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1. SUMMARY

The goal of this SIRCA program was to systematically study the sequence of damage and post-
damage load carrying capability of composite laminates under Barely Visible Impact Damage
(BVID) regime. Results obtained from this program will have direct influence on the damage
tolerance and aircraft sustainment design practice with Airforce and airframers.

Five composite configurations relevant to current aircrafts were selected for the program. The
configuration ranged from thin composite used in fuselage sections and thick composite used in
wing section of aircraft. Panels were manufactured at AFRL and sent to University of Michigan
for test and analysis. Sample panel of selected composite configurations were impacted at
increasing energy levels under controlled boundary conditions to ensure repeatability and accurate
damage measurements. Detailed post impact measurements were conducted to characterize and
quantify every aspect of impact damage, from dent depth to through thickness delamination.
Careful analysis of impact experiments was conducted to determine damage sequence. Threshold
energies for backsplit, delamination and surface damage were quantified. Damage size and
morphology was characterized using ultrasound scans. Influence of damage on the structural
performance of composite was characterized by conducting Compression After Impact (CAI)
experiments. Compression strength knockdowns were correlated with impact energy and damage
size.

In addition to experimental work, novel tool was developed to automate impact damage model
generation. The tool can be used to efficiently generate complete BVID virtual experimental model
to be used with Finite Element Analysis (FEA). Careful study was also conducted to measure
sensitivity of damage parameters used on the results of the model.

The information generated in this program has also created a unique database of damage pattern,
compression strength knockdown and complete sequence of failure for Airforce relevant
composite laminate stack up and material system. The database generated can be used in future to
inform design and analysis. Additionally, it can also be used for risk identification while
performing ultrasound scan of composite structures at maintenance yards. Furthermore, an
automated mesh generation and analysis tool was also developed to provide Airforce analyst a
high fidelity virtual BVID and CAI method for impact and post-impact risk assessment.

Keywords: Low Velocity Impact, Compression After Impact, Damage, Delamination
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2. INTRODUCTION
2.1. Background

Carbon Fiber Reinforced Polymer Composites (CFRP) have been increasingly used in aircraft
structural components due to advantages in their strength-to-weight ratio and ability to meet
complex design criteria. However, an application constraint of CFRPs arises from their strength
reduction due to low-velocity impacts (LVI). These impacts can occur as a result of a dropped tool
or equipment during manufacturing and maintenance. LVI events are hazardous to composites
because they often generate Barely Visible Impact Damage (BVID), where a composite
component suffers damage that is not detectable on the impacted surface. In these instances,
impact-induced delaminations develop between laminae. This damage can be detrimental to a
composite's peak load-carrying capability when the delaminations become sufficiently large.

LVI events have been studied experimentally using drop towers as standardized in ASTM D7136
[1]. This experiment produces impact damage for composites in an unloaded state. This applies to
composites that suffer BVID due to tool drops and errors during the manufacture and assembly of
aircraft. Other studies have also investigated the impact damage of specimens loaded in
compression for other applications, such as debris striking an aircraft wing during landing [2]. The
behavior of damage and compression load-carrying capability differs between these loading cases.
While this standard describes the impact conditions for a 152.4 mm by 101.6 mm panel, studies
have been performed on larger-sized panels using a similar approach [3]. Previous studies have
shown the use of high-frame-rate 3D Digital Image Correlation (DIC) to analyze the in situ
response of impact events [4-7].

Interlaminar delaminations can be inspected through various Nondestructive Inspection (NDI)
techniques. NDI is very useful when evaluating damaged composites because it allows for
subsequent testing to be performed on a damaged test specimen. Additionally, NDI serves as a
valuable tool for inspection and maintenance tasks for in-service composite structures where the
strength can be evaluated based on the investigated damage. Previous studies have evaluated the
effectiveness of several NDI techniques, including the tap test, PC swept/RF, ultrasonic testing,
shearography, and thermography [8, 9]. Of these discussed methods, Ultrasonic Testing (UT) was
the most effective tool for observing delamination. Another effective and accurate method for NDI
is X-ray Computed Tomography (CT). X-ray CT has been used in previous impact damage
inspection studies [3, 4]. While it can render accurate scans of damage within a composite, it can
be very time-consuming and expensive and limits the size of a specimen for investigation. Until
recently, UT had similar limitations to X-ray CT in that UT required immersion scanning and was
also limited by portability and specimen size [10]. Recently, UT has emerged as an efficient tool
to identify the size of delamination within a composite. The advantage of modern UT scanners
comes from their portability and ability to accurately measure the extent of delamination in very
little time. A limitation of UT is its inability to detect damage beyond the first detection of damage
at a location. This generates what is known as a ’shadow region’ beneath the first observed
instances of delamination. While UT provides only partial information on the delaminated regions
within the composite, it can accurately identify the delamination area's overall size (footprint).

The transition from BVID to Visible Impact Damage (VID) can be challenging to quantify. The
detectability of VID can be defined as the residual depth of the depression formed by the impactor
after the impact event, expressed as the maximum distance in a direction normal to the face of the
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specimen from the lowest point in the dent to the plane of the undisturbed impact surface [11]. To
quantify this description, a dent depth of 300 microns is assigned to this transition [11-13]. It is
important to note that this definition is currently used in the industry but has its limitations in
accurately defining BVID. A study by Talreja showed that the dent depth measurement for
impacted carbon/epoxy composites can vary based on the thickness of the laminate, and that setting
a dent depth measurement as the threshold for BVID may not accurately describe the detectability
of the damage [12]. Even if a definition of BVID that encompasses a range of laminate thicknesses
is introduced, its value with respect to identifying the structural response in compression of an
impact-damaged panel may not be straightforward. It is noted that the dent depth value of 300
microns is used in this study because it separates both the 16 and 24-ply laminates into BVID and
VID categories. In the visible instances, top surface fiber and matrix failure are also observed,
which contribute to a larger dent depth.

LVI events can cause intra-ply damage, such as fiber failure and matrix failure, and inter-ply
damage, such as delamination between laminae. These failure mechanisms can significantly
reduce the Compression After Impact (CAI) strength of a composite [14—17]. In extreme cases,
the compressive strength of a composite can be knocked down to 30 percent of its undamaged state
with no indication of damage on the impacted surface [18]. Because of this, damage tolerance is a
very significant consideration for the design and use of composite structures. A CAI experiment
is standardized in ASTM D7137 [19]. There are much aerospace uses for both thin and thick
composites. Typically, composites with a thickness greater than 3 mm are designed not to buckle
globally, whereas thinner composites are more likely to [20]. When delaminations are present,
local buckling may occur. There have been several studies on the behavior of thin composites
subject to impact damage, mostly within the range of 2-3 mm in thickness [12, 21-27]. Thin
composite panels are of great interest due to aerospace applications such as fuselages of an aircraft,
cryogenic tanks of reusable launch vehicles, and fan blades of a turbojet engine [20]. This requires
consideration for the effect impact damage has on the compressive response of thin composites,
including final failure [28].

A computational model for BVID using Finite Elements (FE) is also presented in this report. The
model is useful for accurately capturing the BVID response of the composite and correctly
predicting the extent of inter-ply delaminations as well as intra-ply damage in the form of fiber
and matrix failure. The development of this model requires an extensive data set to predict these
features for different impact energies, stacking sequences, and thicknesses. An accurate model
would be able to replace the need for large numbers of tests leading to savings in cost and time
[29].

