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Abstract

A method for detecting low-velocity impact damage in carbon fiber reinforced polymer (CFRP) is presented. It involves the
use of the Impulse Excitation Technique (IET) and hysteresis loops to calculate the damping parameter of T700/NCT304-
| carbon/epoxy samples subjected to various low-velocity impact energies. The value of the coefficient of restitution
(COR) is determined for each impact, ranging between 0.62 for the lowest impact energy to 0.48 for the highest one. The
results reveal that a three-step increase in the damping parameter exists in all cases as the impact energy on the specimen
increases. An abrupt jump in the damping parameter value is observed for impact energies exceeding ~0.9 of the material’s
maximum capacity. Overall, at the highest impact energy equal to 3.65 |, the damping parameter increased by 43.3%
compared to the pristine specimen. Additionally, two cases of cyclic tension-tension loading were applied to the specimens,
with maximum stresses set at 150 MPa and 200 MPa. The measured values of plastic and elastic strain energy were used to
determine the damping ratios. For both cases, the damping of the specimen subjected to the highest impact energy was
~1.2 times greater than that of an intact specimen, with an increase pattern similar to the findings of the IET method.
Optical microscope images of the specimens are provided to illustrate various damage modes observed in the composite
materials.
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Introduction strength. Intra-laminar damage during impact was primarily
initiated by tensile failure in the top ply. This study also
found that residual compressive strength increased with
decreasing impactor diameter, while CAI strength decreased
by 34%-53% under impact energies. Another study in-
vestigated the growth of damage resulting from static in-
dentation and low-velocity impact in cross-ply CFRP
laminates.® The researchers employed a drop-weight impact
machine to examine the specimens experimentally and
utilized two analytical models to assess the impact of

With the ever-growing demand for structures with high
strength-to-weight ratios, fiber-reinforced polymers have
become the material of choice for many design purposes.
Carbon-fiber-reinforced polymers (CFRP) are, in particular,
widely used in various industries, including aerospace,
automotive, and sports equipment, because of their unique
combination of desirable mechanical properties, such as
high strength, lightweight, and durability.' > However,
composite structures are susceptible to significant damage if
exposed to external impact by foreign objects.*®
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transverse cracks on delamination propagation. The results
revealed similar delamination propagation in both models,
although there were variations in initial delamination sta-
bility and delamination shape. The ultimate delamination
shape was notably affected by transverse cracks, leading to
elongated delamination near the bottom layer. Damage to
CFRP laminates from low-velocity impacts from the drop-
weight tower was examined in a separate investigation for
low temperatures, down to —150°C.” According to this
study, cooling laminate prior to impact causes damage
comparable to that caused by increasing impact energy,
including deeper indentation, larger matrix cracking, and
more severe fiber-matrix debonding and fracture.

In most metallic structures, damage manifests in a visible
surface crack or local indentation. However, the complex
state of internal damage often remains hidden in compos-
ites, so an abrupt failure is not uncommon.'®"'* Ultrasonic
testing is one of the most common NDT techniques for
identifying damage in CFRP components. Shen et al.
studied several ultrasonic testing methods to identify impact
damage in CFRP laminates. Common strategies like pulse-
echo and through-transmission are covered, along with
more sophisticated ones like polar scattering, methods that
are thickness-independent, air-coupled testing, and ultra-
sonic Rayleigh and Lamb Waves. Their research demon-
strates that a non-destructive ultrasonic method can detect
inner matrix cracks and delamination effectively. The pulse-
echo mode works effectively for thinner samples, but
thickness segmentation is required for multi-layered spec-
imens. Two distinct ultrasonic testing techniques for
characterizing CFRP structures were covered in an article
by Helfen et al.'> Their results showed that the sampling
phased array (SPA) method can be used to improve spatial
resolution in real-time imaging as well as to detect and size a
variety of component defects. In the cases where early
damage detection is favorable, which could take the form of
microcracks, non-linear ultrasonic transmission method was
recommended. Additionally, technologies such as
X-radiography, digital image correlation, and infrared
thermography are examples of other methods used to detect
various flaws, including matrix cracking, delamination,
fiber/matrix interfacial debonding, fiber fracture, or fiber
waviness.'*'®

