transverse direction is higher than in the axial direction. In the
axial direction the slope is almost zero.
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The hysteresis (di Scalea, 1998) effect is visible in both
transverse and axial direction. However it is larger in the axial
direction as shown in Figure 56. It may be due to the fact that
the axial coefficient of thermal expansion is of the same order
as the reference sample, and as a consequence noise is gene-
rated.
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Strain (g)

0.0015 |

= Specimen 1
— Specimen 2
m— Specimen 1
e Specimen 2
e Specimen 1
m— Specimen 2
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e Specimen 1
e SpECiMEN 2

Specimen 1

Specimen 2
m— Specimen 1

0.0010

0.0005

Figure 57.
: : : : Transversal Strain vs.
0 10 20 30 40 50 60 70 80 90 100 Temperature plot.

AT (°C) Source: Author.

e
The Coefficients of thermal expansion obtained through
the test are shown in Table 8.
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Table 8.
IM7 8552 CTE
o e
run 4 specimen 1 -0.851 32.1
specimen 2 -0.631 32.9
run 5 specimen 1 -0.765 32.4
specimen 2 -0.499 33.3
run 6 specimen 1 -0.800 32
specimen 2 -0.509 32.9
run 7 specimen 1 -0.754 333
specimen 2 -0.599 32.5
average -0.676 32.7
standard deviation 0.135 0.504

Source: Author.
Micromechanics coefficient of thermal expansion

Coefficient of thermal expansion can also be calculated by
a micromechanics approach. To do so, it is necessary to know
the matrix and fiber properties. The matrix and fiber proper-
ties used for the calculation of the Coefficient of Thermal
Expansion with micromechanics theory are shown in Table 9.
The coefficient of thermal expansion in the fiber direction «,
was, —0.394 ue /°C and in the transverse direction o, was 42.8
ue/°C.

Table 9.

Material Properties used for Micromechanics calculations

Volume

Fraction
Fiber -4.00E-07 5.60E-06 276 0.28 0.5503
Matrix 6.48E-05 6.48E-05 4.76 0.37 0.4497

Source: Author.
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The variation of the Coefficients of Thermal Expansion with
respect to the volume fraction is shown in Figure 58. The x axis
represents the fiber volume fraction, and the y axis the CTE.
The matrix volume fraction for the calculations is taken as the
difference of the fiber volume fraction with the unity. It can be
seen that for approximately at a Fiber Volume Fraction of 0.65
and its corresponding matrix volume fraction of (.35, the mi-
cromechanics results approach to the experimental results.

90

80 | e Axial

e Transverse
70
60
50 r

40

CTE

30

20

10

[

10 | | | | | | | | |
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Fiber Volume Fraction

=

Figure 58. CTE
v. Fiber Volume

Results Com par[son Fraction. Source:
Author.

A comparison of the results is shown in Table 70. It can be
noticed that the fiber volume fraction has a large effect in the
predicted values. However, the volume fractions used for the
calculation were not the actual volume fraction of the speci-
mens. The axial coefficient of thermal expansion is just a re-
presentation since its true value is within the noise of the refe-
rence specimen.
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Table 10.
Results comparison

Predicted Experimental Percent
Value Value Difference
a,(ue/°C) -0.39 -0.676 126%

a,(ue/°C) 42.78 32.7 31%

Source: Author.

Conclusions

The coefficients of thermal expansion in the axial and
transverse direction of two composites lamina specimens
were discussed. Results from an experiment were used as an
example during the chapter. These results were compared with
prediction of the properties by a micromechanics approach.

The comparison between both results showed a large per-
centage of difference. However, it should be noticed that the
volume fraction do not correspond to the specimen’s actual
values, and that the values for the axial CTE are within the noi-
se, which increases the percentage of difference.

The axial coefficient of thermal expansion ¢, is almost
equal to zero, and smaller than the transverse coefficient of
thermal expansion. As a result, when exposed to change of
temperatures the axial dimensions in a lamina will remain al-
most the same, while in the transverse direction a variation in
dimensions will occur.

Hysteresis effect was presented in both axial and trans-
verse calculations. However, the effect was larger in the axial
CTE. The reason is that the axial CTE of the reference mate-
rial is of the same order, which produces noise. This could be
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solved by using a reference material with lower coefficient of
thermal expansion, or by using other method to calculate the
CTE. Though, other methods used to calculate the Coefficients
of Thermal Expansion are much more expensive.
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Laminate Thermoelastic
Response

Figure 59. Laminate
thermoelastic
response. Source:
Author.