Several challenges arise while modeling the impact response of composites. These include the
modeling of the force response of the impact event, the extent of delamination (the footprint), and
fiber and matrix damage throughout the composite. Two finite element-based effective methods
of modeling the extent of delamination in an impacted composite are through cohesive contact, as
shown in [4, 30], and cohesive elements, as shown in [31, 32]. Previous studies suggest that
experimental results are best matched using the cohesive contact modeling approach for
delamination [6, 33]. This study utilized a fiber-aligned mesh to increase the fidelity of the model
[4, 34, 35]. Other studies utilize an unstructured mesh which can require fewer inputs and run more
efficiently [15, 30].
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2.2. Scope

This study aims to understand the initiation, progression, and sequence of failure events in
composite laminates of varying lamination stack-up and thickness under BVID and CAI. A
systematic and detailed test campaign was conducted wherein new fixtures were developed to
ensure repeatable tests. Furthermore, detailed post-test measurements were made for impact dent
depth, damage, and delamination. In addition to this overall goal, an understanding of the order of
failure events during impact is obtained, and a relationship between impact energy and observed
UT de-lamination is developed. Finally, the information gained from the extensive data set is
utilized in refining the computational model to predict the extent of delamination accurately.

The report is structured as follows; section 3.1 provides the details for the experimental setup,
which includes sample preparation; section 3.2 details the experimental protocol; section 4.1
discusses the impact test results; section 4.2 details the post-impact measurement; section 4.3 has
the results for compression after impact. Section 4.4 analyses the results, followed by section 4.5
with computational modeling. The final section has the conclusions.

3. METHODS, ASSUMPTIONS, AND PROCEDURES
3.1. Experimental setup

3.1.1. Sample preparation

Composite laminated plates made with IM7/977-3 material system, with stacking sequences
(Table 1) representing typical stack-up used in aircraft. As can be seen the laminates are symmetric
but are not quasi-isotropic. Samples were tagged based on their manufacture plate and specimen
ID for each stack up. The panels were also inspected for manufacturing defects using a portable
ultrasound inspection device, DolphiCam2. Table 2, details the total number of specimens used
for impact and compression after impact (CAI) tests. For both impact and CAI experiments, a
speckle pattern was spray painted for 3D Digital Image Correlation (DIC) measurements on each
specimen.

Table 1: Composites in Study

Sample tag | Stacking sequence Panel thickness
(mm)
F16 [45,0,—45,0, 45,90, 45, 0] 2.064
F24 [45,-45,0,90, 0,45, 90, 45,0, -45, 0, 45]; 3.096
WLA40 [45,0,-45,0,45,90,0,—45,90,45,0,45,-45,0,0,45,0,0,—45, 90] 5.160
wu4g [45,-45,0,90,0,—45,0,45, 0,90, 45,—45,0,45,0,90, 0,45, 0, 45, 6.192
—45,90, —45, 45]
7
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WL56 [45,0,-45,45,0,45,90,—45, 0,0,45,0,—45, 0, 45,90,-45, 0, 0, 45, 1.224
90, —45, 0,45, 45, 0, —45, 0];

Table 2: Number of specimens for each experiment

Sample tag Impacted panel Pristine CAI Damaged CAI
F16 25 2 10
F24 24 2 11
WL40 10 1 6
WuU48 10 1 6
WL56 9 1 6

3.1.2. Impact setup

Impact testing was performed according to ASTM D7136 with an impact fixture adapted to
test 178mm x 178mm panels [1]. The panel was secured between the top and bottom roller support
plates of the impact fixture as shown in figure 1. These supports provided a 152 mm x 152 mm
(6” x 6”) supported boundary and were secured with four steel bolts. An Instron CEAST 9350
drop tower was used to drop a steel hemispherical impactor onto the top face of composite panel.
The steel impactor of 25.4 mm (1) diameter, and a total drop mass of 8.53 kg was used for each

Figure 1 Impact fixture

experiment. The impact energy was varied between tests by adjusting the drop height of the
impactor, which ultimately controlled the velocity of the impactor as it reached the top surface of
the composite. A pressurized arm automatically activated to catch the impactor after the initial
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impact, ensuring that the impactor only struck the composite once. Two Photron Fastcam SA-X

high-speed 1024 x 1024 pixel cameras captured the bottom surface of the composite at 12,500

frames per second via a front-surfaced mirror placed underneath the sample. The mirror was

angled at 45 degrees relative to the surface of samples and was bolted into the base of the steel

impact fixture. An optical sensor was used to trigger the Instron and the high-speed cameras to
start recording simultaneously, at the time of impact.

Instron Impact Chamber

Steel Impact Fixture

45 Degree Anlge Mirror

Floor

Sliding Steel Gallery

5ft Flow Rails X2

High Speed Camera X2
Camera Optical Mount
Stable Column Supports Xé

Figure 2 Impact test rig

To ensure impact testing procedure accuracy, efficiency, and repeatability, an impact rig was
assembled as shown in figure 2. Cameras were fixed on an optical mount on steel plate to hold the
camera system in place. The plate was fixed onto a steel frame that slide along two parallel flow
rails towards and away from the steel impact fixture. The flow rails were supported by six steel
floor supports with adjustable heights to ensure that the flow rails were parallel and level across
their length.

DIC analysis were performed using Aramis software. A standard 13-position calibration was
performed, using a calibration panel, and Aramis DIC software. The setup provided an acceptable
calibration deviation of 0.01-0.04 pixels [36]. The angle between the two cameras was fixed at 25
which provided the best calibration. The brightness of the illumination was adjusted such that the
pixel intensity of the white spot was at least 100 units larger than the black background [36], to
ensure good DIC image quality. Once a successful calibration was achieved, the cameras were
rigidly fixed to the camera stand. For placement of specimen on the impact fixture (figure 1) the
entire rigid setup is rolled away from the impact cage, specimen is secured, then the entire setup
is rolled back in. The new setup ensures that the camera position, with respect to the fixture and
the specimens, remains unchanged, thereby negating the need for re-calibration after each test.

3.1.3. CAl setup

Compression After Impact (CAI) testing followed the ASTM D7137 standard with an
adaptation to the load frame in order to match 178 x 178 mm (7 x 7”) panel size [19]. The CAI
fixture shown in figure 3 used two flat parallel steel plates for the top clamp and the bottom base
for a length of 12.7 mm (0.5”). Two vertical knife-edge supports held the test specimen 12.7 mm
from each side edge in the fixture. Overall, the fixture enforces clamped boundary condition in the
loading direction, and free boundary condition along the transverse directions. The top and bottom
of the test specimen are clamped. The test specimen was loaded using an MTS
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Tension/Compression load frame, with a load cell capacity of 500 kN (110 Kip). The MTS
recorded load, time, and displacement histories for the experiment. To accurately capture the
displacement of the sample in the compression test, 2D DIC was performed on both the front-facing
and back-facing surfaces of the test specimen. Two grasshopper cameras were used to image each
surface of the test specimen, with impacted surface imaged by the front-facing camera. These
cameras were set up so that they were centered and focused on the respective faces of the test
specimen. The cameras used an aperture of 11 and a focal length of 25 mm when positioned 120 cm
normal to the surface of the test specimen. Vertical displacement was calculated at both the top and
bottom regions next to the clamped boundary. The difference between the top and bottom
displacements yielded the gauge displacement of the sample.

Top clamp

Left side Right side
support support

Left knife Right knife
edge support edge support

R
tttttttttttttt

Figure 3 CAl fixture

Bottom clamp

The fixture was positioned in the load frame such that the test specimen was centered with respect
to the machine, to avoid any load eccentricity. Roughly 10 kN of axial pre-load was applied to negate
any machine and load frame compliance. The cameras recorded the specimen for the pre- load and
measured the strain and displacement of the sample. The 2D DIC measurement ensured that the strains
at these locations were equivalent to ensure uniform and non-eccentric loading, in compliance with
ASTM standards.

