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ABSTRACT

Dynamic Fracture Toughness
of Polymer Composites. (December 2010)
Harmeet Kaur, B.E., Rajasthan University, India

Chair of Advisory Committee: Dr.Jyhwen Wang

Polymer composites are engineered materials widely being used and yet not
completely understood for their dynamic response. It is important to fully charac-
terize material properties before using them for applications in critical industries,
like that of defense or transport. In this project, the focus is on determining dy-
namic fracture toughness property of fiber reinforced polymer composites by using
a combined numerical- experimental methodology. Impact tests are conducted on
Split-Hopkinson pressure bar with required instrumentation to obtain load-history
and initiation of crack propagation parameters followed by finite element analysis to
determine desired dynamic properties. Single edge notch bend(SENB) type geometry
is used for Mode-I fracture testing and similarly end-notched flexure (ENF) type of
geometry is proposed to test the samples for Mode-II type of fracture. Two different
linear elastic fracture mechanics approaches are used- crack opening displacement and
strain energy release rates. Dynamic fracture toughness values of around 50 MPa+/m
and 100 MPay/m in Mode-I, whereas, around 40 MPa+/m and 6 MPa\/m in Mode-I1
are observed for carbon-epoxy and fiberglass-epoxy composites respectively. To pro-
vide a better estimate of material response, Hashin damage model is employed which
takes into account non-linear behavior of composites. As observed in previous stud-
ies, values estimated using a non-linear response of composite laminates are nearly
three times as high, therefore, using a linear elastic material model could underesti-

mate a material’s capacity to sustain dynamic loads without failure. It is concluded
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that fracture initiation toughness property is rate dependent and is higher when sub-
jected to dynamic loads. Microscopic examination of damaged samples and a higher
value of dynamic fracture toughness for fiberglass-epoxy laminates as compared to
carbon-epoxy laminates suggest that dynamic fracture toughness is also a function of
many other variables like mode of fracture, dominant damage criteria, manufacturing

process, constituent materials and their ratios.
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CHAPTER I

INTRODUCTION

Composite materials are receiving wide attention lately as they have many attractive
mechanical properties. Being lighter for similar strength ratings and also corrosion
resistant, they are considered superior to metals for certain applications. Composites
are engineered materials made up of two or more constituents to form a single bulk
mass. On microscopic scale, matrix and reinforcement exhibit their individual char-
acteristic properties but on a larger scale they combine to form a composite material
with superior characteristics. There are a number of options for matrix and reinforc-
ing materials and they can be mixed in different combinations, ratios, and directions
to obtain a composite material with desired properties. There are many types of com-
posite materials like metal matrix composites, polymer composites, ceramic matrix
composites etc. depending on the type of reinforcing and matrix material.

Polymer matrix composites (PMC) consist of polymer resin as matrix and fibrous
reinforcing dispersed phase. Carbon, Fiberglass and Kevlar are used as reinforcing
fiber material. Use of polymer resin in itself is limited due to inferior mechanical prop-
erties when compared to metals. However, they have an advantage because of their
ability to be formed into complicated shapes. Materials like aramid and glass have
high tensile and compressive strengths but not in their bulk forms due to the pres-
ence of random flaws causing them to fail much below their actual failure point. To
overcome this drawback, these materials are drawn into fibers which will have flaws,
but few of the perfect ones in a bundle will help in exhibiting almost the predicted

strength characteristics. Using a bundle of fibers alone will provide good characteris-

The journal model is IEEE Transactions on Automatic Control.
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Fig. 1. Effect on modulus due to addition of fibers to matrix

tics only in the direction of fibers but when combined with a resin system exceptional
properties can be obtained. Resin system spreads the load between fibers and pro-
tects the fibers against abrasion, wear and impact. Properties of resulting composite
will combine the characteristics of resin system and fibers both (as shown in Fig. 1),
thus exhibiting many useful properties like high tensile strength, high stiffness, high
fracture toughness, good abrasion resistance, good puncture resistance, good corro-
sion resistance, low cost etc. The properties of PMCs can be varied, depending on
functional requirements, with the change of orientation, length, type, concentration
of fibers and properties of resin system.

Polymer composites can be manufactured in a number of ways but are prone
to having defects like voids, cracks, inclusions like in metals. Certain applications
require careful designing as the components should be safe to use in their service life.
In order to produce an optimized design, it is essential to evaluate finished material
for its properties. Fracture toughness is a fracture mechanics parameter that gives a
measure of pre-cracked material’s ability to carry load. A non-uniform material having

defects cannot be estimated for its strength in impact using conventional mechanics.



The conventional theories and tests assuming a homogeneous material would over or
under estimate its resistance to fracture. Von-Mises or Tresca yield strength criteria
do not account for stress concentrations occurring near the defects. These stress
concentrations are localized and make the material more prone to failures. Fracture
mechanics parameters include the effects of concentration of stresses near crack tips.
Among the various existing theories, linear elastic fracture mechanics is very basic
and widely used due to its simplistic approach. It is useful in studying stable crack
growth in structure, which are in a state of equilibrium. It is important to evaluate
fracture toughness in quasi-static loading conditions that are easy to achieve and
observe and has already been standardized.

As the loading rates are subsequently increased to duplicate real impact condi-
tions with strain rate of more than 1000/sec, it gets difficult to observe the fracture
toughness parameters and also the change in material behavior. Material may be-
come stiffer increasing its ability to resist fracture. High loading rates may also make
the material more brittle resulting in reduced ability to yield and thus low fracture
toughness. Therefore, rate of loading is an important parameter when measuring frac-
ture toughness. Composite fracture toughness measurements at high loading rates
are still a challenge. It is one of the important and useful properties of polymers
composites to ensure safe service life of finished products. Thus, it is an important
area of research to develop methods for determining dynamic fracture toughness. For
example: Kevlar composites are used for bullet proofing and are required to be highly
impact resistant. Various other applications and types may be required to be impact
resistant even though it is not their primary function.

A lot of research work has been published in material dynamic fracture tough-
ness characterization but still an improvement can be made in methods to determine

dynamic fracture toughness property of a composite material. This project will con-



tribute by describing a combined experimental-numerical approach to determine the
dynamic fracture initiation toughness of polymer composites at high strain rates.
Dynamic fracture tests are conducted on three-point bend samples of carbon and
fiberglass laminates on Split Hopkinson pressure bar set-up and numerical simulation
are conducted to evaluate stress intensity factors as a function of time. Dynamic
fracture initiation toughness is the stress intensity factor value at initiation of crack

propagation.



CHAPTER II

BACKGROUND AND LITERATURE REVIEW

A. Fracture toughness

Linear elastic fracture mechanics is simple and basic approach to evaluate fracture
toughness property of a material. This theory assumes an isotropic brittle material
behavior. Thus, no yielding is predicted near the crack tip zone. The stresses are

calculated using theory of elasticity and are given as follows:

K; = kov/ma (2.1)

where,
K is the fracture toughness
o is the applied stress
a is the crack length
k is a dimensionless parameter related to crack length and geometry

Crack grows when stresses near the crack tip exceed fracture toughness of the
material. Therefore, it is essential to determine the fracture toughness property of a
material as components are prone to presence of cracks and risk failure. Quasi-static
fracture toughness measurement procedures have been standardized by ASTM E399
for plane stress and plane strain conditions. Plane strain fracture toughness gives
the true material property (K;¢). It gives the highest value of stress occurring near
the crack tip before the material fails but only under a particular condition of plane
strain. Plane stress condition using a specimen with negligible thickness will give
the highest possible fracture toughness value for that material. Therefore, fracture

toughness is highly dependent on the thickness of material sample tested as shown in
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The procedure followed in this project assumes plane stress conditions for sim-
plicity. According to classical laminate theory, uni-directional continuous fiber com-
posites exhibit orthotropic symmetry and there are nine independent elastic constants
for an orthotropic material.

E1, Eg, E3, Gia, Gag, G3i, V12, V13 and v
Assuming plane stress conditions for dynamic tests, the elastic constants are reduced

to just five Ey, Eo, Gia, 112, and a3 as explained below|[3].



EQ = E3
G31 = Gy
Vig = U3

G23 = EQ/(2(1+I/23)

B. Dynamic fracture initiation toughness

Fracture toughness is a rate dependent parameter. This value may increase or de-
crease with an increase in strain rates depending on material’s response. It is im-
portant to determine fracture toughness property of the material for a component at
loading conditions as per its desired service life. There are two categories of dynamic
fracture mechanics. First is related to situation when the crack reaches instability and
starts propagating rapidly in the material mass. The second concerns a stationary
crack in the material subjected to impact forces. This problem involves an interesting
study of crack propagation initiation properties of material [4]. It should be indepen-
dent of the geometry of sample used for testing. If the whole component is observed
until failure i.e. a crack is allowed to propagate through the entire cross-section then
resulting property will be fracture toughness of that particular part depending on its
design and geometry.

Dynamic fracture material behavior has been evaluated using a number of com-
bined numerical-experimental approaches. Dynamic loads were measured accurately
in experiments done on wedge loaded or circumferentially notched bar samples. But

the dynamic fracture initiation toughness was obtained using conventional static re-



lations. Photo elastic methods were developed to measure directly the dynamic frac-
ture initiation toughness but it requires an expensive instrumentation. Method by
Yokoyama [5] allowed complete dynamic analysis but required a long computing time
posing difficulty in coping with experimental data. An attempt to provide a simpler
approach for measuring the dynamic fracture toughness property of materials was
put forth by proposing a dynamic relation for stress intensity factor [6]. However,
the available methods are not enough to accurately observe the material response
at every time instant. Therefore, it is still a challenge to get true value of dynamic
fracture initiation toughness of composites. Several interesting attempts are briefed
as follows.

Rubio et al. [7] studied the dynamic fracture toughness of pre-fatigued aluminum
and steel samples impacted with different projectile velocities. SHPB experimental
set-up was used by them, for three-point bend type geometry, to obtain the load-
history and time at fracture. LS-DYNA solver was then used to obtain displacements
very near the crack-tip. Crack opening displacement (COD) was used to find the
stress intensity factor history and stress intensity factor at the time of initiation of
crack propagation is the dynamic fracture initiation toughness.

Fengchun et al. [6] again used SHPB for impact testing of pre fatigued high
strength steel specimen. They used simple static formulae to calculate stress inten-
sity factor under dynamic conditions. The values obtained are compared with FEM

analysis to ensure reliability.

