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ABSTRACT

EXPERIMENTAL AND NUMERICAL INVESTIGATION OF DAMAGE
INDUCED BY TRANSVERSE IMPACT IN COMPOSITE BEAMS AND
PLATES

Bozkurt, Mira¢ Onur
Master of Science, Aerospace Engineering
Supervisor: Assoc. Prof. Dr. Demirkan Coker
Co-Supervisor: Prof. Dr. Kemal Levend Parnas

September 2019, 135 pages

Engineering parts made of composite material are susceptible to impacts such as tool
drop, hail strike, and bird strike. Since impact induced damage leads to considerable
losses in the residual strength, damage mechanisms should be understood well and
modelled accurately. For this purpose, damage process in composite laminates under
low-velocity impact is investigated experimentally and numerically for two
geometries: (i) beams and (ii) plates.

In the first part of the thesis, experimental and numerical study of 2-D line impact on
[05/903]s and [90s/03]s CFRP beam specimens are conducted. The experiments using
an in-house built drop-weight test setup where micro-crack formation and
delamination propagation sequences in [0s/903]s beams are captured for the first time
via ultra-high-speed camera system at rates up to 525,000 fps. Strain fields prior to
failure are calculated with digital image correlation method. Post-mortem damage
patterns in the beams are characterized using a digital microscope. Finite element
simulations of the beam experiments are conducted in ABAQUS/Explicit. Composite
ply damage is simulated via a continuum damage model with LaRCO04 initiation

criteria. Cohesive zone method is used to simulate delamination damage.



In the second part of the thesis, experimental and numerical study of standard drop-
weight impact on [0s/902]s and [04/904/02]s CFRP and GFRP plates are carried out.
Final delamination patterns in the plates are captured using non-destructive inspection
techniques. In the numerical part, virtual test setup is modeled in ABAQUS/Explicit
to simulate impact test on plate specimens. A 3-D continuum damage mechanics based
ply material model with Hashin failure criteria is developed and implemented into the
finite element model via a user-written subroutine VUMAT. Delamination damage is
simulated by inserting cohesive elements at the interfaces of plies having different
orientations. Results of the simulations agreed well with the experimental results in

terms of initiation, propagation and final pattern of the impact induced damage.

Keywords: Composite, Low-velocity Impact, Virtual Test Setup, Delamination,

Matrix Cracking
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0z

KOMPOZIT KiRiS VE PLAKALARDA DUZLEM DISI DARBEYE BAGLI
OLUSAN HASARIN DENEYSEL VE SAYISAL OLARAK INCELENMESI

Bozkurt, Mirag Onur
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi
Tez Danismani: Dog¢. Dr. Demirkan Coker
Ortak Tez Danismani: Prof. Dr. Kemal Levend Parnas

Eyliil 2019, 135 sayfa

Kompozit malzemelerden yapilan miihendislik pargalari, takim diismesi, dolu
carpmasi ve kus ¢arpmasi gibi darbelere maruz kalmaktadirlar. Darbe kaynakli hasar,
kalint1 giictinde 6nemli kayiplara neden oldugundan, hasar mekanizmalar1 iyi
anlasilmali ve dogru bir sekilde modellenmelidir. Bu amagla, kompozit kiris ve
levhalarda diisiik hizli darbe altindaki hasarin olusum siireci deneysel ve sayisal olarak

incelenmistir.

Tezin ilk kisminda, [05/903]s ve [90s/03]s CFRP kirislerinin iki boyutlu ¢izgisel darbe
deneyleri ve simiilasyonlar1 ¢alisilmistir. Deneyler, el yapimi bir diisen agirlik test
diizenegi kullanilarak gergeklestirilmistir ve [0s/90z]s Kirislerdeki mikro-gatlak
olusumu ve delaminasyon ilerleme siiregleri, yliksek hizli kamera sistemi ile 525.000
kare/s’ye kadar ulasan hizlarda goriintiilenmistir. Hasar 6ncesi gerinim alanlari dijital
goriintlil korelasyon yontemiyle hesaplanmistir. Kiriglerdeki nihai hasar dagilimlari,
dijital bir mikroskop kullanilarak karakterize edilmistir. Kiris deneylerinin sonlu
elemanlar analizleri ABAQUS/Explicit’te gerceklestirilmistir. Kompozit katman
hasar1i, LaRC04 baslangi¢ kriterine sahip bir siirekli ortam hasar modeli ile simiile
edilmistir. Delaminasyon hasarmin simiilasyonu icin yapigkan arayiiz yontemi

kullanilmastir.
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Tezin ikinci kisminda, [0s/902]s ve [04/904/02]s CFRP ve GFRP plakalarin standart
agirlik diisirme deneyleri ve bu deneylerin simiilasyonlar1 ¢alisilmistir. Plakalardaki
nihai delaminasyon dagilimlari, tahribatsiz muayene teknikleri kullanilarak
goriintiilenmigtir. Calismanin sayisal boliimiinde, kiris ve plaka kuponlari iizerinde
yapilan darbe testlerini simiile etmek amaciyla ABAQUS/Explicit'te bir sanal darbe
test diizenegi modellenmistir. Hashin hasar baslangic kriterine sahip siirekli hasari
mekanigi temelli 3-B bir katman malzeme modeli gelistirilmis ve kullanici tarafindan
yazilmig bir VUMAT altprogrami ile sonlu elemanlar modeline uygulanmigtir.
Delaminasyon hasari, farkli yonelimli katmanlarin arayiizlerine yapigkan elemanlar
yerlestirilerek simiile edilmistir. Calismanin genelinde, simiilasyon ve deney sonuglari
arasinda, darbenin neden oldugu hasarin baslangici, ilerlemesi ve nihai sekli

bakimindan iyi bir uyum elde edilmistir.

Anahtar Kelimeler: Kompozit, Diisik Hizli Darbe, Sanal Test Diizenegi,

Delaminasyon, Matris Catlamasi
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CHAPTER 1

INTRODUCTION

Use of composite materials in aerospace structures becomes increasingly favorable
due to their preferable mechanical features such as high inplane strength and stiffness-
to-weight ratios. The low strength of composite laminates in through-the-thickness
direction, however, has remained a problematic issue. The fact that composite
structures are uncontrollably subjected to out-of-plane impact loading causes this
weakness to manifest in three major forms of failure mechanisms, namely: matrix

cracking, delamination and fiber rupture.

The variety and complexity of failure mechanisms necessitate comprehending the
damage formation sequence in a low-velocity impact (LVI) event. In early
experimental studies [1] ,[2], damage process is reported to start with matrix cracks
and followed by delamination and fiber breakage, respectively. For proper use of
multidirectional composite laminates in design of aerospace structures, recent studies
attempted accurate numerical simulations of impact induced failure mechanisms.
Development of virtual experimental setups by means of simulations based on
numerical methods received a particular attention with the aim of reducing the number
of tests. Lopes et al. [3], [4] simulated the impact damage on dispersed stacking
laminates using continuum damage mechanics (CDM) based composite ply damage
model and cohesive zone method (CZM). Further effort was made by Lopes et al. on
physically-sound simulation of low-velocity impact on fiber reinforced laminates [5],
[6]. They discretized the laminate with a structural mesh and developed an element
erosion criterion to simulate fiber split in high energy impact cases. Gonzalez et al. [7]
performed sequential simulations of drop-weight impact and compression after impact
tests on composite laminates to assess the residual strength of laboratory coupons

under compressive loading. They used a material model accounting for ply failure and



delamination in both type of virtual tests. Soto et al. [8] investigated low velocity
impact damage in thin ply laminates. They concluded that matrix cracking effects are
negligible for thin ply laminates while delamination and fiber failure are dominant
damage modes. Topac et al. [9] investigated in-situ damage process in [0/90]s
composite beams subjected to LVI both experimentally and numerically. They
modeled damage in the composite beam using a CDM based failure model with
LaRCO04 initiation criteria and a delamination model with CZM. Simulation results
agreed well with experiments in terms of damage initiation time, location and the

interaction of the failure modes.

Fail-safe exercises in the design of parts where advanced composite materials are used
made prediction of the failure onset fundamental. Since traditional fully-interactive
failure criteria including Tsai-Wu, Tsai-Hill failure criteria and non-interactive failure
criteria like maximum stress and strain criteria are insufficient to predict failure
modes, Hashin [10], [11] and Puck [12], [13] established partially-interactive mode-
based failure criteria. Accurate prediction of failure mechanisms is considered
essential for estimation of final collapse. Because of some weaknesses of Hashin
criteria about the interaction between stress state and shear strength, several
researchers proposed some modifications to Hashin failure criteria. The World-Wide
Failure Exercises [14] was conducted to assess the capability of available failure
criteria. More recently, NASA published LaRCO04 failure criteria [15] which includes
shear non-linearity and in-situ strengths. Several studies [3]-[7], [9] used LaRC04
failure criteria in drop-weight impact simulations and obtained good agreement with

their experimental results.

The use of failure criteria may not be enough to predict ultimate failure of a composite
material due to accumulation of damage until the final collapse. Scalar damage
variable which assess the degree of damage between initial and complete failure has
been defined by Kachanov [17]. Irreversibility of the damage processes are modeled
through the thermodynamics basis of constitutive models. A complementary free

energy density function for damaged composite ply has been proposed by Malvern



[18]. Matzenmiller proposed the three-dimensional form of damaged compliance
matrix [19]. To model the damage propagation, numerous constitutive damage models

in mesoscale have been developed in recent years [20]-[25].

Maimi et al. [25], [26] proposed a continuum damage model for the prediction of the
onset and evolution of intralaminar damage mechanisms in fiber-reinforced
composites. They used a set of scalar damage variables for failure mechanisms in
longitudinal and transverse directions. Crack closure effects under load reversal has
been considered. A viscous model is also proposed to alleviate the convergence
difficulties related to softening response of the composite materials. The constitutive
model was used in succeeding transverse impact studies [3]-[7] and the final damage

form obtained in numerical analyses agreed well with the experiments.

In this study, low-velocity impact damage process of composites is investigated in
cross-ply beam and plate type composite laminates. The objective is making a
correlation between failure mechanisms elucidated via 2D line impact on beam
laminates and predicting damage accumulation in plate laminates at the end of LVI
induced damage process. The study presented here is considered as a first step toward

building a virtual impact test setup with a high-fidelity computational model.

The thesis is structured as follows: In Chapter 2, the sequence of the damage induced
by transverse LVI in cross-ply CFRP beams is investigated via in-situ
experimentation. In Chapter 3, the damage process observed in the LVI experiments
are simulated using an explicit finite element method coupled with continuum damage
mechanics based composite damage model and cohesive zone method. In the last
chapter, investigation of final damage in cross-ply CFRP and GFRP plates subjected
to drop-weight impact tests is performed and modelling of a virtual drop-weight

impact test setup is presented including the results of preliminary simulations.






CHAPTER 2

EXPERIMENTAL INVESTIGATION OF LOW-VELOCITY IMPACT
DAMAGE IN FIBER-REINFORCED COMPOSITE BEAMS

2.1. Introduction

In the study, static and LV experiments are conducted on CFRP composite beams. A
non-standard drop-weight type LVI setup is designed and manufactured. In the LVI
experiments, a cylindrical impactor and a flat beam specimen fixture are used for
better understanding of damage mechanisms in parallel to the 2-D line impact
approach proposed by Choi et al. [1]. Static tests are carried out on an
electromechanical testing machine using the same impactor and specimen fixture. In
the experiments, load acting on the steel impactor is measured by an in-line load cell
and load history is acquired. Initiation and propagation of the damage are recorded
with ultra-high speed camera (UHSC) system. Strain field before damage formation
is obtained using DIC method. Micrographs of post-mortem damage patterns are

captured by a digital microscope.
2.2. Experimental Method

In this section, experimental method followed in low-velocity impact testing of
composite beams is described. Specimen preparation, experimental setup and test
procedure are explained in detail.

2.2.1. Material and Specimen Preparation

Beam specimens are manufactured in [0s/903]s and [90s/0s]s configurations by hand
layup technique using Hexcel 913C/HTS unidirectional prepregs and cured with
autoclave processing. Two CFRP composite flat plates are inspected with ultrasonic

C-Scan to ensure the non-existence of any inherent delamination which might have



arisen during manufacturing. The 4.8 mm-thick plates are cut into 100 mm x 17 mm
beams, as shown in Figure 2.1a, using a diamond cutter. Following the cutting process,
one side of each beam are polished with 400-to-4000 grit SiC papers to obtain better
in-situ and post-mortem visualization. Polished surfaces are scanned with Huvitz
HDS-5800 digital microscope for early diagnosis of any defects which might have
been induced by manufacturing or cutting processes. No significant defect detected

in the micrographs of the specimens prior to tests (see Figure 2.1b and c).

(a) 100 mm

Figure 2.1. (a) Schematic representation of the specimen geometry and micrographs

showing polished surfaces of (b) [05/903]s and (c) [90s/03]s specimens

2.2.2. Experimental Setup

To conduct LV1 tests, a non-standard drop-weight impact setup, shown in Figure 2.2,
is designed and manufactured. The flat beam specimen fixture, which consists of two
couples of top and bottom rectangular steel plates placed on linear guideways, allows
visualization of the damage process from the side of the beam specimen. Prior to tests,
the positions of the guideways, which are adjusted according to unsupported beam
length and impact location, are secured to represent fixed end boundary conditions by
preventing their sliding towards the impact zone. The specimen is sandwiched by the

top and bottom plates and squeezed via bolt and nut fasteners passing through the



holes located at corners of each plate. The specimen may get thinner under impact
loading due to Poisson effect and may slide underneath the plates by overcoming
friction created by squeezing. To increase the friction between the plates and the
specimen, adhesive regions are created on the inner surfaces of the plates by applying
double-sided tapes for a short time and removing them.

Impactor crosshead assembly, shown in Figure 2.2, consists of a steel crosshead, an
in-line load cell and a hemi-cylindrical steel impactor located at the tip of the assembly
and weighs 1865-g. The 44-kN capacity FUTEK load cell is positioned between the
crosshead and the impactor providing that at least 90% of total impact mass stays
above it. The crosshead has been designed to allow for extra-weight addition to
achieve higher impact energies when necessary. Linear bearings are embedded at both
ends of the crosshead and slide almost frictionless over two parallel guiding shafts.
Height of the crosshead assembly is adjusted up to a maximum value of 1-m with a
ball screw mechanism driven by a drill motor which is preferred for offering high stall
torque values. A quick-release mechanism attached on the ball nut holds the crosshead
assembly stationary and releases it for free fall when triggered. Velocity indicator
system consisting of a flag attached on the crosshead assembly and two subsequent
photo-diode emitter/detector sensors measuring the average velocity of the impactor
5-mm above the upper surface of the specimen. The instantaneous velocity of the

impactor at the initial contact is calculated by extrapolating the measured velocity.

Data acquisition system of the test setup consists of three main elements: the load cell,
an in-house made differential amplifier and an oscilloscope. Differential amplifier
receives voltage output generated by the load cell during the contact and amplifies
1000 times by also filtering the noise. Oscilloscope samples the amplified voltage data
at a rate of 100 kHz. High frequency ringing oscillations caused by the compliance of
the impactor crosshead assembly are filtered by the oscilloscope. After the impactor
rebounds from the specimen surface, a piece of sheet metal is slid manually over the
specimen to prevent secondary hits to the specimen. Voltage-time data taken by the

oscilloscope are converted to load-time data with a post-processing computer code.
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Figure 2.2. In-house LV setup used in the impact tests of beams.



In static tests, the same boundary conditions are created by installing the impactor and
the specimen fixture to 10-kN Schimadzu electromechanical testing machine as seen
in Figure 2.3. Static loading is achieved by displacement controlled downward motion
of the crosshead at a speed of 0.5 mm/min. Force and displacement data are measured
by the load cell embedded to the machine and the machine itself, respectively, and are
collected at 10 Hz.

Loading A

machine

Composite
specimen

L
3

High speed camera & Lighting equipment

Figure 2.3. Experimental setup for static tests

2.2.3. Test Procedure

The test matrix, seen in Table 1, is constituted considering the number of specimens,
parameters affecting the damage and the techniques used for better understanding of
damage formation. For [0s/903]s, impact tests are performed at 9.15 impact energy,
corresponding to 50 cm release height. For [90s/03]s layups, on the other hand, 7.32
impact energy is applied by dropping the impactor from 40 cm height. In addition to

impact tests, static tests are conducted.