Some of the applications of composite materials involve
high temperature changes, or the capability to stand extreme
temperatures, such as in engines or turbines, and the space
shuttle. Thus, the variation in dimensions with respect to the
change in temperature, usually known as coefficient of ther-
mal expansion, must be evaluated. Each laminate has its own
coefficient of thermal expansion.

Unsymmetrical and not balanced composite laminates
present out of plane deflection as a result of the moments
generated in the laminate (Sun & Liao, 1990). This makes the
coefficient of thermal expansion calculation complex. Howe-
ver, when dealing with symmetric and balance laminates, they
can be treated as homogeneous orthotropic material. There
are different methods to determine the coefficient of thermal
expansion; however, this chapter focuses on the strain gage
method (TN-513-1, 2010).




Chapter 7 - Laminate Thermoelastic Response 1 05

Materials, tools and equipment

The following materials, tools and equipment are required to obtain the laminate
thermoelastic response by the strain gage method:

Materials

» Specimens
» Reference specimen

Tools

» Strain gages (2 x specimen)

» Temperature gage (1 x specimen)
» Personal protection items

» Caliper

Equipment

» Computer

» Data acquisition system

» Temperature controlled convection oven
» Diamond saw or water jet

Procedure

ok b=

Define the laminate stacking sequence to analyze.

Fabricate laminate panels as explained in Chapter 1.

Cut panels using a diamond saw or water jet

Mark each specimen

Add a 0-90° strain gauge rosette and a temperature gage to each
specimen.

Prepare the reference specimen and add strain gages to it. Each laminate
must have its own reference specimen, as shown in Figure 52.
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Figure 60. Set

up for laminate
thermoelastic
response. Source:
Author.

7. Connect a strain and temperature gages (already
mounted to the sample) to the data acquisition
system

8. Prepare a temperature controlled convection oven,
and the data acquisition system.

9. Putthe laminates and reference specimens on the

oven.

10. Close and secure the oven.

11. Heat up the oven at a rate of 5°C/min starting
from room temperature until 100°C, recording
temperatures and strains during the whole test.

12. Allow it to cool down until room temperature is
reached again.

Figure 61. Test
equipment. Source:
MSE 597 report.
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As explained in the previous Chapter, the reason forusing a
reference specimen is because the raw data collected from the
strain gauges is affected by several factors such as the gauge
dimensions and resistance changes with temperature, gauge
transverse sensitivity, and gauge factor changes with tempe-
rature (TN-513-1, 2010). A correction is applied when using
the same strain gauges mounted in all specimens during the
test, since the factors are expected to be consistent for the
same kind of gauges.

Data Reduction

The coefficients of thermal expansion in the laminate are
calculated using the data from the test. In addition, experi-
mental results can be compared with laminate plate theory.
The change in gage resistance is given by Equation 43 and
Equation 44, where % is the relative change in resistance, a,
and a, are the coefficient of thermal expansion of the compo-
site and reference material respectively, S, is the gage factor,
AT is the temperature change, and 7 is the temperature coe-
fficient of resistivity of the gage material.

Equation 43
AR
- = (@, —a, )S,AT + AT
Equation 44
ARZ

= (@, —a,)S,AT + AT

Adding Equation 1 and 2 we obtain Equation 3, where ¢ ,and
&, are the strains of the composite and reference material.
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Equation 45

a =a, G =a, cA8
AT AT

Then, using the Wheatstone Half Bridge shown in Figure 4,
the apparent difference in strains &, — &, can be calculated
to get the true strain in the composite ¢, by Equation 4, where

is the apparent strain.

Equation 46

e.=a Al +¢,

The true strain is represented for both the axial and trans-
verse direction by ¢, ande, respectively. The slope of the cur-
ve ¢_and ¢, versus temperature T is the correspondent coeffi-
cient of thermal expansion, and can be expressed by Equation
5and 6.

Equation 47
o - Ae,
Y OAT

Equation 48

Ag

— Y
VAT
Laminate Plate theory coefficient of thermal expansion cal-
culation

a

The coefficient of thermal expansion is also calculated
using laminate plate theory with the following expressions:

& B, B, B, ¥
& [+ By, By By )
75| [Be By BulK,

Equation 49

NoAND| Ty Ay A el | [By By Bl No+NJ 4
N, + Nyr =4, Ay Ay ‘9? +| By By Byl N+ Nyr
N, +NI | [ 4g A Ag)|y° | [Bs By BN, +N!

b A
Ay Ay Ay

A Ay A
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Equation 50
Mx"'MxT B, B, B ‘93 Dy, D, Dy| K,
My+M)7; =B, B, By ‘9)(») +| Dy, Dy, Dy Ky
Mxy+MxTy B B, B 7/)(; Dy D, Dy ny
Where
N
i U(zk Zkl)
k=1
l al 2 2
iT 5 zj(Zk Zkl)
k=1