3.2. Experimental protocol

A set experimental protocol was followed for each specimen tested. First, impact test was
conducted, followed by post-impact measurements, and then compression after impact test was
conducted. Each step of the experimental protocol and outputs generated are described below.
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3.2.1. Impact testing
3.2.1.1. Impact procedure

The impact energy and impact point offset were adjusted based on specimen thickness and test
schedule. Drop tower optical sensor placement was adjusted based on specimen height in order
for the Data Acquisition System (DAS) and the high-speed cameras to synchronously trigger, prior
to the impact event. A high voltage lamp was used for the experiment to provide sufficient
illumination for the impact chamber and specimen. After each test, the camera system was rolled
along the flow rails, away from the Instron impact chamber. The test specimen was taken out of
the steel impact fixture. The next sample was then placed onto the impact fixture and secured on
the roller supports. The entire set was then rolled back to the locked test ready position. Impact
load-time history was recorded by the Instron CEAST software. Entire test sequence images were
recorded using high-speed cameras and were analyzed using ARAMIS DIC software.

3.2.1.2. Drop tower measurements

Force - Time Response Force - Displacement Response
10 10}
= =z
= =
] (]
D 5 S
o o]
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0 5 10 0 5 10
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5 Displacement - Time Response 50Kinetic Energy - Time Response
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g 5 =
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Iy 10}
O
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0 5 10 0 5 10
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Figure 4 Instron data outputs

Instron drop tower records the force, impactor displacement, impactor kinetic energy, and time of
the impact event. Data is recorded at a frequency of 1000 KHz. Figure 4 shows the typical
force-time, force-displacement, displacement-time, and kinetic energy-time response obtained
from drop tower software. It is observed that force-time response curve has a general shape of a
Gaussian pulse with additional frequencies related to events during the impact, which is explained
further in later sections of this document. The force-displacement history provides the residual dis-
placement, where the measured load is zero during impactor rebound. The residual displacement
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points to fact that there is permanent damage in the composite. The displacement-time response of
the impactor is a smooth curve, as it is the measure of impactor motion. The kinetic energy-time
response shows the kinetic energy of the impactor over the course of the impact event.

3.2.1.3. 3D DIC measurements

Images from the impact events are post processed using Aramis 3D DIC software, which calculates
the global displacements and strains on the bottom surface of the composite.

Figure 5 shows typical images taken from the high-speed cameras with DIC results overlaid on
the specimen image. Figure 10a shows the calculated out of plane displacement field experienced
by the test specimen. A von Mises strain concentration is observed in figure 10b at the center where
the matrix split initiates. Von Mises strain is only used to identify the time and location of initiation
of matrix split.

From the DIC data, further information of the specimen deformation is obtained. Figure 6a shows
the maximum displacement vs time at the center of the bottom surface of the composite. Colored
markers indicate the displacement at 0.8ms. Figure 6b shows the corresponding cross section of
the evolving displacement profile. The displacement profile while initially smooth, subsequently
shows localized deformation beginning to take shape at the center of the bottom surface, indicating
localized damage.
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Figure 5 3D DIC measurements

3.2.1.4. Post impact measurements

The post impact measurements included dent depth on the top impacted side of the panel, bottom
surface matrix split length, images of the samples, and UT scan.

An initial measurement for the dent depth was recorded immediately after the impact. A second
dent measurement was performed at least two weeks after the impact experiment. This was done
using a dial gauge which measured the maximum dent depth to the nearest thousandth of an inch.
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Two measurements were taken to observe if a change in the dent depth occurred well after the
impact.

Displacemeant (mm)
Displacement (mim)

0 20 40 &0 a0 100
Time (ms) X coordinate (mm}
{2} DIC maxirmm badk sudface displacemant vs. time {b) Out-of-plane {7) displacement profile

Figure 6 DIC out-of-plane displacement

Next, the bottom surface of the panel was inspected for matrix splitting. For specimens with
matrix splitting, the length of the maximum crack was measured. In cases where top surface
(impact side) fiber breakage was observed, the width of failure was recorded. Images of both top
and bottom surfaces were taken camera 0.5m above the sample.

All samples were inspected using the Dolphicam? ultrasound scanner. The scan was performed
by using a 5 MHz transducer that captured a 32 mm by 32 mm region at a time. These scans were
stitched together for samples with delaminations that extend past the area for a single capture.
A gel coupling (Eco SuperGel) was used between the transducer and the sample to reduce noise
in the signal and gave a clear inspection of the internal damage. Time Of Flight (TOF) signal
provided information on the depth of damage within a sample by recording the time required
for a signal to pass into the material and reflect off damage back to the transducer. Combining this
information with the speed of the signal and the known thickness of the sample the depth of
damage was calculated. The UT scan was saved in a HS file format for additional analysis. It is
to be noted that a UT signal is reflected from the topmost delamination detected at given location.
The signal cannot provide any information on the delamination below the topmost delamination.
Hence, UT scan only provides a top-down view of damage, and not the complete damage pattern.

3.2.2. Compression after impact testing
3.2.2.1. CAl procedure

After impact testing and post-impact measurements, CAI test were conducted. Each specimen was
securely clamped within the CAI fixture. The specimen was aligned such that its face is parallel
with the front facing edge of the base fixture. Electronic level gauge was used to ensure each
component of the CAI test fixture was assembled correctly. The cameras were checked to ensure
that the image of the test specimen was perpendicular and in focus. The LED lights were positioned
to provide a clear image of the panel. The DIC cameras were triggered using a function generator
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to record one image per second prior to starting the MTS. Twenty reference images were taken
prior to loading.

Each test was performed with a loading rate of 0.0127 mm (0.0005 inches) per second and run
until sample failure. After the test was completed, images were taken of the test specimen in its
failed state before releasing the remainder of the MTS load. Data from the MTS and DIC cameras
were then exported and the CAI fixture was taken down from the MTS. The fixture was
disassembled and the sample was removed and imaged.

3.2.2.2. CAl measurement

The load-displacement response of specimen under CAI testing is obtained by combining load
cell data and 2D DIC data. The MTS records data at 100 Hz during the quasi-static experiment.
The 2D DIC measures the gauge displacement of each surface of the composite by subtracting the
displacement of the top of the sample from the bottom of the sample on each surface. The DIC
measurement for gauge displacement is chosen over the MTS measured displacement because the
DIC measured displacement gives the true representation of the displacement of the sample and
removes error from potential machine or test fixture compliance.

Figure 7 shows a typical load displacement relationship obtained for the samples tested.
Classical Lamination Theory (CLT) was used to predict the linear axial response of the specimen
and is shown using the dashed red line in the figure, using material properties provided in
Appendix B. There is a distinct deviation from the linear response early in the loading history,
which indicated Euler buckling of the specimens. The buckling event was confirmed by the strain
analysis of front and back surface of the specimen.

The strains shown in figure 8 are global strains recorded at the center of the front and back
surfaces on the F16 test specimen. In its pre-buckled state, the strains on both surfaces experience
a compressive strain of the same magnitude. When the buckling load is reached, the front and back
strain measures deviate, indicating out-of-plane bending. The divergence of the strains was used
to identify the point where buckling initiates during the experiment.

From the load time history, and the buckling strain analysis, the buckling and ultimate failure
loads were obtained.
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Figure 8 CAIl strain measurement

4. RESULTS AND DISCUSSION
4.1. Results: Impact test

4.1.1. Results from force-time and displacement-time response

Figure 9 compares the force-time response of F16 and F24 specimens at 10J, 15], 25J, and 40J. As
is expected with each increase in impact energy, the overall profile shows an increase in peak load,
for each both F16 and F24. The complete force-time responses at all tested impact energies are
provided in Appendix C. The figure also illustrates the variety in response. With increase in impact
energy there is a distinct increase the secondary oscillations within the response. In this section the
focus is on general trends gained from the overall impact results.

Figure 9 also compares the force-time response of WL40, WU48 and WL56 specimens at 30J, 407,
60J, and 80J. As is expected with each increase in impact energy, the overall profile of shows an
increase in peak load for each composite. The complete force-time responses at all tested impact
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energies are provided in Appendix C. Figure 9 also illustrates the variety in response. With increase
in impact energy there is a distinct increase the secondary oscillations within the response.