In all impact and static tests, in-situ formation and progression of damage are captured
at 70,000 or 525,000 fps via UHSC system seen in Figure 2.2. The UHSC system
consists of one Photron SA5 ultra-high speed camera and two Dedocool COOLH
lightening systems equipped with 250 W Osram HLX Tungsten lamps. The calibration
of the camera is made by adjusting its distance to the side of the specimen and the

optical configurations such as lens type, resolution and captured area. At 70,000 fps,



pictures of a 50 mm x 19 mm area including whole unsupported portion of the beam
are taken with 512 x 192 pixels resolution by using 50 mm lens and 15 mm extension
ring and positioning the camera 36.5 cm far from the specimen side. At 525,000 fps,
on the other hand, the same lens and extension ring are used, and the camera is
positioned 59 cm far from the specimen side providing that one half of the beam is
monitored in a 25 mm x 10 mm area with 128 x 48 pixels resolution. Even though
high shutter speeds and high diaphragm opening are preferred to increase brightness
and sharpness of the dynamic pictures as much as possible, low resolution of the
display limits the discernibility of the damage process especially in the experiments
recorded at 525,000 fps. In these experiments, one side of beams are painted white to

make matrix and interface damages more apparent.

In one static and one impact test of both [05/90s]s and [90s/03]s beams, strain
distribution on the specimen is computed during elastic loading using two-
dimensional digital image correlation (DIC) method. Polished sides of the specimens
on which DIC analysis is performed are white-painted using an air brush to create a
stochastic pattern. UHSC pictures with 512x192 pixels resolution are taken at 70,000
fps during failure events in the experiments and are imported to the open software
NCORR open DIC software for post-processing. Subset radius is set to 10 pixels with
1 pixel overlapping each other. In the calculations, deformations are computed
evaluating the change in the stochastic pattern in each subset between subsequent
images. Strains are obtained by time differentiation of the deformation distribution.
Radius for strain computation is set to 5 or 6 pixels to obtain qualitatively the best

visualization of the strain distribution with these values.

Post-mortem characterization of the damage induced by impact or static loading is
performed upon each experiment. For this purpose, micrographs of the damaged
specimens are taken by Huvitz HDS-5800 digital microscope at 50%, 200x and 500x

magnification levels.
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Table 2.1. Test matrix for impact and static loading of CFRP composite beams.

UHSC capturing

Layup Specimen Energy rate [fps] DIC
Impl 9.15] 70,000 No
Imp2 9.15J 70,000 Yes
[05/903]s Imp3 9.15J 525,000 No
Stal Static 525,000 No
Sta2 Static 70,000 Yes
Impl 7.32 60,000 No

[905/0s]s .
Stal Static 70,000 Yes

2.3. Experimental Results

In this section, results of the static and impact experiments conducted on [0/90]s and
[90/0]s CFRP beams are presented.

2.3.1. [0/90]s Specimens
2.3.1.1. Static Tests

Results of the static experiments of two [0s/90s]s specimens are presented in the
following subsections.

Global Response

Two [0/90]s specimens are loaded statically until that failure is observed in both right
and left side of the embedded 90° plies. The load displacement curves obtained from
these static tests are shown in Figure 2.4. Although the elastic responses of the
specimens are in good agreement, there is an unexpected difference between the initial
failure loads. [0/90]s — Sta2 resists up to a bending load of 5.14 kN, while [0/90]s —
Stal is capable of carrying only 3.15 kN before the first load drop. Following the
initial failure, both tests are paused manually for a time required to record high speed

camera pictures of the failure event. Until the pause, loading continues for a small
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amount of time and during the pause, the load decreases slightly. Then, further
displacement is applied till the second load drop occurs at 3.39 kN and 3.95 kN for
[0/90]s — Stal and Sta2, respectively. These load values are closer to each other in
contrast to the first failure loads. One interesting observation on the failure loads is
that the load value corresponding to the second load drop is smaller than the one
recorded at the first failure for [0/90]s — Sta2 while the opposite is true for [0/90]s —
Stal. This may imply that a premature failure occurred in the [0/90]s— Stal specimen
and this is investigated in the following sections via high speed camera pictures and

micrographs.

——[0/90]s - Sta-1

5 | | ——1[0/90]s - Sta-2

Load [kN]
w
I

0 | |

0 1 2 3
Displacement [mm|]

Figure 2.4. Load-displacement curves of [0/90]s — Stal and Sta2 specimens under

static loading.

In-situ Damage Characterization

In-situ damage formation in [0/90]s — Sta2 under static loading is captured at 70,000
fps and presented in Figure 2.5. When the impactor displacement is 2.11 mm, the

instant of the last picture showing the intact specimen is taken as reference. At +14.3
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us, a 45° matrix crack inclined to the impact zone is observed in the middle group of
90° layers on the left-hand side of the specimen. The distance of this first matrix crack
to the impact line is measured 14.5 mm. At the tips of this matrix crack, small
delaminations facing towards impact and clamp zones at the top and bottom 0/90
interfaces, respectively, are distinguished. At 28.6 us after the reference, the top
delamination is under the impact zone and the tip of the bottom one is in the clamped
region and no longer visible. In the next two frames, the top delamination grows

gradually until the impact line together with an opening motion.

Similarly, the picture in which the right-hand side of the specimen is seen undamaged
for the last time is taken as reference and after 14.3 ps after this instant, a second
matrix crack and delaminations nucleated at both interfaces are observed there at an
impactor displacement of 2.82 mm. This second matrix crack is almost 45° inclined
to the impact zone as the first matrix crack and occurs 19.5 mm away from the impact
line. At 28.6 s after the reference frame, top delaminations seem like merged but
post-mortem analysis might provide more clear information about this observation.
Delamination opening is also observed through the last three frames. At the last frame,
which is captured 42.9 ps after the reference, fibers of the two lowermost layers are
broken at a region close to the right-hand side clamped boundary condition and a
delamination facing to the impact zone is nucleated by this crack inside the bottom

group of 0° layers.
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Figure 2.5. In-situ damage formation in [0/90]s — Sta2 under static loading captured
at 70,000 fps.
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Formation of the initial damage in static test of the specimen [0/90]s — Stal is recorded
at 525,000 fps and presented in Figure 2.6. A diagonal matrix crack occurs 20.8 mm
away from the impact line on the left-hand side of the specimen at an impactor
displacement of 1.41 mm. This matrix crack does not nucleate any delamination at the
interfaces contrary to ordinary. 3867 us after the first crack, a second diagonal crack
occurs at 13.5 mm from the impact line. Almost 2000 ps after this matrix crack,
delaminations occur at the points where the crack reaches the interfaces. In addition
to the premature initial failure of this specimen, the damage sequence is inconsistent
with the common observation of damage occurring in [0/90]s beams. The damage
sequence on the right-hand side of the specimen, however, is as usual and presented

in the ‘Delamination Propagation’ subsection of this section.

20.8 mm

Reference

+3829 us

First crack
0=141 mm

+3924 us

+5861 us

Figure 2.6. In-situ damage formation on the left-hand side of [0/90]s — Stal under
static loading captured at 525,000 fps
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Digital Image Correlation Analysis

Strain distributions on [0/90]s — Sta2 prior to failure on left and right-hand sides of the

specimen are obtained using DIC method and shown in Figure 2.7. In the figure, exx,

gyy, and exy components of the strain are presented as (a), (b), and (c), respectively.

Each sub-figure consists of 5 frames composing of 3 and 2 sequential frames prior to

and at the instant of left and right-hand side failures, respectively. The time interval

between the sequential frames counts 1.43 ps. Observations made on the DIC results

are as follows:

In Figure 2.7a and b, red circles point to the positive exx and gy zones.
Although in Figure 2.7a, the positive zones in the left side are yellow-like
(~250 pstrain) and the ones in the right side are red-like (~500-1000 pstrain)
generally, initiation of the first crack occurs on the left-hand side of the
specimen as shown in 2" frames. Moreover, the location of this crack is none
of these positive spots and remains just between two of them. In case of the
second matrix crack which occurs on the other side of the specimen, crack
initiates at one of the positive exx zones encircled with red circles, as seen in
last two frames of Figure 2.7a.

In Figure 2.7b, on the other hand, positive &yy zones are yellow-like except the
one located on the right-hand side, implying that the values of the maximum
gyy Strains are about 500 pstrain except one point. At this point, the &yy is at the
order of 1000 pstrain but the initial failure does not occur here. The location
of the initial matrix crack overlaps with the one of the positive &y, zones
observed on the left-hand side of the specimen. However, none of the positive
gyy Zones correspond to the initiation of the second matrix crack.

In Figure 2.7c, high shear stresses (1000-2000 pstrain) are observed along the
middle 90° layers on both left and right-hand sides of the specimen. The largest
absolute exy zones (>1800 ustrain) on this specimen are shown with white
circles. It is seen that first matrix crack initiates from one of these hot spots.

Similarly, initiation of the second matrix crack occurs at the location of one of

16



the hot exy spots pointed in the 4™ frame of Figure 2.7c. Regarding to this
consistency and the higher xy magnitudes, it can be deduced that formation of
these ‘shear cracks’ are controlled by the shear component of the strain in case

of these specimen and testing configurations.
Delamination Propagation

Figure 2.8 shows the UHSC pictures of the damage process in the static testing
[03/90s]s beam on the right half of specimen Stal taken at 525,000 fps. Initially, a
diagonal matrix crack forms in the group of 90° plies as shown in the blue dashed
circle in the first frame. This initial matrix crack is approximately 17.5 mm away from
the impact line. After its initiation, it propagates in the 90° plies towards upper and
lower 0/90 with an inclined angle. The instant it reaches upper and lower 0/90
interfaces at which delaminations initiate is taken as the reference time, t =0 in Figure
2.8. From this point on, the delamination at the upper interface is followed and its tip
Is indicated with a blue arrow. The delamination at the lower 0/90 interface which
continues towards the right clamped end is out-of-interest. After 19 ps than its
initiation, the front of the delamination is seen underneath the impactor at a location
close to the impact line and arrests due to high out-of-plane compressive stresses

causing crack closure under the impact zone.
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Figure 2.7. (2) exx, (b) &yy, and (c) exy distributions prior to failures on the [0/90]s —
Sta2 under static loading. (The interframe time is 1.43 ps for the sequential frames

representing failure on one side.)
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Figure 2.8. UHSC pictures showing the evolution of the damage under static loading
on the right half of [0s/903]s — Stal taken at 525,000 fps. (0 us refers to the time of
the picture in which a delamination front is seen for the first time)

The delamination crack tip positions as a function of time is shown in Figure 2.9a.
The crack tip position is measured from the middle of the beam where initial contact
occurs using the sequential frames shown in Figure 2.8. The time at which

delamination initiates at the upper 0/90 interface is taken as t = 0, and the positions of
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its front is pointed with a blue arrow. Initial delamination forms approximately 11.6
mm away from the impact line, approaches with an increasing slope. In the range of 5
to 15 us, the delamination continues to propagate with a constant-like slope. After the
crack front reaching the impact zone at about At = 15.2 ps, its speed decreases

gradually and is arrested while it is 1.6 mm away from the impact line at At =19 ps.

Crack speeds are calculated using three point numerical differentiation of the crack tip
position with respect to time and the variation of the delamination crack tip speeds
with time is shown in Figure 2.9b. Delamination initiates with a speed of about 250
m/s. Then, it jumps to 500 m/s in the first 2 ps and remains almost constant until the
crack travels approximately 3 mm. After this point, the gradual increase of the crack
tip speed is observed, and it reaches a peak value of approximately 850 m/s just before
slowing down and being arrested at a maximum crack length of 9.6 mm. The
maximum speed that the crack tip reaches is almost half of the transverse Rayleigh

wave speed.
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Figure 2.9. Variation of (a) crack tip position with time and (b) crack tip speed with
crack length for the delamination shown in Figure 2.8.
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Post-mortem Damage Characterization

Post-mortem pictures of the specimens are taken with the digital microscope. Pictures
showing the whole span length of the specimens are created using the tiling option at
50x magnification. Close-up pictures of the observed major diagonal matrix cracks
which are taken at 200x magnification are shown in red rectangles and their locations
are marked on the specimens. Also, the pictures of further observations including
micro-matrix cracks or the debris between the delaminated layers are shown in yellow

squares.

The final damage pattern in [0s/903]s — Sta2 consists of two major diagonal matrix
cracks, a fiber breakage and multiple delaminations as shown in the micrographs in
Figure 2.10. The major diagonal matrix cracks in the middle 90° layers are connected
to delaminations at both upper and lower interfaces. The delaminations at the upper
interface on each side of the specimen coalesce at the center forming a single
delamination. Debris formation inside the lower delamination of the right major
diagonal matrix crack is observed as shown in yellow rectangle. A fiber failure zone
and a delamination originating from it can be observed near the bottom-right boundary

condition.

Figure 2.10. Post-mortem damage in the [05/903]s — Sta2 and close-up views of

diagonal matrix cracks and delamination.

22



Micrographs of the [0s/903]s — Stal shows that final damage pattern of this specimen
includes matrix cracks and delaminations as shown in Figure 2.11. A matrix crack was
observed at the far-left end of the span during the experiment. It was also observed
that this matrix crack did not nucleate any delamination at the neighbor interfaces.
However, this unusual crack formation is assumed as the main reason for premature
failure of [0s/90s]s — Stal. Close-up picture of this matrix crack shown in yellow
rectangle reveals that it does not provoke any delamination at the top and bottom
interfaces in accordance with the in-situ observations. Unlike the [05/90s]s — Stal, the
major diagonal matrix cracks in the middle 90° layers of this specimen follows a
meandering route rather than directly reaching to the upper and lower interfaces. The
specimen fails at a relatively lower load level. The common reason for these
dissimilarities and inadequacies may be due to the existence of relatively significant

defects.

Figure 2.11. Post-mortem damage in the [0s/90z]s — Stal and close-up views of

diagonal matrix cracks.
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2.3.1.2. Impact Tests

Results of the impact experiments conducted on three [0s/903]s Specimens are

presented in the following subsections.
Global Response

Among all three the impact experiments, load history could be recorded in only in the
test conducted on [0s/90s]s — Impl. The data in the other two tests could not be
acquired because the oscilloscope was triggered by an undesired noise peaks occurring
in the meantime between the release of the impactor and the initial contact between

the impactor and the specimen.

The load history recorded in the 9.15 J impact test on [05/903]s — Imp1 is shown in
Figure 2.12. The two significant drops in the load corresponding to the first and the
second matrix cracks can be observed in the plot. The time of these drops are
consistent with the in-situ measurements made via ultra-high speed camera system
(see Figure 2.13). Total contact time is slightly above 4 ms, and this value is also in

accordance with the high speed camera pictures.

The impactor displacement was attempted to calculate by integrating acceleration
obtained from the equation of motion of the system twice. However, the calculated
displacement does not match up with the displacements measured from the high speed
camera pictures. Due to the existence of such discrepancy and the lack of further data,
global response of the specimens subjected to impact loading should not be evaluated

according to load measurement at this time.
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Figure 2.12. Load history recorded in the 9.15 J impact test of [0s/903]s — Imp1.

In-situ Damage Characterization

In-situ formation of the impact induced damage in [0s/903]s — Imp1 is shown in Figure
2.13 via the UHSC pictures taken at a capturing rate of 70,000 fps. The instant at
which the initial contact between the impactor and the top surface of the specimen,
seen in Figure 2.13a is taken as reference. Under the dynamic load generated by a 9.15
J impact, the initial damage occurs at 357 us as simultaneous diagonal matrix cracks
in the middle clustered 90° group of layers at the right hand side of the specimen, as
seen in Figure 2.13c. These cracks are inclined to the impact zone with almost 45°
angle. At this instant, delaminations facing towards impact and clamp zones at the top
and bottom 0/90 interfaces, respectively, are distinguished. In the next frame
corresponding to 371 s, these delaminations are opened and clearly observed. 814 us
after the initial contact, a second matrix crack develops and delaminations are
nucleated at both interfaces as seen in Figure 2.13b. Although the experiment is ideally
symmetric with respect to impact line, neither the times of crack formation nor the
failure pattern is not symmetric. This fact is given full consideration in the rest of the

study.
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843 us

(b)

Figure 2.13. UHSC pictures showing (a) the intact specimen, (b) formation of the
major matrix cracks at the LHS and (c) formation of the single major matrix crack at
the RHS of [05/90s]s — Imp1 under 9.15 J impact.
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Digital Image Correlation

Shear strain distributions on [0/90]s — Imp2 prior to failure of the RHS of the specimen
are obtained using DIC method and shown in Figure 2.14. The time interval between
the sequential frames counts 1.43 ps. In the frame taken at 386 us, high shear stresses
in the range of 1000-2000 pstrain exist along the middle 90° layers on both left and
right-hand sides of the specimen. The largest absolute exy zones (>1500 pstrain) on the
specimen at 400 ps are marked with white circles. It is observed that the matrix crack
initiates from one of these high shear strain zones. Similar to the discussion made
through the DIC analysis of static test results, it is deduced that formation of these
‘shear cracks’ are controlled by the shear component of the strain in case of these
specimen and testing configurations.