NT Thermal force resultant
M" Thermal moment resultant
83,8;),]/2y Midplane strains

Kx,Ky,nyCurvatures

Then, expressing the above equation in a short form:

MEEA

And solving for the displacements:

A

Equation 51

Equation 52
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For a symmetric and balanced laminate the B matrix, the
thermal resultant moments, and 4, and 4,, terms, are equal
to zero. That means there is not out of plane deflexion in the
laminate. So, the strains can be calculated by

Equation 53
gx Alrl A]'2 0 Nf
g, |={4, 4, O |N/
yxy 0 0 All 0

It should be noticed that the in plane shear resultant for-
ce ery is equal to zero. As a result, the in-plane shear defor-
mation is also equal to zero. CTE is expressed by Equation 54,
substituting the strain expressions from Equation 11:

Equation 54
- ,
Alle +A12N§
a. =
AT
Equation 55
" AT " ArT
a = AIZNx +A22Ny
Y AT
’ Azz ! _AIZ ' 4
Where 4, =—3——, 4,=—2—, 4, =—"1—
: AIIAZZ_A122 " A11A22_A|22 % AnAzz_Alzz

Typical strain vs temperature curves
Test coefficient of thermal expansion

[0/+45/0],, [0/+45/90] and [£25],, IM7-8552 Laminate
plates are used as an example for this Chapter. A 0 —90° strain
gauge rosette and a temperature gauge were mounted on each
laminate to measure the strains and temperature respectively.
In addition, a reference specimen mounted with two strain gau-
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ges was used for the set up. The reference specimen was quartz
whose Coefficient of Thermal Expansion CTE is 0.56£. The re-
sults from the test were as expected. A sample of the plots is
shown in Figure 62. A linear fit was done using all the data. The
sample correspond to the [0/+45/0]; laminate. It can be seen
that the slope is higher in the transverse direction than in the
axial direction. So, the coefficient of thermal expansion in the
transverse direction is higher than in the axial direction. In the
axial direction the slope is almost zero. It also means that the 0°
plies are dominant in the axial deformation of the laminate.

700
e Axial Strain [0/+45/0]
600 s Transverse Strain
[0/+45/0]
500 F e Lineal (Axial Strain
[0/+45/0])
Lineal (Transverse Strain
400 | [0/+45/0])
w
2
§ 3007 y =5.3572x - 137.72
3
200
100
y =0.0324x + 2.9486
N R A S
-100 L L
0 50 100 150
aTeQ) L I
The hysteresis effect is visible in both transverse and axial | Figure 62. Strain vs.

. . s . . . . Temperature sample
direction. However it is larger in the axial direction. It may be plot. Source: MSE 597

due to the fact that the axial coefficient of thermal expansion report.
is of the same order as the reference sample, and as a conse-
quence noise is generated. The hysteresis effect can also be
represented in the percentage of difference between the C7E
calculated with the linear fit of all the data, versus the C7E cal-
culated just with the linear fit from the heating or cooling data
respectively, as shown in Table 77. It shows that there is a large
difference on the results depending on which data is used for
the analysis, and also that the hysteresis is higher in the axial
CTE than in the transverse.
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L

Table 11.
CTE Comparison

%Difference

Specimen ir;::{: Heating | Cooling
[0/245/0], 0.0498 0.0307 0.0718 38.4 | -442
aq(pe/°C) [0/245/90], 1.5768 1.3934 16943 | 116  -7.5
[£25],, 3.0445 3.0196 31036 | 08 | -1.9
[0/£45/0], 5.2452 5.5046 4.82 -49 81
a,(pne/°C) [0/£45/90], 1.5796 1.4267 1.6812 9.7 | -6.4
[£25],, 18.758 18.765 18711 | -004 = 03

Source: MSE 597 report.

From the experimental results, it can be seen that: For the
caseofthe[0/+45/0], laminate, the C7E is higherinthetrans-
verse direction than in the axial direction; For the [0/+45/90],
the CTE are almost the same in both direction, presenting a
kind of isotropic property for this particular laminate; For the
[£25], the CTE is higher in the transverse direction than in the
axial direction, and besides, they are much more higher com-
pering with the CTE of the other laminates. This again shows
the dominance of the ¢° plies on each laminate.

Laminate Plate Theory coefficient of thermal expansion

The Laminate Plate theory results were obtained using the
properties shown in Table 12.
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Table 12.

Lamina properties used for calculations

Property

E

1

156.6 GPa

8.5GPa

0.34

3.9GPa

~0.676u¢ /°C

32.7ue /°C

0.17mm

20°C

120°C

Source: Author.