C. Composite dynamic fracture

Composites due to their heterogeneities are difficult to model and thus have not been

studied extensively for their dynamic response. Moreover, they have inherent flaws



like voids and cracks that degrade properties like stiffness, strength on applying loads
and they also behave differently depending on ply arrangement and strain rates [8].
Composite in quasi-static or static loading conditions have been studied and also
standardized in ASTM E1922. For strain rates above 1000/s the non-linearity of the
stress-strain curves reduces. Due to its viscoelastic nature, the material also acts
stiffer as the strain rates are increased. Most of the results of dynamic tests show a
higher value of fracture toughness than the quasi-static values like a difference of 1.3
suggested by Tsai and Sun [9] using SHPB in compression. They also showed that
depending on strain rates, maximum normal stress is 50-100% higher for dynamic
conditions than quasi-static conditions. Omne of their important observation was,
even though both matrix and fiber are sensitive to strain rates, fibers dominate in
influencing the properties of the composite.

Intralaminar crack propagation studied in this project is difficult to simulate as
accumulation of damage and hence crack propagation can occur in an unpredictable
path or manner. Camanho [10] described interlaminar and intralaminar /translaminar
type of cracking observed in composites and also different models used to simulate
the material response. Camanho also claimed that intralaminar damage occurs at
different orientation depending on ply thickness and arrangement. Dynamic inter-
laminar mode is widely studied using Teflon and Aluminum inserts as flaws between
laminate plies [11], [12], [13]. Sun et al. [12] used SHPB tests to measure dynamic
delamination toughness of carbon and fiberglass polymer composites. Teflon inserts
were used and loaded by a wedge to obtain Mode-I type of crack opening. Two crack
propagation gauges were used having ten parallel resistors to obtain crack traveling
speed. SHPB tests were conducted for dynamic loading history output and used as
FEA boundary condition to evaluate the dynamic fracture initiation toughness as

well as the dynamic fracture toughness. Modified crack closure technique was used to
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get the strain energy release rates. Finally, stress intensity factor was found from the
strain energy release rate output using a corrected equation to include the dynamic

effects.

D. Fracture toughness tests

Charpy tests - conventional or instrumented, are used to determine total energy dis-
sipated in a fracture event but it is difficult to understand the inertial effects involved
in fracture process and plane strain conditions are not achieved. Strain gauge at-
tached to impacting hammer of the machine can give the loading history required for
calculating dynamic parameters. But the measured values are overestimated due to
inertia and oscillation of the sample. Also, it is not possible to accurately determine
the initiation time of crack propagation. Charpy impact test conditions are limited
by lower strain rates. Improvements in achieving plane strain conditions for accurate
fracture toughness determination came in the form of Drop weight test technique.
This technique used a large sample allowing a plane strain analysis. Further improve-
ment was made by measuring load from the stress waves in the elastic bar used for
drop weight testing.

To overcome above drawbacks of conventional dynamic tests, SHPB was intro-
duced for measuring fracture toughness at very high strain rates. It closely simulates
real world dynamic loading condition a material may have to withstand during its
service life. Split Hopkinson bar technique was originally implemented for determin-
ing elastic wave properties of materials. It was later modified to study the dynamic
effects under tension, compression, bending by using one dimensional stress-wave the-
ory by Davies [14] and Kolsky [15]. SHPB was first used for fracture measurements

in 1970s by Costin et al. [16]. Several configurations are possible in SHPB set-up
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Fig. 3. Loading configuration of three point bend set-up developed by Yokoyamal2]

for studying different modes. Three-point bend configuration devised by Yokoyama,
as shown in Fig. 3, was later proposed to evaluate dynamic fracture toughness by
simple transverse wave propagation analysis [5]. The novel three point bend config-
uration uses one incident bar and two transmitter/supporting bars. Few important
conclusions of the studies done by Yokoyama and Kishida are: loss of contact between
the impacting bar and sample, peak point on the loading plot does not indicate the
instance of crack initiation, quasi-static equilibrium conditions are not achieved in
this set-up and thus different results are obtained for quasi-static and dynamic tests.
The equations developed by Kolsky for finding incident P;(t) and transmitted Py(t)

loads are as follows:

PA(t) = BAJei(t) + (1) (2.2)
Fi(t) = EAe(t) (2.3)

where,

E and A are Young’s modulus and cross-sectional area respectively of the bars

€;(t) is the incident compressive stress as measured by the strain gauge coincident bar

€-(t) is the reflected tensile pulse in the incident bar
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E. Damage model

Material’s resistance to fracture is governed by yielding at the crack tip that absorbs
a large fraction of fracture energy. Most of the fiber reinforced composites have little
capacity to yield plastically. Yielding in composites is dominated by formation of
damage zone having sub critical cracks in different directions. The size of this damage
zone greatly affects the fracture toughness of the composite, large size allowing more
absorption of energy and thus larger fracture toughness. The extension of damage
zone is closely related with the LEFM parameter K;. Mendell et al. [17] described
the characteristics of damage zone as, elastic yielding of pre-cracked composite on
applying load. Subsequent formation of sub-critical cracks is governed by local crack
tip stresses leading to crack extension or delamination on reaching threshold value of
stresses.

It is possible to model failure of a pre-cracked laminate using fracture mechan-
ics approach as well as damage mechanics approach. Fracture mechanics approach
seems to be appropriate for parts with pre-existing cracks. Linear elastic fracture
(LEFM) does not account for changes in mechanical behavior of materials and their
subsequent stress redistribution in the structure induced by accumulated process of
material degradation, particularly near the crack tip. Few studies [18], [19] have ef-
fectively used damage model to investigate crack propagation considering crack as a
set of points for which damage has reached its critical value. Damage variable used
in continuum damage mechanics is based on the effective stress concept; it repre-
sents an average material degradation reflecting various types of microscopic defects
at different damage states of the material. Therefore, crack will propagate when
accumulation of damage reaches a critical value for that material. As done in previ-

ous studies, material behavior at onset of cracking can be determined using damage
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mechanics approach applied to a macro crack.

Various models (such as that of Hashin, Tsai-Wu) have been developed to de-
scribe composite material behavior. These models are also suitable for high strain
rate studies. Some such models are now implemented in softwares like ABAQUS and
ANSYS, while some others are used by introducing user defined material subroutines.
Modified Hashin damage model has been implemented in ABAQUS and also used to

study fracture of a composite with blunt notch by Lapcyzk and Hurtado [20].
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CHAPTER III

DESCRIPTION OF METHODOLOGY
This project develops methodologies for determining dynamic fracture toughness of
composite materials and also the instant of crack opening in a laminate composite

impacted at high strain rates. Steps to be followed are:

e Impact testing in Mode-I and Mode-II using split Hopkinson pressure bar ap-

paratus

e Finite element (ABAQUS) dynamic analysis to obtain crack opening displace-

ment and energy release rate

e Determining dynamic fracture toughness from empirical relations using experi-

mental data and finite element analysis

This research will also compare dynamic fracture toughness obtained from two

different approaches in finite element analysis:
1. Linear elastic fracture mechanics model
2. Damage model

Sequential steps followed in the project are shown in Fig. 4

A. Sample and specimen description

Composites are used in heavy industrial applications like that of aerospace, pressure
vessels and transportation. Complex composite structures require careful methods
of mechanical and adhesive joining but these methods also increase the number of

possible defect sites. As certain industries require precise control and involve critical
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Sample Preparation:

eHand lay-up

eResin-infusion

*Pre-preg vacuum bagging

eCutting as per the required dimensions

s
Experiments:

eMaterial properties- elastic modulii, poisson's ratio etc

*Quasi-static three-point bend test to obtain load values for calculating fracture toughness Kq
eDynamic three-point bend test on SHPB to obtain loading history to perform dynamic analysis
eValidation tests for verifications

Fracture Toughness Calculation:

Numerical Simulation (ABAQUS)

Input : Loading history from impact tests

Model : Linear elastic and Hashin damage model are used and compared
Analysis : Explicit analysis of composite three point bending under impact
Output : Crack opening displacement (COD) and strain energy release rate (G,)

eQuasi-static fracture toughness(KQ) evaluation as per ASTM standards

eDynamic fracture initiation toughness(K ) from crack opening displacement and strain energy release rate(G))

)

Fig. 4. Steps involved in achieving the objective of this project
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applications, they devise optimized composite manufacturing method suiting their
requirements. There are a number of ways to prepare composite materials and yet
no universal standards have been put forth to guide the composite preparation pro-

cedure. Various manufacturing methods can be listed as follows[21]:

e Compression Molding

Filament Winding

Pultrusion

Injection Molding

Autoclave Technique

Diaphragm Forming Processes

Fracture toughness being a material property should preferably be measured for
material with homogeneous and consistent properties. Thus, in this project, speci-
mens were initially produced from resin infusion process at the Nonmetallic Material
Laboratory in the Department of Engineering Technology and Industrial Distribu-
tion. To obtain more consistent samples with possibly lesser voids, samples made
from carbon fiber prepregs were provided by a research collaborator at Centro de In-
geniera y Desarrollo Industrial (CIDESI), Mexico. Picture of fiberglass prepreg used
by CIDESI for their experiment can be seen in Fig. 5. Both these processes come
under the category of compression molding methods. Also, to compare properties
of two types of polymer composites, fiberglass laminates made by traditional hand

lay-up method were shared by AUGUSTA Fiberglass.
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Composite plates are cut to required dimension of single edge notch bend (SENB)
and end notched flexure (ENF) geometry using a diamond cutter as given in Fig. 6.
Since metal bond diamond wheel of 0.43mm thickness is used, it can cut approxi-

mately a 0.50mm notch in the sample for fracture toughness testing.

(a) Fiberglass prepreg (b) Fiberglass laminate cut sample
and carbon laminate prepared by
laying and curing prepregs

Fig. 5. Laminate prepared from prepregs

Most of the studies performed earlier were to measure the delamination fracture
toughness. To further study material behavior in other types of failure modes, a notch

is cut across plies as shown in Fig. 7.

B. Experiments

There is no defined method to determine dynamic fracture initiation toughness of a
material when measured at very high strain rates of the order of 1000/sec. Special
techniques are required to estimate properties for material under impact conditions.
Combined numerical-experimental approach described in this project, required series
of experiments and numerical simulations to obtain desired results and a basis for

comparison. Below is a brief description of conducted experiments.
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Fig. 6. Specimen geometries for experiments (All dims in mm.)

