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ABSTRACT

Rasel, Abu Hasnath COMPUTATIONAL MODELING OF LOW VELOCITY
IMPACT LOADING OF COMPOSITE WITH AND WITHOUT ELECTRSPUN
NANOFIBER. (Advisor: Dr. Ajit Kelkar), North Carolina Agricultural and Technical
State University.

The objective of this work is the computationaldstuof composite laminates
under high velocity impact loadings. Even with thiessings of modern technology,
manufacturing and testing of composites do not ydveem to be cost effective. To keep
pace with the fast moving global market, a new tea@bsolutely necessary that can give
reliable results quickly. Over the last decadewmmatational study became a strong and
effective tool for the researchers for testing cosife materials in a virtual world. The
virtual model and the material system of the tg&csnen can be built in a computer
using different modeling software. Finite elemenglgsis is the powerful numerical
technique which can be used to predict the behafithe test specimen under impact
loading without incurring the cost and time assmdavith manufacturing and testing the
test specimens. The present study includes analytigestigation of the high velocity
impact behavior of ten (10) EG layer woven lamisatath and without electrospun
nanofibers using LS-DYNA. It was observed that cosifes with nanofibers in between

layers perform better in low velocity impact rearste compared to composites without

nanofibers.

Xiii



CHAPTER 1

INTRODUCTION AND PREVIEW

1.1 Motivation for Research

In the past, many aircraft accident happened becatishe impact of different
kinds of birds with aircraft. The Federal Aviatig&xministration estimates the problem
costs US aviation 600 million dollars annually dvaks resulted in over 200 worldwide
deaths since 1988 [1]. In the United Kingdom, tlenifal Science Laboratory estimates
that worldwide, the cost of bird strikes to airknis around US$1.2 billion annually. The
first fatal strike was recorded in 1912 when adaneer Cal Rodgers collided with a gull
which became jammed in his aircraft control cabBegween the years 1912 to 1995,231
people died in almost 42 accidents [1]. It has bfeemd from statistical analysis that
77% of the accidents to the airliners are causedngyne ingestions which happens due
to flocks of birds and 23% of the accidents hapge® to bird impacting the air wing or
the windshield of the airplane or helicopter. Bindpacts are considered as a serious
safety and economic hazard for the airplane ingustminated composites can be used
to replace the traditional aluminum alloy wing stires to withstand such impact loads.
In the present study, an attempt has been madémidlase the impact behavior of
laminated composite with and without electrospigniander low velocity impact
condition using a finite element approach. Figurds 1.2, 1.3, 1.4 and 1.5 show airplane

and helicopter damage.



Figure 1.1. View of fan blades of JT8D jet enginefeer a bird strike [2]

Figure 1.2. F-16 canopy after a bird strike [3]



Figure 1.3. A hawk stuck in the nosecone of a C-134]

Figure 1.4. A UH-60 Black Hawk after a collision wih a common crane, and the
resulting failure of the winshield [5]



1.2 Composites
Composites are combinations of two or more materahbedded in another

material called matrix. The combination offers pedjes which are superior to individual
component properties. Composites are known forr thigh weight specific mechanical
properties and are therefore used in numerousalgght engineering applications. Their
high strength to weight ratio, high creep resistéaniigh tensile strength and high
toughness are the major reasons behind the usengdasites in different applications.
These materials are used not only in aircraft itrgudut in civil, mechanical and other
areas.
The three types of composites are:

1. Particle-reinforced composites (Figure 1.5)

2. Fiber-reinforced composites (Figure 1.6)

3. Structural composite (Figure 1.7)

Matrix: Sph_(_“‘,mdl Particle:
Ferrite —#/. Fe;C
(oL - iron) (cementite)
Ductile Brittle
Matrix: Particle:
Rubber ¢ -~ Carbon
(Compliant) , ¥~ &  (Stiffer)
Automobile Tire

Figure 1.5. Example of particle reinforced composes [6]
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[
Continuous Discontinuous Discontinuous
and aligned and aligned  and randomly
fibers fibers oriented fibers

Figure 1.6. Fiber orientation in fiber reinforced composites [7]

Stacked and bonded fiber-reinforced sheets
-stacking sequence: e.g., 0/90
-benefit: balanced, in-plane stiffness

Sandwich panels

-low density honeycomb core
-benefit: small weight large bend stiffness
face sheetm———gp.- - e

adhesive layer> \V__,
honeycom b [ ’

Fabricated sandwich panel

Figure 1.7. Structural composites [8]



1.3 Electrospinning

For the last couple of decade electrospinning le®ine a suitable process to
produce uniform diameter nanofibers from differpalymers, ceramics, metals and their
composites. Nanofibers from variety of polymers amdamics with porous, flat and
hollow cross sections produced by electrospinniegnaainly used for applications such
as composite reinforcement, filters, sensors footgative clothing, and diverse
biomedical applications. In the present study TeHthyl Ortho Silicate (TEOS)
electrospun nanofibers are used to reinforce fidass composites. These nanofibers
resist delamination of the composite during impaatiing.

The Figure 1.8 shows the general schematic diagifaam electrospinning setup.

In the electrospinning process, a solution droglétd to the spinneret tip at a controlled

Collector Plate

Cross Slide

Spinneret

Syringe Pump

Power Supply

Figure 1.8. Schematic of electrospinning setup [8]



rate using a programmable dispensing pump. Thetigolwroplet at the tip of the
spinneret is acted upon by electro-hydrodynamicef®r Due to the potential difference
applied between spinneret and collector plate tbktisn droplet experiences an
electrical force. The spinneret is kept at a pesigpotential and the collector plate is
generally kept grounded. Due to this applied paaenlifference, the solution droplet at
the tip of the spinneret acquires positive chamng¢he surface. Due to the surface tension
of the liquid solution the solution droplet expawges a hydrodynamic force. This
solution droplet gets attracted towards the catieand forms a 45semi-angle at the tip
known as “Taylor Cone” [7]. If the viscosity of smilon is sufficient to provide
stringiness, there is elongation of the dropled mfjet which forms a fiber in the range of
3 nanometer to 1 micrometer depending on the solistiproperties.