The results comparison is shown in Table 13. The difference
between the experimental and predicted results may be due to
the fact that the C7E forthe previousyear lab were used forthe
analysis with these year’s mechanical properties. Besides, the
inputs in NANOhub were the average values. Moreover, there
is a thermal conductivity difference between the composite
samples and the quartz samples that can interfere in the re-

sults.
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Table 13.
Results comparison
az(ne/°C)
Experimental | Predicted | Experimental | Predicted

[0/£45/0], 0.064+0.038 -1.097 5.31+0.063 8.24
[0/£45/90];, 1.631+0.038 1.549 1.664+0.087 1.549
[£25],, 3.094+0.046 -5.49 18.376+0.260 25.14

Source: Author.

The percentage of error for each specimen is shown in
Table 14. It can be seen that the percentage of error are very
high. However the [0/445/90], laminate presented the lowest
percentage errors for both axial and transverse CTE .

Table 14.

Error comparison

N
[0/+45/0], 94.2 -35.6
[0/+45/90], 53 7.4
[+25], -161.3 -27.0

Source: Author.
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Conclusions

The coefficients of thermal expansion in the axial and
transverse direction of two composites lamina specimens
were defined. An example used provided results which were
compared with prediction of the properties by Laminate Plate
Theory. The coefficients of thermal expansion in the laminate
are influenced strongly by the presence of 0° plies. The more
0° plies a laminate contains in certain direction, the more the
CTE in that direction approaches to zero. It could be seen that
the [0/+45/90], laminate present an isotropy property, since
the CTE in the axial and transverse direction were almost the
same according with the experimental results, and exactly the
same according to the predicted values.

Hysteresis effect was presented in both axial and transver-
se calculations. However, the effect was larger in the axial CTE.
When calculating the CTE just with the heating or cooling data
and compering with the results when calculating with all the
data, it could be seen that the difference was higherin the axial
CTE . However, it also shows that a variation in the results de-
pending on the data taken for the analysis.
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Open Hole Tensile Test

Figure 63. Open Hole
Tensile Test. Source:
Author.

Tensile strength of notched laminates has been stu-
died since notched components are one of the design dri-
vers of composites structures (Cruse, 1973). The decrease in
the strength of the laminate when increasing the hole size is
known as the “Size Hole Effect” (Nuismer & Whitney, 1975).
Two models were developed to predict this mechanical res-
ponse of the notched laminate: the Point and Average Stress
Criterion (Whitney & Nuismer, Stress fracture criteria for la-
minated composites containing stress concentrations, 1974).
The Point Stress Criterion PSC states that failure occurs when,
at a distance of the notch, there is a stress that reaches the
strength of the unnotched plate. The Average Stress Criterion
ASC states that failure occurs when the average of stresses
at a distance from the notch reaches the strength of the un-
notched plate. On the other hand, the modified PSC (Pipes,
Wetherhold, & Gillespie, 1979), relates the distance at which
the stress reaches the strength of the unnotched plate, with
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the whole radius, introducing new parameters m and C. A
comparison of an example experimental results with the pre-
dicted models is analyzed in this Chapter, on [0/+45/0]s and
[0/+45/90]s notched laminates.

Specimen preparation

Figure 64. Sample
specimens. Source:
Author.

The particularity of the specimens for this test is basica-
lly the whole that they should have in the middle of the spe-
cimen. So, depending on the laminate object of study, panels
should be manufactured according to the stacking sequenced
to be analyzed, as explained in Chapter one, and then, once
the panels are cured, wholes should be drilled in the center of
the specimen. Whole size depends also on the parameter to be
studied. Figure 63 shows open whole specimens with 3 diffe-
rent whole diameters, which are used as an example during the
present chapter. Specimens showed on Figure 63 are [0/+45/0],
and [0/%45/90], IM7-8552 Laminate with three different size
of holes, as shown in Table 15.
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Table 15.
Specimen Hole Size

m Average hole radius, mm

Small 1.79
Medium 2.53
Large 3.41

Source: Author.

Specimen’s average dimensions are shown in Table 16.

Table 16.
Specimen average dimensions

Avg width, Avg thickness, Avg area,

Laminate mm mm mm-

[0/+45/0], 25.48 1.38 35.21

[0/£45/90], 25.48 1.39 3537

Source: Author.
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Since the drilling operation may cause fiber tear out due to
the pressure applied, holes should be inspected for fiber da-
mage using a microscope.

shows one of the sample specimens inspected with a mi-
croscope.