1. Quasi-static tests

Quasi-static fracture tests can be conducted on MTS 810 machine using a three
point bend fixture. The tests are performed at very low loading rates of around
0.10 mm/min as recommended by ASTM to ensure quasi-static test conditions. The
testing machine’s load and displacement sensors give the load, extension, stresses and
strains, at each time instant, as output. Fracture toughness K;¢ is calculated from

formula used in ASTM E399 for SENB specimens and is given in Equ.(3.1).
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Fig. 7. Three-dimensional representation of Mode-I samples in test set-up

Kiq = (PoS)/(BW*?) f(a/W) (3.1)

where

Fa/W) = 35 2;{?_ 57 {1.99 _ % (1 - %) (2.15 - 3.93% + 2.7<%)2)}

Kiq is the tentative Mode-I fracture toughness and P is peak applied load at
fracture initiation. Pg is determined by an intercept of 95% offset of slope of linear
portion in load-displacement curve. Tests are conducted for both Mode-I and Mode-
IT using the same specimen dimensions as given in Fig. 6. Finite element analysis
directly provides critical strain energy release rate Gj;c to give dynamic fracture

toughness property K;;¢.

2. Impact tests

Impact tests can be conducted in a number of ways depending on the output de-

sired, geometry used, and range of operation. For this project on dynamic fracture
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toughness, SHPB set-up is chosen to approach conditions of very high strain rates.
One incident bar and two transmitter bars are required for a three-point bend con-
figuration. The specimen rests on a support with bar tips just touching its surface.
Each bar has a strain gauge that detects strain waves traveling, in the form of voltage
pulses. An additional strain gauge(SG) is required near the crack tip to detect signals
just at the instant of crack propagation. SG signals are very weak to be recorded by
an oscilloscope, therefore, each signal is amplified by an amplifier before supplying to
oscilloscope as input. But, the set-up can be modified to suit output required from
the experiment. The apparatus consists mainly of an air gun, a striker bar, three
Hopkinson pressure bars (one incident and two transmitters), a velocity measuring
device and recording equipment. The pressure bars (1800 mm long) and the striker
bar (152.4 mm long) were made of 19 mm diameter high strength steel (Maraging
C300). The pre cracked composite bend specimen was placed between the incident
and two transmitter bars as shown in Fig. 8.

Impact of striker bar into the face of incident bar develops a longitudinal com-
pressive pulse ¢;(t) that is propagated along this bar. Part of the compressive incident
pulse ¢;(t) is transmitted through the specimen, causing its fracture and into trans-
mitter bars as compressive pulse €/(t), while part of which is reflected back to the
incident bar as a tensile pulse -¢.(t). The incident load P;(t) and the transmitted
load P(t) are then determined from one-dimensional theory of elastic wave propaga-
tion as explained in Equ.(2.2). The zero reference of loading history is obtained by
shifting wave signals on the time axis to the instant when incident wave just arrives
at uncracked mid length surface of bend sample.

The three strain gauges having a gauge length of 1.6mm are VISHAY CEA 06
062 UW 120. Strain gauge on incident bar is placed 900mm from the impact end

and strain gauges on the transmitter bar are placed at 900mm from the specimen.
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Fig. 8. SENB sample mounting for impact tests

The strain gauge (VISHAY CEA 13 032 UW 120) Imm to 2mm from sample crack-
tip is mounted as shown in Fig. 9. All the strain gauges used in this set-up are
bonded using M Bond 200 adhesive. The signals from strain gauges are conditioned
by amplifier VISHAY 2311 and these inputs are given to the three input channels
of oscilloscope for recording the impact even. A typical signal obtained from this

dynamic experiment is as shown in Fig. 10.

Fig. 9. Picture showing position of strain gauge bonded very near to crack-tip
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Fig. 10. Sample of wave signal output from strain gauges attached to SHPB set-up

C. Description of methods to obtain dynamic fracture toughness

There are many methods to measure quasi-static fracture toughness of a material.
Available fracture toughness relations are for a material under loading conditions
that maintain equilibrium during complete event of loading. In a dynamic case it
is noted that inertial effects, vibration, stress waves and acceleration of specimen
come into play and stress intensity values show a marked difference compared to its
quasi-static values.

Dynamic events are difficult to monitor and hence J-integral and crack tip open-
ing displacement methods are used in this exercise to determine the fracture toughness
property of a material. Non-linear finite element analysis is performed to obtain the
parameters which are then used in static relations to calculate stress intensity factor

varying with time.
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Following are common fracture toughness parameters:

e Stress intensity factor(K): It is a stress based parameter that depends on

applied load at fracture and material geometry.

e Crack opening displacement(COD): This approach has been developed
mainly in UK with a chief purpose of studying welds and welded structural steel
components that are difficult to simulate. Crack opening displacement (COD)
at the original crack tip is called crack-tip opening displacement (CTOD). An
initially sharp crack blunts by plastic deformation at the original tip, therefore,
a purely elastic material will have no CTOD. It is a strain based criteria that
depends on material characteristics, elastic or plastic. It is expected that every

material has a critical CTOD that can be used as a fracture criterion.

e J-integral: J-integral concept was first introduced by Rice. It is an energy
based path independent integral equivalent to decrease in potential energy per
every increment of crack extension. It is also representative of stresses and
strains at the tip of notches and cracks in elastic or non-linear elastic materials.
For elastic region, it is equivalent to strain energy release rate (G) and in non-

linear region, it is a function of area under load-displacement curve.

J- integral approach is for non-linear elastic response and therefore reversible
deformations. True plastic deformation processes are irreversible, thus energy
dissipated is not transformed to strain or potential energy. An actual material
response can be used as a special case for this approach assuming there is no
unloading during the crack extension process. But during crack growth, the
newly formed crack faces are completely unloaded from high yield stresses.
Therefore, J principle is suitable upto beginning of crack extension and not for

crack growth. In such cases, this non-linear elastic energy release rate can be
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used for elastic-plastic energy release rate. J-integral can be viewed as energy
parameter comparable to strain energy release rate (G) and stress intensity

parameter comparable to stress intensity factor (K).

In a dynamic loading condition, polymer composites are assumed to behave lin-
early and thus above parameters can be related using basic principles of linear elastic
fracture mechanics. In this project, J-integral and COD parameters are used to
calculate fracture toughness(K) of composite material. Both the approaches are im-

plemented as explained in the following sections

1. Crack opening displacement method
Dynamic stress intensity factor is calculated from static relations for stress intensity
factor and crack opening displacement(COD) using the following Equ.(3.2)

™ W1 1

u PR
27r w1 + W Qo2

where
r is the distance from crack tip where COD is measured
¢; = iw; and ¢ is derived as follows,

Governing equation for an orthotropic plane stress composite material is:

' n 2015 + 2bgs Ot by 0% _

mee_y
ozt boo 0x20y? * boo Oyt

where

¢ represents four roots of fourth order equation given above
by = 1/E; , by = -v19/Ey = -va1 /By

boy = 1/E;y , bgs = 1/Gro
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2. Strain energy release rate method

Strain energy release rate is the amount of energy dissipated during fracture prop-
agation in creating new surfaces. Energy supplied at the crack-tip for it to grow is
balanced by energy dissipation in form of energy release rate during fracture phe-
nomena. J-integral as given in Equ.3.3 77 is for a non-linear elastic or elastic-plastic
material assuming no unloading conditions. It is independent of path around the
crack and can be used to calculate K by assuming a path very near to notch tip. This
is equivalent to strain energy release rate for an elastic material subject to quasi-static

loading.

oU;

However for dynamic cases, the path independent property of J-integral is no
longer observed as the stress waves reaching one contour may not have reached to the
next contour. Thus it becomes a time dependent and also path dependent function.
Dynamic problems are unsolvable for elastic plastic growth as considerable unloading
is expected to occur. It is still meaningful to derive expressions for path independent
J-integral for non-linear elastic materials [22]. For a crack propagating in x-direction

with a speed @, dynamic J-integral can be expressed as given in Equ.3.4.

oU; oU; oU; 0?u;\ OU;
o .9 i i T i ) i i
J—/F{(W+1/2pa 3x18x1>n1 Tl—axl}ds—l—/ﬂp<uZ a 8:1:%) axldA
(3.4)

where,
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I = contour path surrounding the crack-tip from lower crack flank to upper flank
W = Strain energy density

p = mass density

u;,i; = displacement and acceleration

n; = unit outward normal to contour I’

T; = traction on I

{2 = area bounded by I"

Dynamic J-integral defined till the point of crack growth initiation for non-linear
as well as elastic-plastic material is given using Equ.3.4 taking crack velocity, a equal
to zero which reduces the terms to give Equ.3.5 [23]. Therefore, dynamic J-integral is
evaluated by adding an additional component equivalent to area (bounded by assumed
contour (I7)) integral of kinetic energy density to component having potential and

strain energy density line contour (1) integral values.

Once critical J-integral value is calculated using FEM, this project will make
use of Equ.(3.6),(3.7) and (3.8) for orthotropic material under quasi-static loading to

obtain approximate results for fracture toughness values|[24].

J=G (3.6)
1/2
K2 ENY? B
Gr=—2L |(Z= —r 3.7
1= REE, (Ez) oG, (37)
1/2
K2 ENY? E
G — II (_1> + 1 3.8
1 53 |\ B e (3.8)
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D. Finite element analysis

Fracture toughness parameters required for this project- J and COD are obtained by
using finite element codes in ABAQUS. Non-linear finite element module is used to
study impact event on three point bend sample. Crack in SENB 2d model is repre-
sented using contour integral spanning full specimen of width(20mm). Concentrated
point loads in the form of loading history(P vs t as obtained from SHPB) is given as

loading condition at node representing the loading point.