Due to their important properties like highly disermaterial compatibility and
high surface area to volume ratio, consistent pgresectrospun nanofibers can be used
in different areas. Currently the possibilities wding electrospun nanofibers in the
following fields are being explored. Figure 1.9 wiso application of electrospun
nanofibers in different areas. Using nanofiberscamposites may increase different

material properties.

1.4 Research Outline and Objectives
This study involves modeling and simulation of iropaehavior of ten ply E-

glass fiber composite with and without TEOS elexgitn nanofibers. The simulation is



Cosmetic Skin Mask Application in Life Science Tissue Engineering Scaffolding
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aerosol particles nanofibers +  Gas filtration
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e

Other Industrial Applications
Nano-sensors . Micro/nano electronic devices
Thermal sensor . Electrostatic dissipation
Electromagnetic interference shielding

Piezoelectric sensor

g ” L Photovoltaic devices (nano-solar cell)
Biochemical sensor . LCD devices
Fluorescence optical chemical +  Ultra-lightweight spacecraft materials
sensor v +  Higher efficient and functional catalysts

Composite Reinforcement

Figure 1.9. Fields of applications of electrospunanofibers [8]

using the finite element method. One of the maijedlves of the simulation is to avoid
expensive fabrication of composites and experirtiemd. This research work consists of
finite element modeling using VPG 3.1(Virtual Progi Ground). VPG is used as a
preprocessor, time dependent computation usingtrmesient dynamic finite element
program LSDYNA and post processing using LSPREPQBThis research work the
composite plates are modeled with and without TE@S8trospun nanofibers. The effects

of low velocity impact loading on each type of caaje plate were studied.



1.5 Literature Review

In last few decades numerous experiments and masgarch have been done to
understand and simulate the behavior of compositeler low velocity impact loading.
Rotem et al. [9], Lifdhitz et al. [10] and Sieraksiv et al. [11]made the first attempt to
characterize composite materials under dynamidnga®ankar et al.[13jrovided semi-
empirical formula to predict impact characteristié® peak force, contact duration and
peak strain on rear surface. Wang et al. [i8ijformed the experiments on 3d woven
Blast/Aramid hybrid composite under low velocitypgatt to understand the effect on the
properties of composites. Sarah et al. [$#]died the structural response of impact-
damaged composite panel through different expeitisneviijay et al. [15] modeled
woven roving glass, stitch bonded glass and stitditmded carbon composites subjected
to low velocity impact loads and evaluated perfamo®of the materials.

In addition to experimental investigations the tes numerous studies are
available in the literature which involve a numalisimulation approach. In 1978
Sedgwick performed a series of impact and penetratimulations using the HELP 2-
dimensional Eulerian continuum mechanics code.984]1 Jonas et al. [1&onducted a
simulation of impact between a rigid surface arttia elastic plate using Dyna-3D. Lee
and Sun et al. [173tudied the dynamic penetration of Carbon Fibenfeeted Plastic
(CFRP) laminates experimentally with a flat endglthdrical projectile. They concluded
that the penetration process can be divided inteetldifferent stages: pre-delamination
(fiber crushing), post-delamination before pluggarg post plugging. Mines et al. [18]

performed experiments on transverse impacts ofaBsgpolyester laminates of different



thickness with different projectile shape. He codeld that the energy absorption
mechanisms during penetration and perforation stiaWwe same behavior explained by
Lee and Sun et al. [17].

In the past many scientists and engineers have uUS&IYNA to simulate
complex physical problems. Xiahua et al. [18ed LSDYNA to predict the behavior of
polymer matrix composite under high strain rate aotp Bhuson et al. [20] performed
low velocity impact loading on hybrid compositesngsLSDYNA. He validated the
simulation results with experimental results. Adaset al. [21]performed simulation of
impact damage in double walled sandwich compogitgtsires by incorporating both
composite ply damage model and inter-ply delamomatmodels in commercially
available explicit finite element codes. Ipson &t [@2] performed experiments on
resistance of a barrier on to ballistic penetratida used statistical sampling method in
his simulations.

In the present study, a finite element based apprbas been used to model two
ten layer composite laminate configurations usifRf3V3.1.1 preprocessor. Two different
composite configuration 10 EG without electrospuanafibers and 10EG with
electrospun nanofibers were studied. The subsegqimaputers present the computational

modeling and simulation of composites.

10



CHAPTER 2

COMPUTATIONAL MODELING AND SIMULATION

2.1 Need for Computer Simulation for Low Velocity mpact

Computer simulation for impact loading analysis hamtributed greatly to
shortening the development period for compositeth wis advantages in numerical
simulation techniqgues and computational capalsliti¢he main purpose of impact
analysis is to evaluate the structural performamugger different velocities in the early
stages of composite design. FEA has been provdye ta powerful tool in analyzing
various physical phenomena and a valuable aid ppt in early stage of design
process. Codes such as LSDYNA-3d are used to penfealistic and predictive impact
simulation. The FEA codes are three-dimensionatlinear and are used for analyzing
the large deformation dynamic response of elastitiaelastic structures with the use of
explicit time integration schemes.

Developing composites for specific applications rsuas impact resistance
materials has been one of the challenges for eegin€omposites can be designed with
different configurations for different application$t is really expensive and time
consuming to develop composites and perform impaetysis experimentally. It takes
two to four days to make one sheet of electros@anofibers. It takes more than a day to
develop composite panels. To keep pace with thiediasving global market it is not
economically viable to take the time to make contpes with different design

configuration and perform the experiments. With timeprovements in computer
11



technology and software it is now possible to penfccomplex and long calculations
using high performance computers. A virtual modethe composite can be built using
one of the different preprocessing softwares swcWRG and the finite element analysis
can be performed using one of different commenc@ailable codes such as LSDYNA.
In the present study ten ply E-glass compositel aiid without nanofibers are modeled
using VPG 3.1.1. The materials properties, corgadtaces and boundary conditions are

provided based on actual physical experiments.