Figure 10 shows the 40 J impact for each of the five composite layups. As the bending stiffness of
the composites increases due to their stacking sequence and overall thickness, the composites
experience a stiffer response to the impact, produce a higher reaction force, and a lower maximum
displacement experienced by the impactor.

From the force-time and displacement-time response, the maximum force and displacement
experienced by the impactor can be obtained. Figure 11 shows the comparison of maximum
impactor force and maximum impactor displacement at increasing energy levels for the thick
composites. The maximum load increases from 9kN to 22kN in the WL40 composite between 15J
to 80J. The WU48 composite increases from 12kN to 24kN between 20J and 100J. The WL56
composite increases from 17kN to 29kN between 30J and 100J. The WL40 composite experiences
the most out of plane displacement while the WL56 composite experiences the least out of plane
displacement. This is consistent with the fact that compliance of the composite decreases as the
number of plies increases.

Figure 12 shows the residual displacement of the impactor obtained from displacement-time
history, which indicates the presence of permanent indentation or damage in impacted specimen.
Each composite experiences an increase in residual displacement with increasing impact energy.
This relationship is fairly linear over the experimental impact energy range. A local increase in the
residual displacement is observed in the measurements on either side of the impact energy
threshold for delamination initiation.

The kinetic energy lost by the impactor is calculated from the force-time and displacement- time
history, with the assumption that energy lost due to friction is negligible. Figure 13b shows the
amount of kinetic energy lost from the impactor at each impact energy level. Each configuration
shows a linear increase in the kinetic energy loss as impact energy increases. Each composite
shows a sharp rise in the kinetic energy loss at the lowest impact energy in which delamination is
detected, most notably between 30J and 40J for the WU48 and WL56 specimens. The sudden
increase in impactor energy loss is an indicator of sudden increase in damage within the composite.
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Figure 9 Impact response

17
DISTRIBUTION STATEMENT A. Approved for public release. Distribution is unlimited.
AFRIL-2023-1285; Cleared 03/16/2023.



Displacement (mm)

0 2 4 & & 10 12

Time (ms) Time (ms)
(2} Fome vz, Time meponss (&) Dizplacement vz, Time meponss

Figure 10 Impact response comparison at 40J

- F16 .
- F24 e .
- WL40 s
=20 - Wu4s s !
o - WL56 *
; ° s
3 - e $° 8?8
I I
g 4°
v
[ ]
0 20 40 60 80 100
Impact Energy (J)
{2} Impactor MaximumLoad
15 °
: 5
— L L
£10 o’ e
@ [ ] ® L ]
E ¢ L. * s
@ . . L ] ®
o ° . ° a
o o . o ¢
w . ° L
5 [ ] L]
0 Il
0 20 40 60 80 100
Impact Energy (J)
) Empactor MaximmmDisplacemant

Figure 11 Impactor maximum load and displacement

18
DISTRIBUTION STATEMENT A. Approved for public release. Distribution is unlimited.
AFRIL-2023-1285; Cleared 03/16/2023.




10

® Fi6
—_ ° F24 o
E gt WL40 °
£ o WU48
= ® WL56
£
g O
.
4]
a
% 4 0. ¢
Tg X J ' °
5 ]
3 2! g|'.'°.' g ¢
.: o ©
0 1 1 1 1 1
0 20 40 60 80 100

Impact Energy (J)

Figure 12 Residual displacement of impactor

4.1.2. Results from 3D DIC analysis

Measurements from the DIC analysis yields the relationship between maximum bottom surface
displacement and impact energy, as shown in figure 14. The trend in result is consistent with the
impactor displacement measurements show in figure 11. The DIC analysis also provided the
bottom surface strain measure during the impact event. For each specimen global strains, and the
frame at which splitting initiates was recorded. Figure 16 shows an image of a back surface matrix
split from the view of the high-speed camera during the impact experiment. The time at which
back surface splitting initiates is identified by inspecting each image frame by frame until a split
in the matrix is observed. The frame where splitting initiates is converted into an equivalent time
points for the impact duration. The red box shows the region where the observed split at a time
point well after the split has initiated.

The global strains were then converted into local strains based on the orientation of the bottom ply
fiber direction. Figure 15 shows an example of local strains developed on the bottom ply with
fibers oriented at 45°. The black marker indicated the point, during the impact event, when back
splitting is first observed. As the strain in the transverse strain (€22) is larger than the shear strain
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(¢12), the failure mode is understood to be matrix mode-I dominated. Hence, the result provides
the failure strain required to cause matrix splitting during an impact event.
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Figure 13 Impactor Energy Loss vs. Impact Energy
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Figure 16 Visible back surface splitting initiation

4.2. Results: Post Impact measurements

4.2.1. Impacted Surface Dent Depth
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Figure 17 Observed Impact surface of F16 at 20J, 30J, 40J
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Figure 18 Impact dent measurement.

Figure 17 shows an example of kind of damage seen on the impacted surface of F16 composites
at 20J, 30J and 40J. At 20J and 30J impacts there is no obvious or detectable sign of impact damage
on the sample surface. On the other hand, at 40J an indentation is visible on the top surface of the
sample.

Utilizing the typical commercial aircraft BVID dent depth criteria of 300um, the results can be
categorized as Visible Impact Damage (VID) or BVID. Figure 18a plots the relationship between
the measured dent depth and the associated impact energy, categorized as VID or BVID. The
experiments considered to be below the BVID limit show a linear relationship between dent depth
and impact energy in figure 18b. The transition from BVID to VID occurs at 35] in the F16
composite. This same transition occurs at 55J in the F24 composite. In the VID range, the dent is
easily seen on visual inspection. Also, at these high energies, top surface fiber compression failure
is present, allowing the impactor to partially pass into the composite, generating a larger dent.

Figure 19 plots the dent depth as a function of the impact energy for each specimen. An in- crease
in the dent depth correlates with the presence of delamination for each composite. For each thick
composite and for every energy level tested, the impacted surface dent depth was small enough
such that all samples were considered to have BVID. In the instances where no delamination is
present, the dent depth is significantly lower. This behavior is very different than what was
observed with the thinner 16 and 24 ply composites. The thin composites had a clear BVID
transition energy, in which a threshold impact energy separated BVID and VID. This indication of
failure is not observed in the 40, 48 and 56 ply composites.
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4.2.2. Bottom surface matrix splitting
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Figure 20 Bottom Surface Matrix Split Length vs. Impact Energy

The next measurement is the bottom surface matrix split length. Not all impacted specimens
developed a matrix split. A detected bottom surface matrix split was only present in the samples
which also experienced delamination. Figure 20 shows the measurements of the back surface split
length. The matrix splitting always initiates at the center of the panel and propagates along the
bottom ply fiber direction. The maximum split length possible is 251 mm (9.9 inches), the diagonal
length of the panel. The propagation of the matrix split occurs quickly and attributes to the range
of data values for this measurement. The WL56 sample consistently experienced the shortest
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matrix split lengths. It is important to note that the back split length in the F16 sample experiences
a significant jump starting at 35 J, the same energy where the top surface of the panel transitions
from BVID to VID. There is also an apparent jump in the back split length for the F24 sample at
55J, where its BVID limit is observed. Below the BVID limit, the relationship between matrix split
length and the impact energy is linear.

4.2.3. Ultrasound scan

The third post-impact measurement is the ultrasound scan of the composite. Using the
Dolphicam?2, a time-of-flight (TOF) scan can be performed on the impacted surface of the sample
that provides a top-down view of delamination and internal damage within the composite. The
time-of-flight information is combined with the speed that the signal travels through the material
to calculate the depth at which the signal reflects, which indicates an associated depth within the
composite where the delamination is located.