Materials, tools and equipment

The following materials, tools and equipment are required
to an open hole tensile test

e Materials

» Specimens
» End Tabs
» Hysol EA 9394 or other structural adhesive

e Tools

» Strain gages (3 x specimen)
» Personal protection items
» Caliper

» Driller

» Microscope

Figure 65. Inspected
hole by microscope.
Source: MSE 597
report.
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Equipment

»

»

»

»

Computer

Data acquisition system
Tensile testing machine
Diamond saw or water jet

Procedure

O O N~ WN

—
o

11.
12.

13.

14.

15.

The procedure for the open hole tensile test is as
follows:

Design specimens as explained above
Manufacture panels according to Chapter 1.

Add the End Tabs

Cut panels using a diamond saw or water jet
Drilled a hole in the center of the specimen
Inspect holes for fiber brakeage with a microscope.
Mark each specimen

Add transverse and longitudinal strain gages to all
the coupons.

Measure and register each specimen thickness and
width (3 measurements x specimen)

Calculate cross sectional area

Connect a strain gage (already mounted to the
sample) to the data acquisition system

Prepare a tensile testing machine displacement
controlled and the data acquisition system.

Clamp specimen in the tensile tester using the
grips, see Figure 17.

Test specimens at a rate of Tmm/min recording
loads and displacements until failure.
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Data Reduction

Failure prediction can be done by the Point Stress Criterion
PSC, the Average Stress Criterion ASC and the modified PSC
proposed by Pipes.

Point Stress Criterion
The open hole test consists on a finite sized plate of with w,
with center hole of radius R, subjected to uniaxial tension, as

shown in

The ratio of the notched strength to the un-notched stren-
gth of an infinite plate can be express by Equation 56.

AAAAAAAA AAA A

YYYYYYYYYYYY
<< W >

Figure 66. Finite

Equatlon 56 plate with center
hole. Author: MSE 597
report.

o y(©) 3 2

o,(0) 2+27+34% (K, -3)(54°=74%)
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Where o () is the ultimate strength of a notched infinite
plate, o () is the ultimate strength of an un-notched infinite
plate, K is the stress concentration factor for an infinite pla-
te, and } is express by Equation 57.

Equation 57

A= R
R+d,

Where R is the radius of the Hole and d, is the distance
from the hole at which the stress reaches the ultimate stress
of the un-notched laminate. The stress concentration factor
for an infinite plate K _can be express by Equation 58, where
the laminate elastic constants can be determined from lami-
nate theory.

Equation 58

Ex Ex
KOO=1+ 2(\/E —ny-i- )

2G

y xy

Average Stress Criterion

Following the ASC, the ratio of the notched strength to
the un-notched strength of an infinite plate can be express by
Equation 59.

Equation 59

Oy _ 2

o, (1+5)(2+52 +K, —3)56
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Where 6 = R
R+a

o

Modified PSC
The modified PSC improve the effectiveness of the PSC by

relating the characteristic distance with two introduced para-
meters ¢ and m, as shown in Equation 60.

=

Equation 60

Where m is an exponential parameter, d, is areference ra-
dius, and c is the notch sensitivity factor.

Aplication of the Criterions

Since the above expressions offer solution for calculating
the strength of an infinite plate, and the specimens are ob-
viously finite, then the relation shown in Equation 61 is used.

Equation 61

Where o, (w) is the strenght of a finite plate which is de-
termined experimentally, and & is the stress concentration
factor for a finite plate. k is determined by Equation 62.

Equation 62

K _2+(1-D/w)’
K, 3(1-D/w)

o0
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Where D isthe hole diameterand w is the specimen width.
Foraccuracy p/w should be greater of equal than 4. Then, by
calculating ¥ and then substituting to get the strength of the
infinite notched plate, one can solve for lambda according to
the PSC and the modified PSC, or for delta following the ASC.
It is important to notice that the roots of interest are between
zero and one.

For the modified PSC one can substitute Equation 60 in
Equation 57 to get Equation 63.

Equation 63
1

T1+RTC

Having lambda, Equation 63 can be rearrange to get ¢ and
m, by Equation 64.

Equation 64

—log(% —1)=logC +(1—m)logR

Typical experiment results

Specimen used as an example were tested using Sintech
30/D screw driven testing machine rated to 100k~ .at a rate of
Imm / min. Load and displacements were collected in order to
identify any abrupt change in the stiffness. The notched la-
minate strength was calculated. Failure prediction was done
using the PSC, ASC and the modified PSC. The laminate elas-
tic constants used in the calculation of the stress intensity are
shown in Table 17.
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Table 17.
Laminate elastic constants

-

[0/+45/0], : 86.03 3 0.754 21.91

[0/+45/90], 166 57.98 5798 | 0322 21.91

Source: Author.

The calculated stress intensity factor for a notched infinite
plate and the ultimate stress of the un-notched laminate are
shown in Table 18.

Table 18.