2.2 LS-DYNA
LS-DYNA is a multi-purpose, explicit and impliciinite element program, developed by
Livermore Software Technology Corporation, Califarrthat is used to analyze the
nonlinear dynamic response of structures. Its hdly fautomated contact analysis
capability and a wide range of constitutive modelssimulate different engineering
materials (any isotropic material, orthotropic,sti@ elasto-plastic etc.). It has the high
scalability that has enabled users worldwide teeseffectively many complex problems.
LS-DYNA has many features that can be used to sitauthe physical behavior
of 2D and 3D structures: nonlinear dynamics, thérrfelure, contact, quasi-static,
Eulerian, Arbitrary-Lagrangian-Eulerian (ALE), RilaBtructure-Interaction (FSI), multi-
physics coupling, biomedical applications, fractapplications etc. LS-DYNA is mostly
well-known for crashworthiness analysis and shesthforming analysis. In addition to
all these applications LS-DYNA is extensively udedsimulate impacts on structures

from drop tests, underwater shock, explosions @h+velocity impacts. Explosive

12



forming, process engineering, accident reconswoctvehicle dynamics, thermal brake
disc analysis or nuclear safety are some of thasanehere LS-DYNA is being used. In
cutting-edge research LS-DYNA is used to inveséigdite behavior of materials like
composites, ceramics, concrete, or wood. Moreovey,used in modeling in the field as
diverse as biomechanics, human modeling, molecstiarctures, casting, forging, or
virtual testing.

LS-DYNA runs on a variety of platforms, includingtél based PC’s (Windows,
Linux), UNIX workstations, supercomputers, and masyg parallel computers. The code
is fully compatible with parallel computing whereultiple processors are used. In
addition, domain decomposition is available. Pafta job can be distributed to several
machines with separate processors and memories)(MBE main benefit of MPP is
better performance in terms of CPU timing and dubify, when several CPU’s are used.

LS-DYNA is an appropriate choice to investigate mptr@ena that involve large
deformations, sophisticated material models andptexncontact conditions. LS-DYNA
allows running an analysis explicitly or implicitignd combining different disciplines
such as coupled thermal analysis, fluid dynamidsid{structure interaction, SPH
(Smooth Particle Hydrodynamics), EFG (Element Fsaderkin). For many products LS-
DYNA is an essential tool to reduce the time to kear LS-DYNA assists design of
robust products. With the option of multidiscipligaimulations LS-DYNA significantly
increases the potential for developing innovativedpcts with reduced time and

expense.

13



2.3 Lagrangian Approach
In a Lagrangian coordinate system the coordinatesemwith the material,

making it suitable to follow the regions of reladiy low distortions and possibly large
deformations. The Lagrangian coordinate systemaeform with material and therefore
accurately define material interfaces as showniguré 2.1 below. The history of the
state of the material in the cell is known comgiet€ompared to the Eulerian method
the Lagrangian method tends to be faster computtioas no transport of material
through the mesh needs to be calculated which sdwes. The main disadvantage of
Lagrangian formulation is excessive distortion gdd much smaller time steps. To

overcome this disadvantage proper element deletiteria should be used.

Figure 2.1. Undeformed and deformed shading in lagngian coordinate systems,
different colors representsfferent materials

14



Other popular methods of formulation are Euleriddiscrete Lagrangian
formulation and smooth particle hydrodynamics. BEatemeshes are stable because they
can sustain large deformation and they also allow talculation. But this formulation
needs a very fine mesh and computational cosgis. iihe computation cost is high for
the discrete element method. The final state ofdled element can not be known using
a smooth particle hydrodynamic approach. Basedllothe pros and cons of different
methods, it can be concluded that Lagrangian faatian with effective plastic strain can
be the best choice with least computation cosstiadying low velocity impact.

The Lagrangian formulation, as described in theDIYSNA [23] theory manual,
considers a body, as shown in Figure 2.2, that siénen state A to state B in time t

with a deformed shape,

ot

n
X X,
b
b /
\_—/

- X

x |

1
Figure 2.2. Lagrange formulation
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The displacement vector at any time t is given as,
Xt = Xt (Xa,t)
Here, at t=0, the initial conditions, the displaegriand the velocity are respectively,

Xt (Xa,0)=Xa

kt(Xa,O) :Vt(X (x)

The momentum equation is can be expressed as,

m

ﬂ{JU"IPN’NndUﬂ B'rrj'rfu_JUNPN.-de_JE,tdE} 0

Here, N is an Interpolation matrix, is the stress vector, B is the strain displacement
matrix, a is the nodal acceleration vector, b eshbdy force load vector and t are applied
traction loads.

The stress vectos, can be defined as,

o' = (Oxx, Gyy, Ozz, Oxy, Oyz, Ozx)

The nodal acceleration vector, a can be defined as,

16



X, [=N|[ : |=Na

2.4 VPG

Virtual Proving Ground (eta/VPG) is a fully intetgd, dynamic, nonlinear, finite
element software package, developed by Enginedrauinology Associates Inc., used
to create, analyze, edit, and visualize dynamialinear engineering problemslsing
VPG, engineers all over the world are reducing pebdievelopment costs and improving
product quality and safety. Using VPG, engineeesadble to do this at a fraction of the
cost of using competitive product¥PG provides an efficient and comprehensive
environment for development of finite element med&/PG delivers a unique set of
tools which allow researchers to create and viseaidvanced simulations for different
complex engineering problems. The software incluglesntegrated preprocessor, post

processor, and solver. VPG is a complete CAE so#vtoolset for applying theory and
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engineering principles common in areas of mechaaied structural engineering. VPG
provides a single package for use in analysis wtithody dynamics problems, linear
static, nonlinear static, and dynamic nonlineaitdielement analysis.

VPG allows users to create complete simulationsnfrthe graphical user
interface. It can create model files compatiblenwiS-DYNA, NASTRAN, RADIOSS
etc. VPG can also import CAD data from differentneoercial solid modeling softwares
such as Pro/Engineer, Solidworks, Catia etc.

VPG enables users to create system level simukabbmechanical systems such
as vehicle suspensions, bearings, joints and lekay PG enables users to drfine
components such as flexible bodies, combining tfalitional kinematic/dynamic
simulation methods with finite element analysis Imoels. The results are simulations that
provide greater insight and opportunities to imgrodesign. VPG Drop Test has
complete dummy library, barrier library and airdafgling system. These enable users to
set-up complex simulations for standard vehicle dotpsimulations. VPG users can
quickly and reliably create simulation models thpmeviously took a great deal of
expertise and time to create. VPG Safety Moduldufes include Suspension Library,
Parametric Tire Modeler, Road Surface Library, diegi Calculation and Post Processing,

Dummy Library, Airbag Folder and Drop Test Modute Electronics/Packaging.