A powerful, non-destructive method for examining
damage is to evaluate the damping parameter.'”~" The
damping parameter, also known as the damping ratio, is a
measure of the amount of energy dissipation in a material
due to external forces. The damping ratio affects the rate of
decay of vibrations and thus influences the stability, du-
rability, and performance of composite structures.”’ > A
review paper by Treviso et al. summarizes the available
literature on damping in composite materials. The review
emphasizes the importance of choosing the correct damping
model based on the problem configuration and availability

of input parameters.”’ The authors suggest that experi-
mental characterization of composites’ dynamic properties
is still far from being standardized an’ that further research
is needed to improve our understanding of the energy
dissipation mechanisms in composite materials.”’

Experimental studies on the damping behavior of
composites have been conducted using various techniques,
such as dynamic mechanical analysis, modal analysis, and
impact testing. These studies have shown that the damping
factor of composite structures can vary depending on the
frequency of vibration, temperature, and moisture
content.***> Additionally, it has been reported that the
damping of composites may increase or decrease with in-
creasing frequency, depending on the thickness of the
specimen.”® The vibration damping characteristics of CFRP
hybrid composites and nanocomposites containing multi-
wall carbon nanotubes (CNTs) were investigated by Khan
et al.”’ They showed that the damping ratio rose as the CNT
content increased, supporting the idea that there are
boundary and interfacial sliding at the CNT-matrix. Com-
pared to neat epoxy, CFRP composites displayed a higher
rate of increase despite having a lower damping ratio.

A method for spotting cracks in composite structures is
the damping parameter. Kyriazoglou et al.”® examined the
differences between CFRP and GFRP damping behaviors.
Their study shows that fatigue causes damage to CFRP
laminates’ outer plies, whereas GFRP woven laminates
sustain minimal damage in their outer plies prior to failure.
The results revealed that it is important to track the damping
capacity to spot any damages before severe damage
mechanisms occur, as cracks can alter the damping prop-
erties of the material. A similar technique has been em-
ployed by Yam et al. to detect delamination in composite
structures.”’

Kiral et al. investigated the response of composite beams
under single-impact loading, explicitly focusing on the natural
frequency and damping ratio variations.*® They used an impact
test to create failures of different sizes on the beam and
recorded free vibration responses using a non-contact vibration
measurement system. The damping ratio was calculated using
the exponent of the free vibration envelope and the logarithmic
decrement. They noted that the variation in the natural fre-
quency value is not steady or measurable for the considered
failure cases and is affected by the severity and location of the
damage. It was observed in another study that damage in a
cantilever beam causes a reduction in its natural frequencies,
which disappears as the failure moves away from the clamped
edge.’! Berthelot evaluated damping in rectangular laminated
plates using the Ritz method. The method involves expressing
the transverse displacement of the plates as a double series of
the in-plane coordinates to evaluate the strain energies stored in
each layer of the laminates.>> The damping characteristics of
the laminates were evaluated experimentally using cantilever
beam specimens, and the results showed a significant increase
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in material damping with frequency. The damping evaluation
based on the Ritz method was applied to different beam and
plate configurations, and it was observed that the fiber ori-
entation and ply stacking sequences influenced the damping
properties. The beam and plate damping were also found to be
dependent on the vibration modes and mode shapes.”> An
increase in the damping parameter by the damage in the
material has already been experimentally and numerically
shown, but the extendibility of this non-destructive testing
model in low-velocity impact cases is still unclear.**-**

In this study, T700/NCT304 CFRP specimens were sub-
jected to low-velocity impact tests at different energy levels.
The maximum allowable energy for the specimen, also known
as impact resistance, was determined by conducting impact
tests at different energies. The aim here is to represent the
damage from low-velocity impacts by means of the damping
properties and establish a correlation between the input impact
energy and the damping coefficient. For this purpose, the
Impulse Excitation Technique (IET) was implemented using
the Resonant Frequency Damping Analyzer (RFDA) device,
which measures the resonant frequencies along with the
damping coefficient of a specimen using the vibration of the
material under a mechanical impulse trigger.