Table I. Material elastic constants

Density Eq Eq V1o G2 Gis Gas
Material
(kg/m?) | (GPa) | (GPa) (GPa) | (GPa) | (GPa)
Carbon epoxy laminate 1505 107.70 | 8.10 | 0.34 | 3.85 3.85 3.02

Fiberglass epoxy laminate 1720 28.50 | 8.17 | 0.31 | 2.52 2.52 3.13

Mat reinforced fiberglass 1610 21.60 | 8.04 |0.32| 2.59 2.26 2.67

epoxy laminate

Properties of three polymer composites are provided by suppliers as given in
Table I. Fibers are noted as parallel to direction 1. Dynamic implicit solver is
employed to analyze the impact event in micro seconds. Singular elements are used
at the crack for contour integral module to obtain J-integral output which is path
independent thus number of nodes is determined according to the number of contours
desired around the crack tip. First contour lies at the crack tip and is preferably
ignored. Output can be requested in the form of energy release rates(J) or stress

intensity factors(K) or both at each of the contours.
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1. COD and ERR calculation based on LEFM

Linear elastic fracture mechanics assumes a material to behave in almost perfectly
elastic manner. Therefore, assuming that there will be no yielding or very small
yielding near the crack tip, stresses near tip will become infinite on application of
load. Using this assumption, fracture mechanics study becomes trivial and equations
for toughness parameters like energy release rate, J-integral, COD can be derived
easily depending on boundary conditions. In this project, high velocity impact event
is assumed to make the composite material behave in a brittle manner and LEFM
theory can be applied.

COD is a useful fracture parameter and can be divided into elastic and plastic
component. Elastic component is directly related to stress intensity factor and can
be computed using LEFM theories. The other plastic component is neglected for this
problem as it is assumed material is in linear elastic range till the moment of crack
propagation initiation. Therefore, 2d orthotropic elastic properties for a laminate in
plane stress conditions is given as material model for finite element simulations. COD
is monitored at a node which is approximately at the same distance as the strain gauge
near the notch tip in the experiments. Strain gauge being approximately at 1mm
from notch end, COD(u(t)) is measured at a distance of r=1mm, used in Equ.(3.2)
to obtain the stress intensity factor values at each time step. It is not required to use
contour integral functionality for COD output.

J-integral is another important and useful parameter which is again not limited
by bounds of LEFM theory. It can be subdivided into elastic and plastic components
but due to assumption of elastic response of material, plastic part can be ignored.
Also, it can be related to energy release rate as per the boundary conditions and

specimen geometry. So, in this project, J-integral output of finite element simulation
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is assumed equivalent to strain energy release rate. Strain energy release can be
related to stress intensity factor by Equ.(3.7)and (3.8) depending on the modes of

fracture and boundary conditions.

2. COD and ERR calculation based on damage model

Composites materials are considered to be non-linear in nature. The non-linearity
tends to decrease as strain rates are increased and assuming it to be completely
elastic may prove to be an over assumption of material properties. Therefore, using
Hashin damage model for fiber reinforced model may provide better values of dynamic
fracture initiation toughness. This study of non-linear material response will take care
of all degradation processes occurring in the composite material before it gives away
and crack starts to propagate. Damage can occur in many ways and all this can be
incorporated in a damage model by using a user defined material subroutine (UMAT)
or by using available Hashin damage model as explained in Appendix.A.

Three dimensional composite section(assuming unit thickness) is used with 40
plies stacked at required 90° angles and a dynamic finite element solver is implemented
to model the impact. Average crack opening displacement is recorded at node 1mm
from the crack tip and stress intensity factor is calculated as a function of time using
Equ.(3.2).

Strain energy release rate(G) is energy required to propagate a crack therefore
it can be assumed that energy consumed in damaging composite material until the
crack starts to propagate is equivalent to strain energy release rate required to initiate
cracking. It is based on an important assumption that all the damage is concentrated
near the crack tip until the crack starts to propagate, at a threshold value of stress
intensity, as also indicated by Mandell [17]. This damage dissipation energy function

is incorporated in ABAQUS solver as explained in Appendix.A. Strain energy release
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rate obtained is used to compute stress intensity factor as a function of time as given
in Equ.(3.7),(3.8), depending on the boundary conditions.

Therefore, this project not only provides a methodology to determine the dy-
namic fracture initiation toughness of different unidirectional laminates. It also com-
pares various approaches that can be used to calculate values of fracture toughness
parameters. Finally, microscopic observation near the crack-tip provides further in-

sights into the dynamic damage event.
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CHAPTER IV

EXPERIMENTAL RESULTS

A.  Quasi-static test results

Quasi-static tests are performed as a reference to gain knowledge on composite mate-
rial response with a change in loading rates. A constant rate of loading is maintained
and sample data is recorded till it reaches the failure point. Three point bending con-
figuration (Fig. 6) for flexure loading is used for both Mode-I and Mode-II testing.

Observations made for different fracture modes are given in following subsections.

1. Mode-I quasi-static test

Quasi-static tests of composite laminates show linear behavior at first and then it
starts deviating to show non-linear characteristics. Using standard procedures as
explained in ASTM E399 for measuring quasi-static fracture toughness, 95% value
of slope of the linear portion is taken and its intercept on load axis gives peak load
Py to be used in Equ.(3.1). Fig. 11 shows data for carbon-epoxy and fiberglass-
epoxy SENB specimen, with fibers aligned perpendicular to notch, tested for Mode-I
quasi-static fracture toughness . It is worth noting that Py values of carbon-epoxy
sample is 62 % of maximum load value while for fiberglass-epoxy this value is 75
%. Fiberglass-epoxy samples record a more non-linear behavior than carbon-epoxy

samples.

2. Mode-II quasi-static test

Same procedure is followed for Mode-II testing to find Py as for Mode-I. Local de-

formation at the point of loading is observed at location of load application followed
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Fig. 11. Load vs displacement plot of SENB sample under quasi-static loading
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Table II. Maximum load endured P,,,, and Peak loads Py at fracture initiation for

different composite laminates and modes of fracture

Mode
Rate of loading | Py | Po
Material of
(mm /min) (N) | (N)

fracture

Mode-1 0.1 3130 | 1940
Carbon epoxy

Mode-I1I 0.1 6400 | 4490

Mode-1 0.1 1592 | 1172
Fiberglass epoxy

Mode-11 0.1 5220 | 3400

by bending of specimen. Load vs displacement for carbon-epoxy ENF sample, with
fibers running parallel to pre-existing crack, is shown in Fig. 12. Again carbon-epoxy
shows more linear characteristics as compared to fiberglass-epoxy response. Values

of P for various samples tested are listed in given in Table II.

B. Impact tests

Impact tests on SHPB apparatus are performed at CIDESI to give following fracture

toughness parameters. SHPB set-up gives:

e Strain gauge voltage signals recorded during the impact
e Velocity at impact

e Initiation of crack propagation instant

Incident and reflected pulses recorded by oscilloscope are shifted to a common ref-
erence point that is to the instant at which impacting compressive wave reaches the
specimen surface. It takes around 187us for an incident wave to reach sample sur-

face from the point where strain gauge is attached and it takes 375us to record the
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Fig. 13. Strain pulses as obtained in impact testing

reflected wave at the strain gauge on incident bar. Using Equ.(2.2), resultant com-
pressive wave on specimen obtained is as shown in Fig. 13. The resultant signal
is converted to loading history with the help of MATLAB code (courtesy CIDESI)
given in Appendix.B. Same steps are repeated for Mode-I as well Mode-II testing as
described in following sub-sections.

Typical crack gauge signal recorded by oscilloscope is seen in purple colored
channel three output in Fig. 10. This pulse is used to detect crack initiation time
in fracture event. Positioning of strain gauge is in such a way that the first peak
is observed to be in compression for SENB type geometry. The time instant of this
very first peak is noted as the time of initiation of crack. This time instant includes
time for wave to travel in incident bar (187us) and in uncracked length of sample

to reach the crack tip. Wave travel time can be calculated by obtaining the wave
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speed ¢4 in material and distance of travel. Parameter c¢; can be easily calculated

using material elastic constants as given in Equ.(4.1) [25]. Fiber orientation should

be taken into account by transforming the stiffness matrix such that direction-1 is

parallel to wave propagation direction. c; obtained for different materials and fiber

orientation is presented in Table III.

Cq = /C11Cs

where
cq is dilatational wave speed
¢ 1s velocity of in-plane shear wave

For a plane stress condition

C =
" G12[1 - (Ez/El)V12]2
Cs = G12/P

Gy is in-plane shear modulus

and, p is mass density

(4.1)

Table III also presents the time for a wave to travel a distance of 10mm in a

given material. Therefore using this wave travel time for carbon-epoxy sample and

Fig. 14, time of crack initiation is observed around 27us. Similarly, varying wave

speeds and travel times are obtained for different test cases as given in Table III.

In Dr.Rubio’s previous work [26], dynamic fracture toughness of the same carbon-

epoxy laminate material is found in velocity range of 15-16 m/s. In this project,
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Table III. Wave speeds and traveling times making a particular angle to laminate fiber

direction
Angle of Time taken to travel
Cq
Material wave wrt 10mm distance
(m/sec)
fiber direction (°) (us)
90 2329.00 3130
Carbon epoxy
60 2497.66 6400
90 2210.90 1592
Fiberglass epoxy
60 2155.80 5220
90 2279.20 1592
Mat reinforced fiberglass epoxy
60 2313.30 5220
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similar sample dimensions are tested for Mode-I but at a lower velocity range of
9 m/s to 14 m/s. This range of data will help in estimating a trend in material
response with change in velocity at impact. In addition, specimens are tested for

Mode-II fracture toughness.

1. Mode-I impact test

Impact testing for Mode-I fracture toughness are conducted using SENB geometry.
There is a pre cut notch perpendicular to fiber orientation. SENB specimen is im-
pacted at midspan of uncut side to extend the notch due to flexure loads on opposite
end.

Loading history obtained from Mode-I impact fracture initiation test of each
material type is shown in Fig. 15. The fracture initiation time is calculated as given
in Fig. 14 and using wave velocity evaluated for propagation perpendicular (90°) to
fiber direction.

Examining the broken pieces it can be observed that crack initiates along the
fiber length till stresses become high enough to cause fiber failure as shown in Fig.
16. The crack propagates across fibers breaking the specimen into two. However, this
is only observed in carbon samples made from prepregs. Fiberglass samples absorb
all the impact energy and as can be seen in Fig. 17. Local material degradation near
crack-tip does occur but the crack is restricted to propagate and break the sample

mto two.

2. Mode-II impact test

The procedure to obtain load-time plot in this testing configuration is similar to the
method defined for Mode-I impact testing problem. But, ENF impact tests reveal

lack of symmetry in the two transmitter signals as shown in Fig. 18. This is due
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Fig. 15. Load vs time plot of various PMCs for Mode-I impact tests

to the presence of an end notch which makes the sample geometry conditions non-
symmetric unlike in Mode-I SENB samples. The loading history obtained for ENF
type of geometry of different materials with fibers aligned parallel to notch of 30mm
is shown in Fig. 19.