10)J 20 30)

ww zg

32 mm

Figure 21 Growth of Delamination Area with Increasing Impact Energy

Using UT scan a clear image of delamination pattern and depth is obtained. Figure 21 and figure
22 show the delamination pattern in thin and thick composites. The scan also highlights clear
patterns of damage in the sample. A petal shape pattern or a spiraling fan shape through the
thickness of the impacted sample. As an example, figure 21-row A, shows the delamination extent,
depth and pattern in a F16 composite impacted at 10J, 20J, and 30J. In row B, the F16 10J impact
event is taken in grayscale and superimposed onto the other impact damage patterns, which
highlights the uneven increase in delamination area, indicating preferential interfaces for
delamination growth with increase in impact energy.
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Figure 22 Ultrasound Images of Impacted Composites

From the UT scan images, the overall area of delamination is calculated based on depth value of
each pixel in the image. Pixels with depth value less than the thickness of the laminate, indicates
the presences of delamination. Hence, by calculating the area covered by such pixels, the total top-
down area is calculated. Figure 23 and figure 24 shows the increase of the delamination area as
the impact energy increases. The F16 composite experiences delamination at impacts above 5J,
the F24 composite did not delaminate in tests at 10J of impact energy and did not delaminate in
one of the three impacts at 15J. Therefore, these energies define the impact energy lower bound
below which delamination will not occur. Beyond this delamination initiation threshold, the area
increased linearly with tested impact energy.
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Figure 23 UT Delamination Area Measurement
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Figure 24: UT Delamination Area vs. Impact Energy

4.3. Results: CAl test

Pristine, un-impacted, specimens were CAI tested first to establish CAI baseline. All impacted
specimens were then tested until failure. Figure 29 plots the load vs. displacement response for the
WL56 composite. This composite was loaded it its primary 90 degree orientation. Figures 25 and
26 show the load-displacement response for F16 and F24 specimens respectively. Both laminate
configurations buckle before reaching their ultimate load regardless of the extent of damage to the
test specimen. The buckling load is identified by a noticeable change in slope of the load-
displacement response. An ultimate load knockdown is also observed in each of the composites.
The F16 composites have a very similar loading path from the pristine case up to between the
pristine case up to 35 J fail at a similar load and displacement, while an ultimate load knockdown
is observed in the panels with a higher extent of damage.

The images in figure 30 show how CAI test specimens fail at varying impact energies. Images 30a
and 30b compare the CAI failure for the F16 specimen which were impacted at 10J and 35J. Images
30c and 30d compare the CAI failure for the F24 specimen which were impacted at 15J and 45J.
The blue box in each image represents the region on the bottom (non-impacted) surface of the
composite where matrix splitting occurred. This region is much smaller at lower impact energies.
The delaminations in the test specimens are located within the extent of the matrix splitting (the
blue box). The red box in each image represents the region where failure due to the CAI experiment
is observed. At low energies, the CAI failure region is located near the top of the knife edge
supports, and away from the location where internal delaminations are present. However, at higher
energies the CAI failure region passed directly through the impact induced delamination.
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Figure 31 plots the buckling load and ultimate load against the prescribed impact energy for each
test specimen. The vertical lines represent the BVID limit for each composite. For both composites,
there is little change in the buckling load regardless of the impact energy. The ultimate loads in

the CAI experiment for both composites decrease at higher impact energies.
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Figure 31: Buckling and ultimate loads with respect to the prescribed impact energy

4.4. Analysis

4.4.1. Impact analysis — Thin composites

During the course of testing, three different impact response were observed. For both specimen
thicknesses, at lower energies, the force-time history showed a typical primary Gaussian pulse
response, with low frequency oscillations diminishing with time, as shown in 32a. Subsequent UT
scans indicated that specimens with such force-time histories do not show any delamination,
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however, back surface splitting can be observed. As the impact energy was increased, the force-
time response initially showed low-frequency behavior, but subsequently, a secondary high
amplitude oscillation is recorded, as shown in 32b. Upon UT inspection, these specimens showed
delamination and back surface matrix splitting. It can be inferred that he secondary high amplitude
oscillation is caused by the sudden energy release due to delamination initiation. Further increase
in impact energy showed a tertiary high frequency oscillation in the force-time response, 32c. At
these energies, the samples showed visible fiber breakage on the impact surface (top sur- face).
Therefore, such tertiary response in force-time history can be attributed to fiber breakage on the
impacted surface. The time and load corresponding to the secondary and tertiary events is recorded.

Figure 33 shows that the impactor load at the point of the first significant load drop is different for
both the F16 and F24 layups. The F16 samples have a mean load of 3.27 kN, while the F24 samples
record a mean load of 6.03 kN. The impactor displacement is also recorded at this point. The
displacement value is similar for the composites as the load drops occur at a mean value of 6.38
mm in the F16 samples and a mean value of 5.87 mm in the F24 samples.

The results from this study allow for the order of critical failure events to be identified for the two
laminates. The first failure event observed is the bottom surface matrix splitting.

Figure 34 shows the force vs time response for the three impact experiments at 15 J on the F24
composite. Sample F24-02-05 and F24-04-13 each experienced a significant drop in the force
recording while sample F24-03-12 (in black) did not. Each of these experiments had observed
bottom surface splitting which suggests that the load drop is not caused by matrix splitting.

The corresponding ultrasound scans for these impacts in Figure 35 show that the experiments with
the significant load drops have delamination, while the test with no load drop did not have
delamination. The three impact experiments at 15 J allow for an inference on the initiation of
delamination based on the force vs. time response. It is important to note that even though the three
samples shown in Figures 34 and 35 are of the same stacking sequence and impact energy, they
produce different results. This variation in the results could arise from minor inaccuracies during
the manufacturing process (the force-time response experiences its load drop within a very small
margin of its peak load). Minor defects that are not detectable by the UT scan may also influence
the delamination growth. The delamination area is calculated by summing the number of nodes
that record delamination and multiplying the number of nodes by the tributary area.

The matrix split initiation is easily visible from the images captured in the high-speed camera. The
peak displacement is determined from the displacement vs. time relationship from the Instron
recording. The delamination initiation is not directly measurable but is inferred using the
information provided in the three F24 impacts at 15 J. Combining this information produces a clear
progression of failure events during the impact event for these composites.

Figure 36 illustrates the time at which each failure event is initiated during the impact experiment.
The magenta markers represent the time points at which back splitting is observed by the high-
speed cameras. There is no clear effect on the force time response upon the initiation of this damage
initiation event. This is because back surface matrix splitting is a progressive event and the split
continues to propagate over the course of the impact. The energy released in this damage is spread
out from the point of initiation until the peak load deformation is reached. The blue markers
represent the time of the first significant load drop in the force response.
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Figure 32: Impact response at various energies on the F24 composite

This is inferred to represent the initiation of delamination. The black markers represent the time of
the second significant load drop in the force response of the impact. This is inferred to represent
the initiation of visible impact surface damage, in which energy is released during fiber and matrix
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failure. The green markers represent the time until peak displacement in reached during the impact
event. The minimum time to peak displacement is reached at the BVID limit of each composite.
The time to peak displacement decreases as the impact energy is raised and is yet below the BVID.
Once top surface failure becomes visible, the impact event is slowed down and the time to peak
displacement increases after the BVID limit impact energy.