Theoretical background

This section presents the theory behind the damping pa-
rameter calculation using the IET method. Similar to

properties like density or thermal conductivity, damping is a
material parameter that must be determined experimentally.
This parameter is not a function of the geometry of the
material, but depends on the external variables (including
temperature) and varies as damage is propagated inside the
structure of the material.>>*® Different definitions and
procedures exist for damping calculation in a material
subjected to external vibration. However, internal damping,
O/, is the measurement method in IET method. The basis
for the internal damping in a material is the energy dissi-
pation through mechanical processes in response to external
forces that may include vibration, fatigue, or impact
loads.””® This method calculates the damping parameter
using the so-called loss-factor () parameter. Obtained via
the logarithmic decrement method, damping is measured by
dividing the total energy dissipation by the maximum elastic
energy of the material.*® Figure 1 illustrates the response of
a damped and an undamped system. 4, values in this curve
represent the peaks of vibration response through time, and
their ratio enables one to identify the intensity of damping in
the structure.

The specimen is externally excited to apply the IET
method, and a vibrational response is collected for analysis.
The response is represented by a signal-time curve that
exhibits diverse shapes depending on the material’s prop-
erties. A method to calculate the damping is by solving the
general equation of motion for a single degree of freedom
damped system:

15
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Figure 1. A signal-time response curve for damped and undamped systems.
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where m is the mass of the system, c is the viscous damping
constant, and k is the spring constant. A well-known ap-
proach to solving this equation is by defining two variables 1

and w, dependent on m, ¢, and k.

d’y dy
s 2160% +wly=0 )

where A and w,, are defined as follows:

¢
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m
The solution for the equation above is:
y(t)Ade™ sin (wt + @) 4)

where A represents the amplitudes of the input signal
throughout the oscillatory response, ¢ is the phase angle and

w=w,V1-71 5)

The logarithmic decrement, J, is defined as the loga-
rithmic ratio of any two consecutive signal peaks, A4,, as
given below:

=) =)o

where T'is the time period and 4; is the ith peak of the input
signal, as shown in Figure 1. The damping ratio, {, is defined
in terms of ¢ as shown below:

b= =t )

V1=C Var? + 6

When the damping ratio is small, typically { <0.2,*® by
integrating equations (6) and (7), following formulas are

obtained:
V1= ~1> =2 (®)
, ()
C — J—

T 2x

©

Using the above equation, the damping ratio can be cal-
culated for a given vibration response (as illustrated in
Figure 1). Because the damping ratio is determined by fitting

the entire signal envelope, inaccurate peak signal values make
precise vibration response collection essential to this method.

Additionally, the Q factor, i.e., the ratio of stored energy
in the system to the dissipated energy, is also determined
based on the damping ratio according to the following
formula:

1
s

This equation can be converted to define the internal
friction, Q_l, as below:

o (10)

1 0 AE‘Total
9 =A== 27, 1D
where AE7,,, represents the total dissipated energy and E| is
the stored energy in the material. Given the signal-time
curve of a sample freely vibrating in the IET method, the
values for damping can be calculated using equation (9)
provided that  remain below 0.2.

Material and experimental setup

In this section, first, the geometry and mechanical properties
of the specimen are introduced. Then the procedures for
performing low-velocity impact tests and calculating
damping coefficients are described. Also described is the
process of obtaining hysteresis loops using low-stress, fully
reversed fatigue tests.