386 us g

Xy
[pstrain]

2000

1000

-1000

-2000

Figure 2.14. &y distribution prior to failure on the [0/90]s — Imp2 under 9.15 J impact

loading . (The interframe time is 1.43 ps for the sequential frames)
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Delamination Speeds

UHSC pictures of the evolution of the impact induced damage process in [03/90s]s
beam on the left half of specimen Imp3 taken at 525,000 fps are shown in Figure 2.15.
Under a 9.15 J impact, initial damage mechanism is a diagonal matrix crack in the
group of 90° plies and is shown inside the blue dashed circle in the first frame. This
initial matrix crack forms about 17.5 mm away from the impact point, then it
propagates in the 90° plies towards upper and lower 0/90 with an inclined angle. The
instant it reaches upper and lower 0/90 interfaces at which delaminations initiate is
taken as the reference time, t = 0 in Figure 2.15. From this point on, the delamination
at the upper interface is followed and its tip is indicated with a blue arrow. The
delamination at the lower 0/90 interface continues towards the left end. At At = 7.6
us, a second matrix crack shown inside the red dashed circle in Figure 2.15 forms
about 9.7 mm away from the loading line and induces a second delamination front at
the upper 0/90 interface at At = 11.4 us. At this instant, the first delamination tip is
still behind, and the two separate delamination fronts are observed in the HSC pictures
at At=11.4 ps and At=13.3 ps. The two delaminations coalesce into one single large
delamination at about At = 15.2 ps and the secondary oblique matrix crack is closed
and is no longer visible in the pictures. It should be noted that the secondary matrix
crack is observed through the HSC pictures captured between At = 5.7 us and At =
15.2 ps and it might not be observable for frame rates less than 100,000 fps. At At =
26.6 us, the delamination front is seen underneath the impactor at a location very close
to the impact line and arrests due to high out-of-plane compressive stresses causing

crack closure under the impact zone.
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Figure 2.15. UHSC pictures showing the evolution of the impact induced damage on
the left half of [05/903]s — Imp3 taken at 525,000 fps. (0 us refers to the time of the

picture in which a delamination front is seen for the first time)
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The delamination crack tip positions as a function of time is shown in Figure 2.16a in
comparison with the data obtained from static test. The crack tip position data used in
this plot are extracted from the UHSC pictures shown in the Figure 2.15 and crack tip
positions are measured from the middle of the beam where initial contact occurs. The
time at which delamination initiates at the upper 0/90 interface is taken as t = 0, and
the positions of initial and secondary delaminations are represented by blue and red
markers, relatively, in accordance with Figure 2.15. Initial delamination forms
approximately 16 mm away from the impact line, approaches with an increasing slope
until At = 7.6 ps. Between At = 7.6 us and At = 19 s, the delamination continues to
propagate with a constant-like slope. At At = 11.4 ps, second delamination occurs 9
mm away from the impact line. The two delaminations merge at about At = 15.2 ps.
After reaching the impact zone at about At = 20.9 s, it slows down and is arrested
while it is 2.8 mm away from the impact line at At =26.6 us. When the reference time
for static test data is shifted to a larger value (9 us) in order to eliminate the delay
caused by the difference in the locations where crack initiates, a good correlation
between the delamination propagation trajectories obtained in the static and 9.15 J

impact tests is observed.

Variation of the delamination crack tip speeds with time is shown in Figure 2.16b.
Velocities are calculated using three point numerical differentiation of the crack tip
position with respect to time. After its initiation, the first delamination propagates with
a speed of about 250 m/s approximately during the first 2 ps. Tip speed increases
gradually up to 500 m/s and remains almost constant during the evolution of the
second matrix crack (see Figure 2.15). The second delamination initiates about 11 us
later than the first one. During the first 2 ps, it propagates with a speed of 250 m/s like
the first crack did after its initiation. In the meantime, the gradual increase of the crack
tip speed of the first delamination recommences with the initiation of the second
delamination, and it reaches approximately 830 m/s just before merging of the two
cracks. Even though the two delaminations behave in a very similar way during the
first 2 us after their initiation, the tip speed of the second delamination increases more
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sharply than that of the first one because of the merging. Upon merging, the tip speed
of the coalesced crack is about 630 m/s and increases up to a maximum speed of 900
m/s at 19 ps. After that, the coalesced crack starts to slow down and is arrested at about
26.7 us due to high compressive stresses in the impact zone. Results show that the
variation and the maximum value of crack tip speeds are found to be consistent in the

static and the 9.15 J impact tests.
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Figure 2.16. (a) Crack tip position vs. time and (b) crack tip speed vs. time graphs

for the delamination at the top 0/90 interface.
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Post-mortem Damage Characterization

Post-mortem micrographs of the [0s/903]s — Imp1 shows the final damage pattern and
it consists of matrix cracks and delaminations as shown in Figure 2.17. One major
diagonal matrix crack is observed at the left side of the specimen and it intersects with
the delaminations at upper and lower 0/90 interfaces. Branching of this matrix crack
at the upper and lower ends can be seen from the close-up microscopy pictures. A
debris is observed between the delaminated layers at the lower interface of this major
diagonal matrix crack. There are two major diagonal matrix cracks at the right side of
the specimen. Both of them intersect with delaminations at upper and lower 0/90

interfaces. Branching is observed at the lower end of the middle matrix crack.

Figure 2.17. Post-mortem damage in the [0s/903]s — Imp1 and close-up views of
diagonal matrix cracks and delamination.

Final damage pattern of the [0s/903]s — Imp3 is shown in Figure 2.18 and it contains
matrix cracks and delaminations. One major diagonal matrix crack which intersects
with the delaminations at upper and lower 0/90 interfaces is observed at the left side
of the specimen. This matrix crack has branching at the lower end. Another major
diagonal matrix crack is observed at the far-right end of the span which is connected

33



to the delaminations at upper and lower 0/90 interfaces. A micro-crack is observed
near the right major diagonal matrix crack and it does not reach upper 0/90 interface
unlike the major diagonal matrix cracks. Several micro-cracks which are intersecting

with the delamination at the upper 0/90 interface are also observed and shown in

yellow rectangles. These micro-cracks do not reach the lower 0/90 interface.

Figure 2.18. Post-mortem damage in the [0s/903]s — Imp3 and close-up views of

diagonal matrix cracks and micro-matrix cracks.

2.3.2. [90/0]s Specimens
2.3.2.1. Static Tests

Results of the static experiment of one [90s/03]s specimen is presented in the following

subsections.
In-situ Damage Characterization

Damage sequence in [90s/0s3]s — Stal specimen under static loading is represented
schematically in Figure 2.19. Damage initiates as a vertical matrix crack in the lower
group of 90° layers at a location close to the impact line as shown in Figure 2.19a.
This crack nucleates a delamination facing both left and right end sides of the
specimen as secondary vertical matrix cracks. At the meantime, a vertical matrix crack

is observed in the upper group of 90° layers near the left boundary condition, as shown
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in Figure 2.19b. Then, a new delamination front is created where one of the secondary
matrix cracks reaches the lower 0/90 interface. Two more matrix cracks form in the
upper group of 90° layers near the right boundary condition. Delaminations are
nucleated at the top 0/90 interface by each of the three matrix cracks developed in the
upper 90° layers, as seen in Figure 2.19c. The formation of matrix cracks and the
propagation of delaminations is observed to be much slower than those observed in
the static tests of [0s/90s]s specimens. At the end of the test, a delamination occurs
rapidly inside the middle clustered 0° plies, as seen in Figure 2.19d, in a form very

similar to interlaminar shear.
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Figure 2.19. Schematic representation of damage formation sequence in [90/0]s —

Stal under static loading.

Digital Image Correlation

exx Strain distribution before and damage state and after each local failure in the
[90s/03]s — Stal under static loading is presented in Figure 2.20a and b, respectively.
Locations where matrix cracks occur are shown in red circles in Figure 2.20a.
Corresponding cracks are marked with white circles and their close-up views are

shown in Figure 2.20b. Results show that vertical matrix cracks occur where high
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longitudinal tensile strains are observed. However, it is noted that not every hot exx

spots provoke a matrix crack.
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Figure 2.20. (a) exx strain distribution before each local failure and (b) damage state
after each local failure in the [90s/03]s — Stal under static loading.

Post-mortem Damage Characterization

Micrographs in Figure 2.21 show the final damage pattern of [90s/03]s — Stal
consisting of matrix cracks and delaminations. All matrix cracks are observed to be
vertical rather than diagonal as observed in the case of [0s/90s]s specimens. There are
two matrix cracks in the bottom 90° layers near the half-span. A delamination exists
where the left matrix crack reaches to the 0/90 interface while no delamination is
observed for the right matrix crack. In the top 90° layers, on the other hand, there are
three matrix cracks two of which are located at each end of the span. Delaminations
are observed around the intersection of these matrix cracks and top 0/90 interface. The
third matrix crack in the top 90° layers lies at the right side of the specimen without
no delamination at its end. The lengths of these delaminations are smaller than the

ones observed in [05/903]s specimens.
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Figure 2.21. Post-mortem damage in the [90s/03]s — Stal and close-up views of

vertical matrix cracks and delaminations.

2.3.2.2. Impact Tests

Results of the impact experiment conducted on one [90s/03]s specimen is presented in

the following subsections.
In-situ Damage Characterization

In-situ formation of the damage induced by 7.32 J impact in [90s/03]s — Imp1 is
presented in Figure 2.22 via the UHSC pictures captured at 60,000 fps. Failure
sequence is similar to that occurs in static tests. Initial failure is observed 217 ps after
the initial contact and it is in the form of a vertical matrix crack initiated near the
middle of the bottom edge of the specimen where longitudinal stresses due to bending
are higher. This crack is followed a vertical matrix crack which is observed at 250 ps
in the upper group of 90° layer near the left boundary condition. A secondary matrix
crack occurs in the bottom 90° layers at 333 ps. Finally, second matrix crack is
observed at 733 us in the upper clustered 90° layers near the right boundary condition.
The last frame in Figure 2.22 is taken at 1867 ps which corresponds to the instant of
maximum impactor displacement. The above-mentioned cracks which are shown in
the yellow circles can be clearly observed in this frame since they are opened. Small

amount of delaminations is also distinguished at the locations where these matrix
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cracks meet the neighbor interfaces, but more detailed characterization of the
delaminations are performed in the next section via micrographs of the post-mortem

specimen.

Figure 2.22. In-situ damage formation in [90/0]s — Imp1 under 7.32 J impact
captured at 60,000 fps.
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Post-mortem Damage Characterization

Post-mortem damage pattern of the [90s/03]s — Imp1 includes the microscopy pictures
of matrix cracks and delaminations, as shown in Figure 2.23. There are two vertical
matrix cracks at each end of the span in the top 90° layers and delaminations are
observed at the end of these matrix cracks, between the top 90° and 0° layers. Full-
lengths of the delaminations are also shown in the close-up micrographs of the matrix
cracks. A micro-crack is observed around the half span of the top 90° layer where the
impactor hits, as shown in the yellow rectangle. In the bottom 90° layers, a
delamination and two matrix cracks near the half-span are observed. The delamination

is located at the 0/90 interface and at the end of left matrix crack. There were no

delaminations observed near the right matrix crack at the bottom 90° layer.

Figure 2.23. Post-mortem damage in the [90s/03]s — Imp1 and close-up views of

vertical matrix cracks and delamination.
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2.4. Conclusions

In this study, static and low-velocity impact experiments are conducted on [0/90]s and
[90/0]s CFRP beams. For this purpose, an in-house drop-weight type experimental
setup is designed and manufactured. In the experiments, in-situ damage process is
captured via ultra-high speed camera system. Strain fields on the specimen edge are
obtained performing digital image correlation analyses. Post-mortem damage patterns
are characterized using a digital microscope. The results of the experiments are
presented in this section. Conclusions of the study are as follows:

In [0/90]s beams subjected to transverse static or impact loading,

e Initial failure mechanism is diagonal matrix crack formation followed by
delaminations at the top and bottom 0/90 interfaces.

e Digital image correlation analysis show that transverse shear strain is the
determinant component of the strain for formation of the diagonal matrix
cracks.

e Micro-matrix cracks may occur in the middle group of 90° layers parallel to
the initial diagonal crack.

e Experimental evidence of formation of a micro-matrix crack under impact
loading is presented with an interframe time of 2 ps. It is shown that the micro-
matrix crack nucleates a new delamination front when it reaches the neighbor
interface. At that instant, the front of the former delamination is still behind.

e Propagations of the delamination cracks in [0/90]s beams under static and
impact loading are recorded with an interframe time of 2 ps. The position of
the delamination crack front is drawn with respect to time under static and
impact loading. A good correlation is discovered between the delamination
crack front trajectories in the static and the impact tests.

e Crack speeds in top 0/90 interface of [0/90]s beams are calculated under static
and impact loadings performing numerical time differentiation of crack tip
position data. In case of both static and dynamic loading, crack speed raises up
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to 850 m/s. It is inferred from this observation that, under both static and
dynamic flexural loading, dynamic crack propagation occurs in [0/90]s CFRP
beams.

Finally, the experimental data consisting of the crack tip positions and the
crack tip speeds can be used as a benchmark for the simulations of the

experiments conducted on [0/90]s beams.

In [90/0]s beams subjected to transverse static or impact loading,

Initial failure mechanism is vertical matrix crack formation around the
maximum bending stress location in the bottom 90° group of layers.

Digital image correlation analysis shows that formation of vertical matrix
cracks occurs where longitudinal strain concentrations are observed.

Although vertical matrix cracks nucleate delaminations at their neighboring
interfaces in [90/0]s beams, sizes and propagation speeds of these
delaminations are significantly small compared to that observed in [0/90]s

beams.
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CHAPTER 3

NUMERICAL INVESTIGATION OF LOW-VELOCITY IMPACT
DAMAGE IN FIBER-REINFORCED COMPOSITE BEAMS

3.1. Introduction

In this study, finite element simulations of the line impact experiments conducted on
cross-ply CFRP specimens are presented. Impact tests of composite beams are
modeled in 3-D space. Low-velocity impact simulations are conducted with explicit
finite element analysis. In order to predict composite ply damage, intralaminar damage
model which is developed and implemented to ABAQUS/Explicit via a user-written
subroutine VUMAT in a previous study [9] is used. Delamination damage is simulated
using cohesive zone method. Initiation times and locations of damages and final
damage patterns are investigated comparing the results obtained in simulations with

experimental results.
3.2. Numerical Method

Simulation technique and damage models used in the finite element model analysis
are presented in this section. Although the line impact model can be simplified into a
two-dimensional model, finite element model is created using ABAQUS/Explicit in
3D environment to investigate contribution of 3D effects observed in the real
experiments. Intralaminar and interlaminar damage models are developed and
implemented to the analysis for simulating damage process in [0s/903]s CFRP beam
under LVI.
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3.2.1. Modelling of Composite Damage

Two separate damage models are used for simulation of composite ply damage and
delamination: intralaminar and interlaminar, respectively. These two damage models

are described in the following subsections.
3.2.1.1. Intralaminar Damage Model

In this study, LaRCO04 failure criteria is used to determine the damage initiation at
composite ply level. Together with failure criteria, bilinear equivalent stress-
displacement response of 3-D solid elements constitutes the continuum damage
mechanics based three-dimensional composite damage model. Intralaminar damage
model is implemented to the finite element model via an ABAQUS/Explicit user-

written material subroutine VUMAT which is developed in a previous study [9].
Damage Initiation

Although prediction of fiber and matrix damage initiations are made separately in
LaRCO04 failure criteria [15], this study includes only matrix failure criterion in
agreement with the experiments. Equations predicting the initiation of matrix damage
for the current state of the normal stress in the in-plane transverse direction, a,,, are

given as follows:

Tensile matrix failure for a,, > 0,

FI" = (1~ g)

2
o o. AS:72, +
22 +g< 22) 23723 + X(¥12) —1 (3.1)

Ylg Ylg X (yf 2 is)

In equation (3.1), toughness ratio g is defined as the ratio of mode | and mode Il
fracture toughness terms and adds in-plane shear non-linearity. A95 is the transverse
shear component of crack tensor and in-plane shear internal energy x(y,,) is the area
swept by in-plane shear stress-strain curve. As the middle 90° layer is a thick

embedded ply in the laminate (t = 1.8 mm > 0.8 mm), in-situ values of transverse
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tensile strength ;% and ultimate in-plane shear strain y1%;, are used in prediction of

tensile matrix damage. In-situ tensile strength Y% is calculated as 1.12v2 Y7 [15].

Compressive matrix failure for g,, < 0,

T 2 Tt 2
) * ) 62

In equation (3.2), L and T are shear tractions on the fracture plane along and
transverse to fiber directions, respectively and o,, is the normal traction as expressed
in Mohr-Coulomb criterion. n”a,, and n*o, are shear stresses on the fracture plane
due to friction. In-situ longitudinal shear strength S% is defined as Sk = /2 St for
linear shear law of a thick embedded ply [27], [28]. ST is the shear strength transverse
to the fibers and calculated from compressive transverse strength Y¢ and a,, which is
the angle of the fracture plane with vertical in pure transverse compression. Although
a, depends on the loading, experiments show that a, = 53 + 2° for most technical

composite materials [15].
Damage evolution

After the initiation of damage in tensile or compressive mode, linear softening
response shown in Figure 3.1 represents the propagation of damage. The linear
softening response for a damaged composite ply is adapted from the model proposed

originally for cohesive materials [29].
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Figure 3.1. Constitutive bilinear stress — displacement response for intralaminar

damage model.