The shortest path for stress wave to reach crack tip in ENF specimen will be
at 60° to direction of fiber orientation. So the wave travel time is calculated for a
distance of approximately 20mm and at an angle of 60° to the reference axis in fiber
direction. For a carbon sample, time taken to reach crack tip is calculated to be 8us.
The crack initiation time is recorded, for use in simulation, following same steps as
indicated in Fig. 14.

It is interesting to observe in both Mode-I and Mode-II testing, crack tip strain

gauge signal was registered before the transmitter signal triggered. Therefore, crack



(a) Top view showing fiber bridging

(b) View of cracked faces

Fig. 16. Pictures of impact damaged carbon-epoxy laminate specimen
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Fig. 17. Impact damaged fiberglass-epoxy laminate
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Fig. 18. Strain gauge signals recorded for Mode-II impact tests
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Fig. 19. Load vs time plot of various PMCs for Mode-II impact tests

begins to initiate before the wave is transmitted to transmitter bar as can be seen
in Fig. 10 and Fig. 18. Therefore, transmitted pulse is not used in equations to
compute loading curve (P vs t). Only P;(t) is used in the simulations as P;(t) has no
effect.

Final steps to calculate the fracture toughness values using above experimental

data are outlined in the following chapter.
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CHAPTER V

FRACTURE TOUGHNESS CALCULATIONS
The objective of this project is to develop a numerical-experimental approach for
finding dynamic fracture toughness of polymer composites. Parameters obtained from
experiments are used in finite element analysis and formulae to finally give an estimate
of fracture initiation toughness property. Various methods used are explained in

subsequent sections.

A.  Quasi-static fracture toughness

Value of peak load (Pg) at the time of crack initiation depends on material properties
as can be seen in Fig. 11 and Fig. 12. Therefore, it is an important parameter that
can be used directly to calculate fracture related properties of samples. There are also
finite element codes to calculate fracture toughness values as outputs. So, parameter
Pg has been used in following two ways to obtain fracture toughness.

From relation: P is directly used in Equ.3.1 to calculate quasi-static fracture
toughness values(Kg). Following are the values of variables to be used in relation
Equ.3.1,

Pg (Table II), load at crack initiation and is calculated as shown in Fig. 11
S, span length is the supported length of the samples between the two supporting
end of three point bend fixture, = 80mm
a, length of pre-crack in the sample, = 10mm
W, total width of sample where notch is cut, = 20mm
B, thickness of sample = 6.44mm for carbon, = 6.90mm for fiberglass
Finite element analysis: ABAQUS standard solver is implemented with three-

point bend model having a 0.10 mm/min loading rate boundary condition . Energy



44

(a) Experimentally deformed (b) Stress distributions observed in
laminate finite element analysis

Fig. 20. Comparison of stress distributions observed in fiberglass-epoxy laminate

tested for Mode-I quasi-static fracture toughness

release rate output is requested in the pre-cracked region using contour integral func-
tionality. From experimental data, time instant corresponding to occurrence of load
Pg is noted and energy release rate corresponding to that particular time instant is
reported as critical strain energy release rate (G¢). Equ.3.7 and 3.8 is used to obtain
K¢ depending on fracture mode being tested. Von Mises stress distributions from
finite element analysis tally with deformations observed at the end of quasi-static
tests as shown for fiberglass laminates in Fig. 20 and Fig. 21 for Mode-I and Mode-
IT respectively. Thus, finite element code used is a good approximation of the real

experimental phenomena.

1. Mode-I fracture toughness

ABAQUS standard code is used with orthotropic plane stress material properties
(Table I) and SENB model with dimensions as shown in Fig. 6. Quasi-static tests
in three point bend fixture are modeled with two supports and a loading boundary

condition. Crack is described as previously and contour integral outputs are requested
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(a) Experimentally (b) Stress distributions observed in
deformed laminate finite element analysis

Fig. 21. Comparison of stress distributions observed in fiberglass-epoxy laminate

tested for Mode-II quasi-static fracture toughness

Table IV. Mode-1 quasi-static fracture toughness values (K;¢)
Kre Gie Kre

Material | From ASTM standard | From FEM | From G-K relation
(MPay/m) (mJ/mm?) (MPay/m)
Carbon 25.00 24 29.00

Fiberglass 10.80 4 7.75
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Table V. Mode-II quasi-static fracture toughness values (K;;¢)

Gric Krc
Material | From FEM | From G-K relation
(mJ/mm?) (MPay/m)
Carbon 0.20 1.41
Fiberglass 0.18 1.20

for five contours in this case. Output in the form of energy release rates is independent
of contour path. The time instant recorded for Py is used to find the critical strain
energy release rates(J=G). The values of G;¢ and K¢ so obtained by using a standard
equation and numerical simulations output are given in Table IV for SENB type

geometry .

2. Mode-II fracture toughness

Fracture toughness values obtained using equation and simulation is within range
of 10%-30% as seen for Mode-I results above. Therefore, simulations can be relied
upon to estimate Mode-II fracture toughness property. ABAQUS standard solver is
employed as above but ENF geometry lacks symmetry and hence complete geometry
with two supports is modeled. Py (Fig. 12) obtained earlier is used to find time
instant of crack initiation and critical strain energy release rate(Gys¢) is recorded at

that instant. K¢ calculated for both carbon and fiberglass are listed in Table V.

B. Dynamic fracture initiation toughness

ABAQUS non-linear implicit code is used to simulate three-point bend SHPB impact

tests. Loading boundary condition are obtained from loading history from experi-
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ments as given in Fig. 15 and 19 and stress intensity factor is calculated using crack
opening displacement or energy release rate outputs. Stress intensity factor value at
the time of initiation of crack as recorded by strain gauge, at crack tip, is the fracture

toughness property of samples being tested.

1. Mode-I dynamic fracture toughness

Finite element analysis, using orthotropic plane stress material properties, is con-
ducted for full SENB geometry to obtain parameters like crack opening displacement
(u(t)) and strain energy release rate (J) for use in relations for calculating dynamic
fracture initiation toughness. The two methods employed are explained as follows.

Crack opening displacement Crack opening displacement(COD) is measured
at a node 1lmm from crack tip which is approximately the strain gauge position in
impact tests. This displacement perpendicular to crack axis is recorded as a function
of time as shown in Fig. 22. Similarly, only carbon-epoxy laminates are evaluated
using damage model to understand the effect of non-linear response of a damage
model. The difference in stress intensity factor values obtained for the same carbon-
epoxy laminate from two different models is shown in Fig. 23. Displacement, u(t) is
then used in Equ.3.2 to evaluate the stress intensity factor variation with time taking
r=1mm. Calculated stress intensity factor(K) vs time output is shown in Fig. 24.
Value of K at instant of crack initiation is recorded as dynamic fracture initiation
toughness (K;p) of the material.

Finite element analysis As described for quasi-static toughness calculations,
five contour integrals are defined around the crack tip in ABAQUS simulations. For
dynamic loading as shown in Fig. 15, path dependent energy release rate output(J)
is found using LEFM theory for crack analysis. Adding a factor for kinetic energy

density gives value of path independent dynamic J-integral as given in Equ.3.5. Ki-
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Mode-1 Carbon
Displacment vs Time
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Mode-1 Matted Fiberglass
Displacement vs Time
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(c) Mat reinforced fiberglass laminate

Fig. 22. Crack opening displacement history from impact simulation of SENB samples
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Mode-1 Carbon
Stress Intensity Factor vs Time
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Fig. 23. Mode-I stress intensity factor vs time for carbon comparing material models

netic energy density is measured in area of radius 0.20mm near crack tip enclosed
by second J-integral contour. Similarly, using a damage model, damage dissipation
energy output is measured for an area of 0.20mm around the crack tip. This localized
damage dissipation energy density is considered equivalent to critical strain energy
release rate(Ge) at the instant of crack propagation.

Critical energy release rate is J-integral value calculated at instant of crack prop-
agation. Assuming linear elastic material response, statics equation Equ.3.7 is used to
determine Mode-I dynamic fracture toughness (K;p) property of the material tested.
Energy release rate variation with time for all the material types are shown in figures
below Fig. 25. Only carbon-epoxy is tested with non linear damage model and to
compare, the values are as shown in Fig. 26. Using the plots and equations as ex-
plained above, results for Mode-I fracture initiation toughness of various laminates

are summarized in Table VI.



50

Mode-I Fiberglass
Stress Intensity Factor vs Time
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(a) Fiberglass laminate

Mode-I Mat Reinforced Fiberglass
Stress Internsity Factor vs Time
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(b) Mat reinforced fiberglass laminate

Fig. 24. Mode-I stress intensity factor history of fiberglass and matted fiberglass as-

suming linear elastic material model
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Mode-I Fiberglass Laminate
Energy Release Rates vs Time
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Fig. 25. Mode-I energy release rate vs time for fiberglass and matted fiberglass lami-

nates using linear elastic model
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Table VI. Mode-I dynamic fracture toughness values (K;p)
Velocity of
Kip Kip
Material Sample projectile
Material From COD | From FEM
model number at impact
(MPay/m) | (MPay/m)
(m/sec)
Linear elastic Sample-I 12.50 37.00 58.00
Linear elastic Sample-IT 13.20 45.00 66
Carbon laminate
Non-linear elastic | Sample-I 12.50 86.12 164.40
Non-linear elastic | Sample-11 13.20 90.00 153.08
Linear elastic Sample-I 13.24 104.60 51.80
Fiberglass laminate
Linear elastic Sample-IT 10.42 335.00 138.00
Matted  fiberglass | Linear elastic Sample-I 10.39 30.00 15.00
laminate

52

Fig. 26. Mode-I energy release rate vs time for carbon using different material models
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2. Mode-II dynamic fracture toughness

This project takes a step forward in finding Mode-II intralaminar fracture initiation
toughness for polymer composites. As done in many previous studies, Mode-II is
commonly calculated by finding the energy dissipated for crack extension. Therefore,
using the same energy release rate methodology as explained above for Mode-I fracture
toughness, Mode-II fracture toughness is determined. This method is again tested
and compared for carbon-epoxy laminates to find the non-linear and more realistic
composite response to impact force.

Simulation outputs in the form of dynamic J-integral for a linear elastic material
model of fiberglass and matted fiberglass laminates are shown in Fig. 27. Carbon
is also studied using a non-linear elastic damage model and is compared with linear
elastic model in Fig. 28.