Material and specimen preparation

Specimens are prepared from CFRP sheets (DragonPlate,
ALLRed & Associates Inc.) consisting of six unidirectional
T700 carbon fiber laminas and NCT 304-1 resin. All six
layers have the same 0° orientation along the longitudinal
axis and each layer has a thickness of 0.28 mm with a total
thickness of 1.70 mm in each sheet. The fiber’s orientation
allows for the specimen’s maximum tensile and bending
stiffness. Figure 2 illustrates the specimen’s geometry and
the orientation of laminas inside it. It should be noted that
during the production of the laminates, a woven outer layer
has been added to the surface of the composite sheets to
increase their integrity and adhesiveness. The specimens are
tabbed at both ends with the same composite material and
dimensions of 8.5 X 25 mm to alleviate the stress con-
centration at the gripping section. T700 fibers have a tensile
strength of 4825 MPa. With the unidirectional orientation of
fibers in this specimen, UTS in the 0° direction is 2400 MPa,
while in the 90° orientation it is 94 MPa based on manu-
factorer’s datasheet. The mechanical properties of the CFRP
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Figure 2. Geometry and lamina orientation of T700/NCT304-1 CFRP specimens (dimensions in mm).

Table |. Material parameters of T700/NCT304-1 carbon/epoxy
samples.

Parameters T700/NCT304-1
Enii? 124.51 GPa
Emzza 8.3 GPa
Via & vi3° 0.29

uTS 0°° 2400 MPa
UTS 90°° 94 MPa

Ply thickness® 0.28 mm

p° 1550 kg/m?
Fiber volume fraction® 55%

*Expermentally evaluated.
®Provided my manufacturer.

samples used in this work are provided in Table 1. It should
be noted that values of E,,;; and E,,,, are experimentally
obtained by simple tensile testing in the elastic zone.

Impact test

In this section, the process of performing low-velocity
impact tests is described. An impact with a maximum
velocity of 10 m/s is considered a low-velocity impact.**~*
However, a low-velocity impact is not necessarily classified
as low-energy since the impact energy is proportional to the
mass of the dropped object and if the mass is substantial, the
produced impact energy would be considerable. A sche-
matic of the low-velocity impact device used in this research

is shown in Figure 3. As seen in this figure, guiding columns
with a height of 2 m, made of an aluminum alloy, are
holding the dropping frame, which is a plane with an
electrical magnet. The magnetis a 12V DC solenoid that can
hold up to 100 N loads. The impactor ball is placed below
the specified location in the plane and falls as the magnet
power is turned off. There is a 16 x 8 cm fixture at the
bottom of the device to hold the specimen, as can be seen in
the figure.

Assuming that there is no energy dissipation due to
friction, the impact energy of a free-falling ball can be
estimated  from the kinetic energy equation
E=05m(: — vé), where v; and v are the initial and final
velocities of the impacting ball. In the current work, as the
height of the impactor is a variable parameter in the ex-
periments, the potential energy equation is used to calculate
the input energy of the system. The equation for the input
impact energy is as follows:

E = mgh (12)

where m is the mass of the impactor ball and /4 is the
height of the drop weight frame. The drop-weight im-
pactor ball is spherical and made of AISI 52100 Chrome
steel. The diameter of the ball is 38 mm, and its weight is
226 g. Given the mass of the steel ball and the limit in the
height of the impact device at 2 m, using the law of
conservation of energy, the maximum velocity of the ball
is 6.2 m/s, which falls into the category of low-velocity
impacts. Accordingly, the highest impact energy
achievable with this configuration is 4.4 J, which is
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Figure 3. Drop-weight low-velocity impact device.
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adequate for fracturing the specimens (see Low-velocity
impact section).