In Figure 3.1, O-A line represents the loading of the solid element until damage
initiation. A is the point where failure index for tensile or compressive mode FI1* (k =
T, C) reaches 1, indicating failure initiation. At this point, matrix damage metric dX,
is 0. On A-C line, damage propagates and dX, increases from 0 to 1, following non-

linear saturation type behavior specified as

5£q,k (5661 - 5gq,k)

69‘1 (aefq,k - 6gq,k)

df, = (3.3)

At point C, element is completely damaged. When unloading occurs from a partially
damaged state, B-O line is followed. The area under OAC curve Gy, is described as
energy dissipation until complete failure. For tensile matrix failure, G is equivalent
to mode | fracture toughness G,. of material, where G, can be calculated
approximately using mode Il fracture toughness G;;. and fracture angle «, in case of
compressive matrix damage and defined as G. = G;./cos («,) [25]. Equivalent
stress a4 and equivalent displacement 6., expressions defined for 3-D stress state are

given as [9]
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The “+” sign is taken as “+” for tensile failure mode and “—" for compressive failure
mode in equations (3.4) and (3.5). [* is the characteristic length of each element
defined to reduce the mesh dependency of finite element model and ( ) is the

Macaulay bracket, which is defined as (a) = (a + |a|)/2. It should be noted that aeoq’k

and &9, ;. refer to equivalent stress and equivalent displacement calculated from stress
and strain state when FI* becomes 1. The final equivalent displacement 6561,,{ where
complete damage happens is found as ZGk/agq,k.

For representing degradation of in-plane stiffness properties, damaged stiffness matrix

approach is proposed by Matzenmiller [19]. Extended version of damaged compliance

matrix to 3-D is given as follows considering only matrix damage [30]

I~ - 0 0 0
E; E; E;
S p— — 2 0 0 0
E;  Ex;(1-dym) Ey
s s : 0 0 0
E E E3(1-dp)
S = 1 2 3 M 1 (36)
0 0 S — 0
2G12(1-ds)
0 0 0 0 — 0
2G13(1-ds)
0 0 0 0 0 S
L 2G23(1—-ds)-

In equation (3.6), d,,, and d are matrix and shear damage metrics, respectively. Matrix
damage metric is determined according to type of the loading. For tensile matrix
damage mode, i.e. g,, > 0, d,, = d, and for compressive mode where a,, < 0,

d,, = dS,. Shear damage metric is defined as a combination of compressive and
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tensile mode damage metrics and calculated as d; = 1 — (1 — d%,) (1 — dS,). After
degradation, stress state is redefined by o = Ce, where stiffness matrix C is the inverse

of the compliance matrix S.
3.2.1.2. Interlaminar Damage Model

Cohesive zone method of is used for simulating delamination along 0/90 interfaces.
Similar to intralaminar damage model, a bilinear traction — separation response is
defined for cohesive elements. Effect of mode-mixity under multiaxial loading
conditions is taken into account by superposition of responses in normal and shear

directions, as shown in Figure 3.2.

T
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Figure 3.2. Constitutive traction — separation law for cohesive zone model in mixed-

mode

Damage Initiation

For a single mode loading case, the initial response of the cohesive elements is
assumed linear. The slope of the initial linear portion of the bilinear curve is known
as penalty stiffness E, and it is assumed a high value to prevent unphysical compliance
prior to onset of delamination [9]. Damage initiation occurs at the state where the

surface tractions at cohesive interfaces increase linearly and reach the interfacial
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strength of the corresponding mode, T, ;i =1I,1I,111. Quadratic nominal stress
criterion which is used to determine initiation of damage in vicinity of mode-mixity is

given as
2 2 2
T, T, T,
(( I)) +< 11 ) +< 111 > =1 (37)
To,I To,II To,III

Since compressive stresses are assumed to generate no damage on cohesive elements,

Macaulay operator is applied on opening mode surface traction T, in the damage

initiation criterion. Mixed mode separation value at damage initiation is expressed as

8, = T,/E, where initiation traction is T, = \/TO'{, +TE + Th

Damage Evolution

Once the damage initiates in cohesive element, linear softening of traction-separation
response starts in which tractions decrease to zero at each critical pure mode
displacement 6. ;, i = I,11,111. The area under each pure mode traction-separation
curve refers to the fracture toughness of corresponding mode, G;.. The pure mode

critical displacements can be found by 8.; = 2G;. /T, ;.

Mode-mixity in damage propagation is taken into account in calculation of critical
energy release rate, G., under a mixed-mode loading case. G, is defined by

Benzeggagh-Kenane criterion which is given as [32]

G n
G. = Gy + (GSHC - Glc) (Gi:) (3-8)

In equation (3.8), Ggy and G refer to sum of work done by shear mode tractions and
sum of all pure mode tractions, respectively, on corresponding single mode
displacements, implying that Gsy; = G;; + Gy and Gy = G; + G + Gy Gy 1S the
fracture toughness in pure opening mode. Critical energy release rates of shear mode

cracks in first and second directions G;;. and G, are assumed equal and shear mode
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fracture toughness Gy, is defined accordingly as Gsy. = Gy = Gyppe- B-K criterion
constant n is a non-dimensional curve fitting parameter which is obtained from mixed-

mode fracture toughness test [33].

During the evolution of mixed-mode damage in cohesive elements, in order to provide
a linear softening response to interface elements, damage metric D is defined as

_ 608 =60)

" 30— 0) 9

where effective mixed-mode separation is calculated with § = /(8;)% + 62 + 63, and

its critical value is determined by 8, = 2G./T,.
3.2.2. Finite Element Model

Low-velocity impact experiments conducted in Chapter 2 are simulated with explicit
finite element analyses. A three-dimensional model is generated in ABAQUS/Explicit
to include nonlinearities due to 3-D effects. In this section, geometry and boundary
conditions of finite element model, ply and interface properties of the composite
material, mesh and element size specified for discretization of beam geometry and

contact and friction models used in the simulations are discussed.
3.2.2.1. Geometry and Boundary Conditions

In the general finite element model, impactor and beam geometries are created.
Dimensions of parts are shown in Figure 3.3 together with initial and boundary

conditions.
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Beam BCs: Impactor:

- Top surface: Fixed in X - R20 mm
- Bottom surface: Fixed in X, Y - m=1865kg
- V=variable

- BC: Fixed except
translation in Y

Figure 3.3. Geometry, initial conditions and boundary conditions of the line impact

finite element model.

Steel impactor is modeled as an analytical rigid body with a lumped mass of 1.865 kg.
In order to conduct virtual experiments with an impact energy corresponding to
different release height, an initial velocity in downward direction is calculated and
predefined to the impactor body. Lateral translational motions and all rotational

motions of the impactor are restrained.

The 100 x 17 x 4.8 mm3 composite beam is modeled as a 3-D deformable solid body
at mesoscale. The beam consists of 16 unidirectional composite layers having equal
thicknesses of 0.3 mm. In the model, clustered plies are considered as a single
homogenized thick ply. Boundary conditions are defined on top and bottom surfaces
at 25 x 18 mm? end regions of the beam. In order to simulate experimental conditions
as closely as possible, translation of bottom surface is constrained X and Y directions
while the top surface is fixed only in X direction to allow the shape change due to

Poisson effect under compressive loading.

In some of the analyses, more detailed model of the experiments is used since required.
In this model, clamps are also modeled as rigid bodies for better representation of the

experimental boundary conditions. The clamps squeeze the beam through an out-of-
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plane displacement of 0.005 mm which is defined to the reference nodes assigned to
each clamp. A resultant clamping force of 3200 N is obtained on both end of the

beams.
3.2.2.2. Material Properties

Ply level mechanical properties of Hexcel 913C/HTS unidirectional tape material are
given in Table 3.1. Elastic properties including longitudinal, in-plane transverse, in-
plane shear, out-of-plane shear moduli and in-plane and out-of-plane Poisson’s ratios
(E1, E,, G15, Go3, V12, V53), Strength properties such as transverse tensile, transverse
compression and in-plane shear strengths (Y7, Y¢, St) and density value (p) are taken
from [9]. The remaining material properties E5, G5 and v, are assumed as: E; = E,

G5 = G1,, V13 = V4, inaccordance with [9].

Table 3.1. Mechanical properties of Hexcel 913C/HTS.

Density 1780 kg/m?®
Elastic E:1 =135 GPa; E»=9.6 GPa; E3=9.6 GPa
v12 =0.3; vi3=0.3; v3=0.45
G12 =5.5GPa; G13=5.5GPa; G23=4.5GPa
Strength Y1 =60 MPa; Yc =205 MPa

S12 =62 MPa; Si13 =62 MPa

Interface properties of Hexcel 913C/HTS material are specified in Table 3.2. Interface
strengths T, ; and T, ;; are determined from ASTM Standards D6415 [34] and D2344
[35], respectively, and T, ;;; is take to be equal to the T, ;;. DCB [36] and ENF [37]
tests are conducted for measuring Mode-1 and Mode-11 fracture toughnesses G,. and
Grre- Gype 1S assumed as Gy = G- B-K criterion constant is taken as 1.45 which is

designated for a similar material [7]. As mentioned in the description of the
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interlaminar damage model, penalty stiffness E, is assumed a high value to prevent

unphysical compliance prior to onset of delamination [9].

Table 3.2. Interface properties of Hexcel 913C/HTS

Interface strength To,1 = Toun = Tom =115 MPa

Fracture toughness Gic =280 N/m; Giic = Gui,e = 860 N/m
B-K criterion constant n=1.45

Penalty stiffness Eo = 5x 10 N/m®

3.2.2.3. Mesh and Element Size

In the finite element model, each composite layer of the beam is modeled with one
solid element in thickness direction as in most studies performed at mesoscale [3], [6],
[7], [9]. 8-noded linear brick elements with reduced integration and hourglass control
(C3D8R) are used to discretize composite beam and the resultant size of each solid
element is 0.2 x 0.2 x 0.3 mm?3, Interface elements are offset from the solid mesh
between the layers of different fiber angle and an offset thickness of zero is specified
such that FE software assigns the smallest possible thickness to interface elements.
Each cohesive element shares the nodes with upper surface nodes of top adjacent

element and lower surface nodes of bottom adjacent element.

Mesh stability criteria proposed by Yang and Cox [38] is checked for interface
elements. The cohesive zone length is determined by I, ; = (lch_,)mh”4 and lg,;; =
lenirh for Mode-1 and Mode-11 delaminations in slender beams. In these expressions,
h is the laminate half thickness and [, ; is the characteristic length of cohesive
material for failure modes i = I, II where l.y; = Gi.E'/TZ; with G, E' and T, ; being
fracture toughness, equivalent elastic modulus and interfacial strength. The greatest

element length [, = 0.2 mm is compared with cohesive zone lengths ., ; for Mode-I
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and Mode-I1 failures and it is established that cohesive zone length is spread on a

dozen of cohesive elements. It is noted that equivalent elastic modulus of an

orthotropic material is defined as E' = E; /1 — v1,V,;.

In order to prevent constitutive linear softening of damaged elements with strain
reduction, greatest in-plane element size in the model, I*, should be less than the
maximum characteristic in-plane element length [,,, which is determined by
Lnaxm = 2Ey Gy /X5 Where Ey, Gy, and Xy, are elastic modulus, fracture toughness
and ply strength with M = 2+, 2—, 6 corresponding to tensile matrix, compressive
matrix and shear failure modes [26]. In calculation of [}, it is assumed that E,, =
Ey_ = E;, Eg = Giz, Goy = Gie, Gom = Gype/cos (53°), Gg = Gppe, Xpr = Y7, Xp_ =
Y¢ and X, = St [4]. The minimum of maximum greatest element sizes is found at

*

compressive matrix direction as Iy, - =~ 0.64 mm which is approximately 2.3 times

larger than greatest in-plane element size in the model, I* = /[, L, = 0.28 mm.

3.2.2.4. Contact and Friction Models

Contact between the impactor and the beam laminate is modeled by General Contact
Algorithm of ABAQUS/Explicit. Kinematic and penalty enforcement contact methods
are used for normal and tangential behaviors, respectively. This contact model is also
applied at possible delaminated interfaces for simulating contact and friction where

cohesive elements are fully damaged and removed from the analysis.

Penalty contact method in ABAQUS/Explicit uses Coulomb Friction model. In the
Coulomb model, relative tangential motion between two contacted surfaces is
restricted until a critical surface traction value, t. = up, is reached where u is the
friction coefficient and p is the normal contact pressure at the corresponding surface.
In the current model, following the studies of several authors [3], [7], u = 0.3 for

impactor-laminate contact and ¢ = 0.5 for internal laminate contact is used.

In addition to the above-mentioned contact definitions, contact between the rigid
clamps and the beam is defined in the detailed finite element model. Similarly,
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kinematic and penalty enforcement contact methods are used for normal and tangential

behaviors, respectively. u = 0.3 is used for clamp-laminate contact.
3.3. Numerical Results

In this section, results of the finite element analyses conducted in ABAQUS/Explicit
for simulating the low-velocity impact experiments on [0s/903]s and [90s/03]s CFRP

beams are presented.
3.3.1. [05/903]s Beams
In-situ Damage Process

Finite element analysis of the 9.15 J impact on the [0s/903]s CFRP composite beam is
conducted. Damage formation sequence in the beam is seen in Figure 3.4 through
eight consecutive pictures of the beam snapped with a time interval of 1 ps. This

sequence is summarized as follows:

e At 322 ps after the initial contact between the impactor and the beam, initiation
of matrix damage inside the clustered 90° plies is observed on both side of the
beam laminate.

e These matrix damages grow towards the interfaces with an inclined angle and
form diagonal matrix cracks at 324 ps. At this instant formation of new matrix
damages is observed at locations closer to the impact line.

e At 326 ps, delaminations which are nucleated by the diagonal matrix cracks
when reaching the upper and the bottom 0/90 interfaces are seen. It is also
observed that secondary diagonal matrix cracks are developed towards the
midspan of the beam.

e At 328 ps, growth of the existent delaminations are noted and new
delamination fronts are created by secondary matrix cracks.

e On each side of the beam, the two delaminations at the top 0/90 interface

coalesces and form a single delamination at 330 ps.
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e At 332 ps, delaminations propagates towards midspan of the beam at the top
0/90 interface and towards ends of the beam at the bottom 0/90 interface.

e At 334 us, two delaminations propagating at the 0/90 interface are observed to
be merged into one large delamination at the middle of the beam.

e Final damage pattern in the beam is captured at 350 ps.

Figure 3.4. Damage formation sequence in the [0s/903]s CFRP beam subjected to
9.15 J impact.

Figure 3.5 shows the matrix damage observed in the simulation and the experiment.
The result show that a good agreement between the experiment and the simulation is

achieved in terms of form, initiation location and initiation time of matrix cracks.
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Figure 3.5. Comparison of the diagonal matrix damage observed in the simulation

(left) and the experiment (right).

The results of this finite element analysis show that modeling the geometry in three-
dimensional space highly affects both interlaminar and intralaminar damage formation
sequences. Damage progression inside the beam is visualized via translucent images
presented in Figure 3.6. It is seen that initial matrix cracks initiates at the free edges
of the beam and propagates towards middle of the beam inside the clustered 90° layers.
Concurrently, secondary cracks form at the free edge and then grow similarly with a
time lag. Further propagation of matrix cracks generates a non-uniform complex 3D

damage pattern.

Delamination formation sequence along the width of the specimen at the upper 0/90
interface is also seen in the Figure 3.6. It is observed that delaminations initiate at the
free edges of the beam where the matrix cracks touch the interfaces at 324 ps.
Delaminations at the top 0/90 interface propagate towards middle of the beam in both
length and depth directions until they merge completely at 334 us. Delaminations at
the bottom 0/90 interface, on the other hand, expand towards the end of the beams in

length direction and to the inside the beam in depth direction. At 330 ps, delamination
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fronts formed at the front and back faces of the beam meets in depth direction turn
into a single delamination at each of four delaminated regions namely top-left, top-

right, bottom-left and bottom-right delaminations.

Figure 3.6. Matrix and delaminations damage progression inside the [05/903]s CFRP

beam visualized via translucent images.

58



Matrix Crack Initiation and Microcrack Formation Mechanisms

In the impact event of [0/90]s beams, initial damage occurs in the clustered 90° plies.
Initiation of the matrix damage in the beam under 7.7 J impact is investigated using
the shear stress contours drawn in the regions under transverse tension. Figure 3.7
shows the sequence of tensile matrix damage formation in 90° plies together with the
pioneer transverse shear stress (123) contours observed on the elements under tension
stress through the length of the beam only. At 230 ps after initial contact between
impactor and top surface of the beam, first and major matrix crack forms at a region
where shear stresses are maximum. The angle made by this crack and the longitudinal
direction is approximately 45° and this corresponds to the angle of the inclination of
the principal stress plane which is the common case under shear stress dominance.
When the major matrix crack reaches the top and bottom 0/90 interfaces, delamination
fronts arise. Although shear stresses are amplified around the matrix crack induced
delamination crack tip, no further matrix crack formation is observed in these regions
where normal stresses in length of the beam direction are compressive due to the
compressive waves spread from sudden breakage location of 90° clustered plies in
tension loading. At 231 ps, a secondary matrix crack, which is also called a
microcrack, initiates in tensile matrix mode at maximum transverse shear stress
location at a distance from major matrix crack. Later a second microcrack occurs in a
similar way at a location closer to the impact region, at approximately 232 ps. The
angle between microcracks and horizontal are nearly same as the angle made by major
matrix crack due to similar shear dominance. At 235 ps after initial contact, it is seen

that each microcrack nucleates a new delamination front when they reach the interface.