Figure 36 shows that in the F16 composite, the data between matrix splitting and the first
significant load drop do not intersect. These events in the F24 composite occur closer together and
start to intersect at higher energies which suggests that the order of failure events may be different
based on energy of the impact. This trend may also be different for composites of different stacking
sequences or thicknesses.
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4.4.2. Impact analysis — Thick composites

Figure 37 plots the similarity of the maximum displacement during the impact event of both the
top and bottom surfaces. The values vary as the bottom surface maximum displacement does not
account for indentation of top surface due to impactor. For each composites there is good
agreement of the maximum measured displacement. The WL40 composite had the greatest dis-

placement, followed by the WU48 composite. The WL56 composite displaced the least for a given
impact energy.
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Each composite shows a sharp rise in the kinetic energy loss between cases where delamination
does and does not occur. This jump occurs between 15J and 20J for the WL40 composite, in which
the ratio of kinetic energy loss to total prescribed energy increases from 27 percent to 57 percent.
The WU48 composite experiences a similar behavior between 30J and 40J in which the energy
loss ratio jumps from 37 percent to 62 percent. In the WL56 composite between 30J and 40J, the
energy loss ratio increases from 40 percent to 70 percent. This behavior is shown in Figure 38.
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4.4.3. CAl Analysis - Thin composites

The buckling load is plotted against the area delamination for a sample to show the strength
knockdown that is observed based on the size of the delamination. Figure 39a shows the buckling
load and figure 39b shows the ultimate load vs the measured area of delamination. There is no
significant knockdown for the buckling load in the F16 samples, however the F24 samples start to
see a slight decrease in the buckling load when the area delamination reaches 1100 mm2. From
the measurement in figure 23 this area delamination in the F24 samples is expected at 39.7 J of
impact energy. Both composites see a reduction in their peak load carrying capability. The F16
composite ultimate load starts to degrade at 980 mm2 which has an equivalent impact energy of
46.0 J. The F24 composite ultimate load starts to degrade at 900 mm2 which has an equivalent
impact energy of 29.8 J. Figure 40 shows the stress in the loading direction for each composite at
buckling initiation. The F16 composite buckles at a lower stress than the F24 composite. These
results show that in all cases for non-visible impact damage on the F16 composite, there is no
strength knockdown. The ultimate load of the composite starts to degrade at 46.0 J of impact
energy, which is well over the BVID limit of 35 J for the F16 composite. However, this trend is
different for the F24 composite. The buckling load starts to degrade at 39.7 J, and the ultimate load
begins to degrade at 29.8 J. Both impact energies are beneath the BVID limit for this system.

Impacts below 55 J on the F24 ply specimen showed no signs of visible impact damage. The
inability to detect the presence of impact damage on the surface of the F24 composite cannot
guarantee that its ultimate compressive load will not be lowered due to the impact event.

While the CAI experiment is performed to evaluate the structural response of the test specimens,
it does not aim to define a residual compressive strength of the material. Rather than discussing
ultimate strength (strength is a local property usually associated with a material’s ability to sustain
a maximum stress [37]), it would be more appropriate to discuss the test specimen’s peak load
carrying capability. The compressive response of the thin laminates are affected by the out of plane
displacements that may be caused by the impact damage and any other loading irregularities during
the initial stages of loading. However, the load vs displacement response shows a fairly linear
initial slope until the panel enters the post-buckling regime signified by a change in this slope
(figure 7). As seen in figure 24, the buckling load of the test specimen is negligibly influenced by
the impact energy over the given range. The ultimate failure load on the other hand, is influenced
by the interaction between the damage area and the overall nonlinear deformation of the panel in
the post-buckling regime. These results show that when the impact damage is small, the panels
peak load carrying capacity is unaffected because it is only influenced by the size of the test
specimen and the post-buckling response which drives local material failure when the local
material strength is exceeded. However, as the impact damage area grows, it influences the peak
load carrying capability because ultimate failure is driven by the interaction between the damage
area and the overall panel deformation.
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4.4.4. CAl Analysis - Thick composites

Figure 41 shows the ultimate compression load of each specimen as a function of the prescribed
impact energy. Figure 42 shows the ultimate compression load of each specimen as a function of
the dissipated kinetic energy of the impactor.

The behavior of thick impacted composites is different than thin composites. Thinner composites
experience global buckling up the sample before failure while thick composites do not. In thick
samples with large delamination areas, local buckling around the location of impact can be
observed, but negligibly influences the global behavior of the test specimen.
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4.5. Computational modeling

The experimental results shown in the previous sections illustrate the damage sequence of BVID
on thin ply composites. The fact that damage events are impact energy dependent, and can be
isolated, provides a rich set of data for further refining and evaluating existing mechanics based
finite element models of BVID and compressive strength after impact. In this section,
computational results for predicting impact damage in the 24 ply composite panels are presented.
For brevity, a comprehensive presentation of computational results for all the tested panels and for
predicting compressive strength after impact is relegated to a future study.

4.5.1. Modeling and mesh generation

For the impact damage modeling, the intra-ply failure is modeled using Enhanced Schapery
Theory based Continuum Damage Model, [38, 39], and inter-ply failure is modeled using the
cohesive contact model within the commercial finite element software package, Abaqus. Explicit
analysis is conducted, without time scaling. Each simulation consists of a 178 mm by 178 mm
panel with roller supports 12.4 mm from the outer edge on both the top and bottom surfaces. A
hemispherical impactor is modeled to contact the center of the top surface. A finite element length
of 0.5 mm (below the Bazant limit, [40]) is used, with a refined 40 mm by 40 mm mesh region
centered at the location of the impactor. Impactor mass is kept constant at 8.53 kg and the velocities
for each simulation are changed in order to meet a specified kinetic energy for the impactor. The
supports and impactor are modeled using rigid shell elements and the composite is modeled using
continuum shell elements. The study investigates a 24 ply laminate with an impact energy of 15J.
The material for the composite is IM7/977-3. A set of available material properties are shown in
the Appendix B.7. These properties are used in the computational model.

4.5.2. Automated BVID mesh and input file generator

A standalone input file generation tool was developed in Python scripting language, for BVID
simulations. The tool models roller supports, impactor and the composite panel as per ASTM
D7136 standards [1]. It has smart features that are aimed to improve simulation run times and
minimize meshing errors. Two mesh regions, a fine mesh and a coarse mesh are created such that
the fine mesh is positioned where significant damage is expected, in this case, directly under the
impactor. The two regions are connected via a transition mesh, thereby negating the need for
connecting dissimilar meshes and hence improving the simulation accuracy and run time. The tool
builds a layer-by-layer mesh with each layer representing a single ply. Cohesive contact is
specified automatically between each layer to model regions of delamination. Both shell and solid
element can be modeled, with and without fiber aligned meshing. Boundary conditions, contact
conditions, and output variables are automatically defined. Figure 43 shows an example mesh
generated using the tool.
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Figure 43: Left: Complete assembly of the BVID impact mesh. Right: Fine and coarse mesh

region, with transition mesh connection.

4.5.3. Automated damage map extractor from BVID simulations

After a BVID simulation is conducted, the extraction of delamination, fiber damage and matrix
damage maps are typically done manually and is an exceedingly time-consuming process. In this
task an automated damage extraction tool was developed. The tool parses through the large
simulation output database, to create a custom location coordinate based data of damage. The
location-based data is ideal because it eliminates mesh dependent results, i.e.; no information of
the BVID mesh is required. Therefore, making the extracted data easy to use and easy to visualize.

Figure 44 shows sample output from the damage extractor tool.
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Figure 44: Overall damage pattern, A- Delamination, B- fiber damage, C — matrix damage.

Colors represent the through thickness location of the damage.

4.5.4. Failure strength parameters

The computational model was implemented with the failure strength parameters shown in the
Appendix B.7. However, it is known that the failure strength parameters are non-deterministic
depending on a variety of factors including manufacturing process. In order to ascertain the ma-
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terial failure strength parameters of the experimentally studied panels, the following process was
adopted. First, the lowest impact energy where only back surface splitting was observed, with no
delamination, was chosen to establish the matrix mode two failure strength, YT . Second, the
lowest energy where delamination is observed was used to establish the cohesive strengths and
energy release rates corresponding to the tested panels.