It should be noted that there is no lower limit for the
impact energy on the material since the height and weight of
the dropping ball can be lowered to the desired amounts if
needed. Figure 4 illustrates the damage mechanisms in
CFRP specimens under low-velocity impact incidents.
While fiber breakage in outer layers indicates total failure in
the material, delamination and matrix cracks through inner
layers may remain unnoticed while reducing the structural
strength of the material.**

Damping and fatigue tests

The RFDA device (IMCE, Belgium) used for measuring
damping is a non-destructive material characterization de-
vice. It implements the IET method to obtain the acoustic
information from the samples, and its software computes the
resonant frequencies of the material in the range of 10 Hz to
16 kHz with the respective damping coefficients. This
method relies on the dependence of resonant frequencies of
an impulse-excited material on the geometry and stiffness
properties. Figure 5 shows the schematic of the RFDA
device used in this research along with a typical signal
response of the experiment used to calculate the damping.
Two metal strings hold the sample while allowing it to have
the free-free vibration modes when manually triggered
using a hammer with an elastic handle and a metallic
spherical impactor provided with the RFDA device.
Specimens are placed above the strings, and by manually
tapping them using the hammer, the vibrational response of
the material is collected by the microphone and sent to the

atrix Surface

Cracks / Indent
T T

N

Fiber rupture Delamination

Figure 4. Different damage mechanisms in a sample subjected to low-velocity impact: delamination, fiber breakage, matrix cracking and

surface indentation.
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Figure 5. A schematic picture of RFDA device (a), and a typical signal-time and FFT-signal response from a CFRP specimen (b).
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RFDA software, where the resonant frequencies and re-
spective damping parameters, along with Young’s modulus
and Poisson’s ratio of the sample are calculated using the
ASTM E1876-15 standard. Figure 5(b) presents a typical
signal-time response of the specimen’s mechanical vibra-
tion. This graph’s signal decay rate versus time represents
the damping parameter. In addition, the material’s natural
(resonant) frequency was determined using the Fast Fourier
Transform (FFT) of the input signal. To perform damping
experiments, an appropriate environment is needed to en-
sure that the external sources of vibration and undesired
noises do not interfere with the signal received by the
device. As stated in Section 2, precision in data collection
using this method ensures that the damping calculations are
done correctly. In the RFDA device, the sample collection
frequency rate is 96000 times per second, ensuring that all
signal-time graph peaks are gathered.

Cyclic stress-strain response of specimens (Hysteresis
loops) was obtained using a tension-compression fatigue
device (TESTRESOURCES, USA) and axial extensometer
for collecting the generated strains under each load.

Results and discussion
Low-velocity impact

Each specimen was initially subjected to low-velocity
impact with different drop heights. Table 2 illustrates the
impactor height and the velocity and input energy of the
impact on the specimen. Since the impactor mass is equal to
226 g, the impact energy directly correlates with the
dropping height. Seven (7) different impact energies are
tested in this work. One specimen, No. 1, was left intact and

damping responses. As can be seen in Table 2, it was found
that the maximum impact energy at fracture for this material
equals E,x = 3.65 J. The lowest impact energy, related to
the drop height of 88 cm, is equal to 53.1% of the maximum
impact energy of the specimen. There were no additional
experiments below this energy level, as it has been shown
that the damage in composite materials generally has a
nonlinear behavior. This means that most damage occurs
when the energy is near its limits, and a relatively large
portion of impact energies do not damage the material
structure.*

As expected during the experiments, the ball tends to
bounce back after hitting the specimen due to the elastic
response of the material that does not completely keep all
the input energy of the impact. The coefficient of resti-
tution (COR) is a parameter that defines the intensity of
this response. If the specimen were to absorb all the impact
energy, then COR would be zero, i.e., perfectly plastic
impact. The equation for calculating the coefficient of
restitution, e, is:

B [Vie — Vae

=1 - =1 13
N 7 (13)

where V¢ and V¢ are the final velocities of two objects after
the impact and V; and V5; are the initial velocities of objects
before the impact happens. The impact may cause transient
vibrations in the first few milliseconds, but their effect is
mitigated by the specimen’s small displacement, which
diminishes with distance from the midpoint. As the second
object is stationary, only the before and after velocities of
the impactor ball are considered. So, the equation can be
written as the ratio between the final and initial velocities of

used as a reference in the following sections to compare the the ball. Based on the energy conservation law,
Table 2. Low-velocity impact properties of specimens.