59



S, 522

[Aug: FO%)
+2.8042+07
+8.820e+07
+7.85&e+07
+6.882e+07
+5.908e+07
+4,9242+07
+2.960e4+07
+2,986e+07
+2.012e+07
+1.0228e+07
+6.237924+05
-9,102=+0&
-1.884=+07

Clamped

Portion

<

G
3
3

Figure 3.7. Tensile matrix damage formation sequence on half portion of the
[05/903]s CFRP beam together with the pioneer transverse shear stress (t23) contours

observed on the elements under tension stress in the clustered 90° plies.

Characterization Delamination Propagation

Figure 3.8 shows the variations of crack tip position for 9.15 J and 7.7 J impact
analyses with time in comparison with the experimental measurements. The positions
of the delamination crack fronts at the top 0/90 interface are measured from the
midspan of the beam using the results of finite element analyses. Results show that

crack propagation is very similar in the impact events simulated with two different
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energies. Although the slope of the imaginary crack tip position vs. time curves are
locally same, small amounts of margins occurs following the formation of daughter
cracks induced by secondary matrix cracks. It can be deduced that these margins are

arisen from the difference between the initiation times of secondary cracks.

Although a clear consistency is obtained in delamination propagation behavior in the
finite element analyses of beams impacted at different energies, there is no such
agreement between the numerically and experimentally obtained data, as seen in
Figure 3.8. This fact asserts the necessity of further investigation of delamination

propagation sequence for accurate modelling of impact damage in laminated

composites.
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Figure 3.8. Variations of crack tip position for 9.15 J and 7.7 J impact analyses with

time in comparison with the experimental measurements.

For this purpose, additional finite element analyses are conducted by changing
interlaminar strength and fracture toughness parameters which define the cohesive
behavior. The first two finite element analyses are performed with an impact energy

of 7.7 J. In the first analysis, all components of the fracture toughness are doubled and
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all interlaminar strength terms are kept constant. In case of the second analysis, on the
other hand, 1.4 times of all interlaminar strength terms are input in addition to double
fracture toughness. The same scenario is repeated with for a 9.15 J impact in the last
two analyses. In Figure 3.9a and b, variation of delamination crack tip positions with
time are plotted for 7.7 J and 9.15 J impact configurations, respectively, and presented
in comparison with the results of static and 9.15 J impact experiments and original

finite element analyses of 7.7 J and 9.15 J impact configurations.

Results show that doubling the fracture toughness slightly changes the initial slope of
the imaginary crack tip position vs. time curve. However, increasing the components
of interlaminar strength to 1.4 times of their original value induces considerable drop
in the slope of the imaginary curve. A good agreement is obtained with the
experimental data when the reference time is shifted to a larger value (9 us) in order

to eliminate the delay caused by the difference in the locations where crack initiates.
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Figure 3.9. Variation of delamination crack tip positions with time for (a) 7.7 J and

(b) 9.15 J impact configurations in comparison with the results of static and 9.15 J

impact experiments and original finite element analyses of 7.7 J and 9.15 J impact

configurations, respectively.
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Modelling of Asymmetric Impacts

In this part of the study, results of the finite element analysis of the 9.15 J impact on
the [0s/903s]s CFRP composite beam is conducted by shifting the impactor 1 mm as
seen in Figure 3.10. The matrix damage occurs initially on the right-hand side of the
specimen where the impactor is shifted towards. This crack forms approximately 20
us earlier compared to symmetric loading. Although a few elements are seen to be
damaged on the left-hand side of the beam at 420 ps, development of the matrix
damage is completed at 430 ps. This result implies that a time delay of 120 ps is
induced between the matrix cracks on each side of the beam by implementing a 1 mm

asymmetry into the model.

300 ps

310 ps T A

320 ps T
o

420 us I ' o = P

430 s

—_— .

Figure 3.10. Damage formation sequence in the [05/90s]s CFRP beam subjected to

9.15- J impact with 1 mm-shifted impactor.
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3.3.2. [90s/03]s Beams

Finite element simulation of 7.32 J impact on [90s/03]s beam is conducted with the
detailed model. In this model, squeezing plates are included in the model for better
representation of the experimental boundary conditions. The plates squeeze the beam
through an out-of-plane displacement of 0.005 mm which is defined to the reference
nodes assigned to each clamp. The reason why squeezing plates are modeled instead
of simple displacement type boundary condition is the experimental observation of
matrix crack formation in top 90° layers near the boundary conditions. Additionally,
in some sample runs conducted using the general boundary conditions, it is seen that
these cracks are very sensitive to boundary condition assignments and premature
formation of them is likely to occur with displacement boundary conditions. Only the
results of the finite element analysis conducted with the detailed model is presented in

this section.

Figure 3.11 shows the damage formation sequence in the [90s/03]s beam during 7.32
J impact simulation. Initial failure occurs 315 ps after the initial contact in the form of
vertical matrix cracks at the maximum bending stress location. At 420 ps, a
delamination front is observed at the region where the vertical matrix cracks reach the
neighbor interface. Additionally, vertical matrix cracks form in the upper group of 90°
layers at both right and left end of the unsupported portion. At 620 us, delaminations
initiate at the top 0/90 interface around each of these matrix cracks. 200 ps after this
instant, a second vertical matrix crack occurs in the top 90° layers near the former one
existing at the left hand side of the beam. From 990-t0-1030 ps, two more vertical
matrix cracks form in the bottom 90° layers such that one is on the left and the other
one is on the right of the initial cracks. When they reach the bottom 0/90 interface, the
left one merges with the existent delamination and the left one nucleates a new
delamination front. The last frame in Figure 3.11 corresponds to the instant with
maximum impactor displacement. The final damage pattern in the beam is as seen in

this frame taken 1460 ps after the initial contact.

65



315 us

420 us

620 us

830 ps

990 us

1030 ps

Figure 3.11. Damage formation sequence in the [90s/0s]s CFRP beam subjected to
7.32 J impact

66




3.4. Conclusions

In this part of the study, finite element simulations of LVI experiments conducted on

[05/903]s and [90s/03]s CFRP beams are conducted. For simulation of composite ply

damage, a continuum damage mechanics based material model is implemented to

ABAQUS/Explicit via a user subroutine VUMAT. Delamination damage is simulated

using cohesive zone method with cohesive elements. Results are in good agreement

with the experiments in terms of damage form, initiation location and time. Main

conclusions of the study are as follows:

Continuum damage mechanics based material model is able to make a good
prediction of the initiation location and time of matrix cracks in both [0s/903]s
and [90s/03]s CFRP beams.

It is shown in accordance with the experimental results that diagonal matrix
cracks in [0s/90s]s beams are provoked by high shear stresses and that
microcracks nucleate new delamination fronts when they reach the interface.
In the simulations, left and right matrix cracks in [0s/903]s initiate almost
simultaneously. Implementing a 1 mm asymmetry into the model, a time delay
of 120 ps is induced between the matrix cracks on each side of the [05/903]s
beam, in better agreement with the experimental observations.

Delamination propagation speeds are not consistent with the experimental
observations when original interface properties are used. However, a similar
propagation trend is obtained in the finite element model by adjusting the
interface properties accordingly. In this exercise, it is concluded that dynamic
values of interface properties including interlaminar strength and fracture
toughness should be used for accurate simulation of dynamic failure in

[05/903]s beam subjected to flexural loading.

It is also shown that propagation of dynamic crack [0s/903]s beam in is very similar in

terms of position and time for two different impact energies.
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CHAPTER 4

EXPERIMENTAL INVESTIGATION OF LOW-VELOCITY IMPACT
DAMAGE IN FIBER-REINFORCED COMPOSITE PLATES

4.1. Introduction

In the study, drop-weight impact tests are conducted on CFRP and GFRP composite
plates. A standard drop tower is used for 3-D drop-weight tests. Impact energies are
determined using an analytical approach with the aim of creating a reasonable amount
of damage in the plate. In the experiments, load acting on the steel impactor is
measured by a strain gage embedded into the impactor tup. Post-mortem damage
patterns inside the impacted plate specimens are characterized via non-destructive

inspection techniques.
4.2. Analytical Model for Impact Response of Composite Plates

Composite plates exhibit different type of behaviors under transverse impact loading
depending on the governing parameters of impact event. These governing parameters
can be classified into structural, impactor, and environmental parameters. The effect
of these parameters on the impact behavior should be understood well in order to
estimate the damage caused by an impact since the material response is related to the

type of the impact [39].

An analytical model developed by Christoforou and Yigit characterizes elastic
response of simple geometries made of anisotropic material subjected to transverse
impact event [40]. The analytical model is capable of predicting the maximum force
occurred in an elastic impact event which can be indirectly used for damage prediction
in a composite laminate as explained later in section 4.3.4. The analytical model

described in this section is based on the studies of Christoforou and Yigit [40]-[43].
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The type of the impact is classified according to the response of the composite plate

under corresponding impact loading as [44]

e Ballistic impact
e Impact on an infinite plate

e Quasi-static impact

Under ballistic impact, seen in Figure 4.1a, the plate response is dominated by the
through-the-thickness waves since the contact time is close to the order of time
required for the through-the-thickness waves travelling across the thickness. The type
of impact response seen in Figure 4.1b is called infinite plate response and occurs
when the contact time is greater than the time required for through-the-thickness
compressive waves travelling along the thickness, but not sufficient for shear and
flexural waves reaching the plate boundaries. In case of a quasi-static impact seen in
Figure 4.1c, the contact time is so long that the waves freely travel along through-the-

thickness and lengthwise directions.

Impact on an

Infinite Plate
|
MI

! I I
(a) ) ()

a (b

Ballistic Impact Quasi-static Impact

Figure 4.1. Three different types of impact response: (a) ballistic impact, (b) impact

on an infinite plate, and (c) quasi-static impact [44].

During a central impact on a simply supported rectangular plate, vertical displacement
of the impactor, w;, can be expressed in terms of central deflection of the plate mid-

plane, wy, and the local indentation at the impact point, a, as follows [44]
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wi=wo+ «a (4.1)

An equilibrium is set between the inertial load of the impactor, F;, the contact load,

F., and the load due to plate deflection, F,, as
F,=F. =F, 4.2)

The inertial load of the impactor is defined in terms of impactor mass, M;, and motion

of the impactor, w;, as shown in Eq. (4.3).

Fi = —Miwi (43)
The contact load is expressed via linearized contact law in terms of contact stiffness,
k., indentation, a, as

F.=k,a (4.4)

The contact stiffness is expressed in terms of impactor tip radius, R, and shear strength
of the laminate, S,,, as [45]

k, = 10.4RS, (4.5)

The load due to plate deflection equation differs for ballistic impact behavior, impact
on an infinite plate behavior, and quasi-static impact behavior. Since the ballistic
impact is beyond the scope of this study, two different plate deflection loads will be
considered: deflection load due to quasi-static impact behavior and deflection load due

to impact to an infinite plate behavior which are expressed as
Fy = kpswy + kpywd + M,w; for quasi-static impact behavior  (4.6)
Fy = 81, D*w, for infinite plate behavior 4.7

The k,, and k,,, terms in the quasi-static plate deflection load equation are bending-

shearing and membrane stiffnesses of the plate and the My, term is the equivalent

lumped mass of the plate. The bending-shearing stiffness term, k, ., is expressed in

terms of effective plate stiffness, D*, and the smallest in-plane size of the plate, b, as
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D*

- 4.8
Kb 0.0116h2 (48)

The effective plate stiffness term is a combination of bending stiffness terms of the

plate and it is given as

1 Dy, + 2D
D>'< = \/EDllDZZ <u + 1) (4.9)

vV D11D22

The equivalent lumped mass term of the plate, My, is a function of plate mass, M,,.

For a simply supported rectangular plate, My is defined as

M
M = Tp (4.10)

The I; term in the deflection load equation for infinite plate behavior is the inertial

term and expressed in terms of plate mass, M,,, and in-plane area of the plate, A, as
L=-% (4.12)

Using the force equilibrium shown in Eq. (4.2), governing equations are obtained for
each type of response, namely quasi-static and infinite plate responses as

k k
(1 + —a> d+—a=0 for quasi-static impact behavior ~ (4.12)
kbs Mi
y ko . ko L :
a+ a+t—a= for infinite plate behavior (4.13)
8,/,D* M;

Through the derivation of governing equation for quasi-static plate behavior, M,, and

k., terms are neglected.

The boundary conditions of the quasi-static behavior and infinite plate behavior are

written as
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Kps
0
kpst+kg

ap=0,a0 = for quasi-static impact behavior ~ (4.14)

a,=0,a,=1V, for infinite plate behavior (4.15)
where V,, denotes the initial impact velocity.

Non-dimensionalizing the above governing equations helps to characterize the impact
behavior. The normalization factors are maximum indentation, a,,,,, impactor mass,
M;, and inverse of the linear contact frequency, \m for length, mass and time,
respectively. Assuming that all the impact energy is dissipated to create maximum
amount of indentation by neglecting the global response of the plate, @, iS written

as

<

l (4.16)

a

Amax = Vo

=

The non-dimensional governing equations for quasi-static behavior and infinite plate
behavior are shown in Eq. (4.17) and Eq. (4.18), respectively. The non-dimensional

values are expressed with an over bar.
A@+2rYHa+a=0 for quasi-static impact behavior  (4.17)
a+2{,a+a=0 for infinite plate behavior (4.18)

where relative stiffness of the structure, A, is defined as 1 = kys/k,, and the loss

factor, ,,, is defined as ¢, = (1/16)\/k,M;/I,D*. Non-dimensional boundary

conditions can be written as

ag=0,ay= kb’:’fka 0 for quasi-static impact behavior  (4.19)
ay=0,ay =V, for infinite plate behavior (4.20)

Eq. (4.17) and Eq. (4.18) should be solved for characterization of the impact response.
For quasi-static impact response, the solution of Eq. (4.17) is obtained as
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a(t) = sin| [——=t (4.21)

1+4 1+2

The values of the characterization parameters, relative stiffness, 4, and the loss factor,
.y, are calculated for each specimen to use in the impact characterization diagram in
order to determine the type of the impact response. Throughout these calculations,
impactor mass, radius, plate geometry, and material properties are the necessary
inputs. For a specific plate, impactor mass is the only remaining variable for the
calculation of characterization parameters. Therefore, it is required to perform the
characterization parameter calculations at different impactor masses in order to

determine the behavior type correctly.

After the determination of the impact type, solution to the governing equation of the
corresponding impact type is utilized for determination of dimensionless maximum
force, F,,4,. Since the non-dimensional indentation and force parameters, @ and F, are
dependent on the non-dimensional time, t, and are equal to each other. Therefore, the

dimensionless maximum force, E,,,, is

Fnax = @max (4-22)

The maximum elastic impact force is then written as

Enax = FmaxVOV Mk, (4-23)

The resultant impact characterization diagram which is shown in Figure 4.2 has two
non-dimensional parameters and four different regions [43]. The right-side of the
diagram corresponds to the quasi-static impact. Between the infinite plate solution line
and quasi-static boundary, there is a transition region where the type of the behavior
is a mixture of these two behaviors. The region lying close to the F = 1 results in the
half-space behavior. After determining the type of impact, non-dimensional force
value of the corresponding impact configuration can be determined from the vertical

axis of the impact characterization diagram.
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Figure 4.2. Impact characterization diagram [43].
4.3. Experimental Method

In this section, experimental method followed in drop-weight impact testing of
composite plates is described. Specimen preparation, experimental setup and

determination of impact energies are explained in detail.
4.3.1. Material and Specimen Preparation

[08/902]s and [04/904/02]s composite plate specimens are manufactured using HEXPLY
913 132 HTA unidirectional carbon fibers prepreg and HEXPLY 913 132
unidirectional glass fibers prepreg by hand layup technique. Each batch is cured
subsequently at 80+5° for 30 minutes and at 125+5° for 60 minutes at a pressure level
of 4 bars in autoclave. These batches are cut into plate specimens of 150 mm x 100

mm using a water jet.
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4.3.2. Experimental Setup

Drop-weight impact experiments are conducted with INSTRON 9340 Drop Tower
Impact System equipped with standard instruments according to ASTM D7136 [46],
as shown in Figure 4.3a. The impact setup consists of a steel specimen fixture, an
impactor crosshead assembly, a carrier, a rebound catcher mechanism, and guiding
shafts. The specimen is placed on the steel specimen fixture base which has a
rectangular opening of 125 mm x 75 mm and four rubber tip clamps mounted on in
order to squeeze the specimen, as shown in Figure 4.3b. The impactor crosshead
assembly consisting of a strain gage instrumented impactor tup and a tup-holder
weighs 3.387 kg with no additional mass. The impactor tup, which is shown in Figure

4.3c, has a hemispherical tip of 16 mm diameter.