2.5 Modeling and Property Evaluation
The virtual model of the E-Glass laminate is bibi¢tsed on original E-Glass

laminate. The actual E-glass laminate is showrignré 2.3 The model of composite
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Figure 2.3. E-glass actual laminate

layers is built using a mosaic fashif@4] as shown in Figure 2.4 he layer is fully

developed using repeating unit. The repeatingiartiie smallest unit. This smallest unit
is repeated in the whole system in x-y plane. Ttef W0 degree) and the weft (90
degree) of composite are represented by the ulitTdee unit cell is developed using 8-
node solid elements. In a unit cell, the warf (@rée) and the weft (90 degree) are
defined as orthotropic materials. Figure 2.5 shdhes cross-section of a ten layer
composite model without nanofibers. Figure 2.6 sholhe cross section of a ten layer
composite model with nanofibers. The nanofiberspdaeed in between the layers. The
thickness of each fiberglass layer is 0.09 inche Tdtal thickness of composite without
nanofibers is 0.9 inch. The thickness of each layenanofibers is .002. The total
thickness of composite with nanofibers is 0.108hinEigure 2.7 shows the complete

model.
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Figure 2.4. E-glass model laminate

Figure 2.5. Cross section without nanofiber
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Figure 2.6. Cross section with nanofiber
Figure 2.7. Mosaic model in VPG 3.1.1
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As shown in the Figure 2.8, the impactor is modete® PG 3.1 using a solid
sphere with 4-node quad elements. The impactooeted as a rigid body and the rigid
properties are assigned to the impactor. The @asufiroperties of the composite’s unit

cell are defined based on both fiber and matrixpertes.

Figure 2.8. Impactor

The COMPOSITE_DAMAGE material card was used to riefihe composite
material. Numerous research studies have been tiomerive composite properties.
Some of the research works were based on expesmedtsome of those were based on
numerical studies. Chamis [2%jrovided simplified equations to compute strengths,
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fracture toughness and impact properties basedhe@micro mechanics approach. The
following equations were provided by Chamis in hesearch paper. The longitudinal

modulus,

Ei1= ki Er11 + kn Em

The transverse modulus,

Epo= En/ (1-Vks (1-En/Er22)) =Eis3

The shear modulus,

Gio= G/ (1-Vks (1-Gn/Gr12)) =Gus

G|23= Gm/ (1' kf (1'Gm/Gf23))

The Poisson’s ratio,

w2 = ki pr12 + Km = pins

tiz= Kr proz + Km (2 pm — (in2/ En1) B2
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Figure 2.9 shows the direction of fibers in thetwell. The total number of
elements in the model was 67143. The total comjoutaime for each simulation was 11
clock hours. Table 2.1 shows the properties ofitgactor which is a steel ball. The

density and size of the ball is same as the impadtactual test.

Figure 2.9. Fiber direction in unit cell

Table 2.1 Impactor (steel ball) properties

Density (Ibg/in/in®) F (MSI) Pr

4713 30 .3000

2.6. Concept of Impact Damage and Modeling

Composites are orthotropic materials. The shape, srientation and distribution
of the reinforcement and various other features stlcmatrix, grain size are some of the
key parameters which significantly affect the pmbips of composites. Impact damage in

composites is characterized by the impact energyimed for the initiation of damage.
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The upper bound fails when first reinforcing fideneaks. When the composite
fails gradually between lower and upper boundss italled as progressive damage.
During progressive damage the load bearing capatitpmposite increases. Table 2.2

shows composites constituent’s properties and TaBlshows unit cell properties.

Table 2.2. Constituent’s elastic properties

PROPERTY VALUE
Fiber volume fraction K 0.50
Matrix volume fraction K, 0.50
Elastic modulus for matrix fMSI) 0.50
Shear modulus for E-glass,GMSI) 0.1851
Elastic modulus for E-glass in longitudinal directiBa, (MSI) 10.60
Elastic modulus For E-glass in transverse diredign(MSI) 10.60
Shear Modulus For E-glass.&(MSI) 4.37

Table 2.3. E-glass- epoxy unit cell properties

Fiber Orientation Warf (90 Degree) Weft (90 Degrep
Density(IbS/in/in®) 1.58E-04 1.58E-04
Ea(MSI) 5.55 1.532
En(MSI) 1.532 5.55
E.(MSI) 1.532 1.532
Ga(MSI) 574 574
Gud(MSI) .355 574
GedMSI) 574 .355
Plha .0787 .2850
Prea .0787 4206
Prep 4206 .0787
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gradually, when it reaches its failure stage theallbearing capacity fails drastically. In
the present study MAT_COMPSOITE_DAMAGE materialccavas used to define the
material model.

MAT_COMPSOITE_DAMAGE defines a material with fiveaterial parameters.
This material These are:
S, longitudinal tensile strength
S, transverse tensile strength
Si2, shear strength
C,, transverse compressive strength
a, nonlinear shear stress parameter

S, & Sz and G are obtained from material measurement. A is @éefiby
material shear stress-strain measuremémtgs simplest form the model represents the
orthotropic material failure without consideringetimterlaminar delamination. The model
does have a provision to incorporate laminated shebry to invoke the transverse shear
deformation.

In plane stress, the strain is given in the terfrgress as

& =—/(0,—v,0,)
1
& =—(0,-1,0)
28 =——T,, + 0T
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Where e, o, v, T are strain, principal stress, Poisson’s ratio,ashsress and
subscripts denote the principal directions. Thedtlequation defines the nonlinear shear

stress parameter The fiber matrix shearing term augments each damsode,

—+or,
~_2G, 4

e

Si2 3 os

:GIE B

Here,t is the ratio of shear stress to shear strength.tBthe failure stress, matrix of the

composite cracks. The matrix cracking criteria bardetermined from,
Fai= (5;)+7
matrix— S2

where failure is assumed whenevgpf>1. Whenever failure occurs (i.e&ix>1), the

material constants ;H5;,, v1 andv, are set to zero.The compression failure critegia i

given as,

Here failure occurs whenever Fcomp>1. Wheneveuribccurs (i.e mp>1),
the material constants, 6, v; andv, are set to zero. The final failure mode occurs due

to fiber breakage. Failure occurs whenevgg H1. Whenever failure occurs (i.e,5>1),
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the material constants 62, v1 andv; are set to zero.