4.5.4.1. Matrix splitting

Tensile matrix failure was the first noticeable damage to occur in the composite and appeared on
the bottom surface where splits in the matrix became visible. Direct measurement of strain from the
experiment was used to establish the matrix transverse tensile strength (strain). The simulation
models intralaminar fiber and matrix damage with a Hashin failure criteria. From experiments, the
tensile strain on the bottom lamina (Y7 ) of the F24 composite was 0.0134 when the split first
initiated [41]. This direct measurement was used in the computational model.

4.5.4.2. Parameters that influence delamination

Delamination was the second significant failure event to occur after bottom surface matrix
splitting. The cohesive contact modeling approach involved nine parameters to predict
delamination on an interface. The nine parameters were the cohesive stiffness, the cohesive
strength, and the interface toughness for the traction separation law of the cohesive interface. Each
of these parameters were defined in modes 1,2, and 3. For simplicity, modes 2 and 3 were given

values for each parameter. The cohesive stiffness was taken to be 1 X 10°N/mm? for all modes

based on previous studies validating the use of this value [42]. This allowed for the stiffness of the
cohesive zone to be much larger than the matrix, but not too large such that the simulation ran into
numerical issues. The remaining four parameters; cohesive strength of the interface for mode 1 (cl),
cohesive strength of the interface modes 2 and 3 (coll), interface mode 1 toughness (GI), and interface
modes 2 and 3 toughness (GII), were established against experiment by comparing delamination
size.

The choice of these four parameters using one comparison measure is difficult as the design space
is large. To reduce the number of parameters, a sensitivity analysis was conducted first to identify
parameters which influence the damage size the most, motivated by the study in [43].

Table 3 shows a table with the range each parameter takes on over the design space. A parameter
study was conducted in order to understand the influence of the parameters on the output
delamination area. A Latin Hypercube Sampling (LHS) approach was used to generate a stratified
design space. A total of 40 simulations were performed to generate a refined design space for the
four parameters. The baseline values for the cohesive strengths were selected based on a previously
calibrated model of the same material system [44]. The interface toughness values were selected
to cover a broad range of values that affected the propagation of delaminations in the model. A
range of plus and minus 50 percent of the base value was applied to each parameter range. A large
range enabled interpolation between outputs of the simulation to assist with adaptive sampling.
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Table 3: Range of parameter values over the design space

Parameter Minimum value Maximum value
o; (MPa) 33 99
o;; (MPa) 39.5 118.5
G; (N/mm) 0.27 0.81
G;; (N/mm) 0.7 2.1

LHS Design Space

20 40 &0 20 100 -—'J &0 80 100 120 _3: 0.3 0.4 08 0 0.7 0.8 0.5 1 15
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Figure 45: LHS design space for 40 test cases

Figure 45 shows an example of a stratified design space for 40 simulations. The primary diagonal
represents a parameters value plotted against itself, and the off-diagonal plots show a two
dimensional design space for a select pairing of parameters. A fit line is shown passing through
each subplot to show the initial trend of the data for each parameter pairing. A near-horizontal fit
line represents a low initial bias in the design space. LHS was selected due to its high effectiveness
in representing a high-dimension and large design space.

4.5.5. Results

4.5.5.1. Tensile matrix failure

Figure 46 compares the computational model results (left) with an equivalent impact experiment
(right) at 15] [41]. These images are centered on the bottom surface of the composite. The
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simulated damage is shown in blue, while the intact matrix is shown in red. The right image out-
lines a split in the matrix on the bottom surface of an experimental result. The matrix splits are
outlined in blue in the experimental image for ease of identification and comparison. The
simulation predicted a split length of 13 mm (0.512”) while the experimental split measurement
was 15.8 mm (0.625”). The time at which back splitting initiated in the experiment was 4.20 ms
[41]. The model predicts the initiation of matrix splitting at 3.15 ms. The model under predicts the
total length of the matrix split by 18 percent and under predicts the time until the matrix split by
25 percent. Adjusting parameters of the model to fit one of these criteria causes a larger deviation

in the other.
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Figure 46: Matrix splitting compared between experimental and simulated results

4.5.5.2. Delamination

The results from the parameter study were analyzed using the Nodeworks, [45] sensitivity analysis
toolbox. The primary output of the analysis was the UT scan area equivalent of the delamination
area (A). The simulated scan was taken as a top-down view on the delamination from the
perspective of the impacted surface. A second-order polynomial was selected to fit the output from
the parameter study. A response surface was generated based on the polynomial fit and is shown
in figure 47. The multidimensional design space cannot be plotted, hence for simplicity the
response surface output is shown with respect to two of the input parameters. Blue markers
represent the delamination area outputs for a specific combination of input parameters. Figure 47
shows the output value plotted against the cohesive mode 2,3 strength and the interface mode 2,3
toughness. The transparent red surface represents the predictive polynomial fit with an R2 value.
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Figure 47: Response surface
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A global sensitivity analysis calculated the sensitivity of each input parameter using the Sobol
method. The sensitivity of the output based on each input parameter is described in figure 48. The
delamination area is driven by the mode 2,3 cohesive strength and the interface mode 2,3
toughness. It is equally important that the mode 1 cohesive strength and interface toughness have
little influence on the output delamination area. The first order sensitivities are tabulated in figure
48b to quantify the influence each input parameters has on the output. Figure 48a also shows that
there is little cross-correlation or second order sensitivities that influence the output of the model.
A general optimizer within Nodeworks was used to perform adaptive sampling on the original
design space. Using the known delamination area of the experimental results (603mm?2) and the
discovered sensitivities of each input parameter from figure 48, the optimizer produced
combinations of input parameters that match the desired output [41]. The solutions from the
optimization served as a Pareto front. Several combinations of parameters led to possible matches
and serve as baseline for subsequent iterations of adaptive sampling.
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Figure 48: Cohesive parameter sensitivities

Table 4 : Final cohesive paramters

Parameter Final value
o; (MPa) 56

oy (MPa) 70

G; (N/mm) 0.178
G (N/mm) 0.612

Adaptive sampling centered around these values generated a refined output response in a smaller
design space. After several iterations of input parameter combinations, the final cohesive
parameters were determined. The final value for each parameter are shown in table 4. Interface
toughness GI was fixed at 0.178 N/mm based on AFRL experimental results listed in Appendix
B. As shown in figure 48, GI has little correlation with the output delamination area and did not
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need to be solved numerically. With these final parameter values, the resulting delamination area
predicted was 7 percent below the average of the experimental results at 15 J.

UT Simulated

UT Experimental

Y distance from center (mm)
Y distance from center (mm)

-15 -10 -5 0 5 10 15 -15 -10 5 0 5 10 15
X distance from center (mm) X distance from center (mm)
Figure 49: Comparison between simulation (left) and experimental (right) delamination
patterns

A comparison between simulated and experimental UT delamination areas are shown for the 15J
impact in figure 49. The delamination patterns and shape match well. Each delamination plot is
centered beneath the point of impact as is displayed in a 32mm by 32mm region. A color bar on
the right side provides the height through the thickness where delamination is first present. The
yellow regions are located close to the impacted or top surface of the composite while the dark
blue represents the bottom surface of the composite at a height of 0 mm.
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Figure 50 : Experimental result and simulated prediction of delamination area for BVID

With the input parameters finalized as accurate for the 15 J case, additional simulations were run
at 5 J intervals up to 60 J. The black box region in figure 50 indicates where the parameter
calibration was performed. With the same set of cohesive parameters, the simulated area of
delamination was accurately predicted over the full range of BVID energies shown in figure 50. A
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linear fit line represents the trend line for both the experimental results and the simulated
prediction. The equation for the experimental fit line is Y = 20.1X + 302. The equation for the
simulated fitlineis Y =21.2X + 230, in which Y represents the delamination area and X represents
the impact energy. The simulation slightly under predicts the delamination area at each energy.
The simulation idealized a pristine and symmetric case, while the experimental results are more
likely to incur additional damage through minor defects in the composite.