Stress intensity factor and ultimate stress

o

[0/+45/0], 35 1312

[0/+45/90], 3.0 692.8

Source: Author.

The results from the PSC are plotted and compared with
the experimental data in Figure 67 and Figure 68 for each la-
minate. In the same way, the results from the ASC are plotted
and compared as well with the experimental data in Figure 69
and Figure 70 for each laminate respectively. The predictions
match the trend of the experimental data on both cases.
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Figure 67. Point
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Figure 69. Average
Stress Criterion
for the [0/%45/0];
Source: Author.
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By plotting —log(1/A—1)vs.log R as shown in Figure 71, the slope and the in-
tercept at log R equal to 0 can be obtained by the least squares method. In such a
way, the exponential factor m, and the notch sensitivity factor ¢, are calculated. The
results are shown in Table 19.

0.8

06 |
05 |

04 |

y=0.7572x + 0.2331
R?=0.7816

-log(1/A-1)

03 |
0.2 |
0.1 |

0.2 0.3 0.4 0.5 0.6
log R

Figure 71.—log(1 [ A— I)VS.ZOgR . Source: Author.

Table 19.
Exponential Factor m & Notch sensitivity factor C

-

[0/445/0]; 0.203 1.293 2938

[0/+45/90], 0.483 1.002 26.15

Source: Author.

For an insensitive material ;4 =1 and ¢ = 0. In order to take a reference point to
compare which of the laminates is more sensitive, missetas 0.1 =9 and C as 0.1. A new
parameter is introduced in order to account for the relative notch sensitivity 7. It can
be seen in Table 19, that the [0/+45/0], laminate is more sensitive that [0/+45/90],
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. This phenomenon has a correlation with the number of zero
degrees plies in the laminate, which make the laminate more
sensitive.

The Notch sensitivity of the [0/+45/0], and [0/+45/90]
laminates is shown in Figure 72. The upper bound is related to
the reference parameter m*C* and the lower bond is 1/£,
. The experimental data has the same trend as the predicted
theoretical for both laminates. When the radius of the hole in-
creases the theoretical curves approaches the value of 1/, in

each case.
1.2
1
e Theoretical [0/45/-45/90]s
1/Kinf [0/45/-45/90]s
0s | x  data [0/45/-45/90]s
m*C*
== Theoretical [0/45/-45/0]s
1/Kinf [0/45/-45/0]s
o 06 L ® data [0/45/-45/0]s
2
K
=
° 04
0.2 |
. ‘
1 05 0 05 1 15 2
Log R
Figure 72. Notch
The failure of notched specimens is complex. It involves de- ;e?;'fﬂ?’/‘;g]["’i“”l
lamination, pull out of the fibers and matrix cracking. The hole laminates. Source:
Author.

acts as a free edge, so the free edge effect is produced. As a re-
sult, failure is dominated by delamination and it increases with
the hole size. Figure 73 and Figure 74 show the delamination on a
failed specimen. The fracture zone is a region close to the notch,
so if the hole is small comparing with the width and length of a
specimen, the material acts as if there were no hole at all.




Figure 73. Failed
specimen. Source:
Author.

Figure 74.
Photomicrograph of
the Failed specimen.

Source: MSE 597

report.
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Conclusions

All laminates Ffailed at the hole and not the grips. Delami-
nation was the dominated mode of failure, and besides, holes
act as free edges. The tensile strength of composite laminate
with a circular hole is a function of the size of the hole. The
strength of the laminate is inversely proportional to the hole
size. The modified PSC method give a better idea of overall
how sensitive the laminate is to different hole sizes. Modified
PSC provides one number 7 for comparison of notch sensiti-
vity. The notch sensitivity in the laminate increases with the
number of zero degree plies. If the hole is small in comparison
to the width and length, the strength of the laminate could be
the un-notched strength.
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Characterization of
Delamination Failure:; Mode |
Fracture

Figure 75. Mode |
Fracture Test. Source:
MSE 597 report.

Delamination failure has been one of the dominant types
of failure in composite materials (Robinson, 1987). Delamina-
tion can be induced by defects during the layup or may appear
during loading service of the material cause by the free edge
effect. The delamination process has been represented as the
growth of a crack like discontinuity (Wang, 1983). As a result, it
is convenient to analyze it by fracture mechanics.