Specimen no. Height (m) Impact velocity (m/s) Energy (J) Max. Energy fraction (%)
I 0 0 0 0

2 0.88 4.15 1.94 53.1

3 1.05 4.53 2.32 63.5

4 1.20 4.85 2.65 726

5 1.35 5.14 2.98 81.6

6 1.55 5.51 343 93.9

7 1.60 5.60 3.54 96.8

8 (failed) 1.65 5.68 3.65 100
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Figure 6. Drop and rebound heights as well as COR for low-velocity impacts.

%mv2 = mgh, the ratio between the velocities before and

after impact is correlated with the root of the ratio between
heights. As a result, COR can be calculated from the root of
the ratio between the height of bounce back and the initial

height:
el oy
Tl T\ h

where A and h; are the bounce-back and initial heights,
respectively. Using a high frame rate camera, the bounce-
back height was collected during the experiments and is
reported in Figure 6, along with the COR for all the low-
velocity impact cases. As can be observed, the value of this
coefficient decreases as impact energy approaches the final
value, suggesting that a higher percentage of the input
energy is being converted into internal energy absorbed by
the specimen and results in the generation of damaging and
(slightly) localized heat on the impact zone.

Figure 7 shows the magnified images of the surface and
side views of specimen No. 1 (pristine specimen). As
mentioned earlier, the woven surface layer of the spec-
imen can be seen in Figure 7(a). Inner fibers of carbon are
shown in Figure 7(b). As mentioned in the material
properties, are all in 0° direction. Each layer in
Figure 7(c) is measured to be in the range of ~290—
315 um as indicated by the manufacturer, including the

(14)

thin layer of resin between the laminas. The impact region
on the surface and the side and opposite surfaces of
specimen No. 8, which failed during the low-velocity
impact with an energy of E = 3.65 J, are all shown in
Figure 8. Figure 8(a) depicts the surface indentation
damage, Figure 8(b) shows the transverse cracks and fiber
layer delamination within the specimen, and Figure 8(c)
shows the rupture of the fibers.

Damping calculation

As explained in Section 3, all the specimens, including
the pristine specimen (no impact), were examined using
the RFDA device by manually exciting the specimen and
gathering the information using a microphone. For each
specimen, the damping calculation was repeated
15 times, and the mean value, along with the standard
deviation (SD) of the damping coefficient, is presented in
Table 3. Additionally, Natural frequencies were calcu-
lated using RFDA software. It was observed that those
frequencies generally remain consistent throughout
multiple tests in a given impact energy and slightly in-
crease as the impact energy increases. For sample No. 1,
the first natural frequency was equal to 502.82 Hz. For the
specimen subjected to an impact energy of E =3.54 J, the
measured frequency was 513.63 Hz, indicating a 2.1% in-
crease. However, the variations of frequency were not sig-
nificant enough to be considered a reliable indicator of damage
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Figure 7. Five times magnified images taken from the intact sample. Here (a) is the surface layer (carbon fiber mesh), (b) is an inner layer

consisting of 0° fibers, and (c) is the side view of the specimen.

in the specimen. It must be noted that for sample No. 8, the
damping parameter was not applicable, as the specimen
ruptured in all the layers and the layers were delaminated.
Figure 9 shows the damping variations with the impact
energy to the maximum impact energy ratio (E/E.,). As
can be seen, the damping values can be divided into three

regions. In the first region, where corresponds to the
impact energy up to 0.6 E, ., there is only a 3.5% increase
in the damping parameter, indicating a slight change in the
material’s properties. A noticeable change in the damping
parameter is visible for the second region that is up to
E = 0.9 E,,ax. For the last region, the value of the damping
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Figure 8. Optic microscope images of the impact area at the surface (a), delamination and transverse cracks at the side (b), and fiber
rupture at the opposite surface (c) of the specimen with E = E ..
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Table 3. Range and mean value of frequency and damping for specimen under different impact energy levels.