It is also important to recognize the effect the cohesive parameters have on other aspects of the
model. A primary goal of the model is to match the force-time response of the impactor. Figure 51
shows the simulation with the smallest delamination area 90mm?2 (in red) and largest delamination
area 508mm?2 (in blue) from the initial set of 40 simulations performed. The response curves are
very similar and include a maximum load difference of 0.28 kN which is 3.8 percent of the larger
maximum load. The cohesive parameters for Sim27 are: ol = 71.4 MPa, oll = 45.0 MPa, GI =
0.496 N/mm, GII = 0.826 N/mm. The cohesive parameters for Sim35 are: ¢l = 74.5 MPa, oll =
117 MPa, GI = 0.274 N/mm, GII = 1.79 N/mm. In these extreme instances, the mode 2,3 cohesive
strength and interface toughness values (the most sensitive parameters) are near opposite ends of
the design space. This provides confidence that changes to the cohesive parameters have little
effect on the global force - time response and that changing the parameters does not alter this.
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Figure 51: Impact Force-Time response

Table 5 shows a comparison of four data sets for the IM7/977-3 material system including the
optimized set of values determined by the experimental data presented in this report. It is noted
that in this table, we provide in the fifth column the ratio of computed delamination area footprint
to the scanned (ultrasonically, UT) delamination area footprint. The other two columns provide
the computed total delamination area, labeled as Full Area (sum of the areas of every interface that
has delaminated) as well as the interface with the largest delamination area, as computed. Using
the UT scan, it is not possible to measure the delaminated areas of each interface due to shadowing,
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however, these areas can be computed. With the UT scan, the total footprint can be measured and
this was used as a metric to determine the best set of parameters.

As seen in the fifth column of that table (labelled UT Sim/Exp), the predicted delamination area
footprint when compared against the corresponding experimental measurements are within 7%
percent of each other lending credence to the inverse modeling method adopted to determine the
failure strength and toughness parameters.

Table 5: IM7/977-3 sets of cohesive parameters and prediction for 15J impact

Parameter o;r Oy Gy Gy  UTSim/Exp Full Area Largest Interface
Zhang et al. [46] 64 121 032 0.58 0.302 1848mm* N = 12, Ay = 166mm*
AFRL tests 77.3 118 0.178 0.62 0.443 1850mm® N = 14, Ay = 232mm’
Lin et al. [3] 64 79 0255 0.896 0.609 4635mm’ N — 6, Ay — 395mm’

Nodeworks Model 56 70 0.178 0.612 0.931 6545mm* N =5, Ay = 526mm®

5. CONCLUSIONS

This report illustrates the significant differences of BVID for thin and thick composites structures
that are earmarked for future airframe applications. It is shown that a severe knockdown in
compressive load carrying capability occurs in thick composites that is vastly different than thin
composites. This is because during impact, the thicker composites experience less out of plane
deformation as a result of their bending stiffness (duo to the stacking sequence and overall thick-
ness). This results in higher shear stresses between lamina producing delaminations that are much
larger than what is seen in thin composites at equivalent energies.

In the CAI experiment, the thin composites buckle before reaching ultimate failure, while the thick
composites do not. The thin composites failure is driven by the geometry of the buckled
configuration, the damage sustained from impact, and the compressive load. The thick composites
failure is only driven by the latter two.

The following conclusions are made:

e The F16 composite experiences delamination without visible damage between impact
energies of 10 J to 35 J. The F24 composite experiences delamination without visible
impact damage between impact energies of 15 J to 55 J.

e The first significant load drop in the response represents delamination initiation for the
studied composites. A change in the load signal frequency occurs once delamination
initiates. The initiation of back splitting is not associated with the load drop for the 16 and
24 ply composites.

e The thinner samples (F16) experience matrix splitting on the back surface first, delamination
next, and only in high-energy cases do they produce top surface fiber compressive failure.
The matrix splitting and delamination occur at closer times in the 24 ply composites. At
higher impact energies, the order of these failure events start to intersect.
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e Compressive fiber failure on the top surface of the composite causes the dent depth to exceed
the BVID limit. The top surface failure also releases a large amount of energy, which reduces
the impactors’ kinetic energy.

e The fit lines shown in Figure 17 allow for a quantitative relationship to connect the ultra-
sound delamination footprint area to impact energy. The F24 composite consistently
experiences larger detected delamination areas relative to the F16 composite.

e Both the F16 and F24 composite panels buckle before reaching their ultimate failure in the
compression after impact study.

e CAl knockdown in peak load carrying capability is not observed in the F16 samples below
the BVID limit.

e CAI knockdown in peak load carrying capability is observed in the F24 samples starting
at 30 J which corresponds to an UT delamination footprint area of 980mm?. This means
that there is a strength knockdown in the composite before any impacted surface damage
is visible.

e The detailed experimental results provide a unique set of data for the dominant failure modes
in impact and CAI. These can be used to establish difficult to measure interface parameters
for a computational model with good confidence.

e The thin composites (16 and 24 ply) produce both BVID and VID across the range of impact
energies tested. A clear BVID impact energy is defined for each laminate.

e The thick composites produced BVID for all of the tested impact energies.

e The thin composites did not suffer severe ultimate load knockdowns, but a decrease in the
load carrying capability was observed in the F24 composite before damage was determined
to be visible. The F16 composite only began to experience ultimate load knockdown after
impact damage was already visible.

e The thick composites suffered large ultimate load knockdown once impact induced
delamination was present. The onset of delamination is very sudden and the size of the
delamination is much larger than what is observed in thin composites.

e Thin composites buckled in the CAI experiment before reaching ultimate failure. Thick
composites reached ultimate failure before the onset of buckling.

A single definition for BVID does not adequately represent the compressive behavior of composites
after impact. This report shows that for some composites, visible impact damage can produce little
to no effect on the compressive load carrying capability while other composites can experience up
to a 60 percent decrease in their ultimate compressive load without any visually detected damage
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APPENDIX A: MATERIAL PROPERTIES

Table 6: : IM7/977-3 Material Properties

Variable Description Value Source
D Density 1.5% 10~ t/mm? [3]
E1 1-direction modulus 164.3 GPa [47]
E> 2-direction modulus 8.840 GPa [47]
G2 Shear modulus 6.735 GPa [3]
Viz Poisson ratio 0.329 AFRL tests
Xr Lamina 1-direction initiation strain (T) 0.0171 [3]
Xe Lamina 1-direction initiation strain (C) 0.0112 [3]
Yr Lamina 2-direction initiation strain (T) 0.0134 [41]
© Lamina 2-direction initiation strain (C) 0.0279 [3]
Z12 Shear initiation strain 0.059 [3]
k1 Cohesive stiffness mode I 1 % 10° N/mm’ [42]
ki Cobhesive stiffness mode II 1 % 10° N/mm’ [42]
Or Cohesive strength mode I 56 MPa Inverse modeled
On Cohesive strength mode II 70 MPa Inverse modeled
Gr Interface toughness mode I 0.178 N/mm AFRL tests
Gy Interface toughness mode II 0.612 N/mm Inverse modeled

APPENDIX B: CLASSICAL LAMINATION THEORY COMPOSITE STIFFNESS

PREDICTION
Table 7 : IM7/977-3 stiffness prediction
Variable Description Value Source
E1 1-direction modulus 164.3 GPa [47]
E> 2-direction modulus  8.840 GPa [47]
&) Shear modulus 6.735 GPa [3]
Viz Poisson ratio 0.329 AFRL tests
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APPENDIX C: IMPACT FORCE-TIME RESPONSE AT MULTIPLE ENERGIES
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Figure 52: F16 force-time response
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Figure 53: F24 force-time response
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