The electrospun nanofiber was modeled using 8 nedbd element. Isotropic
Elastic-Plastic with Failure material model wasdise define the material properties of
electrospun nanofibers. Failure is assumed to d€cuPes > ePrax. Here,ePerris effective
plastic strain ande’nax is failure plastic strain. Table 2.4 shows the prtips of

electrospun nanofibers.

Table 2.4 Electrospun nanofiber properties

Shear modulus (PSI) 1258000
Failure stress (PSI) 51000
Bulk modulus (PSI) 1910000
Failure strain 0.14

The impact damage is primarily due to tensile sessthe effect of compressive
stresses accounting for crushing failure is negteat this modeling. Shear stress failure
in thin laminates is minimal; it is neglected in adeting damage. Table 2$hows the

strengths of E glass-epoxy unit cell. It showsfther strength and matrix strength.
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Table 2.5 E glass —epoxy unit cell strengths

Fiber Orientation Warf (0 Degree) Weft (90 Degree)
XT(MSI) 0.157 2E-02
YT(MSI) 2E-02 0.157

2.7. Post Processing Using LS-PREPOST

LS-PrePost is an advanced pre- and post-processbrnadel editor from
Livermore Software Technology Corporation. It pregainput data and processes the
results from LS-DYNA analyses. PrePost's major jpogtessing capabilities include
states result animation, fringe component plottiagg XY history plotting. The user
interface is easy to use. All data and menus asggded in a logical way to reduce
number of mouse clicks and operations. LS-PrePast e used on all Unix/Linux
workstations and MS Windows computers utilizing tdpenGL graphics standard to
achieve fast rendering. LS-PrePost is mostly capabimporting, editing and exporting
LS-DYNA keyword files for generating LS-DYNA inpdiles. After solving the model
using LS-DYNA solver, LS-PrePost can be used tdyaeahe results. Any deformation,
stress or strain of any individual element or glabstem can be obtained graphically.
The deformation and stress generation of individelaments can be tracked in LS-
PrePost. It has also the capability of exchangatg @vith MS Excel. Figure 2.10 shows a
window of LS-PrePost. It shows the stress contodr@ot of resultant force LS-PrePost
also shows the change of different properties tiérent stress, and strain, reaction
forces with time. It also shows all the buttons evhare used to obtain state of the object
at different time.
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Figure 2.10. Stress contours in LS-PREPOST postpressor
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CHAPTER 3

ANALYSIS OF RESULTS AND DISCUSSION

3.1 Impact Force Response
3.1.1 Impact Response for Each Drop Height

In the following section the experimental impaotce versus time results are
compared with LSDYNA simulation results. The resudte plotted as Impact force (Ibf)
versus time (ms) for ten (10) ply E-glass compassieth and without electrospun
nanofibers.

Figures 3.1 through 3.14 show impact force versus plots for each drop height
which corresponds to the respective input energglld=rom individual plots it can be
seen that simulations results are in good agreenvéhtthe experimental results for
lower drop height. The simulated maximum impactéois smaller than the experimental
value (soft response) at each drop height.

3.1.2 Impact Response for Progressive Damage

The following section shows the experimental ane #imulated variation of
impact force versus time for five drop heightscén be seen from the impact force
versus time plots, the simulated forces are adwel than the experimental forces. At
higher energy levels the simulated results showefalure of laminates. The weakness
of the laminates at the higher impact energy leeals be attributed to the fact of using

the material models of LSDYNA.
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Figure 3.1. Impact force for 10 ply E-glass epoxy Bch drop height

(without electrosp nanofiber)
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Figure 3.2. Impact force for 10 ply E-glass epoxy Bch drop height

(with electrospuranofiber)
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Figure 3.3. Impact force for 10 ply E-glass epoxyllinch drop height
(without electrospunanofiber)
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Figure 3.4. Impact force for 10 ply E-glass epoxyllinch drop height

(with electrospuranofiber)
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Figure 3.5. Impact force for 10 ply E-glass epoxy7linch drop height
(without electrospunanofiber)
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Figure 3.6. Impact force for 10 ply E-glass epoxy7linch drop height
(with electrospuranofibers)
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Figure 3.7. Impact force for 10 ply E-glass epoxy2inch drop height

(without electrospunanofiber)
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Figure 3.8. Impact force for 10 Ply E-glass epox®3 inch drop height

(with electrospuranofiber)
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Figure 3.9. Impact force for 10 ply E-glass epoxy2inch drop height
(without electrospumanofiber)
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Figure 3.10. Impact force for 10 ply E-glass epox®9 inch drop height
(with electrospuranofiber)
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Figure 3.11. Experimental impact force vs. time plofor progressive damage E-glass
epoxy laminates (without eleospun nanofiber)
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Figure 3.12. Simulated impact force vs. time plotdr progressive damage E-glass
epoxy laminates (withoutestrospun nanofiber)
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Figure 3.13. Experimental impact force vs. time plofor progressive damage E-glass
epoxy laminates (with elecspun nanofiber)
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Figure 3.14. Simulated impact force vs. time plotdr progressive damage E-glass
epoxy laminates (with eleospun nanofiber)
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The material model used for this simulation is ldasa the maximum stress
failure criteria, that is, when the stress readbesiaximum value, the element fails and
that failed element cannot carry any additional astpforce. This may result in to a
weaker laminate than the actual experimental comdit in real case that failed element
still may have some capacity left to carry an addél impact force. This material model
assumes failure occurs due to in plane stressigiraational lamina. In this 2D failure
model, the failure modes due to out of plane slearormal stresses are neglected. So
this model is unable to capture transverse impadtrés for which all six stress

components are known to contribute to the developmmidamage.

3.2 Analysis of Results

At lower energy levels like the 5 inch and 11 indiop height, the impact
responses are almost same. As the energy levelhjglesr, the area under Impact Force
vs time increases when electrospun nanofibers aesl.uThe impact duration also
increases when electrospun nanofibers are usedctrdpration increases due to damage
of electrospun nanofibers. As the impactor hit twmposite surface, electrospun
nanofibers in between layers absorb energy and Rahofiber layers dissipate the
energy and increases the impact duration.