Prior to experiment, drop height of the impactor is adjusted automatically by the
carrier system for the prescribed impact energy and mass inputs. The impactor
crosshead assembly is released by a quick release mechanism. During the impact
event, the load acting on the impactor tup is measured through the strain gages and the
load data is sampled by the data acquisition system. After the impactor rebounds from
the specimen surface, the anti-rebound system actuated by hydraulic cylinders

prevents the secondary impacts on the specimen by catching the crosshead.

Following the impact experiments, damage patterns in the tested specimens are
captured using non-destructive techniques. For post-mortem damage visualization of
GFRP plates is performed by enlightening the specimens with a monochromatic light
source as seen in Figure 4.4a. This process works properly for glass fiber composites
through their sufficient translucency. For CFRP plates, on the other hand, an optical
infrared thermography setup seen in Figure 4.4b is used to visualize the final damage

pattern.
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Figure 4.3. (a) INSTRON 9340 drop tower impact system, (b) specimen fixture, and

(c) hemispherical impactor tup.
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Figure 4.4. Post-mortem damage visualization of (a) GFRP specimens using a

monochromatic light source, and (b) CFRP specimens using an optical infrared
thermography setup.

4.3.3. Test Procedure

Energies applied in the drop weight impact experiments of [0s/902]s and [04/904/02]s
specimens are determined following the procedure explained section 4.3.4. In order to
obtain the desired energy level, additional mass is installed on the impactor crosshead

if necessary.

Before starting the drop-weight experiments thickness of each specimen is measured
using a digital comparator as shown in Figure 4.5. These thickness values are inputted
to the software of the impact system for adjustment of the release height and the
triggering point of the anti-rebound system. The specimen is located on the steel
fixture base seen in Figure 4.3c and centered with respect to the window by use of
guiding pins mounted on the base table according to ASTM D7136 test standard [46].
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The specimen is fixed by four rubber-tipped clamps to prevent its rebound during the

impact. During the impact event, the load data is collected at 1 kHz sampling rate.

At the end of the impact test, the specimen is removed from the fixture and subjected
to non-destructive inspection (NDI), if required. In the NDI of CFRP plates,
thermography technique is used. The specimen is enlightened with halogen lamps at
0.5 Hz and a thermal camera captures discontinuities inside the specimen throughout
the procedure. GFRP plates, on the other hand, are positioned in front of a
monochromatic light source and photographs of the internal damage pattern are taken

with a digital camera.

Figure 4.5. Measurement of (a) GFRP and (b) CFRP plate thicknesses using a digital

comparator.
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4.3.4. Determination of Impact Energies

Since the aim of this study is to understand the delamination damage mechanisms in
CFRP and GFRP composite plates under impact loading, the damage created by the
impact should be neither too small to be able to observe nor too large to cause
penetration. It should be in the range in which the damage mechanisms can be
elucidated and used as a substantial foundation in the evaluation of numerical results.
For this purpose, the analytical method developed for low-velocity impact of
composite plates in Section 4.2 is used to determine the energy required for the

expected damage.
4.3.4.1. Analytical Determination of Delamination Threshold Energy

In this section, a semi-analytical approach is developed to determine the energy
required for the expected damage using the F,,,, obtained from the analytical method

described in Section 4.2.

A relation between the maximum elastic force, F,,,, and the impact energy, E,, can

be derived by manipulating Eq. (4.23) as follows

1 Flax 1
_ I _MV2=E 4.24
2 k(XFTYZlaX 2 o 0 ( )

When maximum elastic force, E,,,, IS equal to the force required to create
delamination, F,,;, the energy term in Eq. (4.24), the impact energy, E,, is equal to
the energy required to create delamination, E,.;, which can be written in terms of

Faet» Enax Vo, M; and k,, as

1 Fc%el
2 kaﬁrrzlax

Eqer = (4.25)

The delamination force, Fj,;, is defined by Suemasu and Majima [47] in terms of

Mode Il interlaminar fracture toughness, G,,., and effective plate stiffness, D*, as
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’320*0,,
Fdel =T TZC (426)

The number of delaminations, n, can be taken as unity for prediction of delamination
onset [48].

Then a magnification factor, kF, is applied on the delamination initiation force in Eq.
(4.25) to scale up the impact energy according to the desired level of damage and to
compensate the possible mispredictions of the analytical approach. This yields to

following expression for the impact energy to be applied in the experiments.

_ 1 (kF - Fdel)z

_ . 4.27
° 2 kOanZlax ( )

4.3.4.2. Preliminary Tests to Estimate Impact Energy Levels

The kF values applied on the delamination initiation force magnify the impact energy,
however the amount of magnification should be checked in order to control whether
the resultant delamination damage fits to the desired level of damage or not. Therefore,
pre-estimation of the experimental impact energies is performed for specific kF values
on various specimens which are spared as dummy specimens to be used for
determination of appropriate kF values. The characterization parameters for dummy
specimens are calculated and they are found to be in quasi-static impact region for all
possible impactor mass values. The corresponding delamination forces of the dummy
specimens are calculated using the expressions stated in Eq. (4.25) and Eq. (4.26).
Table 4.1 shows the stacking sequences, delamination forces, F,.;, delamination
threshold energies, E4.;, Selected kF values and experimental energies, E,,
corresponding to that kF values for each dummy specimen. Specified kF values are
chosen by comparing experimental energies and corresponding post-mortem damage
states found in the literature [39], [48].
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Table 4.1. Stacking sequences, predicted delamination forces and energies, kF

values, and experimental energies of the dummy CFRP and GFRP plates.

Stacking Sequence Fae1 [kN] Ege /] kF Ey [J]
2.5 13.1
[07/25/-25/25/-25/00] 1.60 2.10
3 18.9
2 8.5
o
o [0s/45/-45/45/-45/0s] 1.74 2.12 2 8.5
©)
2.35 11.7
2.35 125
[(02/902)3/04/90,/0;] 2.35 2.26
35 21.7
2 22.0
3 49.6
[08/25/-25/25/-25/0s] 5.04 5.51
o 2.5 344
o
o
o 2.5 344
2.5 36.3
[(02/902)3/04/02/902] 5.51 5.81
2.5 36.3

Figure 4.6 shows the post-mortem images of the dummy GFRP specimens of [0g/25/-
25/25/-25/08] when kF = 2,2.5,3 and of [(02/902)3/04/02/902] when kF = 2.5. The
damage areas of these specimens are between the limits of delamination area
considerations. As the kF value increases for the same stacking sequence, the
delamination area increases, and it takes the form of a peanut along the fiber direction.
Figure 4.6¢ has a greater delamination area when compared with the Figure 4.6d even

though they have the same kF. The main reason is the number of different angle ply
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interfaces since the same amount of energy would create smaller delamination area in
a laminate which has high number of interfaces. Since the [07/25/-25/25/-25/09]
laminate (Figure 4.6¢) has 8 different angle interfaces and laminate
[(02/902)3/04/902/02] (Figure 4.6d) has 5 of it, it is expected to observe a larger
projected delamination area in [(02/902)3/04/90./02] laminate under similar impact

energy levels.
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Figure 4.6. Post-mortem pictures of the dummy GFRP specimens of (a) [07/25/-
25/25/-25/00] and kF = 2, (b) [07/25/-25/25/-25/0¢] and kF = 3, (c) [07/25/-25/25/-
25/09] and kF = 2.5, (d) [(02/902)3/04/90./0,] and kF = 2.5.

84



Figure 4.7 shows the post-mortem thermography image of a dummy
[(02/902)3/04/902/02] CFRP specimen impacted at 12.5 J energy corresponding to kF =
2.35. The area of the impact delamination is reasonable under the given kF value for

a laminate having relatively high number of different angle ply interfaces.

L s

Figure 4.7. Thermography image of a dummy [(02/902)3/04/90./02] CFRP specimen
showing the delamination damage under 12.5 J impact (kF = 2.35).

The kF values chosen for the pre-estimation of the experimental impact energies of
dummy specimens resulted in desired level of damage. Therefore, kF values in the
range of 2-3 are expected to generate reasonable amount of damage in the real test

specimens.
4.3.4.3. Estimation of Impact Energies for Real Specimens

The determination of the kF values of main specimens are done according to the
results of pre-estimation tests. Since kF values in the range of 2-3 generated the

reasonable amount of damage, all kF values are the main specimens are again chosen
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in the range of 2-3, as shown in Table 4.2. Among these values, some exceptions are
made by choosing the kF values as 1.5 in order to observe the elastic-like behavior of

some plates.

Table 4.2. Stacking sequences, predicted delamination forces and energies, kF
values, and experimental energies of the real CFRP and GFRP specimens.

Stacking Sequence Fae1 [N] Eger [J] kF  Ey[]]
2 10
2.5 15
[04/904/02]s 2243.2 2.23

2.5 15
[a

o 2.5 15
O

2 10

[08/902]s 1764.5 2.13 2.5 15

1.5 5

1.5 13

2.5 35

[04/904/02]s 5405.5 5.74

2.5 35
[a

o 2 20
O

2 20

[08/902]s 5055.4 5.52 2 20

15 13

4.4. Experimental Results

Results of the impact experiments on selected CFRP and GFRP plates including load-
displacement behaviors and post-mortem damage patterns are presented in this

section.
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4.4.1. Results of CFRP Specimens
4.4.1.1. [04/904/02]s CFRP Plates

Four [04/904/02]s CFRP plates (named also C-IMP-P-4) are impacted at in order of 10
J, 15, 15 J, and 15 J. The resultant load-displacement curves obtained from each test
are shown in Figure 4.8. The repeatability of the impact tests is demonstrated via the
consistency in global behavior. Although the impact energy is different, delamination
force, where the first sharp drop in load is observed in load-time history [46], is almost
constant in the experiments. Loads corresponding to the delamination formation are
ranging from 2.19 kN to 2.42 kN. Average of these forces is found 2.32 kN as seen in
the Figure 4.8, and this value is close to the predicted delamination force. The energy
absorbed in 10 J — impact is 6.4 J while they are 10.5 J, 10.3 Jand 10.2 Jin 15 J —
impacts. Accordingly, projected delamination areas are expected to be wider in the

plates impacted at 15 J.

5
— CIMP-P-4-1
A — C-IMP-P-4-2
C-IMP-P-4-3 iy
— C-IMP-P-4-4 " “1 kf )
g ST I:{’\NM i
2 F = 2.32 kN ’. ;i IIW)/
3 2 \‘ |"t! ‘
Pri | L‘ “
WI ’J '
1 F '.Hﬂ
Al
0 : jw | | |

Displacement [mm]

Figure 4.8. Load-displacement curves of [04/904/02]s CFRP specimens.
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Post-mortem thermography images of the C-IMP-P-4-1 and C-IMP-P-4-2 specimens
are seen in Figure 4.9 and Figure 4.10, respectively. Resultant delamination amounts
are as desired in both specimens implying the accuracy of the impact energy
estimations. Projected delamination area is larger in C-IMP-P-4-2 as expected since
more energy is absorbed. It should be noted that peanut shape of delamination is wider
along longitudinal direction of the plate. This is because the lowermost plies are
oriented parallel to the longitudinal axis of the plate and is expected in accordance

with the bending stiffness mismatching concept.

C-IMP-4-1

(a) Front view (b) Rear view

Figure 4.9. Post-mortem thermography images of the C-IMP-P-4-1 specimen.
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C-IMP-4-2

(a) Front view - (b) Rear view

Figure 4.10. Post-mortem thermography images of the C-IMP-P-4-2 specimen.
4.4.1.2. [0s/902]s CFRP Plates

10J, 15 Jand 5 J impact experiments are conducted on three [0s/902]s CFRP specimens
C-IMP-P-5-1, C-IMP-P-5-2 and C-IMP-P-5-3, respectively. Load-displacement
curves obtained from these experiments are shown in Figure 4.11. The average
delamination force for [0s/902]s CFRP specimens is calculated as 1.68 kN while the
predicted force is 1.76 kN. Amount of energies absorbed by the plates are 6.1 J, 11.6
J,and 3.0 J for 10 J, 15 J, and, 5 J impacts, respectively.

89



—— C-IMP-P-5-1
C-IMP-P-5-2 ‘ “
N‘;lf IR
3 C-IMP-P-5-3 ‘W.
z
=
o 2
o]
Q
—
1
0

0 2 4 6 8

Displacement |[mm]

Figure 4.11. Load-displacement curves of [0s/902]s CFRP specimens.

Figure 4.12 and Figure 4.13 show the post-mortem thermography images of the C-
IMP-P-5-1 and C-IMP-P-5-2 specimens, respectively. The amount of delamination is
satisfactory for both specimens. Projected delamination area is larger in C-IMP-P-5-2
as expected due to the higher amount of absorbed energy. Additionally, the projected
delamination areas are greater in [0s/902]s specimens compared to that in [04/904/02]s
specimens impacted at the same energies. This is expected because similar levels of
energies are dissipated with formation of delamination at fewer interfaces. Similar to
the post-mortem images of [04/904/02]s specimens, larger delaminations extend along

the longitudinal plate axis and peanut shape is preserved.
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C-IMP-5-1

(a) Front view (b) Rear view

Figure 4.12. Post-mortem thermography images of the C-IMP-P-5-1 specimen.

(a) Front view (b) Rear view

Figure 4.13. Post-mortem thermography images of the C-IMP-P-5-2 specimen.
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4.4.2. Results of GFRP Specimens
4.4.2.1. [04/904/02]s GFRP Plates

Figure 4.14 shows the load-displacement curves of the [04/904/02]s GFRP specimens
tested at 13 J, 35J, 35J and 20 J impact energies. The curves drawn for the specimens
impacted at 35 J are very consistent and demonstrates repeatability of the impact tests.
The average delamination force is calculated as 3.3 kN while the predicted force for
this layup is 5.4 kN. Therefore, the predicted delamination force is overestimated for
[04/904/0.]s GFRP specimens.

10
9 L — G-IMP-P-4-1
3 G-IMP-P-4-2
i G-IMP-P-4-3
T G-IMP-P-4-4
z 0 -
=
= 9
S
= 4
3
2
1
O 1

0 2 4 6 8

Displacement |[mm]

Figure 4.14. Load-displacement curves of [04/904/02]s GFRP specimens.

Figure 4.15 shows the post-mortem images of the main GFRP specimens of
[04/904/02]s when kF values are equal to 1.5, 2.5, 2.5, 2 and the impact energy values
are equal to 13 J, 35 J, 35 J, and 20 J, respectively. Figure 4.15b and Figure 4.15c

show the delamination damage at the same impact energy value; therefore, the damage

92



area is very similar as expected. As the impact energy decreases gradually as shown
in Figure 4.15d and Figure 4.15a, respectively, the damage area also decreases. The
peanut shaped delaminations are observed in the fiber directions, 0° and 90°
directions, and are wider along the longitudinal direction of the plate due to bending
stiffness mismatching phenomenon. The darker regions Figure 4.15 show the

overlapping 0° and 90° delamination areas.
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Figure 4.15. Post-mortem pictures of the main [04/904/02]s GFRP specimens of (a)
kF = 1.5, (b) kF =25, (c) kF =25, (d) kF = 2.
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4.4.2.2. [08/902]s GFRP Plates

Three [08/902]s GFRP specimens (named also G-IMP-5) are tested at 20 J, 20 J and 13
J. Since the test data could not be acquired for specimen G-IMP-P-5-1 due to the
technical issues related to testing system, load vs. displacement curves of two [0s/902]s
GFRP specimens impacted at energies of 20 J and 13 J are presented in Figure 4.16.
As seen in the Figure 4.16, the average delamination force for this layup is found 2.54
KN whereas the predicted value of this force is 5.05 kN. Similar to the results of
[04/904/02]s GFRP specimens, the predicted delamination force is overestimated for
[08/902]s GFRP specimens. Energies absorbed by plates along the impact event is 12.1
Jand 7.6 J for 20 J and 13 J impacts, respectively.

7
G-IMP-P-5-2
6 L
G-IMP-P-5-3
5 L
AR
e}
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S - F,, =254 kN
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O i 1 1
0 2 4 6 8

Displacement |[mm]

Figure 4.16. Load-displacement curves of [0s/902]s GFRP specimens.

Figure 4.17 shows the post-mortem images of the main GFRP specimens of [0s/902]s
when kF values are equal to 2, 2, 1.5 and the impact energy values are equal to 20 J,
20 J, and 13 J, respectively. In Figure 4.17a and Figure 4.17b, plates are impacted at
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the same energy values and the damage areas are similar. Figure 4.17c shows the
delamination damage at a lower impact energy value; therefore, the damage area is
smaller. The number of different angle ply interfaces are smaller than the C-IMP-P-4
set of specimens and it results in larger delamination areas when compared with the
Figure 4.15. The peanut shaped delaminations are observed in the fiber directions, 0°
and 90° directions, and are wider along the longitudinal direction of the plate due to
bending stiffness mismatching phenomenon. Delaminations along different fiber

directions overlaps at the edges in Figure 4.17 and these regions are observed to be

darker.