Specimen Impact energy  Damping Damping Natural frequency (mean)  Natural frequency (SD)
no. () (Mean)x10~* (SDyx10~* (Hz) (Hz)
I 0 7.69 0.499 502.82 0.031
2 1.94 7.82 0.423 503.44 0.017
3 2.32 7.99 0.392 503.10 0.072
4 2.65 8.3l 0.473 503.15 0.083
5 2.98 8.95 0.517 505.36 0.021
6 343 10.62 0.660 506.16 0.088
7 3.54 11.02 0.758 513.63 0.070
0-0014 1 L] 1 T T 1 Ll 1 T 1
0.0012 | g A
0.0010
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Figure 9. Variation of damping parameter with the ratio of the impact energy to the maximum energy capacity of the specimen.

Table 4. Test parameters for two tension-tension cyclic loads on CFRP specimens.

Max stress (MPa)

Min stress (MPa) f (Frequency) (Hz)

150
200

Test no. |
Test no. 2

15 10
20 10

parameter increases abruptly, with the slope 5.25 times the
slope of region 2, revealing a significant shift in the ma-
terial property. The average increase in the damping pa-
rameter between the pristine specimen and the specimen
with an impact energy of 3.54 J (corresponding to E =

0.97 Epax) 1s 43.3%. An increase in damping parameters
by damaging the structure suggests a non-destructive
method to identify damaged structures, by comparing
the O~/ of a given structure to the one from a pristine
structure.
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Figure 10. Cyclic stress-strain curves for specimens subjected to
various low-velocity impacts under maximum stress of 150 MPa.

Hysteresis loops

In addition to calculating damping parameter variation for
different impact energy levels, changes in the cyclic be-
havior of specimens are investigated here. The specimens
were subjected to cyclic loads and stress-strain curves
(Hysteresis loops) were generated. Test parameters of the
two cyclic experiments on these specimens are presented in
Table 4. Due to the buckling issue on CFRP specimens,
cyclic tests here are limited to tension-tension testing, with
the load ratio of R = 0.1.

Hysteresis loops for these two experiments are presented
in Figures 10 and 11, respectively, as shown below. As seen
in these figures, as the impact energy increases, the stress-
strain curve tends to move toward the right side. For a given
stress amplitude, strains are generally higher in the speci-
mens with a previous impact at a higher energy level.

In order to compare the damping behavior of composite
specimens from the cyclic energy release standpoint, the
following equation is used to calculate the damping ratio

using the hysteresis loops:*®*’

Stress (MPa)

0 T T T T T
0.00 0.05 0.10 0.15 0.20
Strain (*1072)
Figure 11. Cyclic stress-strain curves for specimens subjected to

various low-velocity impacts under maximum stress of 200 MPa.

S

C= (15)

1
47

N

e

where Wp is the plastic strain energy per cycle and is equal
to the area inside the hysteresis loop and We is elastic strain
energy, the maximum elastic energy stored in each cycle and
is equal to the area of a triangle surrounded by the horizontal
and vertical axis and the line connecting the maximum and
minimum points of the loop. For low-stress amplitudes, the
area inside the loop confined by the positive axis is also
known as loss energy density. In Table 5, values for plastic
and elastic strain energy for each test amplitude, along with
the related damping ratio, are shown.

In Figure 12, normalized values of damping ratios cal-
culated in the table above are shown for two cases of
maximum stresses equal to 150 and 200 MPa. As can be
seen in this figure, although the damping ratio still dem-
onstrates growth with the increase in the impact load, the
rate of this increase is not as prominent as the findings from
the IET method. Based on this figure, the hysteresis
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Table 5. Damping ratio estimations from cyclic hysteresis loops.