In the present model the mesh size of the compissiéeger than the mesh size of
the impactor. So when the initial contact occurg impact force is not experienced
immediately by the composite panel. Once the ingrambmes in contact with a node of

the composite panel, it experiences the impactefobue to this reason the simulated

39



impact force becomes different than the experimempact forces. Figures 3.15 to 3.24
show the effect of electrospun nanofibers on impasponses. The figures compare the
experimental results of impact with and without ofivers. The figures also compare the
simulation results of impact with and without nabefs.

It can be observed that the simulated results ddotlow the experimental results
at higher energy levels when nanofibers are indartdetween layers of composites. In
this study, volume fraction of nanofibers was assdito be 50% .The strength, modulus
of elasticity and poisson’s ratio of the composiepends of the volume fraction of the
composites. In this case the exact volume fracivas not available. When the actual
experiments were performed, the nanofibers may HaNed due to failure strain. So
during the experiments whenever there was a failtreas reflected in the impact load
vs time plot. In this study, it was assumed thatafibers fail only due to fiber failures,
but nano-fibers can also fail due to strain. ThaceXailure strain of nanofibers was not
available. As a result the simulation results da fatlow exactly the experimental
results.

Figure 3.25 and Figure 3.26 show the maximum impaatl variation of the
composite with and without nanofibers at differdnbp heights. Basically these figures
compare the maximum impact load experienced byptate during experiments and
simulations. It is observed that composite withafdoers experience a bit higher force at
higher energy level compared to composites at losvergy levels. The experimental
results of maximum impact load are higher than &ten results. These two results

exactly did not match because of assumptions hfréacriteria in simulations.
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Figure 3.15. Effect of electrospun nanofibers on ipact response
(experimental results at 5 inch drop height)
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Figure 3.16. Effect of electrospun nanofibers on ipact response
(simulation results at 5 inch drop height)
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Figure 3.17. Effect of electrospun nanofibers omipact response
(experimental results at 11 inch drop hght)
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Figure 3.18. Effect of electrospun nanofiber on imact response
(simulation results at 11 inch drop height)
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Figure 3.19. Effect of electrospun nanofiber on imact response
(experimental results at 17 inch drop hght)
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Figure 3.20. Effect of electrospun nanofibers on ipact response
(simulation results at 17 inch drop height)
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Figure 3.21. Effect of electrospun nanofibers on ipact response
(experimental results at 23 inch drop helg)
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Figure 3.22. Effect of electrospun nanofibers on ipact response
(simulation results at 23 inch drop height)
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Figure 3.23. Effect of electrospun nanofibers on ipact response
(experimental results at 29 inch drop heigh
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Figure 3.24. Effect of electrospun nanofibers on ipact response
(simulation Results at 29 inch drop height)

45




Maximum Load vs Drop Height

1600
. 1400+
1200

1000+ EVS——
800 | — Experiments

600 = Simulation
400
200

f

Maximum Load (Ib

Drop Height (inch)

Figure 3.25. Maximum load vs drop height (without &ctrospun nanofibers)
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Figure 3.26. Maximum load vs drop Height (with eletospun nanofibers)
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Figures 3.27 to 3.36 show the maximum stress cor@bcomposite at different
drop heights. It was observed that nanofibers redine maximum stress in composites.
When nanofibers are inserted in between layersstitess is distributed throughout the
composite panel. Without nanofibers the stressasenconcentrated in one area. From
Figure 3.33 to 3.36 it can be observed that atdriginergy input levels the stress is
concentrated into just the impact area when naardibre not used. When nanofibers are
used, the stress is distributed throughout the csitg panels and resulting maximum

stress is less than that of the composite with filaers.

Figure 3.27. Maximum Von-mises stress with nanofilys (5 inch drop height)

Fringe Levels

Figure 3.28. Maximum Von-mises stress without nandfers (5 inch drop height)

a7



LS.DYNA user input
Time =  §.007

Contours of Effective Stress (v-m) >

230580, elore 42528 g Ml

Figure 3.29. Maximum Von-mises stress with nanofilye (11 inch drop height)
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Figure 3.30. Maximum Von-mises stress without nandfers (11 inch drop height)

Figure 3.31. Maximum Von-mises stress with nanofilye (17 inch drop height)
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Figure 3.32. Maximum Von-mises stress without nandfers (17 inch drop height)

Figure 3.33. Maximum Von-mises stress with nanofilye (23 inch drop height)
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Figure 3.34. Maximum Von-mises stress without nandders (23 inch drop height)
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Figure 3.35. Maximum Von-mises stress with nanofilve (29 inch drop height)

Figure 3.36. Maximum Von-mises stress without nandfers (29 inch drop height)

50



CHAPTER 4

CONCLUSION AND FUTURE SCOPE OF RESEARCH

In the present study the progressive impact regsa0s10 ply E-glass composite
with and without electrospun nanofibers were ingeséd and validated with
experimental data. The composite panel was modesadg the mosaic model and
simulated using LSDYNA. It was found that the siatall responses for composites were
in good harmony with experimental responses at loemergy levels where lower
damage occurs. For higher energy levels, the steullenpact loads are lesser than the
experimental impact loads which results in lessdbenstiffness and weaker laminate. In
this study, it was assumed that volume factionafdiibers is 50%. The actual volume
fraction was not available. It was also assumetinthaofibers fails only because of fiber
failures. But in real life, nanofiber can fail dte strain. The actual failure strain of
nanofibers was not available. So the nanofibersilghie tested to determine their failure
strain and volume fraction. Further developmentnadterial models for progressive
material damage is recommended.

Preliminary study shows that inserting electrospanofibers increases the
impact resistance of composites. Further investigatsing an ultrasonic C scan would
be helpful in understanding the inter-laminar daenqgantitatively and qualitatively. An
ultrasonic C scan will help to understand the failof the composite at different drop
heights. If the failure mechanism is understoodebethrough ultrasonic C scan, the

failure criteria can be used more effectively ilmpuitational modeling. The composite
51



panel modeling approach can be improved. The masadel is an approximate model.
Further investigation should be done for modelirgot undulation of fibers.