There are basically two approaches in fracture mechanics
for finding the fracture toughness of a crack material: Stress
intensity Factor and Energy release rate. Since the idea is to do
experimental characterization, the energy release approach is
more appropriate. In this, the fracture toughness is the work
done to generate a new crack. However, it is important to point
out that the fracture mechanics analysis of delamination in
composites is only appropriate for the analysis of unidirectio-
nal zero degrees laminates. The Double Cantilever Beam spe-
cimen is used for the analysis of delamination process by Mode
| of fracture (ASTM D5528, 2013).
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As an example, during the current Chapter it will be discus-
sed a test was conducted according to the ASTM Standard D
5528 on [0],, DCB specimens. They were tested in Mode | frac-
ture loading conditions, measurements of the crack generated
were taken. A correction factor in the compliance calculation
was applied. The work done by each crack extension was calcu-
lated as the energy release rate.

Specimen Preparation

Specimens should be design according to ASTM Standard
D 5528. An example is shown during the chapter for a [0],,
carbon epoxy laminate manufactured by prepreg lay-up and
cured in autoclave. A 0.002 mm thick Teflon sheet was placed
in the laminated middle plane in orderto induce a crack. Speci-
mens were cut from the laminate as shown in Figure 76.

Trim =25 mm
Insert 180 mm /

]

/

Oo

305 mm

Figure 76.
Specimen’s
manufacturing
sketch. Source:
Author.

Piano hinges were bounded to the specimens in the indu-
ce crack side with structural adhesive as shown in Figure 77.
Specimen’s dimensions and induced crack length are shown in
Table 20.
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Figure 77. Mode |
fracture specimens.
Source: Author.

Table 20.
Specimen’s dimensions

Insert Length 4., mm Avg width, mm Avg thickness, mm

S1 64,37 25,45 4,09
S2 64,03 25,53 4,13
S3 65,17 25,47 4,10
S4 64,86 25,38 4,08
S5 62,8 25,54 4,03
Total average 24,53 4,06

Total SD 1,73 0,05

Source: Author.

Materials, tools and equipment

The following materials, tools and equipment are required
for Characterization of Delamination Failure-Mode | Fracture
of composites:

*  Materials
» Specimens

» Hinges
» Hysol EA 9394 or structural adhesive
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Tools

»

»

»

Strain gages (1 x specimen)
Personal protection items
Caliper

Equipment

»

Computer

Stereoscope

Data acquisition system

Tensile testing machine with fixture with 2 point supports as
shown in Figure 39.

Diamond saw or water jet

Procedure

1. The procedure to perform characterization of Delamination Failure-Mode
lis the following:

2. Design specimens according to ASTM Standard D 5528.

3. Manufacture panels according to Chapter 1.

4. Cut panels using a diamond saw or water jet.

5. Add piano hinges with structural adhesive.

6. Depending on the material color, painting of the transverse area
where crack propagation is visible may be required, since every crack
propagation should be mark with a pen.

7. Markeach specimen.

8. Measure and register each specimen thickness and width (3
measurements x specimen).

9. Prepare the set up with a testing machine displacement controlled, a
stereoscope and the data acquisition system as shown in Figure Figure 78.

10. Putthe specimen on the testing area.

11. Grip the piano hinges with the tensile testing machine.
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Figure 78. Testing
equipment. Source:
MSE 597 report.

12.

13.

14.
15.
16.

17.
18.

Verify and adjust the stereoscope so that it
captures the transverse specimen area where
crackis going to propagate. Recommended
magnification 10X

Start the test loading the specimens at a rate of
2mm / min recording loads and displacements, and
paying close attention to the load displacement
curve. Stop the machine when detecting load
drops.

Mark with a pen the crack tip.

Take a picture of the crack.

Measure crack length using image processing
software.

Unload the tensile testing machine.

Repeat steps 12 to 13 until crack propagates
through the whole specimen.

Sintech 39/p

©
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Figure 79. Specimen
during the test.
Source: Author.

Data Reduction

The strain energy release rate for a structure tested in
Mode | fracture is given by Equation 65, Where P is the applied
load, s the width of the structure, and % is the change in
compliance of the structure with a variation in crack length.

Equation 65

2
gt d¢
2w da

The specimen is assumed to be a Double Cantilever Beam
with each beam rigidly attached into the specimen, so that
beam theory can be applied to calculate the compliance.
However, it is know that the assumption is not correct taking
into account the finite size of specimen and the high stress
presented at the crack tip. Berry proposed a relation of the
compliance with a power crack length shown in Equation 66, to
correct the effect of the assumptions made. In Equation 66, a is
the cracklength and # and n are parameters determined from
the crack extension, load and displacement data.
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Equation 66

c-L
H

IFthe stiffness of the specimen at the point of crack growth
(P./4,) is plotted versus the crack length a in a doble logarith-
mic graph, then, n is the slope of the best fit line applied to the
data. P, and § are the critical load and displacement associa-
ted with each crack length. Then, the energy release rate can
be express as Equation 67.

Equation 67

G, P8,
2wa

Since the energy release rate expressed in Equation 67 is
calculated for each crack extension, the energy release rate of
the specimen is the average of those values.