Figure 4.17. Post-mortem pictures of the main [0s/90.]s GFRP specimens of (a) kF =
2,(b)kF=2, (c) kKF=1.5.

4.5. Conclusions

In this study, drop-weight impact tests conducted on CFRP and GFRP composite
plates are presented. An analytical approach is used to determine the impact energies
with the aim of creating a reasonable amount of impact damage in the plate. Non-
destructive inspection results show that methodology followed for prediction of
impact energies works properly. Following conclusions are made from the

experimental results:
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Load-displacement responses of the same plates impacted at the same energy
level show consistently that 3-D drop-weight impact tests are highly
repeatable.

The amount of force at which a significant delamination occurs depends only
on the plate configuration and is independent from the impact energy in case
of quasi-static impact.

NDI results show that projected delamination area is larger under same impact
energy for plates with less number of interfaces.

Delaminations are wider in the same direction as of the fibers of the lower

adjacent layer in accordance with the bending stiffness mismatching concept.
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CHAPTER 5

NUMERICAL INVESTIGATION OF LOW-VELOCITY IMPACT
DAMAGE IN COMPOSITE BEAMS AND PLATES

5.1. Introduction

In this study, drop-weight impact tests on composite plates are simulated. Impact tests
of composite laminates are modeled in 3-D space. Impact simulation is conducted with
explicit finite element analysis. In order to predict composite ply damage, intralaminar
damage model is developed and implemented to ABAQUS/Explicit via a user-written
subroutine VUMAT. Delamination damage is simulated using cohesive zone method.
Damage initiation and propagation and final damage patterns are investigated

comparing the results obtained in simulations with experimental results.
5.2. Numerical Method

In this section, the approach employed in the simulation of the impact induced damage
in composite beams plates is described. Damage models used in the simulations are

explained in detail. Modelling details of the virtual test setup are also discussed.
5.2.1. Intralaminar Damage Model

The intralaminar damage model predicting initiation and evolution of composite
damage is developed based on continuum damage mechanics and is an extension of
the 2-D model proposed by Maimi et al. [25] to 3-D. The model accounts for fiber and

matrix damages in tension and compression modes.
5.2.1.1. Damage Initiation

Damage initiation in tensile fiber (FT), compressive fiber (FC), tensile matrix (MT)

and compressive matrix (MC) modes are controlled by loading functions ¢,. When
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the ¢, reaches unity, damage in corresponding mode initiates. Maximum stress and
Hashin Failure Criteria [11] are used for longitudinal and transverse loading functions,

respectively. Loading functions for each damage mode are given as

Longitudinal tensile mode (if o7, > 0)
brr = - (5.1)

Longitudinal compressive mode (if ;; < 0)

011
$rc = A (5.2)

Transverse tensile mode (if a,, + 033 > 0)

022 + 033 2 oy — 022033 012\? 013\?
bur = () + g (52) +(22) 63
YT 523 512 Sl3
Transverse compressive mode (if a,, + 033 < 0)
Ye \? (092 + 033) (092 + 033\° 033 — 02,033
¢MC - Fzg B 1 YC + 2523 + S—Z
23 (5.4)

012\* 013>
" (5_12) i (g)
Ply strengths are measured using ASTM test standards [49]-[51]. X and X are the
longitudinal tensile and compressive strengths, respectively. Y. is the transverse
compressive strength. The value of the transverse tensile strength Y#¢ and longitudinal
shear strengths S¥* and S measured by testing unidirectional specimens are
meaningless for a ply in a multidirectional laminate, instead in-situ strengths Y, S,
and S; 3 are used. These strengths are calculated using the components of the fracture
toughness and the ply elastic properties for thick, thin embedded and thin outer plies
as shown through Egs. (5.5) and (5.13) [28]. In calculation of in-situ shear strengths,

material shear response is assumed linear.
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For a thick ply

Yr = 1.12V/2Y%4 (5.5)
Sip = V2534 (5.6)
S13 = \/ES&? (5.7)

For a thin group of embedded plies

8G
Y, = 2 (5.8)
ntA;,
861266 (
- 5.9)
12 Tt
8G3G
Sy = |—2276 (5.10)
Tt
For a thin group of outer plies
G
Yr =179 |—= (5.11)
ntA;,
G
Yr =179 |—= (5.12)
ntA;,
4G3G
Sis = 1376 (5.13)
Tt

where t is the thickness of the group of plies, and G,, and G, are components of
fracture toughness associated with transverse failure in tension and in shear. A9, is

defined as
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1 v
A9, =2 <— - ﬁ) (5.14)
22 E, E

S1, and S, are the same and equal to in-plane shear strength measured in standard

tests. S5 Is the transverse shear strength and is calculated as [28]

Cos Q )

S, =Y-cosa <sina +
23 C 0 0 tan 2a,

(5.15)

where «, is the fracture angle under pure transverse compression loading and is

determined through observation on a fractured unidirectional 90° specimen.

Thin-to-thick transition thickness depends on the material and it can be obtained by
plotting the in-situ strength expressions for both thin and thick plies over a thickness
value. As an example, Figure 5.1 shows the variation of in-situ transverse tensile and
inplane shear strengths with thin ply and thick ply models over 1 mm ply thickness
together with the unidirectional strengths. It is clearly seen that the transition thickness

for this material is about 0.3 mm.

——— Thin ply model 280 ——— Thin ply model

160 | ==« Thick ply model 240 | === Thick ply model

Unidirectional 200 Unidirectional

E 120 =
& 160 L
= e e
; 80 o, 120 |
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40 | i i
1 t=0.29 mm 40 L 't =0.30 mm
0 1 E 1 1 1 0 1 E 1 1 1
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1
t [mm] t [mm]

(a) (b)

Figure 5.1. Variation of the in-situ (a) transverse tensile and (b) inplane shear
strengths with thin ply and thick ply models over 1 mm ply thickness for 913 132
HTA UD Carbon Prepreg material.
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Alternatively, one can calculate the correct in-situ strength for a prescribed material
and stacking sequence without knowing the thin-to-thick transition thickness as

follows

For an embedded ply

8G
Yy = max| 1.12v/2Y%9, 2 (5.16)
mtA,,
/86 G
S1, = max | V25, ;Zt ° (5.17)
8G,5G
S,; = max | V254, :t o (5.18)
For an outer ply
G
Yr = max| 1.12V2v}#4,1.79 |—=% (5.19)
ntA;,

/45 G

S,, = max | V254, :th ° (5.20)
/40 G

S5 = max | V254, 71; o (5.21)
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5.2.1.2. Damage Evolution
Elastic domain threshold, ry, is defined as

{ 1 before damage initiation
T‘N =

®nmax after damage initiation N'=FT,FC,MT,MC (5.22)

where ¢y max 1S the maximum value of ¢, in time history. Damage activation

function, Fy, is expressed as

[ (5.23)

Regarding to definition of ry, while the damage activation function is negative,
material response is in elastic domain. Damage evolution occurs when Fy becomes

Z€ro.

The evolution of the damage is modelled by a linear softening response with
equivalent stress-strain approach, shown in Figure 5.2. The area under the curve
corresponds to the energy dissipated per unit volume and is defined as gy = Gé\f;,c/L*
where L* is the characteristic length of finite element[52]. Gé‘glc is the equivalent

fracture toughness for the damage mode N.

Oy
A
P =
O'O _______ A / dN =
eq f
| B
i an
, dy =1
| c .o
e
0 ggq Eéfq !

Figure 5.2. Linear softening response for ply material with equivalent stress-strain

approach.
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Equivalent fracture toughness expressions for each damage mode are given as

ch{c = G14 (5.24)
Gg;c = G1- (5.25)
T K 1 (e ap) )" . < 1 (e2af) )” . ( 1 &1y )”
eq.C — 0,MT _0,MT 0,MT _0,MT ¢ _OMT_OMT
Go+ €eq Ueq Gay €eq Oeq G €eq Oeq
—1/n (5.26)
N <i €13 713 >77 n <i €23 123 )nl
Ge gg(,]MT O_;)(,]MT Ge ggélMT USC,IMT
Gévcll,cc = Gg/ cos (ap) (5.27)

G, and G, _ are components of fracture toughness associated with longitudinal failure
in tension and compression. G,, and G,_ are measured using compact tension and
compact compression tests developed by Pinho et al. [53]. G, and G4 are components
of fracture toughness associated with transverse failure in tension and in shear and can
be measured performing standard double cantilever beam [36] and end-notched
flexure tests [37] proposed by ASTM, respectively. «, is the fracture angle under pure
transverse compression loading and is determined through observation on a fractured
unidirectional 90° specimen. 1 is the mode interaction parameter and is found by least-
square fit of the experimental values of the fracture toughness under different mixed-
mode ratios [4] where mixed-mode bending test as proposed by Crews and Reeder

[33] needs to be carried out. { ) is the Macaulay bracket and is defined as (a) := (a +

lal)/2.

Equivalent stress and strain expressions for corresponding damage modes are as

follows

Longitudinal Tensile & Compressive Mode

Ooq " = lou4l (5.28)
ehy"C = eyl (5.29)
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Transverse Tensile & Compressive Mode

mrmc _ (02 {(E&22) + (Fo33)(tezs) + 112812 + Ty3813 + Ta3éas
MM _ (5.30)

Eeq

goq = \/(igzz)Z +(tess) + e, +ef3 + €5 (5.31)

The term + in Egs. (5.30) and (5.31) are taken + for tensile failure mode and - for

compressive failure mode.

The damage variable d, shows a non-linear saturation type behavior to provide the

linear softening response of damaged material and it is expressed as

el (et - )

ggrcllax (qu - qu)

dy = (5.32)

where €2, and s({q are the equivalent strains at the initiation of damage and complete

failure, respectively. The maximum value of equivalent strain, in time history, g,

is used to satisfy dy > 0 condition. Damaged compliance tensor, H, is

. L —. 0 0 0
Ey(1-dp) E, E,
V2 1 _Ya3 0 0 0
Eq E;(1—dp) Ey
S . 0 0 0
ﬂ — El E2 E3(1_dM) L (5.33)
- 0 0 0 _ 0 0
G12(1-ds)
1
0 0 0 0 G13(1-ds)
0 0 0 0 0 1
G23(1-dg)

The closure of transverse and longitudinal cracks under load reversal is taken into
account by defining two separate damage variables for tension and compression, dr
and d, for both longitudinal and transverse damage modes. The active damage mode

is determined by following dy and d,, definitions[25], [26].
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(011) (—011)

dr =dpp——+d 5.34

F T log4l ke |01 ( )
(022) (—022)

dy =dyr—+ dyr—— 5.35

M mr |o22| Me |o22 | ( )

ds=1- (1 - dMT)(]- - dMC) (5-36)

5.2.2. Interlaminar Damage Model

The interlaminar damage model used in the analysis to simulate delamination damage
is the one offered by ABAQUS software and is based on a NASA report [29]. Fracture
mechanics based bilinear traction-separation response, seen in Figure 5.3, is assigned
to each cohesive element. Since delamination is usually caused by multi-axial stress
state subjecting to the interface, mode-mixity is taken account when modeling the

cohesive material response.

Initiati’on
, Criterion

Propagation
Criterion

Figure 5.3. Mixed-mode bilinear traction-separation response of cohesive material.
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The initial response of the cohesive element is assumed to be linear until a damage
initiation where the slope of the line is called penalty stiffness, K; (i = I,11,111). The
value of the penalty stiffness must be high enough to prevent interpenetration of the
crack faces and to prevent artificial compliance from being introduced into the model
by the cohesive elements. However, an overly high value can lead to numerical
problems [54].

Turon, et al. [55] proposed an equation for the penalty stiffness for Mode | that
ensures that the compliance of the bulk material is much larger than the initial
compliance of the cohesive element, as follows

K== (5.37)

where t is the half-laminate thickness and c is a parameter much larger than 1 and ¢ =
50 is proposed by Turon et al. which is sufficiently accurate for most problems [55].
Relation between mode | and shear mode interface stiffnesses is proposed by Turon
et al. [56] as

2
G T,
Ky =K = K; = ( 0'”> (5.38)
where G;. and G,;. are mode | and shear mode components of fracture toughness and
T,; and T, ;; are the interface strengths in mode | and shear mode.

Initiation of interlaminar damage is controlled by quadratic nominal stress criterion

which is given as

2 2 2
TO,I To,II To,III

In this equation, T; and T, ; (i = 1,11, II) are the tractions applying to the surface and

interlaminar strengths for corresponding fracture modes, respectively. T, ; is measured

in four-point bending test of a curved unidirectional specimen [34] and T, ; is
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measured in a short-beam shear test [35]. T, ;;; can be assumed to be equal to T, ;;. In
case of mode I, only positive traction is included in initiation criteria because

compressive normal stresses do not contribute to opening fracture.

Once interlaminar damage initiates, Benzeggagh-Kenane (B-K) criterion is used for

modeling mixed-mode propagation of damage [32]. The criterion is given as

G n
G. = Gy + (GSHC - Glc) (%) (5-40)
T

where Ggy and G refer to sum of work done by shear mode tractions and by all pure

mode tractions, respectively, as shown below.
Gsy = Gy + Gy (5.41)
GT = GI + G” + GIII (542)

G, 1s mode | fracture toughness which is measured in a double cantilever beam test
[36]. Ggy is defined as Gsy . = Gyj. = Gyppc and is measured in an end-notched flexure
test [37]. n is the mode interaction parameter and is found by least-square fit of the
experimental values of the fracture toughness under different mixed-mode ratios [4]
where mixed-mode bending test needs to be carried out.

Linear softening response is defined to the cohesive elements in the plane where
damage initiation occurs. The cohesive damage variable d shows a non-linear
saturation type behavior to provide the linear softening response of damaged cohesive

elements and is defined as

&L, (8mex - 8%,

5;1(11ax (6efq - 62‘1

(5.43)
where 6£q and 6;; are the equivalent displacements at the initiation of damage and

complete failure, respectively. The maximum value of equivalent displacement, in

time history, §2¢**, is used to satisfy irreversibility (d = 0) condition.
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5.2.3. Virtual Test Setup

To simulate low-velocity impact experiments on composite plates, three-dimensional
finite element model is generated in ABAQUS/Explicit. The model consists of a 3-D
deformable composite plate of 150 x 100 mm?, a rigid fixture base having a 125 x 75
mm? window, four rigid cylindrical clamps with 10 mm diameter and a rigid semi-
spherical impactor with 16 mm diameter. The assembly of the virtual test setup

consisting of these parts is shown in Figure 5.4.

[08/902]s composite plate of which the geometry is shown in Figure 5.4 is modeled as
a three dimensional deformable solid body. The plate consists of 20 unidirectional
composite layers having equal thicknesses of 0.125 mm. In the model, clustered plies
are considered as a single homogenized thick ply.

FIXTURE BASE

Rigid Body

Rectangular openning of 125x75 mm? COMPOSITE PLATE

BCs Material: Hexcel 913 132 HTA
- All DOFs fixed Layup: [03/90,],

- Contact with plate t = 2.5 mm

BCs

- All DOFs free

- Contact with fixture base,
o lp tips and impactor

IMPACTOR
Rigid Body
m = 3.387 kg
Vy,=2.967m/s
BCs

- Fixed except Z motion
- Contact with plate

CLAMP TIPS (x4)
Rigid Body
BCs

- Step 1: 8, = -0.005 mm
- Step 2: All DOFs fixed
- Contact with plate

Figure 5.4. Geometry and boundary conditions of the virtual impact test setup.

Composite plate model is presented in Figure 5.5 with the details of the mesh and the
materials defined to the finite elements. Plate geometry is meshed with 8-noded linear
brick elements with reduced integration and hourglass control (C3D8R in ABAQUS
library). Each two ply of composite beam is modeled with one element in through-
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the-thickness direction. In-plane mesh size is set variable to reduce the computational
cost. A central region of 50 x 50 mm? including the impact zone is meshed uniformly
with elements of 0.25 x 0.25 x 0.25 mmq. A biased mesh is used outside of this region
such that each element has a 1.1 times greater element size than the previous one while
going towards plate boundaries. Material model accounting initiation and propagation
of composite ply damage is defined to the finite elements in the central zone while
only elastic behavior is found adequate for the remaining elements (see Figure 5.5).
In order to prevent unrealistic element deformations due to numerical issues, enhanced
hourglass control is introduced to the finite elements of the plate. Additionally,
distortion of the elements is limited to the 10% of the original size for preventing
excessive distortion due to the issues like negative element volume or material

degradation.

Cohesive
Elements

|
|
(
’ ~ Cohesive
[
\
\
J
\
J

Elements

_ Cohesive
Elements

Cohesive
0.25 Elements

mm

Figure 5.5. Composite plate model showing the details of the mesh and the materials

defined to the finite elements.