When the mesh size of the composite is larger thamesh size of the impactor,
the simulated impact force offsets from the experital impact forces. The mesh size of

composite can be decreased in order to get betalts.
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APPENDIX
SAMPLE DYNA INPUT FILE

YU, U JEOm N O Y. O

$
$
$ ENGINEER:
$ PROJECT:

$ UNITS: IN, LB*S*S/IN, SEC, LB

% DATE: Dec 28, 2010 at 17:52:47
$

$

$

NOTES:

$ VIEWING INFORMATION

$ -.602716E+000.643544E+01-.205045E+010.186535E+01
$ 0.996665E+00-.681514E-010.448911E-01

$ -.358225E-010.128944E+000.991005E+00

$ -.733248E-01-.989307E+000.126075E+00

*KEYWORD
$---4----1----4----2---—t-—--3--p--—f -5 b- - T -

$---4----1----4----2---—t-—--3--p--—f -5 b- - T -
-——+----8
*CONTROL_CPU

$ cputim iglst
0.0 0
*CONTROL_OUTPUT
$ npopt neecho nrefup iaccop opifs ipnint ikedit
iflush
0 0 0 0.0 0 100
5000
$ iprtf ierode tetl0 msgmax ipcurv
0 0 2 50 0
*CONTROL_TERMINATION
$ endtim endcyc dtmin endeng endmas
0.03000 0 0.0 0.0 0.0
*CONTROL_TIMESTEP
$ dtinit tssfac isdo tsTimt dt2ms Tctm erode
mslst
O.10000E—5 0.90000 0 0.0 0.0 0 1
$§ dt2msf dt2mslc imscl
0.0 0 0
$---+-—---1----4----2-—--4----3— -4 -5 G- ———-T7-
-——4----8
*DATABASE_DEFGEO
dt binary Tcur ioopt
.10000E-4 1 0 0
*DATABASE_DEFORC
dt binary Tcur ioopt
.10000E-4 1 0 0

*DATABASE_ELOUT
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$ dt binary Tcur ioopt

.10000E-4 1 0 0
*DATABASE_GLSTAT
dt binary Tcur ioopt
.10000E-4 1 0 0
*DATABASE_MATSUM
dt binary Tcur ioopt
.10000E-4 1 0 0
*DATABASE_NCFORC
dt binary Tcur ioopt
.10000E-4 1 0 0
*DATABASE_NODFOR
dt binary Tcur ioopt
.10000E-4 1 0 0
*DATABASE_NODOUT
dt binary Tcur ioopt dthf binhf
.10000E-4 1 0 0 1 1
*DATABASE_RCFORC
dt binary Tcur ioopt
.10000E-4 1 0 0
*DATABASE_SLEOUT
dt binary Tcur ioopt
.10000E-4 1 0
*DATABASE_SPCFORC
dt binary Tcur ioopt
.10000E-4 1 0

YOS U U TS Y R
———t----8
*DATABASE_BINARY_D3PLOT

$ dt/cycl Tcdt beam npltc
.10000E-4 0 0 0
$ ioopg
*DATABASE_BINARY_D3THDT
$ dt/cycl Tcdt
.10000E-4 0

$---4----1----4----2---—p-—--3---p--—f -5 BT -

$ pid secid mid eosid hgid grav adpopt
1 4 3 0 0 0 0

*PART
ball_element
5

0

*PART

electrospun
3

0
SR, U JEOm S O’ Y R

4 5 0 0 0 0

*SECTION_SOLID_TITLE
solid )
$ secid elform aet
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4

1

0

YU U YU 6’ S Y O

-——+----8
*MAT_COMPOSITE_DAMAGE_TITLE
mat_1
$ mid ro ea eb
prcb
3 .1645e-3 5550000. 1532580.
0.42060
$ gab gbc gca kfail
574000.0 355000.0 574000.0 0.0
$ Xp yp zZp al
0.0 0.0 0.0 1.000
$ vl V2 v3 di
0.0 0.0 0.0 0.0
$ sc xt yt yC
SZX
.1290E+6 .1570E+6 20000.00 -.186E+10
.1000E+16
*MAT_COMPOSITE_DAMAGE_TITLE
mat_b
$ mid ro ea eb
prcb
4 .1645e-3 1532580. 5550000.
0.07870
$ gab gbc gca kfail
574000.0 574000.0 355000.0 0.0
$ Xp yp zZp al
0.0 0.0 0.0 1.000
$ vl v2 v3 di
0.0 0.0 0.0 0.0
$ sc xt yt yC
SZX
.1290E+6 20000.00 .1570E+6 -.186E+10
.1000E+16
*MAT_RIGID_TITLE
BALL MAT
$ mid ro e pr
alias
0.0 1 0.47133 .3000E+8 0.30000
$ cmo conl con2
0.0 0 0
$ 1co
0.0
*MAT_ISOTROPIC_ELASTIC_FAILURE_TITLE
nanofiber
$ mid ro g sigy
5 .1066E-3 1258000. 51000.00
$ epf prf rem trem
0.90000 0.0 0.0 0.0

prca

0.07870

beta
0.0
syz

prca

0.42060

beta
0.0
syz

0.0

ec prba
1532580. 0.07870
aopt macf
2.000 1.000
a2 a3
0.0 0.0
d2 d3
1.000 0.0
alph sn
0.0 .1000E+16 .1000E+16
ec prba
1532580. 0.28500
aopt macf
2.000 1.000
a2 a3
0.0 0.0
d2 d3
1.000 0.0
alph sn
0.0 .1000E+16 .1000E+16
n couple
0.0 0.0
etan bulk
0.0 1910000.

YU U U 6 S Y o

—p----8

;BOUNDARY_SPC_NODE_ID

id
1
$ node
dofrz
L 97190

cid

0

dofx
1

*BOUNDARY_SPC_NODE_ID

dofy
1
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dofz
1

dofrx
1

dofry
1



$ id
2

;BOUNDARY_SPC_NODE_ID

*BOUNDARY_SPC_NODE_ID
$ .