Finally, all the results obtained from simulated outputs are used to calculate

Mode-II dynamic fracture initiation toughness (K;;p) as given in Table VII.

Table VII. Mode-II dynamic fracture toughness values (K;;p)

Velocity of
Kirmp
Material Sample projectile
Material From FEM
model number at impact
(MPay/m)
(m/sec)
Linear elastic Sample-I 11.91 43.01
Carbon Laminate
Non-linear elastic | Sample-1 11.91 90.18
Linear elastic Sample-1 10.42 4.19
Fiberglass Laminate
Linear elastic Sample-I1 10.42 7.57
Linear elastic Sample-1 11.36 3.56
Matted fiberglass laminate
Linear elastic Sample-I1 10.40 2.82
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Fig. 27. Mode-II energy release rate vs time for fiberglass and matted fiberglass lami-

nates using linear elastic model
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Mode-II Carbon Laminate
Energy Release Rates vs Time
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Fig. 28. Mode-II energy release rate vs time for carbon using different material model
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CHAPTER VI

RESULTS AND DISCUSSIONS
This section discusses final results, reasons, various assumptions and their effect on
final values obtained. Dynamic fracture toughness needs to be evaluated using a se-
ries of steps. Quasi-static fracture toughness testing of polymer composite materials
is an effective means to confirm the trend in strain rate dependent material proper-
ties giving higher fracture toughness values for higher loading rate conditions. The
numerical-experimental methods to achieve objective of this project are a means to
enhance cost effectiveness over other approaches. Results calculated are based on
many assumptions and thus will have deviations from expected values that can be
explained by understanding material behavior, constituent material properties and

their interactions with each other.

A. Discussion on quasi-static fracture toughness results

The method used to obtain quasi-static fracture toughness values is well documented
and standardized in ASTM E399. The results show fracture toughness values of
around 29 MPa,/m and 7.75 MPay/m for carbon-epoxy and fiberglass epoxy lami-
nates respectively. These numbers are consistent with the results obtained in previous
studies [26]. Finite element standard analysis results using J-integral outputs show
promising results very close to the results obtained from ASTM standard. Finite
element code has been implemented using same assumptions of material properties
and test conditions as for the standard relation. Thus both values were expected to
be similar.

Inferring from similarity of values obtained using J-integral and ASTM standard

methods for Mode-I testing, Mode-II fracture toughness values are evaluated using
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only FEM analysis. Carbon-epoxy exhibit Mode-II fracture toughness value of around
1.41 MPay/m and fiberglass-epoxy with a slightly lower number of 1.20 MPay/m.

Explanation comparing various values obtained in this exercise are as follows:

1. Longitudinal load bearing fiber strength
Carbon fibers being tougher have the capability to bridge the crack opening re-
sponse due to loading. Loading rates of 0.10mm/min ensures sufficient time for
uniform load transfer to give superior properties of bulk mass. Matrix transfers
the load to fibers and fibers can effectively sustain the loads upto their failure
limits. This process can be approximated to a steady state loading condition
and hence makes full use of fiber strength characteristics. Glass fibers have the
capability to deform or yield more than carbon fibers before failure as can be
seen in Fig. 11. But, fiber bridging being major load bearing factor is more

efficient in carbon-epoxy laminates giving high fracture toughness values.

2. Thickness factor
Although plane stress conditions are assumed for calculated and simulated out-
puts, the experiments have been conducted on different sample thicknesses. As
discussed in earlier chapters, fracture toughness is a thickness dependent pa-
rameter, giving highest values for plane stress conditions and lowest for plane
strain. Region for this test condition can be put somewhere at an intermedi-
ate point on curve given in Fig. 2. Carbon-epoxy laminate being tested was
measured to be 6.40mm whereas fiberglass laminate was around 6.99mm. This
can be one contributing factor for lower fracture toughness results for fiberglass
epoxy laminate sample when compared with a value of around 14 MPa,/m for

4.80mm thick prepreg fiberglass epoxy sample tested by Rubio et al.[26].

3. Manufacturing process
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Another major factor influencing composite properties and its response is the
manufacturing process. Tests were conducted on carbon-epoxy and fiberglass-
epoxy samples prepared by different methods. Carbon-epoxy samples were
made using prepreg curing whereas fiberglass laminates were prepared using
hand lay-up process making it more prone to flaws like voids and inconsistent
fiber matrix ratios. These are potential sites of stress accumulation and thus

lower load carrying capabilities of the laminate.

. Matrix properties

Intralaminar Mode-II fracture is mainly a test of matrix shearing capabilities
as crack extending from notch tip will follow a preferred path in matrix region
in between fiber layers. As the samples tested are from different sources, it
is difficult to neglect the possibility of different epoxy hardener mix used in
both the samples. This variation in matrix properties in samples can be a
contributing factor to a slightly lower Mode-II fracture toughness values of

fiberglass laminates.

. Material model

Lastly, these results are based on linear elastic material behavior whereas com-
posites exhibit time dependent viscoelasticity in steady state loading conditions.
Viscoelastic nature will allow stress relaxations and give a fracture toughness
parameter higher than that obtained using a linear elastic material response.
Although, the peak load (Pg) value obtained from experiments is independent of
material model used but the fracture toughness parameter is highly influenced
by the assumption of material characteristics. Therefore, fracture toughness

results obtained in this project may be underestimated.
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B. Discussion on dynamic fracture initiation toughness

1. Sharp crack tip
All the finite element analysis is performed on specimen modeled with a pre
existing notch having a sharp tip. It is not possible to introduce perfectly sharp
crack tips with available machining methods and so a 0.5mm slit with rounded
tip is cut in the specimen. One way commonly used to produce a sharp crack is
is to extend the pre-crack by cyclic loading. This method of fatigue pre-cracking
is out of scope of this project as fatigue process will induce composite material
degradation which would need further understanding of microscopic phenomena

occurring within the material before studying its fracture characteristics.

Sharp crack-tips are assumed for simplification in describing cracks and crack
propagation direction in FEA codes but it will provide different values of the
parameters observed as a rounded tip will have less stress concentration when
compared to a sharp one. Thus it is more likely for a rounded tip to sustain
higher loads before initiating to propagate. Therefore, assumption of having a
sharp crack-tip should itself overestimate specimen’s capability to resist frac-

ture.

2. Fracture toughness parameter
Impact fracture toughness for carbon-epoxy is calculated as 40 MPa+/m, fiberglass-
epoxy is in the range of 100 to 350 MPa,/m. But, using a similar code, values
obtained from COD relation and dynamic J-integral approach have a difference
of 50% with carbon-epoxy giving a value of 62 MPay/m and fiberglass-epoxy as
50 to 150 MPay/m. It is surprising to notice huge differences in the two values
even though they are outputs obtained from the same simulation. This can be

attributed to basic definition of COD as being a strain dependent parameter.
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Thus observing COD will take into account only the strains developed at an
instant due to stresses near the crack-tip. But for a dynamic case involving
propagation of stress waves, there is energy being accumulated that may not
contribute to crack flank openings instantaneously. Thus dynamic J-integral
being an energy based approach, collects the effect of accumulated energy den-
sities. It also has an advantage of not being evaluated using static relations as
is done to calculate stress intensity factor from COD history in many earlier
studies [26]. Therefore, dynamic J-integral method will be considered as an
alternative approach to determine fracture toughness(J) property of a dynami-

cally loaded material.

. Interfacial strengths

Fiberglass-epoxy compared to carbon-epoxy samples when tested at almost sim-
ilar impact velocities exhibit an extra ordinarily high fracture toughness values.
This can be attributed to many factors like fiber matrix adhesion properties,

fiber stiffness characteristics, fiber volume fraction etc.

A strong interfacial bond between fiber and matrix depends on many factors
like fiber surface treatment, exposure to humidity, thermal effects during man-
ufacturing etc [27]. Strong interfacial bonding assures effective stress transfer
whereas a weak interface has good impact/fracture resistance as fiber-matrix
interface develops cracks before allowing matrix to crack. Carbon fiber prepreg
samples used for this project are aerospace grade fibers therefore, are expected
to be surface treated to give smooth finish and a good interfacial strength that
ensures better load transfer from matrix to fibers as compared to fiberglass
epoxy samples. The outcome is that carbon fibers bear all the impact induced

tensile stresses transferred from matrix and owing to their high stiffness break
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leading to crack propagation .

Lower grade hand laid up fiberglass-epoxy having high resin concentrations,
the load transfer to fibers is not effective. Moreover, owing to lower interfacial
strengths, matrix-fiber interface absorbs most of the stresses and fibers are less
strained. Glass fibers having lower stiffness are able to yield relatively easily to

give higher resistance to impact forces.

Resin concentrations, interfacial bond characteristics and stress transfer capa-
bilities of both the samples can easily be observed by studying Fig. 29. These
microscopic pictures clearly show disturbed interfacial sites in fiberglass epoxy
and patterns made in matrix layer between two parallel fibers suggesting, most
of the dynamic stresses were absorbed by the interface and matrix layer and
load transferred to fibers is not enough to cause failure of the fibers. This the-
ory is also concurrent to visually observed damaged specimens that show no
crack propagation to even the next layer of glass fibers whereas carbon-epoxy

laminates break into two pieces at the crack plane.

. Experimental methods

Crack propagation phenomena explained above is relevant for this exercise
studying fracture upto point of initiation. The reason being, crack gauge es-
sentially registers the first instant of stresses occurring near the crack tip which
will be a slow process in case of fiberglass laminates due to mitigation effects of
interfacial failures. Also, this form of damage occurring at interfaces will absorb
most of the impact energy rendering sample with lower straining response for

the same velocity at impact.

Carbon epoxy samples made of prepregs give consistent values when tested in

this project and also when tested by Rubio et al [26]. Owing to good interfacial
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Cabon M1 Crack running paralllel to fibers (20x)

(a) Crack in carbon-epoxy laminate(aerospace grade)

Fiberglass M1 inside (20x

(b) Crack in fiberglass-epoxy laminate(lower grade)

Fig. 29. Microscopic pictures comparing interfacial bond characteristics of carbon-e-

poxy and fiberglass-epoxy samples
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properties and immediate stress distribution in the material mass strain gauge
responds promptly giving a more precise time instant of around 22 to 27 usec
for crack initiation. Whereas, fiberglass epoxy test output is inconsistent for the
samples that are made of lower grade glass fibers through hand lay up process.
This may be due to the delay in stress accumulation at the crack gauge on the
surface even though the material is continuously being degraded at interfacial
sites inside the bulk mass. That is why more than 100 usec is recorded as time

required for crack to initiate in fiberglass samples.