Typical Load Displacement Behavior

Typical behavior during a Mode | Fracture test is explained
using the example of three specimens tested in tension using
a Sintech 30/D screw driven testing machine 100 kN rated to
which piano hinges were gripped, and then tension was applied
at arate of 2mm/min. The machine was stopped when a drop
in the load displacement curve was presented. A pen was used
to mark the cracktip of each event; should clarify that the me-
asurements of the crack extension were taken using image
processing software. An example of an image taken is shown
in Figure 80. Specimens were unloaded and a new loading cycle
was done recording the same information for each cycle, until
crack propagation was unstable.
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Figure 80. Crack extension. Source:
MSE 597 report.

Atypical load displacement behavior is shown in Figure 81.
It is the representation of an experiment used as example for
the Chapter. The behavior is as expected with respect to the
theoretical. It can be seen that the critical load for the first case
is higher than the rest. This is due to the fact that the induced
crack s not as sharp as the other ones. In turn, and because of
that, the behavior is affected and Linear Elastic Fracture Me-
chanics should not be applied for the first data.

80

—+— CRACK 1
—=— CRACK 2
—&— CRACK 3
—=— CRACK 4
—=— CRACK S
« CRACK6
—=— CRACK 7
CRACK 8
CRACK 9
Figure 81. Load
versus displacement
12 14 graph. Source: Author.
d(mm) Data reduction

Crack extension measurements for each specimen are
shown in Table 21.
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Table 21.

Crack extension measurements for each specimen

Specimen

Crack length
a;,, mm

a 64,03 65,17 64,86 62,8
a, 72,84 67,41 69,1 65,47
a, 77,79 76,97 74,61 69,39
a, 81,83 87,35 79,22 74,88
a, 84,51 96,07 83,47 79,14
as 87,94 105,51 87,74 84,39
ag 91,43 92,12

a, 94,23

a; 98,07

Source: Author.

Figure 82 and Figure 83 show the result of the calculation
of the n parameter by plotting the inverse of the compliance
versus the crack length in a double logarithmic graph.

1.20
1.00 r
y =-2.6711x + 5.8728
0.80 r
z
2 0.60 r
ap
i)
0.40 | y =-2.76x + 5.9806
& "Specimen 2"
m "Specimen 3"
0.20 Lineal ("Specimen 2")
Lineal ("Specimen 3")
Figure 82.
Determination of 0.00 L L L L L
paramerens for 1.75 1.80 1.85 1.90 1.95 2.00 2.0
specimens 2 and 3.
Source: Author. log(a)
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1.20
1.00 r [ |
y =-2.8472x + 6.1442
0.80
=z
2 0.60
& y =-2.5656x + 5.5575
0.40 )
& Specimen4
B Specimen5
0.20 f Lineal (Specimen 4)
Lineal (Specimen 5)
0.00 L L . . Figure 83.
1.75 1.80 1.85 1.90 1.95 2.00 Determination of

log (a)

The plot of the energy release rate versus the crack leng-
th is shown in Figure 84. It is important to notice that the first
crack extension is not taken into account in the calculation
since the induce crack is not sharp, so the linear elastic frac-
ture mechanics does not apply in that case. The total energy
release rate is the average value of each specimen energy re-
lease rate obtained by the linear curve fit shown in Figure 84.

Results are shown in Table 22.

Table 22.
Energy release rate

m GIC(J/’”:)

2 228.81
3 260.74
4 213.24
5 281.14
Average 245.98
S.D 30.66

Source: Author.

parameter n for
specimens 4 and 5.
Source: Author.
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Author. log (a)

I 4
Conclusions

Daniel’s book on composite materials gives a range of va-
lues for GIC between 80J/m*> and 250J/m* for various carbon/
epoxy composite materials. According to the experimental re-
sults used as example during the chapter, the maximum ener-
gy release rate is approximately 75 J/»* and the minimum is
25 J/m* approximately. The minimum value is within the ran-
ge while the maximum value is a little bit out of the normal
range. However, it is reasonable taking into account the num-
ber of specimens tested and the equipment and process used
to measure the crack extension which can induce some error.
It could be seen during the experiment that the stiffness of the
specimens decreases as the crack propagates. As a result, the
compliance of the specimen’s increases as the crack propaga-
tes through the specimen.

The initial blunt crack increases the fracture toughness;
that is the reason for the sudden drop in the initial crack. Be-
sides, since the induced crack is not sharp, linear elastic frac-
ture mechanics does not apply in that region. As a result, the
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first data should not be considered in the calculations. Also,
the fiber bridging effect is still present and tends to increase
the fracture toughness
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