$ node
dofrz
97191
1
id
3
$ node
dofrz
97199
id
4
$ node
dofrz
97206

cid

0

cid

0

cid

0

dofx

dofx

dofx

dofy

dofy

dofy

dofz

dofz

dofz

dofrx

dofry

dofry

dofry

T e e R e I it el s e e OB

7-———4----8

*INITIAL_VELOCITY_GENERATION
$cardName:BALL_VELOCITY

id styp omega

5 2 0.0

$ XC yC zcC
0.0 0.0 0.0

VX
0.0

nx
0.0

vy
0.0
ny
0.0

vz
-133.25
nz

0.0

ivatn
0
phase
0

YU U S S 6 AU R

*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_ID

-——+----8
$ cid
1BALL_WEFT
$ ssid msid
mpr
5 2
0
$ fs fd
dt
0.0 0.0
.1000E+21
$ sfs sfm
vsf
1.000 1.000
1.000
$ soft sofscl
frcfrg
L 2 0.10000
$  penmax thkopt
sldstf
0 0
0.0
$ igap ignore
1 0

sstyp
3

dc

0.0
sst
0.0
Tcidab
0
sh1thk
0

dprfac
0.0

mstyp
3

vC

0.0
mst
0.0
maxpar
1.025
snlog
0

dtstif
0.0

*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_ID
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sboxid
0

vdc
0.0
sfst
1.000
sbopt
0.0

isym

bTank

mboxid
0
penchk
0

sfmt
1.000
depth
2
i2d3d
0
blank

spr

bt

0.0
fsf
1.000
bsort
10
sTdthk
0.0

flangT
0.0



$ cid

2BALL_WARF
$ ssid msid sstyp mstyp sboxid mboxid spr
mpr
5 1 3 3 0 0 0
0
g fs fd dc \Ye vdc penchk bt
t
0.0 0.0 0.0 0.0 0.0 0 0.0
.1000E+21
$ p sfs sfm sst mst sfst sfmt fsf
VS
L 0001.000 1.000 0.0 0.0 1.000 1.000 1.000
$ soft sofscl Tcidab maxpar shopt depth bsort
frcfrqg
2 0.10000 0 1.025 0.0 2 10
1
$  penmax thkopt sh1thk snlog isym i2d3d s1dthk
sldstf
0.0 0 0 0 0 0 0.0
0.0
$ igap ignore dprfac dtstif blank blank flangl
1 0 0.0 0.0 0.0
""CONTACT__,SUTOMATIC_SU RFACE_TO_SURFACE_ID
ci
3BALL_NANOFIBER
$ ssid msid sstyp mstyp sboxid mboxid spr
mpr
5 3 3 3 0 0 0
0
3 fs fd dc vc vdc penchk bt
t
0.0 0.0 0.0 0.0 0.0 0 0.0
.1000E+21
$ p sfs sfm sst mst sfst sfmt fsf
Vs
1.000 1.000 0.0 0.0 1.000 1.000 1.000
1.000
$ soft sofscl Tcidab maxpar shopt depth bsort
frcfrq
2 0.10000 0 1.025 0.0 2 10
1
$  penmax thkopt sh1thk snlog isym i2d3d s1dthk
sldstf
0.0 0 0 0 0 0 0.0
0.0
$ igap ignore dprfac dtstif bTank blank flangl
1 0 0.0 0.0 0.0

$---4----1----4----2---—4----3---p--—f -5 —-T -
———t----8
YU U U O S Y SR

$ nid X y z tc

.162848473E+00 3.000000238E+00 2.817026377E-01
.164637804E+00 3.000000000E+00 3.929424286E-01
.249682903E+00 3.000000000E+00 3.379999697E-01
.153027534E+00 3.055697680E+00 2.817026377E-01
.154708862E+00 3.056309462E+00 3.929424286E-01
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o

o
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2006 3.234625101E+00
2007 3.124749184E+00
2008 3.126119852E+00
2009 3.191268206E+00
2010 3.081424236E+00
2011 3.082318783E+00
2012 3.124841452E+00
2013 3.028278351E+00
2014 3.028589010E+00
2015 3.043357134E+00
2016 2.971721649€e+00
2017 2.971410990E+00
2018 2.956643343E+00
2019 2.918575764E+00
2020 2.917681217E+00
2021 2.875159025E+00
523333 3 210564
158142
523334 3 210566
158140 158141
523335 3 210568
158157 158160
523336 3 210570
158158 158159
523337 3 210572
158175 158178
523338 3 210574
158176 158177
523339 3 210576
158193 158196
523340 3 210578
158194 158195
523341 3 210580
158211 158214
523342 3 210582
158212 158213
523343 3 210584
158229 158232
523344 3 210586
158230 158231
523345 3 210588
158247 158250
523346 3 210590
158248 158249
523347 3 210592
158265 158268
523348 3 210594
158266 158267
523349 3 210596
158283 158286
523350 3 210598
158284 158285
523351 3 210600
158301 158304
523352 3 210602
158302 158303
523353 3 210604

158319 158322

wWwwwuwuwuwuwuwuwuwuwuwwww

.085396528E+00
.104677200E+00
.105827093E+00
.160492897E+00
.141031027€E+00
.142580509E+00
.216231585E+00
.160374641E+00
.162136555E+00
.245889425E+00
.160374641E+00
.162136555E+00
.245889425€E+00
.141031027€E+00
.142580509E+00
.216231585E+00

210664
210666
210668
210670
210672
210674
210676
210678
210680
210682
210684
210686
210688
210690
210692
210694
210696
210698
210700
210702

210666
210668
210670
210672
210674
210676
210678
210680
210682
210684
210686
210688
210690
210692
210694
210696
210698
210700
210702
210704
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.379999697E-01
.817026377E-01
.929424286E-01
.379999697E-01
.817026377E-01
.929424286E-01
.379999697E-01
.817026377E-01
.929424286E-01
.379999697E-01
.817026377E-01
.929424286E-01
.379999697E-01
.817026377E-01
.929424286E-01

.379999697E-01.

210662 210664 210566 158123

210568
210570
210572
210574
210576
210578
210580
210582
210584
210586
210588
210590
210592
210594
210596
210598
210600
210602
210604
210606

158142
158141
158160
158159
158178
158177
158196
158195
158214
158213
158232
158231
158250
158249
158268
158267
158286
158285
158304
158303

158122
158139
158140
158157
158158
158175
158176
158193
158194
158211
158212
158229
158230
158247
158248
158265
158266
158283
158284
158301
158302

158139



523354 3 210606 210704 210706 210608 158322 158319
158320 158321
OIS U U TS Y. O
———t----8
*END
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