Therefore, it can be inferred that the testing method undertaken may not be
most appropriate for such hand laid up materials due to the inconsistent bulk

material response.

. Material properties

To study initiation characteristics of a composite, it is necessary to under-
stand the properties and response of its constituent materials. Even though
this project is based on homogeneous composite properties, individual prop-
erty of each of the constituent plays a role. There are many energy dissipation

phenomena that occur in a material before crack actually starts to propagate.

Mode-II fracture toughness results of around 40 MPay/m and 10 MPa./m for
carbon-epoxy and fiberglass-epoxy is representative of in-plane shear proper-
ties of matrix material. Fig. 30 clearly shows matrix shear failure along the
fiber lengths. This failure is due to bending leading to compressive stresses on
striking half and tensile stresses on supporting half of the specimen. There-
fore, in plane shear properties of matrix plays an important role at the instant
of crack initiation and later fiber compressive properties decide crack propaga-

tion characteristics. This project did not cover the tests for determining the
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shear properties but it is generally observed that carbon-epoxy composites have
greater in plane shear strengths of around 75 MPa as compared to 40 MPa for
fiberglass-epoxy composites [28]. This may be the primary reason for higher

strength of carbon-epoxy laminates in Mode-II.

One interesting observation was made during microscopic observation of Mode-
IT cracks in both composite types. The crack in carbon-epoxy propagated to
larger lengths but in fiberglass-epoxy, crack progression stopped very near to
crack tip. Some bent glass fibers can be seen at the point where crack stops
whereas carbon fibers are entirely broken as shown in Fig. 31. This can be again
attributed to effective stress transfer to fibers due to strong interfacial bonding
in carbon-epoxy samples leading to brittle failure of fibers under compression.
But glass fibers having lower compressive strengths easily yield to absorb impact

energy and help in arresting the crack.

. Non-linear elastic material behavior

Carbon-epoxy samples modeled with non-linear elastic material properties using
Hashin damage model in ABAQUS give peculiar results. Referring to Table VI
Mode-I dynamic fracture toughness values of around 160 MPay/m is recorded
which is around 2.6 times of values assuming a linear elastic model. This differ-
ence in values is quite high to be considered for re-evaluation and further studies
on finding a better fitting non-linear model for composite materials. But as ex-
plained, composite materials do mitigate the stress concentration effects near
the crack tip, by certain non-linear damage phenomena. Thus composite mate-
rial, even in impact loading conditions does not entirely act as a homogeneous
brittle material. Assuming a linear elastic material model will underestimate

the material’s capability to resist fracture.
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Carbon M2 (40x)

(a) Crack in carbon-epoxy laminate

Fiberglass M2 (20x)

(b) Crack in fiberglass-epoxy laminate

Fig. 30. Pictures from microscope comparing Mode-II in carbon-epoxy and fiber-

glass-epoxy samples
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(a) Crack in carbon-epoxy laminate

Fiberglass M2

(b) Crack in fiberglass-epoxy laminate

Fig. 31. Pictures from microscope comparing Mode-II crack initiation characteristics

in carbon-epoxy and fiberglass-epoxy samples
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Mode-I Carbon-Epoxy Laminate (Hashin Damage Model)
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Fig. 32. Study of Mode-I type dynamic crack opening behavior of carbon epoxy lam-

inate

Hashin damage model gives high fracture toughness values may be due to non-
existence of important damage variable accounting for interfacial debonding
occurring at fiber-matrix interface. Interface debonding is the most prominent
mode of material degradation for a Mode-I fracture after which it propagates to
break the fibers due tensile stresses transferred by the matrix. The mitigating
effects of matrix interfacial failure are ignored resulting in excessive damage
energy accumulation prediction by FEA. Fig. 10 shows that crack gauge records
compressive stresses near crack-tip as correctly predicted by FEA also in Fig.
32 but it fails to account for interfacial damage. This type of damage will
dissipate energy at lower level and thus transfer lesser energy to other damage

modes which are on higher energy levels.

For Mode-II, the dynamic fracture toughness value calculated is around 90
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Mode-II Carbon-Epoxy Laminate (Hashin Damage Model)
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Fig. 33. Study of Mode-II type dynamic crack opening behavior of carbon epoxy lam-
inate
MPay/m which is around twice the value obtained using a linear elastic model.
In this mode of fracture also there is some yielding and then finally shear de-
formation of the matrix at crack propagation initiation. But it is soon followed
by fiber compression thus, energy accumulation, recorded by Hashin model (as
shown in Fig. 33), occurs soon after the shear failure actually occurring in ex-
periments. Thus unlike in Mode-I, the gap in real dynamic fracture properties

in Mode-II and properties obtained from Hashin damage model should be small.

7. Damage phenomena
Composite laminates are known to exhibit extra ordinary strength characteris-
tics especially in the direction of fibers. Matrix material has the capability to
evenly distribute the load to fibers it can be sustained till the ultimate failure

point. This is an ideal scenario assuming a perfect composite material. But
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manufactured composites contain unavoidable defects like cracks, voids, resin
rich zones etc. These flaws are possible sites of stress concentrations and thus
are likely to induce damage. Pre-existing flaw is a preferred site for damage

accumulation by microcracking to finally result in crack propagation.

Micro-cracks at the crack-tip accumulate to form a macro-crack observed as
crack propagation initiation. There occurs a lot of degradation mechanism con-
tributing to formation of these micro cracks depending on the type of loading,
boundary conditions, constituents, and their interactions, manufacturing pro-
cess, environmental degradation etc. The material can be assumed to behave
as a homogeneous entity but the results obtained may not be very reliable as
these damage mechanisms absorb significant amounts of damage energy before

letting the crack tip to evolve.

. Matted fiberglass fracture toughness

Mat reinforced fiberglass epoxy samples are commonly used in heavy industries.
Use of only uni-directional fiberglass plies gives a problem of interlaminar shear.
Fiberglass mats are stacked after every three plies of unidirectional fiberglass
(20 mils) as this helps in avoiding damage in flexure. The task of testing mat-
ted fiberglass epoxy was taken up as an exercise to understand the effects of

introducing a discontinuous layer of fiberglass in between uni-directional layers.

Referring to Tables.VI and VII dynamic fracture toughness values of around
15 MPay/m and 3.50 MPa+/m for Mode-I and Mode-IT type of fracture clearly
suggests that introducing layers of fiberglass mat is detrimental to dynamic
fracture toughness properties of a unidirectional laminate. This particular com-
posite type requires careful analysis using a material model to ensure consistent

fracture toughness property results.



70

CHAPTER VII

CONCLUSIONS

Dynamic fracture initiation toughness is an important property needed for reliable
component design considerations but there are no standard means to measure mate-
rial fracture properties at high loading rates. This project introduces a cost effective
experimental-numerical approach to calculate dynamic fracture initiation toughness
of polymer composites like unidirectional carbon-epoxy and fiberglass-epoxy. Method
used provides a step by step procedure starting with impact tests followed by numer-
ical analysis to finally obtain fracture toughness properties of the sample.

High impact velocity tests are conducted in three point bend configuration on
SHPB apparatus to obtain dynamic loading history and crack initiation time. Dy-
namic FEA with a loading boundary condition, as obtained from instrumented im-
pact tests, is then used to obtain relevant parameters required to calculate fracture
toughness property of composite material. Mode-I type of fracture test is carried
out on SENB specimen geometry and ENF geometry gives Mode-II type of fracture

conditions. A quick review of important results obtained are as follows :

e Mode-I dynamic initiation toughness results show a value of 60 MPay/m for
carbon-epoxy which is higher when compared to quasi-tested fracture tough-
ness of 24 MPay/m, indicating that polymer composites have rate dependent

properties.

e Dynamic fracture toughness of carbon-epoxy using COD approach gives a value
of 40 MPa+/m and dynamic J-integral approach gives 60 MPay/m. Both the
approaches are similar but different results are obtained due to a number of

assumptions made for their derivations.
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e Similarly, Hashin damage model approach has been implemented to account for
non-linear phenomena that is expected to occur before actual crack propagation
starts. This non-linear elastic damage model in FEA gives a very high value of

150 MPay/m which needs to be reconsidered.

e Fracture toughness values in Mode-I are observed to be higher than in Mode-I1

but it is most likely to be a function of fiber alignment with the notch direction.

Proposed methodology gives reliable results when used on consistent carbon-
epoxy samples thus providing a sound method to determine dynamic fracture tough-
ness property of polymer composites. This exercise concludes that polymer compos-
ites show an improvement in fracture toughness with increase in strain rates. Also,
numerical values of fracture properties obtained are observed to be dependent on
material properties, fiber layup, manufacturing method, interactions occurring at mi-
croscopic level, fracture parameters and material model used to analyze. Thus, while
working on this project few key areas could be highlighted for possible improvements
and for further work needed to characterize dynamic fracture response of polymer

composites.
1. Future work

This project gives an efficient method to study and compare dynamic fracture tough-
ness property of a polymer composite. The methodology involves many assumptions
at each step, thus, there is an immense scope of future work. Few of the interesting

venues that can be explored further are briefed below:

e The present methodology uses material elastic properties as tested in quasi-
static conditions. It will be useful to characterize dynamic response of material

and update elastic constants at each time step to obtain more accurate results.
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e Dynamic fracture initiation toughness is a material property and thus should not
be affected by specimen geometry, crack length etc. Therefore, it will be helpful
to conduct validation runs by changing the geometry of the specimen being
tested and repeating the impact tests to obtain consistent results each time.
This will help in confirming this project methodology aimed at determining

fracture toughness property of a material.

e This method is limited by the number of fiberglass epoxy laminates tested due
to issues with its repeatability as can be seen from vast differences in results
of two good sample tests in Table VI and VII. Therefore, it will be good area
to explore the reasons and effects of inconsistent manufacturing processes on

dynamic fracture toughness property of a material.

e It will be helpful to develop dynamic relations for calculating time dependent
stress intensity factor occurring at discontinuities in a part subjected to dynamic
loading conditions. This will eliminate the use of static equations that do not
account for time dependent phenomena occurring at stationary crack-tip and
thus inducing a possible error in calculating fracture toughness properties of

materials.

e It will be beneficial to study the effect of increase or decrease in impact velocity
on fracture toughness values and obtaining a trend that can help predict fracture
properties of material sample at different loading rates using only the recorded

trendline.
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APPENDIX A

ABAQUS FUNCTIONALITY

Composites exhibit anisotropy and thus their damage onset and evolution is predicted
using different theories. Any theory can be implemented to model the degradation
of material properties due to stresses induced on loading. The constitutive relation
to relate the stresses and strains with the progress of damage at each time step can
be defined using UMAT /VUMAT and the criteria for failure in ABAQUS can be
used based on maximum stresses, strains, or energy dissipated during damage etc. A

damage model requires three inputs for its complete definition:

e Undamaged response: This is basically elastic in nature as the plasticity can be
ignored in such materials during initiation. It can be achieved using orthotropic
elasticity in plane stress. Or it can be defined by inputting the stiffness matrix

directly.
e Damage initiation : A criteria that specifies initiation of damage process.

e Damage evolution : A basis that defines evolution of damage with time in

material.