Cohesive regions are modeled at interfaces of plies with different orientations inside
the central region and are composed of 0.25 x 0.25 mm? cohesive elements with zero
thickness. Carbon/epoxy material of which the mechanical and interface properties are
given in Table 5.1 and Table 5.2 is used as the ply material of composite beam in the

analysis.
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Table 5.1. Mechanical properties of carbon/epoxy material of plates.

Density 1520 kg/m?®
Elastic E1 =140 GPa; E» =9 GPa; E3=9 GPa

v12 = 0.35; vi3=0.35; vo3 =0.48

G2 =5GPa; G13=5GPa; Ga3 =4 GPa
Strength X1 =2000 MPa; Xc=1500 MPa

Y744 = 65 MPa; Yc =220 MPa

S12'9 = 110 MPa; S13%4 = 110 MPa; Sz3 = 83 MPa;
Toughness  Gi+ = 81500 N/m; Gi- = 106300 N/m

G2+=270 N/m; Gg =570 N/m

Table 5.2. Interface properties of carbon/epoxy material of plates.

Interface strength To1=65MPa; Ton=Tom=110 MPa
Fracture toughness Gic =270 N/m; Gy =570 N/m
B-K criterion constant n =145

Penalty stiffness Ki=3.6 x 10 N/m3; Ky =K =4.9 x 10 N/m?

Fixture base, which is a rectangular steel part having a rectangular window of 125x75
mm?, is modeled as a discrete rigid body using with outer dimensions seen in Figure
5.4. A total of 1220 Quadratic rigid elements (R3D4 in ABAQUS library) are used for
discretization of the fixture base. All degrees of freedoms of the reference point
associated with the fixture base are constrained in accordance with the standard
experiment. In the assembly, the composite plate is located on the fixture base. Four
discrete rigid clamps are positioned on the top surface of the plate at the start of the
simulation, as seen in Figure 5.4. Rigid clamps are also discretized using quadratic
rigid elements (R3D4).
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Hemi-spherical steel impactor is modeled as a discrete rigid body with 16 mm
diameter and 3.387 kg mass. The discretization of the hemi-spherical impactor is made
by spherified cube method and quadratic rigid elements (R3D4) are used. An initial
velocity of 2.976 m/s corresponding to a 15 J impact is given to the impactor and it is
located above the center of the composite plate. All degree of freedoms of the impactor

except translation in vertical direction are restricted.

In the model, different contact interactions are defined between mating parts using
general contact algorithm of the ABAQUS/Explicit: (i) between the impactor and top
surface of the plate, (ii) between the bottom surface of the plate and top surface of the
fixture base, (iii) between the clamp tips and the top surface of the plate, and (iv) inside
the beam. The reason why a contact is defined inside the beam is opposing free
surfaces form at the interfaces following a delamination damage. In all cases, hard
contact with separation allowance is defined for interactions in normal direction. For
tangential motion, contact is defined with Coulomb friction model with friction
coefficients 0.3 and 0.5 for metal-to-composite and composite-to-composite contacts,
respectively. Rough contact is assumed between the rubber clamp tip and the

composite plate meaning that no relative tangential motion occurs between these parts.

During the analysis, following techniques are applied to the model to improve
computational efficiency:

e Enhanced hourglass control option of the ABAQUS/Explicit is enhanced.

e Distortion control is applied to prevent excessive distortion or negative
element volumes.

e Element deletion is activated to remove an element from the mesh when the
its damage variables reach predefined values.

e Mass scaling is introduced to the elements whose stable time increment
reduces under a predefined value. This value is determined such that the

change in the mass of the plate is less than 1%.
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The analysis consists of two consequent solution steps. In the first step, with the aim
of squeezing the plate between the fixture base and the clamps, rigid clamps are moved
0.005 mm downward with a smooth step during 0.0001 s. The resultant reaction force
in each clamp is measured about 2700 N which is more than twice of the minimum
clamping force specified in ASTM D7136 standard [46]. During the second solution
step of the analysis, clamps are held stationary and the impactor moves downward
with constant velocity until the initial contact between the impactor and the plate

occurs. Analysis of the impact event is performed following the initial contact.
5.3. Numerical Results

Finite element analysis of the 15 J - impact experiment on the [04/904/02]s CFRP plate
specimen was performed in a high performance workstation using 30 central
processing unit. The analysis ran using 30 CPUs for 3 days until it was terminated 5
milliseconds after the initial contact due to the rebound of the impactor. In this section,

results obtained from the finite element analysis are presented.
5.3.1. Impact Dynamics

Displacement vs. time, load vs. time and load vs. displacement curves obtained from
the simulation is seen in Figure 5.6a, b, and c, respectively. In Figure 5.6a,
displacement of impactor increases until it becomes constant around t = 4.1 ms. At

this instant, impactor reaches its maximum displacement which is around 5.5 mm.

Figure 5.6b shows that the time history of the load acting on the impactor. The first
load drop occurs at t = 0.08 ms. The fact that the load drops sharply may indicate
that whether a significant delamination occurs inside the plate or an artificial high
stiffness exists at the initial contact. Since the time is too early for the former one, the
latter possibility should be considered. After this drop, the load continues to increase
encountering with tiny drops until ¢ = 0.54 ms while the impact load reads 4. 06 kN.
From t = 0.54 ms to 0.62 ms impact load decreases down to 2.61 kN. Impact load
increases up to 3.1 kN at t = 1.1 ms and starts to decrease in a wavy form from this

point on. The load vs. displacement curve of the simulated virtual test is seen in Figure
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5.6¢. The load corresponding to the maximum displacement of the impactor is about
1.6 kN.

—— FE - [04/904/0:/90s/04] - 15J

)
Displacement [mm]
w
T

0 1 2 3 4 5
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w
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Figure 5.6. (a) Displacement vs. time, (b) load vs. time, and (c) load vs.
displacement curves from the finite element analysis of [04/904/02]s CFRP plate

specimen under 15 J - impact.
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5.3.2. Ply Damage

Figure 5.7 shows the matrix damage distribution under the impact zone at different
contact times (t;). One quarter of the plate is removed for clear visualization of the
damage states in both y-z and x-z planes under the impactor. The sequence of the

damage process can be summarized as follows

e The first frame is taken at t; = 0 at which the initial contact between the
impactor and the beam happens.

e At t; = 0.06 ms, initial matrix crack forms in the bottom layers where the
maximum elongation due to bending occurs. This form of the failure is similar
to the one observed in the line impact experiments of [90/0]s beams. Although
the stacking sequence of the plate is [04/904/0;]s in the plate coordinate system,
matrix cracking of the bottom plies is expected initial failure mode
independent from the stacking sequence due to the spherical shape of the
impactor, the plate geometry and the boundary conditions. It should also be
noted that the cross-section of the [04/904/02]s plate in y-z plane is same as that
of a [90/0/90]s beam.

e Att; = 0.13 ms, the initial matrix crack propagates in the bottom group of 0°
plies. A damaged region starts to form in the lowermost ply of the laminate.
Some shear and bending cracks and delaminations are also observed through
the thickness of the plate.

e Att; = 0.30 ms, the initial matrix crack propagates in the bottom ply along
the principal axis of the plate. Delamination initiation is completed at all 0/90
interface at this instant. Additionally, matrix damage occurs in the top 0° plies
around the boundary of the contact between the impactor and the plate.

e Att; = 0.40 ms, further matrix crack propagation is observed in the bottom
ply along the principal axis of the plate.

e At t; = 1.00 ms, matrix damage in the bottom ply expands out from the
impact zone. A significant increase in sizes of the existent delaminations in

two interfaces of the beam are observed in this frame.
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e At t; =2.00ms, the existent matrix damage and delaminations grows
outwards from the center of the plate. Multiple vertical matrix cracks occur in
the top 0° plies. It can be observed that delamination growth occurs mainly in
the orientation of the bottom layer.

e The last frame shows the distribution of the complicated matrix damage state
inside the laminate when the impactor reaches the maximum displacement at
t; = 4.10 ms.

Figure 5.7. Through-the-thickness views matrix damage distribution under the

impact zone at different contact times (Images are taken with multiple cut planes: x-

z and y-z).
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Figure 5.8a and b show the impact footprint and the backface cracks at the end of the
analysis (t; = 5.00 ms) in the 60x60 mmz2 region where composite ply damage model
is assigned. It should be noted that this figure reflects the post-mortem damage state
of the plate, since the analysis is terminated after rebound of the impactor. However,

a visual correlation can be made between the Figure 5.8. and the tested plates.

(a) Top view (b) Bottom view

Figure 5.8. Simulated footprints on the (a) top and (b) bottom surfaces of the plate at
the end of the analysis.

5.3.3. Delamination

Figure 5.9 shows the delamination damage at the end of the analysis (t; = 5.00 ms)
at each four 0/90 interfaces starting from the uppermost. The pictures encircle the 100
x 100 mm? central region of the plate. Results show that delaminations propagate in

the same direction as of the fibers of the lower adjacent ply.
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Figure 5.9. Delamination damage at 0/90 interfaces of the laminate at the end of the

simulation (t; = 5.00 ms).

5.4. Conclusions

In this study, a virtual impact test setup was modeled and finite element analysis of
the 15 J — impact event on the [04/904/02]s CFRP plate specimen was conducted in
ABAQUS/Explicit. A material model accounting matrix and fiber failure modes of

the composites was developed and implemented into the model via a user-written
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subroutine VUMAT. Delamination damage in the plate was simulated by inserting

cohesive elements at the interfaces of plies with different orientations.

The results of the analysis show that the initial failure mechanism is the matrix
cracking in the lowermost plies independent from the stacking sequence of the
laminate. Although matrix cracking does not lead to a considerable drop in the impact
load, it should be taken into account in the analyses since it promotes formation of
delamination which is one of the most energy dissipative failure modes of composites.
It is also observed that delaminated regions expand in the same direction as of the
fibers of the lower adjacent layer in accordance with the bending stiffness

mismatching concept.

Figure 5.10 compares the projected delaminations in the experiment and the
simulation. Although overall projected delaminated area is larger in case of
simulations, a good agreement was obtained in terms of the extent of the delamination
in the direction of plate length. Figure 5.11 shows the impact damage footprints and
backface damages obtained in the experiment and the simulation. Simulation results
which are captured while rebound of the impactor happens at a contact time of 5.0 ms

are in good qualitative correlation with the post-mortem experimental results.
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Projected Delamination from Simulation

Figure 5.10. Comparison of the projected delaminations obtained in the 15 J

experiment on [04/904/0,2]s CFRP plate and its simulation.

Impact Footprint on Top Surface Impact Damage on Backface

Simulation

Post-mortem Impact Foos, Post-mortem Impact Damage on Backface

Experiment

Figure 5.11. Comparison of impact footprint on top surface of the plate and impact

damage in on backface obtained in the simulations and experiments.
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CHAPTER 6

CONCLUSIONS
6.1. Summary of the Thesis

In this thesis, transverse impact induced damage process in composite beams and
plates were investigated experimentally and numerically. The objective was to
understand the impact induced damage mechanisms in composite laminates made of
unidirectional prepregs and to create high-fidelity simulation models. For this purpose,
two consequent studies were conducted in this thesis. In the first part of the study,
impact induced damage in composite beams was investigated. 2-D line impact
experiments were conducted for making in-situ observation of damage process
possible. Simulations of the experiments were carried out using a finite element
method. Composite ply and interface damages were modeled using continuum
damage mechanics based material models and cohesive zone method, respectively. In
the second part of the study, impact induced damage in composite plates was
investigated. Standard-like drop-weight impact tests were carried out on CFRP and
GFRP plate laminates having different stacking sequences. Post-mortem damage
pattern in the plates were analyzed via various non-destructive inspection methods.
For simulating these tests, a virtual drop-weight impact test setup was created in
ABAQUS/Explicit finite element tool. Damage modelling techniques validated in the
first part of the study are implemented into the finite element model to simulate
composite ply damage and delaminations. A good agreement was obtained between

experimental and numerical results in terms of form of the final damage pattern.
6.2. Conclusions of the Study on Composite Beams

For conducting impact experiments on beams, a drop-weight low-velocity impact
setup was designed and built. Impact tests were carried out on [0/90]s and [90/0]s beam

laminates at several impact energies. Damage processes in the beams were captured
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via the ultra-high-speed camera. Delamination tip speeds were calculated by
differentiating the crack tip position data obtained by visual assessment. Strain fields
on the side of the specimen were calculated using digital image correlation method.

The main conclusions of the beam impact experiments can be summarized as
In [0/90]s CFRP beams,

e Under both static and dynamic flexural loading, dynamic failure propagation
IS observed.

e Delamination tip speeds are found to be 850 m/s in both static and impact tests.

e Experimental data consisting of the crack tip history and speed can be used as

a benchmark for the simulations.
In [90/0]s CFRP beams,

e Initial failure mechanism is vertical matrix crack formation below the impact
line in the bottom 90° layers and near the clamps in the top 90° layers.

e These matrix cracks nucleate delaminations which propagate at slow rates.

Simulations of the experiments were carried out using finite element method. 3-D
model of the 2-D line impact model was generated in ABAQUS/Explicit. A continuum
damage mechanics based composite ply damage was developed and implemented to
the finite element tool via the user-written subroutine VUMAT of the previous study
[9]. Delamination damage was simulated by inserting cohesive elements at the
interfaces of plies having different orientations. Results of the finite element

simulations of 2-D line impact event showed that

e CDM based material model is able to predict the form, initiation location and
time of matrix cracks in both [0s/903]s and [90s/03]s CFRP beams.

e Delamination propagation speeds are overestimated with given material
properties.

e Dynamic values of interface properties can have an effect on the accuracy of

dynamic failure simulations.
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e Implementing a 1 mm asymmetry into the model, a time delay of 120 s is
induced between the matrix cracks on each side of the [05/903]s beam, in better

agreement with the experimental observations.
6.3. Conclusions of the Study on Composite Plates

Drop-weight impact tests were conducted on CFRP and GFRP composite plates. An
analytical approach was used to determine the impact energies with the aim of creating
a reasonable amount of impact damage in the plate. Non-destructive inspection results
show that methodology followed for prediction of impact energies works properly.

Following conclusions are made from the experimental results:

e Load-displacement responses of the same plates impacted at the same energy
level show consistently that 3-D drop-weight impact tests are highly
repeatable.

e The amount of force at which a significant delamination occurs depends only
on the plate configuration and is independent from the impact energy in case
of quasi-static impact.

e NDI results show that projected delamination area is larger under same impact
energy for plates with less number of interfaces.

e Delaminations are wider in the same direction as of the fibers of the lower

adjacent layer in accordance with the bending stiffness mismatching concept.

Simulation of the 15 J — impact event on the [04/904/0.]s CFRP plate was conducted
in ABAQUS/Explicit. A material model accounting matrix and fiber failure modes of
the composites with Hashin failure initiation criteria was developed and implemented
into the model via a user-written subroutine VUMAT. Delamination damage in the
plate was simulated by inserting cohesive elements at the interfaces of plies with
different orientations. The results of the analysis show that the initial failure
mechanism is the matrix cracking in the lowermost plies independent from the
stacking sequence of the laminate. Although matrix cracking does not lead to a

considerable drop in the impact load, it should be taken into account in the analyses
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since it promotes formation of delamination which is one of the most energy

dissipative failure modes of composites.
6.4. Concluding Remarks and Future Work

In this thesis, numerical simulations of impact experiments on composite beams and
plates were conducted and results of the simulations were compared with the
experimental results. Overall, good agreement was obtained between the results of
simulations and experiments in terms of initiation, progression and final shape of the
damage. However, an important observation was made on the difference in
delamination speeds obtained from the beam experiments and the simulations. In the
scope of this thesis, a case study in simulations were repeated using different values
of interface properties was performed. It was concluded that dynamic values of
interface properties can have an effect on the accuracy of dynamic failure simulations.
Further investigation might be useful for better understanding of the physical

reasoning behind this difference observed in the experiments and the simulations.

In the static and impact experiments conducted on composite beams, it was observed
that there was no exact location of the initial matrix crack. This uncertainty might be
due to local fluctuations in strength properties of composite materials. In order to
induce the crack location uncertainty in simulations, randomly fluctuated strength

properties around an average value can be implemented to the finite element model.

In addition to the above-mentioned discussions, a single experiment was modeled with
the virtual plate impact test setup. Although the impact event including contact,
damage formation and rebounding was simulated successfully, further investigation is
needed to discover deficiencies of the finite element model since several assumptions
were made in development of the virtual test setup. For this purpose, remaining
experiments, which are presented also in this thesis, would be simulated using the

finite element model.

In conclusion, results obtained from the experiments and the simulations of both

beams and plates were agreed well in general. Several exciting observations that can
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lead to accurate simulations were made in the experiments. Besides the interesting
results of the experiments and simulations performed in the study, | believe that the
methodology followed in the thesis can be used as a guide for the development of high

fidelity virtual test setups.
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