Impact Sinax W5p W,
Specimen no. energy () (MPa) (M)/im3) (M)/im?) We/W, ¢
| 0 150 0.03135 0.083213 0.3770 0.030
200 0.055388 0.159694 0.3468 0.0276
2 1.94 150 0.033401 0.088578 0.3775 0.030
200 0.056072 0.154171 0.3636 0.0289
3 2.32 150 0.037662 0.094838 0.3969 0.0315
200 0.063856 0.171844 0.3715 0.0295
4 2.65 150 0.037293 0.093944 0.3974 0.0316
200 0.061595 0.165111 0.3732 0.0296
5 2.98 150 0.034821 0.084002 0.4147 0.0330
200 0.056755 0.149857 0.3788 0.0301
6 343 150 0.036452 0.086159 0.4230 0.0336
200 0.060227 0.156275 0.3853 0.0306
7 3.54 150 0.039292 0.0882| 0.4452 0.0354
200 0.066749 0.160377 0.4162 0.0331
—=— 150 MPa
s 124 = 200 MPa 4
=
(]
H
oh
£
=
£
]
=
T 1.1 -
N
=
E
£
=
Z.
1.0 -
0.0 0.2 0.4 0.6 0.8 1.0
E/E

max

Figure 12. Variations of (normalized) damping ratio with the increase in impact energy for maximum cyclic stresses of |50 and 200 MPa.

damping ratio for the specimen with the impact energy of
0.96E .« is ~ 1.2 times the damping ratio of the pristine
specimen. While the hysteresis damping approach is an
indicator of increased damping with rising impact energy,
the IET method is a more favorable choice primarily be-
cause it requires a simpler setup and poses a lower risk of
damage during damping calculations.

Conclusions

Damage in composite materials involves complex failure
modes such as delamination and transverse cracking that

initiate from the inner layers of the structure, often not
visible until failure occurs. This research examines the
feasibility of a non-destructive method for damage de-
tection based on the impulse excitation technique (IET).
T700/T700/NCT304-1 carbon/epoxy specimens under-
went low-velocity impact tests on various impact ener-
gies. The maximum impact energy for the specimen with
a cross-section of 8.5 x 1.6 mm was 3.65 J. The coef-
ficient of restitution decreased from 0.65 to 0.48 as the
impact energy increased, indicating that a higher fraction
of the impact energy is causing damaging in the speci-
men. All specimens were then tested in RDFA device to
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acquire their damping parameter. Values of natural fre-
quencies and damping parameters are shown in Table 3
and Figure 9. As the impact energy increases in the
material, the damping parameter increases in a non-linear
form. The damping value in the first region changed
slightly, increasing by only 3.5% to 0.6E,,.x. With an
18% increase in the damping parameter, a more notice-
able change was seen in the second region up to E =
0.9E,..x- Th, damping value increases at a higher rate as
impact energy reaches E,,,x and for E >0.9E,,,,_the slope
was the highest. A 43.3% increase in the damping pa-
rameter was seen from E = 0 to E = 0.97E,,,, indicating
that the damping parameter may be used to indicate
damage in CFRP parts with a relatively straightforward
and non-destructive examination. These findings are
supported by calculations of damping in the specimens
using hysteresis loops. Specimens were subjected to two
sets of tension-tension cyclic loads with S,,,x equal to
150 and 200 MPa and R = 0.1. Equation (15) was used to
compute hysteresis damping, having known the stored
and loss energies from the areas under and inside the
hysteresis loops. As the impact energy increases, so does
the specimens’ damping ratio, in line with the findings
from IET approaches. Interestingly, the damping for the
specimen with the highest impact energy was 20% higher
than for the intact specimen.
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Appendix
Appreviations

A;  Signal amplitudes
¢ Viscous damping
e Coefficient of restitution
E,  Young’s modulus (Pa)
E Impact energy (J)
Enax  Maximum impact capacity (J)
h  Impact height (m)

Spring constant

Mass of system (kg)

Q factor

Internal friction

Ultimate tensile stress (MPa)
Velocity (m/s)

Logarithmic decrement
Damping ratio

Density (kg/m®)

Poisson’s ratio
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