Damage can be characterized as degradation of material stiffness. The models used
are basically to compute this stiffness change due to change in damage variables over
time because of applied stresses.

ABAQUS has an inbuilt damage model based on Hashin’s work. It takes care of

four possible modes of failure:

e [iber failure in tension
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e Fiber buckling and kinking in compression
e Matrix cracking due to transverse stresses
e Matrix crushing due to transverse stresses

It uses three internal variables to characterize fiber, matrix and shear damage (in
plane stress) derived from four damage variables for all the four failure modes. The
updated damage operator gives the effective stress tensor used to evaluate initiation
criterion. An output variable associated with initiation criterion will tell if it has
been met or not.Damage evolution law uses Hashin’s damage initiation criteria and
is based on energy dissipated during the damage process.

Once the damage has initiated, to reduce the mesh dependency, characteristic
length is introduced for formulation, so that the constitutive law is based on stress-
displacement relation. The damage variable is made to evolve in such a way to follow
a downward sloping trend of stress vs displacement for each of the failure modes.
Various equations used to compute the stresses and damage variables are as follows:
The effective stress, o.sy, is degraded as the stiffness degrades because of damage

occurring in fibers (dy) and matrix (d,,). Therefore it is given as
Oeff = @ X Onom (A1)
since anisotropic second order damage tensor is considered, M;;
[ess] = [M] X [0nom] (A.2)

where
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1/(1 —dy) 0 0
M= 0 1/(1 = dy,) 0 (A.3)
0 0 1/(1 —d,)
and
dy=1—(1—ds)(1 —dpe) (1 = dpng) (1 = die) (A.4)
where

ds: Fiber tensile damage

ds.: Fiber compressive damage
d,ne: Matrix tensile damage

dyne: Matrix compressive damage

The stifflness matrix obtained is

(]- - df>E1 (1 — df)(l — dm)VlgEl 0
1
C=5| (1=dp)(1 = dp)v B (1— dn)Es 0 (A.5)
0 0 (1—-ds)GD
where

D=1-(1-d¢)(1-d;,)v12v21
dst, dfe, dime, dime are assumed as internal state variables to estimate the damage
dissipation function. Thus a material initially being orthotropic in nature will evolve
to show anisotropic behavior later due to damage.

Helmoltz free energy is assumed as a function of elastic strains and damage
variables (d, dfe, Ay, dime) and the material is assumed to behave elastically under

isothermal conditions.

E?”L@Tgy = f<€7 dfta df07 dmt7 dmc) (AG)
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Thermodynamic forces leading to each of these damage modes are computed as

e

Y, = —
7 o4,

(A7)

Gibbs free energy,

. 1 <U11>2 <—011>2 <U22>2 <—U22>2 V12011012 0'%2
“=35 ((1 i) tacs dfc)>+<(1 —d) = dmc)> T B (1—d)Cu

(A.8)

Damage dissipation energy is then given as,
G = thdft + chdfc + Ymtdmt + Ymcdmc (Ag)

The following criterions have been used to study various stages of damage:
Initiation of damage

Method to predict the initiation of damage is based on Hashin’s model that describes
four possible modes of failure in unidirectional composites. It is based on the effective

stress components computed with the help of above relations

~ N2 ~ N2
Fibertension(ay; > 0); Fp = (%) +a <%) (A.10)

5\ 2
Fibercompression(o11 < 0); Fy. = (X—1é,> (A.11)

50N\ 2 = N2

. R 22 12

Matriztension(Gey > 0); Fipy = (W) + (§> (A.12)
~ 2 2 ~ ~ 2
YC’
Matrizcompression(oag < 0); Fy. = (%) + (W) -1 % + (%)

(A.13)

where
0;; are the components of the effective stress tensor o.sr

X and X¢ are Tensile & Compressive strengths in fiber Direction
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Yr and Yo are Tensile & Compressive strengths in matrix Direction

Sy and Sp are longitudinal and transverse shear strength

FEvolution of damage

Once damage is initiated, the stiffness [C] degrades as shown in above relations and
damage evolves as per damage law based on the fracture energy dissipated in each
of the failure modes. If it meets the critical values defined, the damage further

propagates[20, 29].
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APPENDIX B

MATLAB CODE FOR SHPB SIGNAL PROCESSING AND STRESS
INTENSITY FACTOR CALCULATIONS

© 0w 9 3 s W N

AR W W W W W W W W W W NN NN N NNN NN e e e e e e e
= O © 0 N9 O O bk W N O © 09 O O bk W N = O © 0Ok wWw N = O

[e)

% Prueba. Hopkinson bar, three point bending test signal
processing.

clear all
close all

clc
d=19; $bar diameter mm
E=190e9; %Young's modulus (MPa)

A=pi*(d"2)/4; $Bar area

load pulsol.txt $Incident bar pulse
load pulso3.txt % Crack strain gauge signal

pl=pulsol;

tl=pl(:,1);

vli=pl(:,2);

vm=mean (vl (2:10)); %reference to zero the signal
vli=vl—vm;

p3=pulso3;
t3=p3(:,1);
v3=p3(:,2);
vm3=mean (v3(2:10));
v3=v3—vm3;

f=fspecial ('gauss', [25 1],5);
vil=conv ((vl), f, ' 'same');%filter(£f,1,vl);
correccion=7;

figure (1)

plot (tl,vl,tl,vfl)

xlabel ("time (s) ")

ylabel ('voltage')

title('Filttered and unfilttered original signals')

grid

Sg=2.095; %gage factor
GIR=1000; %gain incident and reflected pulse
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92

GTS=5000; %gain transmited pulses
VEIR=3.5; $voltage incident and reflected pulse

VETS=7; $voltage transmited pulses

SgP=2.13; % gage factor strain gage at the specimen
GP=200; % gain at the specimen

VP=3.5; $voltage at the specimen

el=(vflx4)/ (VEIR*GIR*SQg) ;
ep=(v3x4)/ (VP*xGP*SgP) ;

tll=t1(1);

figure (2)

plot ((t1—tl1ll)«*1leb6,el, (£t3—tll)*x1e6,ep)
xlabel ("time (\mu s)')

ylabel ('strain')

grid

i=4;

periodo=375;

diferencias=zeros (fix (periodo/8),1);

for j=0:periodo/8
diferencias (jt+1l)=abs (el (i+]j)+el (i+370+7));

end

[error,pl=min(diferencias);

nnl=(p—1)+i;

nn2=nnl+375;

nt=length(tl);

ti=tl (nnl:nnl1+100)—t1(nnl)

tr=tl (nn2:nn2+100)—t1 (nn2)

Ne N

ei=el (nnl:nnl+100);
er=el (nn2:nn2+100) ; $—el (nn2) ;
eir=eiter;

mi=(ei (end)—ei(l))/size(ti,1);
r_i=mix (0:size(ti,1l)—1)"+el (nnl);

mr= (er (end)—er (1)) /size(ti,1);
r_.r=mr* (0:size(tr,1)—1) "+el (nn2);
ei=ei—r_i;

er=er—r_r;

eir=ei+ter;

figure (3)
plot (tixle6,—ei, ':'",tr*xle6,er, '—',trxleb,eir)
xlabel ("time (\mu s)"')
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ylabel ("strain')

legend('incident', 'reflected', '"resultant')
title('Sum of incident and reflected pulses')
grid

o)

— forces
fl=E+xAxle—9xeir; %incident force

figure (5)

plot (trxleb, £1)

xlabel ("time (\mu s)')
ylabel ("force (kN)")
title('dynamic load")
axis([0,100,—60,20])
grid

temp=[tr,—ei,er,eir];
xlswrite ('wave.xls',temp)
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% Stress intensity factor calculation using COD

clear

% Carbon
Ex=8.1e9;
Ey=107.7e9;
Ez=8.1e9;
Gxy=3.85e9;
Gxz=3.85e9;

Gyz=3.85e9;
nuxy=.025;
nuxz=.34;
nuyz=.34;

rho=1505.8;

%plane stress
all=1/Ex;
a22=1/Ey;
al2=—nuxy/Ex;
a66=1/Gxy;

a=all;b=2%al2+a66;c=a22;
muls=(—b+sgrt (b"2—4xaxc))/ (2*a);
mu2s=(—b—sqrt (b"2—4xaxc) )/ (2xa);
wl=sqgrt (—muls)

w2=sqrt (—mu2s)

cll=Ex/ (Gxy* (1— (Ey/EX) *nuxy~2))
c22=(Ey/Ex) *cll
cl2=nuxy=*c22

cs=sqrt (Gxy/rho)
cd=sqgrt (cll) *cs

% COD at r=Ilmm
load u2_cl2_n20.txt
t=u2_cl2_n20(:,1);
v=u2_cl2_n20(:,2);

load load-hist_cl2.txt % load history
tl=load_hist_cl2(:,1);
pl=load_hist_cl2(:,2);

r=.001; % Distance of strain gauge from crack tip

Q

% Stress intensity factor

K=v/1000% (pi*wl*w2/ (sqrt (2+pix*r)* (wl+w2) xa22));

figure (1)

plot (t*xleb,vx1e3)

xlabel ("time (\mus)')

ylabel ('Vertical displacement (mm) ')
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grid

t=t*xleb6; K=Kxle—06;

figure (2)

plot (t, K)

xlabel ("time (\mus)')

ylabel ('Stress Intensity Factor (MPa(m) "{1/2})")
grid

title ('SIF history')

figure (3)

plot (t1lxle6,plxle—3)
xlabel ("time (\mus)')
ylabel ('Load (kN) ")
grid

title('Load history")
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